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Abstract
Zhao, J. 2017. Sequence based identification of genetic variation associated with intellectual
disability. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1343. 35 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0007-8.

Intellectual disability (ID) is a common neurodevelopmental condition, often caused by genetic
defects. De novo variation (DNV) is an important cause of ID, especially in severe or syndromic
forms of the disorder. Next generation sequencing has been a successful application for finding
pathogenic variation in ID patients. The main focus of this thesis is to use whole exome
sequencing (WES) and whole genome sequencing (WGS) to identify pathogenic variants in
undiagnosed ID patients. In Paper I, WES was used in family trios to identify pathogenic DNVs
in patients diagnosed with ID in combination with epilepsy. This work led to the identification
of several DNVs in both new and known disease genes, including the first report of variation in
the HECW2 gene in association with neurodevelopmental disorder and epilepsy. Paper II is the
first independent validation of PIGG as a disease-causing gene in patients with developmental
disorder. We used WES to identify the homozygous variation in PIGG, and transcriptome
analysis as well as flow-cytometry studies were used to validate the pathogenicity of the PIGG
variation. We discovered that PIGG variation give different effects in different cell types,
contributing new insights into the disease mechanism. Paper III is also an application of WES
in trio families with patients diagnosed with ID in order to identify causal variants, a strategy
similar to that of Paper I. Several pathogenic variants were identified in this study; in particular,
the gene NAA15 is highlighted as a new disease gene, and was recently confirmed in independent
studies. This study also adds evidence to support that variation in the PUF60 gene is causing the
symptoms in patients with Verheij syndrome. In Paper IV, WGS was used to analyze families
with consanguineous marriages. All families in this study had been previously analyzed with
WES without finding a disease cause. A number of new disease-causing variants were identified
in the study, including a first validation of FRMD4A as a disease-associated gene. This study
also shows that WGS performs better than WES in finding variants, even for variants in coding
parts of the genome.
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University, SE-751 85 Uppsala, Sweden.
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Abbreviations 

A  Adenine 
bp  Base pair 
C  Cytosine 
CADD  Combined annotation dependent depletion 
CNV  Copy number variant 
dbSNP  Database of single nucleotide polymorphism 
DNA  Deoxyribonucleic acid 
DNV  De novo variant 
eQTL  expression Quantitative Trait Locus 
ExAC  Exome Aggregation Consortium database 
G  Guanine 
GPI  Glycosylphosphatidylinositol 
GPI-AP  GPI-anchored proteins 
GWAS  Genome Wide Association Study 
ID  Intellectual Disability 
IGD  Inherited GPI deficiencie 
Indel  Insertion or deletion 
mRNA  messenger RNA 
NGS  Next generation sequencing 
RNA  Ribonucleic acid 
SNV  Single Nucleotide Variant 
T  Thymine 
U  Uracil 
VUS  Variant of uncertain significant 
WES  Whole exome sequencing 
WGS  Whole genome sequencing  
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Introduction 

Genetic sequence 
All living organisms have genetic information, which are the essential in-
structions for the development and maintenance of organisms, as well as 
producing offspring. Genetic information is stored in nucleic acids (DNA or 
RNA), which are long chains of linked nucleotides. Each DNA nucleotide 
comprises a phosphate, a sugar, and one of four bases, adenine (A), cytosine 
(C), guanine (G), or thymine (T) (Figure 1); in RNA, the bases are A, C, G 
as in DNA, but RNA contains uracil (U) instead of T. The sequence of bases 
along the DNA or RNA strand encodes genetic information. Most organ-
isms, including human, use DNA as genetic material. Viruses also have ge-
netic material, although they lack characteristics of living organisms, such as 
metabolism and reaction to stimuli. Both DNA and RNA have found to be 
genetic materials of viruses. This thesis will focus on the human genome. 

Human genome 
The human genome comprises double-stranded nuclear DNA (Figure 1) and 
circular double stranded mitochondrial DNA. The vast majority of human 
genetic information is stored in the nuclear DNA, which normally exists as 
two chains wrapped round each other in a double helix form. The sequences 
of these two chains are complementary, as the two chains can only fit to-
gether correctly when every A in one chain is paired with a T in the other 
chain, and every C is paired with a G. This crucial feature is termed base 
pairing, which enables the reparation and replication of DNA. In human 
cells, nuclear DNA is packed with various proteins into complex structures 
called chromosomes. A normal human somatic cell contains 46 chromo-
somes, including one pair of each autosome, i.e. chromosome 1-22, and two 
sex chromosomes, i.e. the X and Y-chromosomes (XX in females and XY in 
males). 
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Figure 1. DNA double helix and base-pairing of the four bases. 

Human genes   
The expressed regions of DNA are called genes, which is an evolving con-
cept. Early definition of a gene specified it to code for one particular en-
zyme, which was a useful way of thinking about a gene’s function (Beadle 
and Tatum, 1941). It is now accepted that many genes encode non-enzymic 
proteins, and one gene could carry the instructions for making more than one 
protein. A gene is first used as a template to produce messenger RNA 
(mRNA) in a process termed transcription; mRNA is subsequently used to 
guide the production of polypeptides in a mechanism called translation (Fig-
ure 2). Besides traditional protein-coding genes, many genes specify func-
tional non-coding RNA.  
 
