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Abstract 

METHODS: Whole exome sequencing (WES) was used to identify potentially disease 

causing variants in two siblings with “Dravet-like” progressive epileptic encephalopathy 

born of consanguineous parents by analysis of an inverted trio consisting of patients and 

the healthy mother. Identified variants were prioritized by filtering, bioinformatic tools 

and literature searches. Autozygosity mapping was used to investigate whether prioritized 

variants were located in autozygosity regions in the patients. Sanger sequencing was used 

to verify the findings.  

RESULTS:  A novel homozygous frameshift deletion c.912del (p.Val305Tyrfs*11) in gap 

junction alpha 9 (GJA9) and a novel homozygous missense variant c.1079G>T 

(p.Gly360Val) in phosphatidylinositol-glycan biosynthesis class T (PIGT) was identified 

by WES. Sanger sequencing confirmed that the variants segregated with disease status in 

the family, the patients being homozygous and healthy parents and sister being 

heterozygous for the variants. GJA9 encodes a connexin protein of uncertain function. 

PIGT is part of the phosphatidylinositol-glycan (GPI) biosynthetic pathway, and PIGT 

mutations have been reported to cause PIGT congenital disorders of glycosylation (PIGT-

CDG). Previous PIGT-CDG patients show a high degree of phenotypic overlap with our 

patients. Flow cytometry confirmed a reduced expression of glycosylphosphatidylinositol 

(GPI) and GPI anchored proteins on the surfaces of leukocytes from patient 1 and patient 

fibroblasts compared to healthy controls, confirming the pathogenicity of the variant. 

Labeling of Thy-1 membrane glycoprotein on fibroblasts was verified by 

immunofluorescence, and a wild-type PIGT expression construct was successfully 

constructed for downstream functional experiments. 

CONCLUSIONS: We identified a novel homozygous mutation in PIGT causing PIGT-CDG. 

The wildtype PIGT expression construct could be utilized for further investigations of 

PIGT function in immunofluorescence studies. The GJA9 variant is considered a variant 

of unknown significance (VUS). 
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Preface 

The thesis is written according to the alternative thesis model (MSc thesis model 2, Board for 

the Master Program) offered at the Institute of Molecular Biosciences, Faculty of 

Mathematics and Natural Sciences, University of Oslo, as a scientific journal article in a 

thesis with an expanded introduction and discussion. 

As a consequence, this thesis does not include a separate methods chapter. The scientific 

article manuscript is included in Chapter 5. In order to include relevant aspects not part of the 

manuscript, an appendix section is included in Chapter 6. Here, subprojects of importance for 

the MSc thesis are included, with the methods utilized described in short as they would be in 

scientific articles.  

I would like to ask the readers to be open to my interpretation of this model. I hope that this 

approach to the MSc thesis will be refreshing to all readers. 
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 Introduction 
In order to introduce the methods used to investigate human genetic variation, the 

composition of the human genome is first described. Furthermore, classes of pathogenic and 

benign genetic variants and some methods to detect these will be introduced. Finally, the 

clinical presentations of two patients with an unexplained progressive epileptic disorder are 

described.  

1.1 The Human Genome 

All multicellular organisms carry their hereditary information in the form of 

deoxyribonucleic acid (DNA). The organization of this information in human cells will be 

described, along with the mapping and sequencing of human DNA that led to the Human 

Reference Genome. 

1.1.1 The Organization of the Human Genome 

DNA is composed of nucleotides, each nucleotide consisting of a base and a sugar-phosphate 

backbone. Four types of bases are present in DNA; adenine (A), cytosine (C), guanine (G) 

and thymine (T). DNA forms a double stranded double helix, where nucleotide bases pair 

with each other through hydrogen bonds (Figure 1A). Base pairs (bp) are counted in kilobases 

(1,000 bp, kb), megabases (1,000,000 bp, Mb) and gigabases (1,000,000,000 bp, Gb). 

In humans, DNA is found in the cell nucleus and mitochondria, and is as a whole called a 

genome. The nuclear genome is organized in structures called chromosomes – in humans, 23 

homologous chromosome pairs. 22 of these chromosomes are autosomal pairs, while the last 

pair is the sex chromosomes X and Y, usually XX in females and XY in males (Turnpenny et 

al., 2011).  

Human somatic cells are diploid containing a pair of each chromosome. The centromere 

joins the chromosome pair and divides them into long (q) and short (p) arms (Figure 1B). The 

centromere contains several hundred kb of repetitive DNA, and it is the attachment point for 

the spindle involved in movement of chromosomes in cell division. The ends of chromosomes 

are sealed by telomeres, highly conserved repeats involved in maintaining the structural 

integrity in the chromosome (Turnpenny et al., 2011). 
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Figure 1 A) The DNA double helix, consisting of base pairs attached to a sugar-phosphate backbone  
(U.S. National Library of Medicine). B) The organization of DNA in the nucleus as chromosomes (NHGRI 
Chromosome Glossary, genome.gov) 

 

The chromosomes contain tightly packed double stranded DNA, arranged in structures termed 

nucleosomes composed of DNA wrapped around DNA-organizing proteins such as histones 

(Figure 1B). Euchromatin is loosely packed DNA, while heterochromatin is tightly packed. 

Constitutive heterochromatin is considered to always be in a tightly packed state, such as in 

centromeres and telomeres, while facultative heterochromatin can change between tightly 

and loosely packed states (Nussbaum et al., 2007). 

Somatic cell divisions occur by mitosis, where the chromosome set splits into two daughter 

cells. The chromosomes set is duplicated through replication, the copying of genetic 

information before the cell divides into two daughter cells. Each chromosome contains 

multiple origins of replication where replication can be initiated (Turnpenny et al., 2011). 

Egg and sperm germ cells are formed by meiosis, a type of cell division where each 

chromosome in a pair is separated to form haploid gametes carrying one chromosome copy 

each. During fertilization, haploid cells fuse to form a diploid cell, and a haploid set of 

chromosomes is inherited from each parent (Kennedy, 2001). 
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1.1.2 Gene content of the Human Genome 

A gene can be defined as a DNA sequence specifying the sequence of an independent product 

(Krebs et al., 2014). These products include polypeptides, proteins and functional RNA 

molecules. The definition of a gene includes the transcribed sequence and adjacent sequences 

necessary for its expression (Turnpenny et al., 2011).  

 

 

Figure 2 A schematic illustration of the structure of a protein coding gene and the resulting mature RNA, where 
introns are spliced out (adapted from Wikimedia Commons).  

Most genes contain at least one promoter, a regulatory region for controlling transcription of 

a gene into a product (Figure 2). Human genes are often interrupted by sequences termed 

introns and flanked by exons. The exons contain the information that is present in the mature 

transcript, including 5’ and 3’ untranslated regions (UTRs). A mature RNA (mRNA) ready 

for translation into protein is generated by splicing exons together and removing introns. Over 

half of human genes are alternatively spliced, meaning that sequences are removed as introns 

in some transcript variants and retained as exons in others. Alternative splicing generates 

different transcript, coding for protein isoforms with differences in amino acid sequence 

(Krebs et al., 2014). 

The mapping and sequencing of the human genome has led to estimations of a total 20 000 -

25 000 protein coding genes in the nuclear genome (HGSC, 2004). Some genes are unique, 

existing only in single copies in the genome, but the majority are part of gene families 

encoding related or identical products, where the genes result from gene duplication events 

(Krebs et al., 2014).  

Homologous genes have sequence similarity due to a common ancestral origin. In different 

species, homologous genes evolved from common ancestral genes by speciation are termed 

orthologues. Homologues genes within one species evolved from a common origin are 

termed paralogues (Krebs et al., 2014).  
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The different genes in a gene family are paralogues having diverged as mutations 

accumulated through evolution. An example of a gene family is the globin gene family, where 

all members have the same basic structure and function. The gene family can be further 

divided into subfamilies, such as the α and β globin subfamilies.  

Gene superfamilies consist of genes more distantly related, having different functions, but 

recognized as having a common ancestor, such as the immunoglobulin domain superfamily, 

containing hundreds of genes with a common domain (Ohta, 2001).  

Not all genes are protein coding – some encode functional ribonucleic acids (RNA), such as 

ribosomal RNA (rRNA) that are part of the ribosome complex that translates the message in 

mRNA into polypeptides, transfer RNA (tRNA) that carry amino acids to the ribosome, 

small nuclear RNA (snRNA) involved in RNA processing and microRNA involved in 

posttranscriptional regulation of gene expression (Nussbaum et al., 2007).  

The extranuclear 16.6kb mitochondrial genome (mtDNA) contains 22 tRNA genes, 2 rRNA 

genes and 13 protein coding genes (Taylor et al., 2005). mtDNA is present in 103–104 copies 

in human cells (Aanen et al., 2014) 

Pseudogenes are sequences resembling genes expressing no functional gene products, found 

in many different gene families. They are either nonprocessed, having once been functional 

genes now inactivated by mutations in coding or regulatory sequences, or processed, 

resulting from reverse transcription of mRNA into a DNA copy that is integrated into the 

genome. These usually lack introns and the regulatory regions necessary for normal 

expression (Krebs et al., 2014; Nussbaum et al., 2007). 

Protein coding sequences comprise ~180,000 known exons, together accounting for ~1.5% of 

the total genome (Lander et al., 2001; Sarah B. Ng et al., 2009).  
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1.1.3 Repetitive sequences 

More than half of the human genome consists of 

repetitive DNA, sequences which are 

represented more than once (Figure 3). These 

sequences can be broadly grouped as simple, 

low copy and highly repetitive elements (Krebs 

et al., 2014). 

Figure 3 The distribution of genic and nongenic 

element in the human genome in percentages (Data 

from Krebs et al. (2014)). 

In Simple Sequence Repeats (SSR), short nucleotide sequences are tandemly repeated, 

termed microsatellites when the repeated sequence is 1-13bp and minisatellites when the 

repeated sequence is 14-500bp. Blocks of tandemly repeated sequences are also found in 

centromeres and telomeres (Lander et al., 2001). 

Low Copy Repetitive (LCR) elements also known as segmental duplications (SD), consist 

of 1-200kb blocks of DNA sequence found at least twice in the genome with more than 90% 

sequence identity (Ebert et al., 2014; Lander et al., 2001). These are either interchromosomal; 

duplicated between nonhomologous chromosomes, or intrachromosomal; occurring within a 

particular chromosome (Luning Prak et al., 2000). LCR elements can also include 

pseudogenes (Harrison et al., 2005) and gene families (Krebs et al., 2014). 

Highly Repetitive Elements are derived from mobile elements, sequences that can move 

between sites in a genome (Luning Prak et al., 2000). In humans, these highly repetitive 

elements are of four types (Lander et al., 2001):  

1. Long interspersed elements (LINEs) are specific AT-rich sequences that are up to 

6kb in size, and they comprise ~21% of the genome. LINEs contain internal RNA 

Polymerase III promoters and it is thought that LINEs are responsible for reverse 

transcription such as the creation of processed pseudogenes and retrotransposition of 

short interspersed elements (SINEs). There are three known LINE families; LINE1, 

LINE2 and LINE3, where the only family known to be active in human is LINE1 

(Lander et al., 2001).  
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2. Short interspersed elements (SINEs) are specific 100-400bp sequence elements 

containing internal RNA Polymerase III promoters, and they comprise ~13% of the 

genome. SINEs include the Alu element family, the only known active SINEs in the 

human genome, found mostly in introns and dependent on LINEs for mobilty (Lander 

et al., 2001).  

3. Long Terminal Repeat (LTR) retrotransposons, are specific 1.5-10kb sequence 

elements, and they comprise ~8% of the genome. They are flanked by regulatory 

elements, and contain genes encoding the enzymes protease, reverse transcriptase, 

RNAse H and Integrase. A variety of LTR retrotransposons have been identified in the 

human genome (Lander et al., 2001). 

4. DNA transposons are sequences resembling bacterial transposons, with two short 

inverted repeat sequences flanking a transposase gene, comprising ~3% of the genome 

(Lander et al., 2001) 

LTR, LINE and SINE elements move by being transcribed to RNA, reverse transcribed to 

DNA and inserted into the genome. DNA transposon mobility is catalyzed by enzymes that 

bind to genomic sites and introduce cuts to cut and ligate the transposon into a new genomic 

target site (Wicker et al., 2007). 

1.1.4 The Human Reference Genome  

The mapping and sequencing of the human genome was carried out as a large international 

collaboration by The Human Genome Project, yielding a 99% complete human euchromatic 

genome sequence (Build 35) in 2004, with an error rate of 1 per 100,000 bases. The sequence 

contained 2.85 billion nucleotides (HGSC, 2004). The sequence was interrupted by 341 gaps, 

33 of these (198Mb) in highly repetitive heterochromatic regions. 308 of the gaps (28Mb) 

were euchromatic, and accounted for the missing 1% of the euchromatic genome. In sum, it 

was suggested that the size of the euchromatic genome is 2.88 Gb, and the overall human 

genome 3.08Gb (HGSC, 2004). The HGP sequencing efforts have resulted in a near complete 

Human Reference Genome, a standard reference for the genetic sequence of humans often 

used for comparison when sequencing human DNA. 



 
Introduction 

 

10 
 

1.2 Genetic Variation  

The genetic component of individuals vary on different scales of size, ranging from 

chromosome to single nucleotide variations (Kidd et al., 2008). Large scale variations 

includes numerical variation on the chromosome level visible in microscopes and 

submicroscopic structural variations such as copy number variations >1kb, while small scale 

sequence variations include single nucleotide variants and small deletions and insertions of  

<1kb (Feuk et al., 2006). 

1.2.1 Chromosomal variation 

The loss or gain of entire chromosomes are termed numerical abnormalities, most often 

having severe or lethal consequences. When a chromosome is lost, this results in monosomy 

for that chromosome. When a chromosome is gained, this results in a trisomy for that 

chromosome (Turnpenny et al., 2011).  

Structural abnormalities occur when chromosomes break and reunite in different 

configurations. When such a rearrangement is balanced, there is no gain or loss of genetic 

material. Balanced rearrangements are often benign, unless a breakpoint interrupts genes. 

However, carriers of balanced rearrangements are at risk of offspring with unbalanced 

rearrangements, causing an incorrect amount of chromosomal complement and serious 

disease (Turnpenny et al., 2011). 

In translocations, genetic material is transferred from one chromosome to another. In 

reciprocal translocations, breaks in two chromosomes lead to exchange of segments forming 

two new derivate chromosomes, seen in 1 of 600 individuals (Nussbaum et al., 2007). A 

special class of translocations occur between the chromosomes 13-15 and 21-22, where the 

centromere is close to one end. When breakpoints occur in the centromere region in these, a 

centric fusion of the long arms can occur, leading to loss of both short arms. This is termed a 

Robertsonian translocation, which reduces the total chromosome number to 45. Robertsonian 

translocations are usually benign (Turnpenny et al., 2011). The single most common 

Robertsonian translocation in the general population is between chromosome 13 and 14, 

present in 1 of 13 000 individuals (Nussbaum et al., 2007).  
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An inversion is a two-break rearrangement reversing a chromosome segment. If the 

centromere is involved, the inversion is pericentric, and if not, it is paracentric. When one 

chromosome arm is lost and the other duplicated, the result is an isochromosome, resulting in 

a monosomy for the lost segment. More rarely, breaks in each arm of a chromosome can 

reunite leading to a ring chromosome where the segments distal to the break are lost, which 

can cause disease if the lost segments contains genes. Ring chromosomes are unstable in 

mitosis, and usually present in a proportion of cells. Cells having lost the ring chromosome 

have monosomy for the chromosome (Turnpenny et al., 2011). 

1.2.2 Copy Number Variation (CNV) 

Copy number variants are structural variation of sizes ranging from 1kb to several Mb present 

in variable copy number between individuals (L. Chen et al., 2014). These can be deletions, 

duplications, triplications, insertions and translocations, either inherited or arising de novo 

(Stankiewicz et al., 2002).  

The main mechanisms for CNV-generation is thought to be non-allelic homologous 

recombination (NAHR) between elements with high sequence identities, such as LCRs, and in 

some cases LINEs and SINE elements (L. Chen et al., 2014; Redon et al., 2006). This is 

supported by the nonrandom distribution of CNVs, with their highest frequencies observed 

between segmental duplications (Cooper et al., 2007). 

1.2.3 Single Nucleotide Variants 

Single Nucleotide Variants (SNVs) is genomic variation where one nucleotide position varies 

between individuals. In multicellular organisms, these alterations can be caused by somatic 

mutations present in part of the organism, or as germline mutations present in the whole 

organism caused by for example DNA replication or repair errors or mutagens; chemicals and 

radiation which can induce mutations (Turnpenny et al., 2011). 

Mutation rates per human haploid genome has been estimated to be between 1.1-2.5 x 10−8 

events per position, corresponding to 70-175 mutations per diploid genome per generation 

(Nachman et al., 2000; Roach et al., 2010). It has been estimated that an individual has 

several million SNVs compared to the human reference genome, the majority occurring in 

non-coding regions (Pelak et al., 2010).  
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When SNVs occur in protein coding genes, they can have effects on the protein product. 

Nonsynonymous SNVs or missense variants are most prevalent form of SNV associated 

with or causing human inherited diseases in the Human Gene Mutation Database 

(http://www.hgmd.cf.ac.uk/ac/), a collection of data on germ-line mutations in nuclear genes 

(Stenson et al., 2012). Missense variants can have deleterious effects on protein function if the 

altered amino acid is located to an active, interaction or structural site. Loss of function 

mutations result in lost or reduced activity of the gene product, while gain of function 

mutations increase the activity of the gene product or confer novel functions, such as 

likelihood of aggregation or protein interactions. 

