
 

 

Aus dem Institut für Schlaganfall- und Demenzforschung (ISD) 
Klinikum der Ludwig-Maximilians-Universität München 

Direktor: Prof. Dr. Martin Dichgans  
 
 

 

 

 

 

Investigating the Nuclease Activity of MIF 
and MIF-2 and Their Effects on DNA Damage 
 

 

Dissertation  
zum Erwerb des Doktorgrades der Naturwissenschaften (Dr. rer. nat.) 

an der Medizinischen Fakultät der 

Ludwig-Maximilians-Universität München 

 

 

 
vorgelegt von 

Buket Bulut Impraim 

aus Augsburg 

 

2023 

 

 

 

  



 

 

Mit Genehmigung der Medizinischen Fakultät  

der Universität München 

 

 

 

 

 

 

 

 

 

 

 

 

Betreuer(in): Prof. Dr. rer. nat. Jürgen Bernhagen  

  

Zweitgutachter: Prof. Dr. rer. nat. Wolfgang Enard 

  

  

 

Dekan: Prof. Dr. med. Thomas Gudermann 

 

Tag der mündlichen Prüfung: 

 

 

19.Juni 2024 

 

 
 
 
 
 
 
 
 

 
 



Table of Contents 

 I 

Table of contents 

 

Table of contents ........................................................................................................... I 

Summary ...................................................................................................................... IV 

Zusammenfassung ..................................................................................................... VI 

List of figures ............................................................................................................ VIII 

Abbreviations .............................................................................................................. XI 

1. Introduction ........................................................................................................... 1 

1.1. An overview of brain anatomy and physiology ...................................... 1 

1.1.2  Functions of brain cells ............................................................................ 2 

1.2. The impact of age on cognitive health .................................................... 3 

1.3. Neurodegenerative diseases: mechanisms and implications. ............. 5 

1.3.1. Inflammasomes and their impact on neurodegenerative diseases ...... 6 

1.3.2. Cellular diversity in neurodegenerative .................................................. 8 

1.4. The biology of aging: mechanisms and implications ............................ 9 

1.4.1. Genomic instability and DNA damage ..................................................... 9 

1.4.2. Altered intercellular communication and immune function ................ 10 

1.4.3. The Role of oxidative stress and cell death .......................................... 11 

1.5. Protein aggregation ................................................................................. 12 

1.6. Neuroinflammation and neurodegeneration ......................................... 14 

1.7. Genomic damage and neurodegeneration ............................................ 14 

1.8. The impact of cytokines on biological processes ................................ 17 

1.9. The role of cytokines and chemokines in the brain ............................. 18 

1.10. Macrophage migration inhibitory factor (MIF) ...................................... 19 

1.11. Structure and function of MIF ................................................................ 19 

1.12. D-Dopachrome tautomerase (D-DT/MIF-2) ............................................ 21 

1.13. MIF: a crucial regulator of inflammation ............................................... 22 

1.14. MIF and its involvement in neurodegenerative disorders ................... 23 

1.15. The multiple functions of MIF as a moonlighting protein .................... 23 

1.15.1. The nuclease function of MIF ................................................................. 27 

1.15.2. Nucleases: key players in cell death processes .................................. 29 

2. Aim of this study ................................................................................................. 31 



Table of Contents 

 II 

3. Material ................................................................................................................. 32 

3.1. Chemicals and reagents ......................................................................... 32 

3.2. MIF family protein samples .................................................................... 33 

3.3. Buffer and solution.................................................................................. 33 

3.4. Buffer and solution (SDS-PAGE, western blot immunodetection) ..... 34 

3.5. Media and solutions for culture of primary mouse neurons ............... 34 

3.6. Solutions for Coomassie brilliant blue staining ................................... 35 

3.7. Bacteria and plasmids ............................................................................ 36 

3.8. Buffers and solutions for protein expression and purification ........... 36 

3.9. Primary antibodies .................................................................................. 36 

3.10. Cell lines and primary cultures .............................................................. 37 

3.11. Mouse lines .............................................................................................. 37 

3.12. Consumables ........................................................................................... 37 

3.13. Kits ............................................................................................................ 38 

3.14. Devices ..................................................................................................... 38 

3.15. Software ................................................................................................... 39 

4. Method ................................................................................................................. 40 

4.1. Cell culture ............................................................................................... 40 

4.1.1. Human embryonic kidney (HEK) ............................................................ 40 

4.1.2. Neuronal culture isolation ...................................................................... 40 

4.1.3. Astrocyte culture isolation ..................................................................... 41 

4.2. Toxic treatments ...................................................................................... 42 

4.3. Digestion of DNA by restriction endonucleases .................................. 43 

4.4. Nuclease agarose assay ......................................................................... 43 

4.5. Real-time nuclease assay ....................................................................... 44 

4.6. Agarose gel electrophoresis and DNA detection ................................. 44 

4.7. Comet assay (single-cell gel electrophoresis) ..................................... 45 

4.8. Cloning ..................................................................................................... 46 

4.9. Trizol RNA isolation (brain tissue) ......................................................... 47 

4.10. Transgenic mice ...................................................................................... 48 

4.10.1. Transgenic rat .......................................................................................... 49 

4.11. CRISPR/Cas ............................................................................................. 50 

4.12. Confocal microscopy analysis ............................................................... 52 

4.13. Statistics .................................................................................................. 52 

5. Results ................................................................................................................. 53 



Table of Contents 

 III 

5.1. Initial results ............................................................................................ 53 

5.2. Nuclease properties of MIF and MIF-2 ................................................... 57 

5.3. MIF-2 is a novel nuclease ....................................................................... 67 

5.3.1. MIF-2 exhibits nuclease activity similar to MIF ................................. 68 

5.3.2. MIF and MIF-2 nuclear enrichment after excitotoxicity .................... 73 

5.4. Indication of DSB and cell survival change in Mif KO and Mif-2 KO .. 77 

5.5. MIF related to DNA damage .................................................................... 79 

5.5.1. MIF´s topological driven function .......................................................... 79 

5.6. Mif KO rat ................................................................................................. 85 

5.6.1. Designing CRISPR/Cas9 guide RNA .................................................. 88 

6. Discussion ........................................................................................................... 97 

6.1. Aging associated neurodegenerative diseases ................................... 97 

6.2. MIF-2 is a potential nuclease .................................................................. 98 

6.3. MIF is related to DNA damage .............................................................. 104 

6.4. Validation of MIF/MIF-2 enzymatic activity .......................................... 108 

6.5. MIF and MIF-2 are key players in various diseases ........................... 109 

6.6. Validation of Mif-deficient rat ............................................................... 115 

6.7. Mif-deficient rat as a novel research model ........................................ 117 

References ................................................................................................................. 119 

Acknowledgement .................................................................................................... 147 

Affidavit ...................................................................................................................... 149 

List of publications ................................................................................................... 150 

 

 

 
  



Summary 

 IV 

Summary 
 
The multifunctional inflammatory protein macrophage migration inhibitory factor (MIF) 

and its paralog D-dopachrome tautomerase (D-DT)/MIF-2 have important functions in 

various neurodegenerative diseases. This work aimed to study the relationship between 

the topological location of MIF and MIF-2 in different neuronal cell compartments and 

their functions. The focus of this study was to describe the complex modes of action of 

MIF and MIF-2 in the brain, as well as the discovery and function of the nuclease activity 

of MIF-2. In 2016, MIF was identified as a new member of the PD-D/E(X)K class of 

nucleases. Similar catalytic properties were discovered in this dissertation for MIF-2, 

where the PD-D/E(X)K nuclease domains are only partially conserved when compared 

with MIF. Glutamic acid at position 22 of human and mouse MIF is relevant for nuclease 

function. Similarly in this work, glutamic acid was identified at position 88 as being critical 

for the nuclease activity of human MIF-2.  

Moreover, the subcellular localization of MIF was found to be similar to that of MIF-2, 

with both homologs present in the cytoplasm, nucleus, and extracellular space, indicating 

a potential "moonlighting" function for MIF-2. Moonlighting proteins serve multiple 

functions despite originating from a single gene. Changes at catalytic sites or interactions 

with other proteins can cause different functions. The MIF family has different functions, 

both intracellularly and extracellularly. This work's second focus was the interaction 

between MIF and the protein apoptosis-inducing factor (AIF), since MIF is the essential 

nuclease in AIF-induced programmed cell death (parthanatos). AIF is assumed to escort 

MIF from the cytosol to the nucleus. My work detected MIF in both wild-type cells and 

Mif-2-deficient primary astrocyte cultures. Conversely, Mif-2 was localized to the nucleus 

in both wild-type cells and Mif-deficient cells. In addition, it is assumed that the 

translocation of MIF and MIF-2 takes place independently of one another. It has been 

identified that the nuclease function of MIF is an Mg2+- and Ca2+-dependent 3' 

exonuclease activity. In my study, MIF-2 nuclease function was inhibited using various 

methods, including ethylenediaminetetraacetate (EDTA), which forms chelate 

complexes with positively charged metal ions. The results highlight the pleiotropic effects 

of MIF and MIF-2, but my study focused on their roles in cellular stress and apoptosis. 

PARP1 inhibition has been identified as an attractive target for acute neurological 

diseases. Using DNA double-strand break markers and comet assays, a reduction of 

DNA damage was observed in Mif- and Mif-2-deficient cells compared to wild-type cells. 

Work in my thesis found that primary mixed neuronal cultures obtained from Mif KO 

animals and primary astrocytes isolated from Mif-2 KO animals showed fewer γH2AX 



Summary 

 V 

and 53BP1 markers compared to the wild-type. This highlights the potential role of MIF 

and MIF-2 in DNA damage and neurodegenerative diseases.  

Laboratory mice and rats have long been indispensable tools in research, with mice 

being the by far predominant model for most diseases. This dissertation explored the 

unique advantages of a rat model, particularly in the context of studying the macrophage 

migration inhibitory factor (MIF) family. Rats, with their larger size and weight, offer 

significant benefits for various research applications, including investigations into MIF-

related conditions like stroke and Alzheimer's disease. 

In this study, reverse genetic tools, including genome editing methods, were employed 

to establish a Mif KO rat model for investigating the critical role of MIF proteins in 

important biological processes. The rat model's establishment remains crucial for 

replicating essential insights from mouse models. 

In conclusion, this dissertation explored the roles of MIF and MIF-2 in neurodegenerative 

diseases, revealing their nuclease activity, subcellular localization, and involvement in 

programmed cell death together with AIF. Overall, this research enhanced our 

understanding of MIF and MIF-2 in neurodegenerative diseases and their potential in 

treating acute neurological conditions. 
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Zusammenfassung 
 

Das im Jahr 1966 erstmals beschriebene Protein "macrophage migration inhibitory 

factor" (MIF) und sein Paralog D-dopachrome tautomerase (DDT) / MIF-2 nehmen 

wichtige Funktionen in verschiedenen neurodegenerativen Erkrankungen ein. Im 

Rahmen dieser Arbeit sollte der Zusammenhang der topologischen Lage von MIF und 

MIF-2 innerhalb der Zellkompartimente und deren Funktion dargestellt werden. Im Fokus 

dieser Arbeit stand die Beschreibung der vielfältigen Wirkungsweisen im Gehirn von MIF 

und MIF-2 sowie die Entdeckung und Nuklease Funktion von MIF-2. Im Jahr 2016 wurde 

MIF als neues Mitglied der PD-D/E(X)K-Klasse von Nukleasen identifiziert. In dieser 

Dissertation wurden auch ähnliche katalytische Eigenschaften für MIF-2 entdeckt, wobei 

die PD-D/E(X)K-Nuklease-Domänen im Vergleich zu MIF nur teilweise konserviert 

waren. Die Aminosäure Glutaminsäure an Position 22 von humanem und Maus MIF 

wurde im Jahr 2016 als relevante Aminosäure für die Nuklease Funktion beschrieben. 

In dieser Arbeit wurde die Glutaminsäure an Position 88 im humanen MIF-2 als kritische 

Aminosäure für die Nuklease Funktion identifiziert. Die topologischen Lokalisationen, die 

für MIF bekannt sind, wurden auch für MIF-2 detektiert. Beide Homologe wurden 

extrazellulär, im Zytoplasma sowie im Nukleus lokalisiert. Dementsprechend wurde eine 

topologisch regulierte "Moonlight"-Funktion auch für MIF-2 beobachtet. Der Begriff 

"Moonlighting-Proteine" beschreibt Proteine, die von einem einzigen Gen abstammen, 

aber mehrere Funktionen erfüllen. Die MIF-Familie ist ein Sonderfall, da sie sowohl 

intrazellulär als auch extrazellulär unterschiedliche Funktionen aufweist. In dieser Arbeit 

stand insbesondere die Interaktion von MIF und dem Protein Apoptosis Inducing Factor 

(AIF) im Mittelpunkt. Dies wurde damit begründet, dass MIF als essenzielle Nuklease 

beim AIF-induzierten programmierten Zelltod (Apoptose) bekannt ist. Dieser 

experimentelle Befund wurde durch einen Chromatin-Immunoprecipitation (ChIP)-Assay 

und eine nachfolgende "Deep Sequencing"-Analyse erlangt. In Zellen, in denen die MIF-

Gene durch RNA-Interferenz künstlich stillgelegt wurden, konnte AIF im Nukleus 

detektiert werden. Es wurde jedoch keine Translokation von MIF in den Zellkern 

beobachtet. In dieser Studie konnte MIF sowohl in Wildtyp-Zellen als auch in MIF-2-

defizienten primären Astrozytenkulturen nachgewiesen werden. Umgekehrt wurde MIF-

2 sowohl in Wildtyp-Zellen als auch in MIF-defizienten KO-Zellen im Nukleus lokalisiert. 

Darüber hinaus wurde angenommen, dass die Translokation von MIF bzw. MIF-2 

unabhängig voneinander stattfindet. Nuklease Funktion von MIF wurde als Mg2+, und 

Ca2+-abhängige 3 'Exonuklease identifiziert. In dieser Studie wurden diese Daten 

reproduziert, und es wurde eine Inhibition der Nuklease Funktion von MIF-2 durch 
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Ethylendiamintetraacetat (EDTA) erreicht, das Chelatkomplexe mit positiv geladenen 

Metallionen bildet. Angesichts dieser Ergebnisse zeigt diese Arbeit die Vielzahl von 

pleiotropen Wirkungen von MIF und MIF-2 auf. Der Schwerpunkt dieser Studie lag 

jedoch vor allem auf der Rolle von MIF und MIF-2 bei zellulärem Stress und der 

Apoptose. In vielen Apoptose-Studien wird die Hemmung von PARP 1 als attraktives 

Ziel für akute neurologische Erkrankungen genannt. In dieser Arbeit wurde gezeigt, dass 

in MIF- und MIF-2-defizienten Zellen im Vergleich zu Wildtyp-Zellen eine Reduktion von 

DNA-Schäden durch DNA-Doppelstrangbruchmarker und Comet-Essays festgestellt 

wurde. Zum Beispiel wurden in primären neuronalen Mischkulturen, die von Mif-KO-

Tieren gewonnen wurden, und in primären Astrozyten, die aus Mif-2 KO-Tieren isoliert 

wurden, im Vergleich zum Wildtyp weniger γH2AX- und 53BP1-Marker detektiert. DNA-

Schäden werden schon seit längerem im Rahmen neurodegenerativer Erkrankungen 

untersucht. In dieser Arbeit lag der Fokus auf der PARP 1-Aktivierung und der daraus 

resultierenden Freisetzung von AIF aus den Mitochondrien bei der Signalisierung des 

Zelltods. Angesichts dieser Ergebnisse stellt die Nukleaseaktivität von MIF sowie von 

MIF-2 ein attraktives Ziel für die Behandlung akuter neurologischer Erkrankungen dar. 

Betrachtet man die Ergebnisse, wird deutlich, dass MIF und MIF-2 Proteine mit 

unterschiedlichen komplexen Funktionen sind. Die Rolle von MIF und MIF-2 wird 

einerseits durch die Topologie innerhalb der Zelle definiert und andererseits durch 

externe Bedingungen, unter denen sich die Zelle befindet, wie beispielsweise oxidativer 

Stress oder Replikationsstress. Neben der Nukleaseaktivität von MIF und MIF-2 sowie 

der Reduktion von DNA-Schäden in Mif-KO - und MIF-2-KO-Zellen wurde in dieser 

Studie auch ein potenzielles neues Forschungsmodell etabliert, nämlich die Mif-KO-

transgene Ratte. In der vorliegenden Arbeit wurde mithilfe von reversen genetischen 

Werkzeugen (Genome-Editing-Methoden) ein Rattenmodell mit Mif-KO zur 

Untersuchung der Schlüsselrolle der MIF-Proteine in kritischen biologischen Prozessen 

etabliert. Die Etablierung des Rattenmodells bleibt entscheidend, um wesentliche 

Erkenntnisse aus Mausmodellen zu replizieren. 
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1. Introduction 
 

1.1. An overview of brain anatomy and physiology  

 
 

The brain serves as the central organ of the human body and acts as the control center 

for the central nervous system (CNS), consisting of a vast number of nerve and glial cells 

and weighing approximately 1.4 kg. It can be broadly divided into three parts, namely the 

cerebrum (the largest part), the brain stem, and the cerebellum, as depicted in Figure 1-

11. The cerebrum connects to the brain stem, which, in turn, links to the spinal cord.  

Within the neural structure, the brain stem emerges as a foundational element, 

comprising the midbrain, medulla oblongata, and pons. Further beneath the expanse of 

the cerebral cortex, a network of essential structures including the thalamus, 

hypothalamus, pituitary gland, amygdala, hippocampus, and pineal gland finds its abode. 

The brain regulates various bodily activities, including the integration and coordination 

of sensory information and other cognitive functions. The structure known as the corpus 

callosum serves as the bridge between the brain's left and right hemispheres. 

Meanwhile, the brain's four primary lobes—the frontal lobe, temporal lobe, parietal lobe, 

and occipital lobe—assume distinct roles in performing various cognitive functions. 

For instance, the frontal lobe controls cognitive functions, memory, and language, while 

the temporal lobe is responsible for hearing. The parietal lobe controls sensory 

information such as temperature, taste, and touch. While the mouse model is 

advantageous for preclinical studies due to its physiological similarity to humans and 

ease of animal model maintenance and breeding, differences between the two 

organisms should not be underestimated. Recent studies have revealed significant 

differences between human and mouse organisms in non-neuronal cells, suggesting that 

these have undergone significant evolutionary changes, and different expression 

patterns were shown for the cells of mice and humans. However, viewed as an overall 

organization, the two models remain comparable. Therefore, the mouse model remains 

an essential resource for preclinical studies. 
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Figure 1-1: Schematic representation of mouse and human brain; modified by using Biorender. 