The amino acid coding sequence of most human genes are split into relative-
ly short segments called exons, separated by relatively long segments of 
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Sugar-phosphate
backbone
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non-coding sequences called introns. During transcription, all exons and 
introns of a gene are transcribed to make the primary transcript. The introns 
of primary transcripts are removed, and the exons joined together by a multi-
molecular complex called the spliceosome in a process called splicing (Fig-
ure 2). The introns are recognized because of special sequences called con-
sensus sequences, which bind to the proteins or RNA molecules in the 
spliceosome. Most human introns start with GU (GT in DNA template) and 
end with AG. Sometimes certain exons are also removed, and the remaining 
exons are spliced together in a phenomenon called alternative splicing, 
which enables a single gene to encode multiple different protein isoforms. 
These alternative protein isoforms could have tissue specific expression pat-
terns and distinct functions (Yang, et al., 2016). 

 
Figure 2. DNA transcription, mRNA processing and translation. 

Variations in the human genome 
Variations in the DNA sequence of our genomes are called genetic variation. 
Genetic variation provides the substrates for natural selection and is the 
foundation of evolution. While mechanisms such as gene flow and sexual 
reproduction could provide genetic variation to a population, the ultimate 
source of genetic variation is mutation, the permanent changes in DNA se-
quence caused by DNA damage or errors during DNA replication (Malkova 
and Haber, 2012). Changes of the DNA sequence can also be caused by in-



 10 

sertions of non-coding DNA sequence known as active retroelements (Kaer 
and Speek, 2013). 
 
Human genetic variation ranges from numerical chromosomal abnormalities, 
structural variation, to single nucleotide variation (SNV). In cases of numer-
ical chromosomal abnormalities, cells have one or more chromosomes extra 
or missing. Structural variation is caused by translocations, deletions, dupli-
cations and inversions. SNV is where one base in the DNA sequence is 
changed to another. In the context of evolution, variants could be classified 
as deleterious, neutral, or adaptive (Fay, et al., 2001). The focus of this thesis 
will be on the deleterious variations in human genome. 

The effect of genetic variations 
Genetic variations could affect the process of transcription, translation, and 
the function of the protein product of genes. Duplication and deletion of 
whole genes could cause variation in the copy number of genes and poten-
tially change the amount of gene products. The biological consequences of 
such changes depend on the dosage sensitivity of the genes. If a 50% in-
crease or decrease of copy number of a gene is enough to cause a phenotypic 
change, this gene is dosage-sensitive (Rice and McLysaght, 2017). Deletions 
of genes are generally more likely to be pathogenic than duplications (Pinto, 
et al., 2010; Watson, et al., 2014). Structural variations could also disrupt a 
gene, in which case the gene could still be expressed from the 5’ end, and 
produce incomplete transcripts, which are unstable and unlikely to produce 
any protein product. Sometimes two different genes are disrupted, the 5’ part 
of one gene and 3’ part of the other gene are brought together, in which case 
a potential stable fusion transcript could be expressed and translated.  
 
The genomic regions containing sequence variants that affect the expression 
level of genes are called expression quantitative trait loci (eQTLs), examples 
of eQTLs could be found in regulatory DNA elements such as promoters 
upstream a gene and distantly located enhancers (Schadt, et al., 2003). The 
effect of changes in introns are challenging to predict, but could potentially 
affect expression as well as splicing. Changes of 5’ or 3’ untranslated region 
of mRNA could affect the translation or stability of mRNA, but the effect is 
also hard to predict. 
 
There are three stop codons in mRNA, UAA, UAG, and UGA, which signal 
to the ribosome to terminate protein synthesis. A single nucleotide change in 
the coding region of a gene could cause a premature stop codon in the tran-
script, which is called a nonsense mutation. Although truncated proteins are 
sometimes produced, mRNAs with nonsense mutations are usually degraded 
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by nonsense-mediated decay, a mechanism likely evolved to save energy and 
avoid formation of toxic truncated proteins. 
 
Frameshift mutation is caused by a coding region deletion or insertion of a 
number of nucleotides, which is not a multiple of three. A frameshift muta-
tion changes all downstream codons, and usually leads to a premature stop 
codon, thereby causing nonsense mediated decay of mRNA. Even if a poly-
peptide is produced, it is usually unable to fold correctly and will be degrad-
ed by cells. The effect of frameshift mutation is typically similar to nonsense 
mutation. 
 
When a single nucleotide mutation changes a codon to that of another amino 
acid, it is called a missense mutation. The effect of a missense mutation is 
difficult to predict. It could potentially alter the properties of the protein 
product, e.g. by making a protein bind stronger or weaker to other mole-
cules, by affect the stability or folding of the protein, or by changing the 
efficiency of an enzyme. A synonymous mutation is when a codon is re-
placed by another codon, which encodes the same amino acid. Both mis-
sense mutation and synonymous mutation could alter splicing. Recent stud-
ies have shown that approximately 10% of exonic variations affect splicing 
by disrupting the assembly of spliceosome (Soemedi, et al., 2017). 
 
