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Abstract
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Up to 8% of all live-born children are affected with a congenital disorder. Some are Mendelian 
disorders of known etiology, but many are of undetermined genetic cause and mechanism, 
limiting diagnosis and treatment. This project aims to investigate the underlying causes 
of unresolved Mendelian disorders, and especially syndromes associated with intellectual 
disability, by using cutting-edge sequencing techniques and molecular tools in a translational 
setting that intends to directly benefit affected families.

In Paper I, we report the first keratitis-ichthyosis-deafness syndrome patient presenting with 
reversion of disease phenotype, a phenomenon known as revertant mosaicism. Third-generation 
sequencing and a cell assay were used to pin-point the mechanism of the somatic variants 
giving rise to healthy looking skin in the patient. In Paper II, we describe a novel approach to 
investigate parental origin, gonadal mosaicism, and estimate recurrence risk of disease in two 
families. Third-generation sequencing was used for haplotype phasing and detection of low-
frequency variants in paternal sperm. The recurrence risk in future offspring in the families 
affected with Noonan syndrome and Treacher Collins syndrome was determined to be 40%
and <0.1% respectively. In Paper III, we describe a novel variant in a patient affected with 
Cornelia de Lange Syndrome, primarily associated with intellectual disability. The affected gene 
is linked to an extremely rare form of the syndrome, with limited cases described in the literature, 
usually associated with mild symptoms. Investigation of rare intellectual disability syndromes 
was continued in Paper IV, by clinical and genetic characterization of six affected males with 
a likely pathogenic variant in the TAF1 gene. By creating the first TAF1 orthologue knockout 
we revealed that taf1 is essential for life and that lack of functional taf1 during embryonic 
development in zebrafish primarily impacts expression of genes in pathways associated with 
neurodevelopment.

By progressive translational research, using state-of-the-art methodology, this project has 
illuminated the implication of revertant and gonadal mosaicism in disease (Papers I-II), as well 
as two extremely rare intellectual disability syndromes (Papers III-IV). In total, five families 
affected with five different disorders have gained clinical and genetic diagnosis and/or further 
understanding of prognosis and recurrence risk. The study has led to improved understanding 
of disease etiology and basic developmental processes, enabling development of new therapies 
and improved care of future patients.
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technologies
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CRISPR clustered regularly interspaced short palindromic repeats  
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mbpa myelin basic protein a  
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padj adjusted p-value 
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PLA-WB proximity ligation-based western blot  
polr2 RNA polymerase II  



 

PTPN11 tyrosine-protein phosphatase non-receptor type 11  
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SNP single nucleotide polymorphisms 
SNV single nucleotide variants  
SweGen SweGen Variant Frequency browser  
TADs topological associated domains  
TAF1 TBP-associated factor 1  
TBP TATA-box binding protein  
TCOF1 treacle ribosome biogenesis factor 1  
TCS Treacher Collins syndrome  
UV ultraviolet 
VUS variant of uncertain significance  
WES whole-exome sequencing 
WGS whole-genome sequencing  
wt wild-type 
XCI X-chromosome inactivation  
XLID X-linked intellectual disability  
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Introduction 

 

The human genome, a topic of the 21st century 
The DNA structure was discovered in 1953 (Watson and Crick, 1953), but it 
was not until 2001 that the first draft of the human genome was presented, 
requiring more than five years of hands-on work and $100 million to compile 
(Lander et al., 2001; Venter et al., 2001). Eighteen years later, the human ge-
nome of an individual is accessible in a few days, at less than $1000. It is an 
ongoing technical revolution that has completely changed the scope of human 
genetic research (https://www.genome.gov/27541954/dna-sequencing-costs-
data/, accessed March 25, 2019). The ability to sequence DNA in a cost- and 
time-efficient manner has not only resulted in increased disease gene discov-
ery, but also improved diagnostic yield by implementation of advanced ge-
netic analysis into standard clinical care (Taylor et al., 2015; Veltman and 
Brunner, 2012; Vissers et al., 2016). Today, the haploid human genome is 
estimated to be 3.1 billion base pairs (bp) in length, of which approximately 
1% encode the protein-coding genes (https://www.ensembl.org/Homo_sapi-
ens/ , accessed March 25, 2019). The 99%, non-coding part of the genome, is 
far less understood, but it is known to be important for gene regulation.  

The basic theory of gene regulation and RNA has been known since the 
1960s. However, precise knowledge of a specific transcript’s expression pat-
terns has become available within the last decades due to a burst in sequencing 
techniques, including methods such as single-cell and long-read sequencing. 
Today we know that there are over 200,000 human transcripts and that their 
expression differs depending on both time-point and cell type, allowing hu-
mans to grow from a single zygote to the complex structure of an adult 
(Mortazavi et al., 2008; Shapiro et al., 2013). By investigating the underlying 
mechanisms of gene regulation, we have begun to gain insight into the non-
coding part of the genome. For example, it was recently established that gene 
expression is regulated by the spatial organization of the genome within the 
cell nucleus, within so-called topological associated domains (TADs) (Dixon 
et al., 2012; Nora et al., 2012; Sexton et al., 2012).  

Progress in science depends on new techniques, new 
discoveries and new ideas, probably in that order. 

 
–Sydney Brenner 
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The final piece of the central dogma, the protein-coding function of the 
genome, was cracked in the early 1960s (Nirenberg et al., 1963). Today, we 
have most likely identified close to all human protein-coding genes, counted 
up to 20,000. The precise preservation of the protein sequence is often re-
quired for stable protein function, and therefore the exome has been highly 
conserved throughout evolution. Genetic variants that alter the localization, 
expression or function of proteins are the main cause of Mendelian disorders 
and the vast majority lies in the protein-coding genome (Chong et al., 2015). 
Clinically recognized Mendelian phenotypes are estimated to affect 0.4% of 
all live-born children. However, all congenital disorders are reported to affect 
up to 8% of all live births worldwide (Baird et al., 1988; Chong et al., 2015; 
Deciphering Developmental Disorders, 2017; Sheridan et al., 2013). Thus, ge-
netic variants of the human genome are a major source of severe disease.  

Genetic variants drive evolution and Mendelian disease 
Genetic variation occurs due to endogenous processes like replication errors, 
as well as exogenous mutagenic processes like tobacco smoke (Alexandrov et 
al., 2013; Rahbari et al., 2016), at a rate of 1–2*10-8 variants per nucleotide 
per generation (Campbell et al., 2012; Kondrashov, 2003; Rahbari et al., 2016; 
Roach et al., 2010). Most genetic variants are neutral, but some decrease fit-
ness, and others increase fitness. Consequently, genetic variants drive both 
environmental adaptation processes, i.e. evolution and genetic disease. Com-
plex genetic disorders are mostly caused by a set of common genetic variants 
in combination with adverse environmental risk factors. In contrast, the vast 
majority of Mendelian disorders are monogenetic, and the outcome is gener-
ally not affected by environmental factors (Chong et al., 2015). Variants im-
plicated in Mendelian disorders are mostly rare and have a severe impact on 
protein function, in contrast to SNVs in complex disorders that mostly are 
non-coding, and, when coding, have a less severe impact on protein function 
(Thomas and Kejariwal, 2004). Mendelian variants can be divided into gain-
of-function or loss-of-function variants, depending on mechanism of action. 
A gain-of-function variant alters protein function or expression and are often 
dominant (Paper I). Loss-of-function variants inhibits expression of the pro-
tein, and classically loss of both copies by homozygosity or compound heter-
ozygosity is associated with disease (recessive). However, a recent study con-
firmed that heterozygous loss-of-function variants (resulting in haploinsuffi-
ciency) are as common as heterozygous gain-of-function variants in develop-
mental disorders (Deciphering Developmental Disorders, 2017). 
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Genetic variation comes in all shapes and sizes 
Protein-coding nonsynonymous single-nucleotide variants (SNVs) that result 
in an altered protein sequence (missense or nonsense variants) are the most 
prevalent cause of Mendelian disorders (Papers I, II and IV) (Thomas and 
Kejariwal, 2004). Coding synonymous SNVs tend to have a neutral effect on 
the protein-coding sequence and are thus seldom associated with Mendelian 
disorders. However, there is the important exception of surmised harmless 
synonymous variants that affect splicing and can cause disease by introducing 
alternative transcripts (Paper II) (Cummings et al., 2017).  

Small insertions or deletions (indels) can, like SNVs, cause disease by al-
tering the function of a protein (Paper III). However, the majority of indels 
will shift the open reading frame and result in a premature stop codon, making 
them highly deleterious (Paper IV). One-third of Mendelian disorders are es-
timated to be caused by frame shift, nonsense or splice variants that result in 
a premature termination codon. In case of protein-truncating variants, disease 
occurs due to expression of a truncating protein that has escaped degradation 
via nonsense-mediated decay, by haploinsufficiency or by loss of protein ex-
pression (Kurosaki and Maquat, 2016; Rivas et al., 2015)  

Structural genetic variants include translocations, inversions, duplications, 
and deletions of more than 1 kilo bp (kb). Substantial structural variants, like 
copy number variations (CNVs) spanning more than 1 Mega bp, are rare in 
the healthy∗ population, indicative of their deleteriousness and implication in 
disease (Itsara et al., 2009). Structural variants can, like SNVs and indels, 
cause disease by affecting the protein-coding sequence, e.g. by deletion of a 
one or a set of genes. Non-coding structural variants have recently been high-
lighted to cause Mendelian disorders by disrupting TADs. Specifically, TADs 
disrupted by structural variation have been suggested to cause limb malfor-
mations (Lupianez et al., 2015) and disruption by expansion of short tandem 
repeats has been linked to fragile X syndrome (Sun et al., 2018). 

De novo variants and the effect of parental age 
De novo variants have by definition occurred in the germline of the parents or 
in the zygote state of the offspring. Clinically, a variant is considered de novo 
if it is not detected in parental DNA but is found in approximately 50% of the 
offspring’s DNA. Commonly, Sanger sequencing on DNA from blood is used 
for diagnosis and thus de novo variants can potentially include parentally in-
herited low-level mosaic variants, variants occurring in the zygote, and post-
zygotic variants that results in mosaicism in the proband (further discussed 
below) (Acuna-Hidalgo et al., 2015; Forsberg et al., 2017). Each generation is 
estimated to gain 0.02 de novo CNVs, 2.9–9 de novo indels, and 44–82 de 
                              
∗In this thesis “healthy” is used to describe a tissue, an individual or a population that is not 
reported to be affected by symptoms of severe congenital disorder(s).  
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novo SNVs, of which on average 1–2/100 will deposit in the protein-coding 
region (Acuna-Hidalgo et al., 2016; Crow, 2000). Since de novo variants have 
not undergone a natural selection process, they are on average more deleteri-
ous than variants that have been inherited throughout generations. Thus, de 
novo variants are a major cause of severe Mendelian disorders (Acuna-
Hidalgo et al., 2016). This was recently highlighted in a cohort of 4293 undi-
agnosed and an additional 3287 previously described patients with severe de-
velopmental disorders, where 42% of patients were reported to be affected due 
to a de novo variant (Deciphering Developmental Disorders, 2017).  

The quantity of de novo variants in offspring has been observed to increase 
with parental and especially paternal age (Francioli et al., 2015; Kong et al., 
2012; Penrose, 1955; Wong et al., 2016). Recent estimations concluded an 
increase of 0.91–2.87 de novo variants of paternal origin/paternal year 
(Goldmann et al., 2016; Kong et al., 2012; Rahbari et al., 2016; Wong et al., 
2016). The increase has mainly been linked to the continuous reproduction of 
spermatogonia throughout male life, leading to an accumulation of replication 
errors (Fig. 1) (Crow, 2000). There are also reports of a minor but existing 
maternal age effect of 0.24–0.51 de novo variants per maternal year 
(Goldmann et al., 2016; Wong et al., 2016). Interestingly, unlike paternal de 
novo variants, maternal de novo variants are enriched for C>G transversions 
and cluster at chromosomes 8, 9 and 16, suggesting that the occurrence mech-
anisms of maternal and paternal variants differ (Goldmann et al., 2018; 
Goldmann et al., 2016; Rahbari et al., 2016). Oocytes do not go through mi-
tosis in adult females (Fig. 1), but instead the meiotic gene conversion rate is 
higher in females compared to males (2.2:1), and is reported to increase with 
aging oocytes and consequently maternal age (Goldmann et al., 2018; 
Halldorsson et al., 2016). Aging oocytes also have an exponential age-related 
risk of nondisjunction, associated with aneuploidies like Down syndrome 
(MIM 190685) that has a prevalence of 1/1300 at maternal age 20 but 1/30 at 
maternal age 45 (Newberger, 2000).  

The effect of paternal age has also been studied in light of a small group of 
disorders, referred to as paternal age effect (PAE) disorders (Goriely and 
Wilkie, 2012), including, for example, Apart (MIM 101200), Costello (MIM 
218040), Noonan syndrome (NS; MIM 169350) and Achondroplasia (MIM 
100800). The disorders occur more frequently than expected by chance, al-
most exclusively on the paternal allele, and are mainly caused by gain-of-
function variants in the RAS/MAPK pathway. The elevated occurrence is ex-
plained by a suggested positive selective advantage during spermatogenesis 
that results in increased levels of mutant sperm cells over time, a process re-
ferred to as selfish spermatogonial selection (Paper II) (Goriely and Wilkie, 
2012; Shinde et al., 2013). The number of variants associated with spermato-
gonial selection was recently increased from 6 to 61, of which 80% were var-
iants in genes of the RAS/MAPK pathway (Maher et al., 2018). 
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In summary, the parental contribution of de novo variants in the offspring 
is skewed to a ratio of 1:3.6, maternal: paternal (Goldmann et al., 2016), un-
derlining paternal age as a major risk factor for severe Mendelian disorders. 

Recessive variants and consanguinity 
Autosomal recessive disorders are caused by two variants that affect the same 
autosomal locus. Both alleles need to be affected for disease to occur, and the 
mechanism is often loss-of-function. Commonly, both variants are parentally 
inherited, resulting in homozygosity or compound heterozygosity in the off-
spring (Martin et al., 2018b). X-linked recessive disorders have a slightly dif-
ferent inheritance pattern, with a higher prevalence in males, since only one 
affected allele is required for disease-penetrance due to X-chromosome hem-
izygosity. Heterozygous female carriers are protected against recessive X-
linked disorders by inactivation of the disease-causing allele, i.e. skewed X-
chromosome inactivation (XCI) (Fieremans et al., 2016) or by diploid expres-
sion of the locus. A classic example is X-linked loss-of-function red-green 
color blindness (MIM 303800), affecting 8% of males but only 0.5% of fe-
males (Deeb, 2005).  

The risk for recessive disorders increases in isolated populations in which 
endogamous marriages have led to enrichment of rare founder variants. Con-
sanguineous marriages, customary for about 1.1 billion people around the 
world, are also a risk factor for recessive disorders. Studies show that com-
pared to the general population, first-degree cousins have a 2% increased risk 
of having offspring with a congenital malformation (mainly recessive disor-
ders). This means that statistically, 8% of consanguineous couples have a 25% 
risk of having affected offspring. Of note, this highlights that 92% of first-
degree cousin couples do not have an increased risk of having offspring with 
Mendelian disorders, compared to non-consanguineous couples of the same 
population (Sheridan et al., 2013). However, in consanguineous couples from 
families with a history of parental relatedness, originating from a population 
with endogamous marriages, the risk is elevated (Hamamy et al., 2011). The 
combined risk of endogamous and consanguineous marriages was demon-
strated by Martin et al. when studying the prevalence of recessive forms of 
developmental disorders in a cohort of 6040 probands. In the patient group of 
European ancestry, 3.6% were affected due to recessive variants, whereas in 
the patient group with Pakistani ancestry, in whom consanguinity is elevated, 
notably 31% were affected due to recessive variants (Martin et al., 2018b).  

Epigenetic factors and sex can affect disease outcome  
Even with the monogenic inheritance pattern seen in most Mendelian disor-
ders, the outcome of a specific variant can vary. Variable expressivity of 
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disease phenotypes and reduced penetrance of disorders obstruct interpreta-
tion of genetic variants and stress the need to provide disease prognosis with 
caution (Cooper et al., 2013; Tuke et al., 2018). Many different mechanisms 
have been suggested to impact the outcome of a disease-associated variant, 
such as differential allelic expression, environmental factors, modifier genes, 
additional genetic variants (Paper I), sex, and epigenetic changes (Paper IV) 
(Cooper et al., 2013; Posey et al., 2019). 

Epigenetic modifications can alter disease expressivity or reduce disease 
penetrance by altering the expression of a variant. One group of such disorders 
is imprinting disorders, where the penetrance depends on parental origin of 
the affected allele, e.g. Angelman syndrome (MIM 105830) and Prader-Willi 
syndrome (MIM 176270) (Kalsner and Chamberlain, 2015; Kishino et al., 
1997). XCI is also an epigenetic trait that can affect disease outcome in fe-
males. Skewed XCI can give rise to X-linked recessive disease in heterozy-
gous females by inactivation of the wild-type (wt) allele (Viggiano et al., 
2017), but also protect from dominant X-linked disorders by inactivation of 
the disease-causing allele, a phenomenon often seen in intellectual disability 
(ID; Paper IV) (Fieremans et al., 2016). 

ID is also a specific example of a disorder with a sex-related variance in 
occurrence, where males have a 40% higher incidence compared to females. 
The mechanism of skewed sex ratio in ID is not well understood, but a female 
protective model has been suggested (Vissers et al., 2016). The model is partly 
based on observations of a higher mutational burden in females with ID com-
pared to males, indicating that females require more severe alterations to be 
affected. Also, CNVs causing ID in males have been reported to be inherited 
from asymptomatic mothers (Jacquemont et al., 2014). Variants on the X-
chromosome have been a natural target for ID research due to the skewed gen-
der ratio, and about 15% of ID genes identified today are X-linked (Neri et al., 
2018). A recent study investigated patients affected with developmental dis-
orders (5659 males and 4200 females) and demonstrated that de novo X-linked 
ID (XLID) is equally prevalent in females and males, 6% and 7% respectively 
(Martin et al., 2018a). Males, however, have the additional burden of their 
non-affected mother’s and grandmother’s de novo variants (Paper IV), and as 
a result, 10-12% of all male ID cases are estimated to be X-linked. However, 
the majority of ID cases in males are not X-linked and XLID cannot explain 
the 40% excess (Vissers et al., 2016). This indicates that there are protective 
mechanisms in females yet to be discovered. Of interest, Tukiainen et al. re-
cently reported escape of XCI in 23% of 186 investigated X-linked genes in 
females and highlighted that this might contribute to phenotypic diversity be-
tween the sexes (Tukiainen et al., 2017). Hypothetically, the biallelic expres-
sion of some escape genes could compensate for variants that are disease-
causing in males, and thus, result in a protective effect and reduced penetrance 
of ID variants. 
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Mosaicism affects recurrence risk and can revert disease 
Mosaicism refers to the existence of two or more genetically distinct cells 
within one soma originating from the same zygote. Mosaicism is mostly harm-
less and is, like inherited variants, part of a natural variation. However, there 
are examples of when mosaicism increases the risk for disease in offspring, 
causes disease, and even reverts disease phenotypes.  

Somatic mosaicism 
Variants occurring after the zygote state will be present in that first clone and 
in all descending cells in that cell line, leading to somatic mosaicism (Fig. 1). 
In that sense, all individuals are mosaic, as spontaneous post-zygotic variants 
occur at each cell division from early embryonic development throughout 
adult life (Forsberg et al., 2017). If the variant arose early in embryonic devel-
opment, the proportion of mutant cells can be so high that the variant is inter-
preted as a de novo variant. Acuna-Hidalgo et al. reported that 6.5% of 107 
probands with de novo variants were somatic mosaic, probably due to early 
post-zygotic occurrence of the variant (Acuna-Hidalgo et al., 2015). Distin-
guishing between inherited, zygotic and post-zygotic de novo variants is im-
portant as it can have an effect on disease penetrance, phenotype and recur-
rence risk. For example, the aneuploidy disorders Down syndrome and Turner 
syndrome (MIM 300082) are reported to result in milder phenotypes in mosaic 
patients. There are also examples of mosaic women screened positive for 
Turner syndrome (45,X) that go on to have a normal reproductive lifespan and 
no cardiovascular complications (Papavassiliou et al., 2015; Tuke et al., 
2018). Another syndrome in which the incidence of mosaicism is central is 
Proteus syndrome (MIM 176920), presenting with overgrowth and hyper-
plasia of various organs and tissues by activating variants in the v-akt murine 
thymoma viral oncogene homolog gene (Lindhurst et al., 2011). Inherited Pro-
teus variants, or variants occurring during early development, are lethal. Thus, 
all living patients with Proteus syndrome are mosaics and the phenotypic 
presentation varies depending on when and where the variant occurred during 
development. 

