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1. Introduction 
 

Disease Terminology: 

Health - physical, mental, and social well-being  

Disease - an abnormality in body function that threatens health  

Etiology - the study of the factors that cause a disease  

Idiopathic - refers to a disease with an unknown cause  

Pathogenesis - the pattern of a disease’s development (infectious, non - infectious) 

 

Symptoms: Greek σύµπτωµα, "accident, misfortune, that which befalls”, is a departure from normal function 

or feeling which is noticed by a patient (subjective), indicating the presence of disease or abnormality, it cannot 

be measured directly.  

Symptoms can be: 

► Acute 

► chronic  

► relapsing  

► asymptomatic (e.g. subclinical infection)  

► non-specific (fatigue) 

Signs: A sign is noticed by other people. It is not necessarily the nature of the sign or symptom which defines it, 

but who observes it. 

► When it is noticed by both, the patient and the professional health care, then the feature is 

both a sign and a symptom. 

Syndrome: is the association of several medical signs, symptoms, and or other characteristics that often occur 

together. It can have one cause, multiple causes or an unknown cause (e.g Parkinsonian syndrome) 

 

Disease Terminology 

- Infectious diseases  

- Contagious diseases  

- Foodborne illness  

- Communicable diseases  

- Non-communicable diseases  

- Airborne diseases  

- Lifestyle diseases  

- Mental disorders 

 

  



2. Genes, Chromosomes: Genetics and Single Gene Disorders 
 

2.1 Organization of the Human Genome 
 

- Coding genome: ≈1.5%  

- 3.5 x 109 pairs of nucleotides in DNA 

- 20’000-25’000 genes, 2-3 different isoforms; due to splicing 

- Haploid genome, diploid genome 

- Approximately the same amount of DNA is found in cells of mice, elephants, bats, armadillos, pandas… 

- Humans: 

► 23 pairs of chromosomes  22 Autosomes, X- chromosome, Y- Chromosome 

► The number of genes in a Chromosome decreases from chromosome 1 to 22 

- Mitochondrial chromosome 

- Karyotype: collective features of a set of chromosomes in late prophase or metaphase stages of 

mitosis (Erscheinungsbild eines Chromosomensatzes in Karyogramm dargestellt) 

- Heterochromatin: dense chromatin regions  transcriptionally inactive 

- Euchromatin: transcriptionally active 

 

Experimental procedure for observing human chromosomes: 

- Obtain white blood donor cells 

- Incubate in culture medium with growth stimulants 

- Add colchemid (Microtubule-depolymerizing drug)  cells 

rests in metaphase 

- Sediment cells by centrifugation 

- Suspend cells in hypotonic solution  cell shrinks 

- Sediment cells by centrifugation 

- Suspend cells gradually in fixative 

- Drop fixed cells onto a microscope slide 

- Stain dried slide to produce chromosome bands 

- Observe chromosomes in microscope 

 

Fluorescent in situ hybridization (FISH):  
FISH is a method for specific labelling of chromosomes using molecular 

(fluorescent) probes, which only bind to those parts of the chromosome 

with which they show a high degree of sequence complementarity. It is 

used to detect and localize the presence or absence of specific DNA 

sequences on chromosomes.  

It can also be used to detect and localize specific RNA targets (mRNA, 

IncRNA (long non-coding RNA; > 200bp  not evolutionally conserved) 

and miRNA) in cells, circulating tumor cells and tissue samples. 

 Detects failures in chromosomes 

 3 repetitive sequences in human genome: cenromer, telomere, sine/line elements, (micro) - satellite-

nucleotides 



2.1.1 General features of chromosomes 
 

 

 
Chromosomes stained with dyes bound to DNA: 

Giemsa staining:  

Dark bands: rich in A-T 

Light bands: rich in G-C 

Morphological features defining Chromosomes: Giemsa banding patterns, size 

and centromere position 

In the end of a Chromosome, there are Telomeres: hexameric element (TTAGGG), 

tandem arrays up to 5000-10’000 by in length, the length of Telomeres shortens 

with age 

P = short arm 

 

Mammals have accumulated considerable repetitive elements and noncoding regions, which account for the 

majority of their DNA sequences (52% non-coding and 44% repetitive DNA). Only 1.2% of the mammalian 

genome thus encodes for protein function. This massive expansion of repetitive and noncoding sequences in 

multicellular organisms is most likely due to the incorporation of invasive elements, such as DNA transposons 

(can change their location in the DNA spontaneously), retrotransposons and other repetitive elements. 

(v.a. in höheren Eukaryoten viel non-coding & repetitive  more extensive epigenetic silencing mechanisms). 

 

Families of reiterated sequences 

- Approximately 1/3 of the human genome consists of repeat sequences 

- Satellite DNA: reiterated, tandemly arranged sequences 

- Alpha family: found in centromeres, basic repeat unit of 171 bp 

► Tandem arrays up to several million bp long 

► Spindle fibres attach to the centromere via the kinetochore 

- Interspersed repetitive sequences: 

► Short interspersed repetitive sequences (SINE):  

Alu family: Alu elements of different kinds occur in large numbers in primate genomes (> 1 

Million in humans). They are the most abundant transposable elements in the human 

genome. They are derived from the small cytoplasmic 7SL RNA (299 bp), a component of the 

signal recognition particle. 

Alu sequences contain RNA polymerase III initiation sites  damit transkribiert, aber nicht 

translatiert wird  RNA wird gebildet 

Alu insertions have been implicated in several inherited human diseases and in various forms 

of cancer. 

► Long interspersed repetitive sequences (LINE):  

> 500 bp long  20% of whole genome 

LP element: ≈ 6400 bp long, 5’ end highly variable 

Reiteration frequencies: 3000-40’000 copies 

Predominantly in dark bands 

2 Gene: ein zur Bindung & Transport von RNA, eins mit Aktivität für reverse transcriptase (bei 

L1 liegt promotor im 5’UTR) 

► Middle repetitive sequences:  

Genes for 18S and 28S ribosomal RNA 

Each copy contains one 18S and one 28S sequence together with additional nucleotides and 



are transcribed to form large pre-rRNAs, which are then cleaved by specific nucleases. 

Several hundred copiesof genes for 18S and 28 ribosomal RNAs are tandemly arranges in 

clusters on several chromosomes. 

► SNP: Variation eines einzelnen BP, in einem DNA-Strang, stellen ~90% alelr genetischen 

Varianten im menschlichen Genom dar, unregelmässig verteilt, „erfolgreiche 

Punktmutationen“. Wenn SNP in 1 Region  cutting enzyme erkennt Schnittstelle nicht mehr 

 

► Polymorphic sequences: 

- Single nucleotide polymorphisms: Approximately every 1000 bp, it is used to be 

detected by restriction fragment length polymorphism (RFLP)  Sequencing is 

standard method of detection today 

- Minisatellites: Variable number of tandem repeats (VNTR), usually 10-60 bp long, 

scattered throughout the genome 

Number of repeats: 10 to 60 

- Microsatellites: Di-, Tri-, Tetra-nucleotide repeats (CA, TG,TCC,TAA) 

50’000 sequences in human genome  detected by PCR 

 

    

   

2.2 Identifying the genetic basis of disease 

 
 Specific genetic diseases are rare, however collectively they occur frequently 

 
Forward genetics:  

- Clinical symptom  identification of biochemical step  show that protein involved in this step is 

mutated in affected subjects 

- From protein to gene 

- Example: Sickle cell disease  mutation in Hb 

Reverse genetics: 

- Modern gene identification strategy 

- From gene to protein  

- Positional cloning: strategy to identify gene of unknown function based on genomic mapping 



2.2.1 Autosomal dominant inheritance 

 

 

► Affected individuals have at least one affected parent 

► Mating between a normal and a heterozygous affected person have a 50% chance of producing an 

affected offspring and a 50% chance of producing a normal offspring with each pregnancy 

► Males and females are affected in roughly equal numbers 

► Both males and females transmit the phenotype 

 

2.2.2 Autosomal – recessive inheritance  

 

► Affected individuals have two normal parents 

► Mating between a heterozygotes (both phenotypically normal) have a 75% chance of producing 

normal offspring and a 25% chance of producing an affected offspring with each pregnancy  3:1 

ratio of normal to affected offspring 

► Mating between affected persons produce only affected children 

► Males and females are affected in roughly equal numbers 

► Both males and females transmit mutant alleles 

► In every generation  dominant: wenn in einer Generation nur Frauen betroffen sind (&vererber ein 

Mann)  x- linked 

 

 



2.2.3 X-linked dominant inheritance 

 

The mother alone is carrier of a mutated or defective gene associated with disease or disorder: 

► Of her daughters and sons: 50% will have the disorder 

► Children of both genders have an even chance of receiving either of their mother’s two X-

Chromosomes, one of which contains the defective gene in question 

The father alone is carrier of a mutated or defective gene associated with disease or disorder: 

► Of his daughters: 100% will have the disorder, since all of his daughters will receive one copy of his 

single X – Chromosome 

► Of his sons: none will have the disorder  sons do not receive a X-Chromosome from their father 

 

2.2.4 X – Linked recessive inheritance 

 

► Mode of inheritance in which a mutation in a gene on the X – chromosome causes the phenotype to 

be expressed (1) in males who are homozygous for the mutation since they only carry one X – 

chromosome and (2) in females who are homozygous for the gene mutation  they have a mutant 

copy of the gene on each of their X – chromosomes 

► In humans, generally men are affected and women are carriers 

► Examples: red-green colour blindness, Hemophilia A,B, Duchenne, Becker’s muscular dystrophy 

 

 

 



2.3 Disease mapping using genetic linkage 
 

The LOD score (logarithm with base 10 of odds) is a statistical test 

used in linkage analysis in human, animal and plant populations.  