The figure illustrates a side-by-side comparison of the mouse and human brain. On the left side of the panel, 

a schematic depiction of the mouse brain is presented, highlighting its major areas, including the cerebellum, 

cerebrum, and olfactory lobe. Similarly, on the right side, the human brain is shown on a side view, 

emphasizing key brain regions such as the cortex, corpus callosum, and cerebellum. 

Please note that the sizes of the brain illustrations have been adjusted for illustrative purposes and do not 

accurately represent the relative sizes of the mouse and human brains. This schematic serves as a visual 

aid and should not be used for direct size comparison.  

 

 

 

1.1.2  Functions of brain cells 

 

Current estimates suggest that an average, healthy adult brain typically comprises 

around 86 billion neurons. The interplay between neurons and glial cells is now known 

to be essential for proper brain function. Neurons receive and transmit electrical or 

biochemical signals to muscles, other organs in the body, or other neurons. A neuron is 

composed of the soma, dendrites, and axon. Brain cells such as astrocytes or microglia, 

along with specific interconnected brain areas, allow us to perceive our environment, 

control body movements, and engage in understanding, learning, and memory 

processes2. Glial cells build a supportive environment around neurons, with the word 

"glia" deriving from the Latin word "glue." These cells play a vital role in signal 

transmission and are necessary for neural functions. Oligodendrocytes, microglia, and 

astrocytes are different types of glial cells. Oligodendrocytes are known as "axon 

isolators" and contribute to the accelerated long-distance transmission of electrical 

signals3,4. Microglia are the resident immune cells of the CNS and communicate with 
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many other brain cells, including star-shaped astrocytes, which support the blood-brain 

barrier (BBB)5,6. The BBB plays an important role in the supply of nutrients to the brain. 

It controls the ion, oxygen and molecular flow between the blood and the brain. 

Moreover, it acts as a barrier and protects the brain from toxins as well as pathogens. In 

this way, it also regulates hormone levels and water in the brain environment. However, 

the selective permeability of the BBB is a major challenge for the delivery of therapeutic 

drugs. Because drugs or therapeutic antibodies often cannot overcome the BBB or cross 

it only to a small, unpredictable extent7,8. The brain is an important central point of control. 

Therefore a functional disorder caused by brain diseases can affect aspects of the entire 

body. Keeping the brain intact, therefore depends highly on internal and external factors. 

Damage to different brain areas can be caused by physical and emotional trauma (brain 

injuries and psychiatric illness), disruption of the blood supply (stroke), or chemical 

insults that trigger neurotoxicity. That is why brain diseases are divided into two main 

categories: one is neurodegenerative diseases, and the other is neuropsychiatric 

diseases. Both forms are complex and therapeutic approaches are still being researched 

or improved to suppress or treat the symptoms of these diseases. In addition, the next 

forms must not be left unmentioned, because they also contribute to the pathology of the 

brain, such as the craniocerebral trauma, brain injury, brain metastases, or stroke. 

 

 

1.2. The impact of age on cognitive health 

 

With an aging population comes new challenges, as we live longer and are more prone 

to developing age-related diseases. Neurodegenerative diseases (NDs) are a group of 

diseases that afflict many individuals in their old age. It is rare to find a healthy brain in 

the current population of older people, especially in industrialized economies. Two 

prominent neurodegenerative disorders that have gained significant recognition are 

Alzheimer's disease (AD) and Parkinson's disease (PD), both of which have an 

increased risk of development in advanced age (above 65). Studies analyzing the 

prevalence of AD in relation to age have shown that about 50% of individuals aged ≥95 

years suffer from AD in the USA. Figure 1-2 illustrates the differences between a healthy 

brain and an AD brain, examining plaque formation and disintegrated microtubules. 

Alongside AD, the prevalence of PD and Amyotrophic lateral sclerosis (ALS) also 

increases within the population of older people9,10.  

As a result, an aging population can become a severe socio-economic burden on 

patients, families, and communities. Therefore, there is an urgent need for novel 

therapies to better cope with these disorders, as the treatments already on the market 
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have little to no effect on NDs. Hence, understanding the fundamental mechanisms of 

aging is one of the new medical and scientific challenges. Examining the role of the aging 

mechanism will provide a comprehensive overview and insights into the onset and 

progression of any neurodegenerative disease11. In addition to age, genetics and 

environmental factors also play a role in the progression of neurodegenerative diseases. 

Nevertheless, the aging process has the greatest impact on these disorders. Genomic 

instability or mitochondrial dysfunction in cells, which can result in neurodegeneration, 

are the hallmarks of aging. To identify abnormal deposits of aggregated proteins, such 

as amyloid-β (Aβ) and α-synuclein, in the brain tissue of older patients, imaging 

technologies such as MRI or PET have been employed. Nevertheless, the extent to 

which the accumulation of these protein deposits can be linked to cognitive decline 

remains uncertain, given our current understanding12–14. 

Studies of early human development have linked early developmental defects to 

changes in the brain structure. However, cognitive impairment is only evident in later 

timepoints. Some findings have been made when studying genetics in the early stages 

of development. As an example, an imaging study using MRI on infants who carry the 

apolipoprotein E (APOE) ε4 allele, revealed that the white matter myelin water fraction 

and grey matter volume across different brain regions were different from those of infants 

who are not carriers of the gene15,16. Besides, also external factors have a critical impact 

on our neurological health. It has been found that exposure to trauma, drugs or toxins 

through pollution during development has dire consequences later in life e.g., regarding 

neuroplasticity17,18. Thus, exposure to harmful environmental factors during life increases 

the risk of developing neurodegenerative disorders in advanced age. Since many 

different factors play a role in the pathophysiology of neurodegenerative diseases, an in-

depth study is required to fully understand their impacts. As a multipotent protein, the 

MIF protein family are key players as proinflammatory factors and play an essential role 

in programmed cell death or in various cell survival-promoting pathways supported by 

receptor CD74 or other cell survival-promoting pathways nuclease activity that does not 

promote PARP1-dependent cell death but also potentially DNA repair19. 
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Figure 1-2: Schematic representation of healthy brain and Alzheimer´s brain; generated and modified by 

using Biorender.  

The Positronen-Emissions-Tomographie (PET) images were obtained from Biorender. The figure presents 

a visual comparison between a healthy brain and an Alzheimer's brain. The schematic illustration, created 

using Biorender, incorporates caricatured elements to depict disease progression, represented by the loss 

of leaves on a tree. On the left side of the figure, the healthy brain is depicted, showing intact axons 

represented in blue. Conversely, on the right side, the Alzheimer's brain is illustrated, highlighting the 

presence of amyloid beta plaques in brown and dislocated tau protein forming tangles. These pathological 

features symbolize the characteristic changes associated with Alzheimer's disease. This sketch aims to 

emphasize the degradation of cell density and the reduction in intercellular connectivity observed in 

Alzheimer's disease. It is important to note that the visual changes portrayed in this illustration are for 

illustrative purposes only and may not precisely represent specific pathological conditions or stages of 

disease progression. 

 
 

1.3. Neurodegenerative diseases: mechanisms and implications. 

 
 

We tend to classify neurodegenerative diseases into distinct clinical units based on the 

affected regions, pathology, and symptoms. However, repetitive patterns have been 

observed in neurodegeneration, at the genetic, molecular, and cellular levels, with 

common key actors. These diseases can be categorized based on the affected cell 

population and how the pathologies develop, yet the mechanisms underlying selective 

vulnerability remain poorly understood. At their core, neurodegenerative conditions 

share a common feature – the decline of functionality in distinct brain areas, resulting in 

similar clinical features across various disorders. For instance, cognitive impairments are 
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prevalent in conditions like Alzheimer's disease, vascular dementia, and frontotemporal 

dementia (FTD). Additionally, motor system dysfunctions manifest in tandem with 

diseases such as amyotrophic lateral sclerosis (ALS) and Huntington's disease (HD)20,21. 

Aging significantly increases the risk of developing these disorders, and with a growing 

population reaching higher ages, the prevalence of these disorders is increasing 

concurrently with the accumulation of environmental factors. 

It is crucial to investigate the pathological mechanisms of neurodegenerative diseases 

in detail due to the increasing prevalence of these disorders in aging populations. This 

requires a thorough understanding of the pathways involved in the pathophysiology, as 

well as the consequences of disruptions to these pathways. While neuronal loss has 

traditionally been the main characteristic of neurodegenerative diseases, this definition 

fails to capture the complexity of these disorders, given the varied tasks of different cell 

types in the brain, including neurons and astrocytes. 

Accumulation of unfolded or misfolded proteins is a known hallmark of 

neurodegenerative diseases, with the formation of neurofibrillary tangles and plaques 

leading to neuronal cytotoxicity. Thus, understanding the mechanisms underlying the 

building and processing of these protein aggregates is critical for developing effective 

therapies. However, while specific protein aggregates have been identified in different 

neurodegenerative diseases (e.g. AD, PD, HD, and ALS), no potent treatment currently 

exists to tackle them effectively22–24.  

 

 

1.3.1. Inflammasomes and their impact on neurodegenerative 

diseases 

 

The NLRP3 inflammasome is activated in microglia in response to defective protein or 

beta-amyloid aggregates. Other inflammasomes, such as pyrin-domain containing 3 

(Nlrp3), also play an essential role in microglia, astrocytes, or neurons25,26. It is believed 

that the activation and subsequent cleavage of caspase 1 promotes the development of 

Alzheimer's disease27. When developing therapies against neurodegeneration, attention 

is also given to environmental factors and potential risk areas for epigenetic changes. 

For instance, an increased expression of HDAC6, a class II histone deacetylase, has 

been found in Alzheimer's patients, particularly in the hippocampal region, where it 

colocalizes with tau proteins associated with tau phosphorylation. Reducing the HDAC6 

level has been shown to improve perception28,29. Abnormalities in metabolic processes 

are frequently observed in neurodegenerative diseases. It is currently believed that 
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metabolic disorders may contribute to the development of neurodegenerative diseases, 

although it remains uncertain whether these disorders are a cause or a consequence of 

neurodegeneration. A better understanding of the affected metabolic processes during 

disease progression is therefore essential. Proteins play a critical role in glucose 

metabolism, cell growth, survival, and migration. ATS is thought to promote tau 

hyperphosphorylation and is involved in the pathogenesis of Alzheimer's disease. The 

presence of the apolipoprotein E4 (APOE4) allele is associated with early-onset forms 

of Parkinson's disease15. Apolipoproteins act as transporters for lipids, and cholesterol 

and are produced in the liver and brain. ApoE4 is an essential factor in neuronal plasticity 

and synaptogenesis, and carriers of the APOE4 allele are thought to have a higher risk 

of developing Alzheimer's disease. The mammalian target of rapamycin (mTOR) is also 

related to Alzheimer's disease. It belongs to the insulin and PI3K signaling pathways and 

is an essential player within the mTORC complex. Cell death is a complex process that 

can occur due to apoptosis, mitophagy, necroptosis, and autophagy30. Mutations that 

alter the cell death pathways can contribute to uncontrolled neuronal cell death 

(necrosis) or promote the apoptosis mechanism, thereby contributing to the progression 

of neurodegenerative diseases. Other mechanisms that promote neuronal cell death are 

mitochondrial dysfunction, dysregulation of autophagy, or activation of the necrosome 

by stress or inflammation. Herein, PARP is a critical player in DNA repair, cell death, 

chromatin function, and genomic stability31,32. PARP is activated in addition to ATM or 

p53 after the detection of DNA damage. If caspase 3 is cleaved between Asp214 and 

Gly215, the N-terminally cleaved fragment's DNA repair enzyme is inhibited33,34. This 

drives neurons to apoptosis. The characterization of PARP-deficient mouse models has 

revealed the involvement of PARP in the pathogenesis of stroke and Parkinson's 

disease, thereby creating new opportunities for targeted treatments. Cellular stress, 

including DNA damage or oxidative stress, can cause an irreversible growth blockage 

called "cellular senescence"35,36. 

Neurodegenerative diseases can be detected by various senescence markers. Namely, 

one example of many: In tau pathology, p16 (Ink4a) accumulates in senescent 

astrocytes and microglia. P16 (Ink4a) is a tumor suppressor; it is an INK4 family member 

of cyclin-dependent kinase inhibitors. It affects the cell cycle in the G1 phase by stopping 

its progression37,38. It is a critical player in responding to DNA damage signals caused by 

telomere dysfunction39,40. In connection with amyloid plaque pathology, the accumulation 

of p16 and p27 is also observed. This allows senescent cells to be recognized and 

removed by immune cells41,42. Stem cells in the bone marrow supply the body with 

important immune cells. These include neutrophils, lymphocytes such as B cells, and T 

cells. But also, monocytes, macrophages, and dendritic cells. Tumor necrosis factor 
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(TNF-α) is a cytokine, which plays a crucial role in most inflammatory mechanisms. It 

activates different types of immune cells. In addition, it can promote cell differentiation 

and the release of other cytokines. Dysregulation of TNF-α is shown in Alzheimer's 

disease and Parkinson's disease; patients' brain tissue is implicated in an increased level 

of TNF-α43,44.  

 

1.3.2. Cellular diversity in neurodegenerative  

 

The brain is composed of various brain areas, each of which contains different cell types, 

including neurons, microglia, oligodendrocytes, and astrocytes, which take on different 

functions. Cell-specific antibodies can be used as protein biomarkers to localize target 

cells. 

Neurons are key components of the peripheral sensory and motor systems, as well as 

the spinal cord. They are electrically excitable and highly specialized, processing 

information quickly. Neurons transmit electrical signals and neurotransmitters across 

synapses and can be expressed in various morphologies in the nervous system, with 

signals mostly received at the cell body or dendrites and sent along the axon. To gain a 

broader insight into neurodegenerative diseases, non-cellular autonomous mechanisms 

that cause neuronal loss are also being studied, and the role of astrocytes is being 

increasingly recognized. 

Reactive astrocytes are characterized by an increase in glial fibrillary acid protein 

(GFAP), a standard marker. This increase is distinctive in many CNS diseases but is not 

always proportional to the severity of disease or injury due to differences in astrocyte 

region and content. A decrease in GFAP has been reported in the spinal cord of the 

amyotrophic lateral sclerosis (ALS) mouse model, possibly due to caspase 3 cleavage45. 

Changes in morphology, physiology, or transcription regulation can lead to the loss or 

upregulation of homeostatic functions, resulting in an exchange of functions. However, 

a connection between AIF-induced cell death and downregulation of GFAP is also 

possible46. Astrocytes play a pivotal role in the degeneration of motor neurons in ALS. 

Concurrently, previous investigations have indicated that astrocytes undergo 

transcriptional alterations in response to the influences and the unique microenvironment 

within the affected central nervous system. This is reflected in their morphology and 

reactivity. These reactivated astrocytes are in turn divided into two different groups: A1 

astrocytes, which are classified as neurotoxic and A2 astrocytes, classified as 

neuroprotective. However, only a rough classification is shown here because by 

continuing the scientific analyses, especially in the single-cell or single-nucleus 

transcriptome analyses, new disease-specific astrocyte clusters are discovered. Protein 
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quality control (PQC) systems are utilized to monitor protein folding quality, thus limiting 

the toxicity of misfolded proteins within the cell. Chaperones play a crucial role in the 

refolding of misfolded proteins or their breakdown to minimize toxicity and the 

accumulation of misfolded proteins in the cell. This process is well documented in 

literature47–49. 

 

 

1.4.  The biology of aging: mechanisms and implications 

 

Aging is an irreversible process characterized by physical changes. The main features 

of aging include genomic instability, epigenetic changes, telomere shortening, and loss 

of proteostasis. In contrast, mitochondrial dysfunction, cellular senescence, and 

deregulated nutrient perception are antagonistic elements. Initially, these responses 

cause damage, but over time, they can become deleterious themselves. The 

accumulation of damage induced by these hallmarks results in the dysfunction 

associated with aging. The brain is not only one of the essential organs but also sensitive 

to the effects of aging due to its composition of primarily postmitotic cells. It is known that 

postmitotic cells, such as neurons, are especially vulnerable to DNA damage50–52. 

Therefore, the brain may play an important role in the etiology of age-associated 

neurodegenerative diseases. 

 

 
 
 
 
 
 

1.4.1. Genomic instability and DNA damage 

 

One of the primary hallmarks of aging is genomic instability and DNA damage. Several 

types of DNA damage are counted, such as DNA single-strand breaks, double-strand 

breaks, or insertions and deletions. Besides the DNA damage, it caused endogenous 

reactive oxygen species (ROS). This can promote neurodegenerative diseases or 

cancer53. As a response to DNA damage, DNA repair pathways are activated. Among 

others, base excision repair (BER), nucleotide excision repair (NER), mismatch repair, 

DNA double-strand break repair (DSBR), and direct reversal are counted54. Oxidative 

base damage and single-strand breaks is primarily repaired by the BER mechanism. 

Dysfunction of the BER pathway genes promotes the risk of neurodegeneration, next to 
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aging. The BER is composed of two BER sub pathways: a short-patch and a long-patch. 

The repair mechanism involves a DNA glycosylase, recognizing the damaged DNA base 

and removing it by leaving a basic site. One of the main, and especially for this work, 

important results is the activation of PARP1 by DNA damage. PARP1 then increases 

PARylation; PAR polymers are promoted to be formed. PARP1 activation undergoes a 

NAD+ depletion. However, also senescence and inflammation are factors, which are 

promoted by DNA damage55,56.  

 

 

1.4.2. Altered intercellular communication and immune function  

 
The immune system has a significant role in brain development. Nonetheless, as 

individuals age, alterations within both the nervous and immune systems can lead to a 

loss of immune response regulation in the brain, potentially fostering long-term 

neurodegenerative processes. Changes in intercellular communication and immune 

function can also contribute to neurodegeneration. In addition, dysfunctional hormone 

levels, including among other leptin, or insulin, can cause neuronal damage. Therefore, 

comprehending the involvement of innate and adaptive immune responses in disease 

pathogenesis is imperative. Recent research has unveiled that neurodegenerative 

diseases' pathological mechanisms encompass microglia and other supportive glial 

cells, including astrocytes and oligodendrocytes. In addition, T cells play a pivotal role in 

preserving the peripheral immune equilibrium and the central nervous system's immune 

privilege. Maintaining effective cellular crosstalk is essential for proper immune system 

function and the prevention of neurodegenerative diseases. The changes in immune 

responses associated with aging and the heightened susceptibility to neurodegenerative 

diseases offer valuable insights into communication processes. During aging process, 

inflammation also becomes upregulated. Although low levels of inflammation have a 

beneficial potential, uncontrolled inflammation can cause age- chronic 

neurodegenerative diseases, as well as, AD or PD57,58. Studies of expression levels in 

aging human brains have indicated the importance of inflammation, with their main 

actors in neurodegenerative diseases. In the statute of Chronic inflammation, microglia 

are activated and pro-inflammatory mediators such as cytokines are increased as well 

as oxidative stress. All these factors are associated with age-related neurodegenerative 

processes. This is consequential for cell-type-specific diseases of the brain. This 

mechanism is evident in the system level of the brain. This paper specifically highlights 

the fact that, moonlight proteins with multipotent functions play a significant role. 