 

The genetic code is based on nucleotide triplets called codons, each specifying an amino acid 

(Krebs et al., 2014). The reading frame is the order of these codons, and any insertion or 

deletion that is not a multiple of three will change the reading frame. When such mutations 

occurs in a codon between the initiation codon and the termination codon, the correct reading 

frame is lost, resulting in a frameshift mutation (Turnpenny et al., 2011). Frameshift 

mutations can cause a truncated protein product or degradation of the transcript by nonsense-

mediated decay (NMD), a mRNA surveillance mechanism that degrades mRNA that have 

premature stop codons, preventing the expression of truncated or erroneous proteins (Smith et 

al., 2015).  

Splice mutations occur when splice donors or acceptors are changed, and can result in 

aberrant splicing, either as skipping of exons or retention of introns in transcripts (Turnpenny 

et al., 2011). If the excised or retained sequence is not a duplicate of three, this also causes a 

frameshift.   

The effects of a mutation in protein coding genes vary depending on the effect on the gene 

product (Table 1). In order to clearly define and present nucleotide sequence variants, they are 

described according to the nomenclature recommended by the Human Genome Variation 

Society in this text (den Dunnen et al., 2000; Human Genome Variation Society, 2014).  
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Class  Group  Type  Effect on protein product 

Substitution  Synonymous  Silent  Same amino acid 

  Non‐synonymous  Missense  Amino acid change, may affect protein function or stability 

   Nonsense  Stop codon 

   Splice site  Aberrant splicing 

   Promoter  Altered gene expression 

Deletion  Codon (multiple of 3)    Inframe, deletion of >1 amino acid, may affect protein function or stability 

  Not multiple of 3  Frameshift  Can result in a truncated protein or NMD  

  Large deletion  Partial gene deletion  Can result in a truncated protein or NMD 

   Whole gene deletion  Loss of expression 

Insertion  Codon (multiple of 3)    Inframe, insertion of >1 amino acid, may affect protein function or stability 

 Not multiple of 3  Frameshift  Can result in a truncated protein or NMD  

  Large deletion  Partial gene duplication  Can result in a truncated protein or NMD  

   Whole gene duplication  Can cause increased expression 

  Trinucleotide expansion  Dynamic mutation  Can cause altered protein stability, function or expression  

Table 1 The main classes, group and types of mutations and their effects on protein products. Table is adapted 
from Emery’s Elements in Medical Genetics, 14’th edition (Turnpenny et al., 2011).  

1.2.4 Polymorphisms and Rare Variants 

Comparing the genomes of two individuals, the nucleotides of the nuclear genome are at least 

99% identical, with the remaining 1% containing the variants responsible for the genetic 

differences between them. Many polymorphisms are found in the genome, meaning that two 

or more alleles or sequence variants occur at a frequency of more than 1% in the population 

(Nussbaum et al., 2007).  

A common type of genomic variation are Single Nucleotide Polymorphisms (SNP), the 

majority occurring in non-coding regions. A large collection of SNPs is found in dbSNP, the 

NCBI database of genetic variation (Sherry et al., 2001) 

CNVs present at a >1% frequency in the population are termed Copy Number 

Polymorphisms (CNPs) (Conrad et al., 2010). CNPs are present in the genomes of healthy 

individuals, some in over 10-20% of the individuals studied (Iafrate et al., 2004; Sebat et al., 

2004). It has been estimated that an individual carries at least hundred CNPs (Wong et al., 

2007), that most individual genomes contain at least ten CNPs larger than 100kb (Sebat et al., 

2004) and that CNPs are found at varying frequencies in different ethnic populations 

(Takahashi et al., 2008). It has also been estimated that CNP deletions and duplications occur 

in ~12% and ~2% of newborns respectively (van Ommen, 2005).  
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Polymorphic inversions are typically balanced and can also be found in healthy individuals, 

such as the pericentric inversion inv(9)(p11q12), which is seen in 1% of the population 

(Nussbaum et al., 2007). 

CNPs are found covering genes involved in development, metabolism and neurological 

function, some known to be associated with disease, but the clinical significance of CNPs in 

the normal population is unclear (Iafrate et al., 2004). Often, CNPs identified in healthy 

individuals have been considered likely benign, especially when inherited from healthy 

parents. However, it is possible that at least some CNPs lead to gene dosage effects and could 

be involved in multifactorial diseases (Riggs et al., 2014). A collection of CNPs, CNVs and 

their frequencies in the tested population are found in for example the DECIPER database 

(http://decipher.sanger.ac.uk). 

1.3 Genetic Disorders 

Genetic disorders are disorders caused by one or more genome abnormalities, and can be 

classified as either chromosomal disorders, genomic disorders, multifactorial or single-gene 

disorders (Turnpenny et al., 2011).  

1.3.1 Chromosomal disorders  

Chromosomal disorders are caused by excess or deficiency of sequences in whole 

chromosomes or chromosome segments. Chromosome disorders affect 1% of liveborn infants 

and are seen in about half of all spontaneous first-trimester abortions. The most common 

chromosomal disorders found in live births are aneuploidies such as Down syndrome caused 

by trisomy 21. Monosomies for entire chromosomes are lethal, with the exception of 

monosomy for chromosome X, resulting in Turner syndrome (Nussbaum et al., 2007). 

1.3.2 Genomic disorders  

Genomic disorders are caused by aberrations in parts of chromosomes, such as copy number 

losses or gains (Lupski et al., 2005). Large de novo CNVs are considered to be more likely 

pathogenic than inherited small CNVs, but the phenotypic effect is dependent on the region 

involved and the gene dosage or regulatory effect of the rearrangement (Stankiewicz et al., 

2002).  
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Deletions and insertions can lead to contiguous gene syndromes due to the dosage effect of 

many genes in the affected region. For example, the developmental disorder Potocki-Lupski 

syndrome (PTLS) results from an ~ 3.7Mb duplication on chromosome 17p11.2, and 

deletions of the same region causes Smith-Magenis syndrome (SMS), characterized by 

multiple congenital anomalies. It is believed that both disorders are caused by NAHR and 

result in gene dosage effects on the genes in the affected region (Shaw et al., 2002). 

Inversions can also cause genomic disorders, as in Hunter Syndrome usually caused by single 

gene mutations in iduronate-2-sulfatase (IDS), where it has been observed that 20% of 

patients have an inversion that disrupts the IDS gene, caused by homologous recombination 

between IDS and an IDS pseudogene (Bondeson et al., 1995). 

Less well understood, CNVs can also be risk factors for disease, as in patients with autism 

spectrum disorder (Sebat et al., 2007) and schizophrenia (Stefansson et al., 2008), where an 

increased frequency of de novo germ-line CNVs have been observed. 

1.3.3 Multifactorial disorders 

Many human genetic diseases are multifactorial, clustering in families but having no clear 

inheritance pattern. These diseases are likely due to interplay between several factors on the 

genetic level and interactions with the environment. Examples of such diseases are organ 

diseases such as heart disease and psychiatric disorders such as bipolar disease and 

schizophrenia (Turnpenny et al., 2011). 

1.3.4 Monogenic disorders  

Monogenic disorders are caused by defects in single genes. These disorders are 

interchangeably called Mendelian disorders, as they exhibit a pattern of inheritance following 

Mendel’s Laws (Kennedy, 2001). Monogenic disease is caused by mutations affecting the 

coding regions of genes, or regulatory regions affecting expression or regulation of gene 

products. Between 2-5% of newborns, about 30% of pediatric patients and about 10% of 

adults admitted to hospitals have diseases caused by single gene disorders (Kennedy, 2001). 

Work over the last 25 years has identified ~7000 monogenic disorders and the mutations in 

genes responsible for about half of them (Boycott et al., 2013). Known single gene disorders 

are described in Online Mendelian Inheritance in Man (OMIM) (http://omim.org/).  
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1.3.5 Modes of Inheritance  

The genotype is the genetic constitution, while the phenotype is the manifestation of the 

genotype observable as morphological, biochemical, cellular or clinical traits. The 

penetrance of a genotype is the probability that an allele has an observable phenotypic 

expression. When the phenotypic expression due to the same genotype varies between 

individuals, this is termed variable expression (Nussbaum et al., 2007). 

Autosomal dominant traits manifest in the heterozygous state (Turnpenny et al., 2011). An 

unaffected parent and an affected parent usually have a 50% change of homozygous 

unaffected offspring and 50% chance of heterozygous affected offspring.  

Autosomal recessive traits manifest when an individual carries two mutant alleles 

(Turnpenny et al., 2011). Heterozygous individuals are usually healthy and are referred to as 

carriers, and their offspring have a 25% change of being homozygous for the normal allele, 

50% chance of carrying one mutant allele and 25% chance of carrying two mutant alleles and 

therefore being affected by the disease. Two different mutant alleles, compound 

heterozygosity, can also result in affected individuals in families where the disease follows a 

recessive inheritance pattern. 

X-linked recessive traits are determined by mutant alleles on the X sex chromosome 

(Turnpenny et al., 2011). These traits are typically transmitted by healthy heterozygous carrier 

females and usually only manifest in men due to hemizygosity for chromosome X. Daughters 

and sons of carrier females and males homozygous for the normal allele have a 50% chance 

of being unaffected carriers and a 50% chance of being affected, respectively. X-linked 

recessive traits can affect females if their fathers are affected and their mothers are carriers, 

exemplified by X-linked recessive color blindness, affecting approximately 1 in 15 males and 

1 in 250 females in the population (Turnpenny et al., 2011). 

 

X-linked dominant traits are expressed in heterozygotes. Sons of an affected male will not 

be affected but daughters will always be affected, as males transmit their Y chromosome to 

sons and X chromosome to daughters. Children of affected females have a 50% chance of 

inheriting the trait. These traits are usually incompletely dominant, milder in females due to 

heterozygosity, and more severe in males due to hemizygosity (Turnpenny et al., 2011).  
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Y-linked traits can only be expressed and transmitted by males, as only males carry Y-

chromosomes. In meiosis, the distal regions of the short arms of the sex chromosomes cross 

over and exchange. These regions are termed pseudoautosomal regions, and exchange of 

mutant alleles can cause partial sex-linked inheritance (Turnpenny et al., 2011).  

In mitochondrial inheritance, where traits are caused by mitochondrial mutations, only 

children of affected mothers will be affected due to the maternal transmission of mitochondria 

(Nussbaum et al., 2007). 

1.3.6 Consanguinity and Monogenic Disease 

Consanguinity can be defined as a marriage between individuals that are related as second 

cousins or closer. Marriage between first cousins is common in many parts of the world, 

likely serving a socioeconomic and cultural advantage in some communities (Bittles, 2001).  

When two alleles at a locus originate from a common ancestor due to nonrandom mating, 

such as inbreeding, they are said to be identical by descent (IBS) or autozygous. 

In populations where consanguineous unions are common, the percentage of the genome that 

is autozygous is higher than in outbred populations. This can lead to a relative excess of 

inherited recessive disease alleles compared to more outbred groups, causing a higher 

frequency of recessive disease in these populations (Hamamy et al., 2011).  

 

Absolute risk for autosomal recessive birth defects in children of first-cousins is estimated to 

be increased to 5% from the overall background risk of 2%, dependent on whether the 

consanguineous unions are incidental or have occurred systematically throughout generations 

(Nussbaum et al., 2007; Stoltenberg et al., 1997). 

The identification of disease alleles can be of great importance for family counseling 

(Gilissen et al., 2011) and the development of preventive screening-based genetic testing, 

which is utilized in some highly consanguineous populations (Hamamy, 2012).  
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1.4 Detecting Disease Causing Variants 

There are many approaches to detect disease causing genetic variants on different levels of 

resolution and sensitivity. These can broadly be divided into locus specific hypothesis driven 

methods and hypothesis free methods.  

1.4.1 Hypothesis Driven Methods  

Genetic tests performed in clinical settings can be hypothesis driven. In these tests, the patient 

phenotype is used as the basis for the selection of the test chosen. These approaches are 

highly sensitive when the clinical phenotype points to a specific locus. However, many 

disorders show genetic heterogeneity, with causative mutations in different genes. In these 

cases, gene panels containing several relevant genes are often explored.  

Fluorescence in situ hybridization (FISH) is widely used in diagnostic clinical cytogenetics 

to detect deletions, duplications and translocations, but it requires knowledge of the area to 

target, based on clinical diagnosis.  

In FISH, metaphase chromosomes are 

fixed and denatured, then DNA probes 

labeled with fluorochromes hybridize to 

complementing sequences on  

chromosomes, and the signals detected 

in fluorescence microscopes (Trask, 

1991) (Figure 4).   

 

Figure 4 The FISH technique, showing DNA probes labeled with fluorochromes, denatured to hybridize with 
target areas of the chromosome (NHGRI). 

Multiplex Ligation-dependent Probe Amplification (MLPA) is a polymerase chain 

reaction (PCR) based technique. PCR is a method to exponentially amplify a nucleotide 

sequence, the sequence of interest defined by oligonucleotide primer sets that anneal to the 

test sequence (Krebs et al., 2014).  In MLPA, DNA is denatured to allow probes to hybridize. 

In the ligation reaction, only probes that are adjacent to each other with will ligate. A PCR 

with universal primers is performed, only amplifying ligated probes.  
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The amplified products are separated by capillary electrophoresis, and yield a peak pattern 

after data analysis, which can be compared to the reference sequence to identify abnormal 

copy number variation. MLPA is a sensitive method which can analyze sequence differences 

down to one nucleotide. MLPA can target up to 50 different DNA or RNA sequences at a 

time (Schouten et al., 2002), and is simpler and more cost-effective for routine diagnostic use 

than aCGH (See below, 1.4.2) (Os et al., 2011).  

 

In Sanger Sequencing, PCR-generated DNA fragments are used as a template for DNA 

synthesis by DNA polymerase enzyme in a reaction containing normal deoxy-nucleotides 

(dNTP) and a small amount of dideoxy-nucleotides (ddNTPs) labeled with different 

fluorochromes for each ddNTP. When a ddNTP is added to the growing DNA strand, the 

chain synthesis is terminated because ddNTPs lack a 3’-hydroxyl group, and new nucleotides 

cannot be attached to it. The resulting mixture contains fragments of different length labeled 

according to which ddNTP terminated the polymerase reaction (Sanger et al., 1975).  

Figure 5 Overview of Sanger Sequencing. 1) The reaction mixture contains primers, DNA template, dNTPs and 
ddNTPs together with DNA Polymerase enzyme. 2) Primers anneal to the template and are elongated by 
incorporation of dNTPs or ddNTPs by DNA Polymerase. 3) The resulting fragments are separated by capillary 
gel electrophoresis. 4) Fluorochromes are detected and analysed computationally (Creative Commons license 
BY-SA 3.0).  

 



 
Introduction 

 

20 
 

In modern systems, the different length DNA products are separated by capillary 

electrophoresis, where the labeled fragments are read by a CCD camera and recorded 

computationally (Figure 5).  

Automated Sanger sequencing is currently the gold standard for clinical DNA sequencing, 

well-suited for single-gene investigations due to its single nucleotide resolution, high 

accuracy, low price and being semi-automated. Sanger sequencing is often used to verify 

variants identified by NGS technologies (See below, 1.4.2) (Chin et al., 2013).  

1.4.2 Hypothesis Free Methods  

Hypothesis driven tests can have limited use in heterogeneous disease conditions, where it can 

be challenging to accurately select a set of candidate genes or chromosomal loci based on the 

patient phenotype. Hypothesis free analysis methods can be used in these settings, screening 

chromosomes or genomes for all abnormalities compared to a reference karyotype or genome.  

In chromosome banding, a classic karyotyping method, cells are fixed and metaphase or pro-

metaphase chromosomes are stained with a DNA-binding dye such as Giemsa (G-banding), 

resulting in characteristic light and dark bands per chromosome. The advantage of this 

method is its relative simplicity and standardized banding pattern (Figure 6).  

Chromosome banding is typically used to diagnose numerical chromosomal disorders and 

structural rearrangements larger than about 5Mb (Nussbaum et al., 2007). Chromosome 

banding is a relatively time consuming technique, requires culturing of live cells, such as 

tissue biopsies or blood samples, which are not always available.  

Figure 6 A normal male G-banded karyotype organized in a karyotype ideogram (NHGRI Chromosome 
Glossary, genome.gov). 
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In Array Comparative Genomic Hybridization (aCGH), patient DNA samples and a 

control DNA sample can be labeled with different fluorophores, such as green for patient 

DNA and red for control DNA. Labeled DNA from both samples are mixed at equal ratios 

and hybridized to an array of genomic DNA fragments on a solid surface, where they 

hybridize competitively to DNA fragments representing regions of interest (Krebs et al., 

2014). Computer assisted image analysis reads and quantifies small color changes, allowing 

for detection of gain or loss of genetic material, as duplications in patient DNA results in 

higher green signal in the corresponding region, while deletions will conversely cause more 

red signal to be observed (Ahn et al., 2015). 

aCGH can detect submicroscopic CNVs, and has replaced conventional karyotyping such as 

G-banding and routine FISH as a first-line test in severe developmental delay and/or 

congenital anomalies due to its increased sensitivity and diagnostic yield (Miller et al., 2010). 

A disadvantage of aCGH is that balanced rearrangements such as translocations or inversions 

cannot be identified (Rauch et al., 2006).  
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1.4.3 Next Generation Sequencing Methods (NGS) 

The ideal DNA sequencing technology should be rapid, accurate, simple and of low cost. 

Since the introduction of Sanger sequencing, tremendous advances have been achieved in 

sequencing technologies, leading to the development of Next Generation Sequencing (NGS) 

technologies, also called High Throughput Sequencing (HTS). NGS technologies use massive 

parallel analysis at high throughput, and have led to a dramatic increased output and also a 

drop in sequencing costs (Liu et al., 2012) (Figure 7).  

