ABSTRACT
The Utility of Whole Exome Sequencing in the Investigation of the Genetic Etiologies of
Leukodystrophies and Genetic Leukoencephalopathies
Nathan Hesselberg McNeill, Ph.D.
Mentor: Raphael Schiffmann, M.D.
Leukodystrophies and genetic leukoencephalopathies are diseases of the white
matter in the central nervous system making up over 100 distinct genetic disorders, and
their paradoxical heterogenic but overlapping clinical manifestations make it difficult to
identify their genetic etiologies. This creates a diagnostic challenge for clinicians as
approximately half of all patients with white matter abnormalities remain diagnostically
unresolved after extensive neuroimaging, biochemical investigation, and genetic single
gene interrogation. This failure burdens the patients and their families with a lengthy,
expensive, and invasive diagnostic odyssey with no resolution. In contrast, next
generation sequencing offers the potential to achieve a diagnosis in a shorter amount of
time and at a lower cost with a single DNA-based test through the targeted capture of
exomes and whole exome sequencing.
At the onset of this study, whole exome sequencing had never before been applied
to the leukodystrophies. Whole exome sequencing was performed on a cohort of patients
with unsolved white matter abnormalities with a suspected leukodystrophy or genetic

leukoencephalopathy diagnosis. Out of 10 families with unresolved leukodystrophies,
novel or rare pathogenic variants in 4 known leukodystrophy or genetic
leukoencephalopathy genes, STXBP1, ALS2, EARS2, and PLP1, were identified in 4
unrelated patients each with a different disease manifestation. Additionally, with
collaborators, a novel de novo pathogenic variant in TUBB4A was identified in patients
with a known leukodystrophy which was not previously associated with any
leukodystrophy or genetic leukoencephalopathy.
Variant pathogenicity characterization was validated with bioinformatics
interrogation and in-vitro functional assays following guidelines set forth by different
clinical genetic associations. The remaining cases in the cohort were unable to be
resolved due to low sequence coverage, limited power from small family analysis, or
through genetic factors that cannot be stratified with whole exome sequencing. These
findings suggest that whole exome sequencing can identify the underlying genetic
etiology of unsolved leukodystrophies or genetic leukoencephalopathies in some cases,
and with proper guidelines and standards, it merits clinical diagnostic use due to the
broad clinical and genetic spectrum of these disorders.
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CHAPTER ONE
Introduction
Genetics was transformed with the completion and publication of the human
genome sequence, which paved the way to major advances in basic research and
medicine. This landmark achievement made it possible to systematically study the human
genome through locating and approximating the total number of genes in the human
genome, identifying the structure and function of local, regional, and genome-wide
regions within the over 3 billion nucleotide bases, determining the distribution and
history of transposable elements, and determining the distribution of polymorphisms and
the relationship between genetic recombination and physical distance (International
Human Genome Sequencing 2004). It provided the foundation for mass sequencing and
genotyping of individual genomes and parts of genomes, developing a catalogue of
human variation between and among populations of Homo sapiens, and how this
variation contributes to health and disease.
The advent of next generation sequencing technology enabled the scientific
community to probe the genome at an exponentially accelerated rate compared to
previous technologies and at a fraction of the cost. This broadened the scope of the
genetics landscape even further as a cascade of human genomes was sequenced leading
to a more comprehensive catalogue of human variation that brought insight into the
human condition and into evolution of the species. A plethora of other genomes from
different species were also constructed leading to a more detailed view of the tree of life.
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In the context of human disease, the genetic etiologies of both rare and common disorders
could now be assayed through unprecedented access to individual genomes.
An onslaught of genotype-phenotype studies were published that uncovered many
novel and known genes causing various rare and common diseases including genetic
variation that could modify the body’s behavior toward certain drugs allowing clinicians
to apply therapy targeted toward an individual’s genetic makeup. However, given the
success this technology has achieved, there are still many questions and mysteries left to
be answered as to the many functions of the genome. Linking function to genetic
variation is still a challenging and arduous endeavor that has been exacerbated by the
bottleneck of the ever increasing amount of sequence data and disease-gene associations
in need of experimental validation. A comprehensive understanding of the inner workings
of the genome and how disease grows out of the disturbances within is on the horizon in
the foreseeable future.
The leukodystrophies and genetic leukoencephalopathies are a heterogeneous
group of rare inheritable neurological diseases affecting the white matter of the central
nervous system. Diagnostic approaches for patients with leukodystrophies identify a
specific genetic diagnosis in only about half of cases, and the remaining patients have an
“undiagnosed” leukodystrophy that burdens families with years of uncertainty (Parikh et.
al., 2015). Successfully applying NGS would potentially lower the cost and uncertainty
of current diagnostic procedures and expand the mutational spectrum of these disorders
giving scientists a better understanding of the molecular aspects and pathology of the
diseases

with

the

possibility

2

of

better

treatment.

CHAPTER TWO
Literature Review
The History of Genetics
“Genetics is fundamental to the basic sciences of preclinical medical education,
and has important applications to clinical medicine, public health, and medical research”
(Nussbaum et. al., 2004). It is the study of genes and the inheritability of these genes in a
living organism. The idea of certain traits being passed down or inherited from parent to
progeny dates back thousands of years in the domestication of crops and animals. In the
5th century BCE, Hippocrates suggested that “seeds” within the body were collected and
transmitted to the offspring of a parent during conception, and he commented on the
sacred disease (epilepsy) that “…its origin is hereditary, like that of other diseases…”.
(Pay 2005). Pierre Louis Moreau de Maupertius became the first person to
comprehensively study inheritance in a human disorder (Pasternak 2005). Charles
Darwin credited the inheritance of traits from the parent to offspring in different
combinations as the source of genetic variability as the driving force behind natural
selection (Darwin 1868). However, it was Gregor Mendel who laid the foundation of
modern genetics when he established the Law of Independent Assortment and the Law of
Segregation based on his study of pea plants in the mid-19th century (Olby 1997). His
laws of inheritance became the basis for studying inherited traits in living organisms,
otherwise known as Mendelian genetics, and he has since been referred to as the father of
modern genetics (Olby 1997).
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During the next century, important discoveries led the way to the present state of
genetics. In the early 1900’s, Alfred Sturtevant constructed the first genetic map of a
chromosome, and Thomas Hunt Morgan, an architect of the field of modern genetics,
concluded that chromosomes and the genes that reside within them are the units of
heredity that are passed from parent to progeny (Kandel ; Morgan 1915). This idea was
further expanded upon in 1944, when Avery, MacLeod, and McCarty suggested
deoxyribonucleic acid or DNA was the unit of heredity (Avery et. al., 1944), which was
subsequently confirmed by Hershey and Chase in 1952 (Hershey and Chase 1952). Then,
in 1953, James Watson and Francis Crick, with the assistance of Maurice Wilkins and
essential research from Rosalind Franklin, famously described the structure of DNA as a
double helix consisting of anti-parallel strands (Watson and Crick 1953), which provided
critical information on how DNA was replicated.
Francis Crick further went on to investigate the biological implications of the
DNA double helical structure and theorized the central dogma of molecular biology in
which the flow of genetic information is essentially one way: DNA makes RNA and
RNA makes protein (Crick 1970). Then, he, together with Marshall Nirenburg, Heinrich
Matthaei, and other colleagues, decrypted the degenerate genetic code describing that the
basic biological mechanism of translation relies on a triplet of nucleotides or codons that
encode amino acids which form the basis of proteins (Crick et. al., 1961; Matthaei et. al.,
1962). As the basics of genetics became unraveled, Jacob and Monod made contributions
towards the fundamental understanding of gene regulation and bacterial genetics by
describing how enzyme levels are controlled through a transcriptional regulatory system
(Jacob et. al., 1960).
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Further pioneering work in the 1970’s by Paul Berg, Herbert Boyer, and Stanley
Cohen introduced the basic fundamentals of cloning and recombinant DNA technology
(Cohen et. al., 1973; Jackson et. al., 1972). Frederick Sanger introduced the
groundbreaking method of sequencing (Sanger et. al., 1977a), which was improved by
Walter Gilbert and Allan Maxam (Maxam and Gilbert 1977). Another groundbreaking
technique was introduced by Kary Mullis and colleagues when they described the
polymerase chain reaction (Mullis et. al., 1986). All these milestones in biology and
genetics paved the way to the initiation of the Human Genome Project (HGP) in 1990
and the first complete sequence of the human genome in 2004 (International Human
Genome Sequencing 2004). Following the Human Genome Project, the advent of next
generation sequencing ushered in a new era of genetics with routine genome sequencing
and an explosion of disease-gene associations.
The Human Genome
The development of the first complete sequence of the human genome was a
massive undertaking that provided a highly accurate and detailed map of the instructions
for human biology. It provided major implications toward the understanding of human
evolution and the relationship between genetic architecture and function and their
association with disease. Two independent groups published a first draft of the human
genome in 2001, one by the Human genome project consortium (Lander et. al., 2001) and
the other by Celera genomics headed by Craig Venter (Venter et. al., 2001). The
completed sequence was published in 2004 (International Human Genome Sequencing
2004). These draft sequences and the completed genome provided a way to
systematically study the human genome from the identification of genes to the
5

relationship and interplay between genetic composition and distribution of genetic
elements (International Human Genome Sequencing 2004).
According to current statistics from the Ensembl database of GRCh38.p2
(Genome

Reference

Consortium

Human

Build

38),

INSDC

Assembly

GCA_000001405.17, Dec 2013, the human genome is composed of 3,543,865,870
nucleotides

with

20,300

genes

and

198,457

gene

transcripts.

(http://www.ensembl.org/Homo_sapiens/Info/Annotation). The human reference genome
was constructed as a haploid consensus mosaic sequence derived from multiple
individuals (Gonzaga-Jauregui et. al., 2012). Only about 1-2% of the genome is
comprised of protein coding sequence (~30Mb), while the rest is comprised of noncoding sequence including regulatory regions, intergenic regions, and repetitive regions
(Gonzaga-Jauregui et. al., 2012; Zhang 2014). Roughly 50% of the genome is recognized
as repetitive elements: 45% is comprised of transposable elements and 5% is made up of
segmental duplications or low copy repeats (Beck et. al., 2011; Kellis et. al., 2014; Sharp
et. al., 2006). The remaining sequence of the genome that does not comprise of repeat
sequences is made up of non-coding or intergenic sequence rife with functionally
significant regulatory and structural elements (Kellis et. al., 2014). About 10% of the
genome remained difficult to decipher and map within the initial genome builds because
of regions of low complexity and sequence duplication (Chanock 2012), but new
sequencing methods and bioinformatics tools have improved mapping of these poorly
organized regions resulting in a more complete map of the genome. A physical map of
the genome and the progress made since the completion of the human genome project has
greatly accelerated not only the mapping of genes and their associated traits but also the
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study and understanding of the functional elements residing in the genome (Chanock
2012).
Genotype-Phenotype Correlation
Genotype-phenotype correlation is a central objective in genetics and medicine,
and only by identifying the full scope of human genetic variation and the functional
elements within the genome can scientists begin to understand the relationship between
the spectrum of human genetic variation and its effects on the molecular and cellular
processes that lead to human disease. The advent of new sequencing technology and
analytical methods has provided an unprecedented view into the inner workings of the
genome enabling a step toward the full understanding of genotype-phenotype association.
After the completion of the HGP, many other consortia were developed to provide a
deeper understanding of the interplay between genome structure, function, and variation
and how these elements associate with human evolution and disease.
The International HapMap project was launched in 2002 as a multi country effort
to identify and catalog genetic similarities and differences in humans and map the
distribution of variation within and among populations by comparing genetic sequences
of different individuals of different populations (e.g. the Central Europeans from Utah
(CEU), the Han Chinese from Beijing (CHB), the Japanese from Tokyo (JPT), the
Yorubans from Ibadan, Nigeria (YRI), the African ancestry in the south-western USA
(ASW), the Chinese in metropolitan Denver, Colorado, USA (CHD), the Gujarati Indians
in Houston, Texas, USA (GIH), the Luhya in Webuye, Kenya (LWK), the Maasi in
Kinyawa, Kenya (MKK), the Mexican ancestry in Los Angeles, California, USA (MXL),
and the Tuscans in Italy (TSI)) to identify chromosomal regions of shared or unique
7

genetic variation, identify allele frequencies, and identify correlation patterns between
nearby

variants

(i.e.

linkage

disequilibrium,

LD)

(http://hapmap.ncbi.nlm.nih.gov/thehapmap.html.en) (Genomes Project et. al., 2010;
International HapMap et. al., 2010). As variants near each other tend to be linked and
inherited in groups called haplotypes, the map will give scientists a picture of how
genetic variants are organized on the chromosomes which will aid in acceleration of the
discovery of genes associated with common diseases such as heart disease, asthma,
cancer, and diabetes.
The

Encyclopedia

of

DNA

Elements

(ENCODE)

Project

(http://www.genome.gov/10005107#al-1) launched in 2003 aspired to provide a more
biologically informative picture of the human genome by mapping and characterizing all
of its encoded functional elements through leveraging the newest technologies and
methods to gain insight into protein-coding regions, non-coding transcripts, and genomic
elements that temporally and spatially regulate gene expression (Consortium et. al.,
2007). Whereas the HGP identified the location of protein coding genes and overall
structure, ENCODE’s high-resolution maps of biochemical signatures that associate with
specific DNA sequences conveyed a wide array of molecular and cellular functions
(Kellis et. al., 2014). This changed the way the gene was viewed by highlighting the
number and complexity of RNA transcripts and the patterns of dispersed regulation
produced throughout the genome (Gerstein et. al., 2007).
The 1000 Genomes Project (http://www.1000genomes.org) was assembled to
provide a comprehensive public database of human genetic variation to probe the
relationship between genotype and phenotype with a specific goal to identify over 95% of
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common genetic variation in currently accessible genomic regions by sequencing the
genomes of 1000 individuals, and later an additional 1500, within and among different
ethnic populations (Genomes Project et. al., 2010). Additional databases similar to the
1000 genomes project included the following: the UK10K project aimed to sequence
10,000 individuals to uncover rare, low frequency alleles involved in disease and to
discern alleles that have no phenotypic effect (http://www.uk10k.org/); the NHLBI GO
Exome Sequencing Project (ESP) aimed to uncover novel genes that contribute to
disorders of the heart, lung, and blood through the application of sequencing the protein
coding

regions

of

the

genomes

across

many

different

ethnic

populations

(www.evs.gs.washington.edu/EVS/). Recently, a coalition of investigators formed the
Exome Aggregation Consortium (ExAC) to compile and unify sequencing data from the
previously mentioned databases and other large-scale sequencing projects into a single
database for the scientific community (http://exac.broadinstitute.org/).
Human Genetic Variation
Genomic variation, or mutation, is a deviation in the nucleotide sequence from an
individual’s original genome or from a species’ wild type genome. It is the driving force
behind evolution and genetic disease. In Homo sapiens, two individual’s genomes differ
only in 0.1% of their DNA, or 1 in 1000 nucleotides, and they share 99.9% sequence
identity (International HapMap 2005). The estimated mutation rate is 1.18 x 10-8 per
position or around 74 novel single nucleotide variants per genome per generation
(Veltman and Brunner 2012). The term mutation can be used to describe a new change in
genetic material or to indicate a disease causing or pathogenic change. Spontaneous
mutations arise during normal cellular processes including errors in DNA replication and
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repair, fluctuations in thermal activity, transposable element insertions, and errors in
meiotic recombination, whereas short wavelength radiation, radioactive materials, certain
chemicals, or certain pathogens can cause induced mutation. Such changes in the DNA
can be deleterious or neutral to human biology or benign with no effect. These mutations
can occur within the germline cells or the somatic cells of the body; when they occur in
the germline cells, the mutations are subject to potentially being passed down and
inherited by the progeny of that organism. Human physiology can be affected in various
ways depending on the type and location of mutations, and if those mutations alter the
structure or function of proteins or genomic regulatory sequences, the results can be
altered Mendelian traits or Mendelian disease, non-Mendelian complex multifactorial
traits or disease, or benign polymorphic changes (Stankiewicz and Lupski 2010).
Nussbaum et. al., 2004 and Pasternak 2005 describe the range of genetic variation
from small-scale single nucleotide substitution point mutations or single nucleotide
polymorphisms (SNPs) to alterations of large regions of chromosomes. SNPs or point
mutations can be classified as transitions or transversions. The more common transition
mutations conserve the chemical class of the nucleotide and include substitutions from
one purine to a different purine (AG or GA) or one pyrimidine to a different
pyrimidine (TC or CT). Transversion mutations occur less frequently as they do not
conserve the chemical class of nucleotide by substituting a purine for a pyrimidine (A or
G  T or C) or a pyrimidine for a purine (T or C  A or G). There are several different
types of mutations: silent mutations created from a nucleotide substitution that does not
create an amino acid change (i.e. a synonymous substitution) or when it changes the
amino acid to one of similar chemical structure and properties which typically does not
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significantly affect the phenotype; missense mutations created from a nucleotide
substitution resulting in a non-conservative amino acid change (i.e. a nonsynonymous
substitution); nonsense mutations created from a nucleotide substitution that changes a
codon that codes for an amino acid to a codon that codes for a stop codon that halts
protein synthesis and truncates the protein. Larger scale mutations affect chromosome
structure and include gene amplifications (i.e. duplications), deletions of large regions of
a chromosome, chromosomal translocations, or inversions.
Nussbaum et. al., 2004 and Pasternak 2005 go on to describe additional types of
mutations. Mutations can arise in the boundaries of exons and introns which affect
normal splicing. These splice site mutations can produce abnormal transcripts by
abolishing existing donor/acceptor splice sites, activating cryptic or alternate splice sites
at exon/intron junctions or within the exon or intron, or interrupting the regulation of
splicing through splicing enhancers or splicing silencers leading to intron retention or
exon skipping (Baralle and Baralle 2005). Some genes undergo alternative splicing to
create multiple isoforms or transcripts of gene products, and mutations that interrupt
alternative splicing can offset the balanced ratio between isoforms or abolish normal
isoform production (Matlin et. al., 2005). Insertions and deletions (indels) occur when
one or more nucleotides are added to or deleted from a sequence or when two or more
nucleotides are simultaneously deleted and replaced with different nucleotides. Indels can
lead to frameshift mutations when they appear in the coding sequence of a gene resulting
in an alteration of the reading frame leading to either a truncated or extended protein.
However, indels occurring in groups/multiples of 3 do not change the reading frame,
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which may or may not affect the protein. Copy number variations are a type of insertion
where a nucleotide or nucleotide pattern is repeated impacting protein length.
Genetic Principles of Human Disease
Mutations in the genome can create deleterious variation in individuals or
populations (Henn et. al., 2015) by affecting protein function as follows: loss-of-function
mutations result in the loss of a functional protein (also includes haploinsufficiency when
one allele of a gene pair has been lost resulting in ~50% reduction of protein levels); a
gain-of-function mutation results in a protein gaining a new or abnormal function;
dominant-negative mutations result in a protein product that acts antagonistically to the
normal protein product; and a lethal mutation results in the death of the organism
(Nussbaum et. al., 2004). These effects often rely on the mode of inheritance of the
mutation. In Mendelian genetics, traits for an organism with two sets of chromosomes are
inherited according to Mendel’s laws of independent assortment and segregation, where a
single trait is attributable to a single gene comprised of two alleles (i.e. alternate forms of
the same gene); one allele is contributed by the paternal line and the other allele from the
maternal line resulting in a consistent distribution of phenotypes in offspring from a
mating (Nussbaum et. al., 2004). Diseases that adhere to Mendel’s laws of inheritance are
termed Mendelian diseases or monogenic (single gene) diseases, and they are caused by
mutations in a single gene inherited in a dominant, recessive, or X-linked manner (Zhang
2014). On the other hand, diseases that do not adhere to Mendel’s laws of inheritance are
termed non-Mendelian or multifactorial diseases. Multifactorial diseases, or nonMendelian diseases are complex diseases influenced by the environment, mutations or
combinations of mutations in multiple genes which don’t adhere to Mendel’s laws
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(Bamshad et. al., 2011). Examples of non-Mendelian disease models include phenotypes
resulting from oligogenic or polygenic inheritance, de novo sporadic mutations,
mitochondrial diseases, epigenetic genomic imprinting, mosaicism, gene amplifications,
and trinucleotide repeats (Van Heyningen and Yeyati 2004).
The manifestation of genetic disease depends on the chromosomal location of the
mutation and the state of expressivity of an allele at a specific locus and has been
described in detail by Nussbaum et. al, 2004 and Pasternak 2005. An inherited autosomal
dominant phenotype occurs in the presence of a mutant allele and a wild-type allele at a
single locus on an autosome (i.e. non-sex chromosome). These heterozygous alleles that
express a dominant phenotype are caused by haploinsufficiency, a dominant-negative
effect, or gain-of-function effect. Individuals heterozygous for a specific mutant allele
that do not express a phenotype are termed carriers and are usually recessive. Inherited
autosomal recessive phenotypes occur in the presence of two mutant alleles at a single
locus on an autosome. The mutant alleles can either be caused by the same mutation at
the same locus of each allele, termed homozygous mutations, or they can be caused by
different mutations at the same locus of each allele, termed compound heterozygous
mutations. Phenotypes from X-linked mutations occur in the presence of one or two
copies of a mutant allele on the X chromosome, they can be either dominant or recessive.
Males are hemizygous dominant for alleles on the X-chromosome because they only have
one X-chromosome; males can never be compound heterozygous or homozygous for Xlinked recessive phenotypes. Females can be either X-linked dominant or X-linked
recessive, which the most common. However, expression of X-linked traits in females
can be variable due to the expression of only one allele at a locus on the X-chromosomes
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due to random X-inactivation that compensates for the detrimental effects of the double
complement of X-chromosome genes. If a mutant allele is present on one of the female
X-chromosomes, this can lead to a form of cell autonomous expression or genetic
mosaicism. Mosaicism occurs when a mutation propagates into two or more different
populations of cells during development leading to different genotypes in different cells
throughout the body. In the case of X-inactivation, different cells may only express one
or the other X-chromosome potentially leading to different severities of a particular
phenotype depending on which allele is being expressed. Y-linked phenotypes only occur
in males in the presence of a single mutant allele on the Y-chromosome. Mutations in the
mitochondrial DNA (mtDNA) usually result in phenotypes of varying severity depending
on the location of the mutation within the mtDNA, and the degree of mutant
mitochondrial mosaicism in the cell.
Complications in inheritance pattern analysis and disease-gene associations that
can lead to non-Mendelian inheritance arise in cases of genetic heterogeneity including
both allelic, locus, and clinical or phenotypic heterogeneity (Gilissen et. al., 2012;
Rabbani et. al., 2012). Allelic heterogeneity occurs when different mutations are present
on the same locus conferring the same or similar phenotypes, whereas locus
heterogeneity occurs when a single phenotype or pattern of phenotypes can be caused by
mutations in more than one chromosomal loci (McClellan and King 2010). Further
complications occur when expression of a phenotype requires simultaneous mutations in
two or more loci termed oligogenic or polygenic inheritance (Kousi and Katsanis 2015).
Occasionally, the same mutant allele will give rise to different phenotypes in different
individuals termed variable expressivity or clinical heterogeneity while in other instances
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individuals with a certain genotype do not express the expected phenotype due to
incomplete penetrance (Ku et. al., 2011; Lobo 2008b). Clinical heterogeneity can be
caused by pleiotropy, which is another factor lending to complications in disease-gene
association studies resulting from mutations in a single gene that influence multiple traits
and convey different phenotypes (Lobo 2008a). Further, gene-environmant interactions
and epistasis where one gene’s allelic effect can be manipulated due to the presence of
gene products from non-allelic modifier genes can also complicate disease-gene
assocations, and this likely explains the variable expressivity and incomplete penetrance
seen in many diseases (Kousi 2011; Pasternak 2005).
Gene Identification in Human Disease
Prior to the construction of the human genome and the onset of next generation
sequencing applications, human genetics mainly focused on the identification of single
genes related to disease such as Cystic Fibrosis, Huntington disease, and sickle cell
anemia (Koboldt et. al., 2013). Such studies utilized linkage analysis, homozygosity
mapping, positional cloning, and candidate gene sequencing to narrow down the
suspected region and location of pathogenic variants in families with a clear inheritance
pattern of the segregating disease (Koboldt et. al., 2013). However, these types of studies
could not elucidate the rare genetic etiologies behind most Mendelian diseases because of
the need for large families in linkage studies. Further, more complex forms of monogenic
diseases and multifactorial diseases were being studied through SNP arrays and genomewide association studies (GWAS). GWAS aimed to identify common diseasesusceptibility variation associated with common complex phenotypes by stratifying the
statistical power of large cohort studies, but it achieved limited success in that it
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identified a large number of genes accounting for only a small portion of the observed
heritability with only low to moderate effects contributing to the complex traits under
investigation (Schork et. al., 2009). This strongly suggested that rare variation with large
effect sizes played a major role in the heritability in complex traits and diseases rather
than common small effect variants (Consortium et. al., 2007; Marian 2012; Schork et. al.,
2009).
Gene identification in rare Mendelian and non-Mendelian diseases along with
gene identification in common complex disorders rapidly accelerated due to the
emergence of next generation sequencing (NGS) and disease-allele identification
strategies that accompanied it (Figure 2.1). The Online Mendelian Inheritance in Man
(OMIM; http://omim.org/), an online database of human genes and diseases, has currently
recorded 4,720 disease phenotypes with a known genetic basis and 3,431 more
phenotypes without a known genetic basis or with a suspected Mendelian basis. Diseases
with a known molecular basis more than doubled over the last 9 years ago (Table 2.1)
due to the impact of NGS on rare disease gene discovery (Koboldt et. al., 2013). NGS
and its applications such as whole exome sequencing (WES) and whole genome
sequencing (WGS) alleviated the problems and limitations of conventional methods such
as the need for large families with multiple generations making it an excellent approach
to find genes involved in Mendelian and non-Mendelian disorders (Bamshad et. al., 2011;
Ku et. al., 2012; Ku et. al., 2011).
Sequencing
Sequencing is a method by which the exact order of nucleotides in DNA is
deduced. The advent of NGS transformed current research and diagnostic capabilities in
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medical genetics, and it has the potential to drive personalized medicine into reality by
increasing speed and throughput and by reducing the cost compared to traditional Sanger
sequencing (Kircher and Kelso 2010). DNA sequencing was first introduced in 1975 by
Frederick Sanger in his Croonian lecture (Sanger 1975). In 1977, Sanger and his
colleagues described the method of chain termination of primed DNA synthesis by
dideoxynucleotide analogs (Sanger et. al., 1977b), and Allan Maxam and Walter Gilbert
introduced the sequencing concept of cleaving terminally labeled DNA fragments at
specific bases that were then subject to gel electrophoresis (Maxam and Gilbert 1977).

Figure 2.1. Research Schematic for the Identification of Disease Relevant Alleles. A schematic graph of
phenotypic effect sizes of variants versus population allele frequencies and accompanying sequencing
applications is represented to guide research design for disease relevant alleles. NGS, next generation
sequencing; GWAS, genome-wide association studies. Image modified from (Parikh et. al., 2015).

Sanger utilized his method to completely sequence the first ever genome of an organism,
the 5,386 nucleotide bacteriophage φX174 (Kircher and Kelso 2010; Sanger et. al.,
1977a), and it was his method that was refined and commercialized eventually leading to
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Table 2.1. Evolution of OMIM Statistics for Phenotypes with a Known Molecular Basis
Inheritance

January 2007

July 2013

May 9, 2016

Autosomal
X Linked
Y Linked
Mitochondrial
Totals

1851
169
2
26
2048

3525
277
4
28
3834

4385
302
4
29
4720

Note: January 2007 and July 2003 OMIM data taken from (Koboldt et. al., 2013).

the creation of the first automated DNA sequencer used in both research and clinical
diagnostics (Voelkerding et. al., 2009).
In 2001 and 2003, traditional Sanger sequencing was used to construct the first
draft of the human genome and the fully sequenced human genome that took 13 years to
complete at an estimated cost of $2.7 billion (International Human Genome Sequencing
2004; Voelkerding et. al., 2009). However, in 2008 with the advent of newly emerging
sequencing technologies, Dr. James Watson’s genome was fully sequenced in only 2
months with an estimated cost of $1.5 million using Roche’s 454 NGS platform, the first
next generation sequencing machine; demonstrating the power of this new technology
(Voelkerding et. al., 2009; Wheeler et. al., 2008). Presently, genomes of several
organisms as well as thousands of human exomes and genomes have been sequenced
using NGS and its various platforms (Shendure 2011). Areas for which it has been
mainly used includes clinical diagnostics, various research purposes, and in the
construction of databases of common and rare variation in different populations that
provide a comprehensive map of human variation (Voelkerding et. al., 2009). Cost of
sequencing decreases each passing year, and the overall goal in the genomics community
is to lower the cost of a whole sequenced genome down to $1000 (Schuster 2008;
Wolinsky 2007). Recent technological advancement has allowed whole genome
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sequencing to drop below the $1000 barrier albeit in a high throughput, high turnover
environment (van Dijk et. al., 2014). However, for affordable routine clinical use and
screening, the cost must come down to several hundred dollars or less (Erdmann 2011).
Sanger Sequencing
Traditional Sanger or capillary based sequencing methods and diagnostic
applications (Figure 2.2) utilize specific primers that flank a sequence region of interest
on a PCR amplified template for reverse strand synthesis using a mixture of standard
deoxynucleotides

(dNTPs)

and

fluorescently

modified

deoxynucleotides

(dideoxynucleotides, ddNTPs) that are missing a hydroxyl group at the third carbon atom
of the sugar that inhibits chain elongation (Kircher and Kelso 2010). Several rounds of
cycle sequencing of denaturation, annealing, and extension incorporates the dNTPs and
ddNTPs resulting in random, non-reversibly terminated end labeled extension products or
fragments of different lengths and molecular weights (Kircher and Kelso 2010). Capillary
electrophoresis separates out the single stranded extension products based on their
molecular weights followed by laser excitation and detection of the specific fluorophore
attached to each terminal ddNTP of a given product that corresponds with the identity of
a particular nucleotide (Kircher and Kelso 2010). Sequence analysis software provides a
read-out of the order of nucleotides in the order of fragment separation while
simultaneously generating error probabilities for each base that is called by the software
(Shendure and Ji 2008).
Commonly used capillary-based genetic analyzers output sequence reads of a
little over 1000 nucleotides in length. Around 6Mb of sequence per day can be generated
at a cost of around $500 per Mb with accuracies of 99.99% (Kircher and Kelso 2010;
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Shendure and Ji 2008). Despite error which can be introduced through amplification
through polymerase slippage in regions of low complexity and homopolymers, and low
intensities and base miscalls especially at the ends of long sequences, the average error
rate for sanger sequencing is at a very low 1 in 10,000 to 100,000 nucleotides (Kircher
and Kelso 2010). In order to sequence longer pieces of DNA, shotgun sequencing was
adopted for use in the human genome project in which DNA was fragmented into smaller
strands and cloned into vectors whereby the cloned DNA fragments were individually
sequenced (Mardis 2008). A long sequence was then built by alignment and reassembly

Figure 2.2. The Sanger Sequencing Method. Input DNA is amplified by PCR using primers that flank the
target region. Reverse strand synthesis is carried out with a priming sequence and a mixture of
deoxynucleotides (dNTPs) and labeled dideoxynucleotides (ddNTPs) that creates random non-reversibly
terminated products of different extension lengths. In the box, the two basic structures of the nucleotides
used in Sanger sequencing are shown. Note the absence of the 3' hydroxyl group on the base of the ddNTP;
the presence of the chain terminating group indicated by the black arrow cannot create a phosphodiester
bond with another base which upon incorporation into a growing DNA strand creates a non-reversible
terminating extension product. After the products are cleaned up from any free nucleotides, primers, and
enzyme reagent, the random non-reversibly terminated products are subjected to molecular weight
separation by capillary electrophoresis and the fluorescent tag attached to the terminating ddNTPs are
excited by laser and the signal is then read out sequentially base-by-base. Amplification step constructed
using Servier Medical Art (http://www.servier.com/Powerpoint-image-bank). Image modified from
(Kircher and Kelso 2010).

20

of partial sequence overlap (Mardis 2008). However, Sanger sequencing experiments
only analyze individual or small sets of genes at a relatively high cost per base with
relatively little beneficial information other than obvious predominant genetic mutations
underlying a disease (Mardis 2008). This limits its application to experiments involving
small scale sequencing projects and clinical diagnostic tests of a single gene or small sets
of genes that predispose an individual to disease or known to be causative for disease.
Next Generation Sequencing
NGS technology commercially emerged around 2005 and was able to accomplish
what Sanger sequencing could not by having the ability to apidly analyze the whole
genome or many specific regions of the genome (i.e. exome or targeted gene panels) at
the same time generating data on a gigabase scale at a low cost per base of $0.50 per Mb
(Mardis 2008; Metzker 2010; Voelkerding et. al., 2009; Zhou et. al., 2010). NGS
technologies are superior to past sequencing technology in that target libraries are
constructed in a cell free system, thousand to millions of reactions occur simultaneously
in parallel, and sequence output relies on the cyclical base detection rather than
electrophoresis, generating enormous amounts of data that allows for interrogation of
whole exomes or genomes in very little time (van Dijk et. al., 2014).
NGS technologies include second generation platforms and third generation
platforms. Second generation NGS platforms use chemistry based assays with the
massively parallel sequencing of a library of immobilized, spatially-separated, clonallyamplified DNA in a flow cell with direct detection of the nucleotide base (Metzker 2010;
Voelkerding et. al., 2009). Examples of second generation NGS platforms include
Illumina’s NGS platforms (e.g. HiSeq, MiSeq, NextSeq, HiScan, iScan), Applied
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Biosystems/Life’s platforms (e.g. SOLID, Ion Torrent, PGM), and Roche’s platform (e.g.
454). Third generation NGS platforms including Pacific Biosystem’s Pac Bio RS and
Oxford Nanopore, use methods that include construction of a DNA library and real-time
single DNA molecule sequencing which involves the direct imaging of nucleotide
incorporation of a growing strand of DNA (Metzker 2010; Voelkerding et. al., 2009).
Specifics of each platform’s methods and performances are detailed elsewhere (Metzker
2010; Pareek et. al., 2011; Shendure and Ji 2008; Zhou et. al., 2010). Second generation
instruments are the most commonly used next generation platforms as most third
generation instruments have only recently been developed or are in development and
mostly used for specific applications (van Dijk et. al., 2014).
Despite NGS’s superior time, throughput, and cost efficiency, error rates still
exceed that of Sanger sequencing’s error rates of 1 in 10,000 to 1 in 100,000 (Illumina
2011). Whereas Sanger sequencing produces read lengths around 1,000 bases with higher
quality resulting in easier mapping and data confidence, the production of short
overlapping reads ranging from 100-400 bases of lower quality of the second generation
instruments necessitates a proper depth of coverage in which a given region is sequenced
many times over contributing to a coverage depth that ensures all nucleotides are covered
and from which an accurate consensus sequence can be assembled (Mardis 2008; Pareek
et. al., 2011). Specialized bioinformatic tools and algorithms are needed to handle the
mapping and quality of data produced by NGS and this, along with the error rates,
necessitates the verification by Sanger sequencing of any variants found by NGS.
In the context of human disease, hundreds and even thousands of genes can be
screened for disease causing mutations in an individual suspected of having a genetic
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disorder at a reasonable cost and in a short amount of time (Metzker 2010; Voelkerding
et. al., 2009). Targeted sequencing of the exome or a number of different or related genes
and whole genome sequencing can find novel common and rare variants in specific genes
or gene sets involved in the pathogenesis of a genetic disorder (Summerer 2009). These
techniques are most useful for single gene Mendelian disorders by clarifying the
relationship between specific gene variations and their respective phenotypes, but it can
also be useful for genetically complex heterogeneous disorders (Cirulli and Goldstein
2010; Summerer et. al., 2010; Vermeer et. al., 2010; Voelkerding et. al., 2010).
This technology has the potential to replace the current methods of sequencing by
facilitating diagnosis, prognosis, and treatment of genetic diseases (Ku et. al., 2012; Ku
et. al., 2011). With information obtained from next generation sequencing, risks
associated with diseases can be illuminated and drug development can be potentially
tailored to an individual’s genetic makeup while predictions can be made as to how well
an individual will respond to a given therapy (Zhang and Dolan 2010). So far, WES has
been the most popular application as a clinical research and diagnostic tool (van Dijk et.
al., 2014). Other research applications that NGS platforms are used for and are capable of
include the following: genomic analysis and targeted genomic resequencing for variation
in and among populations and the history of evolutionary change; de novo genome
assembly; metagenomics interrogation for environmental surveillance and research;
transcriptome sequencing (RNA-seq) for identification and quantification of both
common

and

rare

transcripts

in

expression

studies;

methylated

DNA

immunoprecipitation sequencing (MeDIPseq) for DNA methylation studies; and
chromatin immunoprecipitation followed by sequencing (ChIP-seq) for epigenetic
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mapping of DNA-binding proteins and chromatin analysis (Buermans and den Dunnen
2014; Metzker 2010; Pareek et. al., 2011; van Dijk et. al., 2014).
Whole Exome Sequencing
Whole exome sequencing (WES) refers to the sequencing of the protein-coding
regions of the human genome, which includes about 1-2% of the total haploid genome
(~30Mb) (Gonzaga-Jauregui et. al., 2012). Compared to whole genome sequencing, WES
captures the more highly interpretable regions of the genome with a higher sample
throughput at a much more affordable cost. It incorporates the capture and enrichment of
protein-coding regions by the hybridization of genomic DNA to target probes with
subsequent amplification and high-throughput sequencing of all the exons of genes and
some regulatory regions that include the 5’ and 3’ UTR’s and some miRNAs (Clark et.
al., 2011). Additionally, it has the ability to exceed whole genome sequencing in the
sensitivity and overall quality of coding region coverage by being able to provide a
higher density of baits targeted to a smaller genomic region thus increasing efficiency
which lends to the ability to identify variants not found in the whole genome approach
because of inefficient coverage (Clark et. al., 2011). Overall, exome sequencing
experiments have demonstrated the ability to capture most variation in an exome
including rare pathogenic variants (Gonzaga-Jauregui et. al., 2012).
According to Clark et. al., 2011, Illumina, Roche-Nimblegen, and Agilent are the
leading vendors in the manufacturing of exome enrichment platforms with each having a
different strategy that targets and captures different regions and amounts of the exome
(Figure 2.3) (Chilamakuri et. al., 2014; Clark et. al., 2011; Kellis et. al., 2014). These
differences include varying oligonucleotide probe or bait lengths and densities, different
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target sequences, and bait molecule usage (DNA or RNA) (Chilamakuri et. al., 2014;
Clark et. al., 2011). The design for each platform’s baits are based upon the targeting of
different combinations of RNA encoding exonic segments and some non-coding
segments including UTRs and miRNA represented in public genomic databases including
NCBI’s RefSeq database (coding and UTR), UCSC KnownGenes database (manually
curated genes and predicted genes), CCDS (consensus coding sequence) database,
GENOCDE, and Ensembl (total and coding sequence (CDS), and miRBase/snoRNABse
(miRNA) (Clark et. al., 2011).
Clark et.al., 2011 goes on to explain that each platform utilizes a similar exome
capture method by using biotinylated oligonucleotide probes to capture complimentary
exome targets on adapter-ligated fragments followed by target pull-down by magnetic
streptavidin-coated beads for exome library enrichment (Figure 2.3). Nimblegen uses
over 2 million highly dense overlapping DNA baits of 55-105 bp in length that cover
targeted bases multiple times to target a total of 64 Mb of sequence which can be
extended to 96 Mb with an add on kit to cover UTR and miRNA regions. Agilent’s over
600,000 RNA baits lie adjacent to one another with lengths ranging from 114-126 bp
targeting 51 Mb or 64 Mb depending on the available capture kit. Illumina utilizes a less
dense gapped approach to bait design relying on paired-end sequencing reads that extend
outside the bait sequence to fill in the sequence gaps between baits; over 340,000 DNA
baits 95 bp in length are used to target 62 Mb or less of sequence depending on the
particular kit used. Some baits extend into introns to capture exon-intron junctions, and in
Illumina’s case, deep intronic sequence can be captured due to its exome capture strategy.
Comparisons of the different exome enrichment strategies show differences in
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performance in the detection of variants and small indels in different regions of the
exome and regulatory regions, enrichment bias due to GC content, off target enrichment,
and enrichment efficiency due to differences in the design and density of the baits and
capture method. Multiple exome capture kits are offered by each company depending on
the intended application including kits that target only coding regions allowing for greater
efficiency of coding region capture or kits that target both coding regions and non-coding
regions such as 5’ and 3’ UTRs and known miRNAs to extend coverage of regulatory
regions. Exome platforms are periodically updated and improved with additional baits to
increase coverage of coding regions, UTRs, and miRNAs (Chilamakuri et. al., 2014).

Figure 2.3. Exome Bait Designs. Three dominant commercial exome sequencing enrichment kits and the
bait design over a given exon are represented with their respective bait length, bait quantity, and total bases
targeted by the baits. Nimblegen uses baits (red) with numerous overlapping baits. Agilent's kit utilizes
baits (blue) that lie directly adjacent to each other without overlap. Illumina's design uses non-overlapping,
non-adjacent baits (yellow) with many base pair gaps between each individual bait that relies on the
extension of sequencing synthesis to cover the sequence between each bait. Image modified from (Clark et.
al., 2011).

Illumina Sequencing
Illumina is currently the leader in the NGS industry owing its success to its
flexibility and compatibility with various library prep protocols and its superior high
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throughput and cost per base compared with other platforms (van Dijk et. al., 2014).
Illumina’s platforms have also been used in the majority of exome and genome
publications (Coonrod et. al., 2013). Sample preparation involves numerous steps.
Genomic DNA (gDNA) is fragmented to create 200-300 bp fragments with 3’ or 5’
overhangs which are repaired to blunt ends using a 3’ to 5’ exonuclease that removes 3’
overhangs (Mardis 2013). A polymerase subsequently fills in the 5’ overhangs, and the 3’
ends of the blunt fragments are adenylated with a single ‘A’ nucleotide to which adaptors
with a single ‘T’ nucleotide 5’-overhang are ligated onto both ends of the fragments to
provide indexing for multiplexing and hybridization to complimentary oligonucleotides
on a flow cell (Mardis 2013). The fragments are then enriched using PCR to selectively
enrich fragments with adaptors on both ends and to increase the library concentration
(Mardis 2013). Exome capture is carried out by biotinylated capture probes that hybridize
to targeted regions of the library, and streptavidin magnetic beads are used to capture the
probes containing the targets of interest while washing away the unbound fragments
(Bamshad et. al., 2011; Mardis 2013). The exome library is then amplified by PCR with a
primer cocktail used in an earlier step of sample preparation to create an enriched library
(Mardis 2013). The enriched library is hybridized under limiting dilution conditions to
complimentary oligonucleotides anchored to the flow cell, followed by cluster generation
by bridge amplification and priming for sequencing (Bamshad et. al., 2011; Mardis 2013;
Metzker 2010).
Sequencing on the Illumina platform prepares the enriched exome library for
sequencing by synthesis by utilizing a unique solid phase amplification method (Figure
2.4) in which single stranded library DNA template is added to an eight channel glass
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Figure 2.4. Cluster Generation by Bridge Amplification. This type of clonal amplification called bridge
amplification is utilized in Illumina whole exome sequencing on the cBot machine. Clonal amplification is
carried out to amplify the signal of each DNA molecule so it can be detected by the imaging software as
most systems cannot detect single fluorescent events. Red and blue rectangular cubes represent
oligonucleotide primers. Single stranded adaptor-flanked exome enriched DNA molecules bind to
immobilized complimentary primers that densely coat each lane of a flowcell attached at their 5' end to a
flexible linker. The template is primed and extended followed by bridge amplification where the
immobilized template bends over and binds to an adjacent complimentary primer creating a bridge
structure. Several cycles of PCR generate 100-200 million clonal clusters with each cluster containing
~1000 copies of a single molecule; each molecule contains free ends to which a universal sequencing
primer binds to initiate sequencing. Image modified from (Metzker 2010).

slide or flowcell with covalently attached forward and reverse primers. The template is
then subject to multiple rounds of being primed, extended, and bridge amplified where
the immobilized single molecule template bends over and binds to an adjacent primer to
form a clonally amplified cluster with each cluster containing around 1000 clonal
molecules (Metzker 2010). This amplification step is necessary to gain a large enough
signal for detection. 100-200 million randomly dispersed clusters are created in which
each cluster’s molecule’s free end can bind a universal sequencing primer through its
adapter sequences, and this is followed the initiation of a sequencing reaction by addition
of polymerase and fluorescently labeled modified reversible terminators (Metzker 2010).
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Following cluster generation, actual base identification through cyclical
sequencing-by-synthesis is performed, utilizing dye-labeled modified nucleotides with
3’-blocked reversible terminators and two lasers to detect the four-color nucleotides by
total internal reflection fluorescence imaging (Figure 2.5). Illumina uses a 3’-Oazidomethyl blocked reversible terminator in which a cleavable group is attached to the
3’-O of the 2’-deoxyribose sugar (Metzker 2010). Modified dye labeled 3’-blocked
reversible terminating nucleotides, each labeled with a different colored dye and
complimentary to the template, are washed over the flowcell and incorporated one at a
time by a DNA polymerase that is bound to the primed template (Metzker 2010). DNA
synthesis is terminated after each nucleotide addition, and then imaging and detection of
each base is carried out that uses total internal reflection fluorescence in which an
evanescent wave is produced that travels across the glass slide exciting each fluorescent
molecule whereby a detector measures the emission signals of the excited fluorophore
bound to the nucleotide (Metzker 2010). The terminating group and fluorescent molecule
are cleaved off allowing an open 3’-OH group to accept the 5’-PO of the next incoming
modified dye labeled nucleotide (Metzker 2010). These events occur for each given cycle
for a user specified number of cycles, and base calls are recorded according to the
fluorescent signal detected for each cycle (Metzker 2010). Single-end and paired-end
runs can be performed: single-end runs consist of only sequencing one end of each DNA
molecule; and paired-end runs involve sequencing both ends of each DNA molecule
(Mardis 2013). The first run carries out the specified number of cycles and sequences one
end of the molecule after which an intermission period occurs consisting of chemically
removing the synthesized strand and preparing the other ends of the molecules on the
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Figure 2.5. Illumina’s Method of Sequencing by Synthesis. A.) Illumina utilizes a four color cyclic
reversible termination technique that consists of nucleotide incorporation, imaging of fluorescence
expressed by the incorporated nucleotide, and cleavage of the fluor molecule and the 3' blocked reversible
terminating group to allow nucleotide incorporation in the subsequent cycle. Each strand represents a
different primed template in a single clonally amplified cluster attached to a flowcell base. Red and blue
rectangular cubes represent the primers that flank the target insert (rectangular gray cube) and the primer
that preps strand synthesis. The small cubes represent a single fluorescently modified nucleotide and its
corresponding fluor dye. Modified nucleotides are washed over the flowcell and a modified DNA
polymerase incorporates a single nucleotide that corresponds to its base pairing partner on the target insert.
Once incorporated, all unincorporated nucleotides are washed away, and the flowcell is imaged to identify
the nucleotide that was incorporated. Subsequently, the fluor molecule and the 3' blocking group are
cleaved off and washed away to allow the next cycle of nucleotide incorporation and imaging. B). The 3'
reversible terminator used in Illumina sequencing consists of a DNA nucleotide modified with a cleavable
fluorophore molecule (black arrow represents site of cleavage) and a cleavable 3'-O-azidomethyl blocking
group attached the 3' oxygen of the 2'-deoxyribose sugar (red arrow) that inhibits further nucleotide
incorporation which blocks DNA synthesis. The light blue chemical structure represents residual linkers
between the fluorophore molecule and the nucleotide. C.) Four color images of successive cycles detect the
identity of specific nucleotide incorporation. The circled colored dots represent two clonally amplified
clusters during the imaging of successive sequencing cycles and the identity of each of the four nucleotides
is given by the color that is detected. During each cycle, the flowcell is imaged by total internal reflection
fluorescence in which the fluors are excited and imaged using two lasers. Image modified from (Metzker
2010).

flow cell by annealing the sequencing primer for sequencing (Mardis 2013; Metzker
2010). The second reading of the reverse strand of each cluster is then cycle sequenced
for a specified number of cycles thus generating twice the amount of data, which
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ultimately improves read alignment through the additional information about the location
and orientation from the second read (Kircher and Kelso 2010; Mardis 2013; Metzker
2010).
The above method refers to Illumina’s TruSeq sample and library preparation that
has since been upgraded to Illumina’s Nextera technology. Nextera technology
simultaneously fragments DNA, polishes fragment ends, and adds adapter sequences
resulting in significant reduction of sample loss (van Dijk et. al., 2014). In a single
reaction, a transposase enzyme fragments DNA in a concentration and time dependent
manner and a transposon inserts adapter sequences at the cut sites (Caruccio 2011;
Coonrod et. al., 2013).
Technical Limitations with Next Generation Sequencing Chemistry
As with other technologies, NGS has its inherent limitations and technological
problems. According to Mardis 2014, PCR is a very powerful tool, and it can create overrepresented sequences by preferential amplification of some fragments in NGS library
construction. The over-representation of certain fragments can create duplicate reads with
exact start and stop positions which can potentially lead to over-representation of variants
in that sequence and bring quality of sequence data down with a saturation of false
positives or false negatives. Low starting input DNA can also lead to duplicate reads
because of a population of low complexity sequences. Substitution errors early in the
PCR cycles by erroneous polymerase nucleotide incorporation during replication can
create false positives. Bridge amplification during cluster formation can introduce bias
toward high and low GC sequence regions leading to reduced coverage of these regions
(Mardis 2014).
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As detailed in Coonrod et. al., 2013 and Mardis 2013, sources of error during
Illumina cycle sequencing can arise from several origins (Figure 2.6). Nucleotide
incorporation between clusters can become out of sync with each other leading to
dephasing whereby, with each successive cycle, these events accumulate leading to
fragments in a cluster of varying length that lead to a decrease in signal detection and
base call precision toward the end of the read. Dephasing happens when a nucleotide
either does not get incorporated in the growing strand or more than one nucleotide gets
added into the growing strand. This becomes much more frequent as read length
increases thus limiting the sequencer to short read lengths. Short read lengths limit the
ability to align regions of low complexity and duplicate regions that can potentially lead
to missing variants and indels in those regions. Suboptimal library dilutions on the
flowcell can lead to unfavorable fragment hybridization conditions by either overloading
the flowcell with too much or too little of the library with both leading to poor sequence
quality. Unequal fragment lengths can cause varying cluster sizes and signal strengths
thus potentially impairing read quality. For each of these limitations, technical
improvements to both sequencing chemistry and sequencer hardware are continuously
being developed and implemented. These improvements include new library construction
techniques to abolish some PCR steps and improve purification leading to a decrease in
the starting input material and reduction in material loss, improved flowcell design to
enable extremely high cluster density, improved clustering chemistry to ensure
monoclonality and high occupancy of flowcell nanowells, improved optics and faster
cameras, and new polymerases to reduce signal noise (van Dijk et. al., 2014). In addition,
sequence analysis software is constantly evolving to account for these limitations, and
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algorithms have been developed to analyze and enhance read alignment and data metrics
of quality of bases and reads, reliability, and reproducibility. However, error rates are still
higher than Sanger sequencing, thus necessitating variant validation through Sanger
sequencing (Coonrod et. al., 2013).

Figure 2.6. Sources of Error in Illumina Sequencing. A small section of a flowcell is shown on top
representing an overlay of fluorescent signal of the nucleotides (red, yellow, green, blue) during
incorporation of a sequencing cycle. Software must process signal to noise from sources of error that
include phasing and pre-phasing, increasing background, fluorophore cross-talk, and signals from mixed
clusters. Raw base calls are generated and quality scores are given to each base. A, Adenine; C, cytosine;
G, guanine; T, Thymine. Image taken from (Coonrod et. al., 2013).

Bioinformatic Approaches to Next Generation Sequencing Data
Following sequencing, Bao et. al., 2014 and Ku et. al., 2012 describes a typical
data analysis pipeline for next generation sequencing data includes read alignment to a
reference genome, data calibration and clean-up, variant calling, annotation, and heuristic
filtering and biological interpretation for candidate gene identification (Figure 2.7). After
sequencing, images are extracted by the sequencing control software, which feed into the
real time analysis software where bases are called for each cluster and quality scores are
assigned to each base. Like Sanger sequencing’s Phred scores, base calls are assigned a Q
score, which is logarithmically related to error probability and represents a standard of
quality for the sequencing. The standard output for sequence data is the FASTQ storage
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file which feeds into different alignment programs. Before alignment, however, fastq files
can be inspected by quality assurance programs such as FASTQC that can inspect base
quality, base call scores, sequence quality, and sequence duplication. If needed, low
quality bases can be trimmed off the ends of the reads to increase the overall quality of
the read.
Bao et. al., 2014 and Ku et. al., 2012 further explain that FASTQ files are used as
input for an alignment program that aligns the reads to a reference genome and gives a
mapping quality score for each read. Mapped reads are stored in standard SAM/BAM
alignment format files and can be viewed through a genome viewer program like the
Integrated Genome Viewer (IGV) where coverage of each nucleotide can be visually
inspected for variation from the reference along with the quality of mapped reads. If
needed, the sequence data can be further manipulated with programs such as the
Samtools and Picard programs by sorting and indexing reads in preparation for variant
calling. Before variants are called, duplicate reads are removed from analysis. Of the
duplicate reads, the one with the highest quality score will be kept and about 10%-15% of
reads will be removed. Duplicate reads arise from the PCR step in library preparation and
can lead to false positive calls and incorrect imputation of zygosity of variants in the
variant calling process. Mapping statistics that include the amount of sequence generated,
sequence depth and breadth of coverage, and the quality of bases and reads can help in
identifying the overall quality of the sequencing.
Bao et. al., 2014 and Ku et. al., 2012 additionally explain that after duplicate
removal, the data is further calibrated by locally realigning the reads around indels to
improve mapping accuracies as they may have caused the reads to be misaligned by a
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few bases which could introduce false positive or false negative variant calls. Base
quality scores are also recalibrated to further improve overall quality of variant calls by
using the actual alignment to estimate base call error rates. Variant calling software like
the Genome Analysis Toolkit (GATK) identifies variants based on a quality score or
confidence threshold calculated by an algorithm that statistically calculates the most
likely genotype at each position in the alignment. The output format of variant calling
software is in the variant call file (VCF) format and includes snp calls and indel calls
along with quality metrics for each variant including chromosome position, reference
base, alternative base or bases, and quality and coverage of each snp. To further give
meaning to the variants, an annotation program is used such as Annovar to annotate each
variant with a variety of different information including gene name, gene structural
function, amino acid change, evolutionary conservation scores, segmental duplication
scores, population frequencies and identifications, and prediction scores on the impact of
the variant change on the protein. Annotated files are subject to filtering strategies to
systematically narrow down the variant list to potential candidate genes that can then be
interrogated by biological interpretation.
Analytic Frameworks for Next Generation Sequence Data Interpretation
As traditional linkage mapping and sequencing methods use a two-step approach
to candidate prioritization by first identifying and then interpreting variants, NGS with
systematic filtering goes directly to the interpreting stage. WES typically identifies
around 20,000-50,000 coding variants for each sample with variances due to the exome
enrichment method and sequencing platform, quality and coverage of the actual
sequencing, and the programs and algorithms used to process the sequence data
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Figure 2.7. Next Generation Sequencing Workflow. Exome sequencing can be divided into sample
preparation and sequencing, primary data analysis that includes alignment, data file manipulation, and
duplicate read removal, and secondary data analysis that includes variant calling, variant annotation, and
filtering strategies to uncover the causal variants. Image take from (Ku et. al., 2012).
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(Gilissen et. al., 2012). The challenge with interpreting whole exome sequencing data is
to identify the one or two variants out of the thousands of background variants that have
been identified by systematically filtering out variants least likely to be involved in
pathogenicity or systematically filtering the variant list down to a number that can be
manageable enough to interrogate each variant individually (Bamshad et. al., 2011).
Typically, 150-500 private non-synonymous or splice-variants are prioritized as potential
pathogenic variants after typical filtering analysis (Gilissen et. al., 2012). These filtering
strategies mirror the disease-allele identification study design schematic in Figure 2.1,
and they must consider the number of affected individuals, mode of disease inheritance
and segregation within families, allele frequency within the population, and the impact of
the variant in a biological context (Figure 2.8) (Bamshad et. al., 2011; Coonrod et. al.,
2013; Gilissen et. al., 2012; Ku et. al., 2012; Kuhlenbaumer et. al., 2011; Li et. al., 2012;
MacArthur et. al., 2014).
Criteria for Disease-Allele Classification
The criteria for determining causality of candidate variants in Mendelian diseases
and some non-Mendelian diseases is based on prior assumptions about the variant in
question premised on the inherent nature of the disease and the nature of rare and
common variation (Table 2.2). The likelihood of finding the pathogenic variant increases
with the examination of an increased number of related and unrelated individuals
(Krawitz et. al., 2010). Further, 85% of Mendelian diseases are associated with variants
in the coding regions of the genome (Gilissen et. al., 2012) with most known and highly
penetrant variants associated with diseases at minor allele frequencies (MAF) of less than
1% in the population (Coonrod et. al., 2013). Therefore, disease-alleles are assumed to be
37

Figure 2.8. Representative Candidate Gene Filtration and Prioritization of NGS Data. Annotated variants
are prioritized based on different levels of knowledge from information based on inheritance models, gene
function and variant effect, and disease association, pathway analysis, known protein/gene interactions, and
any other relevant information from available published literature. Image taken from (Li et. al., 2012).

either unique in affected individuals or rare in the general population, located in the
protein-coding region of the genome, and directly effecting the function of the protein
(Gilissen et. al., 2012).
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Table 2.2. Impact of Variant Class on Data Analysis
Variant Class

Minor allele frequency

Implications for analysis

Very Common

Between 5 and 50%

Amenable to association analysis
using current genome-wide
association methods

Common

Between 1 and 50%

Amenable to association analysis
using variants catalogued in variant
databases

Rare (not private)

Less than 1%

Amenable to framework of extreme
phenotype resequencing, as well as
co-segregation in families

Restricted to probands and immediate relatives

Difficult to analyze except through
co-segregation in families. Discovery
would be limited to the most
recognizable of variants

Private

Note: Modified from (Cirulli and Goldstein 2010)

Additionally, variants are more likely to be causal if they segregate with the
disease phenotype within a pedigree, result in a nonsynonymous amino acid change,
result in a splicing abnormality or frameshift mutation, cause a nonsense mutation, or
found in genes already associated with diseased individuals (Cooper and Shendure 2011;
Gilissen et. al., 2012; Henn et. al., 2015; Kuhlenbaumer et. al., 2011). Variants that
produce a nonsynonymous amino acid change as opposed to the more common
synonymous change are of more interest in exome studies as synonymous changes and
non-coding changes are assumed to have little effect on protein function and are usually
less constrained in terms of evolutionary conservation (Rudd et. al., 2005). Splicing,
frameshift, and nonsense mutations usually lead to truncation of the protein or
abnormally sized proteins. In addition to rare variants, common variants have also been
implicated in some Mendelian diseases as effect modifiers of the rare and more penetrant
disease gene variants (Cirulli and Goldstein 2010; Kousi and Katsanis 2015). Many
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successful Mendelian and non-Mendelian disease studies have applied exome sequencing
with systematic filtering for variant reduction to studies with a small number of unrelated
affected individuals or closely related individuals to find rare variants in genes shared
between affected individuals (Table A.1) (Bamshad et. al., 2011; Coonrod et. al., 2013).
A joint consensus between the American College of Medical genetics and genomics
(ACMG) and the Association for Molecular Pathology (AMP) released their
recommendations for the standards and guidelines for interpreting sequence variants
(Table A.1) (Richards et. al., 2015).
Minor allele frequency filtering.

