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It Takes Brains: Germline and Somatic Mutations in Neurodevelopmental 

Disorders 

 

Abstract 

 

The human brain can be affected by many diseases during its development, and 

human genetics studies can illuminate the genetic etiology of these diseases, which is 

critical for understanding disease pathophysiology, improving diagnoses, and developing 

effective therapies. In this thesis, I study genetic factors underlying neurodevelopmental 

disorders, focusing on the intractable epilepsy syndromes focal cortical dysplasia (FCD) 

and hemimegalencephaly (HME) and on autism spectrum disorder (ASD).  My work 

investigates the role of both germline mutations, which are present in all cells of an 

affected individual, and somatic, or post-zygotic, mutations, which are present in only a 

subset of cells of an affected individual and frequently are undetectable in blood DNA. 

FCD and HME are associated with intractable epilepsy, and show a small cortical 

region (FCD) or an entire cortical hemisphere (HME) that is radiographically and 

histologically abnormal, suggesting causation by somatic mutations. Our work and others 

have implicated mammalian target of rapamycin (mTOR) pathway mutations in these 

disorders. Studying 83 patients with FCD or HME using deep sequencing, we show that 

FCD and HME are caused by mutations that activate the mTOR pathway, and we expand 

the allelic and locus heterogeneity of these disorders, implicating mutations in DEPDC5 
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in HME and sporadic FCD and in TSC2 in HME. Overall, we identify pathogenic 

mutations, mostly somatic, in 22 patients with FCD or HME, representing almost half for 

whom brain tissue was available. We show for both FCD and HME that indistinguishable 

radiologic and histologic lesions can be caused by multiple genetic mechanisms, 

including somatic activating point mutations in AKT3, MTOR, and PIK3CA and germline 

loss-of-function mutations in DEPDC5 and TSC2, usually with somatic loss-of-function 

mutations in the second allele of the same gene limited to the lesion. We also show that 

mutations in the same gene, and in some cases the same mutant allele, can cause a 

spectrum of phenotypes, from FCD to HME to bilateral brain overgrowth, likely 

reflecting both the developmental time window and progenitor cell type in which the 

mutation occurred. Single cell studies show that the mutations are enriched in specific 

cell types, and how the cell types involved reflect the progenitor cell type in which the 

mutation occurred.  

 Single nucleotide variants (SNVs), particularly loss-of-function mutations, are 

also significant contributors to the risk of autism spectrum disorder (ASD), which is 

characterized by deficits in social interaction and communication and restricted and 

repetitive behaviors, interests, or activities. Compared to FCD and HME, ASD is a 

relatively common neurodevelopmental disorder with greater genetic heterogeneity. We 

report the first deep sequencing study of 55 postmortem ASD brains for SNVs in 78 ASD 

candidate genes. Remarkably, even without parental samples, we find more ASD brains 

with mutations that are protein-altering, deleterious, or loss-of-function compared to 

controls, with recurrent deleterious mutations in well-known ASD genes like SCN2A, 

suggesting these mutations contribute to ASD risk. In six cases, the identified mutations 
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and medical records suggest syndromic ASD diagnoses. Two ASD cases and one Fragile 

X premutation case show deleterious somatic point mutations in ASD genes, providing 

evidence that somatic mutations occur in ASD cases, and supporting a model in which a 

combination of germline and/or somatic mutations may contribute to ASD risk on a case-

by-case basis. As for FCD and HME, our results suggest that ASD pathogenesis can 

involve interactions between somatic and germline mutations in some cases, emphasizing 

how the developmental history of the human brain modifies the germline genome. 

Taken together, these studies show that different combinations of germline and 

somatic mutations contribute to both rare and common neurodevelopmental disorders, 

and that the time and place a mutation occurs is critical for determining its consequences 

in the human brain. We also demonstrate the utility of deep sequencing to discover 

somatic mutations, which may contribute to many other neurodevelopmental and 

neuropsychiatric diseases. 
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Overview 

The human brain can be affected by many diseases, ranging from 

neurodevelopmental diseases that occur during embryonic development and early 

postnatal life to neurodegenerative diseases that place an increasing burden on aging 

populations. Studying the genetic factors that cause or contribute to neurological diseases 

provides an opportunity to understand the pathophysiology of these diseases, improve 

diagnostics, develop therapeutics, and illuminate the underlying biology of normal brain 

development, function, and aging. In this thesis, I study genetic factors underlying 

neurodevelopmental disorders, focusing on two intractable epilepsy syndromes caused by 

cerebral cortical malformations—focal cortical dysplasia (FCD) and 

hemimegalencephaly (HME)—and on autism spectrum disorder (ASD). My work 

investigates the role of both germline mutations, which are present in all cells of an 

affected individual, as well as somatic mutations, which occur post-zygotically and are 

present in only a subset of cells of an affected individual. In the introduction, I describe 

how mutations arise and their classification, and provide an overview of germline and 

somatic mutations in human disease. I then describe the clinical presentation and current 

knowledge of the genetic etiology of FCD, HME, and ASD. Finally, I describe existing 

methods and experimental design considerations for identifying and validating germline 

and somatic point mutations. 

  

Mechanism of mutations 

We can define a mutation as a permanent change in the DNA sequence, which 

can arise via several mechanisms. First, mutations occur during DNA replication, as 
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DNA polymerase may stochastically incorporate incorrect nucleotides, miscopy damaged 

nucleotides, or undergo slippage in repetitive regions (Ellegren, 2004; Lodish, 2013). 

Such DNA damage can be caused by ultraviolet and ionizing radiation, by reactive 

oxygen species and other toxic chemicals that are byproducts of metabolic processes or 

that occur in the environment, as well as by spontaneous chemical reactions. Second, 

mutations occur during DNA repair, as the DNA repair systems that exist to recognize 

and repair DNA damage are not perfect and may introduce additional errors during repair 

(Pearson et al., 2005). For example, double strand break repair by nonhomologous end 

joining leads to the loss of several nucleotides at the joining point. Finally, mutations 

occur during recombination events, including transposition events of mobile genetic 

elements (Hastings et al., 2009). The mutations that arise by these mechanisms range in 

size from small-scale single nucleotide variants (SNVs) to large-scale structural variants. 

 

Classification of mutations  

 Small-scale mutations include SNVs that change a single nucleotide in the DNA 

sequence and insertion-deletion variants (indels) that lead to the gain or loss, respectively, 

of several nucleotides (less than 1000 base pairs) (Veltman and Brunner, 2012). SNVs 

that occur in exons can be classified based on the effect of the variant on protein coding: 

synonymous variants code for the same amino acid, missense variants code for a different 

amino acid, and nonsense variants code for a stop codon instead of the original amino 

acid. SNVs that occur in introns importantly include splice site variants that change a 

single nucleotide in an essential splice site and disrupt normal splicing. Insertions and 

deletions can either occur “in frame” in multiples of three, resulting in the insertion or 
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deletion, respectively, of one or more amino acids, or can occur “out of frame” and result 

in a frameshift that changes the downstream amino acids and often introduces a 

premature stop codon. While synonymous variants are generally silent; missense, 

nonsense, splice site, indel, and frameshift mutations are often identified as causes for 

human diseases, including neurological diseases. For example, these types of mutations 

have all been reported in SCN1A, which encodes a sodium channel subunit, in patients 

with intractable childhood epilepsies with frequent generalized tonic-clonic seizures 

(Fujiwara et al., 2003). Small-scale mutations that occur in noncoding regions, including 

other intronic and intergenic regions, are beginning to be studied for their contribution to 

disease, and likely have important effects on gene expression and regulation. 

 Large-scale mutations include copy number variants (CNVs), in which segments 

of a chromosome are deleted or duplicated (greater than 1000 base pairs), as well as 

structural variants such as translocations, inversions, and insertions (Alkan et al., 2011; 

Veltman and Brunner, 2012). Depending on the size of a structural variant and where in 

the genome it occurs, such variants can result in changes in the copy number of one or 

more genes and/or the disruption of genes. One example is Williams-Beuren syndrome, a 

multisystem developmental disorder characterized by facial dysmorphism, cardiovascular 

defects, intellectual disability, and a friendly personality, which is caused by a deletion on 

chromosome 7q11.23 that encompasses approximately 30 genes (Huguet et al., 2013). 

Interestingly, duplications of this region have also been identified and are associated with 

autism spectrum disorder, attention deficit hyperactivity disorder, intellectual disability, 

language impairment, and multisystem defects, highlighting the importance of correct 

gene dosage for human development (Huguet et al., 2013). 
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Germline mutations and human disease 

 Historically, human genetics has studied inherited mutations, using linkage 

analysis and candidate gene approaches to identify disease-causing mutations in families 

with monogenic diseases and using genome wide association studies (GWAS) to identify 

common variants associated with complex diseases (Veltman and Brunner, 2012). 

Inherited mutations are present in one or both parents and hence in all of the cells of the 

affected offspring that derived from the original fertilized zygote. Thus, the mutation can 

be identified by assaying DNA extracted from any tissue of the parent(s) carrying the 

mutation and the affected individual, including clinically accessible tissues like blood and 

saliva. Although inherited mutations are present in all of the cells of an affected 

individual, the effect of the mutation nonetheless depends on the spatial and temporal 

expression pattern of the gene carrying the mutation. This approach has been used to 

identify causative genes for several neurodevelopmental diseases; as one example, 

linkage analysis of multiplex families by our lab and others has helped identify mutations 

for several brain malformation syndromes that follow autosomal recessive or X-linked 

patterns of inheritance, and studying the genes mutated in these syndromes has provided 

insights into human cortical development (Walsh and Engle, 2010).  

Although cytogenetics had been historically used to identify microscopically 

visible de novo chromosomal abnormalities, the advent of high resolution microarrays 

and next generation sequencing (NGS) technologies such as whole exome sequencing 

(WES) has allowed human genetics to better study de novo germline mutations (Veltman 

and Brunner, 2012). De novo, or “from new,” refers to the mutation being undetectable in 
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either parent of an affected individual. Similar to an inherited germline mutation, a de 

novo germline mutation is present in all of the cells of an affected individual. Generally, a 

de novo mutation arises during gametogenesis in one of the parents of an affected 

individual, and is thus present in the one-cell zygote and in all daughter cells of the 

developing embryo. While a de novo mutation is generally undetectable in clinically 

accessible tissues from either parent, the mutation can be identified by assaying such 

tissues from an affected individual. Every individual’s genome carries de novo mutations, 

with approximately 74 de novo SNVs per genome per generation, 3 de novo indels per 

genome per generation, and 0.02 CNVs (greater than 100kb) per genome per generation; 

of these, approximately one de novo mutation hits the exome, the protein coding region 

of the genome, in every individual (Veltman and Brunner, 2012).  

There has been increasing evidence that de novo mutations play an important role 

in many pediatric and neurodevelopmental disorders, including intellectual disability 

(ID), autism spectrum disorder (ASD), epilepsy, and schizophrenia (SCZ) (Poduri et al., 

2013). For example, de novo CNVs occur at a higher rate in individuals with ASD 

compared to controls (Sebat et al., 2007). De novo SNVs occur at generally similar rates 

in individuals with ASD and controls, but damaging SNVs—that alter an amino acid or 

introduce a premature stop codon—are more common in individuals with ASD compared 

to controls (De Rubeis et al., 2014; Iossifov et al., 2014; Iossifov et al., 2012; Neale et al., 

2012; O'Roak et al., 2011; O'Roak et al., 2012a; Sanders et al., 2012) (described further 

in the section “Clinical and genetic heterogeneity of autism spectrum disorder”). The 

contribution of de novo mutations to a particular disease will be increased 1) if mutations 

in many dominant genes are associated with the disease, which increases the genomic 
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region in which a de novo mutation contributes to the disease, and 2) if the mutations 

have a large negative effect on the survival and reproductive fitness of affected 

individuals, such that the mutations are under strong negative selection and need to keep 

appearing de novo for the disease to remain present in the human population (Veltman 

and Brunner, 2012). These considerations make de novo mutations good candidates for 

neurodevelopmental disorders, as there are many genes critical for brain development and 

neural function whose disease mechanisms involve autosomal or X-linked dominant 

modes of inheritance, and affected individuals often do not reproduce. 

 

Somatic mutations and human disease 

 Unlike inherited and de novo mutations in the germline, which are present in all 

of the cells of an affected individual, somatic mutations are present in only a subset of 

cells of an affected individual. A somatic mutation arises post-fertilization during 

embryonic development or adult life, and is present only in daughter cells of the original 

mutated cell. As a brief note on terminology, “somatic mosaicism” is generally used to 

refer to mutations that arise in somatic cells and are not present in germ cells, “germline 

mosaicism” is used to refer to mutations that arise in germ cells and are not present in 

somatic cells, and “gonosomal mosaicism” is used to refer to mutations present in a 

subset of somatic and germ cells (Biesecker and Spinner, 2013). These mutations are all 

mosaic, as they are present in only a subset of cells, and all arise post-zygotically. We 

were unable to determine if the mutations we identified in only a subset of somatic cells 

were present or absent from germ cells of affected individuals, as we did not have access 

to those tissues. However, many of the mutations we identified in brain tissue and did not 
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detect in non-brain tissues, suggesting the mutations are also absent from germ cells. In 

this thesis, I use germline mutation to refer to a mutation that is present in all of the cells 

of an affected individual and somatic mutation to refer to a mutation that is present in 

only a subset of cells of an affected individual, most likely only a subset of somatic cells 

but unable to be formally proven. 

Each gene likely mutates somatically many times in every individual, and most 

cells in the body likely contain at least one gene with a somatic mutation (Veltman and 

Brunner, 2012). In fact, given the ≈1014 cells in the human body and the mutation rate of 

a typical gene (often estimated at 10-6 per gene per cell division), there is probably a cell 

somewhere in each of us carrying a somatic mutation in every gene in the genome 

(Bernards and Gusella, 1994). A somatic mutation that occurs early in development can 

result in the mutation being present in a fraction of cells across multiple tissues. If the 

mutation is present in clinically accessible tissues at a high enough fraction, assaying 

such tissues may relatively easily identify the mutation. On the other hand, a somatic 

mutation that occurs later in development can result in the mutation being present in a 

fraction of cells in only one tissue. In this case, even if the mutation is present at a high 

enough fraction, it cannot be identified unless DNA from that specific tissue is assayed, 

which may not generally be feasible for certain tissues like the brain. As an extreme 

example, a somatic mutation that occurs in a single post-mitotic cell like a neuron will be 

present only in that single neuron, and unable to be identified unless that particular 

neuron is assayed (Lodato et al., 2015). Methods for assaying germline and somatic 

mutations are described in the following section, “Approaches for discovering rare 

disease-associated germline and somatic mutations.” 
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In considering the effect of a somatic mutation at the cellular level and the 

organismal level, it is important to consider not only the spatial and temporal expression 

pattern of the gene carrying the mutation, as with a germline mutation, but also the 

tissue(s) and the fraction of cell types in those tissue(s) in which the mutation is present. 

If a somatic mutation occurs relatively early in an irrelevant lineage or extremely late in a 

relevant linage, the somatic mutation is unlikely to cause disease: for example, a somatic 

mutation in a neuronal gene that occurs in the liver or in a single post-mitotic neuron. If a 

somatic mutation occurs late in a relevant lineage but malignantly transforms the cell or 

non-malignantly causes proliferation, however, the somatic mutation can cause cancer or 

a non-cancerous proliferative disease. If the somatic mutation does not have a 

proliferative effect, it can still cause disease if it occurs relatively early such that it is 

present in a significant fraction of cells in a tissue and disrupts a gene critical for that 

tissue’s development and/or function. The role of somatic mutations in malignant 

transformation causing cancer has been well described (Hanahan and Weinberg, 2011), 

and will not be discussed in this thesis; I will focus on the role of somatic mutations in 

noncancerous diseases, especially neurodevelopmental disorders. 

 

Types of somatic mosaic disease 

Somatic mutations can manifest as disease in several ways, the first being 

obligatory somatic mutation diseases (Poduri et al., 2013). As mentioned above, severe 

diseases that have a strong negative effect on survival and reproductive fitness are likely 

to be caused by de novo dominant mutations, which allow the disease to remain present 

in the population through the appearance of new alleles; additionally, such diseases can 
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also be caused by recessive mutations, which allow the disease to remain present in the 

population via heterozygous carriers. For diseases caused by dominant mutations, we can 

hypothesize that a larger proportion of the mutations will occur de novo compared to 

being inherited as the negative effect on survival and reproductive fitness increases, as 

affected individuals will be less likely to reproduce. At an extreme, very severe diseases 

caused by certain extremely toxic dominant mutations may only be seen in a somatic de 

novo state if the presence of this mutation in the germline is incompatible with life, 

termed obligatory somatic mutation diseases. An example is Proteus syndrome, a 

multisystem overgrowth syndrome caused by a somatic activating point mutation in 

AKT1. This syndrome is characterized by multiple overgrowths of the bone, skin, 

connective and other tissues, and the mutation may be present in anywhere from 2-94% 

of the cells in these lesions (Lindhurst et al., 2011). Congenital lipomatous overgrowth 

with vascular, epidermal, and skeletal anomalies (CLOVES) syndrome is also caused by 

somatic activating mutations in the AKT-PI3K-mTOR pathway (this pathway is 

described in the section “Clinical overview and emerging genetic etiology of 

hemimegalencephaly and focal cortical dysplasia”), specifically by somatic activating 

point mutations in PIK3CA (Kurek et al., 2012). Other obligatory somatic mutations 

include several chromosome trisomies that are lethal embryonically or early postnatally 

in the germline state that are observed in affected individuals in the mosaic state, 

including trisomies of chromosomes 1, 8, 9, 16, 17, and 22 (Poduri et al., 2013).  

Another type of somatic mutations are “second hit” somatic mutations that cause 

disease by interacting with an inherited germline mutation, as has been observed in 

several dominant conditions (Poduri et al., 2013), often referred to as “recessive 
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oncogenes”. In the “two-hit” model of Knudson, an individual inherits a mutation in one 

allele, which is present in all of the cells, and a somatic mutation of the second allele 

leads to disease manifestations, such as overgrowth of specific tissues and/or cancer 

(Knudson, 1971). For example, in the neurocutaneous disease neurofibromatosis type 1 

(NF1), which is characterized by optic gliomas, scoliosis, café-au-lait spots, pigmented 

iris hamartomas, and peripheral nervous system tumors (neurofibromas), affected 

individuals have a germline mutation in one allele of NF1 and somatic mutations of the 

second allele lead to neurofibromas in unpredictable patterns (Maertens et al., 2006). 

Similarly, in tuberous sclerosis complex (TSC), which is characterized by facial and skin 

lesions, seizures, intellectual disability, cardiac and renal tumors, and cortical tubers, 

affected individuals have a germline mutation in one allele of TSC1 or TSC2, whose 

protein products are negative regulators of the mTOR pathway, and somatic mutations of 

the second allele have been identified in non-nervous system tumors and have long been 

hypothesized to occur in cortical tubers (so far rarely identified) (Crino et al., 2010; Qin 

et al., 2010; Tyburczy et al., 2015). Given that a TSC patient generally has multiple 

cortical tubers, we can appreciate how commonly somatic mutations might occur during 

development in hypothesizing that each tuber is the result of a distinct “second hit,” 

somatic mutation of the second allele. In fact, such distinct “second hits” have been 

recently demonstrated in multifocal renal cell carcinoma associated with TSC, with 

multiple renal tumor nodules within the same individual harboring distinct somatic 

mutations at the TSC2 locus (Tyburczy et al., 2015). 

Finally, some diseases can be caused by both germline and somatic mutations, 

with the somatic mutation phenotype perhaps manifesting as a milder version of the 
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germline mutation phenotype depending on the level of mosaicism of the somatic 

mutation (Jamuar et al., 2014; Poduri et al., 2013). For example, brain malformations 

caused by abnormalities in neuronal migration were initially estimated to be associated 

with somatic mutations in 5-10% of patients and recently in up to 30% of patients 

(Jamuar et al., 2014; Poduri et al., 2013). Lissencephaly, characterized by a “smooth 

brain” on magnetic resonance imaging (MRI), is caused by germline mutations in the 

autosomal gene LIS1 in males and females, and by germline mutations in the X-linked 

gene DCX in males (Gleeson, 2000). Subcortical band heterotopia, characterized by a 

“double cortex” pattern on MRI, is caused by germline mutations in DCX in females due 

to random chromosome X-inactivation (Gleeson, 2000). Somatic mutations in LIS1 in 

males and females and in DCX in males can similarly lead to a “double cortex” pattern 

(Gleeson et al., 2000; Sicca et al., 2003). As another example, I mentioned above when 

describing classification of mutations that damaging SNVs in SCN1A cause severe 

myoclonic epilepsy of infancy. The mutations are usually germline de novo, but both 

somatic mosaicism in an unaffected or mildly affected parent and somatic de novo 

mutation in an affected individual have been reported, including a pair of monozygotic 

twins discordant for the somatic mutation and the disorder (Depienne et al., 2010; 

Vadlamudi et al., 2010). 

 

Summary of germline and somatic mutations 

In summary, there are three main types of disease-causing mutations: germline 

inherited mutations, germline de novo mutations, and somatic de novo mutations (Freed 

et al., 2014). Germline inherited mutations are present in one or both parents and in all 
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cells of an affected child (Figure 1-1A). This definition assumes that the mutation arose 

one or more generations before the parental generation. However, there are a few special 

cases I will briefly note where the mutation arises in the parental generation. First, a 

somatic mutation may occur relatively early during development in one of the parents, 

such that the mutation is carried by a fraction of somatic cells and germ cells, termed 

gonosomsal mosaicism (Figure 1-1B). Second, a somatic mutation may occur relatively 

late during development in one of the parents, such that the mutation is carried by a 

fraction of germ cells only, termed germline mosaicism (Figure 1-1C). In both cases, the 

mutation will be inherited and present in all of the cells of the affected offspring. 

However, the mutation will not be present in all of the cells of the parent, and may not be 

easily detectable by assaying clinically accessible tissues from the parent. Gonosomal or 

germline mosaicism is often the explanation for the recurrence of seemingly germline de 

novo mutations in siblings. Germline de novo mutations are undetectable in the parents 

but present in all cells of an affected child, and generally arise during gametogenesis in 

one of the parents (Figure 1-1D). The special cases I note here are mutations that occur in 

the one-cell zygote or in the first few mitotic divisions such that all the cells that 

contribute to the embryo (although not necessarily to the extra-embryonic tissues) carry 

the mutation, and the mutation is present in all cells of the affected individual (Figure 1-

1E). Finally, somatic de novo mutations occur post-zygotically and are present in only a 

subset of cells of the affected individual; the tissues and fraction of cells in those tissues 

carrying the mutation depends on if the mutation occurred early (Figure 1-1F) or late 

(Figure 1-1G) during development. In this thesis, I investigate the role of both germline 

and somatic mutations in neurodevelopmental disorders, focusing on the intractable  
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Figure 1-1 Summary of germline and somatic variants. 

A germline inherited variant is present in all of the cells of an affected individual, and 

can be inherited from a parent who has the variant (A) in all of his/her cells, (B) in a 

subset of his/her somatic and germ cells (gonosomal mosaicism), or (C) in a subset of 

his/her germ cells (germline mosaicism). A germline de novo variant is present in all 

of the cells of an affected individual and not detected in either parent; (D) the variant 

generally arises during gametogenesis in a parent and is present in a single sperm or 

egg but we include the special case when (E) the variant is technically a somatic 

variant that arises in the one-cell zygote or during the first few mitotic cell divisions 

yet all the cells that contribute to the embryo (although not necessarily to the extra-

embryonic tissues) carry the mutation and the mutation is present in all of the cells of 

the affected individual. Finally, a somatic de novo variant is present in only a subset of 

cells of an affected individual and the tissues and fraction of cells in those tissues 

carrying the mutation depend on if the mutation occurred (F) early or (G) late during 

development. Adapted from Freed et al., 2014. 
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epilepsy syndromes focal cortical dysplasia and hemimegalencephaly and on autism 

spectrum disorder, which will be described in the following two sections.  

 

Clinical overview and emerging genetic etiology of hemimegalencephaly and focal 

cortical dysplasia 

Focal malformations of cortical development (MCDs), including 

hemimegalencephaly (HME) and focal cortical dysplasia (FCD), are important causes of 

intractable childhood epilepsy (Blumcke et al., 2011; Poduri et al., 2012). HME is a 

dramatic condition, though quite rare, characterized by abnormal enlargement of an entire 

cerebral hemisphere (Poduri et al., 2012) (Figure 1-2A-F). Patients clinically present with 

intellectual disability and severe intractable seizures, and typically with hemiparesis 

because of the poor function of the malformed hemisphere, and surgical removal or 

functional disconnection of the abnormal hemisphere is often necessary for seizure 

control (Poduri et al., 2012). FCD is characterized by a small region of abnormal cortex 

(Figure 1-2G-H), and is the most common cause of intractable epilepsy in children (hence 

affecting ≈1:1000 individuals). FCD can be further classified into several types (Blumcke 

et al., 2011) (Table 1-1). FCD Type I shows abnormal cortical layering, radial and/or 

tangential; FCD Type II is the most common form and shows abnormal cortical layering 

and cytologic abnormalities, specifically dysplastic neurons (FCD IIa) or dysplastic 

neurons and balloon cells (FCD IIb); finally, FCD Type III shows abnormal cortical 

layering associated with a principal lesion, such as hippocampal sclerosis (FCD IIIa) 

(Blumcke et al., 2011). Like HME patients, FCD patients often present with seizures of  
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Figure 1-2: Magnetic resonance imaging (MRI) of patients with 

hemimegalencephaly (HME) and focal cortical dysplasia (FCD). 

 (A and B) Coronal T2-weighted and axial T2-weighted images of a neurotypical 1-

year-old. (C and D) Hemimegalencephaly is characterized by abnormal enlargement 

of an entire cerebral hemisphere, as can be seen in the coronal T2-weighted and axial 

T2-weighted images of a HME patient before surgery. This patient had left 

hemimegalencephaly, seen on imaging as enlargement of the left cerebral hemisphere, 

abnormal cortical thickness and configuration, and enlargement of the left lateral 

ventricle. In comparison, the right hemisphere looks normal. (E and F) After surgery 

to remove the left hemisphere, cerebrospinal fluid fills the space. (G) FCD is 

characterized by a small region of abnormal cortex, and can be categorized into 

several types. This T2-FLAIR image shows the “transmantle sign” characteristic of 

FCD IIb, which refers to the funnel-like hyperintensity (arrow) tapering from the 

gyrus to the ventricle. (H) T2-weighted image of a patient with FCD IIa. Although 

histological examination of both FCD IIb and IIa shows abnormal cortical layering 

and dysplastic neurons, only FCD IIb shows balloon cells. Adapted from Poduri et al., 

2012 (A-F), Blümcke et al., 2011 (G), and Jansen et al., 2015 (H). 
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Figure 1-2 (Continued) 
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Table 1-1: Classification system for focal cortical dysplasia (FCD). Adapted from 

Blümcke et al., 2011. 
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focal onset, originating in or around the lesion, and often require surgical removal of the 

abnormal brain tissue for seizure control; but unlike HME patients, FCD patients 

generally do not have severe neurologic deficits unless the FCD is very large (Blumcke et 

al., 2011). Hence, removal of abnormal tissue in FCD or HME is a common treatment for 

intractable epilepsy in children, providing abnormal brain tissue for genetic study. 

Given the localized brain abnormalities observed in FCD and HME, it has long 

been hypothesized that these conditions could result from somatic de novo mutations 

analogous to tumors, but without persistent proliferation or transformation (Poduri et al., 

2013). HME and some subtypes of FCD share pathological features with tuberous 

sclerosis complex (TSC), such as the balloon cells observed in FCD IIb and HME and the 

giant cells observed in TSC cortical tubers, which are characterized by enlarged cell 

bodies and glassy eosinophilic cytoplasm (Aronica and Crino, 2014). As mentioned 

above, TSC is caused by mutations in TSC1 or TSC2, whose protein products form a 

complex that negatively regulates the serine/threonine kinase mammalian target of 

rapamycin (mTOR) (Lipton and Sahin, 2014). The loss-of-function mutations in TSC1 

and TSC2 identified in TSC abnormally activate mTOR, suggesting that hyperactivation 

of the mTOR pathway (Figure 1-3) may be a common mechanism underlying these 

disorders (Mirzaa and Poduri, 2014). The mTOR pathway is critical for sensing nutrients 

and other metabolic cues and regulating protein synthesis and cell growth (Laplante and 

Sabatini, 2012). As I will describe below and in Chapter 2, both gain-of-function 

mutations in positive regulators of the pathway, including AKT3, MTOR, PIK3CA, and 

PIK3R2, as well as loss-of-function mutations in negative regulators of the pathway, 

including TSC1, TSC2, PTEN, and DEPDC5, have been identified in HME, FCD, and  
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Figure 1-3: The mTOR signaling pathway. 

The mTOR pathway is critical for sensing nutrients and other metabolic cues and 

regulating protein synthesis and cell growth. Adapted from Jansen et al., 2015. 
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related disorders and lead to hyperactivation of the mTOR pathway. 

Several years ago, our lab and two others reported the initial identification of 

somatic mutations in genes in the mTOR pathway associated with HME (Lee et al., 2012; 

Poduri et al., 2012; Riviere et al., 2012). Our lab studied resected brain tissue from eight 

patients with HME, and identified two patients with somatic chromosome 1q copy 

number increases (which includes the AKT3 locus) and one patient with a somatic 

activating point mutation in AKT3 (Poduri et al., 2012). Interestingly, the point mutation 

identified in AKT3, p.E17K, is paralogous to the point mutation in AKT1 identified in 

Proteus syndrome and in AKT2 associated with left-sided overgrowth and hypoglycemia 

(Poduri et al., 2012). Single-cell genotyping showed that the somatic mutation in AKT3 

was present in both neuronal and non-neuronal cells (Figure 1-4A), and single-cell CNV 

analysis revealed that at least one of the somatic chromosome 1q CNVs was actually a 

somatic chromosome 1q tetrasomy (Figure 1-4B), also present in both neuronal and non-

neuronal cells (Cai et al., 2014; Evrony et al., 2012). All together, our lab and two others 

initially identified somatic activating point mutations in AKT3, PIK3CA, and MTOR and 

somatic chromosome 1q tetrasomy in HME. Germline de novo and/or somatic point 

mutations in AKT3, CCND2 (encoding cyclin D2), PIK3R2, and PIK3CA have also been 

identified in the related megalencephaly–capillary malformation (MCAP) syndrome and 

megalencephaly–polymicrogyria–polydactyly–hydrocephalus (MPPH) syndrome, and a 

germline de novo chromosome 1q43q44 copy number increase has been identified in 

megalencephaly (Mirzaa et al., 2014; Nakamura et al., 2014; Riviere et al., 2012; Wang 

et al., 2013). Recently, work by our lab (described in Chapter 2) and others has identified 

additional somatic mutations and confirmed recurrent somatic mutations in AKT3,  



!

23!

!
! !

Figure 1-4: Initial somatic mutations identified in hemimegalencephaly (HME). 

(A) Our lab identified a somatic point mutation in AKT3, p.E17K, in a patient with 

HME (Poduri et al., 2012). The mutation was present in approximately 35% of cells 

from bulk brain tissue, and single cell studies of brain tissue showed that the mutation 

was present in both neuronal and non-neuronal cells (Evrony et al., 2012). (B) Our lab 

also identified somatic chromosome 1q copy number increases in two additional 

patients with HME (Poduri et al., 2012). Single cell studies of brain tissue from one of 

the patients showed a somatic chromosome 1q tetrasomy, also present in both 

neuronal and non-neuronal cells (Cai et al., 2014). Adapted from Evrony et al., 2012 

(A) and Cai et al., 2014 (B). 
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Figure 1-4 (Continued)! 
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PIK3CA and MTOR, a germline mutation in PTEN, a germline mutation in DEPDC5, and 

germline and somatic mutations in TSC2 in HME, supporting the hypothesis that 

hyperactivation of the mTOR pathway is a major underlying mechanism for this disorder 

(D'Gama et al., 2015a; Jansen et al., 2015). 

Evidence for a specific genetic etiology for FCD emerged two years ago, when 

germline mutations in DEPDC5 were identified in familial focal epilepsy, with some 

affected individuals showing FCD, likely Type IIb, on imaging (Dibbens et al., 2013; 

Scheffer et al., 2014) (Figure 1-5). DEPDC5 encodes a member of the GATOR1 complex 

that negatively regulates mTOR; thus, loss-of-function mutations in DEPDC5 lead to 

hyperactivation of the mTOR pathway (Poduri, 2014). In the past few years, work by our 

lab (described in Chapter 2) and others has rapidly expanded our understanding of the 

genetic etiology of FCD, identifying additional germline and a somatic mutation in 

DEPDC5 in FCD I, IIa, and IIb, germline mutations in NPRL3, which encodes another 

component of the GATOR1 complex, in FCD IIa, somatic mutations in MTOR in FCD 

IIa and IIb, a somatic mutation in PIK3CA in FCD IIa, a somatic mutation in PTEN in 

FCD IIb, and a somatic chromosome 1q21.1-q44 copy number increase associated with 

FCD Ib (Baulac et al., 2015; Conti et al., 2014; D'Gama et al., 2015a; Jansen et al., 2015; 

Leventer et al., 2015; Lim et al., 2015; Nakashima et al., 2015; Scerri et al., 2015; Schick 

et al., 2006; Sim et al., 2016). Overall, these findings similarly support the hypothesis of 

hyperactivation of the mTOR pathway as an underlying mechanism, and reveal 

similarities and differences between the genetics of FCD and HME, discussed in 

Chapters 2 and 4. 