 
Figure 7 The reduction in DNA sequencing cost the last 14 years (Wetterstrand, 2014) (From National Human 
Genome Research Institute). 

The advances in NGS sequencing has generated a large amount of human sequence data. For 

examples, the International HapMap Project and the ongoing 1000 Genomes Project have 

catalogued over 15 million single nucleotide variations, one million short insertions and 

deletions and 20 000 structural variants (Altshuler et al., 2010). In addition, as of April 2015 

the frequency data of variants from 60,706 individual exomes, the protein coding regions in 

the genome, is collected in the Exome Aggregation Consortium database (ExAC, 

http://exac.broadinstitute.org). These databases aid in determining the population frequencies 

for variants identified in NGS datasets. 
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NGS methods can be used in both hypothesis driven and hypothesis free settings. For 

example, whole genomes or exomes can be analyzed according to gene lists to only 

investigate variants in selected genes relevant for the patient phenotype, or analyzed openly, 

typically filtered by variant frequencies and prediction tools to generate an unbiased list of 

candidate variants.   

In addition to detecting single nucleotide variants and indels, NGS can also be used to identify 

CNVs (Handsaker et al., 2015) and to map CNV breakpoints in the genome (Newman et al., 

2015). 

Many types of NGS sequencing methods exist, based on a basic strategy of generating 

sequencing libraries by ligating adapter oligonucleotides to both ends of DNA fragments,  

commonly require relatively little input DNA for library construction. (Liu et al., 2012).  

In one Whole Genome Sequencing (WGS) method, termed sequencing by synthesis (SBS) 

the library of genomic fragments with fixed adaptors is attached to a flow cell, and denatured 

from double strands to single strands. The single strands are amplified, and form clusters of 

clonal DNA fragments. Prior to sequencing, the library of clonal fragments is again denatured 

into single strands, and ddNTPs (ddATP, ddGTP, ddCTP, ddTTP)  with different cleavable 

fluorescent dyes are added and incorporated in the growing sister strand one based at a time. 

For every base added, the fluorescent dye is cleaved and its signal captured by a CCD camera, 

recording the signal which corresponds to a certain nucleotide (Liu et al., 2012). After 

sequencing, the resulting reads can be mapped and aligned to the human reference genome 

computationally.  

In Whole Exome Sequencing (WES), all known exons are targeted for sequencing, requiring 

sequencing of only 1-2% of the genome. Several approaches for whole exome capture and 

sequencing exist, most utilizing the same general strategy (Figure 8). First, genomic DNA is 

sheared into fragments of a specific size and ligated to adapters that allow for sequencing on 

the desired platform, creating a library which is amplified by using PCR techniques.  

In contrast to WGS sequencing, exon-specific oligonucleotide baits are hybridized to the 

fragments. Fragments without baits are washed away prior to PCR amplification. After 

amplification, the resulting exome library is sequenced. As in WGS, the reads can be 

mapped and aligned to the human reference genome computationally after sequencing. 
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Generally, variants in coding DNA are more likely to have phenotypic effects that non-coding 

DNA variants, except when promoter or regulatory regions, such as binding sites for 

transcription factors are affected. (Turnpenny et al., 2011).  

The large majority of known disease causing mutations occur in the protein coding regions 

(Botstein et al., 2003; Majewski et al., 2011). When attempting to identify a disease causing 

mutation in a coding region, WES drastically reduces the amount of sequencing necessary, 

from ~3.08Gb in a whole genome to ~30Mb in a whole exome 

 

Figure 8 Overview of the whole exome sequencing process. 1) Genomic DNA is sheared into fragments.  
2) Fragments are hybridized to oligonucleotide baits specific for exons. 3) Fragments without baits are washed 
away. 4) Captured DNA is amplified and sequenced. 5) After sequencing, the resulting reads can be mapped and 
aligned to the reference genome (Bamshad et al. (2011). Reprinted by permission from Macmillan Publishers 
Ltd: Nat Rev Genet, copyright 2011). 

The widespread adaptation of WES is in part due to the relative ease of which mutations in 

protein coding regions can be interpreted compared to those in the largely functionally 

uncharacterized non-protein coding regions. In a hypothesis free WES analysis, all variants 

in an exome are compared to the human reference genome and variant frequency databases in 

order to identify low frequency or novel variants.  

Compared to traditional methods, WES has several advantages when it comes to identifying 

candidate genes. WES aims to probe all protein coding genes at once, which is especially 

useful in diseases with broad genetic or phenotypic heterogeneity.  
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In addition, WES is an effective method to identify novel, very rare and de novo genetic 

variants, which are which are not easily identifiable by other methods (Botstein et al., 2003). 

WES commonly captures approximately 85-90% of exons in the genome adequately, leading 

to an imperfect sensitivity, meaning that a negative WES analysis does not guarantee that the 

causative variant is located outside the exome (Kiezun et al., 2012).  

It has been estimated that NGS sequencing has an error rate of 10-4 per nucleotide. In order to 

increase the specificity and reduce the effect of this error rate, one can increase the number of 

reads, which also increases the cost of the method (Marian, 2012). In cases where genes or 

regions of interest are incompletely or inadequately captured, resequencing can be performed 

by Sanger sequencing.  

An additional challenge with hypothesis free NGS technologies analysis is that the likelihood 

of identifying incidental or hard to interpret variants is higher than in hypothesis driven single 

locus or gene panel based test. This is especially so in WGS, as variants in non-coding regions 

are less understood than variants in protein coding regions. 

Despite these challenges, WGS and WES are powerful unbiased methods for detecting 

genetic variation. 
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1.5 WES in Monogenic Disorders 

NGS methods have accelerated the rate of discovery of disease causing mutations 

considerably, especially in monogenic diseases (Boycott et al., 2013). In 2010, the first novel 

disease causing mutation was discovered by WES in patients with Miller syndrome (S. B. Ng 

et al., 2010). Two years later, WES had been performed for successful disease variant 

identification in at least 300 patients (Rabbani et al., 2012). The rate of successful genetic 

diagnosis by WES in monogenic diseases varies with the conditions investigated (Table 2). 

 

Probands  Condition  Diagnostic rate   

192  Pediatric, neurological  33 %  Y. Yang et al. (2013)  

21  Blindness  52 %  Neveling et al. (2013) 

36  Deafness  44 %  Neveling et al. (2013) 

35  Colorectal cancer  3 %  Neveling et al. (2013) 

264  Rare monogenic disease  55 %  Beaulieu et al. (2014)  

Table 2 A selection of diagnostic rates by WES in different monogenic conditions. 

 

WES is currently the tool of choice for hypothesis free genetic diagnosis in heterogeneous 

monogenic disease, due to its high specificity and sensitivity and relatively low cost when 

considering the amount of genes sequenced (Raszek, 2001). When novel genetic variants or 

disease genes are discovered, WES is both a diagnostic and genetic discovery tool (Bamshad 

et al., 2011; Ku et al., 2012; Robinson et al., 2011).  

1.5.1 Predicting Disease Causing Variants in WES 

The variants identified in a WES dataset can be filtered by their frequencies in order to retain 

rare variants using allele frequencies from public databases such as the 1000 Genomes Project 

T. G. P. Consortium (2012), dbSNP (Sherry et al., 2001) and appropriate in-house frequency 

databases. This frequency based filtering can be referred to as “hard-filtering”. According to 

Li et al. (2013) ~100-1000 rare nsSNV variants typically remain after hard filtering a single 

exome.  
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In order to predict which of the remaining variants can have effects on protein function, 

bioinformatical prediction tools can be employed. These tools generally predict the impact of 

mutations by multiple sequence alignment (MSA) across multiple species, based on the 

observation that substitution of amino acid residues that show conservation throughout 

evolution often lead to damaging effects (P. C. Ng et al., 2006). Many prediction tools have 

been developed for these purposes, such as the algorithms SIFT (http://sift.jcvi.org/) (Kumar 

et al., 2009), PolyPhen2 (http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2013) and 

SnpEFF (Cingolani et al., 2012). 

The use of the prediction tools above can be considered a “soft filtering” step, allowing 

presumed benign variants to be discarded. The result of the filtering is a candidate gene list 

containing rare variants predicted to have a damaging effect on the gene product. 

Prioritization of the candidates is performed as an iterative approach, using literature searches, 

mutation databases such as OMIM and population frequencies to evaluate the candidates 

against the phenotype of the patient.  

In a monogenic disease, this approach 

will in theory ensure that the causative 

pathogenic variant is retained in the list 

as a prioritized candidate. If the 

suspected causative variant is novel, 

functional validation is required to 

investigate its pathogenicity (Figure 9). 

Sanger sequencing is usually used to 

validate the segregation of the variant in 

the family, that the variant has been 

called correctly in the WES data set and 

to ensure that that sample switching has 

not occurred. 

 

 

 

Figure 9 A workflow for hypothesis free exome analysis 
showing the filtering steps. Functional validation is 
necessary if the finding is novel. 
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1.5.2 Evaluation of Putative Disease Causing Variants 

The American College of Medical Genetics recommends that variants should be assigned 

specific categories when assessing their clinical relevance (Richards et al., 2008): 

5 Disease causing when the variant has been previously reported as a recognized cause of disease. 

4 Likely disease causing when the variant is novel, but expected to cause disorder, due to a location in a 

known disease gene where other mutations of the same type have been reported. 

3 Possibly disease causing or a variant of unknown significance (VUS) when the variant is novel and 

is of a type that may or may not be causative for the disorder 

2 Likely not disease causing when the variant is novel, but is an unlikely cause for the disease. 

1 Not disease causing when the variant is previously reported and is recognized as a normal variant. 

 

VUS variants are especially challenging in WES/WGS data, being mostly rare variants with a 

low frequency sometimes associated with a clinical presentation, indicating that they are 

suppressed by natural selection and are likely mildly deleterious, likely conferring yet 

unknown complex disease susceptibility (MacArthur et al., 2010). 

  



 
Introduction 

 

29 
 

1.6 Epileptic encephalopathy and NGS 

Epilepsy describes a group of neurological disorders characterized by epileptic seizures of 

diverse causes, ranging from hereditary disease to physical trauma. The common feature of 

epilepsies is that the patient has a number of unprovoked seizures (Fisher et al., 2014), which 

can be of different types, such as tonic-clonic (generalized seizures), absence seizures (brief 

loss of consciousness) and myoclonic (muscle jerks). Epilepsy is of the most common 

neurological diseases, affecting up to 3% of the population (Annegers, 2001; Chang et al., 

2003).  

1.6.1 Epileptic encephalopathy 

Approximately 40% of seizure disorders occurring during the first three years of life are 

epileptic encephalopathies (EE), conditions characterized by epilepsy-dependent 

neurodegradation (Panayiotopoulos, 2011). EE can be observable as cognitive delay and/or 

impairment (A. T. Berg et al., 2010) and in some cases morphological changes in the brain 

detected by imaging techniques (Capovilla et al., 2013).   

Several epileptic syndromes have been described to involve EE, such as Dravet Syndrome 

(Striano et al., 2013), Ohtahara syndrome, West syndrome and Lennox-Gastaut syndrome 

(Esmaeeli Nieh et al., 2014). Cognitive impairment is seen in approximately 26% of children 

with epilepsy, some of which can be explained by chronic seizures (Anne T. Berg et al., 

2008), however, the degree and severity of EE varies between patients.  

1.6.2 Dravet and “Dravet-like” syndromes 

First described as severe myoclonic epilepsy in infancy (SMEI), Dravet-syndrome (DS) is a 

rare infantile onset epileptic encephalopathy. The first seizure typically occurs around six 

months of age in connection to fever, where the child usually presents with a convulsive 

generalized seizure which involves both brain hemispheres and is characterized by regular 

limb contractions. The seizures are often long, which can lead to status epilepticus (SE), a life 

threatening neurological emergency (Al-Mufti et al., 2014). Shortly after (weeks – months), 

frequent seizures of several types usually occur. In the usual trajectory of DS, different 

seizure types occur along with cognitive decline and psychomotor stagnation around 1-4 

years.  
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Associated neurological signs are ataxia, a lack of voluntary muscle movement and 

coordination, and myoclonias, sudden muscle contractions, indicating perturbations in the 

pyramidal system which controls voluntary movement. Typically, the seizures stabilize and 

psychomotor development improves - however, cognitive impairment persists. The disease is 

typically resistant to treatment with anti-epileptic drugs (Dravet et al., 2013).  

The major genetic causes for DS are de novo loss-of-function mutations in the voltage-gated 

sodium channel SCN1A, where more than 300 disease causing mutations have been reported, 

the largest set of epilepsy-related mutations so far identified in a single gene (Claes et al., 

2001).  DS has an incidence of 1-2/80 000 and is one of the best described epileptic 

encephalopathies (Capovilla et al., 2013), accounting for up to 8% of epilepsies manifesting 

within the first 3 years of life (Esmaeeli Nieh et al., 2014). However, 20-30% of clinically 

diagnosed cases of Dravet syndrome are SCN1A mutation negative (Dravet, 2011; Dravet et 

al., 2013).  

Single cases of idiopathic “Dravet-like” syndrome have been explained by mutations in the 

ion channel receptors GABRG2 (Wallace et al., 2001) and GABRA1 (Carvill et al., 2014), the 

ion channels SCN1B (Ogiwara et al., 2012; Patino et al., 2009) and SCN8A (Estacion et al., 

2014), the protocadherin PCDH19 (Marini et al., 2010; Patino et al., 2009; Wallace et al., 

2001), and the syntaxin binding protein STXBP1 (Carvill et al., 2014), but the majority of 

SCN1A mutation negative cases are of unknown genetic origin. 

1.6.3 NGS in epilepsies 

While most epilepsies are multifactorial diseases, some epileptic syndromes are single gene 

disorders, caused by rare single gene mutations occurring de novo or in a recessive 

inheritance pattern. Since epilepsy disorders are clinically and genetically heterogeneous, 

NGS sequencing using hypothesis-free analysis are useful for identifying the causal 

mutations. For example, WES performed in a cohort of nine families with childhood-onset 

epilepsy or seizures and encephalopathy negative for mutations in known epilepsy genes 

identified mutations in eight genes associated with known epilepsy disorders, diagnosing the 

disease genetically in eight families, with a suspected causative variant in a known epilepsy 

gene in the ninth (Dyment et al., 2014). As NGS technologies become standard diagnostic 

tools, more mutations explaining monogenic epilepsies will likely be uncovered (Gilissen et 

al., 2011). 
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1.7 Clinical reports of the patients 

The two patients investigated in this thesis are brothers born in 2006 and 2009 of 

consanguineous Somalian parents. They presented with febrile epilepsy and ataxia at age 3-6 

months, suggestive of a “Dravet-like” infantile epileptic encephalopathy. The parents and the 

sister are unaffected.  

The patients crawled as toddlers, and so far can only stand with support and have not learned 

to walk. They exhibit truncal hypotonia, reduced eye movement and have medication 

refractory generalized tonic-clonic seizures, absence seizures and myoclonic seizures. Both 

patients have dysmorphic features, including low set ears, frontal bossing, large head, a broad 

nose root and high arched palate in one patient. The clinical presentation is outlined in the 

attached manuscript (Chapter 5). 

Magnetic resonance imaging (MRI) revealed cerebellar and frontal atrophy, along with 

central and convex enlarged subarachnoid spaces. A bilateral subdural fluid accumulation was 

observed in the oldest patient (Patient 1). Progressive cerebellar atrophy was seen, indicative 

of an epileptic encephalopathy. 

Karyotyping, aCGH and MLPA was performed with normal results. In addition, a gene panel 

for known genes involved in epilepsy disorders including Dravet Syndrome (SCN1A) was 

performed with negative results. The genes CDKL5, ARX, MEF2C, UBE3A, FOXG1, TCF4, 

EHMT1, SHANK3, SCN9A6, CASK and ZEB1 were Sanger sequenced with negative results.  

1.8 Aim of Thesis 

The aim of this thesis was to identify and characterize the causative mutation in two children 

affected by Dravet-like infantile epileptic encephalopathy in a consanguineous family by 

WES. Furthermore, we wanted to investigate the functional consequences of the mutation 

identified.   
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 Summary of results 
 The novel homozygous variant c.1079G>T (p.Gly360Val) PIGT encoding 

phosphatidylinositol-glycan biosynthesis class T (PIGT) was identified by WES in 

both patients. 

 The novel homozygous frameshift deletion c.912del (p.Val305Tyrfs*11) in the 

connexin gap junction alpha 9 (GJA9) was identified by WES in both patients. 

 Verification of the variants in PIGT and GJA9 with Sanger Sequencing confirmed the 

segregation of both variants with disease status in the family, both patients being 

homozygous for the variants and healthy parents and sister being heterozygous 

carriers. 

 The PIGT variant was present in an autozygosity region on chromosome 1 and the 

GJA9 variant in an autozygosity region on chromosome 20 in both patients.  

 Flow cytometry (FCM) analysis showed decreased expression of GPI anchors and 

GPI-anchored proteins in leukocytes from Patient 1 and fibroblasts from both patients 

compared to healthy controls, confirming a functional effect of the PIGT variant, 

indicating that the variant is pathogenic and causes PIGT congenital disorder of 

glycosylation (PIGT-CDG) in both patients. 

 Successful labeling of the GPI-anchored protein Thy-1 membrane glycoprotein was 

confirmed by immunofluorescence microscopy (IF) in primary fibroblasts from 

patients and healthy controls. 

 A wild-type PIGT expression construct was designed and tested by transfection in 

293T cells. Western Blotting of whole cell protein lysates confirmed successful PIGT 

expression. 

