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ÖZET 

 

Tanısız ve Nadir Hastalıklarda Yeniden Ekzom Dizileme Analizi ile Moleküler 

Tanı 

Nadir hastalıklar, Avrupa'da 2000 kişiden birini etkileyen hastalıklar olarak 

tanımlanmaktadır. Literatüre göre halihazırda bilinen 7000 farklı hastalık nadir olarak 

kabul edilmektedir ve nadir hastalıkların %80'i genetik temellidir. Daha önce 

tanımlanan hastalıklar ile açıklanamamış veya bugüne kadar yeterli tanı testlerinin 

bulunmaması nedeniyle teşhis koyulamayan nadir hastalıklardan etkilenen bireyler de 

mevcuttur. Tanı yöntemlerindeki gelişmeler, genetik bozukluklarda tanı oranlarını 

artırmıştır. Günümüzde yeni nesil dizileme, tüm genomun yüksek çözünürlüklü 

taranmasını sağlayan, moleküler teşhiste en yaygın kullanılan yöntemlerden biridir. 

Bununla birlikte, yeni nesil dizileme uygulamalarının başarı oranları %50'nin 

altındadır. Geliştirilen yeni teknolojilerin yanı sıra artan literatür bilgileri, gelişen 

biyoinformatik analiz araçları ve daha kapsamlı filtreleme yöntemleri ile bugüne kadar 

üretilmiş yeni nesil dizileme verilerinin başarı oranlarını artırmak mümkündür. Bu 

araştırmanın bir parçası olarak, nadir görülen hastalıkların teşhisi için özel olarak 

tasarlanmış bir biyoinformatik iş akışı geliştirdik. Farklı algoritmalarla geliştirilen 

birden fazla varyant çağırıcıyı birleştirerek, bir genomdaki tüm tek nükleotid 

varyantlarını, insersiyon-delesyon varyantlarını ve yapısal varyantları bulmayı 

hedefledik. Ayrıca klinisyenler tarafından hazırlanan derin fenotipleme ile gen 

listelerimizi büyüttük ve daha geniş bir filtreleme gerçekleştirdik. Çalışmalar 

sonucunda birçok hasta tanısız kalmaya devam etti. Bunun dışında iki hastada kesin 

tanı alırken, diğer üç hastanın varyantı doğrudan hastalıkla ilişkilendirilemedi, ancak 

güçlü adaylar olarak bildirildi. Bu çalışmada derin fenotipleme ve genişletilmiş 

filtrelemenin önemini ve nadir hastalıklar için geliştirdiğimiz ACUGEN iş akışının 

daha önce tanı alamamış hastaların yeniden analiz yoluyla tanı alabileceğini gösterdik. 

 
Anahtar kelimeler: Nadir hastalıklar, biyoinformatik, tekrar analiz, tanısız 

hastalıklar, moleküler tanı. 
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ABSTRACT 

 
 

Rare diseases are described as affecting one in 2000 people in Europe. According to 

the literature, there are already known 7000 different conditions considered rare, and 

80% of rare diseases have a genetic background. There are rare disease patients who 

have not been diagnosed with previously described disorders or because adequate 

diagnostic tests are not available to date. Improvements in diagnostics methods have 

increased the rates of diagnosis of genetic diseases. Nowadays, next-generation 

sequencing is one of the most widely used molecular diagnostics methods that provide 

high-resolution screening of the entire genome. Nevertheless, the success rates of next- 

generation sequencing applications are less than 50%. Apart from the new 

technologies developed, it is possible to increase the success rates of the next 

generation sequencing data produced until today, with the increasing literature 

information, development of bioinformatics analysis tools and more comprehensive 

filtering methods. We developed a pipeline specifically designed for the diagnosis of 

rare diseases as part of this research. By combining multiple variant callers developed 

with different algorithms, we aimed to find all single nucleotide variants, insertion- 

deletion variants, and structural variants on a genome. In addition, we expanded our 

gene lists with deep phenotyping prepared by clinicians and performed more extended 

filtering. Many patients went undiagnosed as a result of the studies. Aside from that, 

two patients had a definitive diagnosis, and three other patients' variants could not be 

associated with the disease directly, but they were reported as strong candidates. We 

demonstrated the importance of deep phenotyping and extended filtering in this study 

and how the ACUGEN pipeline we developed for rare diseases enables previously 

undiagnosed patients to be diagnosed through re-analysis. 

 
Keywords: Rare diseases, bioinformatics, re-analysis, undiagnosed diseases, 

molecular diagnostics. 
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1. INTRODUCTION 

 
 

In contrast to common diseases, a rare disease affects a small number of 

individuals, but it is known that rare diseases in total can create a mid-sized continent. 

To consider a disease as rare differs in different regions. In Turkey, rare diseases are 

defined as diseases that affect one in two thousand people in the population, the same 

as in Europe (1). There are approximately 7000 rare diseases defined in the literature, 

and in addition to these, there are still a number of undiagnosed rare disease patients 

remaining (2). Patients who have a condition that has not been previously described or 

for which a diagnostic test is not yet available are defined as undiagnosed disease 

patients (3). 

 
Today, next-generation sequencing (NGS) technologies play an important role in 

the diagnostics of genetic diseases. NGS provides high-resolution screening of a part 

of the entire genome (4). Most genetic diseases are caused by the alterations in the 

coding regions of the genome, and sequencing of these coding regions, whole-exome 

sequencing (WES), has helped to define hundreds of genetic disorders. Nevertheless, 

the diagnosis rate of the WES is around 30% (5). Whole-genome sequencing (WGS) 

is generally used when whole-exome sequencing is insufficient. WGS is the most 

comprehensive method applied today to display intronic and structural variants, 

especially in the absence of a significant variant in the coding regions (6). 

 
Variant filtering and interpretation are crucial steps for the molecular diagnosis of 

rare diseases. Generally, a rare disease patient is diagnosed around six years after many 

negative test results (7). 

 
The development of bioinformatics approaches and medical literature and re- 

analysis of the generated data may avoid unnecessary testing. Also, deep phenotyping 

and advanced filtering applications may improve the diagnosis rates (8). For a 

successful reanalysis, updating the applied pipelines and annotations according to the 

recent developments in bioinformatics is very important. 
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Here we aimed to improve the diagnostic rate of WES/WGS analysis in patients 

with negative test results or with results that cannot explain the phenotype. We 

developed a new analysis flow consisting of the most recent advanced tools and aimed 

to improve the diagnosis rate with the support of deep phenotyping and advanced 

filtering. 
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2. BACKGROUND 

 

 
2.1. Rare Diseases 

 
 

The common disease-common variant (CD-CV) hypothesis states that common 

disease-causing alleles, or variants, will be found in all human populations that display 

a certain condition. In the coding and regulatory sequences of genes, common 

variations (not necessarily disease-causing) are known to exist. Some of these 

variations, according to the CD-CV hypothesis, increase susceptibility to complex 

polygenic disorders. Each gene mutation that affects the phenotype of complex disease 

will have a minor additive or multiplicative effect. Some diseases may be rare in one 

region but not in another (e.g., Familial Mediterranean Fever is considered common 

on the Mediterranean coast but in no other regions.). Also, there are many common 

diseases with rare variants (e.g., subtypes of some cancers like acute lymphoblastic 

leukemia)(9) Rare diseases (RD) are defined as diseases that affect 1/2000 people in 

Europe (1). According to literature, 80% of RDs have a genetic aetiology, but 

according to Orphadat,a only 39% of RDs’ genetic background is identified (3). Except 

for rare diseases with genetic background, there are very rare forms of infectious 

diseases also grouped as rare diseases. RDs are primarily chronic, progressive, and 

severe groups of diseases and mostly occur in the first years of life. Today, the cause 

of most of the RDs remains unknown (10). 

 
There are around six to seven thousand rare diseases that have been described in 

the medical literature (1). Our understanding of the genetic factors that might cause 

rare genetic diseases has vastly improved over the last 30 years (11). Chromosomal 

rearrangements, copy number variations, trinucleotide repeats, indels, SNVs, 

mitochondrial mutations, and epigenetic modifications have been added to our 

knowledge to understand these factors (12). These research insights brought new 

diagnostic techniques with them. Karyotyping and Sanger sequencing techniques were 

the gold standard for the last 40 years in diagnostics of genetic disorders and the 

diagnosis rate improved with the installment of microarrays and NGS (13). On the 

other hand, there is still a high number of rare disease patients who remain 
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undiagnosed due to a lack of access to the right kind of expertise or testing (14). 

According to patient surveys, patients with rare diseases require an average of 7.6 

years in the United States and 5.6 years in the United Kingdom to receive a diagnosis 

(15). 

 
Science can provide some answers for all rare disorders. Biological samples can 

now be used to diagnose hundreds of rare diseases. The construction of registries 

advances our understanding of these diseases' aetiology. Researchers are increasingly 

using networks to discuss their findings and progress their careers more quickly. The 

perspectives presented by European and national policies in the field of rare diseases 

in several European countries provide new optimism. 

 
2.2. Undiagnosed Diseases 

 
 

A rapidly growing area of genomic medicine is establishing a diagnosis for 

individuals with complex phenotypes (or combinations of phenotypes) that have 

eluded conventional medical examination. The term undiagnosed is used for diseases 

that, despite all the current clinical and laboratory applications, the patients cannot 

receive a clear diagnosis. Also, these patients may be misdiagnosed due to complex 

and heterogeneous symptoms and incomplete patient examination. Early diagnosis is 

crucial for prognosis and survival. Misdiagnosis will prolong the time of diagnosis, 

and wrong drug use may cause irreversible damage to the patient. Most undiagnosed 

patients have a rare disease that couldn't be diagnosed (15). The reason most 

undiagnosed diseases are considered rare is that differential diagnoses between rare 

diseases are so narrow. Only one different mild phenotype may change the cause of 

the disease. 

 
According to Undiagnosed Diseases Network International (UDNI), Undiagnosed 

rare diseases are disorders that defy a referring physician's diagnosis; some patients 

wait years for a final diagnosis. Undiagnosed rare diseases might include unidentified 

disorders with similar symptoms, diseases with well-defined phenotypes, diseases with 

unknown molecular causes, or diseases caused by unknown, non-genetic sources (16). 
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The National Institutes of Health Undiagnosed Diseases Program and, more recently, 

the Undiagnosed Diseases Network revealed early achievements, prompting the 

creation of the global UDNI endeavour, which now includes programs in 16 countries. 

The utilization of genomics as a key component of the diagnostic process is a common 

feature of these programs (17). 

 
As evidenced by pediatric applications to the National Institutes of Health (NIH) 

patients may remain for years without a diagnosis under the Undiagnosed Diseases 

Program, in the range of 4–6 years of age and 16–18 years of age (18). 

 
2.3. The Human Genome Project 

 
 

The Human Genome Project (HGP) was an international, collaborative scientific 

project whose goal was to map and comprehend all human genes completely. It is still 

the largest collaborative biological project in the world. The project formally debuted 

in 1990 and was declared largely completed on April 14, 2003, but only comprised 

roughly 85 percent of the genome. In May 2021, the level of "complete genome" was 

achieved, with only 0.3 percent of nucleotides remaining with potential concerns. In 

January 2022, the missing Y chromosome was added. The project was planned by the 

National Health Institute and National Science Academy Committee in 1988. It started 

with the “first five years plan” in April 1990, and scientists who were working on the 

project published the physical map of the human genome. In December 1999, the 22nd 

chromosome, consisting of 33.5 million letters, was first decoded. 

 
According to the HGP, there are approximately 20,500 coding human genes. The 

HGP's final product has provided a wealth of precise knowledge about the structure, 

organization, and function of the whole set of human genes to the rest of the world. 

 
In February 2001, the International Human Genome Sequencing Consortium 

published the first draft of the human genome in Nature and Science Journals. The 

genome's three billion base pairs were sequenced to nearly 90% completeness. 
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HGP has different outputs besides the human genome sequence. Characterize the 

whole genomes of several additional organisms that are commonly utilized in 

biological research, such as mice, fruit flies, and flatworms. Because most organisms 

have many related or "homologous" genes with similar functions, these efforts 

complement one another. As a result, determining a gene's sequence or function in a 

model organism, such as the roundworm C. elegans, has the potential to explain a 

homologous gene in humans or one of the other model species (Table 1). 
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Table 1. The achievements of the HGP (19). 
 

Area Goal Achieved Date 

 
Genetic Map 

2- to 5-cM resolution 
map (600 - 1,500 

markers) 

1-cM resolution 

map(3,000 markers) 

 
September 1994 

Physical Map 30,000 STSs 52,000 STSs October 1998 

 
 

DNA Sequence 

99.99 percent of the 

human sequence 

comprising genes was 

completed with 99.99 

percent accuracy. 

99 percent of the 

human sequence 

comprising genes was 

completed with 99.99 

percent accuracy. 

 
 

April 2003 

Capacity and 

Cost of Finished 

Sequence 

Sequence 500 

Mb/year at < $0.25 

per finished base 

Sequence 

>1,400Mb/year at 

<$0.09 per finished 

base 

 
November 2002 

Human Sequence 

Variation 

100,000 human SNPs 

mapped 

3.7 million mapped 

human SNPs 
February 2003 

Gene 

Identification 

Complete human 

cDNAs 

15,000 complete 

human cDNAs 
March 2003 

 

 

 

 
Model Organisms 

 

 
Whole-genome 

sequences of E. coli, 

S .cerevisiae, C. 

elegans, D. 

melanogaster 

E. coli, S. cerevisiae, 

C. elegans, and D. 

melanogaster 

complete genome 

sequences, as well as 

whole-genome drafts 

of C. briggsae, D. 

pseudoobscura, 

mouse, and rat 

 

 

 

 
April 2003 

 

 

 

 

Functional 
Analysis 

 

 

 

 

Develop genomic- 
scale technologies 

DNA microarrays 

using high- 

throughput 

oligonucleotide 
synthesis 

 
 

1994 

Eukaryotic, whole- 

genome knockouts 

(yeast) 

 
1996 

The two-hybrid 

technique for protein- 

protein interaction 
has been scaled up. 