Splice site mutations could affect the splicing of transcripts in various 
ways, e.g. exons could be skipped, or introns could be retained in the mature 
mRNA. Changes of the GT and AG that mark the beginning and the end of 
an intron are likely to alter splicing. The effect of other changes in the con-
sensus sequence or near the splice sites is more challenging to predict, be-
cause these sequences are more loosely defined, and there could be nearby 
replacement splice sites. Novel splice sites could be created by mutations 
that change sequences to resemble splice sites, which is called cryptic splice 
site. Many times a transcript is already alternatively spliced, and splice site 
mutations could change the balance of different splice variants. 
 
Certain genetic variants could reduce or even abolish the function of a gene. 
These variants are called loss of function variants. Loss of function could be 
caused through various mechanisms, e.g. no synthesis or reduced synthesis 
of products, altered protein processing, reduced function of protein. Gain of 
function variation is less common compared to loss of function variation. A 
complete novel function is possible but unlikely; gain of function variation 
usually lead to increased gene-product dosage or hyper-activity of the mutat-
ed protein, which could be caused by e.g. gene duplication, loss of transla-
tional control, increased stability of a protein, or the activation of a protein 
when it should be shut off. 
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If a phenotype is manifested when the relevant variant is present in a hetero-
zygote, it is called a dominant phenotype. A recessive phenotype requires a 
variant to be present in both alleles. Gain of function variation usually pro-
duces dominant phenotypes. Loss of function variation is likely to cause 
recessive phenotypes, but could also produce dominant phenotypes depend-
ing on how a partial loss of gene function could affect the organism. A dom-
inant phenotype could be caused by loss of function variation if half of nor-
mal gene product is not sufficient, a phenomenon called haplo-
insufficiency. A dominant phenotype could also be caused by loss of func-
tion variation when it produces an abnormal protein that interferes with the 
function of the normal protein; such variants are called dominant negative 
variants.  
 
A pathogenic genetic variant is associated with a disease, but sometimes the 
condition is not manifested in all individuals carrying the variant. The pro-
portion of people with a certain genetic variant who also show the relevant 
phenotype is called the penetrance. A reduced penetrance could be caused 
by other genetic factors, environmental factors, and life-style factors. Genet-
ic disorders with high penetrance are called Mendelian disorders, while con-
ditions with low penetrance are often complex diseases or multifactorial 
disorders.  

Inheritance of pathogenic variants in human 
Pathogenic variants could be inherited and cause disease in a family pedigree 
with different patterns. Each child has a 50% chance of inheriting an auto-
somal dominant disease from one affected parent, creating a vertical pedi-
gree pattern. Autosomal recessive traits usually manifest a horizontal pedi-
gree pattern, where the parents are normally unaffected, and the children of 
affected people are also usually unaffected; the siblings of an affected child 
has 25% risk of being affected. Autosomal recessive disorders are often seen 
in children of consanguineous parents. Both autosomal phenotypes normally 
affect males and females equally. X-linked recessive phenotypes affect 
mainly males, while the females could be carriers. X-linked dominant phe-
notypes have an inheritance pattern similar to autosomal dominant pheno-
types, but unique in that an affected father would have all daughters affected 
and no sons affected. Y-linked phenotypes affect only males and are inherit-
ed from father to sons. Mitochondrial disease is only inherited from affect-
ed mothers, and the phenotypes are usually very variable. 
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De novo variants 
Do novo variants (DNV) are genetic alterations that are present for the first 
time in one family member. DNV could be caused by germ-line mutations, 
mutations during early embryogenesis, or somatic mutations. De novo vari-
ants are on average more deleterious compared to inherited variations, which 
have been subjected to evolutionary selection. Although the human mutation 
rate per cell generation is relative low, factors such as paternal age could 
lead to an accumulated relatively high mutation rate per human generation 
(Besenbacher, et al., 2015). Recent family-based next generation sequencing 
(NGS) studies have shown that germ-line de novo variation is a major cause 
of neurodevelopmental disorders such as intellectual disability (Erickson, 
2016; Helbig, et al., 2016). 

Intellectual disability 
Intellectual disability (ID) is an early onset neurodevelopmental disorder 
starting before the age of 18. ID is characterized by significantly reduced 
ability in learning, reasoning, applying practical skills and social skills; pa-
tients with ID have difficulties to cope independently in their daily lives 
(aaidd, 2010; WHO, 2010). ID is defined by an IQ score of less than 70; 
patients with 50-70 IQ score are diagnosed with mild ID, while severe ID 
patients have IQ scores lower than 50. The IQ test is designed as a normal 
distribution with a mean score of 100 points and a standard deviation of 15 
points. An ID patient has a score more than two standard deviations below 
the mean, making the theoretical prevalence of ID to be around 2.3% 
(Ropers, 2010).  

Genetic causes of intellectual disability 
While the etiologies of ID include a wide range of factors such as infections, 
injuries, malnutrition, and prenatal alcohol exposure, it is well established 
that a major cause of ID is genetic variation. Normal development of the 
human brain requires accurate timing and level of expression of a large 
number of developmental genes. Genetics is therefore a major part of ID 
etiology, especially for severe ID cases (Vissers, et al., 2016).  
 