 The GJA9 finding is a variant of unknown significance (VUS). 
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 Results and Discussion 
The main results in this thesis are presented as a manuscript (Chapter 5). Throughout this 

chapter, I will refer to results in this manuscript, and discuss results of experiments not 

included in the manuscript (Chapter 6 – Appendix). 

3.1.1 Analysis of the inverted WES trio by the recessive model 

Hypothesis free WES was performed in two brothers with Dravet-like infantile epileptic 

encephalopathy. aCGH and karyotyping showed normal results, and no disease causing 

variants were found in genes known to be mutated in patients with infantile epilepsy.  

WES analysis is often performed in trios consisting of two unaffected parents and an affected 

proband (Pickrell et al., 2012). In this study, an inverted trio consisting of mother and two 

affected children was used to identify the disease causing mutation because we anticipated 

recessive inheritance. The WES data was analysed with the Filtus software 

(http://folk.uio.no/magnusv/filtus.html) assuming recessive inheritance. Compound 

heterozygous and dominant inheritance models were also examined resulting in no obvious 

candidate variants (results not shown). 

Filtering was performed by discarding variants with a minor allele frequency above 1% in the 

1000 Genomes Project (T. G. P. Consortium, 2012) and Exome Aggregation Consortium 

(ExAC, http://exac.broadinstitute.org/)databases and an inhouse database. The remaining 

variants were filtered further based on amino acid conservation by using PolyPhen2 

(Adzhubei et al., 2013) and SIFT (Kumar et al., 2009) algorithms to discard predicted benign 

and tolerated variants. Non-synonymous variants, indels and splice site variants were retained. 

After filtering, 11 homozygous variants shared between the two affected patients in 9 genes 

were identified (Table 3). 

Guided by the predicted effect of variants on protein function, the results of the filtration were 

evaluated, based on the assumption that the disease gene would be likely to cause an epileptic 

and/or a developmental phenotype. The variants in HRNR, COL16A1, HIVEP3, OR9A, 

MUC12 and MAMLD1 were considered not to be likely to explain the phenotype of the 

patients.  
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A novel variant was detected in Oral-facial-digital syndrome 1 (OFD1). Mutations in OFD1 

are known to cause Orofaciodigital syndrome I (MIM # 311200), a syndrome characterized 

by malformation of the face, oral cavity and digits (Ferrante et al., 2001). OFD1 shows X-

linked inheritance and is shown to be lethal in males, and is not known to cause an epileptic 

phenotype (Thauvin-Robinet et al., 2006). The healthy mother has an X-inactivation ratio of 

69:31 which is within the normal range (Tuva Barøy, personal communication) making the 

OFD1 variant an unlikely candidate for the patient phenotype. 

Gene Name Chr Position Ref Alt Polyphen-2  SIFT SNV effect Depth 

HRNR 1 152190003 C A Unknown Unknown Nonsynonymous 1 

GJA9 1 39340858 CA C .* .* Frameshift 32 

COL16A1 1 32163604 C T Unknown Unknown Nonsynonymous 127 

HIVEP3 1 41976579 G A Probably damaging (0.955) Deleterious (0.01) Nonsynonymous 127 

OR9A2 7 142723516 G GAGA Unknown Unknown Insertion 78 

MUC12 7 100636446 G A Unknown Unknown Nonsynonymous 153 

MUC12 7 100636447 A G Unknown Unknown Nonsynonymous 154 

MUC12 7 100636459 C T Unknown Unknown Nonsynonymous 153 

PIGT 20 44050068 G T Probably damaging (1) Deleterious (0) Nonsynonymous 106 

OFD1 X 13764978 T G Probably damaging (0.952) Deleterious (0.01) Nonsynonymous 12 

MAMLD1 X 149680360 C T Probably damaging (0.98) Deleterious (0.01) Nonsynonymous 38 

Table 3 Gene list after filtering.  All listed variants are homozygous and present in both patients. 
Abbreviations: Chr: chromosome. Ref: reference allele. Alt: observed variant allele. Polyphen2 and SIFT: 
prediction output for the variant based on amino acid conservation algorithms. (* SIFT and Polyphen-2 do 
not give predictions for frameshift mutations). Depth: the number of sequenced reads covering the variant. 

A novel homozygous variant in phosphatidylinositol-glycan biosynthesis class T (PIGT) was  

selected for further evaluation as PIGT mutations have been shown to cause a syndromic 

phenotype with dysmorphic traits, hypotonia and epilepsy (Kvarnung et al., 2013; Lam et al., 

2015; Nakashima et al., 2014) (Discussed in section 3.2). 

A novel frameshift deletion in the connexin gap junction alpha 9 (GJA9) was also selected for 

further evaluation based on reports of mutations in other connexin family genes leading to 

syndromic phenotypes with dysmorphic traits and epilepsy (Abrams et al., 2012; 

Hempelmann et al., 2006; Hobson et al., 2012; Pizzuti et al., 2004) (Discussed in Section 3.3).  
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3.1.2 Autozygosity analysis 

Children of consanguineous parents generally have long autozygous regions around 

homozygous alleles (Alkuraya, 2012). By autozygosity analysis of the exonic variants 

identified in the patients, the GJA9 variant was found to be located in 21.2Mb autozygosity 

region (Chr1: 1:38423061-59598013) (Figure 10) and the PIGT variant in an 11.5Mb 

autozygosity region (Chr20:37005536-48491258) (Figure 11) shared between the patients 

(Appendix 6.1 – Autozygosity analysis).  

 

Figure 10 Autozygosity regions (shaded grey) on chromosome 1 of size >5Mb with more than 15 variants in A) 
Patient 1 and B) Patient 2. The Y-axis specifies whether variants are homozygous (1.0) or heterozygous (0.5). 
Homozygous variants for the reference alleles are not included in the WES data set (0.0). The X-axis specifies 
the approximate positions of the variants along chromosome 1. * indicates the autozygosity areas containing 
GJA9 in both patients. 
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Figure 11 Autozygosity regions (shaded grey) on chromosome 20 of size >5Mb with more than 15 variants in A) 
Patient 1 and B) Patient 2. The Y-axis specifies whether variants are homozygous (1.0) or heterozygous (0.5). 
Homozygous variants for the reference alleles are not included in the WES data set (0.0). The X-axis specifies 
the approximate positions of the variants along chromosome 20. PIGT is located in autozygosity regions in both 
patients. 

Combined with WES analysis and filtering, the presence of the two candidate genes in large 

overlapping autozygosity regions in the patients support the possibility that these rare variants 

might be disease causing (Alkuraya, 2012). 

  



 Results and Discussion 
 

  

38 
 

3.2 The PIGT variant 

The homozygous missense mutation c.1079G>T in PIGT was identified in both patients 

leading to the amino acid substitution p.Gly360Val in the protein phosphatidylinositol-glycan 

biosynthesis class T. Sanger sequencing of patient DNA confirmed segregation of the variant 

with disease status in the family, both patients being homozygous and healthy parents and 

sister being heterozygous carriers of the variant (Chapter 5, Figure 1). The PIGT gene 

encodes an enzyme involved in the attachment of glycosylphophatidylinositol (GPI) anchors 

to proteins.  

3.2.1 The glycosylphophatidylinositol (GPI) anchor  

In eukaryotes, cell surface proteins can be anchored to the outer leaflet of the lipid bilayer of 

the plasma membrane via a glycosylphophatidylinositol (GPI) anchor, consisting of an 

inositol phosphoplipid, a trimannoside sugar and an ethanolamine phosphate group (Figure 

12). The head of the ethanolamine phosphate is combined with the C-terminal of the anchored 

protein (Ikezawa, 2002). 

Figure 12 The core structure of a GPI-anchor attached to a protein and its orientation in the plasma membrane. 
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Biosynthesis and modifications of the GPI-anchor take place in the cytosol and the 

endoplasmic reticulum (ER) lumen. Here, GPI is synthesized and attached to proteins in a 

pathway involving several enzymes. These enzymes can be grouped according to their 

function: one set of enzymes synthesize the anchor in a stepwise fashion, while another group 

of enzymes attach the complete anchor to a target protein (Kinoshita et al., 2009; Udenfriend 

et al., 1995). The biosynthesis of the GPI anchor is a ten-step pathway involving at least 18 

proteins (Kinoshita et al., 2009) (Figure 13).  

 

Figure 13 Illustration of the GPI biosynthesis and attachment pathway. The first two steps take place in the 
cytosol. 1) N-Acetylglucosamine (GlcNAc) is attached to phosphatidinyl inositol (PI) yielding GlcNAcPI. 2) The 
acetyl group is removed, yielding GlcNPI. 3) A flippase transfers GlcNPI across the ER membrane into the ER 
lumen. 4) An acyl chain is transferred to inositol in the ER lumen. In 5) and 6) mannose is sequentially 
transferred to GlcNacylPI. 7) An EtNP group is transferred to GlcNacylPI. 8) A third mannose group is 
transferred to GlcNacylPI.9) A second EtNP is transferred by GlcNacylPI. 10) The final biosynthesis step is the 
transfer of an EtNP side branch to the second mannose. This process results in a mature GPI anchor, ready for 
transfer to target molecules. 11) The GPI transamidase (GPI-TA) complex) transfers the GPI anchor to a 
proprotein with a GPI-attachment signal. The GPI-anchored protein (GPI-AP) can be transported to the cell 
surface via the Golgi apparatus. 
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3.2.2 Attachment of GPI-anchors to target proteins 

Proteins to be modified with GPI anchors carry two different signals required for GPI-

attachment, an N-terminal signal that allows for transport across the ER membrane and a C-

terminal GPI-attachment signal. Proteins carrying both these signals are translocated into the 

ER lumen to have GPI anchors transferred to them in a transamidase reaction. The enzymes 

responsible for the transamidase reaction are separate from the GPI-anchor synthesis enzymes 

and are associated in the GPI transamidase complex (GPI-TA). It has been shown that the 

proteins GPI8 (also called PIGK), GAA1, PIGS, PIGT, PIGU are part of this complex, 

although no complete characterization  has been performed so far (Kinoshita et al., 2009). 

PIGS and PIGT knock-out cells have been shown not to express the GPI-anchored protein 

(GPI-AP) Thy-1 membrane glycoprotein on the cell surface, and PIGS, PIGT and GAA1 

knock-out cells accumulate large amounts of mature GPI, indicating that these proteins are 

not required for the synthesis of GPI, but rather the attachment of GPI to target proteins 

(Ohishi et al., 2001). 

 

In the transamidase reaction, the C-terminal GPI-attachment signal on a proprotein is 

recognized and cleaved (between the ω and ω + 1 sites) by GPI-TA, generating an enzyme-

substrate intermediate. The amino acid in the ω-site is linked to a catalytic cysteine in GPI8 

via a thiol-ester bond. This bond is attacked by an amino acid in ethanolamine phosphate 

(EtNP) present in the GPI-anchor and replaced by GPI through the formation of a carbonyl 

intermediate with the protein substrate (Orlean et al., 2007) (Figure 14). 

 

Figure 14 A) The components of the GPI-
TA complex GPI8 (PIGK), PIGT, GAA1, 
PIGS and PIGU. B) The transamidase 
reaction, where a proprotein C-terminal 
GPI-attachment signal is recognized and 
cleaved by GPI-TA, generating an 
intermediate with a thiol-ester bond that is 
attacked by EtNP in the GPI-anchor and 
replaced by GPI through the formation of a 
carbonyl intermediate with the protein 
substrate (Orlean, P. Menon, A. K. GPI 
anchoring of protein in yeast and 
mammalian cells, or: how we learned to 
stop worrying and love glycophospholipids. 
J Lipid Res. 2007. © the American Society 
for Biochemistry and Molecular Biology.) 
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It is likely that GPI8 plays the catalytic role in the GPI-TA complex, as it has been observed 

to associate with substrate proteins (Spurway et al., 2001) and shows sequence similarity with 

cysteine proteases having transamidase activity (Benghezal et al., 1996; Eisenhaber et al., 

2001). The proteins GAA1, PIGS and PIGT lack significant similarity with other proteins, but 

by analysis of their structure it is claimed that they have C-terminal transmembrane domains 

and a luminal domain residing in the ER lumen (Udenfriend et al., 1995).  

3.2.3 Disorders caused by aberrant GPI-synthesis 

10-20% of proteins entering the secretory pathway from the ER are post-translationally 

modified with a GPI-anchor (Orlean et al., 2007), and over 150 different human proteins are 

known to be GPI-anchored (T. U. Consortium, 2015). In some cases, proteins are GPI-

anchored and later cleaved by phospholipases and secreted into the extracellular space or 

serum. GPI-APs are functionally diverse, involved in activities such as signaling, cell 

adhesion or enzymatic functions – all key processes in development (Orlean et al., 2007). 

Null mutations in PIGA, the first enzyme in the GPI biosynthesis pathway are embryonically 

lethal in mouse knock-out models, underlining the severe consequences of pathogenic 

mutations in GPI biosynthesis genes (Kawagoe et al., 1996; Nozaki et al., 1999). 

Loss of function mutations in genes coding for protein involved in GPI biosynthesis and GPI 

attachment enzymes lead to lowered levels of GPI in the cell, or attachment defects of the GPI 

anchor to target proteins, with the end result of lowered levels of GPI-APs in cell membranes 

(Murakami et al., 2012). Syndromic disorders caused by mutations in GPI biosynthesis and 

GPI attachment enzymes have been identified in eight genes so far (Table 4). In addition, 

homozygous mutations in three GPI-anchor remodeling proteins “post-GPI attachment to 

proteins” (PGAP) cause similar disorders (Table 4).  

These disorders of GPI biosynthesis and GPI anchor attachment have a large degree of 

phenotypic overlap, with hypotonia and epileptic seizures being a global finding. The 

epileptic phenotype is often of infantile onset and unresponsive to treatment with anti-

epileptic drugs. Nearly all, except GPI deficiency due to a PIGM promoter mutation (Almeida 

et al., 2006), show consistent findings of psychomotor retardation or delay, dysmorphic 

features and congenital anomalies.  
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Disorder Cases OMIM MIM # Gene Clinical findings sALP 

MCAHS1  9 (Maydan et al., 2011; Ohba et al., 2014) 615398 PIGN Hypotonia, seizures, PD,  DF, CA Normal 

MCAHS2  16 (Belet et al., 2014; Johnston et al., 

2012; Kato et al., 2014; Swoboda et al., 

2014; van der Crabben et al., 2014) 

300868 PIGA Hypotonia, seizures, PD,  DF, CA ↑ 

MCAHS3 

(PIGT-CDG*) 

4 (Kvarnung et al., 2013) 615398 PIGT Hypotonia, seizures, PD,  DF, CA  ↓ 

HPMRS1 30 (Krawitz et al., 2010; Thompson et al., 

2012) 

239300 PIGV Hypotonia, seizures, PD,  DF, CA ↑ 

HPMRS2 3 (Krawitz et al., 2012) 614749 PIGO Hypotonia, seizures, PD,  DF, CA ↑ 

HPMRS3 10 (Abou Jamra et al., 2011; Hansen et 

al., 2013; Rehman et al., 2011) 

614207 PGAP2 Hypotonia, seizures, PD,  DF, CA ↑ 

HPMRS4 5 (Howard et al., 2014) 615716 PGAP3 Hypotonia, seizures, PD,  DF, CA ↑ 

HPMRS5 1 (Chiyonobu et al., 2014) 616025 PIGW Hypotonia, seizures, PD,  DF, CA ↑ 

ARID 2 (Murakami et al., 2014) 615802 PGAP1 Hypotonia, seizures, PD,  DF, CA Unknown 

GPI deficiency 3 (Almeida et al., 2006) 610293 PIGM Hypotonia, seizures, thrombosis Unknown 

CHIME 6 (B. G. Ng et al., 2012) 280000 PIGL Hypotonia, seizures, PD,  DF, CA Unknown  

Table 4 Overview of GPI biosynthesis and attachment disorders currently registered in OMIM (May 2015).  
MCAHS: Multiple congenital anomalies-hypotonia-seizures syndrome (*MCAHS3 now termed PIGT-CDG: Congenital 
disorders of glycosylation due to PIGT mutations). HPMRS: Hyperphosphatasia with mental retardation syndrome. ARID: 
Autosomal Recessive Forms of Intellectual Disability. CHIME Syndrome: Coloboma, congenital heart disease, ichthyosiform 
dermatosis, mental retardation, and ear anomalies syndrome.  
PD: Psychomotor Delay, DF: Dysmorphic Features, CA: Congenital Anomalies. Increased serum alkaline phosphatase 
(sALP) indicates hyperphosphatasia, while decreased ALP indicates hypophosphatasia.  

Homozygous recessive and compound heterozygous mutations in PIGT have been shown to 

cause Multiple congenital anomalies-hypotonia-seizures syndrome 3 (MCAHS3) (Kvarnung 

et al., 2013; Lam et al., 2015; Nakashima et al., 2014) which Lam et al., 2015 termed PIGT 

congenital disorders of glycosylation (PIGT-CDG), an inclusive term which will be used 

throughout this text. 
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3.2.4 PIGT Congenital Disorders of Glycosylation (PIGT-CDG) 

We identified a novel homozygous mutation in PIGT predicted to be damaging in our 

patients. Our patients presented with hypotonia and febrile seizures in infancy, later followed 

by unprovoked and poorly controlled epilepsy and intellectual disability, which has been 

reported in all seven reported patients with PIGT mutations causing PIGT-CDG  (Kvarnung 

et al., 2013; Lam et al., 2015; Nakashima et al., 2014) (Figure 14). 

Variable dysmorphic features are seen in PIGT-CDG. Our patients have high foreheads and 

broad nose roots, previously seen in six and four reported patients respectively. In addition, 

Patient 2 has a high arched palate, which has been reported in three PIGT-CDG patients.  