Gonadal mosaicism 
Gonadal mosaicism or gonosomal (gonad and soma) mosaicism is mosaicism 
that includes the germ cells. Gonadal mosaicism arises due to post-zygotic 
variants in an embryonic cell that later differentiates into germ cells. All germ 
cells derived from the mutant clone will carry the variant. Thus the proportion 
of gonadal mosaicism will depend on when the variant arose (Fig. 1) (Forsberg 
et al., 2017).  
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As mentioned earlier, a considerable number of de novo variants arise due 
to parental gonadal mosaicism. Studies investigating assumed de novo vari-
ants identify the variant in 4% (Campbell et al., 2014) and 8.3% (Myers et al., 
2018) of parental DNA, suggestive of gonadal mosaicism. The reports are 
likely to be underestimates as some gonadal mosaicism cannot be detected in 
blood (Paper II), which was the primary source of DNA in both studies. How-
ever, in patients with high level gonadal mosaicism (>25%) the variant has 
generally occurred in early embryogenesis in a progenitor cell that later gave 
rise to both blood and germ cells and can therefore be detected in blood. A 
suggested exception to this is PAE disease variants that can reach high gonadal 
frequencies without being detectable in blood (Paper II) due to the positive 
selective advantage, as discussed above.  

Since some de novo variants are a result of gonadal mosaicism the recur-
rence risk in future offspring in families with disease-associated de novo var-
iants is estimated to 1% population-wide (Rahbari et al., 2016). However, this 
estimate does not transfer well to individual couples, since parents with gon-
adal mosaicism are likely to have a recurrence risk higher than 1%. Addition-
ally, parents of a child affected due to a zygotic or post-zygotic variant have 
the same recurrence risk as the general population, which is far less than 1%. 
Hence, it is important to define the true source of genetic variants to improve 
genetic counseling (Paper II). 

Revertant mosaicism 
Revertant mosaicism (RM) occurs when the pathogenic effect of a germline 
variant is reverted by a second genetic event. RM can occur by a back muta-
tion of the pathogenic variant or by introduction of a variant that inhibits the 
disease-causing mechanism, e.g. a truncating SNV or mitotic recombination 
(Lim et al., 2017). The phenomenon was first described in a patient suffering 
from Lesch-Nyhan syndrome (Yang et al., 1988). Further investigations have 
been performed by Jonkman et al. in the skin disorder epidermolysis bullosa 
(Jonkman et al., 1997), in which RM occurs in about 30% of patients 
(Jonkman and Pasmooij, 2009). In these cases, RM gives rise to healthy-look-
ing spots of skin that grow in size due to a positive selective advantage that 
results in clonal expansion of reverted cells. RM has been suggested as a pos-
sible therapeutic target (Lim et al., 2017), and successful transplantation of 
reverted cells was demonstrated in a epidermolysis bullosa patient in 2006 
(Mavilio et al., 2006). There are single cases of successful transplantation of 
endogenous revertant skin patches in epidermolysis bullosa (Gostynski et al., 
2014), but as of yet there are no applications used in a routine clinical setting 
(Uitto et al., 2016).  
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Figure 1. A post-zygotic variant 
will be inherited by all descending 
clones of that cell line and give 
rise to mosaicism. If the variant 
occurred in early embryogenesis 
the variant might be present in 
both somatic and gonadal tissue 
(pink). A variant that occurs in a 
primordial germ cell will give rise 
to gonadal mosaicism and not be 
detectible in somatic tissues like 
blood (blue). The constant renewal 
of  spermatogonia throughout male 
life results in accumulation of gon-
adal replication-error variants with 
time (red, yellow). Oocytes do not 
replicate after birth but can acquire 
e.g. meiotic variants. The parental 
contribution of de novo variants in 
the offspring is skewed to a ratio 
of 1:3.6, maternal: paternal. 
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Investigated Mendelian Disorders 

Mendelian disorders are often rare, severe and of early onset making diagnosis 
challenging but crucial. To date, the genetic locus and molecular basis has 
been described for 5498 Mendelian disorders. However, for 1757 likely Men-
delian disorders neither a genetic locus nor a disease mechanism has been 
identified, preventing genetic diagnosis. For another 1568 disorders the ge-
netic locus is known but the molecular basis is not understood, limiting treat-
ment and development of new therapies (https://www.omim.org/statistics/en-
try, accessed March 25, 2019). Therefore, translational research of Mendelian 
disorders remains a prioritized area of research. In papers I-IV, we investi-
gated the etiology of five disorders introduced below. 

Keratitis-ichthyosis-deafness syndrome 
In Paper I we investigated keratitis-ichthyosis-deafness (KID) syndrome 
(MIM 148210), an autosomal dominant disorder giving rise to eye inflamma-
tion (keratitis), red and scaly skin (ichthyosis), and impaired hearing (Grob et 
al., 1987). The disorder has only been described in about 100 patients, mostly 
affected due to missense variant in gap junction beta 2 (GJB2) that encodes 
the gap junction channel protein connexin (Cx) 26. KID syndrome is caused 
by gain-of-function variants in Cx26 that give rise to dysfunctional gap junc-
tion channels (Garcia et al., 2016). Currently, treatment of KID syndrome is 
limited to symptomatic relief (Bondeson et al., 2006). Two gain-of-function 
variants have been associated with a lethal form of KID syndrome, of which 
one (p.Gly45Glu) is prevalent in the Japanese population but hindered from 
expression by co-expression of a downstream in cis nonsense variant (Ogawa 
et al., 2014). Recessive loss-of-function variants in Cx26 is associated with 
hearing loss (MIM 22029) (Chang, 2015).  

Treacher Collins syndrome 
In Paper II we investigated Treacher Collins syndrome (TCS; MIM 154500), 
a developmental disorder characterized by craniofacial anomalies, affecting 
1:50,000 live births (Vincent et al., 2016). The major concern for affected 
children is respiratory failure due to the abnormalities affecting the respiratory 
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system (Tse, 2016). TCS is an autosomal dominant disorder that in most cases 
(>60%) is caused by variants in treacle ribosome biogenesis factor 1 (TCOF1), 
encoding the treacle protein responsible for formation of bone and other facial 
tissues (Vincent et al., 2016). Variants in POLR1C and POLR1D have recently 
also been associated with the disorder and demonstrated to be expressed in 
facial tissues during zebrafish development (Lau et al., 2016; Noack Watt et 
al., 2016).  

Noonan syndrome  
In Paper II we also investigated a family affected with NS (MIM 163950), a 
clinically and genetically heterogeneous disorder with an estimated preva-
lence of 1:1,000–2,500 live births (Roberts et al., 2013). NS symptoms vary 
between patients, but often include distinct facial features, craniofacial abnor-
malities, cardiovascular abnormalities, musculoskeletal abnormalities, cuta-
neous lesions and in some cases mild ID (Aoki et al., 2016; Roberts et al., 
2013). NS has been associated with several genes of the RAS/MAPK path-
way, and about 50% of NS patients have autosomal dominant variants in Ty-
rosine-protein phosphatase non-receptor type 11 (PTPN11) (Roberts et al., 
2013). The majority of PTPN11 variants give rise to NS by a gain-of-function 
mechanism whereby the SHP-2 protein (encoded by PTPN11) has an activat-
ing role on the RAS/MAPK pathway (Pannone et al., 2017). This affects the 
downstream intracellular mechanism that controls cell survival, proliferation, 
differentiation, migration, and adhesion. Further, somatic PTPN11 variants 
have been associated with myeloid and lymphoid malignancies, and an in-
creased risk for cancer is reported in NS patients (Aoki et al., 2016; Roberts 
et al., 2013). Occurrence of NS has been shown to increase with paternal age 
(the PAE) (Goriely and Wilkie, 2012; Maher et al., 2018). 

Cornelia de Lange syndrome 
In Paper III we investigated Cornelia de Lange syndrome (CdLS), a hetero-
genous developmental disorder divided into five different types depending on 
the affected gene, estimated to affect 1:10,000–30,000 live births. CdLS man-
ifests in cognitive impairment, growth delay, limb malformations, organ de-
viations, and characteristic facial features, such as long eyelashes and thick 
arched eyebrows. The severity of the syndrome is linked to the affected gene. 
NIPBL is associated with the most severe and common form, accounting for 
60% of genetically diagnosed patients (Kline et al., 2018). Around 30% of 
CdLS patient lack a genetic diagnosis, which hampers prognosis and predic-
tion of recurrence (Boyle et al., 2015) 
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RAD21 has been associated with a rare form of CdLS, type 4 (MIM 
614701) including heterozygous deletions (Deardorff et al., 2012; Pereza et 
al., 2015), frameshift variants (Boyle et al., 2017; Minor et al., 2014), a splice 
donor variant, an in-frame deletion (Ansari et al., 2014), and missense variants 
(Deardorff et al., 2012; Martinez et al., 2017). Like all proteins associated with 
CdLS, RAD21 is part of the cohesin complex. RAD21 forms the cohesin ring 
together with SMC1A and SMC3 that joins sister chromatids during cell divi-
sion, regulates DNA repair, and controls transcriptional processes by folding 
DNA into TADs (Ji et al., 2016). Disturbed gene regulation is suggested to 
cause the developmental phenotype seen in CdLS (Dorsett, 2007).  

X-linked intellectual disability and TAF1 

ID is characterized by significant cognitive impairments defined as IQ<70 and 
is one of the most prevalent congenital disorders with a worldwide prevalence 
of 1–2:100. It is a heterogeneous group of disorders that spans in severity 
(mild-profound) and can include other symptoms such as epilepsy, autism, 
and/or congenital malformations (Vissers et al., 2016). The X-chromosome is 
enriched for genes associated with ID, harboring 15% of all identified ID 
genes (Deng et al., 2014; Neri et al., 2018). XLID accounts for about 10–12% 
of ID in males (Vissers et al., 2016), and approximately 150 XLID genes have 
been described (Neri et al., 2018).  

In Paper IV we investigated the TATA-box binding protein (TBP)-associ-
ated factor 1 (TAF1) gene, that has just recently been associated with syn-
dromic XLID (MIM 300966) (Hu et al., 2016). The syndrome is extremely 
rare and reported to manifest in mild–severe ID, postnatal growth retardation, 
delayed gross motor development, de-
layed speech and language develop-
ment, and facial features such as promi-
nent supraorbital ridges, long face, low-
set and protruding ears and a high palate. 
In at least three families the variant has 
been inherited from asymptomatic het-
erozygous mothers that present with 
skewed XCI (Hurst, 2018; O'Rawe et 
al., 2015). TAF1 is the largest unit in the 
transcription factor II D (TFDII) com-
plex (Fig. 2), of which several other 
components, e.g. TBP (Rooms et al., 
2006), TAF2 (Hellman-Aharony et al., 
2013), TAF6 (Alazami et al., 2015) and 
TAF13 (Tawamie et al., 2017) have 
been associated with ID. Taf1 

Figure 2. TAF1 is a key unit of the 
transcription initiation complex that 
is involved in transcription of the vast 
majority of mRNA genes (Warfield 
et al., 2017). 
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expression levels have been shown to be elevated in mice during early embry-
onic development (Jambaldorj et al., 2012), however, the role of TAF1 during 
early embryogenesis and its implication in neurodevelopment is still elusive.  
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Methodology 

Novel more sophisticated methods tend to open new doors and improve re-
search by allowing one to investigate more refined questions. The introduction 
of microarrays and next-generation sequencing (NGS) enhanced resolution 
compared to previously used karyotyping and targeted fluorescence in situ 
hybridization methods, which increased disease discovery and diagnostic 
yield (Acuna-Hidalgo et al., 2016; Bamshad et al., 2011; Veltman and 
Brunner, 2012). With increased use of sequencing techniques, the availability 
of large reference sets has grown, enabling better interpretation of sequencing 
variants. Together with molecular methods that investigate variant function, 
we have acquired a tool-box that allow us to dig deeper in to the details of 
Mendelian disease-biology. In Papers I-IV we took advantage of cutting-edge 
sequencing technique and molecular tools to elucidate Mendelian disease eti-
ology. The main methods are presented below. 

Ethical approval 
The local ethics committee for human research in Uppsala, Sweden has ap-
proved all studies: Dnr 2012/523 (Paper I), Dnr 2012/321 (Papers II-IV), prior 
to initiation. All clinical investigations and genetic analyses have been con-
ducted in accordance with the guidelines of the Declaration of Helsinki. Pa-
tients have been enrolled via Clinical Genetics, Academic Hospital, Uppsala, 
Sweden, and informed consent was obtained prior initiation. Patient DNA and 
RNA have been extracted and handled according to standard protocols at Clin-
ical Genetics, Rudbeck Laboratory, Uppsala, Sweden. Animal experimental 
procedures have been approved by the local ethics committee for animal re-
search in Uppsala, Sweden: permit number C161/4 (Paper IV). 

Genome sequencing, the key to the code 
The ability to read the genetic sequence of our genome is crucial in order to 
identify genetic variants. The invention of NGS led to a burst in genome se-
quencing techniques that improved our abilities to sequence the genome be-
yond imagination. The last 20 years have been a journey that has taken us from 
sequencing of single DNA fragments (first-generation), to whole-genome 
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short-sequencing (next-generation), to today’s long and deep third-generation 
techniques that generates sequencing reads at single molecule level without 
breaking the DNA strand. These rapid developments have improved genetic 
research and patient care. For example the diagnostic yield of patients with ID 
has increased from around 15% in the early 1990s to a notable 55–70% cur-
rently, partly because of the introduction of micro-arrays but also largely be-
cause of implementation of advanced exome sequencing pipelines in the clinic 
(Paper III) (Vissers et al., 2016).  

First-generation sequencing 
Sanger sequencing was developed 40 years ago and was the first method that 
allowed precise sequencing of DNA and RNA (cDNA) (Sanger et al., 1977). 
The method is still widely used for fast and cost-efficient amplification of spe-
cific targets <1 kb, both in clinic and research (Papers I–IV). However, be-
cause of limited throughput and informative data (e.g. allele frequencies and 
haplotype information) the method is often replaced by next- and third-gener-
ation sequencing techniques (Papers I–IV). 

Next-generation sequencing 
Genetic research was completely transformed with NGS that enabled cost-
effective sequencing of whole-exome, whole-genome and whole-RNA se-
quencing in less than a week. The techniques generate short sequencing reads 
(<250 nucleotides), sufficient for SNV and indel variant detection. The intro-
duction of whole-exome sequencing (WES) enabled identification of disease-
causing variants, and especially de novo variants, for which previously used 
linkage analysis was insufficient, and WES is now used in routine clinical 
assessment (Paper III) (Bamshad et al., 2011; Gilissen et al., 2012; Hu et al., 
2016; Martinez et al., 2017; Veltman and Brunner, 2012). Enrichment of the 
protein-coding region in WES is retrieved by a PCR amplification step, which 
has the drawback of introducing errors that, along with sequencing artifacts 
generated by the sequencing method itself, cannot be distinguished from a true 
variant. This is overcome by increased sequencing depth, but normally not to 
a level so that low-frequency variants can be discriminated from artifacts. PCR 
amplification also limits the sequencing of GC-rich regions, resulting in a re-
duced total coverage. In these cases, whole-genome sequencing (WGS) can 
be more sufficient since it does not have to be amplification-based, along with 
the advantage of recovering intronic regions. However, WES has been a gold 
standard for investigating Mendelian disorders because of the low price, low 
requirement for input DNA, and coverage of almost all protein sequences 
(Sims et al., 2014). NGS-variant detection is limited by the short read length 
that obstructs alignment of repetitive regions and retrieval of haplotype 
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information, as well as the low sequencing depth that limits low-frequency 
variant detection.  

Analysis of RNA expression by NGS of whole cDNA (transcriptomics) has 
made it possible to recover a snapshot of gene expression at certain time-
points in an organism, tissue, or a specific cell of interest. Targeted sequencing 
of mRNA of biologically distinct populations (e.g. healthy and affected) and 
then analysis of differentially expressed genes is often used to illuminate 
dysregulation of pathways that might be involved in disease. Differential ex-
pression analysis depends on read counts of a gene or transcript, rather than 
variant detection, resulting in other challenges compared to WES and WGS. 
For one, comparison of fold-time change between lowly and highly expressed 
genes of different lengths might be difficult, and also gene expression in indi-
vidual samples is affected by individual variation and environment (Sims et 
al., 2014). This can partly be addressed by including sufficient numbers of 
replicates and using established tools and methods for alignment, generation 
of counts and differential expression analysis (Costa-Silva et al., 2017; Merico 
et al., 2010; Schurch et al., 2016). 

Third-generation sequencing 
Novel sequencing chemistry, i.e. third-generation sequencing, has enabled se-
quencing of native DNA and RNA (cDNA) molecules without prior fragmen-
tation or amplification, allowing increased read length and read depth, as well 
as sequencing of epigenetic markers (van Dijk et al., 2018). One such method 
is single molecule real-time (SMRT) sequencing on RSII by Pacific Biosci-
ences. SMRT sequencing generates long (>20kb) and deep sequencing with 
an accuracy of 99.999%. In contrast to short sequencing methods, SMRT se-
quencing can thus distinguish between alleles and detect low-frequency vari-
ants (Nakano et al., 2017). The technology provides tremendous possibilities 
for investigating full allele sequences in whole-genome data, with the high 
cost as a disadvantage. At a lower cost, sequencing of a PCR amplified region 
can be performed, with the disadvantage of the introduction of PCR artifacts 
but the advantages of allele-specific full-length reads with a 0.5% variant de-
tection sensitivity (Papers I and II). 

Interpreting sequencing variants  
Evaluating the pathogenicity of a variant can be challenging. To enable world-
wide uniformed classification of sequence variants the American College of 
Medical Genetics and Genomics (ACMG), the Association for Molecular Pa-
thology and the College of American Pathologists have created official guide-
lines for variant interpretation. Accordingly, genetic variants are now classi-
fied into five categories: benign, likely benign, uncertain significance, likely 
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pathogenic and pathogenic. The guidelines address how classification should 
be conducted using population databases, bioinformatic tools, segregation 
data as well as important complementary functional data (Richards et al., 
2015).  

Publicly available sequencing data 
Population databases of the healthy population are powerful reference datasets 
that paint a picture of the variant architecture in populations not affected by 
Mendelian disorders. Even if population databases cannot be assumed to only 
contain individuals not affected by genetic disease, and likely does contain 
cases of reduced penetrance, they have facilitated variant interpretation. The 
1000 Genomes Project, launched in 2008, was the pioneer project, creating a 
publicly available reference sequencing database of sequencing variants (Ge-
nomes Project et al., 2010). Today, the dataset is complemented by the ge-
nome Aggregation Database (gnomAD), a publicly available database provid-
ing variant data from >140,000 healthy individuals (Lek et al., 2016). The da-
tabases enable interpretation of variants by looking at population allele fre-
quencies and variant density in the sequence of interest. Moreover, gnomAD 
provides pLI and Z-scores reflecting the observed number of variants com-
pared to the expected (o/e) of protein-coding genes. The SweGen Variant Fre-
quency browser (SweGen) is a similar Swedish initiative generated by the Sci-
ence for Life Laboratory where WGS data from 1000 healthy Swedish indi-
viduals have been collected (Ameur et al., 2017). Publicly available databases 
have been a key source of information in all studies of this research project. 