Development of techniques to study chromosomes under the microscope led 
to the identification of the first ID syndrome with a genetic cause through the 
discovery of chromosome abnormalities in Down syndrome (Lejeune, et al., 
1959). Later, Fragile X syndrome was found to be an important cause of ID 
in males, where expansion of CGG repeats in the FMR1 gene was shown to 



 14 

be causal (Pieretti, et al., 1991). Chromosome X became widely studied by 
methods such as linkage analysis in pedigrees with male patients, which led 
to the identification of a large number of X-linked ID genes (Lubs, et al., 
2012; Michelson, et al., 2011). Structural mutations such as copy number 
variations (CNV) were among the first autosomal causes of ID to be studied. 
Many de novo CNVs were identified by microarray studies as autosomal-
dominant causes of ID (Malcolm, 1996; Shaw-Smith, et al., 2004; 
Wagenstaller, et al., 2007). Homozygosity mapping using SNP microarray 
data also led to the identification of recessive mutations as causes of ID. 
However, identification of dominant single nucleotide mutations in ID pa-
tient was challenging until the development of NGS technologies (Musante 
and Ropers, 2014; Najmabadi, et al., 2011). Variants in certain genes cause a 
variety of neurodevelopmental phenotypes. Therefore, ID is often found in 
patients with other cognitive disorders such as epilepsy, autism, and schizo-
phrenia (van Bokhoven, 2011).  

Next generation sequencing 
Sporadic point mutations could be a major cause of ID, both because the 
human genome has a higher per-generation mutation rate than other species, 
and also because a large number of genes contributes to the development of 
human brain (Lynch, 2010). With the development of whole exome sequenc-
ing (WES), combining the capture of the coding region of human genome 
and NGS technologies (Figure 3), it became more tractable to search for 
DNVs in patients with unexplained ID (Gilissen, et al., 2014; Vissers, et al., 
2010). WES studies are commonly performed on trio families with two 
healthy parents and a child with ID that is unexplained by previous tests such 
as cytogenetic and microarray analysis. By filtering out common variants 
and inherited variants, candidate DNVs can be identified and then verified 
by Sanger sequencing.  Recent trio-based WES studies have confirmed DNV 
as a major cause of unexplained severe ID, with a diagnostic yield of 15-
30% of case, depending on patient selection, sequencing depth, and other 
factors (de Ligt, et al., 2012; Hamdan, et al., 2014; Rauch, et al., 2012). 
WES is not suitable for identifying structural variants and variants in non-
coding regions. Pathogenic variants in coding regions can also be missed by 
WES because of failure of capturing certain exons, or due to low coverage of 
certain regions of exons such as the edge of exons (Meienberg, et al., 2015). 
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Figure 3. Whole exome sequencing. 

Whole genome sequencing (WGS) aims to sequence all DNA in the genome. 
In clinical settings, WGS could provide a relatively comprehensive genetic 
diagnosis (Bowling, et al., 2017; Zahir, et al., 2017). Trio-based WGS was 
reported to successfully identify DNVs, which were missed by WES. For 
example, a trio-based WGS study successfully identified 84 coding region 
DNVs, which were missed by previous WES studies of the same 50 patients 
(Gilissen, et al., 2014). WGS is limited by a few factors, e.g. repetitive ge-
nomic regions that are difficult to map, and the relatively high cost to 
achieve the sequencing depth required for identifying SNV and small indels 
(Ajay, et al., 2011; Treangen and Salzberg, 2011).   

Interpretation of identified variants in ID patients 
The interpretation of the pathogenicity of genetic variants is a major chal-
lenge, as novel variants are being rapidly identified. Certain types of variants 
could usually be assumed to cause no transcription or nonsense-mediated 
decay of transcripts, such as nonsense variants, frame-shift variants, initia-
tion codon variants, deletion of exons and certain splice-site variants 
(Holbrook, et al., 2004). If these null variants are found in a gene known to 
be associated with ID, and the inheritance pattern is consistent with the es-
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tablished pattern for the specific ID syndrome, such variants could be classi-
fied as pathogenic (Richards, et al., 2015).  
 
The effect of missense variants is much harder to predict. When there is a 
known pathogenic missense variant, a novel variant that causes the change 
into the same amino acid could be classified as pathogenic (Richards, et al., 
2015). Missense variants in a protein domain that is vital for the protein’s 
normal function are more likely to be pathogenic, especially if other variants 
identified in the domain were shown to be pathogenic (David, et al., 2012; 
Wang, et al., 2012). A missense variant is also more likely to be pathogenic 
if it is a de novo variant and is identified in a gene known to be associated 
with a dominant form of ID. 
 
The frequency of a variant in control populations could help us to assess the 
pathogenicity of a novel variant. This information can be found in popula-
tion databases such as the 1000 genome project database and the Exome 
Aggregation Consortium database (Genomes Project, et al., 2015; Lek, et al., 
2016). Absence of a variant from these databases is a supporting evidence of 
the pathogenicity of the variant, while a relatively high allele frequency is 
evidence supporting that the variant is benign (Richards, et al., 2015). 
 
Computational methods could aid in predicting the effect of variations. The 
algorithms of these methods differs, they could be based on evolutionary 
conservation of a nucleotide or an amino acid, biochemical effect of an ami-
no acid change, predicting the loss or creating of splice sites, mRNA stabil-
ity etc. Examples of these methods are Polyphen2 and MutationTaster 
(Adzhubei, et al., 2010; Schwarz, et al., 2010). Recently, machine learning 
was developed to predict the pathogenicity of variants in coding and noncod-
ing sequence. Combined Annotation Dependent Depletion (CADD), for 
instance, is a support vector machine trained by contrasting annotated vari-
ants that survived natural selection with simulated variants in order to score 
deleteriousness of variants in human genome (Kircher, et al., 2014). Differ-
ent algorithms could have different ways of prediction, if all these algo-
rithms agree on the prediction of the effect of a variant; it could be a support-
ing evidence for variant pathogenicity interpretation. 
 
