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This thesis is based on the following publications.

I. Sagath L, Lehtokari V-L, Välipakka S, Udd B, Wallgren-Pettersson C, Pelin K, 
Kiiski K. An extended targeted copy number variation detection array including 
187 genes for the diagnostics of neuromuscular disorders. J Neuromuscul Dis, 
2018;5(3):307-314.
(DOI: 10.1016/j.nmd.2021.03.006)

II. Sagath L*, Lehtokari V-L*, Välipakka S, Vihola A, Gardberg M, Hackman P, 
Pelin K, Jokela M, Kiiski K, Udd B, Wallgren-Pettersson C. Congenital 
asymmetric distal myopathy with hemifacial weakness caused by a 
heterozygous large de novo mosaic deletion in nebulin. Neuromuscul Disord, 
2021;31(6):539-545. 
(DOI: 10.1016/j.ndm.2021.03.006)

III. Sagath L, Lehtokari V-L, Wallgren-Pettersson C, Pelin K, Kiiski K. A ddPCR 
method for the detection of copy number variations in the nebulin triplicate 
region. PLoS One, 2022;17(5):e0267793.
(DOI: 10.1371/journal.pone.0267793)

IV. Sagath L, Lehtokari V-L, Pelin K, Kiiski K. Comparative genomic hybridization 
and ddPCR confirm copy number polymorphism in the segmental duplication 
region of titin. Genes, 2022;13(5):905. 
(DOI: 10.3390/genes1305905) 

The publications are referred to in the text by their roman numerals. Unpublished data 
are also presented.

The publications are reprinted with the permission of their copyright holders.

* These authors contributed equally to this work.
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A (nucleotide) adenine
A (amino acid) alanine
aCGH array comparative genomic hybridization
AD autosomal dominant
AD-CCD autosomal dominant central core disease
AMC6 arthrogryposis multiplex congenita
ANOVA analysis of variance
AR autosomal recessive
bp base pair
C cytosine
CCD central core disease
CE capillary electrophoresis
CFTD congenital myopathy with fiber-type disproportion
CFZS Carey-Fineman-Ziter syndrome
CGH comparative genomic hybridization
C.I. confidence interval
CM congenital myopathy
CMEMS congenital myopathy with excess of muscle spindles
CN copy number
CNM centronuclear myopathy
CNMX X-linked centronuclear myopathy
CNP copy number polymorphism
CNV copy number variation
CSV comma separated values
CV coefficient of variance, often in %
Da dalton
dbSNP NCBI database for SNPs
dbVaR NCBI database for structural variation
ddPCR droplet digital PCR
DI digenic inheritance
DNA deoxyribonucleic acid
dPCR digital PCR
DSB double-strand break
dsDNA double-stranded DNA
DuCD dusty core disease
E glutamic acid
EMMARDD early onset myopathy with areflexia, respiratory
                                               distress and dysphagia
FN3 fibronectin type 3-like domain
FoSTeS fork stalling and template switching
G guanine
Gb gigabases, billion base pairs
GWAS genome-wide association study
HSD honestly significant difference
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HTS  high-throughput sequencing 
IBMPFD  inclusion body myopathy with early onset Paget disease 
                                               with or without frontotemporal dementia 
Ig  immunoglobulin-like domain 
K  lysine 
kb  kilobases, thousand bp 
LINE1  long interspersed nuclear element 1 
LMPT  lethal multiple pterygium syndrome 
log2  binary logarithm 
Mb  megabase, million base pairs 
MDa  megadalton, million Dalton 
MIM  mendelian inheritance in man 
ML  mucolipidosis 
MLPA  multiplex ligation-dependent probe amplification 
MmD  multiminicore disease 
MPS  massively parallel sequencing 
mRNA  messenger-RNA 
MSM  autosomal dominant myosin storage myopathy 
MYOCOZ  congenital myopathy with structured cores and Z-line 
                                               abnormalities 
MYOPMIL  congenital proximal myopathy with minicore lesions 
MYPBB  Baily-Block congenital myopathy 
MYPCN  Compton-North congenital myopathy 
MYPOP  Proximal myopathy with ophthalmoplegia 
NAHR  non-allelic homologous recombination 
NCBI  National Center for Biotechnology Information 
NEB  nebulin gene 
NEDHND  congenital myopathy with neuropathy and deafness 
NEM  nemaline myopathy, see NM 
NGS  next-generation sequencing 
NHEJ  non-homologous end joining 
nM  nanomoles per liter 
NM  nemaline myopathy 
NM-CGH array nemaline myopathy CGH-array (see aCGH) 
NMD  neuromuscular disorder 
NMD-CGH array neuromuscular disorder CGH-array (see aCGH) 
OMIM  online mendelian inheritance in man 
PCR  polymerase chain reaction 
P  proline 
PEVK  PEVK-rich domain of TTN 
qPCR  quantitative PCR 
RNA  ribonucleic acid 
SALMY  Salih myopathy 
SD  segmental duplication  
SINE  short interspersed nuclear element 
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SNP  single nucleotide polymorphism 
SNV  single nucleotide variant 
SPMM  MYH7-related scapuloperoneal myopathy 
ssDNA  single-stranded DNA 
SV  structural variation 
T  thymine 
TAM  tubular aggregate myopathy 
TIFF  Tag Image File Format 
Tm  melting temperature 
TTN  titin gene 
TRI  triplicate region (NEB) 
T2D  type 2 diabetes 
V  valine 
WES  whole exome sequencing 
WGS  whole genome sequencing 
XLMTM  X-linked myotubular myopathy 
κ  kappa, for kappa value 
μm  micrometer 
σ  sigma, for standard deviation 
 



12

The aim of this thesis project was to improve the methods of molecular genetic
mutation analysis in neuromuscular disorders, mainly focusing on challenging
repetitive intragenic regions and making these methods more accessible.

The large skeletal muscle genes nebulin and titin contain large repetitive, i.e.,
segmental duplication regions. These regions cause hurdles for standard copy number 
variation detection methods and are therefore often omitted from analysis. The 
segmental duplication region of nebulin has been previously shown to harbor 
pathogenic copy number variants; when the number of duplicated blocks deviates by 
two or more blocks per allele from the normal number, the alteration is considered a 
pathogenic recessive mutation.

We developed a custom comparative genomic hybridization array for the detection of 
copy number variants in neuromuscular disorder-causing genes. The array covers all 
11 known nemaline myopathy genes and 176 additional known and potential
neuromuscular disorder genes. The genes are divided by coverage into three groups, 
all of which allow copy number variant detection at the exon level. Using the array, we 
detected the largest nebulin deletion (loss of genetic material) hitherto in a patient 
presenting with an asymmetric distal myopathy. We were also able to determine that 
the deletion was present in the patient in a mosaic state, which may contribute to the 
asymmetric phenotype of the patient. The deletion is the first causative dominant de 
novo deletion described in nebulin.

We have previously used the comparative genomic hybridization array for routine 
screening of samples from patients in whom a copy number variant in the nebulin 
segmental duplication region is suspected to be a causative mutation. Moreover, the 
array detected previously unrecorded recurrent copy number variation in the 
segmental duplication region of titin. The array, however, is both relatively costly and 
laborious to run and yields far more data than necessary. In addition, the repetitive 
nature of the titin segmental duplication region does not allow for exact copy number 
determination by the comparative genomic hybridization array alone. We, therefore,
set out to develop custom droplet digital PCR assays for routine screening of the 
nebulin segmental duplication region and assays to verify the copy number variation 
of the titin segmental duplication region.

Using the droplet digital PCR assays targeting the nebulin segmental duplication 
region, we were able to determine the copy number of the region adequately. The 
droplet digital PCR assays targeting the titin segmental duplication region confirmed 
that the region is subject to copy number variation, revealing a novel putative 
pathogenic or modifying mechanism in the gene.
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Målet med detta doktorsavhandlingsarbete var att förbättra de molekylärgenetiska 
metoderna för mutationsanalys vid neuromuskulära sjukdomar med speciellt fokus på 
repetitiva regioner inom gener, och att göra dessa metoder lättare tillgängliga.

De stora skelettmuskelgenerna nebulin och titin innehåller stora segmentella
duplikationsregioner. Dessa regioner utmanar standardmetoderna inom analysen av 
förändringar i antalet segmentkopior, och lämnas därför ofta bort vid analyser. Den 
segmentala duplikationsregionen i nebulin har tidigare visats vara föremål för 
sjukdomsorsakande varianter i antalet segmentkopior; när antalet duplicerade block 
avviker med två eller fler stycken per allel från det normala antalet, anses förändringen 
vara en recessiv sjukdomsorsakande mutation.

Vi utvecklade en komparativ genomisk hybridisations-mikromatris för att påvisa
förändringar i antalet kopior av gener för neuromuskulära sjukdomar. Mikromatrisen
täcker alla 11 kända nemalinmyopatiorsakande gener, tillsammans med 176 andra 
kända eller möjliga gener för neuromuskulära sjukdomar, populärt kallade 
muskelsjukdomar. Generna är indelade i tre grupper på basis av täckning, varav alla 
möjliggör bestämning av förändringar i antalet kopior på exonnivå.

Med hjälp av mikromatrisen kunde vi hitta den största nebulindeletionen (det största 
bortfallet av genetiskt material) hittills i en patient med en asymmetrisk distal 
myopati. Vi kunde också se att deletionen var närvarande i mosaiktillstånd, vilket kan 
bidra till den asymmetriska muskelsvagheten hos patienten. Deletionen uppstod som 
en nymutation och är den första sjukdomsorsakande dominanta de novo deletion som 
beskrivits i nebulingenen.

Vi har tidigare använt mikromatrisen för rutinanalys av prover från patienter hos vilka 
en förändring i antalet nebulinsegmentkopior har misstänkts vara
sjukdomsorsakande. Ytterligare upptäckte vi med hjälp av mikromatrisen tidigare 
okänd kopieantalsvariation i titinets segmentala duplikationsområdet. Mikromatrisen 
är dock både såväl förhållandevis dyrt som arbetsdrygt, och producerar mycket mer 
data än vad som är nödvändigt. Dessutom tillåter inte den repetitiva naturen av titinets 
segmentala duplikationsregion inte exakt bestämning av antalet kopior med hjälp av 
endast mikromatrisen. Därmed satsade vi på att utveckla målspecifika droplet-digital-
PCR-primers och hydrolysprober för rutinsållning och kopieantalsbestämning av 
nebulinets segmentala duplikationsregion, och primers och hydrolysprober i ett försök 
att verifiera variationen i antalet segmentkopior i titinets segmentala 
duplikationsregion.

Droplet-digital-PCR primer-hydrolysprobparen för nebulinets segmentala 
duplikationsområde kunde adekvat bestämma antalet kopior i regionen. Droplet-
digital-PCR-primer-hydrolysprobparen för titinets segmentala duplikationsområdet 
bekräftade förekomsten av förändringar i antalet kopior i området, och avslöjade 
därmed en möjlig ny sjukdomsorsakande eller modifierande mekanism hos genen.
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Tämän väitöskirjatyön tavoitteena oli parantaa synnynnäisten lihastautien 
molekyyligeneettisiä mutaatioanalyysimenetelmiä ja saatavuutta. Tässä työssä 
keskityttiin eritoten geenien sisäisiin toistojaksoihin.

Suuret luustolihasgeenit nebuliini ja titiini sisältävät suuria segmentaalisia
duplikaatioalueita. Nämä toistojaksoalueet haastavat kopiolukuanalyyseissä 
käytettäviä vakiomenetelmiä ja ne jätetään usein tästä syystä analyysien ulkopuolelle. 
Nebuliinin segmentaalisen duplikaatioalueen kopiolukumuutosten on aikaisemmin 
osoitettu olevan sairautta aiheuttavia: mikäli toistoalueen kopioluku poikkeaa alleelia 
kohden normaalista luvusta kahdella tai useammalla, muutos tulkitaan peittyvästi 
periytyväksi sairautta aiheuttavaksi mutaatioksi.

Kehitimme vertailevaan genomiseen hybridisaatioon perustuvan mikrosirun 
synnynnäisiä lihastauteja aiheuttavien geenien kopiolukumuutosten tunnistamista 
varten. Mikrosiru kattaa kaikki 11 tunnettua nemaliinimyopatiaa aiheuttavaa geeniä, 
minkä lisäksi se kattaa 176 muuta geeniä, joiden tiedetään tai epäillään aiheuttavan 
synnynnäisiä lihastauteja. Geenit on jaettu koetinkattavuuden perusteella kolmeen 
ryhmään. Kaikissa koetinkattavuusryhmissä kopiolukumuutosten tunnistaminen on 
mahdollista yksittäisten eksonien tasolla.

Mikrosirun avulla olemme löytäneet toistaiseksi suurimman nebuliinideleetion 
potilaalla, joka sairastaa epäsymmetristä distaalista myopatiaa. Potilaan deleetio
(häviämä) osoittautui mosaiikkimuotoiseksi, mikä voi osaltaan selittää potilaan 
epäsymmetrisen lihasheikkousjakauman. Tämä deleetio on ensimmäinen nebuliinissa 
kuvattu tautia aiheuttava, de novo eli uutena syntynyt deleetio.

Olemme aikaisemmin käyttäneet mikrosirua rutiiniseulonnassa sellaisten potilaiden 
kohdalla, joilla nebuliinin kopiolukumuutosta epäillään tautia aiheuttavana 
mutaationa. Mikrosirun avulla pystyimme tunnistamaan myös aikaisemmin 
raportoimatonta, toistuvaa kopiolukuvariaatiota titiinin segmentaalisella 
duplikaatioalueella. Mikrosirumenetelmä on kuitenkin suhteellisen kallis ja työläs, ja 
tuottaa dataa huomattavasti laajemmin kuin on tarpeen. Tämän lisäksi titiinin 
segmentaalisen duplikaatioalueen toistuva rakenne ei salli täsmällistä 
kopiolukumääritystä ainoastaan mikrosirun avulla. Täten lähdimme kehittämään 
nebuliinin segmentaaliseen duplikaatioalueeseen kohdennettua droplet digital-PCR-
aluke- ja koetinpareja nebuliinin segmentaalisen 
duplikaatioalueenkopiolukumuutosten seulontaa varten, sekä aluke- ja koetinpareja 
titiinin segmentaalisen duplikaatioalueen kopiolukuvariaation verifiointia varten.

Nebuliinin segmentaaliselle duplikaatioalueelle suunnitelluiden Droplet digital PCR -
aluke- ja -koetinparien avulla kykenimme määrittelemään alueen kopioluvun. Titiinin 
segmentaaliselle duplikaatioalueelle suunnitelluiden Droplet digita PCR -aluke- ja -
koetinparien avulla pystyimme vahvistamaan alueen kopiolukumuutosten 
olemassaolon, ja siten osoittamaan mahdollisen uuden tautia aiheuttavan tai 
modifioivan mekanismin tällä geenialueella.
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The human (Homo sapiens) is the most common primate species on Earth, more 
abundant and widespread than any other. As with all life on Earth, the biological 
variation in characteristics within the species may be explained by genes and 
environmental influence. 

The modern human species emerged around 300,000 years ago in what is now known 
as Africa. They migrated out of the continent to colonize all other continents, including 
large islands and archipelagos of the Indian and Pacific oceans, by 1280 CE. Today, the 
size of the human population has expanded to over 7.9 billion and continues to grow.

Although human physiology is highly homologous to the physiology of other 
mammals, the consideration that the species shares a common ancestor with other 
primates was not born until the mid-1800s, when the evolutionary processes were first 
described (Darwin, 1859). Until then, both humans and other species had been 
considered unchanging entities entirely unrelated to each other. 

The discovery and proof of the inheritance of traits in organisms happened around the 
same time (Mendel, 1866) but, unfortunately, remained largely unnoticed until the 
turn of the century. Interestingly, the nucleus from human white blood cells would be 
isolated for the first time not long after the discovery of the inheritance of traits
(Miescher, 1871).