Filtering variants based on their frequency

within public databases of known variation such as 1000 Genomes, ESP (Exome
Sequencing Project), and dbSNP (NCBI repository of short genetic variation) enrich for
unique or rare variants which substantially reduces the number of candidate genes
(Gilissen et. al., 2012). For rare variation in recessive models, MAF cutoff values of ≤1%
are powerful enough to find rare variants as a greater number of low frequency variants
of 1%-5% will overburden analysis (Bamshad et. al., 2011). For dominant/de novo
models, MAF cutoff values of <0.1% are sufficient for very rare variation as the
estimated prevalence of dominant/de novo disorders are below 0.1% (Bamshad et. al.,
2011). However, these filtering strategies are based on prior assumptions of the variant
having a large mutational effect and being either absent or rare in public databases of
known variation; it is also assumed that the common variation is not pathogenic. Filtering
an exome set through known variation databases must be carefully considered as public
databases may carry pathogenic alleles that are common in a heterozygous carrier status;
when in a homozygous state, these will cause disease, or in a compound heterozygous
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state, one variant may be more common in the population than the other variant
(Bamshad et. al., 2011; Gilissen et. al., 2012). Other pathogenic variants may be present
with low penetrance in an individual or cause a late onset disease (Coonrod et. al., 2013).
This underscores the importance of utilizing multiple reliable population frequencies as
control data sets (Gilissen et. al., 2012).
Zygosity based filtering.

Further reduction of candidate variants include a

framework of analysis based on zygosity of the variant premised on a known mode of
inheritance or extrapolated from pedigree information with examination of variant
intersects between unaffected and affected individuals (Coonrod et. al., 2013). Based on
the disease and the availability of affected patients and unaffected individuals, study
designs can employ family based analysis approaches, an approach utilizing multiple
unrelated affected individuals, or a combination of both (Coonrod et. al., 2013; Gilissen
et. al., 2012; Matullo et. al., 2013). A family based analysis involves any combination of
relations in a family with one or multiple unaffected family members along with one or
more affected individuals. Parent-child trios (i.e. father, mother, affected child) can also
be a powerful approach as a family based design (Bamshad et. al., 2011). Taking the
mode of inheritance under consideration, the causal variant or variants will segregate
with the disease and be shared among affected individuals; the unaffected members are
used to validate causal variants and exclude benign variation (Coonrod et. al., 2013;
Gilissen et. al., 2012; Matullo et. al., 2013) (Rabbani et. al., 2012).
For recessive homozygous inheritance patterns, variants are filtered in a way that
enriches for variation that is identical in the mother and father and that have been
inherited by the affected child. Pedigrees with suspected or known consanguinity are
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especially susceptible to this strategy when combined with homozygosity mapping as
variants can be prioritized based on their presence in the homozygosity interval of the
affected individual’s genome (Gilissen et. al., 2012; Rabbani et. al., 2012). In a
compound heterozygous pattern, systematic filtering enriches for two different variants in
the same gene, one present in the mother and one present in the father, both of the which
is present in the child. For a dominant disease, the variants are kept when one of the
parents have a variant that is absent in the other parent but inherited in the affected child.
Parent-child trio analysis is a powerful approach in cases of sporadic disease caused by
de novo variants as well as dominant disorders and disorders with locus heterogeneity
(Bamshad et. al., 2011). Filtering by the exclusion of inherited variants will limit the
variants only to those that arose spontaneously in the affected child, greatly narrowing
down the number of potential candidates as de novo events are very rare (Bamshad et. al.,
2011). The addition of other family members to a trio analysis, especially siblings of the
affected individual, can add additional power to the analysis.
Alternatively, an overlap-based strategy is often employed in studies with
multiple unrelated affected individuals by identifying variants that are shared among all
or most of the unrelated affected individuals (Gilissen et. al., 2012; Zhang 2014). This
scheme applies well to monogenic disorders, in particular dominant disorders. Further,
disorders with locus heterogeneity can be determined with a large enough cohort of
affected individuals (Gilissen et. al., 2012). A variant can have a strong correlation to
causality when the same variant in the same gene is shared among multiple unrelated
individuals with the same disease phenotype (Rabbani et. al., 2014). On the other hand, a
genetic defect in affected individuals of only one family, or a private mutation, is more
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difficult to definitively link to the disease phenotype because of the difficulty in
delineating between a true pathogenic variant, a polymorphism, or a modifier of disease
as there is no population or disease frequency information to compare with private
mutations.
In-Silico Methods to Interrogate Variant Pathogenicity
According to Bamshad et. al., 2011, further filtering reduction can be based on a
candidate gene’s function or biological role and the nature of the variant itself in its type,
conservation, and possible effect on protein structure and function. Prioritization of
variants can be based upon variant class and the impact each kind of variant has on the
gene structure or function with more weight given to nonsense mutations,
indels/frameshift mutations, and splice site mutations than missense mutation. However,
this stratification can neglect variants that do not alter coding sequence or canonical
splicing regions.
Computational programs that predict deleterious impact of non-synonymous
variants on protein function using evolutionary and biochemical information can assess
functional effect of the variant with programs such as SIFT, PolyPhen-2, MutationTaster,
and LRT (Bamshad et. al., 2011; Hicks et. al., 2011). These tools have a prediction
accuracy of 75-80%, and variants predicted to be damaging tend to have lower allele
frequencies as well as higher polymorphism-to-divergence ratios than benign variation
lending support to certain systematic filtering parameters for the rare-pathogenic variant
paradigm (MacArthur et. al., 2014). Other computational tools such as PhastCons and
PhyloP assess evolutionary conservation of the variant within the context of the
identification of constraint due to purifying selection and its comparisons to other species
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by multiple sequence alignment (Bamshad et. al., 2011). Pathogenic variants tend to have
a high conservation of sequence than benign variants due to purifying selection, and often
affect protein structure or function indicated by the approximately 85% of known
disease-causing variants located in coding regions (Bamshad et. al., 2011; Gilissen et. al.,
2012). It is estimated that most pathogenic missense variants have a PhyloP score greater
than 2.5 based on comparisons of benign and pathogenic variants from dbSNP and the
Human Gene Mutation Database (Gilissen et. al., 2012). Splice site mutations can be
investigated in silico for their likelihood to affect splicing and alternative splicing.
Additionally, mutations can be interrogated for their effect on regulators of splicing such
exonic and intron splicing enhancers and silencers, especially if the variant is near the
donor or acceptor canonical dinucleotide sequence. Other bioinformatics tools such as
SUSPECTS, ToppGene, and Endeavor can also prioritize a given list of candidate genes
on the likelihood of disease involvement by assessing gene and protein functionality and
interaction networks, structural sequence features, literature, and a comparison to a gene
profile determined by known processes in a disease (Gilissen et. al., 2012).
Lastly, the biological function, pathway interactions, regulatory information,
structural features, and any disease associations of candidate genes can be interrogated by
referencing peer-reviewed literature sources and database examination including OMIM,
the Human Gene Mutation Database (HGMD), the National Center for Biotechnology
Information (NCBI), UCSC and ENSEMBL genome browser, and UniProt among others.
Evidence of causality can be apparent if either the gene or variant have previously been
associated with the disease phenotype (Coonrod et. al., 2013).
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Functional Evaluation of Variants
Further genetic analysis and functional evaluations are necessary to validate or
establish causality of the presumed candidate pathogenic variants, and this is partly
dependent upon what is already known about the gene and variant in question (Coonrod
et. al., 2013; Kuhlenbaumer et. al., 2011; MacArthur et. al., 2014). However, most often,
genetic analysis is not enough to differentiate between true pathogenic causal variants
and benign polymorphism. Functional evaluation using in vitro and in vivo
experimentation is needed to give pathogenic context to the potential causal gene variant
including assays that demonstrate that normal gene function is relevant to the known
biological process of the disease or that normal gene function is abnormal due to the
presence of the mutation in individuals with the disease phenotype, or assays that
recapitulate the human disease phenotype and pathology in a model cell system or model
organism that is suited to the human disease in question. Such experiments, however,
need to take into consideration the type of variant, the biological context of the disease
such as cell type or tissue type, availability of samples and necessary equipment, and
technology, time, and cost (MacArthur et. al., 2014). Certain in-vitro cellular assays and
in-vivo models are very expensive and time consuming, and access to the equipment
necessary to carry out such experiments may not be available. Moreover, disease
recapitulation or expression of human disease relevant features or pathology in a model
organism is not guaranteed due to differences in the biological and physiological makeup
between species.
Recapitulation of the disease phenotype in model organisms is still of much
importance in proving causality of a variant in a disease and considered a standard of
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variant pathogenicity. Most commonly, transgenic mouse and rat models of many disease
states have been created using various techniques by silencing gene expression and
introducing mutations into a gene of interest. This traditional route of using a mouse
model takes advantage of their availability and ability to genetically manipulate, their
relatively close evolutionary relationship with humans, and their conservation of organ
structure (Niederriter et. al., 2013).
However, zebrafish have emerged as a scientifically favorable economic
alternative model organism in which to model human disease and study disease
therapeutics (Lieschke and Currie 2007; Niederriter et. al., 2013). This is due in part to
the easy and timely access to their developmental stages and the optical clarity of their
embryos that allows for real-time imaging and relatively quick interrogation of
phenotypes depending on the application (Lieschke and Currie 2007; Niederriter et. al.,
2013). Both transient and transgenic zebrafish models have been used. The advantages of
a transient model include the following: a medium- to high-throughput analysis for the
testing of multiple variants within a single gene, which can give pathogenic potential of
alleles and the direction of cellular effect (i.e. loss-of-function, gain-of-function,
dominant-negative) giving context to the genetic transmission within a family; the ability
to test for specific mutations; the ability to generate knock-in models with relative ease;
the ability to use morpholino knock-downs of gene expression; and a low-cost
maintenance (Niederriter et. al., 2013). In contrast, transgenic zebrafish models have less
experimental variability as they are laborious to attain and not amenable to medium- or
high-throughput testing (Niederriter et. al., 2013). Both models, however, are best suited
for prenatal or pediatric-onset disorders as the zebrafish does not reach sexual maturity
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until 3 months post fertilization despite its rapid organ development (Niederriter et. al.,
2013).
As described by Niederriter et al., 2013, complementation tests using zebrafish
take advantage of their experimental tractability, their high degree of homology with
humans, and the preservation of function between human and zebrafish protein. Both
loss-of-function alleles and dominant alleles can be investigated. For loss-of-function
assays, a morpholino is introduced that suppresses gene expression of the gene of interest
by blocking translation at or near the start site of the specific zebrafish gene (translation
blocker TB) or by interfering with splicing (splice blocker SB), and then the zebrafish is
interrogated for clinically relevant phenotypes. Human mRNA from the orthologous gene
is introduced and a quantifiable phenotypic rescue is measured. Subsequently, if these
assays are successful, candidate mutations within the human mRNA within that gene are
introduced and interrogated for their ability to rescue the morpholino-induced phenotype
at the same efficiency as wild-type human mRNA. If the morpholino knockdown shows
no altered phenotype, the assay either failed or the gene is either functionally different
between the two or the gene is not experimentally tractable. If the morpholino produces a
phenotype that is rescued by the mutant mRNA, the allele is benign. Mutant mRNA that
produces a phenotype indistinguishable from the morpholino knockdown phenotype
results in the allele being functionally null.
Alternatively, Niederriter et. al., 2013 goes on to explain that for suspected
dominant alleles, human wild-type mRNA and mutant mRNA, but no morpholino, is
introduced with the assumption that the wild-type mRNA will have no gross effect on the
zebrafish development whereas the mutant mRNA will have a dominant effect by
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inducing an analogous disease phenotype seen in the human condition. For gain-offunction, introduction of WT mRNA along with mutant mRNA should not have an effect
on phenotype severity, but for dominant-negative effects, the severity of the phenotype
induced by the mutant should be altered. If no phenotype is induced with mutant mRNA
alone, this result may be attributed through a benign or loss-of-function allele, failure of
the assay itself, or the gene or phenotype in question is not experimentally tractable
(Niederriter et. al., 2013).
Evidence from experiments on biological material (i.e. cells, tissue, blood) taken
directly from the diseased individual can at times be more informative than in-vivo
models especially if the disease relevant pathologies can be recapitulated and rescued
within a complementation cellular assay in an appropriate system (MacArthur et. al.,
2014). A heterologous cellular model engineered to carry the presumed causal variant can
further strengthen evidence of causality by eliminating possible effects of background
genetic factors in a diseased individual’s biological makeup and demonstrate that
important conserved biological processes can be perturbed in a different species’ cellular
environment (MacArthur et. al., 2014). Weaker evidence of causality can come from
assays involving artificial cellular systems using gene constructs and assays involving
gene expression, protein expression, protein-protein interactions, and protein localization
(MacArthur et. al., 2014). However, non-coding variants in regulatory regions or splice
junctions are difficult to interpret and experiments need to determine a variant’s impact
on expression or splicing by showing abnormal gene or protein expression in a diseased
individual, altered transcription factor binding, or through in vitro cell assays (i.e.
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minigene constructs or heterologous cell models through genome editing) (MacArthur et.
al., 2014).
Pitfalls of Whole Exome Sequencing and Data Analysis
There are many pitfalls that can plague exome sequencing projects that can result
in a failure to identify the causal variant in a disease study due to technical and analytic
errors or limitations (Bamshad et. al., 2011; Coonrod et. al., 2013; Gilissen et. al., 2012;
Koboldt et. al., 2013; Ku et. al., 2012; Kuhlenbaumer et. al., 2011; Matullo et. al., 2013;
Rabbani et. al., 2012; Zhang 2014). Although WES and its analytical techniques have
become an established technique both in basic and clinical research and diagnostics,
~15% of disease causing mutations lie outside the coding regions of the genome in poorly
annotated areas including mutations in regulatory regions, noncoding regions, and other
conserved regions (Zhang 2014). Some causal mutations may be in regions that are still
difficult to sequence and interpret including regions with copy number variations and
repetitive elements; further, the causal variant could be a large indel or structural variant
(Zhang 2014). Other technical failures include inadequate coverage of a target region due
to poor library capture, over-multiplexing of samples on a flowcell lane, or poor
sequencing where a potential causal variant may reside (Bamshad et. al., 2011).
Sequencing samples to a low depth of coverage can create false positives and false
negatives (Matullo et. al., 2013). The recommended depth of coverage varies between
20x-30x (Matullo et. al., 2013) and 50-60x coverage (MacArthur et. al., 2014), especially
the latter with shorter reads produced with the Illumina system (Voelkerding et. al.,
2009). Though it has been noted that 20x-30x coverage begins to reduce the accuracy of
variant calls, it has been shown in yeast that a 15x or greater coverage can reliably cover
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variants (Voelkerding et. al., 2009). Further challenges include inaccurately called
variants due to a complex indel, non-homogenous coverage of target regions with
unequal quality leading to false negatives and false positives, causal variants that lie in a
large gene, pseudogene, or gene family with very close sequence identity making it
difficult to delineate true causal variants from benign variation, or errors in the actual
mapping, alignment, or variant calling process creating false negatives (Bamshad et. al.,
2011; Gilissen et. al., 2012).
Analytical failures are mostly due to the misinterpretations and assumptions made
about the disease and its potential causal variant. Misinterpreting pedigree models along
with initial misdiagnosis of the disease and thus applying the wrong variant filters can
lead to the causal variant being missed. Further, analytic power can be reduced due to the
unavailability of either unaffected family members of the affected individual or
additional affected samples for the disease in question. Other limitations that hinder
analysis include diseases with genetic and phenotypic heterogeneity, which can be further
exacerbated in the absence of a large sample cohort that can potentially miss genes
involved in the disease and lead to misinterpretation or misdiagnosis of the disease
(Bamshad et. al., 2011; Kuhlenbaumer et. al., 2011). Additionally, the presence of a large
number of false positives make it difficult to logically distinguish candidate genes
(Bamshad et. al., 2011). The success rate of WES is around 60%-80% with adequate
power (Gilissen et. al., 2012; Zhang 2014), and despite the limitations, it is still a very
powerful tool to uncover genetic etiologies of Mendelian and non-Mendelian disorders.
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Neurons and the Myelinating Glia
As described by Bear et. al., 2007, the nervous system is made up of two main
types of cells, neurons and glia. Glial cells outnumber neurons, and their main function is
to maintain homeostasis and insulate, protect, support, and nourish neurons (Nave 2010).
Neurons propagate electrical signals through the body allowing one to sense the
surrounding environment and respond accordingly. The neuron is composed of 3 main
structures: the soma, the dendrites, and the axon (Figure 2.9A). The soma is a membrane
enclosed cell body housing the cytoplasm of many different organelles and the cell
nucleus. The neuronal membrane is important for the transfer of electric signals from one
neuron to the next. A neuron’s cytoskeleton is composed of microtubules,
microfilaments, and neurofilaments giving the neuron its unique shape and its dynamic
movement. Dendrites are processes that extend out from the soma, and the different
shapes and sizes of the dendrites distinguish different groups of neurons; they function as
receptors of information from the axon terminals of other neurons. Unique to the neuron,
the axon branches out from the soma, specializing in electric impulse propagation of
information throughout the nervous system. Axon collaterals branch out from the axon to
communicate with the same cell or with the dendrites of other neurons.
The speed of the electric impulse that travels down the axon relies on the diameter
of the axon: the larger the axon, the faster the electric impulse travels. Because there are
no ribosomes in the axon, proteins must be transported from the soma to the end of the
axon. This axonal transport utilizes kinesin molecules that walk vesicle enclosed proteins
in an anterograde transport toward the axon end along the microtubules; dynein
molecules are utilized in the same way to bring proteins back to the soma in a retrograde
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transport. The axon ends at the axon terminal, where it comes in contact with and
communicates with other neurons. This connection point is called the synapse where the
electric impulse is converted into chemical signals (i.e. neurotransmitters) at the
presynaptic axon terminal. These chemical signals are released inside synaptic vesicles
across the synaptic cleft to the postsynaptic dendrite or soma and then converted back
into an electric impulse as it travels through the next neuron and so on.
The glial cells function by supporting, insulating, and nourishing neurons. Of the
glial cells, myelination of axons is a special function of oligodendrocytes of the central
nervous system (CNS), and the Schwann cells of the peripheral nervous system (PNS).
During myelination, oligodendrocytes and Schwann cells deposit a fatty substance called
myelin by extending and wrapping their membranes around the axons of neurons in a
spiral formation (Figure 2.9B), which provides insulation and increases the saltatory
propagation of electrical impulses in the form of action potentials throughout the axon
(Nave 2010). This multi-layered myelin sheath assembles a complex seal with the surface
of the neuronal axon creating segments of un-insulated sites along the axon called the
nodes of Ranvier that are capable of generating electric activity or action potentials
through the influx and efflux of ions across the membrane through clustered voltage
gated sodium channels (Aggarwal et. al., 2011). This provides a platform for the action
potential to jump from one node to the other, allowing for fast, energy-efficient
processing of information in a relatively small space (Aggarwal et. al., 2011; Waxman
2006). Indeed, the myelination of the axons of neurons in early vertebrates allowed for
rapid impulse propagation which led to enhanced muscle/motor control along with
enhanced sensory and cognitive function resulting in complex survival behaviors that
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drove increased body size and the evolution of vertebrates as a whole (Nave 2010). This
multilayered insulation deposited in segments along the axon reduces the transverse
capacitance and increases the transverse resistance of the axonal plasma membrane, and
the restriction of action potentials to these short sections provides the basis for salutatory
action potential propagation resulting in the acceleration of nerve conduction 20-100 fold
(Nave and Werner 2014).
CNS myelin and PNS myelin are similar in structure and function, but several
differences are present between the two. The Schwann cells of the PNS originate from
the neural crest, myelinate only 1 axonal segment per myelinating cell, and produce a
myelin periodicity of 17 nm (Nave and Werner 2014). The oligodendrocytes of the CNS
originate from the subventricular zone and ventral neural tube (Zuchero and Barres
2013), myelinate up to 80 axonal segments per myelinating cell, and produce a myelin
periodicity of 15.5 nm (Nave and Werner 2014; Snaidero and Simons 2014). Indeed, a
linear relationship seems to exist between axon diameter, internode length, and myelin
lamellae (i.e. layers) (Snaidero and Simons 2014). In the corpus collosum and the cortex
of the brain, oligodendrocytes can myelinate 30-80 axonal internode segments ranging
from 20-200 μm in length with up to 60 lamellae on different small-diameter axons
(Matthews and Duncan 1971; Murray and Blakemore 1980); however, larger-diameter
axons command fewer myelinating processes but longer and thicker myelinated segments
as seen with oligodendrocytes that can myelinate one single large axon with up to 150
lamellae on a 1500 μm intermodal segment (Murray and Blakemore 1980; Remahl and
Hildebrand 1990; Snaidero and Simons 2014). Oligodendrocytes can myelinate axons as
small as 0.2 μm while Schwann cells only myelinate axons with a diameter of 1 μm or
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more (Snaidero and Simons 2014). Also, PNS myelin contains cytosolic channels
through its compact myelin called Schmidt-Lanterman incisures, whereas the CNS
myelin contains radial components, which form tight junction strands. Additionally, there
are differences in the structural components of myelin and in myelination control.
In the CNS, myelinated axons make up the white matter of the brain whereas the
gray matter of the brain consists of the neuronal cell bodies. ~40% of the brain contains
white matter with myelin being the main component, taking up 20% of the space within
the skull (Morell and Norton 1980; Snaidero and Simons 2014). Major white matter
systems of the brain consist of the cortical white matter that connects neurons in the
cerebral cortex, the corpus collosum that connects the two hemispheres of the brain, and
the internal capsule which links the cortex with the brain stem and thalamus (Bear et al.
2007). Myelination mostly occurs postnatally (Nave 2010; Sowell et. al., 2003)
determined by a predetermined genetic program (Baumann and Pham-Dinh 2001) with
evidence that it is dynamically regulated by experience during development and in
adulthood (Liu et. al., 2012; Makinodan et. al., 2012). Indeed, de novo myelination of
certain areas of the CNS (Miller et. al., 2012) and remodeling of already myelinated
axons (Young et. al., 2013) is a continuous process that continues well into adult life,
demonstrating the plasticity to adapt brain function to environmental stimuli (Fields
2008; Snaidero and Simons 2014). The essential function of myelin is underscored by the
plethora of human developmental disorders and neurodegenerative diseases (Bercury and
Macklin 2015; Fields 2008; Vanderver et. al., 2015) that arise from abnormalities of the
white matter and the underlying mechanisms of glial cell physiology and neuron-glial
interactions (Bercury and Macklin 2015).
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Oligodendrocyte Development
The oligodendrocytes in the central nervous system originate from a large
population of spatiotemporally produced oligodendrocyte progenitor/precursor cells
(OPCs) generated from several distinct waves of ventral and dorsal origins during
development that are able to migrate and colonize the brain and spinal cord, and
differentiate and myelinate the entire postnatal CNS (El Waly et. al., 2014; Kessaris et.
al., 2006). These waves of ventrally and dorsally produced OPCs give rise to different
populations of oligodendrocytes that myelinate different regions of the CNS (Tripathi et.
al., 2011). Evidence suggests that distinct localized signaling mechanisms produce
heterogenic, regionally diverse OPC populations with possible distinct functionality
(Bercury and Macklin 2015). However, OPCs from these different populations are able to
replace each other if one is ablated, suggesting a functional redundancy (Zuchero and
Barres 2013). Oligodendroglial lineage specification from neural progenitor cells (NPCs)
stems from a number of different extrinsic and intrinsic factors including relative
developmental intensities of sonic hedgehog (Shh), bone morphogenic proteins (BMP),
Wnt/B-catenin extracellular signaling, indirect Notch-1 and autotaxin extracellular
signaling, and the presence of transcription factors (e.g. basic helix-loop-helix (bHLH)
transcription factor Olig2, the bHLH factor Ascl1/Mash1, Nkx and Sox family
transcription factors, chromatin remodeling histone deacetylases HDAC1 and HDAC2
(Ye et. al., 2009) and Smarca4/Brg1 (Zuchero and Barres 2013), and certain miRNAs)
(Dimou and Gotz 2014; El Waly et. al., 2014; Mitew et. al., 2014). OPCs are identified
through their expression of transcription factors Olig1/Olig2, Sox10, platelet-derived
growth factor receptor α, and the proteoglycan NG2 (Dimou and Gotz 2014).
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A complex network of guidance signals including motogenic factors, adhesion
and contact molecules, and certain chemo-attractants and repellants coordinate OPCs
through many diverse and intricate migratory routes to their fated destination as they
populate the CNS in a homogenous distributive manner (Mitew et. al., 2014). PDGF-A
and FGF-2 are two of the main motogenic factors involved in the movement of OPCs
throughout the CNS with each having a distinct signaling pathway and different
interactions with extracellular matrix molecules in which to exert their influence on
migration and final OPC destination (Mitew et. al., 2014). OPCs must travel through
dynamic heterogeneous environmental domains interacting with diverse adhesion and
contact molecules and signals that aid in migration. Such signals include extracellular
matrix molecules like laminin, fibronectin, and merosin along with cell surface/adhesion
molecules of various cell types of other OPCs, neurons, and astrocytes which include
polysialyated neuronal cell adhesion molecule (PSA-NCAM), Eph/ephrins, claudin11/OSP, AN2/NG2, N-cadherin, and αvβ1integrins (Mitew et. al., 2014). Studies have
shown that contact between migrating OPCs cause them to repel each other and disperse
in the opposite direction, which is thought to help achieve a homogeneous distribution
(Hughes et. al., 2013). Other migratory cues come from developmentally spatio-temporal
chemotactic signals that help influence OPC movement through the CNS, and these
include the chemo-attractants PDGF-AA and FGF-2 (also mentioned as motogenic
factors), Shh signaling, chemokine ligand 12 (CXCL12), and certain chemo-repellants
such as CXCL1 and the semaphorins Semaphorin-3A and Semaphorin-4D/F (Mitew et.
al., 2014). Furthermore, extracellular signaling involving different mitogenic factors like
the fibroblast growth factor family (FGF), IGF-1, and the mitogen PDGF-A with its
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signaling through PDGFRα along with axonal signals stimulate certain cell signaling
pathways that promote OPC proliferation and survival such as the PI3K/PKC, PI3K/Akt,
MAPK, and ERK1/2 pathways (Mitew et. al., 2014).
OPC numbers are higher in the white matter of the brain due to their higher rates
of proliferation and their ability to differentiate into oligodendrocytes, whereas the gray
matter of the brain contains a lower number of OPCs that mostly remain in an immature
state of quiescence or slow proliferation (El Waly et. al., 2014). These slowly
proliferative or quiescent OPCs represent 2-9% of the CNS population (El Waly et. al.,
2014). Terminal differentiation into pre-myelinating and myelinating oligodendrocytes is
marked by changes in cell behavior and gene expression including the synthesis of
myelin components that occurs once the OPC has reached its final destination after
migrating from its point of origin. As differentiation seems to be directed by the
developmental state of the neuron to be myelinated, no single mechanism, signaling
pathway or master switch has been identified that turns on myelination (Aggarwal et. al.,
2011; Bercury and Macklin 2015). It is also unclear how oligodendrocytes determine
which axons to myelinate given the plethora of axon options presented in size and
functional state, but initiation of myelination has been shown to be modulated by axonal
size and neuronal signaling (Simons and Lyons 2013).
The differentiation and myelination process is under tight regulation by a number
of different inhibitory and promoting signaling factors and transcriptional regulatory
factors. Axonal signals including LINGO1, Jagged, and PSA-NCAM as well as the
GPR17 signal and the Notch signaling pathway inhibit differentiation and myelination,
while triiodothyronine/thyroid hormone 3 (T3) signaling and IGF-1 have been implicated
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as differentiation and myelination promoters (Aggarwal et. al., 2011; Mitew et. al., 2014;
Simons and Lyons 2013). Further, Wnt/β-catenin signaling and several bHLH
transcription factors including ID2, ID4, and HES5 that block pro-differentiation factors
have an inhibitory effect on differentiation, while Ascl1/Mash1 and OLIG2 signaling
have been shown to promote differentiation (Mitew et. al., 2014).
Myelination
Mature oligodendrocyte morphology includes a cell body marked by numerous
cytoplasmic extensions and flat membranous sheets consisting of an intricate network of
microtubules and microfilaments integral to establishing contact with axons, providing
structural support of the cell, and maintaining the myelin membrane with dynamic
structural pathways for intracellular translocation of myelin gene products and organelle
trafficking of proteins and lipids (Richter-Landsberg 2008). Myelin formation and the
process of myelination occurs in an inside-out and caudal to rostral fashion in brain
development (Gordon et. al., 2014). At the cellular level, it begins as the oligodendrocyte
extends cytoplasmic processes in search of axons suitable for myelination (Mitew et. al.,
2014). Cytoskeletal structural changes and rearrangements lead to rapid and directed
formation with growth of lamellipodia toward the axon from the microtubule pervasion
of microfilament-rich filopodia sustained by increased microfilament polymerization and
branching in response to axonal signals (Mitew et. al., 2014). Myelin components are
delivered to the growing myelin sheath membrane as the oligodendrocyte’s cell surface
becomes polarized toward the axon along with the emergence of an asymmetric cell
surface and a large myelin-membrane sheet without cytosolic elements (Aggarwal et. al.,
2011). A combination of high resolution imaging and 3D-reconstruction of optic nerve
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fixed by high pressure freezing (Snaidero et. al., 2014) revealed that the myelin sheath in
oligodendrocyte processes appears as a single flat extension of triangular shaped
membrane that deposits myelin membrane by the wrapping of the leading edge at the
inner tongue around the axon with a lateral extension of myelin membrane layer down
the axon to form the paranodal loops (Snaidero and Simons 2014). This generates a long
axonal segment of multiple layers of myelin which are termed internodes that are flanked
by the unmyelinated nodes of Ranvier (Snaidero and Simons 2014).
Although axonal neuronal signals include ones previously mentioned that inhibit
differentiation and myelination such as PSA-NCAM, Jagged-1, and Lingo-1, axonal
promoters of myelination include axonal size, laminin-α2-β1 integrin receptor-Fyn
signaling in initial process extension and contact formation (Mitew et. al., 2014), and
Neuregulin 1 (Nrg1)-ErbB signaling (Nawaz et. al., 2015). Myelination based on axon
size has been readily demonstrated in the PNS with only myelination of axons bigger
than 1 um2 (Sherman and Brophy 2005; Voyvodic 1989). However, the CNS contains
myelinated axons with diameters as small as 200nm (Simons and Lyons 2013), and
combined experimental evidence (Lee et. al., 2012a; Umemori et. al., 1994) suggests
different cellular mechanisms exist for myelination of axons between those of small
caliber and those of large caliber (Simons and Lyons 2013). Laminin-α2-β1 integrin
receptor signaling is additionally associated with myelin thickness along with other
myelin thickness modulators that include axonal neuroregulins (NRGs), brain derived
neurotrophic factor (BDNF), GF-2, ERK1/2, and the RAF-MEK_ERK and other
pathways like PI3K/Akt/mTOR (Mitew et. al., 2014).
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Figure 2.9. Neuronal Structure and Myelination by Oligodendrocytes. A.) The major structures of a neuron
are depicted. The action potential travels from the soma through the axon toward the axon terminal. B.)
Mature oligodendrocytes extend their membrane to neurons and wrap their axons with myelin. A single
oligodendrocyte can myelinate multiple axons of multiple neurons at once. The myelination process is
diagramed which shows the differentiation of a committed oligodendrocyte progenitor cell (OPC) into a
mature oligodendrocyte that is able to myelinate axons. The OPC extends and retracts its membrane in
search of an axon to myelinate. Initial contact is stabilized inducing directed mRNA transport and local
protein translation, recruitment of myelin proteins to the extending membrane, and molecular
rearrangements such as cytoskeletal reorganization. This results in the polarization of the myelinating
oligodendrocyte toward the axon of the neuron. The myelin wraps around the axon and mature myelin is
formed with up to 160 membrane layers. Channel clustering toward the nodes of Ranvier take place as the
axon
is
wrapped
in
myelin.
Neurons
constructed
with
Servier
Medial
Art
(http://www.servier.com/Powerpoint-image-bank).

Expression of myelin components are progressively activated as myelin
biogenesis occurs, and some of the major constituents include galactosylceramide,
sulfatide, proteolipid protein (PLP), myelin basic protein (MBP), cyclic nucleotide
phosphodiesterase (Cnp), myelin oligodendrocyte glycoprotein (Mog), myelin-associated
glycoprotein (Mag), Sirtuin 2 (Sirt2), and Claudin 11 (Cldn11) (Aggarwal et. al., 2011;
Nave and Werner 2014). Transcription factors such as myelin gene regulatory factor
(MYRF), zinc finger protein 191 (Zfp191), zinc finger protein 488 (Zfp488), Sox10, and
Olig-1 have shown evidence in the regulation of myelin gene expression (Mitew et. al.,
2014; Zuchero and Barres 2013). Lipids make up 70-80% of myelin consisting
predominantly of cholesterol, phospholipids, and glycolipids; 20-30% of myelin is
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composed of proteins including myelin basic protein (MBP) and proteolipid protein
(PLP), which the most abundant protein (Aggarwal et. al., 2011; Gordon et. al., 2014;
Gruenenfelder et. al., 2011).
Axo-Glial Domain Structure in the Central Nervous System
A myelinated axon is organized into specific domains to ensure proper nerve
conduction (Figure 2.10). The axon initial segment (AIS) is adjacent to the soma of the
neuron and receives neuronal inputs that aid in axonal specification and initiates action
potentials modulated by various ion channels (Buttermore et. al., 2013). Not unlike the
AIS, the nodes of Ranvier are unmyelinated regions of the axon with clustered voltage
gated sodium channels located between myelinated axonal sections that further
regenerate and propagate the action potential along the axon (Susuki and Rasband 2008).
Specialized axo-glial paranodal junctions are formed between the distal, uncompacted
paranodal loops of myelin and the axolemma through interactions of the axonal adhesion
proteins contactin-associated protein (Caspr) and contactin (Cntn) and several axonal
cytoplasmic scaffolding proteins with myelin membrane neurofascin 155 (Nfasc155)
(Nave 2010). This forms a seal between the internodal periaxonal space from the outside
environment that acts as a barrier between the adjacent potassium channels of the
juxtaparanode and the sodium channels of the nodes of Ranvier which maintains the
organization and stabilization of the axonal cytoskeleton for long-term axonal health and
stability (Buttermore et. al., 2013). In addition, paranodal junctions help promote the
assembly of sodium channel clustering at the nodes of Ranvier (Susuki and Rasband
2008). The Caspr-Cntn-Nfasc155 adhesion complex is not only crucial for node of
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Ranvier formation but also in the promotion of lateral extension of myelin toward the
node (Snaidero and Simons 2014).
The juxtaparanode lies adjacent to and between the paranode and the internode
where clusters of delayed rectifier potassium channels reside functioning to repolarize the
membrane by equilibrating the membrane potential after depolarization and preventing
back propagation of action potentials (Buttermore et. al., 2013) The internode flanked by
the juxtaparanode contains the region of wrapped compacted myelin (Buttermore et. al.,
2013). Cytoplasmic channels in the developing membrane allow communication by way
of vesicular trafficking between the outside and the inside of the sheath which eventually
fuse and resolve as compact myelin thus forming the paranodal (Bercury and Macklin
2015). Compaction of the multiple layers of extracellular and intracellular membrane
sheets is a crucial process in myelination and requires particular adhesive and structural
proteins. The positively charged MBP in the glial intracellular domain interacts with and
neutralizes the repulsive effects of negatively charged cytoplasmic membrane
phospholipids (i.e.PIP2) to prevent non-specific cell adhesion, and it pulls the opposing
cytoplasmic leaflets of the myelin bilayer close together forming a barrier that restricts
the diffusion of proteins into the myelin sheath (Aggarwal et. al., 2011; Nave and Werner
2014; Simons and Lyons 2013).
As compaction occurs, proteins like CNP are deposited within the growing myelin
membrane as a spacer to impede nucleation and keep the two inner leaflets apart ahead of
the unidirectional single site myelin compaction (Snaidero and Simons 2014). The bound
MBP to adjacent cytoplasmic surfaces polymerizes into a fibrous meshwork that provides
the force behind the highly controlled unidirectional myelin membrane compaction from
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the outermost layers to the innermost layers (Snaidero and Simons 2014). The
extracellular leaflets of the myelin bilayer are held together by weak interactions and
adhesion proteins such as PLP1, which allows the gliding of individual myelin layers
along each other to prevent constriction of the axon (Aggarwal et. al., 2011; Simons and
Lyons 2013; Snaidero and Simons 2014). Additionally, serial tight junction strands, also
called the radial component, composed primarily of the protein claudin-11 (Cldn11)
wreathe through central compact myelin and serve as the convergence site for adhesive
forces between two adjacent myelin layers (Nave and Werner 2014).
A highly organized and tightly compacted myelin membrane relies on myelin’s
enrichment of hydrophobic molecules (e.g. a high percentage of lipids compared to most
other plasma membrane) and proteolipid proteins that exert a repulsive force toward the
extracellular fluid providing intermolecular attractive forces between the lipid moieties
(Aggarwal et. al., 2011). High levels of fatty acid hydroxylation of galactosylceramide
and sulfatide, with their ability to form hydrogen bonds near the lipid-water interface,
constitute one of the major attractive forces within the myelin membrane. Other strong
intermolecular attractive forces come from Van der Waals dispersion forces between
glycolipid moieties with very long chain and saturated fatty acids that interact with
adjacent lipid molecules (Aggarwal et. al., 2011).
Axo-Glial Metabolic Support in the Central Nervous System
In addition to myelin’s saltatory propagation of action potential along the axons,
oligodendrocytes provide crucial metabolic trophic support to axons for long term
survival (Bercury and Macklin 2015). As oligodendrocyte maturation takes place, an
energy switch occurs from ATP derived energy by mitochondrial respiration to an
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Figure 2.10. Axonal Domains and Myelin Sheath Structure. A.) Axonal domains within a myelinated
neuron is represented. The node of ranvier is flanked by the paranode (blue), the juxtaparanode (red), and
the internode (orange) reflecting the clear segregation of each axonal domain. Modifed from (Buttermore
et. al., 2013). Neurons constructed with Servier Medial Art (http://www.servier.com/Powerpoint-imagebank). B.) The myelin sheath including the compact and noncompact myelin is shown in the electron
micrograph. The central nervous system myelin sheath is formed by the oligodendrocyte’s wrapping
around the axon multiple times to form myelinated internodes made of compact myelin through the
convergence of the internal and external surfaces of the membrane bilayer which create the major dense
lines (between the intracellular surfaces of the membrane, represented in purple in the compact myelin) and
the intraperiodic lines (between the extracellular surfaces of adjacent membrane). The Noncompact myelin
is comprised of the inner (*) and outer (**) tongues of the oligodendrocyte membrane processes. The
Nodes of Ranvier are represented as non-myelinated segments that segragate adjacent myelinated
internodes. Myelin-associated glycoprotein (MAG) is shown traversing the periaxonal space where it
anchors the myelin membrane to the axolemma by binding to surface receptors on the axolemma. As
represented in (A.), PLP (green) and MBP (blue) are associated with compact myelin whereas 2’,3’- cyclic
nucleotide-3’-phospodiesterase (CNP; red) and sirtuin 2 (orange) are associated with non-compact myelin.
Modified from (Gruenenfelder et. al., 2011). C. The molecular architecture of the different myelinated axon
segments are represented. Myelin sections (purple) and the axon (tan) are separated by the periaxonal space
spanned by glial and axonal adhesion proteins. Caspr, contactin-associated protein; Cntn, contactin; Cx29,
connexin 29 kDa; NECL1, nectin-like protein/synCAM; NF155/186, neurofascin 155 kDa/186kDa; MAG,
myelin-associated glycoprotein; kCh, fast potassium channels; NaCh, votage-gated sodium channels.
Modified from (Nave 2010) D.) The major myelin components are represented in the model. Proteolipid
protein (PLP) is transmembrane protein that along with myelin basic protein. The myelin bilayer is made
up of ~70-80% lipids with an assymetric compostion including but not limited to cholesterol,
galatcosylceramide (GalC), and sulfatide (sGalC) in the outer membrane (red), and P-inositol-4,5diphosphate, ethanolamine plasmalogen, cholesterol, and P-serine in the inner membrane (blue). Modified
from (Aggarwal et. al., 2011).
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energy source derived from aerobic glycolysis that produces lactate (Nave and Werner
2014). This lactate is not only used to maintain the myelin sheath, but it is also utilized by
the ensheathed axons as an energy source (Nave and Werner 2014). Monocarboxylate
transporter 1 (MCT1) has been implicated in the regulation of the transport of lactate
between myelin to axon and is crucial to the metabolic support for the axon (Lee et. al.,
2012b). Alternatively, axons can reversely lend metabolic support to oligodendrocytes by
providing N-acetylaspartate (NAA) which is broken down by the oligodendrocyte into
acetate that aids in myelin lipid biosynthesis and proper myelin sheath architecture (Nave
and Werner 2014).
White Matter Disorders: Leukodystrophies and Genetic Leukoencephalopathies
As myelin is part of the basic makeup of the central nervous system, defects in
myelin biogenesis, in the formation and structure of myelin, and in the process of
myelination can lead to a heterogeneous group of white matter disorders known as
leukodystrophies and genetic leukoencephalopathies. Leukodystrohies refer to inherited
abnormalities of the white matter of the central nervous system with or without peripheral
nervous system involvement (Bonkowsky et. al., 2010; Vanderver et. al., 2015) relative
to the wasting away of myelin in a dysmyelinating (i.e. failure to assemble/abnormal
development of myelin) manner, a demyelinating (i.e. failure to maintain/loss and/or
destruction of established myelin) manner, or in a hypomyelinating (i.e. absent or
diminished production of myelin) manner (Gordon et. al., 2014; Nave 2010). Genetic
leukoencephalopathies refer to all other heritable disorders that affect the white matter of
the brain but do not qualify as leukodystrophies (Vanderver et. al., 2015). Primary
leukodystrophies (Table 2.3) generally affect the glial cells or myelin sheath of the
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central nervous system, while genetic leukoencephalopathies (Table 2.4) are caused
primarily from neuronal, vascular, or systemic abnormalities in which white matter
changes are thought to be secondary including inborn errors of metabolism, inherited
vasculopathies, CNS diseases with primary involvement of neurons in the cerebral cortex
or other gray matter structures, and disorders that affect both the white and gray matter of
the brain (Vanderver et. al., 2015; Vanderver et. al., 2014b). Both primary
leukodystrophies and genetic leukoencephalopathies can be inherited in any manner (i.e.
autosomal recessive, dominant or de novo dominant, X-linked, mitochondrial, etc.)
(Parikh et. al., 2015).
Table 2.3. Disorders Characterized as Leukodystrophies


Name of disorder
Pol-III related disorders (4H syndrome (hypomyelination, hypodontia and hypogonadotropic
hypogonadism))





18q minus syndrome
X linked Adrenoleukodystrophy (X-ALD)
Adult onset leukodystrophy with neuroaxonal spheroids and pigmented glia (including hereditary
diffuse leukoencephalopathy with spheroids, HDLS, and Pigmentary type of orthochromatic
leukodystrophy with pigmented glia, POLD)









Aicardi-Goutières Syndrome (AGS)
Alexander Disease (AxD)
Autosomal Dominant Leukodystrophy with Autonomic disease (ADLD)
Canavan disease
Cerebrotendinous Xanthomatosis (CTX)
Chloride Ion Channel 2 (ClC-2) related leukoencephalopathy with intramyelinic oedema
eIF2B related disorder (Vanishing White Matter Disease or Childhood ataxia with central nervous
system hypomyelination (CACH))









Fucosidosis
Globoid cell Leukodystrophy (Krabbe)
Hypomyelination with atrophy of the basal ganglia and cerebellum (HABC)
Hypomyelination with Brainstem and Spinal Cord involvement and Leg Spasticity (HBSL)
Hypomyelination with congenital cataract (HCC)
Leukoencephalopathy with brainstem and spinal cord involvement and lactate elevation (LBSL)
Leukoencephalopathy with thalamus and brainstem involvement and high lactate (LTBL)
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Table 2.3 Continued













Name of Disorder
Megalencephalic Leukoencephalopathy with subcortical cysts (MLC)
Metachromatic Leukodystrophy (MLD) and its biochemical variants
Oculodentodigital dysplasia
Pelizaeus Merzbacher disease (PMD)
Pelizaeus Merzbacher like-disease (PMLD)
Peroxisomal Biogenesis disorders (including Zelleweger, neonatal Adrenoleukodystrophy and
Infantile Refsum)
Polyglucosan Body Disease (PGBD)
RNAse T2 deficient leukoencephalopathy
Sialic acid storage disorders (Salla disease, Infantile Sialic Acid Storage Disease and Intermediate
form)
Single enzyme deficiencies of peroxisomal fatty acid beta oxidation (including only DBifunctional Protein Deficiency; Sterol Carrier Protein X (SCPx) deficiency; Peroxisomal acylCoA-Oxidase Deficiency)
Sjögren-Larsson syndrome
SOX10-associated PCWH: peripheral demyelinating neuropathy, central dysmyelinating
leukodystrophy, Waardenburg syndrome, and Hirschsprung disease

Note: Taken from (Vanderver et. al., 2015)

Table 2.4. Disorders Characterized as Genetic Leukoencephalopathies (gLEs)

















Name of Disorder
3-Phosphoglycerate dehydrogenase deficiency
Adenylosuccinate lyase deficiency
Aspartylglucosaminuria
Cerebral Folate Transport Deficiency (FOLR1)
D-2-Hydroxyglutaric Aciduria (D2HGA 1 and 2)
Dihydropterine reductase (DHPR) deficiency
Defects in N-Glycan synthesis
Defects in O-Glycan synthesis and other congenital muscular dystrophies
Disorders of glycoprotein degradation (alpha mannosidosis, beta mannosidosis and sialidosis,
excluding fucosidosis)
Disorders of Branched Chain Amino acids (BCAAS) and other Amino acid disorders (Including
untreated propionic aciduria, methylmalonic aciduria, isovaleric aciduria, maple syrup Urine
Disease (MSUD) (Excluding E3 subunit deficiency)
Fatty Acid Hydroxylase-Associated Neurodegeneration
Fumarate hydratase deficiency
Galactosemia type I
Glutaric aciduria type I (GA-I)
Glutaric aciduria type II (GA-II) or Multiple acyl-CoA dehydrogenase deficiency (MADD)
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Table 2.4 Continued






















Name of Disorder
GM1 and GM2-Gangliosidosis, Infantile onset
Hereditary Homocystinurias
HMG-CoA lyase deficiency
L 2 hydroxyglutaric aciduria
Menkes disease
Molybdenum cofactor deficiency
Mucolipidosis type IV
Mucopolysaccharidosis including MPS type II (Hunter syndrome)
Multiple carboxylase deficiency, including biotinidase deficiency and holocarboxylase synthase
deficiency
Neuronal Ceroid Lipofuscinoses (NCL), Infantile onset
Niemann-Pick C
Nonketotic hyperglycinemia
Phenylketonuria(PKU)
Ribose 5 phosphate isomerase deficiency
Succinic Semialdehyde
Dehydrogenase (SSDH) Deficiency (or 4-Hydroxybutyric Aciduria)
Urea cycle disorders (Carbamoylphosphate synthetase I deficiency, Ornithine trans- carboxylase
deficiency, Citrullinemia type I, Argininosuccinic-aciduria, Arginase deficiency, NAGS
deficiency, HHH syndrome)
Wilson’s disease
Vascular disorders
Band-like intracranial calcification with simplified gyration and polymicrogyria, caused by
mutations in OCLN, encoding a tight junction protein expressed in endothelia in the brain



Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy
(CADASIL) and Cerebral Autosomal Recessive Arteriopathy with Subcortical Infarcts and
Leukoencephalopthy (CARASIL)



Cerebro Retinal Microangiopathy with Calcifications and Cysts or Coats Plus Syndrome














COL4A1 or COL4A2 related disorder
Fabry disease
Labrune’s Syndrome or Leukoencephalopathy with Calcifications and Cysts
Mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke (MELAS)
Mitochondrial neurogastrointestinal encephalopathy (MNGIE)
Pyruvate carboxylase (PC) deficiency
Pyruvate Dehydrogenase deficiency
Mitochondrial depletion syndromes (POLG1 and others)
Succinate Dehydrogenase deficiency
Complex I deficiency such as NDUFS1, NUBPL
Sanfilippo Syndrome
Isolated sulfite oxidase deficiency
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Table 2.4 Continued



























Name of Disorder
Mitochondrial aminoacyl-tRNA synthetases including FARS2 (Alpers Encephalopathy) and
MARS2 (ARSAL or Autosomal Recessive Spastic Ataxia with Leukoencephalopathy
AGC1 Related disorders
AIMP1 related disorders
BCAP31 related disorder (X-linked phenotype with Deafness, dystonia and central
hypomyelination)
Cockayne syndrome and trichothiodystrophy
CMTX (X linked Charcot Marie Tooth)
DAG related disorder
Dentatorubropallidoluysian atrophy (DRPLA)
Familial Hemophagocytic lymphohistiocytosis and other genetic disorders with macrophage
activating syndrome
Fragile X Premutation
Giant Axonal Neuropathy
GPR56 related disorders
HSPD1 related disorders (or Mitchap60)
Hypomelanosis of Ito (HMI) (or incontinentia pigmenti achromians)
Incontinentia Pigmenti
JAM3 related disorders
LAMA2 related congenital muscular dystrophy
MCT8 (SLC16A2) related disorders
Myotonic dystrophy (DM)
Neuronopathic form of malignant infantile osteopetrosis
Oculocerebrorenal Syndrome of Lowe (OCRL)
Polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL) or
Nasu Hakola disease
SPG11 and SPG15
Spondyloenchondrodysplasia
Syndrome of Ravine (intronic mutations in SLC7A2)
Woodhouse Sakatai Syndrome

Note: Taken from (Vanderver et. al., 2015)

Clinical Manifestations
Normal myelination (Figure 2.11) begins in fetal development but mostly occurs
postnatally, peaking in the first year of life with some myelination of certain areas of
the brain continuing into adolescence and young adulthood(Schiffmann and van der
Knaap 2009). Abnormalities in myelination result in progressive/developmental disorders
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Figure 2.11. Representative MRIs of Normal Myelination of the Human Brain. Normal progression of
myelination is represented by 4 different ages: term (A,E); 5 months old (B,F); 1 year old (C,G); and 5
years old (D,H). Normal myelin deposition is represented by low (hypointense) signals on T2 weighted
images (A-D) and by high (hyperintense) signals on T1 weighted images (E-H). T1 weighted images show
a more advanced myelination than T2 weighted images. MRI, magnetic resonance imaging. Images taken
from (Schiffmann and van der Knaap 2009).

with highly variable clinical presentations and pathological mechanisms rather than
embryonic lethality. (Nave 2010; Snaidero and Simons 2014; Vanderver et. al., 2015). A
vast majority of patients with a leukodystrophy or genetic leukoencephalopathy typically
present with an onset of neurological symptoms with gradual or abrupt deterioration of
CNS function in the form of motor involvement (Parikh et. al., 2015). In contrast, some
primary neuronal disorders present with cognitive decline and seizures, though there is
some symptom overlap (Parikh et. al., 2015). Motor involvement most often manifests as
hypotonia and progresses to spasticity and more severe forms of motor impairment from
mild spastic diplegia to severe spastic quadriplegia (Vanderver et. al., 2014b). Further,
motor dysfunction can impair vital functions such as chewing, swallowing, and breathing
(Vanderver et. al., 2014b). Other abnormalities that vary by disorder include outward
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physical deformity such as microcephaly or macrocephaly, extrapyramidal movement
disorders (i.e. dystonia or dyskinesia), ataxia, seizures, or delayed or declined cognitive
function (Vanderver et. al., 2014b). Onset of clinical manifestations typically presents as
a spectrum of disease presentations across all age groups, however, some specific
leukodystrophies and genetic leukoencephalopathies have an age of onset classified as
infantile (first year of life), late infantile (1-5 years of life), juvenile (5-12 years of life),
and adolescence and adulthood (Parikh et. al., 2015).
Diagnostic Criteria
All leukodystrophies have an estimated incidence within the population ranging
from 1 in 50,000 to 1 7,663 live births, though the true prevalence has not been
established (Bonkowsky et. al., 2010; Parikh et. al., 2015), and funded studies on
leukodystrophies remain small partially due to the perceived rarity of the disorders
(Vanderver et. al., 2015). Recognition of leukodystrophies in patients is challenging due
to their clandestine heterogeneous nature, and they are often only diagnosed through
neuroimaging (Parikh et. al., 2015). However, even with neuroimaging, half of all
leukodystrophies are undiagnosed or misdiagnosed due to the limited knowledge of their
etiologies which burdens families with years of uncertainty and a high yearly per patient
diagnostic cost estimated in the tens of thousands of dollars (Bonkowsky et. al., 2010;
Edlefsen et. al., 2007; Parikh et. al., 2015; Schiffmann and van der Knaap 2009;
Vanderver et. al., 2012). Current standard diagnostic approaches for differential diagnosis
takes into account detailed medical and family history, physical and neurological
evaluations, brain magnetic resonance imaging (MRI) patterns, and histopathological,
biochemical, and molecular genetic testing (Vanderver et. al., 2014b). Diagnostic MRI
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pathologies include the following (Figure 2.12): T2-weighted hyperintensity in the
affected white matter and a mildly hypo-, iso-, or hyperintense T1-weighted signal for
hypomyelinating leukodystrophies; a significant hypointense T1-weighted signal for
demyelinating leukodystrophies (Vanderver et. al., 2015; Vanderver et. al., 2014b).
However, because of the significant heterogeneity in disease course and manifestations of
leukodystrophies and genetic leukoencephalopathies, the MRIs of different disorders will
also have heterogenic patterns affecting different white matter regions of the brain
(Figure 2.13) (Schiffmann and van der Knaap 2009). Currently, curative treatments are
essentially non-existent and therapies are limited to symptom management, but promising
new treatments may arise from current human trials that may expand upon the current
therapeutic care (Helman et. al., 2015; Parikh et. al., 2015; Van Haren et. al., 2015).