Brain imaging showed progressive cerebral and cerebellar atrophy in our patients, which has 

been reported in five PIGT-CDG patients. Observations of enlarged subarachnoid spaces and 

bilateral subdural fluid accumulation in Patient 2 is unique to our patients (results not shown).  

 

 

Figure 15 The PIGT gene and its exons marked with the previously identified PIGT-CDG mutations; a 
homozygous c.547A>C missense mutation in exon 4 (Kvarnung et al., 2013), a compound heterozygous 
c.250G>T nonsense mutation and c.1342C>T missense mutation in exons 2 and 10 respectively (Nakashima et 
al., 2014), a compound heterozygous c.1342C>T missense mutation and the frameshift insertion c.918dupC  in 
exons 2 and exon 8 respectively (Lam et al., 2015) and the homozygous missense mutation c.1079G>T in exon 9 
identified in the current work (marked in red). 

 

Skeletal abnormalities and ophthalmologic anomalies indicating cortical visual dysfunction 

are seen in all reported PIGT-CDG patients, and various other congenital anomalies are also 

found in all reported patients such as cardiac abnormalities in six patients and renal 

abnormalities in five patients. No congenital anomalies were reported in our patients, and 

ophthalmologic features also appear to be normal except for strabismus observed in Patient 2. 
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While abnormal blood, urine and cerebrospinal fluid (CSF) values are seen in all reported 

patients, such as decreased serum alkaline phosphatase (sALP) in five patients (Kvarnung et 

al., 2013; Nakashima et al., 2014), hypercalcaemia and hypercalciuria in four patients 

(Kvarnung et al., 2013), and  increased albumin in CSF in two patients (Lam et al., 2015), our 

patients showed normal values except for borderline abnormal MCV level in both patients, 

which has not been previously reported in PIGT-CDG.  

The clinical observations of reported PIGT-CDG patients along with Patient 1 and 2 in this 

study are summarized in Chapter 5 Table 2. In summary, they showed a large degree of 

phenotypic overlap in epileptic encephalopathy onset and seizure type, some degree of 

overlap in dysmorphic features, but no abnormal blood and urine values or congenital 

anomalies. These findings expand on the phenotypic spectrum of PIGT mutations, affirming 

that hypophosphatasia and congenital organ anomalies are not a global finding and might 

indicate that our patients are less severely affected than reported PIGT-CDG patients.  

Our patients were clinically diagnosed with a Dravet-like syndrome which has a closely 

overlapping seizure phenotype to PIGT-CDG. Approximately 20-30% of clinically diagnosed 

Dravet Syndrome are SCN1A negative and the majority of these of unknown genetic origin 

(Dravet, 2011; Dravet et al., 2013). Based on the finding of PIGT-CDG in our patients, 

SCN1A mutation negative patients with a Dravet-like seizure phenotype exhibiting 

dysmorphic features, congenital anomalies and/or abnormal serum alkaline phosphatase 

which are not part of the core DS phenotype (Dravet, 2011; Dravet et al., 2013) should be 

evaluated for PIGT-CDG and GPI synthesis and attachment disorders (table 5, p.42).  
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3.2.5 Functional investigation of GPI-APs by Flow Cytometry 

Flow cytometry (FCM) can be used for analysis of cell surface molecules in different cell 

types simultaneously. Cells in suspension are incubated with fluorochrome conjugated 

antibodies for cell surface markers and separated on a flow cytometer, where a laser allows 

for the detection of fluorescent signal intensities due to the labeled cell surface molecules 

(Brown et al., 2000). 

FCM is ideally suited to investigate the presence of GPI-anchors or GPI-APs in patients with 

GPI-deficiencies. In this experiment, FCM was performed with inactivated bacterial toxin 

fluorescent aerolysin (FLAER) which specifically labels GPI-anchors (Madkaikar et al., 

2009) and fluorochrome-conjugated antibodies to label GPI-AP cell surface proteins (H. S. 

Yang et al., 2013) (Figure 16). 

 

 

 

Peripheral blood from Patient 1 and healthy controls and primary fibroblast cells from both 

patients and healthy controls were used for FLAER-FCM with GPI-AP cell surface markers. 

Leukocytes from Patient 1 showed decreased levels of GPI-anchors and GPI-APs in all cell 

populations studied compared to healthy controls and primary fibroblast from both patients 

showed decreased levels of GPI-anchors and several GPI-APs compared to healthy controls 

cells (Chapter 5). These results are in accordance with the findings by Kvarnung et al. (2013), 

Nakashima et al. (2014) and (Lam et al., 2015) in previously reported PIGT-CDG cases, 

confirming the pathogenicity of the PIGT mutation in our patients.  

 

 

Figure 16 FCM biomarker detection in GPI-deficiencies 
can be performed with fluorochrome conjugated antibodies 
which bind specifically to GPI (FLAER) and GPI-anchored 
cell surface biomarkers (primary antibodies with 
conjugated fluorochromes). 
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3.2.6 PIGT mutations cause a disorder of GPI-attachment 

PIGT has a special position in GPI biosynthesis and attachment pathways, as mutations in 

GPI-TA genes do not affect the synthesis of the GPI anchor itself, but rather the proper 

attachment of synthesized GPI anchors to the target proteins. The PIGT enzyme has two 

essential functions: 

 Attachment of the GPI anchor to proteins by the generation of carbonyl 

intermediates: PIGS and PIGT are not involved with the biosynthesis of the GPI 

anchor, but in their absence, the carbonyl intermediate necessary for the attachment of 

mature GPI to proteins is not generated (Ohishi et al., 2001; Ohishi et al., 2003).  

 It has been suggested that PIGS and PIGT are associated with each other, and 

demonstrated that that PIGT, in contrast to PIGS, has an additional function in 

stabilizing GPI-TA by linking PIGS to GAA1 and GPI8. It has been shown that the 

GPI-TA complex is dependent on PIGT for stability and expression (Ohishi et al., 

2001; Ohishi et al., 2003).  

In addition to these roles, Ohishi et al. (2003) showed that the majority of GPI8 is covalently 

linked to PIGT via a functionally important disulfide bond  between PIGT Cys182 and GPI8 

Cys92 in the GPI-TA complex. In vitro experiments with PIGT C182S and GPI8 Cys92Ala 

mutants showed that these had 20% and 35% of wild-type expression of GPI-AP on the cell 

surface respectively, showing that the disulfide bond is important but not essential for GPI-

TA activity. 

It is possible that the biochemical differences between the reported mutations and their 

positions in PIGT allow for different levels of residual protein function related to disease 

severity (Figure 17). In the homozygous Thr183Pro mutation reported by Kvarnung et al. 

(2013) threonine is substituted by proline which is an inflexible residue common very tight 

protein junctions (Betts et al., 2003). This substitution occurs in the residue directly adjacent 

to C182 which is responsible for the disulfide bond between PIGT and GPI8 (PIGK).  

The Thr183Pro mutation could affect the biochemical environment and around C182, 

possibly affecting the stability of the disulfide bond which could lead to loss of function in 

PIGT and the GPI-TA complex. When comparing reported congenital anomalies of PIGT-

CDG patients the patients with homozygous Thr183Pro are the most severely affected, all 
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showing renal, skeletal and tooth abnormalities, three showing cardiac abnormalities and all 

showing delayed bone age and short arms. However, brain imaging of these patients show 

variable findings, ranging from cerebral and cerebellar atrophy in two patients to apparently 

normal findings in one patient.  

 

Figure 17 Illustration showing proteins in the GPI-TA complex, the amino acid positions of reported PIGT-CDG 
mutations, the location of the GPI8-PIGT disulfide bond (C92-C182) and the novel variant Gly360Val identified 
in this project. 

The remaining reported mutations are compound heterozygous, combining the missense 

mutation Arg488Trp with a nonsense Glu84* or frameshift Val307Argfs*13 mutation 

resulting in a truncated PIGT protein and likely decreased levels of functional PIGT (Lam et 

al., 2015; Nakashima et al., 2014). These patients all exhibit cerebral and cerebellar atrophy 

and heart defects, while other phenotypic findings are variable. 

In the homozygous Gly360Val mutation identified in this project glycine is substituted by 

valine, both small residues of equal charge (Betts et al., 2003). Based on the differences in 

disease severity between PIGT-CDG patients, the Gly360Val missense mutation in our 

patients seem to cause a milder phenotype than reported PIGT-CDG mutations. This is 

supported by the lack of congenital anomalies, cerebral visual impairment and abnormal 

blood and urine values in our patients.  
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3.2.7 Hypophosphatasia in PIGT-CGD 

Both hyperphosphatasia and hypophosphatasia are observed in GPI biosynthesis and GPI 

attachment disorders. Hyperphosphatasia is characterized by an abnormal increase alkaline 

phosphatase in serum (sALP), and occurs in MCAHS2, HMPRS1-5 and in one reported case 

of PIGL mutation (Fujiwara et al., 2015), while hypophosphatasia is characterized by 

abnormal decrease of sALP in serum, and has so far only been seen in PIGT-CGD. 

Humans have four alkaline phosphatase genes, out of which three are tissue-specific 

expressed in placenta (ALPP), intestines (ALPI) and germ cells (ALPP2), and the fourth tissue 

non-specific (ALPL) expressed in bone, liver, kidney, brain and other tissues as the GPI-AP 

tissue non-specific alkaline phosphatase protein (TNAP) (Millan, 2006).  

While the mechanism for hyperphosphatasia in GPI-biosynthesis disorders appears to be 

complex and not completely understood, the mechanism for hypophosphatasia observed in 

PIGT-CDG might be less complex. Proproteins have been reported to be intracellularly 

degraded in GPI-TA mutants (Murakami et al., 2012) which could indicate that TNAP is 

degraded intracellularly and not released into serum in PIGT-CDG patients, potentially 

explaining hypophosphatasia in patients with PIGT mutations. 

Loss of function mutations in ALPL cause Hypophosphatasia (HPP, MIM 171760), where low 

TNAP serum levels cause hypomineralization of skeleton and teeth and in some cases 

epileptic seizures (Whyte, 2010). Defective mineralization in HPP is due to accumulation of 

the TNAP substrate inorganic pyrophosphate (PPi), which is a potent mineralization inhibitor 

(Millan, 2013). Epilepsy in HPP is caused by abnormal metabolism of the TNAP substrate 

Pyridoxal-5′-phosphate (PLP), an essential cofactor for the synthesis of the inhibitory 

neurotransmitter gamma-aminobutyric acid (GABA) (Di Mauro et al., 2002). Defective PLP 

metabolism reduce GABA levels in the brain, and ALPL -/- mice deficient in TNAP develop 

seizures at two weeks which result in death from status epilepticus (Waymire et al., 1995).  

In HPP, hypophosphatasia is caused by loss of function mutations in ALPL, while in PIGT-

CDG hypophosphatasia is likely due to GPI-TA loss of function due to PIGT mutations 

causing defects in attaching GPI anchors to the TNAP proproteins, resulting in intracellular 

degradation of TNAP and decreased TNAP serum levels. It is possibly that both HPP and 

PIGT-CDG hypophosphatasia could lead to a similar hypomineralization and epileptic 

phenotype.  
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Hypophosphatasia has been reported in PIGT-CDG patients with craniosynostosis, delayed 

bone age, and reduced mineralization (Kvarnung et al., 2013) and scoliosis and osteoporosis 

(Nakashima et al., 2014). However, Lam et al. (2015) reported two patients exhibiting 

reduced mineralization, scoliosis and long bones without hypophosphatasia. Our patients do 

not exhibit hypophosphatasia or bone abnormalities.  

The observation that sALP is normal in our patients and four out of seven reported patients 

makes it clear that hypophosphatasia is not a global finding in PIGT-CDG, and that abnormal 

PPi and PLP metabolism cannot be the sole explanation for reduced mineralization and 

epilepsy in this disorder, as patients without hypophosphatasia exhibit reduced mineralization 

and all reported patients exhibit epilepsy. It could be argued that as findings of 

hypophosphatasia and reduced mineralization are variable between PIGT-CDG patients, these 

traits should not be required for clinical diagnosis of PIGT-CDG, as patients with novel 

mutations, such as our patients, could be overlooked or misdiagnosed. 

3.2.8 Therapeutic interventions in GPI-deficiency disorders 

Identifying causative disease genes are steps towards developing targeted therapies. A 

successful example of this is the case of GPI deficiency due to PIGM promotor mutations in 

the binding site of the transcription factor Sp1 (Almeida et al., 2006). By treatment with 

sodium butyrate, a histone deacetylase inhibitor, PIGM transcription and surface expression 

of GPI-APs proteins was restored (Almeida et al., 2007). This resulted in cessation of 

previously intractable seizures in a severely hypotonic and unresponsive pediatric patient, 

who regained lost functions such as walking and self-feeding within 2 weeks after treatment.  

For the remaining known inherited GPI deficiency disorders, the known mutations cause loss 

of function in enzymes not currently possible to substitute. There are some indirect 

therapeutic approaches that could be of use in GPI deficiency disorders, such as identifying 

GPI-APs with decreased expression explaining the disease phenotype. Some PIGT-CDG 

patients have been found to have hypophosphatasia, likely causing skeletal abnormalities and 

osteoporosis (Kvarnung et al., 2013; Nakashima et al., 2014). In HPP mouse models, there 

has been some success in substituting TNAP by enzyme replacement therapy (ERT) (Gasque 

et al., 2015; Oikawa et al., 2014). However, hypophosphatasia is not a global finding in 

PIGT-CDG (Lam et al., 2015), and the relevance for PIGT-CDG patients is unknown. 

Currently, there are no known therapeutic targets investigated in PIGT-CDG. 
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3.2.9 The effects of GPI-AP decrease 

Disorders due to germline mutations in PIGT result in decreased attachment of GPI anchors to 

proteins, leading to decreased expression of cell-surface GPI-APs. The disease phenotype is 

characterized by hypotonia, epilepsy, neurodegeneration and congenital anomalies.  

However, except for decreased TNAP in some PIGT-CDG patients (Kvarnung et al., 2013; 

Nakashima et al., 2014), how and which GPI-APs contribute to the PIGT-CDG and other GPI 

deficiency disorder phenotypes is largely unknown.  

The UniProt Knowledgebase collection of protein sequences and their annotations (T. U. 

Consortium, 2015) contains at least 40 GPI-APs that are expressed in the CNS. GPI-AP 

proteins in the CNS where mutations lead to phenotypes overlapping with PIGT-CDG 

patients might be feasible to target for therapeutic interventions. A few selected examples of 

neural GPI-APs with known function illustrate potential effects of decreased GPI-AP 

expression in the brain (Table 5).  

 

Table 5 Some of the GPI-APs active in the CNS. Abbreviations: GF: growth factor. CC: corpus callossum. 

 

The contactin proteins are GPI-anchored neuronal cell adhesion molecules, shown to regulate 

axon growth in vitro (Salzer et al., 2008). While the in vivo roles of contactins are not 

clarified, contactin 1 (Cntn1) -/- mice are severely ataxic, due to cerebellar defects (Berglund 

et al., 1999; Falk et al., 2002). Contactin 2 (CNTN2) is expressed by neurons and myelinating 

glial cells, and homozygous frameshift mutations in CNTN2 have been identified in cortical 

myoclonic tremor and epilepsy (Stogmann et al., 2013). 

Protein name Gene name Neural function Neural mutation phenotype 

Contactin-1 CNTN1 Axonal and dendritic interactions 

of cerebellar interneurons 

(Berglund et al., 1999) 

Severe cerebellar ataxia, early death  

(mouse -/-) (Berglund et al., 1999) 

Contactin-2 CNTN2 Nodes of Ranvier organization 

(Stogmann et al., 2013) 

Adult myoclonic epilepsy-5 (MIM 615400) 

(Stogmann et al., 2013) 

Folate receptor 

alpha 

FOLR1  Folic acid receptor. Neurodegeneration due to cerebral folate 

transport deficiency (613068)  

Teratocarcinoma-

derived GF-1 

TDGF1  Proper laterality development  Midline anomalies of the forebrain, hypoplastic 

CC, developmental delay(de la Cruz et al., 2002) 
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Folate is an essential cofactor involved in repair and synthesis of DNA and neurotransmitter 

synthesis and is recognized by the GPI-anchored folate receptor 1 (FOLR1). Homozygous 

FOLR1 mutations in humans cause neurodegeneration due to cerebral folate transport 

deficiency (MIM 613068), a condition characterized by infancy onset leukodystrophy and 

medication refractory epilepsy (Steinfeld et al., 2009).  

 

Holoprosencephaly (HPE) is a developmental defect where the forebrain fails to fully separate 

into two frontal lobes. Heterozygous mutations in the GPI-anchored Teratocarcinoma-derived 

growth factor 1 (TDGF1) have been identified in developmentally delayed children with HPE 

(de la Cruz et al., 2002). It has also been demonstrated that mice with with Pign and Pgap1  

mutations have mislocalization of TDGF1 and decreased TDGF1 signaling both in vitro and 

in vivo (McKean et al., 2012). 

It is possible that the combination of lowered cell-surface expression of these GPI-APs in the 

CNS lead to the neural effects of GPI-deficiency disorders such as ataxia, seizures and neural 

developmental defects, perhaps similar to effect of damaging mutations in these GPI-AP 

proteins. If this is the case, these proteins might be interesting targets for developing 

treatments for PIGT-CDG. However, none of these proteins have been investigated for their 

roles in human GPI deficiencies, and it is unknown to what extent they contribute to the 

PIGT-CDG disorder phenotype.  