The term genes (from genos, “generation” or “birth”) and the scientific field of 
“genetics“ were first introduced around thirty years later (Bateson, 1906; Johannsen, 
1909). 

The characterization of the molecular structure of the genetic material, 
deoxyribonucleic acid, would take a few decades yet, but was ultimately solved 
(Franklin & Gosling, 1953; Watson & Crick, 1953; Wilkins et al., 1953) and decoded; 
groups of three bases, called codons, code for amino acids in proteins (Crick et al., 
1961). All terrestrial life uses these polynucleotide chains as its form to store genetic 
and thus biochemical data (Heather & Chain, 2016).

Soon, the first nucleotide sequence would be read (Min Jou et al., 1972), and a method 
to read the DNA sequence was invented (Sanger et al., 1977).

Early estimates of the number of human genes were rather radical overestimates. The 
human genome was eventually sequenced in its near entirety as the result of a 
historical, scientific race (Venter et al., 2001). This alone, however, did not answer the 
question of how many protein-coding genes the genome contained; at the beginning of 
the 1990s, the U.S. Human Genome Project set out to determine “the location of the 
estimated 100,000 human genes” (HGP, 1990). The numbers reported today are much 
smaller; the most recent annotation of the complete human genome reports 63,494 
genes, of which 19,969 are protein-coding (Nurk et al., 2022).

The human genome contains the information required to form and maintain cells, 
tissues, organs, and individual organisms, organized in an elegant yet cryptic manner.
Of the 3 billion base pairs in the human genome, 5% are evolutionarily conserved since 
the divergence of lineages 200 million years ago. This 5%, 150 million base pairs,
constitutes the vast majority of human genes, and only about a third of these code for 
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proteins. The remaining sequences of the genome are non-coding RNA genes, 
sequences with regulatory functions, introns, repetitive sequences, and sequences with 
no known function (Venter et al., 2001) – yet. 

In fact, the chimpanzee (Pan troglodytes) shares 98.8% of its genome with humans. 
The differences between the species can only be explained by differences in the 
remaining about 1% of base pairs that differ between the genomes (Waterson et al., 
2005). 

The repetitive sequences of the genome have significantly contributed to the size of the 
human genome. These repetitive sequences consist largely of retroelements or 
endogenous retroviruses, sequences that may copy and paste themselves within the 
genome. These sequences make up part of the highly conserved part of the human 
genome and are assumed to have an ancient origin, going back as far as the RNA world 
– 4 billion years ago (Woese, 1965; Crick, 1968; Orgel, 1968; Coffin et al., 1997). It is 
believed that retroviruses or similar entities integrated their genetic makeup into that 
of early organisms from this time. The sequences have then independently replicated 
and transposed within these genomes, contributing to the evolutionarily important 
genetic mechanisms creating variation. 

While the human species emerged only a short time ago on an evolutionary scale, our 
DNA is highly affected by molecular events that took place billions of years ago. 
Endogenous retroelements are scattered throughout our genome and predispose our 
DNA to breakage and mutations. In most cases, these retroelements and the structural 
changes caused by them in the genome only contribute to silent variation between 
human individuals, with no effect on the characteristics of the individual. Sometimes, 
however, the structural changes they give rise to may cause disease. 
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The human nuclear genome consists of 3.1 billion pairs (gigabases, Gb) of nucleotides
that constitute deoxyribonucleic acid (DNA). In addition, our cells harbor 
mitochondria, which contain a small separate genome of 16.6 thousand nucleotide 
pairs (kilobases, kb) arranged in a circular mitochondrial chromosome. The nuclear 
genome is organized into 22 autosome pairs and the sex chromosomes X and Y, 
yielding a normal chromosome number of 46.

These nuclear and mitochondrial nucleotide pairs constitute a code that can be 
transcribed to ribonucleic acid (RNA) and subsequently translated to proteins. They 
contain the blueprint and the orders for the RNA molecules and proteins to build and 
maintain our bodies. The four nucleotide bases are the purines adenine (A) and 
guanine (G), and the pyrimidines cytosine (C) and thymine (T). Due to hydrogen 
bonding patterns, a purine always pairs with a pyrimidine – A with T and G with C
(“Watson-Crick-Franklin” pattern). This leads double-stranded DNA (dsDNA) to 
adapt to the famous double-helical structure, in which both strands contain different 
information, yet can also act as the template strand for the other (Watson & Crick, 
1953). Three nucleotides constitute a codon (Crick et al., 1961), and each codon codes
for an amino acid (that may also act as a translation start signal), or a translation stop 
signal.

Only 1–2 % of the human genome is estimated to be part of the ~19,000–20,000 
known protein-coding genes, while the remaining DNA accounts for retrogenes, 
pseudogenes, non-coding RNA, and regulatory elements, among others (Venter et al., 
2001; Ezkurdia et al., 2014; Pertea et al., 2018).

Protein coding genes are constituted of introns (“intragenic regions”) and exons 
(“expressed regions”), which alternate (Berget et al., 1977; Chow et al., 1977). In the 
first protein production phase, both exons and introns are transcribed to form a 
primary transcript. The introns are then cleaved away to yield a mature messenger 
RNA (mRNA), which is then translated into protein. Both exons and introns vary 
significantly in size. The average gene has ten exons, but the number of exons ranges 
from one to more than 300. 

Between human individuals, only 0.1–0.5% of the genome contains variation – in 
other words, humans are genomically 99.5–99.9% identical. This still leaves millions 
of bases subject to variability between healthy individuals alone.

Most variation is silent and does not cause an effect at the protein level. Variation that 
leads to an effect on the composition or expression of proteins – or RNA, in the case of 
RNA genes - contributes to the phenotypic variation between individuals, including 
individual susceptibility to disease and genetically determined disorders (Kruglyak & 
Nickerson, 2001). 
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Single nucleotide polymorphisms (SNPs) are simple one-nucleotide alterations in the 
genome. They are pretty frequent and are (by definition) found in > 1% of the human 
population; thus, every human is estimated to carry around 3 million SNPs in their 
genome (Kim et al., 2009; Tong et al., 2010). Over 1 billion SNPs were recorded in the 
National Center for Biotechnology Information SNP database (NCBI dbSNP build 155, 
released in June 2021). To compare and understand the advance in genetic knowledge, 
the respective number of SNPs recorded in an earlier build of the database six years 
earlier was 150 million (NCBI dbSNP build 144, released in June 2015). Single 
nucleotide variants (SNVs) refer to both SNPs and rare variants with allele frequencies
of <1%. 

If an SNV resides within a coding sequence, it may cause a change at the protein level. 
If it changes the amino acid determined by the codon it resides in, it is called a missense
SNV. Nonsense SNVs change the codon into a stop codon, often resulting in a 
truncated gene product. If no change occurs in the protein, the SNV is called a 
synonymous SNV. The term “synonymous variant” is often used interchangeably with 
“silent variant”, although it has repeatedly been shown that not all synonymous SNVs 
are silent, as they may affect splicing or gene regulation (Chamary et al., 2006; 
Goymer, 2007; Kimchi-Sarfaty et al., 2007). 

Small insertions and deletions in the DNA sequence are referred to as indels. Indels 
have previously been described to compromise any number of nucleotides up to 
10,000 bases, but any duplications or deletions greater than 1,000 bases overlap with 
the definition of copy number variants (CNVs) (Redon et al., 2006; Mullaney et al., 
2010; Alkan et al., 2011). The matter has been extensively debated, and the current 
consensus sets the threshold between indels and CNVs between 50 and 1000 bp, where 
smaller variants are classed as indels and larger ones as CNVs (Werdyani et al., 2017; 
Pös et al., 2021). 

If an SNV or an indel resides in a splice site, it may change the splicing of the gene in 
the transcription-translation process, either by interrupting an intended splice site or 
by creating a cryptic splice site. SNVs within regulatory regions may affect the 
expression level of genes. Indels of any other nucleotide number than a multiple of 
three cause a shift in the reading frame of a coding sequence; in-frame insertions or 
deletions of a multiple of three nucleotides will add or remove one or more amino acids
from the peptide. Similarly, indels in splice sites may affect the splicing of the gene.

Human individuals differ genetically from each other mainly in small variants, which 
creates individual phenotypic differences between us. The vast majority of small 
variants do not alone cause disease; either their effect on RNA or protein level is none 
to neglectable, the effect is benign, or they become disease-causing only in interplay 
with other factors, such as other genes, proteins, or the environment. Modes of 
inheritance and how genetic variation leads to disease is discussed in section 2.5.
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Large variants, or structural variants (SVs), are large rearrangements of the genome. 
Balanced changes are rearrangements such as inversions and translocations, where an 
extensive sequence is rearranged in an abnormal manner within the genome. 
Inversions and translocations affect the orientation or location of the sequence but do 
not impact the number of times a sequence occurs within the genome. However, if the 
breakpoint of the rearrangement happens to reside within a coding sequence or the 
aberration causes a displacement between regulatory regions and their targets, these 
may have a phenotypic effect. For instance, an inversion of the factor VIII gene is a 
known cause of hemophilia A (Lakich et al., 1993) and acquired translocations are 
common causes of cancer (Nambiar et al., 2008).

In humans, most sequences are diploid, i.e., they exist in two copies per genome. In 
unbalanced rearrangements, an extensive sequence is present in the genome at 
another copy number than usual; it is either missing from one or both homologous 
chromosomes or the number of copies present is greater than in the reference genome. 
These changes are called copy number variants (CNVs) and are categorized as
deletions (or losses) and duplications (or gains). 

CNVs may also be intragenic. If duplications or deletions occur within a coding 
sequence in-frame, they may cause the gene to be expressed in a longer or shorter form. 
However, if the CNV affects the reading frame, it may cause a premature stop codon 
or the translation of non-coding sequences.

Similar to SNPs, when specific CNVs are present in more than 1% of a population, they 
may be referred to as copy number polymorphisms (CNP).

Approximately half of the human genome consists of repetitive DNA, either high-copy 
or low-copy repeats.

High-copy repeats cover over 50% of the human genome(Nurk et al., 2022). Of this,
an estimated 17% consists of sequences belonging to the autonomous retrotransposon
family of long interspersed element-1 (LINE1) (Smit, 1996). The human LINE1 
consensus sequence is 6 kb in length, is surrounded by short duplications of non-
LINE1 sequences, and contains an A-rich tail (Fanning & Singer, 1987). While the 
function of most LINE1 elements in the human genome has degenerated due to the 
accumulation of random mutations, including truncations or rearrangements, some 
still withhold their transposing activity (Narita et al., 1993; Bleyl et al., 1994; Holmes 
et al., 1994). 

Another common high-copy repeat is the Alu repeat element, which belongs to the 
short interspersed element (SINE) family. The Alu repeat elements originate from 
non-autonomous retrotransposons. Named after the AluI restriction site they contain, 
the repeats are 300 bp in length and occur more than one million times in the human 
genome, thus constituting roughly 10% of the genome (Szmulewicz et al., 1998). 
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Low-copy repeats are also known as segmental duplications (SDs) and cover almost
7% of the human genome (Nurk et al., 2022). Compared with other primates, the 
number of SDs within the human genome is high, and SDs have been attributed a 
significant role in our evolution as a species (Bailey & Eichler, 2006). SDs vary in 
length and typically cover 10-300 kb of genomic sequence. Their repeats are highly 
identical, present in the genome from two to a few times, and are either interspersed 
or in tandem (Bailey et al., 2001; Bailey et al., 2002; Pu et al., 2018). Their repetitive 
nature predisposes regions to CNVs, and they may thus act as mutational hotspots 
(Chance et al., 1994; Eichler, 2001; Shaw et al., 2002).

CNVs may occur by several different mechanisms, both by mechanisms shown to exist 
and by those hypothesized. Their emergence may, in some cases, be considered a 
malfunction of different mechanisms related to recombination, replication, and repair 
of DNA or survival in extreme conditions.

Repetitive sequences, both low- and high-copy, are often enriched at common CNV 
breakpoints and render specific sequences more prone to unbalanced SV. These 
sequences may trigger non-allelic homologous recombination (NAHR), in which two
non-allelic DNA sequences of high sequence similarity misalign and undergo 
homologous recombination. NAHR may occur in SD regions during meiosis or mitosis. 
NAHR-mediated CNVs caused by misalignment of non-allelic SD regions are often 
recurrent, and highly similar CNVs are present in multiple individuals (Gu et al., 2008; 
Pös et al., 2021).

Non-recurrent CNVs may share sequences but still differ in size and breakpoints. It 
has been suggested that these kinds of CNVs occur by mechanisms such as non-
homologous end joining (NHEJ), micro-homology-mediated end joining, replication 
slippage, fork stalling, and template switching (FoSTeS), or micro-homology-mediated 
break-induced replication (Gu et al., 2008; Pös et al., 2021). 

NHEJ is a DNA-repair mechanism, the function of which is to repair double-strand 
breaks (DSB) in DNA. DSBs may occur by simple mistakes of the cell’s replication 
machinery but may also be caused by external factors such as ionizing radiation. NHEJ 
requires no local sequence similarity between the strands but leaves an identifiable 
change in the sequence, as the mechanism requires either cleaving or additive 
modification of the strand ends (Weterings & van Gent, 2004; Lieber, 2008).

The FoSTeS model has been proposed in cases where the DNA replication fork stalls 
due to a lesion or nick in the template strand. The lagging strand disengages from its 
template and anneals by 3’ micro-homology at a physically proximal, other replication 
fork, restarting the DNA synthesis. Depending on whether the new replication fork is 
located upstream or downstream from the original stalled one and the direction of 
progression of the fork, this would lead either to a duplication or a deletion (J. A. Lee 
et al., 2007). 

In extreme cases of chromosomal breakage, cells may undergo chromothripsis 
(chromo for color or chromosome, and thripsis for “shattering into pieces”). In 
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chromothripsis, the cell attempts to reassemble the shattered genome, resulting in 
multiple misjoinings of chromosomes, thus displacing genes in relation to their 
regulatory regions, causing changes in CN, or the junction of oncogenes. Ultimately, 
this may lead to dysregulated gene expression and malignant proliferation –
chromothripsis is seen in 2-3% of cancers (Stephens et al., 2011).

Today, most CNVs are considered to be explained by the NAHR, NHEJ, or FoSTeS 
mechanisms (Pös et al., 2021).

It can be stated as a generalization that human genetic traits are inherited by modes of 
Mendelian inheritance or develop in a complex manner. For simplicity, this chapter 
discusses the inheritance modes and development of both Mendelian and complex 
traits through a diagnostic perspective. However, the inheritance models of Mendelian 
traits and the multifactorial development of complex traits apply not only to disorders 
but also to benign traits.

Rare genetic disorders with predictable inheritance patterns are typically a result of a 
single pathogenic mutation in a specific gene; these are called monogenic or Mendelian 
disorders. Disorders that are more common in the general population and show no 
clear inheritance pattern may be caused by the interaction of multiple susceptibility 
loci, in addition to being influenced by environmental factors are commonly referred 
to as complex disorders.

As research has advanced this classical division between simple Mendelian and 
complex traits has been revealed to be a rather radical simplification. These two 
classifications are merely the two ends of a broad continuum (Spataro et al., 2017). For 
instance, certain neuromuscular disorders (NMDs) are known to follow a digenic 
inheritance (DI) pattern (Olivé et al., 2015; Lam et al., 2017; Y. Lee et al., 2018; Chen 
et al., 2021), which already, by definition, fits neither the exact description of 
Mendelian nor that of complex disorders.

Furthermore, there are indications that known Mendelian disorder variants also may 
escape the traditional definition of dominant or recessive in their inheritance pattern 
and predispose heterozygous carriers to disease (Heyne et al., 2021).