In silico predictions 
In silico computational predictive programs are commonly used to evaluate a 
variants effect (Papers I-IV). The impact of a missense variant is based on for 
example, conservation, location within the protein sequence and the biochem-
ical effect (Richards et al., 2015). PhyloP (Rhead et al., 2010) and SIFT 
(Kumar et al., 2009) are bioinformatic tools that estimates the deleterious ef-
fects depending on the sequence conservation, which reflects the sensitivity 
to genetic change. Similarly, the MutationTaster tools estimates the patho-
genic potential of a variant and also include variant data from disease data-
bases such as ClinVar and the Human Gene Mutation Database (Schwarz et 
al., 2014). ACMG report that most algorithms have a 65–80% accurate pre-
diction rate, however with a tendency to overestimate missense variants as 
deleterious, and stresses the need to use several independent tools (Richards 
et al., 2015). Collectively, in silico models are a good complement to assess 
the function of sequencing variants. However, these are only predictive and 
molecular studies are essential to unravel the true function of variants of un-
certain significance (VUS).  
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Molecular tools to illuminate underlying mechanisms 
Only by modeling VUS’ molecular link to disease can one provide confident 
evidence of its implication in disease. The mechanism of the disorder can be 
investigated by using in vitro or in vivo systems, or by studying the effect of a 
VUS in patient-derived tissues. 

Protein detection in vivo and in vitro  
A VUS’ effect on protein expression can be investigated in vivo by e.g. a pro-
tein expression assay in a cell-based system. Cloning of the hypothesized dis-
ease-causing allele into an expression vector, and/or using site-directed muta-
genesis to introduce a variant of interest, is a successful approach to study 
properties such as cellular localization (Paper I) and protein morphology using 
microscopy.  

Proximity ligation-assay-based (PLA) Western blot (WB) is an in vitro as-
say for specific detection of low-level proteins in solution. In contrast to WB, 
the PLA-WB technique entails a secondary antibody that allows amplification 
of the protein signal by rolling-circle amplification, which increases the de-
tection sensibility by up to 16 times (Paper I). By using two or multiple dif-
ferent primary antibodies, a higher specificity can be achieved compared to 
regular WB (Liu et al., 2011).  

Frequency determination with Droplet Digital™ PCR  
The frequency of a variant or the expression level of a gene (RNA level) can, 
as previously mentioned, be sufficiently measured by genome sequencing. 
However, NGS and third-generation sequencing can be costly, especially if 
running several samples. In this case, Droplet Digital PCR (ddPCR) is a useful 
complementary method. ddPCR allows absolute quantification of targeted 
DNA or cDNA by preforming 20,000 parallel PCRs in oil droplets. The main 
advantage of ddPCR is the possibility to relatively cheaply and quickly detect 
low-frequency variants (Paper II). Compared to e.g. real-time PCR, with a 
detection rate of 1%, ddPCR can detect alleles down to a frequency of 0.001% 
(Hindson et al., 2011). A drawback compared to NGS is the requirement for 
target specific probes, which demands knowledge of the target of interest prior 
to the experiment.  

Investigation of X-chromosome inactivation 
Detection of skewed XCI is possible by investigating the methylation pattern 
of X-linked microsatellite markers. The androgen receptor and the retinitis 
pigmentosa 2 genes contain markers with 80% and 90% heterozygosity in the 
female population and are thus suitable (Paper IV) (Allen et al., 1992; 



 31 

Machado et al., 2014). The method is limited in providing exact ratios of 
skewed XCI when using fragment length analysis as the allele detection 
method. However, is still a convenient tool because of the simple pipeline us-
ing standard methylation sensitive digestion enzymes and PCR amplification. 

Gene editing with CRISPR/Cas9 in zebrafish 
Procreating a disorder in a model system is a sufficient way to demonstrate 
pathogenicity of a variant but also to obtain detailed information about gene 
and disease mechanisms. The possibility to model specific genetic variants 
drastically improved when the clustered regularly interspaced short palin-
dromic repeats (CRISPR) /CRISPR-associated (Cas) 9 system was discovered 
in 2012 (Jinek et al., 2012). CRISPR/Cas9 has revolutionized molecular ge-
netics by enabling site-directed gene-editing in vitro, in cells and in model 
organisms (Adli, 2018). The method utilizes the viral defense mechanism of 
bacteria whereby a single guide RNA aligns to the complementary DNA locus 
and Cas9 introduces a double-strand break (Jinek et al., 2012). The break is 
repaired by error-prone non-homologous end joining, often introducing a ran-
dom indel (Paper IV), or by homology-directed repair where a DNA template 
is used to repair the strand, enabling introduction of a specific DNA sequence. 
In in vivo gene editing, the CRISPR/Cas9 system is delivered to a cell that 
gives rise to a mosaic population. Subsequently, a stable line is established by 
clonal selection or crossing (Fig. 3). Even though CRISPR/Cas9 has paved the 
way for disease-modeling it is not flawless. Limitations are, for example, the 
Cas9’s need for a protospacer-adjacent motif (PAM), e.g. NGG, in the native 
DNA strand for cleavage, and the specificity of the 20 nucleotide single guide 
RNA (Adli, 2018). Several recent studies have highlighted the risk for off-
target effects (Kosicki et al., 2018), one out of many aspects that will need 
thorough investigation before germline-directed CRISPR/Cas9 gene therapy 
can be clinically implemented (Karimian et al., 2019).   

The zebrafish (Danio rerio) is a model organism that can be used in com-
bination with CRISPR/Cas9. It has the advantage of spawning large clutches 
of external transparent embryos and a fast generation time of 3 months. With 
orthologues for 70% of the human genes, and 80% of human disease genes, 
the zebrafish is an excellent model organism for human development (Howe 
et al., 2013). Limitations lies in deviations from human genome structure, such 
as lack of sex chromosomes. As with any model organism, the zebrafish can-
not be assumed to recapitulate the process of a human and interpretations need 
to be presented with care. Nevertheless, zebrafish have proven successful for 
studying neurodevelopment with a remarkable degree of conservation com-
pared to humans, both in brain structure and in expression of developmental 
genes (Sakai et al., 2018).  
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Figure 3. Schematic overview of the Crispr/Cas9 system. The 20 nucleotide long 
single guide RNA (sgRNA) aligns to the DNA strand. Cas9 introduces a double-
strand break 3–4 nucleotides upstream of the protospacer-adjacent motif (PAM) site, 
in this case NGG. In paper IV the endogenous non-homologous end joining repair 
mechanism was utilized to introduce random insertions and deletions in zebrafish 
embryos. Mosaic F0 were raised and incrossed to generate a heterozygous offspring 
(F1) that could be crossed with each other to generate a (F2) population of homozy-
gous, heterozygous and wild-type zebrafish. 
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Relevance and Aim 

The project aims to illuminate the etiology of unresolved cases of Mendelian 
disorders by applying cutting-edge sequencing techniques and molecular 
tools. The investigations are translational and are intended to directly benefit 
the affected families by clarifying the genetic cause of their disorders. A ge-
netic diagnosis is crucial to confirm the clinical diagnosis, allow physicians to 
provide information regarding the course of the disease, provide the best pos-
sible treatment, and enable family planning. A recent study by Krabbenborg 
et al. showed that a diagnosis aids the parents to become more accepting of 
the situation, cope with feelings of guilt, deal with the outside world and adapt 
care and activities for the child’s needs (Krabbenborg et al., 2016). Further, 
molecular genetic investigation of disease is a successful approach to gain 
knowledge of underlying disease mechanisms, which is key for future devel-
opment of new therapies and understanding of general biological developmen-
tal processes.  

To date, the genetic cause and molecular basis is known for 5498 Mende-
lian disorders. However, for thousands of disorders knowledge of disease-
etiology is incomplete, leaving families with limited diagnosis, prognosis, 
and treatments, and hampering development of new therapies. 

 
During this project we aimed to: 

 
• Characterize novel syndromes, genes and genetic variants in fami-

lies affected with unresolved Mendelian disorders, with a focus on 
neurodevelopmental disorders manifesting in ID. 

• Enable delivery of diagnosis, prognosis, improved care and possi-
bility for family planning in affected families. 

• Enhance knowledge of molecular mechanisms in normal develop-
mental processes by investigating underlying causes of disease. 
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Results and Discussion 

Paper I: Revertant mosaicism repairs skin lesions in a 
patient with keratitis-ichthyosis-deafness syndrome by 
second-site mutations in connexin 26 
 
We aimed to investigate the mechanism giving rise to healthy-looking spots 
of skin in a patient affected with KID syndrome.  

Result 
The patient presented with skin lesions, hearing deficiency and keratitis since 
early childhood, suggestive of KID syndrome. A recurrent GJB2 c.148G>A, 
p.Asp50Asn variant (NM_004004.5) confirmed the clinical diagnosis 
(Bondeson et al., 2006). At the age of 20, the patient developed healthy-look-
ing spots of skin within her erythrokeratodermic skin lesions on the inside of 
her thighs (Fig. 4A). Within a few years the spots had grown in size and num-
ber (Fig. 4B) and spread to her hands. 
 

Figure 4. Patient feature and schematic illustration of a gap junction channel. (A) 
The inside of the patient’s thigh displayed healthy-looking spots within the affected 
area of skin. (B) After a few years the spots had grown in size and number. (C) The 
patient developed squamous cell carcinoma. (D) Schematic picture of two hemi-
channels connecting two cells and forming a gap junction channel. One hemichannel 
obtained six Cx26 units. The disease disease-causing variant (green) and second-
site. somatic variants (blue) are marked. 
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Two biopsies from the affected the tissue and two biopsies from healthy-look-
ing spots were investigated by SMRT sequencing. A 4.1 kb (DNA) and 1033 
bp (cDNA) region of GJB2 was sequenced, covering the protein-coding se-
quence of 678 bp, to a depth of >10,000 reads. We detected a total of five 
somatic variants present on both DNA and RNA level in frequencies of 2.4–
12.5% in skin biopsied from the healthy-looking spots (Table 2; Fig. 4D blue). 
All variants were found in cis with the disease-causing p.Asp50Asn variant. 
No somatic variants were identified in biopsies from affected tissue.  

Three of the somatic variants, p.Gly21Arg, p.Asp46Asn, and p.Ser138Asn, 
have been associated with autosomal hearing loss in previous studies 
(Bazazzadegan et al., 2011; Rabionet et al., 2006; Snoeckx et al., 2005). Two 
VUS, p.Asp46Ala and p.Ala148Asp, were identified. They are not reported in 
the gnomAD (Lek et al., 2016) or SweGen (Ameur et al., 2017) public data-
bases (March 25, 2019), and are predicted as disease-causing (Muta-
tionTaster), deleterious (SIFT) and conserved (PhyloP) by in silico prediction 
tools (Table 2).  

Table 2: In silico predictions of the five somatic variants. Three variants had previ-
ously been implicated in autosomal recessive hearing loss. 

 

The effect of the somatic variants on Cx26 protein (encoded by GJB2) was 
investigated by transfection of fluorescently-tagged Cx26 protein with the 
p.Asp50Asn variant, as well as Cx26 protein with the p.Asp50Asn variant and 
all the five somatic variants expressed individually. Cx26 p.Asp50Asn formed 
gap junction channel plaque in the same manner as wt Cx26 (Fig. 5A). By 
contrast, Cx26 p.Asp50Asn with somatic variants did not form gap junction 
channel plaques (Fig. 5B–F). The results indicate that Cx26 Asp50Asn with 
the somatic variants identified in the patient does not contribute to formation 
of gap junction channels, which reverts the dominant negative effect of Cx26 
p.Asp50Asn. The vague green fluorescent signal implied that Cx26 
p.Asp50Asn with somatic variants was intracellularly expressed (Fig. 5B–F), 
which was confirmed with the PLA-WB assay, detecting low expression of 
Cx26 p.Asp50Asn with somatic variants in transfected HeLa cells.  

 

Protein pos. MutationTaster SIFT PhyloP, conservation Reported in hearing loss 

p.Gly21Arg disease-causing deleterious 0 highly (5.94) Rabionet et al. 2006 

p.Asp46Asn disease-causing deleterious 0 highly (5.94) Bazazzadegan et al. 2011 

p.Asp46Ala disease-causing deleterious 0 highly (4.89) In this report 

p.Ser138Asn polymorphism tolerated (0.2) weakly (1.09) Snoeckx et al. 2005 

p.Ala148Asp disease-causing deleterious 0.01 moderately (2.38) In this report 
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Figure 5. Transfection results displaying wt Cx26, Cx26 p.Asp50Asn, and Cx26 
p.Asp50Asn expressing all somatic variants individually. Arrows mark gap junction 
channel formation. (A) Cx26 p.Asp50Asn (green) and wt Cx26 (red) formed gap 
junction channels in a similar way. The scale bar: 15 µm. (B-F) When expressing wt 
Cx26 and Cx26 p.Asp50Asn with additional somatic variants only expression of wt 
Cx26 could be noted. 

Discussion 
Five somatic variants were identified within reverted tissue, independently 
present in cis with the disease-causing variant. Patient skin cells with nullify-
ing variants in cis with the disease-causing variants likely proliferate under 
positive selective advantage because of the restored gap junction channel 
function, resulting in reversion of the skin phenotype and RM. Nullifying so-
matic variants likely also occur in trans with the disease-causing variant. 
However, clones that do not express wt Cx26 protein at the cell surface are 
suggested to be under negative selection due to enhanced disturbance of gap 
junction channel function. Investigation of protein expression suggests that 
Cx26 with secondary somatic variants is intracellularly detained after transla-
tion. Hypothetically, for example, posttranslational processes are hampered, 
and transportation is hindered during oligomerization to hexameric units 
within the endoplasmic reticulum (Ahmad and Evans, 2002; Johnstone et al., 
2012).  

KID syndrome is thought to arise due to a gain-of-function mechanism 
whereby lost ability to regulate hemichannel activity results in hyperactive 
“leaky” gap junction channels (Garcia et al., 2015; Sanchez and Verselis, 
2014). Missense variants in GJB2 are also the most common cause of reces-
sive non-syndromic hearing impairment, caused by loss of Cx26 function 
(Zazo Seco et al., 2017). Understandably, three out of five somatic variants 
identified in this study have previously been associated with recessive hearing 
impairment, shedding light on the mechanism of RM in our patient. RM is 
often seen in congenital skin disorders, such as epidermolysis bullosa 
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(Jonkman and Pasmooij, 2009; Jonkman et al., 1997), but this is the first time, 
to our knowledge, that RM is reported in a patient with KID syndrome. 

We sought to shed a light to the mechanism driving the mutagenic process 
in the patient by investigating mutational signatures (Alexandrov et al., 2013). 
Based on the five somatic variants ultraviolet (UV) light is a likely source of 
occurrence (signature 7, retrieved from patients with melanoma). Like other 
KID syndrome patients, the patient also developed squamous cell carcinoma, 
the most common form of skin cancer caused by uncontrolled growth of squa-
mous cells in the epidermis of the skin. Interestingly, the skin cancer occurred 
on the inside of the patient’s thigh, in the same area as the reverted spots (Fig. 
4C). Squamous cell carcinoma normally occurs in elderly people because of 
extensive sun exposure and is thus UV-induced (Parekh and Seykora, 2017). 
Hypothetically, patients with KID syndrome could be at a higher risk of accu-
mulating UV-induced variants due to reduced UV protection in the chronically 
inflamed skin. Another suggestion is that the somatic variants and the cancer 
occur due to the inflammation itself (ichthyosis), and that they are not linked 
to exposure to UV light. Inflammatory processes have been shown to give rise 
to cancer by promoting tumor cell proliferation and inhibiting apoptosis 
trough inflammation related signaling molecules like cytokines and chemo-
kines. The link to UV light through signature 7 would then suggestively be 
because the inflammation giving rise to melanoma is mostly UV-induced 
(Maru et al., 2014). A third hypothesis is that the occurrence of somatic vari-
ants and cancer in patients with KID syndrome is directly linked to altered 
expression of GJB2. Elevated levels of Cx26 have been associated with cancer 
and Cx has been suggested as a biomarker and a possible target for cancer 
therapy.  Specifically, expression of GJB2 has been implicated in pancreatic 
cancer (Zhu et al., 2017), and in the tumorigenesis of breast cancer, in which 
knockdown of GJB2 led to reduction in tumor proliferation (Shettar et al., 
2018). The investigation of signature mutations in this study was limited to 
the five somatic variants identified in the patient. The occurrence of somatic 
variants would possibly be better understood if a larger set of somatic variants 
was investigated. Investigation of an increased number of biopsies would pos-
sibly reveal additional secondary variants resulting in loss-of-function. Those 
variants are likely to be implicated in autosomal recessive hearing loss, and 
further investigation could thus provide a map over genotype-phenotype cor-
relations in GJB2 that could be of clinical use. However, further investigation 
must be ethically weighted against the uncongenial situation of the patient. 

RM is often referred to as natural gene therapy and the mechanism has the 
possibility to supply insight into potent therapeutic tools. Attempts to trans-
planting reverted tissue into epidermolysis patients have been made but are 
still far from being implemented in routine treatment (Gostynski et al., 2014; 
Lim et al., 2017; Mavilio et al., 2006). Dominant skin disorders like KID syn-
drome, could potentially be treated by different applications of CRISPR/Cas9: 
introducing truncating variants (Jinek et al., 2012), suppressing the mutant 
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allele (Long et al., 2015) or introducing back-mutations (Komor et al., 2016). 
Ideally, gene therapy would be introduced already at the embryonic stage to 
revert disease in all tissues. At this point, the introduction of variants in em-
bryos for reproduction is prohibited, due to ethical issues like the limited 
knowledge of its effect on the genome and future generations. Most countries 
also prohibit research-based gene editing of human embryos. Instead, since 
somatic variants in adult tissue have been proven to restore cell function and 
revert disease, somatic gene therapy could be sufficient in rapidly dividing 
cells (van den Akker et al., 2018). Nevertheless, off-target effects and disease-
specific consequences of such approaches, in this case for example the up-
coming of skin cancer, would need to be carefully investigated before such 
interventions can be proven safe for recipient patients.  

In conclusion, we investigated a patient with KID syndrome who devel-
oped healthy-looking skin due to RM. We identified five nullifying somatic 
variants in two patient biopsies and demonstrated that they inhibit expression 
of mutant Cx26 at the cell surface. This is the first time, to our knowledge, 
that RM has been demonstrated to revert the skin phenotype in a patient with 
KID syndrome.  
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Paper II: A novel approach using long read sequencing 
and ddPCR to investigate gonadal mosaicism and 
estimate recurrence risk in two families with 
developmental disorders 
 
We aimed to determine parental origin, risk of recurrence and presence of 
gonadal mosaicism in two families: (1) to determine if the oocyte donor could 
be used for future donations, and (2) aid prenatal diagnosis and establish sus-
pected gonadal mosaicism. 

Result 
The first family gave birth to a boy affected with suspected Treacher Collins 
syndrome (TCS) after assisted reproduction involving oocyte donation (Fig. 
6A). The second family had terminated two pregnancies due to fetal abnor-
malities discovered during ultrasound and suffered two miscarriages (Fig. 
6B). NS was suspected based on clinical assessment of the two affected fe-
tuses.  
 

Figure 6. Family pedigrees. (A) Family one 
had a boy with suspected Treacher Collins 
syndrome after assisted reproduction using 
an oocyte donor. (B) Family two had termi-
nated two pregnancies due to fetal aberra-
tion indicating Noonan syndrome. 

In family one, directed Sanger sequencing of a previously TCS-associated 
TCOF1 gene on patient and father blood DNA revealed a VUS in TCOF1 
c.3156C>T, p.Gly1052Gly (NM_001135244), only present in the boy. The 
VUS had been associated with TCS previously, but the effect had not been 
further characterized (Bowman et al., 2012). TCOF1 c.3156C>T is not re-
ported in the gnomAD (Lek et al., 2016) or SweGen (Ameur et al., 2017) da-
tabases (March 25, 2019), and is predicted to create a new splice donor site by 
MutationTaster. The alleles were separated by TA-cloning of cDNA generated 
from patient blood RNA, confirming that a novel splice donor site was created. 
The splice donor site affected two TCOF1 transcripts, resulting in expression 
of two additional transcripts with premature stop codons (Fig. 7). 