3.2.10 Targets of GPI-APs 

Defects in GPI biosynthesis and GPI attachment are not contained to the expression of GPI-

APs, but also affects the targets of GPI-APs. Experiments in animal models indicate that these 

targets might also be involved in the PIGT-CDG disease phenotype. For example, in zebra 

fish Rohon-Beard (RB) neurons, GPI-TA has been showed to affect the expression and 

localization of sodium channels Nakano et al. (2010). RB neurons are sensory neurons 

responsible for touch-response present until the larval stage, after which they undergo 

apoptosis and are replaced by dorsal root ganglia neurons. Zebra fish pigu mutants and Gpi8 

knockdown mutants are touch non-responsive, and their RB neurons do not undergo 

apoptosis, but exhibit impaired action potentials, decreased cell surface expression and 

abnormal distribution of sodium channels.  
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Since sodium channels are not GPI-APs and pigu and Gpi8 are essential components of GPI-

TA, Nakano et al. (2010) concluded that sodium channels are targets of GPI-TA in the RB 

neurons. 

It is currently unknown how GPI-TA acts on the expression and distribution of sodium 

channels. In mice, it has been observed that the sodium channel Scn1b interacts with the GPI-

AP contactin 1 (Falk et al., 2002; Katidou et al., 2008), which enhances Scn1b expression 

levels in cultured cells (Kazarinova-Noyes et al., 2001; McEwen & Isom, 2004; McEwen, 

Meadows, et al., 2004). However, (Nakano et al., 2010)  investigated knock-down of 

zebrafish contactin 1 paralogue contactin 1a which is expressed in RB cells, and did not find 

evidence of contactin 1a being required for the surface distribution of sodium channels. It is 

possible that an unidentified GPI-AP mediates the cell surface expression of sodium channels, 

or that contactin 1 is either a cofactor that promotes the expression of sodium channels or 

requires specific binding partners to affect intracellular signaling (Kazarinova-Noyes et al., 

2001). 

The observation that mouse and zebrafish sodium channel expression and distribution is 

affected by GPI-TA is interesting when considering our patients clinically diagnosed with 

Dravet-like infantile onset epilepsy.  Scn1b  -/- mice have ataxia with spontaneous generalized 

seizures (C. Chen et al., 2004) and SCN1B mutations have recently been identified in SCN1A-

negative cases of Dravet Syndrome (Ogiwara et al., 2012; Patino et al., 2009). If the sodium 

channel SCN1B shows decreased expression and mislocalization in humans with with GPI-

TA mutations, some of the overlapping seizure phenotype between Dravet Syndrome and 

PIGT-CDG could be explained.  

Further investigation of both GPI-APs and GPI-AP targets in PIGT-CDG is necessary to 

understand the molecular basis for this disease and the development of targeted therapies.  
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3.2.11 GPI-AP Immunofluorescence Microscopy and the design 
of a wild-type PIGT expression construct 

It is unknown whether human PIGT mutations lead to qualitative differences in GPI-AP cell 

surface expression levels and localization compared to healthy control cells. In order to 

develop an approach to such experiments, patient and healthy control primary fibroblasts 

were fixed on microscopy slides and labeled with a primary antibody specific for the GPI-AP 

Thy-1 membrane glycoprotein, a well-known fibroblast surface marker (Kisselbach et al., 

2009) and visualized by immunofluorescence microscopy (Appendix 6.2).  

Successful labeling of cells in all samples was confirmed, which enables further study of Thy-

1 membrane glycoprotein with IF (Appendix 6.2, Figure 21 and 22). It is feasible to 

investigate GPI-AP expression differences in patient fibroblasts compared to cells from 

healthy controls and asses if a decreased GPI-AP expression in patient cells could be rescued 

by ectopic expression of wild type PIGT protein.  

For this purpose, a wild-type PIGT expression construct was designed as a part of this work 

and verified to successfully express wild-type PIGT protein (Appendix 6.3). 
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3.3 The GJA9 finding 

The novel homozygous recessive frameshift deletion c.912del in GJA9 leading to the 

frameshift p.Val305Tyrfs*11 was identified in both patients (Figure 18A). GJA9 encodes Gap 

junction protein alpha 9, one of many human proteins that make up gap junction (GJ) 

channels between adjacent cells. 

GJA9 exon 1 was PCR amplified using primers GJA9F (5’TGCCTCATGTTGTTCTCTCCA-3’) 

and GJA9R (5’-CCAGAGCACATCTGCAAATTCAC-3’) and sequenced on ABI 3730 genetic 

analyser (Applied Biosystems) using standard protocols (Figure 18B).  

 

Figure 18 A) Family pedigree showing segregation of the homozygous c.912del variant with disease.  
B) Sanger sequencing results.* indicates the homozygous variant c.912del identified in patients  II-1, II-3 and 
the heterozygous c.192del/wt variant identified in healthy parents I-1,-2 and sister II-2. 

In the Human Gene Mutation Database (HGMD), small insertion-deletions (indels) is the 

second largest class of disease causing mutation types for monogenic disorders, surpassed 

only by missense mutations (Stenson et al., 2014). The single nucleotide deletion in GJA9 

disrupts a codon causing a frameshift (Figure 19). When a frameshift occurs in a protein 

coding gene and introduces a premature stop codon more than ~55bp from the final 3’ intron, 

the mutant mRNA may be degraded by nonsense-mediated decay (NMD) (Khajavi et al., 

2006). However, single exon genes such as GJA9 have been shown to be insensitive to NMD 

and are more likely to be translated into truncated protein transcripts (Cusack et al., 2011). 

 

Figure 19 The structure of the GJA9 gene and 
the location of the homozygous frameshift 
variant c.912del in GJA9. 
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The SIFT-indel algorithm (Hu et al., 2012) (http://snpeffect.switchlab.org/) predicts that this 

frameshift variant likely leads to nonsense mediated decay due to the premature termination 

codon introduced 10 positions downstream, possibly leading to a homozygous GJA9 null 

mutation or a truncated GJA9 protein in the patients. 

3.3.1 The Connexins  

The human connexin gene family consists of 21 genes, all encoding proteins with a similar 

structure. Connexin homo- and hetero-hexamers form direct intercellular membrane channels 

termed gap junctions between adjacent cells.  

 

Figure 20 The structure of connexon hemichannels (left), gap junctions in the cell membrane (upper right) and 

the structure of a typical connexin (lower right) (Wikipedia Commons, Open source). 

 

Connexin hexamers form connexon hemichannels with a central pore and dock end to end to 

form a gap junction (GJ) with central pore allowing direct transport of ions and small 

molecules up to 1-1.2kDa, such as metabolites and neurotransmitters (Sohl et al., 2004) 

(Figure 20).  
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3.3.2 Connexins in disease 

Connexins have various functions in human tissues, such as ion homeostasis in the ear 

(Martinez et al., 2009; Zhao et al., 2006), ion and metabolite transport in the lens (Gong et al., 

2007) and ion, metabolite and neurotransmitter transport in the CNS (Sohl et al., 2004). 

Various mutations in 10 out of the 21 human connexins have been found to cause disease, 

involving the inner ear, lens, cardiovascular system and central nervous system (CNS) (Zoidl 

et al., 2010) (Table 6).  

Connexin Organ Disorder MIM # 

GJB2/hCx26 Inner ear Sensorineural deafness 121011 

GJB3/hCx31 Inner ear Hearing loss and/or deafness  603324 

GJA1/hCx43 Inner ear Hearing loss and/or deafness  121014 

GJB6/hCx30 Inner ear Hearing loss and/or deafness  604418 

GJA3/hCx46  Lens Cataracts 601885 

GJA8/hCx50 Lens Cataracts 116200 

GJB1/hCx32 CNS Charcot-Marie-Tooth disease 1 , X-linked 302800 

GJC2/hCx47 CNS Leukodystrophy hypomyelinating 2 608804 

GJC2/hCx47 CNS Less-severe spastic paraplegia 44  613206 

GJA1/hCx43 CNS Occulodentodigital dysplasia  257850 

GJA1/hCx43 CNS Hallermann-Streiff syndrome 257850 
 
Table 6 Overview of connexin genes where mutations cause disorders. The main affected organ is indicated 
along with the name of the disorder and the relevant OMIM accession number. 

Four CNS disorders are currently known to be caused by mutations in three connexin genes 

(Abrams et al., 2012).  

1. More than 300 mutations in GJB1 have been identified in X-linked Charcot-Marie-

Tooth disease 1 (Bergoffen et al., 1993; Shy et al., 2007), a clinically and genetically 

heterogeneous peripheral demyelinating neuropathy. It is believed that CMTX is 

caused by loss of function mutations, as CMTX-mutations in GJB1 have been 

demonstrated to cause defective GJ channels and lack of GJB1 cell surface expression 

(Abrams et al., 2001; Wang et al., 2004). 

2. Homozygous mutations in GJC2 cause Pelizaeus-Merzbacher-like disease (PMLD) 

(Uhlenberg et al., 2004), now known as leukodystrophy hypomyelinating 2 (HDL2) a 

disorder characterized by nystagmus, cerebellar ataxia within 4 years of age, impaired 

motor development, dysarthria and progressive spasticity within 6 years of age 

(Abrams et al., 2012).  
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While 75% of cases of Pelizaeus-Merzbacher disease (PMD) are caused by proteolipid 

protein 1 (PLP1) mutations, around 8% of cases are due to GJC2 mutations.  

3. Other GJC2 mutations can cause spastic paraplegia 44 (SPG44) with a less severe 

phenotype that HDL2 (Abrams et al., 2012; Hobson et al., 2012).  

4. Mutations in GJA1 cause Oculodentodigital dysplasia (ODDD), a rare disease 

characterized by syndactyly, craniofacial and dental anomalies (Abrams et al., 2012; 

Paznekas et al., 2003; Pizzuti et al., 2004).  

It has also been reported that mutations in the connexin gene GJD2 are associated with 

Juvenile myoclonic epilepsy (JME), an idiopathic generalized seizure disorder (Hempelmann 

et al., 2006). GJD2 is largely expressed by interneurons (Deans et al., 2001), and is critical for 

formation of functional gap junctions in these cells in the mouse neocortex (Deans et al., 

2001).  

It is currently unknown why only half of the human connexins are associated with human 

disease. Zoidl et al. (2010) speculated that some connexin genes are located in more stable 

regions of the chromosomes, and are less prone to genetic alterations. In some connexins, 

mutations might be highly deleterious and be embryonically lethal. Another possibility is that 

some connexins are dispensable in humans, or that we have simply not yet discovered all 

connections between human connexins and disease.  

GJA9 is one of the less well-characterized connexin genes, conserved in some vertebrates 

(chimpanzee, rhesus monkey, dog, cow, chicken, and zebrafish), but lost in the rodent lineage 

(Cruciani et al., 2006).  Cruciani et al. (2006) argue that  since GJA9 orthologues are found 

not only in primate, but also dog, cow and possibly opossum, the lack of GJA9 in rodents is 

species-specific. Studies of human GJA9 transcript isoforms show expression in lens and 

retina (Sohl et al., 2010), but the function and distribution of the protein is unknown.  

GJA9 has been explored as a candidate gene for human deafness, with inconclusive results 

(Lu et al., 2002). Expression of GJA9 in primates has been confirmed in the in the superficial 

epithelium of the cornea (Yuan et al., 2009).  
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Our patients have normal vision and hearing, but exhibit some phenotypic overlap with 

connexin CNS-disorders, such as epilepsy (Hempelmann et al., 2006), hypo- and/or 

demyelination (Hobson et al., 2012; Shy et al., 2007), impaired motor development and 

cerebellar ataxia (Hobson et al., 2012). 

Due to the reported mutations in connexins leading to a CNS phenotype and dysmorphic traits 

and the involvement of connexins in epilepsy, the mutation in GJA9 cannot be excluded as a 

candidate to explain the phenotype in our patients. More work is needed to explore are 

possible link between the mutation in GJA9 and the phenotype of the patients. 

3.4 Conclusion 

The PIGT mutation is likely the causal variant for the patient phenotype. According to the 

American College of Medical Genetics' categories for the clinical relevance of genetic 

variants (Richards et al., 2008), the PIGT finding is a novel variant expected to cause disorder 

due to a location in a known disease gene where other mutations of the same type have been 

reported in patients with overlapping phenotype. 

Based on the previous associations between connexins and epilepsy, we cannot rule out the 

possibility that a nonfunctional GJA9 could also play a role in the patients’ phenotype. 

Further characterizations are needed to understand the function and expression of this protein. 

Until then, the novel GJA9 variant remains a “Variant of unknown significance (VUS)”.  

In conclusion, non-hypothesis driven WES was used to perform a diagnostic genetic test. 

Functional experiments confirmed the pathogenicity of the novel mutation identified in PIGT.  
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 Suggestions for further work 
Further investigations of the PIGT-finding: 

 Transfection of patient fibroblast with a construct expressing labeled GPI-AP, 

to investigate localization and extent of GPI-anchoring with and without co-

transfection with wild-type pRTRex-PIGT expression construct.  

Quantitative measurements could be performed by flow cytometry and 

qualitative analysis by immunofluorescence.  

 Investigation of the consequences of GPI-deficiency or GPI-TA enzyme 

deficiencies in human neural cells, for example by reprogramming of patient 

fibroblast into neuron-like cells by induced pluripotent stem cell (iPSC) 

techniques.  

 Heterozygous and homozygous animal knock-out models of Pigt in mice, 

which have previously not been investigated, in order to understand the 

function of the PIGT enzyme and the GPI-TA complex in multicellular 

organisms. 

In addition, the GJA9 variant could be investigated further: 

 GJA9 could be investigated by functional studies of gap junction intercellular 

communication (GJIC), for example by Tracer Microinjection or Scrape 

Loading Dye Transfer Assays (Abbaci et al., 2008). 

 The variant should be assessed in set of proper population controls, ideally by 

investigating at least a few hundred Somali African healthy control 

individuals, to determine the minor allele frequency (MAF) of the variant in 

this population. 
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Identification of a novel PIGT mutation in progressive epileptic encephalopathy 
by Whole Exome Sequencing (WES) 

Nadia Skauli, Asbjørn Holmgren, Samuel Chiang Cern Cher, Tuva Barøy, Tim Hughes, 

Asbjørg-Stray Pedersen, Yenan Bryceson, Doriana Misceo, Petter Strømme, Eirik Frengen 

Abstract 

We present two brothers from a consanguineous family both presenting with infantile 

epilepsy, encephalopathy, developmental delay and dysmorphic features. Whole exome 

sequencing (WES) revealed a novel homozygous variant c.1079G>T (p.Gly360Val) in PIGT 

in both brothers. Sanger sequencing confirmed segregation of the variant with disease in the 

family. PIGT encodes the protein phosphatidylinositol-glycan biosynthesis class T, an 

enzyme in the glycosylphosphatidylinositol (GPI) biosynthetic pathway. Mutations in PIGT 

have previously been reported in patients with PIGT congenital disorders of glycosylation 

(PIGT-CDG) also termed Multiple congenital anomalies-hypotonia seizures syndrome 3 

(MCAHS3). Patient leukocytes and fibroblasts showed a reduced expression of GPI and GPI 

anchored proteins on the cell surface, indicating reduced PIGT activity. 

Introduction 

The glycosylphosphatidylinositol (GPI) anchor is a posttranslational modification of 

eukaryotic proteins, whose function is to link proteins to the outer leaflet of the plasma 

membrane. To date, over 150 GPI-anchored proteins (GPI-APs) are known, comprising 10-

20% of proteins entering the secretory pathway from the endoplasmic reticulum (ER) 1; 2. The 

construction and attachment of GPI anchors requires an extensive pathway involving proteins 

encoded by more than 20 genes 3. GPI-APs have key roles in processes such as signaling, cell 

adhesion and enzymatic functions 3. Null mutations in PIGA abolishing GPI biosynthesis are 

embryonically lethal in mice, underlining the importance of in GPI-APs 4. 

Perturbations of GPI anchor synthesis and posttranslational modification lead to a number of 

syndromes, with causative mutations so far identified in eight genes encoding proteins 

necessary for GPI biosynthesis (PIGT, PIGM, PIGW, PIGA, PIGO, PIGV, PIGN, PIGL 5-12) 

and in three GPI modulating proteins (PGAP2, PGAP3, PGAP113-15). Mutations in PIGT, an 
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essential enzyme in the GPI transamidase complex (GPI-TA), have been shown to cause 

PIGT congenital disorders of glycosylation (PIGT-CDG) also termed Multiple congenital 

anomalies-hypotonia-seizures syndrome 3 (MCAHS3, MIM 615398) 12; 16; 17. Here we present 

two brothers with infantile epilepsy, encephalopathy, developmental delay and dysmorphic 

features carrying the novel homozygous PIGT mutation c.1079G>T (p.Gly360Val). 

Clinical Reports of the patients 

The two brothers aged 9 and 6 are children of healthy consanguineous Somalian parents, born 

at term after uneventful pregnancies. At age 3-6 months, the patients developed febrile 

seizures, and they were clinically diagnosed with Dravet-like infantile epileptic 

encephalopathy. The patients are psychomotorically delayed and they have lost motor skills. 

Both patients crawled as toddlers, but can so far only stand with support and have not learned 

to walk.  They exhibit ataxia, truncal hypotonia, reduced eye movement and medication 

refractory epileptic seizures (generalized tonic-clonic, absence and myoclonic). Neurological 

examination revealed progressive cerebellar and frontal atrophy and enlarged subarachnoid 

spaces, indicating epileptic encephalopathy. 

Biochemical analysis of blood was normal since birth, including serum alkaline phosphatase. 

Mean corpuscular volume (MCV) was in the high range with values 96 fL and 93 fL for 

Patient 1 and 2 respectively (normal range 76-95 fL).  