Dominant inheritance is a state in which one affected allele is enough to present a 
disease phenotype. In recessive inheritance, both alleles need to be affected for a 
disease phenotype to develop. Recessive disease-causing variants can be passed 
through generations of mutation carriers to appear unexpectedly as causing disease, 
together with another mutated allele.

Disease loci can either be located on the autosomes, the sex chromosomes, or in the 
mitochondrial genome. Disorders inherited in autosomes are either classed as 
autosomal recessive (AR) or autosomal dominant (AD) disorders.

In X-linked disorders, individuals with an XY-karyotype will be affected even by 
recessive X-chromosomal pathogenic variants. In contrast, these recessive variants
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carried by a person with an XX-karyotype will most likely present a less dramatic or 
no disease phenotype when in a heterozygous state. However, would a person with an 
XX-karyotype be homozygous for an X-chromosomal pathogenic variant, the disease 
phenotype may, in some cases, be even more drastic than in an XY-karyotype person. 

There are exceptions to the rule of XX carriers being less severely affected than XY 
persons; in X-linked myotubular myopathy (XLMTM, MIM #310400), loss-of-
function mutations of the MTM1 gene mostly cause a severe neonatal phenotype in 
XY-karyotype persons, and persons with an XX-karyotype are usually less severely 
affected (Heckmatt et al., 1985; Wallgren-Pettersson et al., 1995b; Laporte et al., 1996). 
In some cases, however, even heterozygous MTM1 mutation carriers manifest a clinical 
course as severe as their XY-karyotype counterparts (Jungbluth et al., 2003; Savarese 
et al., 2016). 

In persons with an XX-karyotype, all cells undergo silencing of one X-chromosome, a 
mechanism called X-inactivation. Usually, each X-chromosome is active in about half 
of the cells of an individual with an XX-karyotype. X-inactivation prevents the 
production of twice as much X-chromosomal gene products as persons with an XY-
karyotype (Lyon, 1961; Beutler et al., 1962). In XLMTM, a skewed X-inactivation 
deviating from the 50-50 inactivation pattern is more prevalent than in the normal 
population (Biancalana et al., 2017). 

The mitochondrial genome may also bear disease-causing mutations. The 
mitochondria, and hence its genome, is uniparentally inherited from the mother’s egg 
cells. However, the mitochondrial genome may also undergo replicative segregation, 
as the mitochondria are replicated independently in each cell division. The resulting 
different mitochondrial lineages have been demonstrated in the skeletal muscle fibers 
of patients with Kearns-Sayre syndrome (KSS, MIM #530000), a rare mitochondrial 
myopathy (Shoubridge et al., 1997).  

Similarly, when mutations in the autosomes occur in a post-zygotic phase, the result 
may be an individual with two or more cell lines that are genetically distinct. The 
human genome accumulates DNA mutations both in the prenatal and postnatal 
phases. Considering how likely the human genome is to mutate and how many cell 
divisions are needed from the formation of the zygote to an adult human being, it is 
most likely that every human is a mosaic at birth already. In addition, it has been 
shown that both hematopoietic and adult stem cells accumulate mutations throughout 
the lifespan of an individual (Welch et al., 2012; Blokzijl et al., 2016). However, 
mosaicism becomes diagnostically relevant only when a mutation is disease-causing.  

In congenital disorders, mosaicism occurs by a mutation in a cell in the blastocyst; this 
cell being an early progenitor, the mutation will affect a large proportion, if not most 
of the individual. It can also be limited to specific tissues. If the variant is disease-
causing, the individual may present a disease phenotype. The cellular disease 
phenotype may only be present in the cells expressing the pathogenic variant 
depending on the gene and its product. An example of this would be genes coding for 
structural proteins in muscle (Lornage et al., 2021; II), as neither the affected gene 
product nor the cells circulate within the body. 
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Cancerous tissue is another example of two or more cell populations, clones, with 
different genotypes within the same organism and is a particular form of mosaicism. 
Cancer may arise if a cell undergoes mutation, causing an aberrantly rapid 
proliferation in an ordinarily slow replicating tissue (Strachan & Read, 2011).

Both in the case of cancerous and non-cancerous somatic post-zygotic mutations, it is 
expected that these mutations are not inherited and are removed from the population 
by the death of the mosaic individual (Forsberg et al., 2017).

Complex disorders develop through the interaction of genetic, environmental, and 
lifestyle factors. In contrast to Mendelian disorders, the inheritance patterns of
complex disorders are much harder to interpret, as they are often influenced by several 
genetic variants and do not always cause a disorder in the individual carrying them.
Many complex disorders are relatively common in comparison with monogenic 
Mendelian disorders; examples include type 2 diabetes (T2D), asthma, and 
Alzheimer’s disease (Alkadhi & Eriksen, 2011; Holgate, 2011; Prasad & Groop, 2015).

The genetic analysis of complex disorders boils down to understanding the genetic 
composition that leads to a genetic predisposition and raises the individual’s 
susceptibility to a disorder and which environmental and lifestyle factors play a role in
the development of the disorder. The genetic predisposition to disease in complex 
disorders can be the sum of several phenomena, including reduced penetrance, 
polygenic traits, gene-gene interactions, variable expression, and an interplay between 
gene and environment. However, despite a genetic predisposition a disorder may not 
develop without the input of environmental or lifestyle factors; this also means that an 
individual may lower their risk of developing a disorder by altering their environment 
and lifestyle (Dempfle et al., 2008).

Genome-wide association studies (GWAS) attempt to find associations between 
genetic variants and complex human traits, including disease (Welter et al., 2014). To 
reach statistical power in the study of complex disorders, population sizes are often 
significantly larger than in the study of monogenic disorders, and require different 
strategies. To reach the large sample sizes required, studies often use existing datasets 
curated by different biobanks.

The most commonly considered complex disorder inheritance model is the additive 
inheritance model. In this model, specific alleles of one or more genes are thought to 
add to the phenotypic effect, and the phenotype is regarded as being the sum of their 
individual effects. However, the study of complex disorders is moving toward 
considering more intricate patterns in inheritance and development of disease, in line 
with findings indicating that human genetic inheritance may be more complicated
than previously thought (Guindo-Martínez et al., 2021; Heyne et al., 2021).

All methods for detecting genetic variation aim to determine the order and location of 
nucleotides within the genetic sequence of interest. Sequencing refers to the act of 
determining the location and order of individual nucleotides and is thus the primary
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method by which small genetic variants, such as SNPs and SNVs, are detected. To 
detect larger structural changes, methods based on probe detection have been the gold 
standard and still hold an important position as such in diagnostics. Sequencing-based 
methods to detect SVs have also been developed, and are gaining a foothold in 
diagnostics, also. In this section, a selection of different methods to detect genetic 
variation and their applications relevant to this thesis are presented; the true spectrum 
of methods is larger.

The endeavor to develop a method to decipher the genetic code started once the 
biochemical structure of DNA had been solved by Watson, Crick, Franklin, and Wilkins 
(Watson & Crick, 1953; Zallen, 2003). Available biochemical techniques allowed 
determining the nucleotide composition of DNA but not the exact nucleotide order
(Holley et al., 1961).

Historically, the different periods of sequencing-based methods are often referred to 
as first-generation, second-generation, and third-generation, although no standard 
grouping convention has necessarily been established. In the following sections are 
presented examples of each.

The development of Sanger’s dideoxy technique, often referred to as the ‘chain-
termination’ technique, is considered the major breakthrough that resulted in the first 
standard sequencing technique (Sanger et al., 1977; Heather & Chain, 2016). 

In modern Sanger sequencing, a primer is designed to bind next to the region of 
interest. It thus requires knowing the sequence preceding and/or subsequent to the 
region of interest. A DNA polymerase attaches to the dsDNA and adds free nucleotides 
complementary to the single-stranded DNA (ssDNA). The reaction is brought to a stop 
by including fluorescently labeled dideoxynucleotides – ribonucleotides missing an 
oxygen atom – in the reaction. Dideoxynucleotides derived from the different 
ribonucleotides G, A, T, and C are labeled with different dyes. The addition of a 
dideoxynucleotide to the chain stops the extension, as the polymerase cannot continue 
DNA synthesis from the altered nucleotide. 

The result is a number of extension products of various lengths, each terminating in a 
labeled dideoxynucleotide. The following step is to separate the products by capillary 
electrophoresis (CE), which separates them based on their migration speed when an 
electrical field is applied. Longer sequences will move slower and, thus, a shorter 
distance, while shorter sequences will move faster and, therefore, a longer distance 
within the matrix in the CE. 

The products are run, ordered by size, through a system that applies a laser to excite 
the fluorescent label and detect it. By combining the data derived from the specific 
fluorescent label of the last nucleotide of each product, the result is a data file 
containing the sequence of the DNA and a corresponding electropherogram. The 
sequence thus acquired is analyzed by comparing it with a reference sequence.
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Sanger sequencing is commonly used to validate results achieved using other methods 
or to verify an amplified product; for example, to ensure that a sequence to be used in 
gene cloning is correct, or to verify breakpoints of SVs detected by other methods.

Amongst the most impressive works produced by Sanger sequencing is the initial 
whole-genome sequencing of the human genome; the 2.9 Mb consensus sequence that 
resulted from the saga was assembled out of trimmed sequences only roughly 550 bp 
in length, which at the time was both costly and time-consuming. Only at Celera, 240 
sequencers (costing US$300,000 a piece at the time) produced 175,000 reads a day, 
and the workflow used employed 65 staff members full-time during the race to 
sequence the human genome (Venter et al., 2001). The setup of this facility can be 
considered the first, primitive instance of massively parallel sequencing.

Massively Parallel Sequencing (MPS), also sometimes known as Next Generation 
Sequencing (NGS) or High Throughput Sequencing (HTS), is an umbrella term for 
methods simultaneously generating large masses of sequence data from several 
regions or throughout the genome. MPS can be conducted on selected gene panels, all 
exons within the genome (whole exome sequencing, WES), or the entire genome
(whole genome sequencing, WGS) (Anderson & Schrijver, 2010). 

The samples used are generally referred to as DNA libraries, which are clonally 
amplified DNA samples. The DNA library is then sequenced by synthesis, i.e. 
determining the sequence by adding complementary nucleotides to the DNA template. 
Commercially available MPS platforms all use the same principles, but their strategies 
may differ (Anderson & Schrijver, 2010). 

An MPS experiment results in a large number of relatively short sequences (20-400 
bp) that then have to be assembled against a reference genome to be analyzed. The 
confidence of the sequences is decided to some extent by the coverage of the 
experiments, that is, the number of times a particular DNA region has been sequenced, 
often referred to as “read depth”. Usually, this number lies between 10 and 50 times.

The strength of MPS data lies in the quantity of data acquired and the possibilities of 
analyses that can be conducted with it. MPS data eventually yields lists of small genetic 
variants, which then require consideration for pathogenicity or linkage with the 
phenotype studied. Additionally, CNV analysis of MPS data has become more 
common, as the quality and power of the sequencing data and the algorithms to detect 
CNVs have improved. Traditionally, MPS is the go-to method for finding disease-
causing variants in patients lacking a molecular genetic diagnosis and in whom the
clinical etiology remains unexplained. However, detecting CNVs in this data requires 
particular algorithms and expertise in result interpretation. 

CNV detection algorithms employ different read features and strategies to detect CNVs 
in sequencing data. One of the strategies is to consider the read depth of a region of 
interest in comparison with the average time the genome or panel has been sequenced 
or the number of times adjacent regions have been sequenced. Algorithms may also 
consider discordant read pairs – read pairs derived from the same fragment, but the 
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alignments of which have unexpected distances or orientations compared with the 
reference genome. Reads containing at least two partial alignments to the reference 
are referred to as split reads. Discordant read pairs and split reads indicate novel 
adjacency in the genome, and may thus reveal the presence of a structural variant
(Elyanow et al., 2018).

In the analysis of CNVs, discordant read pairs and split reads are often utilized by the 
CNV detection algorithms to determine the breakpoints of the aberrations. However, 
since these breakpoints often lie in either intronic or other non-coding regions,
targeted gene panel and WES data may not be sufficient for breakpoint determination. 
In contrast, algorithms analyzing read depth, discordant read pairs, and split reads 
may be applied to WGS data, in which case the breakpoints may be narrowed down or 
even pinpointed from the MPS data.

Different methods have been developed to improve the alignment and annotation of 
WGS data. Commonly used paired-end sequencing utilizes overlapping sequences to 
combine fragments into longer contiguous sequences (“contigs”) (Siegel et al., 2000). 
An approach utilizing microfluidics to isolate larger DNA molecules to then be 
fragmented and barcoded preceding the sequencing of the fragments has been 
developed by 10x Genomics (Pleasanton, CA, USA). Fragments derived from the larger 
DNA molecules carry the same barcode, which eases alignment and allows phasing of 
the sequences (Weisenfeld et al., 2017).

In NMDs, combining several CNV analysis algorithms is an effective approach and 
increases the diagnostic yield in these disorders (Välipakka et al., 2017; Välipakka et 
al., 2020). As MPS-based methods become more accessible and the technologies 
improve, MPS-based approaches may well become common first-tier diagnostic 
methods with time (Välipakka et al., 2020). However, as accurately mapping and 
annotating a repeated sequences longer than the read length may still be challenging, 
MPS-based CNV analysis has limitations in pinpointing the exact breakpoints and 
lacks power within certain repetitive regions of the genome (Elyanow et al., 2018), such 
as those discussed in section 2.7.2.

Single-molecule sequencing is the latest appearance in the spectra of sequencing 
technologies. While the initial thought of using porous membranes for sequencing may 
be traced as far back as the late 1980s, and the methodology was first shown to be 
functional in the 1990s (Kasianowicz et al., 1996), single-molecule sequencing is still 
an up-and-coming-method being developed. 

In single-molecule sequencing, such as Nanopore sequencing developed by Oxford 
Nanopore Technologies, the DNA molecule moves through a pore in a membrane. The 
pore may be either biological (a transmembrane protein) or a pore made of a metal or 
metal alloy substrate. The pores exist on a membrane that splits the sequencing unit 
into two chambers filled by an electrolyte solution (Branton et al., 2008; Mohammadi 
& Bavi, 2021). 
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By applying a current in the system, DNA molecules will move through the pores in the 
membrane towards the cathode of the system. Electrodes near the membrane detect 
the changes in the ionic current caused by the DNA moving through it. Each base pair 
or unique combination of several base pairs will generate a unique change in the 
current and can be identified while moving through the pore (Branton et al., 2008; 
Mohammadi & Bavi, 2021).

Theoretically, sequencing single molecules in this manner eliminates the need for an 
amplification step. The DNA fragments are continuously read from the beginning to 
the end, and the regions of interest are expected to be covered. Thus, it also enables 
the generation of intact sequences much longer than Sanger sequencing and MPS
(Steinbock & Radenovic, 2015). 

Both theoretically and in practice, single-molecule sequencing allows the generation 
of intact sequences up to and longer than 1 Mb. The longest aligned Nanopore-
generated sequence, merged from 11 reads, is almost 2.3 Mb (Payne et al., 2019). As a 
method still in development, it has been sparingly used in molecular genetic 
diagnostics, albeit some examples exist (Fukuda et al., 2021; A. Nowak et al., 2021; Y. 
Wang et al., 2021). This said, the method is far from free from error or bias, and is 
ultimately still in an experimental phase, and requires extensive optimization and 
tuning before it can reach a standard method status or be taken into routine use, such 
as in diagnostics (Mikheyev & Tin, 2014; Delahaye & Nicolas, 2021).

The methods presented in this section are aimed at CNV detection and are not based 
on determining the location and order of singular base pairs. All three methods 
compare the number of times a sequence of interest is present in the genome compared 
either with a reference genome or an intragenomic reference gene and have been used 
to study NMDs. An overview of the requirements of the methods presented in this 
chapter in addition to MPS (section 2.6.1.2) is presented in .
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Multiplex Ligation-dependent Probe Amplification (MLPA) is a method for CNV 
detection based on multiplex PCR amplification of selected genomic regions.