Another way to prove a variant to be pathogenic is by functional studies. The 
effect of a variant can be estimated by knocking down the gene or introduc-
ing the specific variant to cell lines; or by rescue of patient-derived cells. 
Based on Clustered regularly interspaced short palindromic repeats 
(CRISPR)-associated protein 9 nuclease (Cas9) from bacterium Streptococ-
cus pyogenes, the CRISPR-Cas9 technology uses RNA as guides to target 
specific DNA site and is a highly efficient, rapidly developing tool for mod-
eling disease-causing mutations (Wade, 2015). Although patient brain cells 
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are difficult to access, by expressing specific sets of transcription factors, 
somatic cells can be reprogrammed to generate induced pluripotent stem 
cells (iPSCs). The iPSCs can then be differentiated into neurons, making it 
possible to study neuronal development with patient-derived cells 
(Takahashi and Yamanaka, 2006). Animal models such as mice, zebra fish 
and fruit flies are also often employed to study the disease biology of causa-
tive human mutations. With large genomic similarity with human and high 
reproductive rate, mice is one of the most common mammalian model sys-
tem used to study pathogenic mutations (Zeidler, et al., 2015). Zebra fish and 
fruit flies have even shorter generation times than mice, and often have 
enough genetic similarities with human that orthologous can be identified 
and knocked out or knocked down (Bellen, et al., 2010). Zebra fish have the 
advantage that a large variety of assays are available in order to study the 
effect of DNVs on the development of embryos (Davis, et al., 2014).  
 
An important indication of disease-causing variation is the observation of a 
variant in the same gene in other unrelated patients with phenotypic similari-
ty. Therefore, it is important to perform WES or WGS on more trios both to 
identify novel candidate genes and to statistically establish known candidate 
ID genes as causal.  
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Methods 

Whole Exome Sequencing 
WES was the main method in Paper I and Paper III. In these two papers 
we aimed to find pathogenic DNVs in trio families where the parents are 
unaffected and with no family history of neurodevelopmental conditions, 
and the child has both ID and epilepsy (Paper I) or ID without epilepsy 
(Paper III). The families were previously tested with clinical microarray 
analysis without finding a molecular diagnosis. Genomic DNA was extract-
ed from peripheral blood leukocytes of the family members. The coding 
regions of genomic DNA were enriched prior to sequencing by using 
SureSelect (Agilent, version 2-5), which is a solution-based human exome 
capture approach. The capture is achieved by hybridization of sheared ge-
nomic DNA and biotinylated oligonucleotide probes, also known as baits, 
which are complementary to targeted human exonic regions. The targeted 
regions bound with baits are pull-down by magnetic streptavidin beads, and 
the captured regions are then amplified before sequencing. Three sequencing 
techniques were used in these studies, Illumina, Ion Proton, and SOLiD. To 
map the generated data, different programs were used for the three sequenc-
ing techniques: BWA for Illumina, Torrent Suite for Ion Proton, and 
LifeScope for SOLiD. GATK toolkit was used to identify variants in the 
sequenced samples. GATK toolkit identifies mismatches and misalignments 
to the reference genome, estimate the quality of the data and possible biases. 
To filter out common variants, the identified variants were filtered using our 
in-house database, as well as the dbSNP database. To identify DNVs, the 
variants in the patients were filtered against the variants found in the their 
parents. The identified candidate DNVs were validated by Sanger sequenc-
ing. 

Whole genome Sequencing 
WGS was used in Paper IV in order to identify the genetic cause of ID in 
patients from six consanguineous families. These families had previously 
been tested using both clinical microarray analysis and WES without finding 
a casual variant.  Genomic DNA of each family member was extracted from 
peripheral blood leukocytes. The DNA samples were sequenced on Illumina 
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X10 or Illumina Hiseq platforms. The sequenced reads were mapped to the 
human reference genome using BWA. GATK toolkit was used to call vari-
ants, which were filtered against our in-house database and dbSNP database. 
The identified inherited variants and DNVs were validated by Sanger se-
quencing. 

Transcriptome analysis 
In order to investigate the expression of PIGG gene in the patient family in 
Paper II, we performed transcriptome analysis using AmpliSeq, which is an 
amplification-based method that generates expression value for each gene in 
the genome. In the PIGG study, total RNA was extracted from the fibroblast 
cells of each family member. The RNA was reverse transcribed using the Ion 
AmpliSeq Transcriptome Human Gene Expression kit, which enables the 
measurement of the expression levels of more than 20,000 human genes. The 
cDNA was amplified using Ion AmpliSeq Transcriptome Human Gene Ex-
pression core panel, and after partial digest of the primer sequences, the am-
plicons were ligated with adaptors. The Adaptor-ligated amplicons were 
purified, eluted, and amplified. Quantification of amplicons was performed 
using Agilent Bioanalyzer with Agilent High Sensitivity DNA kit. After 
template preparation on Ion Chef system, the samples were sequenced in Ion 
Proton system. The expression levels of PIGG and other GPI synthesis gene 
in the patient were compared with that of their parents. 
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Summary of included papers 