Therefore, understanding the various mechanisms of moonlight proteins does not have 
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to be researched in tissue, brain area, or cell type. Even their potential topology-driven 

mechanism within a cell needs to be understood. Since research at the cell organ level 

is not possible in human experiments, analysis depends on animal models, cell lines, or 

even primary cells. Over the years, researchers have had new technologies available to 

modify these research objects genetically. In this paper, genetically modified animal 

models by CRISPR / Cas are being mainly dealt with. Furthermore, the focus is on 

primary neuronal mixed culture as well as on primary astrocyte culture. The constantly 

new technological possibilities and the research results discovered through them give a 

closer and better look at the clinical-pathological description of, for example, 

degenerative diseases, cancer diseases, and psychological disorders. The cascade of 

activated microglia elicits ROS. Dysfunctional mitochondria are known to lead to ROS 

production, and this again results in an NF-κB signaling increase. In addition, aging 

processes promote NLRP3 inflammasomes, which leads to IL-1β release in the brain. 

The increase of IL-1β via NLRP3 inflammasome secretion is activated in Alzheimer's 

disease by Aggregated Aβ fibrils, in Parkinson's disease by mutant α-synuclein, as well 

as the superoxide dismutase 1 (SOD1) mutant protein SOD1G93A in ALS20,59,60. Thus, 

protein aggregation might be induced by exacerbation of Aβ deposition in AD or α-

synuclein might be induced in PD by Inflammation mechanisms. In this way, promoted 

inflammation positively supports the accumulation of unfolded or misfolded proteins in 

neurodegenerative diseases. However, as mentioned before, other factors are known to 

contribute to the inflammation mechanism and, therefore, to the pathogenesis of 

neurodegenerative disorders, such as the defective proteasome, cellular senescence, 

oxidative DNA damage, DNA repair dysfunction, and decreased innate immunity and 

adaptive immune system responses as well as toxic environmental insults. For decades 

there has been continued therapeutic research in finding new treatments to combat 

these inflammatory processes, which our aging society is facing. This field is still not 

redundant. 

Therefore, it is necessary to investigate the neuroinflammatory processes further with a 

focus on anti-inflammatory drugs. The challenge is still to develop drugs that can cross 

the blood-brain barrier.  

 
 

1.4.3. The Role of oxidative stress and cell death 

 
Free radicals are being produced by the normal aerobic cellular metabolism. To prevent 

the accumulation of these harmful ROS, the body has several mechanisms to build 

antioxidants. However due to aging processes and environmental influences, the 



Introduction 

 12 

defense mechanism of antioxidants can be weakened, and therefore lead to cell loss, 

and neurodegeneration.  

Neuronal and other cell type loss or sensory dysfunction are key factors in 

neurodegenerative diseases. Various environmental and genetic influences, including 

oxidative stress (OS) are among the many causes of free radical production, and this too 

contributes to neurodegeneration. The human body needs Oxygen to survive, however 

an imbalanced metabolism which can result in an increase in reactive oxygen species 

(ROS), could lead to a variety of disorders such as Alzheimer’s disease, and other neural 

disorders associated with aging. In Neurodegenerative diseases, it is indicated that brain 

cells as well as cells from the spinal cord lose their functionality (ataxia) or can lead to a 

sensory dysfunction (dementia). 

As mentioned before, the free radicals mediated ROS, and activated proteins, which 

resulted in DNA dysfunction and inflammation. These can also contribute to tissue 

damage and subsequent cellular apoptosis. Alongside diet, therapeutic recourses are 

also becoming interesting as a source of antioxidants. Besides there is evidence that, 

antioxidant therapy is beneficial for chelating free radicals and ROS, to inhibit neuronal 

degeneration61.  

In relation to Alzheimer’s disease (AD), it is known that Mitochondrial (Mt) dysfunctions 

and excitotoxicity can lead to apoptosis as a pathological cause of aging.  

 

 

1.5. Protein aggregation 

 

Biomolecular aggregates can lead to the development of Biopolymers. In cell biology 

condensates have important implications for cell organization and cell physiology. The 

build-up of condensate plays an important role, and it is strictly controlled in the 

intracellular environment. If this regulation is disturbed, it leads to protein misfolding and 

thus ultimately to unwanted aggregation, which is regarded as one of the causes of age-

related diseases. The mechanisms, and regulations for the build-up or dissolution of 

condensate are very complex and contribute to aging and the diseases that result from 

it. Dysfunction of the regulatory factors results in: the reduction in homeostasis; the 

increase in cellular stress and thus also ROS production. It also leads to the decrease in 

protein quality control which in turn results in disease-specific aggregations. In the 

cytosol of the cells, there are numerous polymers (including nucleic acids and 

cytoskeleton). Although the protein density in the cytosol is quite high, under normal 

physiological conditions, they do not form any insoluble protein aggregates due to 

undesired interactions between the molecules. Since proteins are supposed to interact 
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with each other, to form signal cascades, this interaction must be well regulated. The 

cytosol is not a uniformly homogeneous substance but rather houses organized 

biomolecular condensates, which are formed with the help of mechanisms of phase 

separation. Condensate-forming proteins are segments or domains that are intrinsically 

disordered. This allows dynamic interaction networks to be formed and aggregates to be 

built up. However, this is exactly the function that promotes the accumulation of incorrect 

folds and thus unwanted aggregation. In aging organisms, there is an increased 

preference for misfolded proteins. As a result, the cell loses the ability to maintain 

homeostasis. Researchers see a close relationship between condensation-forming 

proteins and age-related diseases, such as neurodegenerative diseases and cancer. 

Research has made significant progress in understanding the physical, chemical, 

cellular, and regulatory mechanisms of aggregate formation. Post-translational 

mechanisms or the protein quality control machinery (PQC) regulate the amount and 

quality of aggregate formation with the help of chaperones. Nowadays, researchers are 

wondering how the PQC machinery regulates the integrity of condensates; how the 

various environmental influences affect the formation of aggregates, and how aging 

affects the systems. Of course, the molecular mechanisms are closely monitored in order 

to secure functional protein aggregates and an intact PQC system62. These results could 

help to develop therapeutic approaches. Newly synthesized proteins fold into three-

dimensional structures under normal conditions and can also form protein complexes 

with one another. The mechanism of the folding process is fragile and sometimes 

undermines cellular and physical stress, which in turn leads to unfolding and misfolding. 

Hence, maintaining optimal conditions is important. Factors such as thermodynamic 

conditions influence the quality of protein folding. Oxidative stress can cause misfolding 

or unfolding. The resulting non-native structures can form fibrils. Amyloid fibrils are 

formed within Alzheimer's disease and consist of 3–6 filaments12. Covalent and non-

covalent interactions can promote the formation of clusters and thereby also inhibit 

biological activity. Since the interaction between hydrophobic areas acts in aggregates, 

it can lead to insoluble. The van der Waals forces or electrostatic interactions are 

required for self-aggregation and belong to the non-covalent interactions. Covalent 

aggregates can be formed by disulfide bridges over their free thiol groups. Proteins 

bound via disulfide bridges form aggregated via β-elimination63. Aggregates are 

clustered in different groups, irreversible or reversible; the non-covalently or covalently 

bound and the group of smaller soluble aggregates. Neurodegenerative diseases can 

be a consequence of protein aggregation. 
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1.6. Neuroinflammation and neurodegeneration 

 
Genetic studies, in addition to clinical studies, have revealed that immunological 

mechanisms underlie many neurodegenerative diseases. Alzheimer's disease is an 

example where neuroinflammatory processes play a crucial role in disease progression. 

Therefore, understanding the neuroimmune interactions of the CNS is crucial. Healthy 

donors' microglia show expression levels of CX3CR1 or P2RY12, while patients with MS 

exhibit a downregulated signature64–66. Single-cell RNA- and single-nucleus RNA 

sequencing have revealed that antigen presentation signature genes were increased in 

MS patients, leading to the conclusion that autoreactive T cells play a critical role in MS 

pathology. Additionally, an upregulation of galectin-1 was observed, which is known to 

weaken the cytotoxic CD8+ T-cell function. Recent studies have utilized transposase-

accessible chromatin and chromatin immunoprecipitation followed by sequencing (ChIP-

seq) to combine with single-nucleus sorting utilizing sequencing (ATAC-seq). The 

objective is to understand single nucleotide polymorphisms (SNPs) associated with 

resistance or susceptibility to disease by localizing promoters as proximal and distal 

enhancers. These and other studies have shown that SNPs are associated with 

psychiatric disorders, and those associated with Alzheimer's disease are primarily found 

in microglia enhancers. Overall, technologies like scRNA-seq and snRNA-seq provide 

researchers with new possibilities to depict the brain in a single-cell resolution and 

provide a multidimensional molecular description of the differentiation between control 

groups and the disease. These technologies justify an expansion into human studies to 

investigate the transcriptomic changes during pathogenesis. The results obtained can 

be validated through proteome analysis, leading to the identification of new diagnostic 

and prognostic biomarkers. Moreover, new molecular targets for a therapeutic approach 

could also be identified. To sum up, while modest levels of inflammation can be 

beneficial, excessive or prolonged inflammation is detrimental and plays a role in the 

development of age-related chronic neurodegenerative conditions like Alzheimer's 

disease67,68. 

 

1.7. Genomic damage and neurodegeneration  

 

As mentioned initially, neurodegenerative illnesses represent an ever more significant 

challenge in an aging society. Due to the complex mechanisms to which it is subjected, 

it is necessary to develop therapeutic strategies. In order to study the associated 
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biological mechanisms, it is inevitable to have a detailed understanding of the disease 

and its various forms. However, since this is closely connected to a detailed 

understanding of the disease states, studying the associated biological mechanisms is 

inevitable. Studies show that genomic instability is a significant challenge in 

neurodegenerative diseases. The role of DNA double-strand breaks (DSBs) is the main 

focus of studies. DNA double-strand breaks (DSBs) have been implicated in the 

progression of neuronal loss. The accumulation of DNA double-strand breaks within the 

neuronal cells poses a problem since neurons are not proliferative cell types and show 

a high metabolic activity, which means they are more susceptible to exposure. However, 

research is still being conducted into whether DNA damage is the main contributor to cell 

death and thus neuronal loss. Neurons with a lack of proliferation and at the same time 

a high metabolic activity are naturally susceptible to DNA damage. Various groups are 

listed within the DNA damage, one of them being the DSBs, which are more harmful. 

These can activate cell death mechanisms. In order to counteract this, the cell has 

developed various types of repair mechanisms, which will be discussed in more detail at 

a later point in time. As already mentioned, the progression of neurodegenerative 

diseases causes an increasing deterioration in brain function. Researchers have found 

that an imbalance between DNA damage and the associated repair mechanisms 

promotes neuronal damage. DNA is exposed to several harmful factors, including 

intracellular metabolism, physiological neuronal activity, transcription, replication, and 

genotoxic agents from the environment. The accumulation of DNA damage is a common 

phenotype in AD, PD, and ALS patients69. Under normal physiological conditions, up to 

10,000 single-stranded DNA breaks and 10 to 50 double-stranded DNA breaks occur 

nearly every day. If there is an accumulation of unrepaired DSBs in proliferating cells, 

the cell cycle can be paused until cell death mechanisms are activated. Since DSBs 

increase the likelihood of mutations and deletions and even lead to chromosomal 

translocations, it is a risk factor, especially for non-proliferating cells. In contrast to 

proliferating cells, DSBs can be repaired with the help of sister chromatids through 

homologous recombination (HR), but this does not apply to postmitotic neurons. We note 

that Neurons use the non-homologous end connection (NHEJ), which is, however, more 

prone to errors70. Therefore, DSBs represent a major risk for neural function. In addition 

to homologous recombination, the NHEJ also represents a way of repairing DSBs. DNA 

is an important but complex molecule, so it is essential to be precise and cautious in 

correcting errors. Such errors can lead to long-term irreversible damage, which can 

include defective RNA and protein products. As a result, an accumulation of unrepaired 

or incorrectly repaired DSBs in neurons leads to a loss of genome integrity. The repair 

mechanisms, chromatin remodeling or inflammation mechanisms also play an important 
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role. These ultimately decide between apoptosis or survival. If DSBs are formed, post-

translational modification is promoted, and proteins are mobilized at broken DNA ends 

and the surrounding chromatin. The phosphorylation of the histone H2A.X can be 

observed as an example of histone modification. This belongs to the subfamily of the 

histone H2A. The H2Ax for example is phosphorylated instead of serine 139, resulting 

in γH2AX. For repair mechanisms like homologous recombination (HR) and the non-

homologous end connection (NHEJ), γH2Ax is a point of control. So, a successful repair, 

in turn, restrains effector proteins, which also include 53BP1. 

A stable function of the DNA Damage Response (DDR) is important during neural 

development but also in the adult stage71. The recent γH2Ax domains can spread over 

the neighboring chromatin along the chromosome. The γH2Ax domains have various 

mechanisms of damage reactions, repression of transcription, and of the promotion of 

GDR mechanisms, forming a DSB location. Therefore, for genome stability and thus for 

maintaining cell function, it is essential to balance the GDR mechanisms and the 

accumulation of DSBs. Further repair mechanisms are activated, including the MRN 

complex. This assures that the DSBs end up close to each other. Further, ATMs are 

activated, and H2AX histones are phosphorylated. γH2AX foci arise72. These are also 

identified in this paper with the help of immunofluorescence-based assays, and thus the 

possibility of analysis is given. The activated ATM monomer, in turn, phosphorylates p53, 

which promotes apoptosis or cell cycle arrest. Most DSBs are repaired by c-NHEJ in 

both phases of the cell cycle73. Other DSBs, in the G2 phase via HR. With the help of 

mitogens, the S-phase can be initiated in the cell. These mitogenic factors can be growth 

factors, binding cell surface receptors and thereby inducing intracellular signaling. 

Among other things, the mitogen-activated protein kinase (MAPK) pathway is activated. 

After the activation of the subsequent transcription factor (e.g., c-Myc), the cell enters 

the controlled and S-phase74. However, the entry into the S-phase can be inhibited by 

DNA damage. As mentioned above, these can accumulate through various triggers, 

including oxygen species (ROS). In addition to SSBs and DSBs, ROS can drive the ATM 

or p53 signal cascade, which suppresses entry into the S phase of the cell75.  

Incorrect chromosome replication leads to considerable damage and even chromosomal 

abnormalities in cancer cells. Endogenous and exogenous events pose a risk to genome 

integrity and, thus, also to DNA replication. Since DNA replication is a complex and 

important mechanism, many control checkpoints are switched on. This is because a 

blocked replication fork and a disruption in the restart of replication can lead to an 

accumulation of mutations.  
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1.8. The impact of cytokines on biological processes 

 
Research results, from the last decade showed that cytokines play an important role in 

the communication between immune cells and signaling to the brain. Cytokine activity 

can cause neurochemical, neuroimmune, or behavioral changes, among other things. 

Cytokines can play important roles in the pathophysiology of some psychiatric disorders, 

including depression, schizophrenia, and Alzheimer's disease. Therefore, it is essential 

to examine the effect of cytokines in the central nervous system on their specific 

mechanism leading to patients' "disease behavior", especially with severe infections, 

cancer, or neuropsychiatric side effects after interferon treatment. This is because the 

improved understanding of the cytokine mechanisms involved in various brain activities 

can exclude specific psychobiological mechanisms of neurodegenerative diseases and 

thus approaches for treatment interventions. Research into cytokines brings two 

scientific areas together: neuroscience, and immunology. The cytokines are known to 

act as chemical messengers between the immune cells. Therefore, one of their key roles 

is mediating inflammatory and immune responses76. The brain also acts as a control 

center for the body. Information about infections and injuries that reach the brain is 

processed, and metabolic and behavioral pathways are set in motion. These 

mechanisms, in turn, serve to maintain homeostasis or, in the event of an unbalance, 

restore the healthy state. The cytokines are thought to be immune system hormones that 

regulate communication between cells. The comparison to the hormones is also 

reinforced by the fact that their properties are comparable to those of the classic 

hormones of the endocrine system. The induction of early cytokines controls the 

expression of later cytokines. Cytokines are in close interaction with their functional 

receptor. This enables the physiological reaction to be activated and regulated by the 

cytokines77. Cytokine receptors can occur in soluble form but also as membrane-

anchored receptors. However, a complex can also arise between the soluble form of the 

receptor and the cytokine, which in turn increases the biological activity of the cytokine. 

This was observed when IL-6 binds to its soluble receptor. Which, being complex, 

increases the activity of IL-6. The cytokines were mainly named after their biological 

activity. Cytokines are pleiotropic proteins because they are usually involved in several 

physical activities. Research projects often work on a protein but investigate different 

functions of the cytokines. After successful gene sequencing, interleukin numbers are 

assigned to cytokines, should this be possible, and they are not seen as part of another 

superfamily. Many cytokines (e.g., TNF, interferon, and IL-1) come in varying forms; for 

this reason, they are usually given a suffix from the Greek alphabet (α, β, γ). Cytokines 

are structurally homologous to one another to a limited extent, but they bind to the same 
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surface receptors and cause similar biological reactions. Cytokines can also be grouped 

into proinflammatory and anti-inflammatory cytokines. The cytokines to which 

proinflammatory function is attributed include IL-1, IL-6, and TNF. These increase the 

immune response, primarily to eliminate pathogens and dissolve a cluster of 

inflammation more quickly33. Another example of a pleiotropic protein, which will be 

discussed in more detail in the following chapter, is the macrophage migration inhibitory 

factor (MIF). This is also assigned a function comparable to that of the proinflammatory 

cytokines. Cytokines can lead to proinflammatory effects in various ways. Cells can be 

activated, and the metabolic rate or the temperature regulation can also be changed. 

These changes aim to increase inflammatory responses.  

 

1.9.  The role of cytokines and chemokines in the brain  

 

The effects of cytokines in the brain can unfold in multiple ways. The cytokine signal 

transmission in the brain can be mediated by passive transport to circumventricular 

points where the blood-brain barrier is missing78,79. The cytokines can also bind to the 

cerebral vascular endothelium, which enables the formation of secondary messenger 

substances. Cytokines can also stimulate the peripheral afferent nerve endings, where 

they are released in turn. Finally, with the help of carrier-mediated transport, cytokines 

can also enter the brain via the blood-brain barrier. All these mechanisms provide a 

means of overcoming the blood-brain barrier. Cytokines are also synthesized and 

released in the central nervous system. Furthermore, astrocytes and also microglia can 

be secreted. The cytokines in the brain regulate various brain activities, including 

immunological, neurochemical, and neuroendocrine activities. The balance and 

feedback loops of cytokines are an important part of the homeostatic mechanism. 