Karyotyping, array comparative genome hybridization (aCGH), and Multiplex ligation-

dependent probe amplification (MLPA) for Angelman-, Alpha-thalassemia myelodysplasia 

(ATRX), Rett- and Rett-like syndromes gave normal results in both patients. An epilepsy 

gene panel was analyzed with normal results. In addition, several genes were individually 

analyzed by Sanger sequencing based on the patient phenotype (CDKL5, ARX, MEF2C, 

UBE3A, FOXG1, TCF4, EHMT1, SCN9A6, SHANK3, CASK, and ZEB1), with no clinically 

relevant findings. 
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Methods 

Whole Exome Sequencing 

Genomic DNA was extracted from peripheral leukocytes from the two patients, their 

unaffected sister and parents. Genomic DNA from the patients and their healthy mother were 

used for exome capture using the Illumina TruSeq Exome Enrichment kit (Illumina Inc., CA). 

The exome libraries were sequenced on Illumina HiSeq2000 with 100 bp paired-end reads. 

Reads not passing the Illumina standard filter were removed prior to alignment. The resulting 

reads were mapped to the Human Reference Genome b37 using Burrows-Wheeler Aligner 

(BWA) version 0.5.9 18. The resulting SAM file was annotated and validated using Picard 

version 1.104 (broadinstitute.github.io/picard). The Genome Analysis Toolkit (GATK) 

version 2.5 was used for further refinement (re-alignment around indels and base quality score 

recalibration) 19. 

Approximately 90% of the reads mapped uniquely to the reference genome yielding an 

average of ~ 129x, 89x and 88x coverage per targeted base in the mother and patients 1 and 2, 

respectively. Joint variant calling of indels and SNPs was performed by using the GATK 

Unified Genotyper on all three exomes. Functional annotation was performed using the 

Variant Effect Predictor (VEP) 20 21. 

The exomes were analysed as an inverted trio according to the recessive inheritance model in 

the FILTUS software (http://folk.uio.no/magnusv/filtus.html). Variants with a minor allele 

frequency higher than 1% in the 1000 Genomes Project22 and Exome Aggregation 

Consortium (ExAC, http://exac.broadinstitute.org) databases were discarded. The remaining 

variants were further filtered by using PolyPhen223 and SIFT24 to discard predicted as benign 

and tolerated variants. Non-synonymous variants, indels and splice site variants were retained. 

Sanger Sequencing was used to verify WES findings.  

Sanger sequencing 

PIGT exon 9 was PCR amplified from genomic DNA and sequenced using the following 

primers: PIGT 9F 5’-GGGACTCTGAACATGGCCTGGG-3’ and  

9R 5’-CACAGTGAGGCTCCCGTTCCA-3’. Amplified PCR products were sequenced on 

ABI 3730 genetic analyzer (Applied Biosystems) using standard protocols.  
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Primary fibroblast culturing 

 

Primary fibroblast from patients and two healthy controls were acquired by skin biopsies and 

cultured in 2% streptomycin 10% FBS high glucose 1X Dulbecco's Modified Eagle Medium 

(DMEM) containing L-glutamine HEPES (Gibco®, Life Technologies). For passaging, cells 

were washed with Dulbecco's Phosphate-Buffered Saline (Gibco®, Life Technologies) and 

trypsinated. 

Flow Cytometry  

Whole blood from the index patient as well as healthy controls were shipped at room 

temperature and analysed within 24 hours of venipuncture. Blood cells were stained with 

lineage markers CD19 (clone HIB19, BD Bioscience, Franklin Lakes, NJ, USA), and CD45 

(HI30, BD Bioscience, Franklin Lakes, NJ, USA), as well as antibodies against the following 

GPI anchored proteins: CD14 (M5E2, BD Bioscience, Franklin Lakes, NJ, USA), CD16 

(3G8, BD Bioscience, Franklin Lakes, NJ, USA), CD24 (ML5, BD Bioscience, Franklin 

Lakes, NJ, USA), CD48 (MEM-102, BD Bioscience, Franklin Lakes, NJ, USA), and 

fluorochrome conjugated aerolysin (FLAER, Cedarlane, Burlington, NC, USA) which 

specifically binds GPI anchors. Isotype control antibodies were used as negative control. Red 

blood cells were then lysed with FACS Lysing Solution (BD Bioscience) and cells acquired 

on a Fortessa cell analyser (BD Bioscience). Fibroblasts generated from both patients and 

healthy controls grown in culture flasks were dissociated before staining with antibodies 

against GPI anchored proteins CD59 (H19, BD Bioscience, Franklin Lakes, NJ, USA), CD90 

(5E10, BD Bioscience, Franklin Lakes, NJ, USA), and  FLAER, or corresponding isotype 

controls. Fibroblasts were detached by cell scraping, as trypsin or Accutase treatment was 

expected to lead to lowered expression of cell-surface GPI-APs and unspecific staining. 

The cells were then fixed (Cytofix, BD Bioscience) and acquired on a Fortessa cell analyser 

(BD Bioscience). The median fluorescence intensities (MFI) of the GPI anchored proteins in 

the cell populations were determined and analysed (FlowJo v9.5, TreeStar). 
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Results 

Novel homozygous PIGT variant c.1079G>T (p.Gly360Val) identified by WES 

By filtering the WES results according to a recessive model, we identified 11 homozygous 

variants shared in both patients (Table 1). The novel homozygous variant c.1079G>T 

(p.Gly360Val) in PIGT (NM_015937.4) was considered to be likely disease-causing variant 

because diallelic mutations in PIGT have previously been reported to cause PIGT congenital 

disorders of glycosylation (PIGT-CDG) in patients exhibiting a strikingly similar phenotype 

to our patients12; 16; 17. The PIGT gene encodes phosphatidylinositol-glycan biosynthesis class 

T, which is part of the phosphatidylinositol-glycan (GPI) biosynthetic pathway.  

The PIGT variant is a transversion of a highly conserved nucleotide, which segregated with 

disease status in the family, the healthy parents and sister being heterozygous and the patients 

homozygous for the variant (Figure 1). The variant causes the amino acid change at a highly 

conserved residue in the GPI transamidase domain of PIGT. 

FCM confirms decreased GPI-AP and GPI expression in patient blood and fibroblasts  

When analyzing leukocyte subsets in Patient 1, reduced median fluorescence intensity was 

confirmed for several labeled GPI-APs: In the patient, CD24 expression was decreased on B 

cells (Figure 2A), CD16 and CD24 expression was decreased on granulocytes (Figure 2B), 

and CD14 and CD48 expression was decreased on monocytes (Figure 2C) compared to 

healthy controls. Cell surface GPI-anchor expression indicated by the FLAER signal was 

reduced in all leukocyte subsets compared to healthy controls (Figure 2 A-C). Staining for 

GPI anchor expression by FLAER and GPI-APs CD90 and CD59 expression on fibroblasts 

from both patients revealed reduced staining intensity compared to controls (Figure 3A-B), 

although background staining was high due to low viability of fibroblasts in the experiment.  
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Discussion 

 

We describe two patients presenting with infantile epilepsy, encephalopathy, developmental 

delay and dysmorphic features. By WES analysis, we identified 11 homozygous variants 

shared in both patients (Table 1). Based on the literature, variants in HRNR, HIVEP3, OR9A2, 

MUC12, COL16A1 and MAMLD1 are unlikely to contribute to the observed clinical traits. In 

addition, we identified a novel homozygous frameshift deletion c.192del in GJA9 causing a 

frameshift likely leading to nonsense-mediated decay and resulting in no expression of the 

encoded connexin gap junction protein alpha 9. The epilepsy phenotype in our patients has 

been characterized as Dravet Syndrome-like (DS). DS was recently characterized as a 

channelopathy 25, and it has been documented that mutations in the connexin gene GJD2 

(hCx36) can cause Juvenile myoclonic epilepsy (JME)26 and mutations in GJA1 (hCx43) 

causes oculodentodigital dysplasia (ODDD)27. However, the precise function of GJA9 

(hCx59) is currently unknown and the gene is not present in the rodent lineage28. Since GJA9 

transcripts have been shown to be expressed almost exclusively in human retina29, we would 

argue that the GJA9 variant c.192del is unlikely to contribute to the clinical traits in our 

patients. 

We identified a novel homozygous missense variant in OFD1, which was predicted to be 

damaging by PolyPhen2 and deleterious by SIFT. Mutations in OFD1 have been shown to 

cause Orofaciodigital syndrome 1 (OFD1, MIM #311200) and Joubert syndrome-10 (JBTS10, 

MIM #300804). OFD1 is an X-linked dominant condition characterized by polycystic kidney 

disease and facial, oral, and digital malformations with lethality in males 30-32 and seizures 

estimated in approximately 16% of cases 33. JBTS10 is a genetically heterogeneous disease of 

ciliary dysfunction, in some cases caused by deletions in OFD1. Postaxial polydactyly, 

retinitis pigmentosa and dysregulated breathing patterns have also been reported34; 35. Apart 

from seizures, our patients do not exhibit traits reported in OFD1 or JBTS10, and the X-

inactivation ratio of the healthy mother is within the normal range (69:31). Therefore, the 

OFD1 variant is unlikely to contribute to the observed Dravet like phenotype in our patients.   
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We also identified a novel homozygous variant in phosphatidylinositol-glycan biosynthesis 

class T (PIGT), an enzyme in the glycosylphosphatidylinositol (GPI) biosynthesis pathway. 

Compound heterozygous and homozygous recessive mutations in PIGT have previously been 

shown to cause PIGT-CDG17 in 7 patients 12; 16; 17. The known disease causing variants in 

PIGT are shown in Figure 4. 

Kvarnung et al. 12 described four patients with a homozygous PIGT mutation in a 

consanguineous family of Turkish ethnicity, all exhibiting hypotonia and febrile seizures 

before two years of age, followed by unprovoked seizures with pathological EEG findings. 

Blood tests showed hypercalcaemia, hypercalciuria and decreased serum alkaline 

phosphatase.  

Nakashima et al. 16 described a patient with a compound heterozygous PIGT mutation from a 

non-consanguineous family, presenting with hypotonia and infantile febrile seizures. After 10 

years of age, epileptic seizures subsided, but epileptic discharges were observed by EEG. The 

patient had low serum alkaline phosphatase from birth, with normal serum and urine calcium.  

Lam et al. 17 described two patients in a non-consanguineous family with a compound 

heterozygous PIGT mutation, born after complicated pregnancies, presenting with seizures at 

5 months which progressed to poorly controlled epilepsy. Both patients had cortical visual 

dysfunction, nystagmus, hypermobile joints, heart defects and skeletal abnormalities. In 

addition, one patient had hearing dysfunction, obesity and precocious puberty at 6 years. 

Increased albumin in the cerebrospinal fluid (CSF) was seen in both patients, one patient also 

showed increased blood lactate, increased blood creatinine phosphokinase and increased 

creatinine in urine. Serum alkaline phosphatase was normal both patients17. 

Brain imaging in five PIGT-CDG patients revealed progressive cerebral and cerebellar 

atrophy. In addition, brainstem atrophy was seen in one patient16. All reported patients have 

infantile onset epilepsy, dysmorphic traits, congenital anomalies, intellectual disability and 

developmental delay12; 16; 17. 

We identified the novel homozygous recessive variant c.1079G>T (p.Gly360Val) in Patients 

1 and 2 (Figure 15). The patients we report show a high degree of phenotypic overlap with 

previously reported cases, presenting with infantile onset febrile epilepsy, hypotonia 

dysmorphic traits, developmental delay, intellectual disability, poorly controlled epileptic 
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seizures and progressive cerebral and cerebellar atrophy. The observations of enlarged 

subarachnoid spaces and bilateral subdural fluid accumulation in Patient 2 are unique to our 

patients. In contrast to cerebral visual impairment being reported in all previous patients, 

vision is normal in our patients with the exception of strabismus in Patient 2. 

 

Our patients have normal cardiologic and renal features, which have only been reported in 

one12 and two17 previous PIGT-CDG cases, respectively. While skeletal abnormalities have 

been observed in all previous patients, this has not been suspected nor investigated in detail in 

our patients. Our patients also have normal serum alkaline phosphatase, which has recently 

been observed in two patients17.  Findings of hypertelorism in Patient 1 and trichiasis in 

Patient 2 have not previously been reported in PIGT-CDG and might be due to differences in 

genetic background. The clinical findings of previously reported patients and the two patients 

identified in this study are detailed in Table 3. 

Blood tests in our patients showed borderline abnormal high mean corpuscular volume 

(MCV)  possibly indicating rapid blood replacement, not previously reported in PIGT-CDGs. 

Somatic PIGA and PIGT mutations cause Paroxysmal nocturnal hemoglobinuria (PNH), a 

blood disorder where red blood cells are destroyed by the complement system due to a lack of 

GPI-anchored surface proteins, leading to increased MCV 7; 36. We speculate that similarities 

to PNH in blood are due to a germline homozygous PIGT mutation. 

Hypophosphatasia is not a recurrent finding in PIGT-CDG 

While hyperphosphatasia is seen in the GPI deficiency disorders MCAHS2 (PIGA7), 

HMPRS1-5 (PIGV9, PIGO8, PGAP213, PGAP314 and PIGW6) and HPMRS with PIGL 

mutations37, the opposing phenotype of hypophosphatasia has been reported in PIGT-CDG12; 

16. Hypophosphatasia in PIGT-CDG has been explained by intracellular degradation of GPI-

AP precursor proteins38, and has been considered a distinctive feature of GPI-TA loss of 

function in PIGT-CDG16. However, Lam et al. 17 recently reported two patients without 

hypophosphatasia. Here we report two additional patients without hyperphosphatasia and with 

normal serum alkaline phosphatase values, supporting the observation that hypophosphatasia 

is not a recurrent finding in PIGT-CDG. 
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PIGT mutations cause loss of function in the GPI transamidase complex (GPI-TA) 

Proteins to be GPI anchored are recognized by GPI transamidase (GPI-TA) in the ER lumen, 

an enzyme complex consisting of GPI8 (PIGK), GAA1, PIGS, PIGT and PIGU 1. PIGT has 

an essential function of generating a carbonyl intermediate for the attachment of GPI-anchors 

to proproteins39 and stabilizing GPI-TA by the formation of a disulfide bond with GPI8 40. 

PIGT is the only GPI-TA enzyme whose mutations are known to cause disease 12; 16; 17. 

Mutations in PIGT do not affect GPI anchor synthesis, but rather the attachment of GPI 

anchors to proproteins due to GPI-TA loss of function. It is not known how PIGT-CDG leads 

to the phenotypes described in reported patients, but it has been shown that PIGT mutations 

lead to decreased expression of GPI anchors and GPI-APs on the cell surface of blood cell 

populations12; 16; 17 (Figure 2) and also in primary fibroblasts (Figure 3). 

 

PIGT-CDG is likely caused by GPI-TA loss of function, which decreases GPI-AP expression 

also affecting GPI-AP target proteins. It has been shown in zebra fish that loss of function 

mutations in the orthologue pigu and knockdown of Gpi8 (human GPI8/PIGK) GPI-TA 

enzymes lead to decreased surface expression and distribution of the sodium channel Scn1b in 

neurons41. Scn1b expression in mice is dependent on contactin 1, a GPI-AP enhancing the 

surface expression of sodium channels 42; 43, and contactin 1 deficient mice exhibit severe 

ataxia with axo-glial contact defects, especially in cerebellar axonal and dendritic projections 

44. These observations emphasize that not only GPI-APs but also their targets are likely 

affected in PIGT-CDGs. Identification of which GPI-APs and GPI-AP targets that are 

involved in PIGT-CDG will be essential to understanding this disorder and identifying 

potential therapeutic targets. 

Previous PIGT-CDG cases show a high degree of phenotypic overlap with our patients, and 

decreased cell-surface expression of GPI anchors and GPI-APs have been confirmed by FCM 

in our patients in line with previous patients 12; 16; 17, suggesting a partial loss of PIGT 

function. Taken together these data corroborated the genetic finding of a damaging mutation 

in PIGT in both of our patients. In conclusion, we present two patients with a homozygous 

PIGT loss of function mutation causing PIGT-CDG without hypophosphatasia, expanding the 

spectrum of known effects of PIGT mutations.  
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Figure texts  

Figure 1  

 

A) Pedigree of the family and segregation of the 1079.G>T variant in PIGT. B) Chromatogram of the 

Sanger sequencing showing the homozygous 1079.G>T variant in the two affected individuals (II-1, 

II-3) and the heterozygous variant in healthy parents and sister (I-1, I-2, II-2). 

Figure 2 

Expression of GPI-linked proteins in leukocytes from Patient 1 (solid line) and healthy controls 

(dotted lines), stained with FLAER for detection of GPI-anchors and fluorochrome conjugated 

antibodies to GPI-APs. A) B-cells from Patient 1 show decreased expression of GPI-anchors and 

CD24 compared to healthy controls. B) Granulocytes from Patient 1 show decreased expression of 

GPI-anchors, CD16 and CD24 compared to healthy controls. C) Monocytes from Patient 1 show 

decreased expression of GPI-anchors, CD14 and CD48 compared to healthy controls. Lines represent 

staining of proteins on indicated cell populations while filled histograms represent isotype control 

staining. X-axes show fluorescent intensities and Y-axes show relative cell numbers.  

Figure 3 

Expression of GPI-linked proteins on fibroblasts from patients and healthy controls, stained with 

FLAER for detection of GPI anchors and fluorochrome conjugated antibodies for detection of the 

GPI-APs CD90 and CD59. A) Patients fibroblasts showed decreased expression of GPI anchors 

(FLAER), CD59 and CD90 compared to healthy controls. Lines represent staining of proteins, while 

filled histograms represent isotype control staining. X-axes show fluorescent intensities and Y-axes 

show relative cell numbers. B) Presentation of the median fluorescence intensities (MFI) showed 

decrease in GPI anchor levels (FLAER), and decreased CD59 and CD90 expression in patients 

compared to healthy controls. 