Paper I: Mutations in HECW2 are associated with 
intellectual disability and epilepsy 
Aim: To identify causative DNVs in patients with both ID and epilepsy 
 
Methods: 
Whole exome sequencing 
Sanger sequencing 
 
ID is defined by an IQ score of lower than 70, and it is assessed that 20%-
30% ID patients also have epilepsy (Lhatoo and Sander, 2001). The co-
occurring of ID and epilepsy is even more frequent in severe cases of ID 
(McGrother, et al., 2006). In this study, we used WES to identify pathogenic 
DNV in trio families, where the patients have both ID and epilepsy, and the 
parents are health and with no family history of neurodevelopmental disor-
ders. We used WES in 39 patient-parent trios, and identified 29 DNV and 
one pathogenic inherited SNV in the coding regions of 23 trios, which gave 
a 28% clinical yield. These results add new pathogenic variants in known ID 
genes, and also provided further description of phenotypes associated with 
these genes. 
 
To investigate the pathogenicity of the validated variants, we calculated 
CADD scores of each variant. This result showed that on average the identi-
fied variants were more deleterious than the variants found in ExAC data-
base. We also compiled a list of DNV identified in previously WES studies 
on neurodevelopmental disorders including ID, epilepsy and autism spec-
trum disorder. In this study, we identified a DNV in HECW2 gene. Although 
HECW2 was previously not associated with ID, we found this gene carried 
DNVs in six patient in previous neurodevelopmental disorder studies, but 
zero in control cases. In addition, we constructed an interaction network with 
all genes where DNVs was identified in this study, as well as previously 
implicated ID genes. Network analysis showed that HECW2 gene is con-
nected to a number of known ID genes. Based on these results combined 
with previous functional studies on HECW2, we highlight HECW2 gene as a 
novel candidate ID gene. This result has later been validated in an independ-
ent study (Berko, et al., 2017). 
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Paper II: Reduced cell surface levels of GPI-linked 
markers in a new case with PIGG loss of function 
 
Aim: To investigate how disruption of PIGG gene could cause developmen-
tal disorders 
 
Methods: 
Transcriptome sequencing 
Sanger sequencing 
Flow Cytometry 
 
Glycosylphosphatidylinositol (GPI) is a glycolipid that tethers proteins to the 
cell surface. These proteins have important catalytic, regulatory and structur-
al functions, and are called GPI-anchored proteins (GPI-APs) (Kinoshita, 
2014). Disruptive variations in several GPI synthesis genes have been asso-
ciated with a group of congenital disorders of glycosylation termed inherited 
GPI deficiencies (IGD), a congenital disorder with features such as ID, sei-
zures and facial dysmorphism (Almeida, et al., 2006; Chiyonobu, et al., 
2014; Johnston, et al., 2012; Krawitz, et al., 2012; Krawitz, et al., 2010; 
Kvarnung, et al., 2013; Maydan, et al., 2011).  
 
Using WES, we identified a homozygous nonsense variant in the gene Phos-
phatidylinositol Glycan Anchor Biosynthesis Class G (PIGG) in two siblings 
with ID, early onset seizures, hypotonia, cerebellar hypoplasia, cerebellar 
ataxia, and minor facial dysmorphology. PIGG is a GPI synthesis gene; it 
encodes the catalytic component of GPI-EtNP transferase II, which adds an 
EtNP side chain on GPI (Shishioh, et al., 2005). Variants in PIGG has been 
reported to cause ID with seizures and hypotonia, however, granulocytes and 
lymphoblastoid cells of these patients showed normal levels of GPI-AP ex-
pression, leaving the mechanism of pathogenesis of PIGG variants unclear 
(Makrythanasis, et al., 2016). 
 
We investigate the expression of PIGG in the family by AmpliSeq, which is 
a method based on amplification. AmpliSeq provides an expression value for 
targeted genes. This analysis showed that the expression of PIGG is around 
half in the patients in comparison to their parents, while all other GIP syn-
thesis genes showed equal expression in patients and parents. We also per-
formed Sanger sequencing of cDNA from the heterozygous parents, which 
showed a significantly lowered expression of the mutated allele. These two 
results indicate that transcripts containing the nonsense variant are likely 
degraded by nonsense-mediated decay prior to translation. 
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To investigate the effect of the loss of function variant in PIGG, We used 
flow cytometry to measure the expression level of GPI-AP on the surface of 
granulocytes and primary fibroblasts from the two siblings and their parents, 
as well as independent controls. This analysis showed decreased levels of 
GPI anchors in patient fibroblasts. The expression levels of GPI-anchored 
markers such as CD55, CD59, CD73, and CD90 also showed various level 
of reduction in patient fibroblast. Analysis of patient granulocytes did not 
show an altered GPI-anchored marker expression. These results suggest the 
possibility that GPI-AP expressions are affected differently depending on the 
cell type.  
 