72

Figure 2.12. Representative MRIs of Normal and Abnormal Brain White Matter. The differences between
normal (middle column) white matter of the brain on magnetic resonance imaging and abnormal white
matter (left column, right column) are shown. Normal brain white matter exhibits a T2 hypointensity signal
() and a T1 hyperintensity signal (). Hypomyelinating leukodystrophies (left column) have a T2hyperintensity signal and a T1 isointensity () or T1 mild hyperintensity () signal in the white matter.
Demyelinating leukodystrophies (right column) have a T2 hyperintensity signal and a T1 hypointensity ()
signal. MRI, magnetic resonance imaging. Image taken from (Vanderver et. al., 2014b).
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Figure 2.13. Representative MRIs of Abnormal White Matter Signals in Different Regions of the Human
Brain. The predominant regions of white matter lesions are represented in the MR images from patients
with different leukodystrophies. A.) Frontal white matter abnormalities are shown in a patient with
Alexander Disease (accompanied by slight signal abnormalities in the basal ganglia. B). Parieto-occipital
white matter lesions are shown in a patient with a cerebral form of X-linked adrenoleukodystrophy; two
zones can be distinguished within the white matter lesion. C.) Subcortical white matter lesions are shown in
a patient with Kearns-Sayre syndrome (with relative sparing of the periventricular white matter). D.) Deep
white matter and periventricular (surrounding the ventricles) white matter lesions are shown in a patient
with Metachromatic leukodystrophy (sparing of the U-fibers; the striped appearance with more normal
signal within the abnormal signal are seen in certain lysosomal storage disorders). E.) A mild, ill-defined,
broad abnormal signal of the periventricular rim is shown in a patient with juvenile neuronal ceroid
lipofuscinosis, and this MRI pattern is representative of cortical neuronal degenerative disorders. F.)
Diffuse cerebral white matter lesions are seen in a patient with childhood ataxia with central
hypomyelination/vanishing white matter (CACH). G.) Cerebellar signal abnormalities are shown in a
patient with cerebrotendinous xanthomatosis. H). White matter lesions of the middle cerebellar peduncles
are shown in a patient with autosomal dominant adult onset leukoencephalopathy related to duplication of
the LMNB1 gene.MRI, magnetic resonance imaging. Images taken from (Schiffmann and van der Knaap
2009).
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CHAPTER THREE
Materials and Methods
Study Subjects
This study focused on a cohort of patients of varied ethnic backgrounds with an
unsolved leukodystrophy (Table 3.1). Patients in this study had previously undergone
rigorous clinical testing using standard diagnostic procedures including routine physical
and neurological examination, magnetic resonance imaging (MRI) or computer
topography (CT) scanning, biochemical testing, and molecular diagnostics ending in an
unresolved leukodystrophy diagnosis. The affected patients along with any unaffected
familial relations were provided as isolated DNA from either blood or cell fibroblasts or
as isolated DNA and cell fibroblasts by Dr. Raphael Schiffmann of Baylor University
Medical Center in Dallas, Texas and by Dr. Adeline Vanderver of Children’s National
Medical Center in Washington, D.C. The appropriate informed consent was previously
obtained for each individual in the study. Available clinical information for each affected
individual was limited to either a brief description of clinical presentation or a more
detailed synopsis of clinical history with diagnostic MRIs or CT scans.
Next Generation Whole Exome Sequencing
Whole exome sequencing was carried out at Children’s National Medical Center
(CNMC) at the Genetic Medicine Center in Washington D.C. and Baylor University
Medical Center (BUMC) at Dallas’s Baylor Institute for Immunological Research (BIIR)
in conjunction with the Baylor Research Institute (BRI). Each subject’ s exome was
75

Table 3.1. List of Study Subjects
Sample

LD-101

LD-101_1
LD-101_2
LD-346
LD-346_1
LD-346_2
LD-358
LD-358_1
LD-358_2

LD-373_0A

LD-373_1
LD-373_2
LD-463_0A

LD-463_0B
LD-463_1
LD-463_2
LD-495
LD-495_1

Clinical Status
Female (~10yo); microcephaly,
white matter abnormalities,
calcifications in affected brain
parenchyma with lupus like
symptoms including lupus
nephritis, rash, pericarditis.
Laboratory diagnosis of Aicardi
Goutieres Syndrome (CSF
pleocytosis, elevated interferon
alpha_ but negative for AGS
genes 1-6
Unaffected
Unaffected
Male (~15yo); gait abnormality,
neuropathy and cerebellar signal
abnormalities
Unaffected
Unaffected
Female (4yo); severe myelin
deficiency; minimal progression
of myelination over 2 years,
severe refractory epilepsy and
mental retardation
Unaffected
Unaffected
Basal ganglia calcifications and
multifocal large stroke like
lesions associated with prodromic
period of severe, uncontrolled
headaches; sibling with same
disorders; death in early 20's
Unaffected
Unaffected
Hereditary Spastic Paraplegia like
presentation with bilateral
periventricular signal
abnormalities
Hereditary Spastic Paraplegia like
presentation with bilateral
periventricular signal
abnormalities
Unaffected
Unaffected
Left hemiparesis at 2 years which
evolved to quadriparesis with
elevated CSF IFN and pterinsAGS like presentation
Unaffected
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Sequencing

Illumina HiScanSeq PEx100

Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100

Illumina HiScanSeq PEx100

Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100

Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100

Table 3.1 Continued
Sample

Clinical Status

Sequencing

LD-495_2

Unaffected
Spondylometaphyseal dysplasia,
severe hypomyelination and
retinopathy
Unaffected
Unaffected
Acute abnormalities of motor
function and visual dysfunction in
the context of an acute illness
Unaffected
Unaffected
Pelizaeus Merzbacher Disease
like presentation
Unaffected
Pelizaeus Merzbacher Disease
like presentation
Unaffected
Pelizaeus Merzbacher Disease
like presentation
Childhood Ataxia with
Hypomyelination (CACH)
Unaffected
Unaffected
Unaffected
Leukoencephalopathy,
Calcifications, and Cysts
(Labrune Syndrome)
Unaffected
Unaffected
Unaffected
Unaffected
Unaffected

Illumina HiScanSeq PEx100

LD-500
LD-500_1
LD-500_2
LD-600
LD-600_1
LD-600_2
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100
Illumina HiScanSeq PEx100;
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiScanSeq PEx100;
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiScanSeq PEx100;
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50
Illumina HiSeq2000 PEx50

captured using Illumina’s TruSeq Exome Capture kit v.4, and they were sequenced on an
Illumina HiScanSeq at CNMC and on an Illumina HiSeq 2000 at the BIIR using
Illumina’s TruSeq technology (Table 3.1). Sample preparation and sequencing protocols
were analogous between the two platforms. Samples sequenced at the BIIR were carried
out as 50 bp paired-end (PEx50 bp) runs with 4 samples multiplexed per lane. Samples
sequenced at CNMC either as a 60 bp paired-end (PEx60 bp) run while multiplexing 6
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samples per lane or as a 100 bp paired-end (PEx100 bp) run. Additionally, HABC
patients and unaffected family members were exome sequenced with the SeqCap EZ
Human exome Library v.3.0 (Roche) and sequenced on an Illumina 2000 with 100 bp
paired-end (PEx100) sequencing with a customized data analysis pipeline at the
Queensland Centre for Medical Genomics in Australia or the VU University Medical
Center Amsterdam sequencing center (Simons et. al., 2013).
DNA Fragmentation
gDNA was mechanically sheared and fragmented to 200-300 bp fragments by
adaptive focused acoustics with pre-determined settings on the Covaris focused
ultrasonicator instrument. Covaris shearing generated dsDNA fragments with 3ʹ or
5ʹoverhangs. The amount of DNA to be fragmented was calculated based on 1 μg input
DNA for each sample. Following the manufacturer’s instructions for the Covaris®
ultrasonicator, the machine’s water was de‐gassed and pre‐chilled to a temperature of 3°
to 6°C. Illumina recommended to normalize the gDNA samples to 55 μl at 20 ng/μl. To
fragment the DNA, 1 μg of gDNA sample was sheared by transferring 52.5 μl of DNA to
a Covaris tube and fragmenting the DNA with the following settings: Duty cycle—10%;
Intensity—5.0; Bursts per second—200; Duration—120 seconds; Mode—Frequency
sweeping; Power—23W; Temperature—5.5° to 6°C. The Covaris tube was sealed and
briefly centrifuged to 600 x g for 5 seconds. These settings were optimized for creating
library inserts of 200–400 bp. When indexing libraries, samples were arranged so that
they would be combined into a common pool in the same row and each column would
contain a common index.
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End Repair
After fragmentation, end repair was carried out to convert the overhangs resulting
from fragmentation into blunt ends using an End Repair Mix (Illumina). The 3ʹ to 5ʹ
exonuclease activity of this mix removed the 3ʹ overhangs and the polymerase activity
filled in the 5ʹ overhangs. 10 μl of Resuspension Buffer (RSB; Illumina) was added to 50
μl of fragmented DNA followed by addition of 40 μl of End Repair Mix (Illumina). The
plate was mixed on a microplate shaker at 1,800 rpm for 2 minutes and centrifuged to
280 x g for 1 minute. The mix was incubated on a pre-heated microheating system for 30
minutes at 30°C and then removed. To clean up, 160 μl of the AMPure XP Beads
(Beckman Coulter) were added to the sample containing 100 μl of End Repair Mix. The
plate was then mixed thoroughly as previously described. The samples were then
incubated at room temperature for 15 minutes and placed on the magnetic stand at room
temperature for 15 minutes. 127.5 μl of supernatant was removed and discarded and
repeated. To wash, 200 μl of freshly prepared 80% EtOH was added to each sample and
then incubated at room temperature for 30 seconds. The supernatant was removed,
discarded, and the wash was repeated. Samples were removed from the magnetic stand
and air dried at room temperature for 15 minutes. The dried pellet was resuspended in
17.5 μl of RSB and mixed thoroughly as described previously. Next, samples were
incubated at room temperature for 2 minutes and placed on the magnetic stand at room
temperature for 5 minutes. 15 μl of the clear supernatant was transferred to a new plate.
Adenylation of the 3' Ends
A single ‘A’ nucleotide was added to the 3’ ends of the blunt fragments to prevent
them from ligating to one another during the adapter ligation reaction. A corresponding
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single ‘T’ nucleotide on the 3’ end of the adapter provided a complementary overhang for
ligating the adapter to the fragment. This strategy ensured a low rate of chimera
(concatenated template) formation. 2.5 μl of RSB and 12.5 μl of an A‐Tailing Mix
(Illumina) was added to each sample and mixed on a microplate shaker at 1,800 rpm for 2
minutes followed by centrifugation at 280 x g for 1 minute. Samples were then incubated
for 30 minutes at 37°C.
Ligation of Adapters
This process ligated multiple indexing adapters to the ends of the DNA fragments,
preparing them for hybridization onto a flow cell. 2.5 μl of RSB was added to each
sample followed by addition of 2.5 μl of DNA Ligase Mix (Illumina) and 2.5 μl of each
DNA Adapter Index (AD001–AD012; Illumina) and mixed on a microplate shaker at
1,800 rpm for 2 minutes followed by centrifugation at 280 x g for 1 minute. The mixture
was then incubated for 10 minutes at 30°C. 5 μl of Stop Ligase Mix (Illumina) was added
to inactivate the ligation mix and mixed as previously described. To clean up, 42.5 μl of
mixed AMPure XP Beads were added and mixed at 1,800 rpm for 2 minutes followed by
incubation at room temperature for 15 minutes. The samples were then placed on a
magnetic stand at room temperature for 2 minutes. 80 μl of the supernatant was removed
and discarded, and 200 μl of freshly prepared 80% EtOH was added to each sample and
incubated at room temperature for 30 seconds. The supernatant was then removed and
discarded, and the 80% EtOH wash was repeated once. The samples were dried for 15
minutes at room temperature and resuspended in 52.5 μl RSB and mixed as previously
described. The samples were then incubated on the magnetic stand at room temperature
for 2 minutes and 50 μl of the clear supernatant was transferred to a new plate. 50 μl of
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AMPure XP Beads were added to the samples for a second sample cleanup, mixed as
previously described, and incubated at room temperature for 15 minutes. The samples
were then placed on a magnetic stand for 2 minutes followed by the removal and
discarding of 95 μl of the supernatant. 200 μl of freshly prepared 80% EtOH was added,
and the mixture was incubated at room temperature for at least 30 seconds followed by
the removal and discarding of all the supernatant. The 80% EtOH wash was then
repeated. The samples were air dried at room temperature for 15 minutes, and the pellet
was re-suspended with 22.5 ul RSB followed by incubation at room temperature for 2
minutes. The mixture was then incubated at room temperature for 5 minutes on a
magnetic plate. 20 ul of the clear supernatant was transferred to a new PCR plate.
DNA Fragment Enrichment
This process used PCR to selectively enrich those DNA fragments that had
adapter molecules on both ends and to amplify the amount of DNA in the library.
Fragments with only one or no adapters are by-products of inefficiencies of the ligation
reaction; neither species can be used to make clusters because fragments without adapters
cannot hybridize to surface-bound primers on the flowcell. Fragments with only one
adapter can hybridize to surface-bound primers but cannot form clusters. The PCR is
performed with a PCR primer cocktail that anneals to the ends of the adapters, and the
number of PCR cycles was minimized to avoid skewing the representation of the library.
The following procedure was based on 1 μg of input DNA to library preparation and was
designed to get higher library yields. 5 μl of PCR Primer Cocktail (Illumina) and 25 ul of
PCR Master Mix (Illumina) was added to each sample and mixed. The PCR reaction was
carried out in a thermal cycler as follows: 98°C for 30 seconds; 10 cycles of 98°C for 10
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seconds, 60°C for 30 seconds, 72°C for 30 seconds; 72°C for 5 minutes; hold at 4°C. To
clean up the PCR reactions, 50 μl of the mixed AMPure XP Beads were added to the
PCR amplified library, mixed, and incubated at room temperature for 15 minutes. The
samples were placed on a magnetic stand for 2 minutes at room temperature, and 95 μl of
the supernatant was removed and discarded. With the PCR plate remaining on the
magnetic stand, 200 μl of freshly prepared 80% EtOH was added to each sample and
incubated at room temperature for 30 seconds followed by the removal and discarding of
the supernatant. The 80% EtOH wash was repeated. The pellet was allowed to dry at
room temperature for 15 minutes and was then resuspended with 32.5 μl RSB. The
samples were then incubated at room temperature for 2 minutes with an additional
incubation on the magnetic stand at room temperature for 2 minutes. 30 μl of the clear
supernatant was transferred to a new PCR plate. The library was then validated for
quality control analysis of the sample library with quantification of the DNA library
templates using the Agilent Technologies 2100 Bioanalyzer with a high sensitivity DNA
chip at a 1:50 library dilution of 1 μl.
Exome Enrichment
Illumina recommended 500 ng per library for the TruSeq Exome Enrichment
protocol. Exome enrichment of the DNA library was carried out to capture the exome of
a human DNA library prepared using the Illumina TruSeq DNA sample prep kit.
Reagents provided by the TruSeq Exome enrichment subsequently prepared the library
for sequencing the targeted regions on the Illumina sequencing platform. Samples were
multiplexed/pooled together with unique indexing adapters. After the addition of
adapters, the fragments ranged in size from 300-400 bp. To prepare the samples, RSB
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was added to each sample to a total of 40 μl for a concentration of 500 ng. The first
hybridization mixed the DNA library with the capture probes of targeted regions. 10 μl of
Capture Target Oligos (Illumina), 50 μl of Capture Target Buffer 1, and 40 μl of the
diluted DNA library were mixed together, centrifuged at 280 x g for 1 minute, and
incubated in the thermal cycler with the following settings: 95°C for 10 minutes; 18
cycles of 93°C for 1 minute, decreasing 2°C per cycle; 58°C for 16–20 hours. The first
wash used streptavidin beads to capture probes containing the targeted regions of interest.
Three wash steps removed non-specific binding from the beads. The enriched library was
then eluted from the beads and prepared for a second hybridization. After the incubation,
the first hybridization reaction was centrifuged at 280 x g for 1 minute and transferred to
a new plate. 250 μl of well‐mixed Streptavidin Magnetic Beads (Illumina) was added to
the reaction mix, incubated at room temperature for 30 minutes, and centrifuged at 280 x
g for 1 minute. Another incubation was carried out on a magnetic stand for 2 minutes
followed by the removal and discarding of the supernatant.
200 μl Wash Solution 1 (Illumina) was added, mixed, and incubated on a
magnetic stand for 2 minutes at room temperature. The supernatant was then removed
and discarded. 200 μl of Wash Solution 2 (Illumina) was added, mixed, and incubated on
a magnetic stand for 2 minutes. Another 200 μl Wash Solution 2 was added, mixed, and
then transferred to a new plate and incubated at 42°C for 30 minutes. After incubation,
the samples were placed on a magnetic stand for 2 minutes and the supernatant was
removed and discarded. The second wash was repeated once. 200 μl of Wash Solution 3
(Illumina) was added, mixed, and incubated on a magnetic stand for 2 minutes. The
supernatant was removed and discarded, and the third wash was repeated once. To elute
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the target, 28.5 μl of Elute Target Buffer (Illumina) and 1.5 μl of 2N NaOH (Illumina)
was mixed and added to each sample. The reaction mixture was then mixed, incubated at
room temperature for 5 minutes, centrifuged at 280 x g for 1 minute, and then incubated
on a magnetic stand for 2 minutes. 29 μl of the supernatant was then transferred to a new
plate. 5 μl of Elute Buffer 2 (Illumina) was added to the samples to neutralize the elution
and mixed.
A second hybridization reaction was carried out to mix the first elution of the
DNA library with the capture probes and ensured further enrichment of the targeted
regions. A reaction was set up as follows: 50 μl of Capture Target Buffer (Illumina); 10ul
of Capture Target Oligos (Illumina); 10 μl of PCR grade water; 30 μl of the first elution;
100 μl total volume per sample. The samples were then centrifuged at 280 x g for 1
minute and incubated in a thermal cycler as follows: 95°C for 10 minutes; 18 cycles of
93°C for 1 minute, decreasing 2°C per cycle; 58°C for 16–20 hours. After incubation, the
procedure for binding, washing, and eluting for the first hybridization was repeated.
Following exome enrichment, the library was amplified to enrich the library for
sequencing. The PCR reaction was set-up as follows: 10 μl second elution; 25 μl of PCR
Master Mix (Illumina); 5 μl of PCR primer cocktail (Illumina); 10 μl of PCR grade water;
50 μl total reaction volume. The mixture was centrifuged at 280 x g for 5 seconds and
incubated in a thermal cycler with the following program: 98°C for 30 seconds; 10 cycles
of 98°C for 10 seconds, 60°C for 30 seconds, 72°C for 30 seconds; 72°C for 5 minutes;
hold at 10°C. To clean up the PCR reaction, 90 μl of the AMPure XP Beads were added,
mixed, and incubated at room temperature for 10 minutes. The reactions were then placed
on a magnetic stand for 5 minutes, and 140 μl of the supernatant was removed and
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discarded. 200 μl of freshly prepared 80% EtOH was added, and the mixture was
incubated at room temperature for 30 seconds followed by the removal and discarding of
the supernatant. The 80% EtOH wash was repeated once. The samples were then dried at
room temperature for 15 minutes, and the pellet was resuspended in 30 μl of RSB, mixed,
and incubated at room temperature for 2 minutes. The samples were then placed on a
magnetic stand for 5 minutes, and 30 μl of the supernatant was transferred to a new tube.
Cluster Generation
Cluster generation was performed on the Illumina cBot machine. Optimal cluster
densities across every lane of the flowcell must be attained to achieve the highest quality
of data on Illumina sequencing platforms. Illumina’s TruSeq Cluster Kit v3 was used
along with the TruSeq SR Cluster Kit v3-HS (cBot) and Truseq PE Cluster Kit v.3-HS
(cBot). The concentrations of the DNA template were adjusted to 2nM using Tris-Cl 10
mM, pH 8.5 with 0.1% Tween 20. The addition of 0.1% Tween 20 helped to prevent
adsorption of the template to plastic tubes upon repeated freeze-thaw cycles, which
would decrease the cluster numbers over time. The recommended cluster densities for the
HiSeq flow cell for the TruSeq Cluster Kit v3 was 750-850 K/mm^2 measured with
v1.12 of the cbot’s real time analysis software. The DNA was denatured with 0.1 N
NaOH to a DNA concentration of 20 pM with the following reaction: 10 μl 2 nM
template DNA and 10 μl of 0.1 N NaOH. The reaction was mixed and centrifuged at 280
x g for 1 minute followed by centrifugation at 280 x g for 1 minute and incubation at
room temperature for 5 minutes to denature the template into single strands. 20 μl of the
denatured template was transferred to 980 μl of pre-chilled HT1 buffer (Illumina) and
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placed on ice. The DNA library was then diluted further to 10pM for correct cluster
density and loaded onto the cBot for cluster generation.
Sequencing
Sequencing runs included a 2 x 100 multiplexed paired-end (PE) run on the
Illumina HiScanSQ and a 2 x 48 multiplexed PE run on an Illumina HiSeq 2000 System
with both using Illumina’s TruSeq technology. First, pre-washes on the instrument were
performed. The TruSeq SBS kit (Illumina) reagents (ICB incorporation mix; PW1; SRE;
SBS Buffer 1; SBS buffer 2; CMR; SBS buffer 3; HT2 wash buffer (indexing); HP3
denaturation solution (indexing); HP8 indexing sequencing primer mix) were prepared
and loaded onto the sequencer followed by run set up on the HiSeq Control Software
(HCS) sequencing software interface. Run setup steps included following interface
prompts for entering run parameters, loading and priming the reagents, loading the new
clustered flow cell, and performing a fluidics check. The sequencing run was started and
monitored from the run overview screen. For the paired-end run (PE), one read of 101
cycles or less termed Read 1 was performed immediately followed by seven cycles for
the Index Read that prepared the sequencer for the paired-end sequencing read. Paired
end reagents were loaded onto the instrument for the Read 2 re-synthesis step of the
paired end run which included the following: RMX resynthesis Mix; LMX2 linearization
mix; BMX blocking mix; AMX2 amplification mix; APM2 AMX2 premix; AT2 100%
formamide; HP7 read 2 sequencing primer. Fresh ICB was loaded for read 2, and the
sequencing was continued until completion.
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Real Time Analysis
The HCS performed real time image analysis and base calling, and provided fast
access to quality metrics. The analysis was performed during the chemistry and imaging
cycles of the sequencing run.
Data Transfer
The output from the sequencing run consisted of a set of quality-scored base call
files (*.bcl files), which were generated from the raw image files and contained the base
calls per cycle. By default, images are deleted from the instrument computer after image
analysis. The raw image data was not needed for downstream analysis.
Analysis of RTA Data
CASAVA software v1.7 (Illumina) or earlier, base calling data generated with
RTA in the binary *.bcl file format was converted into the text-based sequence files
*_qseq.txt using the BCL Converter. The base calls were then de-multiplexed and
converted to FASTQ files (file format to store sequence and quality scores). CASAVA
v1.8 (Illumina) was also used and had the capability to use *.bcl files directly without
conversion into *_qseq.txt files; the base calls were then de-multiplexed and converted to
FASTQ files. Both versions of CASAVA were used in the different sequencing runs.
Next Generation Sequencing Data Analysis
FASTQ Sequence Quality
All sequence data was analyzed using command-line evoked open source
software. The quality of sequenced bases in each FASTQ file was inspected with the
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FastQC package (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). FASTQ
sequences with low quality ends indicated by the FastQC analysis were trimmed using
Trimmomatic

v.0.22

(http://www.usadellab.org/cms/index.php?page=trimmomatic)

(Bolger et. al., 2014) until the FASTQ file passed the FastQC quality assessments.
Sequence Read Alignment
Required reference files for analysis were downloaded from the Broad Institute’s
GATK-bundle

including

the

human

genome

reference

hg19

(ftp://gsapubftp-

anonymous@ftp.broadinstitute.org/bundle). Individual sequence FASTQ files were
aligned to the reference genome Hg19 using Burrows Wheeler Aligner v.0.5.10 (BWA;
http://bio-bwa.sourceforge.net/) (Li and Durbin 2009). First, the human genome reference
Hg19 was downloaded and indexed with the BWA -index module. Each FASTQ file was
then aligned to Hg19 with the BWA -aln module and transformed into the SAM
(sequence alignment/Map) format with the BWA -sampe module. Each matching paired
end read file was combined with the BWA -view module for downstream analysis.
Read Processing and Duplicate Removal
Samtools version 0.1.18 (http://samtools.sourceforge.net/) (Li et. al., 2009) and
Picard (http://broadinstitute.github.io/picard/) were used for further file format
manipulation to prepare the file for variant calling. Samtools was used to convert the
SAM file format to the BAM (binary alignment/Map) format with the Samtools -index
module, and then the BAM files were indexed using the Picard -MergeSamFiles module.
Read groups were then added using the Picard -AddOrReplaceReadGroups module, and
the BAM files were sorted and indexed using the Samtools -sort and -index modules.

88

PCR duplicates were marked and removed using the Picard -MarkDuplicates module.
The BAM files were then indexed with the Samtools -index module.
Local Re-alignment, Quality Score Recalibration, and Variant Calling
Improvement of data quality and variant calling steps including local realignment
around indels, quality score recalibration, and variant calling were performed by the
Genome

Analysis

Toolkit

(GATK)

version

1.3-20-g447e9bf

(https://www.broadinstitute.org/gatk/) (McKenna et. al., 2010). For local realignment
around indels, reference files, known intervals, and known SNP locations were
downloaded from the Broad Institute’s GATK-bundle and used to create a table of indels.
The sequencing reads were then realigned around those targets using the GATK IndelRealigner module. Initial quality scores were then recalibrated for increased
sequence quality confidence using the GATK -CountCovariates and -TableRecalibration
modules. Raw variant calling was performed by grouping variant calls by family with
output in the variant call file format (VCF; https://github.com/samtools/hts-specs) using
the GATK -UnifiedGenotyper module. Variant quality scores were then recalibrated
using reference files downloaded from the Broad Institute’s GATK-bundle. Artifacts
from the rough estimates performed in the variant calling step were flagged as
‘hard_to_validate’, ‘Lowcoverage’, ‘VeryLowQual’, ‘LowQual’, or ‘LowQD’ using the
GATK -VariantRecalibrator, -ApplyRecalibrator, and -VariantFiltration modules. Those
not flagged were labeled as ‘PASS’.
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Variant Annotation
Analysis

ready

VCF

files

were

then

annotated

using

Annovar

(http://annovar.openbioinformatics.org/en/latest/) (Wang et. al., 2010b). Files were
converted to the annovar format using the -convert2annovar module and then annoted
using the -summarize_annovar and -table_annovar modules. The following databases
were used to annotate the variants: refseq; knownGene; genomicSuperDups; Sift;
Polyphen2; MutationTaster; LRT; PhyloP46way; PhastCons; GERP++; dbSNP132;
dbSNP135; dbSNP137; esp5400_all; esp6500_all; 1000g2012feb; 1000g2012apr; and
ExAC. Annotated files were formatted as comma separated values (.csv). Sequence data
quality was assessed using the exome target bed (browser extensible data) file from
Illumina, custom UNIX scripts and the programs Samtools, Picard, Bedtools (Quinlan
and Hall 2010), and Qualimap (Garcia-Alcalde et. al., 2012) for base quality, read
quality, depth of coverage (sequence coverage), and breadth of coverage.
Discrete Filtering Strategy and Prioritization of Candidate Genes
Discrete variant filtering was carried out using Microsoft Excel and custom UNIX
scripts. Variant lists were first filtered through a gene list of only genes known to be
associated with white matter abnormalities (Table A.2). The known gene list included
genes associated with primary leukodystrophies and genetic leukoencephalopathies with
genes associated with peroxisomal biogenesis disorders, hereditary spastic paraplegia,
hereditary cerebral small vessel disease, acute necrotizing encephalopathy, congenital
hypomyelinating neuropathies, x-linked intellectual disabilities, microcephaly, epileptic
disorders, mitochondrial/inborn errors of metabolism, and mucopolysaccaridoses. The
known gene list was constructed from disease lists provided by leukodystrophy expert
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Dr. Adeline Vanderver from CNMC, and the gene information was taken from OMIM
(http://omim.org/),

Uniprot

(http://www.ncbi.nlm.nih.gov/),

(http://www.uniprot.org/),
and

the

UCSC

and
Genome

NCBI
Browser

(http://genome.ucsc.edu/). For further discrete filtering analysis, all variants with
segmental duplication/pseudogene (segdup annotation) scores and all exonic synonymous
variants were removed and all exonic variants were retained. Minor allele frequencies
(MAF) from 1000 Genomes, the Exome Sequencing Project (ESP), and ExAC were
filtered to only include rare variants with either no MAF or an MAF of 1% or less. The
variant list was then filtered according to the suspected inheritance pattern. For a
compound heterozygous inheritance pattern, filtering enriched for two variants in the
same gene in the affected individual in which one of those variants came from the mother
and the other variant came from the father. For a homozygous inheritance pattern, all
variants were filtered so that the affected individual or individuals had two identical
variants in a gene with each parent being heterozygous for that variant. For de novo
dominant variants, MAFs were set to keep only very rare variants with either no MAF or
a MAF of 0.1% or below, and only variants that were present in the affected but absent in
all other unaffected family members were retained. For an X-linked inheritance pattern,
variants were filtered to keep only those on the X-chromosome with either no MAF or a
MAF of 1.0% or below.
The remaining variants were inspected further using NCBI entrez online database,
Uniprot, and OMIM for information on function, expression, and disease-association.
The

Integrative

Genome

Viewer

(IGV)

(http://www.broadinstitute.org/igv/)

(Thorvaldsdottir et. al., 2013) was used to visually evaluate the variants in genes of
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interest to look at depth and overall quality of the variants and reads. The predicted
pathogenicity of exonic non-synonymous variants were interrogated using prediction
scores

from

SIFT

(http://sift.jcvi.org/)

(Kumar

et.

al.,

2009),

Polyphen-2

(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et. al., 2013; Adzhubei et. al., 2010),
MutationTaster (http://mutationtaster.org/) (Schwarz et. al., 2014), the Grantham
substitution matrix (Grantham 1974), and LRT. PhyloP, and PhastCons were used to
predict evolutionary conservation between species. LRT, PhyloP, and PhastCons were
provided by Annovar, the rest were provided by either Annovar or by the standalone
online programs.
According to MutationTaster, PhastCons values range from 0-1 where values
closer to 1 have a higher probability of nucleotide conservation. It measures the
probability that each nucleotide belongs to a conserved element based on the multiple
sequence alignment of 46 different species. For PhyloP, values range from -14 to +6,
with conserved sites assigned positive scores and fast-evolving non-conserved scores
assigned negative scores. It measures conservation as slower evolution expected under
neutral drift on an individual basis while ignoring the conservation of its flanking
nucleotides; it also takes into account evolutionary acceleration or faster than expected
changes.
Grantham scores are based upon an amino acid substitution matrix that considers
the physical (i.e. molecular size) and chemical properties (i.e. polarity, charge, etc.)
between the original amino acid and the substituted amino acid (Grantham 1974). It
outputs a score ranging from 0 to 215, which categorizes codon replacements into classes
of increasing chemical dissimilarity with scores of 0-50 being designated conservative,
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51-100 moderately conservative, 101-150 moderately radical, and ≥151 radical (Li et. al.,
1984; Rudd et. al., 2005). PolyPhen-2 predicts the functional effects from missense
coding variants that create nonsynonymous amino acid substitutions and outputs scores
based upon evolutionary conservation, physical and chemical differences, and the
proximity to functional domains and structural regions (Adzhubei et. al., 2010; Hicks et.
al., 2011; Rudd et. al., 2005). It uses two prediction models based upon different disease
allele recognition algorithms, HumVaR and HumDiv. HumVar was built to distinguish
mutations with drastic effects from all other variation including mildly damaging alleles
and is typically used in diagnostics of Mendelian disease (0-0.446 as benign, 0.477-0.908
as possibly damaging, 0.909-1 as probably damaging), while HumDiv was assembled to
evaluate rare alleles involved in complex phenotypes and natural selection where mildly
damaging alleles are considered damaging (0-0.0452 as benign, 0.453-0.956 as possibly
damaging, 0.957-1 as probably damaging) (Adzhubei et. al., 2013; Adzhubei et. al., 2010;
Wang et. al., 2010b). Sift predicts the functional effect of amino acid substitutions on
protein function based upon the amino acid conservation from sequence alignments of
closely related sequences (<0.05=deleterious, ≥0.05=benign) (Kumar et. al., 2009; Rudd
et. al., 2005; Wang et. al., 2010b). LRT stands for the likelihood ratio test and predicts
scores (neutral, deleterious, unknown) based upon phylogenetic relationships drawn from
comparative genomics of 32 vertebrates, which compared the null model that each codon
is evolving neutrally to the alternative model that the codon is evolving under negative
selection (Chun and Fay 2009; Wang et. al., 2010b).
These scores were not used to definitively label a variant as pathogenic or
deleterious, but only as supporting information. Positional and functional information for
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specific mutations were inspected with the UCSC genome browser and the ENSEMBL
human genome browser (http://www.ensembl.org/index.html). If no variants survived in
the filtered known gene list, the filtering was repeated without the known gene filter to
include all genes within the variant list but with keeping all other filtering parameters.
Variants outside the coding region and splice regions are difficult to annotate and assign
any sort of function, so these were approached with caution. All candidate variants were
validated by Sanger sequencing.
Multiple sequence alignments on protein or genomic sequences were carried out
to interrogate evolutionary conservation of amino acid properties at a given position
among species through the following: UNIPROT using the Clustal Omega v.1.2.1
program; Ensembl Genome browser (http://www.ensembl.org/index.html); and UCSC
Genome Browser (http://genome.ucsc.edu/). Missense substitutions at invariant amino
acid positions in a multi-species alignment are often pathogenic at evolutionary
constrained positions and when they fall outside of the cross-species range of variation;
otherwise they are most often neutral or have a minimal impact (Yvonne Wallis 2013).
Potential pathogenicity of variants followed the criteria set forth in guidelines laid out by
the American College of Medical Genetics and Genomics and the Association for
Molecular Pathology (Table A.2) (Richards et. al., 2015), the Association for Clinical
Genetic Science (Yvonne Wallis 2013), and other leading genetics experts (MacArthur
et. al., 2014).
In Silico Splicing Analysis
The predicted effects on the donor and acceptor splice sites from the splice
variants identified through exome sequencing were analyzed by the following: Analyzer
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Splice Tool (http://ibis.tau.ac.il/ssat/SpliceSiteFrame.htm) (Carmel et. al., 2004);
NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/) (Brunak et. al., 1991; Hebsgaard
et. al., 1996); NNSplice (http://www.fruitfly.org/seq_tools/splice.html) (Reese et. al.,
1997); MaxEntScan (http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html)
(Yeo and Burge 2004); Human Splicing Finder (www.umd.be/HSF/) (Desmet et. al.,
2009) and Alternative Splice Site Predictor (http://wangcomputing.com/assp/index.html)
(Wang and Marin 2006). The interrogation of exonic splicing regulatory elements were
analyzed

by

the

following:

Human

Splicing

Finder;

ESEfinder

3.0

(http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home) (Cartegni et. al.,
2003;

Smith

et.

al.,

(http://genes.mit.edu/fas-ess/)

2006);
(Wang

FAS-ESS
et.

al.,

(FAS-Hex2
2004);

and
and

FAS-Hex3)
RESCUE-ESE

(http://genes.mit.edu/burgelab/rescue-ese/) (Fairbrother et. al., 2002). When given the
option, the default settings were used for each program. A deviation of the splicing score
was considered relative to the score of the normal splice site rather than the range of a
particular program. A consensus deviation in at least 3 splicing programs from the normal
score was deemed likely to affect splicing and considered pathogenic (Yvonne Wallis
2013).
In-Silico RNA Secondary Structure Prediction
The

mFold

program

(http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-

Form) (Zuker 2003) was used to interrogate the predicted pre-mRNA secondary structure
of normal and mutant PLP1 intron 3 and the stability of the structure through Gibb’s free
energy. The normal and mutant PLP1intron 3 were analyzed in its entirety using all 1,071
bp as input. The region of interest with the mutation being interrogated was analyzed
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using two regions of predicted intra-intronic RNA binding from c.453+151 to +166 and
c.453+749 to +764 separated by 10 bases. Additionally, all of the introns of PLP1 were
analyzed to compare the structures and stabilities of each one.
Nucleic Acid Concentration Determination
Concentrations and purity for nucleic acids were determined using either the GE
NanoVue Plus version 4282 v.2.0.3 or the Nanodrop 2000/Lite according to
manufacturer’s protocols.
Primer Design
All primers were designed using Primer 3 (http://bioinfo.ut.ee/primer3/)
(Koressaar and Remm 2007; Untergasser et. al., 2012) and PCR Primer Stats
(http://www.bioinformatics.org/sms2/pcr_primer_stats.html) (Stothard 2000). Potential
homology of primers to off target sequences was analyzed using the Basic Local
Alignment Search Tool (BLAST) at NCBI. Site-directed mutagenesis primers were
designed

using

the

QuickChange

Primer

Design

tool

(http://www.genomics.agilent.com/primerDesignProgram.jsp).
Polymerase Chain Reaction
gDNA was amplified using forward and reverse primers to amplify each specific
mutation or region of interest or using primers that amplified exonic-intronic boundaries
as well as all the coding exons of genes of interest using Hot Star Master Mix kit
(Qiagen; 2x concentrated, HotStarTaq DNA Polymerase, PCR Buffer with 3 mM MgCl2,
and 400 µM each dNTP). The PCR reactions were set up as follows: 25 µl of HotStarTaq
Master Mix, 1 µl of 25 pmol each of forward and reverse primer (0.5 µM final
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concentration), 2 µl of 500 ng/µl template DNA, and 21 µl of nuclease-free water for a 50
µl total reaction volume. The thermal profile for amplification consisted of an initial
polymerase activation step of 95° C for 15 minutes followed by 35 cycles of 95° C of 30
seconds for denaturation, 55° C for 30 seconds for annealing, and a final extension step at
72° C for 40 seconds and a 4° C hold. For fragments that did not amplify under this
thermal profile, the annealing temperature was dropped to 50° C. Alternatively, PCR
reactions were set up using the Taq Polymerase kit (New England Biolabs® Inc.). The
PCR reaction was set up using 1 µl of 500ng/µl template DNA, 2 µl of primer (25 pmol
each of forward and reverse primer), 5 µl of 10x Taq Buffer, 5 µl of 2mM dNTP, 36.75
µl of nuclease-free water to 50 µl total reaction volume. The thermal profile consisted of
an initial denaturation step of 95° C for 30 seconds followed by 30 cycles of 95° C for 30
seconds for denaturation, 55° C for 30 seconds for annealing, and 68° C for 1 minute for
extension and a final extension of 68° C for 5 minutes with a 4° C hold step. Further,
PCR was also carried out using AccuPrime™ Taq Polymerase (Invitrogen™) in the
following reaction set up: 5µl 10x PCR buffer, 2µl each of 100µM forward and reverse
primer, 1 µl AccuPrime™ Taq, and 42 µl of deionized water with 1 µl of 100ng template
DNA for a 50 µl total volume reaction. The thermal profile included the following: 94° C
for 1 minute; 30 cycles of 94° C for 30 seconds, 55° C for 30 seconds, 68° C for 30
seconds; 68° C for 30 seconds; hold at 10° C.
Skin Fibroblast Cell Culture
Primary skin fibroblasts were thawed and plated in 1x Dulbecco’s Modified Eagle
Medium (DMEM; Corning) with 4.5 g/L glucose supplemented with L-glutamine and
sodium pyruvate, 10% FBS, and 1% Antimyotic in a 25 cm2 flask. Medium was changed
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every 2 days until 90-100% confluent when cells were trypsinized with 0.25% or 0.05%
Trypsin and washed with 1x phosphate buffered saline (PBS; Gibco) without Ca2+/Mg2+
and subpassaged to a 75 cm2 flask. Cultures were maintained in a humidified atmosphere
at 37°C with 5% CO2. A confluent 75 cm2 flask was used for further protein and gene
expression studies.
RNA Extraction and Isolation
Total RNA was isolated with the RNeasy Mini Kit (Qiagen) according to
manufacturer’s protocol. Cells grown in a monolayer to 90-100% confluency (~1x107
cells) were trypsinized and collected as a cell pellet prior to lysis. Medium was aspirated
and the cells were washed with PBS. PBS was aspirated and 0.25% trypsin was added.
Media was added to the detached cells to inactivate the trypsin, transferred to an RNasefree 15 ml tube, and centrifuged at 300 x g for 5 min. The supernatant was completely
aspirated so as not to inhibit cell lysis or membrane binding. The cell pellet was loosened
by finger flicking and 600 µl of Buffer RLT was added to lyse the cells. The lysate was
then added to a QIAshredder spin column (Qiagen) with a 2 ml collection tube for
homogenization and centrifuged for 2 minutes at full speed. 1 volume or 600 µl of 70%
ethanol was then added to the lysate and mixed well by pipetting. Samples were then
added to an RNeasy Mini spin column in a 2 ml collection tube and centrifuged for 15
seconds at 8000 x g. On column DNase I digestion was then performed by adding 350 µl
of Buffer RW1 to the RNeasy column and centrifuged for 15s at 8000 x g. Using the
Qiagen RNase-free DNase Set, 10 µl of DNase I stock solution (Qiagen) was added to 70
µl Buffer RDD and mixed by inverting the tube followed by brief centrifugation. The
DNase I incubation mix was added directly to the RNeasy column membrane and
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incubated at room temperature for 15 minutes. 350 µl of Buffer RWI was then added to
the RNeasy spin column and centrifuged for 15 seconds at 8000 x g. 700 µl of Buffer
RW1 was added to the RNeasy spin column and centrifuged for 15 seconds at 8000 x g to
wash the spin column. 500 µl of Buffer RPE was then added to the RNeasy spin column
and centrifuged for 15 seconds at 8000 x g to wash the spin column followed by an
additional wash with 500 µl of Buffer RPE for 2 minutes at 8000 x g. The spin column
was then centrifuged at full speed for 1 minute to eliminate any residual flow-through.
30-50 µl of RNase-free water was added directly to the spin column membrane and
centrifuged for 1 minute at 8000 x g. Another elution using 30-50 µl RNase-free water
was performed to increase RNA yield. RNA was quantified, and purity was calculated.
The RNA was stored at -80° C.
First Strand Complimentary DNA Synthesis
Isolated RNA from skin fibroblasts was run on a 1% agarose gel (GenePure LE
Quick Dissolve Agarose) for 8-15 minutes at 170 V to ensure RNA integrity. First strand
complimentary DNA (cDNA) synthesis was performed using the Superscript II FirstStrand Synthesis System for RT-PCR (Invitrogen) according to the manufacturer’s
protocol. 1 µg of RNA prepared with DEPC-treated water was mixed with 1 µl of 50
ng/µl random hexamers and 1 µl of 10mM dNTP mix and incubated at 65° C for 5
minutes and then placed on ice for at least 1 minute. The RNA/primer mix was mixed
with 9 µl of reaction mix consisting of 2 µl of 10x RT buffer, 4 µl of 25 mM MgCl2, 2 µl
of 0.1 M DTT, and 1 µl of RNaseOUT Recombinant Ribonuclease Inhibitor. The mixture
was incubated at 25° C for 2 minutes, and 1 µl of 50 units of SuperScript™ II RT
(reverse transcriptase) was added. The reaction was then incubated in a PCR machine for
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25° C for 10 minutes followed by incubation at 42° C for 50 minutes with reaction
termination at 70°C for 15 minutes. First strand cDNA for PLP1 studies was then either
amplified using primers in table 3.2 and run on a 1% agarose gel and analyzed or used in
real time quantitative PCR. cDNA was stored at -20° C.
Real Time Quantitative PCR
Real time quantitative real-time PCR (qPCR) was performed using Applied
Biosystems StepOnePlus Real-Time PCR System. Each reaction consisted of the
following: 10 µl of Applied Biosystems Power SYBR® Green PCR Master Mix (2x
concentrate, SYBR® Green I Dye, AmpliTaq Gold® DNA Polymerase UP, dNTPS,
ROX™ internal passive reference, optimized buffer components), forward and reverse
primer (400 nM each), 2 µl of cDNA template, and UltraPure™ distilled water (Gibco)
up to 20 µl total reaction volume. The thermal profile used consisted of 95° C for 10
minutes followed by 40 cycles of 95° C for 15 seconds and 60° C for 1 minute and the
melt profile consisted of 95°C for 15 seconds followed by 60° C for 1 minutes and 95° C
for 15 seconds. Fluorescence readings were taken after each extension step in the SYBR
and ROX channels, and the cycle thresholds (Ct or the cycle at which amplification based
fluorescence is first detected above the background level) were determined using an
automatic baseline/Ct algorithm. Quantity values were extrapolated from the Ct values.
The relative standard curve method was used to determine relative target quantity in
samples. With the relative standard curve method, the StepOne software measured
amplification of the target and of the endogenous control in samples, in a reference
sample, and in a standard dilution series. Sample measurements were normalized using
the endogenous control. Data from the standard dilution series were used to generate the
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standard curve. Using the standard curve, the software interpolated target quantity in the
samples and in the reference sample. The quantity of target in each sample was
determined by normalizing the target quantity in each sample with the GAPDH
housekeeping calibrator gene quantity in the reference sample. The relative expression of
the ratio between PLP and DM20 transcripts was calculated by dividing the PLP
transcript expression value by the DM20 transcript expression value in all samples. The
normal control group (n=3) and the affected group (n=3) were averaged, graphed, and
analyzed as the relative PLP to DM20 ratio expression in the normal group versus the
affected group. The primers for real time qPCR are shown in Table 3.3 (PLP primer
modified from (Wang et. al., 2008); DM20 primer from (Grossi et. al., 2011)). The data
was presented with the standard error of the mean ± (S.E.M.), and the Student’s t-test was
used to determine significance: *p < .05, **p < .01, ***p < .001.
Table 3.2. Real Time qPCR Primers
Target

Forward Sequence 5'-3'

Reverse Sequence 5'-3'

PLP
DM20
GAPDH

GTTCCAGAGGCCAACATCAAGCTC
CTGCTGGCTGAGGGCTTCTA
ACAGTTGCCATGTAGACC

AGCCACACAACGGTCAGGGCATAG
ATAGGTGATGCCCACAAACGTT
TTTTTGGTTGAGCACAGG

Gel Extraction and Purification of DNA Fragments
Amplified products were run on either on a 1 % or 2% agarose gel with either a 1
kb DNA Ladder (New England Biosystems) or TrackIt™ 100 bp DNA Ladder
(Invitrogen), and the bands of interest were excised and purified with the Gel Extraction
Kit (Qiagen). DNA fragments were excised from the gel using a clean razor blade for
each fragment, and each gel slice was weighed. 3 volumes of Buffer QG were added to 1
volume gel slice (100mg~100 µl). Gel slices were incubated at 50° C for 10 minutes until
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the gel slice was dissolved. 1 gel volume of isopropanol was added and mixed. The mix
was then applied to a QIAquick spin column to bind DNA and centrifuged for 1 minute at
17,900 x g. 500µl of Buffer QG was added to the spin column and centrifuged for 1
minute at 17,900 x g. 750 µl of Buffer PE was then added to the spin column and allowed
to incubate for 5 minutes and centrifuged for 1 minute at 17,900 x g to wash the column.
An additional centrifugation of 1 minute at 17,900 x g was performed to remove any
residual wash buffer. The column was placed in a clean microcentrifuge tube, and 50 µl
of Buffer EB (10mM Tris:Cl, pH 8.5) was added directly to the spin column membrane,
incubated for 1 minute, and centrifuged at 17,900 x g to elute the DNA. An additional 30
µl of Buffer EB was added to increase DNA concentration depending on the brightness
of the gel band.
Sanger Sequencing
Sanger sequencing was carried out using the BigDye® Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems®) and the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems®) on the ABI 3130xl Genetic Analyzer (Applied
Biosystems®) at Baylor University Medical Center’s Institute of Metabolic Disease and
the ABI 3730xl Genetic Analyzer (Applied Biosystems®) at Duke University’s Center
for Human Disease Modeling, respectively. Sequence reactions for the ABI 3130xl
consisted of 4 µl of Big Dye® Terminator 3.1 reaction mix, 2 µl (3 pmol ) primer, 1-4 µl
of purified DNA, and UltraPure™ Distilled water (Gibco) up to 10 µl total reaction. The
thermal profile for the sequencing reaction included an initial denaturation step of 96° C
for 1 minute followed by 25 cycles of 96° C for 10 seconds, 50° C for 5 seconds, and 60°
C for 4 minutes, and a 4° C hold step. The sequencing reactions were purified using an
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Ethanol/EDTA precipitation method. For individual PCR tubes, 5µl of 125 mM EDTA
was added to each reaction followed by the addition of 60 µl of 100% EtOH, finger
vortexed, and incubated at room temperature for 15 minutes. Samples were centrifuged at
max speed at 4° C for 20 minutes, the supernatant was aspirated, and 60 µl of 70% EtOH
was added to each tube. Samples were centrifuged at max speed at 4° C for 15 minutes,
the supernatant was aspirated, and vacuum centrifuged to dry for 20 minutes.
Alternatively, for reactions set up in a 96-well sequencing plate, 5 µl of 125 mM EDTA
was added to each well followed by addition of 60 µl of 100% EtOH and sealed with a
clear adhesive film and incubated at room temperature for 15 minutes. The plate was
then centrifuged for 30 minutes at 2,500 x g, inverted, and centrifuged again at 185 x g to
remove the supernatant. 60 µl of 70% EtOH was added to each well and centrifuged at 4°
C for 15 minutes at 1650 x g. The plate was then inverted and centrifuged at 185 x g for 1
minute to remove supernatant. The plate was then air dried for 40 minutes. 15 µl of HiDi™ Formamide (Applied Biosystems®) was added to each tube or well and incubated
for 15 minutes, vortexed, and spun down. The reactions were then denatured in a PCR
machine for 2 minutes at 95° C and immediately placed on ice. The plate was then loaded
onto the sequencer to begin capillary Sanger sequencing. Alternatively, reactions for use
on the ABI 3730xl Genetic Analyzer included 0.5 µl of BigDye® 3.1 Terminator reaction
mix, 0.5 µl of PE buffer (Applied Biosystems® BigDye® v3.1 Kit; 5x concentrate), 2 µl
of dilution buffer (200 mM Tris-HCl pH 9.0, 5 mM MgCl2), 2 µl of primer (2 pmol), 1-4
µl of purified DNA, and milli-pore water up to 10 µl total reaction. The thermal profile
for the sequencing reaction consisted of an initial denaturation step of 96° C for 4
minutes followed by 30 cycles of 96° C for 20 seconds, 50° C for 5 seconds, and 60° C
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for 4 minutes, and a 4° C hold step. Purification of sequence reactions were performed in
a 96-well plate. 1 µl of 3M NaAc pH 4.6 and 25 µl of EtOH was added to each well and
mixed by pipetting up and down followed by 15 minute incubation at room temperature.
The plate was centrifuged for 30 minutes at 3,000 x g and then inverted and centrifuged
for 1 minute at 700 x g to remove the supernatant. 74 µl of 70% EtOH was added, and the
plate was centrifuged for 15 minutes at 3000 x g and inverted and centrifuged for 1
minute at 700 x g to remove the supernatant. The plate was then air dried for 30 minutes
and re-suspended in 10 µl Hi-Di™ Formamide (Applied Biosystems®) and incubated at
room temperature at 15 minutes, vortexed, and briefly spun down. The reactions were
then denatured at 95° C for 2 minutes and placed on ice followed by loading onto the
sequencer and the start of capillary Sanger sequencing. Sanger sequencing data was
analyzed by manual inspection of the chromatogram using the 4 Peaks v.1.7.2 and v.1.8
software (http://nucleobytes.com/4peaks/). The primer sequences are shown in Table 3.3
(PLP transcript primers taken from (Bonnet-Dupeyron et. al., 2008)).
Table 3.3. Primers for PCR Amplification and Sanger Sequencing Reactions
Target

Forward Sequence 5'-3'

Reverse Sequence 5'-3'

EARS2 ex1
EARS2 ex2
EARS2 ex3
EARS2 ex4
EARS2 ex5
EARS2 ex6
EARS2 ex7
EARS2 ex8
EARS2 ex9

TGTGACTTTAAGGGGCAAGG
CTTACTTGCCCCTTGCTGAG
TAGAGCAATGCCTGAGAACG
TCCTGTCCATCAACCTTTCC
GTGGAAGGAGGAAGGGAGAG
CTTCCAACTTCACCCTTTCC
CAGGATTCTGGGAAGCTGAG
CCTTCCTCCCACCCACTT
TGGCCTGGGAATAATTTCTG

ACTCTGACACCACCGGAAAG
AAGACCCACAGGCTCCTTTT
CACACCCAATGTTGATGAGG
AGGACTGTCTGAGCCAAAGC
ACCCTCTGCTGTAGGGATCA
GGAATTGAGGCACCCAGTAA
GAGCCATGGGACAGAGAGAG
GATCAATGAGGGGCTCCAG
CAAGCCTTCTGCACTGTTCC

EARS2
c.328G>A

TTCTTACGCAGCACAAGGTAAC

CTGTCATTATTCCCTGTGTTCC

EARS2
c.1045G>A

CTGCTGTAGGGATCATCATAAGC

TAAAGTGGAAGGAGGAAGGGAG
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Table 3.3 Continued

Target

Forward Sequence 5’-3’

Reverse Sequence 5’-3’

ALS2
c.3415C>T

TCATTGGCTTAAACTGTGGG

ACCAGTGAGACTGAGTATGG

ALS2
c.3248G>A

AGGTCACACGGCTATCAGGG

ATCCTCGCCTAAAGGATGCC

PLP1
c.453+159G>A

AGCGGGTGTGTCATTGTTTG

CTACTAGGAAGGGAACAAAGGG

CCGAAGAAGGAGGCTGGAGAAC

GGCCCCTATAGATGGCAAGAGGAC

AGAAGGAGGCTGGAGAGACC

CTTGTCGGGATGTCCTAGC

PLP1
ExbF/Ex7R

GTAACAGGGGGCCAGAAG

TTTCTACGGGGGATCAGAAC

PLP1
ExF2/Ex5R

GCCCTCACTGGCACAGA

CAGCTGTTTTGCAGATGGACAGAAGG
TT

PLP1
5'UTRF/3'UTR
R
PLP1
Ex1F/Ex3bR

Immunocytochemistry
Patient and control primary skin fibroblasts were fixed 4% paraformaldehyde
(PFA)/PBS for 15 minutes at room temperature. The cells were washed 3 times with 1x
PBS for 5 minutes each wash. The cells were then permeabilized with 0.1% TritonX-100
in PBS for 10 minutes at room temperature. Blocking was carried out for 30 minutes at
room temperature with 1x PBS, 5%BSA, and 5% donkey serum. Primary antibodies
diluted in PBS were applied to the cultures and incubated for 2 hours at room
temperature: polyclonal rabbit anti-beta tubulin 4 (1:100 dilution; ThermoFisher
Scientific) localized to the cytoskeleton; monoclonal mouse anti-emerin (1:100 dilution;
Santa Cruz Biotechnology) localized to cell nucleus membrane. The cells were then
washed with 1x PBS for 5 minutes 3 times. The secondary antibody was then applied and
incubated for 1 hour at room temperature in the dark: donkey anti-rabbit IgG for beta
Tubulin IV (1:400 dilution; Alexa Fluor® 555 ThermoFisher Scientific); donkey antimouse IgG for emerin (1:400 dilution; AlexaFluor 488® ThermoFisher Scientific). 1mM
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DAPI (ThermoFisher Scientific) was then applied to stain the nucleus. The cells were
again washed with 1x PBS for 5 minutes 3 times followed by 1 wash with deionized
water. The cells were mounted on glass slides under glass cover slips with ProLong®
Gold (Invitrogen) without DAPI, incubated at room temperature for 10 minutes, and
stored at 4°C. The cells were imaged and analyzed by fluorescence and confocal
microscopy at CNMC.
Mitochondrial Respiration Assays
Patient primary skin fibroblasts were sent to Dr. Massimo Zeviani and Daniele
Ghezzi at the Unit of Molecular Neurogenetics, Fondazione Istituto Neurologico ‘Carlo
Best” in Milan, Italy. Cells were examined for mitochondrial respiration defects using a
SeaHorse FX-96 (SeaHorse Bioscience) instrument to measure oxygen consumption rate
and maximal respiratory rate (Steenweg et. al., 2012; Wu et. al., 2007) and protein
deficiencies by western blot. Cultured fibroblasts were seeded in XF 96-well microplates
(Seahorse Bioscience), at 2x104 cells/well, and incubated at 37°C and 5% CO2 for 24 h.
Prior to measurement, the growth medium was replaced with assay medium (Seahorse
Bioscience). After baseline measurements of OCR (OCR-B), OCR was measured after
sequentially adding to each well 20 µl of oligomycin and 22 µl of carbonyl cyanide 4(trifluoromethoxy) phenylhydrazone (FCCP), to reach final concentrations of 1 µM, and
0.7 µM, respectively. The OCR measurements were taken every 4 min after a 4-min mix
period (OCR-B is an indicator of mitochondrial respiration). MRR was calculated as the
difference between maximal mitochondrial respiration, measured as OCR in
mitochondria uncoupled by a Δψ (membrane potential) dissipator, FCCP, mimicking
state 3 of respiration, minus the OCR measured in mitochondria exposed to oligomycin, a
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strong complex V inhibitor, mimicking state 4 of respiration. Protein expression was
measured by western blot according to their lab’s protocols with an EARS2 polyclonal
antibody from Sigma (code: SAB2100641) diluted to 1:1000 and a 1:5000 diluted
secondary anti-rabbit antibody. The fibroblasts were grown both as a primary culture and
as an immortalized culture. Phenotype rescue assays were carried out on immortalized
cultures transfected with a virus carrying wild-type EARS2 followed by reanalysis of
respiration by SeaHorse and protein expression by western blot.
In Vivo Zebrafish Assays
Bioinformatics Ortholog Search
Reciprocal BLAST (http://blast.ncbi/nlm/nih.gov/) of the human gene of interest,
TUBB4A and EARS2, against the zebrafish genome and subsequent BLAST of the best
hit against the zebrafish genome was performed to determine if the human gene of
interest had a zebrafish ortholog. In general, true orthologs are the best hits in each
instance. The size of the open reading frame (ORF) for the human genes was determined
to be less than 6 kb. If longer than 6 kb, this model would be intractable at present
because of limitations of high quality in vitro transcription of long templates. Human
EARS2 possessed a true zebrafish ortholog. Human TUBB4A did not have a true zebrafish
ortholog but was still used due to the high sequence homology between tubulins of both
species.
Plasmid Design and Construction
The Gateway™ entry vectors (Invitrogen™) pDONR223 (Figure A.1) with the
TUBB4a open reading frame (ORF; Open Biosystems, Cat.# OHS6084-202636026) and
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pENTR2221 (Figure A.2) with the EARS2 ORF (Open Biosystems, Cat.# OHS5893202499731) were obtained from Open Biosystems (GE Healthcare Dharmacon), and the
sequences for each ORF were obtained from the hORFeome v.8.1 Library provided by
the Broad Institute. The Human ORFeome v.8.1 Library from Dharmacon contained
cloned ORFs derived from fully sequenced Mammalian Gene Collection (MGC), fulllength cDNA clones which were inserted into gateway-adapted recombination entry
vectors. The ORF clones contained the coding sequences located between the initiation
and termination codons, excluding the 5' and 3' mRNA untranslated regions (UTRs). The
termination codon was engineered out of these clones to allow the researcher to utilize
the gateway recombination vector system to add a 3' tag to their ORF of interest if
desired. In the human ORFeome v8.1, each clone represented a single unique insert,
verified by next generation sequencing to match the peptide-sequence at 100%
consensus. These clones were provided as bacterial cultures of DH5α for the pDONR223
vector and of DH10BTonA for the pENTR221 vector.
Site-directed mutagenesis. Site–directed mutagenesis was carried out on both
TUBB4A and EARS2 to insert the mutations of interest for each gene. For pDONR223TUBB4A ORF construct, site directed mutagenesis was carried out to insert the wild-type
stop codon. Site directed mutagenesis was performed using Phusion® High-Fidelity
DNA Polymerase (New England Biolabs® Inc.) with reaction conditions as follows: 10
µl of 5x Phusion HF buffer, 1 µl of 10 mM dNTPs, 2 µl each of 5µM forward and reverse
mutagenesis primers (Table 3.4 and 3.5), 1 ul of 50ng plasmid DNA, 33.5 µl of nuclease
free water, and 0.5 µl of Phusion polymerase for a 50 µl total reaction volume. The
thermal profile for mutagenesis was as follows: initial denaturation at 95° C for 30
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seconds: 18 cycles of 95° C for 30 seconds, 55° C for 1 minute, 68° C for 6 minutes; 4° C
hold. 1 µl of Dpn I restriction enzyme (New England Biolabs® Inc.) was added to the
reaction to remove dam methylated template and incubated for 2 hours at 37° C. The
pENTR221-EARS2 ORF construct came with the stop codon intact. The mutant and wildtype ORF for each gene was then cloned into the gateways destination pCS2+ vector
(Figure A.3) with a 5' SP6 transcription site and 3' polyA signal generously provided by
Dr. Erica Davis from the Center for Human Disease Modeling at Duke University.
Table 3.4. TUBB4A Site-Directed Mutagenesis Primers
Target

Sequence 5'-3'

Stop_insert Forward
Stop_insert Reverse
c.745G>A_insert Forward
c.745G>A_insert Reverse

GAGGAGGAGGTGGCCTAGTACCCAACTTTCTTG
CAAGAAAGTTGGGTACTAGGCCACCTCCTCCTC
CCAGCTGAACGCCAACCTGCGCAAGCT
AGCTTGCGCAGGTTGGCGTTCAGCTGG

Table 3.5. EARS2 Site-Directed Mutagenesis Primers
Target

Sequence 5'-3'

EARS2 c.1045G>A Forward
EARS2 c.1045G>A Reverse
EARS2 c.328G>A Forward
EARS2 c.328G>A Reverse

CCCTGCTGGACCTGAAGAAGCTCCCAGAA
TTCTGGGAGCTTCTTCAGGTCCAGCAGGG
CCCGCCGGGGCAGTCCTGCTGGG
CCCAGCAGGACTGCCCCGGCGGG

Bacterial Transformation
5 ml of 1x LB broth (Life Technologies) plus spectinomycin (Sigma Aldrich; 50
µg/ml) and 5 ml of LB broth plus kanamycin (Sigma Aldrich; 25 µg/ml) was inoculated
with 50 µl of the DH5α with pDONR223 bacteria stock and 50 µl of the DH10BTonA
with pENTR221 bacteria stock, respectively. Cultures of DH5α were grown overnight at
30°C with shaking at 225rpm and cultures of DH10BTonA were grown overnight at
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37°C with shaking at 225rpm. Purified plasmids for each culture were then obtained
using the QIAprep Spin Miniprep Kit (Qiagen). Cultures were centrifuged at 5,400 x g
for 10 minutes and media removed. The bacteria pellet was then re-suspended in 250 µl
Buffer P1 and transferred to a microcentrifuge tube followed by addition of 250 µl Buffer
P2 and mixed thoroughly by inverting the tube 4-6 times. 350 µl Buffer N3 was added
and mixed immediately by inverting the tube 4-6 times followed by centrifugation for 10
minutes at 17,900 x g. The supernatant was then applied to a QIAprep spin column and
centrifuged for 60 seconds. The column was then washed by adding 750 µl Buffer PE
followed by centrifugation for 1 minute at 17,900 x g. An additional centrifugation at full
speed for 1 minute was added to remove any residual wash buffer. 50 µl buffer EB (10
mM Tris-Cl, pH 8.5) was added to the column followed by 1 minute incubation and a
centrifugation at full speed for 1 minute to elute the DNA. Concentrations were then
taken and the plasmids were then Sanger sequenced for accurate sequence verification
(Table 3.6 and 3.7).
Transformation was carried out by adding 2 µl of the Dpn I treated mutagenesis
reaction to 20 µl of MAX Efficiency® DH5α™ Competent Cells (Invitrogen™) or
Alpha-Select Gold Efficiency competent cells (Bioline) which was gently mixed by
stirring and the cells were incubated on wet ice for 30 minutes. The cells were heatshocked at 42° C for 45 seconds and immediately transferred to wet ice for 2 minutes.
200 µl of S.O.C. Medium (Invitrogen™) and incubated at 37° C for 1 hour with shaking
at 225 rpm. 100 µl of cells were added and spread on LB agar plates with spectinomycin
(50 µg/ml) or kanamycin (25 µg/ml) and incubated overnight at 37° C. Single colonies
were picked and expanded in 5 ml LB with spectinomycin and incubated overnight at 37°
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C with shaking at 225 rpm. Purified plasmids were obtained from the cultures as
described previously and Sanger sequenced for mutation sequence verification with
primers designed to cover the entire ORF and the flanking regions of the plasmid. The
wild type and mutant ORFs for each gene were then transferred to the gateway
destination pCS2+ plasmid (Figure A.3) using the Gateway® LR Clonase™ II Enzyme
Mix (Invitrogen™). The LR recombination reaction was set up as follows: 1 µl plasmid
DNA, 1 µl of pCS2+ plasmid, 3 µl of TE buffer (Qiagen), 1 µl LR Clonase for a total of
6 µl. The reaction was incubated for 2 hours at room temperature. 1 µl of proteinase K
was added to each tube and incubated at 37° C for 15 minutes. A transformation of 1.5 µl
of the LR Clonase reaction was added to 15 µl of DH5α cells and plated on LB agar with
ampicillin and incubated overnight at 37°. Colonies were picked and cultured as
previously described, and the plasmids were purified and Sanger sequenced for
verification of successful plasmid transfer and ORF sequence accuracy.
The pCS2+ vector for each wild type and mutant construct was the linearized
using the Not I restriction enzyme (New England Biolabs® Inc.) with 10 µg of plasmid
DNA in a 100 µl reaction. Restriction enzyme digestion was terminated by adding 200 µl
of 100% EtOH followed by incubation at -20° C for 30 minutes and centrifugation for 15
minutes at max speed at 4° C. The supernatant was removed and air-dried for 30 minutes
followed by the addition of 15 µl of nuclease free water. Each linearized product was run
on a 1% agarose gel for verification of linearization. Capped mRNA was then generated
using the mMESSAGE mMACHINE® SP6 kit (Ambion™). The capped RNA was
generated because it mimics eukaryotic mRNAs in-vivo due to its 7-methyl guanosine
cap structure at the 5’ end. The reaction for each construct was carried out as follows: 1
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µg linearized plasmid DNA, 5 µl 2x NTP/CAP, 1 µl 10x buffer, and 1 µl enzyme mix for
a total 10 µl reaction volume. The mixture was then incubated at 37° C for 2 hours. 1 µl
of TURBO™ DNase (Ambion™) and incubated at 37° C for 15 minutes. To recover the
RNA, 30 µl of nuclease-free water was added followed by addition of 30µl lithium
chloride (LiCl) to precipitate the RNA. The mix was incubated at -20° C for 40 minutes
and centrifuged at max speed for 20 minutes at 4° C. The supernatant was removed, and
the pellet was washed with 500 µl of 70% EtOH followed by centrifugation at max speed
for 5 minutes at 4° C. The EtOH was removed, and the pellet was resuspended in 12 µl of
nuclease-free water. The RNA concentration was determined and adjusted to 500 ng/µl
with nuclease-free water. 1 µl of mRNA was run on a 1% agarose gel for mRNA
integrity. Injection ready mRNA for each wild-type and mutant gene was stored at -80°
C.
Table 3.6. TUBB4A ORF Sequence Primers
Target