A probe mix containing adjacent probes targeting regions of interest is added to heat-
denatured DNA. The adjacent probes hybridize next to each other on the ssDNA 
strand, covering a region usually 60-80 bp in length, in addition to their non-
complementary sequences. One of the probes contains a stuffer sequence of unique 
length within this non-complementary region. The stuffer sequence does not hybridize 
to the template and later allows separation and identification by fragment size. 

A covalent bond between the hybridized probes is catalyzed by adding ligase –
however, the ligation will not happen if there are mismatches in the ligation region. 
This allows the method to distinguish between highly homologous pseudogenes or to 
detect small variants, such as SNVs. A polymerase master mix containing fluorescently 
labeled primers annealing specifically to the MLPA probes is added to the mix, then 
amplified by conventional PCR. The fluorescently labeled primers are incorporated 
into the amplification product.

Subsequently, the amplification products and an MLPA standard are separated using 
capillary electrophoresis. The MLPA standard contains DNA fragments of known size, 
labeled with a different fluorescent dye. The standard and the amplification products 
are separated by size, and their fluorescence is measured. The sizes of the amplification 
products are compared with the known standard, and thus their respective 
hybridization regions can be identified. The intensity of the fluorescence reflects the 
CN of the targeted region.

Commercially available MLPA kits usually cover only a standard set of genes, but the 
option for custom-designed panels remains.
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Array Comparative Genomic Hybridization (array-CGH, aCGH) is a modern 
adaptation of the Comparative Genomic Hybridization (CGH) method. First published 
in the early 1990s, the CGH method uses fluorescently labeled DNA from a sample of 
interest and a normal reference sample, hybridized onto a metaphase chromosomal 
spread. The intensities of the different fluorophores on the metaphase spread reveal 
CNVs within the sample DNA (A. Kallioniemi et al., 1992; du Manoir et al., 1993; O. P. 
Kallioniemi et al., 1993). 

Soon after the first description of this method, the first micro-array adaptation of CGH 
for Arabidopsis thaliana was published (Schena et al., 1995), and by the late 1990s and 
early 2000s, the CGH methodology had been taken into use for human samples
(Schena et al., 1995; Solinas-Toldo et al., 1997; Pinkel et al., 1998; Pollack et al., 1999). 
Only a few years later, it was already adopted into pediatric and prenatal diagnostics
and is used as such to this day (Cheung et al., 2005; Shaffer et al., 2006; Lu et al., 2007; 
Van den Veyver et al., 2009).

The array-CGH method allows detection at a much higher resolution than 
conventional CGH and has held the position of gold standard CNV analysis method 
since its first diagnostic adaptations (Yao et al., 2017; Giugliano et al., 2018).
Commercial whole-genome and gene panel arrays are available for purchase, but 
custom arrays may be designed also. The technology described below is an example of 
the principle employed in the CGH-arrays produced by the manufacturer Agilent 
Technologies – the technology may differ slightly from a manufacturer to another.

CGH-arrays are microchips, on the surface of which there are thousands of unique 
probe spots containing probes complementary to the DNA sequence of interest. 
Differentially and fluorescently labeled reference and sample DNA are hybridized onto 
the microchip. The microchip is then scanned, resulting in an image that visualizes the 
fluorescent intensity of each probe spot. Depending on whether a probe location has 
hybridized with more or less of the reference DNA than the patient DNA, the different 
fluorescent signals may indicate the presence of a CNV, and the CN for the targeted 
genomic regions can be determined using specialized software.

The software aligns the probes to a reference genome based on a given design file 
containing each probe's identity and physical location on the microchip. It then plots 
the relative fluorescent intensity of the sample to reference DNA at each probe location 
on a comparative binary logarithmic scale (log2) on the y-axis and the genomic location 
on the x-axis. The workflow of the method is presented in .

Mathematically, probes that have hybridized with equal amounts of sample and 
reference DNA will fall on a log2 baseline of 0. Heterozygous deletions of diploid 
regions will cause probes to fall towards a -1.0-line. Duplications and triplications of 
diploid regions will move towards the log2 values of +0.58 and +1.0, respectively.

In these cases, analysis of CNVs is still relatively straightforward, as long as both DNA 
and probe quality are high enough, and the probes cover the region of interest well. 
However, in repetitive regions such as SDs, unique probes can generally not be 
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designed for the different repeat sequences. Thus, one probe may have a threefold 
reference count compared with the diploid genome, as is the case in the nebulin
triplicate region (to be discussed in section 1.7.2.1.). For example, a gain of one 
duplicated SD block within this region (a CN of 7 where 6 is the normal CN) would 
yield a theoretical CN of 1.17 when normalized for diploidy. On the log2 scale, the 
probes would computationally be set at a level of +0.22, which is below the usual 
flagging threshold of +0.4. demonstrates the behavior of the log2 scale in CNVs 
in the nebulin triplicate region. Due to the logarithmic nature of the method, the exact 
determination of the CN is harder the higher the CN is.

Tiled aCGH designs are more trustworthy than MLPA assays, as consecutive probes in 
the same region decrease the effect of false positives. The methodology of CGH-arrays 
limits the possibility of detectable aberrations to unbalanced CNVs and SVs; balanced 
translocations or inversions cannot be detected by aCGH.
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Digital Polymerase Chain Reaction (dPCR) was first conceptualized in the late eighties, 
and the first description of dPCR was published in 1999 (Vogelstein & Kinzler, 1999). 
The first publication in which the PCR mix was divided into separate partitions by 
emulsification was published in 2003 (Dressman et al., 2003). It was fast adapted 
further scientifically (Pohl & Shih Ie, 2004; Diehl et al., 2006). The dPCR method may 
be used to quantify expression levels, detect rare mutations, and determine the CN of 
chosen targets.

Droplet Digital PCR (ddPCR) is an application of digital PCR, in which the PCR mix is 
emulsified to create thousands of droplet partitions using microfluidic t-junctions or 
by flow-focusing. In both methods, the aqueous solution of the PCR mix is combined 
with streams of nonreactive oil to create an emulsion (Thorsen et al., 2001; Anna et al., 
2003).

The emulsion droplets containing the PCR reagents are run in a conventional PCR
program, and the amplification happens independently in each droplet. Using 
fluorescent Taqman probes or an intercalating, fluorescent DNA-binding reagent 
(such as EvaGreen or SYBRGreen), a fluorescent signal will be released during 
amplification. Fluorescent Taqman probes release their fluorophore when hybridized 
with DNA in the reaction, and intercalating agents gain their fluorescence when bound 
to dsDNA. Typically, fluorescent hydrolysis probes are more specific than intercalating 
agents, as they only release their fluorophore when hybridized to their specific target 
region, in contrast to intercalating agents (Basu, 2017).
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The amplified PCR product(s) may be quantified at the PCR endpoint droplet by 
droplet; droplets lacking the targeted sequence will not emit a fluorescent signal, yet 
one copy of a template sequence is enough to yield a positive signal. The droplet reader 
both counts the number of positive and negative partitions in the reaction, and records 
their fluorescence intensities (Basu, 2017). The workflow of the method, applied to a 
dual channel experiment, is presented in .

When using fluorescent hydrolysis probes, the reaction can be produced multiplexing 
two different targets in the same reaction using two different fluorescent markers, 
allowing for an internal reference in each well run. This eliminates the need for running 
reactions for so-called housekeeping genes such as in quantitative PCR (qPCR) to 
normalize the acquired results.

The DNA in the ddPCR reaction mix is digested with restriction enzymes to make the 
template more accessible to the polymerase and to ensure a random distribution of the 
target and reference DNA in the droplets. In repetitive regions, such as SDs, the DNA 
needs to be digested using one or more restriction enzymes that separate the repeated 
blocks from each other to gain a random distribution reflecting the number of times 
that the repeated region is present in the genome.

As the template is divided randomly into the droplets, some droplets may contain no 
target at all, some one copy, and others two or more. The random nature of the 
distribution allows the fitting of the data to a Poisson distribution. The probability with 
which a droplet contains k copies of the target sequence may be estimated by the 
binomial and Poisson distributions (Moon et al., 2011).

Let ( ) be the probability that a partition contains copies of the template. This 
probability is given by the equation below, in which is the average number of targets 
per partition.

( ) = !
In the Poisson distribution, the probability of a partition to contain exactly zero copies 
of the template is = (0) = . Calculating the number of targets ( ), and the 
sample concentration ( ) is therefore possible knowing the percentage of empty 
partitions. = − ln( )= = ln( )

= = − ln( )
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To use ddPCR for CNV detection, primer-probe pairs for a known, conserved diploid 
reference gene and the region of interest are designed. Running the method yields 
droplets that can be separated into four categories according to their fluorescence: 
positive for either channel, positive for both channels, and negative for both. By
quantifying the number of droplets in each category using the mathematical models 
above, the concentration of the template and reference in the samples is calculated. A 
ratio of reference and target templates in the droplets is calculated, and since the CN 
of the reference sequence within the genome is known, a CN can be calculated for the 
target sequence.

The ddPCR method has yet been only sparingly used in the diagnostics of NMDs. The 
method has been used to determine CN of SMN1 and SMN2 exon 7 copies in spinal 
muscular atrophy (SMA, MIM #253300, #23550, #253400, #271150) (Park et al., 
2020). In Duchenne muscular dystrophy (DMD, MIM #310200), it has been used to 
quantify exon skipping in the development of an antisense oligonucleotide therapy 
(Verheul et al., 2016). Outside the context of NMDs, ddPCR shows promise as a 
diagnostic method for example in the CNV analysis of the BRCA1 gene in high-grade 
serous ovarian cancer tissue samples (De Paolis et al., 2021).
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The human skeletal muscle system contains more than 300 individual skeletal 
muscles, each with a specific size, form, function, and even biochemical properties. 
Proximal muscles are located in or close to the trunk of the body, while those further 
away in the limbs are referred to as distal muscles.

Skeletal muscle is a highly specialized tissue in the human body and is responsible for 
maintaining body posture and creating movement of our bodies. Of the three types of 
muscle in our bodies (cardiac, smooth, and skeletal), only the skeletal muscle tissue 
may be voluntarily controlled. Alpha motor neuron axons send signals to the skeletal 
muscles from the brainstem and spinal cord, making the skeletal muscle contract, and 
thus, create movement.

Primary undifferentiated muscle cells called myoblasts fuse and form multi-nucleated 
myofibrils as they mature. These myofibrils are single cells that may span the entire 
length of the muscle. Each myofibril is enclosed by a connective tissue formation called 
the basal lamina. Bunches of myofibrils form fascicles enclosed by a perimysium, 
allowing vessels to supply the muscle with blood. Furthermore, the fascicles are 
bundled by a strong connective tissue sheath epimysium, the muscle fascia, enclosing
the complete muscle (Karpati et al., 2010).

The fascicles are bound together in an organized fashion, allowing them to apply the 
contracting force in a common direction (Trotter, 2002). Muscles are usually attached 
to tendons, which in turn are attached to bones, allowing body parts to be moved in 
relation to each other (Silverthorn, 2010).

Each myofibril is individually innervated through a neuromuscular junction by an 
axon branch belonging to an alpha motor neuron (Brown & Matthews, 1960), bar some 
highly specialized cranial muscles (Rossi & Cortesina, 1965; Büttner-Ennever, 2007). 
The length of the myofibrils is thought to be limited by the conduction velocity of the 
sarcomere; the longer a sarcomere is from the neuromuscular junction, the longer it 
will take for the action potential to reach it and cause the contracting motion.

Each mature myofibril has been formed through the fusion of several myoblasts 
(muscle fiber progenitor cell). The mature myofibrils are long and appear striated; they 
consist of adjacent sarcomeres. The sarcomere is the smallest functional unit of the 
muscle, only 2–3 μm in length and 1–2 μm in diameter. Sarcomeres span the entire 
length of the muscle fiber, one after another.

The sarcomere consists of two types of filaments, the thin actin filaments and the thick 
myosin filaments. Each sarcomere is delineated by two Z-disks (Z for Zwischen, “in-
between”), to which the actin filaments are attached. The myosin filaments attach to 
the M-line (M for Mittel, “in the middle”) and lie intermittently with the actin filaments
(Silverthorn, 2010). The structure of the sarcomere is depicted in .
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In electron-microscopic photographs, the actin filaments form a light I-band (I for 
isotropic), and the myosin filaments a darker A-band (A for anisotropic). The M-band 
lies in the middle of a lighter H-zone (H for heller, “brighter”) (Silverthorn, 2010).

Actin and myosin are the main actors responsible for creating mechanical force when 
the muscle contracts (Dubowitz & Sewry, 2007).

Due to the size of the molecular structure of muscle cells and their sarcomeres, it is 
understandable that some of the largest proteins of the human body are highly 
expressed in skeletal muscle. This section focuses on two of these; nebulin and titin.

Nebulin (NEB, MIM ID *161650, genomic location 2q23.3) is a large structural protein 
expressed in skeletal muscle and spanning over almost 250 kb of genomic region. The 
longest nebulin transcript contains 183 exons, yielding a theoretical full-length mRNA 
of 26 kb, coding for over 8,600 amino acids with a molecular weight of around 700 
kDa. The gene is subject to extensive alternative splicing, resulting in a great number 
of NEB isoforms (Donner et al., 2004; Laitila et al., 2012).

In its mid-portion, NEB harbors an SD region in which eight exons are repeated three 
times at almost 100% similarity (exon 82-89, 90-97, and 98-105). One eight-exon-
block covers around 10 kb of genomic sequence, yielding an SD region spanning almost 
40 kb in total. The region is colloquially referred to as the NEB triplicate (TRI) region. 
The structure of the TRI region is depicted in Figure 4.
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The gene is riddled with different kinds of repeat elements. However, the introns 
between the repeats (intron 89-90 and 97-98) are relatively enriched with both 
different Alu elements and LINE1 repeats (Kiiski et al., 2016).

Mutations in NEB are known to cause nemaline myopathy (NM, NEM2, MIM 
#256030), but have also been shown to cause distal nebulin myopathy (Wallgren-
Pettersson et al., 2007) and distal NM (Lehtokari et al., 2011) along with core-rod 
myopathy (Romero & Lehtokari et al., 2009) and arthrogryposis multiplex congenita 
(AMC6, MIM #619334) (Feingold-Zadok et al., 2017).

Pathogenic mutations in NEB account for around 50% of all cases of autosomal 
recessive NM. Almost 250 different NM-causing variants in NEB have been identified 
(Pelin et al., 1999; Lehtokari et al., 2014); around 4% are large deletions and 
duplications, while the remainder are small variants, including different kinds of SNVs 
and <20 bp indels (Lehtokari et al., 2014).

The nebulin protein spans the distance from the Z-disk to the pointed end of the thin 
filament (Wright et al., 1993; Labeit & Kolmerer, 1995a). The nebulin protein is
localized in the sarcomere along the thin actin filament and has several other binding 
partners also. It is thought to stabilize the actin polymer as it is constantly renewed, 
but it has been shown that the thin filament can be assembled in the absence of nebulin
also (Bang et al., 2006; Witt et al., 2006). However, these studies have implied that the 
absence of nebulin causes shorter actin filaments and that contraction causes the 
filament to be disintegrated. The results have been recapitulated in studies on muscle 
samples from NM-patients with mutations in NEB (Ottenheijm et al., 2010).

Structurally, the protein is highly modular. It is divided into 26 super-repeats, of which 
each consists of seven simple repeats (Labeit & Kolmerer, 1995a; Donner et al., 2004). 
Each simple repeat contains a conserved actin-binding motif, giving the protein the 
capability of binding more than 200 actin monomers. Alternatively spliced regions of 
the gene give rise to an additional two super-repeats. While originally referred to as 
one, the NEB TRI region is translated into three different super-repeats (Donner et al., 
2004). The super-repeats also harbor a putative tropomyosin binding site; however, 
recent research on the structure of the thin filament would indicate, that it probably 
does not bind tropomyosin (Z. Wang et al., 2021).
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The variety of nebulin isoforms is thought to contribute to the structural variation of 
Z-disks (Millevoi et al., 1998; Pelin et al., 1999), but the explanation for such a vast 
variety of different nebulin isoforms remains to be elucidated.