Dysfunction can lead to severe illnesses such as infections, cancer, or autoimmune 

diseases. Some studies focus on the influence of physical stress as a result of infection 

on cytokine production, and psychological stress factors on cytokine secretion are also 

examined. Because cytokines are influenced by stress and, at the same time, are 

associated with neurotransmitters, studies repeatedly bring cytokines into the focus of 

psychiatric diseases. 

In research groups focusing on psychiatric diseases, specific cytokine abnormalities 

were observed in schizophrenia patients. In Alzheimer's disease, inflammatory and 

immune mechanisms are at the center of research. It is assumed that it is precisely the 

acute phase proteins that are mediated by cytokines. Higher levels of IL-1, IL-6, and TNF 

were observed in Alzheimer's patients80  
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1.10. Macrophage migration inhibitory factor (MIF) 

 
The naming of MIF basically steers in the wrong direction, which goes back to the late 

1950s when MIF was originally identified as a T cell-derived mediator that inhibits 

random movement of macrophages81,82. In 1966, MIF was simultaneously characterized 

by Bloom and Bennet and by David as a soluble factor that is produced by activated T 

lymphocytes83,84. In the years following, MIF was also identified as a key player in general 

macrophage activation, which includes the spreading of phagocytosis and also 

enhancing tumoricidal activity85,86.  

However, one should not neglect the fact that the source of the MIF in these studies 

originate from the conditioned media of activated T cells. Additionally, other mediators, 

such as interleukin (IL)-4 and interferon (IFN)-gamma, influence the inhibitory effect on 

the migration of macrophages 87,88. Progress in MIF studies reached new heights when 

a cDNA encoding human MIF was isolated from transfected COS-1 cells89. Through this 

advancement, the biological, biochemical and biophysical properties of human MIF were 

able to be studied. All of this laid the foundation for Prof. Jürgen Bernhagen, who was 

the first to clone and purify murine MIF released by the anterior pituitary gland after the 

administration of the endotoxin LPS90. Just a year later, studies found that MIF is also 

produced by activated macrophages. Not only were macrophages an important target, 

but they were now also a source of MIF proteins in vivo90,91. In 1999, an MIF knockout 

mouse model was established, while studying the biological role of MIF as a pleiotropic 

cytokine during sepsis92. Just a few years later, the now well-known receptors were 

found, such as the cell surface receptor CD7493,94, and the chemokine receptors CXCR2 

and CXCR4. Having a more or less complete picture of the MIF family members, formed 

the understanding that MIF has an important role not only in inflammatory diseases but 

also in other disease pathologies95,96.  

 

 

1.11. Structure and function of MIF 

 
The cytokine Macrophage migration inhibitory factor (MIF) is a small Protein of about 

12,5 kDa. RNA expression of MIF has been detected in all human tissue. The protein is 

mostly expressed in the cytoplasm including immune cells. Additionally, in most cases 

the RNA expressions are not different from the protein expression levels, except for 

some tissue. There are few exceptions, these include blood and the muscle tissue.  

The expression of MIF has been demonstrated both in embryonic97,98 stages and in 

adults99.  
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Thierry Roger indicated a 10-fold increase of expression levels for migration inhibitory 

factor (MIF) during neonatal stage compared with adults. It is believed that MIF in the 

neonatal stage is counter regulating adenosine and prostaglandin E2-mediated 

immunosuppression. However, it is also known, that already existing infection in the 

neonatal stage has a further negative effect on the course of the disease100,101. This 

reveals the unique role of MIF in the regulation of neonatal innate immune response. It 

is partly protective while reducing susceptibility to infection during the neonatal period 

and MIF is partly identified to promote uncontrolled inflammation during sepsis which 

may lead to negative results100. The MIF expression levels differ not only between adult 

and neonates or cell types it also changes within the disease course102. Expression 

levels of MIF and their known functionally‑related genes, D‑DT, CD74, CD44, CXCR2 

and CXCR4 are not only increases in atherosclerosis103,104 related diseases but in 

particular they play critical roles in the carcinogenesis such as glioblastoma105–107. In the 

present studies, MIF and its family relevant proteins are more and more in the focus of 

Alzheimer's disease108–110. The human MIF gene consists of 115 amino acids, with three 

short exons of 107, 172 and 66 base pairs and two introns of 188 and 94 base pairs. 

Monomeric MIF has a molecular weight of 12,5 kDa89.  

The trimeric arrangement of MIF three identical monomers was reported in 1996111. MIF 

is highly conserved across species112,113. Within mammalian (human, mouse and rat) 

MIF have a homology around 90%. As a result, one can assume that MIF might have an 

important biological function. Every single monomer contains two anti-parallel alpha 

helices, which are packed against a four stranded beta sheet. In addition, each monomer 

contains two beta strands that interact with the beta sheets of adjacent 

subunits(βαβββαββ). This complex forms the interface between the monomers. All three 

beta sheets are arranged in a cylinder that provides a solvent-accessible channel that 

runs through the center of the protein along a molecular triple axis. The important 

structural elements of the MIF monomer are presented by the N-like loop and the pseudo 

(E) LR motif. The (E) LR motif is very similar to the chemokine’s ELR motif. The only 

difference is that the amino acid glutamic acid has been replaced by aspartic acid. 

Compared to classical chemokines, MIF does not have an N-terminal signal sequence 

that is required for the classical secretory pathway via the endoplasmic reticulum and 

the Golgi apparatus. Instead, a so-called "non-classical export pathway" secretion 

occurred in response to various stimuli, such as hypoxia or bacterial lipopolysaccharides 

(LPS)114,115.  

Only recently a new role was discovered for MIF, in addition to the already familiar ones. 

MIF was found to be the unknown nuclease of the AIF dependent apoptosis pathways 

during a screen for AIF interacting proteins. MIF has been classified as a member of the 
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PD-D/E(x)K similar to EcoRI, EcoRV, ExoIII and PvuII116,117. This new finding will be the 

main focus of this thesis118,119.  

 

 

1.12. D-Dopachrome tautomerase (D-DT/MIF-2)  

 
Identifying the surface receptor CD74, lead to the discovery of D-dopachrome 

tautomerase (D-DT) or MIF-2. Several reports showed that the deletion of MIF still 

generated similar phenotypes when compared to the immunoneutralization or genetic 

deletion of MIF. The measured effect is about 2-fold more pronounced in receptor-

deficient cells. Due to these observations, a second receptor-ligand interaction pair was 

proposed95. D-dopachrome tautomerase (D-DT) was the ligand. It appeared for the first 

time in literature in 1993 as an enzyme detected in the cytoplasm of human melanoma 

cells, human liver cells and the cells of rat organs, which converts D-dopachrome to 5,6-

dihydroxyindole120. It is also called MIF-2, because it was found to be a homolog of MIF 

in the mammalian genome. MIF-2 also shares three-dimensional homology with MIF121. 

Since then, the enzymatic activity of MIF-2 was detected in the epidermis of the skin, 

and its level was found to increase after UV irradiation122. Additionally, a critical role for 

MIF-2 and CD74 in kidney disease has been detected123. D-dopachrome tautomerase 

(D-DT) also called MIF-2, has come to the fore after it was discovered as the second 

CD74 receptor ligand. From this time forward MIF-2 has been described as the newly 

cytokine and a member of the macrophage MIF protein superfamily. It is known that MIF-

2 binds to the MIF cell surface receptor complex CD74 / CD44 with a very high 

affinity124,125.As already mentioned at the beginning, in the human genome the gene for 

MIF-2, is located in close proximity (~80 kb apart) to chromosome 22. It is hypothesized 

that an early DNA duplication event played a pivotal role in shaping the current gene 

structure. This hypothesis gains support from the observation that the human and mouse 

MIF, along with MIF-2, are closely associated with two theta-class glutathione S-

transferase genes. In addition, MIF-2 also consists of three exons (exon 1: 108 bp, exon 

2: 176 bp and exon 3: 70 bp) merely the non-coding intron has different lengths (intron 

1: 363 bp, intron 2: 2144 bp)126,127. In addition, that triggers similar cell signal and effector 

functions. New findings show that the MIF and MIF-2 work cooperatively. A neutralization 

or systemic knockout of MIF-2 in vivo significantly reduces inflammatory reactions. It was 

recently shown that the biological role of MIF-2 has a very narrow functional spectrum 

with MIF. This can perhaps also be explained by the fact that in the human genome, 

MIF-2 loci is in close proximity to MIF. This, in turn, indicates that MIF and MIF-2 gene 

clusters arise from an ancestral duplication event127. The second ligand, MIF-2, has a 

molecular weight of approximately 13 kDa, and it is also able to convert D-dopachrome 
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to 5, 6-dihydroxyindole126,128. D-dopachrome and p-hydroxyphenylpyruvate serve as 

substrates for the tautomerase. However, the murine MIF-2 and murine MIF have just a 

28 % identity and 45 % homology when protein sequences are compared. However 

critical residues for the tautomerase activity are conserved in MIF and in MIF-2129. In 

addition, the three-dimensional show that MIF-2 a significant homology with MIF. Not 

just the overall folding, also the subunit topology is almost identical when compared with 

human MIF126. This positively charged property is also present in MIF-2 by the N-terminal 

proline130, located at the bottom of a positively, in which the conformations of Lys32 and 

Ser63 are highly conserved. It is assumed that these characteristics related to the 

physiological role and tautomerase activity of MIF and D-dopachrome tautomerase. MIF-

2 has been reported in different cellular locations, such as cytoplasmic membranous and 

nuclear as well. Besides, it is put in context to be associated with cancer, especially if 

high MIF levels are reported in Liver and prostate cancer, this is mostly attributed to the 

interaction with the CD74 receptor131. All in all, MIF-2 has been indicated for sharing with 

MIF, among others, an exacerbating role in endotoxic shock and in renal tumorigenesis. 

Besides it is mimicking the cardioprotective effect of MIF in a mouse model of 

ischemia/reperfusion injury of the heart125,127.  

However, state of the art research on the influence of MIF on cell survival and apoptosis 

is still controversial and complex. The receptor and molecular mechanism behind it are 

still unclear. All in all the biological function of MIF-2 has still barely been studied76.  

 
 
 

1.13. MIF: a crucial regulator of inflammation 

 
Nowadays, inflammatory processes are described as “the impact on living tissue after 

injuries”132,133. Macrophage migration inhibitory factor (MIF) is reported as a 

proinflammatory cytokine, which plays an important role of the inflammatory cascade. 

While studying the importance of MIF in the context of obesity IR, glucose intolerance 

and atherosclerosis, MIF deficient mice show significantly reduced inflammation in the 

liver. This is expressed by the lower fibrinogen levels at baseline under inflammatory 

conditions79. These highlight the crucial role of chronic inflammation in the development 

of inflammatory response and atherosclerosis. This follows that one can deduce MIF as 

a potential therapeutic target, in order to decrease inflammatory responses within 

metabolic and cardiovascular disorders134,135. MIF is known as a pleiotropic cytokine, 

which regulates the expression of several inflammatory molecules, such as TNF-α, nitric 

oxide and cyclooxygenase 2 (COX-2). Secretion of MIF secretion is regulated by immune 

stimuli, which in turn leads to pro inflammatory pathways136,137. One should not forget 
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that MIF paralogue MIF-2 signals through the receptor CD74 and, therefore, should also 

not be disregarded in the context of inflammatory diseases. when focus is placed on 

CD74+ T cells, a distinct but synergistic role in CIA pathogenesis138,139 is observed. 

Chemokines can also be post-translationally modified by, among other things, 

nitration/nitrosylation. The modification can change chemokine activity140.  

 
 

1.14. MIF and its involvement in neurodegenerative disorders 

 

Neurodegenerative diseases or ischemia is immune activation in the central nervous 

system (CNS). Not all immune responses in the CNS are harmful. They can also activate 

cascades of repairs and regeneration mechanisms. However, cell type-specific 

cascades can also be influenced, including the activation of microglia, which play an 

important role in controlling inflammatory processes80,141,142. It can lead to a chronic 

activation of innate immune responses which are mediated by resident CNS 

macrophages. This in turn can activate neurotoxic pathways which further promote 

degeneration. Another key factor in neurodegenerative diseases is the adaptive immune 

response, which causes tissue damage, but also the resolution of inflammation as well 

as neuronal repair or protective mechanisms. It is becoming more and more clear that 

the immune system and the mediation of repair mechanism or damage within 

neurodegenerative diseases are inseparable. It is precisely for this reason that the 

modulation of the immune system has moved more and more into the focus of scientific 

work, but whether these approaches can be used in humans is still a matter of dispute. 

Today's research sees great potential for therapeutic approaches in MIF family member 

research. Therefore, it is essential to consider the topological function of MIF, as it plays 

an important role in future potential therapeutic approaches. 

 

 

1.15. The multiple functions of MIF as a moonlighting protein 

 
Considering the complexity of higher organisms, it turns out that mechanisms conserve 

the diversity among others, such as alternative splicing or post-translational 

modifications (PTMs) on the proteome level143,144. Therefore, the proteome is assumed 

to be larger by a factor of >50-fold. Besides, the gene products are even more diverse 

in humans due to alternative promoter sites and transcript splicing. In addition, many 

non-coding RNAs (e.g, microRNAs) or small interfering RNAs (siRNAs) and long non-

coding RNAs (lncRNAs) control the protein translation and mRNA stability.  
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As discussed with the focus on cytokine and chemokines, it is well known that due to 

PTMs, the enzyme function or even the interaction profile of a protein can change. 

Unexpected additional activities have even been discovered for cytokine such as MIF-2. 

The recent studies hold that several biomolecules show unexpected function, influenced 

by their different- locations, due to specific substrates or even various binding partners, 

such as AIF. Overall, the research shows more evidence of a “molecular multitasking” 

concept than the “one molecule, one function” paradigm. This concept of “multitasking 

moonlight proteins” was first described by Kapurniotu et al, 2019145. New functionalities 

have also been discovered for the MIF family in recent years, including the MIF 

chaperone-like activity and the nuclease activity. However, it is still being discussed 

today whether the latter function takes place within the framework of repair mechanisms 

or during the PARP1 activated apoptosis or whether it performs its role in the trade 

depending on the location, the environment, and the given dysfunction. Intracellular 

proteins can have homeostatic and extracellular functions while promoting inflammation, 

among other functions. In this study, the remarkable multitasking potential of MIF and its 

family member MIF-2 will be described and examined. These molecules are called 

alarmins, released by dysfunctional or damaged cells, and can thus induce inflammatory 

reactions. The scientists have identified alarmins and DAMPs, terms for a class of 

molecules146. In the event of cell stress or damage to the tissue, alarmins are passively 

released after cell death. On the one hand, a release can signal “danger” to the host and 

thus cause a local inflammatory reaction. These, in turn, contribute to the physiological 

healing of tissue. If these mechanisms are dysfunctional, however, pathological 

inflammation can occur. On the other hand, however, alarm release can be controlled to 

communicate early, sublethal cell stress. However, the focus of the MIF family is on the 

“multitasking” concept. For example, the principle of “multitasking” will be characterized 

with the help of the HMGB1. The HMGB1 is found in the cells as a transcriptional cofactor 

that can bind to the DNA145,147. It can however also be secreted into the extracellular 

environment after cell damage. It can also be released into the extracellular milieu in a 

regulated manner via the autophagolysosomal pathway. Extracellular HMGB1 fulfills the 

task of intercellular cytokine and inflammation mediator. HMGB1 thus has two different 

functions, both of which are independent and topologically regulated. HMGB1 can act as 

a co-chemokine together with the CXCL12 (CXC chemokine). On the one hand, the 

HMGB1 / CXCL12 complex can bind with the CXCR4 receptor to stimulate the 

chemotactic cell migration of, among other things, macrophages. Alternatively, it binds 

to the receptor of advanced glycation endproducts (RAGE) to indicate autophagy. The 

later part of this work will make it clear that the MIF and its paralogue MIF-2 have similar 

function. MIF was first identified as a cytokine in 1966 and was newly declared as a 
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pleiotropic chemokine-like inflammatory cytokine. Furthermore, dysfunction of MIF 

promotes atherogenesis, cardiovascular diseases, and tumor development. 

Furthermore, the role of inflammatory cytokines of MIF and its homolog MIF-2 was 

described in the context of diseases. The molecular structure of MIF is unique and, in 

addition to cytokine classes, can also be assigned to a class of bacterial tautomerases 

with a sequence homology of only 20-30%. MIF shows a conserved catalytic 

tautomerase activity. MIF, as well as MIF-2, is expressed in many cell types. An 

upregulation of MIF in inflammation can be regulated by the release. MIF can be found 

in the cytosol after translation. MIF secretion occurs via the ABCA1 transporter, p115, 

and JAB1 / CSN5130. Inflammation and immune stimulation control the non-canonical, 

regulated MIF secretion into the extracellular space. The circulating MIF can bind with 

receptors on myeloid cells. The CD74 plays an important role as a cytokine receptor for 

MIF and MIF-2, expressed by class II negative cells. This signaling activates the 

proliferative responses. Furthermore, in myocardial ischemia, the AMP kinase-mediated 

cardioprotective effects of MIF and MIF-2 are mediated by the CD74 receptor148. In 

addition to neutrophils, CXCR2 is also expressed by macrophages and is upregulated 

under inflammatory stimulation. In addition to the extracellular functions, intracellular 

activities are also observed. These take place in both the cytosolic and the nuclear 

compartments. In the cytosol, MIF interacts with CSN5-JAB1, thereby regulating the 

COP9 signalosomes149. In general, the cytosolic functions of MIFs are referred to as 

"cell-protecting", "homeostasis-promoting". These include the chaperone activity of MIF 

described in 2015. As already mentioned previously, MIF binds with the mutated 

superoxide dismutase (SOD1G93), it inhibits the accumulation of misfolded mutated 

SOD1 with the help of its chaperone activity. In doing so, it inhibits motor neuron 

damage20. However, further questions are unclear in this regard and therefore the 

following studies are pending: chaperone activity in the cytoplasm in non-neuronal cells 

and a promotion of the breakdown of the misfolded protein through further enzymatic 

activity. One can be found in the cell nucleus. And another was observed in the nucleus, 

the nuclease activity. DNA damage promoted by ischemic or excitotoxic stress leads to 

an accumulation of cytosolic poly-ADP-ribose (PAR) trees. The PAR trees promote the 

release of AIF from the mitochondrion. In a complex tied to MIF. With AIF, MIF can also 

be escorted into the cell nucleus and develop its nuclease function there. This signal 

path leads to the promotion of cell death in Parthanatos150,151. This study, which AIF and 

ischemic stress directly influenced, has been partially reproduced by an independent 

laboratory and repeatedly by the scientist who discovered the nuclease activity. 
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Figure 1-3: Schematic representation of summarized multitasking/moonlighting functions of MIF family 

member proteins. 