In family two, Sanger sequencing of fetus II:2 was performed on a NS 
panel covering five NS associated genes, PTPN11, SOS1, RAF1, KRAS and 
SHOC2. Sequencing revealed a recurrent PTPN11 c.923A>C, p.Asn308Thr 
variant (NM_002834.3) previously reported to cause NS (rs121918455) 
(Tartaglia et al., 2006). 
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Figure 7. The TOCF1 c.3165C>T variant introduced a splice donor site in exon 19, 
affecting two transcripts (A) In transcript 1, the c.3156C>T variant resulted in a de-
letion of 29 base pair and a frameshift of 24 amino acids led to a premature stop co-
don in exon 20. (B) In transcript 2, the c.3156C>T variant resulted in an immediate 
stop in the first amino acid of exon 21. 

A haplotype analysis was performed on available parent and index patient 
DNA using SMRT sequencing. In family one, sequencing a 3.8 kb region in 
the father and the affected offspring revealed four informative SNPs 
(rs79012265, rs77558738, rs2295223 and rs8004246) as well as the disease-
causing variant. The patient was heterozygous for all SNPs whereas the father 
was homozygous. The disease-causing variant had occurred on patient allele 
1 (Table 3, grey), indicating that the variant had occurred on the father’s allele 
and thus could not have originated from the oocyte donor. A 3.9 kb region 
including the PTPN11 variant was sequenced in family two (trio). However, 
the region lacked informative markers and haplotype phasing could not be 
performed using this method. 

Gonadal mosaicism was investigated by SMRT deep sequencing of pater-
nal sperm DNA in duplicates, utilizing the advantage of discovering low-fre-
quency reads. For the father of the patient affected with TCS, one mutant 
TCOF1 read could be detected, resulting in a frequency below the detection 
rate for SMRT sequencing. The PTPN11 variant was detected in 36.6% and 
37.1% of the reads in paternal sperm DNA. The sequencing frequencies were 
confirmed using ddPCR, which established that the mutant allele could not be 
detected in the father’s sperm or blood, but was, as expected, detected in 
49.7% of the heterozygous index patient blood. In the family affected with 
NS, ddPCR detected the variant in 38.0% of the father’s sperm. Sperm from 
family one was used as negative control for the ddPCR assay for family two 
(Fig. 8). 

Table 3: Haplotype analysis of family one with SMRT sequencing revealed four in-
formative markers within the 3.8kb region. The TCOF1 c.3156C>T variant (red) 
was present on the paternal haplotype (grey) in the index patient.  

Sample rs79012265 rs77558738 c.3156C>T  rs2295223 rs80042046 Reads Frequency 

Patient allele 1 G C T C C 269 51,9% 

Patient allele 2 A T C T T 249 48,1% 

Father allele G C C C C 1839 100% 
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Figure 8. Occurrence of gonadal mosaicism was assessed with SMRT sequencing 
and Droplet Digital PCR (ddPCR). No gonadal mosaicism could be detected for the 
variant causing Treacher Collins syndrome that had occurred on the paternal allele 
(red). Gonadal mosaicism was detected in 38% of paternal sperm in the family af-
fected with Noonan syndrome (blue). 

Discussion 
The variant causing TCS in family one had occurred on the paternal allele. 
Gonadal mosaicism was not detected in paternal sperm, determining the re-
currence risk to be <0.1%. Presence of low-level gonadal mosaicism (<0.1%) 
in the father is possible, however, ddPCR performed on the father’s DNA from 
blood and sperm in triplicates detected no mutant-positive droplets, suggestive 
of no gonadal mosaicism. The one mutant read detected with SMRT sequenc-
ing is below detection frequency of the method and can be a result of PCR 
artifacts or a single positive sperm cell, for example. The ddPCR results sug-
gest that the variant detected in the patient occurred in a single sperm cell, in 
the zygote or post-zygotically. Hence, most likely the family has no elevated 
risk compared to the rest of the population for recurrence of TCS when using 
the same oocyte donor and the father’s sperm. Additionally, future families 
can use the same oocyte donor without elevated risk for TCS. 

For the family affected with NS, we identified paternal gonadal mosaicism 
and estimate the recurrence risk to be around 40%. However, this can poten-
tially vary with time depending on when during spermatogenesis the variant 
has occurred. NS and variants in PTPN11 are reported to be associated with 
the PAE and mutant sperm cells are suggested to gain a selective advantage 
(Goriely and Wilkie, 2012; Yoon et al., 2013). Thus, there might be a risk of 
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an increased ratio of mutant sperm with time, if the selective advantage causes 
the mutant cell population to grow. Variants associated with the PAE, includ-
ing PTPN11, have also been suggested to predispose to cancer (Goriely et al., 
2009). 

Establishing presence of gonadal mosaicism is essential for parents of chil-
dren affected with de novo variants in order to deliver the accurate recurrence 
risk of future offspring. To date a general risk of 1% is given to the parents, 
but for parents with gonadal mosaicism the risk of recurrence can be as high 
as 50%. Previous studies have shown that 4–8% of determined de novo vari-
ants are in fact parental mosaic variants present in parental blood, indicative 
of parental germline mosaicism (Campbell et al., 2014; Myers et al., 2018). 
Further, the risk for paternal gonadal mosaicism will increase with age for 
PAE disorders like RASopathies, including NS. The results of this study indi-
cates that it might be effective to screen paternal germline DNA in families 
with de novo PAE-associated variants to establish the risk of recurrence in 
future offspring. This study provides a successful approach to do so. For ex-
ample, the recurrence risk for non-affected parents with a previous child with 
NS is estimated to be 5% (Sharland et al., 1993). Hypothetically, screening of 
paternal sperm DNA on a ddPCR based panel including previously described 
PAE-associated variants (Maher et al., 2018) could be clinically established. 
This would aid clinical counseling and enable disease prevention for families 
with gonadal mosaicism, as well as reduce unnecessary distress in families 
that do not have gonadal mosaicism. 

Conclusively, we used a novel approach to investigate the origin and recur-
rence risk of two de novo variants utilizing third-generation sequencing and 
ddPCR. We established that both variants had occurred on the paternal allele 
and that paternal gonadal mosaicism was present in the family affected with 
NS (approximately 40%), but not in the family affected with TCS (<0.1%). 
The analysis assisted genetic counseling, the course of action and/or prenatal 
diagnosis, highlighting the possibilities of, and the need to bring available 
techniques into a clinical practice. 
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Paper III: A novel RAD21 p.(Gln592del) variant 
expands the clinical description of Cornelia de Lange 
syndrome type 4 – review of the literature 
 
We aimed to characterize the etiology of a suspected Mendelian disorder in a 
15-month year old boy with an unknown developmental disorder. 

Result 
A boy of two healthy non-related parents presented with an unknown congen-
ital disorder resulting in growth and developmental delay, distinct facial mor-
phology and organ malformations since early childhood (Fig. 9A). A clinical 
WES test was performed on blood-derived DNA from the family trio. Analy-
sis revealed a VUS, a three-nucleotide deletion in RAD21 c.1774_1776del, 
p.(Gln592del) (NM_006265). The VUS was confirmed de novo by Sanger se-
quencing of trio DNA from blood. Clinical assessment suggested CdLS type 
4 (CdLS4). 

The variant is not reported in reference databases (gnomAD or SweGen, 
March 25, 2019) and gnomAD reports a Z-score of 2.64 for RAD21 missense 
variants (o/e = 0.6). The deletion is located at an evolutionary conserved locus 
(PhyloP score 4.2) and the alteration is predicted to be disease-causing (Mu-
tationTaster) and deleterious (PROVEAN: –11.124). The deletion is located 
in the C-terminal domain of RAD21 protein that facilitates formation of the 
cohesin ring by binding to structural maintenance of chromosomes 1A 
(SMC1A) protein. In silico modeling demonstrated that Gln592, together with 
downstream amino acids Arg590 and Lys591 are directly linked to SMC1A 
residues Glu1191, Glu1192, Glu1198. According to the in silico model, dele-
tion of RAD21-Glu592 resulted in a positional shift of RAD21-Lys591 and  

Figure 9. The predicted effect of RAD21 p.Gln592del variant. (A) The patient pre-
sented with low-set, protruding ears, thick and highly arched eyebrows, long and 
prominent eyelashes, short nose and micrognathia. (B) Wild-type RAD21-SMC1A 
binding site, structure and electrostatic charge (blue: positive, red: negative). (C) 
Deletion of p.Gln592 is predicted to result in a shift of Lys591 losing its interaction 
with SMC1A. 
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thereby a lost connection to SMC1A residues Glu1191 and Glu1192 (Fig. 9B-
C). Further, Glu592 is located in the same alpha helix as Lys605 that is im-
portant for stabilization of the ATPs-dependent locus that catalyzes opening 
of the cohesin ring (Marcos-Alcalde et al., 2017). Deletion of Glu592 is pre-
dicted to result in a conformational change that affects Lys604 (previously 
Lys605) and possibly the catalytic locus. 

Discussion 
CdLS is divided into five subtypes depending on the affected gene, with great 
phenotypic variability between the different subtypes. About 30% of patients 
clinically diagnosed with CdLS are without a genetic diagnosis (Boyle et al., 
2015). Likely there are patients with CdLS worldwide without both clinical 
and genetic diagnoses, so called uncharacterized cases, especially for mild 
forms like type 4. Lack of diagnosis obstructs proper genetic counseling of 
affected families as disease prognosis and recurrence risk cannot be estab-
lished. RAD21 has previously been associated with a mild form of CdLS. 
However, since only eight different alterations and 13 patients have been de-
scribed in the literature complete knowledge of symptomatology is lacking, 
emphasizing the importance of gathering clinical and genetic findings (Kline 
et al., 2018).  

We assessed a novel RAD21 variant according to ACMG guidelines 
(Richards et al., 2015), and a diagnosis could be provided to the background 
of the clinical findings overlapping with previous patients, bioinformatic pre-
dictions, and in silico modeling of the variant’s impact on protein structure. 
As the variant could not be detected in DNA from parental blood it was estab-
lished to be de novo. However, since only parental DNA from blood was 
screened and Sanger sequencing has a detection sensitivity of about 10%, it 
cannot be excluded that there might be a risk of parental mosaicism. Hence, a 
recurrence risk of 1% was handed to the family. However, parental gonadal 
mosaicism resulting in CdLS in the offspring is reported as low (0.89%) 
(Kline et al., 2018). Since the variant was not present in >10% of paternal 
blood and RAD21 has not, to the best of our knowledge, been associated with 
the PAE (Maher et al., 2018), the risk for recurrence is likely low. 

By structural modeling we could predict the variant’s effect on protein 
structure. However, the study is limited in molecular observations regarding 
the variant’s molecular effect as well as novel insight into CdLS disease mech-
anism. The RAD21 protein is known to form the cohesin ring by linking to 
the SMC1A and SMC3 head domains. The cohesin ring is responsible for 
maintaining the connection between the sister chromatids during cell division 
(Nasmyth and Haering, 2009), and cleavage of RAD21 will later allow their 
separation (Lin et al., 2016). Investigation of altered sister chromatid separa-
tion in CdLS has been contradictory, but generally premature chromatid sep-
aration has not been proven to be a sufficient marker for CdLS, nor is it 
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thought to be the cause of the syndrome (Castronovo et al., 2009; Kaur et al., 
2005). Instead, the cohesin complex’s involvement in regulation of chromatin 
architecture and thus transcriptional control and DNA repair is thought to give 
rise to CdLS (Liu and Krantz, 2009; Nasmyth and Haering, 2009). It has been 
suggested that haploinsufficiency of CdLS genes disturbs gene regulation dur-
ing embryonic development, giving rise to the symptoms seen in CdLS. This 
was recently investigated in a mice model that was haploinsufficient for the 
orthologue to human NIPBL, the most prevalent gene in CdLS. In line with 
suggested disease-mechanism of CdLS, the Nipbl+/− mice showed global de-
crease in cohesin binding and reduced promotor-enhancer activity for genes 
important for development (Newkirk et al., 2017).  

In conclusion, we report a novel one amino acid deletion in RAD21, likely 
causing extremely rare CdLS4, and we summarize previously described cases. 
The clinical and genetic investigations will aid future patients. However, with 
few reported cases affected by RAD21 variants, and the high heterogeneity 
observed for CdLS, we suggest that clinical prognosis of CdLS4 should be 
carefully delivered. 
  



 48 

  



 49 

Paper IV: TAF1, associated with intellectual disability 
in humans, is essential for life and regulates 
neurodevelopmental processes in zebrafish 
 
We aimed to investigate the role of TAF1 during embryonic development by 
assessment of the first complete taf1 knockout model, using zebrafish. We 
also sought to illuminate clinical and genetic features of a family affected by 
a TAF1 c.3568C>T, p.(Arg1190Cys) variant. 

Results 
Six related males in a five-generation family presented with syndromic XLID, 
including ID, delayed speech and language development, as well as character-
istic facial features (Fig. 10A). A TAF1 c.3568C>T, p.(Arg1190Cys) variant 
was identified by X-exome sequencing (Hu et al., 2016). Sanger sequencing 
confirmed that the variant segregated according to the inheritance pattern in 
17 individuals: five asymptomatic hemizygous females, of which four were 
mothers of affected males, two affected hemizygous males as well as ten non-
affected, not carrying the variant (Fig. 10B, red). Analysis of X-chromosome 
methylation and RNA expression revealed fully skewed XCI in all five carrier 
females (Fig. 10C). 

The TAF1 c.3568C>T, p.(Arg1190Cys) variant affects a conserved site 
(PhyloP, GERP++), is predicted to be disease-causing (MutationTaster) and 
deleterious (SIFT), and is not present in the gnomAD (Lek et al., 2016) or 
SweGen population databases (Ameur et al., 2017) (March 25, 2019). Further, 
TAF1 has a Z-score of 5.49 (o/e = 0.44) and pLI of 1 (o/e = 0.0) (Lek et al., 
2016).  

Figure 10. Clinical and genetic characteristics of the investigated family. (A) Clini-
cal features of III:2 and IV:5 display characteristic facial features such as long face, 
prominent supraorbital ridges, deep-set eyes, low-set protruding ears, and pointed 
chin. (B) Segregation analysis confirmed TAF1 c.3568C>T heterozygosity in five 
asymptomatic female carriers, hemizygosity in two affected males, and only wild-
type allele in ten non-affected (red). (C) Female carriers (n = 5) presented with fully 
skewed X-chromosome inactivation, investigated by fragment length analysis of 
polymorphic methylation markers (left) and Sanger sequencing of the TAF1 
c.3568C>T variant on DNA (top, right) and RNA (bottom, right). 
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Knockout of TAF1 orthologue (taf1) in a zebrafish model was generated using 
the CRISPR/Cas9 system to investigate taf1 implication in gene regulation 
during early embryonic development. The single guide RNA targeted exon 8, 
resulting in a 10 bp deletion, a frameshift of 8 amino acids, and a premature 
stop codon. At 3 days post fertilization (dpf) homozygous taf1-/- fish showed 
general developmental delay with features such as reduced length, underde-
veloped ears, eyes, tectum and cartilage, short pectoral fins and dorsally bent 
body axis. Heart and cerebral edema as well as blood-filled cavities could also 
be noted (Fig. 11A-B) indicating early embryonic lethality (Kimmel et al., 
1995). There was no measurable difference between heterozygous and wt em-
bryos (Fig. 11B).  

Transcriptome analysis at 3 dpf revealed 6628 genes as differentially ex-
pressed in taf1-/- compared to siblings (taf1-/+ and taf1+/+), at significance level 
adjusted p-value (padj) <0.01 using DESeq2 paired differential gene expres-
sion analysis. Gene set enrichment analysis and PANTHER overexpression 
analysis was used to investigate enrichment of genes of certain pathways. 
Gene set enrichment analysis, visualized by enrichment map, on all differen-
tially expressed genes (n = 6628), suggested upregulation of genes associated 
with chromatin and DNA assembly pathways, and muscle development, as 
well as downregulation of genes associated with ion channel pathways, and 
sensory and visual perception. The result was replicated by PANTHER over-
expression analysis on genes more than 4-fold overexpressed (n = 258), show-
ing 54.8 enrichment for chromatin assembly genes (Fig. 11C, right), and genes 
more than 4-fold underexpressed (n = 612), showing 7.5 enrichment for neu-
rosynaptic transmission (Fig. 11C, left). Overexpression analysis of all genes 
revealed 2.2 enrichment for neuromuscular synaptic transmission. V-plot of 
all differentially expressed genes highlighted RNA polymerase II (polr2) sub-
unit a, bromodomain testis-specific protein (brdt) gene, several histone genes 
(e.g. hist2h3c) and 5.8 ribosomal RNA (5.8 rRNA) as upregulated, and myelin 
basic protein a (mbpa) gene as well as potassium voltage-gated Channel sub-
family J member (kcnj) 12b as downregulated. 

Discussion 
Affected individuals IV:5 and V:4 were included in a previous XLID cohort 
study in which the novel XLID candidate gene TAF1 was identified (Hu et al., 
2016). No clinical information nor molecular investigation of the family was 
presented. We described six males with symptoms similar to recent publica-
tions (Hurst, 2018; O'Rawe et al., 2015) and additional features such as large 
hands and feet, short necks and deep-set eyes. 

Five asymptomatic female carriers had completely skewed XCI, as de-
scribed in three families previously (Hurst, 2018; O'Rawe et al., 2015). Usu-
ally, XCI follows a normal distribution with an average of 50% maternal and 
50% paternal X-chromosome expression. Extreme skewing >95% is rare in  
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Figure 11. Zebrafish taf1-/- model. (A) 3 days post fertilization (dpf) taf1-/- (right) 
zebrafish embryos show heart and ventricle edema, blood filed cavities, bend body 
axis, and general underdevelopment (UD) including short pectoral fins, reduced 
length and underdeveloped cartilage, eyes, and ears. (B) Phenotype quantification 
demonstrated difference between taf1+/+ and taf1-/- but not between taf1+/+ and taf1-/+, 
using Student t-test, p-value adjusted with Bonferroni correction. (C) V-plot of 6628 
differentially expressed genes (padj <0.01) highlighted kcnj12b (blue), mbpa (pink) 
brdt (purple), polr2a (green), histone genes (red) and rRNA (yellow). Top associa-
tion from PANTHER overexpression analysis of top downregulated (blue), all 
dysregulated (black) and top upregulated (red) is displayed. 

 
the healthy population (0.8%) (Amos-Landgraf et al., 2006). However, female 
asymptomatic carriers of recessive XLID variants often present with skewed 
XCI, thought to appear because of selective advantage of wt cells or disad-
vantage of mutant cells, likely due to reduced cell viability or cell proliferation 
(Plenge et al., 2002; Tzschach et al., 2015). Muers et al. investigated the 



 52 

mechanism behind skewed XCI in Alpha-thalassemia XLID syndrome using 
a mouse model and demonstrated that the skewed XCI was not present at em-
bryonic day 8. Interestingly, the skewed XCI was shown to occur during gas-
trulation, embryonic day 11–15 at different time-points in different tissues. 
The results indicated that skewed XCI in Alpha-thalassemia XLID does not 
occur due to a general defect in proliferation rate or cell viability, but because 
of different selective mechanisms in different cell lines (Muers et al., 2007). 
TAF1 has previously been associated with proliferation processes and regula-
tion of cyclin (CCN) D1 (Hilton et al., 2005; Kloet et al., 2012). A recent 
article reported reduced expression of CCND1 and CCNA2 in a neuroblastoma 
cell line overexpressing TAF1 p.Ser1600Gly, a variant also detected in a pa-
tient with XLID. Further, they associate the reduced expression of cyclin 
genes to reduced proliferation (Hurst, 2018). This observation was replicated 
in our dataset presenting downregulation of both ccnd1 (log2 -0.46, padj = 
1.2E-07), as well as ccna2 (log2 -0.43, padj = 8.9E-04), underlining a possible 
mechanism causing skewed XCI. However, as emphasized by Muers et al., 
the precise mechanism of skewed inactivation can be complex and does not 
necessarily occur due to a general reduction in proliferation abilities of mutant 
cells (Muers et al., 2007). Apart from ccnd1 and ccna2 our dataset reveals 
striking upregulation of ccna1 (log2 3.6, padj = 2.2E-16) and to a lesser extent, 
dysregulation of other cyclins, including B1, B3, C, E2, G1, L1 and T2. Ad-
ditional studies are needed for further conclusions about the time-point and 
selective mechanism giving rise to skewed XCI in XLID associated with 
TAF1.  