Titin (TTN, also known as connectin, MIM ID *188840) is a large gene, highly 
expressed in skeletal and cardiac muscle, from which the largest known transcript in 
the human body is produced (Lopes et al., 2021). It encodes for the longest known 
polypeptide in nature (Maruyama, 1976; Wang et al., 1979; Bang et al., 2001). The TTN
gene covers a total of 114.4 kb of coding sequence, containing 363 exons encoding more 
than 38,000 amino acids, corresponding to a theoretical molecular weight of 4.2 MDa 
(Bang et al., 2001) – however, no titin isoforms including all exons have yet been 
reported, and the largest known titin isoforms are 3.7-3.8 MDa in size (Vikhlyantsev 
et al., 2004; Guo et al., 2010). The titin protein is elastic and filamentous and has 
several different functions.

The titin protein spans the distance from the Z-disk to the M-band, thus covering half 
of the sarcomere. Its structural function is to restore the length of the sarcomere after 
muscle contraction and stretch. It also distributes force between sarcomeres and 
ensures symmetric force generation by keeping the thick myosin filaments centered 
(Horowits & Podolsky, 1987; Horowits et al., 1989; Helmes et al., 1996). 

Titin is expressed early in differentiating myoblasts and acts as a molecular template 
for other structural sarcomeric proteins during development (Whiting et al., 1989). As 
the Z-disks and M-bands are independently assembled, titin is thought to act as a 
coordinating factor in their integration into the sarcomere (Trinick, 1994; 
Kontrogianni-Konstantopoulos et al., 2006; Kontrogianni-Konstantopoulos et al., 
2009).

The protein has sensory and signaling functions also. Signaling hubs at the Z-disk, I-
band, and M-band hold protein complexes that may sense sarcomeric tension caused 
by muscle contraction and transduce signals to gene expression, controlling pathways 
to regulate protein turnover or cell survival (Lange et al., 2005; Voelkel & Linke, 2011).

The different functions of titin are reflected in its highly modular structure. 
Immunoglobulin-like (Ig) and fibronectin type 3 -like (FN3) domains constitute most 
of the peptide and are interspersed with unique insertion sequences. These unique 
sequences are enriched in the Z-disk and M-band of the protein, the Ig domains in the 
I-band region, and the FN3 domains in the A-band region. The A-band region also 
contains Ig domains, arranged with the FN3 domains into 18 super-repeats in total 
(Labeit et al., 1992; Labeit & Kolmerer, 1995b; Bang et al., 2001). The M-band titin 
structurally spans the entire M-band, causing an antiparallel overlap with titin from 
the adjacent sarcomere.

Biomechanically, the I-band of titin is responsible for the elastic properties of the 
protein. Within the Ig-domain-rich I-band of titin resides a region rich in proline (P), 
glutamate (E), valine (V), and lysine (K), referred to as the PEVK region (Labeit & 
Kolmerer, 1995b; Bang et al., 2001). The PEVK region consists of a repeated PPAK 
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motif containing proline, alanine, and lysine, and PolyE segments rich in glutamic 
acid. When the sarcomere is stretched, the linker regions between the Ig domains are 
straightened, after which the PEVK structure unravels, not unlike a spring, and 
modulates force generation in skeletal muscle by interactions with actin triggered by 
calcium (Linke et al., 1998; Freundt & Linke, 2019). The PEVK-region undergoes 
significant tissue-specific alternative splicing, resulting in cardiac and muscle-specific
isoforms (Guo et al., 2010).

Genetically, the PEVK region also holds within it a SD region (exons 172-180, 181-189 
190-198, and 203-204), which is not expressed in cardiac titin (Guo et al., 2010). While 
the TTN SD region is similar to the NEB TRI region, it differs largely in terms of size; 
the TTN SD is only about 11.5 kb in length, and the repeated block is 1.6 kb long. 

Furthermore, the repeated block contains nine exons, and its first two exons reappear 
a fourth time after the three complete block repeats. The exons in this region are highly 
similar 83-84 bp sequences interspersed by equally long introns. Introns of about 
2,800 bp separate each repetition block. Interestingly, the introns separating the 
blocks from each other (intron 180-181 and 189-190) are almost entirely covered by 
L1PA4 sequences belonging to the LINE1 family of LINE elements. The structure of 
the TTN SD region is depicted in .

Mutations in TTN are known to cause NMDs with both recessive and dominant modes 
of inheritance, such as cardiomyopathies, tibial muscular dystrophy, and limb-girdle 
muscular dystrophy (MIM IDs dilated cardiomyopathy #604145, familial 
hypertrophic cardiomyopathy #163765, limb-girdle muscular dystrophy type 2J 
#608807, proximal myopathy #603689, Salih myopathy #611705, and tibial muscular 
dystrophy #600334) (Gerull et al., 2002; Hackman et al., 2002; Itoh-Satoh et al., 
2002; Herman et al., 2012).
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Congenital myopathies are hereditary skeletal muscle disorders usually present at 
birth or early childhood. Although defined by the term congenital, the disorders do not 
always present with muscle weakness at birth; mild cases may remain undiagnosed 
until a later age and some may have their true onset only later in life. The disorders 
vary broadly in presentation but are characterized by muscle weakness and specific
structural abnormalities seen at histological examination of muscle biopsies
(Dubowitz, 1978; Dubowitz & Sewry, 2007; Wallgren-Pettersson & Laing, 2010). 

Pathogenic variants causing congenital myopathies have been described in 50 genes to 
date (E. Cohen et al., 2021). Amongst these genes, the majority encode proteins vital 
to the structure and regulation of the sarcomere, but also proteins of the sarcoplasmic 
reticulum, and transverse tubules. Only a tiny minority belong to a group of enzymes 
and growth factors involved in myoblast growth, differentiation, and energy 
metabolism (Pelin, 2021). An overview of the known congenital myopathy-causing 
genes is presented in (K. J. Nowak et al., 1999).

The classification of these disorders has historically been made based on 
histopathological features in addition to their clinical presentation. Over the past 70 
years, scientific advances have led to the discovery of many underlying causative genes 
and mutations; however, the classification is perhaps unlikely to shift to one based on 
molecular genetics, as mutations in the same gene may still cause vastly varying 
phenotypes. Categorization is not straightforward either way, and there is significant 
phenotypical overlap between different congenital myopathies (Wallgren-Pettersson 
& Laing, 2010; Pelin, 2021).

(K. J. Nowak et al., 1999) (Thomas et al., 1990; Kausch et al., 1991; Laing et al., 1992; Quane et al., 1993; Zhang 
et al., 1993; Laing et al., 1995; Wallgren-Pettersson et al., 1995a; Laporte et al., 1996; Laporte et al., 1997; 
Martinsson et al., 1999; Pelin et al., 1999; Tan et al., 1999; Johnston et al., 2000; Laporte et al., 2000; 
Martinsson et al., 2000; Monnier et al., 2000; Donner et al., 2002; Ferreiro et al., 2002; Robinson et al., 2002; 
Wallgren-Pettersson et al., 2002; Wattanasirichaigoon et al., 2002; Clarke & North, 2003; Gommans et al., 
2003; Sparrow et al., 2003; Tajsharghi et al., 2003; Bohlega et al., 2004; Ferreiro et al., 2004; Onengüt et al., 
2004; Jungbluth et al., 2005; Laing et al., 2005; Schoser et al., 2005; Clarke et al., 2006; Agrawal et al., 2007; 
Carmignac et al., 2007; Lehtokari et al., 2007; Nicot et al., 2007; Pegoraro et al., 2007; Tajsharghi et al., 2007a; 
Tajsharghi et al., 2007b; Wallgren-Pettersson et al., 2007; Clarke et al., 2008; Compton et al., 2008; Sato et 
al., 2008; Bitoun et al., 2009; De Paula et al., 2009; Monnier et al., 2009; Ohlsson et al., 2009; Romero et al., 
2009; Clarke et al., 2010; Hung et al., 2010; Sambuughin et al., 2010; Tajsharghi et al., 2010a; Tajsharghi et 
al., 2010b; Wilmshurst et al., 2010; Lehtokari et al., 2011; Logan et al., 2011; Ortolano et al., 2011; Boyden et 
al., 2012; Majczenko et al., 2012; Böhm et al., 2013; Gupta et al., 2013; Horstick et al., 2013; Muhammad et al., 
2013; Weterman et al., 2013; Agrawal et al., 2014; Böhm et al., 2014; Hedberg et al., 2014; Lehtokari et al., 
2014; Nesin et al., 2014; Romero et al., 2014; Yuen et al., 2014; Hunter et al., 2015; Izumi et al., 2015; Malfatti 
et al., 2015; Yüceyar et al., 2015; Zaharieva et al., 2016; Abdalla et al., 2017; Di Gioia et al., 2017; Gonorazky et 
al., 2017; Knierim et al., 2017; Lornage et al., 2017; Miyatake et al., 2017; Quélin et al., 2017; Vasli et al., 2017; 
Nilipour et al., 2018; Ravenscroft et al., 2018; Sandaradura et al., 2018; Sloth et al., 2018; Zaharieva et al., 
2018; Angelini et al., 2019; Carter et al., 2019; Dafsari et al., 2019; Estañ et al., 2019; Feichtinger et al., 2019; 
Garibaldi et al., 2019; Ge et al., 2019; Kiiski et al., 2019; Lornage et al., 2019a; Lornage et al., 2019b; Vihola et 
al., 2019; van de Locht et al., 2021; Zambon et al., 2021)
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The aims of the study were to:

1. Improve CNV analysis and molecular diagnostic methods in NM- and other 
NMD-causing genes by developing a custom made CGH-array suitable for 
routine CNV analysis in known and putative causative genes.

2. Expand the array of CNV analysis methods of the challenging segmental 
duplication regions of the large muscle genes NEB and TTN by developing 
custom ddPCR CNV assays for routine screening and CNV analysis of these 
regions.

3. Search for novel NM- and other NMD-causing CNVs in patients lacking a 
molecular genetic diagnosis using the methods above.

4. Record and clarify the prevalence and nature of the CNVs of the TTN SD region 
by combining data acquired using the methods above.
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This chapter describes the materials and methods used in studies I, II, III, and IV, as 
well as unpublished data (U). The section titles include the roman numerals indicating 
the study in which the method was applied.

The study was approved (approval number 6/E7/05) by the Ethics Committee of the 
Children's Hospital, University of Helsinki, Finland. The approval was renewed by the 
Ethics Review Board of Helsinki University Hospital in 2010 and 2021. All samples 
were obtained in accordance with the Declaration of Helsinki of 1975. Written 
informed consent was obtained from subjects, or data was analyzed pseudonymously 
where appropriate.

Altogether 99 samples have been run on the NMD-CGH array to date. Of these, 66
were patient and family samples, 26 were double-blind samples (Välipakka et al., 2017; 
Välipakka et al., 2020), three known positive controls (I), and four samples from 
healthy control persons. Of the healthy controls, three were from the Finnish Red 
Cross Blood Service and one was a commercial reference sample (Male reference DNA, 
Promega Corporation, Madison, WT, USA), were also included. The sample 
distributions in the different categories including the number of families that have 
participated are presented in .

The sample in study II initially belonged to a cross-validation sample in the post-
validation phase of the NMD-CGH array runs.

Altogether 130 DNA samples were run in the verification of the the NEB TRI ddPCR 
assays. Of these, 26 were healthy controls from the Fondation Jean Dausset-CEPH, 
and 20 were healthy controls from the Finnish Red Cross Blood Service. The remaining 
84 samples belong to our sample collection of congenital myopathy patients and their 
family members. All the samples used in this study had previously been run on the 
NM- and/or NMD-CGH arrays, and their NEB TRI CN had been determined.
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Altogether 62 DNA samples from 42 families with NMDs were run in the verification 
of the TTN SD ddPCR assays (study IV). Of these, 42 were index patient samples, and 
the remaining 20 samples were from unaffected family members. The phenotypes of 
the patients included NM, distal NM, asymmetric distal myopathy, arthrogryposis, and 
unspecified congenital myopathy. Nine patients had received a molecular genetic 
diagnosis. In eight patients, one recessive mutation had been identified. In the 
remaining patients, no causative mutations had yet been found.

The DNA was extracted from blood, saliva, or fibroblast cultures and eluted into EDTA, 
TE-buffer, or water. DNA stocks were stored at -20°C or -80°C. The DNA 
concentration and quality were determined by spectrophotometry either with 
NanoDrop ND-1000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA) or DeNovix DS-11 FX+Spectrophotometer/Fluorometer (DeNovix Inc., 
Wilmington, DE, USA). Samples for ddPCR were diluted to an intermediate 
concentration of 30 ng/μl in water and stored at +4°C.

The CGH-array for NM and other NMDs (NMD-CGH array, I) was designed with the 
support of Oxford Gene Technology IP Limited (Oxford, UK). In addition to the 11 
known NM-causing genes (ACTA1, CFL2, KBTBD13, KLHL40, KLHL41, LMOD3, 
NEB, TNNT1, TNNT3, TPM2, TPM3, and MYPN) the array design covers 176 
additional known or suspected NMD-causing genes, including the genes covered by 
the 1st version of the targeted NGS MyoCap panel (Evilä et al., 2016), and a putative 
novel NM-causing gene (YBX3). The array was designed in the human reference 
sequence GRCh37/Hg19.

The genes are divided into three groups according to their level of probe coverage
( ). Group 1 consists of the known NM-causing genes and the putative novel 
NM-causing gene. These are covered at the same ultra-highly tiled design as the 
previously published 8x60k nemaline myopathy CGH-array (NM-CGH array, Kiiski et 
al. 2013); exons are covered by tiled probes starting every 10 bp on both the forward 
and the reverse strand, and introns are covered by tiled probes starting every 20 bp on 
both the forward and the reverse strand. Group 2 consists of 29 genes coding for 
sarcomeric structural proteins, and regulatory genes known to harbor pathogenic or 
putative pathogenic CNVs. Both exons and introns of the genes in group 2 are covered 
by adjacent probes on both the forward and the reverse strand. Group 3 consists of the 
remaining 147 genes, which are regulatory genes, such as transcription factors. The 
exons of the genes in group 3 are targeted at ~4 probes/exon, and the introns are 
targeted at 1-3 probes/intron. The coverage of regions by group is presented in 

.
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In all groups, 25 kb of flanking region both upstream and downstream of the targeted 
genes were covered at a higher probe density than the backbone of the array. The 
12,300 backbone probes are spread evenly throughout the non-targeted regions at a 
coverage of 1 probe per 300 kb. This level of coverage is higher than many commercial 
whole-genome CGH-arrays, and allows for better alignment throughout the genome 
and the detection of large genomic rearrangements.

All genes were targeted at least at the exon level. In addition to existing Oxford Gene 
Technology in-house probes, new probes were designed for regions of interest not 
covered by these, such as the intragenic SD of TTN. To visualize probe distribution 
during the designing process, the USCS Genome Browser (https://genome.ucsc.edu) 
online application was used.

Labeling, hybridization, scanning, and analysis of the array were performed according 
to the manufacturer’s protocol (Oxford Gene Technology Ltd, ISCA array, CytoSure 
Genomic DNA labeling kit protocol, 4x180k format, code 020020). The reference
sample used was a commercial male DNA reference (Promega Corporation). The slides 
were scanned using the Agilent DNA Microarray Scanner G2505C or the Agilent 
SureScan Dx Microarray Scanner with 2μm resolution, using Agilent Scan Control 
version A.8.5.1 or 9.1.13 (Agilent Technologies Inc, Santa Clara, CA, USA).