The EtNP added by PIGG is often removed in a later step (Shishioh, et al., 
2005). However, the EtNP modification could play an important roll for 
sorting and transporting of GPI-APs from ER to cell surface (Fujita, et al., 
2009).  Different cell types are potentially differentially affected by PIGG 
loss of function depending on the distance from the ER to the cell surface, 
which might explain a GPI reduction in fibroblasts but not in granulocytes. 
There is a possibility that larger cells such as neurons, where the GPI must 
be transported a long distance, would be even more severely affected. Our 
results showed that loss of function of PIGG leads to a cell type specific 
reduction in GPI-APs, and that it is important to analyze the right type of 
cells when studying the effect of genetic variants on GPI-AP cell surface 
levels.  

Paper III: Exome sequencing reveals NAA15 and 
PUF60 as candidate genes associated with intellectual 
disability 
 
Aim: To identify causal de novo variants in ID patient 
 
Methods:  
Whole exome sequencing 
Sanger sequencing 
 
ID is defined by an IQ score lower than 70; it is an early onset neurodevel-
opmental disorder that affects 2-3 % of population globally. NGS has been a 
successful strategy for studies of genetic causes of ID, providing a growing 
list of validated ID genes and candidate ID genes. WES in trio families has 
been an especially efficient strategy to identify genetic causes of unex-
plained ID cases, yielding clinically significant findings in 20%-30% of pa-
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tients previously screened by microarray analysis (de Ligt, et al., 2012; 
Miller, et al., 2010; Tammimies, et al., 2015). 
 
In this study, WES was performed on 28 ID patients in 27 patient-parent 
trios where the parents were healthy and had no family history of 
neurodevelopmental conditions. The aim of this study is to identify de novo 
variants (DNVs) in known and novel ID associated genes. A total of 25 
DNVs were found in the exons of 16 patients, and validated using Sanger 
sequencing. Five variants in the genes ASXL3, FGFR2, PUF60, SETD5, and 
SMARCA4 are classified to be pathogenic or likely pathogenic according to 
the standards for interpretation of sequencing variants proposed by ACMG 
(Richards, et al., 2015), resulting in a 21% diagnostic rate.  
 
In order to assess the pathogenicity of the identified DNVs, the combined 
annotation-dependent depletion (CADD) score was tested for the variations. 
CADD scores are a relative measurement of pathogenicity of genetic vari-
ants, with higher CADD scores indicating higher deleteriousness; a CADD 
score ≥ 20 indicates that the variant is among 1% most deleterious variants 
in the human genome (Kircher, et al., 2014). All Five pathogenic or likely 
pathogenic variants identified in this study had scores >20. Several nonsyn-
onymous variants classified as variant of uncertain significance (VUS) also 
had CADD scores >20, e.g. a variant in gene NAA15 had a high CADD score 
of 24.2. NAA15 encodes the N(alpha)-acetyltransferase 15, NatA auxiliary 
subunit, which is responsible for the transmission of signals between neu-
rons, a vital mechanism for regulating neuronal differentiation and migration 
(Fluge, et al., 2002; Sugiura, et al., 2001). 
 
We gathered data from 13 previous large WES studies in ID, autism and 
epilepsy. Three DNVs have been reported previously in patients with neuro-
developmental disorders in NAA15, while zero DNV has been reported in 
healthy controls. We aslo used two metrics reported in the Exome Aggrega-
tion Consortium (ExAC) browser, the probability of intolerance (pLI) and 
the z score (Lek, et al., 2016).  NAA15 receive a positive z scores of 3.21 and 
a pLI score of 1, indicating that NAA15 contain less coding variation than 
expected, and that heterozygous LoF of NAA15 is not tolerated. 
 
Based on these results, we highlight NAA15 as the most interesting new can-
didate ID gene. Among the pathogenic variants identified in this study, we 
highlight the de novo 2 base pair deletion identified in PUF60 gene, as this 
finding provides further evidence that the heterozygous loss-of-function of 
this gene causes ID, and that PUF60 is the major contributor to the 8q24.3 
deletion phenotype (Dauber, et al., 2013). 
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Paper IV: Whole genome sequencing of consanguineous 
families reveals novel pathogenic variants in intellectual 
disability 
 
Aim: To identify causal recessive variants in ID patients from consanguine-
ous families 
 
Method: 
Whole genome sequencing 
Sanger sequencing 
 
Intellectual disability (ID) is a common disorder that affects 2-3% of the 
population (Ropers, 2010). Genomic studies of consanguineous family with 
ID patients have led to the discovery of many autosomal recessive ID genes. 
In certain areas with relatively high rate of consanguineous marriages, reces-
sive forms of ID common. In this study, we performed WGS on six trio fam-
ilies, where the patients had ID and the parents were consanguineous. All six 
families have been tested in of a previous WES study where no genetic diag-
nosis had been obtained. The aims of this study were to find pathogenic var-
iations in the patients, and to assess the benefit of using WGS on families 
that previously went through WES.  
 
We identified five autosomal variants and one X-linked variants, which are 
located in the coding region of PIGN, RTTN, COL27A1, FRMD4A1, 
FRRS1L, and SMC1A gene, and are validated by Sanger sequencing. Five of 
these variations were homozygous in the patients and heterozygous in their 
parents. In a female patient, a de novo two base pair (bp) deletion was identi-
fied in SMC1A gene, which is located on the X chromosome. 
 
We calculated the combined annotation-dependent depletion score (CADD) 
in order to predict the deleteriousness of the identified variants. All varia-
tions validated in this study scored over 23.  Five variants have not been 
reported in the general population, and one variant has been reported only 
once in ExAC database and only as a heterozygous variant (allele frequency 
= 0.000008238). 
 