This figure provides an overview of the multitasking/moonlighting functions of MIF family member proteins. 

Key abbreviations used in the figure include MIF (macrophage migration-inhibitory factor), AIF (apoptosis-

inducing factor), PARP1 (Poly [ADP-ribose]-Polymerase 1), CD74 (MHC class II-associated invariant chain), 

CXCR-4 (C-X-C chemokine receptor type 4), and CXCR2 (C-X-C chemokine receptor 2). 

In the schematic representation, the orange cell symbolizes MIF's nuclear function as a nuclease, indicating 

its involvement in nuclear processes. The extracellular interaction between the orange and violet cells 

represents the proinflammatory function of MIF, highlighting its role in mediating inflammatory responses. 

Please note that the depiction in this figure is a simplified representation aimed at summarizing the 

multifaceted functions of MIF family member proteins and their interactions. 

This schematic representation provides an overview of the multitasking/moonlighting functions of MIF family 

member proteins, emphasizing their diverse roles in both intracellular and extracellular processes. 

 

In summary, MIF has various functions in three independent compartments. The first, (i) 

in the extracellular space as cytokines, the second (ii) in the cytosol as a chaperone-like 

molecule, and the third (iii) in the cell nucleus as an AIF-dependent nuclear-translocated 

nuclease. All of these make the MIF family an incredible example of "topological 

multitasking". By and large, rough tasks in the various cell compartments are observed. 

However, the interaction of the MIF and its interactions with the individual areas of 

responsibility have not been clarified in detail. So important regulatory mechanisms are 

still unclear. It shows that MIF, as well as MIF-2, is a multitasking protein, which has 

functional versatility over three different topologies with several binding proteins. 
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1.15.1. The nuclease function of MIF 

 
The family of nucleases is, among other things, structure, function and topology 

overarching. In summary, it can be said that nucleases can cleave phosphodiester bonds 

(between sugars and the DNA phosphate units) of nucleic acids. These include endo / 

exo, DNa / RNase, topoisomerases, recombinases, ribozymes and many others. This 

study deals with the nuclease of MIF and the potential nuclease function of MIF-2, but it 

is essential to understand mechanisms, structures and the metal ion dependency of the 

nuclease family. The control of the integrity and stability of genetic material is an 

important survival mode in living organisms. Environmental pollution is one of the 

greatest risk factors for DNA integrity. These can be caused by UV light, modification of 

the DNA by carcinogens, or ROS enrichment by by-products of the metabolism. 

However, the intrinsic errors during replication or recombination must not be ignored. 

These must be corrected by various repair protein mechanisms. However, it should be 

noted that a change in the base sequence could lead to serious neurodegenerative 

diseases. Since the molecules involved often work in a complex, each subunit is a limited 

factor. In these cases, nucleases play an important role in dissolving damage or 

activating the elimination of a cell. One of these important complexes in the repair 

mechanism, or rather in the replication apparatus, is DNA polymerase and its 

exonuclease. While the DNA polymerase contributes to the replication of the template 

DNA, the exonuclease degrades faulty DNA strands in the 3 'to 5' direction. The deletion 

of this exonuclease, which contributes to proofreading, leads to increased cancer in 

mice152. In addition, another factor in DNA integrity is the removal of Okazaki fragments 

during replication. In addition to RNaseH, FEN1 endonucleases are involved in the 

elimination of the Okazaki fragments in eukaryotes and archaea75,153–156 The flap 

endonuclease (FEN1) removes RNA and DNA 5 'lobes. Members of this superfamily 

include XPG for nucleotide excision repair and EXO1 for mismatch repair. Studies 

however have also shown that FEN1 is assisted by human DNA2 protein in ATPase-

dependent removing of long flaps in DNA replication154. We know too those other 

nucleases take over important areas within various repair mechanisms. Base excision 

repair, through apurinic / apyrimidinic (AP) endonuclease, endonuclease IV (endoIV) and 

exonuclease III (exoIII) in E. coli cells also takes place. In this context, it is interesting to 

note that these two enzymes show no sequence similarities, but the AP endonuclease 

activities are conserved and are very similar. Within the mismatch repair mechanism, a 

complex of different proteins called the MutSLH (proteins) is the main actor157. 

Nucleotide excision repair (NER) processes DNA after UV radiation, for example, 

unrepaired damage through base excision repair. Another DNA damage caused by 
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ionizing radiation and strand cut chemicals is double strand breaks. This is however not 

generated in meiosis and V (D) J recombination. In this context, Mre11 is shown as a 

multifunctional nuclease. Nucleases can also be classified according to the motifs in their 

primary sequences. The preservation of the motifs within the primary structure is 

however not always decisive, the 3D structure is another factor that must be taken into 

consideration. Functional preservation can be guaranteed by folding. These are shown 

above all in relation to the nucleases involved in DNA repair158,159. It is assumed that the 

3D structures diverge much less or have a greater correlation with the functions 

compared to the primary sequences. In fact, using the example of restriction 

endonucleases of type II, despite their primary sequence diversity, the common core 

motif leads to the formation of the active pocket site, based on their folding family. One 

of these classifications is the RNaseH-like fold (five-stranded β-sheet flanked by several 

α-helices), to which RNaseH or proofreading exonucleases belong. Parts of the active 

center are formed by the DDE motif, which is located on one side of the sheet. Three to 

four acidic radicals coordinate the metals that are essential for the catalytic reaction. 

Resolvase-like folds are also classified, for which FEN1 is also listed. Within the 

restriction endonuclease-like fold, the catalytic domains show a common fold 

architecture, which is a five-stranded β-sheet flanked by several α-helices. The strand 

order is 12345, with strand 2 and in some cases strand 5 being antiparallel to the others. 

The conserved PDXn (D / E) XK sequence can be found on one side of the β sheet. The 

folding of the Vsr endonuclease resembles this structure, with the (D / E) XK sequence 

being replaced by FXH. Furthermore, DNaseI, ExoIII and Ape1 (3F) belong to the class 

of the DNaseI-like fold. What they have in common is a four-layer structure that contains 

an α / β sandwich. The active site is on one side of the β sheet. The recognition of the 

DNA are roughly divided into two categories, DNA recognition by DNA repair nuclease, 

and the unspecific and specific associations160,161. With the help of unspecific DNA 

binding, enzymes can quickly search for target sequences or damage by diffusion 

processes along the DNA. After that, specific interactions are performed to bind with the 

chemical groups within the DNA. Using the example of EcoRV or BamHI, it is shown that 

unspecific binding is a weak association, but in the specific complex DNA is bound 

sequence-specifically in the associated column of the protein. After the deformation of 

the DNA duplex, the cleavage is carried out162. As already mentioned, nucleases cleave 

phosphodiester bonds. There are two modes for this nucleophilic substitution: 

associative and dissociative. Many nucleases use metal cofactors for the hydrolytic 

reaction. For catalysis, some nucleases require magnesium cations, or other metals with 

positive charges.  
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1.15.2. Nucleases: key players in cell death processes 

 
Most neurodegenerative diseases have one thing in common, the death of cells, which 

leads to an irreversible loss of function of organs. Sequentially, the primary goal for 

therapeutic studies of most diseases, is the prevention of cell death. Cell death is divided 

into different categories, but the first is divided into different clusters. Necrosis results 

from cell death, after an acute metabolic disorder (arterial circulatory disorder) such as 

ischemia or after severe toxic tissue damage163–165. Affected cells are destroyed; this 

allows molecules to get into the extracellular space and activate the inflammatory 

response in the surrounding tissue. Of course, this reaction can also be triggered by 

mechanisms other than ischemia, such as mechanical injuries, burns, or frostbite. In 

addition to necrosis, another supergroup to be mentioned is, the apoptosis mechanisms. 

Whereas necrosis is a pathological process, i.e., which is triggered by damaging 

influences on the cell; apoptosis is a physiological and controlled mechanism for cell 

death. Programmed cell death, (called apoptosis), comes from the ancient Greek word 

for falling away. Apoptosis is also described as a "suicide program" by cells164,166–168. 

Mechanisms are activated by stimuli, which in turn initiate programmed cell death. 

Necrosis can be abrupt, whereas apoptosis can last for hours. While cell death may be 

intricately divided into these two distinct categories, it's important not to prematurely 

conclude that these phenomena are entirely separate and independent. After necrotic 

cell death, there is cell lysis which activates inflammation. Furthermore, induced signal 

cascades cause neutrophils and monocytes to be recruited to the dead tissue, breaking 

down necrotic debris. Depending on the type of tissue or organ, healing can leave scars 

or, if possible, the necrosis areas are replaced by healthy tissue through cell proliferation. 

Dysfunction of these functions can lead to cirrhosis169–171. The role of apoptosis can be 

pathological but also important for development; for example, apoptosis forms tissues 

and organs with the help of programmed gaps in the buds of the limbs so that fingers or 

toes can form apoptotic signals that activate caspases. In addition, caspase 3/7 

contributes to the breakdown of the core lamina and cytokeratin, resulting in chromatin 

condensation and cell rounding. 

Endonucleases contribute to DNA fragmentation. These can be detected using the 

comet assay (single-cell gel electrophoresis). In addition, when caspase is activated, 

cells shrink, which makes the translocation detection with the help of life imaging in MIF 

transfected cells culture difficult. Since cell shrinkage also makes it challenging to locate 

the cell compartments. However, not all apoptotic mechanisms are dependent on 

caspase 3/7 activation. An independent mechanism is an apoptosis-inducing factor (AIF) 

from the mitochondria. The translocation of AIF promotes DNA breakdown in the cell 

nucleus. In 2016 MIF was discovered as the most effective interaction partner of AIF and 
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thus also the searched associated nuclease19,116. The missing partner of AIF was 

discovered, and a new enzymatic activity of the moonlight protein MIF. As mentioned at 

the beginning, the conjoint pathways of necrosis and apoptosis are also being 

discovered in new studies, and thus, new forms of programmed necrosis are being 

discovered. These include ferroptosis, pyroptosis, necroptosis, autophagic cell death, 

and PARP-dependent cell death172. These have the commonality that they regulate cell 

death independently of the caspase. 

Ferroptosis is characterized as an iron-dependent process initiated by oxidative stress 

and subsequent lipid peroxidation. Various factors, including mitochondrial 

hyperpolarization and the generation of reactive oxygen species, can induce 

mitochondrial dysfunctions that ultimately lead to cell death. Consequently, ferroptosis 

predominantly occurs following events such as oxidative stress, ischemia-reperfusion, 

and drug-induced hepatotoxicity, activating a necrotic cell death pathway. Pyroptosis is 

induced by the formation of inflammasomes after an intracellular pathogen168,173,174. Cell 

death promoted by pyroptosis removes pathogens and thus microbial killing by 

secondary phagocytes60,175,176. 
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2. Aim of this study  
 

In 2016, MIF's nuclease activity was discovered, which represented a significant 

breakthrough, despite the fact that previous research had detected MIF within the 

nucleus. The focus of this thesis was to study the nuclease activity of MIF, with a 

particular emphasis on identifying its critical amino acid and zinc finger domains. To 

ensure a complete understanding of MIF's nuclear activity, it was crucial to eliminate the 

possibility of contamination by other bacterial nucleases during purification or 

experimental environmental factors. By identifying these critical domains and conducting 

targeted mutation experiments and structural analyses. Furthermore, the objective was 

to determine if the identified domains could be inhibited without affecting the overall 

folding of the protein. This was crucial in confirming the specificity of MIF's nuclease 

activity and ruling out any potential contaminants from purification processes.  

Therefore, to disrupt the active site of nuclear activity, it was crucial to use known MIF 

inhibitors or chelate it specifically in the reactant solution by binding it with an antibody, 

which was also a significant goal of the study. Furthermore, the study aimed to expand 

the scope by examining the nuclease activity of MIF-2. By comparing its structural 

attributes to MIF, the study sought to identify whether MIF-2 also exhibited nuclease 

activity. Crystallography and targeted mutation experiments were used to ascertain the 

presence of nuclease domains within MIF-2 and to determine its potential functional 

consequences. In addition, the study aimed to investigate whether MIF-2 was 

increasingly observed in the nucleus following a toxic insult with NMDA or MNNG and 

the potential collocation of MIF-2 with AIF. One another key target of my PhD thesis was 

to address whether there was an impact on DNA damage in MIF and MIF-2 deficient 

cells compared to WT cells. To investigate this, methods such as the comet assay and 

DSB marker analysis were employed. However, it was crucial to note that DSB markers 

may also increase during repair mechanisms. To overcome this limitation, live imaging 

was utilized to determine the number of intact cells within the culture before and after 

toxic insult. Another significant aspect of this research was to establish new research 

models for advancing scientific understanding in the field of MIF research. 
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3. Material 
 

3.1. Chemicals and reagents 

 
Chemicals and Reagents  Manufacturer  

30 % Acrylamid-Lösung  BioRad, Munich 

Albumin Fraktion V (BSA)  Carl Roth, Karlsruhe 

Bacto-Agar  AppliChem, Darmstadt 

Dimethylsulfoxid (DMSO)  Sigma, Munich 

DNA-Ladder, 100 bp  Invitrogen, Göningen, Netherlands  

DNA-Ladder, 1kb  Invitrogen, Göningen, Netherlands  

Dynabeads® Protein G  Thermofisher Scientific  

EDTA  AppliChem, Darmstadt 

Ethanol Carl Roth, Karlsruhe 

FCS  Gibco, Eggenstein 

Glycin  Fluka Chemie AG, Switzerland  

Hoechst  Thermofisher Scientifi 

Hydrochloric acid (HCl)  Fluka Chemie AG, Switzerland  

Isopropanol  KMF, Lohmar 

Magnesiumchlorid (MgCl2)  Sigma Aldrich 

Matrigel  Collaborative Biomedical Products  

MultiMark® Multi-Colored Protein 

Standard  

Invitrogen, Karlsruhe  

Penicillin/Streptomycin-Solution  Gibco, Eggenstein  

Poly-L-Lysine Sigma Aldrich  

Protein Assay (Bradford-Reagenz)  BioRad, Munich  

Sodium dodecyl sulfate Lauryl Sulfate 

(SDS) 

Sigma Aldrich  

Sodium hydroxide solution  Fluka Chemie AG, Switzerland  

Saccharose  Sigma Aldrich 

TEMED BioRad, Munich 

Tris  Carl Roth, Karlsruhe  

Triton X-100 Fluka Chemie AG, Switzerland  

Trypan Blue solution  Invitrogen, Karlsruhe 

Trypsin/EDTA  Invitrogen, Karlsruhe 

Tween 20  Fluka Chemie AG, Switzerland  
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3.2. MIF family protein samples  

 

MIF  Manufacturer  

Human MIF (MonoQ,C8/nativ)  Bernhagen lab, LMU, Munich  

Mouse MIF (MonoQ,C8/nativ)  Bernhagen lab, LMU, Munich  

Human MIF-2 (MonoQ,C8/nativ) Bernhagen lab, LMU, Munich  

Mouse MIF-2 (MonoQ,C8/nativ) Bernhagen lab, LMU, Munich  

Human MIF E22Q Nuclease Dead 

Mutant  

Gokce lab, LMU, Munich / Bernhagen 

lab, LMU, Munich  

Human MIF C81S Mutant Bernhagen lab, LMU, Munich  

Human MIF-2 E88Q Nuclease Dead 

Mutant 

Gokce lab, LMU, Munich / Bernhagen 

lab, LMU, Munich  

 

 

 

3.3. Buffer and solution  

 

Buffer  Composition  

PBS (pH 7.2)  137 mM NaCl, 

2.7 mM KCl 

1.5 mM KH2PO4  

8.1 mM Na2HPO4 in ddH2O  

PBS-T  

 

0.05 % (w/v) Tween 20 in PBS  

TBS (pH 7.3) 

 

20mM Tris-HCL 

150mM NaCl in ddH2O 

TBS-T  

 

1.  Tween 20 in TBS  
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3.4. Buffer and solution (SDS-PAGE, western blot 

immunodetection) 

 

Buffer  Composition  

10 % Resolving gel 10 % (w/v) acrylamide/Bis solution 

375 mM Tris-HCl, pH 8.8  

0.1 % (w/v) SDS 

0.1 % (w/v) APS 

0.1 % (v/v) TEMED  

4 % Stacking gel  4% (w/v) acrylamide/Bis solution  

125 mM Tris-HCl, pH 6.8 

0.1 % (w/v) SDS 

0.1 % (w/v) APS  

0.1 % (v/v) TEMED  

5 x SDS running buffer  25 mM Tris-HCl 

192 mM Glycine 1 % (w/v) SDS  

in ddH2O  

Transfer buffer  5 % (v/v) NuPage-transfer buffer (20x) 

10 % (v/v) Methanol 

in ddH2O  

1 % Blocking solution 3 % (w/v) BSA in TBS-T 

Immunoblot washing buffer (TBS-T)  0,1 % (w/v) Tween 20 in TBS  

 
 
 

3.5. Media and solutions for culture of primary mouse neurons  

 

 

Media and solutions Composition  

Hank’s Balanced Salt Solution (HBS)  500mL Hanks without calcium or 

magnesium (Sigma H2387)  

2.1875 ml of sterile Sodium bicarbonate 

solution 

8% (w/v) NaHCO3 (350mg per L)  

0.5ml sterile 1 mM HEPES pH 7.3  

Common Medium: MEM  500 ml of MEM 

12.5 ml of 20% glucose 
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1.25 ml of 8% (w/v) NaHCO3 

50 mg Transferrin (thermo 11107-018, 

MW 77,000)  

Plating Medium 88.3ml Common Medium  

500ul of 100x antibiotics pen/strep (0.5X 

final)  

10 ml FBS (or the one tested in house) 

(10% final) 

1 ml 0.2M L-glutamine solution  

200 µl Insuline solution  

Growth Medium (0 Ara-C) 

 

per 92.75 ml of Common Medium 

5ml FBS(Heat inactivated at 57 ̊C for 30 

min) 

0.25 ml 0.2 M L-glutamine solution 

(GIBCO 12403) 

2 ml B-27 supplement (Gibco 17504  

Growth Medium (4µM Ara-C)  

 

In 50ml Growth Medium 

4 µM final concentration of Cytosine β-D-

arabinofuranoside  

Papain and 100X activator  

 

Papain (0.25 mg/mL; Sigma-Aldrich; 

P3375)  

activated by L-cystein (1.25 mg/mL; 

Sigma-Aldrich; C7352)  

0.5mM EDTA  

 

 

3.6. Solutions for Coomassie brilliant blue staining  

 

Buffer  Composition  

Coomassie staining solution  

 

0.25 % Coomassie Brilliant Blue R- 250 

40 % methanol 

10 % glacial acidic acid  

Coomassie destaining solution  

 

40 % methanol 

1.  glacial acidic acid  
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3.7. Bacteria and plasmids  

 

Bacteria/ Plasmid  Description  

E.coli  Gökce lab.  

pET-22b/hMIF  Bernhagen lab;  

Rosetta™(DE3) Competent Cells Bernhagen lab; 

 

3.8. Buffers and solutions for protein expression and purification  

 
Buffer  Compositions  

LB-media  1 % (w/v) NaCl  

1 % (w/v) Bacto-Trypton  

2 % (v/w) yeast extract.  