The LOD score is used to estimate the likelihood if two Loci are 

located near to each other on the same chromosome and 

therefore are inherited together (linked) 

Positive LOD scores favour the presence of linkage, whereas 

negative LOD scores indicate that linkage is less likely. 

Computerized LOD score analysis is a simple way to analyse 

complex family pedigrees in order to determine the linkage 

between Mendelian traits (or between a trait and a marker, or 

two markers). 

 

 

 

A positional analysis experimental strategy  

- Map the gene by linkage or association analysis 

- Define minimal disease region 

- Identify conserved sequences (coding 5’ and 3’ UTRs, non-coding RNAs, promoters, enhancers) 

- Identify mRNAs transcribed from each candidate gene (show that gene is expressed in affected 

tissues) 

- Correlate abnormal mRNAs with presence of the disease (abnormal mRNA size, splicing mutations) 

- Correlate DNA deletions with presence of disease 

- Identify mutations in the candidate gene from affected subjects (Missense mutation, deletion, 

insertions, polymorphisms, functional characterization) 

 

2.4 Examples of monogenic diseases 
 

  

X-linked dominant hypophosphatemic rickets 

► Differs from most cases of rickets in that ingestion of Vitamin D is relatively ineffective 

► Bone deformity including short stature 

► XLH is associated with a mutation in the PHEX gene, located on the human X- chromosome at location 

Xp22.2-p22.1 

► The PHEX protein regulates another protein called fibroblast growth factor (FGF) 23 

► Gene mutations in PHEX prevent it from correctly regulating FGF 23 

► The resulting overactivity of this protein reduces phosphate reabsorption by the kidneys, leading to 

hypophosphatemia and the related features of hereditary hypophosphatemic rickets 

Autosomal 

dominant 

disease: Huntington’s 

Disease 

Clinical Classification:  



- Movement/Cognitive/Psychiatric disorder 

- Mean onset age 35-55 years 

Prevalence:  

- Incidence >1 in 10’000 

Genetic Testing:  

- Diagnostic 

- Presymptomatic – counselling protocol 

Physical features: 

- Involuntary movements of the head and face 

- Weight loss 

- Abnormal gait 

- Speech & swallowing difficulties 

- Cortex with Atrophie 

Psychiatric Manifestation: 

- Personality changes 

- Depression 

- Aggression 

- Early onset dementia 

- The more repeats, the earlier the disease manifests itself 

Structure of Huntington disease gene: 

- 11-34 CAG triplet repeats are normal: encodes a run of 11-34 

glutamine amino acid residues in the protein 

- A run of > 34 glutamine residues causes the protein to aggregate in the 

brain cells and cause progressive cell death 

- Runs of > 34 CAG repeats in the HD gene expand further (particularly 

during male meiosis) causing earlier age of onset in children of men 

who have the gene Anticipation 

- Post mortem sections comparing normal brain (left) with brain from a 

Huntington disease patient (right) shows loss of tissue in the 

Huntington disease brain 

Advantages of predictive testing: 

- If negative:  

o Concerns about self and offspring reduced 

- If positive:  

o Make plans for the future 

o Arrange surveillance/treatment if any 

o Inform children/decide whether to have children 

Disadvantages of predictive testing: 

- If positive: 

o Removes hope 

o Introduces uncertainty (if and when) 

o Known risk to offspring 

o Impact on self/partner/family/friends 

o Potential problems with insurance/mortgage 



- If negative: 

o Expectations of a ‘good’ result 

o ‘survivor’ guilt 

 

Autosomal recessive disease: Cystic fibrosis 

- Affects 1 in 2’500 babies in the UK, 1 in 10’000 in UK Asian population 

- Lifelong, life-limiting illness 

- Affects the lungs, digestive tract (small intestine: obstruction  

meconium ileus (Darmverschluss) in the newborn) and pancreas by 

clogging them with thick, sticky mucus  gland secret thicker or more 

viscous than normal 

Lungs: thick bronchial mucous, recurrent chest infections, progressive 

lung damage, heart/lung transplantation 

Pancreas: failure to secrete digestive enzymes causing malabsorption, 

failure of growth and late development 

- Daily physiotherapy, dietary supplements and intensive treatment for 

chest infections 

- Men nearly always infertile  absence/atrophy of vas deferens 

 

- Gene & Mutation: 

o Large gene encoding 1480 amino acids 

o Over 1’100 different mutations identified in the gene 

o Routinely tested for 29 commonest mutations 

o If mutations/s not found in clinically affected child  send DNA to laboratory to be tested for 

rarer mutations 

o Commonest mutation: Delta F508 

 UK Caucasians: 75% 

 Uk Asians: 29%, common mutation found in 1 in 10 UK Asians – Y569D (Substitution G-T) 

 

 

► The outlook for cystic fibrosis patients has improved over the years but they still need 

frequent hospital admissions, physiotherapy and constant medications 

► Chloridkanalausfall: often only one from the pedigree affected  Autosomal rezessiv 

conditions commonly present as a single isolated case 

 

  



3. Polygenic, complex disease 
 

Traditionally there are 3 types of diseases: 

► Genetically determined 

► Environmentally determined 

► Genetically and environmentally determined 

But today the distinctions are blurred: up to 20% of pediatric in-patients have genetic abnormality, about 50% 

of spontaneous abort uses have chromosomal aberration and only mutations that are not lethal are reservoir 

of genetic diseases! 

All diseases result from an interplay of genetics and environment! A classification in “pure genetic”, “pure 

exogenic” and so-called “multifactorial diseases” is invalid. It is known that the clinical phenotype of many 

monogenic diseases are also influenced by exogenic factors. 

 

Disorders with multifactorial inheritance (polygenic) 

We speak about a disorder with multifactorial inheritance if certain traits are only expressed through the 

interplay of genetic and non-genetic (exogenic) factors. 

In multifactorial diseases are an increasing number of loci involved but each locus involved is neither sufficient 

nor necessary to result in the phenotype  also environmental factors are important! 

- Influence of multiple genes and environmental factors 

- Relatively frequent: Diabetes mellitus (20 different loci identified as being involved in type 1 diabetes 

 approximately 40% familial clustering due to the HLA loci, other involved include INS), 

Hypertension, Gout, Schizophrenia, Congenital heart disease, some types of cancer 

- Often familial occurrence – probability of disease is in 1st degree relatives about 5-10%; 2nd degree 

relatives 0.5 – 1% 

- Genetic bottleneck: Entdecker brachten Krankheit auf neu entdeckte Inseln  Inselbewohner oft sehr 

anfällig  viele starben 

 

Key concept of complex diseases 

- Multiple distinct loci interact with/without other factors including the environment to result in end 

stage phenotype 

- Expressed in population as a 

continuously variable susceptibility that 

follows Gaussian distribution 

- Effectively creates a gradient of 

susceptibility  phenotype presents 

beyond a certain threshold 

- Familial concentration of disease 

without specific pattern of inheritance  monogenic disorder: dom./recess. 

- Absence of clear biochemical defect resulting from single abnormal gene 

- Considerable variation in severity and expression of phenotype (between and within families) 

- Most affected individuals have unaffected parents 

- Often sex differences 

 

 

 



Recurrence risk 

- Affected individuals have inherited combination of high susceptibility alleles 

- Relatives share these alleles  Thus, cousins, aunts, uncles etc. also at higher risk than general 

population 

- Parents with affected child have higher than average number of high risk alleles: 

o Recurrence risk is higher if > 1 family member affected 

o Greater the severity of the disease the higher the recurrence risk 

 

 

Models to explain multifactorial disease: There are two basic models. In both models, different alleles at these 

loci may increase or decrease the risk, what leads to complex patterns of susceptibility 

- Common disease – common variant (restricted polymorphism model): Proposed that there is a small 

number of loci with risk alleles that are common in the population (>1%) and each exerts a 

considerable genetic effect  

 e.g. APOEε4 allele in Alzheimer’s disease; Factor V Leiden in deep venous thrombosis 

- Common disease – rare variant: Suggested that there are a large number of loci with risk alleles that 

are rare in the population (<1%) and each exerts little or moderate effect 

 

Other factors  

- Environmental influence: diet, exposure to toxins, exercise etc. 