TAF1 has repeatedly been associated with neurodevelopmental disorders 
(Hu et al., 2016; Hurst, 2018; O'Rawe et al., 2015), but to our knowledge, no 
investigation of TAF1’s relation to early neurogenesis has been performed. A 
previous study in mice showed elevated levels of Taf1 during embryonic de-
velopment, suggesting a key role during early development (Jambaldorj et al., 
2012). The lethal outcome in taf1-/- zebrafish embryos suggests that TAF1 is 
essential for life, which is further strengthened by observations in gnomAD 
population dataset in which TAF1 is depleted from loss-of-function variants 
and has a pLI score of 1 (o/e = 0) (Lek et al., 2016). We sought to highlight 
pathways that might be correlated with the features noted in the patients with 
TAF1 variants by transcriptomic analysis of taf1-/- zebrafish knockouts during 
embryonic development.  

Among the top downregulated genes (< -2 log2, n = 612) PANTHER over-
expression analysis revealed enrichment (7.5 fold) of genes involved in neu-
romuscular synaptic transmission (Fig. 11C, left), mostly due to downregu-
lated GABA receptor genes. The association was strengthened by the gene set 
enrichment analysis visualized with enrichment map that highlighted ion 
transportation pathways as downregulated. A recent study specifically inves-
tigated altered expression of 86 neuronal ion-channel genes in SH-SY5Y neu-
ronal cells treated with TAF1 siRNAs. Out of 86 investigated genes eight 
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showed differential expression, four of which overlap with the 6628 differen-
tially expressed genes in our study: calcium channel, voltage-dependent, T 
type, alpha 1G subunit (CACNA1G), acid-sensing (proton-gated) ion channel 
(ASIC) 1, ASIC2, and KCNJ14 (Hurst, 2018). Variants in a paralogue, 
KCNJ11, have been associated with neurological features before (Gloyn et al., 
2006), and interestingly another paralogue, KCNJ12 (kcnj12b), is our top un-
derexpressed gene, log2 -6.1, padj = 6.8e-04 (Fig. 11C, blue). In contrast to 
the study by Hurst et al., our analysis revealed dysregulation of 106 ion chan-
nel genes. The low number of differentially expressed genes in Hurst study 
(8/86) and small overlap with our datasets (4/6628), could be because of the 
different time-points, tissues, and method of downregulation. Using adult neu-
rons that have expressed TAF1 during development limits the investigation of 
compensatory mechanisms and the effect of TAF1 depletion during embryo-
genesis when XLID likely is established. Another highlighted downregulated 
gene in our dataset was mbpa (Fig. 11C, pink), responsible for CNS mye-
lination (Popko et al., 1987) and associated with the neurological disorder 
multiple sclerosis in humans (Sheremata et al., 1974).  

The top upregulated genes (>2 log2, n = 258) were strongly enriched (54.5 
fold) for genes associated with chromatin assembly, mainly due to upregulated 
histone genes (Fig. 11C, some marked in red). The association was replicated 
by gene enrichment analysis, visualized with enrichment map, highlighting 
chromatin and DNA assembly pathways. Histones have a key function in tran-
scriptional regulation and neuronal development. Histone genes have repeat-
edly been associated with neurological symptoms (Kleefstra et al., 2012; Zech 
et al., 2016) and ID syndromes, such as Kabuki syndrome caused by haploin-
sufficiency of genes responsible for chromatin opening (Lederer et al., 2012; 
Ng et al., 2010). 

The polr2a gene was one of the top upregulated genes (Fig. 11C, green). 
The gene encodes the largest unit of RNA polymerase II that directly interacts 
with TFIID and thus TAF1, to form the preinitiation complex. Several units 
of the transcription preinitiation complex have been associated with neurolog-
ical phenotypes and ID (Alazami et al., 2015; Hellman-Aharony et al., 2013; 
Rooms et al., 2006; Tawamie et al., 2017). Apart from ID, homologous genes 
of the preinitiation complex have been proven important for gametogenesis 
(Goodrich and Tjian, 2010). For example, truncating variants in TAF4b have 
been associated with azoospermia (Ayhan et al., 2014) and TAF7L with sper-
matogenic failure (Akinloye et al., 2007). TAF1 has been shown to be colo-
calized with testis-specific TAFs (Metcalf and Wassarman, 2007), and BRDT 
orthologue (tBRD-1) in drosophila spermatocytes (Leser et al., 2012). In line 
with this, one of the top overexpressed genes is zebrafish brdt (Fig. 11C, pur-
ple). BRDT has been shown to be specifically expressed in human testis and 
associated with spermatogenic failure (MIM 617644) (Li et al., 2017).  

The top overexpressed gene in our dataset was 5.8 rRNA, log2 7.9 (Fig. 
11C, yellow). TAF1 is generally not described to regulate polymerase I 
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induced rRNA transcription. However, one previous study showed that TAF1 
also regulates rRNA transcription by binding to upstream binding factor (Lin 
et al., 2002) . However, to the best of our knowledge, this has not been repli-
cated, and generally a complex of TFIIB, TAF1A, TAF1B, TAF1C, TAF1D 
and TAF12, and not TAF1, is described to induce rRNA transcription. How-
ever, the mechanism of class-specific transcription still remains poorly under-
stood (Engel et al., 2017). Ribosomal RNA is pointed out as a possible regu-
lator of mRNA transcription, similarly to histone genes (Locati et al., 2017). 
Hypothetically, overexpression of rRNA in mutant fish could be associated 
with altered transcription activity.  

Collectively, the transcriptome analysis shows that taf1 knockout during 
embryonic development results in differential expression of 6628 genes, pri-
marily associated with pathways important for neurodevelopment. We hy-
pothesize that XLID in patients with TAF1 variants could be caused by dysreg-
ulation of several genes of chromatin and ion channel pathways. A specific 
gene or pathway is difficult to highlight at this point. The model is limited, as 
the missense variants found in affected patients most likely do not result in 
complete loss-of-function, and thus further studies are needed to pinpoint the 
specific disease-mechanism. 

The zebrafish is a widely used model organism for investigation of devel-
opmental processes with similarities to humans in both brain structure and 
gene expression during early development (Howe et al., 2013). Apart from 
this, the fast generation time, the production of large clutches of transparent 
embryos and the 76% protein sequence similarity to human TAF1 emphasized 
zebrafish to be a suitable model. Two lines of mutant zebrafish were created, 
one targeting exon 8 (described above) and one targeting exon 7. By compar-
ing the two lines we could conclude that there are no evident off-target effects 
as phenotypes of both strains were similar. The zebrafish model is inadequate 
for investigation of X-chromosome related questions, like skewed XCI, as the 
zebrafish does not harbor specific sex chromosomes.  

In summary, six males presented with syndromic XLID, suggested to be 
caused by TAF1 c.3568C>T, p.(Arg1190Cys) hemizygosity, supported by ob-
served skewed XCI in female carriers and in silico predictions. Further, loss 
of taf1 during embryonic development resulted in upregulation of chromatin 
assembly pathways and downregulation of ion channel pathways in zebrafish 
embryos 3 dpf.  To the best of our knowledge, this is the first illumination of 
pathways regulated by taf1 during embryonic development, providing a mo-
lecular link to neurological anomalies seen in patients with TAF1 variants.  
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Concluding Remarks and Future Perspectives  

 
 

This project has investigated revertant and gonadal mosaicism as well as two 
extremely rare ID syndromes with state-of-the-art sequencing technologies 
and molecular tools. The research has assisted delivery of diagnosis, progno-
sis, improved treatment and recurrence risk in five investigated families. Fur-
ther, the insight from our work has improved understanding of disease etiol-
ogy, basic biological mechanisms, and thus contributed to improved care of 
future patients, the possibility to develop new therapies and increased under-
standing of fundamental human developmental processes. However, contin-
ued research is needed to fully address the topics investigated in Papers I-IV. 

Specifically, it would be fruitful to investigate the occurrence mechanism 
of somatic variants in the patient affected with KID syndrome described in 
Paper I. Also, the link between KID syndrome, connexin 26, and cancer is 
not well understood and should be thoroughly investigated in order to enable 
prevention of skin cancer in future patients with KID syndrome.  

An observation that still puzzles us is the high frequency of mutant sperm 
in one of the fathers in Paper II. A 40% occurrence in sperm would require 
80% heterozygosity for the disease-causing variant in spermatocytes. Such a 
high mutation rate indicates occurrence during early embryogenesis.  How-
ever, since the variant is not detected in blood this is not a likely the explana-
tion. As of now we are in a collaboration with Professor Anne Goriely and 
Professor Andrew Wilkie to investigate this mechanism, possibly linked to 
PAE and selfish spermatogonial selection.  

CdLS4, investigated in Paper III, has only been described in 13 patients, 
with 8 different alterations, hampering diagnosis, prognosis, and treatment. 
We are currently taking part in a combined international effort in which pre-
viously reported and newly identified individuals with RAD21 variants are in-
vestigated. The unified report covers 10–15 novel RAD21 variants and pa-
tients (Kline et al., 2018), as well as previously described patients with CdLS4, 
which will aid diagnosis and genetic counseling of future patients.  

In Paper IV we describe a family affected with a rare, recently discovered 
ID syndrome in which sufficient diagnosis and prognosis is lacking due to 
limited reported cases. Reports of additional patients with TAF1 variants caus-
ing XLID are needed as they will provide improved perspectives of the disor-
der, aid genetic counseling and likely increase the number of disease-causing 

If you know the question, 
you know half. 

 
– Herb Boyer 
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variants. Our work shows molecular evidence for TAF1’s association with 
neurodevelopmental function during early embryogenesis. However, the 
zebrafish knockout model does not explore the specific mechanism of the 
TAF1 variants associated with XLID, which should be further investigated. 
We believe that the time-point is crucial as the malformations likely manifests 
during early embryogenesis. Therefore, investigation of adult patient cells has 
not been highly prioritized. However, transcriptomics of an alternative model 
system e.g. in mice or induced pluripotent stem cells from patient-derived fi-
broblasts might point to a pathogenic mechanism of TAF1 variants and possi-
bly identify future therapeutic targets.  

During the course of this project we have initiated investigations of more 
than 12 affected families, many of which are still under examination. In these 
cases, initial WES has not resulted in any candidate genetic variants and thus 
additional WGS and further analysis is now being performed. The aspiration 
is that WGS might detect coding variants in regions not covered by WES or 
structural variants as well as non-coding intra- and intergenic variants 
(Lelieveld et al., 2015), with the challenge of non-coding variant interpretation 
yet to be overcome. 

Research during the last two decades has provided us with a map of the 
human genome and sufficient NGS techniques that allow genetic diagnosis of 
30–70% of patients affected with Mendelian disorders (Chong et al., 2015; 
Clark et al., 2018; Jalkh et al., 2019; Vissers et al., 2016). Yet, for many af-
fected families a diagnosis is still missing or limited. Many discoveries remain 
in order to diagnose all families affected with uncharacterized Mendelian dis-
ease. Another important focus of future genetic research is to provide suffi-
cient therapeutics for affected patients. As of today, treatment for Mendelian 
disorders is mostly limited to symptomatic relief and only 0.1% of disorders 
have approved treatments (Austin and Dawkins, 2017). However, new molec-
ular tools such as CRISPR/Cas9 show promising results for curing Mendelian 
disorders by direct editing of the human genome (Zeng et al., 2018). Today, 
most researchers worldwide agree that human gene editing lies many discov-
eries ahead and that there are several technical and ethical challenges that 
needs to be thoroughly addressed before clinical trials can be initiated. Yet, I 
believe that future genetic research will master clinical applications of gene 
editing tools like Crispr/Cas9 and by that, enable curative therapies for future 
children affected with Mendelian disorders. The 21st century is the era for 
medical genetic research. 
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Svensk populärvetenskaplig sammanfattning 

Introduktion till det humana genomet och orsaken till 
mendelsk sjukdom 
I kroppens alla cellkärnor finns 23 par kromosomer som består av den DNA-
kod som reglerar alla våra biologiska processer. En uppsättning av kromoso-
merna härstammar från mamma och en från pappa och sammanlagt kallas de 
46 kromosomerna för det humana genomet. DNA översätts till RNA som se-
dan utgör mallen för skapandet av protein. Tillsammans styr DNA, RNA och 
protein alla kroppens funktioner och möjliggör en människas komplexa ut-
veckling från en enda cell till en vuxen individ (Fig. 12).  

Vårt DNA förändras ständigt genom att en eller flera molekyler byts ut, tas 
bort, byter plats eller vänder håll. Förändringarna kallas genetiska varianter 
och har oftast inte någon märkbar effekt, men ibland kan de leda till en för-
bättrad funktion och ibland till en försämrad funktion. En sådan förbättrad 
funktion är det som driver evolutionen framåt och genetiska varianter är såle-
des livsviktigt för ett en art skall utvecklas. Genetiska varianterna som resul-
terar i en försämrad funktion kan ibland vara så allvarliga att de ger upphov  

 
Figur 12. Schematisk sammanfattning av hur en genetisk variant kan ge upphov till 
sjukdom. (A) I varje cellkärna transkriberas DNA till RNA som sedan translateras 
till protein. I detta fall har basen A på position 13 (c.13) bytts mot ett C. Detta gör 
att den nya RNA-koden CCU ger upphov till den nya byggstenen Prolin (Pro), istäl-
let för Treonin (Thr) som tidigare kodades av ACU. (B) Den genetiska varianten har 
uppstått i spermiens DNA (rosa) och ger upphov till ett protein som får en annan 
struktur vilket leder till sjukdom. Den maternella kopian från äggcellen (vit) är fort-
farande intakt och ger upphov till ett funktionellt protein.  
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till sjukdomar. En sjukdom som orsakas av en medfödd specifik genetisk va-
riant kallas för en mendelsk sjukdom. Totalt har vi identifierat över 5000 olika 
mendelska sjukdomar som varierar i symtom och allvarlighetsgrad. De gene-
tiska varianter som orsakar sjukdom kan ha ärvts från föräldrarna eller uppstår 
som nya varianter i barnet. Varje barn bär på cirka 50–100 nya genetiska va-
rianter som uppstått i föräldrarnas könsceller eller i den tidiga embryonalut-
vecklingen. Av slumpen kan de nya varianterna drabba en DNA-region som 
är känslig för förändring och resultera i sjukdom, oftast genom en förändrad 
proteinfunktion. Forskning visar att föräldrarnas ålder, framförallt pappans, är 
en riskfaktor för sjukdomar som orsakas av nya varianter. Detta beror på att 
varje celldelning ger upphov till nya genetiska varianter och eftersom manliga 
könsceller ständiga nybildas kommer antalet genetiska varianter att ackumu-
leras över tid. 

Avhandlingsarbetets relevans och syfte 
Idag känner vi till den genetiska orsaken till och den molekylära mekanismen 
bakom 5498 mendelska syndrom. För tusentals medfödda sjukdomar är dock 
den genetiska orsaken och/eller den molekylära mekanismen fortfarande 
okänd vilket betyder att många drabbade familjer saknar en diagnos. Forsk-
ning angående dessa okända sjukdomar är viktig då en genetisk diagnos är 
avgörande för att den drabbade familjen ska kunna få en uppfattning om sjuk-
domsförloppet, information om återupprepningsrisken i framtida graviditeter, 
ta del av fosterdiagnostik om de önskar samt att patienten ska få bästa möjliga 
behandling. Dessutom är förståelse för sjukdomsmekanismerna avgörande för 
att kunna utveckla nya behandlingar samt få en heltäckande bild av den 
mänskliga kroppens alla funktioner. 

Avhandlingsarbetet har kartlagt de bakomliggande orsakerna till ouppkla-
rade fall av misstänkt mendelsk sjukdom med ett speciellt fokus på syndrom 
med utvecklingsstörning. Genom kliniska, genetiska och molekylära studier 
har vi undersökt sjudomsetiologin hos fem olika familjer drabbade av fram-
förallt utvecklingsstörningssyndrom. Vi har använt de mest aktuella sekven-
seringsteknikerna, som läser av DNA och RNA-koden, samt nyligen uppfunna 
molekylära verktyg som kan modulera genetiska varianters effekt. Arbetena 
har sammanställts i fyra artiklar som granskats och publicerats i internation-
ella vetenskapliga tidskrifter. 

Forskningsresultat 
I arbete I har vi undersökt en kvinna som har en medfödd hudsjukdom, ke-
ratitis-ichthyosis-deafness (KID) syndrom, men som i vuxen ålder utvecklade 
fläckar med frisk hud. Vi fastställde att de friska fläckarna uppstod genom en 
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mekanism som kallas reverterande mosaicism, där genetiska varianter som 
uppstår i den vuxna kroppen, somatiska varianter, förhindrar sjukdomsmek-
anismen. KID syndrom orsakas av en genetisk variant i en av gen-kopiorna 
som kodar för jonkanaler. Varianten leder till en störd saltbalans i cellerna 
som uppstår på grund av dysfunktionella jonkanaler. De somatiska varianterna 
vi återfann i den friska huden visade sig hindra de dysfunktionella kanalernas 
transport till cellytan. Det resulterade i att endast jonkanaler som bildats från 
den friska genkopian transporterades till cellytan, och huden fick en normali-
serad funktion. Detta är den första rapporten som beskriver att reverterande 
mosaicism kan revetera symtomen i en patient med KID syndrom. Fynden är 
viktiga för bland annat framtida möjligheter att nyttja kroppens egna mekan-
ismer i genterapi.  

I arbete II presenterar vi ett nytt tillvägagångssätt för att undersöka vari-
anters ursprung, återupprepningsrisken av sjukdom, samt förekomsten av go-
nadal mosaicism, alltså att ett flertal könsceller bär på den genetiska varianten 
som ger sjukdom. Vi undersökte två familjer med barn som drabbats av ut-
vecklingssyndrom. Den första familjen hade använt sig av en äggdonator och 
fått ett barn med Treacher Collins syndrom. Vi fastställde att varianten inte 
var nedärvd från äggdonatorn och att den inte finns indikationer på förekomst 
av gonadal mosaicism hos pappan. Sannolikt var varianten ny hos barnet. 
Upprepningsrisken i familjen kunde bestämmas till mindre än 0,1% och ägg-
donatorn kan användas vid framtida graviditeter. Den andra familjen hade 
drabbats av två missfall och genomgått två aborter på grund av misstänkt 
Noonan syndrom. Vi kunde fastställa förekomst av gonadal mosaicism hos 
pappan och att återupprepningsrisken i familjen bedömdes till cirka 40%. In-
formationen om variantens ursprung var viktigt för att möjliggöra prenataldi-
agnostik vid framtida graviditeter. 

I arbete III har vi undersökt orsaken till ett misstänkt utvecklingsstörnings-
syndrom. Patienten uppvisade mild utvecklingsförsening, organmissbildning 
och specifika ansiktsdrag. Sekvensering av alla de proteinkodande generna 
(1% av det humana genomet) resulterade i att vi hittade en tidigare okänd för-
ändring i en gen som tidigare associerats till Cornelia de Lange syndrom typ 
fyra. Syndromet är mycket ovanligt och har tidigare bara rapporterats hos 13 
patienter i världen. Våra prediktioner av effekten på proteinnivå antyder att 
varianten är sjukdomsorsakande. Rapporten bidrar med ny information om 
syndromets symtom samt konfirmerar tidigare fynd. Detta är ett viktigt bidrag 
för framtida diagnostik eftersom syndromet är mycket ovanligt och endast ett 
fåtal fall finns beskrivna i litteraturen sedan innan. 