LB-agar  

 

LB-media 

+ 1,5 % (w/v) Bacto-agar  

Low salt buffer, pH 7.4  

 

50 mM Tris-HCL, pH 7.4 

50 mM NaCl  

High salt buffer, pH 7.4  

 

50 mM Tris-HCL, pH 7.4  

1000 mM NaCl  

Dialysis buffer 1  20 mM NaH2PO4  

5 mM DTT  

Dialysis buffer 2  20 M NaH2PO4  

 
 

3.9. Primary antibodies  

 
Donkey anti-rabbit IRDye 800CW  Immunoblotting  

Donkey anti-mouse IRDye 800CW  Immunoblotting 

Donkey anti-mouse IRDye 680CW  Immunoblotting 

Donkey anti-rabbit IRDye 800CW  Immunoblotting 

Donkey anti-rabbit IRDye 680CW  Immunoblotting 

Alexa Fluor 594, Donkey anti-goat IgG  IHC, ICC  

Alexa Fluor 647, Donkey anti-mouse IgG IHC, ICC  

Alexa Fluor 647 Goat anti-rabbit IgG IHC, ICC  

Alexa Fluor 647 Goat anti-mouse IgG IHC, ICC  

Alexa Fluor 647 Goat anti-rat IgG IHC, ICC 
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Alexa Fluor 555Goat anti-mouse IgG IHC, ICC 

Alexa Fluor 555 Goat anti-rabbit IgG IHC, ICC  

Alexa Fluor 488 Goat anti-mouse IgG IHC, ICC  

Alexa Fluor 488 Goat anti-rabbit IgG IHC, ICC  

 
 

3.10. Cell lines and primary cultures  

 
Cell line  Use 

HEK293  Preliminary experiments  

Primary neuronal mix culture  Determintal experiments  

Primary astrocyte culture  Determintal experiments  

 
 

3.11. Mouse lines  

 
Name Background/Number 

wildtype  C57BL/6j  

MIF -/-  186 

MIF-2 -/- 1313 

MIF-2 -/- 1314 

 
 

3.12. Consumables  

 
Consumables  Manufacturer  

Cell strainer 40 μm Nylon BD, Heidelberg 

Centrifuge tubes (15 ml, 50 ml)  Falcon, Heidelberg  

Microtube  Eppendorf, Hamburg  

NuPage combs  Invitrogen, Karlsruhe  

NuPage cassettes  Invitrogen, Karlsruhe  

Parafilm „M― Laboratory Film  American National Can, USA  

Pipette tips 1000 μl  Brand, Wertheim  

Pipette tips 200 μl  Brand, Wertheim  

Pipette tips 10 μl  Sarstedt, Nürnbrecht  

Plastic vials  Sarstedt, Nürnbrecht  
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PVDF (polyvinylidene difluoride) transfer 

membrane (0.2 μm) 

Carl Roth, Karlsruhe  

Reaction tube 1.5 ml  Sarstedt, Nürnbrecht  

Reaction tube 2 ml Carl Roth, Karlsruhe 

Syringes (2 ml, 50 ml)  Dispomed, Gelnhausen 

Whatman filter paper Greiner Labortechnik, Frickenhausen  

 
 
 

3.13. Kits  

 
Kit Manufacturer 

Gibson Assembly® Master Mix  New Englan BioLabs  

Mini and maxi preparation  QIAGEN  

 
 

3.14. Devices  

 
 
Devices  Manufacturer  

-20 °C Freezer Premium Liebherr, Ochsenhausen 

-80 °C Freezer Ultra Low Sanyo Electric Biomedical Co., Japan  

4 °C Fridge Premium frost-free  Liebherr, Ochsenhausen 

Centrifuge 5417R Eppendorf, Wessling-Berzdorf  

CO2-Auto-Zero-Incubator Heraeus, Hanau 

Ice machine AF 100 Scotsman, Italien 

Electrophoresis Power Supply 2909.1  Carl Roth, Karlsruhe 

Hypoxic workstation INVIVO2 400  Ruskinn, UK  

LAS-3000 Image Reader  Fujifilm, Düsseldorf 

Magnet stirrer MSH basic yellowline  IKA, Staufen 

Neubauer counting chamber  Paul Marienfeld, Lauda-Königshofen  

PHM82 Standard pH-Meter  Radiometer, Denmark 

Pipettes  Gilson, USA 

Pipettor Pipetboy  IBS integra biosciences, Fernwald  

Rocking shaker Rocky  Fröbel Labortechnik, Lindau 

Rocking Shaker PMR-30 Grant Instruments, Cambridge  

Schott flasks  Schott, Mainz 

SDS-PAGE NuPage  Invitrogen, Karlsruhe  
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Vortex MS2 Minishaker IKA Works, Wilmington 

Water bath type 1004 GFL, Burgwedel 

 
 

3.15. Software  

 
 

Software  Manufacturer  

openComet Software   

ImageJ  ImagJ 1.51n  
Graph Pad PRISM  8.2.1 
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4. Method 
 

4.1. Cell culture 

In order to ensure sterile conditions for working in cell culture, all experiments including 

cell lines or primary cultures were carried out in a laminar flow hood, approved for this 

purpose. The conditions under which cell lines and primary cell cultures grow can vary, 

but what they all have in common is a suitable container with a medium containing 

essential nutrients (amino acids, carbohydrates, vitamins, minerals). Growth factors are 

required for adequate maintenance, including hormones, the gas composition of the 

environment (O2, CO2) and above all, a regulated physical and chemical environment 

that includes the pH, temperature, and osmotic pressure. In addition to cell lines floating 

freely in the culture medium (suspension culture), there are also firmly bound lines 

(adherent or monolayer culture) that play an essential role in this work. These, in turn, 

require an additional layer of certain subsoil to attach. 

 

4.1.1. Human embryonic kidney (HEK) 

In this thesis, HEK293T cell lines were used for preliminary experiments to study the 

interaction of MIF and MIF-2 with AIF. The cell line was also used to establish life imaging 

and toxicity tests. The HEK cell line was kept in a DMEM culture medium supplemented 

with 10 % heat-inactivated fetal calf serum (FCS) and 1 % penicillin/streptomycin for both 

experiments. Cells were incubated in a humidified incubator (5 % CO2) at 37 °C.  

 

4.1.2. Neuronal culture isolation 

 

In this study, mixed neuronal cultures were used for western blots, Immunocytochemistry 

staining (ICC), and live imaging purposes. For further microscopic analysis, a 24 well 

plate had to be prepared with round 12 mm cover slips (Hecht Assistent® /REF 

41001112). Other culture plate formats (6 or 96 healthy plates) were first covered with 

Matrigel and placed in the incubator (5 % CO2, 37 °C) for at least 1 hour. For neuronal 

cell isolation, the brain of P0-1-day old mouse pups were used. The cortex and 

hippocampus were removed and washed several times in a petri dish with a dissociation 

medium (4 °C) during preparation. All processes were performed on ice. The euthanized 
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pups were sacrificed by cutting off the animals' heads (with one single cut). For the 

following steps, blunt tweezers were used to fix the head through the eye sockets on the 

Petri dish's base. Then micro scissors were used to cut gently along the midline, starting 

at the cerebellum and going around the eye sockets. The skull was carefully opened. 

Now that the brain has been exposed, it was first transferred to a new petri dish with an 

ice-cold dissociation medium (enough to cover the brain completely). First the meninges 

(especially around the hippocampus), then the hippocampus and the cortex were 

removed, the animals' brains were individually dissected, and after each animal, all 

dissection tools were cleaned. For further dissociation steps, an activated papain 

solution was used. The papain solution (0.25 mg/mL) was diluted in a dissociation 

medium, the hippocampus and cortex were transferred into the enzyme-containing 

solution and incubated for 20 minutes at 37 °C. After the incubation, the papain solution 

was removed and covered with 3-5 ml preheated plating medium. The hippocampus and 

cortex's single cells were mechanically isolated in the plating medium using Transfer 

pipettes. By using a 40 µm filter incomplete dissociated tissue was removed. It is crucial 

to moisturize the filter beforehand to prevent unnecessary tissue destruction leading to 

DNA leakage, which creates an unwanted sticky cell solution. After the number of cells 

was determined (1.000.000 cells / mL) by TC20™ Automated Cell Counter, the cell 

suspension was seeded in a 24 well plate (~ 500.000 cells / well). After the cells had 

settled, the plating medium was removed and replaced with ARAC (50 %). The settling 

can take up to 60 hours. 

 

4.1.3. Astrocyte culture isolation 

 
To investigate the function of MIF-2, we established an astrocyte culture in which 

MIF-2 is present at high expression levels. The main differences between primary 

mixed neuronal culture and primary astrocyte culture start after cultivation in 

flasks. The dissociation of the brain and the plating and maintenance solution is 

the same (see section 3.1.2). 

However, the dissected brain was transferred directly into flasks. This is followed 

by another step in which the cultures are split into the final plates (6-, 12-, 24-, or 

96-well plates). Therefore, the astrocyte cultures were incubated in the same way 

as the mixed neuronal cultures until DIV 5-7. After reaching approximately 70 % 

confluence, the flask medium was changed from the usual maintenance media 

to Hibernate™ A medium containing 0.5 mM Glutamax™. After gentle shaking at 
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4°C, the remaining astrocytes were trypsinized, centrifuged, and resuspended in 

the freshly prepared AstroMACS medium. After checking the density and viability 

of the remaining cells, they were split into the designated plates. Cells were 

treated, fixed, or imaged between DIV 13-20. 

 

 

 

Figure 4-1: Schematic representation of primary astrocyte culture  

 

(A) Schematic representation of the primary astrocyte culture protocol for mouse brain using AstroMACS 

medium. The timeline between dissociation and the experiment is depicted, illustrating the key steps 

involved in the culture process. (B) Representative images of primary astrocyte cultures at two time points: 

DIV10 (days in vitro 10) and DIV18 (days in vitro 18). The images were acquired using light microscopy, 

showcasing the morphological changes and growth of astrocytes over time. (C) Representative images of 

primary astrocyte culture demonstrate the colocalization of MIF-2 (red), the astrocyte marker ALDH1L1 

(green), and the nucleus (DAPI/blue). The overlay of MIF-2 and the astrocyte marker is displayed in purple, 

while the colocalization of MIF-2, the astrocyte marker, and the nucleus is shown in white. These images 

provide visual evidence of successful primary astrocyte culture establishment and the specific localization 

of MIF-2 within astrocytes, as indicated by its colocalization with the astrocyte marker ALDH1L1 and the 

nucleus (The scale bar is 10 m). 

 
 

4.2. Toxic treatments 

 

Toxins have been used to study nuclear translocation and percentage cell death. The 

toxins N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), N-methyl-D-aspartic (NMDA), 

etoposide, and 3-nitropropionic acid (3-NP) have been used to study nuclear 

translocation and cell death. To study the toxic effect, neuronal mixed cultures were 

introduced to toxicity, and cells were incubated (5% CO2, 37 °C) for various time lengths. 

After this, the cells could be further processed in the described staining procedures. The 

cell culture plates were washed with PBS (MgCl2 (0.9 mM) and CaCl2 (0.5 mM)) and 
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AstroMACS Medium

DIV14

Treatment

Fixation 

and Staining

MIF2 ALDH1L1 Dapi

A

B

C

DIV10 DIV18

A B 

C 



Method 

43 

 

fixed with 4% PFA / 4% sucrose in PBS (without MgCl2 and CaCl2) for 15 min at 4 °C. 

With a light microscope (Leica DMi8), the cells were life imaged during toxic introduction. 

 

4.3. Digestion of DNA by restriction endonucleases  

Restriction enzymes were used to monitor the cloning success. Besides, a control group 

for the MIF family's nuclease function was included using restriction enzymes, especially 

for the PD- (D / E) XK superfamily. Restriction enzymes (1U-1.5U) were used under ideal 

conditions for the analysis of the plasmids. The total volume of the reaction was filled up 

with DNase and RNase-free H2O. The reaction mix was incubated at 37 °C for varying 

lengths of time (4-8 hours). After that, the reaction mixture was separated by agarose 

gel electrophoresis (0,7-1%). Digested plasmid DNA was visualized with SYBR® Safe 

(1:10000). 

 

4.4. Nuclease agarose assay 

 

Nuclease assays of pcDNA (200 ng/reaction) were carried out with human MIF / MIF-2, 

mouse MIF / MIF-2, or their recombinant mutants (hMIFC61S; hMIFE22Q; MIF-2E86Q). 

The nuclease assay has been performed with variable final concentrations of 0.2-8 µM 

of MIF protein, in 10 mM Tris- HCl buffer (pH 7.0) and 10 mM MgCl2 (pH 7.0) for 10-48 

hours, incubated at 37 °C. When 50 mM EDTA was added to the reaction mixture, Mg2+ 

ions critical for the nuclease reaction were removed (chelated) from the reaction solution. 

1x loading dye was added to the sample for a final concentration of 30-100 ng pcDNA 

the sample was loaded onto the agarose gel (0.7-1% agarose) supplemented with 

SYBR® Safe (1:10000). The agarose gel was embedded in 0.5 x TBE buffer and run for 

45 minutes at 120 Volts in the electrophoresis chamber. 
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4.5. Real-time nuclease assay 

 

The used nucleases were RNase-Free DNase I (Thermo Fisher Scientific), AGEI (New 

England Biolabs), ECORI (New England Biolabs), FEN1 (New England Biolabs), 

ECORV (New England Biolabs) and in-lab purified MIF and MIF-2. The individual 

restriction reaction mixture contained either a commercial reaction Buffer or the nuclease 

buffer containing Mg2+ (10mM). In addition, it has fluorescein-labeled oligonucleotide 

probes (0-20M) as a substrate. DNase/RNase-Free ultra-pure Distilled Water 

(Invitrogen) was added until total reaction volume was reached. Samples were tested in 

a 384 multiplate (Roche Diagnostics). The plate was read in the Roche LightCycler 480 

II – BIOTECON and analyzed by the corresponding software. 

 

4.6. Agarose gel electrophoresis and DNA detection 

To show the plasmid formation state or the degree of digestion, the samples containing 

DNA molecules were separated according to their molecular weight at 4 °C using a 0.7-

1% agarose gel. In order to produce agarose, the algae genera Gelidium and Gracilaria 

were used. These consist of repeated agarose (L- and D-galactose) subunits. The 

agarose polymers do not form any covalent bonds when they polymerize. This creates 

networks of ribbons with a specific pore size which determines the molecular sieve 

properties of a gel. The DNA was loaded into the prepared wells (pockets) in the gel, and 

a current is applied. The DNA in the sample has a negative charge through the 

phosphate backbone of the DNA molecule. This causes the DNA to flow in an electrical 

field in the direction of the positively charged anode. The ratio of the mass of the DNA 

and its charge are in constant ratio. Therefore, the DNA molecules are separated 

according to their size and pattern; the distance covered is inversely proportional to their 

molecular weight. 

With the help of "biased reptation," the DNA moves forward in the gel. The speed and 

rate of distance covered in a particular time are determined, but as already mentioned, 

the DNA molecule size is also determined by agarose concentration, applied voltage, 

electrophoresis buffer, and DNA conformation. An intact, co-pact DNA molecule 

(supercoiled) flows faster than an intact open circle DNA molecule or a DNA molecule 

with a linear conformation. Since the agarose gel in this study is supplemented with 
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SYBR® Safe, the DNA molecules were visualized using the Li-Cor Odyssey® Fc 

Imaging System at 600 nm channel. 

 

4.7. Comet assay (single-cell gel electrophoresis) 

The Trevigen (Gaithersburg, MD) protocol was used to aid comet testing and modified 

for this study. When studying the nuclease reaction, it is essential to determine the 

degree of DNA degradation. It is an established method of measuring the cellular 

percentage of DNA damage. Not only physiological DNA damage can be examined, but 

genotoxic effects can also be assessed. In general, the intact DNA ratio to its small DNA 

fragments that migrate towards the anode is measured. SybrGold staining enables a 

fluorometric recording of the degree of DNA damage. 

In this study, neural mixed cultures or astrocyte cultures with or without treatment of 

toxins (MNNG) were washed 6 hours after treatment with ice-cold PBS (Mg2 + and 

Ca2+) covered with 0.5 % trypsin (for 10 minutes at 37 °C). After harvesting the cells 

and centrifuging them at 700x g for 10 minutes at 4 °C, the cells were resuspended with 

ice-cold PBS (Ca2+ / Mg2+ free) (1 × 105 cells / ml). The cell suspension (50 µL) was 

embedded in preheated (37 °C) 1% low melting point agarose in PBS (500 µL). The cell 

agarose mixture (70 µL) was pipetted onto the comet chip, which was pre-chilled / pre-

cooled at 4 °C. The 20-well comet slide was placed in the dark at 4 °C for 30 minutes. 

After the cell, agarose mixtures have been attached to the chip; the comet slide was then 

immersed in the pre-cooled lysis solution and left overnight at 4 °C. An overnight 

incubation increases the sensitivity of DNA damage (double-strand breaks). Since the 

neutral comet assay was used in this study, the remaining lysis buffer was removed in 

the next step, and Neutral Electrophoresis Buffer was added and incubated for 30 

minutes at 4 °C. Neutral Buffer houses Tris Base (mol. Wt. = 121.14) Sodium Acetate 

(mol. Wt. = 136.08) at a pH = 9.0. The same Neutral Electrophoresis Buffer had been 

added (~ 850 mL) in the electrophoresis chamber. The comet slides were placed in the 

electrophoresis slide tray before covering them with the slide tray overlay. The 

electrophoresis was run with a voltage of 21 V for 45 min at 4 °C. Neutral Electrophoresis 

Buffer was removed, and slides were immersed in DNA Precipitation Solution for 30 

minutes at room temperature. In this step, the salt neutralizes the charge on the nucleic 

acid backbone. As a result, the DNA becomes less hydrophilic and precipitates out of 

solution. In order to wash away residual salt from the DNA, slides were immersed in 70% 

ethanol for 30 minutes at room temperature. The chips were dried at 4 °C for 2 h-10 h. 
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This ensures that the cells are in a single plane to facilitate observation. Samples can be 

stored at 4 °C or room temperature at this stage. To visualize the DNA, 100 μL of 0.3 X 

SYBR® Gold (in 10 mM Tris-HCl pH 7.5 and 1 mM EDTA) was added to every circle of 

dried agarose for 30 minutes at room temperature, in the dark. Excess SYBR® Gold was 

gently removed, and the samples were rinsed briefly in DNAse and RNAse free water. 