- Epistasis: is a form of genetic interactions. It is existent if a gene can cause a suppression of a 

phenotype from another gene  Interaction of genes between different loci 

- Epigenetics: methylation, imprinting etc. 

 

 All combine to produce disease state in individual 

 

3.1 Linkage studies 
 

Classic linkage studies require: Gemeinsame Vererbung zweier Loci in Familien  für simple Vererbung 

innerhalb der Familie, rare in population, viele kurze tandem repeats 

- Large multigenerational single family (or multiple smaller families in clear homogeneous disease) 

- Defined mode of inheritance 

- Single locus responsible 

- Known penetrance 

- Genetic homogeneity: Same phenotype can be caused by different diseases/genes 

Clearly not the case in complex disease 

- However can still be used in non-parametric models under different modes of inheritance, allowing for 

heterogeneity etc. 

- Thus likelihood of detecting causative locus less than in single major locus disorders 

- Alleles of low or moderate genetic effect unlikely to be identified 

Association studies: For complex inheritance, common in population, lots of SNPs 

- Several methods available including: Case control series (big group and one without disease), affected 

sib pair, affected pedigree member, TDT (transmission disequilibrium test: family – based association 



test for presence of genetic linkage between a genetic marker & a trait – but only in presence of 

genetic association) 

- Each has different advantages, disadvantages and limitations 

- Complex statistical analysis 

- Can be influenced by: 

 Sample size, selection of controls 

 Population stratification, admixture 

 Epistasis, age of disease 

 Problems in multiple testing 

 Informativeness, density of markers 

 Level of risk alleles effect in disease 

Association studies – population based: Linkage disequilibrium  Beziehung zwischen 2 Allelen an 2 Loci in 

einer Population 

- Case – control study 

o Most widely applied strategy 

o Series of affected patients vs. series of matched controls (age, sex, population…, need to 

match) 

o Cases readily obtained; genotyping easy 

o Most prone to producing false positive results – usually due to incorrect control population 

selection. Any difference in allele frequency between groups may be due to differences 

between populations (independent of disease) 

o Require significant numbers of adequately power study (1000s vs. 100s); especially important 

in study of multiple variables 

- Case – cohort study 

o Cases and controls drawn from selected population under study to investigate broad 

spectrum of diseases and factors 

o Prospective; takes longer to select sufficient numbers 

Transmission disequilibrium test (TDT) 

The TDT tests for distortion in transmission (“Verzerrung bei 

Übertragung”) of alleles from a heterozygous parent to an affected 

offspring.  

Under no association with the disease, alleles A and B have an equal 

chance of being transmitted from a heterozygous parent.  

If however allele B increases the risk of disease this allele will be 

preferentially transmitted to the affected offspring.  

The sampling scheme for the TDT is the family trio, with DNA 

available from both parents and an affected offspring. 

 

 

 A family-based association test for the presence of genetic linkage between a genetic marker 

and a trait  

 A specificity of the TDT is that it will detect genetic linkage only in the presence of genetic 

association. While genetic association can be caused by population structure, genetic linkage 

will not be affected, which makes the TDT robust to the presence of population structure. 

 

 



Factors influencing success of studies 

- Control populations (stratification) in verschiedene Krankheiten einteilen: family based controls vs. 

matched controls 

- Study population: inbred populations reduce number of segregating loci and non-allelic heterogeneity, 

admixture  Latin American, African American; creates disequilibrium that breaks down rapidly for 

unlinked markers; utilised in MALD (mapping by admixture linkage disequilibrium) 

 bottleneck population: in islands – haploid blocks are bigger  studies are easier 

- Epistasis: interaction between alleles can be accounted for by statistical models 

- Problem when case/control groups consist of 2 different subpopulations with different mixing 

proportion 

- Linkage disequilibrium (LD)  Assoziation bestimmter Varianten benachbarter Genorte oder 

genetischer Marker (auf einzelnem Chromosom) 

o Sind 2 Allele in Population an 2 oder mehreren Genorten häufiger oder weniger häufig 

verknüpft als nach ihren individuellen Frequenzen zu erwarten  dann befinden sie sich im 

Kopplungsgleichgewicht 

- Age of disease: 

o Old ancient disease (restricted polymorphism model) have low range of linkage 

disequilibrium (~3kb). Requires high density map of markers to detect association 

o New diseases have high range of disequilibrium (10kb). Low density scans required but low 

power to detect 

- Genetic effects of risk allele 

o Few loci exerting considerable effect 

o Power to detect reduces with increasing no of loci 

- Informativeness of markers 

o Power to detect decreases with reduced heterozygosity 

- Inference of linear distance 

o Distance between marker and disease not easy to predict due to non-linear relationship 

between LD and distance below 60kb 

o SNP durch crossing over “verteilt” 

 

3.2 Sequence variations and structure of the human genome 
 

Population size: 6 x 109  (diploid) 

Mutation rate: 2 x 10-8 per bp per generation 

Expected “hits”: 240 for each bp 

 Every variant compatible with life exists in the population, but most are vanishingly rare 

 Compare 2 haploid genomes: 1 SNP per 1331 bp 

SNPs (in exon region) in the average gene: Average gene size – 19 kb ~ compare 2 haploid: 1 in 1000 bp  ~100 

SNPs (200bp) – 15’000’000 SNPs  5 coding SNPs (half change the AS sequence) 

 

 

 

 



3.3 Genotyping technologies 
 

 

 A significant proportion of common 

SNPs can be captured 

 

 

 

 

 

Haplotype block structure of human genome  SNP so close that they arrange in a block  the markers in a 

group are always transmitted together 

SNP Chip methodology 

Isolated, cut, unique linkage sequence added, unique labelling of all the fragments, then hybridization, wash 

the chip, you see on every spot what kind of SNP where was 

 

Identification of risk alleles 

- Linkage/association studies to locate regions of interest 

- Finer mapping of regions 

- Sequence analysis of candidate genes within interval 

- Numerous sequence variants likely to be present 

- Role of identified variants? Combination of variants? Logistical challenge 

- Functional tests of candidates; cellular testing, knock out/in models etc. 

 

  



4. Mitochondrial disease 
  

 The Mitochondria: is the organelle that releases energy in the cell. Mitochondria only 

exist in animal cells. They produce ATP using energy stored in food molecules. 

Mitochondria are very abundant in cells that require lots of energy (muscle, brown fat, 

pancreatic β-cells). 

 Mitochondria are the site of most of the energy production in eukaryotic cells  

 

- The outer mitochondrial membrane is composed of about 50% phospholipids by weight and contains 

a variety of enzymes involved in such diverse activities (by integral membrane; proteins in he 

intermembrane phase) as the elongation of fatty acids, oxidation of epinephrine (adrenaline), and the 

degradation of tryptophan. It contains porins that allow the passage of molecules smaller than 5 kD 

and it also contains a large multiprotein translocase complex that recognize mitochondrial signal 

sequences on larger proteins and permits their passage. 

- The inner membrane:  has 3 main functions 

 Contains all of the components of the electron transport system (oxidative metabolism  on 

surface of inner membrane) and the ATP synthase complex  they use complex molecules 

and oxygen to produce ATP  aerobic respiration 

 ATP synthase, which makes ATP in the matrix 

 Specific transport proteins that regulate the passage of metabolites into and out of the matrix 

- Mitochondrial Matrix: contains the mitochondrial DNA 

  

  The main function of the Mitochondria: 

- Fatty acid oxidation, citric acid cycle, thermogenesis, oxidative phosphorylation 

- Convert organic materials into cellular energy in the form of ATP 

- Apoptosis-programmed cell death 

- Glutamate-mediated excitotoxic neural injury 

- Cellular proliferation 

- Regulation of the cellular redox state 

- Heme synthesis (red blood cells do not have mitochondria!) 

- Steroid synthesis 

- Heat production: UCP1  brown fat: wichtig bei Säuglingen, um Hypothermie zu vermeiden 

- Some mitochondrial functions are performed only in specific types of cells  e.g. Mitochondria in liver 

cells  contain enzymes that allow them to detoxify ammonia, a waste product of protein metabolism  

 A mutation in the genes regulating any of these functions can result in a variety of mitochondrial diseases  

 glycolysis in cytoplasm! 