The data was extracted from the raw TIFF images and normalized using Feature 
Extraction software v.12.0.0.7 (Agilent Technologies). Subsequent graphic data 
analyses were performed in CytoSure software v.4.6.84 (Oxford Gene Technology Ltd).

The validation of the NMD-CGH array was performed using four healthy controls and 
three positive controls, all previously analyzed on the NM-CGH array. Furthermore, a 
blind cross-validation process was performed with nine samples. In the cross-
validation samples, CNVs had been detected using four different MPS-based CNV 
detection algorithms; Copy Number Inference From Exome Reads v.0.2.2 (CoNIFER, 
Krumm et al. 2012), eXome-Hidden markov Model v.1.1 (XHMM, Fromer et al. 2012)
, ExomeDepth v.1.1.10 (Plagnol et al. 2012), and CODEX v.1.4.0 (Jiang et al., 2015) as 
previously described (Välipakka et al., 2017). Subsequently, a sample cohort of 30 
patient and family member samples from 20 independent NMD families were 
analyzed. These samples had not previously been subject for CNV analysis by any 
method.

A minimum of 5-10 probes exceeding the log2 values of 0.4 for gains and -0.7 for losses
was held as the threshold for a positive aberration call. Array profiles and aberration 
calls were manually checked.
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In studies III and IV, previously acquired aCGH data for NEB and TTN was manually 
normalized to gain a zero baseline. The log2 values for the NEB TRI and TTN SD 
regions and large regions of their adjacent sequences were manually extracted from 
the aCGH data by separately acquiring the log2 values of the NEB TRI and TTN SD 
regions, along with the log2 values of the upstream and downstream regions to the 
repetitive regions. The regions used for the normalization are presented in .

The normalized log2 values of the NEB TRI and TTN SD were acquired by subtracting 
the mean log2 value of the adjacent sequences from the NEB TRI and TTN SD log2

values. This value was then compared with the published expected log2 values for 
different NEB TRI CNs (Kiiski et al., 2016). 

The ddPCR experiments were designed, performed, and analyzed according to the 
Digital MIQE guidelines (Huggett et al., 2013; Huggett, 2020). The dMIQE checklists 
are available as supporting information in publications III and IV. 

Altogether two custom primer-probe pairs for NEB were designed. The NEB assays 
target two different exons of the eight-exon-block of the NEB TRI, exon 85/93/101
(referred to as NEB TRI exon IV from now on) and exon 89/97/105 (NEB TRI exon 
VIII). The locations of the assays within the NEB TRI region are shown in .

Altogether five custom primer-probe pairs for TTN were designed, of which three 
target different regions of the nine-exon-block of the TTN SD, and two target 
sequences upstream and downstream of the TTN SD. Assay TTN SD 
exon I spans from the end of exon 172/181/190/203 to the beginning of exon 
173/182/191/204, assay TTN SD exon IV spans from the middle of exon 175/184/193 
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to the middle of intron 175-176/184-185/193-194, and assay TTN SD exon VII spans 
from the beginning of exon 178/187/196 to the beginning of intron 178-179/187-
188/196-197. The TTN Pre-SD assay targets exon 162, and the TTN Post-SD assay 
targets exon 206. The locations of the TTN assays included in the resulting manuscript
(IV) are shown in . All assays are named according to the 5’ exon they begin in.

The primer-probe pairs were designed using Primer3Plus. Primers were designed 
aiming for a GC content of 50%, a length of 20 bp, and avoiding G or C repeats over 
three bases long and putative secondary structures. All primers had a melting 
temperature (Tm) of 52.07-60.02°C as calculated by the nearest-neighbor method
using OligoCalc (Kibbe, 2007) with a primer concentration of 300 nM and a salt 
concentration of 50 nM. The NEB amplicons were not allowed to contain the BsuRI 
cut site sequence GGCC, and the TTN amplicons were not allowed to contain the BsuRI 
or Eco32I cut site sequences (GGCC and GATATC). Amplicon lengths varied from 86
to 169 bp.

The custom hydrolysis probes were designed to have a Tm of around 65°C and a GC 
content of 55-57%. Custom hydrolysis probes were labeled with fluorescein amitide 
(FAM). 

The specificity of primers and probes was verified in silico by the Standard Nucleotide 
BLAST blastn suite, allowing three hits for assays NEB TRI exon IV, NEB TRI exon
VIII, TTN SD exon IV, and TTN SD exon VII, four hits for assays TTN SD exon I A and 
B, and one hit for assays TTN Pre-SD and TTN Post-SD. 

The reference used was a commercial PrimePCR ddPCR Copy Number Assay for 
human EIF2C1 labeled with hexachlorofluorescein (HEX) (Cat. No. 10031243, Bio-
Rad Laboratories Inc., Hercules, CA, USA). EIF2C1 (also known as Argonaute 1, Ago1) 
is a diploid gene located on 1p34.3.

All custom assays were ordered at a primer-probe ratio of 3.6:1 per assay. All primers 
and probes were manufactured by Bio-Rad Laboratories Inc. All primer and probe 
sequences are presented in Table 7.

All assays were run in a thermal gradient program to determine the optimal melting 
temperature for the assays. The temperatures tested for the NEB assays were 55.2°C, 
58.0°C, 60.0°C, 60.5°C, and 62.3°C (III) and for the TTN assays and NEB TRI exon 
VIII 57.5°C, 58.0°C, 58.5°C, 59.0°C, 59.5°C, 60.0°C, 60.5°C, and 61.0°C (IV). For study 
III, a Tm of 60.0°C was chosen, while for study IV, a Tm of 59.5°C was chosen, as these 
temperatures gave adequate separation for all assays included in the respective 
studies.
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The total reaction volume was 20 μl, which included ten ng of genomic template DNA 
in a volume of 7 μl, 1 μl of custom and reference assay each, one μl of restriction enzyme 
or restriction enzyme mix, and ten μl of 2x ddPCR Supermix for Probes (No dUTPs) 
(Cat. No. 1863023, Bio-Rad Laboratories Inc.). The restriction enzyme was either 
BsuRI (Cat. No FD0154, Thermo Scientific, Waltham, MA, USA) diluted 1:1 in FD 
Buffer (Thermo Scientific) or a mix of BsuRI (Thermo Scientific) and Eco32I (Cat. No. 
F0304), Thermo Scientific). For the reactions in study IV, a total of 22 μl of reaction 
mix was prepared, of which 20 μl was pipetted onto the cartridge.

Droplets were generated using the Droplet Generator QX2000 (Bio-Rad Laboratories 
Inc.) with Droplet Generator Oil (Cat. No. 1863005, Bio-Rad Laboratories Inc.), 
transferred onto ddPCR 96-well plates (Cat. No. 12001925, Bio-Rad Laboratories Inc.) 
by pipetting with an 8-channel-pipette and sealed with the PX1 PCR Plate Sealer (Bio-
Rad Laboratories Inc.). The PCR reaction was performed using the DNA Engine Tetrad 
2 Thermal Cycler (Bio-Rad Laboratories Inc.) with the cycling steps of 95.0°C 10 
minutes; 40 cycles of 94°C 30 seconds, 59.5 (IV) or 60.0°C (III) 1 minute; 98°C 10 
minutes; 4°C hold, with a ramp rate of 2°C/second. The data were visually inspected 
in QuantaSoft Analysis Pro v. 1.0.596.0525 and QuantaSoft Analysis v.1.7.4.0917 (Bio-
Rad Laboratories Inc.). Each plate contained at least one no-template control for each 
assay to check for contaminations.

The droplets in each well were categorized into four clusters by manually setting 
intensity thresholds in QuantaSoft Analysis or QuantaSoft Analysis Pro plate- and 
assaywise. Droplet amplitude data and software-generated Poisson statistic data were 
extracted from the QuantaSoft Analysis or QuantaSoft Analysis Pro software as 
Comma Separated Values (CSV) and imported into Microsoft Excel.

In study III, the data was filtered using thresholds of 100 droplets for individual 
droplet categories and 10,000 accepted droplets per reaction. In study IV, the 
thresholds were 25 droplets for individual droplet categories and 8,500 accepted 
droplets per reaction. 

In study III, runs performed on whole-genome amplified DNA (n=4), samples from 
patients with known mosaicism in NEB (n = 1), samples with other CNVs in NEB (n = 
9), samples run successfully in only one of the assays (n = 15), and samples with no 
successful runs in either assay (n = 3) were excluded. In study IV, whole-genome 
amplified DNA and samples with mosaicism or known CNVs in either NEB or TTN 
were excluded from the cohort, and thus filtered data consisted of samples were 
threshold-passing data was not acquired in either one or more assays (n = 7).

Data from two successful wells were used in subsequent analyses. In cases of more 
than two successful wells for the same assay and sample, the two runs with the largest 
number of accepted droplets were used in the analysis.

In study III, the data was grouped according to the NMD-CGH array determined CN 
of the NEB TRI region. In study IV, the data was grouped as normal, gain, and loss 
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samples based on the interpretation of the normalized TTN SD CN as determined by 
the NMD-CGH array. The CN was considered normal when the normalized TTN SD 
CN, assuming a normal CN of six, was within the interval [5.5-6.5]. Samples with 
calculated TTN SD CNs of less than 5.5 were categorized as loss samples, and samples 
with TTN SD CNs exceeding 6.5 were considered gain samples.

The concordance between the quantitative ddPCR and aCGH results was tested by 
linear regression analysis (III & IV), one-way analysis of variance (ANOVA) (IV), 
Tukey’s honest significant difference (HSD) test (IV), Bland-Altman analysis (Bland & 
Altman, 1986) (IV), Pearson correlation (III & IV), and weighted κ-analysis (J. Cohen, 
1968) (III). To estimate the ability of the NEB ddPCR assays to distinguish between 
pathogenic and benign CNVs, an unweighted κ-analysis was performed (III). The 
concordance between the NEB ddPCR and TTN ddPCR assays was evaluated by linear 
regression analysis and the Pearson correlation coefficient (III & IV).

The range, mean, standard deviation (σ), and coefficient of variation in percent (%CV) 
of the mean accepted droplet number in each cluster category were calculated in study 
III. The range, mean, σ, and %CV of the mean accepted droplet number and target,
and reference copies per 20 μl well were calculated for each assay in study IV.

The range, mean, σ, and %CV were calculated for each CN group for the CN values 
derived from aCGH and the different ddPCR assays in both studies. 

All statistical analyses were executed in RStudio v.1.3.959 using R v.4.0.4 (R. Team, 
2021; R. C. Team, 2021) and Microsoft Excel. All plots were created using the ggplot2 
package (Wickham, 2016). 

Linear regression analyses were performed to assess the relationship between the CN 
estimates derived from each sample’s aCGH and ddPCR data. 

A linear regression model was also fitted to the CN estimates derived from the ddPCR 
data for the TTN SD exon I and TTN SD exon VII assays.

A Pearson correlation coefficient was calculated to assess the correlation between the 
CN estimates derived from each sample’s aCGH and ddPCR data. Pearson correlation 
coefficients were also calculated to determine the correlation between the ddPCR data
from assays NEB TRI exon IV and NEB TRI exon VIII, and assays TTN SD exon I and 
TTN SD exon VII.

A Pearson correlation coefficient of over 0.70 was considered the lower threshold for 
a strong correlation.

Weighted κ-analyses (J. Cohen, 1968) to assess the concordance between aCGH and 
ddPCR results were performed using the assigned aCGH CN, and the ddPCR CN 
estimate rounded up or down to the nearest integer. 
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In the κ-analyses, the thresholds for the degree of the agreement were set as 0.81-1.0 
for almost perfect agreement, 0.61-0.80 for substantial agreement, 0.41-0.60 for 
moderate agreement, 0.21-0.40 for fair agreement, and <0.20 for no to slight 
agreement.

A Bland-Altman analysis (Bland & Altman, 1986) was performed to assess the 
agreement between the methods using the ddPCR derived CN and the aCGH-
estimated CN. The mean difference, 95% confidence interval (C.I.), and the 95%C.I. of 
the limits of agreement were calculated.

A one-way ANOVA test on the ddPCR derived CN and the aCGH-predicted CNV class 
(either normal, loss, or gain) was performed to assess the sensitivity with which the 
ddPCR assays could identify samples categorized into the different CN classes.

A post hoc Tukey’s honestly significant difference (Tukey’s HSD) test was performed 
on the ddPCR derived CN and the aCGH-predicted CNV class to assess whether the 
means of the groups differed significantly.

Intra-assay analyses were performed to assess the reproducibility within experiments
in studies III (NEB IV = 8, NEB VIII = 17) and IV (TTN SD I n = 45, TTN SD VII n = 
42, TTN Post-SD n = 40, NEB VIII n = 42), using duplicates run within the same 
experiment. In the intra-assay analyses, the duplicate mean, σ, and %CV were 
calculated along with a mean %CV for all duplicates per assay. The mean difference of 
duplicates, including the 95%C.I. and the 95%C.I. of the limits of agreement were also 
calculated.

Inter-assay analyses were performed to assess assay repeatability across experiments
studies III (NEB IV n = 51, NEB VIII n = 45) and IV (TTN SD I n = 10, TTN SD VII n 
= 13, TTN Post-SD n = 15, NEB VIII n = 12), using duplicates run in separate 
experiments. In the inter-assay analyses, the duplicate mean, σ, and %CV were 
calculated along with a mean %CV for all duplicates per assay. The mean difference of 
duplicates, including the 95%C.I. and the 95%C.I. of the limits of agreement were also 
calculated.
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This section presents the main findings and discussion of studies I, II, III, and IV. 
Unpublished data (U) related to the studies are also presented.

The coverage, specificity, and resolution of the array and the quality of the probes 
chosen were confirmed by validation runs of the seven control samples. Gains in the 
TTN SD region (group 2) were identified in one of the four healthy controls. In the 
three positive controls, one one-copy loss of the NEB TRI region (group 1) and three 
suspected losses of the TTN SD region, as well as the known pathogenic CNVs in NEB 
(group 1) and DMD (group 3) were detected.

The expected CNVs were detected in the blind cross-validation samples also. These 
CNVs include a partial duplication of the adjacent group 2 genes MYH6 and MYH7 
( A) and duplications in group 3 genes MYOM and PYGM ( B-C). 
Deletions in group 2 gene TTN ( D) and group 3 genes DMD, LDHB, and the 
upstream region of COL6A3 were also detected. In one sample, a supposedly benign 
gain of the TTN SD region was detected ( F). Amongst the blind cross-
validation samples was also one sample in which the MPS-based CNV algorithms had 
flagged a change that was not detected on the array and was concluded to be a false 
positive call. The cross-validation process confirmed the CNV detection ability of the 
array in all three gene groups.

An example of the NMD-CGH array results from the validation process is presented in
. An exhaustive list of all CNVs detected on the NMD-CGH array and their 

genomic locations is presented in Table 8.

To date, 449 samples from 327 different families have been run on the NM- and NMD-
CGH arrays in our laboratory, and of these, almost 100 have been run on the newer 
NMD-CGH array.

Excluding variation in the NEB TRI and TTN SD, which are discussed in sections 
5.1.2.1 and 5.1.2.2 respectively, altogether 16 unique aberrations in 14 genes were 
detected or identified using the NMD-CGH-array. Of these, two are positive controls 
(3946 and DMD in ), 10 were cross-validation samples in which MPS-based 
CNV analysis algorithms have first indicated the presence of a CNV and which were 
then confirmed on the array (4763, U1-4, U6-7, U10, and U37-38 in ).

The remaining five aberrations are research samples from patients or family members 
lacking either one or two causative mutations, or a definitive molecular genetic 
diagnosis (6003, 4861 and 4863, 3612 and 3613, and 3532 in ). 