 In Chapter 2, I investigate the genetic etiology of FCD and HME, focusing on  
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Figure 1-5: Initial mutations identified in focal cortical dysplasia (FCD). 

Germline mutations in DEPDC5 were recently identified in familial focal epilepsy 

with variable foci, with some family member showing subtle focal lesions on imaging, 

including bottom-of-the sulcus dysplasia, classically associated with FCD IIb, as well 

as focal band heterotopia. Black circles indicate affected individuals with MRI images. 

(A) Pedigree of Family A. The coronal T1 image of Individual A-III-2 shows cortical 

thickening and loss of gray-white differentiation at the bottom of a sulcus in the right 

middle frontal lobe, and the coronal T1 image of Individual A-III-8 shows cortical 

thickening and loss of gray-white matter differentiation at the bottom of a sulcus in the 

right medial superior frontal lobe. (B) Pedigree of Family B. The sagittal and axial T1 

images of Individual B-III-3 show cortical thickening and loss of gray-white matter 

differentiation in two sulci in the left superior frontal lobe. (C) Pedigree of Family C. 

The axial and coronal T1 images of Individual C-IV-1 show blurring of gray-white 

matter differentiation in part of the cingulate cortex and left frontal cortex, and subtle 

band heterotopia in the white matter next to the dysplastic cortex in the left frontal 

lobe. Adapted from Scheffer et al., 2014. 
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Figure 1-5 (Continued) 
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germline and somatic mutations in the mTOR pathway. First, we analyzed comparatively 

low coverage next generation sequencing data and performed validation to identify 

germline and somatic mutations in DEPDC5, MTOR, PIK3CA, and TSC2 in FCD and 

HME cases, including the first report of DEPDC5 mutations associated with HME and 

sporadic FCD, and of a TSC2 mutation surprisingly associated with isolated HME 

(D'Gama et al., 2015a). Second, we used targeted ultra-deep sequencing of mTOR 

pathway genes and identified and validated germline and somatic mutations in AKT3, 

MTOR, PIK3R2, and TSC2 in additional FCD, HME, and related cases, including the first 

report of potential “two hit” HME cases with both germline and somatic TSC2 mutations. 

Finally, we used single cell technologies to identify cell type specific enrichment of 

pathogenic somatic mutations in several FCD and HME cases, and show how the cell 

types carrying the mutation reflect the original progenitor cell type in which the mutation 

occurred. Overall, we show that FCD and HME are caused by mutations that activate the 

mTOR pathway and we expand the allelic and locus heterogeneity of these disorders, 

identifying pathogenic mutations, mostly somatic, in 22 patients with FCD or HME, 

representing almost half for whom brain tissue was available. On one hand, we show that 

for both FCD and HME, the same phenotype (i.e., indistinguishable radiological and 

histological brain lesions) can be caused by multiple genetic mechanisms, including 

somatic activating point mutations or CNVs in positive regulators of the mTOR pathway 

and germline loss-of-function mutations in negative regulators, generally with somatic 

loss-of-function mutations in the second allele of the same gene limited to the brain 

lesion. On the other hand, we show that the same genetic mutation can cause a range of 

phenotypes, from FCD to HME to bilateral megalencephaly, likely reflecting the 
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developmental time window and progenitor cell type in which the mutation occurred. 

 

Clinical and genetic heterogeneity of autism spectrum disorder 

Compared to FCD and HME, which are relatively rare, ASD is a relatively 

common neurodevelopmental disorder with much greater clinical and genetic 

heterogeneity. Autism was first described in 1943 by child psychiatrist Leo Kanner, who 

reported on eleven children with a fundamental “inability to relate themselves in the 

ordinary way to people and situations” (Kanner, 1968). The current clinical diagnosis, 

autism spectrum disorder (ASD), is characterized by 1) deficits in social interaction and 

social communication and 2) restricted and repetitive behaviors, interests, or activities 

(American Psychiatric Association. and American Psychiatric Association. DSM-5 Task 

Force., 2013). Recent estimates from the Center for Disease Control suggest that 1 in 68 

children in the United States are affected with ASD, with an almost 5:1 male to female 

ratio (Developmental Disabilities Monitoring Network Surveillance Year Principal et al., 

2014). The disorder reflects substantial clinical heterogeneity, and many children with 

ASD have comorbid psychiatric and medical conditions, including intellectual disability, 

seizures, GI and sleep problems (Huguet et al., 2013). Identifying genetic and non-

genetic causes of ASD is widely seen as key to elucidate the pathophysiology and inform 

diagnoses and therapeutic strategies for this condition. 

Family and twin studies have provided strong evidence that genetics contributes 

to the etiology of ASD, and a genetic cause can be identified in up to 25% of individuals 

with ASD using available technology when fully applied (Huguet et al., 2013). Evidence 

for genetic etiologies comes from findings that a child is approximately 25 times more 
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likely than the general population to be diagnosed with ASD if a sibling has been 

diagnosed with ASD (Constantino et al., 2010; Ozonoff et al., 2011; Rosenberg et al., 

2009). Second, family members of a child diagnosed with ASD are more likely than 

controls to display subclinical features similar to those seen in ASD (Bishop et al., 2004; 

Bolton et al., 1994). Third, twin studies have shown that concordance rates for 

monozygotic twins, who share 100% of their DNA, are much higher than concordance 

rates for dizygotic twins, who share 50% of their DNA like any siblings (Bailey et al., 

1995; Steffenburg et al., 1989). However, concordance rates for monozygotic twins are 

not 100%, suggesting that environmental, epigenetic, and/or stochastic factors also 

contribute to ASD risk. 

  Although ASD has a strong genetic basis, much of the genetic etiology remains 

unexplained. The first genetic causes identified were rare monogenic conditions like Rett 

syndrome, tuberous sclerosis, and Fragile X syndrome, in which a significant fraction of 

individuals also have ASD (Abrahams and Geschwind, 2008; Devlin and Scherer, 2012; 

State and Levitt, 2011). These monogenic conditions provided models to study molecular 

and cellular mechanisms underlying neurodevelopmental disorders, with the hope that 

lessons learned can be applied to ASD. 

As ASD is a complex disorder, a role for common variants had strong support, 

though genome-wide association studies (GWAS) have not been successful thus far in 

identifying associated loci at genome-wide statistical significance, and results have been 

difficult to replicate (Anney et al., 2012; Autism Genome Project et al., 2007; Huguet et 

al., 2013; Wang et al., 2009; Weiss et al., 2009). Nonetheless, recent research suggests 

that common variants (as yet unidentified) additively are a significant source of risk for 
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ASD (Gaugler et al., 2014; Klei et al., 2012), though larger sample sizes are likely 

required to reliably detect associations, presumably because each individual common 

variant has a very small effect. 

Over the past decade, multiple groups have shown that de novo CNVs contribute 

to ASD. Studies have consistently demonstrated an increased burden of de novo CNVs in 

individuals with ASD compared to unaffected siblings or controls (Levy et al., 2011; 

Pinto et al., 2010; Sanders et al., 2011; Sebat et al., 2007). Analysis of over 3,800 

individuals with ASD and 1,200 unaffected siblings has shown that 6.6% of individuals 

with sporadic ASD have at least one rare de novo CNV, compared to 1.4% of unaffected 

siblings (Huguet et al., 2013) (Figure 1-6). In addition, studies have identified several 

recurrent CNVs in individuals with ASD (Sanders et al., 2011).    

With the advent of next-generation sequencing, researchers could shift from a 

candidate gene approach (Durand et al., 2007; Jamain et al., 2003), to a systematic 

approach to investigate the role of de novo SNVs in ASD. Using whole exome 

sequencing (WES), several groups demonstrated that individuals with ASD have an 

increased burden of rare de novo missense and loss-of-function (LOF; nonsense, splice 

site, and frameshift) mutations compared to unaffected siblings or controls, especially for 

brain-expressed genes (De Rubeis et al., 2014; Iossifov et al., 2014; Iossifov et al., 2012; 

Neale et al., 2012; O'Roak et al., 2011; O'Roak et al., 2012b; Sanders et al., 2012). A 

recent study of more than 2,500 simplex ASD families estimated that de novo missense 

and LOF mutations contribute to 12% and 9% of diagnoses, respectively (Iossifov et al., 

2014) (Figure 1-7). Unfortunately, no single “autism gene” has emerged. Although a few  
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Figure 1-6: Copy number variant (CNV) burden in autism spectrum disorder 

(ASD). 

 Frequency and size distribution of de novo CNVs in individuals with ASD from 

simplex families, individuals with ASD from multiplex families, unaffected siblings, 

and controls. Adapted from Huguet et al., 2013. 
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Figure 1-7: Rates of de novo single nucleotide variants (SNVs) and insertion-

deletion variants (indels) in autism spectrum disorder (ASD) cases and 

unaffected siblings. 

A recent whole exome sequencing study of more than 2,500 simplex ASD families 

found that rates of de novo synonymous mutations do not significantly differ between 

ASD cases and unaffected siblings, but rates of loss-of-function variants (“likely gene 

disrupting” (LGD) variants, including nonsense, splice site, and frameshift variants) 

and to a lesser extent de novo missense variants are significantly increased in ASD 

cases compared to unaffected siblings. Adapted from Iossifov et al., 2014. 
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genes have recurrent de novo mutations in individuals with ASD and synaptic, 

transcriptional, and chromatin genes are enriched for LOF mutations in ASD cases, no  

one gene appears to account for more than 1% of cases, and current estimates suggest that 

500-1000 genes are associated with ASD (De Rubeis et al., 2014; Krumm et al., 2014; 

Ronemus et al., 2014). Moreover, it is a persistent mystery that any known gene (or 

CNV) that is recurrently mutated in ASD can be mutated in other neurodevelopmental 

diseases as well (e.g., epilepsy, schizophrenia, ID) without a clear indication of why the 

same genetic mutation can predispose to multiple different conditions (State and Levitt, 

2011). 

Recent research has shown that recessive mutations also contribute to the genetic 

etiology of ASD and likely account for some portion of the heritability of the disease. 

Our lab used WES in consanguineous and/or multiplex families to demonstrate familial 

ASD associated with biallelic mutations in several disease genes (Yu et al., 2013). In 

parallel, another group analyzed WES data from 933 cases and 869 controls to identify a 

2-fold increase in LOF mutations in autosomal genes in individuals with ASD compared 

to controls, and a 1.5 fold increase in hemizygous LOF mutations in genes on the X 

chromosome in males with ASD compared to controls (Lim et al., 2013). Together, these 

studies suggest that autosomal recessive mutations contribute to at least 3% of ASD risk, 

with X-linked mutations contributing another 2% to ASD risk in males. 

The demonstration of recessive mutations, along with studies identifying more 

than one deleterious mutation in individuals with ASD, provides evidence for a “multi-

hit” model in which recessive mutations, multiple de novo mutations, or a combination of 

inherited and de novo mutations may contribute to ASD risk (Huguet et al., 2013). 
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Interestingly, studies have demonstrated that individuals with ASD or intellectual 

disability with two mutations may have more severe clinical features than individuals 

with ASD or ID with only one mutation (Girirajan et al., 2010; Leblond et al., 2012; 

O'Roak et al., 2011). Additional inherited and de novo risk and protective variants may 

thus contribute to the incomplete penetrance and variable expressivity seen in individuals 

with ASD with identified mutations.  

Overall, research has shown genetically heterogeneous contributions to ASD risk 

from heritable mutations— including monogenic conditions, common variants, and rare 

recessive mutations—as well as from de novo mutations, but has gone less far in 

understanding how these mutations are translated into the clinical syndrome that 

confronts us in the clinic. Moving forward, it is critical to identify additional sources of 

genetic risk and understand how identified genetic mutations connect to the clinical 

phenotypes. In Chapter 3, I report the first systematic deep sequencing study of 55 

postmortem ASD brains for SNVs in 78 known ASD candidate genes (D'Gama et al., 

2015b). Remarkably, even without parental samples, we find more ASD brains with 

mutations that are protein-altering, deleterious, or loss-of-function compared to controls, 

with recurrent deleterious mutations in ARID1B, SCN1A, SCN2A, and SETD2, suggesting 

these mutations contribute to ASD risk. In several cases, the identified mutations and 

medical records suggest syndromic ASD diagnoses, suggesting that this brain collection 

represents an invaluable resource to begin to connect genetics with morphology. Two 

ASD and one Fragile X premutation case show deleterious somatic point mutations in 

ASD genes, providing evidence that somatic mutations occur in ASD cases, and 

supporting a model in which a combination of germline and/or somatic mutations may 
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contribute to ASD risk on a case-by-case basis. Similarly to our findings in FCD and 

HME, we suggest that ASD pathogenesis involves interactions between germline and 

somatic mutations in some cases, highlighting how the developmental history of the brain 

modifies the germline genome. 

 

Approaches for discovering rare disease-associated germline and somatic mutations 

 Human genetics has employed a range of methods to discover disease-associated 

variants, ranging from linkage analysis of families for rare diseases to GWAS of 

populations for common diseases. This section will focus on approaches to discover rare 

small-scale disease-associated mutations in a cohort of affected individuals. Until 

recently, human genetics studies searching for such rare mutations generally used 

candidate gene approaches to come up with a short list of potentially disease-associated 

genes, and assayed a cohort of affected individuals for variants in those genes using 

traditional capillary-electrophoresis based Sanger sequencing. This biased approach was 

limited by the ability to come up with a strong candidate gene list based on existing 

knowledge of the disease, as well as by the labor, time, and cost of designing primer sets, 

performing PCR reactions, sequencing reactions, and analyzing the sequencing traces, for 

each candidate gene for each case. In addition, while Sanger sequencing can generally 

identify germline variants (heterozygous variants with an alternate allele frequency of 

50% and homozygous variants with an alternate allele frequency of 100%), it is relatively 

difficult to use Sanger sequencing to identify somatic variants, especially with low 

alternate allele frequencies, as the threshold for detection is approximately 15-20% 

alternate allele frequency (Jamuar et al., 2014; Rohlin et al., 2009). While such 



!

37!

approaches have been successful in identifying both germline and somatic variants, such 

as germline mutations in NLGN3 and NLGN4 in ASD and the somatic point mutation in 

AKT3 in HME (Jamain et al., 2003; Poduri et al., 2012), discovery has been greatly aided 

by next generation sequencing (NGS) technologies. 

 Over the past few years, NGS technologies, which allow massively parallel 

sequencing, have provided human genetics with a high-throughput approach for mutation 

discovery. Depending on study design, NGS allows both unbiased approaches using 

Whole Genome Sequencing (WGS) or biased approaches using Whole Exome 

Sequencing (WES) or targeted sequencing of specific genes or genomic regions. Studies 

so far have mainly used less costly WES or targeted sequencing to assay for exonic and 

splice site mutations; as sequencing costs drop, WGS studies are beginning to be reported 

and have also mainly focused on analysis of the exome. In the future, WGS studies will 

allow unbiased discovery of both coding and a wealth of noncoding mutations. When 

designing such studies, there are several important considerations to keep in mind 

regarding mutation identification. 

A first important consideration is the tissue assayed for mutations, which will 

depend on the specific disease being studied and the availability of tissue(s) from affected 

individuals. For germline mutations, which are present in all cells of an affected 

individual, assaying any tissue should allow identification of mutations. For somatic 

mutations, if the somatic mutation occurs relatively early in development, the mutation 

may be present in a fraction of cells across multiple tissues. For example, if a somatic 

mutation associated with a neurodevelopmental disorder occurs prior to gastrulation, it 

may be detectable by assaying clinically accessible tissues like blood or saliva. If the 
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somatic mutation occurs relatively late in development or during postnatal life, the 

mutation may be present in a fraction of cells in only one tissue. For example, if a 

somatic mutation associated with a neurodevelopmental disorder occurs post-gastrulation 

and specifically in the brain, it will not be detectable by assaying clinically accessible 

tissues and will only be detectable by assaying the brain. This has been shown for several 

of the mutations initially identified in HME cases, which were detectable in abnormal 

brain tissue and undetectable in peripheral blood (Lee et al., 2012; Poduri et al., 2012).  

A second consideration when designing NGS studies is the depth of coverage, 

which refers to the average number of times each base in the target region is sequenced. 

For detecting germline mutations, coverage >30X is generally sufficient, as this results in 

on average 15 reads for a germline heterozygous mutation and 30 reads for a germline 

homozygous mutation. For detecting somatic mutations, higher coverage is needed to 

detect reads for the alternate allele and to help discriminate between true somatic 

mutations and false positives, as errors can arise during library preparation and 

sequencing. For example, a somatic mutation with a relatively high alternate allele 

frequency of 20% may be detected with 30X sequencing (on average 6 reads), but will be 

much easier to detect with 200X sequencing (on average 40 reads). A somatic mutation 

with a relatively low alternate allele frequency of 1% will be nearly impossible to detect 

with 30X sequencing (on average 0.3 reads) and hard to detect with 200X sequencing (on 

average 2 reads), but will be easier to detect with 1000X sequencing (on average 10 

reads). Note that I am referring to sequencing of bulk tissue here, as opposed to 

sequencing of single cells or specific cell types, in which case the percentage of cells 

carrying the mutation may change, as I discuss in Chapters 2 and 4. 
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A third consideration is the target region to be sequenced, as increasing the size of 

the target region and increasing the depth of coverage will both increase sequencing 

costs. Currently, deep WGS is extremely costly; thus, study designs searching for both 

germline and somatic mutations have utilized either WES, which allows relatively deep 

coverage (several hundred fold) at reasonable sequencing costs, or targeted sequencing, 

which can allow ultra-deep coverage (several thousand fold) at still reasonable 

sequencing costs and is particularly useful when strong candidate genes are known 

(D'Gama et al., 2015a; D'Gama et al., 2015b; Jamuar et al., 2014; Lim et al., 2015). Thus, 

study design must balance the size of the target region, depth of sequencing, and number 

of cases to be sequenced, which all influence the sequencing cost. 

 A fourth consideration is the bioinformatics pipeline used to call variants. As 

human genetics studies have traditionally searched for germline variants, variant calling 

pipelines are generally good at calling both germline heterozygous and homozygous 

variants in a sample; for example, the Genome Analysis Toolkit (GATK) developed by 

the Broad Institute is widely used (McKenna et al., 2010). As somatic variants have been 

extensively studied in cancer, several variant callers exist specifically to call somatic 

variants by comparing tumor versus normal samples and looking for variants present in 

the tumor sample that are not present in the normal sample, including MuTect, developed 

by the Broad (Cibulskis et al., 2013), VarScan, developed at Washington University 

(Koboldt et al., 2009), and several somatic callers developed by biotechnology 

companies. For non-cancerous diseases, such variant callers can still be useful if 

“abnormal” and “normal” tissue is available. For example, somatic point mutations 

associated with HME have been successfully identified by comparing “abnormal” brain 
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tissue to “normal” blood (Lee et al., 2012), and a somatic point mutation in GNAQ 

associated with the neurocutaneous Sturge-Weber syndrome was recently identified by 

comparing “abnormal” and “normal” skin (Shirley et al., 2013). Importantly, such 

approaches assume that the disease-associated mutation will be present in the abnormal 

tissue and not detectable in the normal tissue, i.e. occurred relatively late in development 

or during postnatal life. For diseases where there is not such a clear distinction between 

“abnormal” and “normal” tissue and/or when the somatic mutation may not be limited to 

a single tissue, such variant callers are not ideal. Rather, somatic variant calling needs to 

be performed on a single sample by looking for variants where the alternate allele 

frequency is less than 50%. This is an area of active optimization; default settings for 

variant callers vary regarding the lower threshold of alternate allele frequency called, and 

several variant callers allow optimization of variant calling settings to call variants with 

relatively low allele frequencies.  

 A final consideration is how to filter and annotate a variant call set to identify 

likely disease-causing mutations as opposed to benign variants. “Rarity” filtering has 

been greatly aided by sequencing studies of normal genetic variation in human 

populations, including the 1000 Genomes Project (Abecasis et al., 2012), the Exome 

Sequencing Project (evs.gs.washington.edu), the dbSNP database (Sherry et al., 2001), 

and most recently the ExAC database (exac.broadinstitute.org), as the absence or rarity 

(e.g. <1% allele frequency) of a variant in these databases can lend support to its 

pathogenicity. Along those lines, several databases catalogue human disease-causing 

mutations, such as the Human Gene Mutation Database (Stenson et al., 2014) and 

ClinVar (Landrum et al., 2014), and the presence of a variant or other variants in the 
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same gene in these databases can also lend support. “Functional” filtering is also 

commonly used, in which variants are filtered by their effect on protein coding. 

Nonsense, splice site, and frameshift variants are generally categorized as “loss-of-

function” or “likely-gene-disrupting” mutations likely to be deleterious, and in silico 

prediction tools that take into account characteristics ranging from amino acid 

conservation to protein structure can be used to categorize missense variants as likely to 

be deleterious or benign (Adzhubei et al., 2010; Choi et al., 2012; Kircher et al., 2014; Ng 

and Henikoff, 2003; Schwarz et al., 2014). Thus, a rare loss-of-function variant is more 

likely to be pathogenic than a relatively common predicted benign missense variant.  

 Once the first step of identifying a potential pathogenic mutation using NGS has 

been completed, a critical second step is validation to confirm the presence or absence of 

the mutation in tissue(s) of the affected individual and in family members (where 

available). For a potential germline mutation, traditional Sanger sequencing of DNA from 

the affected individual and segregation analysis of family members is generally sufficient 

to confirm the presence or absence of the mutation and discriminate between a germline 

inherited mutation (present in one or both parents) and a germline de novo mutation (not 

detected in either parent). For a potential somatic de novo mutation, Sanger sequencing is 

not ideal. As mentioned above, on one end of the spectrum, Sanger sequencing has a 

threshold of 15-20% allele frequency and may not detect relatively low frequency 

somatic variants (Jamuar et al., 2014; Rohlin et al., 2009). On the other end of the 

spectrum, Sanger sequencing may confuse validation of relatively high frequency 

somatic variants, which can appear to be germline heterozygous variants on Sanger 

sequencing traces (Jamuar et al., 2014). It is better to validate a somatic mutation using a 
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more quantitative approach that provides a second measure of allele frequency to 

compare to the initial NGS data. 

 There are multiple non-NGS-based quantitative approaches that can be used for 

validation, and I will summarize several here. First, one auspicious approach involves 

using a restriction enzyme digest when the potential somatic mutation disrupts or creates 

a restriction enzyme site. DNA extracted from the tissue sample(s) can be digested with 

the appropriate enzyme and the number of bands visualized by gel electrophoresis allows 

validation of the presence or absence of the mutation, and some quantification using 

densitometric scans to compare the amount of the wildtype and mutant alleles. This 

approach was used to validate a somatic nonsense mutation in MECP2 in a male with 

Rett Syndrome, a neurodevelopmental disorder caused mainly by germline mutations in 

MECP2 in females that are lethal in males (Topcu et al., 2002). However, this approach 

depends on the potential somatic mutation disrupting or creating a restriction enzyme 

site, which is not broadly applicable. 

 A second approach that has been historically used involves mass spectrometry 

analysis, specifically a modified PCR and single-base extension protocol followed by 

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (Lee et al., 

2012). The alternate allele frequency can be calculated by comparing the differences in 

mass between the wildtype and mutant allele extension products. As one example, after 

identifying potential somatic mutations in mTOR pathway genes in HME cases using a 

NGS approach, Lee et al. used a mass spectrometry approach to validate the somatic 

mutations and show that the level of mosaicism varied across different brain regions (Lee 

et al., 2012).  
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A third approach that can be applied to most potential somatic mutations involves 

subcloning, in which the original DNA is amplified using PCR, subcloned into a vector, 

and transformed into chemically competent bacterial cells; multiple clones can then be 

isolated and sequenced to validate the presence of the mutation and to quantify the level 

of mosaicism based on the number of clones carrying the mutation compared to the total 

number of clones sequenced. Our lab has used this approach successfully for validating 

mutations associated with neurodevelopmental diseases ranging from brain 

malformations to ASD, as will be described below and in Chapters 2 and 3 (D'Gama et 

al., 2015a; D'Gama et al., 2015b; Jamuar et al., 2014; Poduri et al., 2012). As an example, 

the somatic point mutation in AKT3 our lab identified in an HME case was validated 

using subcloning, which showed that the mutation was present in 17.4% of clones from 

bulk brain tissue, corresponding to ≈35% of cells (Poduri et al., 2012). This approach can 

be time, labor, and cost-intensive, especially for very low frequency or very high 

frequency somatic mutations that require sequencing a large number of colonies to 

validate the presence of the mutation or to discriminate the mutation from a germline 

heterozygous mutation, respectively.  

A recently developed fourth approach, digital droplet PCR (ddPCR), quantifies 

nucleic acids with high sensitivity and precision and can validate very low frequency 

somatic mutations (Heyries et al., 2011). Using microfluidic circuits and surfactant 

chemistry, DNA is randomly partitioned across 20,000 discrete droplets, such that each 

droplet contains zero or one copy of the template DNA. PCR amplification is performed 

using primers flanking the mutation site and fluorescent probes that specifically bind to 

the reference or mutant allele to allow detection of reference and mutant droplets, 
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respectively, and Poisson statistics are applied to the fraction of positive droplets to 

calculate the concentration of reference and mutant DNA and alternate allele frequency. 

Our lab (described in Chapter 2) and other groups have used this approach to validate 

somatic mutations in mTOR pathway genes in FCD, HME, CLOVES, and related 

syndromes (D'Gama et al., 2015a; Luks et al., 2015). 

 Finally, NGS-based approaches can also be used to validate potential somatic 

mutations. Ideally, a different NGS approach from the discovery approach should be 

used. For example, if WES was used to discover several potential somatic mutations, a 

targeted approach can be used to specifically assay those mutations and validate their 

presence or absence in the original sample. One advantage of this approach is that it 

allows rapid screening of specific somatic mutations in the original sample as well as in 

other samples from a cohort. For example, after identifying a few potential somatic 

mutations in MTOR in FCD cases using WES, Lim et al. used amplicon sequencing for 

validation in the initial cases and for screening of a larger cohort of FCD cases for 

additional somatic mutations in MTOR (Lim et al., 2015). 

 To provide an example of how these considerations regarding variant 

identification and validation come into play, I will describe a recent study from our lab to 

which I significantly contributed (Jamuar et al., 2014). To identify germline and somatic 

mutations in cerebral cortical malformations, we designed a targeted panel for several 

brain malformation syndromes (double cortex, polymicrogyria with megalencephaly, 

periventricular nodular heterotopia, and pachygyria) using Illumina’s TruSeq Custom 

Amplicon Kit, which allowed us to design amplicons covering all exons and flanking 

splice sites of the candidate genes. The panel included genes for which somatic mutations 
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had been demonstrated to cause these syndromes or represented a plausible cause (as 

mentioned above, brain malformations caused by abnormalities in neuronal migration 

had been estimated to be associated with somatic mutations in 5-10% of patients). Since 

we had a strong candidate gene list based on previous human genetics studies of these 

brain malformation syndromes, targeted sequencing allowed us to achieve a higher depth 

of coverage compared to WES. The targeted panel was tested on leukocyte-derived DNA 

samples from 158 patients with the aforementioned brain malformations for whom 

previous workup had not identified mutations. We were limited to clinically accessible 

tissue (blood) given that brain, the tissue of interest, was not available. Thus, we knew we 

could only identify germline mutations and somatic mutations that occurred relatively 

early in development, before gastrulation, and were present in both the brain and the 

blood. Targeted deep NGS was performed to an average depth of at least 200X on 

Illumina MiSeq sequencers, and analysis of calibration specimens demonstrated that we 

could detect somatic mutations present at allele frequencies ≥1%. Critically, we were able 

to detect germline mutations using Illumina’s MiSeq Reporter variant caller, and 

successfully able to detect somatic mutations using their recently developed Somatic 

Variant Caller. 

After rarity and functional filtering, variants detected by NGS were validated 

using Sanger sequencing and, for potential somatic variants, by subcloning followed by 

Sanger sequencing of individual clones to quantify the degree of mosaicism. Segregation 

analysis was performed when parental and/or sibling DNA samples were available. 

Overall, we identified somatic mutations in 8 patients and germline mutations in 19 

patients, suggesting that somatic mutations may be associated with unexplained cerebral 
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cortical malformations in up to 30% of cases (Table 1-2). Most of the somatic mutations 

we identified were undetectable by Sanger sequencing of bulk DNA and one was missed 

on previous WES due to low coverage. The somatic mutations detected by NGS ranged 

in allele frequency from 5-35%; the total coverage ranged from 555 to 3020 reads and the 

alternate allele coverage ranged from 85 to 394 reads, highlighting the relatively high 

total and alternate allele coverage for the validated somatic mutations. The frequency 

detected using subcloning followed by Sanger sequencing of individual clones was 

similar to the frequency detected by NGS. These results suggest that a significant fraction 

of patients with unexplained brain malformations harbor somatic mutations only 

detectable in blood by deep NGS. Moreover, these data suggest that targeted deep NGS 

can successfully detect both germline and somatic mutations in blood, and likely would 

detect an even higher fraction of such mutations in brain, for neurodevelopmental 

disorders. 
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Table 1-2: Types of pathogenic mutations detected in a targeted deep sequencing 

study of patients with cerebral cortical malformations. Adapted from Jamuar et 

al., 2014.!
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Chapter 2: Mammalian target of rapamycin (mTOR) pathway mutations cause 
hemimegalencephaly and focal cortical dysplasia 
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Introduction 

Focal malformations of cortical development (MCDs), including focal cortical 

dysplasia (FCD) and hemimegalencephaly (HME), are important causes of intractable 

childhood epilepsy (Mirzaa and Poduri, 2014). Focal cortical dysplasia (FCD) is 

characterized by a small region of abnormal cortex, whereas hemimegalencephaly 

(HME) is characterized by abnormal enlargement of an entire cerebral hemisphere 

(Blumcke et al., 2011; Poduri et al., 2012). Neuropathological studies of abnormal brain 

tissue from FCD and HME patients show abnormal cortical layering, dysmorphic neurons 

and “balloon cells” (specifically observed in FCD IIb and HME), which are characterized 

by an enlarged cell body and glassy eosinophilic cytosplasm (Aronica and Crino, 2014). 

Patients clinically present with intractable seizures and often require surgical resection of 

abnormal brain tissue for seizure control (Blumcke et al., 2011; Poduri et al., 2012). 

Although surgical resection can improve seizure control and some patients become 

seizure-free, a significant fraction of patients continue to have seizures (Fauser et al., 

2004). Identifying genetic etiologies for these conditions would provide insight into the 

pathophysiology underlying focal MCDs and aid development of effective mechanism-

based therapies for seizure control. 

Genetic etiologies for focal MCDs have long been hypothesized. Compared to 

non-focal MCDs that appear to affect the entire brain, such as lissencephaly mentioned in 

Chapter 1, what is striking about focal MCDs is the asymmetry of the phenotype—FCD 

and HME appear to affect only part of the brain (Mirzaa and Poduri, 2014). Thus, 

generalized MCDs may be more likely to be associated with a genetic mutation present in 

all cells in the brain (for example, a germline inherited or de novo mutation in a gene 
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critical for brain development or a somatic mutation that occurs relatively early in 

embryonic development) while focal MCDs may be more likely to be associated with a 

genetic mutation present in only a subset of cells in the brain (for example, a somatic de 

novo mutation that occurs relatively late in embryonic development and is “brain only”). 