 

4.1 Mitochondria and cancer 
 

- Mitochondria generate reactive oxygen species (ROS). This has been proposed to cause somatic 

mitochondrial mutations. This can lead to a cycle in which ROS generate mutations, which in turn lead 

to dysregulation of respiration and accumulation of more mutations. 

 ROS production contributes to tissue aging due to decreased metabolic function and energy 

production, increased cell death, and a decreased capacity to replicate the genome 

 



- There is a link between colorectal cancer and somatic mitochondrial mutations. Cultured colorectal 

cancer cells taken from the tumors of 10 colorectal cancer patients. They then compared the 

mitochondria DNA sequences of the tumor cell lines to the mitochondrial DNA sequences of cells from 

neighbouring normal colon tissue from the same patient.  

 Causative link between mitochondrial mutations and cancer has not yet been firmly established.  

 

4.2 The mitochondrial Genome 
 

Mitochondrial DNA plays roles in other areas of genetics as well. For example, it has been used to address 

questions about how the widespread distribution of humans in the world today was established.  

Because mitochondria are passed exclusively through the maternal lineage and there is little recombination in 

the mitochondrial genome, variation in the mitochondrial genome has been used to delineate how and when 

humans migrated and occupied the world. Studying the mitochondrial genome in individuals from distinct 

geographic origins has made it possible to establish that the human populations of today are all derived from a 

small group of individuals that left Africa approximately 170’000 years ago.  

 

Mitochondria are very unique in several regards:   

- They have their own circular DNA (16,569 bp) doublestranded! 

- Hundreds of mitochondria/cell, each with multiple copies of DNA   

- Mitochondrial genome is not enveloped, and is it not packaged into chromatin  

- The mitochondrial genome contains few, if any, noncoding DNA sequences (only 3% is non-coding 

DNA)  

- Some mitochondrial coding sequences (triplet codons) do not follow the universal codon usage rules 

when they are translated into proteins have their own ribosomes.   

- Mitochondrial nucleotide bases exhibit functional overlap between two genes  

- Mitochondrial genes on both DNA strands are transcribed in a polycistronic manner (Describing 

mRNA that encodes for multiple different polypeptides) 

- Mitochondrial genome has a higher mutation rate (≈100-fold higher) than the nuclear genome 

 

Unique Features of Mitochondrial Genetics 

- Mitochondrial DNA is strictly maternally inherited   

- Cell can contain hundreds of mitochondria/cell, each with multiple copies of DNA  

- Heteroplasmy: Mutant mtDNA and normal mtDNA can exist in various proportions in cells  

 simultaneous appearance of mutated and wild-type mtDNA 

- Mild mtDNA missense mutations in protein coding genes are usually homoplasmic (mutation concern 

every mitochondria in the cell)  prozentualer Anteil mutierter mtDNA bestimmt Phänotyp: 

Ausprägung & Schweregrad der Erkrankung 



- Mutations that cause severe impairment of oxidative phosphorylation are usually heteroplasmic 

(Example: mutations in mt-tRNA are heteroplasmic) 

- Muscle diseases, neurological diseases, and diseases of endocrine organs often result from 

mitochondrial defects 

- Mutational burden: percentage of mutant mtDNA per cell  “Heteroplasmiegrad” 

The ratio of mutated and wild-type mtDNA determine the severity of mitochondrial disease 

- Selection for or against mtDNA mutations during cell division  

o Against: rapidly dividing cells (e.g. bone marrow): select against mutated mt-cells  not 

functional 

o For: non-dividing postmitotic cells (e.g. neurons) 

 

Mitochondrial Inheritance Pedigree 

 

- Inheritance only through maternal lines: Since only ova have mitochondria and not the sperm, it is 

transmitted only by female  Mothers give genes and cytoplasm, which contains the mitochondria to 

their children through their egg cells  Mitochondria are in cytoplasm & reproduce themselves 

- Affected males do not pass on the trait 

- Defects in enzymes related to oxidative phosphorylation 

- First identified mutations:  

o Leber’s hereditary optic neuropathy (point mutations) 

o Mitochondrial myopathies, Kearns Sayre Syndrome (deletions)  

o Mitochondrial myopathies (mt DNA duplications) 

 

Leber’s hereditary optic neuropathy (LHON) 

- First mtDNA mutation identified  

- Phenotype subacute painless, bilateral 

visual loss  

- Deteriorating vision, poor colour vision, 

optic atrophy 

- 3 mutations account for majority of LHON 

disease  

- Mutations usually homoplasmic  

- Most family members carrying mutations remain asymptomatic  

- Other influences of expression of disease:   

o Predominance of males among symptomatic LHON patients may indicate epistatic interaction 

with X-linked nuclear factor.  

o Environmental factors: tobacco, alcohol 

 



Myoclonic Epilepsy with Ragged-Red Fibres (MERRF) 

Clumps of diseased mitochondria that accumulate in the subsarcolemmal 

region of the muscle fibre and appear as “ragged red fibres” when muscle 

is stained with modified Gömöri trichome stain. 

Estimated prevalence: 1/400’000 in Europe 

Symptoms:  

- Myoclonus 

- Seizures 

- Ataxia 

- myopathy  

- Progressive myoclonic epilepsy 

- short stature 

- hearing loss 

 

   



Can lead to frameshift mutation, SNP, stop 

codon, inframe mutations – deletion of AS 

5. Chromosomal abnormalities 
 

Aneuploidy:  is the presence of an abnormal number of chromosomes in a cell (missing, extra or 

irregular portion). In contrast to Polyploidy where the whole genome is three or more times 

existing, in aneuploide cells are only one or more chromosomes three or more times existing.  

Aneuploidy originates during cell division when the chromosomes do not separate properly 

between the two cells. 

Aneuploidies disturb the balance of gene products in cells, and in most cases, is not compatible with life. 

Aneuploide gametes are produced at surprisingly high rates in human meiosis, but only few embryos are able 

to survive. In humans, the most common aneuploidies are trisomies, which represent about 0.3% of all live 

births (21,16,18,sex-chromosomes  must originate from errors during maternal meiosis). With few 

exceptions, trisomies do not appear to be compatible with life  trisomies represent about 35% of 

spontaneous abortions. 

Aneuploidy can occur by: 

- Deletions 

- Duplications 

- Translocations 

- Chromoanagenesis 

- Reciprocal translocation 

- Robertsonian translocation 

- Inversion 

- Insertions 

- Chromosome instability syndrome 

  

   

5.1 Chromosomal Deletions 
 

 

 

A deletion (Δ) is a mutation (genetic aberration) in which a part of a chromosome or sequence of DNA is 

missing. This results in loss of genetic material. Any number of nucleotides can be deleted, from a single base 

to an entire piece of chromosome. Deletions can be caused by errors in chromosomal crossover during meiosis 

and it can cause serious genetic disease (frameshift mutations/stop codon mutations).  

Normally result in immediate abortion. 

Causes of chromosomal deletions: 

- Losses from translocation 

- Chromosomal crossover with a chromosomal inversion or unequal crossing over 

- Breaking without re-joining  



Types of Chromosomal Deletions 

- Terminal Deletion: occurs towards the end of a chromosome 

- Intercalary Deletion/Interstitial Deletion: occurs from the interior of a chromosome  

- Microdeletion: a relatively small amount of deletion (up to 5Mb that could include a dozen genes), 

usually found in children with physical abnormalities.  

 Small deletions are less likely to be fatal, large deletions are usually fatal 

 Medium-sized deletions lead to recognizable human disorders 

 

Loss of Heterozygosity (LOH): Gross chromosomal event that result in loss of the entire gee and the 

surrounding chromosomal region 

Verlust der normalen Funktion des Allels eines Gens in einer Zelle, in der das andere Allel bereits aktiviert war 

A single copy cannot be heterozygous a SNP locations and therefore the region shows loss of heterozygosity. 

LOH due to loss of one parental copy in a region is called hemizygosity in that region. 

 Cancer: 

- Knudson two-hit hypothesis of tumorigenesis: germline mutation in every cell from 

parent inherited 

First hit: is classicaly thought of as a point mutation that inactivates one copy of a tumor 

suppressor gene (TSG), such as Rb1. This is inherted.  

Second hit: While the second hit is commonly assumed to be a deletion that results in the 

loss of the remaining functional allele. This is a somatic event  because it’s acquired, 

mostly in fast separating cells 

- Hereditary Retinoblastoma: Loss of protecting tumor suppressor Rb1. Although most 

cells will have a functional second copy, chance loss of heterozygosity events in individual 

cells almost invariably lead to the development of this retinal cancer in the young child. 