 
1999 

 

 

The Genome Reference Consortium (GRC) produced the current human reference 

genome in 2013 and updated it in 2019 (GRCh38.p13) (20). The current reference 

genome, GRCh38 comprises 151 Mbp of unidentified sequence, including 
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pericentromeric and subtelomeric areas, terminal segmental duplications, ampliconic 

gene arrays (eight palindromes, three inverted repeats, two arrays of no long open 

reading frames, and testis-specific Y repeats), and ribosomal DNA (rDNA) arrays, all 

of which are required for essential cellular activities (21). Recently, the Telomere-to- 

Telomere (T2T) Consortium presented T2T-CHM13, a 3.055 billion–base pair human 

genome sequence that includes gapless assemblies for all chromosomes except Y. 

T2T-CHM13, corrected errors in previous references, and presented nearly 200 

million base pairs of sequence containing 1956 gene predictions, 99 of which are 

predicted to be protein-coding (22). 

 
2.4. Reference Genome 

 
 

A reference genome (also known as a reference assembly) is a digital nucleic acid 

sequence database established by scientists to represent the set of genes in a unique 

idealized individual organism of a species. Reference genomes do not correctly 

represent the set of genes of any single individual organism because they are generated 

through the sequencing of DNA from a number of individual contributors (23). A 

reference, on the other hand, gives a haploid mosaic of various DNA sequences from 

each donor. The majority of the population who have had their full genome sequenced, 

such as James D. Watson, who is the first sequenced individual, had their genome 

assembled in this method (21). Certain changes to the reference genome sequences are 

taking place as a result of breakthroughs in the scientific community. Patches to the 

current genome or a new genome version may be developed, depending on the size of 

these advancements. Patches are scaffold sequences that have been accessioned and 

indicate assembly updates. There are two types of patches; fix patches and novel 

patches. Changes to current assembly sequences are represented by fixedpatches. Error 

fixes (handled by methods such as base changes, component replacements/updates, 

switch point updates, or tiling path adjustments) or assembly improvements (such as 

sequence expansion into gaps) are the most common. The inclusion of new alternate 

loci to the assembly is represented by novel patches. These are alternative sequence 

representations of chromosomal sequences. The accessions for the innovative patch 
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scaffolds will persist in the next major release, and the scaffolds will be known as 

alternate loci (24). 

 
2.5. Human Genome 

 
 

The human genome is composed of 3 billion nucleotides, which carry the genetic 

information required to determine all elements of life. DNA is a polymeric nucleic 

acid macromolecule consisting of three different sorts of units: a five-carbon sugar 

(deoxyribose), a nitrogen-containing base, and a phosphate group. Polymerization of 

nucleotides results in long polynucleotide chains linked together from the fifth carbon 

to the third carbon (5’ to 3’) direction that form a double-helix structure with the 

opposite strand (25). The two groups of nitrogenous bases comprising the two groups 

of nucleotide bases are purines and pyrimidines. Guanine (G) and adenine (A) are 

purine nucleotide bases that distinguish deoxyribonucleotides (deoxyadenosine and 

deoxyguanosine) and ribonucleotides (deoxyguanosine and deoxyguanosine) 

(adenosine, guanosine). DNA and RNA are made up of nucleotides. 

 
Cytosine (C), thymine (T), and uracil (U) are pyrimidine derivatives that can be 

found in nucleic acids. These bases and their complementary purines form hydrogen 

bonding in DNA and RNA. The purines adenine (A) and guanine (G) pair up 

respectively with the pyrimidines thymine (T) and cytosine (C) in DNA. 

 
Coding Regions of the Genome 

 
 

Each nucleated cell in the body has its own copy of the human genome, which 

contains approximately 20,000 coding genes and approximately 30,000 non-coding 

genes, which are out of the scope of this study. Genes are the basic units of DNA, 

encoding the inherited structural and regulatory elements of the organisms. Genes play 

important roles in health and disease. The genes are ordered linear along the 

chromosomes, with each gene having a specific location or locus. Each chromosome 

carries a different subset of genes that are ordered linearly along with its DNA. 

Members of a pair of chromosomes (also known as homologous chromosomes or 
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homologues) have genetic information that is identical; they usually have the same 

genes in the same order. On the other hand, alleles are the alternative forms of a DNA 

sequence at a specific locus. For many genes, there is a single dominant allele, known 

as the wild-type or common allele, that is found in more than half of a population. The 

variant (or mutant) alleles differ from the wild-type allele due to the existence of a 

change (26). 

 
Depending on their functions, there are two groups of genes in the genome: 

protein-coding genes and non-coding genes (27). There is no one-to-one 

correspondence between proteins and genes. A gene may encode more than one 

protein that has different functionalities by an alternative splicing mechanism (28). 

Genes also have regions that are coding and noncoding. Coding regions are translated 

to mRNAs, called exons, and noncoding regions of a gene are called introns (Figure 

1). With the splicing mechanisms, a gene can be transcribed to different mRNAs, 

which can be translated by different exon combinations (29). 
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Figure 1. The typical gene structure in humans and the central dogma. 
 

The figure shows the regulatory locations, which include distal control elements, 

enhancers/silencers (gold), and promoter TATA box (light coral), which contains 

several Transcription Factor (TF) binding sites. Next to the promoter site, the 

transcribed region has been shown with its exons (light sea green), introns (ice blue), 

and Poly-A signal sequence (steel blue). Then, regulatory sequence Following the 

transcription and posttranscriptional modifications, mature mRNA occurs (30). At 

last, the transcription of the protein (31) (This figure is drawn with BioRender 

application). 
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2.5.1. Variations 

 
 

Despite the fact that two people's genomes are 99.5 percent the same, each person 

has a distinct phenotype, with the exception of monozygotic twins. (32). This genetic 

and phenotypic diversity mainly occurs due to the variations. The frequencies of these 

variations may vary among different populations. If a locus in a population has two or 

more relatively common alleles (defined by convention as having an allele frequency 

> 1 percent), that locus is said to be polymorphic (33). According to HGVS, however, 

the terms "polymorphism" and "mutation" are no longer in use due to their unclear 

meanings in colloquial usage. Polymorphism can be misleading because, in some 

areas, it refers to a non-disease-causing sequence variation, while in others, it refers to 

a variant identified at a frequency of more than 1% in a population. Hence, “variant”, 

“change,” “alteration” terms are suggested for changes in the DNA sequences. 

 
Variations are mainly classified into three groups. Variants that change the number 

of chromosomes are called genome variants, such as aneuploidies. Also, “regional 

variants” that change only a part of a chromosome and might change the copy number 

of sub-chromosomal segments or a structural rearrangement, are called chromosomal 

variations. Lastly, modifications of the DNA sequence, which involve substitution, 

deletion/duplication, and insertion that range from single nucleotide to 100 kb, are 

called gene or DNA variations (34). 

 
This thesis primarily covers the gene variations, and these variations will be 

explained in the following section in detail. 

 
2.5.1.1. Types of gene variations 

 
 

Gene variants can be categorized according to their underlying mechanism and 

their effect on the gene involved (Table 2)(35). 
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Table 2. Type of gene variations, their mechanisms, and their size range. 
 

Variation Rearrangement type Size range 

Single nucleotide 

changes 

Single nucleotide polymorphisms, 

point mutations 

1 bp 

Small 

insertions/deletions 

Binary insertion/deletion events of 

short sequences 

1-50 bp 

Short tandem repeats Microsatellites and other simple 

repeats 

1-500 bp 

Fine-scale structural 

variations 

Deletions, duplications, tandem 

repeats, inversions 

50 bp to 5 kb 

Retroelement 

insertions 

Short interspersed elements, long 

interspersed elements, 

long terminal repeats, endogenous 

repeat viruses 

300 bp to 10 kb 

Intermediate-scale 

structural variation 

Deletions, duplications, tandem 

repeats, inversions 

5 kb to 50 kb 

Large-scale 

structural variations 

Deletions, duplications, large tandem 

repeats, inversions 

50 kb to 5 Mb 

 

 

2.5.1.1.1. Nucleotide substitutions 

 
 

A single nucleotide substitution (or point mutation) can alter the translation in a 

triplet of bases in a coding sequence, resulting in the nonsynonymous replacement of 

one amino acid by another in the gene product. Because they change the coding strand 

of the gene to indicate a new amino acid, these mutations are referred to as missense 

mutations (33). Although not all missense mutations cause a change in the protein's 

function, the resulting protein may fail to function properly, be unstable and quickly 

degraded, or fail to locate through its intracellular position (36). Synonymous variants 

(also known as a silent substitution) are the changes that affect the DNA sequence 

without causing alteration in protein sequence (37). 
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Nonsense mutations are point variations in a DNA sequence that cause one of the 

three termination codons to replace the regular codon for an amino acid. Because 

mRNA translation stops when a termination codon is reached, a mutation that 

transforms a coding exon into a termination codon causes mRNA translation to stop 

halfway through the coding sequence. A mutation of this type will result in an aberrant 

protein product with extra amino acids at its carboxyl terminus, as well as a disruption 

of regulatory activities normally given by the 3′ untranslated region downstream of the 

normal stop codon (33,36). Premature termination codons in genes, on the other hand, 

rarely result in the shortened protein that could be expected. Cells have a process called 

nonsense-mediated decay (NMD) that recognizes and degrades mRNAs with 

premature termination codons. As a result, a nonsense mutation usually prevents the 

gene from being expressed (38). 

 
A frameshift variant is a genetic variation induced by indels in a DNA sequence 

that is not divisible by three nucleotides. Because of the triplet nature of gene 

expression by codons, insertion or deletion can change the reading frame, resulting in 

a translation that is completely different from the original. The protein will be more 

changed if the deletion or insertion occurs earlier in the sequence (39). A frameshift 

variant differs from a single-nucleotide polymorphism, which occurs when a 

nucleotide is altered rather than inserted or deleted. In general, a frameshift variant 

causes the codons read following the mutation to code for different amino acids. The 

frameshift mutation will also change the first stop codon in the sequence ("UAA", 

"UGA", or "UAG"). The polypeptide produced could be exceptionally short or long, 

and it will almost certainly be ineffective (33,36). 

 
Splice site mutations occur when nucleotide(s) are inserted, deleted, or substituted 

in the precise spot where splicing occurs during the conversion of precursor messenger 

RNA into mature messenger RNA. Initial RNA transcripts encounter a series of 

alterations before being processed into mature mRNAs (or final forms of noncoding 

RNAs), including transcription factor binding, 5′ capping, polyadenylation, and 

splicing. All these processes in RNA maturation are dependent on certain RNA 

evolutionary conserved sequences. Two types of splicing variations have been 
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identified in the case of splicing. For introns to be excised from unprocessed RNA and 

exons to be spliced together to generate mature RNA, specific nucleotide sequences 

near the exon-intron (5′ donor site) or intron-exon (3′ acceptor site) junctions must be 

present. Normal RNA splicing at either the splice donor or acceptor site is interfered 

with (and in some cases abolished) by mutations that disrupt these necessary 

nucleotides. Base substitutions, which do not impact the donor or acceptor site 

sequences themselves but instead form alternative donor or acceptor sites that compete 

with the usual sites during RNA processing, are the second type of splicing mutation. 

Inactivating a splice site usually results in the loss of a gene's function, or at the very 

least, all isoforms that use that site, but the exact biochemical mechanisms are difficult 

to predict. Exons are sometimes skipped; intronic sequences are sometimes maintained 

in mature mRNA; a neighbouring cryptic splice site is frequently employed. Cryptic 

splice sites are sequences within a primary transcript (in exons or introns) that 

resemble real splice sites but aren't close enough for the cell to recognize them as such. 

Within a cryptic site, a nucleotide variation may increase the similarity enough to turn 

it into a functional site. This will cause the transcript to be incorrectly processed. A 

sequence modification, on the other hand, may reduce the strength of a true splice site; 

thus, a neighbouring cryptic site is preferred (33,38) 

 
2.5.1.1.2. Insertion and deletion variations 

 
 

Variations caused by insertion or deletion (INDEL) of anywhere from a single base 

pair up to around 1000 bp, although larger indels have been found, make up the second 

class of polymorphism (40). A frameshift variant will occur in coding regions of the 

genome unless the length of an indel is a multiple of three. A point mutation is the 

contrary of an indel. A point variation is a type of substitution that changes one of the 

nucleotides without changing the overall number in the DNA. Indel inserts and deletes 

nucleotides from a sequence, whereas a point mutation replaces one of the nucleotides 

without changing the overall number in the DNA (41). An indel variant in the coding 

region of an mRNA causes a frameshift during translation, which might result in an 

improper (premature) stop codon in a different frame. In coding regions, Indels that 

are not multiples of three are rare, although they are very common in non-coding 
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regions (42). Each individual has between 192 and 280 frameshifting indels (43). 

Indels are believed to account for between 16% and 25% of all sequence 

polymorphisms in humans (44). In fact, indel frequency is far lower than that of single 

nucleotide polymorphisms (SNPs) in most known genomes, including humans, except 

for highly repetitive regions such as homopolymers and microsatellites. 