The slides were dried completely at 4 °C and were imaged with Leica DMi8 light 

microscope. The maximum excitation/emission of SYBR® Gold is 496 nm / 522 nm. The 

cells were analyzed individually with the supplied comet analysis software (Catalog # 

4260-000-CS). 

The undamaged DNA is supercoiled, or open circle (relaxed). For this reason, it migrates 

more slowly under the influence of an electric current compared to smaller fragments 

and therefore does not move further out of the nucleoid. However, in the cells with DNA 

damage, DNA fragments move out of the nucleoid (comet head) and form the comet tail. 

As with traditional gel electrophoresis, the DNA molecules migrate towards the anode. 

The DNA damage is described with the help of the percentage of DNA in the tail.  

 

 

4.8. Cloning  

In this study, human MIF E22Q, human MIF C61S, and MIF-2 E86Q were cloned to 

reduce or inhibit the nuclease activity. This means that bacterial contamination can be 

excluded during the purification steps. Therefore, the nuclease critical regions for MIF, 

E22, and C61 were mutated; for MIF-2, the region E86. The glutamic acid (E) was 

mutated to a glutamine (Q); the cysteine (C) to serine (S). To be more precise, the 

glutamic acid, which has electrically charged side classes, has been replaced by an 

amino acid with a polar uncharged side chain. 

For this purpose, the nucleotide sequence of the nuclease activity of the hMIF was 

mutated. Therefore, the new insert with the mutant sequence was designed first. The 

guanine was replaced by the cytosine (5380). The Gibson assay has been used for MIF 

and MIF-2 nuclease dead cloning; for the insert, overlapping ends were designed 

according to the vector and ordered from IDT (https://eu.idtdna.com). The plasmid 

common in the laboratory for the wild type of MIF expression was used as a vector 

(pet11humanMIF). The same plasmid was also used for further MIF mutant production. 
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For this, however, the cysteine at point 61 was replaced with a serine molecule, which, 

like glutamine, is part of the amino acids with polar uncharged side chains. 

In addition, a nuclease mutant of MIF-2 was cloned. The glutamic acid, with an 

electrically charged side class, was replaced by a glutamine (Q) with polar uncharged 

side chains. However, the vector had to be prepared with inserts. So, the backbone must 

first be cut at the place of the insert. The interfaces of Xba1 and BamH1 were used here 

to limit the insert placement (see restriction digestion). After digesting the plasmid with 

the restriction enzymes, 10 µl of 2X Gibson Assembly Master Mix solution was incubated 

in a final volume of 20 μl with 6 fragments (IDT). Since bacteria will only grow with an 

intact plasmid on the antibiotic added LB agar plate, the newly cloned plasmids were 

transformed into E. Coli 5 alpha bacteria (see transformation) and plated out. The colony 

was selected within 24 hours. These colonies were incubated with 5 ml of LB medium 

with the associated antibiotic. The following is the mini-preparation (mini-prep) for 

plasmid isolation (see plasmid isolation). The isolated plasmids were again examined for 

the correct size using restriction enzymes and contained the required insert (see 

restriction digestion). For enabling the expression of proteins, the plasmids were 

transformed into the bacteria BL21/DE3 to carry out protein overexpression with 

subsequent purification. 

 

 

4.9. Trizol RNA isolation (brain tissue) 

 

Per 50 - 100 mg of tissue, 1 ml of Trizol reagent was used and homogenized. After the 

additional sonicating step, the samples were incubated for 5 minutes at room 

temperature. After adding 200 µl of chloroform per 1ml of Trizol reagent, samples were 

shaken vigorously for 15 seconds and incubated at room temperature for 2 - 3 min. After 

the Centrifugation step (15 min at 12.000 x g at 4℃), the mixture separates into three 

parts, a lower red phenol-chloroform phase, interphase, and a colorless upper aqueous 

phase. The upper aqueous phase contains RNA. The aqueous phase is isolated, and 

500 ul of isopropanol per 1ml of Trizol are added at room temperature (DNA or protein 

are able to find in the interphase and organic phase). After vortexing briefly, incubating 

for 10 minutes at RT and centrifuging for 10-30 min at 12.000 x g at 4℃, the supernatant 
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was discarded, and just the white gel-like pellet with DNA RNA was left. The pellet was 

resuspended in 1ml of cold 75% ethanol per 1ml of Trizol reagent used for lysis.  

Afterward, the samples were next vortexed and centrifuged for 5 min at 7500 x g at 4℃. 

The supernatant was removed entirely, air-dried, and the RNA pellet was resuspended 

in RNase-free water. In order to dissolve the RNA, the samples were incubated in a heat 

block at 55-60℃ for 15minutes. 

 

 

4.10. Transgenic mice  

 

As a key research tool, genetically modified mice models have played an important role 

in biomedical research in the last decades. One of the main reasons is that the mouse 

genome can be modified with very high precision. One of the diseases examined with 

different mouse models is Alzheimer's disease (AD), which leads to memory 

transmission through memory loss and corruption of personality. The neuropathology of 

AD is counteracted by the neuronal or synaptic loss as well as extracellular plaques 

formed from amyloid β (Ab) peptide and the intraneuronal neurofibrillary tangle (NFT), 

which is formed from microtubule-associated protein tau (MAPT). The genes encoding 

amyloid β precursor protein (APP) and presenilin 1 (PSEN1), presenilin 2 (PSEN2) are 

particularly associated with Alzheimer's disease.  

The protein (APP) is formed by the enzymes β- and γ-secretase. During subsequent 

aggregation to form oligomers, fibrils and extracellular plaques develop. Various 

isoforms have been observed, which can be between 38 and 43 long. The main identified 

form is Aβ40. However, Aβ42 is more affine to aggregation. Hence, it is an important 

factor in AD pathology. Point mutations in the APP, presenilin 1 (PSEN1) or presenilin 2 

(PSEN2) gene, promote an accumulation of the Aβ peptides. Dysfunction of the 

relationship between the control mechanisms Aβ clearance and the accumulation of Aβ 

production leads to tau hyperphosphorylation. Further formation of intracellular fibrils can 

lead to synaptic and neuronal losses and thus also to inflammatory reactions. Several 

animal models were created to analyze AD pathology. The mouse model 5xFAD is one 

of them. Mice of the 5xFAD model developed parenchymal plaque load at only two 

months of age. Furthermore, high APP expression identifications were identified in the 

mice; these are indicators of increasing stress and thus also an accumulation of amino 

acid types of Aβ. In addition, mice of the 5xFAD model show a hippocampus-dependent 

memory impairment and plaque pathology. At the age of 6 months, behavioral deficits in 

fear conditioning appear. The Alzheimer's disease mouse model, 5xFAD, was developed 

to overexpress the APP. The APP carries the Swedish (K670N, M671L), Florida (I716V), 
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and London mutations (V717I) as well as the human PS1 with the M14 6 L and L28 6 V 

mutations177–179. So as to characterize the transgenic 5xFAD mice, both transgenic and 

non-transgenic littermates were examined and compared. Examinations of the brain 

regions showed, an increased development of plaque load, as well as in the prefrontal 

cortex, cortex layer 5, and amygdala at the age of 2-3 months. From about the 4th month 

onwards, plaque loading can also be observed in the hippocampus and after about 8 

months in the striatum. In addition, movement problems are observed at the age of 8-9 

months. The elevated plus maze is an indicator of anxiety. Healthy wild-type mice tend 

to avoid open arms because they seek protection. In transgenic 5xFAD mice spend more 

time in open arms. The animal models known and developed today do not display a 

perfect representative of the human organism. However, they help to reflect aspects of 

the pathological pathology and thus allow us to generate a better understanding. The 

5xFAD mouse model is also a great source for research for immunohistochemical and 

molecular studies.  

 

 

4.10.1. Transgenic rat 

 
In the last few decades, transgenic animals have been an important research tool. 

Transgenic rats represent an important resource for gaining new knowledge on gene 

functions in a wide variety of disease models. The production of transgenic mice is now 

widespread. As a result, the rodent is a good study model for human diseases. Research 

has now counted more than 250 strains of rats. Including those with targeted mutations 

so that researchers can study the various degrees of function loss. In addition to the 

extensive data available on the rat model, the practical size and the similarity of the 

animal's physiology to that of humans make it a good choice. The rat has also been used 

as a research animal in the field of strokes for decades. Its Genome Database 

(http://rgd.mcw.edu/) houses a lot of information for comparing genomics. Transgenic 

rats and mice have similar production methods: microinjecting DNA; isolating eggs; and 

identifying pregnancy. The methods might be similar but there is a significant difference 

in the actual production. These are in the process of superovulation and culture. The 

transformation rates in rats are approximately 0.2% and 3.5% of the injected eggs. With 

the help of hormone treatments, donor animals are brought to superovulate. The reason 

for this is to increase the rate of eggs available for manipulation. Serum gonadotropin 

(PMSG) from pregnant mares and human chorionic gonadotropin (HCG) are consumed 

during superovulation. Furthermore, follicle-stimulating hormone (FSH) can also be used 

for superovulation. In the next step, is to match females with fertile males.  
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The CRISPR / Cas9 method also revolutionized the production of transgenic rats 

because the CRISPR / Cas9 technology allows site-specific single-copy transgene 

integration. Specific chromosome breaks are induced using the Ca9 protein. These, in 

turn, stimulate the cellular DNA repair machinery in rat zygotes. Transgenes are inserted 

at specific locations, through a homology-directed repair mechanism. In addition to 

pronuclear microinjection, electroporation is also used for the administration of CRISPR 

/ Cas9 reagents. Under controlled and optimal conditions, rat production can offer a 

success rate comparable to that of transgenic mouse production. 

 

 

4.11. CRISPR/Cas  

 
One of the breakthroughs in genome editing was establishing a simple method for 

inactivating, exchanging, or completely deleting genes. But at the same time, with an 

accuracy that enables researchers to switch off specific genes or insert new sections 

into these gaps simultaneously. As a result, it opens a quick method for genetic 

modification and an exact one at the same time. This method is applicable to humans, 

as organisms with nucleated cells. The main findings in this new method are the CRISPR 

(Clustered Regularly Interspaced Short Palindromic Repeats), repetitive DNA sections 

can be found commonly in bacteria and archaea genomes. The enzyme Cas9 is made 

up of two subunits; the RNA is embedded between the α-helix and the endonuclease 

domain. The HNH nuclease member domain, and the Cas9 enzymes, bind and cut the 

DNA strand attached to the crRNA while the opposite strand of RuvC is cut. The principle 

of the so-called genetics is described as simple and precise. To do this, however, various 

factors must be precisely coordinated. Since the first discoveries in 1987180, this has still 

not fully explained how CRISPR / Cas9 works. Japan-based researchers made an 

unexpected discovery, a repeating region in the genome of bacteria. Although the 

meaning of this finding was unclear for many years, it became relevant very quickly by 

the year 2000 at the latest181. The so-called members of these Short Regularly Spaced 

Repeats (SRSRs) are first listed with their sequences. Two years later, the term CRISPR 

and the associated enzymes were discovered182 . In phage infection, the acquisition 

machinery (Cas1, Cas2, and Csn2) builds a spacer into the CRISPR array. This consists 

of the invasive genetic code. The newly installed spacer is then co-transcribed with the 

remaining spacers to form the incomplete CRISPR RNA (pre-crRNA). The tracrRNA is 

transcribed separately; the crRNA is attached to the pre-crRNA repeats with the help of 

RNase III cleavage, among other things. Finally, the guide sequence is trimmed to 20nt 

at its 5´ ends of the crRNA. Subsequently, the mature crRNA-tracrRNA structure binds 
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to the Cas9 endonuclease and recruits it to cut the foreign DNA, which contains a 20 nt 

long crRNA-complementary sequence in front of the protospacer adjacent motif (PAM) 

sequence183. 

Directs and activates the Cas 9 endonuclease during the interference of the crRNA-

tracrRNA structure to cleave unknown DNA184. The Cas9 enzyme is a 1368 amino acid 

long enzyme (158,441 Da) with a multifunctional DNA endonuclease domain. It has two 

different nuclease domains, one HNH-like and one RuvC-like nuclease domain, the first 

cleaves the DNA strand, which is complementary to the target RNA sequence, the 

second cleaves the non-target strand. Together they cut dsDNA 3 bp upstream of the 

PAM. It should also be said that there are more than 40 different Cas protein families, 

which are divided into three types, Type I-III, they bind and cut double-stranded 

DNA185186. Type IIIb, however, is single-stranded RNA. They have in common that the 

spacers in bacteria are formed by cas 1 and cas 2. Due to the structural relationship, one 

assumes a common origin of types I and III187–189. Nucleases play an essential role in the 

MIF and MIF-2 characterization and within the CRISPR/Cas machinery. The Cas9 

nuclease domains reveal that the Cas9-RuvC domain shows similarities with the 

retroviral integrase superfamily. The distinctive feature is the RNase-H folding. Another 

nuclease domain is assigned to the family of the HNH nucleases, which show 

characteristic ββα metal folding. The RuvC is known for its double metal ion catalyst 

mechanism, used for the cleavage of the non-target DNA strand, a single metal ion 

mechanism is used for the DNA cleavage of the target strand by the HNH nuclease the 

end. For MIF as well as for MIF-2, the mutation of the conserved glutamic amino acid 

leads to a reduction or inhibition of the nuclease activity. For the Cas9 enzyme, the 

conserved base histidine or the aspartate is critical for the nuclease activity. If one of 

these regions is mutated, the endonuclease activity is inhibited, but binding to DNA is 

not impaired190. After the separation of the DNA strand has ended, the cell's repair 

system is activated. This can be a non-homologous end joining (NHEJ) or homology-

directed repair (HDR). During an NHEJ, end products with mutations arise, which is 

intended to silence a gene permanently. Since the cell can randomly incorporate 

nucleotides between the DNA break or deletions lead to gene disruption. From a 

therapeutic point of view, the NHEJ plays an important role in monogenic diseases, as a 

dominant-negative mutation can lead to a gene knockout. At the same time, this method 

can be used to switch off a particular gene in certain organisms. However, the repair can 

also be carried out homologous (HDR). The advantage here is that a selected gene 

section can be inserted within the breaking point.  
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4.12. Confocal microscopy analysis 

The Leica DMI8 fluorescence wide-field microscope, confocal microscopy (ZEISS LSM 

800) was also used here. This use of confocal microscopy is critical for all analyses in 

which protein intensities are inherent in the nucleus. This is because the necessary 

control is only given by using the pinhole in confocal microscopy to show the core 

surface's inner core layers. This made it possible to analyze the protein intensities with 

the ImageJ image analysis method’s help by generating threshold values in the cell 

nuclei (Dapi). In addition to the pinhole function, other methods of confocal microscopy 

are essential. The light points captured by a photomultiplier tube through a pinhole are 

integrated into an image. For this purpose, pixel information is combined. The software 

displays this information. For an exact position within the cell, the aperture was set below 

100 (89), while the total relative protein intensity could be measured by opening the 

aperture above 100 (300). With the help of GaAsP (Galliumarsenidphosphid) detection 

and the Airyscan method, further possibilities for qualitative image generation are 

possible. This leads to a higher quality of the images with confocal microscopy compared 

to DMI8 fluorescence wide-field microscopy. Besides, the Z-stack function was used not 

only to generate images but also to enable three-dimensional analysis. The target 

proteins can be localized and compared in different layers.  

 

4.13. Statistics 

 
To quantitatively analyze the results, GraphPad PRISM has been used. Differences 

between groups were determined either by one-way ANOVA, unpaired Student's t-test, 

or, if different, marked in the legend. A p-value < 0.05 was considered significant. 

To quantitatively analyze the results, GraphPad PRISM has been used.   
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5. Results  
 

5.1. Initial results  

 
In 2016, MIF was identified as a member of the PD-D/E(x)K nuclease family, which 

includes restriction enzymes such as EcoRI, EcoRV, ExoIII, and PvuII4. 116. The critical 

residue for nuclease activity was discovered in previous studies as the glutamic acid at 

position 22. Our study has confirmed this. The glutamic acid at this point is largely 

preserved in other organisms. This residue was replaced by a glutamine (Q) in this study. 

This has an uncharged side chain, whereas the glutamic acid is negatively charged. In 

this study, the inhibition of the MIF nuclease activity has been validated by cloning the 

E22Q region in human MIF. This served to validate the study results from 2016. This 

also enabled the purity of the in-house purified MIF and MIF-2 proteins to be verified. It 

was given as a control for the nuclease reactions that chelate the Mg2+ ions, but 

contamination of DNAse can also be inhibited since DNases are also Mg2+ and Ca2+ 

dependent. Therefore, a mutation of the critical core regions is mandatory to confirm the 

purity of MIF and MIF-2 recombinant house-purified proteins. C8 / nativ or C18 / nativ 

purifications grade was used for all nuclease experiments. Coomasie stainings also 

attest to the purity of the C8 / nativ and C18 / nativ proteins (Figure 5-1 A, E). 
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Figure 5-1: Presentation of the purity of the in-house produced recombinant MIF, MIF-2, and their mutants. 

(A) Coomassie staining of human MIF: raw extract (RE), MonoQ fraction, C8 column fraction, and nativ state 

of the C8 fraction. The samples and staining were prepared by Simona Gerra. (B) Coomassie staining of 

human MIF E22Q mutant: raw extract (RE), MonoQ fraction, C8 column fraction, C8 flow-through, and nativ 

 state of the C8 fraction. (C) Agarose gel showing the cloning of the MIF mutant using the vector pET 11b. 

(D) In vitro agarose gel electrophoresis of human MIF (2µM) in a nuclease assay with plasmid DNA as the 

substrate. The assay was performed in a buffer containing Mg2+ (10 mM) with or without EDTA (50 mM) 

and with and without 400 nM (55µg/mL) IIID9. (E) Coomassie staining of human MIF-2: QSepharose fraction, 

gel filtration fraction (GF), and nativ state of the C8 fraction. (F) Coomassie staining of human MIF-2 E88Q 

mutant: QSepharose fraction 22-24. (G) Western blot analysis of MIF-2 E88Q mutant in QSepharose fraction 

22-24. The presented images and assays demonstrate the purity of the in-house produced recombinant 

MIF, MIF-2, and their respective mutants. Coomassie staining provides visual evidence of the protein 

fractions obtained through various purification steps. Agarose gel electrophoresis reveals the successful 

cloning of the MIF mutant, and the nuclease assay indicates the enzymatic activity of human MIF. 