- Breast Cancer and BRCA1/2: The genes BRCA2 show loss of heterozygosity in samplings 

of tumors from parents who have germline mutations. 

    

   The cancer develops if it’s homozygote!! 

Wenn die inaktivierende Mutatoin im Allel eines Tumorsupressorgens in der elterlichen Urkeimzelle auftaucht, 

wird sie auf die Zygote übertragen, so dass die Nachkommen für dieses Allel heterozygote sind. Der Verlust der 

Heterozygotie entsteht, wenn das verbleibende aktive Allel in einer Körperzelle durch Umwelteinflüsse ebenfalls 

mutiert und funktionsuntüchtig wird. Dann wird das Tumorsupressorgen nicht mehr produziert und ein Tumor 

kann entstehen. 

 

Feingold Syndrome: evolutionarily conserved functions of miRNAs 

- Hemizygous deletion of miR-17 

- ~92 cluster in mice phenocopies 

- Skeletal and growth defects 

- Microcephaly (small head) 

- Short statue 

- Brachymesophalangy (short fifth and index finger) 

- The same disease is also detectable in mice 

 

 

 



Williams Syndrome 

Williams’s syndrome is caused by the spontaneous deletion in the region of Chr7 q11.23. The deleted region 

includes more than 25 genes, the loss of several of these genes probably contributes to the characteristic 

features of this disorder.  

CLIP2, ELN, GTF2I, GTF2IRD1 and LIMK1 are among the genes that are typically deleted. People with Williams’s 

syndrome are highly verbal relative to their IQ, and are overly sociable, having what has been described as a 

“cocktail party” type personality.  

Syndromes:  

- Cardiac problems 

- Narrowing of major blood vessels as well as supravalvular aortic stenosis 

- Ophthalmologic issues 

- Defects of the kidneys 

- Mental retardation 

- Big mouth, puffy face 

 

Cri du chat syndrome 

- Deletion of the end of the short arm of chromosome 5 

- High-pitched, mewing cry, closely resembling the cry of a kitten 

- Neonates are hypotonic and have low birth weight, microcephaly, round face with wide-set eyes, the 

ears are low-set, abnormally shaped 

- Syndactyly, hypertolerism, and cardiac anomalies occur often 

- Mental and physical development is markedly retarded 

 

 deletion of a whole chromosome doesn’t happen, only sex-chromosome 

 

5.2 Chromoanagenesis 
 

Large numbers of complex rearrangements occur at one or few chromosomal loci in a single catastrophic 

event.  

1. Chromosome shattering produced by mitotic entering before completion of RNA replication 

2. Microhomology template switching causes local rearrangements and altered copy numbers 

Viele Fragmente; werden nicht mehr richtig zusammengesetzt oder deletion 

 



5.3 Chromosomal duplications 
 

Maternal age and trisomy 

This shows maternal-age-specific estimates of trisomy among all clinically 

recognized human pregnancies, generated by combining data from individual 

trisomies and assuming a spontaneous abortion rate of ~15%. Not all 

individual trisomies manifest the same slope as seen here: for example, for 

trisomy 16, the commonest of all human trisomies, the increase is essentially 

linear. So, non-disjunctional mechanisms associated with maternal age must 

vary among different human chromosomes. There is also an apparent ‘bump' 

in trisomy among teenage girls. This slight increase has also been observed in 

several studies of Down syndrome, and might reflect a tendency to non-

disjoin in the earliest ovarian of the human female. 

 

5.3.1 Down syndrome 
 

Down syndrome, also known as Trisomy 21, is a genetic disorder 

caused by the presence of all or part of a third copy of 

chromosome 21. It is the most common chromosome 

abnormality in humans. About one of every 691 babies born in 

the United States each year is born with Down syndrome. 

Physical characteristics:  

- Microgenia (abnormally small chin) 

- Muscle hypotonia 

- A flat nasal bridge 

- A single palmar fold 

- A protruding tongue (due to small oral cavity, and an enlarged tongue near the tonsils) or 

macroglossia  “Face is flat and broad”  

- A short neck 

- Excessive space between large toe and second toe 

- Short fingers 

 

Diagnosing trisomy 21: FISH of interphase nuclei from a foetus has been 

used to diagnose trisomy 21. In each cell, there are two green spots (LSI 

13 Spectrum Green probe, Vysis) and three red spots (LSI 21 Spectrum 

Orange prove Vysis) marking the 13q14 and 21q22.13-q22.2 

chromosomal regions, respectively. 

 

 

 

  



Robertsonian translocation 

The extra chromosome 21 material that causes 

Down syndrome may be due to a Robertsonian 

translocation in the karyotype of one of the 

parents. In this case, the long arm of chromosome 

21 is attached to another chromosome, often 

chromosome 13, 14 [45,XX,der(14;21)(q10;qq10)]. 

A person with such a translocation is phenotypically 

normal. During reproduction, normal disjunctions 

leading to gametes have a significant chance of 

creating a gamete with an extra chromosome 21, 

producing a child with Down syndrome. 

Translocation Down syndrome is often referred to as familial Down syndrome. It is the cause of 2-3% of 

observed cases of Down syndrome. T does not show the maternal age effect, and is just as likely to have come 

from fathers as mothers. 

 

Segregation of a Robertsonian Translocation 

Segregation of a Robertsonian translocation: During this process, the short arms of 2 acrocentric (= almost 

terminal centrosome) chromosomes (13, 14, 15, 21, 22) are lost. The long arms fuse together at the 

centromere. Individuals with a Robertsonian translocation can produce normal, carrier, trisomic or monosomic 

offspring. 

 

5.3.2 Chromosomal Instability Syndromes 
 

Chromosome instability syndromes are a group of inherited associated with chromosomal instability and 

breakage.  

- Rare autosomal recessive disorder characterised by short stature and predisposition to the 

development of cancer 

- Progeroid syndrome: premature ageing 

o Telangiectasias: spider veins, small dilated blood vessels near the surface of the skin 

o Skin rash is erythematous, telangiectatic infiltrated and scaly 

- High risk of cancer, cancer predisposition is characterized by 

o Broad spectrum, including leukemias, lymphomas and carcinomas 

o Early age of onset relative to the same cancer in the general population  

o Multiplicity 

Persons with Bloom’s syndrome may develop cancer at any age. The average age of cancer diagnoses 

in the cohort is approximately 25 years old 

- Mutations in the BLM gene, which is a member of the RecQ DNA helicase family. DNA unwinding is 

required for most processes that involve DNA, including synthesis of DNA copies, RNA transcription, 

DNA repair, etc. 

- Moderate immune deficiency 

  

Gets lost with 

segregation 



6. Gene Therapies 
 

What is the ideal outcome of gene therapy? RNA&DNA benutzt 

- Replaces a mutated gene with a healthy one 

- Deactivates a gene that is not functioning properly 

- Introduces a new gene in the body to help fight the disease e.g. Tumorsupressorgen, reactivate fetal 

hemoglobine 

- Enhances the effect of a normally functioning gene 

- Activates the gene that was shut down during fetal life 

Functional classification of gene therapy: 

- Gene replacement therapy 

- Gene deactivation therapy 

- Transgenesis: introduce a new gene, which doesn’t inactivate or replace the other  

- Gene enhancement therapy 

- Gene activation therapy 

 

 Based on the type of cells involved the Gene therapy can be somatic cell therapy or germ line 

therapy (either somatic or germ line cells accept the introduced genes) 

Germ Line Therapy 

 

Normal version of gene is inserted into germ 

cells: put gene into egg/sperm 

- Those germ cells will divide normal 

versions of the gene  we cannot 

control in which level the gene is 

expressed 

- Any zygote produced as a result of this 

germ cell will have a correct version of 

the defective gene and will continue 

passing it on to their offspring 

 

 

Somatic Cell Gene Therapy 

- Single defective cell taken out of an 

individual’s body 

- Functional version of gene introduced 

into cell in a laboratory 

o Cells reproduce 

o Copies of cells with a 

corrected version of the gene 

is injected back into the 

patient 

- The good gene ends with the patient 

and is not inherited by their offspring 

- Usual for skin cells, bone marrow, liver 

tissue or intestinal tissue  



- Systemic delivery  inject into bloodstream  

- Transcytosis – get out of capillary bed 

- Into cell by endocytosis, then out of lysosome 

- Inflammatory response  because cells get normally just in contact with DNA/RNA of viruses 

Summary of the procedure: 

- Isolate the healthy gene along with its regulatory sequences to control its expression  

- Incorporate this gene on to vector or carrier as an expression cassette  

- Deliver the vector to the target cells  

- Reintroduce the target cells into organism 

 

6.1 Vectors 
 

There are different carrier systems used for gene delivery: Viral systems and non-viral systems 

Vectors are needed since the genetic material has to be transferred across the cell membrane and preferably in 

to the cell nucleus. 