I arbete IV har vi undersökt en familj i fem generationer där sex män drab-
bats av ett tidigare okänt utvecklingsstörningssyndrom. Vi identifierade en va-
riant i en gen som de senaste åren associerats till neuronala utvecklingsavvi-
kelser och utvecklingsstörning. Vi skapade en zebrafiskmodell där vi elimine-
rade den aktuella genen genom att klippa sönder dem med CRISPR/Cas9-me-
toden. Genom att sekvensera alla proteinkodande RNA molekyler i 3 dagar 
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gamla zebrafiskembryon undersökte vi vilka gener som var upp- och nedre-
glerade. Analysen visade att det fanns ett förändrat uttryck av gener som är 
involverade i signalvägar som styr hjärnans utveckling. Detta är första gången 
man studerat hur förändringar i den aktuella genen påverkar embryonalut-
vecklingen och kan leda till neuronala utvecklingsavvikelser. Vidare kunde vi 
lämna en genetisk diagnos till de drabbade i familjen, samt upplysa de fem 
kvinnor som bar på varianten att deras risk för återupprepning av utvecklings-
störningssyndromet är 50% hos pojkfoster och att fosterdiagnostik finns till-
gänglig om de önskar. 

Slutsats 
Avhandlingsarbetet har demonstrerat nya applikationer av de mest aktuella 
sekvensmetoderna, bidragit till en ökad förståelse av sjukdomsmekanismer 
som reverterande och gonadal mosaicism samt kartlagt två extremt ovanliga 
utvecklingsstörningssyndrom. Den ökade kunskapen möjliggör förbättrad dia-
gnostik, information om sjukdomsförloppet, familjeplanering och bidrar till 
möjligheten att utveckla nya behandlingar. Studierna har utförts i en trans-
lationell miljö där resultaten från forskningen kan tillämpas i klinisk rutindia-
gnostik. Specifikt, har studierna resulterat i att fem familjer, drabbade av fem 
olika syndrom har erhållit kliniska och genetiska diagnoser och/eller fördju-
pad förståelse för sin sjukdomsbild, prognos, upprepningsrisk och bakomlig-
gande sjukdomsmekanismer.  
  



 61 

Acknowledgements 

I would like to thank all the families that participate in this project. Thank 
you for the generosity with your time and your stories. It is only because of 
your collaboration, interest and will to help, that we can continue the search 
for answers. You are my true source of inspiration. 

I would also like to thank the Sävstaholm Foundation for their incredible 
work for people affected by intellectual disability, and for funding my work 
for the majority of my four years as a PhD student. 

Thank you, group leader and main supervisor, Prof. Marie-Louise Bonde-
son. I am forever grateful that you welcomed me to the group with – literally 
– open arms. Your positive spirit makes work a joy, you support has been 
invaluable. Thank you, co-supervisor, colleague and friend Dr. Maria Wilbe, 
for stimulating discussions and support. I especially enjoyed brainstorming 
science with you, you taught me so much. I want to thank my co-supervisor, 
Prof. Niklas Dahl for valuable feedback on my scientific work and for good 
discussions during journal club hour. A big thank you to Prof. Göran An-
nerén, my favorite MD and bonus-supervisor, for finding the families and 
then inviting me to fully be a part of all aspects of the projects. I am so glad I 
got to work with you throughout my PhD studies. Thank you, Dr. Sara Ekvall 
and Dr. Anna-Maja Molin for great collaborations, especially on the TAF1 
project that was a gold nugget that stayed with all three of us throughout or 
combined PhD period of 15 years. Thank you Josefine Johansson, I believe 
we make the best team and I will miss working with you tremendously! You 
have been a great colleague, friend, and support, you always bring that extra 
sparkle to work.  

Thank you, Assistant Prof. Lars Forsberg, Assistant Prof. Joakim Klar, 
Dr. Ammar Zaghlool, Assistant Prof. Jens Schuster and Assistant Prof. Lars 
Feuk for making time for my questions. My everyday PhD studies had not 
been the same without you. You have truly helped me in my scientific devel-
opment with specific hands-on help, inspiring scientific discussions and life 
advice in general. Further, a big thank you to the corridor of Medical Genetics 
and Genomics at the Dept. of Immunology, Genetics and Pathology, it has 
been great fun working – and not working – with all of you. 

All great science is a product of a team effort and I want to express my 
gratitude to all the co-authors of papers I-IV for valuable and inspiring col-
laborations. Especially, I would like to thank a few collaborators who took 
that extra time and I was privileged enough to learn from. Thank you, Dr. 



 62 

Adam Ameur, Prof. Hans Törmä, assistant Prof. Ludmil Alexandrov, Dr. 
Beata Filipek-Górniok, Prof. Johan Ledin, Prof. Paulino Gómez-Puertas, 
Dr. Íñigo Marcos-Alcalde and Prof. Vera M. Kalscheuer, Prof. Gary Bader 
as well as his team.  

I want to thank the staff at Klinisk Genetik, Rudbeck Laboratory for al-
ways being helpful during my experiments. I would also like to acknowledge 
the Science for Life Laboratory platforms: The National Genomics Infra-
structure; Uppsala Genome Centre, the SNP&SEQ Technology Platform, the 
Zebrafish facility, and the National Bioinformatics Infrastructure Sweden for 
your great expertise and collaborative skills.  

Thank you, Christina Magnusson and Helene Norlin for always being 
around for urgent administrative tasks and for looking after all PhD students 
at the department.  

My colleagues, buddies, friends – some future PhDs, some already doctors. 
Thank you for the exchange of knowledge and your support and encourage-
ment, Vero, Svea, Loora, Bene, Ida, Adam, Ambrin, Magdalena, Marcus, 
Mitra, Anja, Amanda, Malin, Zafar, Jamil and many more of you who I 
had the fortune to cross roads with. Also, a big thank you to all the hard-work-
ing heroes of the PhD council.   

My parents, Anna-Berit Gudmundsson and Anders Johansson, thank 
you for both genetics & environment, for giving me a platform to grow, learn 
and do what I love. You have taught me about doing things for the right rea-
sons and making a difference. You have pushed me to go further, encouraged 
me to aim higher, and convinced me I can do more. You are my most faithful 
fans and the fact that you think I can do it all, makes me consider to at least 
try. I am forever grateful.  

Eric Gudmundsson, my husband, my best friend and greatest support. 
Thank you for keeping me sane these four years, accompanying me through 
times of doubt and celebrating my victories. Thank you for making sure I eat, 
sleep and look up from the computer every now and then. Thank you for tak-
ing me on lots of adventures that gave me the energy and inspiration to start 
again. You bring perspective to my world and make life in- and outside re-
search worth living. This thesis is for my parents, but the rest of my life will 
be for you. 
  



 63 

References 

Acuna-Hidalgo, R., Bo, T., Kwint, M.P., van de Vorst, M., Pinelli, M., Veltman, J.A., 
Hoischen, A., Vissers, L.E., and Gilissen, C. (2015). Post-zygotic Point Mutations 
Are an Underrecognized Source of De Novo Genomic Variation. Am J Hum 
Genet 97, 67-74. 

Acuna-Hidalgo, R., Veltman, J.A., and Hoischen, A. (2016). New insights into the 
generation and role of de novo mutations in health and disease. Genome Biol 17, 
241. 

Adli, M. (2018). The CRISPR tool kit for genome editing and beyond. Nat Commun 
9, 1911. 

Ahmad, S., and Evans, W.H. (2002). Post-translational integration and 
oligomerization of connexin 26 in plasma membranes and evidence of formation 
of membrane pores: implications for the assembly of gap junctions. Biochem J 
365, 693-699. 

Akinloye, O., Gromoll, J., Callies, C., Nieschlag, E., and Simoni, M. (2007). Mutation 
analysis of the X-chromosome linked, testis-specific TAF7L gene in 
spermatogenic failure. Andrologia 39, 190-195. 

Alazami, A.M., Patel, N., Shamseldin, H.E., Anazi, S., Al-Dosari, M.S., Alzahrani, 
F., Hijazi, H., Alshammari, M., Aldahmesh, M.A., Salih, M.A., et al. (2015). 
Accelerating novel candidate gene discovery in neurogenetic disorders via whole-
exome sequencing of prescreened multiplex consanguineous families. Cell Rep 
10, 148-161. 

Alexandrov, L.B., Nik-Zainal, S., Wedge, D.C., Aparicio, S.A., Behjati, S., Biankin, 
A.V., Bignell, G.R., Bolli, N., Borg, A., Borresen-Dale, A.L., et al. (2013). 
Signatures of mutational processes in human cancer. Nature 500, 415-421. 

Allen, R.C., Zoghbi, H.Y., Moseley, A.B., Rosenblatt, H.M., and Belmont, J.W. 
(1992). Methylation of HpaII and HhaI sites near the polymorphic CAG repeat in 
the human androgen-receptor gene correlates with X chromosome inactivation. 
Am J Hum Genet 51, 1229-1239. 

Ameur, A., Dahlberg, J., Olason, P., Vezzi, F., Karlsson, R., Martin, M., Viklund, J., 
Kahari, A.K., Lundin, P., Che, H., et al. (2017). SweGen: a whole-genome data 
resource of genetic variability in a cross-section of the Swedish population. Eur J 
Hum Genet 25, 1253-1260. 

Amos-Landgraf, J.M., Cottle, A., Plenge, R.M., Friez, M., Schwartz, C.E., Longshore, 
J., and Willard, H.F. (2006). X chromosome-inactivation patterns of 1,005 
phenotypically unaffected females. Am J Hum Genet 79, 493-499. 

  



 64 

Ansari, M., Poke, G., Ferry, Q., Williamson, K., Aldridge, R., Meynert, A.M., 
Bengani, H., Chan, C.Y., Kayserili, H., Avci, S., et al. (2014). Genetic 
heterogeneity in Cornelia de Lange syndrome (CdLS) and CdLS-like phenotypes 
with observed and predicted levels of mosaicism. J Med Genet 51, 659-668. 

Aoki, Y., Niihori, T., Inoue, S., and Matsubara, Y. (2016). Recent advances in 
RASopathies. J Hum Genet 61, 33-39. 

Austin, C.P., and Dawkins, H.J.S. (2017). Medical research: Next decade's goals for 
rare diseases. Nature 548, 158. 

Ayhan, O., Balkan, M., Guven, A., Hazan, R., Atar, M., Tok, A., and Tolun, A. (2014). 
Truncating mutations in TAF4B and ZMYND15 causing recessive azoospermia. 
J Med Genet 51, 239-244. 

Baird, P.A., Anderson, T.W., Newcombe, H.B., and Lowry, R.B. (1988). Genetic 
disorders in children and young adults: a population study. Am J Hum Genet 42, 
677-693. 

Bamshad, M.J., Ng, S.B., Bigham, A.W., Tabor, H.K., Emond, M.J., Nickerson, D.A., 
and Shendure, J. (2011). Exome sequencing as a tool for Mendelian disease gene 
discovery. Nat Rev Genet 12, 745-755. 

Bazazzadegan, N., Sheffield, A.M., Sobhani, M., Kahrizi, K., Meyer, N.C., Van 
Camp, G., Hilgert, N., Abedini, S.S., Habibi, F., Daneshi, A., et al. (2011). Two 
Iranian families with a novel mutation in GJB2 causing autosomal dominant 
nonsyndromic hearing loss. Am J Med Genet A 155A, 1202-1211. 

Bondeson, M.L., Nystrom, A.M., Gunnarsson, U., and Vahlquist, A. (2006). 
Connexin 26 (GJB2) mutations in two Swedish patients with atypical Vohwinkel 
(mutilating keratoderma plus deafness) and KID syndrome both extensively 
treated with acitretin. Acta Derm Venereol 86, 503-508. 

Bowman, M., Oldridge, M., Archer, C., O'Rourke, A., McParland, J., Brekelmans, R., 
Seller, A., and Lester, T. (2012). Gross deletions in TCOF1 are a cause of 
Treacher-Collins-Franceschetti syndrome. Eur J Hum Genet 20, 769-777. 

Boyle, M.I., Jespersgaard, C., Brondum-Nielsen, K., Bisgaard, A.M., and Tumer, Z. 
(2015). Cornelia de Lange syndrome. Clin Genet 88, 1-12. 

Boyle, M.I., Jespersgaard, C., Nazaryan, L., Bisgaard, A.M., and Tumer, Z. (2017). A 
novel RAD21 variant associated with intrafamilial phenotypic variation in 
Cornelia de Lange syndrome - review of the literature. Clin Genet 91, 647-649. 

Campbell, C.D., Chong, J.X., Malig, M., Ko, A., Dumont, B.L., Han, L., Vives, L., 
O'Roak, B.J., Sudmant, P.H., Shendure, J., et al. (2012). Estimating the human 
mutation rate using autozygosity in a founder population. Nat Genet 44, 1277-
1281. 

Campbell, I.M., Yuan, B., Robberecht, C., Pfundt, R., Szafranski, P., McEntagart, 
M.E., Nagamani, S.C., Erez, A., Bartnik, M., Wisniowiecka-Kowalnik, B., et al. 
(2014). Parental somatic mosaicism is underrecognized and influences recurrence 
risk of genomic disorders. Am J Hum Genet 95, 173-182. 

Castronovo, P., Gervasini, C., Cereda, A., Masciadri, M., Milani, D., Russo, S., 
Selicorni, A., and Larizza, L. (2009). Premature chromatid separation is not a 
useful diagnostic marker for Cornelia de Lange syndrome. Chromosome Res 17, 
763-771. 

Chang, K.W. (2015). Genetics of Hearing Loss--Nonsyndromic. Otolaryngol Clin 
North Am 48, 1063-1072. 

Chong, J.X., Buckingham, K.J., Jhangiani, S.N., Boehm, C., Sobreira, N., Smith, J.D., 
Harrell, T.M., McMillin, M.J., Wiszniewski, W., Gambin, T., et al. (2015). The 
Genetic Basis of Mendelian Phenotypes: Discoveries, Challenges, and 
Opportunities. Am J Hum Genet 97, 199-215. 



 65 

Clark, M.M., Stark, Z., Farnaes, L., Tan, T.Y., White, S.M., Dimmock, D., and 
Kingsmore, S.F. (2018). Meta-analysis of the diagnostic and clinical utility of 
genome and exome sequencing and chromosomal microarray in children with 
suspected genetic diseases. NPJ Genom Med 3, 16. 

Cooper, D.N., Krawczak, M., Polychronakos, C., Tyler-Smith, C., and Kehrer-
Sawatzki, H. (2013). Where genotype is not predictive of phenotype: towards an 
understanding of the molecular basis of reduced penetrance in human inherited 
disease. Hum Genet 132, 1077-1130. 

Costa-Silva, J., Domingues, D., and Lopes, F.M. (2017). RNA-Seq differential 
expression analysis: An extended review and a software tool. PLoS One 12, 
e0190152. 

Crow, J.F. (2000). The origins, patterns and implications of human spontaneous 
mutation. Nat Rev Genet 1, 40-47. 

Cummings, B.B., Marshall, J.L., Tukiainen, T., Lek, M., Donkervoort, S., Foley, 
A.R., Bolduc, V., Waddell, L.B., Sandaradura, S.A., O'Grady, G.L., et al. (2017). 
Improving genetic diagnosis in Mendelian disease with transcriptome 
sequencing. Sci Transl Med 9. 

Deardorff, M.A., Wilde, J.J., Albrecht, M., Dickinson, E., Tennstedt, S., Braunholz, 
D., Monnich, M., Yan, Y., Xu, W., Gil-Rodriguez, M.C., et al. (2012). RAD21 
mutations cause a human cohesinopathy. Am J Hum Genet 90, 1014-1027. 

Deciphering Developmental Disorders, S. (2017). Prevalence and architecture of de 
novo mutations in developmental disorders. Nature 542, 433-438. 

Deeb, S.S. (2005). The molecular basis of variation in human color vision. Clin Genet 
67, 369-377. 

Deng, X., Berletch, J.B., Nguyen, D.K., and Disteche, C.M. (2014). X chromosome 
regulation: diverse patterns in development, tissues and disease. Nat Rev Genet 
15, 367-378. 

Dixon, J.R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, Y., Hu, M., Liu, J.S., and 
Ren, B. (2012). Topological domains in mammalian genomes identified by 
analysis of chromatin interactions. Nature 485, 376-380. 

Dorsett, D. (2007). Roles of the sister chromatid cohesion apparatus in gene 
expression, development, and human syndromes. Chromosoma 116, 1-13. 

Engel, C., Gubbey, T., Neyer, S., Sainsbury, S., Oberthuer, C., Baejen, C., Bernecky, 
C., and Cramer, P. (2017). Structural Basis of RNA Polymerase I Transcription 
Initiation. Cell 169, 120-131 e122. 

Fieremans, N., Van Esch, H., Holvoet, M., Van Goethem, G., Devriendt, K., Rosello, 
M., Mayo, S., Martinez, F., Jhangiani, S., Muzny, D.M., et al. (2016). 
Identification of Intellectual Disability Genes in Female Patients with a Skewed 
X-Inactivation Pattern. Hum Mutat 37, 804-811. 

Forsberg, L.A., Gisselsson, D., and Dumanski, J.P. (2017). Mosaicism in health and 
disease - clones picking up speed. Nat Rev Genet 18, 128-142. 

Francioli, L.C., Polak, P.P., Koren, A., Menelaou, A., Chun, S., Renkens, I., Genome 
of the Netherlands, C., van Duijn, C.M., Swertz, M., Wijmenga, C., et al. (2015). 
Genome-wide patterns and properties of de novo mutations in humans. Nat Genet 
47, 822-826. 

Garcia, I.E., Bosen, F., Mujica, P., Pupo, A., Flores-Munoz, C., Jara, O., Gonzalez, 
C., Willecke, K., and Martinez, A.D. (2016). From Hyperactive Connexin26 
Hemichannels to Impairments in Epidermal Calcium Gradient and Permeability 
Barrier in the Keratitis-Ichthyosis-Deafness Syndrome. J Invest Dermatol 136, 
574-583. 

  



 66 

Garcia, I.E., Maripillan, J., Jara, O., Ceriani, R., Palacios-Munoz, A., Ramachandran, 
J., Olivero, P., Perez-Acle, T., Gonzalez, C., Saez, J.C., et al. (2015). Keratitis-
ichthyosis-deafness syndrome-associated Cx26 mutants produce nonfunctional 
gap junctions but hyperactive hemichannels when co-expressed with wild type 
Cx43. J Invest Dermatol 135, 1338-1347. 

Genomes Project, C., Abecasis, G.R., Altshuler, D., Auton, A., Brooks, L.D., Durbin, 
R.M., Gibbs, R.A., Hurles, M.E., and McVean, G.A. (2010). A map of human 
genome variation from population-scale sequencing. Nature 467, 1061-1073. 

Gilissen, C., Hoischen, A., Brunner, H.G., and Veltman, J.A. (2012). Disease gene 
identification strategies for exome sequencing. Eur J Hum Genet 20, 490-497. 

Gloyn, A.L., Diatloff-Zito, C., Edghill, E.L., Bellanne-Chantelot, C., Nivot, S., 
Coutant, R., Ellard, S., Hattersley, A.T., and Robert, J.J. (2006). KCNJ11 
activating mutations are associated with developmental delay, epilepsy and 
neonatal diabetes syndrome and other neurological features. Eur J Hum Genet 14, 
824-830. 

Goldmann, J.M., Seplyarskiy, V.B., Wong, W.S.W., Vilboux, T., Neerincx, P.B., 
Bodian, D.L., Solomon, B.D., Veltman, J.A., Deeken, J.F., Gilissen, C., et al. 
(2018). Germline de novo mutation clusters arise during oocyte aging in genomic 
regions with high double-strand-break incidence. Nat Genet 50, 487-492. 

Goldmann, J.M., Wong, W.S., Pinelli, M., Farrah, T., Bodian, D., Stittrich, A.B., 
Glusman, G., Vissers, L.E., Hoischen, A., Roach, J.C., et al. (2016). Parent-of-
origin-specific signatures of de novo mutations. Nat Genet 48, 935-939. 

Goodrich, J.A., and Tjian, R. (2010). Unexpected roles for core promoter recognition 
factors in cell-type-specific transcription and gene regulation. Nat Rev Genet 11, 
549-558. 

Goriely, A., Hansen, R.M., Taylor, I.B., Olesen, I.A., Jacobsen, G.K., McGowan, S.J., 
Pfeifer, S.P., McVean, G.A., Rajpert-De Meyts, E., and Wilkie, A.O. (2009). 
Activating mutations in FGFR3 and HRAS reveal a shared genetic origin for 
congenital disorders and testicular tumors. Nat Genet 41, 1247-1252. 