Given that HME and some subtypes of FCD share pathological features with 

tuberous sclerosis (TSC), which is caused by mutations in TSC1 or TSC2 that abnormally 

activate mTOR, hyperactivation of the mTOR pathway has been suggested as a common 

mechanism underlying these disorders (Mirzaa and Poduri, 2014). Recently, mutations in 

the mTOR pathway were identified in HME and related conditions: somatic activating 

point mutations in AKT3, PIK3CA, and MTOR were identified in HME, and germline and 

somatic point mutations in AKT3, CCND2, PIK3R2, and PIK3CA were identified in the 

related megalencephaly-capillary malformation syndrome (MCAP) and megalencephaly-

polymicrogyria-polydactyly-hydrocephalus syndrome (MPPH) (Lee et al., 2012; Mirzaa 

et al., 2014; Nakamura et al., 2014; Poduri et al., 2012; Riviere et al., 2012). In addition, 

somatic chromosome 1q tetrasomy was reported in HME, and de novo germline 

chromosome 1q43q44 trisomy in megalencephaly (Cai et al., 2014; Poduri et al., 2012; 

Wang et al., 2013). Even more recently, mutations in the mTOR pathway were identified 

in FCD: germline mutations in DEPDC5 were identified in familial focal epilepsy, with 

some affected individuals showing likely FCD IIb on imaging, and somatic chromosome 

1q21.1-q44 copy number increase was identified in FCD Ib (Conti et al., 2014; Scheffer 

et al., 2014). These studies provided initial support for the hypothesis that FCD, HME, 

and related conditions lead to hyperactivation of the mTOR pathway, and encompassed 

what was known about their genetic etiology when I began the study in this chapter. 
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Our lab’s studies of FCD and HME over the past several years provide growing 

insight into the genetic etiology of these conditions and reveal how advancements in 

sequencing technologies and considerations in experimental design have aided our ability 

to identify and validate pathogenic mutations, especially somatic mutations. In the first 

part presented in this chapter, we studied a cohort of 53 cases with FCD or HME 

collected by our lab and collaborators (D'Gama et al., 2015). Relatively low coverage 

next generation sequencing (NGS), both whole exome sequencing (WES) and targeted 

sequencing, was used to identify potential variants in DNA extracted from brain and/or 

blood or buccal tissue, and Sanger sequencing, subcloning and ddPCR were used to 

validate variants. We report pathogenic mutations in DEPDC5 in FCD, and in DEPDC5, 

PIK3CA, MTOR, and TSC2 in HME. These results confirm the role of DEPDC5 in FCD, 

extending it to sporadic FCD, and implicate it for the first time in HME. In addition, we 

provide initial evidence for an association between TSC2 mutation and HME. 

In the second part presented in this chapter, we studied a cohort of 60 cases with 

FCD, HME, or related diagnoses using targeted ultra-deep sequencing of mTOR pathway 

genes. We chose to use targeted ultra-deep sequencing because the high depth of 

coverage allowed detection of very low frequency somatic variants that earlier 

approaches may have missed, and the targeted genes were strong candidates based on 

initial studies and the first part of this chapter, as well as additional studies that were 

reported while I was designing the experiments. Using this approach, we identified and 

validated pathogenic mutations in AKT3, MTOR, PIK3R2 and TSC2 in additional FCD, 

HME, and related cases, including a germline MTOR mutation in a severe polymicrogyria 

with megalencephaly case and the first report of potential “two hit” HME cases with 
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germline and somatic TSC2 mutations. In addition, we used single cell technologies to 

identify cell type specific enrichment of pathogenic somatic mutations in several FCD 

and HME cases, and show how the cell types carrying the mutation reflect the original 

progenitor cell type in which the mutation occurred. 

 Overall, our study has led to genetic diagnoses for a significant fraction of our 

FCD and HME cases and has expanded the allelic and locus heterogeneity of these 

disorders, emphasizing the contribution of “brain only” somatic mutations and the 

interaction between somatic mutations and the germline genome. In the last part of this 

chapter, I summarize our contributions and discuss the current “big picture” of FCD and 

HME genetics. 

 

Results 

Next generation sequencing identifies germline and somatic mutations in HME and FCD 

 In the first stage we studied 53 patients; 14 had FCD and 39 had HME based on 

magnetic resonance imaging (MRI) and neuropathology (Figure 2-1). DNA was extracted 

from available tissues, which included surgically resected brain samples from 39 patients 

(14 FCD, 1 with a matching blood sample; and 25 HME, 2 with matching blood samples) 

and only blood or buccal samples from the remaining 14 HME patients. The DNA was 

sequenced using whole exome sequencing (WES, on average <100X coverage) and/or 

targeted sequencing, specifically molecular inversion probe sequencing (MIPS, on 

average <350X coverage). Given the hypothesis that mTOR pathway hyperactivation 

underlies these conditions and the initial results from our lab and others, our analysis 

focused on ten genes in the mTOR pathway identified from previous studies and a recent  
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Figure 2-1: Stage one workflow. 

In stage one we studied 53 patients (14 FCD, 39 HME). 39 cases had brain tissue 

available for DNA extraction (14 FCD cases, 1 also had paired non-brain tissue; 25 

HME cases, 2 also had paired non-brain tissue) and 14 HME cases had only blood or 

buccal tissue available. Sequencing was performed using WES (<100X coverage) 

and/or MIPS (<350X coverage), the raw sequencing data was aligned using BWA, and 

variants were called using GATK. We then performed filtering for high quality, rare, 

protein-altering variants in the mTOR pathway. We used dbSNP137, 1000 Genomes, 

and the Exome Variant Server to assess for rarity (<1% minor allele frequency); 

Provean, Sift, Polyphen-2, and Mutation Taster to assess for deleteriousness; and 

HGMD, ClinVar, LOVD for TSC1/2, and previous literature to identify known 

mutations. All rare, high quality, protein-altering variants were validated using Sanger 

sequencing, and for somatic variants, by subcloning followed by Sanger sequencing of 

individual clones and/or ddPCR. In addition, we performed segregation analysis when 

parental samples were available. 
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Figure 2-1 (Continued) 
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review: AKT1, AKT3, CCND2, DEPDC5, MTOR, PIK3CA, PIK3R2, PTEN, TSC1, and 

TSC2; we also checked additional genes in the pathway for samples sequenced using 

WES to make sure we did not miss any potential pathogenic variants (Conti et al., 2014; 

Lee et al., 2012; Mirzaa et al., 2014; Mirzaa and Poduri, 2014; Nakamura et al., 2014; 

Poduri et al., 2012; Riviere et al., 2012; Scheffer et al., 2014; Wang et al., 2013). We 

performed validation on all high quality, rare, and protein-altering variants using Sanger 

sequencing, and for potential somatic variants, using subcloning followed by sequencing 

of individual colonies and/or digital droplet PCR (ddPCR) to quantify the level of 

mosaicism independently of the NGS platform. In addition, segregation analysis was 

performed when parental DNA was available. Variants were considered pathogenic if 

they were loss-of-function mutations, predicted deleterious missense mutations proven 

pathogenic by functional studies, and/or mutations previously identified in FCD, HME or 

related syndromes. In total, we identified and validated 19 rare protein-altering variants in 

the mTOR pathway genes DEPDC5, MTOR, PIK3CA, PIK3C2B, PIK3C2G, PIK3C3, 

and TSC2 in 16 patients (Supplementary Tables 2-1 and 2-2), and pathogenic mutations 

in DEPDC5, MTOR, PIK3CA, and TSC2 in nine patients (Table 2-1). With the exception 

of 1 missense mutation classified as likely pathogenic due to its somatic nature, the 

remaining variants were classified as variants of unknown significance (VUS; Table 2-2), 

although further work may identify some of these as causative. 

In two patients with FCD IIb, we identified germline loss-of-function mutations in 

DEPDC5. Patient FCD-1, who has a right frontal FCD seen on MRI as blurring of the 

gray–white matter junction and abnormal gray matter signal extending toward the 

ventricle (Figure 2-2A), has a frameshift mutation (p.N261Kfs*11). Patient FCD-2, who  
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Table 2-1: Pathogenic mutations in the mTOR pathway detected in FCD and 

HME patients in stage one. 

Mutations were identified from relatively low coverage next generation sequencing. 

Germline mutations were validated using Sanger sequencing, and segregation was 

performed to determine if the mutation was germline inherited or germline de novo 

when parental samples were available. Somatic mutations were validated using 

subcloning followed by Sanger sequencing of individual clones and/or ddPCR. AAF: 

alternate allele frequency, CLOVES: Congenital lipomatous overgrowth with 

vascular, epidermal, and skeletal anomalies, FCD: focal cortical dysplasia, Fs: 

frameshift, HME: hemimegalencephaly, MCAP: megalencephaly–capillary 

malformation syndrome, Ms: missense, NGS: next generation sequencing, Sp: splice 

site, SSV: Sanger sequencing validation, TSC: tuberous sclerosis complex. 
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Table 2-2: Variants of uncertain significance (VUS) in the mTOR pathway 

detected in FCD and HME patients in stage one. 

Variants were considered pathogenic if they were loss-of-function mutations, 

predicted deleterious missense mutations proven pathogenic by functional studies, 

and/or mutations previously identified in FCD, HME or related syndromes. With the 

exception of 1 missense mutation classified as likely pathogenic due to its somatic 

nature, the remaining variants were classified as variants of unknown significance. 

AAF: alternate allele frequency, FCD: focal cortical dysplasia, FFEVF: familial focal 

epilepsy with variable foci, HME: hemimegalencephaly, Ms: missense. 
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has a left parietal FCD, seen on MRI as blurring of the gray–white matter junction and 

abnormal deep gyral configuration in the left parietal region (Figure 2-2B), has a splice 

site mutation (c.624+1G>A). We also identified a germline missense mutation 

(c.1355C>T, p.A452V) in patient FCD-3 that was previously reported as causative in 

familial focal epilepsy with variable foci (FFEVF) (Dibbens et al., 2013), which we 

conservatively classified as a VUS given recent preliminary functional studies suggesting 

this variant may not be pathogenic (van Kranenburg et al., 2014). 

In seven patients with HME, we identified loss-of-function or deleterious 

missense mutations in DEPDC5, MTOR, PIK3CA, and TSC2. HME-1 has a germline 

frameshift in DEPDC5 (p.N45Qfs*3), and imaging shows right hemimegalencephaly 

with abnormally thick gray matter, abnormal signal in the white matter, and an enlarged 

right ventricle (Figure 2-3A-B). HME-7, who has generalized tonic-clonic seizures, 

speech delay, and mild right hemiparesis, has a germline inherited missense variant in 

DEPDC5 (c.1265G>A, p.R422Q), which we classified as a VUS, and imaging shows left 

hemimegalencephaly with blurring of the gray-white matter junction and cortical 

irregularity most striking in the left parietal lobe (Figure 2-3C). Two patients had somatic 

missense mutations in PIK3CA, p.E542K (c.1624G>A) in HME-3 and p.H1047R 

(c.3140A>G) in HME-6, which were previously identified in CLOVES syndrome (Kurek 

et al., 2012). HME-6 also harbors a germline missense variant in PIK3CA (c.1432G>T, 

p.D478Y) which we classified as a VUS. HME-8, who has complex partial seizures, 

harbors a somatic missense variant in MTOR (c.5005G>T, p.A1669S) present at an AAF 

of 44% in the brain but not detectable in the blood, which we classified as a likely 

pathogenic variant. HME-11 harbors a germline missense mutation in TSC2 (c.5138G>A,  
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Figure 2-2: Magnetic resonance imaging (MRI) of focal cortical dysplasia (FCD) 

mutation-positive patients from stage one.  

(A) This axial inverted T2 image from the MRI of Patient FCD-1, with the germline 

DEPDC5 p.N261Kfs*11 frameshift mutation, shows a right frontal FCD II (arrows), 

seen as blurring of the gray–white matter junction and abnormal gray matter signal 

extending toward the ventricle. (B) This T2-weighted axial image from the MRI of 

Patient FCD-2, harboring the germline DEPDC5 c.624+1G>A splice site mutation, 

shows an FCD II characterized by blurring of the gray–white matter junction and 

abnormal deep gyral configuration in the left parietal region (arrows). The wide arrow 

points to a region of dysplastic cortex. 
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Figure 2-3: Magnetic resonance imaging (MRI) of hemimegalencephaly (HME) 

mutation-positive patients from stage one.  

(A, B) These T2-weighted (A) axial and (B) coronal images from Patient HME-1, with 

the germline DEPDC5 p.N45Qfs*3 frameshift mutation, illustrate right HME, with 

abnormally thick gray matter, abnormal signal in the white matter, and an enlarged, 

dysmorphic right ventricle. (C) This coronal image from Patient HME-7, with the 

germline DEPDC5 p.R422Q missense mutation (classified as a VUS) and left HME, 

shows enlargement of the left hemisphere and left lateral ventricle. 
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p.R1713H) previously identified in TSC and shown to be pathogenic (Hirfanoglu and 

Gupta, 2010; Hoogeveen-Westerveld et al., 2011; Tyburczy et al., 2015). In an additional 

three patients (HME-2, HME-4, and HME-5), we detected the same somatic mutations in 

PIK3CA (c.1633G>A, p.E545K) and MTOR (c.4448G>A, p.C1483Y) that had been 

previously reported (Lee et al., 2012; Riviere et al., 2012). 

Thus, in the first stage we identified pathogenic mutations in mTOR pathway 

genes in nine patients with FCD or HME. DEPDC5 mutations have only recently been 

shown to be associated with FCD, originally reported in familial focal epilepsies with 

FCD in a few family members (Scheffer et al., 2014). Our data confirm this association 

and extend it to sporadic FCD, as we identified germline loss-of-function mutations in 

DEPDC5 in two patients with FCD Type IIb. Furthermore, we implicate this gene for the 

first time in HME with identification of a germline loss-of-function mutation in a patient 

with HME. In addition, our data provide initial evidence for the involvement of TSC2 in 

HME, as we identified a germline missense mutation shown to activate the mTOR 

pathway in a patient with HME. 

 

Ultra-deep targeted sequencing identifies additional germline and somatic mutations in 

HME and FCD 

 In the second stage, we wanted to perform ultra-deep sequencing to identify 

additional somatic mutations that we may have missed in the first stage. Ideally, we 

wanted to achieve depth >1000X, which would allow us to identify variants with 

alternate allele frequencies potentially as low as 1%. We studied 60 patients; 38 had 

FCD, 18 had HME, and 4 had polymicrogyria (PMG, characterized by many small gyri) 
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with megalencephaly (Figure 2-4). We included all patients from the first stage for whom 

we had not identified a pathogenic somatic variant and for whom there was enough DNA 

available for sequencing and validation; additionally, we included several new patients 

recently recruited by our lab and collaborators. DNA was extracted from available 

tissues, which included surgically resected brain samples from 31 patients (22 FCD, 9 

also had blood samples, and 9 HME, 6 also had blood samples) and only blood or buccal 

samples from the remaining 29 patients (16 FCD, 9 HME, and 4 PMG). The DNA was 

sequenced using a custom panel designed to target the mTOR pathway, specifically the 

10 genes AKT1, AKT3, CCND2, DEPDC5, MTOR, PIK3CA, PIK3R2, PTEN, TSC1, and 

TSC2. We included several positive controls to make sure the panel and sequencing 

worked properly. Overall, the panel generated a target region of 36.6kb that includes all 

exons, exon-intron boundaries, and 10bp of flanking sequence for each gene, and the 

design is predicted to cover 99.5% of the target region; we achieved a coverage >5000X 

(average 5069X). 

 To identify variants, we performed four different types of analyses. First, we 

performed germline and somatic variant calling for each sample using standard methods, 

specifically Agilent’s software Surecall, which utilizes BWA for alignment and samtools 

or their proprietary caller for variant calling (Li and Durbin, 2009; Li et al., 2009). 

Importantly, Surecall allow users to optimize the settings and call variants with as low as 

1% alternate allele frequency (the default settings are optimized for detecting germline 

variants). Second, we performed paired analysis for somatic variants using MuTect for 

cases where paired samples (brain and non-brain) were available for sequencing 

(Cibulskis et al., 2013). As MuTect was designed to detect somatic variants when  
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Figure 2-4: Stage two workflow. 

In stage two we studied 60 patients (38 FCD, 18 HME, 4 PMG). 31 cases had brain 

tissue available for DNA extraction (22 FCD cases, 9 also had paired non-brain tissue; 

9 HME cases, 6 also had paired non-brain tissues) and 29 cases had only blood or 

buccal tissue available (16 FCD cases, 9 HME cases, and 4 PMG cases). We designed 

a custom Haloplex panel using Agilent’s Suredesign software that targeted 10 genes in 

the mTOR pathway and performed sequencing that achieved >5000X coverage. All 

samples were analyzed using (1) Agilent’s Surecall software standard variant caller, 

optimized for germline and somatic variant calling and (2) bam read count analysis, 

which allowed read count analysis for every known allele previously identified in 

FCD, HME, and related syndromes for each sample. For paired samples, we also 

analyzed using (1) MuTect and (2) Agilent’s Surecall somatic variant caller. We then 

performed filtering for high quality, rare, protein-altering variants in the mTOR 

pathway. We used dbSNP137, 1000 Genomes, and the Exome Variant Server to assess 

for rarity (<1% minor allele frequency); Provean, Sift, Polyphen-2, and Mutation 

Taster to assess for deleteriousness; and HGMD, ClinVar, LOVD for TSC1/2, and 

previous literature to identify known mutations. All rare, high quality, protein-altering 

variants were validated using Sanger sequencing, and for somatic variants, by ddPCR 

(or subcloning followed by Sanger sequencing of individual clones if ddPCR did not 

work). In addition, we performed segregation analysis when parental samples were 

available. For pathogenic somatic mutations where sufficient high quality brain tissue 

was available, we performed single cell studies to investigate the cell types that carried 

the mutations. 
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Figure 2-4 (Continued) 
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comparing “tumor” to “normal” samples, it can detect very low frequency somatic 

variants. Third, we performed an additional paired analysis for somatic variants using 

Surecall’s somatic variant caller for cases where paired samples (brain and non-brain) 

were available for sequencing. This caller is a relatively new feature of the Surecall 

software that similarly can detect very low frequency somatic variants. Finally, we 

performed a literature review and created a list of every mutant allele reported for FCD, 

HME, and related phenotypes, and performed a bam read count analysis for each of those 

alleles for each sample to identify potential somatic variants missed by the other 

approaches. This comprehensive approach provided information about read counts at 

every assayed genomic location regardless of whether any alternate allele reads were 

present, and thus allowed detection of all alternate allele frequencies. For each analysis, 

manual review of every variant was performed to filter for high quality, rare, and protein-

altering variants and to discriminate between potential somatic variants and false 

positives. Interestingly, every variant we validated as pathogenic in the second stage was 

detected using the first analysis approach; several were also detected using at least one 

additional approach. The first analysis approach was likely highly successful due to the 

very high depth of coverage achieved, which made it easier to identify even very low 

frequency somatic variants and discriminate such variants from false positives. Similarly 

to the first stage, we performed validation on all high quality, rare, and protein-altering 

variants using Sanger sequencing, and for potential somatic variants, using ddPCR (and 

subcloning if ddPCR did not work) to quantify the level of mosaicism independently of 

the NGS platform. In addition, for potential somatic variants ddPCR was also performed 

on any additional patient samples that were not sequenced, and for all variants 
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segregation analysis was performed when parental DNA was available. Variants were 

considered pathogenic if they were loss-of-function mutations, predicted deleterious 

missense mutations proven pathogenic by functional studies, and/or mutations previously 

identified in FCD, HME or related syndromes. In total, we identified and validated 

pathogenic mutations in AKT3, MTOR, PIK3R2 and TSC2 in 13 patients (Table 2-3, 

Supplementary Tables 2-1 and 2-2).  

 In five patients with FCD, we identified somatic mutations in MTOR and TSC2. 

Four patients had somatic missense mutations in MTOR that were recently reported in 

FCD (Lim et al., 2015; Nakashima et al., 2015): patient FCD-7, who has myoclonic 

seizures and a left temporal FCD (Figure 2-5), has MTOR mutation p.S2215Y; patient 

FCD-6, who has a left frontoparietal FCD IIb, has MTOR mutation p.L1460P; patient 

FCD-8, who has a left hemisphere FCD IIb, has MTOR mutation p.C1483R; and patient 

FCD-9 has MTOR mutation p.Y1450D. In addition, patient FCD-10, who has a left 

frontal FCD, has a somatic nonsense mutation in TSC2, p.R751*, that was previously 

identified in TSC (Jones et al., 1999) and was present in brain but not detected in blood. 

We did not identify a germline point mutation in TSC2 in this patient, and are 

investigating whether the patient has a structural variant in TSC2. 

 In six patients with HME, we identified germline and somatic mutations in AKT3, 

MTOR, and TSC2. Patient HME-12, who has left HME (Figure 2-6A), has a somatic 

missense mutation in AKT3, p.E17K, which was present in brain but not detected in 

blood, and was initially identified in another HME patient by our lab (Poduri et al., 

2012). Three patients have somatic missense mutations in MTOR that were recently  

reported in FCD (Lim et al., 2015; Nakashima et al., 2015): Patient HME-13, who has  
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Table 2-3: Pathogenic mutations in the mTOR pathway detected in FCD and HME 

patients in stage two. 

Mutations were identified from targeted ultra-deep sequencing, and validated similarly to 

stage one. AAF: alternate allele frequency, FCD: focal cortical dysplasia, HME: 

hemimegalencephaly, Ms: missense, NGS: next generation sequencing, Ns: Nonsense, 

SSV: Sanger sequencing validation, TSC: tuberous sclerosis complex. 

!
!
 

Case Diagnosis Tissues 
Available Gene Mutation HGVS Total Read 

Depth

Alternate 
Allele Read 
Depth

NGS AAF Validation 
AAF (Method) Type Comments

HME-12 HME Brain and 
Blood AKT3 Ms p.E17K 565 (Brain) 25 (Brain) 4.4% Brain

3.4% Brain,   
0.0% Blood 
(ddPCR)

Somatic Previously identified in 
HME (Poduri et al., 2012)

FCD-6 FCDIIb Brain MTOR Ms p.L1460P 5199 134 2.6% 2.3% (ddPCR) Somatic

Previously identified in 
FCD (Nakashima et al., 
2015), Functional studies 
suggest pathogenic 
(Grabiner et al., 2014)

FCD-7 FCD Brain MTOR Ms p.S2215Y 6741 170 2.5% 2.8% (ddPCR) Somatic

Previously identified in 
FCD (Nakashima et al., 
2015), Functional studies 
suggest pathogenic 
(Grabiner et al., 2014)

HME-13 HME Brain MTOR Ms p.S2215Y 5185 430 8.3% 7.1% (ddPCR) Somatic

Previously identified in 
FCD (Nakashima et al., 
2015), Functional studies 
suggest pathogenic 
(Grabiner et al., 2014)

HME-9 HME Brain and 
Blood MTOR Ms p.T1977K 9345 (Brain), 

7305 (Blood)
839 (Brain), 
6 (Blood)

9.0% Brain, 
0.0% Blood 

10.4% Brain 
(subcloning, 
10/96 colonies)

Somatic

Previously identified in 
FCD (Lim et al., 2015), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

FCD-8 FCDIIb Brain MTOR Ms p.C1483R 2488 264 10.6% 10.0% (ddPCR) Somatic

Previously identified in 
FCD (Lim et al., 2015), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

FCD-9 FCD Brain MTOR Ms p.Y1450D 6136 1042 17.0% 16.7% (ddPCR) Somatic Previously identified in 
FCD (Lim et al., 2015)

HME-14 HME Brain and 
Blood MTOR Ms p.S2215F 6433 (Brain) 1176 (Brain) 18.3% Brain

20.6% Brain, 
0.0% Blood 
(ddPCR)

Somatic

Previously identified in 
FCD (Lim et al., 2015; 
Nakashima et al., 2015), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

PMG-1 PMG, 
macrocephaly Blood MTOR Ms p.C1483Y 2757 1365 49.5% N/A (SSV) De novo 

Germline

Previously identified in 
HME (Lee et al., 2012), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

PMG-2 PMG, 
macrocephaly Blood PIK3R2 Ms p.K376E 3490 1744 50.0% N/A (SSV) Germline Previously identified in 

BPP (Mirzaa et al. 2015)

FCD-10 FCD Brain and 
Blood TSC2 Ns p.R751* 6636 (Brain), 

5144 (Blood)
66 (Brain),  
1 (Blood)

1.0% Brain, 
0.0% Blood

1.0% Brain,   
0% Blood 
(ddPCR)

Somatic
Loss of function, 
Previously identified in 
TSC (Jones et al., 1999)

HME-11 HME Brain and 
Blood TSC2 Fs p.Y587* 3109 (Brain), 

4564 (Blood)
119 (Brain), 
0 (Blood)

3.8% Brain, 
0.0% Blood

3.1% Brain, 0% 
Blood (ddPCR) Somatic

Loss of function, AA 
change previously 
identified in TSC (LOVD)

HME-15 HME Brain TSC2 Ms p.E1558K 213 16 7.5% 11.6% (ddPCR) Somatic Previously identified in 
TSC (Dabora et al., 2001)

HME-15 HME Brain TSC2 Ms p.L631P 215 102 47.4% N/A (SSV) Germline Predicted deleterious
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Figure 2-5: Magnetic resonance imaging (MRI) of focal cortical dysplasia (FCD) 

patient FCD-7. 

These (A) axial and (B) coronal images from Patient FCD-7, with the somatic MTOR 

p.S2215Y mutation, show a left temporal FCD, seen as a non-enhancing region of 

signal abnormality within the inferior aspect of the left temporal lobe. 
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generalized tonic-clonic seizures and right HME (Figure 2-6B), has MTOR mutation 

p.S2215Y; patient HME-9, who has left HME (Figure 2-6C), has MTOR mutation 

p.T1977K, which was present in brain but not detected in blood; and patient HME-14, 

who has right HME (Figure 2-6D), has MTOR mutation p.S2215F, which was present in 

brain but not detected in blood. In addition, patient HME-15, who presented with 

infantile epileptic spasms and left HME, has a predicted deleterious germline missense 

mutation in TSC2, p.L631P, and a somatic missense mutation in TSC2, p.E1558K, which 

was previously identified in TSC (Dabora et al., 2001). Similarly, patient HME-11, who 

has a germline missense mutation in TSC2, p.R1713H, identified in stage one, also has a 

somatic frameshift mutation in TSC2, p.Y587*; the same amino acid change has been 

previously identified in TSC (LOVD). These mutations are consistent with the “two hit” 

model of TSC, which has been well supported for tumors associated with TSC, but has 

only rarely been demonstrated for cortical lesions (Crino et al., 2010; Qin et al., 2010; 

Tyburczy et al., 2015). 

 In one patient with PMG with megalencephaly, PMG-1, who has bilateral 

perisylvian PMG (Figure 2-7A-C), we identified a de novo germline missense mutation 

in MTOR, p.C1483Y, that has been previously identified in HME (Lee et al., 2012). 

Finally, in patient PMG-2, who has bilateral perisylvian PMG with megalencephaly 

(Figure 2-7D-E), we identified a germline missense mutation in PIKR2, p.K376E, that 

was recently identified in bilateral perisylvian PMG (Mirzaa et al., 2015).  

 Thus, in the second stage we identified pathogenic variants in mTOR pathway 

genes in an additional 12 patients with FCD, HME, or PMG. MTOR mutations have only  
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Figure 2-6: Magnetic resonance imaging (MRI) of hemimegalencephaly (HME) 

mutation-positive patients from stage two. 

(A) This axial image from Patient HME-12, with the somatic AKT3 p.E17K mutation, 

shows left hemimegalencephaly, seen as enlargement of the left hemisphere with 

thickened cortex and reduced sulcation. (B) This axial image from Patient HME-13, 

with the somatic MTOR p.S2215Y mutation, shows right hemimegalencephaly, seen 

as enlargement and abnormal gyral development of the right parietal and to a lesser 

extent posterior frontal lobes, as well as poor gray-white matter differentiation. (C) 

This axial image from Patient HME-9, with the somatic MTOR p.T1977K mutation, 

shows left hemimegalencephaly with some blurring of the gray-white matter junction 

and broad gryi in the left hemisphere. (D) This axial image from Patient HME-14, 

with the somatic MTOR p.S2215F mutation, shows right hemimegalencephaly with 

abnormal sulcation, blurred gray-white matter junction, and diffuse enlargement of the 

right frontal lobe. 
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Figure 2-6 (Continued) 
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Figure 2-7: Magnetic resonance imaging (MRI) of mutation positive 

polymicrogyria with megalencephaly (PMG with MEG) patients from stage two. 

These (A) coronal, (B) sagittal, and (C) axial images from Patient PMG-1, with the 

germline MTOR p.C1483Y mutation, show bilateral (right > left) PMG in the sylvian 

fissures and frontal lobes and an abnormal gyral pattern, with decreased myelination in 

the deep cerebral white matter (likely metabolic). These (D) coronal and (E) sagittal 

images from Patient PMG-2, with the germline PIK3R2 p.K376E mutation, show 

bilateral perisylvian PMG, with abnormally thick cortex especially around the 

perisylvian region. Patient also had shunted hydrocephalus. 
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recently been shown to be associated with FCD IIa and IIb (Lim et al., 2015; Nakashima 

et al., 2015), and our data confirm this association with FCD and expand the allelic 

heterogeneity of HME, as we identify several MTOR mutations in HME cases previously 

only identified in FCD. In addition, we identify a germline MTOR mutation in a severe 

PMG with megalencephaly case and provide further evidence for an association between 

TSC2 and HME, as we identify two “two hit” HME cases who carry both a germline and 

a somatic mutation in TSC2. 

 

Pathogenic mutations show cell type specific enrichment 

For cases with pathogenic somatic mutations where sufficient brain tissue was 

available (currently two FCD cases and one HME case), we applied methods our lab has 

developed to perform sorting of single nuclei, whole genome amplification, and quality 

control measures validating single nuclei sorting without contamination (Evrony et al., 

2012). We used both NeuN (to separate neuronal and non-neuronal cells) as well as Dlx2 

(to enrich interneurons). These methods generate >15ug of DNA per amplification of 

each single cell, with no detectable contamination (Evrony et al., 2012). Single nuclei 

genotyping was then performed for the identified mutations to analyze the fraction of 

cells carrying the mutation (Table 2-4 and Figure 2-8). 

In the first FCD case, FCD-6, we identified a somatic mutation in MTOR 

(p.L1460P) at an alternate allele frequency of 2.3-2.6% (4.6-5.2% of cells); this mutation 

has been recently reported in FCD (Nakashima et al., 2015). We sorted single NeuN+ and 

NeuN- cells, and analysis for the mutation revealed that the mutation is significantly 

enriched in NeuN+ cells compared to NeuN- cells, with 7.1 ± 1.8% of NeuN+ cells  
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Table 2-4: Single cell analysis of mutation-positive focal cortical dysplasia (FCD) 

and hemimegalencephaly (HME) patients to identify cell types carrying the 

pathogenic mutations. 

p values calculated from allele counts using a two-tailed Fisher's exact test; highlighted 

don't survive multiple testing correction. For HME-16 NeuN+ and NeuN- populations, I 

added my cells to Gilad’s cells from Evrony et al. 2012. a: this is 100%, the method we 

use to correct for allelic dropout can lead to numbers slightly greater than 100%. SE: 

standard error. 
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FCD-6: MTOR p.L1460P,  4.6-5.2% cells carry mutation

Cell 
population

% cells 
carrying 
mutation 

SE

Cells 
carrying 

mutation/ 
Total cells

P value    
(vs NeuN+)

P value     
(vs NeuN-)

P value     
(vs Dlx2+)

P value      
(vs Dlx2-)

NeuN+ 7.1% 1.8% 5.3% 8.9% 15/211 — 6.13E-04 1.65E-15 7.99E-05
NeuN- 0.5% 0.5% 0.0% 1.1% 1/188 6.13E-04 — 1.94E-15 1
Dlx2+ 54.3% 3.2% 51.1% 57.5% 132/243 1.65E-15 1.94E-15 — 1.38E-15
Dlx2- 0.0% 0.0% 0.0% 0.0% 0/185 7.99E-05 1 1.38E-15 —

FCD-8: MTOR p.C1438R, 20-21.2% cells carry mutation

Cell 
population

% cells 
carrying 
mutation 

SE

Cells 
carrying 

mutation/ 
Total cells

P value    
(vs NeuN+)

P value     
(vs NeuN-)

P value     
(vs Dlx2+)

P value      
(vs Dlx2-)

NeuN+ 20.0% 4.0% 16.0% 24.0% 20/100 — 1.54E-02 1.35E-14 7.02E-01
NeuN- 36.3% 4.3% 32.0% 40.6% 45/124 1.54E-02 — 1.83E-08 1.40E-01
Dlx2+ 79.8% 3.1% 76.6% 82.9% 130/163 1.35E-14 1.83E-08 — 4.28E-04
Dlx2- 9.1% 8.7% 0.4% 17.8% 1/11 7.02E-01 1.40E-01 4.28E-04 —

HME-16: AKT3 p.E17K, 34.8% cells carry mutation

Cell 
population

% cells 
carrying 
mutation 

SE

Cells 
carrying 

mutation/ 
Total cells

P value    
(vs NeuN+)

P value     
(vs NeuN-)

P value     
(vs Dlx2+)

P value      
(vs Dlx2-)

NeuN+ 60.0% 5.2% 54.8% 65.2% 54/90 — 2.44E-04 2.69E-05 1.32E-03
NeuN- 26.8% 4.9% 21.9% 31.7% 22/82 2.44E-04 — 4.77E-15 4.82E-01
Dlx2+ 101.8%a — — — 111/109 2.69E-05 4.77E-15 — 1.26E-05
Dlx2- 32.8% 4.3% 28.5% 37.0% 40/122 1.32E-03 4.82E-01 1.26E-05 —

Range

Range

Range
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Figure 2-8: Single cell analysis of mutation-positive focal cortical dysplasia (FCD) 

and hemimegalencephaly (HME) patients.  