6.1.1 Viral vectors 

 
- Retroviruses 

- Adenoviruses 

- Adeno-associated viruses 

- Herpes simplex viruses 

Properties of viral vectors 

 

Procedure: Virus so verändern, so dass er nicht mehr replikationskompetent ist 

The replication sequence in the virus is replaced through the transgene. The viruses have to reproduce 



themselves in vitro  inject the virus in cells in vitro which produce the replication sequence. As long as the 

viruses are in vitro with the replication sequence producing cells they can reproduce themselves. As soon as 

there are enough viruses, they get injected into the human body and they stop reproducing because of a lack 

of the replication sequence. The viruses give off the transgene into the body and degrade  zwingt Zellen 

dieses Gen zu vermehren 

 A Virus can only reproduce itself if his genome contains a replication sequence 

 By replacing his replication sequence with the transgene, the virus can only reproduce himself 

in vitro; in the human body are no more replication sequence producing cells  

 put replication gene into helper cell – provides needed replication gene & then it replicates 

in Virus cell, if there is enough, set it into the body 

 

6.1.2 Non-viral vectors 
 

Methods of non-viral gene delivery have also been explored using physical (carrier-free gene delivery) and 

chemical approaches (synthetic vector-based gene delivery). 

Physical approaches: employ a physical force that permeates the cell membrane and facilitates intracellular 

gene transfer, including: 

- Needle injection 

- Electroporation: durch elektrisches Feld wird Zellmembran permeabilisiert 

- Gene gun 

- Ultrasound 

- Hydrodynamic delivery: put DNA into PGS  inject this solution (5 times bigger volume than body 

volume)  just in rodents 

 

Naked DNA: the simplest method of non-viral transfection. Clinical trials carried out of intramuscular injection 

of a naked DNA plasmid have occurred with some success; however, the expression has been very low in 

comparison to other methods of transfection 

 

Chemical Methods: Lipoplexes and Polyplexes 

- Lipoplexes  

DNA must be protected from damage and its entry into the cell must be facilitated. Plasmid DNA can 

be covered with lipids in an organized structure like a micelle or a liposome. Complexed with DNA it is 

called a lipoplex. 

 

3 types of lipids:  

o Anionic (negatively charged) and neutral: release lysosomal content into cytoplasm  

inflammation 

They were used for the construction of lipoplexes for synthetic vectors or for the delivery of 

other therapeutic macromolecules. But there is toxicity associated with them. They are 

compatible with body fluids and there was a possibility of adapting them to be tissue 

 

o Cationic (positively charged):  

They built naturally complex with the negatively charged DNA and they interact with the cell 

membrane  endocytosis of the lipoplex occurs. The DNA is released into the cytoplasm. The 

cationic lipids also protect against degradation of the DNA by the cell. 

Usually lipoplexes are used in gene transfer into cancer cells, where the supplied genes have activated 

tumor suppressor control genes in the cell. They decrease the activity of oncogenes and are useful in 



transfecting respiratory epithelial cells, so they may be used for treatment of genetic respiratory 

diseases such as cystic fibrosis. 

Inorganic nanoparticles non-specific 

- Inorganic nanoparticles, such as gold, silica, iron oxide and calcium phosphates have been shown to be 

capable of gene delivery. 

- Some of the benefits of inorganic vectors is in their storage stability, low manufacturing cost and often 

time, low immunogenicity, and resistance to microbial attack 

- Nano-sized materials less than 100 nm have been shown to efficiently trap the DNA or RNA and allows 

its escape from the endosome without degradation 

- Inorganics have also been shown to exhibit improved in vitro transfection for attached cell lines due to 

their increased density and preferential location on the base of the culture dish 

Oligonucleotides 

The use of synthetic oligonucleotides in gene therapy is to deactivate the genes involved in the disease process. 

Strategies: 

- Antisense oligos specific to the target gene to disrupt the transcription of the faulty gene (short nucleic 

acid fragments, bind to complementary target mRNA  leads to degradation of mRNA) 

- Double strand siRNA to cleave specific unique sequences in the mRNA transcript of the faulty gene, 

disrupting translation of the faulty mRNA, and therefore expression of gene  Gene silencing 

- Useful for gain of function mutations 

 

6.2 Risk associated with gene therapy 
 

The most common gene therapy vectors are viruses because they can recognize certain cells and carry genetic 

material into the cells’ genes. Researchers remove the original disease-causing genes from the viruses and 

replace them with the genes needed for gene therapy. This technique presents the following risks: 

- Unwanted immune system reaction: Your body’s immune system may see the newly introduced 

viruses as intruders and attack them. This may cause inflammation and, in severe cases, organ failure. 

- Targeting the wrong cell: Because viruses can affect more than one type of cells, it’s possible that the 

altered viruses may infect additional cells – not just the targeted cells containing mutated genes. If this 

happens, healthy cells may be damaged, causing other illness or diseases, including cancer. 

- Infection caused by the virus: It’s possible that once introduced into the body, the viruses may 

recover their original ability to cause disease. 

- Possibility of causing tumor: If the new genes get inserted in the wrong spot in your DNA, there is a 

chance that the insertion might lead to tumor formation. This has occurred occasionally in some 

clinical trials. 

Retrovirus vector induces lymphoproliferative disorder 

In 2000, first definitive cure of a disease by gene therapy reported. Three young children suffering from the 

fatal X-linked SCID-XI syndrome received retroviral mediated gene replacement therapy (sehr schwaches 

Immunsystem). 

- Patients developed functional immune systems after the reinfusion of haematopoietic stem cells that 

were transduced ex vivo with an MLV vector that carried the gene encoding the gc chain cytokine 

receptor 

- Two of three patients developed of a leukaemia-like disorder 

- Cancerous T-cells in both patients are thought to be derived from single transduced cells in which the 

retrovirus genome had inserted near, or in, the LIM domain only 2 LMO2 oncogene, activating LMO2 



- Similar insertion into the LMO2 region has recently been identified in a third child in the SCID-XI study, 

although this child has not developed leukaemia 

6.3 Advantages and Disadvantages of Gene Therapy 
 

Advantages: 

- Give a chance of a normal life to baby born with genetic disease 

- Give hope of healthy life to cancer patient 

- For certain disease that do not have any cure except gene therapy, it could save many lives 

Disadvantages: 

- The genetic testing and screening for disease genes is controversy 

- May increase rate of abortion if prenatal test regarding baby with genetic disease is done 

- The cost is very high and the patient might need an insurance to cover the treatment 

- Cosmetic industry may monopolized this gene therapy if it is used in enhancing beauty and in 

vanishing the aging effect, rather than used for treatment of a disease 

 

- How can “good” and “bad” uses of gene therapy be distinguished? 

- Who decides which traits are normal and which constitute a disability or disorder? 

- Will the therapy only benefit the wealthy due to its high cost? 

- Could the widespread use of gene therapy make the society less accepting of people who are 

different? 

- Should people be allowed to use gene therapy to enhance basic human traits such as heights, 

intelligence, or athletic ability? 

 

  



7. Gene Editing 
 

Genetic engineering in which DNA is inserted, replaced, or removed from a genome using artificial engineered 

nucleases. 

Mechanism: Nucleases create specific double stranded breaks (DSBs) at desired locations in the genome and 

harness the cell’s endogenous mechanisms to repair the induced break by natural processes of homologous 

recombination (HR) and non-homologous end-joining (NHEJ)  Enden warden einfach zusammengefügt 

Four families of engineered nucleases being used: Restriktionsenzyme 

1. Zinc finger nucleases (ZFNs) 

2. Transcription factor-like effector nucleases (TALEN) 

3. Engineered meganucleases 

4. Crispr/Cas 

 

7.1  Zinc Finger Nucleases (ZFNs) 
 

A zinc finger is a small protein structural motif that is characterized by the coordination of one or more zinc 

ions in order to stabilize the fold. 

Artificial restriction enzymes are generated by fusing a zinc finger DNA binding domain to a DNA cleavage 

domain. It can be designed to target specific DNA sequences in complex genomes. By taking advantage of 

endogenous DNA repair machinery, these reagents can be used to precisely alter the genomes of higher 

organisms. 

Contains 2 domains: 

1. DNA binding domain 

Typically contain between three and six individual zinc finger repeats and can each recognize between 

9 and 18 basepairs. If the zinc finger domains are perfectly specific for their intended target site, even 

18 bp can in theory target a single locus in a mammalian genome. 