 
Copy number variation (CNV) is a term used to describe a molecular process in 

which the number of times a sequence of the genome is repeated changes amongst 

individuals of the same species (45–47). Inversions and balanced translocations, as 

well as genomic imbalances (insertions and deletions), are examples of CNVs. The 

human genome's segmental replication architecture is crucial to comprehending 

structural diversity. Segmental duplications (also known as low copy repeats) are 

blocks of DNA 1–400 kb in length that occur at several locations across the genome 

and have a high level of sequence similarity (>90 percent) (48,49). 

 
2.6. ACMG Guidelines and Variant Interpretation 

 
 

In 2008, The American College of Medical Genetics and Genomics (ACMG), 

developed guidance for the interpretation of sequence variants (50). Since then, 

sequencing Technologies and our knowledge have evolved. According to 

improvements in the area, ACMG revised its standards and guidelines for the 

interpretation of variants. These guidelines broadly apply to genotyping, single genes, 

panels, exomes, and genomes, which are all common genetic tests used in clinical 

laboratories. To describe variations found in Mendelian disorders, this guideline 

suggests using standard terms such as 'pathogenic', 'likely pathogenic', 'uncertain 

significance', 'likely benign', and 'benign' with an evidence-based decision tree; i.e. it 

is a guideline to classify known disease-gene associations. Evidence of pathogenicity 

is rated as very strong, strong, moderate, and supporting (Figure 2). In exchange, 

weight criteria for benign evidence are stand-alone, strong, and supportive. The criteria 

are then combined using the scoring rules in Figure 2 to determine which of the five 

tiers to use (51,52). 
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BENIGN PATHOGENIC 
 Strong Supporting Supporting Moderate Strong Very Strong 

Population 

Data 

MAF is too high for 

disorder BA1/BS1 OR 

observation in controls 

inconsistent with 

disease penetrance BS2 

  Absent in population 

databases PM2 

Prevalance in affecteds 

statistically increased over 

controls PS4 

 

Computational 

and Predictive 

Data 

 Multiple lines of 

computational evidence 

suggest no impact on gene 

/gene product BP4 

 
Missense in gene where 

only truncating cause 

disease BP1 

Multiple lines of 

computational 

evidence support a 

deleterious effect 

on the gene /gene 

product PP3 

Novel missense change 

at an amino acid residue 

where a different 

pathogenic missense 

change has been seen 

before PM5 

 

Protein lenght changing 

variant PM4 

Same amino acid change 

as an established 

pathogenic variant PS1 

Predicted null variant in a 

gene where LOF is a known 

mechanism of  disease 

PVS1 

 Silent variant with non 

predicted splice impact BP7 
    

 In-frame indels in repeat 

w/out known function BP3 

    

Functional Well-established  Missense in gene with Mutational hot-spot Well-established  
Data functional studies show low rate of benign or well-studied functional studies show a 

 no deleterious effect missense variants functional domain deleterious effect PS3 
 BS3 and path, missenses without benign  

  common PP2 variation PM1  

Segregation Nonsegregation with  Cosegregation with    
Data disease BS4 disease in mutiple 

  affected family 

  members PP1 

De novo 

Data 
   De novo (without 

paternity & maternity 

confirmed) PM6 

De novo (paternity & 

maternity confirmed) PS2 
 

Allelic 

Data 
 Observed in trans with a 

dominant variant BP2 
 For recessive disorders, 

detected in trans with a 

pathogenic variant PM3 

  

 Observed in cis with a 

pathogenic variant BP2 
 

Other 

Database 
 Reputable source w/out 

shared data = benign BP6 

Reputable source 

= pathogenic PP5 
   

Other 

Data 
 Found in case with an 

alternate cause BP5 

Patient's phenotype or 

FH highly spesific for 

gene PP4 

   

 

Figure 2. Evidence framework of ACMG Guideline, 2015 (52). 
 

This diagram arranges each of the criteria for a benign (left side) or pathogenic (right 

side) assertion by the type of evidence and the strength of the criteria. BS stands for 

benign strong; BP stands for benign supporting; FH stands for family history; LOF 

stands for loss of function; MAF stands for minor allele frequency; PM stands for 

pathogenic moderate; PP stands for pathogenic supporting; PS stands for pathogenic 

strong; PVS stands for pathogenic very strong. 

 
2.7. Milestones of Sequencing Technologies 

 
 

2.7.1. First generation sequencing 

 
 

The development of Sanger's 'chain-termination' or dideoxy technique in 1977 

was a critical advancement that transformed the progress of DNA sequencing 

technology forever (53). In time the method was called Sanger sequencing. The Sanger 

sequencing is a DNA sequencing method that is based on including chain-terminating 

dideoxynucleotides selectively by DNA polymerase. This sequencing method was 

developed by Frederick Sanger and his colleagues in 1977. Sanger sequencing is still 

the most used sequencing method, despite the widespread usage of NGS technologies 
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and Sanger sequencing is still used for shorter sequences and is the diagnostic gold 

standard for the co-segregation of variants. Sanger sequencing method requires a 

single strand DNA template, DNA polymerase, deoxynucleotriphosphates (dNTPs) 

and modified dideoxynucleotide triphosphates (ddNTPs) and DNA primers. All 

ddNTPs have fluorescent dye according to their nucleotides. The samples loaded on 

the polyacrylamide gel irradiate under UV light, and the sequence can be read. Also, 

capillary electrophoresis may be applied to read the sequence (Figure 3). 

 

 

 

 

 

 

 

 
Figure 3. Sanger sequencing workflow. 

 

(This figure was drawn with the BioRender application) 

 
Sanger sequencing creates SCF chromatograms as an output in which each peak 

expresses a nucleotide (Figure 4). Nucleotide changes can be noticed with the 

reference genome comparison. The chromatogram view also allows to interpretation 

variants zygosities (Figure 4). 
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Figure 4. DNA sequence chromatogram format visualization. 
 

The image of homozygous and heterozygous variants on the chromatogram are 
indicated. 

 

 
 

2.7.2. Next-generation sequencing (NGS) 

 
 

Massively parallel sequencing, also known as next-generation sequencing (NGS) 

or second-generation sequencing, is one of several high-throughput techniques for 

DNA sequencing that uses the concept of massively parallel processing (54). In recent 

years, several massively parallel sequencing technologies have become available, 

allowing for larger-scale genomic sequence generation (55). 



22  

 

 
 

Figure 5. Methodology of the Illumina short-read sequencing (sequencing by 

synthesis). 

1) The genome fragments and sequencing adapters ligate these randomly 

fragmented genomic DNAs. DNA libraries are created in this manner. 2) Attach 

single-stranded fragments to the inside surface of flow cell channels at random. To 

begin solid-phase bridge amplification, add unlabeled nucleotides and enzymes. On 

the solid-phase substrate, the enzyme integrates nucleotides to form double-stranded 

bridges. Single-stranded templates remain anchored to the substrate after 

denaturation. Each channel of the flow cell generates several million dense clusters 

of double-stranded DNA. 3) After adding four tagged reversible terminators, 
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primers, and DNA polymerase, the first sequencing cycle begins. The emitted 

fluorescence from each cluster is collected after laser activation, and the initial base 

is recognized. The incorporation of four tagged reversible terminators, primers, and 

DNA polymerase is repeated in the following cycle. The image is acquired as before 

after laser excitation, and the identity of the second base is recorded. One base at a 

time, the sequencing cycles are performed to identify the sequence of bases in a 

fragment. 4) Sequencing differences are found after aligning the data and comparing 

it to a reference (This figure is drawn with BioRender.) (56). 

 

 
 

NGS can be applied to genetic materials such as DNA and RNA and provides 

specific sequencing of the whole genome, whole exome, and or a region of interest 

with the index primers and barcodes used to prepare the sequencing libraries. Also, 

NGS is involved in functional genomics, transcriptomics, oncology, evolutionary 

biology, and medicine. It has made great contributions to life sciences in many fields, 

such as diagnosis and discovery of new disease-related genes and classification and 

discovery of novel organisms. Despite the fact that next-generation sequencing (NGS) 

is a more recent sequencing approach, Sanger sequencing is still significant, depending 

on the sequencing target and the size of the region to be sequenced (Figure5) (53,57– 

59). 

 
2.7.2.1. Targeted enrichment 

 
 

NGS plays a leading role in much of today’s genetic research. Depending on the 

study aim, it has different application types. Targeted enrichment is one of these 

methods and it is the most suitable and preferred method in terms of price/time cost 

today. Targeted enrichment is the sequencing of specific regions of the genome, and it 

can be shaped according to the aim of sequencing (57). Genes or genomic regions 

which are associated with complex traits can be performed with less data and less cost 

for pharmacogenetics and pathway analyses. The value of exome sequencing becomes 

even greater when it is assumed that such pathogenic mutations occur in exonic regions 

for cost and timing. There are basic standards to catch at targeted enrichment which 

causes different difficulties such as coverage of the targeted region and read depths, 

availability to re-analysis, ratios of in-target/out-target reads, and determination of 

necessary DNA amount,etc. If these standards can be provided, data can be analysed, 
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and it can be re-analysed later. There are two popular targeted sequencing approaches 

hybridization capture, and amplicon sequencing (Figure 6). 

 

 

 
Figure 6. The differences between amplicon sequencing and hybridization capture. 

 

The DNA products of a PCR are known as amplicons. Amplicons are created by 

PCR, pooled, and sequenced in NGS amplicon sequencing. Amplicon sequencing 

can discover variations at very low levels and frequencies since NGS-based targeted 

sequencing leads to very extensive coverage of a specific region of interest. The 

approach enables sample multiplexing, allowing hundreds of PCR fragment 

sequences to be determined at the same time (60). Target enrichment, also known 

as hybridization capture, is a method of targeted next-generation sequencing (other 

methods of targeted sequencing can include the use of amplicons or molecular 

inversion probes). DNA samples are transformed into sequencing libraries before 

hybridization capture (61). 

 

 
 

NGS can sequence millions of fragments with hybridization capture. The best 

applications of hybridization capture are exome sequencing, gene discovery, oncology 

and genotyping, etc (60). Exome sequencing is a sequencing method that sequences 

exon regions and exon-intron boundaries of a genome. Today, exome sequencing is 

one of the important targeted enrichment methods in the diagnostics of monogenic 

diseases. Exons are regions that cover 1.9% of the entire genome and are involved in 
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protein-coding. It is known that the majority of genetic diseases defined today are 

caused by mutations in exons (61). According to Yang's 2014 article, whole-exome 

sequencing has around a 25% diagnostic rate (62). The diagnostic rate for WGS is 

45.6%, according to Bertoli-Avella, 2021 article (63). 

 
2.7.2.1.1. Whole exome sequencing 

 
 

Whole exome sequencing is one of the applications of targeted enrichment 

designed to capture coding regions on the genome. The WES application aims to 

identify variants that are directly related to protein translation. In ClinVar, more than 

90% of pathogenic variants are located in coding DNA sequences (60). 

 
WES has several advantages and disadvantages compared to whole-genome 

sequencing (WGS). WGS remains expensive and requires high-performance 

computing to analyze. WES is financially more affordable, creates a lower amount of 

data than WGS, which makes it easy to analyze, and reduces the risks of identifying 

incidental findings that make it more ethical to use it (61). The most important 

disadvantage of WES is not applicable for identifying structural variants like 

chromosomal rearrangements, long insertions, deletions, inversions, and copy number 

variants more accurately. 

 
WES analysis has several steps that are split into bioinformatics steps and filtering 

steps. Bioinformatics steps were explained in the “FASTQ to VCF” and “Annotation” 

sections. The filtering step is to filter the variants that are prone to pathogenicity from 

the annotated VCF by using the information obtained as a result of annotation from 

the list of variants obtained. The aim of variant filtering is to find the variant or variants 

that may cause the disease of the studied individual. 

 
2.7.2.2. Whole genome sequencing 

 
 

WGS is a method for analyzing complete genomes. Identification of hereditary 

diseases, describing the mutations that drive cancer progression, and tracking disease 
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outbreaks have all benefited from genomic knowledge. Whole-genome sequencing has 

become a valuable tool for genomics research due to rapidly falling sequencing prices 

and the capacity to create massive amounts of data using today's sequencers (64). 

 
NGS devices with WGS capabilities can sequence an entire genome in less than 

30 hours. A single entire genome's DNA is fragmented and assembled into a single 

sequencing library, which is then sequenced in one run. In a normal human genome, 

there are around 2–3 million SNPs and tiny INDELs, with about 15–20,000 of them 

occurring in the coding area (65). 

WGS can cover up to 98 percent of the human genome, while WES can cover 

almost 95 percent of coding areas but only 1–2% of the genome. WES has a lower cost 

per sample than WGS, a better depth of coverage in target locations, fewer storage 

requirements, as well as quicker data analysis. 

 
2.7.3. Third generation sequencing 

 
 

Third-generation sequencing (TGS) is also known as long-read sequencing. The 

major difference between short-read and long-read sequencing is the fragment sizes of 

each read. NGS reads have approximately 100 to 300 bp reads for each fragment, while 

TGS sequencers can read approximately 10 kb bp reads for each fragment (66). Even 

with the application of state-of-the-art bioinformatic techniques, structural variations 

(SVs), repetitive elements, excessive guanine-cytosine (GC) content, or sequences 

with many homologous elements in the genome are challenging to define using NGS. 

Because of the limits of NGS-based human disease research, scientists are looking for 

new ways to improve diagnostic accuracy and speed up detection times in genetic 

diseases (67). TGS is a single molecule and real-time sequencing method developed 

by Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT) in 2011 

(68). Single-molecule real-time (SMRT) technology is used on the PacBio platform. 