Goriely, A., and Wilkie, A.O. (2012). Paternal age effect mutations and selfish 
spermatogonial selection: causes and consequences for human disease. Am J 
Hum Genet 90, 175-200. 

Gostynski, A., Pasmooij, A.M., and Jonkman, M.F. (2014). Successful therapeutic 
transplantation of revertant skin in epidermolysis bullosa. J Am Acad Dermatol 
70, 98-101. 

Grob, J.J., Breton, A., Bonafe, J.L., Sauvan-Ferdani, M., and Bonerandi, J.J. (1987). 
Keratitis, ichthyosis, and deafness (KID) syndrome. Vertical transmission and 
death from multiple squamous cell carcinomas. Arch Dermatol 123, 777-782. 

Halldorsson, B.V., Hardarson, M.T., Kehr, B., Styrkarsdottir, U., Gylfason, A., 
Thorleifsson, G., Zink, F., Jonasdottir, A., Jonasdottir, A., Sulem, P., et al. (2016). 
The rate of meiotic gene conversion varies by sex and age. Nat Genet 48, 1377-
1384. 

Hamamy, H., Antonarakis, S.E., Cavalli-Sforza, L.L., Temtamy, S., Romeo, G., Kate, 
L.P., Bennett, R.L., Shaw, A., Megarbane, A., van Duijn, C., et al. (2011). 
Consanguineous marriages, pearls and perils: Geneva International 
Consanguinity Workshop Report. Genet Med 13, 841-847. 

Hellman-Aharony, S., Smirin-Yosef, P., Halevy, A., Pasmanik-Chor, M., Yeheskel, 
A., Har-Zahav, A., Maya, I., Straussberg, R., Dahary, D., Haviv, A., et al. (2013). 
Microcephaly thin corpus callosum intellectual disability syndrome caused by 
mutated TAF2. Pediatr Neurol 49, 411-416 e411. 



 67 

Hilton, T.L., Li, Y., Dunphy, E.L., and Wang, E.H. (2005). TAF1 histone 
acetyltransferase activity in Sp1 activation of the cyclin D1 promoter. Mol Cell 
Biol 25, 4321-4332. 

Hindson, B.J., Ness, K.D., Masquelier, D.A., Belgrader, P., Heredia, N.J., 
Makarewicz, A.J., Bright, I.J., Lucero, M.Y., Hiddessen, A.L., Legler, T.C., et al. 
(2011). High-throughput droplet digital PCR system for absolute quantitation of 
DNA copy number. Anal Chem 83, 8604-8610. 

Howe, K., Clark, M.D., Torroja, C.F., Torrance, J., Berthelot, C., Muffato, M., 
Collins, J.E., Humphray, S., McLaren, K., Matthews, L., et al. (2013). The 
zebrafish reference genome sequence and its relationship to the human genome. 
Nature 496, 498-503. 

Hu, H., Haas, S.A., Chelly, J., Van Esch, H., Raynaud, M., de Brouwer, A.P., Weinert, 
S., Froyen, G., Frints, S.G., Laumonnier, F., et al. (2016). X-exome sequencing 
of 405 unresolved families identifies seven novel intellectual disability genes. 
Mol Psychiatry 21, 133-148. 

Hurst, S.E.L.-B., Erika. Moutal, Aubin. Parker, Sara. Rice, Sydney. Szelinger, 
Szabolcs. Senner, Grant. Hammer, Michael F. Johnstone, Laurel. Ramsey, Keri. 
Narayanan, Vinodh. Perez-Miller, Samantha. Khanna, May. Dahlin, Heather. 
Lewis, Karen. Craig, David. Wang, Edith H. Khanna, Rajesh. Nelson, Mark A. 
(2018). A novel variant in TAF1 affects gene expression and is associated with 
X-linked TAF1 intellectual disability syndrome. Neuronal Signaling 2. 

Itsara, A., Cooper, G.M., Baker, C., Girirajan, S., Li, J., Absher, D., Krauss, R.M., 
Myers, R.M., Ridker, P.M., Chasman, D.I., et al. (2009). Population analysis of 
large copy number variants and hotspots of human genetic disease. Am J Hum 
Genet 84, 148-161. 

Jacquemont, S., Coe, B.P., Hersch, M., Duyzend, M.H., Krumm, N., Bergmann, S., 
Beckmann, J.S., Rosenfeld, J.A., and Eichler, E.E. (2014). A higher mutational 
burden in females supports a "female protective model" in neurodevelopmental 
disorders. Am J Hum Genet 94, 415-425. 

Jalkh, N., Corbani, S., Haidar, Z., Hamdan, N., Farah, E., Abou Ghoch, J., Ghosn, R., 
Salem, N., Fawaz, A., Djambas Khayat, C., et al. (2019). The added value of WES 
reanalysis in the field of genetic diagnosis: lessons learned from 200 exomes in 
the Lebanese population. BMC Med Genomics 12, 11. 

Jambaldorj, J., Makino, S., Munkhbat, B., and Tamiya, G. (2012). Sustained 
expression of a neuron-specific isoform of the Taf1 gene in development stages 
and aging in mice. Biochem Biophys Res Commun 425, 273-277. 

Ji, X., Dadon, D.B., Powell, B.E., Fan, Z.P., Borges-Rivera, D., Shachar, S., 
Weintraub, A.S., Hnisz, D., Pegoraro, G., Lee, T.I., et al. (2016). 3D Chromosome 
Regulatory Landscape of Human Pluripotent Cells. Cell Stem Cell 18, 262-275. 

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., and Charpentier, E. 
(2012). A programmable dual-RNA-guided DNA endonuclease in adaptive 
bacterial immunity. Science 337, 816-821. 

Johnstone, S.R., Billaud, M., Lohman, A.W., Taddeo, E.P., and Isakson, B.E. (2012). 
Posttranslational modifications in connexins and pannexins. J Membr Biol 245, 
319-332. 

Jonkman, M.F., and Pasmooij, A.M. (2009). Revertant mosaicism—patchwork in the 
skin. N Engl J Med 360, 1680-1682. 

Jonkman, M.F., Scheffer, H., Stulp, R., Pas, H.H., Nijenhuis, M., Heeres, K., Owaribe, 
K., Pulkkinen, L., and Uitto, J. (1997). Revertant mosaicism in epidermolysis 
bullosa caused by mitotic gene conversion. Cell 88, 543-551. 

Kalsner, L., and Chamberlain, S.J. (2015). Prader-Willi, Angelman, and 15q11-q13 
Duplication Syndromes. Pediatr Clin North Am 62, 587-606. 



 68 

Karimian, A., Azizian, K., Parsian, H., Rafieian, S., Shafiei-Irannejad, V., Kheyrollah, 
M., Yousefi, M., Majidinia, M., and Yousefi, B. (2019). CRISPR/Cas9 
technology as a potent molecular tool for gene therapy. J Cell Physiol. 

Kaur, M., DeScipio, C., McCallum, J., Yaeger, D., Devoto, M., Jackson, L.G., 
Spinner, N.B., and Krantz, I.D. (2005). Precocious sister chromatid separation 
(PSCS) in Cornelia de Lange syndrome. Am J Med Genet A 138, 27-31. 

Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., and Schilling, T.F. (1995). 
Stages of embryonic development of the zebrafish. Dev Dyn 203, 253-310. 

Kishino, T., Lalande, M., and Wagstaff, J. (1997). UBE3A/E6-AP mutations cause 
Angelman syndrome. Nat Genet 15, 70-73. 

Kleefstra, T., Kramer, J.M., Neveling, K., Willemsen, M.H., Koemans, T.S., Vissers, 
L.E., Wissink-Lindhout, W., Fenckova, M., van den Akker, W.M., Kasri, N.N., 
et al. (2012). Disruption of an EHMT1-associated chromatin-modification 
module causes intellectual disability. Am J Hum Genet 91, 73-82. 

Kline, A.D., Moss, J.F., Selicorni, A., Bisgaard, A.M., Deardorff, M.A., Gillett, P.M., 
Ishman, S.L., Kerr, L.M., Levin, A.V., Mulder, P.A., et al. (2018). Diagnosis and 
management of Cornelia de Lange syndrome: first international consensus 
statement. Nat Rev Genet 19, 649-666. 

Kloet, S.L., Whiting, J.L., Gafken, P., Ranish, J., and Wang, E.H. (2012). 
Phosphorylation-dependent regulation of cyclin D1 and cyclin A gene 
transcription by TFIID subunits TAF1 and TAF7. Mol Cell Biol 32, 3358-3369. 

Komor, A.C., Kim, Y.B., Packer, M.S., Zuris, J.A., and Liu, D.R. (2016). 
Programmable editing of a target base in genomic DNA without double-stranded 
DNA cleavage. Nature 533, 420-424. 

Kondrashov, A.S. (2003). Direct estimates of human per nucleotide mutation rates at 
20 loci causing Mendelian diseases. Hum Mutat 21, 12-27. 

Kong, A., Frigge, M.L., Masson, G., Besenbacher, S., Sulem, P., Magnusson, G., 
Gudjonsson, S.A., Sigurdsson, A., Jonasdottir, A., Jonasdottir, A., et al. (2012). 
Rate of de novo mutations and the importance of father's age to disease risk. 
Nature 488, 471-475. 

Kosicki, M., Tomberg, K., and Bradley, A. (2018). Repair of double-strand breaks 
induced by CRISPR-Cas9 leads to large deletions and complex rearrangements. 
Nat Biotechnol 36, 765-771. 

Krabbenborg, L., Vissers, L.E., Schieving, J., Kleefstra, T., Kamsteeg, E.J., Veltman, 
J.A., Willemsen, M.A., and Van der Burg, S. (2016). Understanding the 
Psychosocial Effects of WES Test Results on Parents of Children with Rare 
Diseases. J Genet Couns 25, 1207-1214. 

Kumar, P., Henikoff, S., and Ng, P.C. (2009). Predicting the effects of coding non-
synonymous variants on protein function using the SIFT algorithm. Nat Protoc 4, 
1073-1081. 

Kurosaki, T., and Maquat, L.E. (2016). Nonsense-mediated mRNA decay in humans 
at a glance. J Cell Sci 129, 461-467. 

Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C., Baldwin, J., Devon, 
K., Dewar, K., Doyle, M., FitzHugh, W., et al. (2001). Initial sequencing and 
analysis of the human genome. Nature 409, 860-921. 

Lau, M.C., Kwong, E.M., Lai, K.P., Li, J.W., Ho, J.C., Chan, T.F., Wong, C.K., Jiang, 
Y.J., and Tse, W.K. (2016). Pathogenesis of POLR1C-dependent Type 3 Treacher 
Collins Syndrome revealed by a zebrafish model. Biochim Biophys Acta 1862, 
1147-1158. 

  



 69 

Lederer, D., Grisart, B., Digilio, M.C., Benoit, V., Crespin, M., Ghariani, S.C., 
Maystadt, I., Dallapiccola, B., and Verellen-Dumoulin, C. (2012). Deletion of 
KDM6A, a histone demethylase interacting with MLL2, in three patients with 
Kabuki syndrome. Am J Hum Genet 90, 119-124. 

Lek, M., Karczewski, K.J., Minikel, E.V., Samocha, K.E., Banks, E., Fennell, T., 
O'Donnell-Luria, A.H., Ware, J.S., Hill, A.J., Cummings, B.B., et al. (2016). 
Analysis of protein-coding genetic variation in 60,706 humans. Nature 536, 285-
291. 

Lelieveld, S.H., Spielmann, M., Mundlos, S., Veltman, J.A., and Gilissen, C. (2015). 
Comparison of Exome and Genome Sequencing Technologies for the Complete 
Capture of Protein-Coding Regions. Hum Mutat 36, 815-822. 

Leser, K., Awe, S., Barckmann, B., Renkawitz-Pohl, R., and Rathke, C. (2012). The 
bromodomain-containing protein tBRD-1 is specifically expressed in 
spermatocytes and is essential for male fertility. Biol Open 1, 597-606. 

Li, L., Sha, Y., Wang, X., Li, P., Wang, J., Kee, K., and Wang, B. (2017). Whole-
exome sequencing identified a homozygous BRDT mutation in a patient with 
acephalic spermatozoa. Oncotarget 8, 19914-19922. 

Lim, Y.H., Moscato, Z., and Choate, K.A. (2017). Mosaicism in Cutaneous Disorders. 
Annu Rev Genet 51, 123-141. 

Lin, C.Y., Tuan, J., Scalia, P., Bui, T., and Comai, L. (2002). The cell cycle regulatory 
factor TAF1 stimulates ribosomal DNA transcription by binding to the activator 
UBF. Curr Biol 12, 2142-2146. 

Lin, Z., Luo, X., and Yu, H. (2016). Structural basis of cohesin cleavage by separase. 
Nature 532, 131-134. 

Lindhurst, M.J., Sapp, J.C., Teer, J.K., Johnston, J.J., Finn, E.M., Peters, K., Turner, 
J., Cannons, J.L., Bick, D., Blakemore, L., et al. (2011). A mosaic activating 
mutation in AKT1 associated with the Proteus syndrome. N Engl J Med 365, 611-
619. 

Liu, J., and Krantz, I.D. (2009). Cornelia de Lange syndrome, cohesin, and beyond. 
Clin Genet 76, 303-314. 

Liu, Y., Gu, J., Hagner-McWhirter, A., Sathiyanarayanan, P., Gullberg, M., 
Soderberg, O., Johansson, J., Hammond, M., Ivansson, D., and Landegren, U. 
(2011). Western blotting via proximity ligation for high performance protein 
analysis. Mol Cell Proteomics 10, O111 011031. 

Locati, M.D., Pagano, J.F.B., Girard, G., Ensink, W.A., van Olst, M., van Leeuwen, 
S., Nehrdich, U., Spaink, H.P., Rauwerda, H., Jonker, M.J., et al. (2017). 
Expression of distinct maternal and somatic 5.8S, 18S, and 28S rRNA types 
during zebrafish development. RNA 23, 1188-1199. 

Long, L., Guo, H., Yao, D., Xiong, K., Li, Y., Liu, P., Zhu, Z., and Liu, D. (2015). 
Regulation of transcriptionally active genes via the catalytically inactive Cas9 in 
C. elegans and D. rerio. Cell Res 25, 638-641. 

Lupianez, D.G., Kraft, K., Heinrich, V., Krawitz, P., Brancati, F., Klopocki, E., Horn, 
D., Kayserili, H., Opitz, J.M., Laxova, R., et al. (2015). Disruptions of topological 
chromatin domains cause pathogenic rewiring of gene-enhancer interactions. Cell 
161, 1012-1025. 

Machado, F.B., Machado, F.B., Faria, M.A., Lovatel, V.L., Alves da Silva, A.F., 
Radic, C.P., De Brasi, C.D., Rios, A.F., de Sousa Lopes, S.M., da Silveira, L.S., 
et al. (2014). 5meCpG epigenetic marks neighboring a primate-conserved core 
promoter short tandem repeat indicate X-chromosome inactivation. PLoS One 9, 
e103714. 

  



 70 

Maher, G.J., Ralph, H.K., Ding, Z., Koelling, N., Mlcochova, H., Giannoulatou, E., 
Dhami, P., Paul, D.S., Stricker, S.H., Beck, S., et al. (2018). Selfish mutations 
dysregulating RAS-MAPK signaling are pervasive in aged human testes. Genome 
Res 28, 1779-1790. 

Marcos-Alcalde, I., Mendieta-Moreno, J.I., Puisac, B., Gil-Rodriguez, M.C., 
Hernandez-Marcos, M., Soler-Polo, D., Ramos, F.J., Ortega, J., Pie, J., Mendieta, 
J., et al. (2017). Two-step ATP-driven opening of cohesin head. Sci Rep 7, 3266. 

Martin, H.C., Akawi, N., Sifrim, A., Samocha, K.E., Kaplanis, J., McRae, J.F., Hurles, 
M.E., and the Deciphering Developmental Disorders Study (2018a). PgmNr 145: 
Quantifying the contribution of X-linked coding variants to developmental 
disorders. (American Society of Human Genetics meeting 2018: Wellcome 
Sanger Institute). 

Martin, H.C., Jones, W.D., McIntyre, R., Sanchez-Andrade, G., Sanderson, M., 
Stephenson, J.D., Jones, C.P., Handsaker, J., Gallone, G., Bruntraeger, M., et al. 
(2018b). Quantifying the contribution of recessive coding variation to 
developmental disorders. Science 362, 1161-1164. 

Martinez, F., Caro-Llopis, A., Rosello, M., Oltra, S., Mayo, S., Monfort, S., and 
Orellana, C. (2017). High diagnostic yield of syndromic intellectual disability by 
targeted next-generation sequencing. J Med Genet 54, 87-92. 

Maru, G.B., Gandhi, K., Ramchandani, A., and Kumar, G. (2014). The role of 
inflammation in skin cancer. Adv Exp Med Biol 816, 437-469. 

Mavilio, F., Pellegrini, G., Ferrari, S., Di Nunzio, F., Di Iorio, E., Recchia, A., 
Maruggi, G., Ferrari, G., Provasi, E., Bonini, C., et al. (2006). Correction of 
junctional epidermolysis bullosa by transplantation of genetically modified 
epidermal stem cells. Nat Med 12, 1397-1402. 

Merico, D., Isserlin, R., Stueker, O., Emili, A., and Bader, G.D. (2010). Enrichment 
map: a network-based method for gene-set enrichment visualization and 
interpretation. PLoS One 5, e13984. 

Metcalf, C.E., and Wassarman, D.A. (2007). Nucleolar colocalization of TAF1 and 
testis-specific TAFs during Drosophila spermatogenesis. Dev Dyn 236, 2836-
2843. 

Minor, A., Shinawi, M., Hogue, J.S., Vineyard, M., Hamlin, D.R., Tan, C., Donato, 
K., Wysinger, L., Botes, S., Das, S., et al. (2014). Two novel RAD21 mutations 
in patients with mild Cornelia de Lange syndrome-like presentation and report of 
the first familial case. Gene 537, 279-284. 

Mortazavi, A., Williams, B.A., McCue, K., Schaeffer, L., and Wold, B. (2008). 
Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat Methods 
5, 621-628. 

Muers, M.R., Sharpe, J.A., Garrick, D., Sloane-Stanley, J., Nolan, P.M., Hacker, T., 
Wood, W.G., Higgs, D.R., and Gibbons, R.J. (2007). Defining the cause of 
skewed X-chromosome inactivation in X-linked mental retardation by use of a 
mouse model. Am J Hum Genet 80, 1138-1149. 

Myers, C.T., Hollingsworth, G., Muir, A.M., Schneider, A.L., Thuesmunn, Z., Knupp, 
A., King, C., Lacroix, A., Mehaffey, M.G., Berkovic, S.F., et al. (2018). Parental 
Mosaicism in "De Novo" Epileptic Encephalopathies. N Engl J Med 378, 1646-
1648. 

Nakano, K., Shiroma, A., Shimoji, M., Tamotsu, H., Ashimine, N., Ohki, S., Shinzato, 
M., Minami, M., Nakanishi, T., Teruya, K., et al. (2017). Advantages of genome 
sequencing by long-read sequencer using SMRT technology in medical area. 
Hum Cell 30, 149-161. 

Nasmyth, K., and Haering, C.H. (2009). Cohesin: its roles and mechanisms. Annu 
Rev Genet 43, 525-558. 



 71 

Neri, G., Schwartz, C.E., Lubs, H.A., and Stevenson, R.E. (2018). X-linked 
intellectual disability update 2017. Am J Med Genet A 176, 1375-1388. 

Newberger, D.S. (2000). Down syndrome: prenatal risk assessment and diagnosis. 
Am Fam Physician 62, 825-832, 837-828. 

Newkirk, D.A., Chen, Y.Y., Chien, R., Zeng, W., Biesinger, J., Flowers, E., 
Kawauchi, S., Santos, R., Calof, A.L., Lander, A.D., et al. (2017). The effect of 
Nipped-B-like (Nipbl) haploinsufficiency on genome-wide cohesin binding and 
target gene expression: modeling Cornelia de Lange syndrome. Clin Epigenetics 
9, 89. 