 Consists of eukaryotic transcription factors and contain the zinc finger 

2. DNA cleavage domain 

Non-specific cleavage domain from the restriction endonuclease FokI is typically used as the cleavage 

domain in ZFNs. This cleavage domain must dimerize in order to cleave DNA and thus a pair of ZFNs 

are required to target non-palindromic DNA sites. 

 Consists of the FokI restriction enzyme and is responsible for the catalytic cleavage of DNA. 

 

7.2  Talen 
 

Transcription activator-like effector nucleases are fusion proteins consisting of a TAL effector DNA binding 

domain and an endonuclease. Transcription activator-like effectors can be quickly engineered to bind 

practically any desired DNA sequence. By combining such an engineered TALE with a DNA cleavage domain, 

one can engineer restriction enzymes that are specific for any desired DNA sequence. When these restriction 

enzymes are introduced into cells, they can be used for genome editing in situ. 

Talens are similar in architecture to ZNFs except that they use a different DNA binding domain. They consist of 

arrays of single protein modules that each recognize a single DNA base pair and that are derived from 



transcription activator-like effectors (TALEs), factors encoded by plant pathogenic bacteria (Xanthomonas 

bacteria). 

TALE DNA-binding domain: Each module is about 34 amino acids long, and they are nearly identical except for 

the identities of amino acids at positions 12 and 13, which together are known as “repeat variable di-residues” 

(RVD).  

- Engineering of specific DNA-binding domains by selecting a combination of repeat segments 

containing the appropriate RVDs  more specific than ZFN  

DNA cleavage domain: Non-specific DNA cleavage domain from the end of the Fokl endonuclease can be used 

to construct hybrid nucleases (fuse nucleases & create enzymes that recognize a new sequence). The Fokl 

domain functions as a dimer, requiring two binding domain and the Fokl cleavage domain and the number of 

bases between the two individual TALEN binding sites appear to be important parameters for achieving high 

levels of activity.  

If a TAL effector is nuclease is not specific enough for its target site or does not target a unique site within the 

genome of interest, off-target cleavage may occur  double strand breaks on the wrong places 

 

7.3  Homing Endonucleases 
 

 

The homing endonucleases are a collection of 

endonucleases encoded either as unique genes within 

introns, as fusions with host proteins, or as self-splicing 

inteins (=segment of a protein that is able to excise itself 

and join the remaining portions with a peptide bond in a 

process termed protein splicing). 

They catalyse the hydrolysis of genomic DNA within the 

cells that synthesize them. Cleavage events are rare, 

often at singular locations. 

Repair of the hydrolysed DNA by the host cell frequently 

results in the gene encoding the homing endonuclease 

having been copied into the cleavage site, hence the 

term “homing” to describe the movement of these 

genes. 

Origin and Function of Homing endonucleases is still 

researched: One hypothesis considers them as selfish 

genetic elements, similar to transposons. They facilitate the perpetuation of genetic elements that encode 

them independent of providing a functional attribute to the host organism. 

Ihre Gene gehören zur eigennützigen DNA: können sich durch sequenzspezifisch induzierte Doppelstrangbrüche 

& eine nachfolgend einsetzende DNA Reparatur selektiv in ein Allel einfügen lassen. 

 

 

 

 



7.4  Crispr/Cas 
 

Crispr (clustered regularly interspaced short palindromic 

repeats) are segments of prokaryotic DNA containing short 

repetitions of base sequences. Each repetition is followed 

by short segments of “spacer DNA” from previous 

exposures to a bacterial virus or plasmid. 

Crispr can add and delete bp at specifically targeted DNA 

loci and have been used to cut as many as five genes at 

once.  

- Is distinct from engineered endonucleases in that it uses an RNA – guided system to perform DNA 

editing 

- Platform is derived from an innate bacterial immune system 

- Recognition of the target DNA sequence is mediated between the genomic DNA target and by a 20 

nucleotide sequence in the crRNA 

- crRNA hybridize with a transactivating RNA (tracrRNA) and the RNAs form complexes with Cas9 

protein 

- Cas9 protein is directed to cleave the complementary target DNA sequence; it is adjacent to a short 

sequence known as ‘protospacer adjacent motif’ (PAM,NGG,NAG) 

- crRNA and tracrRNA can be combined in a single molecule known as the guide-RNA (gRNA) 

- Cas Proteine können als Ribonukleoproteine bestimmte RNA – Sequenzen binden 

- Cas9 bindet crRNA repeat & schnedet DANN 

 

Pam – recognized by Cas9 

 DNA Strang geht dort auseinander & target strand bindet an spacer  

 Cas9 „schneidet“ DNA strang entzwei 

  



8. Sequencing technologies – High Throughput Methods (HTPM) 
 

Frederick Sanger 

Sanger determined the complete amino acid sequence of insulin in 1955. Concluded that insulin had a precise 

amino acid sequence. This earned him a Nobel Prize in Chemistry (1958)    

In 1975, he developed the chain termination method of DNA sequencing, also known as the Dideoxy 

termination method or the Sanger method. Two years later he used his technique to successfully sequence the 

genome of the Phage Φ-X174; the first fully sequenced genome. This earned him his second Nobel Prize in 

Chemistry (1980). 

 

Functional Genomics 

- Study of Genomes was called “Genomics”   

- Genomics led to Functional Genomics which aims to characterize and determine the function of 

biomolecules (mainly proteins), often by the use of high-throughput technologies.   

 

- Today, people talk about:  

o Genomics  

o Transcriptomics  

o Proteomics  

o Metabolomics  

 

8.1 HTPM: DNA Sequencing – Foundation of Genomics 
 

Sanger method of DNA sequencing: using chain termination 

 

 

The DNA sample is divided into four separate samples. Each of the four samples has a 

primer, the four normal deoxynucleotides, DNA polymerase, and one of the four 

dideoxynucleotides is added in a limited quantities. The primer or the dideoxynucleotides 

can be radiolabeled but more often today have a fluorescent tag. 

 Firstly primer, then chain terminator 

 

Sequence – construction wird dann gestoppt, 

wenn Dideoxy eingebaut wird  verschieden grosse DNA fragmente. 

Unknown DNA piece: clone it into a known vector – put primer in there & start from there 

The four bases are detected using different fluorescent labels and instead of Gels Electrophoresis use, Capillary 

Gel Electrophoresis (CGE) is used. 

 

The higher the amplitude the more nucleotides of the same type are next to each 

other. 

Terminators with 4 different dyes  only one sample 

Amplify: Produce complementary strand – 

needs primer 

single strand, small piece of RNA  primer 

(so you choose where to start) 



- DNA denaturiert 

Primer an template strand 

4 reaction mixtures  DNA rein, Polymerase rein & free nucleotides (1 is labelled) & dann Dideoxy ATP, 

TTP, CTP & GTP in je ein Mix  dann mit alen Proben Gelelektrophorese 

 

How to sequence the whole genome?  

The chain termination method can only be used for fairly short strands therefore longer sequences must be 

divided into smaller fragments before progressing with sequencing. The problem is the re-assembly after 

sequencing.   

Two methods are used in this respect: chromosome walking, which progresses through the entire strand, piece 

by piece, and shotgun sequencing.   

8.1.1 Shotgun Sequencing 
 

Shotgun sequencing can be applied to a genome of any size. Besides the size of large genomes the complexity 

(more than 50% of the human genome is repetitive) produced problems. 

In shotgun sequencing, DNA is broken up randomly into numerous small segments, which are 

sequenced using the chain termination method to obtain reads. Multiple overlapping reads for the 

target DNA are obtained by performing several rounds of this fragmentation and sequencing. 

Computer programs then use the overlapping ends of different reads to assemble them into a 

continuous sequence. 

 

 

 

 

 

 

 

 

 

 

 

 find sequences that are overlapping 

 you need to sequence it like 10 times to have enough overlapping sequences 

 

 

 

 

Hierarchical shotgun sequencing uses a pre-ordering step to reduce the complexity of the genome. 



 

 

 

 

 

 

 

 

 

 

 

Paired shotgun sequencing 

Pairwise end sequencing (double-barrel) shotgun sequencing is another way to reduce the assembly 

complications. DNA is sequenced from both ends yielding two short sequences. Each sequence is called an end-

read or read and two reads from the same clone are referred to as mate pairs. The original sequence is 

reconstructed into longer composite sequences known as contigs.  

Contigs are linked together into scaffolds by following connections between mate pairs. 