There is no need for PCR in the DNA library preparation because a closed and circular 

ssDNA template may be duplicated mechanically. The fluorescence signals are 

activated by a laser during the sequencing process as soon as a tagged dNTP is 
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integrated into DNA (69). In time also, Illumina announced their new long-read 

sequencers, which are named “Infinity Long Reads” (70). 

 
2.8. NGS Analysis 

 
 

The data obtained from the sequencing device passes through the pre-process, 

process, and analysis steps. High computing power is required to realize these steps. 

However, in order for the NGS data to be large and archived these data, these data 

must go through a group of pre-processes. In the pre-processing step, the data obtained 

from the sequencing device is made ready for it to go through a group of bioinformatics 

stages. In terms of Illumina devices, the rawest data obtained from the sequencing 

device are Binary Base Call (BCL) format files. BCL formatted files are very large in 

size compared to other raw data. For this reason, BCL files are compressed by 

converting to FASTQ formats. FASTQ formatted files are much smaller data 

compared to BCL. In this way, they can be stored and transferred more easily (71). 

 
In the process step, the FASTQ format file is made ready for analysis by going 

through the stages of alignment, sorting, removing duplicates, recalibrating of bases, 

and variant calling. 

 
VCF files obtained as a result of variant calls are filtered by annotating the data 

collected from the databases in the analysis step. 

 
2.8.1. Data types 

 
 

2.8.1.1. FASTQ format 

 
 

FASTQ is a text format to keep biological sequence and also its quality scores 

(Figure 7). Every letter which encodes sequence and quality score, is encoded with 

American Standard Code for Information Interchange (ASCII). 
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Figure 7. An example of a FASTQ file with multiple reads. 

 

 
It was developed by the Wellcome Trust Sanger Institute to store FASTA 

formatted sequences and its quality information. FASTQ format has four different line 

types (Table 3). Each four lines describes one read (72). 

 
 

Table 3. Line types of FASTQ format. 
 

Line 1 @title and 

description 

Line 2 sequence 

Line 3 + 

Line 4 quality 

 
2.8.1.2. SAM and BAM format 

 
 

The binary alignment map (BAM) format presents aligned raw data for genomic 

data. BAM is the compressed format of Sequence Alignment Map (SAM). SAM is a 

text-based format that keeps aligned sequence information along with the quality 

metrics. These formats support both short and long reads and more than one 

sequencing platfooutpututs. Each alignment has a section and a header. Headers start 

with “@” symbol. These symbols help recognize alignments one by one SAM files 

keep too much space for archiving which causes more storage needs. For improving 

the performance and lowering the storage needs, SAM files can be compressed to 

BAM. SAM/BAM files are not sorted. For advanced processes (especially indexing) 

data should be sorted by its coordinate and chromosome (73). 
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2.8.1.3. Variant calling format 

 
 

Variant calling format (VCF) is a text based and tab-delimited data format that 

contains SNPs, INDELs, structural variants, and their information. A standard VCF 

file has eight different columns. The first column (CHROM) represents the 

chromosome where the variant is localized. The second column (POS) represents the 

starting position of the variant on the chromosome. The third column (ID) represents 

the unique identifier of the variant if it exists. Forth (REF) and Fifth (ALT) columns 

show the nucleotide changes. The REF column has the reference nucleotide at that 

position; the ALT column shows the changed nucleotide. The sixth column (QUAL) 

has a phred-scaled quality score for each variant read. QUAL scores are integer 

numbers, and high scores mean high confidence that the variant is true. The FILTER 

column, which is seventh, contains the information of whether the variant is acceptable 

to analyse for your research or not. FILTER column requirements should be given 

while variant calling step (QUAL score filter, read-depth filter etc.). If a variant passes 

every filter, the FILTER column indicates “PASS.” The eighth column (INFO) 

represents the sequencing information of the variant. The INFO column may indicate 

more than 5 different pieces of information like ancestral allele, allele count, allele 

frequency for each changed nucleotide etc (74). 

 
2.8.2. Processing of NGS data 

 
 

Multiple format changes occur before the NGS data becomes analysable. These 

format changes are necessary processes to make the analysis more accurate and to 

make the data more workable. 

 
2.8.2.1. FASTQ to VCF 

 
 

There is more than one step in the process of NGS data. These processes are called 

a “pipeline” together. Almost every pipeline has differences according to its purpose 

of usage, but there are common steps that have been shared by every pipeline (Figure 

8). 
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Figure 8. GATK Best Practices pipeline for germline genomic NGS analysis 

(75,76). 

 

All genomic pipelines have the mapping step. FASTQ files contain millions of 

fragment sequences without an order. Mapping is an algorithm-based step that 

localizes every fragment to proper places on the reference genome and creates a SAM 

file. SAM files are too big to archive and slow down the process (a WES SAM is 

approx. 40 GB). Also, SAM files contain unnecessary information for further steps 

and keep a lot of space. SAM to BAM conversation is clearing that unnecessary 

information and compressing the SAM file. A WES BAM file is around 6-10 GB. 

 
BAM files must be sorted to their coordination for indexing the data. It’s a 

necessary process which lowers the time of further steps. 

 
Marking duplicates is a process of locating and tagging duplicate reads in BAM 

files. Duplicate reads originate from a single fragment of DNA, which arises during 

sample preparation steps. Marking and removing these duplicates provides eliminating 

false variants before variant calling. 

 
Marked and removed duplicates BAM may still consist of false-positive 

mismatches. The base recalibration step provides a table based on specified covariates 
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by using database VCF files (e.g., dbSNP, gnomAD, etc.). With this step, poor base 

quality mismatches are noticed with statistical methods. 

 
The variant calling step provides the VCF with mismatches, which are called 

variants now, VCFs contain the location of the variants and the nucleotide changes but 

not detailed information about them. In order to obtain this detailed information and 

make an easier analysis, the annotation step should be applied (76). 

 
2.8.2.2. Annotation 

 
 

A variant may have too much information about itself in the databases, and it will 

take enormous time to research every database on the internet. Annotation is a process 

of collecting needed functional elements and information about a variant. There is no 

general rule for annotation. Every researcher creates an annotation list according to 

their need. Annotation for genomic studies may consist of allele frequency 

information, in-silico pathogenicity scores, information from disease databases, 

ontology information, the clinical significance of a variant if it exists, etc. The 

annotation also provides variant classification information about their function and 

location on the genome, and their Human Genome Variation Society (HGVS) 

nomenclature, which is needed for filtering and further processes like literature review 

(77). 

 
2.9. Annotation Databases 

 
 

The human genome contains only four bases, but each letter has different 

functions depending on the region it is in, the number of repetitions it contains, and 

the combination of certain letters (33). That is why every nucleotide of every location 

has a unique feature. Genomic databases are collecting, storing, and publishing these 

features, but every feature is a different research area. Almost for every research area, 

there are one or more databases that exist. 
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2.9.1. Allele frequency databases 

 
 

All diploid people in a population carry two alleles for each gene. Allele frequency 

(AF) is the ratio of alleles in a population to the total. Allele frequency databases use 

thousands of exome and genome sequencing data from different regions (populations) 

all around the World. All found variants are counted and calculated in their allele 

frequencies in their population and total. The Genome Aggregation Database 

(gnomAD) and 1000 Genome Project (1000G) are the most used databases for general 

research (78,79). More data means more accurate allele frequency. That is why 

gnomAD and 1000G are the most used databases for allele frequency. It’s important 

that allele frequencies show differences between populations. There are so many 

variants that are inherited by only one population. This makes regional AF information 

more important. Turkey does not have any genome project output right now. Greater 

Middle East Variome Project (GME) consists of data from Turkey; also, Iranome, a 

genome Project from Iran which has a Turkmen population, may be preferable for 

studies from Turkey (80,81). The gnomAD allele frequency database also provides 

Gene Constrained information. Gene constrained is a metric for calculating a gene's 

tolerance for nonsynonymous, synonymous, and LoF variants. The observed/expected 

(oe) number of loss-of-function variations in that gene is used to calculate the 

constraint score in gnomAD. Expected numbers are calculated using a mutational 

model that considers sequencing context, coverage, and methylation. The 

observed/expected (oe) ratio is a continuous assessment of a gene's tolerance to a 

certain type of variation. A gene with a low oe value is subjected to more selection for 

that class of variation than one with a higher value. The precision of the oe values 

varies a lot from one gene to the next since counts are dependent on gene size and 

sample size. As a result, the 90 percent confidence interval (CI) for each of the oe 

values in addition to the oe value was presented. The 90 percent confidence interval 

must be considered when determining how constrained a gene is (79). 
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2.9.2. In silico pathogenicity prediction databases 

 
 

The human genome has pathogenic and non-pathogenic variants in its content. 

Some of them have already been related to diseases, and there is still no information 

about many of them. Classifying a variant as pathogenic requires clinical trials, 

segregation studies, and more in vitro studies. This is almost impossible to do that 

classification for each variant seen in the human genome. Variants may affect protein 

with amino acid change, splicing, and start-stop site changes. These changes may 

cause disease or nothing. In silico pathogenicity prediction tools are developed because 

of these needs. Every tool has a specific way of predicting a variant (e.g., polar-charged 

amino acid changes, conservation, function, etc.) (82). In silico, pathogenicity 

prediction scores might be used by accessing their websites or with annotation to NGS 

data. There is no standard between scores. Almost each tool uses its scoring scale, and 

each score has a deleterious threshold given by developers. dbNSFP is a database that 

collects most using in-silico pathogenicity prediction tools together and ranks them 

between 0 and 1. The closer the score is to 1, the more likely it is to be pathogenic, and 

the closer to 0, the more likely it is to be benign, according to dbNSFP ranking (83). 

 
2.9.3. The Gene Ontology 

 
 

The Gene Ontology is a computer description of the current scientific 

understanding of the roles of genes across a wide range of creatures, from humans to 

bacteria. Understanding how specific genes contribute to an organism's biology at the 

molecular, cellular, and organismal levels is one of the fundamental aims of 

biomedical research. Furthermore, experimental data from an organism can frequently 

reveal similarities with other organisms, particularly if the organisms have related 

genes inherited from a common ancestor. Gene Ontology (GO) cooperated on a 

uniform classification framework for gene function in 1998 as a collaboration, based 

on the work of academics investigating the genomes of three model species 

(Drosophila melanogaster, Mus musculus and Saccharomyces cerevisiae). GO 

provides comparable definitions of homologous gene and protein sequences 

throughout the evolutionary range in a flexible and dynamic manner (84). 
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3. MATERIALS AND METHODS 

 
 

3.1. Patients 

 
 

In the study, WES (n=22) and WGS (n=3) data of 25 patients were enrolled in the 

study. There were 21 male and 4 female patients with a median age of 19 (min. 1- max. 

60) has the approval of the ethics committee (Ethics committee decision no. 

ATADEK-2020-10/7). In this study, the data of 25 patients in total were used with the 

approval of the ethics committee (Ethics committee decision no. ATADEK-2020- 

10/7). The demographic and clinical features of the patients were summarized in 

Figure 9 and Table 4. 
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Figure 9. Distribution of the patients. 
 

A) Gender distribution of the patients. B) Status distribution of the patients. C) 

Consanguineous distribution of the patients. D) Phenotype distribution of the 

patients. E) Data type distribution of the patients. 
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Table 4. Demographic and clinical features of the patients enrolled in the study. 
 

Patient 

ID 

Date of 

Birth 

Sex Patient's 

status 

Phenotype 

information 

 Cons. 

WES001 25.03.2005 M Exitus Primary 

immundeficiency 

Yes 

WES002 19.03.2010 M Alive Inflammatory Bowel 

Disease, Ulcerative 

Collitis 

No 

WES003 9.12.1962 F Alive Hypertension 

Hypokalemia 

with NA 

WES004 Not 

provided 

M Exitus Primary 

immundeficiency 

Yes 

WES005 19.03.2007 M Alive Osteochondrodysplasia NA 

WES006 24.06.2017 M Alive Neurodevelopmental 

delay 

No 

WES007 16.07.2018 M Alive Spondylocostal 

dysostosis 

Yes 

WES008 Not 

provided 

M Exitus Primary 

immundeficiency 

Yes 

WES009 28.04.2018 M Alive Seizures No 

WES010 25.12.1979 M Alive Cardiomyopathy Yes 

WES011 15.06.2004 M Alive Sensorineural 

impairment 

hearing No 

WES012 15.05.2000 F Alive Combined 

deficiency 

immuno Yes 

WES013 20.02.1991 M Alive Primary 

immundeficiency 

No 

WES014 4.08.2010 M Alive Poor fine 

coordination 

motor No 

WES015 10.10.2016 M Alive Agnesia of 

callosum 

corpus No 
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Table 4. Demographic and clinical features of the patients enrolled in the study 

(continue). 
 

Patient 

ID 

Date of 

Birth 

Se 

x 

Patient' 

s status 

Phenotype 

information 

 Cons. 