Following the standards for interpretation of variants recommended by the 
ACMG (Richards, et al., 2015), variants in the genes PIGN, SMC1A, 
COL27A1, and FRRS1L were determined to be pathogenic or likely patho-
genic. The variants in gene FRMD4A1 and COL27A1 were found in a single 
patient. The patient has developmental delay and skeletal malformation, 
which are the symptoms reported in association with these two genes. 
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This study shows that many pathogenic variants are missed using WES, and 
that WGS is an efficient application to identify genetic causes for ID pro-
bands from consanguineous families. One of the advantages of WGS over 
WES is that the sequence capture step required in WES leads to a more une-
ven coverage of exonic regions compared to WGS (Meienberg, et al., 2015). 
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Concluding remarks and future perspectives 

The advancement of NGS technology enables simultaneous and rapid analy-
sis of virtually all variants in a genome. This unbiased approach has led to 
molecular diagnosis for an increasing percentage of ID patients, and contin-
ues to further our understanding of the genetic causes of ID. 
 
In Paper I and Paper III, we used WES to identify causal variants in ID 
patient. WES method is based on the idea that the coding region of the ge-
nome is medically important, and that limiting the sequencing region could 
lower cost and increase efficiency in genetic diagnosis. Our study in Paper I 
yielded a diagnostic rate of 28%, and in Paper III 21%. The findings in 
these two studies provided novel ID candidate genes, contributed to a better 
statistical association between causal genes and ID, as well as added novel 
variants and new phenotype information associated with known ID genes. 
While these results proves that WES is indeed a valuable method, the ma-
jority of the patients in these studies remained undiagnosed; and in some 
patients, we did not even find a candidate ID gene using WES. There are 
many factors that could cause WES to miss causal variants, and some of the 
factors are associated with the exome capture step. By capturing the coding 
region, we miss most of potentially casual variants in the regulatory part of 
the genome. The exome capture does not cover all coding region of the ge-
nome, and the capture leads to an uneven coverage of the coding regions, 
most noticeably, the coverage was higher in the center of exons and relative-
ly low towards the edges of exons, which was not sufficient for accurate 
calling of variants. The oligonucleotide probes used as baits to capture exons 
are designed to match the human reference genome, while the patients could 
have variants in these sequences and potentially affect the efficiency of the 
capture. All these problems cause WES to miss variants in certain regions of 
the genome. However, despite of these flaws and the trend of moving to-
wards using WGS, I believe there is still room for improvement in the cap-
ture step, and efficiency and cost-effectiveness still have their value. WES 
and capture-based sequencing in general should continue to have a place in 
genetic diagnosis of ID.  
 
In paper IV, we used WGS to identify pathogenic variants in six consan-
guineous family trios, which have been previously tested with WES without 
obtaining the genetic cause. The result of this study is the identification of 
potential pathogenic variants in the coding regions of patients from five of 
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six families. The distinct selection requirement of consanguineous families 
and clear emphasis in analysis to search for recessive causal variants is one 
of the reasons that contribute to the high diagnostic rate. These results also 
reflect the advantage of WGS over WES; without the capture step, WGS 
provides much more comprehensive information of the genome, and more 
evenly distributed coverage. However, besides the higher cost, WGS as a 
genetic diagnostic tool still has a lot of limitations in its current state, and is 
far from the answer to all problems. These limitations come from many dif-
ferent aspects, including the current NGS technologies, analytical algo-
rithms, genotype and phenotype annotations, etc. One limiting factor is that 
the sequencing reads of WGS are relatively short compared to other se-
quencing techniques such as Sanger sequencing. One of the advantages of 
WGS over WES is that theoretically, WGS should be more suitable for de-
tecting structural variations, which is an important cause of ID. The short 
reads of current WGS prevents efficient and accurate identification of struc-
tural variants, while efficiency and accuracy is key in clinical settings. WGS 
is also not accurate in analyzing repetitive regions of the genome; it is diffi-
cult to find out the length of the whole repetitive region when this region is 
longer than the read length. Paralogous genes and duplicated segment of the 
genome in general are difficult regions to analyze for WGS data; it is chal-
lenging to determine the origin of a read that maps to more than one place in 
the genome. All these problems could be solved with longer sequencing 
reads, however, current long read sequencing technologies are still expensive 
and with low throughput. The current method of alignment of reads to the 
reference genome is also a pitfall. The reference genome is a mixture of se-
quence segments from a pool of individuals; it does not contain representa-
tive long-range haplotypes, and contains potential risk variants. De novo 
assembly is the solution to this problem, however, for efficient diagnosis of 
ID patients, de novo assembly is too computationally intense, and again re-
quires longer reads and deep sequence coverage.  
 
To achieve a comprehensive understanding of the functional consequences 
of genomic variations in case of ID patients, we need advances in both se-
quencing technologies and analysis algorithms; especially efficient long-read 
sequencing technologies and improved algorithms for difficult genomic re-
gions. Functional studies such as the study of PIGG gene in Paper III could 
provide deeper understanding of disease mechanisms of pathogenic variants. 
Population-level WGS studies with accurate genotypic and phenotypic data 
which are shared globally with consensus standards would eventually lead to 
improved diagnosis of ID and better care for ID patients. 
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