Die Länge und die beiden Endsequenzen jedes Fragments warden in der späteren Assemblierungsphase der 

Fragmente verwendet. Aus diesen Infos wird ein Scaffold erstellt an den Inseln von überlappenden Fragmenten 

(contigs), ausgerichtet werden, wenn jeweils ein Fragment eines mate-pairs auf unterschiedlich überlappenden 

Fragmenten liegt 

 

BAC (bacterial artificial 

chromosome) tiling used in 

hierarchical shotgun 

sequencing: Sequence Tag Site 

(STS) are 200 to 500 base pair 

DNA sequences which occur 

only once in a genome (known 

sequence & location  serve as landmarks in maps) 

 

 use to detect unique DNA sites in common between BACs, the degree of overlap is roughly estimated by the 

number of STS markers in common between 2 clones 

 

(Tiling is free ordering your genome, without having a reference genome) 

A short piece of the organism's DNA is amplified as an insert in BACs, and then sequenced. Finally, the 

sequenced parts are rearranged in silico, resulting in the genomic sequence of the organism. 

 

 

8.2 HTPM: Modern DNA Sequencing 
 

First break 

genome in smaller 

particles, then 

shotgun sequence 

them 



Pyrosequencing  

Pyrosequencing is a method of DNA sequencing (determining the order of nucleotides in DNA) based on the 

"sequencing by synthesis" principle. It differs from Sanger sequencing, in that it relies on the detection of 

pyrophosphate release on nucleotide incorporation, rather than chain termination with dideoxynucleotides. 

The desired DNA sequence is able to be determined by light emitted upon incorporation of the next 

complementary nucleotide by the fact that only one out of four of the possible A/T/C/G nucleotides are added 

and available at a time so that only one letter can be 

incorporated on the single stranded template (which is 

the sequence to be determined). The intensity of the 

light determines if there are more than one of these 

"letters" in a row. The previous nucleotide letter (one 

out of four possible dNTP) is degraded before the next 

nucleotide letter is added for synthesis: allowing for the 

possible revealing of the next nucleotide(s) via the 

resulting intensity of light (if the nucleotide added was 

the next complementary letter in the sequence). This 

process is repeated with each of the four letters until the 

DNA sequence of the single stranded template is 

determined. 

- Single stranded DNA 

- DNA polymerase 

- Jedes Nucleotid generiert eine spezifische Intensität an Licht, wenn es eingefügt wird (Nucleotid 

generiert PPi  bindet an APS  ATP  attaches to Luciferin  wird oxidiert) 

- Tiling  to get to know an unknown genome – pre-ordering your genome. if you have no reference 

- Chromosome walking is an option if tiling is possible – pre-order it, but it needs time 

- A longer readlength will make assembly easier 

 

Output: 

 

 

 

 

 

 

 

 

 

 

 

 



- During replication of DNA, addition of a dNTP 

(nucleoside triphosphate) releases pyrophosphate 

(PPi) 

- PPi can be used to convert adenosine 

phosphosulfate to ATP which can be used to drive 

luciferase activity  Luciferase is an enzyme which 

emits light in the presence of ATP 

- Measures strand extension as it happens 

- Luciferin oxidates Luciferase  Luciferase “macht” 

aus ATP Licht 

 

Library preparation 

 

 

After library preparation there are millions of those short sequences, 

their length depending on the platform used and the sequencing 

performed.  

 

 

 

 

 

Cluster generation in the flow cell 

Every lane in the flow cell has a dense lawn of defined primers that 

are complementary to the adaptor sequences. Each cDNA library 

sample passes through one lane and the following occur:  

 

 

 

Hybridize fragment and extend: Single stranded library molecules are randomly 

attached to the flow cell surface due to complementarity of the adaptor sequences 

and 3’ extension begins 

 

 

 

 

 

 

 



Denature double stranded DNA: Original template is washed away and the newly 

synthesized strand remains bound to the flow cell surface 

 

 

 

 

 

Bridge amplification step 2: 

Double Strand Bridge is 

formed 

 

 

 

 

 

Multiple bridge generation: Bridge amplifications cycle 

(steps 1-3) is repeated for each single strand until multiple 

bridges are formed 

 

 

 

Bridge denaturation and final 

cluster generation: Formed 

bridges are denatured and 

reverse strands are washed off 

leaving a cluster containing only 

forward strands. With that 

procedure from more than 100 

million initial single strands we 

obtain more than 100 million 

single strand clusters. 

 

 

 

 

 

Bridge amplification step 1: 

Single DNA strand is 

forming a bridge by 

hybridizing to the adjacent 

primer and primer is 

extended by DNA 

polymerase 

 

Bridge amplification step 3: 

Double Strand Bridge is 

denatured and in the end 

two single strands are 

covalently bound to the 

flow cell surface 



Sequencing Reaction: Sequencing primers are hybridized to adaptor sequences 

of the single stranded DNA molecules in the flow cell 

 

Measure integration of nucleotides 

Now pyrosequencing: put 4 nucleotides on & wash, and again… 

 

 

 

Applications 

Whole Genome Shotgun Sequencing utilizes NGS technology for determining the DNA/RNA profile of a 

cell/tissue at a given moment in time.    

- Gene / transcript identification in species without reference genome  

- Detection of novel (non-coding) transcripts  

- Detection and quantification of alternative splicing, alternative promoter and alternative 

polyadenylation site usage  

- Quantification of allele-specific expression  

- Detection of mutations and single nucleotide polymorphism (SNPs)  

- Fusion gene detection 

 

 

8.3 HTPM: DNA Microarrays 
 

DNA Microarrays: quicker and cheaper 

- Microarrays are composed of short DNA oligomers attached to an inert substrate – glass slide, nylon 

membrane (historically)   

- Typically contain a grid of 105-106 features (spots)  each with a different DNA molecule   

- Fluorescently-labeled DNA or RNA hybridizes to complementary probes   

- Hybridized array is scanned with a laser to produce a signal for each spot 

 

High-throughput applications of microarrays: um nRNA – Menge bestimmter Gene nachzuweisen 

- Gene expression 

- De novo DNA sequencing (short)  

- DNA re-sequencing (relative to reference)  

- SNP analysis  

- Competitive growth assays 

-  chIP-chip (interaction data)  

- Array CGH  

- Whole genome tiling arrays 

 

  



cDNA vs synthetic oligonucleotides 

cDNA arrays: 

► Spotted technology (Stanford)    

cDNA, Oligonucleotide oder Fragmente von PCR – Produkten, die der mRNA entsprechen, auf das 

Trägermaterial gedruckt 

Oligonucleotide arrays:  

► Affymetrix  

► Illumina  

► NimbleGen   

► Agilent (probes synthesized  on the chip) 

 

hier synthetisch hergestellte Oligonuktleotide 

 

8.3.1 Summary Sequencing  
 

- Clone-by-Clone – Slower, easier to assemble (more accurate??) – Expensive  

- Shotgun approach – Faster, cheaper, difficult to assemble  

- 454/NGS approach – Extremely fast, short reads (~100bp), 500bp under development – Gets us closer 

to the $1000 genome  

- Sequencing by hybridization (microarrays) – Usually requires a complete reference genome 

RNA: for amount of proteins 

DNA: for mutations 

 

8.4 Transcriptomics 
 

Transcriptome: the mRNAs expressed by a genome at any given time. The complete collection of transcribed 

elements of the genome. 

 

 

 

 

 

 

 

 

 



 

Central Dogma of Molecular Biology 

- mRNA – single stranded RNA molecule   

- Complementary to DNA   

- Processed (spliced and polyadenylated) RNA transcript   

- Carries the sequence of a gene out of the nucleus into the 

cytoplasm where it can be translated into a protein structure 

 

 

The human transcriptome 

High density oligonucleotide arrays across 11 different cell lines   

~ 70% of transcripts non-coding 

~79-88% have multiple transcripts   

~ 90% of transcribed nucleotides outside annotated exons 

The dimensions of the unique transcriptome?  Current 40,000 estimate 

 

Transcriptomics  

Scope:   

- The population of functional RNA transcripts.  

- The mechanisms that regulate the production of RNA transcripts  

- Dynamics of the trancriptome (time, cell type, genotype, external stimuli)     

 

Definition: The study of characteristics and regulation of the functional RNA transcript population of a 

cell/s or organism at a specific time. 

 

Observing the transcriptome 

Focussed Experimental Approaches:  

- Northern Blotting Analysis  

- Real time PCR (quantitative or semi-quantitative)   

Highthroughput Approaches:  

- Closed System Profiling:   Microarray expression profiling  

- Open System Profiling:   Serial analysis of gene expression (SAGE) & Massively Parallel Signature 

Sequencing (MPSS) 

 

 

 

 

 



Miocroarrays and Transcriptomics 

Advantages:  

- Rapid  

- Method and data analysis well described and supported  

- Robust  

- Convenient for directed and focussed studies    

Disadvantages:  

- Closed system approach: can’t measure anything new 

- Difficult to correlate with absolute transcript number  

- Sensitive to alternative splicing ambiguities 

 

Microarrays vs. NGS 

 

 