WES017 22.01.2018 M Exitus Global developmental 

delay 

Yes 

WES018 14.07.2020 M Alive Microcephaly, thin 

corpus callosum 

No 

WES019 16.09.2017 M Alive Delayed motor 

milestones 

Yes 

WES020 10.07.2018 M Alive Epiphyseal dysplasia Yes 

WES021 4.03.2013 M Alive Absence of expected 

normal physiological 

development 

No 

WES022 14.06.1985 M Alive Focal segmental 

glomerulosclerosis 

Yes 

WGS00 

1 

15.12.2014 M Alive Nephrocalcinosis Yes 

WGS00 

2 

17.04.2020 F Exitus Encephalopathy and 

Spasticity 

No 

WGS00 

3 

23.08.2008 F Alive Delayed gross motor 

development 

No 
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3.2. Collection of the Raw WES and WGS Data 

 
 

Raw data were collected from five different centers. There were 23 FASTQ and 2 

BAM files available for analysis. Clinical information of the patients were collected 

with their consent. There were both WES and WGS data from undiagnosed patients 

(negative results) or patients with clinically irrelevant (does not match with the 

phenotype) results. The data transfer and delivery was performed by USB sticks or 

portable hard drives. Collected data were stored in a portable hard drive and in the 

local servers of Acıbadem University, Rare Disease Application and Research Center 

(ACURARE) with a backup. 

 
3.3. Genome Analysis Pipeline-ACUGEN 

 
 

The re-analysis was carried out using ACUGEN, an in-house bioinformatics 

pipeline built by the ACURARE team (https://github.com/sakyoney/acugen). 

ACUGEN is written in the Python programming language. It includes four SNP- 

INDEL variant calling tools: Freebayes, BCFtools, DeepVariant, HaplotypeCaller, 

and Parliament2 for SV calling (85–89), which includes four alternative SV calling 

tools. ACUGEN also provides four separate VCF files as output to improve the 

accuracy of genuine variant calling. Individual VCF files from different variation 

callers, as well as a consolidated VCF file, are included. FASTQC, Burrows-Wheel 

Alignment (BWA), Samtools, Picard, Genome Analysis Toolkit (GATK), Freebayes, 

BCFtools, DeepVariant, Parliament2, and mosdepth are among the bioinformatics 

tools included in it (Figure 10). ACUGEN's speed is one of its most noteworthy 

attributes. Tasks that require less processing power can be completed simultaneously 

thanks to the additional parallelism function, which allows many phases to occur at 

the same time. These tools, which require fewer threads, save time by making use of 

the computer's idle threads. ACUGEN is parallelized using the divide-and-conquer 

algorithm, which ensures that low-thread and memory-intensive steps are divided 

among all threads and memories. Divide and conquer is an algorithm design approach 

in computer science. A divide-and-conquer algorithm breaks down a problem into two 

or more sub-problems of the same or related type until they are simple enough to be 
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solved directly (90). The sub-problems' solutions are then integrated to produce a 

solution to the original problem. Many efficient algorithms are based on the divide- 

and-conquer technique, including sorting, multiplying large numbers, discovering the 

closest pair of points, syntactic analysis, and computing the discrete Fourier transform 

(FFT). Divide-and-conquer algorithms are well-suited to multi-processor machines, 

particularly shared-memory systems because data transfer between processors does 

not need to be planned ahead of time because different sub-problems can be handled 

by different processors (91). 
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Figure 10. Flowchart of the ACUGEN pipeline. 
 

Red cells show the input data, yellow cells show the quality control steps, orange 

cells show pre-process and mid-steps, and green cells show the variant calling 

steps. 

 

 
 

3.3.1. Tools in ACUGEN 

FASTQC 

FASTQC is quality control for raw high throughput sequencing data. FASTQ, 

SAM, and BAM files may be imported to FASTQC. It provides an HTML-based 

report for each data with a set of analyses like base sequence quality, sequence quality 

scores, etc. ACUGEN uses the FASTQC tool for quality control of the raw sequencing 

data. In this study “per base sequence quality” was specifically checked for the data 

to be accepted for analysis (Figure 11). The number of base locations binned together 

is determined by the read length; for example, with 150bp reads, the plot will provide 

aggregate statistics for 5bp windows. Longer reads will have larger windows, while 

shorter reads will have smaller windows. The mean quality score at each base 

position/window is represented by the blue line. Illumina has created a primer on 

sequencing quality scores. The median quality score at that position/window is 

represented by the red line within each yellow box. The inner-quartile range for the 

25th to 75th percentile is represented by the yellow box. The 10th and 90th percentile 

scores are shown by the top and lower whiskers, respectively (92). 
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Figure 11. Per base sequence quality report of an Illumina FASTQ file of FASTQC. 
 

Per Base Sequence Quality is a box-and-whisker graphic depicting aggregated 

quality score information along with all reads in the file at each point. The X-axis is 

not consistent; it begins with bases 1-10 being reported individually, then bins bases 

over a window of a specific number of places wide. 

 

 

Burrows-Wheeler Aligner (BWA) 

 
 

BWA is a package for mapping sequences against a large reference genome. It 

consists of three algorithms for different mapping lengths of sequences. BWA-MEM 

algorithm is the most used algorithm of BWA. BWA-MEM is created for sequences 

that are longer than 100 bp; also the most updated algorithm of the BWA, so according 

to creators, it’s the most accurate and faster algorithm of all. BWA uses FASTA or 

FASTQ files as input and uses SAM format files as output (93). ACUGEN uses the 

BWA-MEM algorithm because all of the data contains longer than 100 bp fragments 

each. 
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Samtools 

 
 

Samtools is a tool for manipulating aligned sequencing data like SAM, BAM, and 

CRAM. Samtools is one of the core tools for ACUGEN, and it uses three options. 

These options are “view” for SAM to BAM conversation, “sort” for sorting data 

according to their coordinates, and “index” for indexing sorted BAM files (73). 

 
Picard 

 
 

Picard is a Java-based tool for manipulating high throughput sequencing data such 

as SAM, BAM, and VCF. Raw aligned sequence data contains short fragments of 

polymerase chain reaction (PCR) and library preparation primer duplicates. ACUGEN 

uses Picard for marking and removing PCR and library preparation duplicates in reads 

for decreasing false-positive nucleotide variants in VCFs (94). 

 
Genome Analysis Toolkit (GATK) 

 
 

GATK is a Java-based tool for variant discovery in high-throughput sequencing 

data, developed by Broad Institute. It consists of more than 50 flags in itself and, the 

ACUGEN uses BaseRecalibrator for generating a recalibration table of read groups, 

reported quality scores from databases, machine cycle an,d nucleotide context. This 

provides calculation of the probability of error of poor base quality of reference 

mismatches. Also, ACUGEN uses ApplyBQSR for applying recalibration tables to our 

data, and HaplotypeCaller for variant calling (95). 

 
BCFtools 

 
 

BCFtools is a tool for manipulating VCF files. ACUGEN uses BCFtools’ 

“mpileup” and “call” arguments for variant calling. The mpileup argument generates 

a VCF file containing genotype likelihoods for an alignment. In ACUGEN, following 

the mpileup argument, the call argument is executed. The call argument calls 
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nucleotide changes in the mpileup output and generates a new individual VCF file 

(86). 

 
Freebayes 

 
 

Freebayes is another tool for variant calling in the ACUGEN pipeline. Freebayes’ 

variant calling is based on Bayesian statistics which models multi-allelic loci sets of 

individuals with non-uniform copy number (85). Freebayes creates one of the 

individual VCFs in ACUGEN. 

 
DeepVariant 

 
 

DeepVariant is a deep learning-based variant caller that receives aligned reads (in 

BAM or CRAM format), generates pileup image tensors from them, uses a 

convolutional neural network to classify each tensor, and finally delivers the findings 

in a standard VCF or gVCF file (96). 

 
3.4. Benchmark of ACUGEN 

 
 

We performed a benchmark study to test accuracy and efficiency of ACUGEN. 

The benchmark study was conducted by using the data in the 1000 genomes database 

coded "NA12878", which is accepted as gold quality genome (97). A tool called 

hap.py was used to compare the gold quality VCF created by GATK best practice 

pipeline and a VCF data created by ACUGEN. The results of this tool compare true 

positive, false positive, and false negative variants between two VCFs (98). Hap.py 

outputs the total number of variants, true positive, false positive, false negative, non- 

assessed calls, transitions and transversions of SNP and INDELs for each VCF (Table 

5). 
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Table 5. Contingency table describing the matches and mismatches situations between 

Truth data and Pipeline output. 

The term of “ref” stands for reference allele, “alt1” stands for alternative allele 1 and 

“alt2” stands for alternative allele 2 which is divided into two for the possibility of 

seeing different variants on the location. TP; true positive, FN; false negative, FP; false 

positive, FP.AL; false positive allele mismatch, UNK; unknown. 
  Truth  

Genotype ref/ref ref/alt1 Outside BED 

 
 

Pipeline 

ref/ref - FN - 

ref/alt FP TP UNK 

ref/alt2 - FP.AL - 

 

 

3.5. Annotation and Filtering Process 

 
 

Annotation is one of the most important steps for molecular diagnosis of 

undiagnosed and rare diseases. The databases which are used in genomics, are 

updating frequently. If an analysis workflow stands out of date, this may result patients 

to remain undiagnosed. 

 
In this study for the annotation step a free variant annotation and filtering software 

named VarAFT (Aix Marseille University, France) was used (99). VarAFT provides 

a very useful and user-friendly interface and different filtering approaches according 

to the patient's features (Figure 12). Also, it provides annotation very easily without 

requiring a script. VarAFT’s annotation is done by Annovar. All annotation files were 

provided from Annovar’s webpage (100,101). 
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Figure 12. The user interface of variant annotation and filtering tool VarAFT. 

 

 
In the filtering step, unlike the other steps, a standard method was not followed. 

Different filtering priorities were applied according to the epicrisis of each patient like 

consanguinity situation, different gene lists, inheritance models etc. The filtering steps 

of this study are shown in Figure 13. 
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Figure 13. Representation of the filtering method used in this thesis on the flowchart. 

 

 
3.6. Copy Number Variation Analysis of WES Data 

 
 

Copy number variation (CNV) analysis was performed with Conifer v0.2.2 (102). 

CoNIFER counts how many sequencing reads align to exons before calculating a 

normalized RPKM value (103). Each RPKM value is standardized by the population's 

median and standard deviation. The SVD transformation is used to reduce systematic 

bias using the Z-RPKM values. After smoothing the final SVD-ZRPKM signal, a 

threshold method is used to find the duplication/deletion breakpoints. The calculation 

step of RPKMs needs a file called probes. Probes file is a tab-delimited text file that 

contains chromosome, start, stop, and gene name targets for exon capture. Publishers 

of Conifer suggest using a BED file of the used capture kit for WES, but, the capture 
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kit bed files used for sequencing were not used. In our analysis, we used the USCS 

Table Browser's enlarged bed file (which includes splice sites and UTR regions) (104). 

The control RPKMs were created from four healthy individual WES data. For 

discovery of deletions and duplications, SVD-ZRPKM threshold values were set -1.5 

to 1.5. 

 
3.7. Structural Variant Analysis of WGS Data 

 
 

The calls of the structural variants for WGS were analysed by using the 

parliament2 tool, which is embedded in the ACUGEN pipeline. In the output obtained 

from this tool, the results of four different structural variant callers are collected in a 

common VCF. For the annotation of these variants, the structural variant annotation 

tool called AnnotSV was used (105). AnnotSV provides a lot of information, such as 

population allele frequency of structural variants found in VCF, genes affected, and 

previously identified diseases associated with it. Only the genes that are phenotype- 

associated were analysed by this tool. 

 
3.8. Validation and Segregation of Candidate Variants 

 
 

Following the filtering steps the variants that are considered as candidates were 

presented to a variant evaluation board consisting of responsible physician, 

paediatrician, medical geneticists, molecular geneticists and bioinformatician. The 

board evaluates the candidate variants with the phenotypes and the ones that are found 

relevant are validated by Sanger sequencing and the family segregation analysis was 

performed, as suggested by ACMG guideline (Evidence PS2). For validation and 

family segregation analyses peripheral blood samples are collected from the patient 

and family members (affected and unaffected) and genomic DNA is isolated. 

 
3.8.1. DNA isolation, PCR and direct sequencing 

 
 

A total of 5-10ml of peripheral blood were collected from the index case, parents, 

siblings and any other family member who was affected, if possible. DNA isolation 
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was performed with Genemark Genomic DNA Purification Kit (Genemark, Taiwan) 

as described previously by the manufacturer. All samples were archived in the Biobank 

Unit of Acibadem University. DNA quality and quantity were measured by Nanodrop 

One (Thermo Fisher, USA). 

 
The variant-specific primer pairs were designed by Primer3plus according to their 

melting temperature and GC content ratio (106). Self-dimer status of primer pairs and 

hairpin formation status were checked by the OligoAnalyzer tool of IDT (107). Prior 

synthesis and amplification, an in-slico PCR was performed by UCSC In-Silico PCR 

tool (108). Following PCR optimizations index case and the family members, when 

available, were amplified (Table 6) and specific PCR products were directly analysed 

by Sanger Sequencing. Sanger sequencing service is provided by Acıbadem Labmed, 

Acıbadem Health Group. “ab1” formatted files analysed with CLC Workbench 

(QIAGEN, USA). If the analysis results confirm the variant, the changing image is 

added to the report. 

 

Table 6. List of substances and their concentrations which are used in PCR. 
 

Substance Concentration 

Genemark 5X PCR Master Mix 5X 

Primers 100uM 

dH2O - 

DNA 10 ng 
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4. RESULTS 

 

 
4.1. Benchmark Results 

 
 

Using the hap.py tool, four variant callers and multi-caller VCFs in the ACUGEN 

were compared with the NA12878 dataset which is known as Truth data. All variant 

callers give true positive results equal to Truth data for SNPs. However, this was 

different for the INDEL variations. In INDEL variant calls, all variant callers except 

the Mpileup tool detected more true positive variants than Truth data. The Mpileup 

tool detected an equal amount of true positive variants with Truth data (Figure 14). 
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Figure 14. Comparison of Gold Standard Truth Data vs our pipelines individual 

VCFs. 