Single nuclei from Patients FCD-6, FCD-8, and HME-16 were isolated using 

antibodies against NeuN and Dlx2, DNA was amplified, and genotyping was 

performed for their respective pathogenic mutations. The sequencing traces were 

analyzed to calculate the number of cells with the mutation, taking into account allelic 

dropout, as described previously (Evrony et al., 2012).  p values were calculated from 

allele counts using a two-tailed Fisher's exact test; asterisks indicate significant 

difference from the NeuN+ population for that case. 
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carrying the mutation and 0.53 ± 0.53% of NeuN- cells carrying the mutation (corrected 

for allelic dropout as described previously (Evrony et al., 2012)). In addition, the 

mutation is significantly enriched in Dlx2+ cells compared to the other populations, with 

54.3% ± 3.2% of Dlx2+ cells carrying the mutation and 0% of Dlx2- cells carrying the 

mutation. 

In the second FCD case, FCD-8, we identified a somatic mutation in MTOR 

(p.C1483R) at an alternate allele frequency of 10.0-10.6% (20.0-21.2% of cells); this 

mutation has also recently been reported in FCD (Lim et al., 2015). We similarly sorted 

single NeuN+ and NeuN- cells, and analysis for the mutation revealed that the mutation 

is present in both populations but modestly enriched in NeuN- cells, with 20 ± 4% of 

NeuN+ cells carrying the mutation and 36.3 ± 4.3% of NeuN- cells carrying the mutation 

(however, this does not survive multiple testing correction). The mutation is also enriched 

in Dlx2+ cells compared to the other populations, with 79.8% ± 3.1% of Dlx2+ cells 

carrying the mutation and 9.1% ± 8.7% of Dlx2- cells carrying the mutation (we had a 

much smaller number of Dlx2- cells to analyze for this case, most likely due to plate 

misalignment during sorting). 

For the HME case, HME-16, our lab originally reported a somatic mutation in 

AKT3 (p.E17K) in ≈35% of cells (Evrony et al., 2012; Poduri et al., 2012). We combined 

our analysis for NeuN+ and NeuN- cells with the analysis originally done by a previous 

MD-PhD student in the lab, Gilad Evrony (Evrony et al., 2012), and found that while he 

did not see a significant difference (likely given the relatively small number of cells 

analyzed), we can now see a significant enrichment in NeuN+ cells compared to NeuN- 

cells, with 60 ± 5.2% of NeuN+ cells carrying the mutation and 26.8 ± 4.9% of NeuN- 
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cells carrying the mutation. Interestingly, the mutation is extremely highly enriched in 

Dlx2+ cells compared to the other populations, with ≈100% of the Dlx2+ cells carrying 

the mutation, and 32.8% ± 4.3% of Dlx2- cells carrying the mutation. Thus, pathogenic 

somatic mutations are clearly enriched in specific cells types in FCD/HME brain, the 

implications of which are discussed below. 

 

Pathogenic mutations are generally “brain only” 

From stage one and two, we have identified pathogenic variants in 16% of our 

FCD cases (7/43); however, all 7 of these mutations were identified in brain tissue, thus 

we identified mutations in 26% of FCD cases where brain tissue was available (7/27 

cases, 1/1 mutation not in blood) and 0% of FCD cases where only blood was available 

(0/16 cases) (Figure 2-9A). This percentage is similar to a recent study reporting 

mutations in 15.6% of FCD II cases that analyzed brain tissue (12/77) (Lim et al., 2015), 

and somewhat lower than another study reporting mutations in 46% of FCD IIb cases that 

also analyzed brain tissue (6/13) (Nakashima et al., 2015). In addition, this study and our 

lab’s initial identification of mutations in three HME cases have identified pathogenic 

variants in 38% of our HME cases (15/40); similarly, all 15 of these mutations were 

identified in brain tissue, thus we identified mutations in 63% of HME cases where brain 

tissue was available (15/24 cases, 6/7 mutations not in blood (one germline mutation was 

detected in brain and blood, as expected)) and 0% of HME cases where only blood or 

buccal tissue was available (0/16 cases) (Figure 3-9B).  

Overall, we have identified pathogenic variants in 27% of focal MCD cases 

(22/83) (Table 2-5 and Figure 2-9C), specifically in 43% of cases where brain tissue was  
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Table 2-5: Summary of all pathogenic mutations in the mTOR pathway in patients 

with FCD, HME, and PMG with MEG identified by our lab. 

AAF: alternate allele frequency, BPP: bilateral perisylvian polymicrogyria, CLOVES: 

Congenital lipomatous overgrowth with vascular, epidermal, and skeletal anomalies, 

CNV: copy number variant, FCD: focal cortical dysplasia, Fs: frameshift, HME: 

hemimegalencephaly, MCAP: megalencephaly–capillary malformation syndrome, MEG: 

megalencephaly, Ms: missense, NGS: next generation sequencing, Ns: nonsense, Sp: 

splice site, SSV: Sanger sequencing validation, TSC: tuberous sclerosis complex. 

 

Case Diagnosis Tissues 
Available Gene Mutation HGVS AAF % Cells Conclusion Comments

HME-12 HME Brain and 
Blood AKT3 Ms p.E17K 3.4-4.4% Brain, 

0% Blood
6.8-8.8.% Brain, 
0% Blood Somatic (Not in blood) Previously identified in 

HME (Poduri et al., 2012)

HME-16 HME Brain and 
Blood AKT3 Ms p.E17K 17.4% Brain 34.8% Brain Somatic (Not in blood) Identified in Poduri et al., 

2012

HME-17 HME Brain and 
Blood AKT3 CNV Chromosome 

1q tetrasomy N/A N/A Somatic Identified in Poduri et al., 
2012

HME-18 HME Brain AKT3 CNV Chromosome 
1q CN increase N/A N/A Somatic Identified in Poduri et al., 

2012

FCD-1 FCD IIb Brain DEPDC5 Fs p.N261Kfs*11 52.2% 100% Germline Loss of function

FCD-2 FCD IIb Brain DEPDC5 Sp c.624+1G>A 50.0% 100% Germline Loss of function

HME-1 HME Brain DEPDC5 Fs p.N45Qfs*3 61.20% 100% Germline Loss of function

FCD-6 FCDIIb Brain MTOR Ms p.L1460P 2.3-2.6% 4.6-5.2% Somatic

Previously identified in 
FCD (Nakashima et al., 
2015), Functional studies 
suggest pathogenic 
(Grabiner et al., 2014)

FCD-7 FCD Brain MTOR Ms p.S2215Y 2.5-2.8% 5-5.8% Somatic

Previously identified in 
FCD (Nakashima et al., 
2015), Functional studies 
suggest pathogenic 
(Grabiner et al., 2014)

HME-13 HME Brain MTOR Ms p.S2215Y 7.1-8.3% 14.2-16.6% Somatic

Previously identified in 
FCD (Nakashima et al., 
2015), Functional studies 
suggest pathogenic 
(Grabiner et al., 2014)

HME-9 HME Brain and 
Blood MTOR Ms p.T1977K 9.0-10.4% Brain, 

0.0% Blood
18-20.8% Brain, 
0% Blood Somatic (Not in blood)

Previously identified in 
FCD (Lim et al., 2015), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

FCD-8 FCDIIb Brain MTOR Ms p.C1483R 10.0-10.6% 20-21.2% Somatic

Previously identified in 
FCD (Lim et al., 2015), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

HME-2 HME Brain MTOR Ms p.C1483Y 5.9-18.4% 11.8-36.8% Somatic

Previously identified in 
HME (Lee et al., 2012), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

FCD-9 FCD Brain MTOR Ms p.Y1450D 16.7-17.0% 33.4-35% Somatic Previously identified in 
FCD (Lim et al., 2015)
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Case Diagnosis Tissues 
Available Gene Mutation HGVS AAF % Cells Conclusion Comments

HME-14 HME Brain and 
Blood MTOR Ms p.S2215F 18.3-20.6% Brain, 

0.0% Blood
36.6-41.2% Brain, 
0% Blood Somatic (Not in blood)

Previously identified in 
FCD (Lim et al., 2015; 
Nakashima et al., 2015), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

PMG-1 PMG, 
macrocephaly Blood MTOR Ms p.C1483Y 49.5% 100% De novo Germline

Previously identified in 
HME (Lee et al., 2012), 
Functional studies suggest 
pathogenic (Grabiner et 
al., 2014)

HME-6 HME Brain PIK3CA Ms H1047R 3.7-12.5% 7.4-25% Somatic
Previously identified in 
CLOVES (Kurek et al., 
2012)

HME-5 HME Brain PIK3CA Ms p.E545K 8.1-16.7% 16.2-33.4% Somatic

Previously identified in 
HME (Lee et al. 2012) 
and MCAP (Riviere et al., 
2012)

HME-3 HME Brain PIK3CA Ms p.E542K 8.8-27.5% 17.6-55% Somatic
Previously identified in 
CLOVES (Kurek et al., 
2012)

HME-4 HME Brain PIK3CA Ms p.E545K 18.1-44.4% 36.2-88.8% Somatic Previously identified in 
HME (Lee et al. 2012) 

PMG-2 PMG, 
macrocephaly Blood PIK3R2 Ms p.K376E 50% 100% Germline Previously identified in 

BPP (Mirzaa et al. 2015)

FCD-10 FCD Brain and 
Blood TSC2 Ns p.R751* 1.0% Brain,   

0.0% Blood
2% Brain,         
0% Blood Somatic (Not in blood)

Loss of function, 
Previously identified in 
TSC (Jones et al., 1999)

HME-11 HME Brain and 
Blood TSC2 Fs p.Y587* 3.1-3.8% Brain, 

0.0% Blood
6.2-7.6% Brain, 
0% Blood Somatic (Not in blood)

Loss of function, AA 
change previously 
identified in TSC (LOVD)

HME-11 HME Brain and 
Blood TSC2 Ms p.R1713H 51.0% 100% Germline

Previously identified in 
TSC (Hirfanoglu et al., 
2010), Functional studies 
suggest pathogenic 
(Hoogeveen-Westerveld et 
al., 2011)

HME-15 HME Brain TSC2 Ms p.E1558K 7.5-11.6% 15-23.2% Somatic Previously identified in 
TSC (Dabora et al., 2001)

HME-15 HME Brain TSC2 Ms p.L631P 47.4% 100% Germline Predicted deleterious
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Figure 2-9: Diagnostic yield of our study for focal cortical dysplasia (FCD) cases, 

hemimegalencephaly cases (HME), and overall. 

(A) From stage one and two, we identified likely pathogenic variants in 7/43 FCD 

cases (16%), specifically in 7/27 FCD cases where brain tissue was available (26%, 

1/1 mutation not in blood). (B) This study and our lab’s initial identification of 

mutations in three HME cases (Poduri et al., 2012) have identified likely pathogenic 

variants in 15/40 HME cases (38%); similarly, specifically in 15/24 of HME cases 

where brain tissue was available (63% cases, 6/7 mutations not in blood (one germline 

mutation was detected in brain and blood, as expected)). (C) Overall, we have 

identified likely pathogenic variants in 22/83 focal MCD cases (27%), specifically in 

22/51 cases where brain tissue was available (43%). 
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available (22/51) and in 0% of cases where only blood or buccal tissue was available 

(0/32 cases). We validated all of these mutations using a second quantitative technology  

 (ddPCR or subcloning; our lab’s initial three HME cases were validated using qPCR or 

subcloning). In all cases where brain and non-brain tissues were available, the somatic 

mutations we identified were present in brain and not detected in non-brain tissue. This 

suggests that many of the pathogenic mutations in FCD and HME arise relatively late 

during embryonic development, after gastrulation and neurulation, and are “brain only,” 

and that the diagnostic yield will be much higher if brain tissue is available for clinical 

genetic testing. 

 

Discussion 

Here we investigated the genetic etiology of FCD and HME, focusing on 

germline and somatic mutations in the mTOR pathway, and show that FCD and HME are 

caused by mutations that activate this pathway. Our study of over 80 patients with FCD 

and HME using next generation sequencing approaches has expanded the allelic and 

locus heterogeneity of these conditions, including implicating mutations in DEPDC5 in 

HME and sporadic FCD and in TSC2 in HME. Overall, we identified and validated 

pathogenic mutations in AKT3, DEPDC5, MTOR, PIK3CA, and TSC2 in 22 patients with 

FCD or HME (Figure 2-10), representing over a quarter of the patients included in the 

study and almost half of the patients for whom brain tissue was available. 

 Germline mutations in DEPDC5 were recently identified in familial focal 

epilepsy with variable foci, with some family members showing subtle focal lesions on 

imaging, including bottom-of-the sulcus dysplasia, classically associated with FCD IIb,  
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Figure 2-10: Mammalian target of rapamycin (mTOR) pathway and identified 

pathogenic mutations.  

Schematic of the mTOR pathway annotated with pathogenic mutations identified in 

this study and Poduri et al., 2012; somatic mutations are shown in boldface. FCD: 

focal cortical dysplasia; HME: hemimegalencephaly, PMG: polymicrogyria. 



!

97!

and focal band heterotopia (Dibbens et al., 2013; Scheffer et al., 2014). Our data confirm 

this association and extend it to sporadic FCD, as we identify loss-of-function germline 

mutations in DEPDC5 in two patients with FCD IIb, diagnosed based on abnormalities 

seen on both imaging and neuropathology. We also identified a missense mutation in 

DEPDC5 that was reported as causative in FFEVF (Scheffer et al., 2014); however, 

several in silico prediction tools predict this mutation to be benign and preliminary 

functional assays did not support the pathogenicity of this mutation (van Kranenburg et 

al., 2014). Thus, we classified this variant as a VUS, and have set conservative standards 

for calling a variant “pathogenic” in our study. In addition, we implicate mutations in 

DEPDC5 for the first time in HME with the report of a germline loss-of-function 

mutation in DEPDC5 in a patient with HME. More recently, additional germline 

mutations in DEPDC5 have been identified in familial focal epilepsy with FCD, 

specifically in patients with FCD I and FCD IIa, as well as in several patients for whom 

imaging suggested FCD but the neuropathology was unavailable or inconclusive (Baulac 

et al., 2015; Scerri et al., 2015). The availability of parental DNA allowed identification 

of mosaicism (5% AAF) in an asymptomatic father of one patient as well as detection of 

both a germline and a somatic mutation in DEPDC5 in one patient, although poor DNA 

quality did not allow quantification of the level of mosaicism or validation of this 

mutation, which was detected only by Sanger sequencing in the brain and not validated 

by an independent method, and not detected by deep sequencing of the blood (Baulac et 

al., 2015).  

The mTOR pathway is critical for sensing nutrients and other metabolic cues and 

regulating protein synthesis and cell growth (Laplante and Sabatini, 2012). Activating 
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mutations in positive regulators of the pathway identified in this study, including AKT3, 

MTOR, and PIK3CA, lead to excessive mTOR signaling (D'Gama et al., 2015, Mirzaa 

and Poduri, 2014). DEPDC5 encodes a member of the GATOR1 complex, and, along 

with TSC1 and TSC2, acts as a negative regulator of the mTOR complex 1 (mTORC1) 

(Scheffer et al., 2014). We implicate mutations in TSC2 in HME, as we identify “two hit” 

cases; the first HME case has a germline missense mutation in TSC2 that was previously 

identified in TSC and shown to be pathogenic by functional assays (Hirfanoglu and 

Gupta, 2010; Hoogeveen-Westerveld et al., 2011; Tyburczy et al., 2015) and a somatic 

frameshift mutation in TSC2 also previously identified in TSC, while the second HME 

case has a germline missense mutation predicted to be deleterious and a somatic missense 

mutation that was previously identified in TSC (Dabora et al., 2001). Based on available 

medical records and imaging, both patients did not have any signs associated with TSC. 

We also identified a somatic nonsense mutation in TSC2 in a patient with FCD, and we 

are currently obtaining medical records to ascertain whether this patient is better 

classified with TSC, as parental report suggested she might have skin findings associated 

with TSC. Both TSC1 and TSC2 provide critical regulation of mTORC1 through the 

GTPase-activating protein (GAP) activity of the TSC protein complex toward the RHEB 

GTPase (Lipton and Sahin, 2014). Similarly, the GATOR1 complex provides critical 

regulation of mTORC1 through its GAP activity on the Rag GTPases (Lipton and Sahin, 

2014). Loss of either of these protein complexes through loss of any of their critical 

protein components leads to high-level activation of mTORC1, and downstream effects 

on anabolic processes, including synthesis of all components needed for organelle 

synthesis, protein translation, and an increase in cell size (Laplante and Sabatini, 2012). 
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Thus, the loss-of-function and damaging missense mutations identified in this study in 

DEPDC5 and TSC2 are all predicted to result in hyperactivation of the mTOR pathway, 

and it is not surprising that mutation in any of TSC1, TSC2, or DEPDC5 could cause a 

neurologic syndrome in which giant/balloon cells are a primary feature.  

A few of the mutations identified here were germline, specifically the mutations 

in DEPDC5 and some of the mutations in TSC2, but the focal nature of both FCD and 

HME suggests the possibility of a somatic “second hit,” either in the other allele of the 

gene with a germline mutation or in another gene in the same pathway. In the “two-hit” 

model of Knudson, an individual inherits a mutation in one allele, which is present in all 

of the cells, and a somatic mutation of the second allele leads to disease manifestations, 

such as overgrowth of specific tissues and/or cancer (Knudson, 1971). A somatic 

mutation in a neural progenitor at a different developmental time point could give rise to 

either FCD or HME in combination with a germline mutation or on its own. Given the 

previously identified patients with familial DEPDC5 mutations, most of whom lack 

cortical malformations (Dibbens et al., 2013; Scheffer et al., 2014), we strongly suspect a 

somatic second hit giving rise to the FCDs in a few family members. For example, in one 

FCD patient with an inherited DEPDC5 variant (p.R422Q), it is possible that the variant-

carrying parent, who is phenotypically unaffected, represents non-penetrance and that the 

patient carries a second somatic mutation. This “two hit” mechanism has been identified 

in non-nervous system tumors associated with TSC, such as renal cell carcinoma, but 

second hits have rarely been identified in cortical tubers (Crino et al., 2010; Qin et al., 

2010; Tyburczy et al., 2015). Similarly, second hits have rarely been identified in patients 

with FCD and HME who carry a germline mutation—before our study, the only example 
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was a patient with FCD who carries a germline and a somatic mutation in DEPDC5, 

mentioned above (Baulac et al., 2015). 

Identification of such somatic mutations will require very high coverage next 

generation sequencing, ideally of affected brain tissue, given that the mutation may be 

present in only a small fraction of the cells. Thus far, we have been able to identify a 

somatic “second hit” in two HME patients who have both a germline and a somatic 

mutation in TSC2, which is to our knowledge the first report of a “two hit” mechanism in 

HME, and provides growing evidence that patients with FCD and HME for whom we 

have thus far only identified a germline mutation may also carry a second somatic 

mutation. Overall, we detected a “second hit” somatic mutation in 40% of our focal MCD 

cases that carry a germline mutation. Specifically, we detected a somatic mutation in 67% 

of the HME cases (2 with a somatic and a germline mutation in TSC2, 1 with only a 

germline mutation in DEPDC5) and in 0% of the FCD cases (2 with only a germline 

mutation in DEPDC5).  The second mutation may be a large-scale variant, such as a 

CNV, that we could not detect in our study, or may be a mutation in another member of 

the mTOR pathway that we did not include in our targeted sequencing; for example, 

NPRL2 and NPRL3 are also components of the GATOR1 complex and germline 

mutations in NPRL3 were recently identified in familial FCD IIa (Sim et al., 2016). 

Furthermore, the second hit may be epigenetic—methylation of the TSC2 promoter has 

been identified as a “second hit” in a TSC patient with a germline mutation in TSC2 

(Lesma et al., 2009). 

Our study highlights the importance of depth of coverage when designing 

experiments to identify pathogenic somatic mutations. We were only able to identify 



!

101!

somatic mutations in FCD or HME patients when brain tissue was available for NGS, and 

such mutations were present in as few as 2% of brain cells. For example, in the first stage 

of our study where we achieved relatively low depth of coverage, we identified an 

inherited missense variant in TSC2 in a patient with HME, HME-9, which we classified 

as a VUS. In the second stage, where we achieved much higher depth of coverage, we 

were able to identify a somatic mutation in MTOR in the same patient, which was 

detectable in brain and present in ≈20% of brain cells but not detectable in blood, and has 

been recently reported in FCD and shown to be pathogenic (Grabiner et al., 2014; Lim et 

al., 2015). As another example, in the first stage of our study we identified a germline 

mutation in TSC2 in HME-11, and in stage two the higher depth of coverage achieved 

allowed us to identify a somatic mutation in TSC2, present in only ≈7% of brain cells and 

not detectable in blood. These examples emphasize how higher depth of coverage in the 

second stage allowed us to detect somatic mutations that were missed in the first stage, 

and recent studies of FCD have similarly used ultra deep sequencing to identify somatic 

mutations (Lim et al., 2015; Nakashima et al., 2015). 

 Somatic mutations are by definition present in only a subset of cells, which allows 

us to study which cell types carry the mutation and whether the mutation is enriched in 

specific cell types. Using single cell technologies developed by our lab (Evrony et al., 

2012), we were able to analyze cell type specific enrichment for a few FCD and HME 

cases where we had identified a pathogenic somatic mutation and sufficient brain tissue 

was available. First, we looked at whether the mutations were present in neuronal and 

non-neuronal cells using NeuN as a marker to separate the two populations. In the first 

FCD case, who has a MTOR mutation present in 5.2% of cells by bulk NGS, the mutation 
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was present in neuronal cells and not detectable in non-neuronal cells. In the second FCD 

case, who has a MTOR mutation present in 21.2% of cells by bulk NGS, the mutation 

was present in both neuronal and non-neuronal cells without significant enrichment in 

one population compared to the other. In the HME case, who has an AKT3 mutation 

present in ≈35% of cells by subcloning, the mutation was present in both neuronal and 

non-neuronal cells but was significantly enriched in neuronal cells. Interestingly, the first 

FCD case, in whom the mutation is present in the smallest percentage of cells, shows 

restriction of the mutation to the neuronal lineage, suggesting that mutations at lower 

AAF may arise later during development than mutations at higher AAF, in a progenitor 

cell that gives rise to a relatively small number of daughter cells and whose daughter cells 

are restricted to specific lineage(s). We know that the mutation had to occur early enough 

that cortical neurogenesis was actively occurring (thus, during embryonic development as 

opposed to postnatally), and that the progenitor cell in which the mutation occurred was 

capable of giving rise to enough daughter cells for the mutation to be detectable in bulk 

sequencing and pathogenic. We must keep in mind that the mutation leads to 

hyperactivation of the mTOR pathway, which likely affects the proliferation and 

migration of mutation carrying cells (and potentially also neighboring non-mutation 

carrying cells), and provides a competitive clonal advantage. Non-proliferative somatic 

mutations in brain that reach allele frequencies of 5-10% are generally detectable in non-

brain tissues (Jamuar et al., 2014; Lodato et al., 2015), while we show that proliferative 

somatic mutations can reach much higher allele frequencies and be “brain only.” We also 

know that the mutation had to occur late enough that it was “brain only” and limited to a 

small region of cerebral cortex (thus, after gastrulation, neurulation, and formation of the 



!

103!

telencephalic vesicles), and that the progenitor cell only gave rise to neuronal cells and 

not to non-neuronal cells. Thus, one critical consideration for the consequences of 

somatic mutation in the human brain is the fate of the original progenitor cell in which 

the mutation occurred and its future lineage. 

 Second, we used Dlx2, a marker of inhibitory interneurons, to separate Dlx2+ 

populations, which normally represent inhibitory interneurons, from Dlx2- populations. 

In the first FCD case, the mutation was present in about half of the Dlx2+ cells and none 

of the Dlx2- cells. In the second FCD case, the mutation was present in both populations 

and significantly enriched in the Dlx2+ cells. In the HME case, the mutation was also 

present in both populations, and significantly enriched in the Dlx2+ population with all of 

the Dlx2+ cells carrying the mutation. On one hand, these cells may indeed be inhibitory 

interneurons that carry the mutation and underwent abnormal proliferation, and their 

abnormal function in neuronal circuits may contribute to seizures. This is an attractive 

hypothesis for HME, as cortical inhibitory interneurons arise outside the cerebral cortex 

in the ganglionic eminences, and migrate tangentially into the cortex, such that closely 

related interneurons could be widely dispersed across a cerebral hemisphere and account 

for a relatively low percentage of mutation carrying cells causing abnormalities of an 

entire cerebral hemisphere (Poduri et al., 2013). For FCD, however, focal lesions such as 

the funnel shaped bottom-of-the sulcus dysplasia seen on imaging have been 

hypothesized to be due to a mutation in a projection neuron progenitor in the cortical 

ventricular zone, as daughter cells of such progenitors generally maintain a funnel shape 

and are interspersed with neurons of distinct origins (Poduri et al., 2013).  



!

104!

On the other hand, neuropathological studies have shown that the abnormal cells 

in FCD and HME resemble immature, progenitor-like cells (Hadjivassiliou et al., 2010; 

Lamparello et al., 2007), and one study has demonstrated that such dysplastic cells carry 

the relevant mutation (Schick et al., 2006). Thus, another hypothesis is that the Dlx2+ 

population in part represents immature cells with abnormal proliferation and transcription 

compared to normal post-mitotic neurons. Dlx2 is highly expressed during embryonic 

development compared to postnatal life (Kang et al., 2011), and the Dlx2+ population 

may not only be marking inhibitory interneurons per se, but also abnormal mutation-

carrying cells that have not properly differentiated and whose abnormal function 

similarly contributes to seizures. We are currently extracting RNA from the various cell 

populations and analyzing gene expression for neuronal, glial, excitatory, inhibitory, and 

progenitor markers using ddPCR, as well as optimizing additional markers to separate 

additional cell populations during sorting, to further explore these possibilities. So far, 

our single cell data demonstrate that pathogenic somatic mutations in FCD and HME are 

non-uniformly distributed across cell types in the human brain: the mutations are always 

present in neuronal cells, sometimes (specifically at higher allele frequencies) present in 

non-neuronal cells, and enriched in a cell population marked by a gene normally 

expressed in inhibitory interneurons. We show how the cell types carrying the mutation 

reflect the original progenitor cell type in which the mutation occurred, and show that the 

mTOR pathway activating mutations likely confer a competitive clonal advantage that 

allows the mutations to reach a relatively high allele frequency in bulk tissue and specific 

cell types and be “brain only.” 
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 Overall, we have shown that for both FCD and HME, the same phenotype (i.e. 

indistinguishable histologic and radiographic brain lesions) can be caused by multiple 

genetic mechanisms: somatic activating point mutations in AKT3, PIK3CA, or MTOR, 

somatic CNVs (AKT3), and germline loss-of-function SNV/indel mutations in DEPDC5 

or TSC2, usually with a somatic loss-of-function mutation in the second allele of the 

same gene limited to the brain lesion. Indeed, looking at the big picture of FCD and HME 

genetics based on our work and others, the mutations identified all lead to hyperactivation 

of the mTOR pathway, either due to gain-of-function mutations in positive regulators of 

the pathway or loss-of-function mutation in negative regulators of the pathway (Figure 2-

11 and Table 2-6). On the other hand, we also show that mutations in the same gene, and 

in some cases the exact same mutation, can lead to a spectrum of MCDs, from FCD to 

HME to bilateral megalencephaly. An unanswered question is how the same genetic 

mutation can lead to different phenotypes. A first hypothesis is that the phenotype reflects 

the original progenitor cell type in which the mutation occurred and the resulting cell 

type(s) carrying the mutation, and future studies should further explore this hypothesis by 

combining DNA and RNA analysis of cell types in patients carrying pathogenic 

mutations. A second non-mutually exclusive hypothesis is that the phenotype also reflects 

the developmental time window during which the mutation occurred. Our data and a 

recent study from our lab suggest that mutations at a lower AAF, that is, mutations 

present in a smaller number of cells, generally arise later in development than mutations 

at a higher AAF, that is, mutations present in a larger number of cells (Lodato et al., 

2015). Considering our data on FCD and HME cases in combination with recent studies 

shows a relationship between the allele frequency of a mutation and the resulting  
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Figure 2-11: Mammalian target of rapamycin (mTOR) pathway and associated 

brain malformations. 

Schematic of the mTOR pathway and brain malformations that have been associated 

with activating mutations in positive regulators (wide green arrows) or loss-of-

function mutations in negative regulators (wide red arrows). See text for references. 

Modified from Jansen et al., 2015. 
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Table 2-6: Summary of malformations of cortical development associated with 
mutations in the mTOR pathway and likely genetic mechanisms. 
 

FCD: focal cortical dysplasia, HME: hemimegalencephaly, MEG: megalencephaly, 

PMG: polymicrogyria, TSC: tuberous sclerosis. 

!
!
!
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Gene Likely genetic mechanism
AKT1 Somatic gain of function (Proteus syndrome)
AKT3 Germline (MEG) or somatic (HME, FCD) gain of function
PIK3CA Germline (MEG) or somatic (MEG, HME, FCD) gain of function
PIK3R2 Germline gain of function (PMG, MEG)
MTOR Germline (PMG) or somatic (HME, FCD) gain of function
CCND2 Germline stabilizing mutation (MEG)
PTEN Germline (MEG, HME) or somatic (FCD) loss of function
TSC1 Germ line mutation plus somatic loss of second allele (TSC)
TSC2 Germ line mutation plus somatic loss of second allele (TSC, HME, FCD?)
DEPDC5 Germ line mutation (plus somatic loss of second allele?) (HME, FCD)
NPRL3 Germline mutation (plus somatic loss of second allele?) (FCD)
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phenotype. Although this relationship is not perfect and does not always apply when 

looking at all mutations in a gene, it does seem to generally apply when looking at 

specific alleles. Indeed, given a recent study showing that different mutations in PIK3CA 

have different effects on the resulting phenotype in mouse models of MCDs (Roy et al., 

2015), it is not surprising that this relationship may be allele specific. The most striking 

example can be seen in patients carrying the p.C1483R/Y mutation in MTOR (Figure 2-

12), identified by our study and other groups: two patients with FCD IIb carry the 

mutation in 12.8-19.5% and 20-21.2% of cells, two patients with HME carry the mutation 

in 28% and 16-72% of cells, and one patient with PMG and megalencephaly carries the 

mutation in 100% of cells (Lee et al., 2012; Lim et al., 2015). Similarly, for patients 

carrying the p.T1977K mutation in MTOR (Figure 2-13), two patients with FCD IIb carry 

the mutation in 2.9-3% and 5.9-6.5% of cells, and a patient with HME carries the 

mutation in 18-20.8% of cells (Lim et al., 2015). For patients carrying the p.S2215Y/F 

mutation in MTOR (Figure 2-14), six patients with FCD, mostly FCD IIb, carry the 

mutation in 2.2-3.1%, 4.2-4.8%, 4.7-5.6%, 5-5.8%, 3.8-6.2%, and 18.6% of cells, and 

two patients with HME carry the mutation in 14.2-16.6% and 36.6-41.2% of cells (Lim et 

al., 2015; Nakashima et al., 2015). Finally, in patients carrying the p.H1047R/Y mutation 

in PIK3CA, one patient with FCD IIa carries the mutation in 9.4% of cells, one patient 

with HME carries the mutation in 7.4-25% of cells, and two patients with MCAP carry 

the mutation in 8-30% and 34-44% of cells (D'Gama et al., 2015; Jansen et al., 2015; 

Mirzaa et al., 2013; Riviere et al., 2012). Thus, a larger number of cells carrying the 

mutation, which suggests the mutation arose earlier in development, seems to correlate 

with a “larger” MCD and a more severe phenotype. 
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Figure 2-12: Magnetic resonance imaging (MRI) of focal cortical dysplasia 

(FCD), hemimegalencephaly (HME) and polymicrogyria (PMG) patients with 

MTOR mutations p.C1483R/Y. 

(A) Axial MRI of Patient FCD128 with FCD IIb, adapted from Lim et al. 2015. (B) 

Axial MRI of Patient HME-1563 with left HME, adapted from Lee et al. 2012. (C) 

Axial MRI of Patient PMG-1, with bilateral perisylvian PMG and megalencephaly. 
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Figure 2-13: Magnetic resonance imaging (MRI) of focal cortical dysplasia (FCD) 

and hemimegalencephaly (HME) patients with MTOR mutation p.T1977K. 

(A) Axial MRI of Patient FCD145 with FCD IIb, adapted from Lim et al. 2015. (B) 

Axial MRI of Patient FCD116 with FCD IIb, adapted from Lim et al. 2015. (C) Axial 

MRI of Patient HME-9, which shows left hemimegalencephaly with some blurring of 

the gray-white matter junction and broad gryi in the left hemisphere. 
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Figure 2-14: Magnetic resonance imaging (MRI) of focal cortical dysplasia (FCD) 

and hemimegalencephaly (HME) patients with MTOR mutations p.S2215Y/F. 