Sequence 5'-3'

Tubb4aORF1 Forward
Tubb4aORF1 Reverse
Tubb4aORF2 Forward
Tubb4aORF2 Reverse
Tubb4aORF3 Forward
Tubb4aORF3 Reverse
Tubb4aORF4 Forward
Tubb4aORF4 Reverse
Tubb4aORF5 Forward
Tubb4aORF5 Reverse
Tubb4aORF6 Forward
Tubb4aORF6 Reverse
M13 Forward
M13 Reverse

TTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGT
CCTGTGGCCTCGTTGTAGTA
GGTTATCAGTGACGAACATGG
TCGCGGATCTTACTGATGAG
GACGCTGTCCTGGACGTA
GAAGTGCAGGCGAGGAAAG
ATCTGTTTCCGCACCCTCAA
TAGCTGCTGTTCTTGCTCTG
AGCAGATGTTCGATGCCAAG
TGGTACTGCTGGTACTCAGA
GCCTTCTTGCACTGGTACAC
CAGGAAACAGCTATGACCATG
TTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGT
CAGGAAACAGCTATGACCATG
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Table 3.7. EARS2 ORF Sequence Primers
Target

Sequence 5'-3'

EARS2ORF1 Forward
EARS2ORF1 Reverse
EARS2ORF2 Forward
EARS2ORF2 Reverse
EARS2ORF3 Forward
EARS2ORF3 Reverse
EARS2ORF4 Forward
EARS2ORF4 Reverse
EARS2ORF5 Forward
EARS2ORF5 Reverse
EARS2ORF6 Forward
EARS2ORF6 Reverse
EARS2ORF7 Forward
EARS2ORF7 Reverse
M13 Forward
M13 Reverse

TGTAAAACGACGGCCAGT
TCTGATCTGTGTCCTCTAGC
CACAGGCTTCTTGCACCTG
TAAGCAGCTCCGGTCTTCAG
TACCAGCAATCTCAGCGGTT
AGGTGCTTGGCAGTGGAGA
TGGAATAGGCATGAAGTGG
CTGGCTCTCATTGCTCACCA
ACATCATCACCAACTGTGGCTCA
GCTTGGCAATCACATCCACCTT
CAGTATACTCTTACCTGTGGACTC
CAGGAAACAGCTATGACCATG
TCAGTGGACAGCAGCAAGGA
TCCTTGCTGCTGTCCACTGA
TTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGT
CAGGAAACAGCTATGACCATG

Transient Transfection of Zebrafish Embryos
All zebrafish work was performed at Duke University at the Center for Human
Disease Modeling. Zebrafish were housed, maintained, and bred according to Duke
University animal protocols by Duke University employees. Male and female zebrafish
were allowed to naturally mate and their embryos were collected and maintained at 28 °C
in embryo water in 6 or 10 cm dishes. After embryo collection, the embryos were
immediately injected with wild-type or mutant mRNA or a splice-blocking morpholino
(5’-GGTAATTAAGCACTAATGACCTGCT-3’; Gene Tools LLC.) or translationblocking morpholino (5’-GGATCTTCATAACTCCGAGCTT-3’; Gene Tools LLC.) by
Dr. Erica Davis or Dr. Maria Kousi of Duke University’s Center of Human Disease
Modeling. For loss of function assays for EARS2, the morpholino needed to be tested for
knock-down efficiency and toxicity. Morpholinos (MO) were designed to block splicing
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(splice blocking; SB) and transcription (transcription blocking; TB) of the targeted
zebrafish ears2 gene (zgc:153247). The splice blocking morpholino was tested for
efficient

knockdown

of

expression

through

AGGATCTGGTGTTCGGCTGGA-3’;

RT-PCR

Reverse

(Forward
primer,

primer,

5’5’-

TCTGCGACACTCGAGGACGAAC-3’). A morpholino dose response curve was
conducted to evaluate phenotype specificity, MO efficiency and MO toxicity. Injection of
a dosage curve of at least three different concentrations between 1-10 ng MO into 50-100
(1-4 cell stage) zebrafish embryos/batch was performed. Efficient MOs give rise to dosedependent increases of the proportion of affected embryos in a batch. The embryos were
phenotyped at an appropriate developmental stage based on expression of targeted
zebrafish gene of interest and the stage at which a relevant phenotype would be observed
which may either be quantitative (such as a measurement between anatomical structures)
or qualitative (based on standardized phenotypic criteria). In the case of EARS2, a
qualitative criterion was used by interrogating cerebellar development. For all injections
scored >24 hours post fertilization (hpf), embryos were treated with PTU (0.003% 1phenyl-2-thiourea in embryo media) at 24 hpf to maximum reduction of melanocyte
formation. For splice-blocking MOs, MO efficiency was tested by extracting total RNA
from whole embryo lysates at the time point of phenotypic scoring, generating cDNA and
conducting RT-PCR of the target gene using primers flanking the MO target site.
Phenotyping and imaging of embryos occurred between 3 days post fertilization
(dpf)/injection- 7 dpf/injection. The cerebellum was analyzed at 3dpf and the head region
was analyzed for abnormal calcifications at 7 dpf.
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Zebrafish Embryo Fixation, Whole-Mount Staining, and Imaging
At the appropriate time of fixation, zebrafish embryos were anesthetized
according to the institute’s guidelines. The embryos were fixed in 500 µl Dent’s solution
(80% MeOH + 20% DMSO) for at least 2 hours or overnight at room temperature.
Embryos were then rehydrated by incubation in decreasing series of MeOH
concentrations: 5 minutes in 75% MeOH/25% PBS; 5 minutes in 50%/50% PBS; 5
minutes in 25% MeOH/75% PBS. The embryos were then washed for 5 minutes in 500
µl of 1x PBS. Embryos were then bleached in 500 µl of bleaching solution (18ml water,
2 ml H2O2, 0.1 gr KOH pellet or 1 pellet), 100 µl 20% Tween) for 30-40 minutes to
make them transparent. The embryos were then washed 2 times with 500 µl of 1x PBS
followed by incubation with proteinase K (10mg/ml) for 10 minutes. Embryos were
whole –mount stained by fixing for 20 minutes in 300 µl of 4% paraformaldehyde (PFA)
followed by a wash for 5 minutes in 500 µl of 1x PBS. An additional 5 minute wash step
in 500 µl of IF buffer (50ml PBS, 500 µl 20% Tween, 0.5 gr. bovine serum albumin
(BSA)) was performed followed by incubation for 1 hour in blocking solution (45ml
PBS, 5 ml fetal calf serum (FCS), 0.5 gr. BSA) and then incubation overnight in a
primary antibody: anti-acetylated tubulin (AcTub) in blocking buffer (1:1000 dilution;
Sigma-Aldrich) localized to the cytoskeleton of neuronal axons. After primary antibody
incubation, the embryos were washed two times with 500 µl of IF buffer for 5 minutes
each time followed by a 1 hour incubation in Alexa Fluor® goat anti-mouse IgG
secondary antibody (1:1000; Invitrogen™) diluted in blocking solution. The embryos
were then washed two times with 500 µl of IF buffer for 5 minutes each time. Fixed
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embryos were imaged using a Nikon Digital Sight DS-QiMc Camera and a Nikon AZ100
microscope.
Alternatively, zebrafish embryos were fixed in 4% PFA at room temperature for 2
hours and washed in 1 ml 50% EtOH at room temperature for 10 minutes. They were
then stained with 1 ml of stain solution (10 µl of 0.5% Alizarin Red in water + 1 ml of
0.02% Alican blue, 200mM MgCl2, and 70% EtOH) overnight on a rocker. After
staining, embryos were washed in 1 ml water and then bleached in equal volumes of 3%
H2O2 and 2% KOH at room temperature for 20 minutes. Following bleaching, embryos
were washed in 1 ml of solution of 20% glycerol plus 0.25% KOH at room temperature
for 30 minutes on a rocker. The solution was replaced with 1 ml of a solution containing
50% glycerol plus 0.25% KOH at room temperature for 2 hours. The embryos were
stored in a solution of 50% glycerol plus 0.1% KOH at 4° C. Imaging was done on a
Nikon SM2 745T with a Nikon Intensilight C-H GFI fiber illuminator. Phenotyping was
done by manual observation of stained zebrafish embryos under fluorescent microscopy
imaging or brightfield imaging.
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CHAPTER FOUR
Results and Discussion
Overview
Whole exome sequencing was carried out on all subjects with the same data
analysis pipeline and the same initial discrete filtering strategies laid out in the materials
and methods. Briefly, the variants from each family from the BWA-GATK-Annovar data
analysis pipeline were subjected to a strategy consisting of first filtering the variants
through a list of genes associated with diseases affecting the white matter of the brain,
and then followed by filtering by inheritance patterns, minor allele frequency (MAF),
pseudogene/segmental duplication association, and variant location and function (i.e.
exonic, nonsynonymous). Failure to retain any candidate genes would result in less
stringent filtering strategies that included expanding the number of genes and/or variant
function. However, variants outside of the coding region are not well annotated and their
function is difficult to determine without extensive functional investigation resulting in
reluctance to expand candidate gene searches outside exonic regions or well annotated
intronic/UTR variants. Low sequencing coverage or too many candidate genes that
remained after these filtering strategies resulted in an unsolved case.
A control family was sequenced to validate the discrete filtering strategy and to
demonstrate the possible sequencing coverage needed for rare pathogenic variant
discovery. The gene associated with the patient’s disease in the control family, EIF2B5,
was successfully determined using the methods and strategies described in the materials
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and methods. Subsequently, these methods and strategies were used for the remaining
families in the subject list in Table 2.1. Of those remaining families, pathogenic variants
in 4 genes for 4 different disorders were identified: ALS2, STXBP1, EARS2, and PLP1.
Of those genes, each variant was either novel or rare in the overall population. One other
gene, in collaboration with Dr. Ryan Taft’s lab, was found to harbor a de novo dominant
variant in the TUBB4A gene. Bioinformatic analysis and/or functional studies were
carried out in an attempt to validate each gene as the underlying cause of disease. For the
remaining unsolved cases, they were not able to be resolved due to low sequencing
coverage or because the gene behind the disease was not tractable for discovery by
exome sequencing or discrete filtering strategies.
Whole Exome Sequencing
Sequencing Results
The sequencing coverage and sequence reads generated for each sample are
represented in Figure 4.1. The average sequence depth of coverage for the entire cohort
was around 34x, ranging from 9x to 68x. The average breadth of coverage was around
59% of bases covered at 20x or higher ranging from 7-86%, 82% of bases covered at 10x
or higher ranging from 35-94%, and 97% of bases covered at 1x or higher ranging from
94-98%. Uniformity of coverage tends to increase as the depth of coverage increases.
Individually, family LD-101, LD-495, LD-500, and 401to405 had sequencing depth of
coverage near 50x or higher with over 70% of bases covered at 20x or higher. The depth
of coverage for family LD-463 was just below the recommended 20x coverage. The
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proband in family LD-373 had a depth of coverage of only ~9x, and one of the parents
was ~15x.
On average, there were ~58.5 million reads generated for the entire cohort ranging
from ~11.7 million reads to ~145 million reads. For those reads that mapped uniquely to
the genome, there was an average of ~57.3 million reads for the entire cohort ranging
from ~11.5 million reads to ~142.3 million reads. Of those reads that mapped uniquely to
the genome, there was an average of ~32 million reads ranging from ~6.7 million reads to
~77 million reads that mapped to the target regions.
The amount of bases generated by sequencing and the quality of bases are
represented in Figure 4.2. There was an average of ~4.4 Gb of bases generated from
sequencing across the whole cohort ranging from ~1.18 Gb to ~9 Gb. Of those bases,
there was an average of ~4.2 Gb that mapped to the genome ranging from ~1.16 Gb to
~8.7 Gb. An average, ~2.1 Gb mapped to the targeted regions ranging from ~564 Mb to
~4.2 Gb. The average quality score for the bases generated by sequencing was Q33,
ranging from Q32 to Q34. Of the mapped bases, an average of ~4.1 Gb had a score of
Q20 or higher ranging from ~1.1 Gb to ~8.6 Gb averaging 96% of total mapped bases
across the cohort. Further, an average of ~3.7 Gb had a score of Q30 or higher ranging
from ~1.1 Gb to ~7.1 Gb averaging ~89% of total mapped bases across the cohort.
After analysis, many different types of variants were called (Table 4.1). The
average total number of variants called was 265,313. An average of 23,324 variants were
exonic and splicing variants, and an average of 10,668 variants were nonsynonymous
variants while an average of 11,504 were synonymous variants. These numbers match
previously reported variant numbers (Bamshad et. al., 2011; Zhang 2014). Not
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surprisingly, an average of 116,592 variants were intronic while an average of 47,440
variants were in a non-coding RNA (ncRNA) or a 5’ or 3’ UTR. After filtering the
variant lists through the panel of white matter disease-associated genes, an average of
6,346 variant remained of which an average of 431 were exonic variants.

Figure 4.1. Sequencing Coverage, and Sequencing Read Count. A). The sequencing breadth of coverage of
targeted regions with depth of coverage of targeted regions for each sample is represented. The primary yaxis represents the sequencing breadth of coverage as bars. The secondary y-axis represents the depth of
coverage or mean coverage across the targeted regions as a marked line. B.) The sequence reads with depth
of coverage of targeted regions for each sample is represented. The primary y-axis (left) represents the
sequence reads as bars. The secondary y-axis (right) represents the depth of coverage or mean coverage
across the targeted regions as a marked line.
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Figure 4.2. Sequenced Base Count and Quality. A). The total bases generated by sequencing with the depth
of coverage of the targeted regions across all samples in the cohort are represented. The primary y-axis
(left) show sequenced bases as bars, and the secondary y-axis (right) shows the depth of coverage as a
marked line. B). The total mapped bases generated by sequencing with the mean quality of the mapped
bases across all samples in the cohort are represented. The primary y-axis (left) shows the mapped bases as
bars, and the secondary y-axis (right) shows the mean base quality score as a marked line.
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Table 4.1. Sequence Variant Numbers

Samples

Total
Snps

Intergenic

ncRNA/UTR

Exonic

Intronic

Synonymous

Nonsynonymous

Known WM Genes

Known WM Genes
Exonic

LD-101

321779

112715

49658

23774

135631

11661

10863

8183

441

LD-101_1

342279

126241

50423

23763

142371

11620

10922

8736

439

LD-101_2

329474

119782

49377

23464

136850

11477

10798

7951

426

LD-346

221009

61868

43353

22627

93161

11182

10331

5212

417

LD-346_1

217567

60743

43119

22659

91046

11126

10409

5411

429

LD-346_2

222718

63940

42961

22729

93088

11165

10456

5337

432

LD-358

301355

99185

53327

23704

125139

11573

10857

4555

399

LD-358_1

319234

107239

55458

24203

132334

11797

11128

4752

421

LD-358_2
LD373_0A
LD-373_1

335183

117228

56635

24186

137134

11845

11040

4615

388

170955

42445

38120

21764

68626

10797

9917

4024

404

210074

60363

42053

23248

84410

11449

10704

5227

435

LD-373_2

180245

46737

39221

22204

72083

11023

10141

4246

402

LD-4630A

224540

60967

46927

22897

93749

11154

10575

5490

412

LD-4630B

228113

62711

46975

23096

95331

11234

10624

5709

439

LD-463_1

220784

60799

45973

22997

91015

11236

10621

5514

416

LD-463_2

228180

63792

46250

23032

94606

11204

10631

5430

437

LD-495

278487

90368

47271

23345

117503

11481

10692

6923

423

LD-495_1

284658

96052

47004

22993

118609

11233

10628

7050

412

LD-495_2

323824

119135

48554

23120

133015

11458

10467

7665

413

LD-500

283173

89758

49280

24124

120011

11841

11038

6710

463

LD-500_1

311111

106689

50072

24081

130269

11810

11018

7908

473

LD-500_2

296839

98019

49472

24149

125199

11869

11038

7091

444
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Table 4.1 Continued
Samples

Total
Snps

Intergenic

ncRNA/UTR

Exonic

Intronic

Synonymous

Nonsynonymous

Known WM Genes

Known WM Genes
Exonic

LD-600

288915

83695

54485

26859

123876

13565

12046

7088

529

LD-600_1

268327

77143

52364

26761

112059

13427

12123

6660

505

LD-600_2

278562

80218

53059

26943

118341

13423

12297

6731

510

401

290421

79570

48679

22789

139383

11301

10359

7415

409

402

305061

87278

49558

23419

144806

11549

10698

7469

444

403

288848

79108

48579

22679

138482

11245

10315

8521

424

404

299302

84304

49703

23073

142222

11461

10483

7705

440

405

274555

72985

47150

22634

131786

11271

10272

7836

439

406

229268

53537

43830

22300

109601

11095

10188

5567

432

407

212064

47707

42118

21999

100240

10977

10003

5393

437

408

234166

55746

44028

22232

112159

11031

10155

5567

403

409

256066

66069

45506

22757

121735

11330

10313

6468

448

410

264475

67384

46887

22763

127441

11233

10418

6465

406

411

252046

61582

45983

23075

121406

11286

10668

6062

402

412

246650

60647

45742

22504

117757

11193

10249

6292

425

413

258867

66204

46232

22606

123825

11145

10392

6370

389

414

249171

61221

45538

22632

119780

11145

10400

6090

433

415

264162

67095

46684

22782

127601

11246

10440

6411

409
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Discussion
Rare variant discovery relies on sufficient power from proper sequencing
coverage and the number of samples per family. Much emphasis is placed on sequencing
coverage, which is also called depth of coverage, and this represents the average number
of times that a targeted base in the reference is covered by a high-quality aligned read,
which, in theory, is based on the assumption that reads are randomly distributed across
the genome (Sims et. al., 2014). Another type of coverage, breadth of coverage, refers to
the percentage of target bases that are sequenced a certain number of times (Sims et. al.,
2014). Ideally, sequencing would cover all nucleotides just once, without error, ensuring
all polymorphisms are identified and all reads unambiguously placed (Sims et. al., 2014).
However, because only short reads can be produced (≤250 nucleotides), errors can be
generated such as miss-mapped reads, especially in areas of low-complexity, leading to
erroneously called variants, and when considered alone, these errors are indistinguishable
from real sequence variants (Sims et. al., 2014). Adding to the potential introduced error,
amplification in sample preparation can introduce GC-bias which can lead to variation in
uniform coverage. The solution to these problems is to increase the sequencing reads or
coverage. For example, if a given read has a 1% variant-error rate, 8 reads covering that
particular variant will generate a highly confident call with an error rate of only 10-16
(Sims et. al., 2014). Additionally, a paired-end approach to sequencing in which both
ends of the every read are sequenced help unambiguously map reads to the genome and
increase coverage (Sims et. al., 2014).
Recommendations of sufficient sequencing coverage have ranged from 20x-30x
(Matullo et. al., 2013) to 50x-60x coverage (MacArthur et. al., 2014; Sims et. al., 2014;

124

Voelkerding et. al., 2009). It has been suggested that a recommended ~80x coverage
should be attempted resulting in at least 80% of the target bases being covered at 10x, the
reason being that lack of uniformity of coverage across the reference from GC content
variation (bias) results in regions that have little to no coverage (Clark et. al., 2011; Sims
et. al., 2014). However, even with 80%-90% of the targeted regions covered by 10x or
more, 4 Mb to 8 Mb or 1,000 to 2,000 genes can still have little to no coverage (Bamshad
et. al., 2011; Hedges et. al., 2011; Zhang 2014). To this end, each sample in the cohort
was sequenced to sufficient coverage by minimizing sample multiplexing on a flowcell
and sequencing using a paired-end approach with the maximum amount of cycles that
could be afforded (100 cycles). Indeed, the higher the sequence coverage, the higher the
cost. Hence, the cost allowed the LD samples at CNMC to be sequenced with 100 pairedend cycles and only 50 paired-end runs at BIIR for samples 401-415.
All the families in this study included at least a parent-child trio (n=3). Families
LD-463, 401to405, 406-409, and 410to415 all included 1 or more siblings which
increased the power of analysis by the ability to filter variants through another family
member thus decreasing the numbers of false positives and false negative. The average
sequencing coverage across the cohort was on the low to moderate end at ~34x.
However, the coverage was sufficient to find pathogenic variants in family LD-358, LD463, 401to405, 406to409, and 410to415 as the average of these 5 families was also 34x.
Even though family LD-463 had an average coverage less than 20x at 19x coverage, the
pathogenic variant was still covered by at least 8 reads, but it also had the added power of
a sibling in the exome analysis. Conversely, the highest covered family was LD-101 at
54x without the added power of a sibling, and the pathogenic variant was not able to be
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uncovered through systematic filtering analysis. Further, family LD-500 also had a higher
than average coverage at 47x without an added sibling exome, and the pathogenic variant
could not be uncovered either. Interestingly, of the two highest covered families of LD101 at 54x and 401to405 at 51x, only the one with sibling exomes uncovered the
pathogenic variant. As such, 4 out of the 5 families in which a pathogenic variant was
found included 1 or more siblings. This suggests that involving siblings in the exome
study increases the power of the study more so than high sequence coverage. This is not
to undermine sequence coverage however, as sufficient coverage is still important to
cover the intended targets enough to have confidence that a called variant is real and to
reduce sequencing errors that might be erroneously propagated through downstream
analysis. Indeed, quality scores of variants are closely related to the read depth over
variant positions (Clark et. al., 2011).
The depth of coverage across the samples appeared to trend with the percentage
of the targeted bases or breadth of coverage covered at 20x. However, as such, the depth
of coverage also trended with the amount of bases sequenced and to a lesser extent, the
number of reads. In general, a lower number of reads were generated with LD-101, LD346, LD-358, LD-463, LD-495, LD-500, and LD-600 with comparable coverage to the
other 3 families remaining, which had a higher amount of reads. This was due to the
sequencing run itself, as the LD families were sequenced with higher cycles resulting in
longer reads whereas the 3 remaining families were sequenced at a lower number of
cycles with shorter reads. More sequencing reads with shorter cycles are needed to get
the same amount of coverage with samples that have less reads but with more cycles. The
number of reads generated and the number of those reads that mapped to the reference
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and their yielding coverage in this study followed other trends seen in studies of exome
technology performances (Chilamakuri et. al., 2014; Clark et. al., 2011).
As per Illumina’s technotes, the base calling accuracy is represented by the Phred
quality score, or the Q score, and it is the most common metric to assess the accuracy of a
sequencing run (Illumina 2011). They are traditionally used to determine Sanger
sequencing base accuracy through an algorithmic approach, which proved to be highly
accurate (Richterich 1998), and this approach subsequently was adapted for next
generation sequencing (Illumina 2011). Low quality scores are related to increased error
rates and increased false positive variant calls, and they can result in unusable portions of
sequence reads (Illumina 2011). For instance, Q scores of 10 represent a 1 in 10
probability of an incorrect base call with a 90% accuracy rate, Q scores of 20 represent a
1 incorrect base call in 100 with a 99% accuracy rate, Q scores of 30 represent a 1
incorrect base in 1,000 incorrect base call with a 99.9% accuracy rate, and Q scores of 40
represent a 1 incorrect base call in 10,000 with a 99.99% accuracy rate (Illumina 2011).
The quality benchmark for next generation sequencing is a Q30 score providing a very
high confidence that a base call is accurate (Illumina 2011). As such, the average base
quality score across the cohort was Q33, representing a very high accuracy rate. Very few
bases had to be trimmed from the reads, and those that were trimmed, only up to 8 bases
were trimmed from off the ends of the reads, which typically have lower quality base
calls (Coonrod et. al., 2013). 89% of the total mapped bases had a Q score greater than
30, which reflects high quality sequencing data across the cohort.
Overall, all the samples were covered to a sufficient depth, though it would have
been preferable to have higher coverage. The exception was family LD495 in which the
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proband was sequenced at only 7x coverage with one of the parents sequenced at 15x
coverage, which resulted in a lower number of called variants compared to the rest of the
cohort potentially missing pathogenic variant. For those families in which a pathogenic
variant was not found, adding a sibling if available would drastically increase the
potential in finding the pathogenic variant. If no siblings are available, then other family
members would be preferable or increasing the depth of coverage would be beneficial.
Additionally, the numbers of variant types matched those of previous studies, and they
were relatively uniform in each category across the cohort. However, in almost all the
cases, the higher the depth of coverage, the more variants in each category were called.
Despite the high quality and sufficient sequence coverage, analysis of LD-101,
LD-346, LD-373, LD-495, LD-500, and LD-600 could not uncover the causal variant.
The problem was either that there were too many ambiguous to somewhat interesting
variants left over after filtering, or there were just a few ambiguous or non-interesting
variants left after filtering. Ambiguous in this case refers to genes without a function, or
genes that have a general function but no specific function. Non-interesting genes refer to
those whose functions had no affiliation with the central nervous system or genes
associated with non-neurological diseases. Some of the genes that were interesting were
involved with neurological process or pathways, but their involvement in the
pathogenesis of the particular case was questionable and could only be determined
through extensive functional investigation. Expanding the search outside the coding
regions resulted in too many ambiguous variants without any real concrete leads. Indeed,
greater than 15% of variants that cause disease lie outside the coding regions which are
almost impossible to interpret (Gonzaga-Jauregui et. al., 2012; Zhang 2014).
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Compound Heterozygous Variants in EIF2B5 in a Case Control Study
Results
Genetic analysis. A control family was exome sequenced to validate that the
discrete filtering strategy used would be able to identify the pathogenic variants in the
presence of thousands of variants. In this case control family, a patient with a
hypomyelinating leukodystrophy was exome sequenced along with both parents and a
sibling. For filtering gene analysis, all inheritance patterns were considered due to the
lack of a family pedigree or family history information. The variants were filtered
through a list of known white matter disease genes, and a strict retention filter of only
exonic and splicing variants was employed. Additional filters included the exclusion of
variants associated with pseudogenes/segmental duplications, with MAFs > 1.0% for
recessive inheritance, with MAFs > 0.05% for de novo dominant inheritance, and all
synonymous exonic variation. After following this filtering strategy, no variants in the
homozygous inheritance model or de novo dominant model were left. For the recessive
compound heterozygous mode of inheritance, only two variants remained in the EIF2B5
gene, c.338G>A:p.R113H and c.806G>T:p.R269L (Table 4.2). The unaffected parent
407 was heterozygous for the c.806G>T mutant allele, and the other unaffected parent
408 was heterozygous for the c.338G>A. The unaffected sibling 409 was heterozygous
and a carrier for the c.338G>A mutant allele only. Each position was well covered with
20 or more sequence reads at each location for each sample.
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Table 4.2. EIF2B5 Variant Genotypes and Depth of Coverage

Individual

Affected

406
407
408
408

Yes
No
No
No

c.338G>A p.R113H
Allele Depth
Read
Genotype
(Wild-Type
Depth
,Alternate)
G/A
20
10,10
G/G
43
43,0
G/A
22
11,11
G/A
25
11,14

c.806G>T; p.R269L
Allele Depth
Read
Genotype
(Wild-Type,
Depth
Alternate)
G/T
32
16,16
G/T
33
20,13
G/G
46
31,0
G/G
46
46,0

In silico analysis of EIF2B5 variants. The EIF2B5 variants were analyzed insilico to determine the MAF, predicted pathogenicity, and conservation (Table 4.3). The
c.338G>A nucleotide change in exon 3 resulted in an exonic nonsynonymous amino acid
change from positively charged basic arginine to a large aromatic positively charged
basic histidine at residue position 113 (R113H) (Grantham Score: 29). The c.806G>T
nucleotide change in exon 6 results in an exonic nonsynonymous amino acid change from
positively charged basic arginine to large, hydrophobic (non-polar) aliphatic leucine at
residue position 269 (R269L) (Grantham Score: 102) (Figure 4.3A). The c.338G>A
variant was present in 1000 Genomes, ESP, and ExAC: MAF of 0.05% in both 1000
Genomes and ESP and an MAF of 0.02% in ExAC. It was present in dbSNP as
rs#113994049, and it was labeled as a known disease causing mutation for
Leukoencephalopathy with Vanishing White Matter (VWM; CACH). PhyloP predicted
the site to be conserved, and PhastCons predicted a high conservation score. Multiple
sequence alignment showed moderate conservation (Figure 4.3B). Functional
pathogenicity prediction algorithms SIFT, PolyPhen-2, and LRT classified the variant as
benign/neutral while MutationTaster predicted it as disease-causing. According to
MutationTaster, the c.338G>A variant is a known disease causing mutation (HGMD
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CM013534). The c.806G>T variant was not present in 1000 Genomes, ESP, or ExAC. It
was present in dbSNP as rs#113994057. Both PhyloP and PhastCons predicted high
conservation. Multiple sequence alignment showed high conservation among vertebrates,
and the position was only different in the zebrafish (Figure 4.3B). PolyPhen-2,
MutationTaster, and LRT classified the variant as disease causing, while SIFT classified
it as benign. According to MutationTaster, the c.338G>A variant is a known disease
causing mutation (HGMD CM041319, CM062592). According to the ACMG and AMP
consensus guidelines, the c.338G>A variant has strong evidence of pathogenicity, and the
c.806G>T variant has moderate evidence of pathogenicity (See Table A.2) (Richards et.
al., 2015).
According to the NCBI and OMIM databases, EIF2B5 encodes a protein that is
the largest of 5 subunits of the eIF2B protein complex involved in protein synthesis.
Mutations in the EIF2B5 gene and the genes that encode the other subunits are associated
with leukoencephalopathy with vanishing white matter (VWM), also known as childhood
ataxia with central nervous system hypomyelination (CACH). Over 100 different
mutations within the eIF2B subunits have been described with ~80-90% of those
attributable to homozygous or compound heterozygous missense mutations within the
same gene (Fogli et. al., 2004a; Schiffmann and Elroy-Stein 2006; van der Knaap et. al.,
2006). Approximately 67% of the mutations in affected individuals reside within the
eIF2B5 subunit (Fogli et. al., 2004a; Leegwater et. al., 2001; Schiffmann and Elroy-Stein
2006). The R113H mutation is the most common (Fogli et. al., 2004a; Schiffmann and
Elroy-Stein 2006), and the R269L mutation has been documented in a patient with
CACH (Fogli et. al., 2004a).
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Table 4.3. In-Silico Pathogenicity and Conservation Analysis of the EIF2B5 Variants
Annotation
Hg19 Genomic Location
Variant Type
dbSNP rs#
1000G Frequency
ESP Frequency
ExAC Frequency
Grantham
PolyPhen-2 HDIV;HVAR
SIFT
MutationTaster
LRT
PhyloP46way
PhastCons

c.338G>A; p.R113H
chr3:183855425
exonic missense; nonsynonymous
rs113994049
0.0005
0.0005
0.0002
29
0.002; 0.003: Benign
0.166: Tolerated
0.991: Disease-Causing
0.999: Neutral
0.962: Conserved
0.978: Conserved

c.806G>T; p.R269L
chr3:183857908
exonic missense; nonsynonymous
rs113994057
None
None
None
102
0.737; 0.230: Probably-Damaging;Benign
0.034: Damaging
0.999: Disease-Causing
1.0: Deleterious
4.392: Conserved
1.0: Conserved

Figure 4.3. EIF2B5 Gene Structure and Variant Conservation. A.) EIF2B5 contains 16 coding exons and 15
introns flanked by the 5’ and 3’ UTR. The mutations in this study and exonic locations of each are
represented in red. B). Evolutionary conservation of the amino acids among species is shown in the
multiple species alignment. The amino acids affected by the mutations in this study are boxed in red.
Asterisks represent invariable amino acids; dots represent amino acid conservation.

Discussion
This case control analysis demonstrates successful sequencing and utility of the
discrete filtering strategies set forth to find the pathogenic variants in this study by
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uncovering two rare compound heterozygous variants in the EIF2B5 gene. CACH is
characterized as an autosomal recessive neurological disorder presenting with white
matter lesions on brain imaging and variable neurological features including progressive
cerebellar ataxia, spasticity, and cognitive impairment with a chronic, progressive, and
episodic disease course and a disease onset ranging from prenatal white matter
abnormalities to juvenile or adult-onset ataxia and dementia with occasional ovarian
dysgenesis (Schiffmann and Elroy-Stein 2006). It is one of the most prevalent inherited
childhood white-matter disorders (van der Knaap et. al., 1999). Patient MRIs typically
show increased signal intensity usually involving the subcortical white matter in T2weighted images with corresponding T1-weighted images with diffusely decreased signal
in the white matter (Schiffmann and Elroy-Stein 2006; Schiffmann et. al., 1994; van der
Knaap et. al., 1997). The neuropathology of CACH includes rarefaction, cystic
degeneration and axonal loss in the cerebral white matter (Schiffmann et. al., 1994; van
der Knaap et. al., 1997; van der Knaap et. al., 1998; Van Haren et. al., 2004; Wong et. al.,
2000), unique foamy, apoptotic-susceptible oligodendrocytes with insufficiently thinned
myelin sheaths riddled with vacuoles (Bugiani et. al., 2010; Van Haren et. al., 2004;
Wong et. al., 2000), increased densities of oligodendrocytes around cavitated areas and
less affected regions (Bugiani et. al., 2010; Rodriguez et. al., 1999), and abnormally
shaped astrocytes with a reduction in their numbers (Francalanci et. al., 2001; Schiffmann
et. al., 1994; Schiffmann et. al., 1997; van der Knaap et. al., 1998).
EIF2B5 encodes the catalytic eukaryotic translation initiation factor 2B subunit
epsilon (ε), which functions as a GTP exchange factor for the eukaryotic initiation factor
2 (eIF2B), and it is an important regulator for the initiation of protein translation
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(Leegwater et. al., 2001). eIF2B is a guanine nucleotide exchange factor (GEF) with 5
subunits (α,β,γ,δ,ε) that exchanges GDP for GTP to form a eIF2B-GTP complex
(Kimball 1999). A ternary complex is formed by the binding of the eIF2B-GTP to an
aminoacylated initiator methionyl-tRNA, which is then loaded onto the 40S ribosomal
subunit prior to the translation initiation step (Schiffmann and Elroy-Stein 2006). Upon
recognition by the initiation codon, the GTP is hydrolyzed releasing inactive eIF2B-GDP,
and the new protein is synthesized followed by ribosome dissociated from the protein
(van der Knaap et. al., 2006). Active eIF2B-GTP must be regenerated for the next round
of protein translation initiation; this is the catalyzing step of GDP/GTP exchange by
eIF2B, which is rate-limiting in protein translation initiation, governing the rate of overall
protein synthesis of the cell (Proud 2001; van der Knaap et. al., 2006). Evolutionary
conservation of eIF2B5 along with the other subunits in the complex underscores eIF2B’s
essential function as the elimination of eIF2B activity is not compatible with life (Dever
2002; van der Knaap et. al., 2006). This is further evident in the non-viability in yeast
null mutants in all the complexes except for eIF2Bα (Dever 2002). Functional
consequences on eIF2b activity by mutations that cause CACH have been investigated in
HEK293 cells (Li et. al., 2004), yeast (Richardson et. al., 2004), patient-derived
lymphoblasts (Fogli et. al., 2004b), and patient-derived fibroblasts (Kantor et. al., 2005)
in which all demonstrated a reduced eIF2B activity. Further, patients demonstrated a 3080% residual activity of eIF2B with a correlation between guanine nucleotide exchange
factor activity and the age of onset of the disease (Fogli et. al., 2004b). The reduction in
activity impairs the cellular-stress-response leading to denatured protein deposition to the
endoplasmic reticulum and improperly activating the unfolded protein response pathway
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ultimately leading to apoptosis in oligodendrocytes and astrocytes. (van der Knaap et. al.,
2006; van Kollenburg et. al., 2006).
The evidence of pathogenicity of the two variants in the EIF2B5 gene from both
bioinformatic analysis and the literature was overwhelming, and the identity of the
mutations behind the patient’s hypomyelinating leukodystrophy was confirmed to be the
two EIF2B5 variants by Dr. Schiffmann. This control experiment showed that the
sequencing was indeed sufficient, and that the analysis and prioritization filtering strategy
was proficient enough to uncover the pathogenic variants underlying the patient’s
condition without prior knowledge of the diagnosed disease. Further, it also showed that
the functional prediction of pathogenicity of variants by different prediction algorithms
cannot be used as sole confirmation of pathogenicity or causality as the R113H mutation
was predicted as benign by all the programs except MutationTaster. Variation between
the prediction programs is inherent due to the nature of each individual algorithm as they
all compute pathogenicity based on different aspects of the variant in question. The
functional prediction programs should only be used in conjunction with other information
to prioritize variants.
Novel Compound Heterozygous Mutations in the ALS2 Gene
Results
Clinical and genetic analysis. A family consisting of young siblings presenting
with a hereditary spastic paraplegia-like presentation and bilateral periventricular white
matter signal abnormalities were exome sequenced and analyzed along with both parents.
A recessive inheritance pattern was favored due to disease presentation of both siblings.
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The variants were filtered through a list of known genes associated with white matter
abnormalities. All exonic and splice variants were retained, while synonymous exonic
variants, pseudogenes/segmental duplications, and MAFs over 1% were all filtered out of
the analysis. For a homozygous inheritance, only one gene survived the filtering strategy
of which phenotypes for that gene did not match that of the patients. Only two variants in
the ALS2 gene (MIM 606352; Refseq NM_ 020919; Ensembl ENSG00000003393)
segregated in a compound heterozygous manner from the unaffected parents to the
affected children, a stop gain variant c.3415C>T:p.R113* (asterisk represent stop codon
(X)) and a splice variant c.3248G>A:p.G1083E (Vanderver et. al., 2016). The coverage
read depth at each locus for each family member is shown in Table 4.4. The coverage
was sufficient enough to pass quality filters during variant calling. Sanger sequencing
confirmed the presence or absence of each variant in each family and validated the
compound heterozygous segregation within the family (Figure 4.4). Further, these
variants were clinically classified as pathogenic (Vanderver et. al., 2016).
Table 4.4. ALS2 Variant Genotypes and Depth of Coverage
c.3415C>T; p.R1139*
Individual
463.0A
463.0B
463.1
463.2

Affected
Yes
Yes
No
No

Genotype
C/T
C/T
C/C
C/T

Read
Depth
9
8
8
9

Allele Depth
(Wild-Type,
Alternate)
6,3
4,4
8,0
4,5

c.3248C>A; p.G1083E
Allele Depth
Read
Genotype
(Wild-Type,
Depth
Alternate)
G/A
12
3,9
G/A
13
7,6
G/A
9
4,5
G/G
14
14,0

In silico analysis of the ALS2 variants. The ALS2 variants were analyzed in-silico
to determine their minor allele frequency and novelty within population variant
databases, their predicted pathogenicity, and the evolutionary conservation (Table 4.5).
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Figure 4.4. Sanger Sequence Electropherogram and Segregation of theALS2 variants. A). The Sanger
sequencing electropherograms show the validation of the presence or absence of the ALS2 c.3248G>A,
p.G1083E mutation in each family member and the segregation of the mutation within the family pedigree.
Yellow box (N) indicates heterozygous change at that location. B). The Sanger sequencing
electropherograms show the validation of the presence or absence of the ALS2 c.3415C>T, p.R1139X
mutation in each family member and the segregation of the mutation within the family pedigree. The solid
square and solid circle indicate an affected male or female, respectively. The arrows indicate the mutation
within the electropherogram; Adenosine, A, in green; Cytosine, C, in blue; Thymine, T, red; Guanine, G,
black.

c.3415C>T nucleotide change in exon 18 results in an exonic nonsynonymous amino acid
change from a small polar glycine to a large acidic negatively charged glutamic acid at
residue 1083 (G1083) (Grantham Score: 98) (Figure 4.5A). This variant resides at the last
base of exon 18 1bp upstream of the 5’ donor splice site likely affecting splicing. The
c.3248G>A nucleotide change in exon 20 results in an exonic stop-gain mutation
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changing the arginine at residue 1139 to a stop codon (represented by * or X) (Grantham
Score: 6), which creates a truncated protein that abolishes important functional domains
(Figure 4.5A). Both reside within a MORN domain within the protein (Figure 4.5B).
Further, both variants are novel being absent from the population and variation databases
1000 Genomes, ESP, ExAC, and dbSNP. The c.3415C>T variant was reported in ExAC
with a MAF of 0.002% after the initial finding of this variant. PolyPhen-2, SIFT,
MutationTaster, and LRT predicted the c.3248G>A variant as deleterious or diseasecausing. MutationTaster and LRT predicted the c.3415C>T variant as deleterious or
disease-causing. Both PhyloP and PhastCons predicted both variants to be strongly
conserved. A multiple sequence alignment showed strong conservation at both positions
(Figure 4.5C). According to the ACMG and AMP consensus guidelines, both variants
exhibit very strong evidence of pathogenicity (See Table A.2) (Richards et. al., 2015).
According to OMIM and NCBI, mutations in ALS2 are known to cause autosomal
recessive Infantile Onset-Ascending Spastic Paralysis (IAHSP; MIM 607225) along with
Juvenile Amyotrophic Lateral Sclerosis 2 (JALS; MIM 205100) and Juvenile Primary
Lateral Sclerosis (JPLS; MIM 696353). Numerous mutations have been reported in all
protein domains, and the majority of the reported mutations result in a truncated protein
either through a stop-gain mutation, a frameshift mutation, or abnormal splicing from
splice variants (Table 4.6). No apparent genotype-phenotype association has been
uncovered.
In silico splicing analysis of ALS2 c.3248G>A. The c.3248G>A mutation occurs
at the last nucleotide of exon 18 1 bp upstream of the 5’ donor splice site of the
exon/intron splice junction. The strength of the 5’ donor splice site was interrogated
138

Table 4.5. In Silico Pathogenicity and Conservation Analysis of the ALS2 Variants
Annotation
Hg19 Genomic Location
Variant Type
dbSNP rs#
1000G Frequency
ESP Frequency
ExAC Frequency
Grantham
PolyPhen2 HDIV;HVAR
Sift
MutationTaster
LRT
PhyloP46way
PhastCons

c.3415C>T:p.R1139*
chr2:202589115
exonic nonsense; stopgain
None
None
None
0.0000166
6
Not Applicable
Not Applicable
1.0: Disease-causing
1.0: Deleterious
4.466: Conserved
1.0: Conserved

c.3248G>A:p.G1083E
chr2:202591207
exonic missense; nonsynonymous
None
None
None
None
98
1.0; 0.98: Probably-Damaging
0.0: Deleterious
0.999: Disease-Causing
1.0: Deleterious
5.863: Conserved
1.0: Conserved

bioinformatically with several different programs (Table 4.7): Analyzer Splice Tool;
Alternative Splice Site Predictor; NetGene2; NNSplice; ESE Finder; and MaxEnt.
Splicing regulatory motifs (ESE, ESS) were interrogated with ESE Finder, RESCUEESE, FASS-ESS web-server, and HSF (Table 4.7). Each program predicted splicing
through a numerical score relating to the strength of the 5’ donor splice site or predicted
the absence or presence of certain splicing motifs. NetGene2 and the 5SS_U2 module of
the ESE Finder predicted the splice site to be abolished as there was no predicted splicing
at that site in the mutant as opposed to the WT sequence that did predict a splice site. The
Analyzer Splice Tool, Alternative Splice Predictor, NNSplice, and MaxEnt all predicted a
decrease of ~10% or more of strength of the splice site of the mutant relative to the wild
type sequence. HSF predicted a gain of an acceptor splice site +1 bases downstream of
the current canonical splice site with an increase of 79.03% at that site and a new donor
splice site -5 bases upstream of the canonical splice site with an increase of 13.3% at that
site. Further, HSF predicted the abolishment of 6 ESS motifs and the gain of 3 ESEs.
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Figure 4.5. Representation of ALS2 Gene and Protein Structure and Evolutionary Conservation A). The
gene structure of ALS2 includes 34 exons, 33 coding exons, and 32 introns flanked by the 5’UTR and
3’UTR. Exon 1 is a non-coding exon in the schematic. The mutations in the familial case are represented in
red: the c.C3451T mutation is located in exon18 at the exon:intron junction; the c.C3248A mutation is
located in exon 20. B). ALS2 protein structure is comprised of the following domains and motifs: RCC1like Domain (RLD) includes 6 RCC1 motifs represented in light blue with a flavi helicase motif
represented in red; the DH/PH domain includes a RhoGef domain represented in green and a PH domain
represented in brown; 8 MORN motif domains represented in dark blue (Coprogen oxidase motif in MORN
6); VPS9 domain represented in purple. The RLD domain functions as a possible protein interacting
module. The RhoGef motif and PH motif, which make up the DH/PH domain, function as the Rac1 binding
region (Rac1GEF). The region containing MORN 6-8 through the VPS9 domain functions as a Rab5
activating domain (Rab5GEF). The region in between the MORN 8 motif and the VPS9 domain functions
as an oligomerization-mediating region. The familial mutations are indicated in red text; p.G1083E located
in MORN 2 and p.R1139* (asterisk represents stop codon (X)) located in MORN 4. C). The evolutionary
conservation of the protein position of the mutations among species (encircled in red). The asterisk
represents an invariable amino acid among the species; the dots represent conserved amino acid identities
among the species. Protein domain information taken from (Hadano et. al., 2007) and (Yang et. al., 2001).
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Table 4.7. In Silico Splice Analysis for ALS2 c.3248G>A
Analysis
Type
Predicted
change in
splice site
strength

Splicing
Program

Wild-Type

MaxEntScan

8.91

5.11

Analyzer
Splice Tool

81.51

69.59

NetGEne2

0.63% confidence

Splice site abolished

NNSplice

0.99

0.5

ASSP

10.292

6.852

HSF

90.83

80.27

36.36
62.71
Predicted
change in
splice
enhancer/sil
encer motifs

Mutant

Gain of new splice acceptor site +1
downstream: 65.58
Gain of new donor site -5 upstream:
71.05

% Change
42.6%
decrease
14.6%
decrease
100%
decrease
49.4%
decrease
33.4%
decrease
11.65%
decrease
79.3%
increase
13.3%
increase

ESE Finder
5SS_U2

6.95

Splice site abolished

100%
decrease

ESEFinder

SRSF6 (SRp55):
2.70848

SRSF6 (SRp55):
3.63097

33.3%
increase

FAS-ESS (set
2&3)
RESCUE-ESE

-

Abolishes 4 ESSs

N/A

-

Gain of 2 ESEs

N/A

HSF

-

Gain of 4 ESEs

N/A

Abolishes 6 ESS
(including hnRNPA1
site);
Weakening of 2 ESS

N/A

Discussion
Using whole exome sequencing and a filtering analysis method that utilizes a list
of genes known to be pathogenic in leukodystrophies and genetic leukoencephalopathies,
two novel high impact variants in the ALS2 gene were identified that segregated in an
autosomal compound heterozygous manner in a single family with siblings presenting
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with hereditary spastic paraplegia-like symptoms. Indeed, ALS2 mutations are known to
cause 3 types of hereditary spastic paraplegias (HSPs), IAHSP, JALS with both upper
and lower motor neuron involvement, and JPLS with retrograde degeneration of the
upper motor neurons (Eymard-Pierre et. al., 2002; Hadano et. al., 2001; Racis et. al.,
2014; Yang et. al., 2001). IAHSP is distinguished from JPLS and JALS by an infantile
onset of progressive and lower motor neuron degeneration resulting in the loss of ability
to walk in childhood with a long survival through adulthood, an absence or severe delay
of motor evoked potentials, and an ascending progressive atrophy of the pyramidal tracts
suggestive of an early degeneration of the upper neurons (Eymard-Pierre et. al., 2002).
HSPs are a group of neurodegenerative diseases affecting the corticospinal tracts
of the motor system characterized by progressive weakness and spasticity that can be
complicated with the additional presence of neurological or non-neurological
manifestations that can include cognitive impairment, epilepsy, extrapyrimdal
disturbances, and cerebellar involvement among others (Finsterer et. al., 2012; Racis et.
al., 2014; Tallaksen et. al., 2001). Incidence of HSP is approximately 1 in 10 to 100,000
people (Ruano et. al., 2014), and they are both clinically and genetically heterogeneous
with the clinical phenotypic spectrum associated with 67 known causative genes (Tesson
et. al., 2015). As shown by the incidence, the occurrence is rare which follows the novel
nature of the ALS2 variants found in this study. The pathogenesis behind HSPs are caused
by disturbances of intracellular membrane dynamics and trafficking from alterations in
cytoskeletal dynamics, membrane and axonal transport, mitochondrial function, DNA
repair, lipid metabolism and myelination processes, and organelle structure (Lo Giudice
et. al., 2014; Tesson et. al., 2015). The number of genes associated with HSPs and the

144

clinical overlap within the HSPs and with other neurological disorders make it difficult to
diagnose (Tesson et. al., 2015). As such, exome sequencing is an ideal application for
these types of disorders.
The ALS2 protein, also called alsin, is primarily expressed in the central nervous
system neurons of the hippocampus, cerebellum, cerebral cortex, motor neurons of the
spinal gray matter, olfactory bulb, basal ganglia, and cranial nuclei (Hadano et. al., 2001;
Nagase et. al., 2000) with high expression in the cerebellar granule layer and in some
Purkinje cells of the cerebellum (Hadano et. al., 2006). High sequence similarity (91%
identity, 94% similarity) exists between the human and mouse protein, and orthologs
exist through drosophila and the mosquito indicating an evolutionarily important function
(Hadano et. al., 2007). ALS2 contains 34 exons of which 33 are coding exons and 32
introns. Multiple transcripts are produced including a predominant long form of 183,634
Da protein comprised of 1,657 aa that is highly expressed in brain and two shorter
transcripts of 396 aa and 807 aa (Hadano et. al., 2001). Three distinct guanine-nucleotide
exchange factors (GEFs; stimulate the exchanged of GDP for GTP) that activate the Ras
superfamily of GTPases span the length of the ALS2 protein: the regulator of
chromosome condensation 1 (RCC1)-like domain (RLD) which modulates the
association of ALS2 to the membrane compartments and directly interacts with the Cterminal region of ALS2 to modulate ALS2 distribution and activity; the diffuse B-cell
lymphoma (Dbl) homology and pleckstrin homology (DH/PH) domains that include a
guanine nucleotide exchange factor for Rho protein; and the vacuolar protein sorting 9
(VPS9) domain important for activating Rab5 through the guanine nucleotide exchange
factor (Carney et. al., 2006; Hadano et. al., 2001; Hadano et. al., 2007; Yang et. al.,
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2001). Further, 7-8 membrane occupation and recognition nexus (MORN) motifs
implicated in plasma membrane binding lie between the DH/PH and VPS9 domains
(Hadano et. al., 2007; Otomo et. al., 2008; Yang et. al., 2001). Despite the multiple GEF
domains, ALS2 specifically only activates Rab5 (Hadano et. al., 2007). Rab5 is part of
the Rab GTPase family which is the largest family within the Ras superfamily of small
GTPases (Elkin et. al., 2016), and plays a critical role in signal transduction (Miaczynska
et. al., 2004), trafficking within the plasma membrane, and compartmentalization in the
endocytic pathways by recruiting effector proteins to the surfaces of specific membrane
compartments (Pfeffer 2013; Wandinger-Ness and Zerial 2014).
Endocytosis is the mechanism used by cells to internalize macromolecules and
surface proteins (e.g. cell surface receptors and their bound ligands) through invagination
of the plasma membrane forming small membrane bound vesicles called endosomes
(Lodish et. al., 2000; Scott et. al., 2014). Macromolecules and surface proteins (e.g.
receptors) can be internalized by one of several different endocytic pathways including
clatherin-mediated endocytosis, caveolae uptake, and other clatherin and caveolae
independent pathways (Elkin et. al., 2016). After internalization, molecules are merged
into a common endosomal network that trafficks, sorts, and transfers them by endosome
or endosomal compartments to many different destinations (Elkin et. al., 2016; Huotari
and Helenius 2011). Once inside the cell, the endocytic vesicles undergo homotypic
fusion (Salzman and Maxfield 1988) to form early sorting endosomes where sorting
decisions are made, and the fates of the internalized molecules are decided (Elkin et. al.,
2016). The vesicular bound cargo can be recycled back to the plasma membrane and the
cell surface, transferred to the Golgi network or across polarized cells through
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transcytosis that is important in transport across the epithelia, endothelia, and the blood
brain barrier, or delivered to the lysosomes via late endosomes for degradation (Elkin et.
al., 2016; Preston et. al., 2014). The trafficking and sorting of these macromolecules to
their intended destinations are regulated through the tight spatial and temporal control of
endosomal maturation whereby the endosomal compartments mature from early to late
endosomes, which involves an increasing luminal acidity, phosphatidylinositol
phospholipids (PIPs) alterations by lipid kinases and phosphatases, and the differential
recruitment and activation of Rab family GTPases (Elkin et. al., 2016). Indeed, the
regulation of Rab GTPases are essential to vesicular trafficking in the cell (Elkin et. al.,
2016).
Endocytosis is vital for cell to cell communication and the cell’s interaction with
the environment (Elkin et. al., 2016). The endocytic uptake of integrins and adhesion
molecules regulates cell to cell and cell to matrix interactions (Mellman and Yarden
2013), and the signaling of surface receptors including G-protein coupled receptors
(Irannejad and von Zastrow 2014) and receptor tyrosine kinases (Goh and Sorkin 2013)
are regulated through endocytosis (Elkin et. al., 2016). Further, endocytosis regulates the
levels of surface proteins and transporters (i.e. glucose transporters in the maintenance of
serum glucose, proton pumps that regulate acidification in the gut, sodium channels that
regulate cellular homeostasis) that are important for human health (Antonescu et. al.,
2014; Elkin et. al., 2016). In addition, endocytosis is an important process to growth cone
motility that helps regulate axonal growth (Kamiguchi and Lemmon 2000).
As an essential player in endocytosis, ALS2 functions as a Rho guanine
nucleotide exchange factor that is activated by Rac1 and binds specifically to and
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activates the small GTPase Rab5 through its GEF activity (Figure 4.6A) (Hadano et. al.,
2007). Activated Rab5 induces the formation of protein complexes that include early
endosome antigen-1 (EEA1) and SNARE proteins on early endosomal compartments,
thus modulating intracellular endosomal dynamics by the stimulation of endosome
enlargement and fusion (Hadano et. al., 2006; Hadano et. al., 2007; Otomo et. al., 2003).
Indeed, Rab5 is required for fusion, and no other Rab GTPase can take its place (Lodish
et. al., 2000). The VPS9 domain-containing C-terminal end of the ALS2 protein functions
to activate Rab5 through a guanine-nucleotide exchange reaction and to target ALS2 to
the endosome (Otomo et. al., 2003). Endosome enlargement is largely dependent on the
homo-oligomerization of ALS2 through its C-terminal regions (Kunita et. al., 2004). The
N terminal region that contains the RLD acts to suppress the localization of the ALS2
protein onto the endosome or other cellular membranes and directly interacts with the Cterminal region of ALS2 to modulate its distribution and activity in cells (Kunita et. al.,
2007). The DH/PH domain binds to Rac1 but does not possess GEF activity; it also
enhances endosome fusion by constitutively promoting the MORN/VPS9 domainmediated Rab5 activation (Otomo et. al., 2003). Indeed, each ALS2 domain demonstrates
specific subcellular tropism supported by a series of experiments expressing truncation
and missense ALS2 mutants (Hadano et. al., 2007; Otomo et. al., 2003; Topp et. al.,
2004; Yamanaka et. al., 2003). This suggests that the internal domains of ALS2 and its
Rab5GEF activity control intracellular localization either through association with itself
or through other protein or lipid molecules (Hadano et. al., 2007; Panzeri et. al., 2006).
This idea is further supported by a reported missense mutation in the RLD that resulted in
ALS2 mislocalization, underscoring that proper ALS2 localization is essential to exert its
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physiological functions (Hadano et. al., 2007). Each part of the protein has a unique and
important function that, without it, will cause perturbations within a cellular pathway or
with interactions with other proteins or molecules.
ALS2 has numerous functions and can be found on endosomal compartments,
small vesicular structures in the cell bodies, and in somato-dendritic neurites of neurons
(Figure 4.6B) (Otomo et. al., 2003; Topp et. al., 2004). In mature neurons, vesicular
ALS2 can be found in the dendrites, axons, and cell bodies (Topp et. al., 2004), whereas
in immature neurons, ALS2 can be enriched at the tip of the axon in the lamellipodia and
vesicles in the growth cone (Hadano et. al., 2007; Jacquier et. al., 2006; Tudor et. al.,
2005). Indeed, ALS2 and Rab5 have been implicated as important components of neurite
outgrowth and axonal growth in addition to their roles in the endocytic pathway (Hadano
et. al., 2006; Otomo et. al., 2008; Panicker et. al., 2006). ALS2 activation by Rac1 is
essential for neurite and axonal growth, and it is also critical in macropinocytosis, which
is a form of Rab5-dependent endocytosis (Hunker et. al., 2006; Otomo et. al., 2008;
Tudor et. al., 2005). As such, Rac1 recruits ALS2 to membranous components mediating
endosome fusion between macropinosomes and early endosomes in non-neuronal cells
(Otomo et. al., 2008). ALS2 involvement in many membrane dynamics and cytoskeletal
organization within the cell is demonstrated by colocalization with centrosomal markers
such as γ-tubulin and by the demonstration of ALS2 overexpression resulting in abnormal
endosomes, impairment of mitochondria trafficking, and Golgi apparatus fragmentation
(Hadano et. al., 2007; Millecamps et. al., 2005). ALS2 also plays a neuroprotective role
from glutamate-mediated excitotoxicity by modulating α-amino-3-hydroxy-5-methyl-4isoxazoleproprionate (AMPA) glutamate receptor trafficking through its interaction with
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glutamate receptor interacting protein (GRIP1) through ALS2’s RLD (Lai et. al., 2006).
Additionally, it is an important factor in corticospinal motor neuron health and stability
and for maintaining cellular cytoarchitecture and integrity of cellular organelles
evidenced by the presence of vacuolated apical dendrites with increased autophagy, soma
shrinkage, axonal pathology, and the already mentioned defects in mitochondria and the
Golgi apparatus inflicted by the absence of ALS2 activity (Gautam et. al., 2016).
In vivo models consisting of ALS2 knockout mice (-/-) do not show drastic
changes in appearance and behavior from wild type; drastic defects or abnormalities in
development and motor function that mimic human disease are also absent (Gautam et.
al., 2016; Hadano et. al., 2006). However, many recognizable subclinical and cellular
dysfunctions can be seen in ALS2 knockout mouse models that are reminiscent of some
clinical manifestations of patients with HSP (Hadano et. al., 2007). Hypoactivity has been
observed in ALS2 knockout mice (-/-) (Devon et. al., 2006) as well as slow movement
without muscle weakness consistent with upper motor neuron defects that, in humans,
lead to spasticity (Yamanaka et. al., 2006). At the cellular level, a significant decrease in
size of cortical motor neurons have been reported in ALS2 (-/-) mice along with a
significant reduction in cytosolic Rab5-dependent endosome fusion activity and a
disturbance in endosomal transport of the neurotrophic factor receptors insulin-like
growth factor 1 (IGF-1) and brain-derived neurotrophic factor (BDNF) in primary
neurons (Devon et. al., 2006). Additionally, a loss of ALS2 results in the delayed fusion
of epidermal growth factor-positive endosomes, which further supports its role in Rab5dependent endosome fusion (Hadano et. al., 2007). Another study observed an agedependent, slow progressive loss of cerebellar Purkinje cells in ALS2-null mice through
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Figure 4.6. Model of ALS2 Intracellular Functions. A). Rac1 activates and recruits ALS2 to the early
endosomal compartments through macropinocytosis where ALS2 then binds to Rab5 GTPase and activates
Rab5 through its Rab5GEF functionality (Kunita et. al., 2007). The activated Rab5 promotes endosome
fusion through facilitating the formation of protein complexes of effector molecules including early
endosome auto-antigen 1 (EEA1) and soluble N-ethylmaleimide-sensitive attachment protein receptor
(SNARE) proteins. Loss of ALS2 disrupts endosomal trafficking and fusion leading to abnormal
intracellular signaling. B). The schematic describes the proposed functions in neurons. Information and
images modified from (Hadano et. al., 2007). Neuron illustration created using Servier Medical Art
(http://www.servier.com/Powerpoint-image-bank).