A) Gold Standard Truth Data compared with HaplotypeCaller. B) Gold Standard 

Truth Data compared with DeepVariant. C) Gold Standard Truth Data compared 

with Freebayes. D) Gold Standard Truth Data compared with Mpileup The terms 

true positive, false negative, false positive, unknown are defined in Table X. 

 

 

4.2. Clinical Information of Collected Data 

 
 

The NGS data and clinical information of 45 index cases were referred to 

ACURARE from various centers via physicians with an informed consent for re- 

analysis. All the obtained data were evaluated in terms of suitability for the study. 

Patients who could not obtain detailed phenotype and clinical information required for 

differential diagnosis were excluded from the study 

 
4.3. Quality Control Results 

 
 

According to the quality check results 25 out of 45 cases were suitable for re- 

analysis. The quality check was performed regarding data quality, comprehensive 

phenotype information, and the type of the data. Quality control reports were added to 

the study as appendix (Appendix 3). 

 
The mean depth of coverage was calculated as another quality control parameter 

apart from the raw data quality control. For this reason, the minimum mean coverage 

depths for the data to be included in the study were accepted as 30X (±2) for WES and 

10X (±1) for WGS. The mosdepth tool used for depth calculations includes a python 

script for plotting outputs. 
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4.4. Variant Filtering Results 

 
 

Twenty-two WES and three WGS data that passed the quality control were 

filtered. Among 25 index cases, in 9 of them a candidate variant that may be related to 

the phenotype was determined (Table 7). The cases with a candidate vaiant and their 

evaluation are summarized in the following section. 



 

 

 

 

 

 

Table 7. Features of candidate variants determined in nine patients. 
 

Patient 

No 

Chromosomal 

Position 

RS ID Zygosity Gene 

Function 

AF Candidate Variants ACMG 

Classification 

CNV 

results 

Confirmation 

WES001 chr6-135511354 

chr6-135539075 

- 

rs200859137 

Het. 

Het. 

Missense 

Missense 

- 

0.0000399 

MYB 

NM_005375:c.396G>T 

MYB 

NM_005375:c.1880G>C 

VUS 

VUS 

Negative Confirmed 

WES002 chr17-80198415 rs771451722 Het Missense 0.00000813 CARD14 

NM_001366385:c.1675C>T 

VUS Negative Confirmed 

WES003 chr16-1257426 rs771994752 Het. Missense 0.0000243 CACNA1H 

NM_021098.c.3059C>T 

VUS Negative Confirmed 

WES005 chr16-88841094 rs758479097 Het. Missense 0.00000399 GALNS 

NM_001323544:c.338C>T 

Pathogenic Negative Confirmed at 

an another 

center 

WES007 chr7-2526921 rs1187978169 Hom. Missense 0.0000361 LFNG 

NM_001040167:c.1073G>A 

Likely 

Pathogenic 

Negative Confirmed 
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Table 7. Features of candidate variants determined in nine patients. (continue) 
 

Patient 

No 

Chromosomal 

Position 

RS ID Zygosity Gene 

Function 

AF Candidate Variants ACMG 

Classificati 

on 

CNV 

results 

Confirmation 

WES018 chr3-47410304 

chr3-47412144 

rs759704017 

- 

Het. 

Het. 

Nonsense 

Missense 

0.00000423 

- 

PTPN23 

NM_015466:c.2506C>T 

PTPN23 

NM_015466:c.4124A>C 

Pathogenic 

Pathogenic 

Negative Confirmed in 

another center 

WGS001 chr3-190402388 

chr2-227253582 

- 

rs1310347317 

Het. 

Het. 

Frameshift 

Missense 

- 

0.00000401 

CLDN16 

NM_006580:c.166delG 

COL4A3 

NM_000091:c.709C>T 

Likely 

Pathogenic 

Likely 

Pathogenic 

Negative Negative 

 
 

Confirmed 

WES021 chr12-111347567 - Het. Missense - CUX2 

NM_015267:c.3703G>A 

VUS Negative Confirmed 

WGS003 chr19-35729208 - Het. Missense - KMT2B 

NM_014727:c.4829A>G 

Pathogenic Negative Confirmed 

WES022 chr1-94103130 rs62646862 Het. Missense 0.00259 ABCA4 

NM_000350:c.455G>A 

VUS Negative Confirmed 
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Patient WES001 

 
 

WES001, a male patient with a suspicion of primary immune deficiency, was 

referred to our study through his clinician with a previously negative report of WES 

analysis. The patient presented leukopenia, anemia, severe B-cell lymphocytopenia, 

abnormal granulocyte morphology, and panhypoagammaglobunemia (Figure 15). 

From HPO lists, 631 genes associated with phenotype were retrieved and first the 

homozygous variants were prioritized due to consanguinity in the family. Following 

the analysis steps three possible candidate variants were discovered. Two VUS 

variants were detected in the MYB gene NM_005375:c.396G>T and 

NM_005375:c.1880G>C. According to the Sanger sequencing results of the 

NM_005375:c.396G>T variant in the MYB gene, the mother and father were 

heterozygous, as the proband was found to have the variant homozygous. For the other 

MYB variant, NM_005375:c.1880G>C, the mother and proband were heterozygous 

carriers while the father was wildtype. Further studies are needed to confirm the 

disease-causing effects of MYB variation (Figure 16). 
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MYB:c.396G>T MYB:c.1880G>C 

 

 
 

Figure 15. Pedigree and phenotype information of Patient WES001. 
 

 

 

 
 

Figure 16. Sanger sequencing results of Patient WES001. 
 

Letter F represents father, letter P represents proband and letter M represents the 

mother. 
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Patient WES002 

 
 

WES002, a 12-year-old male patient, is admitted to the clinic with the diagnosis 

of inflammation of the large intestine. Additionally, the patient presented ulcerative 

colitis and psoriasiform dermatitis. During the pre-analysis genetic counselling, 

multiple members with ulcerative colitis and psoriasiform dermatitis are observed in 

the family including the mother and relatives from her side (Figure 17). Only 44 genes 

were acquired from HPO, which are associated with the patient’s phenotype. Because 

there was no consanguineous marriage and numerous affected people, heterozygous 

variations were thoroughly explored. Following the filtering three potential pathogenic 

variations were discovered. NM_024110.4:c.1675C>T heterozygous variant was 

detected in the CARD14 gene (Appendix 4). It was chosen as a strong candidate since 

the variant could explain not only the inflammation but also the ulcerative colitis 

phenotype seen in the patient. For WES002, blood samples were requested from the 

parents and the proband, but only blood samples from the parents could be obtained. 

For this reason, Sanger sequencing was applied only to the samples of the parents. As 

a result of direct sequencing for the NM_024110.4:c.1675C>T variant, the father was 

heterozygous carrying the variant, while the mother was observed as wildtype (Figure 

18) and the variant was eliminated. 
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Figure 17. Pedigree and phenotype information of Patient WES002. 
 

 
 

Figure 18. Sanger sequencing results of Patient WES002’s parents. 
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Patient WES003 

 
 

WES003, a 60-year-old female patient, is admitted to the clinic with complaints 

of hypertension with hypokalaemia, dissolution, and weakness following meals, 

especially eating tropic fruits (Figure 19). The result of the WES analysis performed 

by the clinician was reported as negative. In the light of this information, a re-analysis 

was performed. From HPO lists, 369 genes associated with phenotype were retrieved. 

Since there were no consanguinity in the family and the phenotype was milder, as the 

first step the heterozygous variations were checked. Heterozygous 

NM_021098.2.c.3059C>T variant was detected in the CACNA1H gene and this was 

confirmed by Sanger sequencing (Figure 20). Additional enzymatic tests were 

suggested to strengthen this finding. Since the index was an adult no samples were 

available from the parents or the siblings. 

 
 

Figure 19. Pedigree and phenotype information of Patient WES003. 
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Figure 20. Sanger sequencing results of Patient WES003. 

 

 
Patient WES005 

 
 

WES005, a 15-year-old male patient with a suspicion of osteochondrodysplasia, 

was admitted to the clinic due to disportioned leg length and scoliosis (Figure 21). In 

the first WES analysis no candidate gene was reported. From HPO lists, 1316 genes 

associated with phenotype were retrieved. Only one variation that may have a 

pathogenic effect was found after filtering, a heterozygous NM_001323544:c.338C>T 

variant in the GALNS gene (Figure 22) (Appendix 5). The sanger sequencing was 

performed in another center and the variant was confirmed by Sanger Sequencing. 
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Figure 21. Pedigree and phenotype information of Patient WES005. 
 

 
 

Figure 22. IGV visualisation of the variant found in GALNS gene. 
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Patient WES007 

 
 

WES007 was a 4-year-old male patient, who was born to a consanguineous 

marriage with a prediagnosis of spondylocostal dysostosis (Figure 22). From HPO 

lists, 21 genes associated with phenotype were retrieved. Homozygous filtering based 

on consanguineous marriages in the family was prioritized and, homozygous 

NM_001040167:c.1073G>A variant was detected in the LFNG gene. It was 

noteworthy that the variant was homozygous due to its consanguineous marriage in 

the family, and that it was the only variant explaining the phenotype among nine other 

variants in the final list. From the Sanger sequencing results for WES007 and his 

parents, it was observed that the proband and mother were homozygous for the 

NM_001040167:c.1073G>A variant in the LFNG gene, while the father was 

heterozygous (Figure 23) and the variation was eliminated. There were no another 

candidate after applied the expanded filtering. 
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Figure 23. Pedigree and phenotype information of Patient WES007. 
 

 
 

Figure 24. Sanger sequencing results of Patient WES007 and parents. 
 

Letter F represents father, letter P represents proband and letter M represents mother. 
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Patient WES018 

 
 

WES008, was a 2-year-old male patient with microcephaly, abnormal globus 

pallidus morphology, seizures, optic atrophy, abnormal myelination, dysphagia, 

hyperintensity in cerebral white matter, abnormal corpus callosum morphology 

(Figure 24). From HPO lists, 2052 genes associated with phenotype were retrieved. It 

was stated that there was no consanguinity between the mother and father. As a result 

of filtering NM_015466:c.2506C>T and NM_015466:c.4124A>C variants were 

detected in the PTPN23 gene (Figure 26) (Appendix 6). The autosomal recessive 

inheritance pattern of pathogenic variants in the PTPN23 gene has drawn attention for 

the compound heterozygosity status. Patient samples could not be reached, but 

segregation analysis was performed in a different center and the variants 

NM_015466:c.2506C>T and NM_015466:c.4124A>C were segregated among the 

parents. 
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Figure 25. Pedigree and phenotype information of Patient WES018. 
 

 
 

Figure 26. IGV visualisation of NM_015466:c.2506C>T (left) and 

NM_015466:c.4124A>C (right) variants. 
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Patient WGS001 

 
 

WGS001, an 8-year-old male patient presents to the clinic with the phenotype of 

nephrocalcinosis. The index showed hypercalciuria and hypouricemia as well and 

there were additional family members with the same findings. The index was born in 

a consanguineous marriage and there was more than one consanguineous marriage in 

the family (Figure 25). From HPO lists, 91 genes associated with phenotype were 

retrieved. The homozygous filtering resulted with benign variations so the 

heterozygous filtering was continued. As a result of the filtering two candidate variants 

that may be clinically relevant were identified as two final variants. These variants 

were; NM_006580:c.166delG in the CLDN16 gene and NM_000091:c.709C>T in the 

COL4A3 gene. Sanger sequencing results for the heterozygous 

NM_006580:c.166delG CLDN16 gene variant could not be confirmed, while the 

NM_000091:c.709C>T variant in the COL4A3 gene was confirmed. Proband and 

mother were positive for heterozygous variant, while the father was observed as 

wildtype (Figure 26) and the variation was eliminated. 
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Figure 27. Pedigree and phenotype information of Patient WGS001. 
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Figure 28. Sanger sequencing results of Patient WGS001 and parents. 
 

Letter F represents father, letter P represents proband and letter M represents mother. 

 
Patient WES021 

 
 

WES021 9-year-old male patient with phenotype information absence of expected 

normal physiological development. From HPO lists, 2070 genes associated with 

phenotype were retrieved. Since there was no other affected individual and no 

consanguineous marriage, heterozygous variations were evaluated in the pedigree with 

the possibility of a de novo variant. Heterozygous NM_015267:c.3703G>A variant 

was detected in the CUX2 gene as a result of filtering (Figure 27) (Appendix 7). 

According to Sanger sequencing results for WES021, the mother was wildtype, while 

the father and proband were heterozygous for the NM_015267:c.3703G>A variant in 

the CUX2 gene (Figure 28). 
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Figure 29. Pedigree and phenotype information of Patient WES021. 
 

 

 

 
 

Figure 30. Sanger sequencing results of Patient WES021 and parents. 
 

Letter F represents father, letter P represents proband and letter M represents mother 
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Patient WGS003 

 
 

WGS003 is a 13-year-old female patient with severe neurodevelopmental 

phenotypes (Figure 29). From HPO lists, 1404 genes associated with phenotype were 

retrieved. Heterozygous NM_014727.3:c.4829A>G variant was found in the KMT2B 

gene other than five different variants, which may be clinically relevant as a result of 

filtering performed with delayed gross motor development phenotype (Figure 29). 

Confirmation was done at another center, and the clinical relevance was approved by 

the clinician. As a result of the analysis the father was wildtype for the 

NM_014727.3:c.4829A>G variant, while the mother was heterozygous. 