(A) Axial MRI of Patient FCD-7, showing a left temporal FCD, seen as a non-

enhancing region of signal abnormality within the inferior aspect of the left temporal 

lobe. This patient also has a potential dysembryoplastic neuroepithelial tumor 

(DNET). (B) Axial MRI of Patient HME-13 with right hemimegalencephaly, seen as 

enlargement and abnormal gyral development of the right parietal and to a lesser 

extent posterior frontal lobes, as well as poor gray-white matter differentiation. (C) 

Axial MRI of Patient HME-14 with right hemimegalencephaly, seen as abnormal 

sulcation, blurred gray-white matter junction, and diffuse enlargement of the right 

frontal lobe. These mutations were also identified in FCD cases by Lim et al. 2015 and 

Nakashima et al. 2015. 
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In conclusion, FCD and HME appear to represent manifestations of aberrant 

mTOR signaling, with complex combinations of germline and somatic mutations. The 

growing evidence that the shared pathology of FCD, HME, and TSC reflects shared 

genetic etiology suggests that modulators of the mTOR pathway, currently in clinical  

trials for patients with TSC, may also apply to the refractory epilepsy associated with 

FCD and HME, for which patients currently rely on surgical resection to alleviate 

seizures (Poduri, 2014). Recently, several mouse models of focal MCDs have shown 

alleviation of seizures upon treatment with mTOR pathway inhibitors, including the 

mTOR inhibitor rapamycin and PI3K inhibitors (Baek et al., 2015; Lim et al., 2015; Roy 

et al., 2015). Thus, modulation of the mTOR pathway may hold promise for 

malformation-associated epilepsy. 

  



!

113!

Materials and Methods 

Patient Cohort 

The study was approved by the institutional review boards of Boston Children’s Hospital, 

Beth Israel Deaconess Medical Center, and University of California, Los Angeles. 

Informed consent was obtained. In stage one, 53 patients were included; 14 had FCD and 

39 had HME based on MRI and neuropathology. Surgically resected brain samples and in 

some cases buccal or blood samples were available for 39 patients; only buccal or blood 

samples were available for the remaining 14 patients. In stage two, 60 patients were 

included; 38 had FCD, 18 had HME, and 4 had PMG with megalencephaly. Surgically 

resected brain samples and in some cases buccal or blood samples were available for 31 

patients; only buccal or blood samples were available for the remaining 29 patients. 

 

Next Generation Sequencing  

Genomic DNA was extracted from patient samples using standard methods. In stage one, 

whole exome sequencing (WES) was performed for 33 samples (10 FCD, 23 HME) at 

the Broad and analyzed using standard methods (Yu et al., 2013), and molecular 

inversion probe sequencing (MIPS) (Hiatt et al., 2013) was performed for 44 samples (6 

FCD, 38 HME) at the University of Washington. 24 samples were analyzed using both 

techniques. In stage two, we designed a custom Haloplex panel using Agilent’s 

Suredesign software targeting 10 genes: AKT1, AKT3, CCND2, DEPDC5, MTOR, 

PIK3CA, PIK3R2, PTEN, TSC1, and TSC2. The panel generated a target region of 36.6kb 

that includes all exons, exon-intron boundaries, and 10bp of flanking sequence for each 

gene, and the design is predicted to cover 99.5% of the target region. DNA for library 
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preparation was extracted from available tissues of 60 patients, which included surgically 

resected brain samples from 31 patients (22 FCD, 9 also had blood samples, and 9 HME, 

6 also had blood samples) and only blood or buccal samples from the remaining 29 

patients (16 FCD, 9 HME, and 4 PMG). Sequencing was performed on an Illumina 

HiSeq at the HMS Biopolymers Core and we achieved a coverage >5000X (average 

5069X). Analysis was performed using Agilent’s Surecall software, which uses BWA for 

alignment and samtools or their proprietary variant caller (Li and Durbin, 2009; Li et al., 

2009), MuTect (Cibulskis et al., 2013) and Agilent’s somatic variant caller for paired 

samples, and bam-readcount (https://github.com/genome/bam-readcount/) to analyze read 

counts for every previously reported mutation in FCD, HME and related conditions for 

each sample. 

 

Rarity and Functional Analysis for mTOR Pathway Variants 

Rare variants (minor allele frequency ≤ 1%) in genes in the mTOR pathway were filtered 

using dbSNP 137 (http://www.ncbi.nlm.nih.gov/SNP/) (Sherry et al., 2001), the 1000 

Genomes Project (http://browser.1000genomes.org/index.html) (Abecasis et al., 2012), 

and the Exome Variant Server (http://evs.gs.washington.edu/EVS/). Previously reported 

mutations were identified using the Human Gene Mutation Database 

(http://www.hgmd.cf.ac.uk/ac/index.php) (Stenson et al., 2014), ClinVar 

(http://www.ncbi.nlm.nih.gov/cl(Landrum et al., 2014)invar/) , and the Leiden Open 

Variation Database (http://chromium.liacs.nl/LOVD2/home.php) for TSC1/2. We used 

Provean (http://provean.jcvi.org/index.php) (Choi et al., 2012), Sift (http://sift.jcvi.org/) 

(Ng and Henikoff, 2003), Polyphen 2 (http://genetics.bwh.harvard.edu/pph2/) (Adzhubei 
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et al., 2010), and Mutation Taster (http://www.mutationtaster.org/) (Schwarz et al., 2014) 

to assess for pathogenicity. Variants were considered somatic if (1) NGS showed an 

alternate allele frequency (AAF) <50% and we validated the AAF using ddPCR or 

subcloning for cases where only one tissue was available, and/or (2) the variant was 

present in brain tissue but not in non-brain tissue for some cases where multiple tissues 

were available.   

 

Validation of mTOR Pathway Variants 

Rare and protein-altering (missense, nonsense, splice site, frameshift, and insertion-

deletion) variants in the target genes were validated using Sanger sequencing, and 

parental samples were tested when available. For potential somatic variants, validation 

was performed using subcloning and/or digital droplet PCR (ddPCR); in addition, all 

samples in stage one were screened for five PIK3CA mutations (p.E545K, p.E542K, 

p.H1047R, p.H1047L, and p.C420R) using ddPCR (ddPCR) (Luks et al., 2015). For 

subcloning, the original DNA was amplified using polymerase chain reaction (PCR), 

subcloned into a TOPO TA vector (Invitrogen, Carlsbad, CA), and transformed into 

TOP10 chemically competent Escherichia coli cells (Invitrogen, Carlsbad, CA); multiple 

clones were then isolated and sequenced. For ddPCR, we designed primers flanking the 

mutation site and probes specific to the reference or mutant allele (Supplementary Table 

2-3). A mix of ddPCR Super Mix (Bio-Rad, Hercules, CA), mutant and reference probes 

(0.25 µM each), forward and reverse primers (0.9 µM each), and 30 ng of sample DNA 

was emulsified into 20,000 droplets using a QX100 Droplet Generator (Bio-Rad, 

Hercules, CA). PCR was performed using the following cycles: 10 min at 95°C, 40 
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cycles of 30 sec at 94°C and 60 sec at 52-60°C (see Supplementary Table 2-3 and Luks et 

al., 2015 for specific annealing temperatures), 10 min at 98°C. Samples were analyzed 

using a QX100 Droplet Reader and QuantaSoft software (Bio-Rad, Hercules, CA).  

 

Single Nuclei Analysis 

Isolation of single nuclei using fluorescence-activated nuclear sorting (FANS) with 

antisera to NeuN or Dlx2 (Millipore MAB377X and Abcam ab117546, respectively), and 

single-cell, whole-genome-amplification using multiple displacement amplification 

(MDA) were performed as described previously (Evrony et al., 2012). Single nuclei from 

FCD-6, FCD-8, and HME-16 were isolated, amplified, and sequenced for their respective 

pathogenic mutations using PCR (GoTaq Hot Start DNA Polymerase, Promega). 

Sequencing analysis to calculate the number of cells with the mutation, taking into 

account allelic dropout, was performed as described previously (Evrony et al., 2012). 

! !
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Highlights 

• More ASD brains had deleterious mutations in candidate ASD genes than controls 

• Recurrent deleterious mutations occurred in well-known ASD genes like SCN2A 

• Identified mutations and medical records suggest syndromic diagnoses in some 

cases 

• Two cases had deleterious somatic mutations which may contribute to ASD risk 
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Summary 

Autism spectrum disorder (ASD), characterized by deficits in social interaction and social 

communication and restricted or repetitive behaviors, interests, or activities, shows 

substantial clinical and genetic heterogeneity. Studying postmortem brain tissue from 

ASD cases provides the unique opportunity to investigate multiple genetic mechanisms 

associated with ASD risk. Here we report the first systematic deep sequencing study of 

55 postmortem ASD brains for single nucleotide variants (SNVs) in 78 known ASD 

candidate genes. Remarkably even without parental samples, we find more ASD brains 

with mutations that are protein-altering (26/55 cases vs 12/50 controls, p=0.015), 

deleterious (16/55 vs 5/50, p=0.016), or loss-of-function (6/55 vs 0/50, p=0.028) 

compared to controls, with recurrent deleterious mutations in ARID1B, SCN1A, SCN2A, 

and SETD2, suggesting these mutations contribute to ASD risk. In several cases, the 

identified mutations and medical records suggest syndromic ASD diagnoses. Two ASD 

and one Fragile X premutation case showed deleterious somatic mutations, showing that 

somatic mutations occur in ASD cases and supporting a model in which a combination of 

germline and/or somatic mutations may contribute to ASD risk on a case-by-case basis. 
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Introduction  

Autism spectrum disorder (ASD) affects ≥1% of American children and is characterized 

by 1) deficits in social interaction and social communication and 2) restricted and 

repetitive behaviors, interests, or activities (Wingate et al., 2014). ASD is genetically 

heterogeneous, with contributions from heritable mutations—including monogenic 

conditions, common variants, and rare recessive mutations—as well as from de novo 

mutations (Huguet et al., 2013). Whereas genetic studies of ASD risk have analyzed 

DNA from blood, saliva, or cell lines (De Rubeis et al., 2014; Iossifov et al., 2014; 

Iossifov et al., 2012; Neale et al., 2012; O'Roak et al., 2011; O'Roak et al., 2014; O'Roak 

et al., 2012a; O'Roak et al., 2012b; Sanders et al., 2012), postmortem ASD brain samples 

have been utilized mostly to study neuropathology, transcriptomics, and splicing (Chen et 

al., 2015; Courchesne et al., 2011; Irimia et al., 2014; Stoner et al., 2014; Voineagu et al., 

2011). Apart from a set of postmortem autism brain samples analyzed for copy number 

variants (CNVs) (Wintle et al., 2011), we know little of the underlying genetics of these 

postmortem autism brains. Identifying pathogenic mutations in these brains would aid 

genotype-phenotype correlation and interpretation of other alterations. In addition, 

somatic mutations—de novo mutations occurring post-fertilization—are of growing 

interest in neurodevelopmental disorders that have similarly high de novo mutation rates 

to ASD, or with similar or overlapping symptoms, and somatic mutations have been 

reported in case studies with ASD (Poduri et al., 2013). Targeted deep sequencing allows 

detection of germline and somatic mutations in developmental brain disorders, especially 

when brain tissue is directly analyzed (D'Gama et al., 2015; Lee et al., 2012; Poduri et al., 

2012; Riviere et al., 2012) and sequence coverage is very high (Jamuar et al., 2014). We 
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used targeted deep sequencing of brain tissue from ASD patients and neurotypical 

controls to investigate genetic mechanisms underlying ASD risk in these patients, 

including possible contributions of somatic mutations. 

 

Results 

We performed ultra-deep sequencing on DNA from postmortem cortical and/or 

cerebellar brain samples from 55 ASD cases, 50 neurotypical controls, and 21 cases with 

suspected ASD or related diagnoses (Figure 3-1, Supplementary Tables 3-1, 3-2, and 3-

3). In order to achieve the high coverage necessary to sensitively detect somatic mosaic 

mutations, we used a targeted panel of 78 ASD candidate genes showing dominant or X-

linked inheritance (see Supplementary Experimental Procedures) (Basu et al., 2009; 

Betancur, 2011; O'Roak et al., 2012a). We achieved 547X average coverage, with 95.7% 

of the analyzable target regions covered by ≥100 reads and 48.2% covered by ≥1000 

reads, providing sensitivity to detect somatic mutations in these genes to a level of ≈5% 

alternate allele frequency (AAF). We identified 408 ± 69 SNVs and indels per sample 

and validated all rare, high quality, protein-altering variants (missense, nonsense, splice 

site, indel, and frameshift) using Sanger sequencing; any potential somatic variants were 

also validated with subcloning followed by Sanger sequencing of individual clones, to 

determine mosaicism using a technology independent of the discovery platform.  

Remarkably, despite the modest sample of ASD brains available for sequencing, 

and the absence of familial samples for testing segregation, damaging mutations were 

strikingly more common in ASD brains than control brains. Overall, we identified 34 

protein-altering variants in 25 genes in ASD cases and 15 protein-altering variants in 13  
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Figure 3-1: Study workflow. 

DNA extracted from ASD and control brain samples was sequenced at high coverage 

using a targeted panel of candidate ASD genes. After variant calling and filtering, 

protein-altering variants were validated using Sanger sequencing and subcloning, and 

somatic variants were traced across the brain and non-brain tissues, when available. 
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Figure 3-1 (Continued) 
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genes in neurotypical controls (Supplementary Tables 3-4 and 3-5). Compared to 

controls, significantly more ASD cases harbored protein-altering variants (26/55 vs 

12/50, p=0.015), deleterious variants (16/55 vs 5/50, p=0.016)—i.e., loss-of-function and 

missense predicted to be deleterious by at least three prediction tools—and loss-of-

function variants (nonsense, splice site, and frameshift, 6/55 vs 0/50, p=0.028), whereas 

functionally neutral variants were equally common in cases and controls (10/55 vs 12/50, 

p=0.483, two-tailed Fisher’s exact tests) (Figure 3-2, Supplementary Table 3-6). The 

excess of protein-altering variants in ASD cases compared to controls was driven by the 

deleterious and particularly the loss-of-function variants, consistent with previous reports 

(Sanders et al., 2012). Recurrent loss-of-function and/or deleterious missense variants 

occurred in four genes (ARID1B, SCN1A, SCN2A, and SETD2) in ASD cases (Table 3-1), 

consistent with previous WES studies (De Rubeis et al., 2014; Iossifov et al., 2014). We 

also identified protein-altering variants in cases with suspected ASD or related diagnoses 

(Supplementary Table 3-7). Although parental samples are not available to test for the de 

novo nature of these variants, the large excess of deleterious variants in ASD brains 

strongly suggests that most of the deleterious and loss-of-function variants contributed to 

ASD pathogenesis.  

To identify de novo somatic variants, we validated all rare, high quality, protein-

altering variants with AAF <40% (see Supplementary Experimental Procedures). 

Although NGS identified many potential somatic variants, extensive validation showed 

some to be false positives or germline and not bona fide somatic (Supplementary Tables 

3-8 and 3-9). Potential somatic variants with a higher total read depth (≥100, Figure 3-

3A) and higher alternate allele read depth (≥25, Figure 3-3B) were more likely to  
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Figure 3-2: Fraction of cases and controls harboring synonymous, protein-

altering, deleterious (subset of protein-altering), and loss-of-function (subset of 

deleterious) variants. 

p values were calculated using a two-tailed Fisher’s exact test. 
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Table 3-1: Deleterious mutations in ASD and Fragile X cases. 

Details on the mutations detected in ASD and Fragile X cases that are predicted to be 

loss-of-function or deleterious by at least three prediction tools. Case AN00090 also has a 

15q deletion consistent with Angelman Syndrome (Wintle et al., 2011). Del: deletion, Fs: 

Frameshift, Ms: missense, Ns: nonsense, Sp: splicing, St: Start Lost. 
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Figure 3-3: Validation of variants according to sequence coverage.  

(A) Validation of germline and somatic variants according to total depth of sequence 

coverage. Essentially all germline variants validated; somatic variants were more 

likely to validate at higher total depth (≥100X). (B) Validation of somatic variants 

according to alternate allele depth of coverage. Somatic variants were more likely to 

validate at alternate allele depth ≥25X. Each data point represents the validation 

fraction for all variants with (A) total or (B) alternate allele depth from the previous 

data point to that data point. 
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validate. We identified protein-altering somatic variants in this 78-gene targeted panel in 

2 ASD cases (Figure 3-4A and Supplementary Table 3-10), with no protein-altering 

somatic variants identified in control brains even after extensive validation. Case 

UK20244, a 16-year-old male with ASD, harbors a somatic missense variant in SETD2, 

predicted to be deleterious, present in frontal cortex but undetectable in cerebellum 

(Figure 3-4B-C), which may have contributed to his ASD symptoms and death. Case 

5278, a 15-year-old female with ASD, harbors a somatic splice site mutation in SCN1A, 

present across brain and in non-brain tissues at relatively high AAF (Figure 3-4D-E). We 

confirmed the mosaic nature of this high AAF mutation by fluorescent-activated nuclear 

sorting (FANS), using antisera to NeuN to separate neuronal and non-neuronal nuclei 

from the prefrontal cortex, followed by multiple displacement amplification of single cell 

genomes (Dean et al., 2002; Evrony et al., 2012). Genotyping genome-amplified DNA 

from single nuclei confirmed that the mutation was mosaic, with 93 ± 1.6% of cells 

(corrected for allelic dropout, see Experimental Procedures) harboring the mutation and 

the remainder not carrying the mutation (Figure 3-4D). This mutation has been 

previously reported in epileptic encephalopathies (Allen et al., 2013; Depienne et al., 

2010; Fujiwara et al., 2003), and indeed Case 5278 suffered generalized epilepsy in 

addition to ASD. While we focused our attention on protein-altering somatic variants, we 

also validated a synonymous variant in CACNA1H present in frontal cortex but not 

detected in cerebellum of Case 5378, a 22-year-old male with Social Anxiety Disorder, 

and an intronic variant in SLC6A4, predicted to be benign, present in cerebellum but not 

detected in frontal cortex of Case 967, a 32-year-old male with suspected autism (Figure 

3-4A and Supplementary Table 3-10). 
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Figure 3-4: Regional distribution of somatic mutations in ASD brains. 

(A) Protein-altering somatic mutations in ASD (5278, UK20244), suspected ASD 

(967), Social Anxiety Disorder (5378) or Fragile X premutation (5006) brain. Blue 

indicates brain region tested where the mutation was detected, red indicates brain 

region tested where the mutation was not detected, and grey indicates regions not 

tested. Arrows show approximate location of the sample tested. (B-E) Detection and 

validation of protein-altering somatic mutations in ASD brains. Each panel depicts 

representative NGS reads, Sanger sequencing trace from bulk brain tissue, and Sanger 

sequencing traces from individual clones following subcloning for Case UK20244, 

mutation in SETD2, (B) PFC and (C) CER; Case 5278, mutation in SCN1A, (D) PFC 

and (E) CER. In addition, (D) depicts single nuclei Sanger sequencing traces for Case 

5278, mutation in SCN1A, PFC. CER: cerebellum; PFC: prefrontal cortex. 
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Figure 3-4 (Continued) 
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Review of available medical records and OMIM identified consistent genotype-

phenotype correlations in many cases with deleterious and loss-of-function variants 

(Table 3-2). Case 797, a 9-year-old male with autism, harbors missense mutations in 

ADNP and PQBP1 predicted to be deleterious. Mutations (mostly loss-of-function) in 

both genes are associated with intellectual disability (ID) syndromes, and the same 

PQBP1 missense mutation we identified was recently reported as potentially causative in 

two brothers with ID (Redin et al., 2014). While medical records did not indicate non-

nervous system symptoms, which are commonly seen in the associated syndromes, Case 

797 had language and developmental delay, attention deficit disorder, and mild 

hypotonia, suggesting the missense mutations may contribute to a milder form of the 

associated syndromes. Case AN01570, an 18-year-old female with autism, harbors a 

nonsense mutation in PTEN previously reported in Cowden syndrome (Tan et al., 2011). 

She had her first seizure at age 8 and was diagnosed with epilepsy, and her autopsy 

records noted her large brain size (2100 grams at 18 years old; head circumference 

measurement was not available), suggestive of autism with macrocephaly associated with 

PTEN mutations. Case AN16641, a 9-year-old male with autism, harbors a frameshift 

mutation in SLC6A8 and missense mutations in ARID1B and CACNA1C predicted to be 

deleterious. He has a family history of seizures and speech delay, and developed febrile 

seizures at almost 3 years of age. He was noted to be hyperactive and was diagnosed with 

language delay, ID, and a multiplex developmental disorder. His symptoms suggest a 

diagnosis of cerebral creatine deficiency syndrome 1, associated with mutations in 

SLC6A8, and potential contribution from ARID1B, associated with ID. 
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Table 3-2: Syndromic ASD cases suggested by genotype-phenotype correlation 

Details on cases in which medical records and syndromes associated with mutated genes 

suggest syndromic ASD diagnoses. ADD: attention deficit disorder, BF1S3: Seizures, 

benign familial infantile, 3, CCDS1: Cerebral creatine deficiency syndrome 1, EIEE11: 

Epileptic encephalopathy, early infantile, 11, FEB3A: Febrile seizures, familial, 3A, FH: 

family history, GEFSP2: Epilepsy, generalized, with febrile seizures plus, type 2, 

HVDAS: Helsmoortel-van der Aa syndrome, ID: intellectual disability, LOF: loss-of-

function, MRD12: Mental retardation, autosomal dominant 12, Ms: missense, RENS1: 

Renpenning syndrome, SUDEP: sudden unexplained death in epilepsy. 

!
!
 

!
!
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Three cases harbor mutations in ion channel genes associated with seizure 

disorders, and presented with symptoms suggestive of epilepsy. Case 5278, a 15-year old 

female with autism, harbors a missense mutation in CACNA1H predicted to be 

deleterious and a somatic splicing mutation in SCN1A, previously reported in epileptic 

encephalopathies, as mentioned above (Allen et al., 2013; Depienne et al., 2010; Fujiwara 

et al., 2003). After febrile seizures in early infancy, she developed nonfebrile and 

generalized tonic-clonic seizures, suggestive of generalized epilepsy with febrile seizures 

plus type 2 (GEFSP2). Case AN16115, an 11-year old female with autism, harbors a 

missense mutation in SCN1A predicted to be deleterious; a mutation to a different amino 

acid at the same position was previously reported in Dravet syndrome (Gaily et al., 

2013). She had a family history of seizures and neuropsychiatric disease, and was 

diagnosed with mild ID and hyperlexia. She had her first febrile seizure at 4.5 months 

old, and developed febrile, tonic-clonic, and potentially myoclonic seizures, consistent 

with a SCN1A mutation. Case AN09714, a 60-year-old male with autism and a nonsense 

mutation in SCN2A, showed delayed motor milestones and ID. His first seizure was at 

age 3, and at 15 he was hospitalized with pneumonia and experienced seizures every 5 

minutes for a 12-hour period, suggestive of an SCN2A-associated syndrome like epileptic 

encephalopathy, early infantile, 11 (EIEE11). These three cases highlight the complex 

relationship between ASD and seizures (Jeste and Geschwind, 2014). Based on available 

medical records, almost half of the ASD cases had seizures while there was no evidence 

of seizures in controls. 

Fragile X accounts for ~2% of ASD cases (Huguet et al., 2013), and the Fragile X 

mutation is subject to somatic expansion (Lokanga et al., 2013), so we also tested 
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postmortem brain samples from ASD and 10 Fragile X cases for expansion of the CGG 

repeat in the 5’ UTR of FMR1. We did not detect unsuspected expansion in any ASD 

cases, but did find mosaic expansion in three Fragile X mutation and premutation cases 

(Supplementary Figure 3-1). Case 1421, a 69-year-old male with Fragile X, harbored a 

mosaic full mutation in prefrontal cortex. Case 5006, an 85-year-old male diagnosed with 

a premutation, harbored a mosaic full mutation in both prefrontal cortex and cerebellum. 

We also detected a somatic null mutation in CACNA1C in Case 5006 that disrupts the 

start methionine, present in both prefrontal cortex and cerebellum (Supplementary Table 

3-10), suggesting that this mutation might contribute to pathogenesis. Case 4664, a 71-

year-old male diagnosed with a premutation and an unspecified neurological disorder, 

harbored a mosaic full mutation in prefrontal cortex not detected in cerebellum. These 

data show that Fragile X premutations and mutations can show somatic instability in the 

brain, with potentially distinct effects in different brain regions. 

To test if mutations were detectable in RNA and hence affect the transcriptome, 

we performed RNA-sequencing (RNA-seq) on total RNA with acceptable RNA integrity 

(RIN≥5) extracted from prefrontal cortex and cerebellar samples of ASD cases with 

protein-altering somatic mutations and/or sodium channel mutations. The ASD cases 

were compared to matched (age and sex) neurotypical controls (Supplementary Table 3-

11). After quality control, batch correction, and quantile normalization (see 

Supplementary Experimental Procedures), the expression values for protein coding genes 

were calculated. Consistent with previous findings (Kang et al., 2011), principal 

component analysis (PCA) confirmed that both ASD and control PFC and CER samples 

have distinctive transcriptional profiles. PCA also revealed that the ASD PFC and CER 
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samples clustered based on their regional identity and not the disease state (Figure 3-5A), 

indicating that changes in the transcriptome associated with ASD are smaller than global 

transcriptional differences between the two analyzed regions. 

RNA-seq data analysis confirmed the presence of several germline and somatic 

mutations in the ASD cases (Figure 3-5B-G). The germline CACNA1H and somatic 

SCN1A mutations were detected in case 5278, and the germline SCN2A mutation was 

detected in case 4849. Low gene expression, low read depth in RNAseq, and/or potential 

destabilization of RNA by the mutation might contribute to instances where mutant 

alleles were not detected (e.g., Figure 3-5C). To further elucidate transcriptomic 

differences, we identified genes that exhibited the highest fold differences in expression 

between ASD and control samples (see Supplementary Experimental Procedures). As 

each case sample had distinct mutations and there were no biological replicates, each case 

sample was compared with two control samples and only genes that had an absolute fold 

change of 2 and were changed in the same direction between case and both control 

samples were considered (Supplementary Table 3-12). GO enrichment analysis identified 

neuron and synapse-related annotation clusters (data not shown), but larger sample sizes 

would be required to fully characterize global effects of these mutations on 

transcriptome. 
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Figure 3-5: Transcriptomic analysis of ASD Brains. 

(A) PCA plot of samples analyzed for RNA-sequencing. (B-G) Detection of mutations 

in RNA-seq data. Each panel depicts representative RNA seq reads and read counts 

for Case 5278, mutation in SCN1A, (B) PFC and (C) CER; Case 5278, mutation in 

CACNA1H, (D) PFC and (E) CER; Case 4849, mutation in SCN2A, (F) PFC and (G) 

CER. CER: cerebellum; PFC: prefrontal cortex. 
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Discussion 

Our analysis provides a unique resource of genetically characterized, publically 

available human postmortem ASD brains for functional studies, and supports a 

heterogeneous model of ASD risk, where germline and/or somatic mutations contribute 

on a case-by-case basis. In many cases, we identify a single variant predicted to be 

deleterious or loss-of function, including four independent variants in SCN2A, currently 

one of the strongest ASD candidate genes (Hoischen et al., 2014). Similarly to previous 

studies (O'Roak et al., 2011), we also identify several ASD cases with multiple germline 

variants predicted to be deleterious. As discussed above, case AN16641 harbors a 

frameshift mutation in SLC6A8 and missense variants in ARID1B and CACNA1C 

predicted to be deleterious, and Case 797 harbors missense variants in ADNP and PQBP1 

predicted to be deleterious. In addition, Case AN00090 harbors a germline missense 

variant in SETD2 predicted to be deleterious and a previously identified 15q deletion 

consistent with her diagnosis of Angelman syndrome (Wintle et al., 2011). Finally, we 

identify a case with a somatic variant and a case with a germline and somatic variant: 

Case UK20244 harbors a somatic missense variant in SETD2 predicted to be deleterious 

and Case 5278 harbors a somatic splice site mutation in SCN1A and a germline missense 

variant in CACNA1H predicted to be deleterious. Thus, as for FCD and HME, ASD 

pathogenesis may be associated with deleterious somatic mutations in some cases and 

with interactions between deleterious germline and somatic mutations in some cases. 

These cases underscore the complex genetic architecture of ASD, and the need for 

detailed phenotypic information to aid interpretation of identified genetic variants.   
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Despite targeting only the best-validated ASD genes, we identified two ASD and 

one Fragile X premutation case with protein-altering somatic mutations, providing 

evidence that somatic mutations can occur in ASD, though the overall contribution of 

somatic mutations to ASD risk cannot yet be defined. We observed a somatic mutation 

that likely occurred early in embryonic development, present across the brain and non-

brain tissues (SCN1A), as well as somatic mutations that likely occurred later, after 

separation of the three germ layers and even after separation of the forebrain, midbrain, 

and hindbrain, similar to the “brain only” somatic mutations we identified in FCD and 

HME. Hence, somatic mutations that are undetectable in current clinical assays using 

blood-derived DNA could be important mediators of disease expression or penetrance 

and modify germline variants. The abnormal “patches” observed in the prefrontal and 

temporal cortex of some autism cases (Casanova et al., 2013; Stoner et al., 2014) may 

represent visible consequences of somatic mutations, and as for FCD and HME, it will be 

important to understand how the cell type and brain region in which a somatic mutation 

occurs modifies its effect on phenotype. With our small sample size and focused gene 

list, we did not detect a significant burden of rare protein-altering somatic mutations in 

ASD cases compared to controls (p=0.5, two-tailed Fisher’s exact test). Somatic 

mutations may occur in genes not targeted by our panel, since we only studied genes 

implicated in ASD via germline mutations. Other more severe mutations, such as 

chromosome trisomies or activating AKT3 mutations, can be tolerated in the mosaic state 

while lethal in the germline (Poduri et al., 2012; Poduri et al., 2013). Larger sample sizes 

examined with high coverage (≥200X) sequencing will be needed to further assess the 
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full contribution of somatic mutations to ASD and other neuropsychiatric diseases, like 

schizophrenia, where germline risk mutations have been slower to emerge. 
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Experimental Procedures 

Human tissue and DNA samples 

Research performed on de-identified postmortem human specimens was approved by the 

institutional review boards of Boston Children’s Hospital and Yale School of Medicine. 

Case details are available in Supplementary Tables 3-1, 3-2, 3-3, and 3-11.  

 

DNA extraction and targeted sequencing 

Brain DNA was extracted using the QIAamp DNA Mini kit (Qiagen) and libraries 

prepared using a custom Haloplex Target Enrichment Kit (Agilent) according to the 

manufacturer’s protocols. We performed sequencing on MiSeq sequencers (Illumina). 

Further details on DNA sequencing and analysis are available in the Supplementary 

Experimental Procedures. Targeted sequencing data is deposited in NDAR Collection 

2029. 

 

Variant validation 

Rare and protein-altering (nonsynonymous, nonsense, splice site, frameshift, and 

insertion-deletion) variants in the target genes were validated using Sanger sequencing. 

For potential somatic variants, the original DNA was amplified using polymerase chain 

reaction (PCR), subcloned into a TOPO TA vector (Invitrogen), and transformed into 

TOP10 chemically competent Escherichia coli cells (Invitrogen); multiple clones were 

isolated and sequenced to quantify the degree of mosaicism independently of the NGS 

platform. 
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Fragile X analysis 

CGG repeat assay was performed using the AmplideX® FMR1 PCR Reagents 

(Asuragen) and analyzed using GeneMapper® Software (Life Technologies) according to 

the manufacturer’s protocol. 

 

Single nuclei analysis 

Isolation of single neuronal and non-neuronal nuclei using fluorescence-activated nuclear 

sorting (FANS) with antisera to NeuN, and single cell, whole genome-amplification 

using multiple displacement amplification (MDA) (Dean et al., 2002) were performed as 

described previously (Evrony et al., 2012). Single nuclei from the prefrontal cortex of 

Case 5278 were isolated, amplified, and sequenced for the splicing mutation in SCN1A 

using PCR (GoTaq Hot Start DNA Polymerase, Promega). Sequencing analysis to 

calculate the number of cells with the mutation, taking into account allelic dropout, was 

performed as described previously (Evrony et al., 2012). 

 

RNA extraction and sequencing 

Total RNA was extracted using mirVana kit (Ambion) with some modifications to the 

manufacturer’s protocol and we prepared libraries using TruSeq Stranded Total RNA 

with Ribo-Zero Gold Kit (Illumina) according to the manufacturer’s protocol. We 

performed sequencing on HiSeq 2000 sequencer (Illumina). Further details on RNA 

sequencing and analysis are available in the Supplementary Experimental Procedures. 
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The human brain is a powerful organ composed of 86 billion neurons and 85 

billion non-neuronal cells that form trillions of connections, allowing human beings to 

sense, process, and respond to the environment (Azevedo et al., 2009). It is also a fragile 

organ that can be affected by many genetic and non-genetic insults, ranging from 

neurodevelopmental conditions like microcephaly, epilepsy, and autism spectrum 

disorder to neurodegenerative conditions like Alzheimer’s, Parkinson’s and Huntington’s 

disease. Human genetics provides a powerful approach to study the human brain and 

connect the bench to the bedside, as the identification of mutations associated with 

neurological disease can provide insight into genes critical for brain development and 

function and into disease mechanisms that help physicians and scientists improve 

diagnostic approaches and develop mechanism-based treatments. In this thesis, I 

investigate the genetic etiology of several neurodevelopmental disorders that span a 

spectrum of clinical presentation and genetic architecture.  