immunohistochemical and electrophysiological assays in addition to a subclinical
dysfunction of the ALS2-null mouse motor system due to abnormalities in spinal motor
neurons associated with astrocytosis and microglial cell activation (Hadano et. al., 2006).
Further assays on ALS2-null mouse fibroblasts identified a marked decrease in the size of
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EGF-positive endosomes indicating a possible disturbance in endosome/vesicle
trafficking (Hadano et. al., 2006). Progressive axonal degeneration was also observed in
the lateral spinal cord neurons of ALS2-null mice (Yamanaka et. al., 2006).
As the generation of a knock-out mouse model has so far been unable to fully
recapitulate the human disease state, the reason for this most likely stems from the
biological differences in the organization between the mouse and human motor systems
as axons in the upper motor neurons directly innervate the spinal cord’s lower motor
neurons to control movement, whereas the mouse does not have a direct connection
between upper and lower motor neurons (Cai et. al., 2008). Gene redundancies of the
Als2 gene that compensate for the lack of ALS2 function may also be a factor in the
inability to recapitulate severe phenotypes as seen in humans (Cai et. al., 2008). In-vivo
modeling in zebrafish through knockout expression or through specific mutation knockin/transient expression could bring further insight into the pathogenicity of these two
mutations and into the disease mechanisms through which ALS2 plays a role.
Overall, ALS2 is a crucial component in endosomal dynamics essential to overall
health of the cell through proper sorting, trafficking, recycling, and degradation of
molecules; it indirectly facilitates trophic support to neurons and protects against
oxidative stress and excitotoxcity (Cai et. al., 2008). The functions of ALS2, especially
its activation of Rab5, underscore its importance in neuronal vesicular trafficking and,
subsequently, communication between neurons for proper neurological performance.
Perturbations of these systems and pathways leads to cellular dysfunction, degradation,
and death, and results in signaling abnormalities as evidenced from the aforementioned
results from functional assays involving ALS2. Overexpression experiments of the ALS2
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protein in different cell lines that represent different cell types in the body suggest that
neuronal cells are more sensitive to ALS2 mediated pathways, and effects from the
protein’s loss of function result in more pronounced effects in these types of cells (Otomo
et. al., 2003). This leads to abnormal development and degeneration of neurons resulting
in phenotypes seen in IAHSP and JALS such as spastic paralysis, delayed motor
development, and upper and lower motor neuron degeneration among others.
White matter pathology as seen by T2-signal hyperintensities on MRI could be
secondary in nature to the primary pathology induced by axonal degradation and cell
death. On the other hand, loss of ALS2 function could perturb neuronal signals that
trigger myelination. One study with ALS2 knockout mice demonstrated that
periventricular white matter lesions are associated with gliosis, which is a proliferation of
glial cells such astrocytes to damaged regions of the brain (Hadano et. al., 2006).
Oligodendrocytes are sensitive to glutamate excitotoxicity, which plays a role in many
white matter pathology (Follett et. al., 2004; Matute 2011), and this could be brought on
by the increase in glutamate induced by activated microglia or the loss of a protective
effect from excitotoxicity from the loss of ALS2 function.
Bioinformatic analysis of the mutations suggests that both of the variants are
pathogenic. The nature of both variants as a stop-gain and splicing mutation of the
invariant splice consensus sequence automatically label them as pathogenic in most
diagnostic laboratories (Baralle and Baralle 2005) and according to the ACMG and AMP
recommended guidelines for interpreting sequence variants (See Table A.2) (Richards et.
al., 2015). The p.R1139* stop-gain mutation introduces a stop codon truncating the
protein and deleting the VPS9 domain and parts of the MORN motifs, both of which are
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crucial for activating Rab5 through GDP-GTP exchange and for endosomal localization.
Indeed, Rab5-GEF activity is lost in the absence of either the MORN motifs or the VPS9
domain, and mutations in the VPS2 domain (e.g. p.P1603A, p.L1617A) result in a
marked decrease in Rab5-GEF activity (Hadano et. al., 2007; Otomo et. al., 2003).
Without this domain, endosomal dynamics will be disturbed leading to neuronal cell
death and ultimately a disease state which has been demonstrated in several disease cases
(Otomo et. al., 2003). However, mRNA transcripts containing a premature termination
codon usually more than 50-55 nucleotides upstream of the last exon-exon junction are
usually recognized and degraded by nonsense-mediated mRNA decay (NMD) rather than
being translated into a truncated protein (Fatscher et. al., 2015; Frischmeyer and Dietz
1999). Nonsense mutations such as the R1139* mutation account for nearly 20% of
disease-associated single-base pair substitutions of which most are expected to induce the
NMD pathway (Mort et. al., 2008; Ottens and Gehring 2016). This mechanism protects
against the deleterious dominant negative or gain-of-function effects of truncated proteins
(Fatscher et. al., 2015; Frischmeyer and Dietz 1999). NMD is also suspected in affecting
the phenotypic severity of diseases caused by nonsense mutations depending on the
extent of reduction of mutant mRNA (Dietz et. al., 1993; Frischmeyer and Dietz 1999).
Some transcripts may escape the NMD pathway and generate truncated proteins with
residual activity modulating disease severity (Frischmeyer and Dietz 1999; Holbrook et.
al., 2004).
The c.3248G>A splice mutation resides at the -1 position that flanks the invariant
canonical GT dinucleotide of 5’ donor splice site. Proper pre-mRNA splicing is essential
to normal gene expression, and it requires correctly identified exon-intron boundaries by
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a protein complex called the spliceosome which acts through RNA-RNA interactions,
RNA-protein interactions, and protein-protein interactions to correctly excise the introns
and precisely join the exons (Baralle and Baralle 2005; Hastings and Krainer 2001). This
is accomplished through the recognition of different sequence motifs including consensus
sequences flanking the invariable canonical GT and AG dinucleotides of the 5’ donor and
3’ acceptor splice sites and the branch sites 15-35 bases upstream of the 3’ acceptor
(Burset et. al., 2000; Krawczak et. al., 2007). Cis-acting sequence elements including
exonic splicing enhancers and silencers (ESE,ESS) and intronic splicing enhancers and
silencers (ISE,ISS) can enhance or repress donor or acceptor splice site usage defining
the constitutive and alternative exons (Baralle and Baralle 2005; Fu 2004). Many ESEs
bind to SR (serine/arginine) proteins that play pivotal roles in splicing by stimulating the
formation of the spliceosome and function as essential splicing factors and regulatory
factors to enhance splicing and increase exon definition (Graveley 2000; Matlin et. al.,
2005). Some ESSs and ISSs bind members of the heterogeneous nuclear ribonuclear
proteins (hnRNPS) which are often involved in spliceosome assembly, regulation by
repression/silencing, and RNA secondary structure (Bennett et. al., 1992a; Buratti and
Baralle 2004; Krecic and Swanson 1999). Mutations in any of these sequence motifs may
affect pre-mRNA splicing, and splice site mutations make up ~10%, and possibly up to
50%, of single base pair substitutions that cause inherited diseases, underscoring the
importance of accurate splicing (Krawczak et. al., 2007; Matlin et. al., 2005).
Many of these disease causing splice mutations in the donor or acceptor splice
sites involve the +1/+2 or -1/-2 positions around the canonical splice dinucleotides
(Krawczak et. al., 1992), and often, the mutant sequences surrounding the canonical
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splice sites that interrupt normal splicing is due to disruptions of interactions with
spliceosome components including U1 snRNP, U6 snRNP, and U2AF 65 or 35 (Baralle
and Baralle 2005; Crispino et. al., 1996). Additionally, the strengths of the splice sites
influence the frequency of exon selection (Matlin et. al., 2005). Mutations surrounding
the canonical 5’ splice donor site can severely weaken the site and abolish splicing
altogether which could lead to retention of the intron in the mature mRNA transcript or
diminish exon definition that could cause the spliceosome to utilize the next available
legitimate splice-site resulting in cryptic splice site activation or in exon skipping (Matlin
et. al., 2005). These results can end up shifting the open reading frame creating an
entirely different protein or introducing a premature termination codon resulting in a
truncated protein or inducing NMD (Cartegni et. al., 2002). One study using neural
networks demonstrated that exon skipping is the most frequent outcome of splice-site
non-recognition due to mutation, especially in the absence of alternative splice sites
(Krawczak et. al., 2007). Additionally, exon skipping is often associated with the
disruption of ESE sequences (Matlin et. al., 2005; Pagani and Baralle 2004), and
mutations occurring at the last nucleotide of an exon are highly associated with exon
skipping events rather than intron retention (Talerico and Berget 1990). Despite the high
occurrence of exon skipping from splice-site mutations and that the c.3248G>A mutation
occurs at the last nucleotide of the exon, exon skipping may not be the mechanism of
aberrant splicing due to the increase in ESE motifs and the abolishment of ESSs which
could indicate the use of other weak splice sites in the vicinity or the cryptic splice sites.
Further functional work will be necessary to fully characterize the effects of the mutation
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and decipher the mode of aberrant splicing by directly investigating the linear mRNA
transcripts of the patient and the impact on protein expression.
A De Novo STXBP1 Mutation in a Patient Presenting with Epilepsy and Leukodystrophy
Results
Genetic analysis. A parent-child trio with a 4 year old female presenting with a
severe myelin deficit and minimal progression of myelination over 2 years, severe
refractory epilepsy, and mental retardation was exome sequenced and analyzed. No
family history was provided so all modes of inheritance were considered. All variation
other than exonic and splice variants were filtered out of analysis and the remaining
variants were filtered through the list of genes associated with white matter
abnormalities. Variants were then filtered for recessive models of compound
heterozygous and homozygous inheritance and a de novo dominant model of inheritance.
Additionally,

all

variants

associated

with

pseudogenes/segmental

duplications,

synonymous exonic variants, and MAFs over 1% for recessive models and MAFs over
0.05% for de novo dominant models were filtered out of the analysis. For recessive
models, no variants were found to survive the filtering strategy for either compound
heterozygous or homozygous segregation. However, for de novo dominant model, 6
variants remained. The variants were prioritized based on variant type and functional
prediction as well as a thorough search through the literature on each of the genes the
variants reside in. After further investigation into the literature, only one variant in the
STXBP1 gene (MIM 602926; Refseq NM_003165; Ensembl ENSG00000136854),
c.1099C>T:p.R367*, remained due to its stop-gain nature and its association with a
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phenotype that closely matched the presentation in the patient (Vanderver et. al., 2016).
No less than 56 reads covered the variant in each sample instilling high confidence of the
genotypes (Table 4.8). The mutation was validated by Sanger sequencing in a Clinical
Laboratory

Improvement

Amendments

(CLIA)

certified

molecular

diagnostics

laboratory. Further, the variant was clinically classified as pathogenic (Vanderver et. al.,
2016).
Table 4.8. STXBP1 c.1099C>T Variant Genotypes and Depth of Coverage
Individual

Affected

Genotype

Read Depth

Allele Depth (WildType, Alternate)

358
358.1
358.2

Yes
No
No

C/T
C/C
C/C

56
56
67

27,29
54,2
67,0

In silico analysis of STXBP1 c.1099C>T. The STXBP1 variant was analyzed insilico to determine the MAF, predicted pathogenicity, and conservation (Table 4.9). The
c.1099C>T nucleotide change in exon 13 results in a nonsense amino acid change from
arginine to a stop codon at residue 367 (p.R367*) (Grantham Score: 6) in Domain 3b
(Figure 4.7A&B). It is a novel mutation as it was absent from 1000 Genomes, ESP,
ExAC, and dbSNP. In silico prediction programs MutationTaster and LRT predicted the
mutation to be deleterious/disease-causing, and PhyloP and PhastCons predict the site of
the mutation to be in a highly conserved position (Table 4.9). Multiple sequence
alignment shows high conservation at this position from human through the purple sea
urchin with the only deviation in the alligator (Figure 4.7C). Stop-gain mutations result in
truncated proteins that usually results in a loss of function and often nonsense mediated
decay leading to the loss of the transcript. Transcripts that escape NMD result in a
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truncated protein with a major portion of the protein absent that may be involved in the
proper folded conformation of the protein or binding associated proteins (Figure 4.7D).
According to the ACMG and AMP consensus guidelines for interpreting sequence
variants, the c.1099C>T variant exhibits very strong evidence of pathogenicity (See
Table A.2) (Richards et. al., 2015).
Table 4.9. In Silico Pathogenicity and Conservation Analysis for STXBP1 c.1099C>T
Annotation
Hg19 Genomic Location
Variant Type
dbSNP rs#
1000G Frequency
ESP Frequency
ExAC Frequency
Grantham
PolyPhen2 HDIV;HVAR
Sift
MutationTaster
LRT
PhyloP46way
PhastCons

c.1099C>T; p.R367*
chr9:130435529
exonic nonsense; stopgain
None
None
None
None
6
Not Applicable
Not Applicable
1.0: Disease-Causing
1.0: Deleterious
5.572: Conserved
1.0: Conserved

According to OMIM and NCBI, STXBP1 mutations are associated with the
autosomal dominant neurological disorder early infantile epileptic encephalopathy 4
(EIEE4). A plethora of mutations have been reported in the literation throughout all the
protein domains of STXBP1, and multiple nonsense mutations and other mutations that
are predicted to truncate the protein have been reported in the pathogenicity of EIEE4
(Figure 4.7B).
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Figure 4.7. STXBP1 Gene and Protein Structure with Associated Mutations. A.) STXBP1 contains 20
coding exons and 19 introns. Known deletions of the gene are shown by the black bars spanning the region
of the deletion. The c.C1099T, p.R367* nonsense familial mutation is shown in red. B). The STXBP1
protein domain structure along with published disease associated mutations and their locations within the
protein are shown. Mutations in red represent nonsense mutations including the p.R367*. Note the presence
of disease associated nonsense mutations in every domain of the protein. Image modified from (Stamberger
et. al., 2016). C.) Multiple sequence alignment showing a section of the STXPB1 from multiple species
with residue 368 boxed in red. Asterisks represent invariable amino acids at that position and dots represent
conserved amino acid identity. D.)The three dimensional model visualizes the STXBP1 protein structure
(Protein Data Bank ID 3C98) in complex with Syntaxin. The R367 position is noted by the ball structure in
domain 3b. The second structure shows the domains of the structure that are absent in the truncated protein
resulting from the R367* mutation. Domain 1, yellow; Domain 2, light blue; Domain 3a, dark green;
Domain 3b, dark blue; Syntaxin, Red.

Discussion
Through the use of whole exome sequencing and a filtering analysis strategy that
utilized a list of genes known to be associated with leukodystrophies and genetic
leukoencephalopathies, a novel de novo heterozygous nonsense mutation in the STXPB1
gene was uncovered in a single family whose proband presented with severe epilepsy,
mental retardation, and leukoencephalopathy. Indeed, mutations in the STXBP1 gene are
a known cause of the autosomal dominant neurological disorder early infantile epileptic
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encephalopathy 4 (EIEE4) that presents with epileptic encephalopathy, different forms of
seizures, developmental regression, mental retardation, brain hypomyelination, and motor
impairment among others through presynaptic impairment.
STXBP1, also known as Munc18-1, encodes syntaxin binding protein 1 which
plays a role in neurotransmitter release through association with syntaxin, a
transmembrane attachment protein receptor that binds synaptotagmin and interacts with
calcium and potassium ion channels. It is expressed throughout the body with the highest
expression levels in the brain (Toonen and Verhage 2007). As a member of the
Sec1/Munc18 (SM) protein family, it plays important roles in intracellular membrane
trafficking through their interaction with SNARE proteins at vesicle fusion sites on the
plasma membrane and subsequent release of molecules, or exocytosis, from the cell (Carr
and Rizo 2010). Intracellular vesicular trafficking of proteins and lipids are a
fundamental process in eukaryotic cells that are necessary for the formation and
maintenance of cellular structures, neurotransmitter release, and cell growth which rely
on conserved families of proteins that work together to merge the transporting vesicles
with their target membrane (Carr and Rizo 2010). Proper neural function is dependent on
communication between neurons through neurotransmitter release by calcium-triggered
synaptic vesicle fusion and exocytosis at the presynaptic terminal (Rizo and Xu 2015).
This is facilitated by localization and docking of the neurotransmitter containing synaptic
vesicles to the active zones in the plasma membrane, a priming reaction for release, and
an action potential that introduces an influx of calcium that assists in vesicle and
membrane fusion (Figure 4.8) (Rizo and Xu 2015).
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STXBP1 is part of the core machinery for synaptic vesicle fusion and exocytosis
that also includes Munc13 and the SNARE proteins Syntaxin-1, Synaptobrevin, and
SNAP-25. Generally, SNARE proteins are essential to vesicle fusion as specific SNARE
proteins, V-SNAREs, in each transport vesicle type targets the vesicle to the correct
membrane fusion partner through binding to the ubiquitous fusion protein SNAP-25 and
one or more T-SNARE integral membrane proteins (Lodish et. al., 2000). Syntaxins are
critically involved in neurotransmitter release through the docking of synaptic vesicles
with the presynaptic plasma membrane and interaction with presynaptic calcium channels
resulting in calcium-dependent exocytosis (Bennett et. al., 1992b; Seagar and Takahashi
1998). STXBP1 has been implicated in synaptic vesicle docking, the priming reaction,
and vesicle fusion (Carr and Rizo 2010; Sudhof and Rothman 2009) in part through
different regulatory interactions with Syntaxin-1 and the neuronal SNARE complex that
consists of Syntaxin-1, SNAP25, and synaptobrevin.
STXBP1 binds to a closed conformation Syntaxin-1 and acts as a chaperone to
stabilize and direct it (Dulubova et. al., 1999; Han et. al., 2014); it also binds directly to
the assembled neuronal SNARE complex through the N-peptide and the Habc domain of
open conformation Syntaxin-1 and to a four-helix bundle of the SNARE complex
(Dulubova et. al., 2007; Zilly et. al., 2006). The binding of closed Syntaxin-1 is necessary
for the initiation of the synaptic vesicle fusion reaction, and thus downstream binding to
the open conformation of Syntaxin-1 in the SNARE complex (Gerber et. al., 2008).
STXBP1 is also directly required for vesicle-membrane fusion through stimulating
vesicle docking and priming demonstrated by the observation that vesicle docking was
disabled in STXBP1 null chromaffin cells (Gulyas-Kovacs et. al., 2007). Additionally, it
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has been demonstrated that rat STXBP1 accelerates the fusion of membranes by
interacting directly with SNARE proteins such as vesicle-associated V-SNAREs and
target membrane-associated T-SNAREs which are critical in bringing two membranes
together for fusion (Shen et. al., 2007).
STXBP1 contains 3 protein domains that form a cavity to bind Syntaxin-1 in its
closed conformation (Misura et. al., 2000). Domain 3 is divided into domain 3a and 3b;
domain 1 and domain 3a bind the Habc domain and SNARE motif of Syntaxin-1, while
the N-peptide domain binds domain 1 opposite of the cavity (Rizo and Xu 2015).
STXBP1 binds the SNARE complex four helix bundle either through the cavity formed
by domain 1 and 3a or through domain 3a opposite the cavity (Hu et. al., 2011; Shen et.
al., 2010). Domain 1 and 3a are both critical for stabilizing and trafficking Syntaxin-1,
while domain 3a has an additional function in priming and stimulating exocytosis through
SNAREpin assembly and membrane fusion (Han et. al., 2014; Parisotto et. al., 2014).
Knockin/knockout mice were generated that could only exhibit Syntaxin-1 in its open
conformation which ablated STXBP1 interaction with closed Syntaxin-1 thus disrupting
the initiation reaction and STXBP1 binding to open Syntaxin-1 which resulted in viable
mice with the onset of generalized seizures at 2-3 months of age (Gerber et. al., 2008).
Additionally, a STXBP1 null mouse model was generated resulting in total paralysis with
death at birth (Verhage et. al., 2000). Further observations in STXBP1 null mice showed
a normal brain assembly with normal neuronal differentiation and pathfinding and
spontaneous action potentials but demonstrated a complete loss of neurotransmitter
release throughout development resulting in neuronal apoptosis and widespread
neurodegeneration due to absent synaptic transmission (Verhage et. al., 2000).
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Figure 4.8. Model of Vesicle Fusion and Neurotransmitter Release and Representative Core Machinery. A).
The schematic represents the proposed model for the key steps in membrane fusion. Pulling and pushing
forces (red arrows) act on the bilayers of the membranes to bend and destabilize the membranes leading to
an intermediate stalk-like structure with merged proximal leaflets. B). The model shows how the
interactions of Synaptobrevin, Syntaxin-1, SNAP-25, Munc18-1 (STXBP1), Mun13, and NSF-SNAP
mediates synaptic vesicle fusion. Exocytosis begins with the Munc18-1-Syntaxin-1 closed conformation
which is formed directly or after disassembly of the Syntaxin-1-SNAP-25 complex by NSF-SNAPS (state 1
and state 0 respectively). Munc13-1 interacts with Syntaxin-1 to create an open conformation and assists in
the assembly of the SNARE complex with Munc18-1 leading to a primed state (2) that is ready for
membrane fusion (3) upon calcium influx. The black dots represent neurotransmitters; black arrows
indicate forces that help bend the membranes toward each other resulting from the pulling of the
membranes together by the SNAPS. NSF, N-ethylmaleimide sensitive factor; SNAP, soluble NSF adaptor
proteins; SNARES, SNAP receptors. Modified from (Rizo and Xu 2015).

Experiments with human neurons demonstrated that heterozygous loss of function
mutations lower the levels of both STXBP1 and Syntaxin-1 by ~30% with an
approximately 50% decrease in neurotransmitter release suggesting that partial loss of
STXPB1 leads to early epileptic encephalopathy through presynaptic impairment (Patzke
et. al., 2015). Studies on heterozygous STXBP1 (+/-) mice showed a synaptic depression
in glutamatergic and GABAergic synapses demonstrating that haploinsufficiency leads to
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impaired neurotransmission (Toonen et. al., 2006). Numerous instances of de novo
STXPB1 mutations in different parts of the gene leading to early infantile epileptic
encephalopathy have been documented (Barcia et. al., 2014; Romaniello et. al., 2014;
Saitsu et. al., 2008) including other de novo nonsense mutations in domain 3 leading to
premature termination resulting in a truncated protein or NMD (Hamdan et. al., 2011;
Hamdan et. al., 2009).
As discussed above, STXBP1 has been extensively studied, and it has been shown
that it is intimately involved with the machinery responsible for neurotransmitter release
and thus communication between neurons. Sporadic de novo mutations in STXBP1 have
been associated with early infantile epileptic encephalopathy 4 (EIEE4), and a loss of
STXBP1 function by the R367* mutation leads to haploinsufficiency that affects proper
synaptic transmission. As the c.1099C>T mutation results in a premature termination
codon, the resulting mRNA transcript is most likely degraded by NMD as discussed for
the ALS2 nonsense mutation. However, residual STXBP1 activity that results from any
transcript that escapes NMD with subsequent translation into a partially functional
protein could modulate the severity of the disease. This truncated protein could have gain
of function actions that could be further detrimental or it could trigger the unfolded
protein response pathway leading to apoptosis. The functional consequences of the
premature termination codon of either the generation of copious amounts of truncated
protein or NMD must be interrogated experimentally by assaying the presence and degree
of truncated protein expression and by quantitating the mRNA transcript to determine the
extent of transcript downregulation or reducing UPF1, a central component in NMD,
expression by small interfering RNAs to assess the NMD-sensitive transcript (Holbrook
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et. al., 2004). For further evidence of pathogenicity, mRNA transcript interrogation and
protein expression assays with vesicle and neurotransmitter quantitation and
measurement of synaptic transmission in patient neurons or a mouse model with the
inserted c.1099C>T mutation could be implemented for functional validation.
Compound Heterozygous EARS2 Mutations in a Patient with Leukoencephalopathy,
Brain Calcifications, and Cysts
Results
Clinical profile.

A male patient presented with a leukoencephalopathy with

cerebral calcifications and cysts with a clinical manifestation of dystonia, dyskinesia,
chorea, and spasticity with severely impaired motor and cognitive function. The MRI
showed numerous calcifications throughout the brain in gray matter nuclei and
juxtacortical U fibers as well as the periventricular white matter, brainstem, the dentate
nucleus of the cerebellum, and the subcortical white matter of both cerebral hemispheres.
White matter abnormalities were observed through increased signals in the white matter
in T2-weighted images and decreased signals on T1-weighted images (Figure 4.9). A
number of large cysts were also present in the cerebellum and the supratentorial region.
Anatomically, lateral ventricles were enlarged with a missing septum ellucidum, atrophy
of the corpus collosum, and basal ganglia volume loss. Routine biochemical
investigations including numerous metabolic profiles, inborn errors of metabolism,
systemic inflammatory diagnostics, and cellular oxidative phosphorylation/electron
transport chain were all normal except for a folate deficiency from decreased
concentrations of 5-MTHF of unknown cause. Upon autopsy, the entire central nervous
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system was devastated by vasculopathy with secondary ischemic lesions and
mineralization leading to the progressive obliteration of the blood vessel lumina and
gliosis resulting in the presence of Rosenthal fibers, necrosis, dystrophic calcifications,
white matter degeneration and cyst formation. There were no abnormalities outside the
central nervous system. The patient was diagnosed with Leukoencephalopathy, Brain
Calcifications,

and

Cysts

(LCC)

(OMIM:#614561;

Labrune

Syndrome),

a

leukoencephalopathy with a suspected genetic component that manifests in the central
nervous system with white matter lesions, brain calcifications, and cysts from a cerebral
microangiopathy that results in spasticity, seizures, and cognitive decline (Labrune et. al.,
1996). LCC is a rare disorder as fewer than 50 cases have ever been reported in the
literature (Stephani et. al., 2016).
Genetic analysis. The patient and his family members consisting of his parents
and three siblings, 2 males and a female, were exome sequenced. An initial filtering
strategy included filtering through the list of genes known to be associated with white
matter abnormalities. An autosomal recessive mode of inheritance was favored, and the
list was further filtered for synonymous-excluded exonic variants and splice variants with
MAFs of 1% or less; all variants related to possible pseudogenes/segmental duplications
were excluded. With this scheme, no recessive candidate variants were found. The
analysis was then expanded to search through all genes with the same filtering approach
as before. No homozygous recessive candidates were found. For a compound
heterozygous model of inheritance, several possible candidates survived the filtering
scheme. To further narrow down the candidates, candidate variants were screened
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Figure 4.9. Brain Imaging of Patient 410 with Leukoencephalopathy, Brain Calcifications, and Cysts. MRIs
(A-D) and CT scan (E) of patient 410 show white matter signal abnormalities, cysts, and calcifications
throughout the cerebral hemispheres. Diffuse cerebral white matter lesions are present indicated by
hypointense signals in the sagittal (A) and axial T1-weighted (B) images and the CT scan (E) and by
hyperintense signals in the axial T2-weighted (C) and axial FLAIR images. The CT scan (E) shows
extensive calcifications in the subcortical white matter and along the periventricular white matter. Large
cystic lesions can be seen along the quadrigeminal plate and parieto-occipital regions (B-D).

through other exome sequenced samples not related to the LCC cohort. Candidate genes
with variants that were observed as segregating either in a homozygous manner or as a
compound heterozygous manner in other normal samples were no longer considered as
candidates. Of those remaining, a search through online databases of NCBI, OMIM,
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Uniprot, and Pubmed for gene function, pathogenicity prediction, and disease association
narrowed the focus to one gene, EARS2 (KIAA1970; MIM 612799; Refseq accession
NM_ 001083614.1); all other candidate genes did not fit the phenotype or was not
expressed in the appropriate location. As candidates associated with white matter lesions
or a leukoencephalopathy are considered strong candidates, EARS2 was the only gene
associated with a phenotype that included a white matter abnormality and thus was
chosen to investigate further. It had not been included in the list of known white matter
genes as it had not been reported in the literature at the time of assembly. The two
variants found in the compound heterozygous model were c.1045G>A, p.E349K and
c.328G>A, p.G110S. The variants in each sample were covered sufficiently enough
(Table 4.10) to believe they were real variants. The exception was sample 415 c.G1045
which was only covered by 2 reads. The variants were further validated by Sanger
sequencing confirming the presence or absence and the segregation of each variant within
the family (Figure 4.10).
Table 4.10. EARS2 Variant Genotypes and Depth of Coverage
c.328G>A; p.G110S

c.1045G>A; p.E349K
Individual

Affected

Genotype

Read Depth

Allele Depth
(Wild-Type
,Alternate)

Genotype

Read Depth

Allele Depth
(Wild-Type
,Alternate)

410
411
412
413
414
415

Yes
No
No
No
No
No

G/A
G/G
G/A
G/G
G/G
G/G

15
9
16
9
10
2

9,6
9,0
8,8
9,0
10,0
2,0

G/A
G/A
G/G
G/G
G/A
G/G

7
10
8
6
6
10

4,3
8,2
8,0
6,0
5,1
10,0
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Figure 4.10. Sanger Sequencing and Segregation of EARS2 c.328G>A and c. 1045G>A. A.) Sanger
sequencing electropherograms represent the validation of the presence of absence of the c. 328G>A
mutation within the family pedigree. B.) Sanger sequencing electropherograms represent the validation of
the presence or absence of the c.1045G>A mutation with the family pedigree. The arrow indicates the
nucleotide position of interest. Males are represented as a square and females are presented as a circle.
Affected individuals are represented in solid black. The N in the yellow box in the electropherogram
represents a heterozygous change. Adenine, A, green; Cytosine, C, blue; Thymine, T, red; Guanine, G,
black.

In-silico analysis of the EARS2 variants. The EARS2 variants were analyzed insilico to determine the MAF, predicted pathogenicity, and conservation (Table 4.11). The
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c.1045G>A nucleotide in exon 5 of the EARS2 anti-codon binding domain resulted in a
missense amino acid change from a large acidic negatively charged glutamic acid to a
large positively charged basic lysine at residue 349 (Grantham Score: 56) (Figure 4.11A).
It was present in the 1000 Genomes, ESP, and ExAC but as a rare variant with MAFs <
0.01. It was also present in dbSNP with the identifier rs#187662524. The variant was
predicted as damaging or disease causing by SIFT and MutationTaster, while it was
predicted as benign/neutral by PolyPhen-2 and LRT. This position is conserved according
to PhyloP and highly conserved according to PhastCons. The c.328G>A nucleotide
change in exon 3 of the catalytic domain resulted in a missense amino acid change from a
small polar glycine to a small polar serine at residue 110 (Grantham Score: 56) (Figure
4.11A). It was also present in the 1000 Genomes but without a MAF, and it was present
in ESP and ExAC with MAF < 0.01. It was also present in dbSNP as rs#201842633.
Pathogenicity prediction programs predicted this variant as damaging/disease-causing by
SIFT, Polyphen, MutationTaster, and LRT. Both PhyloP and PhastCons predicted high
conservation. Multiple sequence alignment showed that the G110 residue is invariant
from human through C. elegans, and the E349 residue showed amino acid class
conservation (Figure 4.11B). According to the ACMG and AMP recommended
guidelines for interpreting sequence variants, the c.328G>A variant exhibits strong
evidence for pathogenicity and the c.1045G>A variant exhibits moderate evidence for
pathogenicity (See Table A.2) (Richards et. al., 2015).
According to OMIM and NCBI, mutations in EARS2 are associated with
leukoencephalopathy with thalamus and brainstem involvement and high lactate (LTBL).
Mutations have been reported throughout EARS2 except for exon 5 and exon 8 (Figure
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4.11A). The c.328G>A mutation was also found in two other unrelated patients with
LTBL (Steenweg et. al., 2012). EARS2 encodes a glutamyl tRNA synthetase, and many
other neurological diseases are caused by mutations in many different tRNA synthetase
genes (Table 4.12).
Table 4.11. In Silico Pathogenicity and Conservation Analysis of the EARS2 Variants
Variant
Hg19 Genomic Location
Variant Type
dbSNP rs#
1000G Frequency
ESP Frequency
ExAC Frequencies
Grantham
PolyPhen2 HDIV;HVAR
Sift
MutationTaster
LRT
PhyloP46way
PhastCons

c.328G>A; p.G110S
chr16:23555992
exonic missense;nonsynonymous
rs201842633
None
0.0003
0.0004
56
1.00;0.999: Probably Damaging
0.0: Deleterious
0.999: Disease-Causing
1.0: Damaging
5.174: Conserved
0.998: Conserved

c.1045G>A; p.E349K
chr16:23544000
exonic missense;nonsynonymous
rs187662524
0.0018
0.0018
0.0013
56
0.016; 0.042; Benign
0.014: Deleterious
0.999: Disease-Causing
0.999342: Neutral
2.731: Conserved
1.0: Conserved

EARS2 sequencing of unrelated LCC patients. An unrelated patient with LCC
from collaborator Dr. Adeline Vanderver at Children’s National Medical Center in
Washington, D.C., and another unrelated patient with LCC from Dr. Marjo van der
Knaap from the Netherlands underwent Sanger sequencing to investigate whether EARS2
mutations were present. All 9 exons and exon-intron boundaries of EARS2 were
amplified and sequenced. Several known common polymorphisms were found, but no
rare, pathogenic mutations were found in EARS2 of this patient. This does not totally
exclude EARS2, as mutations could reside in regulatory regions in the intron or UTRs of
EARS2 that were not covered by Sanger sequencing.
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Figure 4.11. EARS2 Gene and Protein Structure and Associated Mutations. A). EARS2 contains 9 coding
exons and 8 introns flanked by the 5’UTR and 3’UTR. The protein functional domains are shown in color
overlapping the exonic location of each. The mitochondrial target sequence is represented in green, the
catalytic domain is represented in red, and the anticodon-binding domain is represented in blue. Published
pathogenic mutations are represented in their respective exonic location. The mutations in red represent the
mutations in the familial case being interrogated. Structure modified and mutations taken from (Steenweg
et. al., 2012). B). The evolutionary conservation of the p.G110 and p.E349 amino acids among species is
represented in the multiple sequence alignment. The asterisks indicate invariable amino acid positions
among species. The dots represent amino acid conservation among species.

Mitochondrial respiration and EARS2 expression. Cultured primary fibroblasts
were sent to Dr. Massimo Zeviani’s lab at the Fondazione Istituto Neurologico ‘Carlo
Besta’ in Milan Italy to assay cellular respiration. The oxygen consumption rate (OCR) is
an indicator of normal cell function through mitochondrial respiration by measuring the
changes in the concentrations of dissolved oxygen and free protons. The maximal
respiratory rate (MRR) is an indicator of mitochondrial dysfunction measured by titrating
uncoupling rates to stimulate respiration and indicate the maximum activity of the
electron transport chain and substrate oxidation (Brand and Nicholls 2011). Proper
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Table 4.12. tRNA Synthetase Genes Associated with Disease
Gene

Gene
MIM

Cognate
Amino Acid

Localization

Disease

Hallmarks

Phenotype MIM

Inheritance

Reference

AARS

601065

alanine

C

CMT 2N, EIEE
29

axonal neuropathy,
epileptic
encephalopathy

613287, 616339

AD, AR

(Latour et. al., 2010)
(Simons et. al., 2015)

M

COXPD8,
LKENP

muscular hypotonia,
fatal hypertrophic
cardiac myopathy;
leukoencephalopathy

614096, 615889

AR

(Gotz et. al., 2011)
(Dallabona et. al., 2014)

COXPD27

Combined
mitochondrial
respiratory chain
deficiency, epileptic
encephalopathy,
Cerebellar atrophy,
white matter
abnormalities,

616672

AR

(Hallmann et. al., 2014)

HBSL

leukoencephalopathy
(hypomyelination) with
brain stem and spinal
cord involvement

-

AR

(Taft et. al., 2013)

LBSL

leukoencephalopathy
with brain stem and
spinal cord involvement
and elevated lactate

611105

AR

(Scheper et. al., 2007)

LTBL

leukoencephalopathy
with thalamic and brain
stem involvement and
elevated lactate

614924

AR

(Steenweg et. al., 2012)

AARS2

CARS2

DARS

DARS2

EARS2

612035

612800

603084

610956

612799

alanine

cytosine

aspartate

aspartate

glutamine

M

C

M

M
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Table 4.12 Continued
Gene

FARS2

GARS

Gene
MIM

611592

600287

Cognate
Amino Acid

phenylalanine

glycine

Localization

Disease

Hallmarks

Phenotype MIM

Inheritance

Reference

M

COXPD14

neonatal
encephalopathy with
seizures and liver
involvement

614946

AR

(Elo et. al., 2012)
(Shamseldin et. al., 2012)

C

CMT 2D; distal
hereditary motor
neuropathy type
V

axonal neuropathy

601472, 600794

AD

(Antonellis et. al., 2003)

retinitis pigmentosa,
sensorineural deafness,
ataxia, periperhal
neuropathy

616625, 614504

AD,AR

(Vester et. al., 2013)
(Puffenberger et. al., 2012)

HARS

142810

histidine

C

CMT 2W; Usher
syndrome type
3B

HARS2

600783

histidine

M

Perrault
syndrome 2

sensorineural deafness,
primary amenorrhea,
ovarian dysgenesis

614926

AR

(Pierce et. al., 2011)

Peripheral sensory and
motor neuropathy,

616007

AR

(Schwartzentruber et. al.,
2014)

neuropathy with axonal
and demyelinating
features; deafness

613641, 613916

AR

(McLaughlin et. al., 2010)
(Santos-Cortez et. al., 2013)

IARS2

612801

isoleucine

M

Cataracts,
growth hormone
deficiency,
sensory
neuropathy,
sensorineural
hearing loss, and
skeletal dysplasia

KARS

601421

lysine

C

recessive
intermediate
CMT; DFNB89
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Table 4.12 Continued
Gene

Gene
MIM

Cognate
Amino Acid

Localization

Disease

Hallmarks

Phenotype MIM

Inheritance

Reference

Liver dysfunction, renal
dysfunction, lactic
acidosis, developmental
delay and abnormal
MRI

615438

AR

(Casey et. al., 2012)

LARS

151350

leucine

C

Infantile liver
failure syndrome
1

LARS2

604544

leucine

M

Perrault
syndrome 4

sensorineural deafness,
premature ovarian
failure

615300

AR

(Pierce et. al., 2013)

C

Charcot-MarieTooth disease,
axonal, type 2U;
Interstitial lung
and liver disease

Distal sensory
impairment, axonal
neuropathy; respiratory
insufficiency, liver
dysfunction

616280:615486

AD;AR

(Gonzalez et. al., 2013)
(van Meel et. al., 2013)

COXPD25;
spastic ataxia 3

Decreased
mitochondrial activity,
spastic ataxia with
leukoencephalopathy
(arsal)

616430, 611390

AR

(Bayat et. al., 2012)
(Webb et. al., 2015)

M

COXPD24

Muscle atrophy,
Myopathy, seizures,
various neurological
abnormalities

616239

AR

(Vanlander et. al., 2015)

C

Microcephaly,
progressive,
seizures, and
cerebral and
cerebellar
atrophy

Microcephaly, seizures,
cerebral and cerebellar
atrophy,
hypomyelination

615760

AR

(Zhang et. al., 2014)

MARS

MARS2

NARS2

QARS

156560

609728

612803

603727

methionine

methionine

asparagine

glutamine

M
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Table 4.12 Continued
Gene

SARS2

TARS2

Gene
MIM

612804

612805

Cognate
Amino Acid

Localization

Disease

Hallmarks

Phenotype MIM

Inheritance

Reference

M

hyperuricemia,
pulmonary
hypertension,
renal failure, and
alkalosis

renal failure in infancy,
metabolic alkalosis,
pulmonary
hypertension

613845

AR

(Belostotsky et. al., 2011)

COXPD21

mitochondrial
encephalomyopathy,
hepatic stenosis,
muscular hypotonia,
psychomotor delay,
increased lactate

615918

AR

(Diodato et. al., 2014)

615917

AR

(Diodato et. al., 2014)

serinee

tyrosine

M

VARS2

612802

valine

M

COXPD20

Muscular hypotonia,
mitochondrial complex
I deficiency,
periventricular white
matter abnormalities

YARS

603623

tyrosine

C

dominant
intermediate
CMT

neuropathy with axonal
and demyelinating
features

608323

AD

(Jordanova et. al., 2006)

YARS2

610957

tyrosine

M

mitochondrial
myopathy

sideroblastic anemia
and myopathy with
exercise intolerance

613561

AR

(Riley et. al., 2010)

Note: Modified from (Taft et. al., 2013)
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functioning of the electron transport chain is crucial for normal mitochondrial respiration
as it is the system that extracts energy in the form of adenosine triphosphate (ATP) from
different chemical reactions inside the mitochondria. SeaHorse-based microscale
oxygraphy revealed a significant reduction in MRR and a reduced oxygen consumption
rate (OCR) indicative of abnormal mitochondrial respiration and mitochondrial
dysfunction in both naïve primary patient fibroblasts and immortalized patient fibroblasts
(Figure 4.12 A,B,C). This phenotype was rescued with transfection of wild-type EARS2
in patient fibroblasts increasing the OCR and MRR to normal levels and even above the
control fibroblasts (4.12 Figure 4.12C). Additionally, western blot analysis showed a
decrease in protein expression in the patient fibroblasts versus normal controls (Figure
4.12 A,B,C). The decrease in EARS2 expression was also corrected and increased to
normal levels matching the control fibroblasts. Together, these results show that EARS2
mutations are pathogenic leading to functional deficiency that results in mitochondrial
respiration dysfunction.
In vivo zebrafish EARS2 assays.

Normal and mutant EARS2 mRNA was

generated for transient expression in zebrafish embryos to investigate the mutational
effect on the developing zebrafish. However, initial in-vivo zebrafish assays utilizing
morpholinos to knockdown expression of zebrafish ears2 failed to conjure a visible
phenotype. Developing brain structures were normal with no cysts present after 3dpf
(Figure 4.13). Additionally, no calcifications were seen in embryos stained for
cartilaginous soft tissue and bony structures (Figure 4.14). An indicator of calcifications
would have been red stained structures in the brain. Some abnormal embryos were
present (Figure 4.13 B,D,F,H,J) but at very low numbers (<5%) of the total number
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Figure 4.12. Mitochondrial Respiration and EARS2 Expression. A). Naïve primary fibroblasts from the
patient showed a decrease in oxygen consumption rate (OCR) and in the maximal respiration rate (MRR)
compared to a naïve primary fibroblast normal control. Protein expression was also seen to decrease in the
patient versus the normal control shown by a lighter band at 58kDa in the patient. B). Immortalized patient
fibroblasts also showed a decrease in both OCR and MRR as well as a slightly decreased protein expression
versus immortalized normal control fibroblasts. C). Immortalized patient fibroblasts and normal control
fibroblasts were transiently transfected with a virus expressing wild-type Ears2 protein. The transfected
patient fibroblasts showed an increase in both OCR and MRR to above normal levels versus nontransfected immortalized patient fibroblasts indicating a rescue of phenotype. The OCR and MRR of
normal control fibroblasts seemed to decrease slightly upon transfection with wild-type Ears2 compared to
non-transfected control fibroblasts. Ears2 transfected patient fibroblast protein expression was increased
upon transfection compared to non-transfected immortalized patient Ears2 expression. Ears2 expression in
the transfected patient fibroblasts showed a greater expression than the transfected normal control
fibroblasts. Error bars represent standard error of mean; significance represented by *p<.05; **p<.01;
***p<.001 by Student’s T-test. Assays run by Zeviani/Ghezzi lab.
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embryos. As such, practically all morpholino injected fish resembled the control fish in
all the assays performed. As these assays were transient in nature, it is possible that the
developing zebrafish embryo was in such an early stage of development that no
phenotype could present itself or only tissue metabolite abnormalities were present at that
time.
Discussion
By using whole exome sequencing and utilizing ad hoc strategic filtering with
integration of gene information and disease association, two rare EARS2 mutations were
identified segregating in a compound heterozygous manner within a single family with an
individual with LCC. No other exonic variants fit the combinatorial criteria of rare,
recessive segregation within the family associated with a leukoencephalopathy. The
genetic

etiology

of

LCC

has

not

been

elucidated

which

presents

with

leukoencephalopathy, brain calcifications, and cysts throughout the brain and has been
classified as a vasculopathy (Labrune et. al., 1996).
Previous whole exome genetic studies coupled with specific MRI features have
implicated mutations in EARS2 as the cause of combined oxidative phosphorylation
deficiency 12 (COXPD12), also known as Leukoencephalopathy with thalamus and
brainstem involvement and high lactate (LTBL; MIM 614924) (Steenweg et. al., 2012).
LTBL is a mitochondrial autosomal recessive neurological disease characterized by
metabolic abnormalities including impaired mitochondrial respiration, ragged red fibers,
and decreased activities of mitochondrial complexes in muscle and soft tissue, lactic
acidosis, and increased serum lactate (Steenweg et. al., 2012). Neurological abnormalities
include early onset of hypotonia with delayed psychomotor development or regression
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Figure 4.13. Representative Fluorescent Microscopy Brain Images at 3 Days Post Fertilization of Zebrafish
ears2 Morpholino Injected Embryos. Dorsal views of whole-mount stained zebrafish with injection of 9ng
(C,D) and 12 ng (G,H) of a zebrafish ears2 transcription-blocking (TB) morpholino, and 9ng (E,F) and
12ng (I,J) of a zebrafish ears2 splice-blocking morpholino (SB) was injected into zebrafish embryos. Uninjected control zebrafish embryos (A,B) and EARS2 morpholino-injected zebrafish embryos (C-J) were
fixed and stained with acetylated tubulin 3 days post fertilization and the brain was imaged at 8x
magnification (white arrow pointed at cerebellum). Normal brain development (A,C,E,G,I) and abnormal
brain development (B,D,F,H,J) are represented for the un-injected control, 9ng TB, 9ng SB, 12ng TB,and
12ng SB.

seizures, increased cerebral lactate, and T2-weighted hyperintensities in deep cerebral
white matter, brainstem, and cerebral white matter with thinning of the corpus callosum
among others (Steenweg et. al., 2012). A multisystemic phenotype was also described
and characterized by fatal neonatal lactic acidosis, recurrent hypoglycemia, and agenesis
of the corpus collosum with some mutations that also present with an absent thalami
which together increases the variable spectrum of phenotypes associated with EARS2
(Talim et. al., 2013).It is unknown what causes the different spectrum of phenotypes as
mutation location within the gene does not seem to have any effect on phenotypic
outcome.
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Figure 4.14. Representative Images of Alcian Blue and Alizarin Red Stained Zebrafish Embryos at 7.5
Days Post Fertilization. Zebrafish embryos were injected with either a 12ng zebrafish ears2 splice-blocking
morpholino or a 12ng transcription-blocking morpholino and then subsequently fixed and stained with
alcian blue or alizarin red along with un-injected controls at 7.5 days post fertilization. The top row
represents lateral views of un-injected control zebrafish embryos (A), 12ng splice-blocking morpholino
injected zebrafish embryos (B), and 12 ng transcription-blocking morpholino injected zebrafish embryos
(C). The bottom row represents a dorsal view of un-injected control zebrafish embryos (D), 12ng spliceblocking morpholino injected zebrafish embryos (E), and 12 ng transcription-blocking morpholino injected
zebrafish embryos (F). The upward black arrow indicates alizarin red staining around developing bone. The
downward black arrow is pointing to the brain region of the zebrafish where calcifications would be
observed for. The blue indicates alcian blue staining of cartilaginous tissue. The pink in the heads of the
zebrafish indicate incomplete bleaching.

It is apparent that the LCC phenotype is very different than the LTBL phenotype.
Indeed, the MRIs of patients of the two disorders are markedly different (Figure 4.9 and
Figure 4.15). The MRI of the LCC patient shows variable sizes and numbers of
intracerebral

parenchymal

cysts

with

periventricular

and

deep

white

matter

leukoencephalopathy in T2-weighted images and progressive calcifications of varying
degrees within the cerebrum and cerebellum shown in computer topography (CT) scans.
The clinical presentation is partly dependent on the location and the extent of the brain
lesions. Brain MRIs in LTBL show varying degrees of severity from mild to extensive
T2-hyperintense signals of the deep cerebral white matter with consistent signal
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abnormalities in the thalami, brainstem, basal ganglia, and cerebellar white matter and
varying degrees of corpus callosum development from normal to incomplete. No cysts or
calcifications have been present in any of the cases of LTBL patient MRIs (Steenweg et.
al., 2012), and more structures are consistently affected compared to LCC. Further, a
hallmark of LCC pathology includes angiomatous-like rearrangements of microvessels
with secondary degeneration of cellular constituents such as gliosis and aggregates of
intermediate filaments called Rosenthal fibers (also seen in the demyelinating
leukodystrophy Alexander’s disease) (Corboy et. al., 2006; Labrune et. al., 1996). This
diffuse microangiopathy most likely leads to tissue hypoxia which results in microcystic
degeneration, followed by macrocystic, parenchymal degeneration and white matter
changes secondary to brain edema rather than primary demyelination (Labrune et. al.,
1996; Stephani et. al., 2016).
LTBL presents with biochemical abnormalities including combined reduction of
mitochondrial respiratory chain activities leading to reduced oxygen consumption and
increased lactate production in body fluids and proton magnetic resonance spectroscopy
of the brain that is not seen patients with LCC (Steenweg et. al., 2012). The only
phenotypic overlap shared between the two is the white matter abnormalities. The LCC
patient in this study underwent extensive biochemical and metabolic testing, all of which
came back normal. The patient did not exhibit a phenotypic metabolic abnormality.
Lactate was normal, a hallmark of LTBL from EARS2 mutations. Further, the electron
transport chain was also normal which contrasts with a patient with LTBL that had
reduced activities of complexes I, III, and IV in the electron transport chain leading to
reduced cellular respiration. Despite the differences in phenotypes and the absence of
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EARS2 mutations in other patients with LCC, the EARS2 mutations show every
indication of pathogenicity including mitochondrial respiration assays that were
indicative of mitochondrial dysfunction.
According to the NCBI database and Uniprot, EARS2 encodes the mitochondrial
associated glutamyl-tRNA synthetase 2 which belongs to the class 1 aminoacyl-tRNA
synthetase family that charge a tRNA molecule with their cognate amino acid. It is
encoded in the nucleus and imported into the mitochondrion where its role is critical to
protein biosynthesis and overall mitochondrial function by catalyzing the attachment of
glutamate to its tRNA molecule (tRNA(Glu)) in a two-step process: glutamate is
activated by ATP to form Glu-AMP which is then transferred to the acceptor end of
tRNA(Glu). EARS2 is located on chromosome 16 and spans 35,719 bases (Loftus et. al.,
1999). It contains 9 exons and 8 introns and encodes a 523 amino acid protein with a
mass of 58.689 kDa and 3 functional domains: a mitochondrial target sequence; a
catalytic domain; and an anticodon-binding domain (Bonnefond et. al., 2005; Steenweg
et. al., 2012). It is ubiquitously expressed throughout the adult and fetal tissues including
specific adult brain regions (Nagase et. al., 2001). As it is targeted to the mitochondria, it
functions as a crucial component to mitochondrial respiration and function.
The mitochondria are cellular organelles that act as the power plants of the cell by
generating the high energy ATP molecule through oxidative phosphorylation. Proper
mitochondrial function is vital to cellular activity, and any dysfunction can potentially
affect any organ or tissue with any kind of clinical feature (Wong 2012), especially in
high energy demanding tissues such as the brain and muscle. Mitochondrial protein
translation occurs locally within the mitochondria by a complex of mitochondrial
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Figure 4.15. Brain MRIs Representing Leukoencephalopathy with Thalamus and Brainstem Involvement
and High Lactate. The MRIs consist of T2-weighted (A-C, E-G) and T1-weighted images (D,H) of a single
patient with Leukoencephalopathy with Thalamus and Brainstem Involvement and High Lactate (LTBL) at
11 months old (A-D) and 3 years old (E-H). T2-hyperintesities (A,B) and T1-hypointesities (D) in the deep
cerebral white matter and periventricular white matter (with sparing of the periventricular rim) indicate
white matter lesions. Signal hyperintensities are present in the thalami (B) and dorsal part of the midbrain
(C). There is significant improvement with alleviation of the white matter lesions in the patient at 3 years
old (E-H). Image taken from (Steenweg et. al., 2012).

DNA encoded RNAs and nuclear DNA encoded proteins (Valente et. al., 2007). The
proper translation of proteins is vital for the mitochondrial respiratory chain, which is a
multiheteromeric enzymatic structure that performs oxidative phosphorylation and is
essential to life (Schapira 2006; Valente et. al., 2007). Abnormalities in either
mitochondrial or nuclear genes can be deleterious to mitochondrial translation and
function, generating biochemical defects resulting in oxidative phosphorylation
dysfunction and disease (Valente et. al., 2007).
White matter involvement is a common feature in mitochondrial disorders that
can be caused by either nuclear encoded genes or mitochondrial encoded genes (i.e.
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Leigh disease, Kearns-Sayre syndrome) with common MRI findings in mitochondrial
leukoencephalopathies that include cystic lesions in abnormal white matter with
involvement of both cerebral and cerebellar white matter and a combination of a
leukoencephalopathy with bilateral basal ganglia lesions (Lerman-Sagie et. al., 2005).
The oligodendrocytes and the axons can be especially vulnerable to oxidative damage
from mitochondrial dysfunction due to energy depletion that disturbs specific metabolic
pathways (Lerman-Sagie et. al., 2005). The white matter damage in mitochondrial
disorders is caused by different cascading events. ATP depletion from impairment of
cellular energy generation creates an environment that generates reactive oxygen species
from the reduction of molecular oxygen, which in turn damages the mitochondrial
membrane by lipid peroxidation and oxidative protein damage (Carelli et. al., 2004;
Lerman-Sagie et. al., 2005). Also, mitochondrial permeabilization leads to apoptosis and
vascular changes with accumulation of unhealthy mitochondria in endothelial cells of
blood vessel walls (Carelli et. al., 2004; Lerman-Sagie et. al., 2005). Examples of
mitochondrial

leukoencephalopathies

include

the

following:

mitochondrial

encephalopathy with lactic acidosis and stroke-like episodes (MELAS) caused by
mutations in the mitochondrial tRNA for Leucine; Leber’s hereditary optic neuropathy
(LHON) caused by mutations in the mtDNA genes encoding complex I; Leigh Syndrome
caused by both mitochondrial and nuclear genes that encode components of the
respiratory chain complexes and pyruvate dehydrogenase complex; myoclonic epilepsy
with ragged red fibers (MERRF) caused by mutations in the mitochondrial tRNALys
gene; and Kearn-Sayre’s syndrome (KSS) caused by large deletions in the mtDNA
(Wong

2012).