Ng, S.B., Bigham, A.W., Buckingham, K.J., Hannibal, M.C., McMillin, M.J., 
Gildersleeve, H.I., Beck, A.E., Tabor, H.K., Cooper, G.M., Mefford, H.C., et al. 
(2010). Exome sequencing identifies MLL2 mutations as a cause of Kabuki 
syndrome. Nat Genet 42, 790-793. 

Nirenberg, M.W., Matthaei, J.H., Jones, O.W., Martin, R.G., and Barondes, S.H. 
(1963). Approximation of genetic code via cell-free protein synthesis directed by 
template RNA. Fed Proc 22, 55-61. 

Noack Watt, K.E., Achilleos, A., Neben, C.L., Merrill, A.E., and Trainor, P.A. (2016). 
The Roles of RNA Polymerase I and III Subunits Polr1c and Polr1d in 
Craniofacial Development and in Zebrafish Models of Treacher Collins 
Syndrome. PLoS Genet 12, e1006187. 

Nora, E.P., Lajoie, B.R., Schulz, E.G., Giorgetti, L., Okamoto, I., Servant, N., Piolot, 
T., van Berkum, N.L., Meisig, J., Sedat, J., et al. (2012). Spatial partitioning of 
the regulatory landscape of the X-inactivation centre. Nature 485, 381-385. 

O'Rawe, J.A., Wu, Y., Dorfel, M.J., Rope, A.F., Au, P.Y., Parboosingh, J.S., Moon, 
S., Kousi, M., Kosma, K., Smith, C.S., et al. (2015). TAF1 Variants Are 
Associated with Dysmorphic Features, Intellectual Disability, and Neurological 
Manifestations. Am J Hum Genet 97, 922-932. 

Ogawa, Y., Takeichi, T., Kono, M., Hamajima, N., Yamamoto, T., Sugiura, K., and 
Akiyama, M. (2014). Revertant mutation releases confined lethal mutation, 
opening Pandora's box: a novel genetic pathogenesis. PLoS Genet 10, e1004276. 

Pannone, L., Bocchinfuso, G., Flex, E., Rossi, C., Baldassarre, G., Lissewski, C., 
Pantaleoni, F., Consoli, F., Lepri, F., Magliozzi, M., et al. (2017). Structural, 
Functional, and Clinical Characterization of a Novel PTPN11 Mutation Cluster 
Underlying Noonan Syndrome. Hum Mutat. 

Papavassiliou, P., Charalsawadi, C., Rafferty, K., and Jackson-Cook, C. (2015). 
Mosaicism for trisomy 21: a review. Am J Med Genet A 167A, 26-39. 

Parekh, V., and Seykora, J.T. (2017). Cutaneous Squamous Cell Carcinoma. Clin Lab 
Med 37, 503-525. 

Penrose, L.S. (1955). Parental age and mutation. Lancet 269, 312-313. 
Pereza, N., Severinski, S., Ostojic, S., Volk, M., Maver, A., Dekanic, K.B., Kapovic, 

M., and Peterlin, B. (2015). Cornelia de Lange syndrome caused by heterozygous 
deletions of chromosome 8q24: comments on the article by Pereza et al. [2012]. 
Am J Med Genet A 167, 1426-1427. 

Plenge, R.M., Stevenson, R.A., Lubs, H.A., Schwartz, C.E., and Willard, H.F. (2002). 
Skewed X-chromosome inactivation is a common feature of X-linked mental 
retardation disorders. Am J Hum Genet 71, 168-173. 

Popko, B., Puckett, C., Lai, E., Shine, H.D., Readhead, C., Takahashi, N., Hunt, S.W., 
3rd, Sidman, R.L., and Hood, L. (1987). Myelin deficient mice: expression of 
myelin basic protein and generation of mice with varying levels of myelin. Cell 
48, 713-721. 

  



 72 

Posey, J.E., O'Donnell-Luria, A.H., Chong, J.X., Harel, T., Jhangiani, S.N., Coban 
Akdemir, Z.H., Buyske, S., Pehlivan, D., Carvalho, C.M.B., Baxter, S., et al. 
(2019). Insights into genetics, human biology and disease gleaned from family 
based genomic studies. Genet Med. 

Rabionet, R., Morales-Peralta, E., Lopez-Bigas, N., Arbones, M.L., and Estivill, X. 
(2006). A novel G21R mutation of the GJB2 gene causes autosomal dominant 
non-syndromic congenital deafness in a Cuban family. Genet Mol Biol 29, 443-
445. 

Rahbari, R., Wuster, A., Lindsay, S.J., Hardwick, R.J., Alexandrov, L.B., Al Turki, 
S., Dominiczak, A., Morris, A., Porteous, D., Smith, B., et al. (2016). Timing, 
rates and spectra of human germline mutation. Nat Genet 48, 126-133. 

Rhead, B., Karolchik, D., Kuhn, R.M., Hinrichs, A.S., Zweig, A.S., Fujita, P.A., 
Diekhans, M., Smith, K.E., Rosenbloom, K.R., Raney, B.J., et al. (2010). The 
UCSC Genome Browser database: update 2010. Nucleic Acids Res 38, D613-
619. 

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., Grody, W.W., 
Hegde, M., Lyon, E., Spector, E., et al. (2015). Standards and guidelines for the 
interpretation of sequence variants: a joint consensus recommendation of the 
American College of Medical Genetics and Genomics and the Association for 
Molecular Pathology. Genet Med 17, 405-424. 

Rivas, M.A., Pirinen, M., Conrad, D.F., Lek, M., Tsang, E.K., Karczewski, K.J., 
Maller, J.B., Kukurba, K.R., DeLuca, D.S., Fromer, M., et al. (2015). Human 
genomics. Effect of predicted protein-truncating genetic variants on the human 
transcriptome. Science 348, 666-669. 

Roach, J.C., Glusman, G., Smit, A.F., Huff, C.D., Hubley, R., Shannon, P.T., Rowen, 
L., Pant, K.P., Goodman, N., Bamshad, M., et al. (2010). Analysis of genetic 
inheritance in a family quartet by whole-genome sequencing. Science 328, 636-
639. 

Roberts, A.E., Allanson, J.E., Tartaglia, M., and Gelb, B.D. (2013). Noonan 
syndrome. Lancet 381, 333-342. 

Rooms, L., Reyniers, E., Scheers, S., van Luijk, R., Wauters, J., Van Aerschot, L., 
Callaerts-Vegh, Z., D'Hooge, R., Mengus, G., Davidson, I., et al. (2006). TBP as 
a candidate gene for mental retardation in patients with subtelomeric 6q deletions. 
Eur J Hum Genet 14, 1090-1096. 

Sakai, C., Ijaz, S., and Hoffman, E.J. (2018). Zebrafish Models of 
Neurodevelopmental Disorders: Past, Present, and Future. Front Mol Neurosci 
11, 294. 

Sanchez, H.A., and Verselis, V.K. (2014). Aberrant Cx26 hemichannels and keratitis-
ichthyosis-deafness syndrome: insights into syndromic hearing loss. Front Cell 
Neurosci 8, 354. 

Sanger, F., Nicklen, S., and Coulson, A.R. (1977). DNA sequencing with chain-
terminating inhibitors. Proc Natl Acad Sci U S A 74, 5463-5467. 

Schurch, N.J., Schofield, P., Gierlinski, M., Cole, C., Sherstnev, A., Singh, V., 
Wrobel, N., Gharbi, K., Simpson, G.G., Owen-Hughes, T., et al. (2016). How 
many biological replicates are needed in an RNA-seq experiment and which 
differential expression tool should you use? RNA 22, 839-851. 

Schwarz, J.M., Cooper, D.N., Schuelke, M., and Seelow, D. (2014). MutationTaster2: 
mutation prediction for the deep-sequencing age. Nat Methods 11, 361-362. 

Sexton, T., Yaffe, E., Kenigsberg, E., Bantignies, F., Leblanc, B., Hoichman, M., 
Parrinello, H., Tanay, A., and Cavalli, G. (2012). Three-dimensional folding and 
functional organization principles of the Drosophila genome. Cell 148, 458-472. 



 73 

Shapiro, E., Biezuner, T., and Linnarsson, S. (2013). Single-cell sequencing-based 
technologies will revolutionize whole-organism science. Nat Rev Genet 14, 618-
630. 

Sharland, M., Morgan, M., Smith, G., Burch, M., and Patton, M.A. (1993). Genetic 
counselling in Noonan syndrome. Am J Med Genet 45, 437-440. 

Sheremata, W., Cosgrove, J.B., and Eylar, E.H. (1974). Cellular hypersensitivity to 
basic myelin (A1) protein and clinical multiple sclerosis. N Engl J Med 291, 14-
17. 

Sheridan, E., Wright, J., Small, N., Corry, P.C., Oddie, S., Whibley, C., Petherick, 
E.S., Malik, T., Pawson, N., McKinney, P.A., et al. (2013). Risk factors for 
congenital anomaly in a multiethnic birth cohort: an analysis of the Born in 
Bradford study. Lancet 382, 1350-1359. 

Shettar, A., Damineni, S., Mukherjee, G., and Kondaiah, P. (2018). Gap junction 
beta2 expression is negatively associated with the estrogen receptor status in 
breast cancer tissues and is a regulator of breast tumorigenesis. Oncol Rep 40, 
3645-3653. 

Shinde, D.N., Elmer, D.P., Calabrese, P., Boulanger, J., Arnheim, N., and Tiemann-
Boege, I. (2013). New evidence for positive selection helps explain the paternal 
age effect observed in achondroplasia. Hum Mol Genet 22, 4117-4126. 

Sims, D., Sudbery, I., Ilott, N.E., Heger, A., and Ponting, C.P. (2014). Sequencing 
depth and coverage: key considerations in genomic analyses. Nat Rev Genet 15, 
121-132. 

Snoeckx, R.L., Huygen, P.L., Feldmann, D., Marlin, S., Denoyelle, F., Waligora, J., 
Mueller-Malesinska, M., Pollak, A., Ploski, R., Murgia, A., et al. (2005). GJB2 
mutations and degree of hearing loss: a multicenter study. Am J Hum Genet 77, 
945-957. 

Sun, J.H., Zhou, L., Emerson, D.J., Phyo, S.A., Titus, K.R., Gong, W., Gilgenast, 
T.G., Beagan, J.A., Davidson, B.L., Tassone, F., et al. (2018). Disease-Associated 
Short Tandem Repeats Co-localize with Chromatin Domain Boundaries. Cell 
175, 224-238 e215. 

Tartaglia, M., Martinelli, S., Stella, L., Bocchinfuso, G., Flex, E., Cordeddu, V., 
Zampino, G., Burgt, I., Palleschi, A., Petrucci, T.C., et al. (2006). Diversity and 
functional consequences of germline and somatic PTPN11 mutations in human 
disease. Am J Hum Genet 78, 279-290. 

Tawamie, H., Martianov, I., Wohlfahrt, N., Buchert, R., Mengus, G., Uebe, S., Janiri, 
L., Hirsch, F.W., Schumacher, J., Ferrazzi, F., et al. (2017). Hypomorphic 
Pathogenic Variants in TAF13 Are Associated with Autosomal-Recessive 
Intellectual Disability and Microcephaly. Am J Hum Genet 100, 555-561. 

Taylor, J.C., Martin, H.C., Lise, S., Broxholme, J., Cazier, J.B., Rimmer, A., Kanapin, 
A., Lunter, G., Fiddy, S., Allan, C., et al. (2015). Factors influencing success of 
clinical genome sequencing across a broad spectrum of disorders. Nat Genet 47, 
717-726. 

Thomas, P.D., and Kejariwal, A. (2004). Coding single-nucleotide polymorphisms 
associated with complex vs. Mendelian disease: evolutionary evidence for 
differences in molecular effects. Proc Natl Acad Sci U S A 101, 15398-15403. 

Tse, W.K. (2016). Treacher Collins syndrome: New insights from animal models. Int 
J Biochem Cell Biol 81, 44-47. 

Tuke, M.A., Ruth, K.S., Wood, A.R., Beaumont, R.N., Tyrrell, J., Jones, S.E., 
Yaghootkar, H., Turner, C.L.S., Donohoe, M.E., Brooke, A.M., et al. (2018). 
Mosaic Turner syndrome shows reduced penetrance in an adult population study. 
Genet Med. 



 74 

Tukiainen, T., Villani, A.C., Yen, A., Rivas, M.A., Marshall, J.L., Satija, R., Aguirre, 
M., Gauthier, L., Fleharty, M., Kirby, A., et al. (2017). Landscape of X 
chromosome inactivation across human tissues. Nature 550, 244-248. 

Tzschach, A., Grasshoff, U., Beck-Woedl, S., Dufke, C., Bauer, C., Kehrer, M., Evers, 
C., Moog, U., Oehl-Jaschkowitz, B., Di Donato, N., et al. (2015). Next-generation 
sequencing in X-linked intellectual disability. Eur J Hum Genet 23, 1513-1518. 

Uitto, J., Bruckner-Tuderman, L., Christiano, A.M., McGrath, J.A., Has, C., South, 
A.P., Kopelan, B., and Robinson, E.C. (2016). Progress toward Treatment and 
Cure of Epidermolysis Bullosa: Summary of the DEBRA International Research 
Symposium EB2015. J Invest Dermatol 136, 352-358. 

van den Akker, P.C., Pasmooij, A.M.G., Joenje, H., Hofstra, R.M.W., Te Meerman, 
G.J., and Jonkman, M.F. (2018). A "late-but-fitter revertant cell" explains the high 
frequency of revertant mosaicism in epidermolysis bullosa. PLoS One 13, 
e0192994. 

van Dijk, E.L., Jaszczyszyn, Y., Naquin, D., and Thermes, C. (2018). The Third 
Revolution in Sequencing Technology. Trends Genet 34, 666-681. 

Veltman, J.A., and Brunner, H.G. (2012). De novo mutations in human genetic 
disease. Nat Rev Genet 13, 565-575. 

Venter, J.C., Adams, M.D., Myers, E.W., Li, P.W., Mural, R.J., Sutton, G.G., Smith, 
H.O., Yandell, M., Evans, C.A., Holt, R.A., et al. (2001). The sequence of the 
human genome. Science 291, 1304-1351. 

Viggiano, E., Picillo, E., Ergoli, M., Cirillo, A., Del Gaudio, S., and Politano, L. 
(2017). Skewed X-chromosome inactivation plays a crucial role in the onset of 
symptoms in carriers of Becker muscular dystrophy. J Gene Med 19. 

Vincent, M., Genevieve, D., Ostertag, A., Marlin, S., Lacombe, D., Martin-Coignard, 
D., Coubes, C., David, A., Lyonnet, S., Vilain, C., et al. (2016). Treacher Collins 
syndrome: a clinical and molecular study based on a large series of patients. Genet 
Med 18, 49-56. 

Vissers, L.E., Gilissen, C., and Veltman, J.A. (2016). Genetic studies in intellectual 
disability and related disorders. Nat Rev Genet 17, 9-18. 

Warfield, L., Ramachandran, S., Baptista, T., Devys, D., Tora, L., and Hahn, S. 
(2017). Transcription of Nearly All Yeast RNA Polymerase II-Transcribed Genes 
Is Dependent on Transcription Factor TFIID. Mol Cell 68, 118-129 e115. 

Watson, J.D., and Crick, F.H. (1953). Genetical implications of the structure of 
deoxyribonucleic acid. Nature 171, 964-967. 

Wong, W.S., Solomon, B.D., Bodian, D.L., Kothiyal, P., Eley, G., Huddleston, K.C., 
Baker, R., Thach, D.C., Iyer, R.K., Vockley, J.G., et al. (2016). New observations 
on maternal age effect on germline de novo mutations. Nat Commun 7, 10486. 

Yang, T.P., Stout, J.T., Konecki, D.S., Patel, P.I., Alford, R.L., and Caskey, C.T. 
(1988). Spontaneous reversion of novel Lesch-Nyhan mutation by HPRT gene 
rearrangement. Somat Cell Mol Genet 14, 293-303. 

Yoon, S.R., Choi, S.K., Eboreime, J., Gelb, B.D., Calabrese, P., and Arnheim, N. 
(2013). Age-dependent germline mosaicism of the most common noonan 
syndrome mutation shows the signature of germline selection. Am J Hum Genet 
92, 917-926. 

Zazo Seco, C., Wesdorp, M., Feenstra, I., Pfundt, R., Hehir-Kwa, J.Y., Lelieveld, 
S.H., Castelein, S., Gilissen, C., de Wijs, I.J., Admiraal, R.J., et al. (2017). The 
diagnostic yield of whole-exome sequencing targeting a gene panel for hearing 
impairment in The Netherlands. Eur J Hum Genet 25, 308-314. 

  



 75 

Zech, M., Boesch, S., Maier, E.M., Borggraefe, I., Vill, K., Laccone, F., Pilshofer, V., 
Ceballos-Baumann, A., Alhaddad, B., Berutti, R., et al. (2016). 
Haploinsufficiency of KMT2B, Encoding the Lysine-Specific Histone 
Methyltransferase 2B, Results in Early-Onset Generalized Dystonia. Am J Hum 
Genet 99, 1377-1387. 

Zeng, Y., Li, J., Li, G., Huang, S., Yu, W., Zhang, Y., Chen, D., Chen, J., Liu, J., and 
Huang, X. (2018). Correction of the Marfan Syndrome Pathogenic FBN1 
Mutation by Base Editing in Human Cells and Heterozygous Embryos. Mol Ther 
26, 2631-2637. 

Zhu, T., Gao, Y.F., Chen, Y.X., Wang, Z.B., Yin, J.Y., Mao, X.Y., Li, X., Zhang, W., 
Zhou, H.H., and Liu, Z.Q. (2017). Genome-scale analysis identifies GJB2 and 
ERO1LB as prognosis markers in patients with pancreatic cancer. Oncotarget 8, 
21281-21289. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1551

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-379363

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2019


	Abstract
	List of Papers
	Additional Publications
	Contents
	Acronyms and Abbreviations
	Introduction
	The human genome, a topic of the 21st century
	Genetic variants drive evolution and Mendelian disease
	Genetic variation comes in all shapes and sizes
	De novo variants and the effect of parental age
	Recessive variants and consanguinity

	Epigenetic factors and sex can affect disease outcome
	Mosaicism affects recurrence risk and can revert disease
	Somatic mosaicism
	Gonadal mosaicism
	Revertant mosaicism


	Investigated Mendelian Disorders
	Keratitis-ichthyosis-deafness syndrome
	Treacher Collins syndrome
	Noonan syndrome
	Cornelia de Lange syndrome
	X-linked intellectual disability and TAF1

	Methodology
	Ethical approval
	Genome sequencing, the key to the code
	First-generation sequencing
	Next-generation sequencing
	Third-generation sequencing

	Interpreting sequencing variants
	Publicly available sequencing data
	In silico predictions

	Molecular tools to illuminate underlying mechanisms
	Protein detection in vivo and in vitro
	Frequency determination with Droplet Digital™ PCR
	Investigation of X-chromosome inactivation
	Gene editing with CRISPR/Cas9 in zebrafish


	Relevance and Aim
	Results and Discussion
	Paper I: Revertant mosaicism repairs skin lesions in a patient with keratitis-ichthyosis-deafness syndrome by second-site mutations in connexin 26
	Result
	Discussion

	Paper II: A novel approach using long-read sequencing and ddPCR to investigate gonadal mosaicism and estimate recurrence risk in two families with developmental disorders
	Result
	Discussion

	Paper III: A novel RAD21 p.(Gln592del) variant expands the clinical description of Cornelia de Lange syndrome type 4 – review of the literature
	Result
	Discussion

	Paper IV: TAF1, associated with intellectual disability in humans, is essential for life and regulates neurodevelopmental processes in zebrafish
	Results
	Discussion


	Concluding Remarks and Future Perspectives
	Svensk populärvetenskaplig sammanfattning
	Introduktion till det humana genomet och orsaken till mendelsk sjukdom
	Avhandlingsarbetets relevans och syfte
	Forskningsresultat
	Slutsats

	Acknowledgements
	References