In Chapter 2, I investigated the genetic etiology of focal cortical dysplasia (FCD) 

and hemimegalencephaly (HME), relatively rare neurodevelopmental disorders where 

patients present with intractable epilepsy, which are characterized radiographically and 

histologically by a small region of abnormal cortex or enlargement of an entire cerebral 

hemisphere, respectively (Blumcke et al., 2011; Mirzaa and Poduri, 2014). The 

asymmetry seen on imaging led to the hypothesis that these conditions are associated 

with somatic mutations, and recent studies by our lab and others have shown that these 

conditions can be associated with abnormal activation of the mTOR pathway (Mirzaa and 

Poduri, 2014). Our deep sequencing study of DNA from surgical resection brain samples 

and/or blood or buccal samples of FCD and HME patients identified germline and 
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somatic mutations in mTOR pathway genes (D'Gama et al., 2015a and unpublished data). 

We identified pathogenic mutations, mostly somatic, in AKT3, DEPDC5, MTOR, 

PIK3CA, and TSC2 in 22 patients with FCD or HME, expanding the allelic and locus 

heterogeneity of these conditions. Taken together with mutations in three HME cases 

previously detected by our lab (Poduri et al., 2012), these mutations represent over a 

quarter of the 83 patients included in our study and almost half of the patients for whom 

brain tissue was available. DEPDC5 encodes a negative regulator of mTOR and 

mutations in DEPDC5 were recently identified in familial epilepsy with a few individuals 

showing FCD on imaging (Scheffer et al., 2014); we report the first identification of 

mutations in DEPDC5 in HME and sporadic FCD. TSC2 similarly encodes a negative 

regulator of mTOR and mutations in TSC2 are classically associated with tuberous 

sclerosis complex (TSC) (Lipton and Sahin, 2014); we also report the first identification 

of mutations in TSC2 in isolated HME, detecting “two hit” HME cases with both a 

germline and a somatic mutation in TSC2. We show that for both FCD and HME the 

same phenotype—indistinguishable radiographic and histologic brain lesions—can be 

caused be multiple genetic mechanisms, including somatic activating point mutations in 

AKT3, MTOR, and PIK3CA and germline loss-of-function mutations in DEPDC5 and 

TSC2, usually with somatic loss-of-function mutations in the second allele of the same 

gene. Interestingly, we were only able to identify somatic mutations when studying brain 

tissue, suggesting that these mutations arise relatively late in embryonic development and 

are “brain only.” We explored this further using single cell studies, and demonstrate that 

the mutations show cell type specific enrichment and the cell types involved reflect the 

original progenitor cell type in which the mutation occurred. We also show that mutations 
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in the same gene, and in some cases the same mutation, can cause a spectrum of 

phenotypes, from FCD to HME to megalencephaly, likely reflecting both the 

developmental time window and the progenitor cell type in which the mutation occurred. 

Indeed, our data, in combination with others, suggests a relationship between the allele 

frequency of a mutation, the timing of the mutation during human brain development, 

and the resulting phenotype. 

In Chapter 3, I investigated the genetic etiology of autism spectrum disorder 

(ASD), which compared to FCD and HME is a relatively common neurodevelopmental 

disorder and is characterized by 1) deficits in social interaction and social communication 

and 2) restricted and repetitive behaviors, interests, or activities (American Psychiatric 

Association. and American Psychiatric Association. DSM-5 Task Force., 2013; 

Developmental Disabilities Monitoring Network Surveillance Year Principal et al., 

2014). Genetic studies have previously analyzed DNA from blood, saliva, and cell lines 

of ASD patients and neurotypical controls to show that SNVs, especially deleterious 

missense and loss-of-function SNVs, are associated with ASD risk (De Rubeis et al., 

2014; Iossifov et al., 2014; Iossifov et al., 2012; Neale et al., 2012; O'Roak et al., 2011; 

O'Roak et al., 2012; Sanders et al., 2012). We performed the first deep sequencing study 

of DNA from postmortem brain samples of ASD patients and neurotypical controls to 

identify germline and somatic SNVs in 78 known ASD candidate genes (D'Gama et al., 

2015b). Even though parental samples were not available to discriminate between 

germline inherited and germline de novo mutations, we showed that significantly more 

ASD brains carry protein-altering, deleterious, and loss-of-function mutations compared 

to control brains and we identified several genes with recurrent deleterious mutations 
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(ARID1B, SCN1A, SCN2A, and SETD2), including four independent deleterious missense 

and loss-of-function mutations in SCN2A, one of the strongest ASD risk genes identified 

to date (De Rubeis et al., 2014), suggesting that many of these mutations contribute to 

ASD risk. By comparing the mutations we identified to available medical records, we 

were able to suggest syndromic ASD diagnoses for six ASD cases, including previously 

unsuspected diagnoses of cerebral creatine deficiency syndrome 1 (SLC6A8 mutation) 

and Dravet syndrome (SCN1A mutation), demonstrating the heterogeneity present even in 

our collection of 55 postmortem ASD brains. In addition, we discovered that two ASD 

cases and one Fragile X premutation case carry deleterious somatic point mutations, and 

that two additional cases carry benign somatic point mutations, providing evidence that 

somatic mutations occur in ASD cases. As for FCD and HME, we show that ASD 

pathogenesis can involve deleterious somatic mutations and interactions between 

deleterious germline and somatic mutations, highlighting how the developmental history 

of the human brain modifies the germline genome. We find that these somatic mutations 

show different distributions across the brain and non-brain tissues, suggesting, again 

similarly to FCD and HME, that further study of somatic mutations may reveal cell types 

and brain regions associated with the ASD phenotype, as discussed below. Overall, our 

study supports a model in which a combination of germline and/or somatic mutations 

may contribute to ASD risk on a case-by-case basis, highlighting the complex genetic 

architecture of ASD.  

 In this chapter, I discuss several considerations based on my studies in Chapters 2 

and 3 that can apply more broadly to human genetics, especially neurodevelopmental and 

neuropsychiatric disorders, and suggest directions for future studies. Comparing FCD and 
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HME to ASD highlights some of the similarities and differences between disorders for 

each of these considerations.  

 

Allelic and locus heterogeneity 

 Allelic heterogeneity refers to different mutations in the same gene causing a 

similar phenotype, whereas locus heterogeneity refers to mutations in different genes 

causing a similar phenotype. Not surprisingly, human diseases show varying degrees of 

allelic and locus heterogeneity. Towards one extreme, tuberous sclerosis complex is 

caused by mutations in only two genes: TSC1 and TSC2, which encode a protein complex 

that negatively regulates mTOR (Lipton and Sahin, 2014). Many different mutations in 

these two genes have been identified in TSC patients, including small-scale deleterious 

missense and loss-of-function mutations as well as large-scale deletions and duplications, 

and the same mutation is sometimes identified in more than one patient (LOVD). 

 Towards the other extreme is ASD—an “ASD gene” does not exist and mutations 

in no one gene account for more than ~1% of cases (Huguet et al., 2013). Currently, 

mutations in hundreds of genes have been reported and estimates suggest that mutations 

in 500-1,000 genes are associated with ASD risk (De Rubeis et al., 2014; Iossifov et al., 

2014; Krumm et al., 2014; Ronemus et al., 2014). Even though several genes have 

emerged that are hit with mutations more than once in ASD cases, the same mutation is 

rarely recurrently identified. Interestingly, the same mutation is sometimes identified in 

related phenotypes, such as epilepsy, as we found in our study (D'Gama et al., 2015b). In 

Chapter 3, we studied a relatively small cohort of 55 ASD cases and still identified 34 

different protein-altering mutations in 25 of the 78 genes we targeted. We identified four 
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genes with multiple deleterious missense or loss-of-function mutation in ASD cases 

(ARID1B, SCN1A, SCN2A, and SETD2), but we did not identify the exact same mutation 

more than once within our cohort. In three cases, we did identify a mutant allele that had 

been previously reported in a related disorder: In a 9-year-old male with ASD, we 

identified a deleterious missense mutation in PQBP1 that was recently reported as 

potentially pathogenic in brothers with intellectual disability (Redin et al., 2014), in a 15-

year-old female with ASD, we identified a splice site mutation in SCN1A that has been 

previously reported in epileptic encephalopathies (Allen et al., 2013; Depienne et al., 

2010; Fujiwara et al., 2003), and in an 18-year-old female with ASD, we identified a 

nonsense mutation in PTEN that was previously reported (different nucleotide change, 

same amino acid change) in Cowden syndrome (Tan et al., 2011). Although ASD can be 

associated with these syndromes (and medical records for these patients suggested 

syndromic diagnoses), these examples from our study highlight the pleiotropic nature of 

many ASD candidate genes, which are mutated not only in ASD but also in other 

neurodevelopmental and neuropsychiatric conditions, sometimes even with the exact 

same mutation.  

 The genetics of FCD and HME have only been studied for a few years, and so far 

they appear to occupy a middle ground between monogenic conditions and polygenic 

ones. They are not “monogenic” conditions, as mutations have been identified in a 

number of genes for FCD, HME, and related conditions (AKT3, CCND2, DEPDC5, 

MTOR, NPRL3, PIK3CA, PIK3R2, PTEN, TSC2), yet all of the genes encode protein 

products that are part of the PI3K-AKT-mTOR signaling pathway. Multiple mutant 

alleles have been identified in each gene, and similarly to TSC the same mutant allele has 
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been identified in more than one patient, and in several cases the same mutant allele has 

been identified in FCD, HME, and even megalencephaly patients (D'Gama et al., 2015a; 

Lee et al., 2012; Lim et al., 2015; Mirzaa et al., 2013; Nakashima et al., 2015; Poduri et 

al., 2012; Riviere et al., 2012). As discussed in Chapter 2, we identified mutations at the 

same codon in MTOR (amino acid 2215) in both FCD and HME patients and at a second 

codon in MTOR (amino acid 1483) in both FCD and megalencephaly patients, and adding 

all of the mutations identified by the field so far to those identified by our study provides 

additional examples in which the same or virtually the same mutation cause different 

overgrowth phenotypes: a third codon in MTOR (amino acid 1977) and a site in PIK3CA 

(amino acid 1047) (D'Gama et al., 2015a; Lee et al., 2012; Lim et al., 2015; Mirzaa et al., 

2013; Nakashima et al., 2015; Poduri et al., 2012; Riviere et al., 2012). These examples 

also reveal a relationship between the relative mutant allele frequency of mutations, 

likely reflecting the developmental time when the mutation occurred, and the resulting 

phenotype, which should be explored further as additional mutations are identified.  

Although we can find several examples of mutations occurring at the same codon 

causing distinct phenotypes in different patients, analyzing all of the mutations identified 

also reveals some differences between the conditions: mutations in FCD patients are 

overwhelmingly reported in MTOR and DEPDC5, while mutations in HME are mainly 

reported in PIK3CA, AKT3, and MTOR. As additional mutations are identified, especially 

using unbiased approaches as sequencing costs drop (many of the cases reported were 

studied using targeted sequencing approaches) and functional studies elucidate the effects 

of individual mutations, it will be interesting to consider whether these differences 

remain and how the genotype connects to the phenotype. 
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Contribution of germline vs somatic mutations 

 As described in the introduction, a germline mutation is present in all cells of an 

affected individual while a somatic mutation is present in only a subset of cells of an 

affected individual; namely, all daughter cells of the originally mutated cell. The genetic 

architecture of human disease runs the gamut, ranging from germline mutations only, to 

somatic mutations only. For example, Proteus syndrome, a severe deformative syndrome 

(i.e., the “Elephant man” syndrome) is caused by somatic mutations in AKT1, and in fact 

the entire disease appears to reflect one single mutant allele of AKT1—namely E17K—

apparently reflecting the fact that germline E17K AKT1 mutations are incompatible with 

life (Lindhurst et al., 2011). The conditions studied in this thesis show varying 

contributions from both germline and somatic mutations, which is not surprising given 

that they often occur de novo. We show that FCD, HME, and ASD pathogenesis can 

involve contributions from somatic mutations (for example, an AKT3 somatic mutation in 

HME or a SETD2 somatic mutation in ASD), from interactions between germline and 

somatic mutations (for example, TSC2 germline and somatic mutations in HME or a 

CACNA1H germline and a SCN1A somatic mutation in ASD), and certainly for ASD, 

from germline mutations (for example, a SCN2A germline mutation in ASD). 

Somatic mutations appear to contribute to a large fraction of FCD and HME 

cases, which is not surprising given the asymmetry of the brain lesions seen on imaging, 

suggesting a mutation present in a subset of the cells that make up the lesion. In Chapter 

2, we identified pathogenic mutations in 22 FCD and HME cases, of which only three 

cases (14%) carried only a germline mutation: mutations in DEPDC5 in two FCD cases 
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and one HME case. Considering all of the mutations identified by our lab and others, the 

majority of the mutations identified in FCD and HME are indeed somatic. A question of 

great interest is whether the cases carrying only a germline DEPDC5 mutation carry a 

“second hit” somatic mutation that has thus far not been detected. Our identification of 

example cases in which we do identify both germline and somatic mutations (for 

example, in TSC2 in two HME patients) confirms the paradigm of the “two hit” model of 

these lesions, but then prompts the question as of why second hits were not identified in 

all lesions with germline DEPDC5 or TSC mutations. Moving forward, it will be critical 

to search for such “second hits” using WES/WGS (which unfortunately may need to be 

balanced with a lower depth of coverage until sequencing costs drop) to analyze 

additional genes and non-genic regions, and to consider other possibilities like epigenetic 

“second hits.” 

 In comparison to FCD and HME, ASD is more prevalent, as well as more 

genetically heterogeneous, with contributions from heritable mutations, including 

monogenic conditions, common variants, and rare recessive mutations, as well as from de 

novo mutations. In Chapter 3, we discovered that our cohort of ASD brains—the largest 

ever studied—harbors many deleterious and loss-of-function germline mutations, as well 

as a few deleterious somatic mutations, providing some of the first evidence for somatic 

mutations occurring in ASD cases (D'Gama et al., 2015b). Although further work is 

needed to quantify the rates of somatic mutation in ASD, our study finds that ≈10% of 

deleterious mutations are somatic mutations. Thus, somatic mutations likely contribute to 

a small but significant fraction of ASD risk and a combination of germline and/or somatic 

mutations may contribute to ASD risk on a case-by-case basis. Previously undetected 
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somatic mutations could modify germline mutations and potentially mediate disease 

penetrance and expressivity more broadly, for ASD as well as for FCD, HME, and other 

neurological diseases. It is a promising hypothesis that somatic mutations may also 

contribute to other neuropsychiatric disorders, like schizophrenia, where risk mutations 

have been slower to emerge. In addition, since we are searching blindly for relevant 

somatic mutations in ASD brain, without certain knowledge of any region known to be 

involved in the phenotype (and hence most plausibly involved by a somatic event), our 

sensitivity for detecting somatic mutations is not expected to be optimal. 

 

“Brain only” somatic mutations 

 During the third week of human embryonic development, gastrulation occurs to 

form the three main germ layers: ectoderm, mesoderm, and endoderm (Stiles and 

Jernigan, 2010). Blood, a common clinically accessible tissue, arises from the mesoderm 

while brain, the tissue of interest for neurodevelopmental disorders, arises from the 

ectoderm. In previous studies, we have only had access to blood samples from patients; 

for example, when we used targeted deep sequencing to identify germline and somatic 

mutation in several brain malformation syndromes (Jamuar et al., 2014). We were only 

able to identify germline mutations and somatic mutations that occurred early enough in 

embryonic development that they were present prior to gastrulation and detectable in 

blood. In this thesis, I had the unique opportunity to directly study brain tissue from FCD, 

HME, and ASD cases, which allowed me to identify somatic mutations that potentially 

occurred much later during development, including “brain only” somatic mutations that 

are only present in a subset of cells in the brain. 
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 In Chapter 2, we identified somatic mutations in genes in the mTOR pathway in 

FCD and HME cases, and for all cases where non-brain tissue was available, the somatic 

mutation was present in the brain but not detectable in the non-brain tissue. In Chapter 3, 

we identified somatic mutations in ASD and related cases that show different 

distributions: a mutation in SCN1A was present across the brain and the body and likely 

arose early during development, while other mutations were present in one part of the 

brain but not detected in another part of the brain and likely arose much later during 

embryonic development, after separation of the forebrain, midbrain, and hindbrain (for 

example, a mutation in CACNA1H present in the prefrontal cortex but not detected in the 

cerebellum). Given that many genes mutated in ASD are critical mainly for neuronal 

function, it may be more likely that somatic mutations in these genes that contribute to 

ASD risk will be tolerated earlier in development and detectable outside of the brain, 

compared to genes mutated in FCD and HME, as the mTOR pathway is critical 

throughout the body, making it more likely that somatic mutations in these genes that 

lead to FCD or HME will only be tolerated later in development and detectable only in 

the brain. Granted, somatic mutations can occur at any time point during development, so 

there will certainly be “brain only” somatic mutations in ASD cases, as we have provided 

initial evidence for. 

 Taken together, the studies in Chapter 2 and 3 emphasize the relationship between 

the developmental history of the human brain, the germline genome, and the resulting 

disease phenotypes (Figure 4-1). We show that germline mutations, which can be 

inherited or de novo, contribute to ASD risk in the first sequencing study of postmortem 

ASD brains. Germline mutations represent the “earliest” mutations in that they occur 
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before fertilization and are present in all cells of an affected individual; for example, a 

deleterious germline missense mutation in SCN1A in an ASD case (Figure 4-1A). We 

also show that somatic mutations that occur relatively early in development, before 

gastrulation, may contribute to ASD risk, as we identify a deleterious somatic missense 

mutation in SCN1A in an ASD case present in ≈90% of cells that was detectable across 

the brain as well as non-brain tissues derived from the mesoderm and endoderm (Figure 

4-1B). Somatic mutations that occur slightly later in development, after gastrulation, 

neurulation, formation of the telencephalic vesicles, and the start of cortical neurogenesis, 

also occur in ASD; for example, a deleterious somatic missense mutation in SETD2 in an 

ASD case present in ≈50% of cells in the cortex but not detectable in the cerebellum 

(Figure 4-1C) (We only had one side of the brain available, and are hypothesizing the 

mutation occurred after left-right separation; however, it is also possible that the mutation 

is present in both cortical hemispheres). With cortical neurogenesis underway and thus 

“brain only” somatic mutations, we show that somatic mutations in mTOR pathway 

genes present at higher allele frequencies, suggesting they occur earlier during cortical 

neurogenesis, are more likely to cause HME; for example, a somatic activating point 

mutation in MTOR detected in ≈40% of cells in the abnormal hemisphere of an HME 

case (Figure 4-1D). Future studies may identify additional somatic mutations in ASD 

cases that resemble the “brain only” somatic mutations in FCD and HME cases and 

perhaps present with a milder phenotype; this hypothetical example depicts a somatic 

mutation present in ≈20% of cells and restricted to the frontal lobe, a brain region of 

interest in ASD (Figure 4-1E). For example, the abnormal “patches” observed in the 

prefrontal and temporal cortex of some autism cases may represent visible consequences 



168#

of somatic mutations (Casanova et al., 2013; Stoner et al., 2014). Finally, somatic 

mutations in mTOR pathway genes present at lower allele frequencies, suggesting they 

occur later during cortical neurogenesis, are more likely to cause FCD; in this example, a 

somatic activating point mutation in MTOR, of the same amino acid as the mutation in 

the HME case described above, was detected in only ≈5% of cells in the abnormal 

cortical tissue of an FCD case (Figure 4-1F). Thus, we show that the time and place in 

which a mutation occurs during human development is critical in determining its 

consequence in the human brain. 

  Studying somatic mutations, especially “brain only” somatic mutations, in 

neurodevelopmental disorders provides a unique opportunity to gain insight into the cell 

types and brain regions important for a given phenotype. In Chapter 2, we used single 

cell technologies developed by our lab to study cell type enrichment of pathogenic 

somatic mutations in several FCD and HME cases, which allowed us to discover that 

such enrichment can occur and provided interesting hypotheses for follow up studies 

regarding the cell types carrying the mutations. In ASD, we are starting a multi-year 

study to systematically analyze germline and somatic mutations in ASD brains using 

whole genome sequencing of bulk tissue and single cells. We hypothesize that single cell 

studies of identified somatic mutations will reveal a non-uniform distribution of the 

mutations within the brain, and if several mutations display similar patterns of 

distribution, this approach will provide insight into which cell types and brain regions are 

involved in generating the ASD phenotype. 
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Figure 4-1: Proposed relationship between the time and place a mutation occurs 

and the resulting neurodevelopmental phenotype. 

(A) Germline mutations occur before fertilization and are detectable in the brain and in 

a clinically accessible blood sample. We studied postmortem ASD brains to identify 

SNVs in 78 known ASD candidate genes, and show that germline mutations 

contribute to ASD risk; for example, we identified a deleterious germline missense 

mutation in SCN1A in an ASD case. (B) Somatic mutations that occur early in 

development before gastrulation may also contribute to ASD risk; for example, we 

identify a somatic splice site mutation in SCN1A in an ASD case detectable in ≈90% 

of the cells in brain tissue as well as non-brain tissue derived from the mesoderm and 

the endoderm. Such a mutation is also detectable in a clinically accessible blood 

sample. (C) Somatic mutations that occur slightly later in development, after the start 

of cortical neurogenesis, may also contribute to ASD risk; for example, we identify a 

deleterious somatic missense mutation in SETD2 present in ≈50% of cells in the cortex 

but not detectable in the cerebellum of an ASD case (we only had one side of the brain 

available, and are hypothesizing the mutation occurred after left-right separation; 

however, it is also possible that the mutation is present in both cortical hemispheres).  



170#

 

 

 

 

 

 

Figure 4-1 (Continued) 

(D) We also studied FCD and HME cases to identify SNVs and indels in the mTOR 

pathway, and show that these disorders are caused by mutations that activate the 

mTOR pathway. We show that somatic mutations in the mTOR pathway present at a 

higher AAF, suggesting they arose earlier during cortical neurogenesis, are more 

likely to lead to HME; for example, we identify a somatic activating point mutation in 

MTOR present in ≈40% of the cells in the abnormal hemisphere of a HME case. (E) 

Future studies may identify additional somatic mutations in ASD cases that resemble 

the “brain only” somatic mutations in FCD and HME cases and perhaps present with a 

milder phenotype; this hypothetical example depicts a somatic mutation present in 

≈20% of cells and restricted to the frontal lobe, a brain region of interest in ASD. (F) 

Finally, we show that somatic mutations in the mTOR pathway present at a lower 

AAF, suggesting they arose later during cortical neurogenesis, are more likely to lead 

to FCD; for example, we identify an MTOR mutation of the same amino acid as the 

mutation in (D) in ≈5% of the cells in the abnormal cortical tissue of an FCD case. 

The mutations in C-F are detectable in the brain but not in a clinically accessible blood 

sample. 
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Figure 4-1 (Continued) 
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Final considerations for identification of disease-associated mutations 

 In the introduction, I described several considerations for identification and 

validation of disease-associated germline and somatic point mutations. In this thesis, I 

chose to use next generation sequencing approaches that balanced depth of coverage and 

size of the target region. Given that candidate genes existed for FCD, HME, and ASD, I 

decided to use a relatively small target size and thus achieve a relatively high depth of 

coverage for a reasonable cost. As I noted in Chapter 2, the higher depth of coverage I 

achieved in stage two of the study allowed me to identify pathogenic somatic mutations 

that were missed by the lower depth of coverage in stage one of the study. It is important 

to note, however, that our studies likely missed some percentage of pathogenic somatic 

mutations that occurred in genes that were not included in the target regions. For 

example, in Chapter 3 we targeted 78 genes for which germline mutations were 

previously associated with ASD risk, hypothesizing that somatic mutations may also 

occur in these genes. We are thus missing somatic mutations associated with ASD in 

genes for which germline mutations are incompatible with life or are associated with a 

different phenotype. Future studies searching for somatic mutation in human disease will 

hopefully be able to achieve both deep sequencing and broad coverage of the genome 

using deep WES/WGS as sequencing costs continue to decrease. 

 My final thought concerns the threshold of pathogenicity. Germline mutations are 

present in all cells of an individual, while a somatic mutation can be present in anywhere 

from one cell (such as a somatic mutation that occurs in a post-mitotic cell like a neuron) 

to almost all cells if it occurs very early during embryonic development. As next 

generation sequencing, single cell technologies, and bioinformatics improve, we will 
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undoubtedly be able to detect somatic mutations present across the full range of allele 

frequencies. In fact, a recent study from our lab that identified somatic mutations in 

single human neurons using WGS demonstrated that mutations associated with 

neurological diseases like ASD can occur in single neurons of a neurotypical individual 

(Lodato et al., 2015). In Chapter 3, deep sequencing allowed detection of somatic 

mutations present in as few as 4-10% of cells, and in Chapter 2, ultra-deep sequencing 

allowed detection of somatic mutations present in as few as 2% of cells. In both cases, it 

is important to note that these percentages refer to bulk sequencing. We also showed in 

Chapter 2 that somatic mutations present in a small percentage of cells based on bulk 

sequencing can be enriched in specific cell types—a mutation present in ≈5% of cells 

based on bulk sequencing was detected in over half of a specific cell population. Thus, 

designing experiments to perform initial sequencing of DNA extracted from specific cell 

types, especially if specific cell types are implicated in the relevant disease, may allow 

easier detection of somatic mutations compared to sequencing of DNA extracted from 

bulk tissue. As we get better at detecting these mutations, a critical consideration will be 

where the threshold of potential pathogenicity lies between a mutation detected in only a 

single cell, which is unlikely to lead to disease, and a mutation detected by bulk 

sequencing, which implies the mutation is present in a significant number of cells and is 

more likely to lead to disease. We will be better able to address this consideration as we 

explore the landscape of somatic mutations in both the normal and abnormal brain, and 

use in vitro and in vivo approaches to investigate how a specific mutation, and the time 

and place in which it occurs, leads to abnormal brain development. As with the studies 

presented in this thesis, these future studies will benefit from combining the growing 
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amount of genetic data with phenotypic information from the patients who so generously 

contribute to our research, with the hope that we will gain insight into the workings of the 

human brain and develop better diagnostic tools and mechanism-based treatments for 

neurological diseases. 
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Supplementary Table 2-1: Additional Information on Variants. 
$

$

Case Diagnosis Gene Mutation Type Comments Category
p.N261Kfs*11 Provean: n/a
c.783_786delTGAG Sift: n/a
chr 22: 32193600, 
ATGAG>A Polyphen-2: n/a

MutTaster: disease causing
HGMD: cd153075
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

c.624+1G>A Provean: n/a
chr 22: 32180862, G>A Sift: n/a

Polyphen-2: n/a
MutTaster: disease causing
HGMD: cs153076
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.A452V
Previously identified in FFEVF (Dibbens et al. 
2013), Functional studies suggest not pathogenic 
(van Kranenburg et al., 2015)

c.1355C>T Provean: neutral

chr 22: 32206537, C>T Sift: tolerated

Polyphen-2: possibly damaging/benign
MutTaster: disease causing/polymorphism
HGMD: yes cm134015
ClinVar: no
ExAC (40  heterozygous, 1 homozygous)
dbSNP: rs202226316
EVS: yes MAF 0.04%
1000G: yes
Cosmic: no

p.A1257V Previously identified in TSC (LOVD 00533)
c.3770C>T Provean: neutral
chr 16: 2131755, C>T Sift: tolerated/damaging

Polyphen-2: probably damaging/benign
MutTaster: polymorphism
HGMD: no
ClinVar: yes
TSC DB: 00533, probably no pathogenicity
ExAC (21 heterozygous, 1 homozygous)
dbSNP: rs45466493 
EVS: yes MAF 0.02%
1000G: yes
Cosmic: no

p.A1004G Provean: deleterious
c.3011C>G Sift: damaging
chr 1: 204412582, G>C Polyphen-2: probably damaging/benign

MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: yes (45 heterozygous)
dbSNP: rs149892208 MAF 0.04%
EVS: MAF 0.03%
1000G: yes (2 heterozygous)
Cosmic: no

FCD-1 FCD IIb DEPDC5 Germline 
Frameshift Pathogenic

FCD-3 FCD IIb DEPDC5 Germline 
Missense VUS

FCD-2 FCD IIb DEPDC5 Germline 
Splice site Pathogenic

FCD-4 FCD IIb PIK3C2B Germline 
Missense VUS

FCD-3 FCD IIb TSC2 Germline 
Missense VUS



181$

 
 
Supplementary Table 2-1 (Continued) 
 

 
$
$
$

Case Diagnosis Gene Mutation Type Comments Category
p.K254E Provean: neutral
c.760A>G Sift: tolerated
chr 18: 39573279, A>G Polyphen-2: benign

MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: yes (11 heterozygous)
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.L1460P
Previously identified in FCD (Nakashima et al., 
2015), Functional studies suggest pathogenic 
(Grabiner et al., 2014)

c.4379T>C Provean: deleterious
chr 1: 11217299, A>G Sift: damaging

Polyphen-2: possibly damaging/benign

MutTaster: disease causing
HGMD: no
ClinVar: no
dbSNP: no
ExAC: no
EVS: no
1000G: no
Cosmic: yes

p.S2215Y
Previously identified in FCD (Nakashima et al., 
2015), Functional studies suggest pathogenic 
(Grabiner et al., 2014)

c.6644C>A Provean: deleterious
chr 1: 11184573, G>T Sift: damaging

Polyphen-2: probably damaging/possibly damaging
MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: yes

p.C1483R
Previously identified in FCD (Lim et al., 2015), 
Functional studies suggest pathogenic (Grabiner et 
al., 2014)

c.4447T>C Provean: deleterious
chr 1: 11217231, A>G Sift: damaging

Polyphen-2: probably damaging/possibly damaging

MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

FCD-7 FCD MTOR Somatic 
Missense Pathogenic

FCD-8 FCD IIb MTOR Somatic 
Missense Pathogenic

FCD-5 FCD IIb PIK3C3 Germline 
Missense VUS

FCD-6 FCD IIb MTOR Somatic 
Missense Pathogenic
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Supplementary Table 2-1 (Continued) 
$

$
$
$
$
$
$
$

Case Diagnosis Gene Mutation Type Comments Category
p.Y1450D Previously identified in FCD (Lim et al., 2015)
c.4348T>G Provean: deleterious
chr 1: 11217330 A>C Sift: damaging

Polyphen-2: probably damaging 

MutTaster: disease causing

HGMD: no
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.R751* Loss of function, Previously identified in TSC (Jones 
et al., 1999)

c.2251C>T Provean: n/a
chr 16: 2122880, C>T Sift: n/a

Polyphen-2: n/a
MutTaster: disease causing

HGMD: yes cm991208

ClinVar: yes
ExAC: no
dbSNP: rs45517222
EVS: no
1000G: no
Cosmic: no

p.N45Qfs*3 Provean: n/a
c.128_129insC Sift: n/a
chr 22: 32154601 , A>AC Polyphen-2: n/a

MutTaster: disease causing
HGMD: ci153091
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.R1101L Provean: deleterious
c.3302G>T Sift: damaging
chr 12: 18691191, G>T Polyphen-2: possibly damaging/benign

MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: yes (11 heterozygous)
dbSNP: no
EVS: no
1000G: no
Cosmic: no

FCD-9 FCD MTOR Somatic 
Missense Pathogenic

FCD-10 FCD TSC2 Somatic 
Nonsense Pathogenic

HME-1 HME DEPDC5 Germline 
Frameshift Pathogenic

HME-1 HME PIK3C2G Germline 
Missense VUS
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Supplementary Table 2-1 (Continued) 
$

$
 
 
 
 

Case Diagnosis Gene Mutation Type Comments Category

p.C1483Y
Previously identified in HME (Lee et al., 2012), 
Functional studies suggest pathogenic (Grabiner et 
al., 2014)

c.4448G>A Provean: deleterious
chr 1: 11217230, C>T Sift: damaging

Polyphen-2: probably damaging/possibly damaging
MutTaster: disease causing
HGMD: cm153079
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: yes
Cosmic: yes

p.E542K Previously identified in CLOVES (Kurek et al., 
2012)

c.1624G>A Provean: Neutral
chr 3: 178936082, G>A Sift: Damaging

Polyphen-2: Probably damaging
MutTaster: disease causing
HGMD: cm153078
ClinVar: yes
ExAC: no
dbSNP: rs121913273
EVS: no
1000G: yes
Cosmic: yes

p.E545K Previously identified in HME (Lee et al. 2012) and 
MCAP (Riviere et al., 2012)

c.1633G>A Provean: deleterious
chr 3: 178936091, G>A Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: yes cm126692
ClinVar: yes
ExAC: yes (1 heterozygous)
dbSNP: rs104886003
EVS: no
1000G: yes
Cosmic: yes

p.E545K Previously identified in HME (Lee et al. 2012) and 
MCAP (Riviere et al., 2012)

c.1633G>A Provean: deleterious
chr 3: 178936091, G>A Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: yes cm126692
ClinVar: yes
ExAC: yes (1 heterozygous)
dbSNP: rs104886003
EVS: no
1000G: yes
Cosmic: yes