In

addition

to

Leigh’s
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syndrome,

numerous

mitochondrial

leukoencephalopathies are caused by mutations in nuclear encoded genes that are
involved in the maintenance of mtDNA integrity including the following: mitochondrial
neurogastrointestinal encephalopathy (MNGIE) caused by mutations in thymidine
phosphorylase (TYMP); Alpers Syndrome and POLG-Related Disorders from mutations
in DNA polymerase gamma (POLG); Navajo Neuropathy caused by mutations in
MPV17; and several different disorders caused by mutations in the aminoacyl tRNA
synthetases (ARSs) (Lerman-Sagie et. al., 2005; Wong 2012). Taken together, many of
the phenotypes present in LCC are seen in mitochondrial disorders, and mutations within
many of the ARSs cause neurological disorders. Indeed, numerous mutations in genes
that encode both nuclear and mitochondrial ARS have been described that cause
neurological and multi-systemic abnormalities (Table 4.12) (Taft et. al., 2013).
As tRNAs have several different functions including regulation of transcription,
translation and mRNA cleavage, and nonribosomal amino acid transfer, many ARSs have
other functions in addition to their role of tRNA aminoacylation that include splicing
mRNAs, cytokine activity, and acting in the immune response (Hurto 2011). Therefore,
mutations in these ARSs may have consequences beyond aminoacylating their tRNA that
have yet to be determined, especially those targeted to the mitochondria. The mechanism
behind pathogenicity of mutant EARS2 has not yet been elucidated, and in spite of severe
clinical presentations and the perturbation of an essential component of protein-synthesis
machinery, patients presenting with LTBL demonstrate inconsistent biochemical
alterations, which is also shown in disorders in other ARSs such as DARS and RARS
suggesting partial preservation of enzyme functionality (Steenweg et. al., 2012). This
could be the result of pairing a severe deleterious amino acid change with a milder
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mutation such as a missense mutation resulting in a conservative amino acid change
which is the case in our patient (Steenweg et. al., 2012). In general, however, mutations
in mitochondrial encoded ARSs are associated with specific clinical syndromes (DARS
in LBSL; RARS in PCHD-6), which is in contrast with the heterogeneous clinical
variability of mitochondrial disorders as a whole (Steenweg et. al., 2012).
Given the gene-level and variant-level evidence that includes genetic, informatics,
and experimental data, the variants in EARS2 are classified as most likely pathogenic
according to the standards and guidelines of variant interpretation and pathogenicity set
forth by the ACMG and the AMP (See Table A.2) (Richards et. al., 2015). This follows
the genetic association of EARS2 with a known white matter disorder, in silico prediction
of pathogenicity and conservation that indicated both variants as deleterious and
conserved, evolutionary sequence conservation at the site of the mutation and throughout
the gene signifying potential important functions, the variants rare occurrence within the
general population, and the pathogenic experimental evidence. By all means, the EARS2
mutation’s pathogenicity supports a detrimental physiological effect. EARS2 protein
expression was clearly reduced in the patient, and there was a significant reduction in
cellular/mitochondrial respiration due to mitochondrial dysfunction. Pathogenicity was
further supported with the phenotypic rescue of the patient cells upon introduction of
wild-type EARS2, which brought protein expression to normal levels and brought oxygen
consumption and respiration rates back to normal functioning capacity.
Additionally, the G110S mutation has been confirmed as a pathogenic allele in
multiple unrelated patients with LTBL (Steenweg et. al., 2012). The E349K mutation is
the first mutation in exon 5 of EARS2 with a potential pathogenic effect. Further, even
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though LTBL has specific phenotypes associated with it, mitochondrial disorders are
heterogeneous in general, presenting with phenotypes seen in LCC such as cysts, white
matter lesions, and vascular abnormalities as previously mentioned. Further, a patient
with combined oxidative phosphorylation deficiency 4 (COXPD4) was described with a
macrocystic leukodystrophy and micropolygyria caused by mutations in the
mitochondrial elongation factor Tu (EFTu) (Valente et. al., 2007). Interestingly, this gene
unloads an aminoacyl-tRNA from its specific transferase and escorts it to the ribosomal
A site (Valente et. al., 2007). As EARS2 is also associated with aminoacyl-tRNAs by
charging the tRNA with its amino acid and given that the patient with LCC also presents
with white matter lesions and cysts, aminoacyl tRNA involvement seems a potential
mechanism of disease. Unfortunately, functional assays in zebrafish failed to yield an
effect on phenotype. The knockdown expression of zebrafish ears2 had no effect on
developing brain structures through 7 days of development, and no detrimental
physiological effects were observed. It is possible that the developing zebrafish embryo
was in such an early stage of development that no phenotype could manifest itself, or that
at this stage of development, only tissue metabolite abnormalities were present.
However, despite the evidence provided for EARS2 pathogenicity, the marked
difference in presentations between LCC and LTBL presents a problem, leading to the
assumption that EARS2 is not involved with LCC at all and the E349K mutation may not
be pathogenic. Further, EARS2 may be involved but not the sole driver behind the LCC
phenotype. The former is likely not the case given the successful phenotypic rescue in the
complementation assay of patient fibroblasts and the recessive compound heterozygous
nature of EARS2 mutations in disease manifestation. An argument could be made for the
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differences in phenotypes due to the location of the mutations within EARS2 as no
pathogenic mutation in exon 5 has been reported. Mutations in different regions of a
gene/protein has been shown to cause a spectrum of clinical severity including mutations
in Tubb4a, which, depending on where the mutation is located, confers a severe
hypomyelination of the basal ganglia and cerebellum or a mild phenotype of whispering
dysphonia (Simons et. al., 2013).
This notwithstanding, EARS2 may still play some part in the pathogenesis of
LCC. It may be genetically heterogeneous with EARS2 as just one gene out of multiple
genes that could cause LCC, or EARS2 could act as a genetic modifier of disease.
Initially, the differences in clinical presentation between the LTBL and LCC looked like
it may have been the result of differences in phenotypic expressivity or phenotypic
penetrance, possibly through epistasis. Additionally, accumulating evidence and
numerous reports in the literature indicate that phenotypic expressivity or penetrance is
not only the result of dominant and recessive mutations at a single locus but also that of
genetic determinants that act as modifiers of expressivity or penetrance (Badano and
Katsanis 2002; Becanovic et. al., 2015; Kousi and Katsanis 2015; Schaffer 2013).
Instances of patients with the same primary mutation that exhibit marked differences in
phenotypic expressivity have been documented, as is the case with LCC which can
manifest in infancy all the way until late adulthood (Walia et. al., 2008). This
phenomenon is based upon the concept that the effect of one gene/allele affects the
phenotypic outcome of a second gene/allele. Establishing a primary locus as necessary
and sufficient to cause disease defines the role of a second locus/allele as strictly acting
through a modifying effect on phenotypic severity as defined by the rate of disease
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progression, pleiotropy status, or by the manifestation of endophenotypes requiring
different genetic interactions (Kousi and Katsanis 2015). If the second locus/allele is
required for disease manifestation along with the first locus/allele, this defines a case of
digenic or oligogenic inheritance which requires the effect of two or more genes to
actually manifest a phenotype (Kousi and Katsanis 2015), however this is not the case as
evidenced by the absence of EARS2 mutations in 2 other LCC patients.
A gene in a biological pathway or process such as protein translation or ribosome
interaction/affiliation could exert a modifying effect on other genes/proteins within the
same pathway or process. Searching for modifiers can use strategies by interrogating
genes in the same biological pathway or process as the primary gene disease driver or by
using an approach based on genes conferring pathogenesis of specific disease traits, as
genes in a disease network are more likely to physically interact with each other and
exhibit similar expression profiles (Goh et. al., 2007; Kousi and Katsanis 2015).
However, determining modifiers modulating a primary locus’ effect on phenotype is
challenging due to the lack of genetic power and the detailed characteristics of the
phenotype being modified, and in the case of next generation sequencing, the role of
population stratification use in filtering strategies can confound the search for modifying
genes (Gusella and MacDonald 2009; Margolin et. al., 2013). Searching for mutations in
other ARSs or other genes associated with protein translation in the patients with LCC
could help determine the role of EARS2 in this case.
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Novel Intronic PLP1 Mutation in a Patient with Pelizaeus-Merzbacher Disease-Like
Presentation
Results
Clinical profile. A family consisting of a mother (401), a father (402) of one of
the patients, their daughter (404), and two half-brothers (403;405) who presented with a
hypomyelinating leukodystrophy with features similar to a PLP1-like disorder were
included in the study (Figure 4.16). The mother presented with a very mild, almost nonexistent form of the disorder while the father and daughter were not affected. The two
half- brothers presented with more severe forms of the disorder (See Table 3.1); as per
the pedigree, they had the same mother (401) but different fathers. The daughter was the
child of the mother of the two affected boys and the full sibling of patient 403.
The mother presented with dysmetria, a slight elevation in myelin basic protein
indicative of myelin breakdown, and a subtle symmetric increase in signal intensity in the
periventricular white matter on both the T2-weighted and Flair images with a normal T1weighted white matter signal consistent with a leukodystrophy (Figure 4.17C,D). Both of
the affected boys presented with very abnormal levels of myelin basic protein and a
subtle symmetric increase in signal intensity in the periventricular white matter on both
the T2-weighted and Flair images with a normal T1-weighted white matter signal
consistent with a leukodystrophy protein (Figure 4.17A,B; 403 only). Specifically, 403
presented with mild to moderate cerebellar ataxia, nystagmus, mild spastic diplegia with
minimal cognitive involvement, and instability of eye movements. 405 presented with
cerebellar abnormalities manifesting in head titubation, dysarthria, lower extremity
strength with spasticity, mild cognitive involvement with an abnormal spastic, scissoring
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gait and eye movement instability. The manifestations of the disease were indicative of
Pelizaeus-Merszbacher Disease (PMD) or a PMD-like disorder. Family history and
pedigree information suggested an X-linked recessive disorder. Previous lab workups
included extensive metabolic diagnostics as well as targeted sequencing of the exons and
exon/intron boundaries of the PLP1 gene in which mutations in PLP1 are a known cause
of the leukodystrophy Pelizaeus-Merzbacher Disease, however, the results were negative
for any mutations. Mutations outside the coding regions of PLP1 were not searched for.
Genetic analysis. All individuals in this family were whole exome sequenced and
analyzed for the underlying pathogenic mutation. Under an X-linked recessive model of
inheritance as suspected from pedigree information, the initial filtering strategy filtered

Figure 4.16. Pedigree of Family 401 to 405. The family pedigree indicates an X-linked recessive
inheritance pattern. Males represented as squares and females are represented as circles. The blacked in
shapes indicate affected individuals. Deceased individuals are represented with a slash. The question marks
indicate unknown clinical status. The asterisks indicate the individuals in this study. The arrows represent
the probands.

193

Figure 4.17. MRIs of Pelizaeus Merzbacher Disease Patients. Axial FLAIR (A,C) and T2-weighted (B,D)
MR imaging of subject 401 (C,D) and subject 403 (A,B). Symmetric increased hyperintensities around the
periventricular white matter can be seen in the FLAIR and T2-weighted images of both subjects.

out all variation except for those located on the X-chromosome. All variants were then
filtered through a list of genes associated with white matter abnormalities and other
neurological disorders. Exonic and splice variants were filtered for, and any synonymous
exonic variants, variants associated with pseudogenes/segmental duplications, and
variants with a MAF of 1% or more in 1000 genomes, ESP, and ExAC were excluded
from analysis. No candidate gene survived this filtering approach, so the filtering strategy
was shifted to a less stringent one focusing on all genes with variants in exonic regions
and splice sites on the X-chromosome. Again, no candidate variants were found that
could be involved in the pathogenesis of this disorder. The next filtering strategy included
filtering for variants in the intronic regions and UTR regions in genes associated with
white matter abnormalities on the X-chromosome. Additionally, only variants
segregating in an x-linked recessive manner, not present in the father, and not present in a
homozygous state in the sister were considered. With this strategy, only one candidate
gene variant was identified that fit both the X-linked recessive inheritance pattern and the
phenotype: an intronic variant c.453+159G>A in intron 3 of the PLP1 gene (MIM
300401; RefSeq accession number NM_000533; Ensembl ENSG00000123560). The
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variant was found in a hemizygous state in the two half-brothers inherited from the
mother who was heterozygous for the mutation and thus a carrier. The father and
daughter did not carry the variant and were homozygous for the wild type allele. The
variant was sufficiently covered in each individual ranging from 30-71 reads (Table
4.13). The absence or presence of the variant along with its X-linked recessive
segregation within the family was validated by Sanger sequencing (Figure 4.18).
Table 4.13. PLP1 c.453+159G>A Genotypes and Depth of Coverage
Individual

Affected

Genotype

Read Depth

Allele Depth (Wild-Type Read [G], Alternative Read
[A])

401
402
403
404
405

Yes
No
Yes
No
Yes

G/A
G/G
A/A
G/G
A/A

46
35
46
71
30

23,23
35,0
0,46
71,0
0,30

In silico analysis of PLP1 c.453+159G>A. PLP1 c.453+159G>A was analyzed
in-silico to determine the MAF, predicted pathogenicity, and conservation (Table 4.14).
The c.453+159G>A variant did not result in an amino acid change as it resided deep in
intron 3 and thus no predicted pathogenicity could be ascertained. The variant is novel
and not located in any other public database of known variation including 1000 genomes,
ESP, ExAC or dbSNP. MutationTaster was able to predict the variant as disease-causing
with the variant in a region associated with regulatory features consisting of Histone 3
Lysine 36 Tri-Methylation (H3K36me3) and Histone 3 Lysine 27 Tri-Methylation
(H3K27me3) regulatory features. MutationTaster also predicted a splicing abnormality
with a possibility of a donor gain 8bp upstream of the mutation site. The UCSC genome
browser associated the site of the variant with several different regulatory features
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Figure 4.18. Sanger Sequencing Electropherogram and Segregation within the Familial Pedigree of PLP1
c.453+159G>A. Sanger sequencing electropherograms represents the validation of the presence or absence
of the mutation in each family member and its segregation within the family. Patients 403 and 405 are halfbrothers with a common mother (401). No information was available for the father (far left) of patient 405.
The black arrow represents the position of interest. The N in the yellow box in the electropherogram
represents a heterozygous change. The solid black square and the solid black circle represent an affected
male and an affected female respectively. Adenine, A, green; Cytosine, C, blue; Thymine, T, red; Guanine,
G, black.

including DNase I hypersensitivity, histone modifications, open chromatin, and
transcription factor binding site motifs. A genomic multiple sequence alignment showed
strong conservation at c.453+159G position among mammals (Figure 4.19). Additionally,
strong conservation was present among the nucleotides surrounding the c.453+159G
position. According to OMIM and NCBI, mutations in the PLP1 gene are associated with
the leukodystrophy Pelizaeus-Merzbacher Disease (PMD).
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Table 4.14. In Silico Pathogenicity and Conservation Analysis for PLP1 c.453+159G>A
Annotation
Hg19 Genomic Location
Variant Type
dbSNP rs#
1000G Frequency
ESP Frequency
ExAC Frequency

c.453+159G>A
chrX:103041814
Intronic
None
None
None
None

Grantham
PolyPhen2 HDIV;HVAR
Sift
MutationTaster
LRT
PhyloP46way
PhastCons

Not Applicable
Not Applicable
Not Applicable
0.999: Disease-Causing
Not Applicable
1.005: Conserved
1.0: Conserved

Figure 4.19. Multiple Sequence Alignment of PLP1 Intron 3 Fragment. A multi-species sequence
alignment for a fragment of PLP1 intron 3 is shown. The region enclosed by the black box represents the
LDIS-5’ region predicted to be involved in pre-mRNA intra-intronic secondary structure with LDIS-3’
(Taube et. al., 2014). The c.453+159G position is enclosed in a red box. Note that the c.453+159G position
and almost all the LDIS-5’ is invariantly conserved across all placental mammals in the alignment.

197

In silico splicing analysis. General splicing and normal alternative splicing relies
on the proper use of donor and acceptor sites within the exon-intron boundaries of the
gene. Additionally, as mentioned with the ALS2 splice variant, enhancers of splicing and
of splicing within exons and introns regulate alternative splicing. ESE-Finder, RESCUEESE, HSF and Fas-ESS web server were used to analyze the effect of the mutation on
any regulatory sites. The Fas-ESS web server predicted no splice silencer motif at the site
of the mutation. ESE-Finder found no change in SR Protein scores or new or abolished
ESEs. RESCUE-ESE predicted 3 new ESE sites with c.453+159G>A. HSF predicted 4
new ESEs and an alteration in 2 ESSs.
PLP1 transcript analysis of the PMD patients. PLP1 undergoes alternative
splicing through the use of competing 5’ donor splice sites at c.348 and c.453 in exon 3.
This generates two different transcripts, PLP and DM20, which are developmentally
regulated. DM20-mRNA is formed by the utilization of the upstream 5’ splice donor site
105 bp into exon 3 (exon 3a) whereas PLP-mRNA is formed by utilizing a downstream
5’ splice donor site at the end of the normal full length exon (262 bp; exon3a and 3b)
(Nave et. al., 1987). The PLP1 transcripts were analyzed to ensure that the correct PLP
and DM20 sequences were present, and to investigate if new alternative isoforms were
generated. To biologically analyze the effect of the mutation on splicing, RT-PCR and
sequence analysis was carried out (Figure 4.20). The entire PLP1 coding region was
targeted using primers in the 5’UTR and 3’UTR. However, the DM20 transcript was
preferentially amplified with a single band at 1263 bp (Figure 4.20A) owing to the fact
that the DM20 transcript is more highly expressed than PLP transcript outside the brain.
The PLP transcript was absent, but no other new isoforms were observed.
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To specifically analyze the PLP transcript, and the potential presence of any new
isoforms, two different fragments were amplified and analyzed: exon1 to exon 3b (PLP
exon) and exon 3b (PLP exon) to exon 7. The correct targeted PLP transcript from exon 1
to exon 3b was observed as a single band at 552 bp with the correct sequence (Figure
4.20B). No other bands were present. Further, the correct targeted PLP transcript from
exon 3b to exon 7 was observed as a single band at 499 bp with the correct sequence
(Figure 4.20C). Non-specific amplification was observed in the second band among all
the samples. Any cross contamination between the controls and patients was ruled out
due to the absence of any amplification in the no template water control. In summary, the
presence of both the PLP and DM20 transcripts were present with the correct sequence,
and no new isoforms were created.
Analysis of pre-mRNA secondary structure of PLP1 intron 3. Conserved RNA
secondary structures have been shown to promote alternative splicing and regulate gene
expression (Shepard and Hertel 2008). Indeed, variants that modify the pre-mRNA
secondary structure can change the splicing efficiency by affecting the normal display of
the target RNA sequence which can be seen in the regulation of fibronectin EDA exon
alternative splicing (Muro et. al., 1999; Pagani and Baralle 2004). A search through the
literature revealed a recent study that hypothesized a pre-mRNA secondary structure that
formed from intra-intronic binding between two regions in intron 3 that controlled PLP1
alternative splicing (Taube et. al., 2014). They labeled the two regions LDIS-5’ and
LDIS-3’, and demonstrated that mutagenesis of specific bases within these two regions in
a mini-gene splicing construct corresponded with a decrease in the ratio of the
PLP/DM20 isoforms by destabilizing the secondary structure between the two regions.
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To repeat their in silico predictions for confirmation, in silico analysis for mRNA
secondary structure was employed with the mFold program. It predicted secondary
structures within intron 3 of PLP1, and each structure’s stability as a measure of change

Figure 4.20. PLP/DM20 Transcript Analysis. The two PLP1 transcripts, PLP and DM20, were analyzed for
any splicing abnormalities in control 1 (C1), control 2 (C2), patient 403, patient 401, and patient 405. A no
template water control (NTC) was included to exclude any contamination. A). Primers targeting the 5’UTR
and 3’UTR amplified all of PLP1, which preferentially amplified the DM20 transcript at 1236 bp. No other
isoforms were present. No contamination was observed in the NTC. The DM20 fragment was verified by
Sanger sequencing. B). Primers specifically targeting the PLP transcript from exon 1 to exon 3b amplified a
552 bp PLP transcript product with no other isoform present. No contamination was observed in the NTC.
The PLP fragment was verified by Sanger sequencing. C). Primers specifically targeting the PLP transcript
from exon 3b to exon 7 amplified a 499 bp PLP transcript product. No contamination was observed in the
NTC. The PLP fragment was verified by Sanger sequencing, and the lower band was non-specific
amplification across all samples.

in Gibb’s free energy ΔG. Using the entire 1071 bps of intron 3 as input with default
parameters, 32 possible structures were determined with initial Gibb’s free energy values
ranging from ΔG-353.40 kcal/mol for the most stable structure (Figure 4.21A) to ΔG
326.70 kcal/mol for the least stable structure. The structures were examined for any intraintronic base pairing of the c.453+159 nucleotide position. 14 of the 32 predicted
structures involved intra-intronic interactions with c.453+159. The first most stable
structure out of those 14 predicted structures, as well as the third most stable structure
overall with Gibb’s free energy value of ΔG-351.80 kcal/mol, involved intra-intronic
interactions between a region of 16 bp from c.453 + 151 to c.453 +166 with another
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region near the end of the intron that includes c.454 -308 to c.454 -323, which was
consistent with the Taube et. al., 2014 findings.
To analyze the specific effect of the c.453+159G>A mutation on the predicted
secondary structures, the analysis above was repeated using intron 3 as input but
modified with the c.453+159G>A mutation. 30 structures were predicted and most of
these structures demonstrated binding of c.453+159G>A to different regions other than
the LDIS-3’ region. Only two of the structures were predicted to form the intra-intronic
secondary structure between LDIS-5’ and LDIS-3’ with both showing no base pairing
between c.453+159 and its corresponding binding partner in the LDIS-3’ region (Figure
4.21B). Higher ΔG values accompanied these two structures at -346.7 and -332.1
indicating a less stable structure than that of the WT which showed a value of -351.8 with
proper base pairing between c.453+159G and its LDIS-3’ binding partner (Table 4.15).
Additionally, mfold was used to compute ΔG values for intron 3 structures with
the LDIS-5’ and the LDIS-3’ deleted. Interrogating the most stable structure in each case
both showed a decrease in stability from the wild-type intronic sequence; the LDIS-5’
deleted structure exhibited less stability with a higher ΔG than the LDIS-3’ deleted
structure. Further, mfold was used to interrogate c.453+159G’s binding partner in the
LDIS-3’ region at c.454-316C. Mutating the cytosine at c.454-316 to any other
nucleotide increased the overall free energy of the structure making it less stable (Table
4.15) indicating the LDIS-3’ is sensitive to base changes as well.
For comparison of intron stability, mFold was used to analyze the other introns. It
was hypothesized that intron 3 would have a relatively more stable ΔG value Results
show that the larger the intron size, the more stable the structures become which is
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Table 4.15. Initial ΔG Values of Wild-Type and Mutant PLP1 Intron 3
Structure

Size

Initial ΔG Range [kcal/mol]

WT Intron 3
c.453 +159 G>A
c.454 -316 C>G
c.453 del+151_+166
c.453 del+748_+764

1071 bp
1071 bp
1071 bp
1055 bp
1055 bp

-351.8
-346.7
-335.8
-341.8
-348.1

Figure 4.21. PLP1 Intron 3 Predicted Secondary Structure. PLP1 intron 3 secondary structures were
predicted by mFold. A). WT PLP1 intron 3 secondary structure shows a predicted secondary structure
within the intron with an initial ΔG value of -351.80 kcal/mol. The boxed region highlights the region of
specific base-pairing within the structure where the c.453 +159 position resides. This region is further
magnified to the base level to show the two regions of intra-intronic binding between c.453 +151_+166 and
c.453+749_+764. B). Mutant PLP1 intron 3 secondary structure shows the impact of the c.453+159G>A
base change upon the base-pairing between the two regions of interest and the change of the initial ΔG
value to -346.70 kcal/mol resulting in an energetically less favorable structure. The boxed region is
magnified to show the specific structural change resulting from the c.453+159G>A (black arrow) mutation.
C.) A linear diagram of a fragment of the PLP1 gene shows the locations of two regions of intra-intronic
binding of interest relative to exon 3a (which is the exon representative of the DM20 transcript) and exon
3b (which is retained along with exon 3a to represent the PLP transcript).
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indicated by lower ΔG values. However, intron 3 was the exception to this as its ΔG
values demonstrated a lower free energy than that of a larger, though similarly sized
intron 6, which was also shown to be the case in Taube et. al., 2014. Interestingly, intron
3 also had a wider range of stability between the most stable structures and the least
stable structures with ΔG values differing up to 26.2 kcal/mol (Table 4.16). This is most
likely from the ΔG values on the low end reflecting higher stability. This may indicate
that intron 3 is relatively more stable than the other introns reflecting a potentially special
function.
Table 4.16. PLP1 Intronic RNA Secondary Structure Initial ΔG Values

Structure

Size in
bp

Number of
Predicted Structures

Initial ΔG Range
[kcal/mol]

Difference between Highest and
Lowest initial ΔG [kcal/mol]

Intron 1
Intron 2
Intron 3
Intron 4
Intron 5
Intron 6

8,583 bp
696 bp
1071 bp
470 bp
822 bp
1127 bp

35
30
32
19
18
31

-2825.2 to -2806
-248.40 to -225.10
-353.5 to 326.7
-141.8 to -135.0
-217.8 to -210
-338.6 to -321.4

19.2
23.2
26.8
6.80
7.80
17.2

To interrogate these regions more closely and the change in free energy between
wild type and mutant, mFold was used to interrogate a shorter sequence using the LDIS5’ sequence and the LDIS-3’ sequence linked with a 10 base linker sequence. The wild
type had an initial ΔG value of -18.4 kcal/mol (Figure 4.22A) while the c.453+159G>C
mutant had a ΔG value of -13.3 kcal/mol whilst creating a gap in the structure (Figure
4.22 B). Another sequence was tested consisting of the LDIS-5’ wild type sequence and
the hypothetical LDIS-3’ c.453+756C>G change mentioned in the previous analysis with
a 10 base linker sequence. This change also created a gap with a lower stability compared
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to the wild type sequence (Figure 4.22C). This outcome matched that of the complete
intron 3 analysis, and the mutant lowered the ΔG value by 5.1 kcal/mol in both the
analysis of wild type and mutant intron 3 and the analysis of wild type LDIS-5’ and
mutant LDIS-3’short sequence fragments.
Analysis of the PLP/DM20 transcript ratio. Based on the results of the secondary
structure analysis, a disturbance in gene expression through altered splicing was possible.
The balanced ratio between the two transcripts is crucial and mutations that alter the ratio

Figure 4.22. PLP1 Intra-Intronic Base Pairing Between the Predicted RNA Secondary Structures. Normal
and mutant RNA fragments of intron 3 representing the two regions predicted to form a secondary structure
(c.453 +151 to +166 and c.453 +749 to +764) separated by 10 bases were analyzed. A). The predicted
secondary structure of normal base pairing between the two intronic regions with its initial Gibb's free
energy value of -18.4 kcal/mol. The boxed nucleotide indicates the base that is mutated in the patient. B).
The predicted secondary structure of mutant base pairing in the two intronic regions with the mutated base
(+159 G>A) in the box. Note the gap in the structure created by the mutation that destabilizes the structure
denoted by its higher initial Gibb's free energy value of -13.3 kcal/mol. C). An additional predicted
secondary structure of mutant sequence shows the impact of mutating the c.453+159 predicted normal
binding partner, c.453 +756, thus providing additional evidence of the importance of this particular
genomic site. The box represents the binding partner of c.453+159 and its base change from the wild-type.
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of PLP to DM20 have been shown to cause PMD (Hobson et. al., 2002; Regis et. al.,
2009; Taube et. al., 2014; Wang et. al., 2008; Wang et. al., 2006). To this end, the ratio of
PLP to DM20 was investigated. In the absence of brain tissue, experimental assays
utilizing fibroblasts to interrogate mutations that affect gene expression of the PLP/DM20
ratio have been firmly established as a method to test pathogenicity in PMD patients
(Bonnet-Dupeyron et. al., 2008; Regis et. al., 2009; Taube et. al., 2014; Wang et. al.,
2006). Real-time PCR was carried out using primers that amplify the PLP-specific
isoform and the DM20-specific isoform. The resulting ratio of PLP/DM20 in the normal
controls versus the patients was evaluated. The affected individuals with the
c.453+159G>A mutation had a significantly reduced PLP/DM20 ratio as compared with
the normal controls (Figure 4.23). The mother’s ratio of PLP/DM20 was only reduced by
about half due to the heterozygous nature of her mutation, which resulted in mosaicism
from random X-inactivation (Table 4.17). This supports the reported severities of the
disease in each affected family as the two half- brothers are much more severely affected
than their mother. These results give support to the in-silico findings that a perturbation
in this region of intron 3 disturbs alternative splicing by favoring the DM20 isoform and
almost abolishing PLP specific splicing. PLP1 is subject to alternative splicing into the
PLP transcript and the DM20 transcript due to the use of two alternative donor splice
sites within exon 3, which join the same acceptor splice site in exon 4 (Figure 4.24A). It
is predicted that alterations in the LDIS-5’ region allow for the preferential use of the
DM20 splice donor site by not allowing the 3’ acceptor site of exon 4 to come in to close
proximity to the PLP splice donor site (Figure 4.24B).
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Discussion
By using whole exome sequencing and utilizing ad hoc strategic filtering with
integration of gene information and disease association, a novel intronic PLP1 mutation
was found to segregate in an X-linked recessive manner in a family whose mother and
two sons were affected with a PMD-like presentation. Indeed, mutations in PLP1 are

Figure 4.23. Relative Mean Expression of PLP/DM20 Transcript Ratio in Normal Controls Versus Affected
PMD Patients. Mean quantitation of the PLP/DM20 mRNA ratio from skin fibroblasts in normal controls
versus affected patients with Pelizaeus Merzbacher Disease. The 453+159G>A bar represents the mean
PLP/DM20 ratio of 401, 403, and 405. The 453+159G>A without 401 bar represents the mean PLP/DM20
ratio of only 403 and 405 to demonstrate the hemizygous-only mean ratio. The patients’ PLP/DM20 ratios
were significantly decreased compared with the normal controls, as measured by Student’s t-test: **, p <
.01. Data presented as mean ± S.E.M (n = 3 controls, 3 affected patients).

associated with a range of phenotypes including the X-linked recessive PelizaeusMerzbacher Disease (PMD; MIM: #312080) and the less severe X-linked recessive
Spastic Paraplegia 2 (SPG2; MIM: #312920).
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Table 4.17. Relative PLP/DM20 Transcript Ratio Values
Sample

PLP/DM20 Ratio

Control 1
Control 2
Control 3
401
403
405

7.914557676
9.197643274
6.29082783
3.348107051
1.17275896
1.170955573

PMD is a hypomyelinating/dysmyelinating leukodystrophy in which myelin fails
to form properly in the central nervous system and typically manifests in infancy or early
childhood. It is characterized by a variable spectrum of clinical severity and pathological
phenotypes that is dependent upon the type of mutation afflicting PLP1 (Cailloux et. al.,
2000; Grossi et. al., 2011; Saugier-Veber et. al., 1994). PLP1 null mutations usually
result in mild classic PMD or SPG2 (Inoue 2005). Point mutations account for about 20%
of PMD cases which cause a wide range of manifestations from the connatal form to mild
SPG2 depending on where the mutation resides within the gene (Inoue 2005). 60-70% of
PMD cases arise from PLP1 duplication or gene dosage which can manifest from the
mild classic form of PMD to the severe form resulting from demyelination or
dysmyelination depending on the extent of gene dosage (Inoue 2005; Kagawa et. al.,
1994).
Connatal PMD is the most severe type presenting in infancy with severe
development of motor skills and cognitive function with progressive spasticity that leads
to dysarthria, ataxia, and possibly seizures resulting in death within the first decade of life
(Hobson GM 2013; Inoue 2005; Torii et. al., 2014). The classic form of PMD is not as
severe as the connatal form but is more severe than spastic paraplegia. It presents with
hypotonia, nystagmus, and delayed motor skills early on i life which can progress to
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Figure 4.24. PLP1 Gene Structure and Alternative Splicing Model. PLP1 contains 7 coding exons (black)
and 6 introns flanked by a 5’UTR and 3’UTR. The pre-mRNA undergoes alternative splicing in exon 3 to
create two different transcripts, DM20 and PLP. A donor site at the end of 3A is activated which excludes
exon 3B (gray) in the final DM20 transcript leading to the DM20 protein of 242 aa. Alternatively, the
donor site at the exon3-intron3 junction is activated to include exon 3B in the final PLP mRNA transcript
leading to a protein of 272 aa. A). The proposed model of alternative splicing resulting from the intraintronic binding of the region c.453+151_+166 (LDIS-5') with c.453+749__+764 (LDIS-3') brings exon 4
in closer proximity to the exon 3b splice donor site resulting in the inclusion of exon 3b thus promoting the
splicing of the PLP mRNA transcript. B). Abolishing the intra-intronic binding of the LDIS-5' regions with
the LDIS-3' region results in the 3’ acceptor site of exon 4 to preferentially use the exon 3A splice donor
thus promoting the splicing of the DM20 mRNA transcript. Modified from (Taube et. al., 2014).
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spasticity, ataxia, and choreoathetosis with slow deterioration until death usually in the
third to fourth decade of life (Inoue 2005, Hobson GM 2013, Torii, Miyamoto et al.
2014). Another transitional form exists in between the connatal and classical form. The
less severe phenotype caused by PLP1 mutations includes SPG2 which is a member of
the clinically diverse group of hereditary spastic paraplegias (Fink 2003) which was
briefly talked about with ALS2. SPG2 comes in two forms of clinical severity
characterized by a spectrum of phenotypes that can include progressive lower extremity
spasticity, little to no mental retardation, nystagmus, ataxia, and autonomic dysfunction
(Inoue 2005). The pure form presents in the first 5 years of life to the 3rd or 4th decade of
life with spastic paraplegia and autonomic dysfunction such as spastic urinary bladder,
which usually results in a normal life span (Inoue 2005, Hobson GM 2013, Torii,
Miyamoto et al. 2014). The complicated form presents in the first 5 years of life with
spastic paraparesis and additional CNS involvement including ataxia, dysarthria, and
cognitive impairment resulting in an almost normal life span of 60-70 years (Inoue 2005,
Hobson GM 2013, Torii, Miyamoto et al. 2014). A differential diagnosis between mild
PMD and complicated SPG2 cannot be made in some cases because of the overlap in
clinical presentations (Garbern 2007; Hobson GM 2013). Additionally, an autosomal
recessive Pelizaeus-Merzbacher-Like Disease 1 (PMLD1; MIM 608804) that closely
mimics the presentations of PMD without PLP1 mutations also exists caused by
mutations in gap junction protein, gamma-2 (GJC2) (Uhlenberg et. al., 2004).
The clinical PMD/SPG2 diagnosis relies on a diffuse hyperintensive pattern of
hypomyelination in T2-weighted MRIs typically involving all the white matter rather
than specific regions as seen in most other leukodystrophies (Inoue 2005). The level of
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hyperintensity correlates with the severity of dysmyelination with a less intense T2hyperintensity in MRIs of patients with SPG2/mild PMD than MRIs of patients with
classic/connatal PMD (Inoue 2005; Seitelberger 1995); obligate female carriers usually
present with a subtle T2-hyperintensity of white matter, as seen in patient 401 (Inoue et.
al., 2001). MR spectroscopy can also detect evidence of dysmyelination/hypomyelination
by measuring changes in N-acetylaspartate (NAA) and other metabolites reflecting
alterations in axonal metabolism and certain patterns can be used to distinguish PMD
from other leukodystrophies (Bjartmar et. al., 2002; Hanefeld et. al., 2005). Indeed,
patient 401 presented with a slight decrease in NAA in her left posterior white matter.
PLP1 encodes the transmembrane proteolipid protein 1, which is a member of the
lipophilin family that serves as the predominant myelin protein component present in the
central nervous system making up about 50% of CNS myelin protein (Greer and Lees
2002; Stecca et. al., 2000). Its counterpart in the PNS is protein zero (P0), which is a cell
adhesion molecule of the immunoglobulin superfamily and structurally unrelated to PLP1
(Lemke and Axel 1985). PLP1 is made in the rough endoplasmic reticulum and passed
through the Golgi apparatus where it then associates with other myelin lipid components
to form membrane rafts as an initial stage of myelin assembly (Garbern 2007). It is
further transported to the cell surface/plasma membrane through the secretory pathway
followed by vesicular transport via the endocytic pathway to the perinuclear lysosome
(Gow and Lazzarini 1996).
PLP1 contains 7 coding exons and 6 introns that spans 16,114 bp on chromosome
Xq.22.2 (Figure 4.24A) (Grossi et. al., 2011). Two alternatively spliced isoforms, PLP
and DM20, are encoded through the use of two competing 5’ donor sites in exon 3 that
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associate with a single 3’ acceptor site at the beginning of exon 4 (Figure 4.24A) (Nave
et. al., 1987). In the pre-mRNA, DM20-mRNA is formed by the utilization of an
upstream 5’ splice donor site 105 bp into exon 3 (exon 3a) whereas PLP-mRNA is
formed by utilizing a downstream 5’ splice donor site at the end of the normal full length
exon (262 bp; exon3a and 3b) (Nave et. al., 1987). The PLP isoform consists of 277 aa of
which 35aa, residues 117-151, in the cytosolic loop 3 of the four-transmembrane domain
are spliced out to generate the 242 aa DM20 isoform (Nave et. al., 1987). This alternative
splicing is an event shared by more than 95% of human genes (Pan et. al., 2008) and
perturbations of it lead to numerous human genetic diseases (Wang and Cooper 2007). It
is integral to the diversity and specificity of proper development and maturation of the
nervous system (Norris and Calarco 2012).
PLP1 is highly conserved among species with an amino acid sequence that is
100% conserved between human, mouse, rat, and pig (Schweitzer et. al., 2006; Wight
and Dobretsova 2004) with a >99% homology with the dog and cow, and >85%
homology with birds and amphibians (Greer and Lees 2002). Intron 3 of PLP1 is 78%
identical between mouse and human whereas the other introns are less conserved ranging
from 47 to 64% identity (Taube et. al., 2014). In terms of evolution, the PLP isoform
seems to be functionally unique among lipophilin family members (Kitagawa et. al.,
1993; Stecca et. al., 2000). It has been suggested that the extra 35 amino acids that
encode the PLP isoform arose in amphibians 300 million years ago (Stecca et. al., 2000)
after the diversion from lungfish, when it evolved new functions in myelinating cells, the
importance of which is underscored by the replacement of P0 protein with the PLP protein
as the main CNS integral membrane protein of higher vertebrates (mammals)(Stecca et.
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al., 2000; Yoshida and Colman 1996). This is demonstrated with PLP/DM20
predominance in mammalian, avian, and reptilian CNS myelin, while P0 and DMα (the
DM20 ortholog in fish) protein predominant in fish and P0 and PLP/DMα co-express in
amphibians (Schweitzer et. al., 2006). As such, many amino acid changes in PLP/DM20
in birds and amphibians are tolerated, which is in contrast to the strict conservation and
strong negative selection against amino acid changes in mammals indicative of the
unusually high sensitivity of even minor modifications of PLP/DM20 expression in
oligodendrocytes (Schweitzer et. al., 2006).
The functional distinction between the PLP and DM20 isoforms has yet to be
elucidated, however, they are not functionally equivalent due to the fact that DM20
cannot substitute or compensate for the loss of PLP demonstrated by slow disease
progression due to myelin instability in knock-in mice that could only generate the DM20
isoform (Sporkel et. al., 2002; Stecca et. al., 2000). The two acylation sites in the absent
region of DM20 may account for its different properties and conformation (Garbern
2007) as PLP has been shown to possess many biological roles that are lacking in DM20
(Inoue 2005) such as cell signaling (Gudz et. al., 2002), myelin stability (Stecca et. al.,
2000), neuron viability (Boucher et. al., 2002), oligodendrocyte development (Ye et. al.,
2003), and vesicular transport of PLP to myelin (Yamaguchi et. al., 1996). The roles for
PLP/DM20 in PNS myelin are less clear than in the CNS, but a role in myelin sheath
maintenance has been suggested by the occurrence of demyelinating peripheral
neuropathy in humans with PLP null mutations (Garbern et. al., 1999). Further,
PLP/DM20 plays a role in axonal integrity and survival through observations of axon
swellings and degeneration in mice lacking PLP/DM20 (Regis et. al., 2009). Mice
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lacking PLP/DM20 have also demonstrated that it plays an important role in myelin
compaction, myelin stability, and maintenance of the myelin sheath (Boison et. al., 1995;
Boison and Stoffel 1994; Klugmann et. al., 1997). Studies have also revealed that it plays
a role in neuroprotection in the central nervous system (Regis et. al., 2009) and in
differentiation, survival (Knapp et. al., 1986; Yang and Skoff 1997), and programmed
cell death in oligodendrocytes (Skoff et. al., 2004).
The expression and alternative splicing of PLP/DM20 is regulated temporally and
regionally within the nervous system during developmental myelination by
oligodendrocytes (Garbern 2007; LeVine et. al., 1990). The DM20 isoform is
predominantly expressed early in embryonic CNS development, but switches to PLP
predominance in the post-natal brain during oligodendrocyte lineage progression and
myelination such that protein levels of PLP exceed that of DM20 in a ratio of 3:1 (Inoue
et. al., 2001; LeVine et. al., 1990). The PLP1 gene is also expressed in other cell types in
the nervous system including the myelinating Schwann cells of the PNS (Kamholz et. al.,
1992), motor neurons and other non-myelinating CNS cell types (Griffiths et. al., 1995;
Jacobs et. al., 2004; Jacobs et. al., 2003; Miller et. al., 2003), and the olfactory
ensheathing cells (Dickinson et. al., 1997) where DM20 is the dominant isoform. The
expression of PLP/DM20 is much lower in the Schwann cells than oligodendrocytes, and
most of the protein is not incorporated into the myelin sheath of the PNS (Garbern 2007;
Puckett et. al., 1987). Small amounts of the PLP/DM20 expression is also present in
small amounts outside the nervous system in cardiac myocytes (Campagnoni et. al.,
1992), thymus (Feng et. al., 2003), spleen (Feng et. al., 2003), thyroid, trophoblasts,
spermatagonia (Skoff et. al., 2004), and skin fibroblasts (Carango et. al., 1995; Skoff et.
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al., 2004) with DM20 being the predominant isoform. No physiological effect has been
reported from PLP1 abnormalities outside the nervous system (Garbern 2007). Generally,
where PLP is the dominant isoform in the myelinating oligodendrocytes in the CNS,
DM20 is the preferential isoform in the myelinating Schwann cells of peripheral nervous
system and other non-myelinating cells.
Studies in transgenic mice overexpressing PLP1 have shown inhibition of OPC
differentiation into mature oligodendrocytes and can prematurely arrest myelination as
well as cause oligodendrocyte cell death from abnormal swelling and accumulation of
excess PLP, detergent-insoluble cholesterol, and other raft components such as
galactosylceramide in the late endosome and lysosome (Kagawa et. al., 1994; Readhead
et. al., 1994; Simons et. al., 2002). Normally, PLP forms myelin rafts with cholesterol
and galactosylceramide, which are transported and retained in myelin (Inoue 2005;
Simons et. al., 2000). This can disturb membrane trafficking along with the recycling or
degradation of myelin components creating an imbalance of myelin constituents that
might affect myelination (Garbern 2007).
Just as the location and type of mutation in the PLP1 gene confers variable
phenotypic outcomes in PMD patients, the same occurs in knock-out and transgenic
mouse models that manifest symptoms similar to PMD patients (Garbern 2007; Greer and
Lees 2002; Inoue 2005; Yool et. al., 2000). Mutations in the Plp1 gene have been
described in rat (myelin deficient, md), rabbits, dogs, and mice (jimpy) and almost all
exhibit phenotypes similar to connatal forms of PMD including extensive
dysmyelination, ataxia and tremors followed by early death (Miller et. al., 2003). Studies
using in-vitro and in-vivo models deduced that, whereas normal PLP1 localizes to the
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plasma membrane of oligodendrocytes, point mutations cause mis-folding of the protein
which initiates the unfolded protein response leading to abnormal localization and
accumulation

in

the

endoplasmic

reticulum

that

initiates

ER-stress

induced

oligodendrocyte programmed cell death (Gow and Lazzarini 1996; Gow and Sharma
2003; Gow et. al., 1998). As such, activation of the unfolded response pathway from ER
accumulation also underlies other diseases such as Huntington Disease, Charcot-MarieTooth Disease, and Leukoencephalopathy with vanishing white matter (Gow and Sharma
2003). Mutations that disrupt trafficking of both PLP and DM20 result in the connatal
form of PMD whereas mutations resulting in accumulation of PLP in the ER, but not
DM20, result in the milder SPG2 (Gow and Lazzarini 1996; Inoue 2005). Additionally,
PLP1 point mutations in md rats with severe CNS dysmyelination have been shown to
disrupt the axo-glial junctions between the paranodal loop of myelinating cells with
axons (Arroyo et. al., 2002) and perturb neurotransmitter receptors on brainstem neurons
involved in the ventilatory response to hypoxia (Miller et. al., 2003). Other point
mutations have been found in introns and splice sites which alter normal splicing patterns
through exon skipping, read-through, or cryptic splice site activation resulting in partial
deletion of exons, intron retention, and altered ratios of isoforms (Inoue 2005). PLP1 loss
of function either through PLP1 gene deletion or early termination mutations are rare and
only cause a mild form of PMD or complicated SPG2 (Regis et. al., 2009). PLP1 null
mice demonstrate normal oligodendrocyte development that myelinate with normal
neurologic function until a late-onset progressive deterioration manifests itself through
abnormalities in compact myelin and axonal damage not because of demyelination but
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from perturbation of PLP-mediated oligodendrocyte-axonal interactions (Boison and
Stoffel 1994; Garbern 2007; Griffiths et. al., 1998; Klugmann et. al., 1997).
Given the above evidence, it was hypothesized that the c.453+159 G>A mutation
would affect expression of PLP or DM20 through a splicing abnormality. Indeed, normal
brain development and function is dependent upon strict regulation of the PLP/DM20
ratio, and perturbations in this ratio by disruptions in alternative splicing have been
shown to cause PMD in humans (Hobson et. al., 2006; Hobson et. al., 2002; Wang et. al.,
2008; Wang et. al., 2006). This observance has further been validated by demonstrating
an altered PLP/DM20 ratio in patients with the c.453+159G>A mutation in this study.
PLP1 splicing is also regulated by enhancer and silencer elements in introns and exons in
addition to native strength of 5’ donor splice sites (Meng et. al., 2005; Wang et. al., 2007;
Wang et. al., 2006). Mutations in these regulatory sites causing PMD have also been
described (Grossi et. al., 2011; Hobson et. al., 2002; Hubner et. al., 2005; Wang et. al.,
2008). As previously stated, a study was found that identified the long distance intronic
interaction sites (LDIS-5’,-3’) in intron 3 of PLP1 in which the c.453+159G>A mutation
resides, that influenced alternative splicing using RNA secondary structure analysis and
experimentally derived ratios of PLP/DM20 from strategically placed deletions within
intron 3 (Taube et. al., 2014). They predicted that when these two regions interact, the
splicing of the PLP isoform is favored. When this interaction is perturbed, the splicing of
DM20 is favored; however, the regulation of this mechanism is unknown. To further
support the pathogenicity of the c.453+159G>A mutation, the same mutation was
recently described in a patient with a PLP1 related disorder, which also showed a
decrease in the PLP/DM20 ratio (Kevelam et. al., 2015; Taube et. al., 2014). Further
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experiments involving a CRISPR/Cas9 modified mouse embryonic stem cell line
differentiated into oligodendrocyte precursor cells (OPC) are underway to assay the
c.453+159G>A mutation’s effects on OPC health and survival, gene and protein
expression, DNA methylation status, and possible histone modifications and RNA
binding proteins or transcription factors that may associate with this region in intron 3
that could influence PLP/DM20 alternative splicing.
Although ample evidence is provided for regulation of alternative splicing
through RNA secondary structure and through normal splicing as well as exonic and
intronic splicing enhancers and RNA-binding proteins, the mechanism that governs the
switch between the PLP and DM20 isoforms still remains unresolved. This mystery also
ties in to a bigger question of what triggers the change from preferential DM20
expression to a dominating PLP expression during early development and by what
mechanism makes DM20 the major isoform in the PNS and non-nervous system cell
types. The CNS exhibits a complex transcript and protein repertoire owing to the
extensive levels of alternative splicing (Norris and Calarco 2012) that is required for
proper brain development and function. Numerous regulators of alternative splicing
decision making in different genes have been uncovered that affect neural development
and function. The neural specific SR-related protein (nSR100) regulates alternative
splicing of a number of genes by promoting the inclusion of neural specific alternative
exons important for neuronal differentiation and neurogenesis (Calarco et. al., 2009; Raj
et. al., 2011). Nova RNA-binding proteins interact with cis-element locations in premRNA transcripts to modulate alternative splicing that play a critical role in neuronal
physiology (Ule et. al., 2006; Ule et. al., 2005). Additionally, other RNA-binding proteins
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including members of Rbfox family of RNA binding proteins regulate alternative splicing
decisions by interacting with a highly conserved cis-element (U)GCAUG in pre-mRNA
transcripts by acting as activators or repressors of splicing of certain genes important for
proper nervous system function (Jin et. al., 2003; Sun et. al., 2012; Zhang et. al., 2008).
The RNA binding proteins react in response to neuronal activity and provide a link
between signaling from a stimulus and subsequent alternative splicing (Norris and
Calarco 2012). Depolarization-induced calcium influx has also been shown to modulate
alternative splicing through different cis-acting elements within mRNA in neurons
(Daoud et. al., 1999; Norris and Calarco 2012), and RNA-seq evidence suggests that the
circadian rhythm influences mRNA splicing patterns in the Drosophila brain (Hughes et.
al., 2012).
Not surprisingly, epigenetics also plays a role in modulating alternative splicing.
Histone modifications and DNA methylation at alternative exons and the surrounding
sequence can modulate pol II elongation rate and alternative splicing (Norris and Calarco
2012). Further, DNA methylation has been shown to influence alternative splicing
through inhibiting the DNA-binding protein CCCTC-binding factor (CTCF) which
inhibits the pausing of pol II resulting in the exclusion of weak alternative exons (Shukla
et. al., 2011). Chromatin immunoprecipitation (ChIP) assays revealed a link between
histone modifications and alternative splicing by demonstrating that an enrichment of
histone modifications were associated with alternative splicing events which were
regulated by the polypyrimidine tract binding protein (PTBP1) through its interaction
with the histone-tail binding protein MRG15 that recognizes the histone modification H3K36me3 (Luco et. al., 2010). Interestingly, there is some evidence from histone tracks
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from ENCODE in the UCSC genome browser that indicate the c.453+159 nucleotide
position, along with the rest of the LDIS-5’ sequence, resides in a region associated with
H3-K36me3 signals. Indeed, inspection of the UCSC genome browser map of intron 3 of
PLP1 with different epigenetic regulation tracks of methylation and histone modifications
show different methylation signals and different histone methylation marks at the site of
the c.453+159G>A mutation and the flanking bases that represent the 16 bp region that
forms a predicted RNA secondary structure. As such, given evidence of chromatin state
and epigenetic marks in alternative splicing regulation, histone modifications or DNA
methylation most likely plays some sort of role in regulating PLP1 alternative splicing.
Additionally, the c.453+159G>A mutation resides in a transcription factor
binding site motif for the aryl hydrocarbon receptor nuclear translocator (ARNT).
Though its full role in normal physiology has yet to be elucidated, ARNT is a co-factor
for transcriptional regulation by hypoxia-inducible factor 1 that is involved in metabolism
of xenobiotic compounds and sensing and triggering responses to environmental factors
(Swedenborg and Pongratz 2010). If ARNT is associated somehow with PLP1, it could
be to regulate alternative splicing in response to the changing environment of the cell
during brain development or in different cell types. Nevertheless, regulation of PLP1
alternative splicing by epigenetic factors and transcription factor or RNA binding
proteins through interaction with this region of predicted RNA secondary structure is an
intriguing avenue that could elucidate a better understanding of the mechanisms
controlling PLP and DM20 expression in development and in different cell types.
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TUBB4A Mutations as the Underlying Cause of Hypomyelination with Atrophy of the
Basal Ganglia and Cerebellum
Results
Genomic analysis.

Hypomyelination with atrophy of the basal ganglia and

cerebellum (HABC; MIM 612438) is a rare leukodystrophy characterized by a variable
onset from infancy to late childhood with developmental delays, extrapyramidal
movement abnormalities, progressive spastic paraplegia and ataxia, and sometimes
seizures (van der Knaap et. al., 2007; van der Knaap et. al., 2002b). It follows distinct
pathognomic MRI features in combination that are crucial for diagnosis: hypomyelination
with further low-grade myelin loss, cerebellar cortical atrophy, a small or absent putamen
with a decreased head size of the caudate nucleus of the basal ganglia, and abnormalities
of the deep gray nuclei (Figure 4.25) (van der Knaap et. al., 2007; van der Knaap et. al.,
2002b). A HABC cohort of 11 affected individuals from 10 families including previously
unsuccessfully sequenced samples were sent to Dr. Ryan Taft at the University of
Queensland, Australia, to perform exome sequencing and analysis.
Exomes were captured with the SeqCap Ez Human Exome Library v.3.0 and
sequenced on an Illumina HiSeq2000 with 100 paired-end read sequencing protocol that
generated between 8-30 Gb of sequence for each individual with a mean depth of 65-fold
coverage and an average of 95% of target bases sequenced at least 18 times (Simons et.
al., 2013). Analysis was performed with read alignment with BWA to reference genome
hg19 and downstream read processing with Picard v.1.8, SAMtools v.0.1.18, and GATK
v.2.2.8; variants were called with GATK and annotated using Annovar with the UCSC
Known Genes gene definition system, dbpSNP135, 100 Genomes (April 2012), and the
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NHLBI Exome Variant Server (ESP6500) (Simons et. al., 2013). Candidate variant
discovery utilized in-house filtering workflows that stratified the annotated variant data
and pedigree information, identifying a heterozygous de novo c.745G>A mutation in the
gene TUBB4A (MIM 602662; RefSeq accession NM_006087) in all affected individuals
(Simons et. al., 2013). The mutation was not found in any of the unaffected family
members and was not present in known variant or population databases.
In silico analysis of TUBB4A c.745G>A. The TUBB4A mutation was analyzed in
silico to determine MAF, predicted pathogenicity, and conservation (Table 4.18). The
c.745G>A nucleotide change in exon 4 resulted in a novel exonic nonsynonymous amino
acid change from a small acidic negatively charged aspartate to a small polar acidic
asparagine at residue position 249 (D249) (Grantham Score: 23) (NM_006087.2;
NP_006078.2; ENST00000264071) (Figure 4.26A). The variant is absent from
population databases 1000 Genomes, ESP, and ExAC supporting its rare de novo nature.
It is now present in dbSNP as rs#483352809. It is predicted to be damaging/diseasecausing by PolyPhen-2, SIFT, and MutationTaster. Both PhastCons and PhyloP predicted
very high conservation at this position. Multiple sequence alignment showed very high
conservation of the p.D249 residue among vertebrates for Tubb4a (Figure 4.26B), among
the human Tubulin family including all alpha and beta tubulins (Figure 4.26C), and all
the way down to yeast tubulin (Figure 4.27D). Phylogenetic analysis of the β-tubulins
showed Tubb4a is one of the most recently evolved β-tubulins displaying the highest
divergence with the most nodes among the β-tubulins signifying a potential specialized
function (Figure 4.26E). Protein structure analysis showed that the p.D249N amino acid
change is located within the highly conserved T7 loop (Figure 4.26D) that interacts with
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Figure 4.25. MRI of Patients with Hypomyelination with Atrophy of the Basal Ganglia and Cerebellum.
The first two columns represent axial T2-weighted images and the third column represents sagittal T1weighted images. Each row represents a single individual. The first row (A-C) shows the MRIs of a 3.5
year old affected patient and the second row (D-F) show the MRIs of 21 year old affected patient. The third
row (G-I) shows the MRI of a 14 year old unaffected individual. The unaffected individual demonstrates a
low signal intensity on the T2-weighted images representing normal myelinated white matter, a normal
putamen volume (shown in H), and a normal sized cerebellum (shown in I). Note the high signal intensities
representing lack of myelin in the T2-weighted images of the affected individuals (A,B,D, and F) and the
absence a visible putamen (indicated by white arrows in B and F). Cerebellar atrophy is present in the
younger patient (C) and a more severe cerebellar atrophy is present in the older patient (F). Images taken
from (Simons et. al., 2013).
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the GTP of the alpha tubulin and is important for the longitudinal interaction between
tubulins (Figure 4.26F&G). Since the first report of the p.D249N mutation in HABC, a
plethora of mutations (Table 4.19) have been found associated with a spectrum of
phenotypes all residing in either exon 1 or exon 4. Along with Tubb4a, mutations in
multiple tubulins have been associated with different diseases (Table 4.20) many of
which are associated with other neurological disorders.
Immunocytochemistry on fibroblasts of a HABC patient. As microtubules are a
major structural component of the cell cytoskeleton and essential to the viability of the
cell, an initial functional assay sought to determine if visual cytoskeletal structural
abnormalities or localization abnormalities were present in patient fibroblasts as brain
tissue was unavailable at that time. Despite highest expression of TUBB4A in the brain,
TUBB4A is also expressed to a lower degree in skin fibroblasts (Puricelli et. al., 2006).
Table 4.18. In Silico Pathogenicity and Conservation Analysis for TUBB4A c.745G>A
Annotation
Hg19 Genomic Location
Variant Type
dbSNP rs#
1000G Frequency
ESP Frequency
ExAC Frequencies
Grantham
PolyPhen2 HDIV;HVAR
SIFT
MutationTaster
PhyloP46way
PhastCons

c.745G>A; p.D249N
chr19:6495765
exonic; nonsynonymous
rs483352809
None
None
None
23
1.0; 0.999: Probably-Damaging
0.01: Deleterious
0.999: Disease-Causing
5.058: Conserved
1: Conserved

Normal control and affected patient’s primary skin fibroblasts were prepared for
fluorescent immunocytochemistry and imaged by confocal microscopy (Figure 4.27).
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Antibodies against TUBB4A stained in red localized throughout the cytoskeleton to
microtubules in both the control (Figure 4.27A) and patient (Figure 4.27B). Antibodies
against emerin stained in green localized with the nucleus. A control without primary
antibody showed no immunoreactivity (Figure 4.27C). The images show that TUBB4A is
indeed incorporated into the microtubule structural network that radiates throughout the
cytoskeleton in fibroblasts in both the normal control and the patient with mutant D249N
TUBB4A. When compared with the control, no mislocalization of TUBB4A protein or
structural abnormalities was apparent. It was hypothesized that the microtubule structural
network in patients would possibly be broken down with few microtubule structures
radiating throughout the cell due to the destabilization at the heterodimer interface from
the mutant amino acid change despite the low expression of TUBB4A in fibroblasts.
Further investigation of microtubule structure needs to be conducted in brain cells,
preferably the areas most affected in HABC.
In-vivo zebrafish assays with transient expression of human TUBB4A. Zebrafish
have become a model organism to interrogate the pathogenicity of variants in human
disease (Niederriter et. al., 2013). TUBB4A was subjected to bioinformatics analysis to
determine the zebrafish ortholog. In this case, true orthologs would be the best hit in each
instance of a reciprocal BLAST search. However, no direct ortholog existed as the closest
hit was the zebrafish TUBB2C, which had the closest identity to human TUBB4B.
TUBB4B exhibits ubiquitous expression throughout the body with its highest expression
in the heart (Leandro-Garcia et. al., 2010). Despite this, TUBB4A was used as tubulins
are very highly conserved and invariantly conserved at the D249 location within all the βtubulins in the multiple sequence alignment.
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Figure 4.26. TUBB4A p.Asp249 Residue Conservation and Position in the α-Tubulin-β-Tubulin Intradimer
Interface. A). The genomic structure of TUBB4A includes 4 coding exons and 3 introns flanked by the
5’UTR and 3’UTR. The location of the Asp249 is shown in exon 4 along with Arg2 in exon 1. B). The
TUBB4A Asp249 residue (boxed in red) is highly conserved among species in the multiple sequence
alignment. C). Among the human α-tubulins and β-tubulins, the Asp249 residue (red box) is completely
conserved in this multiple sequence alignment. D). A multiple sequence alignment with the human βtubulins, a zebrafish β-tubulin (Q6P5M9_DANRE), a yeast β-tubulin (TBB_YEAST), and a drosophila βtubulin (TBB1_DROME) shows complete conservation of the Asp249 residue (red box) and high
conservation of the residues involved in the T7 loop (black box). The sequences are labeled with their
Uniprot ID. E). A phylogenetic tree representing the evolutionary relationship between human β-tubulins
(calculated from Uniprot’s multiple sequence alignment of human β-tubulins). Tubb4a is boxed in yellow
and displays the highest divergence along with TUBB4B among the β-tubulins and among all tubulins (not
shown). F). A computer model of the 3 dimensional structure of the bovine αβ-tubulin heterodimer shows
the location of the Asp249 residue (red sphere) in the intradimer interface along with its Arg2 residue
interacting partner (blue sphere). Guanosine triphosphate (GTP; green) is bound at the α-tubulin-β-tubulin
intradimer interface and the position of the T7 loop (yellow) can be seen. G.) The magnified view exhibits
the interaction between the T7 loop and α-tubulin-bound GTP and how Asp249 may coordinate the
interaction. Asterisks represent invariable amino acids and the dots represent class conservation of amino
acids in multiple sequence alignments. Modified from (Simons et. al., 2013).
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Table 4.19. Reported Disease-Associated TUBB4A Mutations
Nucleotide change

Amino acid change

References

c.4C>G
c.4C>T

p.Arg2Gly
p.Arg2Trp

c.5G>A

p.Arg2Gln

c.467G>T
c.533C>T
c.533C>G
c.535G>C
c.544C>A
c.568C>T

p.Arg156Leu
p.Thr178Met
p.Thr178Arg
p.Val179Leu
p.Pro182Thr
p.H190Y

c.716G>T

p.Cys239Phe

(Hersheson et. al., 2013)
(Hamilton et. al., 2014)
(Miyatake et. al., 2014)
(Hamilton et. al., 2014)
(Purnell et. al., 2014)
(Tonduti et. al., 2016)
(Miyatake et. al., 2014)
(Tonduti et. al., 2016)
(Tonduti et. al., 2016)
(Kancheva et. al., 2015)
(Hamilton et. al., 2014)
(Ferreira et. al., 2014)

c.730G>A

p.Gly244Ser

(Hamilton et. al., 2014)

c.731G>A
c.731G>T
c.743C>A

p.Gly244Asp
p.Gly224Val
p.Ala248Asp

c.745G>A

p.Asp249Asn

c.785G>A

p.Arg262His

c.900G>T
c.941C>T
c.968T>G
c.1045G>A
c.1061G>A
c.1064A>T
c.1099T>A
c.1099T>C

p.Met300Ile
p.Ala314Val
p.Met323Arg
p.Ala352Thr
p.Cys354Tyr
p.Asp355Val
p.Phe367Ile
p.Phe367Leu

c.1162A>G

p.Met388Val

c.1163T>C
c.1164G>A
c.1181T>G

p.Met388Thr
p.Met388Ile
p.Phe394Cys

c.1228G>A

p.Glu410Lys

(Tonduti et. al., 2016)
(Hamilton et. al., 2014)
(Arai-Ichinoi et. al., 2016),
(Miyatake et. al., 2014)
(Hamilton et. al., 2014)
(Ferreira et. al., 2014)
(Simons et. al., 2013)
(Miyatake et. al., 2014)
(Ferreira et. al., 2014)
(Tonduti et. al., 2016)
(Tonduti et. al., 2016)
(Hamilton et al., 2014)
(Hamilton et al., 2014)
(Hamilton et al., 2014)
(Sagnelli et. al., 2016)
(Hamilton et al., 2014)
(Hamilton et al., 2014)
(Miyatake et al., 2014)
(Hamilton et al., 2014)
(Hamilton et al., 2014)
(Hamilton et al., 2014)
(Carvalho et. al., 2015)
(Miyatake et al., 2014)
(Blumkin et. al., 2014)

Note: Modified from(Carvalho et. al., 2015)
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Table 4.20 Human β-Tubulins and Associated Disease Phenotypes
Tubulin
Gene

Other Names

Cytogenetic
location

Genomic
coordinates
(GRCh37)

Phenotype

Inheritance Pattern

OMIM

TUBB

Tubulin, Beta, Clas I; TUBB5; M40

6p21.33

6:30,688,011
30,693,198

-

Cortical dysplasia, complex, with
other brain abnormalities 6;
Symmetric circumferential skin
creases, congenital, 1

Autosomal Dominant

191130

TUBB1

Tubulin, Beta, Class VI

20q13.22

20:57,594,308
57,601,708

-

Macrothrombocytopenia,
TUBB1-related

Autosomal Dominant

612901

TUBB2A

Tubulin, Beta, Class IIA

6p25.2

6:3,153,899
3,157,782

-

Cortical Dysplasia, complex, with
other brain malformations 5

Autosomal Dominant

615101

TUBB2B

Tubulin, Beta, Class IIB

6p25.2

6:3,224,494
3,227,967

-

Polymicrogyria

Autosomal Dominant

612850

TUBB3

Tubulin, Beta, Class III; TUBB4

16q24.3

16:89,988,416
90,002,504

-

Cortical Dysplasia, complex, with
other brain malformations 3;
fibrosis of extraocular muscles 3A

Autosomal Dominant

602661
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Table 4.20 Continued
Tubulin
Gene

Other Names

Cytogenetic
location

Genomic
coordinates
(GRCh37)

Phenotype

Inheritance Pattern

OMIM

TUBB4A

Tubulin, Beta, Class IVa; TUBB4

19p13.3

19:6,494,329
6,502,594

-

Dystonia
4;
HABC
(Hypomyelinating leukodystrophy
6)

Autosomal Dominant

602662

TUBB4B

TUBB2C; Tubulin, Beta-2; Tubulin,
Beta, Class IV

9q34.3

9:140,135,710
140,138,158

-

None

Unknown

602660

TUBB6

Tubulin, Beta, Class V

18p11.21

18:12,308,217
12,326,567

-

None

Unknown

615103

TUBB8

TUBB8; Tubulin, Beta, Class VIII

10p15.3

10:92,828-95,178

Oocyte maturation defect 2

Autosomal Dominant

616768

Note: Modified from (Lohmann and Klein 2014)
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Figure 4.27. Immunocytochemistry of TUBB4A in Skin Fibroblasts. Normal control (A) and patient (B)
skin fibroblasts were fixed and immunostained with antibodies raised against TUBB4A (red) and emerin
(green). The nuclei were stained with DAPI (blue). Control (C) staining with secondary rabbit IgG antibody
and mouse IgG2b antibody without primary antibody did not show any immunoreactivity; nuclei were
stained with DAPI (blue).