 
 

Figure 31. Pedigree and phenotype information of Patient WGS003. 
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Patient WES022 

 
 

WES022, male patient with focal segmental glomerulosclerosis phenotype 

(Figure 30). From HPO lists, 836 genes associated with phenotype were retrieved. Due 

to the patient's parents' consanguineous marriage, homozygous variations were 

evaluated first, and no variant with a pathogenic effect was discovered. 

NM_000350:exon5:c.455G>A variant was detected in ABCA4 gene. It was shown to 

be the most closely related to the patient's phenotype among the eight variants 

identified. According to Sanger sequencing results for WES022, ABCA4 heterozygous 

NM_000350:exon5:c.455G>A variant is positive for proband and father, while the 

mother is wildtype (Figure 31). 

 
 

Figure 32. Pedigree and phenotype information of Patient WES022. 
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Figure 33. Sanger sequencing results of Patient WES022 and parents. 
 

Letter F represents father, letter P represents proband, and letter M represents the 

mother. 

 
No variant that could explain the phenotype was found in the reanalysis of 16 

patients. "Negative" technical reports were prepared for these patients and these 

reports were forwarded to the clinician. These data were archived on ACURARE 

servers for reanalysis 6 months later. 

 

 

4.5. Copy Number Variants – Structural Variants Results 

 
 

Whole exome sequencing is still not a reliable tool for detecting CNVs. However, 

there are different approaches to determine CNVs via WES, where no additional data 

is available. Here we used WES data of six healthy individuals to compare the healthy 

reads to patients’ data. For this purpose, the SVD-ZRPKM values, which are described 

in section 3.6, were obtained from these exome data with the patient data. However, 

we did not find any copy number variants in any of the samples. 

 
For the whole genome data, we analysed the data obtained from the parliament2 

tool, which works in our pipeline, by annotating with the AnnotSV tool (89,109). As 

a result of this analysis, no structural variants that could explain the clinic were found. 
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As a result of this thesis study, only two of 25 patients were definitively diagnosed 

(Table 8). 

 

Table 8. Final report table of whole patients. 
 

Patient 

ID 

Final 

Report 

WES001 Negative 

WES002 Negative 

WES003 Negative 

WES004 Negative 

WES005 Solved 

WES006 Negative 

WES007 Negative 

WES008 Negative 

WES009 Negative 

WES010 Negative 

WES011 Negative 

WES012 Negative 

WES013 Negative 

WES014 Negative 

WES015 Negative 

WES016 Negative 

WES017 Negative 

WES018 Solved 

WES019 Negative 

WES020 Negative 

WES021 Negative 

WES022 Negative 

WGS001 Negative 

WGS002 Negative 

WGS003 Negative 
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5. DISCUSSION 

 
 

Diagnosing rare diseases is still a challenging journey today. Due to the inability 

to diagnose and the complexity of the diseases, many samples are collected, and data 

are obtained during the diagnostic process. WES is today the most widely used analysis 

method in the diagnosis of rare diseases. The raw data can be stored, and with the 

regular improvements in bioinformatics and literature, WES can be reanalysed at 

different time points. One advantage of reanalysis is that before leading to other 

approaches, with the recent updates data can be evaluated, and additional cost and 

stress on the patient can be avoided. However, for reanalysis to be useful significant 

advances in technology and literature are required. For this reason, regular re-analyses 

in 6 months to 1-year periods (110), depending on the workforce and computer power, 

would be efficient, especially for the regions where NGS applications are still costly. 

 
Currently, there is new data for running WGS as a first-line diagnostic tool or at 

least a trio WES analysis to improve the diagnostic success. WGS and WES were not 

significantly different in terms of diagnostic efficacy. The likelihood of diagnosis was 

considerably higher for trios than singletons in studies with within-cohort comparisons 

of WGS/WES. The diagnostics utility of WGS was 41% and 36% for WES when 

heterogeneity was precluded. Thus, heterogeneity reduced studies shows diagnostics 

utility of WGS as 42% and as 38% for WES (111). The advantage of WGS is that one 

can have the information for both coding and non-coding regions and also structural 

variants. On the other hand, the generated data is much larger than WES, and needs 

more storage area, higher computational power and expertise. Additionally, it is still a 

costly method to be used as a first line diagnostic tool. Still for the sake of the patients 

and their families, WGS can be suggested where available. 

 
There are several reasons why rare diseases are difficult to diagnose. The first 

challenge is that the diseases are not often encountered. Hence, there is a lack of 

knowledge on phenotypic presence or molecular mechanism. Most rare diseases are 

chronic disorders with heterogenous features, which can be misleading for the right 

diagnosis as well. With these aspects additional and powerful tools are needed in the 
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analysis of the data generated from rare diseases. In this thesis, a pipeline suitable for 

the diagnosis of rare diseases was developed. This pipeline is an automated pipeline 

that works to avoid missing candidate variants in a data using variant callers that are 

successful in different variant types. Being an automated pipeline, it enables every user 

with sufficient computing power to provide the raw data and obtain the VCF file at the 

end of the process. Working with a short command line also makes this pipeline a user- 

friendly tool. There are several standardized tools for analysing short-read NGS data, 

which are mentioned in section 2.7.7. (73,112,113). These are the tools used in almost 

every pipeline today and are the most successful tools in their field. ACUGEN works 

with these standardized and successful tools in its field. By integrating the data from 

each tool, it finally makes it available for analysis. One of the biggest feature that 

distinguishes ACUGEN from other pipelines is that it uses four different variant 

callers. For this reason, the differences between the data in the intermediate stages and 

the other pipelines were not included in this study, and the differences in these data 

may only arise due to version transitions. These differences are also stated in the 

version updates of the relevant tools. 

 
NA12878, which accepted as the “Truth data”, is a dataset that is being used for 

many benchmark studies (88,114–116). In order to show the performance of the 

ACUGEN pipeline, the VCF prepared with the GATK best practices pipeline was 

compared with the VCFs coming out of the pipeline we designed in this study (117). 

In this way, variant results previously called with a different version of 

HaplotypeCaller were also compared. SNP and INDEL variant numbers were also 

compared separately to get more accurate results. This was also an opportunity to show 

which caller was better in determining which variant type. While benchmarking, we 

selected only variants that received PASS from the callers’ quality control. All variant 

callers we use in the pipeline, except DeepVariant, found more SNP variants than 

Truth data (Figure 14). For the INDEL variations, all variant callers except Freebayes 

found more INDEL variants. The major reason why DeepVariant finds fewer variants 

is that it calls variants with high accuracy, and also the convolutional neural network 

(CNN) can account for the readings' complicated dependencies between reads and 

creates VCFs accordingly. In the DeepVariant study, it was emphasized that deep 
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learning models such as CNN are better than statistical methods for variant calling 

(87). Due to a difference in the BED file we utilize in the ACUGEN process, several 

variants are classed as Unknown when the figures from the benchmark research are 

examined. When compared against truth data, the majority of these variants, which are 

referred to as unknown in the pipeline, appear as false negatives. When looking at the 

false-positive numbers, we can see that ACUGEN identified variations that were not 

called in the Truth set. Some of these variants are likely due to alignment mistakes, 

but when the overall numbers (for HaplotypeCaller and Freebayes) are compared, it is 

clear that HaplotypeCaller calls more variants on SNPs and INDELs, whereas 

Freebayes calls more variants on SNPs. However, in this study, it is one of the purposes 

to ensure the discovery of all variants that may be missed during data processing, 

especially since it is studied in cases that cannot be resolved repeatedly. According to 

this inference, the importance of having more than one caller in the pipelines designed 

becomes evident. 

 
The quality of biological material used in sequencing technologies is of great 

importance (118). The quality of the data to be analysed is also important in order to 

find the relevant result. For these reasons, incomplete or incorrect phenotype 

information causes delays in diagnosis and false positive results in rare diseases (119). 

Elaboration of the given phenotype information will increase the statistical success as 

it will expand the gene pool screened. Clinicians working more cooperatively with 

bioinformaticians and taking an active role in variant filtering can eliminate such 

problems. 

 
Low-quality data yields a large number of false positives and it can also hinder 

the discovery of existing variants (120). For this reason, trimming is done in the first 

steps of the designed pipelines. Especially for the discovery of rare variants it is 

important to call every variant that can be found. However, the trim step may cause 

these variants to be filtered out as well. For this reason, only high-quality data with 

detailed phenotype cases were included in the study. The data that were not suitable 

for the study were also briefed on the standards of this study and the physician was 

informed why the data was opted out. Coverage has also become a parameter used in 
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quality controls. WES data used in this study had an average of 30X coverage. It has 

also been observed that 50X and 100X coverage sequencing is not common, 

considering the economic conditions throughout our country. High read depth 

prevents false negative and false positive calls in data (121). In our country, genomic 

sequencing service is generally provided for 30X average coverage depth for WES and 

10X for WGS. However, these calculations are not included in most of the reports of 

the data we collect, or previous analysis reports could not be obtained. 

 
WES001, it is seen that the parents are not consanguineous, although there are 

consanguineous marriages in the family. Based on this information, heterozygous 

variants which may cause the formation of de novo and compound heterozygosity 

conditions were primarily examined, and then homozygous variants were examined. 

Compound heterozygosity was considered for two of the three candidate variants 

obtained in the MYB gene. More than one interpretation can be made because the 

c.396G>T variant is seen in the parents and the proband, and the c.2243G>C variant 

is seen only in the father and the proband. The presence of two heterozygous variants 

in the father and the father being healthy reveal two results. One is that the father 

carries both variants on the same allele; in this case, it can be interpreted that the 

c.396G>T variant in proband is inherited from the father, and the c.2243G>C variant 

is inherited from the mother, or that the variants have no pathogenic effect. The third 

variant, ELF4:c.1520C>T, the confirmation of the variant could not be made, although 

Sanger sequencing of the proband was repeated several times. When looking at the 

mother and father, heterozygous c.1520C>G was observed in the father, while 

homozygous c.1520C>A variant was observed in the mother. In line with these results, 

the most appropriate scenario was compound heterozygosity for the variants in the 

MYB gene. WES001 participated in this thesis as the 4th center analysed and this was 

the only variant that could be confirmed and the molecular diagnosis of the patient 

remained unsolved. 

 
WES002, multiple ulcerative colitis and psoriasiform dermatitis phenotypes are 

seen among the proband's mother and her relatives. The paternal inheritance of the 
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candidate variant CARD14 :c.1675C>T made this variant unable to explain the clinic. 

There was no information about the disease history of the father and his relatives. 

 
Patient WES003 was directed without a medical geneticist’s control. The pedigree 

was drawn with difficulty, subtracting from the patient's son's description, who was 

also a physician . Considering the phenotype and patient history, it is noteworthy that 

the patient may have minor epileptic seizures, but no neurological examination 

information could be obtained. The fact that the patient's grandmother also had similar 

complaints brought to mind incomplete penetrance. The CACNA1H gene is one of the 

calcium voltage-gated channel genes. The relationship of Voltage-Dependent T-Type 

Calcium Channel genes with epilepsy has been described many times in the literature 

(122). In addition, it shows significance in terms of the phenotype of the patient with 

Hyperaldosteronism, a familial, type IV disease caused by the pathogenic variants of 

CACNA1H (123). After the variant was confirmed by Sanger sequencing, the clinician 

who directed the patient was informed about the findings and it was recommended to 

control the aldosterone levels. After this stage, the patient could not be followed up, 

as the contact with the clinician could not be established. 

 
Patient WES005 participated in this thesis after reanalysis with a preliminary 

diagnosis of osteochondrodysplasia. This data, which was re-analysed more than once 

before participating in this study, was repeatedly reported as negative. Finally, 

NM_001323544:c.338C>T variant was detected in the heterozygous GALNS gene 

from this data analysed with our pipeline in this study, and it was diagnosed as 

Mucopolysaccharidosis IVA. The GALNS gene variant was eliminated in this study 

but further analysis in another center showed uniparental disomy and the diagnosis 

was confimed. 

 
Patient WES007 showed phenotypes consistent with Spondylocostal dysostosis 3 

disease caused by pathogenic LFNG variants (124). Although the variant providing 

evidence of PP3 strong and PM2 moderate was classified as likely pathogenic with 

ACMG classification, as a result of the Sanger sequencing analysis performed on the 

parents and the proband, it was decided that this variant could not explain the clinic 
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because the mother also had the variant as homozygous (52). Besides this variant, no 

other variant that could explain the suspected phenotype was determined. 

 
In the analysis performed at an external center for patient WES008, detected 

variants that were not clinically compatible, so the patient was included in this study 

by his clinician for re-analysis. The two PTPN23 variants obtained as a result of the 

re-analysis were discussed with the clinician, and Sanger sequencing was 

recommended for co-segregation analysis after the patient's samples were requested. 

It was stated that these samples were found in the center where sequencing was 

performed before, and it was found more appropriate to perform the sequencing for 

the variants found in that center. It was confirmed that one of the alleles with variants 

came from the mother and the other from the father after co-segregation analysis was 

performed in an external center where patient samples were located. 

 
WGS001, the first WGS data included in the study, a very large pedigree could be 

obtained. The family history reveals the multiple consanguineous marriages of this 

Iranian heritage family. As a result, this patient's homozygous variations were 

thoroughly investigated. The prevalence of many hypercalcurias in the family history, 

as well as the fact that the proband had a more severe phenotype than them, bolstered 

the possibility. However, no candidate could be obtained because all homozygous 

variants found were previously reported as benign. When all other variants were 

examined, the obtained CLDN16 and COL4A3 gene variants were accepted as 

candidates, and the CLDN16 variant was eliminated in Sanger sequencing with 

samples taken from the parents and the proband. The primers were designed with the 

given transcript version by the pipeline and the variant could not be confirmed. Further 

analysis revealed that there was a version update of the transcript NM_006580 

transcript and 200 nucleotides were deleted from the coding sequence start region 

(125,126). For this reason, the region we work on was shifted to the 5' UTR region. 