HME-4 HME PIK3CA Somatic 
Missense Pathogenic

HME-5 HME PIK3CA Somatic 
Missense Pathogenic

HME-2 HME MTOR Somatic 
Missense Pathogenic

HME-3 HME PIK3CA Somatic 
Missense Pathogenic
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Supplementary Table 2-1 (Continued) 
$

$
$

Case Diagnosis Gene Mutation Type Comments Category

p.H1047R Previously identified in CLOVES (Kurek et al., 
2012)

c.3140A>G Provean: neutral
chr 3: 178952085, A>G Sift: damaging

Polyphen-2: possibly damaging/benign
MutTaster: disease causing
HGMD: cm153086
ClinVar: yes
ExAC: yes (1 heterozygous)
dbSNP: rs121913279
EVS: no
1000G: yes
Cosmic: yes

p.D478Y Provean: neutral
c.1432G>T Sift: damaging
chr 3: 178928246, G>T Polyphen-2: benign

MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: yes (1 heterozygous)
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.R422Q Inherited from mother (phenotypically normal)
c.1265G>A Provean: deleterious
chr 22: 32202155 , G>A Sift: damaging/tolerated

Polyphen-2: probably/possibly damaging/benign
MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.A1669S Provean: neutral
c.5005G>T Sift: tolerated
chr 1: 11199486 , C>A Polyphen-2: benign

MutTaster: disease causing
HGMD: cm153094
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.T1977K
Previously identified in FCD (Lim et al., 2015), 
Functional studies suggest pathogenic (Grabiner et 
al., 2014)

c.5930C>A Provean: deleterious
chr 1: 11188164, G>T Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: no
ClinVar: yes
ExAC: no
dbSNP: rs587777893
EVS: no
1000G: no
Cosmic: yes

HME-9 HME MTOR Somatic 
Missense Pathogenic

HME-7 HME DEPDC5 Germline 
Missense VUS

HME-8 HME MTOR Somatic 
Missense

Likely 
pathogenic 

HME-6 HME PIK3CA Somatic 
Missense Pathogenic

HME-6 HME PIK3CA Germline 
Missense VUS
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Supplementary Table 2-1 (Continued) 
$

$
$
$

Case Diagnosis Gene Mutation Type Comments Category

p.A583T Inherited from mother, Previously identified in TSC 
(LOVD 00178)

c.1747G>A Provean: deleterious
chr 16: 2120487, G>A Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: no
ClinVar: yes
TSC DB: 00178, no known pathogenicity
ExAC: yes (199 heterozygous)
dbSNP: rs1800729 MAF 0.08%
EVS: MAF 0.27%
1000G: MAF 0.1% (4 heterozygous)
Cosmic: no

p.P854L Inherited from father
c.2561C>T Provean: deleterious
chr 16: 2125815, C>T Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: no
ClinVar: no
TSC2 DB: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.R1713H
Previously identified in TSC (Hirfanoglu et al., 
2010), Functional studies suggest pathogenic 
(Hoogeveen-Westerveld et al., 2011)

c.5138G>A Provean: deleterious
chr 16: 2138118 , G>A Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: yes cm091149
ClinVar: yes
TSC DB: 00646, probably pathogenic
ExAC: no
dbSNP: rs45517395
EVS: no
1000G: yes MAF 0.2%
Cosmic: no

p.Y587* Same amino acid change previously identified in 
TSC (LOVD 01117)

c.1754_1755delGT Provean: n/a
chr 16: 2120493,CGT>C Sift: n/a

Polyphen-2: n/a
MutTaster: disease causing
HGMD: no
ClinVar: no
TSC DB: 01117,  pathogenic
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

HME-11 HME TSC2 Somatic 
Frameshift Pathogenic

HME-10 HME TSC2 Germline 
Missense VUS

HME-11 HME TSC2 Germline 
Missense Pathogenic

HME-9 HME TSC2 Germline 
Missense VUS
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Supplementary Table 2-1 (Continued) 

 
 
$
$

Case Diagnosis Gene Mutation Type Comments Category
p.E17K Previously identified in HME (Poduri et al., 2012)
c.49G>A Provean: deleterious
chr 1: 243859016, C>T Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: no
ClinVar: yes
ExAC: no
dbSNP: rs397514606
EVS: no
1000G: no
Cosmic: yes

p.S2215Y
Previously identified in FCD (Nakashima et al., 
2015), Functional studies suggest pathogenic 
(Grabiner et al., 2014)

c.6644C>A Provean: deleterious
chr 1: 11184573, G>T Sift: damaging

Polyphen-2: probably damaging/possibly damaging
MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: yes

p.S2215F
Previously identified in FCD (Lim et al., 2015; 
Nakashima et al., 2015), Functional studies suggest 
pathogenic (Grabiner et al., 2014)

c.6644C>T Provean: deleterious
chr 1: 11184573, G>A Sift: damaging

Polyphen-2: probably damaging/possibly damaging
MutTaster: disease causing
HGMD: no
ClinVar: yes
ExAC: no
dbSNP: rs587777894
EVS: no
1000G: no
Cosmic: yes

p.L631P Provean: deleterious
c.1892T>C Sift: damaging
chr 16: 2121563,T>C Polyphen-2: probably damaging

MutTaster: disease causing
HGMD: no
ClinVar: no
TSC DB: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

HME-15 HME TSC2 Germline 
Missense

Likely 
pathogenic 

HME-13 HME MTOR Somatic 
Missense Pathogenic

HME-14 HME MTOR Somatic 
Missense Pathogenic

HME-12 HME AKT3 Somatic 
Missense Pathogenic
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Case Diagnosis Gene Mutation Type Comments Category
p.E1558K Previously identified in TSC (Dabora et al., 2001)
c.4672G>A Provean: deleterious
chr 16: 2136203, G>A Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: yes cm010513
ClinVar: yes
TSC DB: 00334, probably pathogenic
ExAC: no
dbSNP: rs45517360
EVS: no
1000G: no
Cosmic: no

p.E17K Original case identified in Poduri et al., 2012
c.49G>A Provean: deleterious
chr 1: 243859016, C>T Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: no
ClinVar: yes
ExAC: no
dbSNP: rs397514606
EVS: no
1000G: no
Cosmic: yes

p.C1483R
Previously identified in FCD (Lim et al., 2015), 
Functional studies suggest pathogenic (Grabiner et 
al., 2014)

c.4447T>C Provean: deleterious
chr 1: 11217231, A>G Sift: damaging

Polyphen-2: probably damaging/possibly damaging
MutTaster: disease causing
HGMD: no
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: no

p.K376E Previously identified in bilateral perisylvian 
polymicrogyria (Mirzaa et al., 2015)

c.1126A>G Provean: deleterious
chr 19: 18273793,A>G Sift: damaging

Polyphen-2: probably damaging
MutTaster: disease causing
HGMD: cm1511569
ClinVar: no
ExAC: no
dbSNP: no
EVS: no
1000G: no
Cosmic: yes

PMG-2 PMG PIK3R2 Germline 
Missense Pathogenic

HME-16 HME AKT3 Somatic 
Missense Pathogenic

PMG-1 PMG MTOR Germline 
Missense Pathogenic

HME-15 HME TSC2 Somatic 
Missense Pathogenic
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Supplementary Table 2-2: Additional Clinical Information (where available). 
 

 
$
$

Case Gender Diagnosis Tissues 
Available Variant Other clinical information MRI 

FCD-6 Female FCD IIb Brain
MTOR, p.L1460P, 
Somatic, 
Pathogenic

s/p left frontoparietal resection

FCD-7 Male FCD Brain

MTOR, 
p.S2215Y, 
Somatic, 
Pathogenic

Myoclonic seizures, language delay

Left temporal FCD, non-enhancing 
region of signal abnormality within 
the inferior gyrus of the left 
temporal lobe just lateral to the 
temporal tip, possible cystic area 
surrounded by gray matter 
(DNET?)

FCD-8 Male FCD IIb Brain

MTOR, 
p.C1483R, 
Somatic, 
Pathogenic

s/p left anatomic hemispherectomy

FCD-10 Female FCD Brain and 
Blood

TSC2, p.R751*, 
Somatic, 
Pathogenic

Pathology: Taylor-type dysplasia, 
left frontal lobe, acquiring medical 
reocrds to determine if actually 
TSC

HME-7 Female HME Blood
DEPDC5, 
p.R422Q, 
Germline, VUS

Seizure onset at one year old, 
generalized tonic-clonic seizures, 
speech delay, mild right 
hemiparesis

Left HME, blurring of grey-white 
matter junction, cortical 
irregularity most notable in the left 
parietal lobe

HME-8 Male HME Brain and 
Blood

MTOR, 
p.A1669S, 
Somatic, Likely 
Pathogenic

Seizures starting from 1-2 months 
old, complex partial seizures, 
Pathology: diffuse cortical 
dysplasia

s/p right frontal and temporal 
resection

HME-9 Male HME Brain

MTOR, 
p.T1977K, 
Somatic, 
Pathogenic

Seizures starting from 4 weeks old, 
complex partial seizures and 
infantile spasms, s/p functional 
hemispherectomy. Pathology: 
Diffuse cortical dysplasia, with 
cytomegalic cells and dysplastic 
neurons

Left HME, blurring of grey-white 
matter junction, broad gyri

HME-12 Male HME Brain and 
Blood

AKT3 p.E17K, 
Somatic, 
Pathogenic

Left hemimegalencephaly, 
enlargement of the left hemisphere 
with thickened cortex and reduced 
sulcation

HME-13 Male HME Brain

MTOR, 
p.S2215Y, 
Somatic, 
Pathogenic

Seizures from birth, generalized 
tonic-clonic seizures

Right hemimegalencephaly, 
enlargement and abnormal gyral 
development of the right parietal 
and to a lesser extent posterior 
frontal lobes, as well as poor gray-
white matter differentiation.

HME-14 Female HME Brain and 
Blood

MTOR, p.S221F, 
Somatic, 
Pathogenic

Fetal US at 18 weeks concering for 
CNS malformation, R HME noted 
at birth

Right hemimegalencephaly with 
abnormal sulcation, blurred gray-
white matter junction, and diffuse 
enlargement of the right frontal 
lobe

PMG-1 Male PMG Blood

MTOR, 
p.C1483Y, 
Germline, 
Pathogenic

Multiple congenital anomalies, 
including PMG, macrocephaly, 
infantile spasms, cardiomegaly, 
widely spaced nipples, 
hypertelorism, broad forehead, 
high arched tongue, also 16p11.2 
dup inherited from unaffected 
mother, died at 2 years old

Bilateral (right > left) PMG in the 
sylvian fissures and frontal lobes 
and an abnormal gyral pattern, with 
decreased myelination in the deep 
cerebral white matter (likely 
metabolic)

PMG-2 Female PMG Blood
PIK3R2, 
p.K376E, 
Germline, VUS

Single hypopigmented patch, no 
vascular lesions

Bilateral perisylvian PMG, with 
abnormally thick cortex especially 
around the perisylvian region, 
patient also had shunted 
hydrocephalus, enlarged occipital 
horns
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Supplementary Table 2-3: Primers and Probes designed for ddPCR. 

Reference probes were 5’ HEXTM – ZEN - 3’ Iowa Black® FQ (IDT DNA).  

Mutant probes were 5’ FAMTM – ZEN - 3’ Iowa Black® FQ (IDT DNA). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mutation Primers (Forward, Reverse) Probes (Reference, Mutant) Annealing Temperature
AKT3 p.E17K GTCTTCAAAAGGAAGTATCTTG ATATATTCTCCTACATGAGGAAAGC 52

CTGTTCATTTTTTTCAGCA TATATTTTCCTACATGAGGAAAGCAC
MTOR p.L1460P TCTGGGTCGTCCTTGTTG AGGCCACAAGGGCATCCTCC 57

GGCTACCTGGTATGAGAAACTG AGGCCACAGGGGCATCCTC
MTOR p.C1483R TGCCATCATTCTAGGAAGCTC AGGCCTCGAGGCAGCGCATG 57

GACACCAACAAGGACGACC AGGCCTCGAGGCGGCGCAT
MTOR p.S2215Y TGCCATTTCAGGGTTTCTG CGAAGAGATGTTGGGTCATTGGCC 57

GCTCTTCGGCCTGGTTAAC CGAAGATATGTTGGGTCATTGGCCAG
MTOR p.Y1450D TCTTGTCATAGGCCACAA AGTTTCTCATACCAGGTAGCCT 52

CAGCAGTCTTTCTTTCCC AGTTTCTCATCCCAGGTAGCC
MTOR p.S2215F TGCCATTTCAGGGTTTCTG CGAAGAGATGTTGGGTCATTGGCC 57

GCTCTTCGGCCTGGTTAAC CCGAAGAAATGTTGGGTCATTGGCC
TSC2 p.R751* GGATTTGGTCATCAGCTTTCA TGGAGCGGCTCCGAGGCG 57

AGGTGCAAGTCAGTTCTGGAG CTGGAGCGGCTCTGAGGCG
TSC2 p.E1558K TGATGCCACCCTGCCT AGAGCAACAGCGAGCTCGCCATC 57

TCCGTGTACCTGTAGGAGCC AGAGCAACAGCAAGCTCGCCATCC
TSC p.Y587* TCTCTGCAGACCAAGCTGTA CACGCCACGCGTGTGTATGAG 57

GTGCTTGTAGTGGAGCTGAAT CCACGCCACGCGTGTATGAG
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Supplementary Figure 3-1: Detection of somatic Fragile X CGG expansions in 

Cases 1421, 4664, and 5006. 

a. Case 1421 has both a premutation and a full mutation peak in the PFC. b. Case 4664 

has a premutation and a full mutation peak in the PFC, but only a premutation peak in 

the CER. Note that the test is not quantitative, since the smaller premutation peaks 

amplify more efficiently in PCR, so the relative proportion of premutation and full 

mutation cannot be determined by this method. c. Case 5006 has both a premutation 

and a full mutation peak in the PFC and CER. Measured repeat number is noted above 

peaks. CER: cerebellum, PFC: prefrontal cortex. 
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Supplementary Figure 3-1 (Continued) 
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Supplementary Table 3-1: Details on cases used in this study. 
$

$

Case Diagnosis Cortex Cerebellum Gender Age PMI

AN01093 Autism<=<confirmed<by<ADI=R BA19 CER M 56 19.48

AN16641 Autism<=<confirmed<by<ADI=R BA19 CER M 9 27

AN00493 Autism<=<confirmed<by<ADI=R BA19 CER M 27 8.3

AN00764 Autism<=<confirmed<by<ADI=R BA19 CER M 20 23.7

AN08792 Autism<=<confirmed<by<ADI=R BA19 CER M 30 20.3

AN16115 Autism<=<confirmed<by<ADI=R BA19 CER F 11 12.88

AN08873 Autism<=<confirmed<by<ADI=R BA19 No M 5 25.5

AN19511 Autism<=<confirmed<by<ADI=R BA19 CER M 8 22.2

AN01570 Autism<=<confirmed<by<ADI=R BA19 CER F 18 6.75

AN09730 Autism<=<confirmed<by<ADI=R BA19 CER M 22 25

AN03345 Autism<=<confirmed<by<ADI=R BA19 No M 2 4

AN06420 Autism<=<confirmed<by<ADI=R BA19 CER M 39 13.95

AN12457 Autism<=<confirmed<by<ADI=R BA19 CER F 29 17.83

AN00090 Autism<=<confirmed<by<ADI=R/Angelman<syndrome BA19 CER F 10 16.58

AN08166 Autism<=<confirmed<by<ADI=R BA19 CER M 28 43.25

AN13872 Autism<=<confirmed<by<ADI=R BA19 CER F 5 33

AN17678 Autism<=<confirmed<by<ADI=R BA19 CER M 11 =

AN09714 Autism<=<confirmed<by<ADI=R BA19 No M 60 26.5

AN17254 Autism<=<confirmed<by<ADI=R BA19 CER M 51 22.16

AN08043 Autism<=<confirmed<by<ADI=R BA19 CER F 52 39.15

AN04682 Autism<=<confirmed<by<ADI=R BA19 No M 15 23.23

AN04166 Autism<=<confirmed<by<ADI=R No CER M 24 18.51

AN17515 Autism<=<confirmed<by<ADI=R No CER M 54 28.25

5294 ASD/Asperger's<Syndrome BA10 Lateral<CER M 19 16

4334 ASD/Autism BA10 Lateral<CER M 11 27

4849 ASD/Autism BA46 Lateral<CER M 7 20

4899 ASD/Autism Generic<PFC Lateral<CER M 14 9

4999 ASD/Autism BA9 Lateral<CER M 20 14

5027 ASD/Autism BA10 Lateral<CER M 37 26

5115 ASD/Autism BA10 Lateral<CER M 46 29

5176 ASD/Autism BA10 Lateral<CER M 22 18

5278 ASD/Autism BA10 Lateral<CER F 15 13

5297 ASD/Autism BA10<(Right) Lateral<CER M 33 50

5302 ASD/Autism BA10 Lateral<CER M 16 20

5303 ASD/Autism BA10 Lateral<CER M 67 16

5308 ASD/Autism BA10 Lateral<CER M 4 21

5403 ASD/Autism BA10 Lateral<CER M 16 35

5419 ASD/Autism BA10 Lateral<CER F 19 22

1445 ASD/Autism/ALS BA9 Lateral<CER M 45 23

1349 ASD/Autism BA24/32/12 No M 5 39

1182 ASD/Autism BA46 No F 9 24

5144 ASD/Autism BA46 Lateral<CER M 7 3

1174 ASD/Autism Generic<PFC No F 7 14

M3663M< ASD/Autism BA46 No M 27 22

1638 ASD/Autism Generic<PFC Lateral<CER F 20 50

4231 ASD/Autism Generic<PFC Paravermis M 8 12

4671 ASD/Autism Generic<PFC Lateral<CER F 4 13

4721 ASD/Autism Frontal<Ctx Lateral<CER M 8 16

797 ASD/Autism BA10 No M 9 13

5340 ASD/Autism/Parkinson's<disease BA10 Lateral<CER M 53 26

UK45353 Autism<=<confirmed<by<ADI=R BA10 CER F 44 48

UK20119 Autism<=<confirmed<by<ADI=R BA10 CER M 50 72

UK20244 Autism<=<confirmed<by<ADI=R BA10 CER M 16 24

UK25363 Autism<=<confirmed<by<ADI=R BA10 No M = 96

UK28768 Autism<=<confirmed<by<ADI=R BA10 CER M 22 48
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Supplementary Table 3-1 (Continued) 

$
No*: No clear indication if seizures were present or not$
$
$

Case ADI(R*A ADIR(B*V ADIR(B*NV ADI(R*C ADI(R*D Seizures
AN01093 ( ( ( ( ( Yes*(Epilepsy)
AN16641 ( ( ( ( ( Yes*(Epilepsy)
AN00493 ( ( ( ( ( No
AN00764 ( ( ( ( ( No
AN08792 ( ( ( ( ( Yes*(Epilepsy)
AN16115 ( ( ( ( ( Yes*(Epilepsy,*Grand*and*Petit*Mal)
AN08873 22 n/a 14 6 5 No
AN19511 ( ( ( ( ( No*(according*to*parents)
AN01570 28 23 n/a 9 5 Yes*(Epilepsy,*Grand*and*Petit*Mal)
AN09730 28 n/a 14 6 5 Yes*(Epilepsy)
AN03345 14 n/a 9 6 5 No
AN06420 20 12 n/a 4 5 No
AN12457 30 21 n/a 12 5 Yes*(Epilepsy)
AN00090 ( ( ( ( ( Yes*(Epilepsy)
AN08166 22 16 N/A 5 3 Yes*(Epilepsy)
AN13872 ( ( ( ( ( No
AN17678 22 n/a 12 4 5 No
AN09714 26 n/a 14 4 5 Yes*(Epilepsy)
AN17254 27 19 9 6 5 Yes*(Epilepsy)
AN08043 ( ( ( ( ( No
AN04682 22 13 n/a 5 5 No
AN04166 ( ( ( ( ( No
AN17515 ( ( ( ( ( No
5294 17 19 14 5 2 No
4334 36 9 9 6 4 Yes*(Epilepsy)
4849 22 18 n/a 8 3 No
4899 22 n/a 14 8 4 Yes*(Seizures)
4999 ( ( ( ( ( No*
5027 ( ( ( ( ( No*
5115 27 n/a 14 8 1 Yes*(Seizures)
5176 25 13 13 7 5 No
5278 22 21 11 5 5 Yes*(Generalized*Epilepsy)
5297 ( ( ( ( ( No
5302 ( ( ( ( ( Yes*(One*seizure*week*before*death*after*falling*down*10*stairs)
5303 ( ( ( ( ( Yes*(Tonic(clonic*seizures)
5308 17 14 14 4 3 No*

5403 30 n/a 14 5 5
No**(No*Hx*of*seizure*disorder,*but*autopsy*findings*suggest*possible*

terminal*seizure)
5419 24 14 n/a 6 3 Yes*(Seizures,*EEG*suggests*generalized*epilepsy*syndrome)
1445 ( ( ( ( ( No*
1349 ( ( ( ( ( No*
1182 ( ( ( ( ( No*(EEG*negative)
5144 28 20 12 3 3 No*
1174 22 n/a 11 6 5 Yes*(seizure*disorder,*MRI*shows*gray*matter*heterotopia)

M3663M* 25 n/a 12 7 4 No*
1638 21 n/a 11 7 5 Yes*(Seizures)
4231 ( ( ( ( ( No*(EEG*normal)
4671 26 n/a 13 3 5 No*
4721 24 n/a 10 10 3 No*
797 24 20 13 6 ( No
5340 30 n/a 10 10 5 No

UK45353 ( ( ( ( ( No
UK20119 ( ( ( ( ( No
UK20244 ( ( ( ( ( No
UK25363 ( ( ( ( ( Yes*(Epilepsy)
UK28768 ( ( ( ( ( Yes*(Epilepsy)



195$

Supplementary Table 3-1 (Continued) 

$

Case Cause&of&Death Brain&Bank
AN01093 Anoxic&Encephalopathy,&probably&SUDEP,&Aspiration Autism&BrainNet,&Harvard,&SickKids
AN16641 SUDEP&Probable Autism&BrainNet,&Harvard,&SickKids
AN00493 Drowning,&Respiratory&Arrest Autism&BrainNet,&Harvard,&SickKids
AN00764 Accident,&Auto&Trauma Autism&BrainNet,&Harvard,&SickKids
AN08792 GI&Bleeding,&CP,&Seizure&Disorder Autism&BrainNet,&Harvard,&SickKids
AN16115 Drowning,&Seizures Autism&BrainNet,&Harvard,&SickKids
AN08873 Drowning,&Asphyxia Autism&BrainNet,&SickKids
AN19511 Cancer,&Sarcoma Autism&BrainNet,&Harvard,&SickKids
AN01570 SUDEP,&Seizure&Disorder Autism&BrainNet,&Harvard,&SickKids
AN09730 Aspiration,&Seizure Autism&BrainNet,&Harvard,&SickKids
AN03345 Drowning,&Swimming&Pool Autism&BrainNet,&SickKids
AN06420 Cardiac&Tamponade,&Dissecting&Ascending&Aorta Autism&BrainNet,&Harvard,&SickKids
AN12457 Status&Epilepticus,&Left&Cerebellar&Stroke Autism&BrainNet,&Harvard,&SickKids
AN00090 Drowning,&Seizure Autism&BrainNet,&Harvard,&SickKids
AN08166 SUDEP Autism&BrainNet,&Harvard,&SickKids
AN13872 Drowning Autism&BrainNet,&Harvard,&SickKids
AN17678 Sudden&Unexpected&Death,&Autism Autism&BrainNet,&Harvard,&SickKids
AN09714 Pancreatic&Cancer Autism&BrainNet,&SickKids
AN17254 Heart&Attack Autism&BrainNet,&Harvard,&SickKids
AN08043 U Autism&BrainNet,&Harvard,&SickKids
AN04682 Asphyxia,&Hanging Autism&BrainNet,&SickKids
AN04166 Acute&Respiratory&Distress&Syndrome Autism&BrainNet,&Harvard
AN17515 Cancer Autism&BrainNet,&Harvard
5294 Suicide,&hanging NIH&NeuroBioBank
4334 Acute&Hemorrhagic&Tracheobronchitis&and&Bronchiolitis NIH&NeuroBioBank
4849 Drowning NIH&NeuroBioBank
4899 Drowning NIH&NeuroBioBank
4999 Cardiac&Arrthymia NIH&NeuroBioBank
5027 Obstruction&of&bowel&due&to&adhesion& NIH&NeuroBioBank
5115 Complications&of&Pseuodmyxoma&Peritonei& NIH&NeuroBioBank
5176 Subdural&Hemorrhage& NIH&NeuroBioBank
5278 Drowning&associated&with&seizure&disorder& NIH&NeuroBioBank
5297 Asphyxia&due&to&face&down&position& NIH&NeuroBioBank
5302 Diabetic&Ketoacidosis NIH&NeuroBioBank
5303 Cardiac&Arrest& NIH&NeuroBioBank
5308 Skull&fractures NIH&NeuroBioBank
5403 Cardiac&Arrhythmia NIH&NeuroBioBank
5419 Natural&/&Epilepsy& NIH&NeuroBioBank
1445 Complications&of&Disorder& NIH&NeuroBioBank
1349 Drowning NIH&NeuroBioBank
1182 Smoke&Inhalation& NIH&NeuroBioBank
5144 Cancer,&Complications&of& NIH&NeuroBioBank
1174 MultiUsystem&Organ&Failure NIH&NeuroBioBank

M3663M& Neuroleptic&Malignant&Syndrome NIH&NeuroBioBank
1638 Seizure&Disorder& NIH&NeuroBioBank
4231 Drowning NIH&NeuroBioBank
4671 Multiple&Injuries& NIH&NeuroBioBank
4721 Drowning NIH&NeuroBioBank
797 Drowning NIH&NeuroBioBank
5340 Cardiac&Arrhythmia& NIH&NeuroBioBank

UK45353 Asphyxia,&choking&episode Autism&BrainNet,&Oxford
UK20119 Pulmony&Embolism,&Meningiomata Autism&BrainNet,&Oxford

UK20244
Intracerebral&Hemorrhage,&Glioblastoma&(Brain&bank&did&

their&best&to&provide&samples&free&of&tumor) Autism&BrainNet,&Oxford
UK25363 SUDEP Autism&BrainNet,&Oxford
UK28768 SUDEP,&Epilepsy Autism&BrainNet,&Oxford
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Supplementary Table 3-2: Details on controls used in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Case Diagnosis Region Gender Age PMI
4321 Control PFC9BA10 M 2 16

AN02456 No9Known9Disorder CER F 4 17.02
229 Control Generic9PFC M 4 19
1499 Control Generic9PFC F 4 21
3 Control CER M 5 17

5408 Control PFC9BA10 M 6 16
1500 Control CER M 6 18
629 Control CER M 7 18
4898 Control Generic9PFC M 7 12
4337 Control PFC9BA10 M 8 16
1860 Control CER M 8 5
5391 Control PFC9BA10 M 8 12
1407 Control CER F 9 20
5173 Control CER F 10 10
5161 Control PFC9BA10 F 10 22
616 Control PFC9BA9 M 11 25
1793 Control CER M 11 19
497 Control CER M 12 16
1024 Control Generic9PFC M 14 16
165 Control PFC9BA10 M 15 20
5077 Control PFC9BA10 F 16 13

AN07444 No9Known9Disorder CER M 17 30.75
1409 Control Generic9PFC M 18 6

AN03217 No9Known9Disorder CER M 19 18.58
5470 Control PFC9BA10 F 19 24
4548 Control PFC9BA10 F 20 5
914 Control PFC9BA10 M 20 18
1712 Control PFC9BA10 M 20 8
4672 Control PFC9BA9 M 22 14
1486 Control PFC9BA10 F 22 10

AN01891 No9Known9Disorder CER M 24 35.48
602 Control PFC9BA10 M 27 15
818 Control PFC9BA10 M 27 10
4726 Control CER M 28 6
1026 Control PFC9BA10 M 28 6
1502 Control PFC9BA10 M 29 19
5238 Control PFC9BA10 M 32 7

AN03334 No9Known9Disorder CER M 36 26.02
AN08161 No9Known9Disorder CER F 36 23.83
AN08678 No9Known9Disorder CER M 40 25.25
5355 Control PFC9BA10 M 45 19
4842 Control PFC9BA10 M 47 12
1474 Control PFC9BA9 M 50 8
5250 Control PFC9BA10 M 51 25
5237 Control PFC9BA10 M 52 13
5358 Control PFC9BA10 F 54 24

AN13295 No9Known9Disorder CER M 56 22.12
AN10723 No9Known9Disorder CER M 60 24.23
5452 Control PFC9BA10 M 67 23

AN14704 No9Known9Disorder CER F 85 27.75
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Supplementary Table 3-2 (Continued) 
 

 

Case Cause&of&Death Brain&Bank
4321 Accident,&ingestion&of&drugs&(took&sister's&pain&medication) NIH&NeuroBioBank

AN02456 Acute&bronchopneumonia&after&tonsillectomy Autism&BrainNet,&Harvard
229 Accident,&hanging NIH&NeuroBioBank
1499 Lymphocytic&myocarditis NIH&NeuroBioBank
3 Accident,&drowning NIH&NeuroBioBank

5408 Drowning NIH&NeuroBioBank
1500 Multiple&injuries NIH&NeuroBioBank
629 Accident,&multiple&injuries NIH&NeuroBioBank
4898 Accident,&drowning&(had&hyperactive&disorder) NIH&NeuroBioBank
4337 Blunt&force&neck&injury&(MVA) NIH&NeuroBioBank
1860 Cardiac&arrhythmia NIH&NeuroBioBank
5391 Drowning NIH&NeuroBioBank
1407 Asthma NIH&NeuroBioBank
5173 Asthma NIH&NeuroBioBank
5161 Accident,&hanging NIH&NeuroBioBank
616 Accident,&multiple&injuries NIH&NeuroBioBank
1793 Drowning NIH&NeuroBioBank
497 Accident,&drowning NIH&NeuroBioBank
1024 Cardiac&arrhythmia NIH&NeuroBioBank
165 Accident,&drowning NIH&NeuroBioBank
5077 Multiple&injuries&(motorcycle&accident) NIH&NeuroBioBank

AN07444 Asphyxia&(hanging) Autism&BrainNet,&Harvard
1409 Accident,&multiple&injuries NIH&NeuroBioBank

AN03217 Pneumonia,&respiratory&infection Autism&BrainNet,&Harvard
5470 Methadone&intoxication NIH&NeuroBioBank
4548 Multiple&injuries&(MVA) NIH&NeuroBioBank
914 Accident,&multiple&injuries&(MVA) NIH&NeuroBioBank
1712 Gunshot&wound&of&chest&(selfTinflicted&following&domestic&crisis) NIH&NeuroBioBank
4672 Anaphalactoid&reaction NIH&NeuroBioBank
1486 Multiple&injuries&(MVA) NIH&NeuroBioBank

AN01891 T Autism&BrainNet,&Harvard
602 Accident,&multiple&injuries&(MVA) NIH&NeuroBioBank
818 Accident,&multiple&injuries&(MVA) NIH&NeuroBioBank
4726 Multiple&injuries&(MVA) NIH&NeuroBioBank
1026 Congenital&heart&disease NIH&NeuroBioBank
1502 Multiple&injuries&(MVA) NIH&NeuroBioBank
5238 Morphine&Intox NIH&NeuroBioBank

AN03334 Uncertain,&possible&pulmonary&embolism,&MI Autism&BrainNet,&Harvard
AN08161 Multisystem&failure Autism&BrainNet,&Harvard
AN08678 Hepatic&encephalopathy Autism&BrainNet,&Harvard
5355 Cocaine&and&ethanol&intoxication NIH&NeuroBioBank
4842 Airway&obstruction&of&food&bolus NIH&NeuroBioBank
1474 Arteriosclerotic&cardiovascular&disease NIH&NeuroBioBank
5250 HCVD;&myxoid&heart&valves;&obesity NIH&NeuroBioBank
5237 HASCVD NIH&NeuroBioBank
5358 Hypertensive&cardiovascular&disease NIH&NeuroBioBank

AN13295 T Autism&BrainNet,&Harvard
AN10723 Heart&attack Autism&BrainNet,&Harvard
5452 Occlusive&pulmonary&thromboembolism NIH&NeuroBioBank