Ectopic expression of human TUBB4A was assayed in the developing zebrafish
to establish if the D249N mutant acts as a functional dominant in a developing system.
Wild type and mutant human mRNA of Tubb4a were transiently expressed in zebrafish
embryos and screened for gross cerebellar phenotypic changes. Wild type and mutant
TUBB4A plasmid constructs were generated, linearized, and turned into mRNA. The
wild type and mutant mRNA were injected into ~100 ZDR or EkxAb zebrafish embryos at
dose dependent concentrations of 100pg and 200pg. Un-injected control zebrafish
embryos and WT and mutant-injected embryos were allowed to develop and hatch up to
3 days post fertilization (dpf) or 5dpf at which time point the zebrafish larvae were fixed,
stained with acetylated tubulin, and imaged.
The cerebellum of the zebrafish is a pronounced feature in the developing
zebrafish hindbrain and easily visualized through tubulin staining and imaging. As an
atrophic cerebellum is a prominent feature of HABC, the cerebellum was used as a visual
phenotyping point in the developing zebrafish to establish a disease phenotype. At 3dpf,
the cerebellum of zebrafish larvae had mostly formed and was identified as a horseshoe229

like structure in the hindbrain with strong staining (Figure 4.28A). The injections,
staining, and phenotyping had to be repeated several times throughout the assay due to
abnormally developed un-injected control fish in which some presented with
microcephaly, underdeveloped brain structures, edema, and bent tails. It was determined
that certain lines of fish were having abnormalities due to environmental factors beyond
control throughout the study.
It was recommended to have only ~5-7% abnormal un-injected control fish, but
the controls for the 3dpf assays in this study ranged from 18% up to 91% with abnormal
cerebellar development in separate injection assays with an average of 49% abnormal.
The wild type injected embryos ranged from 13% to 54% with abnormal cerebellar
development with an average of 31% abnormal. The D249N mutant injected embryos
ranged from 29% up to 88% with abnormal cerebellar development with an average of
46% abnormal. Taking independent assays into account, there were usually more
abnormals with more severe cerebellar development in the D249N mutant compared to
un-injected controls or wild type Tubb4a injected embryos. However, it was impossible
to discern abnormal embryos from environmental factors from abnormal embryos from
transient expression of mutant Tubb4a due to the presence of cerebellar abnormalities in
the un-injected control embryos. No other phenotypes were assayed. The representative
images of normal, abnormal, and severely abnormal cerebellar development are shown in
Figure 4.28. The last assay was carried out using the same protocol with half the embryos
phenotyped at 3dpf and the other half phenotyped at 5dpf. Again the un-injected controls
exhibited 47% with abnormal cerebellar development. The wild type exhibited 26% with
abnormal cerebellar development. The mutant injected embryos exhibited 83% with
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abnormal cerebellar development. At 5dpf, there were no abnormal embryos with any
discernable differences in cerebellum structure, the rest of the brain, or in the body
structure between the controls, WT, or mutant (Figure 4.29). This can only be explained
by environmental factors affecting the development of the embryos in the first few days
of development, but development caught up at 5dpf indicating that no abnormal
phenotype could be conjured with transient expression of human mutant TUBB4A.
Discussion
Using whole exome sequencing and a variant calling pipeline and systematic
filtering analysis similar to the one used throughout this study, colleagues at the
University of Queensland in Australia found a single heterozygous de novo
nonsynonymous mutation, c.745G>A p.D249N, in the TUBB4A gene in 11 individuals
from 10 unrelated families with HABC. A pair of affected siblings resulted from a
mother who was proved to be mosaic for the mutation. Bioinformatic analysis suggested
the variant was pathogenic, however functional analysis of the p.D249N mutation in the
TUBB4A gene was not able to experimentally ascertain the mutation’s pathogenicity.
TUBB4A encodes a member of the highly conserved β-tubulin family of proteins
that form very stable heterodimers with α-tubulins, which subsequently assemble to form
dynamic polymeric microtubules which are an essential component of the cytoskeleton
that functions in support, mitosis, transport, neuron morphology, and motility (Simons et.
al., 2013). Microtubules are highly dynamic hollow tube-like structures that continuously
undergo phases of polymerization and depolymerization, or growth and shrinkage,
respectively (Conde and Caceres 2009). The polymerization and depolymerization of
microtubules is driven by the binding, hydrolysis, and exchange of a guanine nucleotide
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Figure 4.28. Representative Fluorescent Microscopy Images of Human TUBB4A mRNA Injected
Zebrafish Embryo Brains at 3 Days Post Fertilization. Dorsal views of zebrafish embryos at 3 days post
fertilization are represented. Un-injected control zebrafish embryos (A-C) and TUBB4A mRNA injected
zebrafish embryos (D-I) were fixed and stained with acetylated tubulin 3 days post fertilization, and the
brain was imaged at 8x magnification with a focus on the cerebellum (white arrow). The first column
represents normal cerebellum development of un-injected controls (A), wild-type TUBB4A mRNAinjected zebrafish (D), and D249N TUBB4A mutant mRNA-injected zebrafish (G). The second column
represents less severe abnormal cerebellum development of un-injected control zebrafish embryos (B),
wild-type TUBB4A mRNA- injected zebrafish embryos (E), and D249N TUBB4A mutant mRNA-injected
zebrafish embryos (H). The third column represents more severe abnormal cerebellar development of uninjected control zebrafish embryos (C), wild-type TUBB4A mRNA-injected zebrafish embryos (F), and
D249N Tubb4a mutant-injected zebrafish embryos (I). Note the fullness of the middle of the cerebellum in
the images of normal cerebellar development. In the less severe representations of abnormal cerebellar
development, the cerebellum has formed but with very few if any neuronal connections shown by a
thinning in the middle of the cerebellum. In the more severe representations of abnormal cerebellar
development, the cerebellum has failed to completely form.
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Figure 4.29. Representative Fluorescent Micropscopy Images of Human TUBB4A mRNA Injected
Zebrafish Embryo Brains at 5 Days Post Fertilization. Dorsal views of zebrafish embryos at 5 days post
fertilization. Un-injected control zebrafish embryos (A) and TUBB4A mRNA injected zebrafish larvae
(B,C) were fixed and stained with acetylated tubulin 5 days post fertilization. The brain with a focus on the
cerebellum was (white arrow) imaged at 8x magnification. Wild-type TUBB4A injected zebrafish embryos
(B) and D249N TUBB4A mutant mRNA injected zebrafish embryos (C) were similar to the normal
cerebellar development of the un-injected control zebrafish embryos.

on the β-tubulin at the plus end of the microtubule (Conde and Caceres 2009). Both αtubulins and β-tubulins bind GTP but only in α-tubulin is it permanently present and nonexchangeable at the N-site (Wade 2009). The β-tubulins have an active exchangeable site
with a GTPase with an exchangeable nucleotide (Wade 2009). When this GTP is
stochastically lost, the heterodimers dissociate and the microtubule depolymerizes
(Conde and Caceres 2009). Incoming GTP bound αβ-tubulin heterodimers are
incorporated into the growing microtubules at the plus end, and upon incorporation, the
catalytic domain of the α-tubulin subunit interacts with previous β-tubulin subunit
nucleotide exchangeable site and becomes ready for hydrolysis which occurs during or
shortly after polymerization (Conde and Caceres 2009). GTP loses a phosphate during
hydrolysis and becomes non-exchangeable GDP, and this GDP-tubulin dominates the αβtubulin heterodimer microtubule composition (Conde and Caceres 2009).
Tubulins are highly conserved among species from humans to Caenorhabditis
elegans. Complete conservation is seen orthologous proteins between mammals and 9799% between birds and mammals (Sullivan 1988). The function of TUBB4A is essential
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to cell viability, underscored by the strong conservation among species, and within the βtubulin isotypes. The amino acid divergence between β-tubulin isotypes range between 416% in a single species, and the divergence usually occurs at the N-terminal and Cterminal regions of the proteins (Sullivan 1988). As such, the variable regions between
the tubulin members and among the β-tubulin isotypes that are present are highly
conserved in evolution, which suggests those differences have a functional significance
(Guo et. al., 2011). Further, a high degree of conservation exists between the β-tubulin
family and the α-tubulin family. Indeed, complete conservation exists at the D249 residue
in TUBB4A among all species with that particular isotype, between β-tubulins and αtubulins, and among different β-tubulin isotypes from human all the way down to yeast.
Among all the tubulin types in the human, only the Tubulin delta chain was variable at
this position. Phylogenetic analysis of the β-tubulins revealed TUBB4A to be one of the
most recently evolved and divergent β-tubulins, suggesting it evolved for unique and
specific functions.
The mutation is located within the T7 loop of TUBB4A, which is important for
interacting with the guanosine triphosphate (GTP) nucleotide bound to the N-site of αtubulin, which is essential for the longitudinal interactions between tubulins (Hersheson
et. al., 2013; Simons et. al., 2013). This D249 residue position is predicted to form a salt
bridge with the N-terminal R2 residue position important for proper positioning of the T7
loop residues that interact with the α-tubulin GTP (Simons et. al., 2013). The D249N
mutation most likely interrupts this interaction and destabilizing the protein and its
interaction with α-tubulin resulting in reduced microtubule polymerization, abnormal
dimerization, or reduced microtubule stability (Simons et. al., 2013). The D249N
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mutation has been identified in different β-tubulin isotypes and protein members in dogs
and in the Caenorhabditis elegans nematode. A dominant p.D249N mutation was
described in a hematopoietic β-tubulin in the Cavalier King Charles spaniel, which
caused an inherited disease macrothrombocytopenia (Davis et. al., 2008; Simons et. al.,
2013). In C. elegans, a dominant c.745G>A (p.D249N) mutation was described in mec-7,
a β-tubulin-encoding gene in that species, causing a disruption in migration of specialized
touch receptor neurons that resulted in a loss-of-touch-sensitivity (Savage et. al., 1994;
Simons et. al., 2013). It is possible that the c.745G>A (p.D249N) mutation in humans is
acting in a similar fashion by disrupting neuronal growth or axonal function (Simons et.
al., 2013).
As previously mentioned, HABC is a rare autosomal dominant leukodystrophy
characterized by hypomyelination, cerebellar cortical atrophy, a small or absent putamen
with a decreased head size of the caudate nucleus of the basal ganglia, and abnormalities
of the deep gray nuclei with a variable onset with developmental delays, extrapyramidal
movement disorders, progressive spastic paraplegia, ataxia, and sometime seizures (van
der Knaap et. al., 2002a). In addition to HABC, mutations in the Tubb4a gene are also
associated with a less severe dystonia type 4 (DYT4) (Hersheson et. al., 2013) caused by
an autosomal dominant mutation at the N-terminal region c.4C>G p.R2G. This disorder
presents with a “whispering” dysphonia, dystonia, and gait ataxia with a normal MRI and
an onset in the second to fourth decade (Hersheson et. al., 2013). Further, a plethora of
mutations have been found in the TUBB4A gene (Table 4.20) leading to a clinical
spectrum of disorders with HABC being the most severe. Indeed, de novo mutations
(p.Val255Ile; p.Arg282Pro; p.Q292K; p.Arg391His) in the TUBB4A were also found in 5

235

patients with isolated hypomyelination with or without mild cerebellar atrophy and
lacked the other hallmarks of HABC (Pizzino et. al., 2014). Additionally, a heterozygous
c.568C>T p.H190Y mutation in TUBB4A was identified in a family with a complicated
HSP presenting with early-onset spastic paraplegia, ataxia, and brain hypomyelination in
the absence of dystonia or rigidity (Kancheva et. al., 2015) Another mutation, c.1064A>T
p.D355V was also found in a patient with early-onset progressive spastic paraplegia, mild
intellectual disability, and hypomyelination (Sagnelli et. al., 2016). Among the all the
mutations found in TUBB4A thus far, the c.745G>A mutation is the most common
(Carvalho et. al., 2015). The severity of hypomyelination can vary from severe with
almost complete absence of cerebral white matter as seen in cases with HABC to only
mild hypomyelination

(Hamilton et. al., 2015b). A genotype-phenotype correlation

seems to exist as each individual mutation seems to be related to a certain variation of
disease severity, especially with mutations in certain regions of the protein (Hamilton et.
al., 2015a). This clinical variability seen with TUBB4A mutations associated with a
spectrum of clinical disorders is also seen in PLP1 and Pol-III related leukodystrophies
(Pizzino et. al., 2014).
Mutations in other β-tubulins (Table 4.20) as well α-tubulins (TUBA1A, TUBA8)
have been attributed to neurological disorders characterized by abnormal neuronal
migration, differentiation, and axon guidance and migration (Cushion et. al., 2013;
Tischfield et. al., 2011). Interestingly, a mutation was described in the TUBB5 gene
(TUBB), p.V353I, in a patient with microcephaly, dysmorphic basal ganglia, corpus
callosum abnormalities, and cognitive impairment in which the mutation lies at the
intradimer interface between β-tubulin and α-tubulin (Breuss et. al., 2012), just as the
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D249N mutation in TUBB4A. They concluded through experimentation on mouse
models that this mutation has no effect on the ability of mutant polypeptides to assemble
into heterodimers or incorporate into microtubules, but it most likely alters the
positioning of migrating neurons, alters the dynamic properties of microtubules and may
compromise the binding of microtubule associated proteins (Breuss et. al., 2012). Indeed,
impaired microtubule dynamics and stability are implicated as the functional defects
underlying TUBB4A mutations (Kancheva et. al., 2015). Another TUBB4A mutation that
lies near the intra-dimer interface is the p.R262H mutation (Ferreira et. al., 2014).
Homologous mutations have been identified in TUBB3 (Tischfield et. al., 2010) and
TUBB1A (Bahi-Buisson et. al., 2014), and it was demonstrated that this mutation results
in impaired microtubule dynamics, resistance to destabilizing agents, and loss of kinesin
on the microtubule plus-ends (Tischfield et. al., 2010).
Patients with HABC have cerebellar atrophy, basal ganglia degeneration with a
propensity to affect the putamen, and a developmental cerebral myelin deficiency
(Simons et. al., 2013). As such, TUBB4A is the major isotype in the brain, where it
represents 46% of all beta-tubulins, and its highest expression levels occur in the
cerebellum, followed by the putamen and white matter, which are the brain areas that are
most affected by HABC, with very low expression in other cells of the body, save for the
testis (Hersheson et. al., 2013; Leandro-Garcia et. al., 2010). According to gene ontology
from Uniprot, TUBB4A is associated with the myelin sheaths, the internodal region of
axons, and the neuronal cell body, which may explain the propensity of TUBB4A
mutations to affect the white matter. Indeed, oligodendrocyte function relies heavily on
proper microtubule dynamics for intracellular transport and supporting, establishing, and
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maintaining the active myelin membrane (Richter-Landsberg 2008). Neuronal
microtubule isotype composition differs greatly from non-neuronal cells (Guo et. al.,
2011). As such, highest expression levels of TUBB4A in the brain may explain partially
why mutations in TUBB4A only affect the brain. Overall, the tubulin isotype expression
and distribution in various cells and tissues are highly complex suggesting cellular and
functional specificity and diversity (Hallworth and Luduena 2000), especially through its
association with different microtubule associated proteins (Hammond et. al., 2008) and
post-translational modifications (Tokuraku et. al., 2010).
In this study, TUBB4A expression was detectable in fibroblasts, however due to
the high sequence identity among β-tubulins, there may have been other β-tubulin
isotypes that were detected. However, no abnormalities could be detected from stained
structures within fibroblasts from patients. This was not surprising as TUBB4A has low
expression outside the brain. Cytoskeletal visualization within brain cells would be ideal,
though brain cells from patients were not available. Further immunofluorescent assays
need to be carried out in the brain structures most affected in HABC to investigate
microtubule architecture for abnormalities. As staining cannot paint a picture of the
dynamic nature of microtubules nor of individual stabilization between tubulin proteins,
assays of tubulin stabilization and rates of microtubule polymerization and
depolymerization should be carried out.
In-vivo zebrafish studies failed to present a disease phenotype concurrent with
HABC. It was hypothesized that the human TUBB4A would be assimilated into
microtubule structures causing a disruption or destabilization of microtubule assembly
and dynamics leading to abnormal development. There are many possible reasons for this
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failure. The most obvious being that zebrafish do not have a direct TUBB4A ortholog in
zebrafish. It is possible that it did not specifically get incorporated into zebrafish brain
development and thus not incorporated into neural specific microtubule assembly, but it
is possible that the mutant was incorporated throughout the zebrafish body, which may
drown out or neutralize any phenotypic effect it may have. Further, if it was incorporated
into microtubule assembly, any effects on the structure by the mutant could be tolerated
in the zebrafish because a great deal of structural variation can be accommodated within
the microtubule lattice, and microtubules have been shown to possess enormous
adaptability in utilization of structurally diverse or even abnormal tubulin subunits
(Sullivan 1988). Another reason may be that transient expression only allows an early
time frame of development (~5-7 dpf) after which time the human mRNA ceases to be
expressed; human mRNA expression may need to be extended for a longer period of time
in order to induce a phenotype. Transgenic zebrafish would need to be constructed in
order to observe longer developmental stages in zebrafish. A transgenic zebrafish
expressing a D249N mutant neural-specific tubulin, such as zebrafish beta tubulin 1
(Oehlmann et. al., 2004), may be suitable as well to induce a phenotype similar to HABC.
Regardless, more experiments need to be carried out to functionally show the
pathogenicity of TUBB4A mutations, however, the pathogenicity of the D249N
TUBB4A mutation is clear from the overwhelming evidence of patients with TUBB4A
mutations.
This single de novo TUBB4A mutation is hypothesized to affect gene function in
a dominant-negative manner leading to destabilization of the αβ-tubulin heterodimer and
subsequently, assembly of microtubules. This will have major effects on the stability,
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trafficking of proteins and other molecules, and movement and migration of the cells. As
TUBB4A is the main isotype in the brain, especially in the specific affected brain
structures and pathogenesis in HABC, and the finding of the mutation in many patients
with HABC, it is clear that the D249N TUBB4A mutation is the underlying cause of the
disease, primarily affecting the neurons with secondary glial involvement (Simons et. al.,
2013). The essential role of the cytoskeleton in brain development and function is
underscored by perturbations in TUBB4A as well as certain other tubulins, bringing
further insight into the complexities of microtubules and their function.
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CHAPTER FIVE
Conclusion
High-throughput next generation DNA sequencing has contributed an
unprecedented view into the genetics of populations and human diseases and has
uncovered the genetic etiologies of numerous rare disorders by providing a time-efficient,
cost-effective platform in which to query the human genome and subsets of the human
genome. This study examined the utility of next generation whole exome sequencing in
resolving

the

genetic

etiologies

of

unsolved

leukodystrophies

and

genetic

leukoencephalopathies. Some of the findings were part of a larger study that also
examined the use of WES in patients with central nervous system white matter
abnormalities (Vanderver et. al., 2016).
This study demonstrated in a small cohort of patients that WES can uncover the
pathogenic variants behind unresolved cases of white matter abnormalities. The clinical
and genetic heterogeneity of these disorders, as well as the significant overlap and
similarities of the clinical manifestations between many disorders, previously made it
difficult to decipher the specific disorder affecting certain patients. Not only is this most
apparent for blanket cases where only white matter lesions are present with the
accompanying physical manifestations that result, but it is also apparent in the hereditary
spastic paraplegias, mitochondrial disorders, and epileptic encephalopathies all of which
consist of a phenotypic series of closely related clinical manifestations that blur the fine
lines between each individual disorder with specific genetic etiologies. There have been
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many successful exome studies identifying pathogenic variants in genetically
heterogeneous neurological diseases including GJB1 mutations in Charcot-Marie-Tooth
disease (Montenegro et. al., 2011), TECR mutations in non-syndromic mental retardation
(Caliskan et. al., 2011), WDR62 mutations in severe brain development malformations
(Bilguvar et. al., 2010), and TGM6 mutations in case of spinocerebellar-ataxia (Wang et.
al., 2010a). WES makes the gene identification process easier, but also shifts the
challenge to the interpretation of the identified genes. The identified genes in this case are
the plethora of variants called in a single individual, and the interpretation is the
strategies employed to systematically narrow down the identified variants to the correct
pathogenic variant and gene combination underlying the disorder.
In this study, the interpretation used a panel of genes known to be associated with
leukodystrophies and genetic leukoencephalopathies to help identify the single variant or
combination of variants in a sea of over 150,000-200,000 variants. Indeed, only through
the use of WES could the ALS2 and STXBP1 variants be uncovered and implicated in
such cases of a single patient presenting with broad clinical manifestations with no
apparent pattern. These were easily identifiable due to not only the nature of their
variants as either splicing variants or stop-gain variants, but they were also the only
variants left that could even be considered as candidate genes after the appropriate
filtering analysis was employed. These two findings were also included in the larger
study of white matter abnormalities by Vanderver et. al., 2016. Clinically, both these
cases were marked as resolved without any further experimental functional testing, but
only after significant bioinformatics analysis and literature data mining.
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Without WES, the PLP1 intronic variant would have gone undiagnosed
indefinitely as routine PLP1 diagnostic Sanger sequencing of exons and exon-intron
splice regions did not uncover any variants, thus leaving this case as unresolved. Even
though this variant was deep within the intron, WES was able to capture the sequence and
cover it to a sufficient enough depth demonstrating its utility in identifying variants
outside the well annotated coding region, albeit in conjunction with clinically significant
observations and in depth literature support. Subsequent functional testing was crucial in
identifying it as pathogenic. In this instance, the diagnosis of a PMD like leukodystrophy
was extremely beneficial, especially since filtering through the panel of known genes did
not identify any candidate genes in the coding regions. Expanding the search area of
genes to include intronic and UTR variants drastically increased the number of variants to
sift through, even if that search was within a specific chromosome such as was this case.
This finding as well as other studies that found intronic mutations that cause PMD (Taube
et. al., 2014; Wang et. al., 2006) suggests that routine diagnostic sequencing include
intron 3 and any sequences in the introns that have been found to be regulatory.
In the case of a single family who’s proband presented with Labrune syndrome,
otherwise known as leukoencephalopathy with brain calcifications and cysts (LCC), the
filtering analysis through a panel of known genes did not uncover any candidate genes.
As such, the search was expanded to all coding variants in all the genes called in each
individual. Two variants were identified in EARS2, which was associated with a
leukodystrophy phenotypically different than LCC. These variants were pathogenic
according to both bioinformatic predictions and functional experimentation. In addition
to the fact that several mutations within EARS2 have been known to cause LTBL, one of
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the EARS2 variants in this study was identical to one previously found to cause LTBL,
albeit in trans with another mutation. Despite the strong evidence of pathogenicity, the
absence of EARS2 mutations in other patients with LCC left the pathogenicity of the
EARS2 variants in question. This leaves the role of EARS2 as a genetic modifier of
disease a possibility. Indeed, LCC has a range of disease onset which could be affected
by modifier genes. Conversely, the EARS2 variants could be completely independent
with no role in LCC pathogenesis. It is possible the any phenotypic effect mutant EARS2
exerted was reduced or obscured by the presence of another mutated gene resulting in an
epistatic relationship between the two. Only further experimentation can decipher the role
of the EARS2 variants. This finding underscores the limitations of WES and of the
strategies employed in the interpretation of obscure variants in the ambiguous UTR
regions of genes and highlights the observation that functional validation of the
pathogenicity of a variant or variants does not necessarily mean they are pathogenic
within the disorder being studied. Indeed, there have been studies of gene identification
of a disease through exome studies that turn out to have had the wrong gene.
Even though initial functional tests of variants implicated in disease can be
negative, the variants can still be quite clearly be pathogenic. Such is the case with the
TUBB4A variant which was identified in multiple unrelated individuals with HABC, and
later identified as the common mutation in that particular disorder. Indeed, the gold
standard to demonstrate genotype-phenotype causality lies in the presence of the same or
different rare or private, non-synonymous, potentially damaging, changes at a single
locus in multiple unrelated subjects with a similar or identical phenotype (Botstein and
Risch 2003; Steenweg et. al., 2012). This was also the case with the EIF2B5, ALS2,
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STXBP1, and PLP1variants as mutations in those genes were a known cause of their
associated disorders.
Even though this study identified several genes in the unresolved cases, there
were also cases where a candidate gene was not able to be identified. The most likely
reasons are either that the variant is located outside the coding region in a poorly
annotated intron or UTR, as was the case with the LCC case, or lack of sequence
coverage that resulted in missing the causal variant. In a couple of cases, too many
candidate variants remained after filtering, some of which could be pathogenic and only
confirmed through extensive functional experimental testing of each one. Though WES
has many advantages, improvements still need to be made in the understanding and
annotation of variants outside the coding regions, and new algorithms need to be
generated to query those variants. Additionally, new high-throughput, time-efficient, and
cost-effective functional experimental assays need to be developed to query many
variants in different genes at the same.
This study and the larger study by Vanderver et. al., 2016, mostly identified
variants in genes already associated with either a leukodystrophy or genetic
leukoencephalopathy. In the context of clinical genetic testing, the WES results suggest
that a custom targeted white matter gene panel could be the first option in diagnosing
these types of diseases rather than directly opting for WES. A targeted approach would
not only identify all variants in those genes, but the coverage would be drastically higher
increasing the accuracy and number of variants in those genes as opposed to WES. If
unsuccessful, the WES approach would follow. Only further examination of WES in the
clinic can assess the effectiveness of each.

245

At the onset of this study, next generation whole exome sequencing was just
taking root within the research community and was transitioning into the clinic for
diagnostic use. Presently, the technology is widespread and routinely used in many
different research labs and clinical diagnostic laboratories throughout the world for
disease gene identification, pharmacogenomics, and personalized medicine. Further,
genetic data can be combined with expression data and epigenetic data to further finetune the genotype-phenotype associations. Prior to the initiation of this study, WES had
never been implemented in the search for the genetic underpinnings of genetically
unresolved white matter disorders. This study, albeit in a small cohort, represents the
effectiveness of using powerful technology in concert with the combination of systematic
interpretation of data and clinical annotation to identify the genetic etiologies of these
disorders.
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APPENDICES

Table A.1. Examples of Successful Exome Sequencing Studies
Disorder
Miller syndrome

Gene
DHODH

References
(Ng et. al., 2010b)

Autoimmune lymphoproliferative syndrome

FADD

(Bolze et. al., 2010)

Nonsyndromic hearing loss

GPSM2

(Walsh et. al., 2010)

Combined hypolipidemia

ANGPTL3

(Musunuru et. al., 2010)

Perrault syndrome

HSD17B4

(Pierce et. al., 2010)

Complex I deficiency

ACAD9

(Haack et. al., 2010)

Hyperphosphatasia mental retardation syndrome

PIGV

(Krawitz et. al., 2010)

Sensenbrenner syndrome

WDR35

(Gilissen et. al., 2010)

Cerebral cortical malformations

WDR62

(Bilguvar et. al., 2010)

3MC syndrome

MASP1

(Sirmaci et. al., 2010)

Kabuki syndrome

MLL2

(Ng et. al., 2010a)

Schinzel–Giedion syndrome

SETBP1

(Hoischen et. al., 2010)

Spinocerebellar ataxia

TGM6

(Wang et. al., 2010a)

Terminal osseous dysplasia

FLNA

(Sun et. al., 2010)

Nonsyndromic mental retardation

TECR

(Caliskan et. al., 2011)

Retinitis pigmentosa

DHDDS

(Zuchner et. al., 2011)

Osteogenesisimperfecta

SERPINF1

(Becker et. al., 2011)

Skeletal dysplasia

POP1

(Glazov et. al., 2011)

Combined malonic and methylmalonicaciduria

ACSF3

(Sloan et. al., 2011)

Amelogenesis

FAM20A

(O'Sullivan et. al., 2011)

Chondrodysplasia and abnormal joint development

IMPAD1

(Vissers et. al., 2011)

Leukoencephalopathy and epilepsy

KCNT1

(Vanderver et. al., 2014a)

Infantile mitochondrial cardiomyopathy

AARS2

(Gotz et. al., 2011)

Infantile hypertrophic cardiomyopathy

MTO1

(Ghezzi et. al., 2012)

Mosaic variegated aneuploidy syndrome

CEP57

(Snape et. al., 2011)

Hypomyelinating leukoencephalopathy

POLR3A and
POLR3B

(Saitsu et. al., 2011)

Hereditary spastic paraparesis

KIF1A

(Erlich et. al., 2011)

Hereditary diffuse leukoencephalopathy w/spheroids

CSF1R

(Rademakers et. al., 2012)

Leukoencephalopathy

MCT8

(Tsurusaki et. al., 2012)

Hypomyelination
Leukoencephalopathy

RARS
SLC19A3

(Wolf et. al., 2014)
(Kevelam et. al., 2013)
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Table A.2. ACMG and AMP Guidelines for Sequence Variant Pathogenicity
Pathogenicity
Very Strong

Category
PVS1 null variant (nonsense, frameshift, canonical ± 1 or 2 splice sites,
initiation codon, single or multi-exon deletion) in a gene where loss of function
(LOF) is a known mechanism
- Caveats
Beware of genes where LOF is not a known disease mechanism (e.g. GFA,
MYH7)
Use caution interpreting LOF variants at the extreme 3" end of a gene
Use caution with splice variants that are predicted to lead to exon skipping
but leave the remainder of the protein intact

Strong

Use caution in the presence of multiple transcripts
PS1: Same amino acid change as a previously established pathogenic variant
regardless of nucleotide change
Example: Val --> Leu caused by either G>C or G>T in the same codon
- Caveat: Beware of changes that impact splicing rather than at the amino
acid/protein level
PS2: De Novo (both maternity and paternity confirmed) in a patient with the
disease and no family history
- Note: Confirmation of paternity only is insufficient. Egg donation, surrogate
motherhood, errors in embryo transfer, etc. can contribute to non-maternity
PS3: Well-established in vitro or in vivo functional studies supportive of a
damaging effect on the gene or gene product
- Note: Functional studies that have been validated and shown to be
reproducible and robust in a clinical diagnostic laboratory are considered the
most well-established
PS4: The prevalence of the variant in affected individuals is significantly
increased compared with the prevalence in controls
- Note 1: Relative risk or odds ratio, as obtained from case-control studies, is
>5.0, and the confidence interval around the estimate of relative risk or odds
ratio does not include 1.0.
- Note 2: In instances of very rare variants where case-control studies may not
reach statistical significance, the prior observation of the variant in multiple
unrelated patients with the same phenotype, and its absence in controls, may be
used as moderate level of evidence.

Moderate

PM1: Located in a mutational hot spot and/or critical and well-established
functional domain (e.g., active site of an enzyme) without benign variation
PM2: Absent from controls (or at extremely low frequency if recessive) in the
Exome Sequencing Project, 1000 Genomes Project, or the Exome Aggregation
Consortium
- Caveat: Population data for insertions/deletion may be poorly called by nextgeneration sequencing
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Table A.2 Continued
Pathogenicity

Category
PM3: For recessive disorders, detected in trans with a pathogenic variant
- Note: This requires testing of parents (or offspring) to determine phase
PM4: Protein length changes as a result of in-frame deletions/insertions in a
nonrepeat region or stop-loss variants
PM5: Novel missense change at an amino acid residue where a different
missense change determined to be pathogenic has been seen before
- Example: Arg156His is pathogenic; now you observe Arg156Cys
- Caveat: Beware of changes that impact splicing rather than at the amino
acid/protein level

Supporting

PM6: Assumed de novo, but without confirmation of paternity and maternity
PP1: Cosegregation with disease in multiple affected family members in a
gene definitely known to cause the disease
- Note: May be used as stronger evidence with increasing segregation data
PP2: Missense variant in a gene that has a low rate of benign missense
variation and in which missense variants are a common mechanisms of disease
PP3: Multiple lines of computational evidence support a deleterious effect on
the gene or gene product (conservation, evolutionary, splicing impact, etc.)
- Caveat: Because many in silico algorithms use the same or very similar input
for their predictions, each algorithm should not be counted as an independent
criterion. PP3 can be used only once in any evaluation of a variant
PP4: Patient's phenotype or family history is highly specific for a disease with
a single genetic etiology
PP5: Reputable source recently reports variant as pathogenic, but the evidence
is not available to the laboratory to perform an independent evaluation

Note: Taken from (Richards et. al., 2015)
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Table A.3. Panel of Genes Associated with Leukodystrophies and Genetic
Leukoencephalopathies
HGNC
Gene Name

Chromosome
Location (hg19)
chr6:44,266,46344,281,063
chrX:74,273,10574,376,132
chrX:152,990,323
-153,010,216

NCBI RefSeq NM Identifier

Disease Association

NM_020745.3

Combined oxidative
phosphorylation deficiency 8

NM_004299.3

Anemia, sideroblastic, with ataxia

NM_000033.3

Adrenoleukodystrophy
;Adrenomyeloneuropathy

NM_198834.1; NM_198836.1;
NM_198837.1; NM_198838.1;
NM_198839.1

Acetyl-CoA carboxylase deficiency

NM_014049.4

ACAD9 deficiency

NM_000016.4;
NM_001127328.1

Acyl-CoA dehydrogenase, medium
chain, deficiency of

ACADVL

chr17:7,123,1537,126,556

NM_000018.3;
NM_001033859.2;
NM_001270447.1;
NM_001270448.1

VLCAD deficiency

ACOX1

chr17:73,937,58973,975,515

NM_001185039.1;
NM_004035.6; NM_007292.5

Peroxisomal acyl-CoA oxidase
deficiency

ACP5

chr19:11,685,47511,689,801

NM_001111034.1;
NM_001111035.1;
NM_001111036.1;
NM_001611.3

Spondyloenchondrodysplasia with
immune dysregulation

NM_004458.2; NM_022977.2

Mental retardation, X-linked 63

NM_020247.4

Coenzyme Q10 deficiency,
primary, 4

AARS2
ABCB7
ABCD1

ACACA

ACAD9
ACADM

ACSL4
ADCK3
ADSL

chr17:35,441,92735,766,902
chr3:128,598,333128,631,957
chr1:76,190,04376,229,355

chrX:108,884,564
-108,976,621
chr1:227,127,938227,175,246
chr22:40,742,50440,762,575

NM_000026.2;
NM_001123378.1

AFF2

chrX:147,582,139
-148,082,193

NM_001169122.1;
NM_001169123.1;
NM_001169124.1;
NM_001169125.1 ;
NM_001170628.1;
NM_002025.3

AGL

chr1:100,315,640100,389,579

NM_000028.2; NM_000642.2;
NM_000643.2; NM_000644.2;
NM_000645.2; NM_000646.2
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Adenylosuccinase deficiency

Mental retardation, X-linked,
FRAXE type

Glycogen storage disease IIIa;
Glycogen storage disease IIIb

HGNC
Gene Name

Table A.3 Continued

Chromosome
Location (hg19)
chr2:178,257,471178,408,564
chrX:115,301,958
-115,306,225

NM_003659.3

Rhizomelic chondrodysplasia
punctata, type 3

NM_000686.4

Mental retardation, X-linked 88

AIFM1

chrX:129,263,338
-129,299,861

NM_001130846.2;
NM_001130847.3;
NM_004208.3; NM_145812.2;
NM_145813.2

Combined oxidative
phosphorylation deficiency 6

AIMP1

chr4:107,237,664107,270,381

NM_001142415.1;
NM_001142416.1;
NM_004757.3

Leukodystrophy, hypomyelinating,
3

ALAS2

chrX:55,035,48855,057,497

NM_000032.4;
NM_001037967.3;
NM_001037968.3

Anemia, sideroblastic, X-linked;
Protoporphyria, erythropoietic, Xlinked

ALDH3A2

chr17:19,552,06419,580,908

NM_000382.2;
NM_001031806.1

Sjogren-Larsson syndrome

ALDH7A1

chr5:125877533125931082

NM_001182.4;
NM_001201377.1;
NM_001202404.1

Epilepsy, pyridoxine-dependent

ALS2

chr2:202,564,986202,645,895

NM_001135745.1;
NM_020919.3

AP1S2

chr17:58,179,12158,180,280

NM_003916.3

AP4B1

chr1:114,437,371114,447,525

NM_001253852.1;
NM_001253853.1;
NM_006594.3

Spastic paraplegia 47, autosomal
recessive

chr9:32,972,60433,001,639

NM_001195248.1;
NM_001195249.1;
NM_001195250.1;
NM_001195251.1;
NM_001195252.1;
NM_001195254.1;
NM_175069.2; NM_175073.2

Ataxia, early-onset, with
oculomotor apraxia and
hypoalbuminemia

NM_006420.2

Periventricular heterotopia with
microcephaly

AGPS
AGTR2

APTX

ARFGEF2
ARG1
ARHGEF6
ARHGEF9

chr20:47,538,27547,653,230
chr6:131,894,344131,905,472
chrX:135,747,712
-135,863,503
chrX:62,854,84863,005,426

NCBI RefSeq NM Identifier

NM_000045.3;
NM_001244438.1

Disease Association

Amyotrophic lateral sclerosis 2,
juvenile ;Primary lateral sclerosis,
juvenile ;Spastic paralysis, infantile
onset ascending
Mental retardation, X-linked
syndromic, Fried type

Argininemia

NM_004840.2

Mental retardation, X-linked 46

NM_001173479.1;
NM_001173480.1;
NM_015185.2

Epileptic encephalopathy, early
infantile, 8
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HGNC
Gene Name

ARSA

Chromosome
Location (hg19)
chr22:51,061,18251,066,601

Table A.3 Continued
NCBI RefSeq NM Identifier
NM_000487.5;
NM_001085425.2;
NM_001085426.2;
NM_001085427.2;
NM_001085428.2

Disease Association

Metachromatic leukodystrophy
Epileptic encephalopathy, early
infantile, 1; Hydranencephaly with
abnormal genitalia; Lissencephaly,
X-linked 2; Mental retardation, Xlinked 29 and others; Partington
syndrome; Proud syndrome
Farber lipogranulomatosis; Spinal
muscular atrophy with progressive
myoclonic epilepsy

ARX

chrX:2502181325034065

NM_139058.2

ASAH1

chr8:17,913,92517,941,879

NM_001127505.1;
NM_004315.4; NM_177924.3

chr17:3,379,2963,402,700
chr1:197,053,257197,115,824

NM_000049.2;
NM_001128085.1
NM_001206846.1;NM_018136.
4

ATL1

chr14:50,999,80051,099,784

NM_001127713.1;NM_015915.
4; NM_181598.3

Neuropathy, hereditary sensory,
type ID;Spastic paraplegia 3A,
autosomal dominant

ATN1 for
CAG
trinucleotid
e repeats

chr12:7,033,6267,053,815

NM_001007026.1;
NM_001940.3

Dentatorubro-pallidoluysian
atrophy

ATP1A2

chr1:160085520160113374

NM_000702.3

Alternating hemiplegia of
childhoodAlternating hemiplegia of
childhood; Migraine, familial
basilar; Migraine, familial
hemiplegic, 2

chr18:43,664,11043,678,287

NM_001001935.2;
NM_001001937.1;
NM_001257334.1;
NM_001257335.1;
NM_004046.5

Combined oxidative
phosphorylation deficiency 22;
Mitochondrial complex (ATP
synthase) deficiency, nuclear type 4

ASPA
ASPM

ATP5A1

ATP5E
ATP6AP2

chr20:57,603,73357,607,422
chrX:4044021640465888

NM_006886.3
NM_005765.2

ATP7A

chrX:77,166,19477,305,892

NM_000052.5

ATP7B

chr13:52,506,80652,585,630

ATPAF2

chr17:17,921,33417,942,480

NM_000053.3;
NM_001005918.2;
NM_001243182.1
NM_145691.3
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Canavan disease
Microcephaly 5, primary,
autosomal recessive

Mitochondrial complex V (ATP
synthase) deficiency, nuclear type 3
Mental retardation, X-linked, with
epilepsy
Menkes disease; Occipital horn
syndrome; Spinal muscular
atrophy, distal, X-linked 3
Wilson disease
Mitochondrial complex V (ATP
synthase) deficiency, nuclear type 1

HGNC
Gene Name

ATRX

ATXN1

Table A.3 Continued

Chromosome
Location (hg19)

NCBI RefSeq NM Identifier

chrX:76,760,35677,041,719

NM_000489.3; NM_138270.2

chr6:16,299,34316,761,721
chr9:93,976,09794,124,206

NM_000332.3;
NM_001128164.1

Disease Association
Alpha-thalassemia myelodysplasia
syndrome, somatic ;Alphathalassemia/mental retardation
syndrome ;Mental retardationhypotonic facies syndrome, Xlinked
Spinocerebellar ataxia 1

NM_001698.2

3-methylglutaconic aciduria, type I

chrX:39,910,49939,956,719

NM_001123383.1;
NM_001123384.1;
NM_001123385.1;
NM_017745.5

Microphthalmia, syndromic 2

BCS1L

chr2:219,524,379219,528,166

NM_001079866.1;
NM_001257342.1;
NM_001257343.1;
NM_001257344.1;
NM_004328.4

Bjornstad syndrome ; GRACILE
syndrome; Leigh syndrome;
Mitochondrial complex III
deficiency

BRWD3

chrX:79,924,98780,065,233

NM_153252.4

Mental retardation, X-linked 93

BSCL2

chr11:62,457,73462,475,179

NM_001122955.3;
NM_001130702.2;
NM_032667.6

BTD

chr3:15,643,25515,687,325

Lipodystrophy, congenital
generalized, type 2 ;Neuropathy,
distal hereditary motor, type V
;Silver spastic paraplegia syndrome

NM_000060.2

Biotinidase deficiency

C10ORF2

chr10:102,747,29
3-102,754,158

NM_001163812.1;
NM_001163813.1;
NM_001163814.1;
NM_021830.4

Mitochondrial DNA depletion
syndrome 7 (hepatocerebral type);
Progressive external
ophthalmoplegia, autosomal
dominant, 3

C12ORF65

chr12:123,717,84
4-123,742,506

NM_001143905.2;
NM_001194995.1;
NM_152269.4

Combined oxidative
phosphorylation deficiency 7

C7ORF11

chr7:40,172,34240,174,251

NM_138701.3

CACNB4

chr2:152689286152955593

NM_000726.3;
NM_001005746.2;
NM_001005747.2;
NM_001145798.1

CASK

chrX:41,374,18941,782,287

NM_001126054.2;
NM_001126055.2;
NM_003688.3

CCT5

chr5:10,250,28210,266,501

NM_012073.3

AUH
BCOR
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Trichothiodystrophy,
nonphotosensitive 1
Episodic ataxia, type 5; {Epilepsy,
idiopathic generalized,
susceptibility to, 9}; {Epilepsy,
juvenile myoclonic, susceptibility
to, 6}
FG syndrome 4;Mental retardation
and microcephaly with pontine and
cerebellar hypoplasia ;Mental
retardation, with or without
nystagmus
Neuropathy, hereditary sensory,
with spastic paraplegia

Table A.3 Continued

HGNC
Gene Name
CDK5RAP
2

Chromosome
Location (hg19)
chr9:123,151,147123,342,437

NM_001011649.1;
NM_018249.4

CDKL5

chrX:1844372518671749

NM_001037343.1;
NM_003159.2

CENPJ

chr13:2545641225497085

NM_018451.4;

CEP152

chr15:49,030,13549,103,343

NM_001194998.1;
NM_014985.3

CHRNA2

chr8:2731727827336813

NM_000742.3

CHRNA4

chr20:6197466561992695

NM_000744.6;
NM_001256573.1

CHRNB2
CISD2
CLCN7
CLN3
CLN5

chr1:154540257154552353
chr4:103,790,135103,813,963

NCBI RefSeq NM Identifier

Epilepsy, nocturnal frontal lobe, 3

NM_001008388.4

Wolfram syndrome 2

chr16:14949351525085

NM_001114331.2;
NM_001287.5

chr16:28,488,60028,503,623
chr13:7756605977576652

NM_000086.2;
NM_001042432.1

Osteopetrosis, autosomal dominant
2; Osteopetrosis, autosomal
recessive 4

NM_006493.2

chr15:6849933068522080

NM_017882.2

CLN8

chr8:17118701734736

NM_018941.3

CNTNAP2

chr7:145813453148118088

NM_014141.5

COL4A1

chr13:110,801,31
0-110,959,496

NM_001845.4

COQ9

Microcephaly 3, primary,
autosomal recessive
Angelman syndrome-likeAngelman
syndrome-like; Epileptic
encephalopathy, early infantile, 2
Microcephaly 6, primary,
autosomal recessive;Seckel
syndrome 4
Microcephaly 9, primary,
autosomal recessive;Seckel
syndrome 5
Epilepsy, nocturnal frontal lobe,
type 4
Epilepsy, nocturnal frontal lobe, 1;
{Nicotine addiction, susceptibility
to}

NM_000748.2

CLN6

COQ2

Disease Association

chr4:84,184,97784,206,067
chr16:57,481,33757,495,187

Ceroid lipofuscinosis, neuronal, 3
Ceroid lipofuscinosis, neuronal, 5
Ceroid lipofuscinosis, neuronal, 6;
Ceroid lipofuscinosis, neuronal,
Kufs type, adult onset
Ceroid lipofuscinosis, neuronal, 8;
Ceroid lipofuscinosis, neuronal, 8,
Northern epilepsy variant
Cortical dysplasia-focal epilepsy
syndrome; Pitt-Hopkins like
syndrome 1; {Autism susceptibility
15}
Angiopathy, hereditary, with
nephropathy, aneurysms, and
muscle; Brain small vessel disease
with Axenfeld-Rieger anomaly;
Brain small vessel disease with
hemorrhage; Porencephaly 1
Coenzyme Q10 deficiency,
primary, 1
Coenzyme Q10 deficiency,
primary, 5

NM_015697.7
NM_020312.3
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HGNC
Gene Name

Chromosome
Location (hg19)

Table A.3 Continued
NCBI RefSeq NM Identifier

Disease Association
Encephalopathy, progressive
mitochondrial, with proximal renal
tubulopathy due to cytochrome c
oxidase deficiency
Cardiomyopathy, hypertrophic,
early-onset fatal; Leigh syndrome
due to cytochrome c oxidase
deficiency
Exocrine pancreatic insufficiency,
dyserythropoietic anemia, and
calvarial hyperostosis

COX10

chr17:13,972,71914,111,996

NM_001303.3

COX15

chr10:101,468,50
5-101,492,423

NM_004376.5; NM_078470.4

COX4I2

chr20:30,225,69130,232,800

NM_032609.2

COX6B1

chr19:36,139,12536,149,686

NM_001863.4

Cytochrome c oxidase deficiency

CPS1

chr2:211,421,323211,543,831

NM_001122633.2;
NM_001122634.2;
NM_001875.4

CPT1A

chr11:68,522,35168,609,399

NM_001031847.2;
NM_001876.3

Carbamoylphosphate synthetase I
deficiency; Pulmonary
hypertension, familial persistent, of
the newborn; Venoocclusive
disease after bone marrow
transplantation

chr1:53,662,10153,679,869

NM_000098.2

CPT2

CSTB
CTSD
CUL4B
CYP27A1

chr21:4519383145196259
chr11:17739821785222
chrX:119,658,446
-119,709,684
chr2:219,646,472219,680,016

NM_000100.3

CPT deficiency, hepatic, type IA
CPT deficiency, hepatic, type II;
CPT II deficiency, lethal neonatal;
Myopathy due to CPT II
deficiency; Encephalopathy, acute,
infection-induced, 4, susceptibility
to
Epilepsy, progressive myoclonic
1A (Unverricht and Lundborg)

NM_001909.4

Ceroid lipofuscinosis, neuronal, 10

NM_001079872.1;
NM_003588.3

Mental retardation, X-linked,
syndromic 15 (Cabezas type)

NM_000784.3

Cerebrotendinous xanthomatosis
Bile acid synthesis defect,
congenital, 3 ;Spastic paraplegia
5A, autosomal recessive
Leukoencephalopathy with brain
stem and spinal cord involvement
and lactate elevation

CYP7B1

chr8:65,508,52965,711,348

NM_004820.3

DARS2

chr1:173,793,797173,827,682

NM_018122.4

DCX

chrX:110,537,007
-110,654,374

NM_000555.3;
NM_001195553.1;
NM_178151.2; NM_178152.2;
NM_178153.2

Lissencephaly, Xlinked;Subcortical laminal
heteropia, X-linked

DGUOK

chr2:74,153,95374,186,088

NM_080916.2; NM_080918.2

Mitochondrial DNA depletion
syndrome 3 (hepatocerebral type)
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HGNC
Gene Name
DKC1
DLAT
DLD

Chromosome
Location (hg19)
chrX:153,991,031
-154,005,964
chr11:111,895,53
8-111,935,002
chr7:107,531,586107,561,643

Table A.3 Continued
NCBI RefSeq NM Identifier
NM_001142463.1;
NM_001363.3
NM_001931.4
NM_000108.3

Disease Association
Dyskeratosis congenita, X-linked
;Hoyeraal-Hreidarsson syndrome
Pyruvate dehydrogenase E2
deficiency
Leigh syndrome; Maple syrup
urine disease, type III

DLG3

chrX:69,664,70569,725,339

NM_001166278.1;
NM_020730.2; NM_021120.3

Mental retardation, X-linked 90

DMPK for
CTG
trinucleotid
e repeats

chr19:46,272,97646,285,815

NM_001081560.1;
NM_001081562.1;
NM_001081563.1;
NM_004409.3

Myotonic dystrophy 1

chr3:180,701,498180,707,562
chr20:62,526,45562,567,384

NM_001190233.1;
NM_145261.3

DNM1L

chr12:32,832,13732,898,584

NM_005690.3; NM_012062.3
;NM_012063.2

EFHC1

chr6:5228499452360583

NM_001172420.1;
NM_018100.3

EGR2

chr10:64,571,75664,576,126

NM_000399.3;
NM_001136177.1;
NM_001136178.1;
NM_001136179.1

EIF2B1

chr12:124,105,57
0-124,118,323

NM_001414.3

EIF2B2

chr14:75,469,61275,476,294

NM_014239.3

EIF2B3

chr1:45,316,19445,452,361

NM_001166588.2;
NM_001261418.1;
NM_020365.4

EIF2B4

chr2:27,587,21927,592,919

NM_001034116.1;
NM_015636.3; NM_172195.3

EIF2B5

chr3:183,852,810183,863,099

NM_003907.2

EPM2A

chr6:145946440146056991

NM_001018041.1;
NM_005670.3

ERCC2

chr19:45,854,64945,873,845

NM_000400.3;
NM_001130867.1

DNAJC19
DNAJC5

NM_025219.2

257

3-methylglutaconic aciduria, type
V
Ceroid lipofuscinosis, neuronal, 4,
Parry type
Encephalopahty, lethal, due to
defective mitochondrial
peroxisomal fission
{Epilepsy, juvenile absence,
susceptibility to, 1}; {Myoclonic
epilepsy, juvenile, susceptibility to,
1}
Charcot-Marie-Tooth disease, type
1D ;Dejerine-Sottas disease
;Neuropathy, congenital
hypomyelinating, 1
Leukoencephalopathy with
vanishing white matter
Leukoencephalopathy with
vanishing white matter;
Ovarioleukodystrophy
Leukoencephalopathy with
vanishing white matter
Leukoencephaly with vanishing
white matter;
Ovarioleukodystrophy
Leukoencephalopathy with
vanishing white matter;
Ovarioleukodystrophy
Epilepsy, progressive myoclonic
2A (Lafora)
Cerebrooculofacioskeletal
syndrome 2; Trichothiodystrophy ;
Xeroderma pigmentosum, group D

HGNC
Gene Name
ERCC3

Chromosome
Location (hg19)
chr2:128,014,866128,051,752

Table A.3 Continued
NCBI RefSeq NM Identifier

Trichothiodystrophy; Xeroderma
pigmentosum, group B
Cerebrooculofacioskeletal
syndrome 3; Xeroderma
pigmentosum, group G
Cerebrooculofacioskeletal
syndrome 1; Cockayne syndrome,
type B ; De Sanctis-Cacchione
syndrome; UV-sensitive syndrome
1; Lung cancer, susceptibility to;
Macular degeneration, age-related,
susceptibility to 5
Cockayne syndrome, type A; UVsensitive syndrome 2

NM_000122.1

ERCC5

chr13:103,504,46
8-103,524,748

NM_000123.3

ERCC6

chr10:50,664,49150,747,147

NM_000124.2

ERCC8

chr5:60,169,65960,240,905

NM_000082.3

ERLIN2

chr8:37,594,09737,615,319

NM_001003790.3;
NM_001003791.2;
NM_007175.6

ETFA
ETFB
ETFDH
ETHE1
FA2H
FAM126A
FANCB
FARS2
FASTKD2
FBP1
FGD1
FGD4
FH

chr15:76,508,62976,603,810
chr19:51,848,40951,858,096
chr4:159,593,277159,629,841
chr19:44,010,87144,031,396
chr16:74,746,85674,808,729
chr7:22,980,87823,053,770
chrX:14,861,52914,891,184
chr6:5,261,5845,771,816
chr2:207,630,112207,660,911
chr9:97,365,42197,401,923
chrX:54,471,88754,522,599
chr12:32,655,04132,798,984
chr1:241,660,857241,683,085

Disease Association

NM_000126.3;
NM_001127716.1
NM_001014763.1;
NM_001985.2

Spastic paraplegia 18, autosomal
recessive
Glutaric acidemia IIA
Glutaric acidemia IIB

NM_004453.2

Glutaric acidemia IIC

NM_014297.3

Ethylmalonic encephalopathy

NM_024306.4
NM_032581.3
NM_001018113.1;
NM_152633.2;
NM_006567.3
NM_001136193.1;
NM_001136194.1;
NM_014929.3
NM_000507.3;
NM_001127628.1
NM_004463.2;
NM_139241.2
NM_000143.3
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Spastic paraplegia 35, autosomal
recessive
Leukodystrophy, hypomyelinating,
5
Fanconi anemia, complementation
group B
Combined oxidative
phosphorylation deficiency 14
Mitochondrial complex IV
deficiency
Fructose-1,6-bidphosphatase
deficiency
Aarskog-Scott syndrome ;Mental
retardation, X-linked syndromic 16
Charcot-Marie-Tooth disease, type
4H
Fumarase
deficiency;Leiomyomatosis and
renal cell cancer

HGNC
Gene Name

Chromosome
Location (hg19)