Figure 4 

The PIGT gene and its exons with the previously identified mutations indicated, the homozygous 

c.547A>C transversion in exon 4 (Kvarnung et al. 12), the compound heterozygous c.250G>T 

nonsense and c.1342C>T transversion in exon 2 and 10 respectively (Nakashima et al. 16), the 

compound heterozygous c.1342C>T transversion and c.918dupC  in exon 2 and exon 8 respectively 

(Lam et al. 17) and the homozygous transversion c.1079G>T in exon 9 identified in this study.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Supplementary tables: 

Table 1 The 11 homozygous variants identified in both patients after WES filtering. 

 

  

Gene 

Name 

Chr Position REF ALT Polyphen info Sift info SNP effect Depth 

HRNR 1 152190003 C A unknown(0) unknown Nonsynonymous 1 

GJA9 1 39340858 CA C unknown * unknown * Frameshift 32 

COL16A1 1 32163604 C T unknown(0) unknown Nonsynonymous 127 

HIVEP3 1 41976579 G A Probably 

damaging(0.955) 

deleterious(0.01) Nonsynonymous 127 

OR9A2 7 142723516 G GAGA unknown unknown Insertion 78 

MUC12 7 100636446 G A unknown(0) unknown Nonsynonymous 153 

MUC12 7 100636447 A G unknown(0) unknown Nonsynonymous 154 

MUC12 7 100636459 C T unknown(0) unknown Nonsynonymous 153 

PIGT 20 44050068 G T Probably damaging(1) deleterious(0) Nonsynonymous 106 

OFD1 X 13764978 T G Probably 

damaging(0.952) 

deleterious(0.01) Nonsynonymous 12 

MAMLD1 X 149680360 C T Probably damaging(0.98) deleterious(0.01) Nonsynonymous 38 
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Table 2 Comparison of PIGT-CDG patient clinical features. Abbreviations: BHC birth head circumference, 

HPP hypophosphatasia, ID intellectual disability, CVI cortical visual impairment, ECG electrocardiogram, 

CMP cardiomyopathy, PDA patent ductus arteriosus ASD Atrial Septal Defect IAL Increase atrial load BLQT 

bordeline long QT, PFO Patent foramen ovale, VSD Ventricular septal defect, DLA Dilated right atrium. ND: 

Not determined. 

Patients 

Oslo 

patient 
Oslo patient C.Lam et al. 2015 

Nakashima 

et al 2014. 

patient 

Kvarnung et al. 2013 

Patient 1 

(06) 
Patient 2 (09) Patient 1 Patient 2 Patient 1 Patient 2 Patient 3 Patient 4 

Consanguinity + + - - − + + + + 

Sex Male Male Female Male Female Female Female Female Female 

Gestation (weeks) 41 normal 31 5/7 31 3/7 40 40 39 37 37 

Birth weight 3348g 3310 g 1519 g 2038 g 3816 g 4735 g 4500 g 3460 g 3240 g 

Birth length 48 cm 51 cm 41 cm 45 cm 51 cm 53 cm 54 cm 53 cm 53 cm 

BHC 38cm 38 cm 28cm 30 cm 35.5 cm 38 cm 39 cm 35 cm 36 cm 

HPP - - - - + + + + + 

ID + + + + + + + + + 

Hypotonia + + + + + + + + + 

Seizures + + + + + + + + + 

Strabismus - + + + + + + + + 

Nystagmus - - + + + + + + + 

CVI - - + + + + + + + 

Neurological traits              

Cerebral atrophy + + + + + - - + + 

Cerebellar 

atrophy 

+ + + + + - - + + 

Other 

Enlarged 

subarachnoid 

space 

Enlarged 

subarachnoid 

space, Bilateral 

subdural fluid 

accumulation 

    Brainstem 

atrophy, 

dilated 

ventricle 

Primitive 

sylvian 

fissures 

Normal  Basal ganglia 

atrophy 

  

Hypomyelination + - - - - - - - + 
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Congenital abnormalities 

            

Scoliosis − − + + + + + − − 

Long bones − − + + − − − − − 

Short arm - - - - − + + + + 

Bone age 

− − Normal to 

advanced 

Normal to 

advanced 

 ND Delayed Delayed Delayed Delayed 

Joint 

hypermobility 

− − + + ND ND ND ND ND 

Reduced 

mineralisation 

− − + + + + + + + 

Pectus excavatum − − − − − + − − − 

Craniosynostosis − − − − − + + − − 

Renal 

abnormalities 

− − − − 

Ureteral 

dilation, 

Urolithiasis, 

ureteral 

stenosis 

Nephro- 

calcinosis 

Ureteral 

dilation, 

Nephro-

calcinosis 

Ureteral 

dilation, 

Nephro-

calcinosis,  

cysts and 

dysplasia 

Ureteral 

dilation, 

Nephro-

calcinosis 

Brachycephaly − − + + ND ND ND ND ND 

Cardiological 

features 

− − 
VSD, PFO, 

BLQT 

ASD, DLA, 

IAL  PDA  PDA 

− mild restrictive 

CMP 
Increased atrial 

load on ECG 

Dysmorphic traits             

Ears 

Low set 

large  

Low set Large soft Large soft Low set ND ND ND ND 

High forehead + + + + − + + + + 

Bitemporal 

narrowing 

− − + + − + + + + 

High arched 

palate 

− + + + + ND ND ND ND 

Tooth 

abnormalities 

− − − − + + + + + 
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Nose 

Broad root Broad root depressed 

nasal bridge, 

rounded nasal 

tip 

Depressed 

nasal bridge, 

rounded nasal 

tip 

Depressed 

nasal bridge, 

short 

anteverted 

nose 

Broad root, 

anteverted 

nose, long 

philtrum with 

a deep 

groove, 

distinct cupid 

bow 

Broad root, 

anteverted 

nose, long 

philtrum with a 

deep groove, 

distinct cupid 

bow 

Broad root, 

anteverted nose, 

long philtrum 

with a deep 

groove, distinct 

cupid bow 

Broad root, 

anteverted 

nose, long 

philtrum with a 

deep groove, 

distinct cupid 

bow 

Mouth 

Large mouth 

and lips 

Large mouth and 

lips 
 Downturned 

corners of the 

mouth 

 Downturned 

corners of the 

mouth 

Downturned 

corners of the 

mouth, 

Tented lip 

ND ND ND ND 

Other 

Hyperteloris

m 

Frontal bossing, 

Trichiasis 

Precocious 

puberty, 

obesity, 

hearing 

dysfunction, 

overlapping 

toes 

Overlapping 

toes 
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 Appendix 

6.1 Autozygosity analysis  

An accumulation of recessive variants is expected in people from consanguineous cultures 

(Bittles, 2001). In order to investigate whether the two candidate genes GJA9 and PIGT were 

located in regions identical by descent (IBD) (Alkuraya, 2012), autozygosity analysis was 

performed on autosomal single nucleotide variants with Filtus (Vigeland).  

Low quality variants and variants with a depth lower than 9 were removed prior to analysis. 

The minimal autozygosity region was defined as a >3Mb region containing at least 15 

variants. In total, 21 autozygous regions were identified in Patient 1 and 16 autozygous 

regions were identified in Patient 2 (Table 8). 

The homozygous GJA9 variant was located in 26.9Mb and 21.2Mb autozygosity regions on 

chromosome 1 in Patient 1 and 2 respectively (Figure 10, p.36). The homozygous PIGT 

variant was located in 11.5Mb and 13.7Mb autozygosity regions on chromosome 20 in Patient 

1 and 2 respectively (Figure 11, p.37). 
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Patient 1 Patient 2 

Chr From To Size (Mb) Number of 
variants 

Chr From To Size (Mb) Number of 
variants 

1 62594593 108113856 45.519263 343 2 38522144 60678501 22.156357 142 

1 206566947 236140266 29.573319 415 16 26147911 48242379 22.094468 129 

1 171254890 198288709 27.033819 242 1 38423061 59598013 21.174952 334 

1 33475879 60340174 26.864295 390 1 78585086 95330372 16.745286 193 

4 57906986 77997042 20.090056 198 20 37005536 50713983 13.708447 197 

12 115108907 129278412 14.169505 181 7 86542455 100092304 13.549849 158 

7 86556236 100092308 13.536072 154 2 15674686 29001691 13.327005 181 

3 59908126 72799703 12.891577 54 7 57531922 65216099 7.684177 44 

4 88537737 100738035 12.200298 90 2 30865272 38522140 7.656868 68 

20 37005536 48491258 11.485722 157 7 140706157 148106490 7.400333 56 

17 60767015 71745477 10.978462 146 4 178881982 186064443 7.182461 29 

4 77997047 88536448 10.539401 113 1 33765272 38423058 4.657786 49 

8 136659426 146229040 9.569614 326 9 118163563 122001000 3.837437 15 

16 55862883 64980818 9.117935 139 11 130786345 134245284 3.458939 18 

2 70677994 79253150 8.575156 70 19 44153003 47423675 3.270672 168 

6 160176797 167704944 7.528147 58 6 96057006 99283376 3.22637 48 

7 140706157 148112987 7.40683 58 

6 153332041 160103084 6.771043 81 

11 124739340 129873842 5.134502 86 

7 100634964 104535572 3.900608 73 

9 118163563 122001000 3.837437 15 

Table 7 Total autozygous regions of size above 3Mb containing minimum 15 variants identified in Patient 1 
(n=21) and Patient 2 (n=16). Chr: chromosome, From and To: nucleotide start and stopposition of autozygosity 
region. 
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6.2 Thy-1 membrane glycoprotein immunofluorescence 

 

Introduction 

The GPI transamidase complex (GPI-TA) attaches GPI anchors to proteins. The novel 

homozygous recessive mutation c.1079G>T (p.Gly360Val) in phosphatidylinositol-glycan 

biosynthesis class T (PIGT) was identified by WES in two patients with infantile onset severe 

epilepsy. It was investigated whether cell surface GPI-APs could be labeled and investigated 

in primary fibroblasts from patients and heathy controls. 

Methods 

In order to investigate GPI-AP expression in fibroblast, the selection of a highly expressed 

marker protein was necessary. We chose to target Thy-1 membrane glycoprotein, a 25-36kDa 

GPI-AP known as a primary fibroblast marker (Kisselbach et al., 2009). 

Dermal fibroblast cells were seeded at a density of 25 000 per well in sterile 8-well Lab-Tek 

II chamber slides (Nalge Nunc International) and grown overnight in Dulbecco's Modified 

Eagle Medium (DMEM) with 2% penstrep antibiotic and 10% fetal bovine serum in a 

humidified incubator at 37°C in 5% CO2. Cells were washed with phosphate buffered saline 

(PBS), fixed with 2% paraformaldehyde in PBS for 10 minutes at room temperature (RT). 

The fixed cells were washed with PBS and blocked in 5% non-fat milk in PBS for 30 minutes 

and incubated with the Thy-1 membrane glycoprotein rabbit polyclonal primary antibody 

(1:50, Santa Cruz) for 1 hour at RT and washed in PBS. For visualization, the cells were 

incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody (1:1000, Life 

Technologies) for 1 hour at RT. Cell nuclei were stained with DAPI, present in the ProLong® 

Gold Antifade Mountant with DAPI mounting media (Life Technologies). Images were 

captured on a Zeiss Axio Imager M2 microscope with 20x and 40x objectives by auto-

exposure and analyzed in the Zen software suite (Carl Zeiss AG). 
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Results 

At a 20x magnification, images visualized with the best fit algorithm showed a successful 

DAPI and Thy-1 labeling of fibroblasts from patients and controls (Figure 21). 

 

Figure 21  20x images of patient and control fibroblast cells optimized by the best fit algorithm in Zen. Each 
image shows DAPI channel, Alexa Fluor 488 channel and overlays of both channels. 

At 40x magnification, images visualized with the best fit algorithm showed successful DAPI 

staining between patients and controls. Thy-1 staining was also successful, although more 

background signal was visible in patient cells (Figure 22).  

 

Figure 22 40x images of patient and control fibroblast cells optimized by the best fit algorithm in Zen. Each 
image shows DAPI channel, Alexa Fluor 488 channel and overlays of both channels. 

Discussion 

Fibroblast fixation and antibody labeling for Thy-1 membrane glycoprotein was successful 

both in patient and control cells. In the 40x autoexposures, more background signal was 

detected in patient samples, possibly due to less intense Thy-1 signals on patient cells. In 

conclusion, the fixation protocol and Thy-1 antibody labeling was verified for use in GPI-AP 

investigations by IF in human primary fibroblasts. 
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6.3 Construction of a wild type PIGT expression-construct 

Introduction 

We constructed a wild type PIGT construct by Gateway cloning with the intent of functional 

studies. The construct was validated by Sanger Sequencing, 293T cell transfection and 

Western Blotting.  

Methods 

Gateway cloning 

The PIGT open reading frame was obtained in donor vector pENTR™221 from Invitrogen 

Ultimate Open Reading Frame (ORF) clone collection (Life Technologies). The PIGT ORF 

was transferred into the Gateway destination vector pRTRex (Askautrud et al., 2014) by the 

LR reaction following standard protocols (Life Technologies) to generate pRTRex-PIGT. 

Correct orientation of inserts was verified by Sanger sequencing using attB primersTrexS3F 

(5’-ATCCACGCTGTTTTGACCTC-3’) and TrexS2R (5’-GCCAGAGGCCACTTGTGTAG-

3’). 

Transfection of 293T cells 

Plasmid DNA for transfection was extracted from ampicillin selected DH5α E.Coli cells using 

a Quantum Prep® Plasmid Miniprep kit (BioRad) and measured on a NanoDrop™ 1000 

Spectrophotometer. 293T cells were cultured in 10% FBS high glucose 1X Dulbecco's 

Modified Eagle Medium (DMEM) containing L-glutamine HEPES (Gibco®, Life 

Technologies). For passaging, cells were washed with 1X Dulbecco's Phosphate-Buffered 

Saline (Gibco®, Life Technologies), trypsinated and split. 293T cells were plated on 6-well 

plates at a density of 400 000 cells per well and transfected with pRTRex-PIGT and pRTRex-

NDRG1 at 50-60% confluence 36 hours after seeding using Lipofectamine® 2000 

Transfection Reagent at standard protocols (Figure 25).  The GFP expressing pSiRPG 

plasmid (Storvold et al., 2007) was used as a positive control for transfection.  

After 48 hours, medium was aspirated and the cell layers washed two times with PBS and 

RIPA buffer containing 0.1% proteinase inhibitor was added to the cell layers. The cells were 

lysed for 5 minutes and collected by cell scraping.  
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After lysis, the cell solution was centrifuged for 15 minutes at 13 000rpm and the suspension 

transferred to a new tube. Protein concentrations were measured using the Pierce™ BCA 

protein assay (Life Technologies) and total protein lysates stored at -80C°. 

Western Blotting 

Western blotting was performed on whole cell protein lysates from pRTRex-PIGT construct 

clones, pRTRex-NDRG1 and pSiRPG transfected cells. 10µg protein was separated on a 

12.5% precast gel (Thermo Scientific) by SDS-PAGE and blotted onto a nitrocellulose 

membrane. Proteins on the membrane were blocked with 5% BSA in TBST for 1 hr and 

incubated with anti-PIGT goat polyclonal primary antibody (1:500; sc-54984 Santa Cruz 

Biotechnology, Dallas, TX, USA) for 1 hr at room temperature, and blocked in 5% BSA in 1x 

TBS with 0.1% Tween (Gallagher et al., 2001) for 1 hr before reprobing with anti-α-tubulin 

primary antibody (1:1000; T9026, Sigma-Aldrich, Saint Louis, MO, USA) for 1 hr at room 

temperature and anti-NDRG1 primary antibody (1:1000; Clarient, Aliso Viejo, CA, USA) for 

1 hr at room temperature.  The membrane was developed with Amersham ECL Primer 

Western Blotting Detection Reagent (GE Healthcare Biosciences). 

Results 

Efficient Transfection of 293T cells 

GFP expression in controls transfected with pSiRPG documented efficient transfection of 

293T cells (Figure 23). 

 

Figure 23 pSiRPG transfected 293T cells 48 hours after transfection visualized  by normal light microscopy (A) 
or by fluorescence microscopy (B). 
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Western Blotting confirmed the overexpression of PIGT 

In pRTRex-PIGT transfected 293T cells, two major PIGT isoforms (65kDa and 59kDa) were 

detected by Western Blotting (lane 1-4, Figure 24 A). The anti-α-tubulin primary antibody 

shows a band of equal size in all samples (lane 1-4, 6-9 Figure 24 B). NDRG1 overexpression 

is observed in pRTRex-NDRG1 transfected 293T cells (lane 8-9, Figure 24 C), and normal 

intensity bands in all other protein samples. Bands of slightly increased intensity are observed 

in lane 4 (Figure 24 A, C), likely caused by a higher protein concentration in this lane. 

 

Figure 24 Western blotting of protein extracts from 293T cells transfected with wild-type PIGT expression 
construct (lane 1-4), pSiRPG (lane 6-7) or NDRG1 expression construct (lane 8-9). Lane 5 contains H2O, while 
lane 10 contains a size marker (kDa). A) PIGT primary antibody showing bands for the two major 65kDa and 
59kDa isoforms. B) α-tubulin primary antibody showing equal expression in lanes loaded with protein. C) α-
tubulin primary antibody and NDRG1 primary antibody, where NDRG1 overexpression is seen in 293T cells 
transfected pRTRex-NDRG1. 

Western blotting confirmed the successful construction of a wild-type PIGT expression and 

showed the primary antibody was specific for PIGT. This construct can be utilized for further 

functional studies of PIGT. 
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