When the COL4A3 gene variant was examined, it was classified as a VUS variant 

according to the ACMG classification, and it was noteworthy that the frameshift 

variants in its position were reported as pathogenic (127). For this reason, it was 

presented as the strongest candidate and confirmed by Sanger sequencing. Considering 



81  

that the monoallelic and biallelic forms of COL4A3 pathogenic variants are involved 

in the kidneys, it has been reported to the clinician as the strongest candidate (128). 

 
Patient WES021 was analysed with his parents. Result of the co-segregation 

analysis, the father was wildtype for the variant but the mother was heterozygous for 

CUX2 variant. Therefore, the pathogenicity of the variant we obtained for this case 

was weakened. The clinician was informed for the possibility of incomplete 

penetrance. 

 
Patient WGS003 was transferred by the clinician for re-analysis with deep 

phenotype information. The KMT2B variant obtained as a result of the re-analysis was 

also reported by the previously analyzed center. In addition, as a result of Sanger 

sequencing, it was stated that the patient's mother also carried the same variant. After 

filtering for Structural and SNP-INDEL variants, no other candidate variants were 

found. The data of this patient were archived for re-analysis 6 months later. Trio WGS 

was suggested for future studies. 

 
Patient WES022, the ABCA4 variant discovered in the re-analysis results of 

patient was thought to be the cause of the patient's vision problems. The data of the 

patient whose mother and father were related were first analyzed for homozygous 

variants, but no variant that could explain the clinic was found. As a result of filtering 

for heterozygous and compound heterozygous variants, no variant that could explain 

kidney problems was found, while ABCA4 variant, which was thought to explain the 

eye problems of the patient, was shared with the clinician. Sanger sequencing had to 

be performed twice in the parents and proband because the mother and father were 

heterozygous carrying the variant, while the proband appeared as wildtype as a result 

of the first sequencing. The father and proband were sequenced again after we warned 

the sequencing center, and it was observed that both father and proband had the variant 

as heterozygous. 

 
It was noteworthy that no structural variants were found as a result of these 

analyzes. The working principle of the CNV analysis tools for WES data is designed 
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to find the copy number changes over the increase and decrease in the mean reading 

depths by distinguishing them from the healthy control data (102). However, 

sequencing all samples at the same depth and with the same sequencing kits will make 

the result more meaningful and reliable so that this data can be interpreted and 

analyzed correctly. Most of the data collected for re-analysis was sequenced at 

different centers using different kits. However, information about the sequencing of 

healthy control data could not be obtained. This makes the reliability of CNV data 

debatable from WES data. Since no CNV data were available in this study, it is not 

possible to make an accurate discussion. When we looked at the WGS data, we did not 

find a clinical relationship in the variants that were found in the data that we made a 

structural variant call with parliament2 and annotated with AnnotSV. Due to the large 

size of the HTML files obtained from AnnotSV, we had difficulties in running these 

files on personal computers, so we had to open them on computers with high RAM on 

the server. We also had problems opening the SNP-INDEL variant lists we obtained 

from WGS on PCs. Since the amount of RAM required for processing big data is only 

available on ACURARE servers, analyzes were performed on workstation computers. 

In order to use such tools on personal computers or standard non-HPC business 

computers, remote systems should be developed or computers with high RAM should 

be provided to those who will do this job, where they can view and analyze such files. 

 
Medical and experimental limitations as well as technical limitations were 

frequently encountered in this study. Deep phenotyping is especially important for the 

analysis of patients with negative results. Incomplete phenotyping is one of the most 

important causes of misdiagnosis and undiagnosed patients. We did not include the 

data, which did not meet our standards, which would be waste of time and power. It 

would also be no different from previous analyses that were made in other centres. It 

has been observed that deep phenotyping knowledge is better made especially by 

medical geneticists who are experts in their field. For this reason, we think that it is 

important that the patients who will undergo genetic analysis are also examined by 

medical geneticists. Analysis reports given earlier were also an element that we paid 

attention to in this study. When reporting the variants, they should be written according 

to the HGVS nomenclature and transcript IDs should be added strictly. In this way, we 
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have made a preliminary analysis against the missing variant notification in our 

pipeline by checking that the previously reported variants also come out of the 

ACUGEN pipeline, even if they are not clinically relevant. Experimentally, the 

samples we submitted for Sanger sequencing were not often mixed with each other, 

but it was always a problem to be considered. For this reason, it would be appropriate 

to repeat the confirmation analyses when necessary, and to check again if it does not 

explain the appropriate inheritance pattern. While making the primary designs, the 

wrong design caused by the version changes was another problem in this study. It will 

be in the interest of the researcher to examine the version differences of the primers 

that will be designed especially for regions close to the exon or coding boundaries. 
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6. CONCLUSION 

 
 

Molecular Diagnosis of Undiagnosed and Rare Disease Patients with Whole- 

Exome Re-Analysis study has two different types of outcomes. Firstly, a 

bioinformatics outcome, a genomic NGS pipeline was developed for the process and 

analysis of undiagnosed patient data. ACUGEN is still under development and updated 

by supervision of Özkan Özdemir, PhD to solve bioinformatics bottle-necks in 

molecular diagnosis of genomic NGS data. Secondly, clinic outcomes, clinically 

related variant explorations, interpretations, and a novel 

PTPN23:NM_015466:c.4124A>C variant was reported. Eight percent of the total 

patients were clinically diagnosed in this study and negative or patients with clinically 

unexplained variant results will be re-analysed in ACURARE after a year. Besides 

these, this study shows that the expanding filtering methods may be applied to the 

undiagnosed patients in standard to improve the diagnosis rates of WES and WGS. 

 
As a conclusion of this study, we hope that re-analysis of undiagnosed patients 

and using of expanding filtering methods will become widespread and ACUGEN will 

become one of the state-of-the-art steps in this field. 

 

 

In summary with this thesis; 

• A pipeline for NGS data analysis for undiagnosed cases has been developed. 

 

• The importance   and   success   of   re-analysis   has   been   demonstrated. 

 

• The methods and experiences used in this study were provided as a resource 

for future rare disease studies. 
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Appendix 3. Quality control results of all data. 
 

 
Patient ID Sequencing Method Data Type Is the raw data has high-quality? Is the phenotype information of patient enough? 

WES001    WES FASTQ Yes Yes 

WES002 WES FASTQ Yes Yes 

WES003    WES BAM Yes Yes 

WES004 WES FASTQ Yes Yes 

WES005    WES FASTQ Yes Yes 

WES006 WES FASTQ Yes Yes 

WES007    WES FASTQ Yes Yes 

WES008 WES FASTQ Yes Yes 

WES009    WES BAM Yes Yes 

WES010 WES FASTQ Yes Yes 

WES011    WES FASTQ Yes Yes 

WES012 WES FASTQ Yes Yes 

WES013    WES FASTQ Yes Yes 
WES014 WES FASTQ Yes Yes 

WES015    WES FASTQ Yes Yes 

WES016 WES FASTQ Yes Yes 

WES017    WES FASTQ Yes Yes 

WES018 WES FASTQ Yes Yes 

WES019    WES FASTQ Yes Yes 

WES020 WES FASTQ Yes Yes 

WES021    WES FASTQ Yes Yes 

WES022 WES FASTQ Yes Yes 

WES023    WES FASTQ Yes No 

WES024 WES VCF NA Yes 

WES025    WES FASTQ Yes No 

WES026 WES FASTQ Yes No 

WES027    WES VCF NA Yes 

WES028 WES BAM NA Yes 

WES029    WES VCF NA Yes 

WES030 WES FASTQ Yes No 

WES031    WES VCF NA Yes 

WES032 WES BAM NA Yes 

WES033    WES FASTQ No Yes 

WES034 WES VCF NA Yes 

WES035    WES BAM NA Yes 

WES036 WES FASTQ Yes No 

WES037    WES BAM NA Yes 

WES038 WES VCF NA Yes 

WES039    WES VCF NA Yes 

WGS001 WGS FASTQ Yes Yes 

WGS002   WGS FASTQ Yes Yes 

WGS003 WGS FASTQ Yes Yes 

WGS004   WGS XLSX NA Yes 

WGS005 WGS FASTQ Yes No 

WGS006    WGS VCF NA Yes 
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Chíomosom Position Refeíenc
e 

Alteínative Gene Exonic Ïunc. Zygosity 

chí17 80198415 C ľ CARD14 nonsynonymous SNV het 

chí7 72728896 C ľ ľYW1B stop_gained het 

chí11 47642411 G A MľCH2 stop_gained het 

chí14 31483548 G A GPR33 stop_gained hom 

chí7 1.43E+08 G ľ PRSS1 stop_gained het 

chí21 10569701 C ľ ľPľE stop_gained het 

chí21 10569462 C ľ ľPľE stop_gained het 

chí11 47642399 A G MľCH2 nonsynonymous SNV het 

chí13 1.13E+08 G A ADPRHL1 stop_gained het 

chí18 63712604 G ľ SERPINB11 stop_gained hom 

chíX 1.53E+08 G C CSAG1 stop_gained hom 

chí17 2700818 G A CLUH nonsynonymous SNV het 

chí11 47642396 C ľ MľCH2 nonsynonymous SNV het 
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Position 

 
Ref 

 
Alt 

 
Gene 

 
Exonic Func. 

 
Zygosity 

 
chí7 

 
24702830 

 
A 

 
G 

 
GSDME 

 
nonsynonymous SNV 

 
Het 

 
chí4 

 
71440709 

 
G 

 
A 

 
SLC4A4 

 
nonsynonymous SNV 

 
Het 

 
chí5 

 
158731100 

 
C 

 
Ľ 

 
EBF1 
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Het 

 
chí3 

 
127619139 
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Ľ 

 
MCM2 

 
nonsynonymous SNV 

 
Het 

 
chí2 

 
140534066 

 
C 
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LRP1B 

 
nonsynonymous SNV 

 
Het 

 
chí12 

 
20880898 
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SLCO1B3-SLCO1B7 

 
nonsynonymous SNV 

 
Het 

 
chí1 

 
99288109 
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PLPPR4 

 
nonsynonymous SNV 

 
Het 

 
chí16 

 
88841094 

 
G 

 
A 

 
GALNS 

 
nonsynonymous SNV 

 
Het 

 
chí6 

 
46835512 
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MEP1A 

 
nonsynonymous SNV 

 
Het 

 
chíX 

 
119470922 
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nonsynonymous SNV 

 
Het 
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Alt 

 
Gene 

 
Exonic Func. 

 
Zygosity 

 
17 

 
74866471 

 
Ľ 

 
C 

 
FDXR 

 
nonsynonymous SNV 

 
hom 

 
17 
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FDXR 

 
nonsynonymous SNV 

 
hom 

 
15 
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. 

 
hom 

 
X 
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CLCN4 
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17 

 
74862956 

 
G 

 
A 

 
FDXR 

 
. 

 
hom 

 
X 

 
1.11E+08 
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Chíomosom 

 
Position 

 
Refeíence 

 
Alteínative 

 
Gene 

 
Exonic Ïunc. 

 
Zygosity 

4 183705029 C ľ ľRAPPC11 nonsynonymous SNV het 

14 45148886 G A FANCM nonsynonymous SNV het 

17 21703417 C ľ KCNJ18 nonsynonymous SNV het 

12 111347567 G A CUX2 nonsynonymous SNV het 

17 21703340 C ľ KCNJ18 nonsynonymous SNV het 

1 20655747 C ľ DDOSľ nonsynonymous SNV het 

11 71444008 - A DHCR7 fíameshift inseítion het 

17 49973822 ľ A DLX4 nonsynonymous SNV het 

14 45148886 G A FANCM nonsynonymous SNV het 

20 35434589 C A GDF5 nonsynonymous SNV hom 

20 3221849 C ľ IľPA nonsynonymous SNV het 

15 40407806 ľľ - IVD fíameshift deletion het 

8 142664633 ľ C JRK nonsynonymous SNV het 

17 21702953 C A KCNJ18 nonsynonymous SNV hom 

17 21703340 C ľ KCNJ18 nonsynonymous SNV het 

17 21703362 G C KCNJ18 nonsynonymous SNV het 

17 21703417 C ľ KCNJ18 nonsynonymous SNV het 

7 2513247 - GAľG LFNG fíameshift inseítion het 

5 56882802 C ľ MAP3K1 nonsynonymous SNV het 

9 35793912 G A NPR2 nonsynonymous SNV het 

11 31793332 A - PAX6 fíameshift deletion het 

2 231738054 C ľ PDE6D nonsynonymous SNV het 

X 78125810 G A PGK1 nonsynonymous SNV hom 

19 39423417 ľ C PLEKHG2 nonsynonymous SNV het 

1 11960766 G A PLOD1 nonsynonymous SNV het 

10 120355038 ľ A RPL21 nonsynonymous SNV hom 

3 38714049 A ľ SCN10A nonsynonymous SNV het 

3 189886509 G A ľP63 nonsynonymous SNV het 

4 183705029 C ľ ľRAPPC11 nonsynonymous SNV het 
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het 

2 178769939 G A ľľN nonsynonymous SNV het 

2 178775079 C ľ ľľN nonsynonymous SNV het 
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