Table A.3 Continued
NCBI RefSeq NM Identifier

chrX:135,251,796
-135,293,518

NM_001159699.1;
NM_001159700.1;
NM_001159701.1;
NM_001159702.2;
NM_001159703.1;
NM_001159704.1;
NM_001167819.1;
NM_001449.4

chr1:38,462,44238,471,187
chr6:97,010,42497,064,512

NM_001243878.1;
NM_004468.4;
NM_001170807.1;
NM_020482.4

FKRP

chr19:47,249,30347,261,832

NM_001039885.2;
NM_024301.4

FKTN

chr9:108,320,411108,403,399

NM_001079802.1;
NM_001198963.1;
NM_006731.2

FLNA

chrX:153,576,900
-153,603,006

NM_001110556.1;
NM_001456.3

FMR1

chrX:146,993,469
-147,032,647

NM_001185075.1;
NM_001185076.1

FHL1

FHL3
FHL5
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Disease Association
Emery-Dreifuss muscular
dystrophy 6, X-linked; Myopathy,
reducing body, X-linked,
childhood-onset; Myopathy,
reducing body, X-linked, severe
early-onset; Myopathy, X-linked,
with postural muscle atrophy;
Scapuloperoneal myopathy, Xlinked dominant
Hemophagocytic
lymphohistiocytosis, familial, 3
Hemophagocytic
lymphohistiocytosis, familial, 5
Muscular dystrophydystroglycanopathy (congenital
with brain and eye anomalies), type
A, 5; Muscular dystrophydystroglycanopathy (congenital
with or without mental retardation),
type B, 5; Muscular dystrophydystroglycanopathy (limb-girdle),
type C, 5
Cardiomyopathy, dilated, 1X;
Muscular dystrophydystroglycanopathy (congenital
with brain and eye anomalies), type
A, 4; Muscular dystrophydystroglycanopathy (congenital
without mental retardation), type B,
4; Muscular dystrophydystroglycanopathy (limb-girdle),
type C, 4
Cardiac valvular dysplasia, Xlinke;FG syndrome
2;Frontometaphyseal dysplasia
;Heterotopia, periventricular
;Heterotopia, periventricular, ED
variant;Intestinal
pseudoobstruction,
neuronal;Melnick-Needles
syndrome;Otopalatodigital
syndrome, type I;Otopalatodigital
syndrome, type IITerminal osseous
dysplasia
Fragile X syndrome;Fragile X
tremor/ataxia syndrome;Premature
ovarian failure 1

HGNC
Gene Name

Chromosome
Location (hg19)

Table A.3 Continued
NCBI RefSeq NM Identifier

Disease Association

chrX:146,993,469
-147,032,647

NM_001185075.1;
NM_001185076.1;
NM_001185081.1;
NM_001185082.1;
NM_002024.5

Fragile X syndrome; Fragile X
tremor/ataxia syndrome; Premature
ovarian failure 1

FOXG1

chr14:2923628729238871

NM_005249.4

Rett syndrome, congenital variant

FOXRED1

chr11:126,138,93
5-126,148,027

NM_017547.3

Leigh syndrome due to
mitochondrial complex I deficiency
;Mitochondrial complex I
deficiency

FTSJ1

chrX:48,334,54948,344,752

NM_012280.2; NM_177434.1;
NM_177439.1

Mental retardation, X-linked 9

FUCA1

chr1:24,171,57224,194,859

NM_000147.4

Fucosidosis

FXN

chr9:71,650,47971,693,993

NM_000144.4;
NM_001161706.1;
NM_181425.2

Friedreich ataxia ;Friedreich ataxia
with retained reflexes

G6PC

chr17:41,052,81541,065,386

NM_000151.3;
NM_001270397.1

Glycogen storage disease Ia

GAA

chr17:78,075,35578,093,679

NM_000152.3;
NM_001079803.1;
NM_001079804.1

Glycogen storage disease II

chr5:161277392161326965

NM_000806.5;
NM_001127643.1;
NM_001127644.1;
NM_001127645.1;
NM_001127646.1;
NM_001127647.1;
NM_001127648.1

{Epilepsy, childhood absence,
susceptibility to, 4}; {Epilepsy,
juvenile myoclonic, susceptibility
to, 5}

FMR1 for
CGG
trinucleotid
e repeats

GABRA1

GABRG2

chr5:161494648161582545

NM_000816.3; NM_198903.2;
NM_198904.2

Epilepsy, generalized, with febrile
seizures plus, type 3; Febrile
seizures, familial, 8; {Epilepsy,
childhood absence, susceptibility
to, 2}

GALC

chr14:88,399,35888,459,615

NM_000153.3;
NM_001201401.1;
NM_001201402.1

Krabbe disease

NM_000155.3;
NM_001258332.1

Galactosemia

NM_000156.5; NM_138924.2

GAMT deficiency

NM_022041.3

Giant axonal neuropathy-1

NM_002047.2

Charcot-Marie-Tooth disease, type
2D;Neuropathy, distal hereditary
motor, type V

GALT
GAMT
GAN
GARS

chr9:34,646,63534,650,573
chr19:13986061401552
chr16:8134857181413803
chr7:30,634,18130,673,648
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HGNC
Gene Name
GATM

Chromosome
Location (hg19)
chr15:4565332245670980

Table A.3 Continued
NCBI RefSeq NM Identifier
NM_001482.2

Disease Association
AGAT deficiency
Glycogen storage disease IV;
Polyglucosan body disease, adult
form
Charcot-Marie-Tooth disease,
axonal, type 2K;Charcot-MarieTooth disease, axonal, with vocal
cord paresis ;Charcot-Marie-Tooth
disease, recessive intermediate, A
;Charcot-Marie-Tooth disease, type
4A

GBE1

chr3:81,584,34681,792,780

NM_000158.3

GDAP1

chr8:75,262,61875,279,335

NM_001040875.2;
NM_018972.2

GDI1

chrX:153,665,259
-153,671,814

NM_001493.2

Mental retardation, X-linked 41

GFAP

chr17:42,987,03542,992,920

NM_001131019.2;
NM_001242376.1;
NM_002055.4

Alexander disease

GFER

chr16:2,034,1502,037,750

NM_005262.2

GFM1

chr3:158,362,317158,410,360

NM_024996.5

GJA1

chr6:121,756,745121,770,873

NM_000165.3

GJB1

chrX:70,435,06270,445,065

NM_000166.5;
NM_001097642.2

GJC2

chr1:228,337,415228,347,527

NM_020435.3

GK

chrX:30,671,47630,749,577

NM_000167.5;
NM_001128127.2;
NM_001205019.1;
NM_203391.3

GLA

chrX:100,652,779
-100,663,001

NM_000169.2

GLB1

chr3:33,038,10033,138,694

NM_000404.2;
NM_001079811.1;
NM_001135602.1

GM2A

chr5:150,632,613150,649,953

NM_000405.4;
NM_001167607.1

GPC3

chrX:132,669,776
-133,119,673

NM_001164617.1;
NM_001164618.1

261

Myopathy, mitochondrial
progressive, with congenital
cataract, hearing loss, and
developmental delay
Combined oxidative
phosphorylation deficiency 1
Atrioventricular septal defect 3;
Hallermann-Streiff syndrome ;
Hypoplastic left heart syndrome 1 ;
Oculodentodigital dysplasia ;
Oculodentodigital dysplasia,
autosomal recessive ; Syndactyly,
type III
Charcot-Marie-Tooth neuropathy,
X-linked dominant, 1
Leukodystrophy, hypomyelinating,
2; Lymphedema, hereditary, IC;
Spastic paraplegia, 44
Glycerol kinase deficiency
Fabry disease;Fabry disease,
cardiac variant
GM1-gangliosidosis, type I, II, III;
Mucopolysaccharidosis type IVB
(Morquio)
GM2-gangliosidosis, AB variant
Simpson-Golabi-Behmel
syndrome, type 1 ;Wilms tumor,
somatic

HGNC
Gene Name
GPHN

Chromosome
Location (hg19)
chr14:6697412567648525

Table A.3 Continued
NCBI RefSeq NM Identifier

Disease Association

NM_001024218.1;
NM_020806.4;

Molybdenum cofactor deficiency,
type C

Polymicrogyria, bilateral
frontoparietal

GPR56

chr16:57,653,91057,698,944

NM_001145770.1;
NM_001145771.1;
NM_001145772.1;
NM_001145773.1;
NM_001145774.1;
NM_005682.5; NM_201524.2;
NM_201525.2

GRIA3

chrX:122,318,096
-122,624,766

NM_000828.4;
NM_001256743.1;
NM_007325.4

Mental retardation, X-linked 94

GRIN2A

chr16:984726510276263

NM_000833.3;
NM_001134407.1;
NM_001134408.1

Epilepsy with neurodevelopmental
defects

NM_207118.2

Trichothiodystrophy,
complementation group A

GTF2H5
GYS1
GYS2

HADHA

HADHB
HARS2

chr6:158,589,379158,620,376
chr19:49,471,38249,496,610
chr12:21,689,12321,757,781
chr2:26,413,50426,467,594
chr2:26,467,61626,513,333
chr5:140,071,018140,078,890

NM_001161587.1;
NM_002103.4

Glycogen storage disease 0, muscle

NM_021957.3

Glycogen storage disease, type 0

NM_000182.4

Fatty liver, acute, of
pregnancy;HELLP syndrome,
maternal, of pregnancy ; LCHAD
deficiency ; Trifunctional protein
deficiency

NM_000183.2

Trifunctional protein deficiency

NM_012208.2

Perrault syndrome 2

HCCS

chrX:11,129,40611,141,204

NM_001122608.2;
NM_001171991.2;
NM_005333.4

Microphthalmia, syndromic 7

HEPACAM

chr11:124789146124806308

NM_152722.4

MLC2

HEXA

chr15:72,635,77872,668,520

NM_000520.4

HEXB

chr5:73,980,96974,017,113

NM_000521.3

HLCS

chr21:38,123,18938,353,264

NM_000411.6;
NM_001242784.1;
NM_001242785.1

Holocarboxylase synthetase
deficiency

NM_000191.2;
NM_001166059.1;

HMG-CoA lyase deficiency

HMGCL
HPRT1

chr1:24,128,36724,151,949
chrX:133,594,175
-133,634,698

GM2-gangliosidosis, several forms;
Tay-Sachs disease; [Hex A
pseudodeficiency]
Sandhoff disease, infantile,
juvenile, and adult forms

NM_000194.2
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HPRT-related gout ;Lesch-Nyhan
syndrome

Table A.3 Continued

HGNC
Gene Name

Chromosome
Location (hg19)

HSD17B10

chrX:53,458,20653,461,323

NM_001037811.2;
NM_004493.2

17-beta-hydroxysteroid
dehydrogenase X deficiency
;Mental retardation, X-linked
17/31, microduplication ;Mental
retardation, X-linked syndromic 10

HSD17B4

chr5:118,788,138118,878,030

NM_000414.3;
NM_001199291.1;
NM_001199292.1

D-bifunctional protein deficiency;
Perrault syndrome

HSPD1

chr2:198,351,308198,364,640

NM_002156.4; NM_199440.1

HTRA1

chr10:124,221,04
1-124,274,424

NM_002775.4

HUWE1

chrX:53,559,06353,713,673

NM_031407.5

IDS

chrX:148,560,295
-148,586,884

NM_000202.5;
NM_001166550.1;
NM_006123.4

Mucopolysaccharidosis II

NM_001099856.2;
NM_001099857.1;
NM_001145255.1;
NM_003639.3

Ectodermal dysplasia,
hypohidrotic, with immune
deficiency ; Ectodermal, dysplasia,
anhidrotic, lymphedema and
immunodeficiency ;
Immunodeficiency, isolated;
Incontinentia pigmenti, type II ;
Invasive pneumococcal disease,
recurrent isolated, 2 ; {Atypical
mycobacteriosis, familial}

NM_014271.3

Mental retardation, X-linked 21/34

NM_014301.3; NM_213595.2

Myopathy with lactic acidosis,
hereditary

NM_001159508.1;
NM_002225.3

Isovaleric acidemia

IKBKG

IL1RAPL1
ISCU
IVD

chrX:153,770,459
-153,793,261

chrX:28,605,68129,974,017
chr12:108,956,29
4-108,963,160
chr15:40,697,68640,713,512

NCBI RefSeq NM Identifier

Disease Association

Leukodystrophy, hypomyelinating,
4; Spastic paraplegia 13, autosomal
dominant
CARASIL syndrome; Macular
degeneration, age-related, 7;
Macular degeneration, age-related,
neovascular type
Mental retardation, X-linked
syndromic, Turner type

Hemorrhagic destruction of the
brain, subependymal calcification,
and cataracts
Charcot-Marie-Tooth disease,
recessive intermediate, B

JAM3

chr11:133,938,82
0-134,021,652

NM_001205329.1;
NM_032801.4

KARS

chr16:75,661,62275,681,585

NM_001130089.1;
NM_005548.2

KCNQ2

chr20:6203754262103993

NM_004518.4; NM_172106.1;
NM_172107.2 ; NM_172108.3;
NM_172109.1

Epileptic encephalopathy, early
infantiEpileptic encephalopathy,
early infantile, 7; Myokymia;
Seizures, benign neonatal, 1le, 7

KCNQ3

chr8:133133105133493004

NM_001204824.1;
NM_004519.3

Seizures, benign neonatal, type 2
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HGNC
Gene Name
KDM5C
KIAA0196
KIAA0415
KIAA2022

Chromosome
Location (hg19)
chrX:53,220,50353,254,604
chr8:126,036,503126,104,061
chr7:4,815,2624,834,026
chrX:73,952,69174,145,287

Table A.3 Continued
NCBI RefSeq NM Identifier
NM_001146702.1;
NM_004187.3
NM_014846.3
NM_014855.2
NM_001008537.2

Disease Association
Mental retardation, X-linked,
syndromic, Claes-Jensen type
Spastic paraplegia 8, autosomal
dominant
Spastic paraplegia 48, autosomal
recessive
Mental retardation, nonsyndromic,
X-linked
Mental retardation, autosomal
dominant 9;Neuropathy, hereditary
sensory, type IIC ;Spastic
paraplegia 30, autosomal recessive
Spastic paraplegia 10, autosomal
dominant
Corpus callosum, partial agenesis
of ;CRASH syndrome
;Hydrocephalus due to aqueductal
stenosis;Hydrocephalus with
congenital idiopathic intestinal
pseudoobstruction ;Hydrocephalus
with Hirschsprung disease; MASA
syndrome

KIF1A

chr2:241,653,181241,759,725

NM_001244008.1;
NM_004321.6

KIF5A

chr12:57,943,84757,978,554

NM_004984.2

L1CAM

chrX:153,126,971
-153,141,399

NM_000425.3;
NM_001143963.1;
NM_024003.2

L2HGDH

chr14:5070915250778947

NM_024884.2

L-2-hydroxyglutaric aciduria

LAMA2

chr6:129,204,286129,837,710

NM_000426.3;
NM_001079823.1

Muscular dystrophy, congenital
merosin-deficient; Muscular
dystrophy, congenital, due to
partial LAMA2 deficiency

LAMP2

chrX:119,560,003
-119,603,204

NM_001122606.1;
NM_002294.2; NM_013995.2

Danon disease

NM_004737.4; NM_133642.3;

Muscular dystrophydystroglycanopathy (congenital
with brain and eye anomalies), type
A, 6; Muscular dystrophydystroglycanopathy (congenital
with mental retardation), type B, 6

NM_015340.3

Perrault syndrome 4

NM_005097.2

Epilepsy, familial temporal lobe, 1

LARGE

LARS2
LGI1
LMBRD1
LMNB1

chr22:33,669,06234,316,416
chr3:45,430,07545,590,328
chr10:9551756695557916
chr6:70,385,64170,507,049
chr5:126,112,315126,172,712

NM_018368.3
NM_001198557.1;
NM_005573.3

Methylmalonic aciduria and
homocystinuria, cblF type
Leukodystrophy, adult-onset,
autosomal dominant

LPIN1

chr2:11,886,74011,967,533

NM_001261427.1;
NM_001261428.1;
NM_001261429.1;
NM_145693.2

Myoglobinuria, acute recurrent,
autosomal recessive

LRPPRC

chr2:44,113,36344,223,144

NM_133259.3

Leigh syndrome, French-Canadian
type
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HGNC
Gene Name
MAN2B1
MANBA
MAOA
MARS2

MBP

MCCC2
MCOLN1
MCPH1

Chromosome
Location (hg19)
chr19:12,757,32212,777,591
chr4:103,552,643103,682,151
chrX:43,515,40943,606,068

Table A.3 Continued
NCBI RefSeq NM Identifier

Disease Association

NM_000528.3;
NM_001173498.1

Mannosidosis, alpha-, types I and II

NM_005908.3

Mannosidosis, beta

NM_000240.3;
NM_001270458.1

Brunner syndrome

chr2:198,570,028198,573,114

NM_138395.3

Combined oxidative
phosphorylation deficiency 25;
Spastic ataxia 3, autosomal
recessive

chr18:74,690,78974,844,774

NM_001025081.1;
NM_001025090.1;
NM_001025092.1;
NM_001025100.1;
NM_001025101.1;
NM_002385.2

myelin deficiency

NM_022132.4

3-Methylcrotonyl-CoA carboxylase
2 deficiency

NM_020533.2

Mucolipidosis IV

NM_001172574.1;
NM_001172575.1;
NM_024596.3

Microcephaly 1, primary,
autosomal recessive

chr5:70,883,11570,954,530
chr19:75874967598895
chr8:6,264,1136,501,140

Angelman syndrome;
Encephalopathy, neonatal severe;
Mental retardation, X-linked
syndromic, Lubs type; Mental
retardation, X-linked, syndromic
13; Rett syndrome; Rett syndrome,
preserved speech variant; {Autism
susceptibility, X-linked 3}
Lujan-Fryns syndrome;OpitzKaveggia syndrome
Microcephaly, postnatal
progressive, with seizures and brain
atrophy
Charcot-Marie-Tooth disease, type
2A2 ;Hereditary motor and sensory
neuropathy VI

MECP2

chrX:153287264153363188

NM_001110792.1;
NM_004992.3

MED12

chrX:70,338,40670,362,304

NM_005120.2

MED17

chr11:93,517,40593,546,496

NM_004268.4

MFN2

chr1:12,040,23812,073,572

NM_001127660.1;
NM_014874.3

MFSD8

chr4:128838960128887139

NM_152778.2

Ceroid lipofuscinosis, neuronal, 7

chrX:10,413,35010,851,809

NM_000381.3;
NM_001098624.2;
NM_001193277.1;
NM_001193278.1;
NM_001193279.1;
NM_001193280.1;
NM_001193281.1;
NM_033289.1; NM_033290.3

Opitz GBBB syndrome, type I

MID1
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HGNC
Gene Name

Chromosome
Location (hg19)
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MLC1

chr22:50,497,82050,523,781

NM_015166.3; NM_139202.2

MMAA

chr4:146,540,540146,581,187

NM_172250.2

MMAB

chr12:109,991,52
1-110,011,358

NM_052845.3

MMADHC

chr2:150,426,147150,444,330

NM_015702.2

MOCS1
MOCS2
MPI
MPV17

MPZ

MRPL44
MRPS16
MRPS22
MTFMT
MTM1

chr6:39,872,03439,895,455
chr5:5239389552405598
chr15:75,182,41075,190,565
chr2:27,532,36027,545,969

chr1:161,274,525161,279,762

chr2:224,822,121224,832,431
chr10:75,008,60175,012,451
chr3:139,062,798139,075,887
chr15:65,293,85065,321,977
chrX:149,737,047
-149,841,616

NM_001075098.3;
NM_005943.5
NM_004531.3; NM_176806.2
NM_002435.1
NM_002437.4

NM_000530.6

NM_022915.3
NM_016065.3
NM_020191.2
NM_139242.3

Disease Association
Megalencephalic
leukoencephalopathy with
subcortical cysts
Methylmalonic aciduria, vitamin
B12-responsive
Methylmalonic aciduria, vitamin
B12-responsive, due to defect in
synthesis of adenosylcobalamin,
cblB complementation type
Homocystinuria, cblD type, variant
1 ; Methylmalonic aciduria and
homocystinuria, cblD type ;
Methylmalonic aciduria, cblD type,
variant 2
Molybdenum cofactor deficiency,
type A
Molybdenum cofactor deficiency,
type B
Congenital disorder of
glycosylation, type Ib
Mitochondrial DNA depletion
syndrome 6 (hepatocerebral type)
Charcot-Marie-Tooth disease,
dominant intermediate D ;CharcotMarie-Tooth disease, type 1B
;Charcot-Marie-Tooth disease, type
2I ;Charcot-Marie-Tooth disease,
type 2J;Dejerine-Sottas disease
;Neuropathy, congenital
hypomyelinating;Roussy-Levy
syndrome
Combined oxidative
phosphorylation deficiency 16
Combined oxidative
phosphorylation deficiency 2
Combined oxidative
phosphorylation deficiency 5
Combined oxidative
phosphorylation deficiency 15

NM_000252.2

Myotubular myopathy, X-linked

NM_001243571.1;
NM_016156.5; NM_201278.2;
NM_201281.2

Charcot-Marie-Tooth disease, type
4B1

MTMR2

chr11:95,566,04495,657,371

MTRR

chr5:7,869,2177,901,235

NM_002454.2; NM_024010.2

MUT

chr6:49,398,07349,431,041

Homocystinuria-megaloblastic
anemia, cbl E type {Neural tube
defects, folate-sensitive,
susceptibility to}

NM_000255.3

Methylmalonic aciduria, mut type

266

HGNC
Gene Name
NAGS
NARS2
NDE1
NDP
NDUFA1
NDUFA10
NDUFA11
NDUFA12
NDUFA13
NDUFA2
NDUFAF1
NDUFAF2

Chromosome
Location (hg19)
chr17:42,082,03242,086,436
chr11:78,147,00778,285,909
chr16:15,744,08315,820,208
chrX:43,808,02443,832,921
chrX:119,005,734
-119,010,629
chr2:240,896,789240,964,819
chr19:5,891,2875,904,024
chr12:95,365,11095,397,511
chr19:19,627,01919,645,953
chr5:140,024,948140,027,370
chr15:41,679,54741,694,658
chr5:60,240,95660,448,864

NDUFAF3
(C3ORF60)

chr3:49,059,07449,060,926

NDUFAF4
(C6ORF66)

chr6:97,337,18797,345,767
chr20:13,765,67213,799,067
chr8:96,037,21496,088,396

NDUFAF5
NDUFAF6
NDUFB6

NDUFS1

NDUFS2
NDUFS3
NDUFS4

Table A.3 Continued
NCBI RefSeq NM Identifier
NM_153006.2
NM_001243251.1;
NM_024678.5
NM_001143979.1;
NM_017668.2
NM_000266.3
NM_004541.3

Disease Association
N-acetylglutamate synthase
deficiency
Combined oxidative
phosphorylation deficiency 24
Lissencephaly 4 (with
microcephaly)
Exudative vitreoretinopathy, Xlinked ;Norrie disease
Mitochondrial complex I
deficiency

NM_004544.3

Leigh syndrome

NM_001193375.1;
NM_175614.4

Mitochondrial complex I
deficiency
Leigh syndrome due to
mitochondrial complex 1
deficiency

NM_001258338.1;
NM_018838.4
NM_015965.6

Thyroid carcinoma, Hurthle cell

NM_001185012.1;
NM_002488.4

Leigh syndrome due to
mitochondrial complex I deficiency
Mitochondrial complex I
deficiency
Leigh syndrome; Mitochondrial
complex I deficiency

NM_016013.3
NM_174889.4
NM_199069.1; NM_199070.1;
NM_199073.1; NM_199074.1
NM_014165.3
NM_001039375.2;
NM_024120.4
NM_152416.3

Mitochondrial complex I
deficiency
Mitochondrial complex I
deficiency
Mitochondrial complex 1
deficiency
Leigh syndrome due to
mitochondrial complex I deficiency

chr9:32,553,52432,573,182

NM_001199987.1;
NM_002493.4; NM_182739.2

Mitochondrial complex I
deficiency

chr2:206,987,803207,023,918

NM_001199981.1;
NM_001199982.1;
NM_001199983.1;
NM_001199984.1;
NM_005006.6

Mitochondrial complex I
deficiency

NM_001166159.1;
NM_004550.4

Mitochondrial complex I
deficiency

NM_004551.2

Leigh Syndrome

NM_002495.2

Leigh syndrome; Mitochondrial
complex I deficiency

chr1:161,171,937161,184,184
chr11:47,600,56247,606,115
chr5:52,856,46552,979,171
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HGNC
Gene Name
NDUFS6
NDUFS7
NDUFS8
NDUFV1
NDUFV2
NEFL
NHLRC1
NHS
NIPA1

Chromosome
Location (hg19)
chr5:1,801,4961,816,167
chr19:1,383,7071,395,588
chr11:67,798,08467,804,114
chr11:67,374,32367,380,012
chr18:9,102,6289,134,343
chr8:24,808,46924,814,131
chr6:1812071818122851
chrX:17,393,54317,754,113
chr15:23,043,27923,086,436

Table A.3 Continued
NCBI RefSeq NM Identifier
NM_004553.4

Complex I, mitochondrial
respiratory chain, deficiency of

NM_024407.4

Leigh syndrome

NM_002496.3

Leigh syndrome

NM_001166102.1;
NM_007103.3

Mitochondrial complex I
deficiency
Mitochondrial complex I
deficiency
Charcot-Marie-Tooth disease, type
1F ;Charcot-Marie-Tooth disease,
type 2E
Epilepsy, progressive myoclonic
2B (Lafora)
Cataract, congenital, Xlinked;Nance-Horan syndrome
Spastic paraplegia 6, autosomal
dominant

NM_021074.4
NM_006158.3
NM_198586.2
NM_001136024.2;
NM_198270.2
NM_001142275.1;
NM_144599.4

NLGN3

chrX:70,364,68170,391,051

NM_001166660.1;
NM_018977.3; NM_181303.1

NLGN4X

chrX:5,808,0836,146,706

NM_020742.2; NM_181332.1

NOTCH3

chr19:15,270,44415,311,792

NM_000435.2

NPC1
NPC2

chr18:2111146321166581
chr14:74,946,64374,960,084

Disease Association

NM_000271.4
NM_006432.3

{Asperger syndrome susceptibility,
X-linked 1} ;{Autism
susceptibility, X-linked 1}
Mental retardation, X-linked
;Asperger syndrome susceptibility,
X-linked 2} ;{Autism
susceptibility, X-linked 2}
Cerebral arteriopathy with
subcortical infarcts and
leukoencephalopathy
Niemann-Pick disease, type C1;
Niemann-Pick disease, type D
Niemann-pick disease, type C2
46XY sex reversal 2, dosagesensitive ;Adrenal hypoplasia,
congenital, with hypogonadotropic
hypogonadism
Pitt-Hopkins-like syndrome 2;
{Schizophrenia, susceptibility to,
17}

NR0B1

chrX:30,322,53930,327,495

NM_000475.4

NRXN1

chr2:5014564351259674

NM_001135659.1;
NM_004801.4; NM_138735.2

NUBPL

chr14:32,030,59132,330,429

NM_001201573.1;
NM_001201574.1;
NM_025152.2

Mitochondrial complex I
deficiency

NXF5

chrX:101,087,085
-101,112,549

NM_032946.2

Mental retardation

OCLN

chr5:68,788,11968,853,931

NM_001205254.1;
NM_001205255.1;
NM_002538.3

Band-like calcification with
simplified gyration and
polymicrogyria

OCRL

chrX:128,674,252
-128,726,530

NM_000276.3; NM_001587.3;

Dent disease 2; Lowe syndrome
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HGNC
Gene Name
OFD1

Chromosome
Location (hg19)
chrX:13,752,83213,787,480
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NCBI RefSeq NM Identifier
NM_003611.2

Oral-facial-digital syndrome 1

Optic atrophy 1; Optric Atrophy
with our without deafness,
opthalmaoplegia, myopathy, ataxia,
and neuropathy; Glaucoma, normal
tension, susceptibility to.

OPA1

chr3:193,310,933193,415,600

NM_015560.2; NM_130831.2;
NM_130832.2; NM_130833.2;
NM_130834.2; NM_130835.2;
NM_130836.2; NM_130837.2

OPA3

chr19:46,031,02546,088,122

NM_001017989.2;
NM_025136.3

OPHN1

chrX:67,262,18667,653,299

NM_002547.2

OSTM1
OTC

chr6:108362613108395941
chrX:38,211,73638,280,703

Disease Association

NM_014028.3
NM_000531.5

3-methylglutaconic aciduria, type
III; Optic atrophy 3 with cataract
Mental retardation, X-linked, with
cerebellar hypoplasia and
distinctive facial appearance
Osteopetrosis, autosomal recessive
5
Ornithine transcarbamylase
deficiency

PAK3

chrX:110,366,305
-110,464,173

NM_001128166.1;
NM_001128167.1;
NM_001128168.1;
NM_001128172.1 ;
NM_001128173.1;
NM_002578.3

PC

chr11:66,615,99766,675,340

NM_000920.3;
NM_001040716.1;
NM_022172.2

Pyruvate carboxylase deficiency

PCCA

chr13:100,741,26
9-101,182,691

NM_000282.3;
NM_001127692.2;
NM_001178004.1

Propionicacidemia

PCCB

chr3:135969167136049013

NM_000532.4;
NM_001178014.1

PCDH19

chrX:9954664299665271

NM_001105243.1;
NM_001184880.1;
NM_020766.2

Epileptic encephalopathy, early
infantile, 9

PDHA1

chrX:1936201119379825

NM_000284.3;
NM_001173454.1;
NM_001173455.1;
NM_001173456.1

Leigh syndrome, X-linked:
Pyruvate dehydrogenase E1-alpha
deficiency

PDHB

chr3:5841335758419579

NM_000925.3;
NM_001173468.1

Pyruvate dehydrogenase E1-beta
deficiency

PDHX

chr11:34,937,67735,017,675

NM_001135024.1;
NM_001166158.1;
NM_003477.2

Lacticacidemia due to PDX1
deficiency
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Mental retardation, X-linked 30/47

HGNC
Gene Name
PDP1
PDSS1
PDSS2

Chromosome
Location (hg19)
chr8:9492999294938296
chr10:2698659527035726
chr6:107473761107780779
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NM_001161779.1;
NM_001161780.1;
NM_001161781.1;
NM_018444.3
NM_014317.3
NM_020381.3

Disease Association
Pyruvate dehydrogenase
phosphatase deficiency
Coenzyme Q10 deficiency,
primary, 2
Coenzyme Q10 deficiency,
primary, 3
MODY, type IV; Pancreatic
agenesis; Diabetes mellitus, type II,
susceptibility to
Peroxisome biogenesis disorder 1A
(Zellweger) ;Peroxisome
biogenesis disorder 1B
(NALD/IRD)
Peroxisome biogenesis disorder 6A
(Zellweger) ;Peroxisome
biogenesis disorder 6B
Peroxisome biogenesis disorder 3A
(Zellweger) ;Peroxisome
biogenesis disorder 3B
Peroxisome biogenesis disorder
11A (Zellweger);Peroxisome
biogenesis disorder 11B
Peroxisome biogenesis disorder
13A (Zellweger)
Peroxisome biogenesis disorder
8A, (Zellweger) ;Peroxisome
biogenesis disorder 8B
Peroxisome biogenesis disorder
12A (Zellweger)

PDX/PDX1

chr13:2849416828500451

NM_000209.3

PEX1

chr7:92,116,33792,157,845

NM_000466.2

PEX10

chr1:2,336,2412,344,010

NM_002617.3; NM_153818.1

PEX12

chr17:33,901,81433,905,656

NM_000286.2

PEX13

chr2:61,244,81261,279,125

NM_002618.3

PEX14

chr1:10,535,00310,690,815

NM_004565.2

PEX16

chr11:45,931,22045,939,674

NM_004813.2; NM_057174.2

PEX19

chr1:160,246,599160,254,941

NM_001193644.1;
NM_002857.3

PEX2

chr8:77,892,49477,913,280

NM_000318.2;
NM_001079867.1;
NM_001172086.1;
NM_001172087.1

PEX26

chr22:18,560,68618,573,797

NM_001127649.2;
NM_001199319.1;
NM_017929.5

PEX3

chr6:143,771,918143,811,751

NM_003630.2

PEX5

chr12:7,342,9587,364,079

NM_000319.4;
NM_001131023.1;
NM_001131024.1;
NM_001131025.1;
NM_001131026.1

Peroxisome biogenesis disorder 2A
(Zellweger);Peroxisome biogenesis
disorder 2B

PEX6

chr6:42,931,61142,946,981

NM_000287.3

Peroxisome biogenesis disorder 4A
(Zellweger) ;Peroxisome
biogenesis disorder 4B
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Peroxisome biogenesis disorder 5A
(Zellweger);Peroxisome biogenesis
disorder 5B
Peroxisome biogenesis disorder 7A
(Zellweger) ;Peroxisome
biogenesis disorder 7B
Peroxisome biogenesis disorder
10A (Zellweger)

HGNC
Gene Name

Chromosome
Location (hg19)
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Disease Association

PEX7

chr6:137,143,702137,235,072

NM_000288.3

Peroxisome biogenesis disorder 9B
;Rhizomelic chondrodysplasia
punctata, type 1

PFKM

chr12:48,499,65648,540,187

NM_000289.5;
NM_001166686.1;
NM_001166687.1;
NM_001166688.1

Glycogen storage disease VII

NM_000290.3

Glycogen storage disease X

NM_000291.3

Phosphoglycerate kinase 1
deficiency

PGAM2
PGK1

chr7:4410232644105186
chrX:77,359,66677,382,324

PGM1

chr11:6097098460980350

NM_001172818.1;
NM_001172819.1;
NM_002633.2

Glycogen storage disease XIV

PHF6

chrX:133,507,342
-133,562,822

NM_001015877.1;
NM_032335.3; NM_032458.2

Borjeson-Forssman-Lehmann
syndrome

PHF8

chrX:53,963,11354,071,569

NM_001184896.1;
NM_001184897.1;
NM_001184898.1;
NM_015107.2

Mental retardation syndrome, Xlinked, Siderius type

PHGDH

chr1:120254419120286849

NM_006623.3

Phosphoglycerate dehydrogenase
deficiency

PHKA1

chrX:7179866471934029

NM_001122670.1;
NM_001172436.1;
NM_002637.3

Muscle glycogenosis

PHKA2

chrX:1891041619002480

NM_000292.2

PHKB

chr16:4749521047735434

NM_000293.2;
NM_001031835.2

PHKG2

chr16:3075962030772497

NM_000294.2;
NM_001172432.1

PHYH

chr10:13,319,79613,342,130

NM_001037537.1;
NM_006214.3

PLP1

chrX:103,031,754
-103,047,547

NM_000533.3;
NM_001128834.1;
NM_199478.1

PMM2

chr16:88916708943194

NM_000303.2

PMP22

chr17:15,133,09615,164,093

NM_000304.2; NM_153321.1;
NM_153322.1
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Glycogen storage disease, type
IXa1; Glycogen storage disease,
type IXa2
Phosphorylase kinase deficiency of
liver and muscle, autosomal
recessive
Cirrhosis due to liver
phosphorylase kinase deficiency;
Glycogen storage disease IXc
Refsum disease
Pelizaeus-Merzbacher disease;
Spastic paraplegia-2
Congenital disorder of
glycosylation, type Ia
Charcot-Marie-Tooth disease, type
1A ;Charcot-Marie-Tooth disease,
type 1E ;Dejerine-Sottas
disease;Neuropathy, inflammatory
demyelinating;Neuropathy,
recurrent, with pressure palsies
;Roussy-Levy syndrome

HGNC
Gene Name
PNKP

Chromosome
Location (hg19)
chr19:5036446050370822
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NM_007254.3

Epileptic encephalopathy, early
infantile, 10
Spastic paraplegia 39, autosomal
recessive

PNPLA6

chr19:7,599,5917,626,653

NM_001166111.1;
NM_001166112.1;
NM_001166113.1;
NM_001166114.1;
NM_006702.4

PNPO

chr17:4601888946026674

NM_018129.3

POLG

chr15:8985953689878026

NM_001126131.1;
NM_002693.2

POLG2

chr17:6247390262493184

NM_007215.3;

POLR3A

chr10:79,734,90779,789,298

NM_007055.3

POLR3B

chr12:106,751,43
6-106,903,976

NM_001160708.1;
NM_018082.5

POMGNT1

chr1:46,654,35346,685,977

NM_001243766.1;
NM_017739.3

chr9:134,378,289134,399,193

NM_001077365.1;
NM_001077366.1;
NM_001136113.1;
NM_001136114.1;
NM_007171.3

POMT1

Disease Association
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Pyridoxamine 5'-phosphate oxidase
deficiency
Mitochondrial DNA depletion
syndrome 4A (Alpers type);
Mitochondrial DNA depletion
syndrome 4B (MNGIE type);
Mitochondrial recessive ataxia
syndrome (includes SANDO and
SCAE); Progressive external
ophthalmoplegia, autosomal
dominant; Progressive external
ophthalmoplegia, autosomal
recessive
Progressive external
ophthalmoplegia with
mitochondrial DNA deletions,
autosomal dominant 4
Leukodystrophy, hypomyelinating,
7, with or without oligodontia
and/or hypogonadotropic
hypogonadism
Leukodystrophy, hypomyelinating,
8, with or without oligodontia
and/or hypogonadotropic
hypogonadism
Muscular dystrophydystroglycanopathy (congenital
with brain and eye anomalies), type
A, 3; Muscular dystrophydystroglycanopathy (congenital
with mental retardation), type B, 3;
Muscular dystrophydystroglycanopathy (limb-girdle),
type C, 3
Muscular dystrophydystroglycanopathy (congenital
with brain and eye anomalies), type
A, 1; Muscular dystrophydystroglycanopathy (congenital
with mental retardation), type B, 1 ;
Muscular dystrophydystroglycanopathy (limb-girdle),
type C, 1

HGNC
Gene Name

Chromosome
Location (hg19)
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POMT2

chr14:77,741,29977,787,225

NM_013382.5

Muscular dystrophydystroglycanopathy (congenital
with brain and eye anomalies), type
A, 2; Muscular dystrophydystroglycanopathy (congenital
with mental retardation), type B, 2;
Muscular dystrophydystroglycanopathy (limb-girdle),
type C, 2

PORCN

chrX:48,368,17248,379,202

NM_022825.2; NM_203473.1;
NM_203474.1; NM_203475.1

Focal dermal hypoplasia

PPT1

chr1:40,538,38240,563,142

NM_000310.3;
NM_001142604.1

Ceroid lipofuscinosis, neuronal, 1

PQBP1

chrX:48,755,19548,760,422

NM_001032381.1;
NM_001032382.1;
NM_001032383.1;
NM_001032384.1;
NM_001167989.1;
NM_001167990.1;
NM_001167992.1;
NM_005710.2; NM_144495.2

Renpenning syndrome

PRF1

chr10:7235710472362531

NM_001083116.1;
NM_005041.4

Hemophagocytic
lymphohistiocytosis, familial, 2;
Lymphoma, non-Hodgkin

PRICKLE1

chr12:4285214042877416

NM_001144881.1;
NM_001144882.1;
NM_001144883.1;
NM_153026.2

Epilepsy, progressive myoclonic
1B

PRPS1

chrX:106,871,654
-106,894,256

NM_001204402.1;
NM_002764.3

PRX

chr19:40,899,67140,919,271

NM_020956.2; NM_181882.2

PSAP

chr10:73,576,05573,611,082

NM_001042465.1;
NM_001042466.1;
NM_002778.2

PSAT1
PSPH

chr9:8091205980945009
chr7:5607874456119268

NM_021154.3; NM_058179.2
NM_004577.3
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Arts syndrome;Charcot-MarieTooth disease, X-linked recessive,
5;Deafness, X-linked 1;Gout,
PRPSrelated;Phosphoribosylpyrophosph
ate synthetase superactivity
Dejerine-Sottas disease, autosomal
recessive
Combined SAP deficiency;
Gaucher disease, atypical ; Krabbe
disease, atypical; Metachromatic
leukodystrophy due to SAP-b
deficiency
Phosphoserine aminotransferase
deficiency
Phosphoserine phosphatase
deficiency

HGNC
Gene Name

Chromosome
Location (hg19)
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PTEN

chr10:8962319589728532

NM_000314.4

Bannayan-Riley-Ruvalcaba
syndrome; Cowden disease;
Endometrial carcinoma, somatic;
Lhermitte-Duclos syndrome;
Macrocephaly/autism syndrome;
Malignant melanoma, somatic;
PTEN hamartoma tumor syndrome;
Squamous cell carcinoma, head and
neck, somatic; Thyroid carcinoma,
follicular, somatic; VATER
association with macrocephaly and
ventriculomegaly; Glioma
susceptibility 2; Meningioma;
Prostate cancer, somatic

PUS1

chr12:132413813132428406

NM_001002019.2;
NM_001002020.2;
NM_025215.5

Mitochondrial myopathy and
sideroblastic anemia 1

PYGL
PYGM
QDPR
RAB27A
RANBP2
RARS2
REEP1
RNASEH2
A
RNASEH2
B
RNASEH2
C
RNASET2

chr14:5137193551411248
chr11:6451386164528187
chr4:17,488,01617,513,857

NM_001163940.1;
NM_002863.4
NM_001164716.1;
NM_005609.2
NM_000320.2

Hyperphenylalaninemia, BH4deficient, C

chr15:5549516455563107

NM_004580.4; NM_183234.2;
NM_183235.2; NM_183236.2

Griscelli syndrome, type 2

NM_006267.4

{Encephalopathy, acute, infectioninduced, 3, susceptibility to}

NM_020320.3

Pontocerebellar hypoplasia, type 6

NM_001164730.1;
NM_001164731.1;
NM_001164732.1

Neuronopathy, distal hereditary
motor, type VB;Spastic paraplegia
31, autosomal dominant

NM_006397.2

Aicardi-Goutieres syndrome 4

NM_001142279.2;
NM_024570.3

Aicardi-Goutieres syndrome 2

NM_032193.3

Aicardi-Goutieres syndrome 3

NM_003730.4

Leukoencephalopathy, cystic,
without megalencephaly

chr2:109,335,937109,402,267
chr6:8822409688299735
chr2:86,441,12086,564,777
chr19:12,917,42812,924,462
chr13:51,483,81451,530,901
chr11:6548514465488409
chr6:167,343,004167,370,077

Glycogen storage disease VI
McArdle disease

RPL10

chrX:153,626,571
-153,630,680

NM_001256577.1;
NM_001256580.1;
NM_006013.3

{Autism, susceptibility to, X-linked
5}

RPS6KA3

chrX:20,168,02920,284,750

NM_004586.2

Coffin-Lowry syndrome;Mental
retardation, X-linked 19

274

HGNC
Gene Name

Chromosome
Location (hg19)
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RRM2B

chr8:103216729103251059

NM_001172477.1;
NM_001172478.1;
NM_015713.4

Mitochondrial DNA depletion
syndrome 8A (encephalomyopathic
type with renal tubulopathy);
Mitochondrial DNA depletion
syndrome 8B (MNGIE type);
Progressive external
ophthalmoplegia with
mitochondrial DNA deletions,
autosomal dominant, 5

RTN2

chr19:45,988,55046,000,313

NM_005619.4; NM_206900.2;
NM_206901.2

Spastic paraplegia 12, autosomal
dominant

SAMHD1

chr20:35,520,22735,580,246

NM_015474.3

SARS2

chr19:3940590439421536

NM_001145901.1;
NM_017827.3

SBF2

chr11:9,800,21410,315,754

NM_030962.3

SCN1A

chr2:166845670166930180

NM_001165963.1;
NM_001165964.1;
NM_001202435.1;
NM_006920.4

SCN1B

chr19:3552159235525174

NM_001037.4; NM_199037.3

SCN2A

chr2:166152283166248820

NM_001040142.1;
NM_001040143.1;
NM_021007.2

SCO1

chr17:1058364910600885

NM_004589.2

SCO2

chr22:5096199750964033

NM_001169109.1;
NM_001169110.1;
NM_001169111.1;
NM_005138.2

Cardioencephalomyopathy, fatal
infantile, due to cytochrome c
oxidase deficiency

chr1:53,392,90153,517,289

NM_001007098.2;
NM_001007099.2;
NM_001007100.2;
NM_001007250.2;
NM_001193599.1;
NM_001193600.1;
NM_001193617.1;
NM_002979.4

Leukoencephalopathy with
dystonia and motor neuropathy

NM_001042631.2

Mitochondrial complex II
deficiency

NM_017841.2

Paragangliomas 2

SCP2

SDHAF1
SDHAF2

chr19:3648609036487220
chr11:6119759761214239
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Aicardi-Goutieres syndrome 5;
Chilblain lupus 2
Hyperuricemia, pulmonary
hypertension, renal failure, and
alkalosis
Charcot-Marie-Tooth disease, type
4B2
Dravet syndrome; Epilepsy,
generalized, with febrile seizures
plus, type 2; Febrile seizures,
familial, 3A; Migraine, familial
hemiplegic, 3
Brugada syndrome 5; Cardiac
conduction defect, nonspecific;
Epilepsy, generalized, with febrile
seizures plus, type 1
Epileptic encephalopathy, early
infantile, 11; Seizures, benign
familial infantile, 3
Hepatic failure, early onset, and
neurologic disorder

HGNC
Gene Name

Chromosome
Location (hg19)
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SDHB

chr1:1734522517380665

NM_003000.2

Cowden-like syndrome;
Gastrointestinal stromal tumor;
Paraganglioma and gastric stromal
sarcoma; Paragangliomas 4;
Pheochromocytoma

SDHC

chr1:161284166161334535

NM_001035511.1 ;
NM_001035512.1;
NM_001035513.1;
NM_003001.3

Gastrointestinal stromal tumor;
Paraganglioma and gastric stromal
sarcoma; Paragangliomas 3

SH2D1A

chrX:123480132123507010

NM_001114937.2;
NM_002351.4

SH3TC2

chr5:148,361,713148,442,737

NM_024577.3

SHROOM4

chrX:50,334,64350,557,044

NM_020717.3

chr15:34,522,19734,629,045

NM_001042494.1;
NM_001042495.1;
NM_001042496.1;
NM_001042497.1;
NM_005135.2; NM_133647.1

Agenesis of the corpus callosum
with peripheral neuropathy

NM_006517.4

Allan-Herndon-Dudley syndrome

NM_006517.4

Allan-Herndon-Dudley syndrome

SLC12A6

SLC16A2
SLC16A2
SLC17A5
SLC22A5
SLC25A12

chrX:73,641,08573,753,752
chrX:73,641,08573,753,752
chr6:74,303,10274,363,737
chr5:131705401131731306
chr2:172,639,915172,750,813

Lymphoproliferative syndrome, Xlinked
Charcot-Marie-Tooth disease, type
4C ;Mononeuropathy of the median
nerve, mild
Stocco dos Santos X-linked mental
retardation syndrome

Salla disease; Sialic acid storage
disorder, infantile
Carnitine deficiency, systemic
primary

NM_012434.4
NM_003060.3
NM_003705.4

Hypomyelination, global cerebral

SLC25A13

chr7:9574953295951459

NM_001160210.1;
NM_014251.2

SLC25A15

chr13:4136354741386596

NM_014252.3

SLC25A19

chr17:7326906173285530

NM_001126121.1

SLC25A20

chr3:4889435648936426

NM_000387.5

SLC25A22

chr11:790475798269

NM_001191060.1;
NM_001191061.1;
NM_024698.5

276

Citrullinemia, adult-onset type II;
Citrullinemia, type II, neonatalonset
Hyperornithinemiahyperammonemiahomocitrullinemia syndrome
Microcephaly, Amish type;
Thiamine metabolism dysfunction
syndrome 4 (progressive
polyneuropathy type)
Carnitine-acylcarnitine translocase
deficiency
Epileptic encephalopathy, early
infantile, 3

HGNC
Gene Name
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SLC25A3
(PHC)

chr12:98,987,40398,995,778

NM_002635.3; NM_005888.3;
NM_213611.2

SLC25A4

chr4:186064417186071538

NM_001151.3

SLC2A1

chr1:4339104643424847

NM_006516.2

SLC33A1

chr3:155,544,301155,572,248

NM_001190992.1;
NM_004733.3

SLC37A4

chr11:118895061118901616

NM_001164277.1;
NM_001164278.1;
NM_001164279.1;
NM_001164280.1;
NM_001467.5

Glycogen storage disease Ib;
Glycogen storage disease Ic

SLC6A8

chrX:152,953,752
-152,962,048

NM_001142805.1;
NM_001142806.1;
NM_005629.3

Creatine deficiency syndrome, Xlinked

SLC9A6

chrX:135067586135129428

NM_001042537.1;
NM_001177651.1;
NM_006359.2

Mental retardation, X-linked
syndromic, Christianson type

NM_006306.2

Cornelia de Lange syndrome 2

NM_001258423.1;
NM_004595.4

Smith-Magenis syndrome

SMC1A
SMS

chrX:53,401,07053,449,618
chrX:21,958,71522,012,955

SOX10

chr22:38,368,31938,380,539

NM_006941.3

SOX3

chrX:139,585,152
-139,587,225

NM_005634.2

SPAST
SPG11

chr2:32,288,68032,382,706
chr15:4485489444955876

NM_014946.3; NM_199436.1
NM_001160227.1;
NM_025137.3

Disease Association
Micochondrial phosphate carrier
deficiency
Cardiomyopathy, familial
hypertrophic; Progressive external
ophthalmoplegia with
mitochondrial DNA deletions 3
Dystonia 9; GLUT1 deficiency
syndrome 1; GLUT1 deficiency
syndrome 2; {Epilepsy, idiopathic
generalized, suscpetibility to, 12}
Congenital cataracts, hearing loss,
and neurodegeneration;Spastic
paraplegia 42, autosomal dominant

PCWH syndrome; Waardenburg
syndrome, type 2E, with or without
neurologic involvement;
Waardenburg syndrome, type 4C
Mental retardation, X-linked, with
isolated growth hormone
deficiency;Panhypopituitarism, Xlinked
Spastic paraplegia 4, autosomal
dominant
Spastic paraplegia 11, autosomal
recessive

SPG20

chr13:36,875,77536,920,646

NM_001142294.1;
NM_001142295.1;
NM_001142296.1;
NM_015087.4

Troyer syndrome

SPG21

chr15:65,255,36365,282,251

NM_001127889.1;
NM_001127890.1;
NM_016630.3

Mast syndrome
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HGNC
Gene Name
SPG7
SPTAN1
SRPX2
STIL
STX11
STXBP1
STXBP2

Chromosome
Location (hg19)
chr16:8957480589624174
chr9:131314837131395944
chrX:9989916399926296
chr1:47,715,81147,779,819
chr6:144,471,654144,513,076
chr9:130374486130454995
chr19:77019917712759
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NM_003119.2; NM_199367.1

Spastic paraplegia 7, autosomal
recessive

NM_001130438.2;
NM_001195532.1;
NM_003127.3

Epileptic encephalopathy, early
infantile, 5

NM_014467.2
NM_001048166.1;
NM_003035.2
NM_003764.3
NM_001032221.3;
NM_003165.3
NM_001127396.1;
NM_006949.2

Rolandic epilepsy, mental
retardation, and speech dyspraxia
Microcephaly 7, primary,
autosomal recessive
Hemophagocytic
lymphohistiocytosis, familial, 4
Epileptic encephalopathy, early
infantile, 4
Hemophagocytic
lymphohistiocytosis, familial, 5
Mitochondrial DNA depletion
syndrome 5 (encephalomyopathic
with methylmalonic aciduria)
Mitochondrial DNA depletion
syndrome 9 (encephalomyopathic
type with methylmalonic aciduria)

SUCLA2

chr13:4851679148575462

NM_003850.2;

SUCLG1

chr2:8465064784686586

NM_003849.3

SUMF1

chr3:4,402,8294,508,966

NM_001164674.1;
NM_001164675.1;
NM_182760.3

Multiple sulfatase deficiency

SUOX

chr12:56,391,04356,399,309

NM_000456.2;
NM_001032386.1;
NM_001032387.1

Sulfite oxidase deficiency

SURF1

chr9:136218666136223361

NM_003172.2

SYN1

chrX:4743130047479256

NM_006950.3; NM_133499.2

SYP
TACO1
TAZ

chrX:49,044,26549,056,661
chr17:6167823161685725
chrX:153639877153650063

Leigh syndrome, due to COX
deficiency
Epilepsy, X-linked, with variable
learning disabilities and behavior
disorders

NM_003179.2

Mental retardation, X-linked 96

NM_016360.3

Mitochondrial complex IV
deficiency

NM_000116.3; NM_181311.2;
NM_181312.2; NM_181313.2

Barth syndrome
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Chromosome
Location (hg19)
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TCF4

chr18:5288956253303188

NM_001083962.1;
NM_001243226.1;
NM_001243227.1;
NM_001243228.1;
NM_001243230.1;
NM_001243231.1;
NM_001243232.1;
NM_001243233.1;
NM_001243234.1;
NM_001243235.1;
NM_001243236.1;
NM_003199.2

TCN2

chr22:3100307031023047

NM_000355.3;
NM_001184726.1

TIMM8A

chrX:100600644100603957

NM_001145951.1;
NM_004085.3

Deafness, X-linked 1, progressive;
Jensen syndrome; MohrTranebjaerg syndrome

TK2

chr16:6654190666584315

NM_001172643.1;
NM_001172644.1;
NM_001172645.1;
NM_004614.4

Mitochondrial DNA depletion
syndrome 2 (myopathic type)

TMEM126
A

chr11:8535896385367597
chr8:7488837774895018
chr11:6,633,9976,640,692
chr6:4112624641130922

NM_001244735.1;
NM_032273.3
NM_001040613.2;
NM_017866.5

TREX1

chr3:48,507,22948,509,044

NM_007248.2; NM_016381.4;
NM_033629.3

TRMU

chr22:4673129846753237

NM_018006.4

TSC1

chr9:135766735135820020

NM_000368.4;
NM_001162426.1;
NM_001162427.1

TSC2

chr16:20979902138713

NM_000548.3:
NM_001077183.1;
NM_001114382.1

TMEM70
TPP1
TREM2

Pitt-Hopkins syndrome

Transcobalamin II deficiency

Optic atrophy-7
Mitochondrial complex V (ATP
synthase) deficiency, nuclear type 2

NM_000391.3

Ceroid lipofuscinosis, neuronal, 2

NM_018965.2

Nasu-Hakola disease
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Aicardi-Goutieres syndrome 1,
dominant and recessive; Chilblain
lupus; Vasculopathy, retinal, with
cerebral leukodystrophy; {Systemic
lupus erythematosus, susceptibility
to}
liver failure, transient infantile;
{Deafness, mitochondrial, modifier
of}
Focal cortical dysplasia, Taylor
balloon cell type;
Lymphangioleiomyomatosis;
Tuberous sclerosis-1
Lymphangioleiomyomatosis,
somatic; Tuberous sclerosis-2

HGNC
Gene Name

TSFM

TSPAN7
TTC19

Chromosome
Location (hg19)
chr12:5817652858191370
chrX:38,420,73138,548,172
chr17:1590269415932723
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NM_001172695.1 ;
NM_001172696.1;
NM_001172697.1;
NM_005726.5

Combined oxidative
phosphorylation deficiency 3

NM_004615.3

Mental retardation, X-linked 58

NM_001271420.1;
NM_017775.3

Mitochondrial complex III
deficiency
Amyloidosis, hereditary,
transthyretin-related ;Carpal tunnel
syndrome, familial
;[Dystransthyretinemic
hyperthyroxinemia]
Combined oxidative
phosphorylation deficiency 4

TTR

chr18:29,171,73029,178,986

NM_000371.3

TUFM

chr16:2885373228857729

NM_003321.4

TYMP

chr22:50,964,18250,968,258

NM_001113755.2;
NM_001113756.2;
NM_001257988.1;
NM_001257989.1;
NM_001953.4

Mitochondrial DNA depletion
syndrome 1 (MNGIE type)

TYROBP

chr19:36,395,30336,399,211

NM_001173514.1;
NM_001173515.1;
NM_003332.3; NM_198125.2

Nasu-Hakola disease

UBE2A

chrX:118,708,499
-118,718,379

NM_003336.2; NM_181762.1;
NM_181777.1

Mental retardation, X-linked
syndromic, Nascimento-type

UBE3A

chr15:25,582,39625,684,175

NM_000462.3; NM_130838.1;
NM_130839.2

Angelman syndrome

UNC13D

chr17:7382330873840798

NM_199242.2

Hemophagocytic
lymphohistiocytosis, familial, 3

UQCRB

chr8:9723890497247862

NM_001199975.2;
NM_001254752.1;
NM_006294.4

Mitochondrial complex III
deficiency

NM_014402.4

Mitochondrial complex III
deficiency

NM_016379.3

Mental retardation

NM_001145152.1;
NM_152415.2

Spastic paraplegia 53

UQCRQ
VCX3A
VPS37A
WDR62

chr5:132202319132204536
chrX:6,451,6596,453,159
chr8:17,104,40117,155,533
chr19:36,545,78336,596,012

NM_001083961.1;
NM_173636.4
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Microcephaly 2, primary,
autosomal recessive, with or
without cortical malformations

HGNC
Gene Name

WFS1

XIAP
YARS2
ZDHHC9
ZEB2
ZFYVE26

Chromosome
Location (hg19)

Table A.3 Continued
NCBI RefSeq NM Identifier

chr4:62715776304992

NM_001145853.1;
NM_006005.3

chrX:122994017123047829
chr12:3289947832908887
chrX:128,937,264
-128,977,910
chr2:145,141,942145,277,958
chr14:68,213,23768,283,306

NM_001167.3;
NM_001204401.1
NM_001040436.2
NM_001008222.2;
NM_016032.3
NM_001171653.1;
NM_014795.3

Disease Association
Deafness, autosomal dominant
6/14/38; Wolfram syndrome;
Wolfram-like syndrome, autosomal
dominant; {Diabetes mellitus,
noninsulin-dependent, association
with}
Lymphoproliferative syndrome, Xlinked, 2
Myopathy, lactic acidosis, and
sideroblastic anemia 2
Mental retardation, X-linked
syndromic, Raymond type
Mowat-Wilson syndrome

NM_015346.3

Spastic paraplegia 15, autosomal
recessive

Spastic paraplegia 33, autosomal
dominant

ZFYVE27

chr10:99,496,87899,520,664

NM_001002261.3;
NM_001002262.3;
NM_001174119.1;
NM_001174120.1;
NM_001174121.1;
NM_001174122.1;
NM_144588.6

ZNF41

chrX:47,305,56147,342,345

NM_007130.2; NM_153380.2

Mental retardation, X-linked 89

ZNF674

chrX:46,357,16046,404,892

NM_001039891.2;
NM_001146291.1;
NM_001190417.1

Mental retardation, X-linked 92

NM_021998.4

Mental retardation, X-linked 97

NM_007137.3

Mental retardation, X-linked 45

ZNF711
ZNF81

chrX:84,498,99784,528,368
chrX:47,696,30147,781,655
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Figure A.1. pDONR223 Vector Map. A map of the standard pDONR223 vector map is represented. The
TUBB4A ORF was inserted by recombination of the two Gateway™ attP sites with the Gateway™ attL1
and attL2 sites flanking the ORF insert. Thus, the sequence between the two Gateway™ attP sites was
replaced
with
the
TUBB4A
ORF.
Image
taken
from
Dharmacon
website:
http://dharmacon.gelifesciences.com/vectorMap/?name=pDONR223.
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Figure A.2. pENTR221 Vector Map. A map of the standard pDONR221 vector map is represented. The
human EARS ORF was inserted by recombination of the two Gateway™ attP sites with the Gateway™
attL1 and attL2 sites flanking the EARS2 ORF insert. Image taken from Dharmacon website:
http://dharmacon.gelifesciences.com/vectorMap/?name=pENTR221.
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Figure A.3. pCS2+ Vector Map. The standard pCS2+ vector map is represented. The human TUBB4A and
EARS2 ORFs were transferred from the Gateway™ entry vectors pDONR223 and pENTR221 to the
pCS2+ vector through pre-built-in Gateway™ att recombination sites. Image taken from the Addgene
plasmid repository (Addgene, CA., Massachusetts). Website: https://www.addgene.org/vectordatabase/2295/.
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