While the CGH-array methodology has its limits in pinpointing exact breakpoints of 
aberrations, these can be significantly improved and accounted for by increasing probe 
density in regions of interest. For example, the ultra-highly tiled approach employed 
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in the group 1 genes of the NMD-CGH-array has allowed the detection of a 72 bp 
deletion in NEB (U), which in terms definition, lies in the grey area between indel and 
CNV. Furthermore, to date, the only methods indicative of paralleling the sensitivity 
of the NMD-CGH-array in determining the exact CN of the NEB TRI region are custom 
ddPCR and optical genome mapping.

The continuing improvement of CNV analysis algorithms on MPS data, and the 
decrease of sequencing experiment prices, will most likely continue to challenge the 
position of CGH-array methods as the gold standard diagnostic method. However, 
custom CGH-arrays are still widely employed in diagnostics as a first-tier CNV analysis 
method in congenital, prenatal, and cancer diagnostics. 

The NMD-CGH array was validated at the HUS Diagnostic center in 2021 and was 
taken into diagnostic use in January 2022. The array is thus now available as a 
validated diagnostic tool to clinicians through the HUS Diagnostic Center.
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Altogether 244 different pathogenic variants in NEB have been published in our 
research group. Of these, 93% are small variants, such as SNVs and indels, and the 
remaining 7% are CNVs, including CNVs of the NEB TRI region (Lehtokari et al., 2014; 
Kiiski et al. 2016; U).

Of all patient and family samples analyzed on the NM- and NMD-CGH arrays, CNVs 
in the NEB TRI region are present in 13% of the samples. Of these, 9% constitute 
benign variation, and the remaining 4% are pathogenic CNVs of the NEB TRI region.

The CN of the NEB TRI region varies from five copies of the repeated block up to 14 
copies in our data. Pathogenic or putatively pathogenic CNVs of the NEB TRI region 
– deviations of more than two blocks per allele from the usual three – have been 
identified in altogether 12 families. In Table 9 are presented the families, samples, 
and the deduced inheritance of the alleles. To date, no samples with a CN of 12 or 13 
have been reported, but the CN of 14 has been identified in two unrelated families; in 
one patient, the allele distribution is 7+7, and in the other, 11+3 (U). Examples of 
CGH-array profiles of samples with a NEB TRI CN of 5–11 and 14 are shown in 

.

In two of the samples with pathogenic CNVs, samples 2433 and 4013, the distinction 
between the maternal or the paternal origin of the gained blocks of the NEB TRI alleles
could not be determined due to unavailability of parental DNA samples.. The likely 
distributions for sample 2433 are 3+7, 4+6, and 5+5, all pathogenic combinations 
resulting in a total NEB TRI CN of 10. The potential distributions for sample 4013 are 
either 3+5 or 4+4, resulting in a total NEB TRI CN of 8, but of which only the former 
would be considered a pathogenic gain. In one of the samples with pathogenic CNVs, 
sample 6013, the determining the segregation of the alleles is currently ongoing

Excluding pathogenic CNVs of the NEB TRI region, we have identified 13 different 
disease-causing CNVs in NEB on the NM- and NMD-CGH arrays (Figure 10). Three of 
these are duplications, while the remaining 10 are deletions. The sizes of the CNVs
range from one to 96 exons.
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Interestingly, all CNVs, bar one, affect the region N-terminal to the NEB TRI region 
(Figure 10). Four of the CNVs extend into the NEB TRI region but are not pure CNVs 
of the NEB TRI region. Various Alu elements, known to predispose regions to CNVs, 
are over-represented in the introns separating the repeating blocks of the NEB TRI 
region compared with the remainder of the gene (Kiiski et al., 2016). Hence, it is likely 
that they are indeed a contributing factor in the occurrence of the CNVs of this region.

The unbalanced distribution of the CNVs may be a matter of sequence disposition to 
different CNV mechanisms. The NEB TRI region can be considered a mutational CNV 
hotspot within the context of NEB. 
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The NMD-CGH array also revealed previously unrecorded recurrent CNVs in the TTN
SD region. Examples of CGH-array profiles of samples with a deduced TTN SD CN of 
5–8 and 11 are shown in . 

Due to the limited length of the region and its doubly repetitive nature, determining 
the exact CN of the region turned out to be challenging. In contrast to the NEB TRI 
region, the mathematically deduced CN for the TTN SD based on the NMD-CGH array 
profile often sets halfway between integers, and thus rounding up to the nearest integer 
without further examination may be misleading. 

Initially, CNVs in the TTN SD region were thought to be seen in up to 25% of all 
samples analyzed, but this may be an exaggerated estimate that warrants further input 
from other methods. Interestingly, preliminary data generated in collaboration with 
the University of Oulu of Bionano optical genome mapping data in a control population 
indicated a similar prevalence of CNVs within the TTN SD region (U). In contrast to 
the NMD-CGH-array, optical genome mapping may allow the identification of the 
blocks as well as recognition of the orientation of gained blocks.

The custom ddPCR assays developed and the TTN SD specific results are presented 
and discussed in sections 4.1.3. and 4.1.4. 
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A DNA sample derived from peripheral blood of a distal myopathy patient (patient ID 
4763) had been sequenced on the targeted gene panel MYOcap v2 (Evilä et al., 2016)
and analyzed using a combination of four different bioinformatics tools (Välipakka et 
al., 2017; Välipakka et al., 2020), and the results indicated a large deletion in the NEB
gene. 

The sample was subsequently run on the NMD-CGH array, which confirmed the 
deletion in NEB. It is an ~140 kb in-frame deletion affecting exons 11-107
(NC_000002.11:g.(152427326_152427830)_(152567189_152567194)=/del) and has 
arisen de novo in the patient. The deletion was verified by Sanger sequencing, 
confirming the location of the deletion and pinpointing the exact breakpoints 
(NM_001271208.1:c.823_17014del, p.Gln275_Asn5671). No other pathogenic 
causative variants were found in the family by sequencing or on the NMD-CGH array. 
Expression of the truncated protein was shown by Western blot.

Furthermore, the NMD-CGH array results indicated a 50% mosaic state in the blood-
derived DNA sample. Subsequently, four DNA samples, one derived from blood and
three from different muscle biopsies taken at the ages of 4, 15, and 25 years, were run 
in parallel on the NMD-CGH array, showing a state of mosaicism around 40% in 
muscle and affirming the degree of mosaicism of around 50% in leukocytes (Figure 
12).

The novel deletion in this patient is the largest deletion in nebulin hitherto reported 
and also the first CNV found to extend beyond both ends of the NEB TRI region. 
Furthermore, it is the first mosaic mutation in NEB to be confirmed. A somewhat
similar deletion had earlier been identified in a family with a dominantly inherited 
distal nemaline/cap myopathy, encompassing exons 14-89 (Kiiski et al., 2019).

Although the NMD-CGH array results from all three different muscle biopsies 
indicated the same level of mosaicism, an effect of the mosaic state of the deletion 
cannot be excluded as an explanation for the patient’s asymmetric distribution of 
muscle weakness. The grade of mosaicism often varies between tissues and may also 
vary between biopsies of the same tissue.

The muscle disorder phenotype was remarkably similar in this patient and the 
previously published large deletion family (Kiiski et al., 2019). In the case presented 
here, the patient was an ambulant female with asymmetric congenital myopathy 
affecting facial and limb muscles with a distal predominance. Mild scoliosis was 
another phenotypic similarity.
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Initial test runs of the ddPCR assays targeting the NEB TRI region were deemed 
successful, and optimization and subsequent runs were proceeded with. 

The ddPCR assays targeting the TTN SD, however, did not all behave expectedly. 
Namely, the TTN SD exon I A, TTN SD exon IV, and TTN Pre-SD assays routinely gave 
CN estimates that significantly differed from the expected CN. The TTN SD exon IV 
and TTN Pre-SD assays and the data derived from them were discarded in subsequent 
steps, while the TTN SD exon I was targeted with another assay (TTN SD exon I B). In 
this section, mentions of the TTN SD exon I assay always refer to the assay TTN SD 
exon I B.

In study III, two ddPCR assays targeting the NEB TRI region were designed and run 
on altogether 130 DNA samples to verify the ability of the approach in CN 
determination of the NEB TRI region. 
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Of the sample cohort, data from 98 samples passed the filtering requirements in both 
assays. The cohort thus formed contained 83 samples with a normal CN of 6 (n = 44) 
or with benign CNs of 5 or 7 (n = 34) and 20 samples with pathogenic CNs. The NEB
TRI CN ranged from 8 to 14 in the pathogenic CN samples, lacking samples 
representing a CN of 12 or 13 due to unavailability. The number of passing samples per 
each NEB TRI CN category and their percentage of the entire passing cohort is
presented in the descriptive .

In study IV, two assays targeting the TTN SD and one assay targeting an intragenic 
region outside the SD were designed and run on altogether 62 samples to verify the 
ability of the approach in CN determination of the TTN SD region. The assays run were 
TTN SD exon I, TTN SD exon VII, and TTN Post-SD. In addition, the assay targeting 
NEB TRI exon VIII (III) was run in parallel as a control assay. 

Of the sample cohort, data from 55 samples passed the filtering requirements in 
duplicate in all assays. The passing sample cohort contained 36 samples from 
neuromuscular disorder patients and 19 from unaffected family members. The 
samples were divided by their NMD-CGH array predicted CN of the TTN SD region 
into normal (n = 35), gain (n = 9), and loss (n = 11) samples. The descriptive table of 
the sample numbers in the three categories, including both CN of the TTN SD region 
and NEB TRI regions, are presented in . Predicted gains and losses of the TTN
SD region were present in both patient and family member samples.
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The mean accepted droplet counts in study III were 13,018 (σ = 1,452.3, %CV = 11.2) 
and 13,215 (σ = 1,260.8, %CV = 9.5) for the NEB TRI exon IV and NEB TRI exon VIII 
assays, respectively. The mean accepted droplet counts in study IV were 15,042 (σ = 
2,122.0, %CV = 14.1) for the NEB TRI exon VIII assay, 15,644 (σ = 2,159.9, %CV = 13.8) 
for the TTN SD exon I assay, 15,501 (σ = 2,322.3, %CV = 15.0) the TTN SD exon VII 
assay and 15,580 (σ = 2,482.4, %CV = 15.9) for the TTN Post-SD assay. 

The higher accepted droplet counts in the latter study may be explained by the fact that 
the samples for most of the runs were pipetted by two different persons in the two 
studies and the method-specific routine gained by both pipettors by the time study IV 
was initiated.

The linear regression models fitted to the NEB TRI exon IV compared with the 
assigned CN by the CGH-arrays yielded an estimate of 0.953 (adjusted R2 = 0.802, p 
< 0.0001), and for the NEB TRI exon VIII an estimate of 1.090 (adjusted R2 = 0.942, 
p < 0.0001). The ddPCR derived data, grouped by the NM- and NMD-CGH array
derived CN for the region is plotted in Figure 13. 

The linear regression models fitted to the TTN SD exon I and exon VII data compared 
with the NMD-CGH array derived CN yielded estimates of 0.50 (adjusted R2 = 0.525, 
p < 0.0001) and 0.60 (adjusted R2 = 0.658, p < 0.0001) respectively. The lower 
estimate values are probably explained by the inaccuracy of the NMD-CGH array-data 
within this region; some probes target regions present at a normal CN of 6, and others 
target the exons I and II of the repeated block, the normal CN of which are 8. 
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The linear regression model fitted to the TTN Post-SD assay against the NMD-CGH 
array derived CN of the TTN SD yielded an estimate of 0.45 (adjusted R2 = -0.002, p = 
0.351) and thus no significant correlation between the two. The linear regression 
model fitted to the NEB TRI exon VIII data against the NMD-GH-array derived CN of 
the NEB TRI region yielded an estimate of 0.70 (adjusted R2 = 0.674, p < 0.0001).

presents the interpreted ddPCR CNs plotted against the aCGH-determined 
CN-class for each targeted region.

Pearson correlation coefficients were over 0.70 in all comparisons, except when 
comparing the TTN Post-SD assay interpreted CN with the TTN SD aCGH CN. The 
exhaustive list of Pearson correlation coefficients for all performed analyses is 
presented in Table 12.

This indicates a positive correlation between all tested assays and the aCGH results. 
Furthermore, within this cohort, it seems as though CNVs of the TTN SD do not tend 
to cover sequence downstream of the TTN SD region, as the TTN Post-SD gave normal 
CN values for all samples.

In study III, κ-analyses were performed to assess the accuracy of CN detection and 
pathogenicity by the ddPCR assays. The κ-value for the detection of CN was 0.545 (p 
< 0.00001) in assay NEB TRI exon IV and 0.761 (p > 0.00001) in assay NEB TRI exon 
VIII. The κ-value for the detection of pathogenicity was 0.363 (p > 0.005) in assay NEB
TRI exon IV and 0.0745 (p < 0.00001) in assay NEB TRI exon VIII. The NEB TRI exon 
VIII thus outperformed the NEB TRI exon IV assay in both κ-analyses.
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In study IV, the differences of the ddPCR results in the three groups were assessed by 
a one-way ANOVA and a post hoc Tukey’s HSD test. The one-way ANOVA found 
significant differences between the groups in assay TTN SD exon I (p < 0.001), TTN
SD exon IV (p < 0.00001), and NEB TRI exon VIII (p < 0.00001). No significant 
difference was found between the groups in the TTN Post-SD assay (p = 0.171), which 
was expected, as the CN for the Post-SD region was expected to be a normal two copies 
throughout all groups. 

Tukey’s HSD confirmed that the significant differences in assays TTN SD exon I, TTN
SD exon IV, and NEB TRI exon VIII were between the loss and gain, and normal and 
gain groups. No statistical significance was found between the normal and loss groups 
in any assays. This could be explained either by lack of variance in amplitude within 
the loss group or incorrect categorization of samples in the normal or loss categories 
based on the NMD-CGH-data. The categorization of samples was systemically 
performed based on the calculated CN log2 value and assuming a normal CN of 6, 
rounding the numbers to the nearest integer.

In study IV, Bland-Altman analyses were performed to assess the agreement between 
the CN estimates derived from the aCGH and ddPCR data. The mean difference was -
1.59 for TTN SD exon I, 0.02 for TTN SD exon VII, -0.01 for TTN Post-SD, and 0.13 
for NEB TRI exon VIII. 

Intra-assay analyses in study III yielded a %CV mean of 4.5 for NEB TRI exon IV (n = 
8) and 3.1 for NEB TRI exon VIII (n = 17). In study IV, intra-assay analyses yielded a 
%CV mean of 4.4 for TTN SD exon I (n = 45), 4.0 for TTN SD exon VII (n = 42), 2.3 for 
TTN Post-SD (n = 40), and 3.8 for NEB TRI exon VIII (n = 42). In study IV, the mean 
differences were 0.04 (σ = 0.75) for TTN SD exon I, 0.16 (σ = 0.13) for TTN SD exon 
VII, 0.00 (σ = 0.01) for TTN Post-SD, and 0.05 (σ = 0.06) for NEB TRI exon VIII.

Inter-assay analyses yielded a %CV mean of 10.7 for NEB TRI exon IV (n = 51) and 3.6 
for NEB TRI exon VIII (n = 45). In study IV, intra assay analyses yielded a %CV mean 
of 12.8 for TTN SD exon I (n = 10), 4.0 for TTN SD exon VII (n = 13), 4.3 for TTN Post-
SD (n = 15) and 3.5 for NEB TRI exon VIII (n = 12). In study IV, the mean differences 
were 0.14 (σ = 0.48) for TTN SD exon I, 0.02 (σ = 0.13) for TTN SD exon VII, 0.06 (σ 
= 0.05) for TTN Post-SD, and 0.05 (σ = 0.16) for NEB TRI exon VIII.
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The lower a %CV value is, the less variance is present between duplicates regarded in 
the calculations. Intra-assay %CV values were systematically lower than inter-assay 
%CV values in both studies (bar NEB TRI exon VIII results from study IV, where the 
difference is neglectable). The repeatability is thus subject to putative improvement. 
Still, it is understandable that there are more significant differences between samples 
run on different plates on separate occasions than between parallel wells on the same 
plate. The intra- and inter-assays could also have benefitted from being calculated on
samples run in triplicate.