AN14704 T Autism&BrainNet,&Harvard
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Supplementary Table 3-3: Details on other subjects used in this study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Case Diagnosis Region Gender Age PMI
AN01227 Autism:;:Suspected BA19 M 82 24.67
AN14613 Autism:;:Suspected BA19 M 39 22.75
AN03632 Autism:;:Suspected;:seeking:records BA19,:CER F 49 21.08
AN02987 Autism:;:Suspected;:no:confirmation CER M 15 30.8

732 ASD/Autism,:Suspected PFC,:CER M 15 28
967 ASD/Autism,:Suspected PFC,:CER M 32 30
5333 ASD/Autism,:Suspected PFC,:CER F 7 24
5023 ASD/Autism,:Suspected PFC,:CER M 45 19

M3746M ASD/Asperger's:Syndrome,:Suspected PFC,:CER F 82 20
4806 Fragile:X PFC,:CER M 9 22
1421 Fragile:X PFC Male: 69 17
4751 Fragile:X,:premutation PFC,:CER Male: 21 5
5006 Fragile:X,:premutation PFC,:CER Male: 85 5
5319 Fragile:X: PFC,:CER Male: 71 17
4664 Fragile:X,:Carrier:(premutation) PFC,:CER Male: 71 3
5212 Fragile:X,:Carrier: PFC,:CER Male: 80 12
5529 Fragile:X,:Carrier:(premutation) PFC,:CER Male: 99 16
4555 Fragile:X,:Carrier:(premutation)/Parkinson's:Disease: PFC,:CER Male: 80 12
1204 Fragile:X,:Suspected/Developmental:Disorder,:NOS PFC,:CER Male: 22 8
144 ASD/Autism:Related,:PDD: PFC,:CER Male: 10 22
5378 ASD/Autism:Sibling,:Social:Anxiety:Disorder: PFC,:CER Male: 22 8
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Supplementary Table 3-3 (Continued) 
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Case Cause&of&Death Brain&Bank
AN01227 Arteriosclerotic&cardiovascular&disease Autism&BrainNet,&SickKids
AN14613 SUDEP&probable,&no&visible&anatomic&cause Autism&BrainNet,&SickKids
AN03632 Cancer,&colorectal&spread&through&abdomen Autism&BrainNet,&Harvard,&SickKids
AN02987 Head&trauma Autism&BrainNet,&Harvard

732 Suicide,&hanging NIH&NeuroBioBank
967 Cancer,&complications&of&(glioblastoma) NIH&NeuroBioBank
5333 Drowning&associated&with&seizure&disorder NIH&NeuroBioBank
5023 HASCVD NIH&NeuroBioBank

M3746M Complications&of&disorder NIH&NeuroBioBank
4806 Cardiac&arrest NIH&NeuroBioBank
1421 Cancer NIH&NeuroBioBank
4751 Pulmonary&edema/Pneumonia NIH&NeuroBioBank
5006 Complications&of&disorder NIH&NeuroBioBank
5319 Complications&of&disorder NIH&NeuroBioBank
4664 Complications&of&disorder NIH&NeuroBioBank
5212 Complications&of&disorder NIH&NeuroBioBank
5529 Natural NIH&NeuroBioBank
4555 Complication&of&disorder NIH&NeuroBioBank
1204 Aspiration&pneumonia,&sepsis,&renal&failure NIH&NeuroBioBank
144 Drowning NIH&NeuroBioBank
5378 Asphyxia/Hanging NIH&NeuroBioBank
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Supplementary Table 3-4: Protein-altering variants in cases. 
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Case Diagnosis Gene Mutation Chr Position Ref Alt
797 ASD/Autism ADNP Missense 20 49507970 C A

AN16641 AutismABAconfirmedAbyAADIBR ARID1B Missense 6 157522004 C T
AN17515 AutismABAconfirmedAbyAADIBR ARID1B Missense 6 157100526 C G
5340 ASD/Autism/Parkinson'sAdisease ATP10A Missense 15 26026198 G A

AN16641 AutismABAconfirmedAbyAADIBR CACNA1C Missense 12 2717736 G A
5278 ASD/Autism CACNA1H Missense 16 1268991 C G

UK45353 AutismABAconfirmedAbyAADIBR CACNA1H Missense 16 1259273 G A
UK28768 AutismABAconfirmedAbyAADIBR CHD8 Missense 14 21878144 C T
AN00090 AutismABAconfirmedAbyAADIBR CNTNAP2 Missense 7 146805310 C A
AN03345 AutismABAconfirmedAbyAADIBR CNTNAP2 Missense 7 146805322 A G
5302 ASD/Autism FGD1 Missense X 54473807 G T

UK25363 AutismABAconfirmedAbyAADIBR GRIA3 Missense X 122460038 G C
5308 ASD/Autism GRIK2 Missense 6 102513700 A T
5297 ASD/Autism GRIN2A Missense 16 9858751 C T
797 ASD/Autism PQBP1 Missense X 48760294 C T

AN09730 AutismABAconfirmedAbyAADIBR PTCHD1 Missense X 23410878 C T
AN01570 AutismABAconfirmedAbyAADIBR PTEN Nonsense 10 89685300 C A
4671 ASD/Autism RAI1 Missense 17 17700661 C T
5278 ASD/Autism SCN1A Splicing 2 166911147 C T

AN16115 AutismABAconfirmedAbyAADIBR SCN1A Missense 2 166856252 G A
4849 ASD/Autism SCN2A Missense 2 166183366 C A

AN04166 AutismABAconfirmedAbyAADIBR SCN2A Missense 2 166245546 G A
AN08043 AutismABAconfirmedAbyAADIBR SCN2A Splicing 2 166237708 G C
AN09714 AutismABAconfirmedAbyAADIBR SCN2A Nonsense 2 166237699 C T
1349 ASD/Autism SEMA5A Nonsense 5 9224846 G A
5297 ASD/Autism SETD2 Missense 3 47127776 G T

UK20244 AutismABAconfirmedAbyAADIBR SETD2 Missense 3 47144882 G C
AN00090 AutismABAconfirmedAbyAADIBR SETD2 Missense 3 47164663 T C
AN09714 AutismABAconfirmedAbyAADIBR SGSM3 Missense 22 40801735 C T
AN16641 AutismABAconfirmedAbyAADIBR SLC6A8 Frameshift X 152954233 CG C
5176 ASD/Autism TSC1 Missense 9 135772049 G A
4231 ASD/Autism TSC2 Missense 16 2138267 G A
4999 ASD/Autism UBE3C Missense 7 156974902 G A
5308 ASD/Autism UPF3B Missense X 118975088 A G
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Supplementary Table 3-4 (Continued) 
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Case cDNA Protein Detected Not0Detected Type
797 c.3281G>T p.G1094V PFC Germline

AN16641 c.4237C>T p.P1413S BA19,0CER Germline
AN17515 c.1463C>G p.P488R CER Germline
5340 c.622C>T p.R208W PFC,0CER Germline

AN16641 c.3416G>A p.R1139H BA19,0CER Germline
5278 c.5909C>G p.S1970C PFC,0CER Germline

UK45353 c.3605G>A p.R1202Q PFC,0CER Germline
UK28768 c.2230G>A p.V744I PFC,0CER Germline
AN00090 c.622C>A p.L208M BA19,0CER Germline
AN03345 c.634A>G p.I212V BA19 Germline
5302 c.2517C>A p.H839Q PFC,0CER Germline

UK25363 c.670G>C p.E224Q PFC Germline
5308 c.2591A>T p.Y864F PFC,0CER,0PAR,0MED Germline
5297 c.2650G>A p.D884N PFC,0CER Germline
797 c.731C>T p.P244L PFC Germline

AN09730 c.1243C>T p.L415F BA19,0CER Germline
AN01570 c.195C>A p.Y65* BA19,0CER Germline
4671 c.4399C>T p.P1467S PFC,0CER Germline
5278 c.602+1G>A PFC,0CER,0PAR,0MED Mosaic

AN16115 c.4319C>T p.A1440V BA19,0CER Germline
4849 c.2021C>A p.T674K PFC,0CER Germline

AN04166 c.5230G>A p.G1744R CER Germline
AN08043 c.4551+1G>C BA19,0CER Germline
AN09714 c.4543C>T p.R1515* BA19 Germline
1349 c.586C>T p.R196* PFC Germline
5297 c.5306C>A p.S1769Y PFC,0CER Germline

UK20244 c.4871C>G p.S1624C PFC CER Mosaic
AN00090 c.1463A>G p.Y488C BA19,0CER Germline
AN09714 c.701C>T p.A234V BA19 Germline
AN16641 c.205_205delG p.A69Pfs*28 BA19,0CER Germline
5176 c.3068C>T p.P1023L PFC,0CER Germline
4231 c.5200G>A p.D1734N PFC,0CER Germline
4999 c.871G>A p.V291I PFC,0CER Germline
5308 c.758T>C p.I253T PFC,0CER,0PAR,0MED Germline
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Supplementary Table 3-4 (Continued) 
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Case Prediction Provean Sift Polyphen42 CADD
797 Deleterious neutral damaging probably>damaging deleterious

AN16641 Deleterious deleterious damaging probably>damaging/possibly>damaging deleterious
AN17515 Deleterious neutral damaging possibly>damaging/benign deleterious
5340 Deleterious deleterious damaging probably>damaging/possibly>damaging deleterious

AN16641 Deleterious deleterious tolerated probably>damaging deleterious
5278 Deleterious deleterious damaging probably>damaging/possibly>damaging not>deleterious

UK45353 Not>deleterious neutral tolerated benign not>deleterious
UK28768 Deleterious neutral damaging probably>damaging/possibly>damaging deleterious
AN00090 Not>deleterious neutral tolerated possibly>damaging deleterious
AN03345 Not>deleterious neutral tolerated benign deleterious
5302 Not>deleterious neutral tolerated benign deleterious

UK25363 Not>deleterious neutral damaging benign deleterious
5308 Not>deleterious neutral tolerated benign not>deleterious
5297 Deleterious neutral damaging probably>damaging deleterious
797 Deleterious deleterious damaging probably>damaging deleterious

AN09730 Not>deleterious neutral tolerated benign deleterious
AN01570 LOF n/a n/a n/a not>deleterious
4671 Not>deleterious neutral damaging benign not>deleterious
5278 LOF n/a n/a n/a deleterious

AN16115 Deleterious deleterious damaging probably>damaging deleterious
4849 Deleterious deleterious damaging probably>damaging deleterious

AN04166 Deleterious deleterious damaging probably>damaging deleterious
AN08043 LOF n/a n/a n/a deleterious
AN09714 LOF n/a n/a n/a deleterious
1349 LOF n/a n/a n/a deleterious
5297 Not>deleterious neutral tolerated possibly>damaging deleterious

UK20244 Deleterious deleterious damaging probably>damaging deleterious
AN00090 Deleterious deleterious damaging probably>damaging/possibly>damaging deleterious
AN09714 Not>deleterious deleterious tolerated benign not>deleterious
AN16641 LOF n/a n/a n/a deleterious
5176 Not>deleterious neutral tolerated benign deleterious
4231 Not>deleterious neutral tolerated probably>damaging deleterious
4999 Not>deleterious neutral tolerated benign not>deleterious
5308 Not>deleterious neutral tolerated benign not>deleterious
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Supplementary Table 3-5: Protein-altering variants in controls. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Case Gene Mutation Chr Position Ref Alt cDNA Protein Type
1793 ADCY5 Missense 3 123010043 C T c.3244G>A p.E1082K Germline
4548 ADNP Missense 20 49510392 T C c.859A>G p.I287V Germline
1499 ARID1B Missense 6 157099908 C A c.845C>A p.P282H Germline
5173 ARID1B Missense 6 157488268 A G c.2935A>G p.T979A Germline
602 AUTS2 Missense 7 70246716 G A c.2120G>A p.R707Q Germline
5452 CACNA1C Missense 12 2800223 G C c.6275G>C p.G2092A Germline
4548 CHD8 Missense 14 21860042 C T c.6835G>A p.G2279R Germline

AN02456 CHD8 Missense 14 21896410 C T c.1219G>A p.G407S Germline
AN13295 DISC1 Missense 1 231990490 G A c.1987G>A p.V663I Germline
5173 GRIA3 Missense X 122460015 G A c.647G>A p.R216Q Germline
4321 GRIN2A Missense 16 10032359 G A c.464C>T p.A155V Germline
1474 HOXA1 Insertion 7 27135316 A ATGG c.215_216insCCA n/a Germline
629 MET Missense 7 116399522 A C c.2396A>C p.E799A Germline
4548 PQBP1 Missense X 48759756 G T c.539G>T p.R180L Germline
5470 TSC2 Frameshift 16 2127614 A AC c.2853_2854insC p.K954Qfs*6 Germline
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Supplementary Table 3-5 (Continued) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Case Prediction Provean Sift Polyphen42 CADD
1793 Deleterious deleterious damaging probably@damaging/possibly@damaging deleterious
4548 Not@deleterious neutral tolerated benign not@deleterious
1499 Not@deleterious neutral damaging probably@damaging/possibly@damaging not@deleterious
5173 Not@deleterious neutral tolerated benign not@deleterious
602 Deleterious deleterious damaging probably@damaging deleterious
5452 Deleterious deleterious damaging probably@damaging deleterious
4548 Not@deleterious neutral damaging benign deleterious

AN02456 Not@deleterious neutral tolerated benign deleterious
AN13295 Not@deleterious neutral n/a benign not@deleterious
5173 Not@deleterious neutral tolerated probably@damaging deleterious
4321 Not@deleterious neutral tolerated probably@damaging deleterious
1474 Not@deleterious neutral n/a n/a not@deleterious
629 Not@deleterious neutral damaging benign deleterious
4548 Deleterious deleterious damaging probably@damaging deleterious
5470 LOF n/a n/a n/a deleterious
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Supplementary Table 3-6: Comparison of variants identified in ASD cases and 

neurotypical controls. 

a: p value was calculated using a two-sided Fisher's exact test. 

b: One control harbors a frameshift mutation that is not an exonic frameshift in all 

isoforms and is in an alternatively spliced exon considered noncritical for protein 

function. This mutation was not included in the LOF statistics. 

c: The Odds Ratio is the ratio of cases with a type of mutation to cases without that type 

of mutation divided by the corresponding ratio in controls. 

CI: Confidence Interval 

!

!
!
!
!
!
!
!
!
!
!

  Total number of 
mutations 

Mutations per subject Number of subjects with 
mutation 

    

  Cases Controls Cases, 
N=55 

Controls, 
N=50 

Cases (%) Controls (%) p Valuea Odds Ratioc (95% CI) 

         
Silent 13 13 0.24 0.26 10 (18%) 12 (24%) 0.483 0.70 (0.27 - 1.81) 

Protein-altering 34 15 0.62 0.3 26 (47%) 12 (24%) 0.015 2.84 (1.23 - 6.56) 

      Deleterious 20 5 0.36 0.10 16 (29%) 5 (10%) 0.016 3.69 (1.24 - 11.00) 

            LOF 6 0b 0.11 0 6 (11%) 0 (0%) 0.028 N/A 

!
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Supplementary Table 3-7: Protein-altering variants in other subjects. 

!
!
!
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!
!
!
!
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Case Diagnosis Gene Mutation Chr Position Ref Alt cDNA Protein
5006 Fragile;X,;premutation CACNA1C Start;Lost 12 2162730 T C c.2T>C N/A
5378 ASD/Autism;Sibling,;Social;Anxiety;Disorder CDKL5 Frameshift X 18664134 AT A c.2722_2722delT p.C908Vfs*19
4806 Fragile;X DPP6 Missense 7 154664336 C G c.1816C>G p.L606V
5023 ASD/Autism,;suspected GRIA3 Missense X 122598920 T C c.2281T>C p.S761P
144 ASD/Autism;Related,;PDD LAMB1 Missense 7 107602071 C A c.1908G>T p.R636S
1204 Fragile;X,;suspected MET Missense 7 116339204 C A c.66C>A p.S22R

AN14613 Autism,;suspected SHANK3 Missense 22 51160072 G C c.3859G>C p.G1287R;
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Supplementary Table 3-7 (Continued) 

!
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Case Type Prediction Provean Sift Polyphen52 CADD
5006 Somatic LOF neutral damaging possiblyCdamaging deleterious
5378 Germline LOF n/a n/a n/a deleterious
4806 Germline NotCdeleterious neutral damaging possiblyCdamaging/benign notCdeleterious
5023 Germline Deleterious deleterious damaging probablyCdamaging notCdeleterious
144 Germline NotCdeleterious neutral tolerated benign deleterious
1204 Germline NotCdeleterious neutral damaging possiblyCdamaging/benign notCdeleterious

AN14613 Germline Deleterious deleterious damaging possiblyCdamaging/benign notCdeleterious
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Supplementary Table 3-8: NGS and subcloning details for potential somatic 

variants that did not validate.  

a: p value comparing NGS read counts to TOPO counts calculated using a two-tailed 

Fisher’s exact test. 

BA19: Brodmann Area 19, CER: cerebellum, PFC: prefrontal cortex 

 

 

$

Case Gene Region Chr Position Ref Alt 
Total 

Reads 
Alt 

Reads 
NGS 

AAF(%) 
Total 

Colonies 
Alt 

Colonies 
TOPO 

AAF (%) 
p Valuea (NGS 

vs TOPO) 

1474 ADNP PFC 20 49508945 C A 91 12 13.2 34 0 0 0.0353 

4899 AFF2 CER X 147743569 C A 60 10 16.7 40 0 0 0.0054 

AN00764 AGTR2 CER X 115303498 G T 54 5 9.3 60 0 0 0.0215 

4231 AP1S2 PFC X 15845352 G T 98 6 6.1 72 0 0 0.0394 

5144 AUTS2 PFC 7 69064653 C A 51 3 5.9 93 0 0 0.0428 

4334 CACNA1H PFC 16 1252038 C A 66 8 12.1 39 0 0 0.0245 

5144 CHD8 PFC 14 21870426 C A 194 10 5.2 89 0 0 0.0338 

5470 CHD8 PFC 14 21864011 G T 158 20 12.7 27 0 0 0.0486 

AN09714 FMR1 BA19 X 147014095 C A 45 6 13.3 46 0 0 0.0122 

818 FMR1 PFC X 147026517 C A 86 10 11.6 40 0 0 0.0299 

5470 GABRB3 PFC 15 26793187 G T 59 10 16.9 39 0 0 0.0054 

1712 GRIA3 PFC X 122599588 C A 46 10 21.7 24 0 0 0.0124 

4672 GRIK2 PFC 6 102266296 G T 103 12 11.7 39 0 0 0.0366 

5470 IL1RAPL1 PFC X 29417297 C A 79 16 20.3 24 0 0 0.0201 

5452 MDM2 PFC 12 69203068 C A 74 12 16.2 30 0 0 0.0172 

UK25363 NLGN3 PFC X 70375140 G T 75 10 13.3 38 0 0 0.0157 

1499 PTCHD1 PFC X 23411323 C A 80 11 13.8 34 0 0 0.0321 

UK20244 SBF1 PFC 22 50906799 A G 723 68 9.4 95 0 0 0.0002 

5408 SCN1A PFC 2 166908288 C A 87 10 11.5 39 0 0 0.0305 

5176 SCN2A CER 2 166245181 C A 46 6 13.0 80 0 0 0.0019 

5470 SCN2A PFC 2 166153564 G A 63 12 19.0 26 0 0 0.0157 

5027 SCN2A CER 2 166231195 G T 92 12 13.0 33 0 0 0.0350 

M3746M SETD2 PFC 3 47161989 G T 65 8 12.3 56 0 0 0.0072 

5027 SLC9A6 CER X 135080718 G T 77 16 20.8 23 0 0 0.0195 

967 SYN1 PFC X 47464767 G A 220 10 4.5 91 0 0 0.0376 

5297 TSC2 CER 16 2135991 C T 526 15 2.9 154 0 0 0.0290 

!
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Supplementary Table 3-9: NGS and subcloning details for validated somatic 

variants. 

a: p value comparing NGS read counts to expected reads counts for a heterozygous 

mutation calculated using a two-tailed Fisher’s exact test. 

b: p value comparing TOPO counts to expected counts for a heterozygous mutation 

calculated using a two-tailed Fisher’s exact test (except where noted). 

c: p value calculated using a one-tailed Fisher’s exact test. 

CER: cerebellum, PFC: prefrontal cortex 

Case Gene Region Total 
Reads 

Alt 
Reads 

NGS 
AAF 
(%) 

p Valuea 
(50%) 

Total 
Colonies 

Alt 
Colonies 

TOPO 
AAF (%) 

p Valueb 
(50%) 

5006 CACNA1C PFC 160 67 41.88 1.78E-01 94 31 32.98 2.61E-02 

  CER 157 68 43.31 2.59E-01 212 88 41.75 4.87E-02c 

5378 CACNA1H PFC 1776 89 5.02 2.13E-220 95 2 2.11 1.20E-15 

5278 SCN1A PFC 355 115 32.39 2.16E-06 775 367 47.35 1.61E-01c 

  CER 623 234 37.56 1.08E-05 781 357 45.71 4.98E-02c 

UK20244 SETD2 PFC 171 28 16.37 3.05E-11 132 35 26.52 1.34E-04 

967 SLC6A4 CER 333 54 16.22 7.21E-21 24 1 4.17 6.99E-04 
           

 
 

 

 

$
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Supplementary Table 3-10: Distribution of somatic variants identified. 

a: rs60526088 

b: 5378 CER had 2/1793 reads with A at this position (0.1%). Given that the expected 

base miscall rate is 0.1% (Shirley et al., 2013), that 5378 PFC has 2/1776 reads with C at 

this position (0.1%) and an additional 2/1776 reads with T at this position (0.1%), and 

that validation did not identify the alternate base in 5378 CER, we believe it is most 

likely a sequencing error. 

CER: cerebellum, In: Intronic, MED: medulla, Ms: Missense, PAR: parietal cortex, PFC: 

prefrontal cortex, Sp: Splice site, St: Start Lost, Syn: Synonymous 
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Case Diagnosis Gene Mut Chr Pos Ref Alt Brain AAF 
Brain Mutant 

Cell Frequency Non-brain AAF 

5278 Autism SCN1A Sp 2 166911147 C T PFC: 32.4-47.4% PFC:  65-95% Liver: 46.7% 

        CER: 37.6-45.7% CER: 75-91% Serum: 46.3% 

        PAR: 42.6% PAR: 85%  

        MED: 44.3% MED: 89%  

UK20244 Autism SETD2 Ms 3 47144882 G C PFC: 16.4-26.5 % PFC: 33-53% N/A 

        CER: 0% CER: 0%  

5006 Fragile X, premutation CACNA1C St 12 2162730 T C PFC: 33-42% PFC: 66-84% 
 

        
CER: 42-43% CER: 84-86% 

 
5378 

ASD/Autism Sibling, 
Social Anxiety Disorder CACNA1H Syna 16 1268542 G A PFC: 2-5% PFC: 4-10% 

 

        
CER: 0%b CER: 0% 

 
967 ASD/Autism, suspected SLC6A4 In 17 28546044 G A PFC: 0% PFC: 0% Dura: 0% 

                CER: 4-16% CER: 8-32%   

!
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Supplementary Table 3-11: Details on Brainspan controls used in this study for 

RNA sequencing analysis. 
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Brain&ID Age Days Sex pH Ethnicity PMI RIN DissectionScore
HSB143 2Y 996 F 6.3 European 12 7.3 5
HSB172 3Y 1361 M 5.69 Mexican 16 7.5 5
HSB141 8Y 3186 M 6.54 African 30 7.7 5
HSB174 8Y 3186 M 6.25 African 16 9.4 5
HSB124 13Y 5011 F 6.34 African 19.5 9.2 5
HSB127 19Y 7201 F 5.91 European 9.5 9.2 5
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Supplementary Table 3-12: Number of protein coding genes that exhibit expression 

changes. 
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Case
Upregulated in ASD Downregulated in ASD Upregulated in ASD Downregulated in ASD

4849 1007 635 1225 701
5278 511 400 505 548
5308 521 413 197 149

Prefrontal cortex Cerebellum
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Supplementary Experimental Procedures 
 
Gene selection and panel design 

The ASD candidate gene panel was designed to balance including a sufficient 

number of genes with achieving the depth necessary to detect low frequency somatic 

mutations. Given the hundreds of candidate genes reported, we included genes with 

strongest evidence of association with ASD. We included genes from three sources, 

focusing on genes whose disease mechanisms involve dominant or X-linked modes of 

inheritance, as these are associated with higher de novo mutation rates. First, a recent 

study performed targeted sequencing on DNA from 2,446 individuals with ASD to 

identify recurrently mutated genes; we included all 44 genes used in their targeted panel 

(O'Roak et al., 2012). Second, we included X-linked genes associated with ASD as 

reviewed by Betancur (Betancur, 2011). Third, we included dominant and X-linked genes 

with strong evidence of association with ASD curated by the Simons Foundation Autism 

Research Initiative (SFARI) database (Basu et al., 2009). Overall, the panel comprises 78 

genes, generating a target region of 279kb that includes all exons, exon-intron 

boundaries, and 10bp of flanking sequence for each gene. The design, created using 

Suredesign (Agilent), is predicted to cover 99.7% of the target region. 

Genes included in targeted panel: 

ACSL4 EN2 PTCHD1 
ADCY5 FGD1 PTEN 
ADNP FMR1 RAB39B 
AFF2 FOXP2 RAI1 
AGTR2 FTSJ1 RBFOX1 
AP1S2 GABRB3 SBF1 
ARHGEF6 GRIA3 SCN1A 
ARID1B GRIK2 SCN2A 
ARX GRIN2A SEMA5A 
ASTN2 GRIN2B SETD2 
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ATP10A HOXA1 SGSM3 
ATRX IL1RAPL1 SHANK3 
AUTS2 IQSEC2 SLC6A4 
CACNA1C KDM5C SLC6A8 
CACNA1H LAMB1 SLC9A6 
CASK MDM2 SYN1 
CDKL5 MECP2 SYNGAP1 
CHD8 MET TBL1XR1 
CNOT4 NLGN1 TBR1 
CNTN4 NLGN3 TSC1 
CNTNAP2 NLGN4X TSC2 
CTNNB1 NTNG1 UBE3A 
DISC1 OXTR UBE3C 
DLX2 PON1 UPF3B 
DPP6 PQBP1 ZNF674 
DYRK1A PSEN1 ZNF81 

 

DNA library preparation and next generation sequencing 

Paired-end, barcoded libraries were prepared per the manufacturer’s protocol with 

225ng of DNA from each sample using a custom Haloplex Target Enrichment Kit 

(Agilent). Paired-end sequencing (250bp x 2 or 150bp x 2) was performed on MiSeq 

sequencers (Illumina) at the DNA Diagnostic Laboratory (now Claritas Genomics) at 

Boston Children's Hospital or the Harvard BioPolymers Facility. Sequencing was 

performed in batches to achieve a higher read depth for each sample to optimize detection 

of low frequency somatic variants. 

 

DNA sequencing data analysis 

Raw read data was processed and mapped using BWA (Li and Durbin, 2009) and 

SNV and insertion and/or deletion (indel) calling was performed using SAMtools (Li et 

al., 2009) and SNPPET (Agilent), using the Surecall software (Agilent). For cases where 

two brain regions were sequenced, MuTect (Cibulskis et al., 2013) was used to compare 
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the regions for mutations that were present in one region but not the other, and vice versa. 

Variants were quality filtered to exclude false positives according to standard thresholds 

(quality <30, coverage <10X and clustered variants (window size of 10)). For potential 

somatic variants, after initial validation experiments resulted in many false positives, 

filtering was adjusted to alternate allele frequency <40%, coverage ≥60X and alternate 

allele read depth ≥ 10X. The first and last five base pairs of every read were removed 

from read count calculations due to bias resulting from the restriction enzyme step in 

library preparation. Data from the Exome Sequencing Project 

(http://evs.gs.washington.edy/EVS/), dbSNP 137 and 142 (Sherry et al., 2001), and 1000 

Genomes Project (Abecasis et al., 2012) were used to assess variant frequencies in 

control populations. We excluded variants present in dbSNP or with MAF≥1% in EVS or 

1000 Genomes. Previously reported mutations were identified using the Human Gene 

Mutation Database (Stenson et al., 2014). We used Provean (Choi et al., 2012), Sift (Ng 

and Henikoff, 2003), Polyphen 2 (Adzhubei et al., 2010), and CADD (Kircher et al., 

2014) to assess for deleteriousness. We considered a variant to be loss-of-function if it 

was a nonsense, frameshift, or splice site variant, and we considered a variant to be 

deleterious if it was predicted as such by at least three of Provean (deleterious), Sift 

(damaging), Polyphen-2 (probably damaging or possibly damaging), and CADD (phred 

score ≥20). 

 

RNA extraction and quality assessment 

Total RNA was extracted using mirVana kit (Ambion) with some modifications 

to the manufacturer’s protocol. Each tissue sample was pulverized with liquid nitrogen in 
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a prechilled mortar and pestle and transferred to a chilled safe-lock microcentrifuge tube 

(Eppendorf). Per tissue mass, equal mass of chilled stainless steel beads (Next Advance, 

catalog # SSB14B) along with one volume of lysis/binding buffer were added. Tissue 

was homogenized for 1 min in Bullet Blender (Next Advance) and incubated at 37°C for 

1 min.  Another nine volumes of the lysis/binding buffer were added, homogenized for 1 

min, and incubated at 37°C for 2 min. One-tenth volume of miRNA Homogenate 

Additive was added and extraction was carried out according to the manufacturer’s 

protocol. RNA was treated with DNase using TURBO DNA-free Kit (Ambion/ Life 

Technologies) and RNA integrity was measured using Agilent 2200 TapeStation System. 

 

RNA library preparation and next generation sequencing 

Barcoded libraries for RNA-seq were prepared with 5ng of RNA using TruSeq 

Stranded Total RNA with Ribo-Zero Gold kit (Illumina) per manufacturer’s protocol. 

Paired-end sequencing (76bp x 2) was performed on HiSeq 2000 sequencers (Illumina) at 

Yale Center for Genome Analysis.  

 

RNA-seq data analysis 

The sequenced reads were processed and filtered for quality prior to alignment. 

First, the first base from both ends was trimmed to remove potential primer 

contamination. Filtered reads were aligned to hg19 (GRCh37) genome using Tophat 

(version 2.0.12) (Trapnell et al., 2009) Reads that were not uniquely mapped were 

excluded from further analysis. Gene expression levels were measured in RPKM (reads 

per kilobase of exon model per million mapped reads (Mortazavi et al., 2008)) using 



217$

HTSeq (Anders et al., 2015) and SAMtools (Li et al., 2009). Briefly, the BAM format 

alignment was first converted into SAM format alignment by using the "view" function 

in SAMtools. Then, the "htseq-count" function in HTSeq was used to count reads 

mapped to genes annotated in GENCODE (version19) (http://www.gencodegenes. org/) 

(Harrow et al., 2012). We ran “htseq-count" function twice with different –t parameters, 

i.e., exon and gene, so as to infer reads mapped to exon and gene, and reads different 

between them were mapped to introns. For each gene, a composite model of the gene 

(union of all exons across all transcripts of gene) was created from GENCODE (version 

19) annotation, all reads overlapping this model were counted and normalized per million 

mapped nucleotides and the length of the annotation item per kb to get RPKM values. 

To identify differences in gene expression, we compared RNA-seq data from 

ASD specimens with RNA-seq data from matched neurotypical postmortem human brain 

specimens, which we generated as part of the BrainSpan consortium 

(www.brainspan.org). Each ASD sample was compared with the same region from two 

control samples matched closely for age and sex. Due to differences in sample and library 

preparations between BrainSpan controls (polyA enriched RNA was single end 

sequenced) and ASD samples (total RNA depleted of ribosomal RNA was paired end 

sequenced), several processing steps were carried out. Genes from sex chromosomes and 

non-coding genes were also excluded from differential expression analysis to avoid sex-

bias and because BrainSpan controls do not have complete coverage of non-coding genes 

due to poly A enriched library preparation. The RPKM values of autosomal protein-

coding genes in 6 ASD samples and 12 matched controls were pooled together to 

construct expression matrix, from which genes with Q3 (upper quartile) RPKM values 
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less than 1 were filtered out, leaving 19431 protein-coding genes. Then using 

“normalizeBetweenArrays” function in “limma” R Bioconductor (Smyth, 2005), the log2 

transformed gene (RPKM+1e-5) values were quantile normalized. Combat (Johnson et 

al., 2007) was then used to correct the batch effect between samples, as well as using 

region and ethnicity as covariance factors. The differential gene expression analyses were 

based on these corrected and normalized gene expression values.  

Genes with high fold differences in expression were identified by comparing ASD 

samples with each control sample. To be considered to have expression differences, a 

gene was required to have RPKM value greater than 1 in at least one sample and absolute 

fold-change greater than 2. To get the most confident list of genes, only those genes that 

were detected as potentially differentially expressed with both control samples and which 

had fold changes in the same direction were considered. 
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