The closer a mean difference value and its relative σ lie to zero, the smaller the 
difference between replicates. The TTN SD exon I assay had significantly larger 
variance in both the intra- and inter-assay analyses, indicating that the assay could 
benefit from further optimization. 

In studies III and IV, our data demonstrated the importance of vigorous verification in 
developing new ddPCR assays, preferably using another validated method to gauge the 
performance of the ddPCR assays. All assays were designed according to the 
manufacturer’s suggestions and carefully verified in silico, yet turned out differently in 
practice. Not shown here are the data produced by the custom ddPCR assays NEB TRI 
exon I, TTN SD exon IV, and TTN Pre-SD assays, which were initially also designed 
and run. However, none of these produced adequate data for CN analysis in their 
respective targeted regions.

The performance of the approach could theoretically be improved by designing more 
assays covering other sequences of the region. However, especially in the case of the 
TTN SD region, both exons and introns within the repeating block are highly similar 
to each other, limiting the possibilities for multiple unique assay designs.

Another essential factor to bear in mind while performing ddPCR experiments is 
access to good quality DNA. Differences in DNA extraction method, the integrity of the 
DNA, and possible amplification inhibitors likely affect the ddPCR assays. The 
importance of correct assay optimization and adherence to the dMIQE guidelines 
(Huggett et al., 2013; Huggett, 2020) is thus of utmost importance; the latter, 
especially, when reporting data in publications.

Compared with CGH-arrays, ddPCR benefits from the intragenomic reference gene
instead of a complete reference genome as used in CGH-arrays. Excessive carefulness 
should be applied when selecting a reference sample in CGH-arrays, especially if 
studying regions subject to recurrent CNVs in the general population, such as both the 
NEB TRI and the TTN SD region. One may benefit from using a pooled reference 
genome from several controls in the case of CGH-arrays. Still, when studying several 
repetitive regions subject to recurrent CNVs, this can also contribute to the difficulty 
of exact CN determination.

To date, only the NMD-CGH array and other custom CGH-arrays, including the NEB
TRI region, have been reliable CNV detection methods within the region. CNV 
detection algorithms applied to MPS data may also detect CNVs in this region, but 
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exact CN determination is still unreliable. New approaches within the field of MPS 
technology, such as linked-read sequencing, may improve CN determination within 
these regions, but have yet to reach the sensitivity level of custom CGH-arrays covering 
the region, such as the NMD-CGH array.

Study III aimed to develop a method complementary to the NMD-CGH array to be 
used for first-tier NEB TRI CNV screening. The ddPCR method is more approachable 
than custom CGH-arrays, as the ddPCR machinery, reagents and consumables are 
both less expensive, more widely available, and more versatile in their uses. Thus, the 
ddPCR assays developed allow NEB TRI CNV screening adoption at any location with 
access to the necessary equipment.

In study IV, we extended the methodology to the TTN SD region, in which recurrent 
CNVs had been detected on the NMD-CGH array. Our original aim was to determine 
the exact normal copy number of the region, which, however, was quickly deemed 
challenging. Furthermore, while the hypothesis is that gains in the NEB TRI and TTN 
SD regions are accumulated in tandem, it has yet to be shown whether they are direct 
or inverted tandem repeats. Our methodology does not allow us analysis of the 
sequence structure on this level, and calls for a novel approach to solve these remaining 
questions.

Studies III and IV show that ddPCR is a valid method for CNV detection within SD 
regions of the genome. The accuracy can and should be further improved, but it seems 
to be especially suited for detecting significant gains of the targeted regions. A careful
combination of different assays targeting the region will further improve the method's 
diagnostic possibilities. The ddPCR assays presented here are intended to be used as 
first-tier rapid screening methods for CNVs within the repetitive regions of NEB and 
TTN in NMD patients; any suspected gains or losses within the regions may then be 
confirmed by the NMD-CGH array.

The inclusion of TTN as a group 2 gene on the NMD-CGH array revealed suspected 
recurrent CNVs within the TTN SD region. Due to the repetitiveness and limited length 
of the region, along with the unbalanced occurrence of the repeated exons, the probe 
coverage and reliability of the NMD-CGH array in exact CN in the region is limited.

To assess whether the CNVs seen were, in fact, true variation, as opposed to 
methodological artefacts such as shifts due to DNA and probe quality, we developed 
ddPCR assays for the TTN SD region. The performance of the assays is presented and 
discussed in section 5.3.

Only one CN per sample was extracted for the TTN SD region from the NMD-CGH 
array data by normalizing the log2 value of the TTN SD region against the mean log2

values of large regions of the gene upstream and downstream of the TTN SD region, 
and subsequently calculating the hypothetical CN for the region, assuming a normal 
CN approaching 6. Most samples included in study IV were estimated to have a normal 
CN ( ).
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The mean CN per the TTN SD exon I assay in the 55 samples included in the analyses 
was 7.7, with a median of 7.7. Rounded up to the nearest integer, the CN is 8, as 
expected. The mean CN as per the TTN SD exon VII assay was 6.1, with a median of 
5.8. When rounded up to the nearest integer, these both show a CN of 6.

The three highest CNs estimated by ddPCR in the TTN SD exon I assay were 13, 12, 
and 10 (rounded to the nearest integer). For TTN SD exon VII, the highest CNs in the 
same samples were 12, 9, and 9. The NMD-CGH array estimated CNs for the respective 
samples were 11, 8, and 8, and they were classified as gains and the three largest CNs 
estimated by the NMD-CGH array. The samples were derived from a healthy individual 
(4851), and a pair of half-siblings of whom one was affected with nemaline myopathy 
(4583 affected and 4584 unaffected). The values rounded to one decimal of the three 
highest CN samples are presented in .

The healthy individual 4851 is the father of an index patient presenting with an 
undefined neuromuscular disorder. One maternally inherited heterozygous nonsense 
mutation in TTN (c.20056C>T, p.Arg6686*) has been identified in the patient. 
Unfortunately, ddPCR of the TTN SD region was unsuccessful in the patient in this 
study. The CN of the TTN SD as determined by the NMD-CGH-array was 11. As no 
second causative mutation has yet been found, the pathogenicity of the TTN SD gain 
cannot be excluded, but warrants further analysis.

The affected half-sibling 4583 received their finite molecular genetic diagnosis during 
the course of this study on the behalf of the sending laboratory. The patient is affected 
by a digenic neuromuscular disorder involving TTN (U) – however, the causative TTN
variant appears to not be a CNV. Pathogenicity or a modifying effect of the TTN SD 
gain in the patient can however not be excluded, but may be challenging to determine 
in this case.

The three lowest CNs estimated by ddPCR in the TTN SD exon I assay were 7, 6, and 6 
in the TTN SD exon I assay. For TTN SD exon VII, the respective lowest CNs for the 
same samples were 5, 4, and 4. The NMD-CGH array estimated CNs for the respective 
samples were 5, 5, and 5, classified as losses. The samples were derived from two 
individuals affected with nemaline myopathy (1531 and 2423), and an unaffected 
parent to the latter (2421). The values rounded to one decimal of the three highest 
lowest CN samples are presented in .
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The results refine the understanding of the TTN SD region; the data suggest that the 
variation in the loss group may be difficult to determine with a limited number of 
samples or that the variation may not be true. On the other hand, significant gains of 
the TTN SD region have now been confirmed both using the NMD-CGH array and the 
custom TTN SD ddPCR assays.

While recurrent CNVs of the TTN SD region have herein been confirmed by the 
combination of data acquired by the NMD-CGH-array and the custom ddPCR assays 
targeting the TTN SD region, these methods cannot differentiate between the repeated 
blocks, nor reveal the orientation of the duplications. Therefore, based on this data, we 
do not know which of the three blocks is lost or duplicated, nor if they are in tandem 
or inversed. Other methods, such as CNV analysis algorithms optimized for repetitive 
regions on MPS data, long-read sequencing, or optical genome mapping, need to be 
employed in order to gain full understanding of the variation.

The TTN SD region makes part of the PEVK-coding region in titin, which acts as an 
elastic spring during sarcomere stretch (Linke et al., 1998). We thus hypothesize that 
large enough size deviations of the PEVK region due to significant gains of the SD 
region may affect the elastic and force generation properties in skeletal muscle. This 
said, it is unlikely that a single repeat block gained or lost would alter the phenotype, 
in view of the massive size of the gene and its product. 

As with NEB, there most likely exists a certain pathogenic threshold of repetitive blocks 
gained or lost, after which a phenotypic effect is becomes evident. This, yet
hypothetical threshold remains to be defined. To our knowledge, no two copy losses 
have been detected to date in either in the NEB TRI nor the TTN SD region by NMD-
CGH array, ddPCR, or otherwise.
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The ultimate aim of the work presented in this thesis is to improve CNV detection
methods in the field of neuromuscular disorders, with a special focus on the segmental 
duplication regions of NEB and TTN.

As of January 2022, the NMD-CGH array (I) is available as a molecular genetic 
diagnostic tool at the Helsinki University Hospital (HUS) Diagnostic Center. Clinicians 
treating patients with neuromuscular disorders may now have samples diagnostically 
analyzed on the NMD-CGH array. Previously, the NMD-CGH array was only available
as a diagnostic tool through research collaboration.

In neuromuscular disorders, CNVs account for 5–9% of causative mutations 
(Giugliano et al., 2018). The extended NMD-CGH array is therefore a valuable tool in 
the detection of both known, recurrent and novel CNVs in patients.

The NMD-array was a key tool in the molecular diagnosis of a patient with an 
asymmetric distal myopathy (patient ID 4763). The deletion described was the second 
dominant mutation in NEB, and the largest CNV hitherto described in the gene. While
definite proof that the mosaic state of the deletion would be causative to the patient’s 
asymmetric muscle weakness is largely impossible to acquire, it cannot be ruled out.

The ddPCR assays developed, targeting the challenging SD regions of the sarcomeric 
giants NEB and TTN make the analysis of these regions more approachable to large 
cohorts, as custom CGH-arrays are both relatively costly and time-consuming. 
Running custom CGH-arrays may not be a viable option for most research or 
diagnostic laboratories. The ddPCR machinery, on the other hand, may be used for 
several different research and diagnostic applications, including SNP detection,
expression analysis, and detection of rare mutations, and will presumably become a 
staple method alongside standard qPCR in most research and diagnostic facilities in 
due time.

CNVs, such as those of the NEB TRI and TTN SD, balance between the classifications 
of benign and pathogenic, and it is also possible that CNVs of the TTN SD region may 
have a modifying effect. Determining the exact CN of the NEB TRI is possible using 
the NEB TRI ddPCR assays and may be validated using the NMD-CGH array, but the 
CN of the TTN SD remains to be elucidated. Furthermore, it is still unclear how the 
gains of these regions are organized, if they are always in tandem, and whether the 
blocks can be in different orientations. Neither the CGH-array, ddPCR or MLPA 
methodologies allow determining between these structures, and the current standard 
sequencing methodologies do not meet the required sequence length to cover the 
entire region.

Our results regarding the NEB TRI and TTN SD call upon a need for a sequencing 
platform able to cover the regions entirely without an amplification step, as artificial 
amplification methods do not allow for reliable amplification of sequences that large. 
While MPS-technology has significantly advanced since its first appearance and 
methods improving both reliable fragment alignment and the detection of CNVs from
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sequencing data are constantly being developed, the intragenic SD regions of NEB and 
TTN continue to pose a challenge in terms of exact CN determination. In targeted gene 
panels and WES, the data is derived from a small percentage of the entire genome, and 
the read depth may be biased by factors such as enrichment efficiency (Plagnol et al., 
2012).  

Both CGH-array and MPS-derived data benefit from previously acquired and analyzed 
data stored in in-house databases. This data can be used to correct for known recurrent 
artifacts, and can thus improve the detection accuracy and resolution of both methods. 

A solution to reliably determining the CN of these regions from MPS data would most 
likely improve the diagnostic yield and speed up the molecular diagnostic process, 
especially in patients with NEB-related NM, as both pathogenic CNVs of the NEB TRI 
region and small causative variants could be detected by one method. 

The NMD-CGH-array fills the need for a primary and a complementary CNV detection 
method in genes causing NMDs. In samples where either one or no causative mutation 
has been identified, the NMD-CGH array may be used to detect or exclude CNVs on 
the exon level of the targeted genes. The sensitivity and coverage of the NMD-CGH-
array in detecting mosaicism of large CNVs in its targeted genes also remains 
unparalleled by other methods also. 

However, SVs such as inversions or translocations cannot be detected by the NMD-
array and require other approaches to be detected. In these cases, MPS-based 
technology is superior in detection. Newer methods such as long-read sequencing, will 
probably gain wider foothold in SV analysis in diagnostics in due time. Hybrid 
assembly approaches combining short reads, long reads, and genome maps, have 
overcome some of the hardships in sequencing and assembling sequences over 
repetitive elements and duplicated regions (Pendleton et al., 2015). 

The transfer towards these long-read, or third-generation, sequencing methods has 
already begun in the 2000s. However, the vast majority of protocols still include 
targeting sequences of interest with amplification-based steps. Despite the best of 
efforts, these have not been successful in the sequencing of the entire repetitive regions 
of NEB and TTN to date. 

Optical genome mapping, such as developed by Bionano Genomics (San Diego, CA, 
USA), is a novel genome mapping method that does not require an amplification-based 
step and allows genomic mapping of SVs. The method is based on motif-specific 
labeling and linearization of DNA, which is then optically analyzed on a specific 
microchip (Bionano Genomics, 2019). The method allows identification of both 
balanced and unbalanced CNVs, and could therefore be an option in the analysis of the 
NEB TRI and TTN SD regions. The limiting factor is the requirement for a very high-
molecular weight DNA sample, which may require taking a new sample to extract DNA 
from with an optimized method. 

Another option being explored is the use of single-molecule sequencing on either 
processed RNA or cDNA, which significantly shortens the length of the sequence to be 
covered. Especially in the case of TTN, this would yield sequences from several 
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isoforms and require expert knowledge in sequence analysis, but seems to be the most 
probable route to elucidating the exact sequence of the region in due time. 

Seen the development in methods to detect challenging SVs, it is likely that other 
intragenic SD regions subject to recurrent CNVs will be uncovered.  

While novel monogenic neuromuscular disorders are still being uncovered, it is widely 
expected that a part of unresolved cases will be revealed to be either di- or polygenic 
or involve novel disease mechanisms. Digenic neuromuscular disorder mechanisms 
have already been uncovered, examples being the co-segregation of variants in TTN 
and the TRAPPC11 gene in limb-girdle muscular dystrophy patients (Chen et al., 2021) 
or the multisystem proteinopathy caused by variants in TIA1 and SQSTM1 (Y. Lee et 
al., 2018). It is highly likely that these examples are merely the beginning in the 
discovery of NMDs inherited in a digenic or even oligogenic manner. 

This puts emphasis on two factors within the research of neuromuscular disorders, the 
first of which is the development and wider usage of detection methods for the more 
unusual genetic mutational mechanisms, such as the co-segregation of variants in 
multiple genes, CNVs and other SVs, and cases of mosaicism. It is likely that more 
disorder mechanisms involving both SNVs and CNVs, much like the NEB TRI CNVs 
together with a NEB SNV, may also be discovered. The second aspect is the continuing 
rigorous functional studies required to understand the pathological mechanisms. 

The work presented in this thesis is a piece in the larger puzzle being built towards 
both the accessibility and quality of diagnostic methods. Further work is needed to 
elucidate the exact structure of the SD regions, and it is merely a matter of time until 
the challenges created by the SD regions will be surpassed, and these regions will be 
sequenced in their entirety. 
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