Additionally, Western blot analysis confirms the presence of the MIF-2 E88Q mutant in the respective 

QSepharose fraction. Experiment shown in A has been performed by Simona Gerra. 

 

At the outset of this study, we chose to use in-house purified MIF-2 as a control group. 

While the recombinant MIF-2 proteins undergo the same purification steps as human 

and mouse MIF, there are minor differences in their linear primary amino acid 

sequences, which focus on the nuclease domains postulated by Wang et al. in 2016. 
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This led us to initially hypothesize that MIF-2 may not share nuclease activity with its 

paralog MIF. However, our experimental results rejected this hypothesis. The agarose 

nuclease assay and the real-time nuclease assay both demonstrated nuclease activity 

for MIF-2, digesting plasmid DNA and probes that form hairpins. The differences 

between the amino acid sequences of MIF and MIF-2, particularly in the PD-D/E(x)K 

nuclease domains, will be explained below. However, it is important to note that the 

critical glutamic acid at position 22, which was first highlighted by the Dawson Lab, is 

conserved in a wide range of organisms (Figure 5-2). Although some domains are only 

partially conserved in the zebrafish and gorilla, the glutamic acid at position 22 is 

conserved in all organisms listed (Figure 5-2). 

 

 

 

 

Figure 5-2: Representation of the sequence analysis of a variety of animals as well as human MIF and their 

schematic phylogenetic tree with the focus of the nuclease domains. 

(A) Sequence alignment of MIF amino acid sequences from different animals and humans, emphasizing the 

conserved nuclease domains. The PD-D/E(x)K nuclease domains, characterized by the presence of 

glutamic acid at position 22, are highlighted. The PDE and PDD domains are marked in red, while the zinc 

finger domain is marked in blue.  

(B) Phylogenetic tree generated using the amino acid sequences of MIF from the organisms depicted in 

panel A, with a specific focus on the nuclease domains. The tree was constructed using the Phylogeny.fr 

tool (http://www.phylogeny.fr).  

The sequence alignment provides an overview of the similarities in the nuclease domains of MIF across 

various animal species and humans. The conserved PD-D/E(x)K motifs, along with other relevant domains, 
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are highlighted. The phylogenetic tree presents the evolutionary relationships between these organisms 

based on the sequence similarity of their MIF proteins, with a particular emphasis on the nuclease domains. 

The analysis was performed using the Phylogeny.fr tool, aiding in the visualization of the evolutionary 

conservation of MIF and its nuclease functionality among different species. 

 
 

Before delving into the details of the MIF-2 nuclease domains and the related 

phylogenetic tree, we will briefly highlight the differences in expression levels between 

MIF and other nucleases or actors in context. MIF is expressed in the regions mentioned 

in Figure 5-3 of the brain, but to a slightly varying extent. When compared with other 

nucleases such as DNA2 or flap nuclease (FEN1) and their receptors, MIF shows a 

higher expression level. Important questions related to the expression level include 

differences in expression within organs, cell types, and gender, as well as whether the 

expression levels of the individual components listed change between the adult and fetal 

stages, or between diseases in general or neurodegenerative diseases. It would also be 

interesting to analyze whether MIF or MIF-2 knockout differs in single-cell RNAseq 

expression levels from other proteins that are normally expressed under healthy and 

diseased conditions. Additionally, it would be of interest to examine the expression levels 

in the event of a knockout of both genes, MIF and MIF-2 195,196. 

 

 

 

Figure 5-3: Heatmap of MIF family proteins and their receptors, nucleases DNA2 and FEN1as well as 

PARP1 in human tissues. 

This heatmap represents the reanalysis of RNA-seq data obtained from 53 human tissue samples from the 

Genotype-Tissue Expression (GTEx) Project dataset. The focus of this reanalysis was on the expression 

patterns of MIF family proteins, their corresponding receptors, nucleases DNA2 and FEN1, as well as 

PARP1. The analysis was performed using RNA-seq data of coding RNA in Human Developmental Biology 

Resource (HDBR), specifically investigating prenatal human brain development. The heatmap visually 
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illustrates the expression levels of these genes across multiple tissue types, highlighting potential patterns 

and differences in their expression profiles197. 

 

5.2. Nuclease properties of MIF and MIF-2  

 

This study highlights that MIF-2 as MIF paralogues share the newly discovered enzyme 

functions as a nuclease. However, it is not seen as a backup protein. Therefore, it is 

pending that a deficiency of one of the MIF-like proteins can partially compensate for the 

phenotype. Highlighting human fetal development in the weeks after conception and in 

the Carnegie phase, MIF shows higher expression levels than MIF-2. In addition, CXCR4 

has a higher expression level among the known receptors, which were provided in the 

bulk RNAseq study (Figure 5-4). The well-known MIF receptor, CXCR4, is being 

investigated in various autoimmune diseases, including rheumatoid arthritis and 

autoimmune diseases of the central nervous system such as multiple sclerosis. In 

addition, it is assumed that leukocyte chemotaxis plays an important role in certain 

inflammatory disorders. The CXCL12 / CXCR4 axis is of great importance in homing 

stem and progenitor cells in the bone marrow198,199. It is also assumed that the CXCR4 

signaling pathway plays an important role in the clustering activity of neurons in vitro as 

well as for dorsal root ganglia (DRG) accumulation200.  
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Figure 5-4 : Heatmap of MIF family proteins and their receptors, nucleases DNA2 and FEN1as well as 

PARP1 during prenatal human brain development.  

This heatmap presents the reanalysis of RNA-seq data obtained from 53 human tissue samples sourced 

from the Genotype-Tissue Expression (GTEx) project dataset. The focus of this reanalysis was to investigate 

the expression patterns of MIF family proteins, their associated receptors, nucleases DNA2 and FEN1, as 



Results 

59 

 

well as PARP1 during prenatal human brain development. The analysis utilized RNA-seq data derived from 

coding RNA in the Human Developmental Biology Resource (HDBR), specifically focusing on prenatal 

human brain development. The heatmap visualizes the expression levels of these genes across different 

stages of prenatal brain development, providing valuable insights into their temporal expression patterns 

and potential regulatory dynamics. The reanalysis of the GTEx project dataset, combined with the Human 

Developmental Biology Resource (HDBR) expression data, enhances our understanding of the intricate 

roles played by MIF family proteins, their receptors, nucleases DNA2 and FEN1, and PARP1 in the 

developmental processes of the human brain. The Expression Atlas (www.ebi.ac.uk) 197. served as the data 

source for the prenatal human brain development expression resource, contributing to the comprehensive 

analysis of these genes during crucial stages of brain development.  

 
 

The distribution of MIF, MIF-2 and the proteins in the various cell types was examined. 

Whereas FEN1 is mostly less expressed than MIF, there is an exception in the 

erythroblasts. Here is a significant increase in FEN1 expression in the study of the 

BLUEPRINT epigenome project201,202. The tasks that FEN1 is assigned to, are linked to 

the body's DNA replication and repair. FEN1 is a Mg2+ -dependent nuclease with 5'-flap 

endonuclease and 5'-3'exonuclease activities. The DNA polymerase cleaves the 

5'overhanging valve structure that meets the 5' end of a downstream Okazaki fragment. 

It is also related to mitochondrial DNA repair. However, the data also shows a higher 

expression of PARP1, MIF, and partly of MIF-2 with other nucleases, which are also 

associated with the caspase-independent apoptosis pathway. A correlation between 

MIF, MIF-2 expression level, and that of PARP1 cannot be verified based on the study 

results. Furthermore, no statement can be made as to whether there is a connection 

between EndoG and MIF expression levels. It would be interesting here, to find out 

whether the MIF-2 expression levels change with MIF low expression levels in human or 

Mif KO in animal models and whether it has an effect on other proteins such as 

PARP1203. If one compares the receptors, the expression levels of CXCR4 stand out and 

do so again while comparing different cell types and that of CD74. So when we compare 

proteins such as PARP1, DNA2, and mTOR, with each other and with other proteins, the 

expression levels stand out204,205. Whether MIF and MIF-2 levels are compared in the 

various age- stages of embryonal development or between the cell types, the function of 

the multipotent proteins cannot be directly concluded. Naturally, an increase in the 

associated receptions and their downstream pathways indicate their possible role. 

However, the topology of MIF and MIF-2 within the cell is decisive for their function. 

Various locations within the cell were observed before the nuclease function for MIF was 

not even recorded yet203. In summary, this study showed that the multipotent proteins 

MIF and MIF-2 can perform different tasks. They are also described as moon-like 

enzymes because their activity adapts to the function of the areas and circumstances 

http://www.ebi.ac.uk/
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surrounding the cells. Above all, the topological localization within the cell plays a 

significant role in the activity of MIF and MIF-2. For this reason, it would be interesting in 

future studies to distinguish between organs or cell types and between individual cell 

segments, especially with a view to neurodegenerative diseases. 

 

 

 

Figure 5-5: Heatmap of MIF-receptor family proteins, nucleases (DNA2, Dnase1 and FEN1), proteins 

involved in DNA sensing process (Cyclic GMP-AMP synthase (CGas)) and mechanistic Target of 

Rapamycin (MTOR).  

This heatmap represents a comprehensive reanalysis of strand-specific RNA-Seq data derived from rRNA-

depleted total RNA obtained from common types of cultured or uncultured primary cells belonging to various 

hematopoietic lineages. The data was collected from healthy individuals as part of the BLUEPRINT 

epigenome project. The focus of this analysis was to investigate the expression levels and patterns of MIF-

receptor family proteins, nucleases including DNA2, Dnase1, and FEN1, proteins involved in the DNA 

sensing process such as CGas, and the mechanistic Target of Rapamycin (MTOR) across different 

haematopoietic lineages201. 

 

To assess high expression levels of MIF-associated proteins in adult humans, we can 

analyze their distribution in the lungs and spleen and compare it to other tissues. CXCR4 
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receptor expression is notably high in the blood and spleen, whereas MIF-2 shows higher 

expression levels in the liver197,206 . 

 

 

Figure 5-6 : Heatmap of MIF family proteins and their receptors, nucleases (DNA2, Dnase1 and FEN1), DNA 

sensing process proteins (Cyclic GMP-AMP synthase (CGas)) and mechanistic Target of Rapamycin 

(MTOR).  

This heatmap represents a comprehensive reanalysis of RNA-seq data obtained from the Genotype-Tissue 

Expression (GTEx) Project dataset197. The analysis focused on examining the expression levels and 

patterns of MIF family proteins, their receptors, nucleases (DNA2, Dnase1, and FEN1), DNA sensing 
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process proteins (CGas), and the mechanistic Target of Rapamycin (MTOR) across a variety of tissues. The 

heatmap provides a visual representation of the expression levels of these genes in different tissues, 

allowing for a comparative analysis of their expression patterns. By examining the relative expression levels 

across tissues, this analysis offers insights into the tissue-specific expression profiles of MIF family proteins, 

their receptors, nucleases, DNA sensing process proteins, and MTOR. 

 

Neurodegenerative disease, is a term, used to refer to a number of diseases of the 

human brain that all have neuronal cell loss in common. These can be roughly divided 

into three different classes. Firstly, based on their clinical characteristics (e.g., dementia, 

Parkinson's or motor neuron diseases). Secondly, based on their anatomical distribution 

of neurodegeneration (e.g., frontotemporal degenerations, extrapyramidal disorders, or 

spinocerebellar degenerations) and thirdly, through their main molecular anomalies, 

these are commonly amyloidosis. 

Differences in MIF-associated proteins have been observed in glioma and glioblastoma 

multiforme tissues when compared to healthy brain tissue. Specifically, the upregulation 

of MIF-2 becomes apparent in disease-associated tissue. One such protein, S100A9, 

belongs to the S100 protein family and contains two EF-hand calcium-binding motifs. 

Like MIF, S100A9 is localized in the cytoplasm and cell nucleus of many cells, and it is 

involved in cellular processes such as cell cycle progression and differentiation. S100A9 

is also a calcium and zinc-binding protein. S100A9 is a calcium and zinc-binding protein 

that plays a key role in inflammatory process regulations. This makes it very interesting 

in the context of MIF family members. It is also known for its apoptosis-inducing activities 

or for promoting cytokine and chemokine production207,208. In addition, it belongs to the 

class of alarmin or a danger-associated molecular pattern (DAMP)209. The protein 

S100A9 is often mentioned in studies together with MIF-2. In addition, MIF is associated 

with the protein BAZ1A (Bromodomain Adjacent To Zinc Finger Domain 1A) in the 

context of the pathway of liver fibrosis211 (Figure 5-7). 

In summary, the expressions of the degrees of the listed comparative proteins between 

that of the regular and daily stages cannot give any direct information about the function 

of MIF and MIF-2. Each can provide information on the possible interaction partners that 

have not yet been discovered. 

Within this study, a translocation or an enrichment of MIF and MIF-2 in the nucleus could 

be shown. At the same time, the enrichment of AIFs was also observed. However, no 

direct evidence of interaction could be provided. For this reason, it would be an exciting 

challenge to identify a possible third party involved and prove it with various methods. 

The translocation results of this study will be discussed in more detail in the following 

section. 
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Figure 5-7: Heatmap of MIF family proteins and their receptors, S100A9 also known as migration inhibitory 

factor-related protein 14 (MRP14), and Bromodomain Adjacent to Zinc Finger Domain 1A, including 

(BAZ1A).  

This heatmap represents a reanalysis of RNA-Seq mRNA baseline data obtained from the International 

Cancer Genome project, specifically the Pan-Cancer Analysis of Whole Genomes (PCAWG) dataset. The 

analysis focused on examining the expression levels and patterns of MIF family proteins, their receptors, 

S100A9, and BAZ1A in Homo sapiens212. 

The PCAWG dataset is a comprehensive resource for studying the genomic and transcriptomic alterations 

in various areas. This reanalysis contributes to our understanding of the transcriptional landscape and 

potential implications of MIF family proteins, their receptors, S100A9, and BAZ1A.  

 
 

After a nuclease activity for MIF-2 was observed in this study, important aspects, such 

as possible contamination by bacterial nuclease, were excluded. The question arises as 

to which regions in the MIF-2 sequence are decisive for their nuclease activity. In 

addition, whether MIF-2 will be added to the well-known PD-D / E (x) K family or should 

be sorted into a different class of nucleases. When the crystal structures of human MIF 

and mouse MIF are superimposed, it turns out that the glutamic acid at position 88 for 

MIF-2 folds to the same position where the glutamic acid is at position 22 of MIF. So the 
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protein structure is conserved, whereas the amino acid sequence is only partially 

conserved or even differently at point 22 of MIF. 

PD-D / E (x) K domains for MIF and MIF-2 are: 

Human MIF (P16D17E22K33) (P44D45E55K67) (P92D93E81K) 

Human MIF-2 (P16E20E88) (P44D7E55) (P102E104D94).  

 
 
Figure 5-8: Identifying the possible Nuclease domains by the crystal structure of human MIF and MIF-2.  

The crystal structure was generated using PDP protein data bank tools (https://www.rcsb.org). human MIF 

and human MIF-2 nuclease domains are highlighted. Different red colors are representing first PDE or PEE 

domain, blue colors representing the second PDE domain and yellow colors are representing the third 

inspected PDE or PDD domain. In grey zinc finger domains are visualized.  

 

 
Since similar PD-D / E (x) K domains can also be identified for MIF-2, we assume that 

MIF-2 can also be counted to the same group of nucleases. However, the assignment 

of the zinc finger domain cannot be done simply. Two different structures for MIF and 

MIF-2 were observed here. 

The zinc finger domain of MIF-2 may bear little resemblance to the class of zinc fingers 

to which MIF (CCHC superfamily) also belongs213. While in hMIF the zinc domain 

consists of (C57C60H63C81), in MIF-2 a possible zinc finger domain is C24C57H77H80 

https://www.rcsb.org/
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(Figure 5-8). From what we know, it is assumed that the MIF-2 zinc finger motif can be 

classified among those of the C2H2 zinc fingers214,215. Zinc finger (Znf) domains, have in 

their structure, handles that resemble fingers. These can bind zinc and most other 

metals, such as iron, but they don’t bind to all metals. The binding properties depend, on 

the amino acid sequence of the zinc finger domain; the structures between the fingers 

and the properties of the higher structural order, and the number of zinc finger domains. 

The tasks of zinc finger domains can range from DNA recognition to transcriptional 

activation or regulation of apoptosis and protein folding216,217218. Transposable elements 

occupy significant roles in genome evolution, both in bacteria and eukaryotes219–221. The 

class of transposases can generally be divided into two groups, forming covalent 

intermediates with the DNA, including serine or rolling circles, also called Y2 

transposases. The second group consists of those collected that do not develop covalent 

intermediates with the DNA222. Within the group that does not have a covalent bond with 

the DNA, the best-known transposases have conserved the DDE motif in their amino 

acid sequence. They coordinate metal ions, which are required for DNA cleavage223. In 

comparison to MIF-2, two motifs can be compared with the transposases: the DDE motif 

and the C2H2 zinc finger motif. Similar positions of the two H atoms can be seen in the 

crystal structure for MIF-2, ISHp608 transposase, and ZBED1. 

 
 

 
 

 

Figure 5-9: Identifying the possible Zinc finger domains.  

Human MIF and MIF-2 have been overlayed by using PDP protein data bank tools (https://www.rcsb.org). 

Zinc finger domains were highlighted for human MIF (C57C60H63C81) and for human MIF-2 

(C24C57H77H80). ISHp608 transposase was overlayed with human MIF-2, focusing on the zinc finger 

domain. ZBED1 crystal structure represents a similar zinc finger family as seen for MIF-2 (C2H2- zinc finger 

motif) 
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Comparing the zinc finger domain and the nuclease domain, the zinc finger domain 

C2H2 is only partially conserved within the organisms. Still, the critical region of glutamic 

acid at site 88 is always conserved (Figure 5-9).  

Summarizing the observations of this study and those made in advance regarding MIF 

and MIF-2 as a nuclease, we arrive at the following findings. We assume that MIF and 

MIF-2 possess nuclease properties that can be assigned to one or more domains of the 

PD-D / E(x) K nucleases. The zinc finger domains, however, are different for MIF and 

MIF-2. Whereas MIF belongs to the CCHC superfamily, we assume that MIF-2 could be 

assigned to the C2H2 zinc finger family. The critical regions for the nuclease function are 

possibly E22 for MIF and E88 for MIF-2 since this region shows high evolutionary 

conservation. 

 
 
 

 
 

 
Figure 5-10: Sequence analysis of a variety of animals as well as human MIF-2 and their schematic 

phylogenetic tree.  

(A) Highlighting PD-D/E(x)K nuclease domains with glutamic acid at place 88, which is conserved through 

the different kingdoms. The PDE and PDD domains are highlighted in red, while the zinc finger is highlighted 

in blue. (B) Visualization of the variety of organisms used in A with a focus of MIF-2 by generating their 

Phylogenetic tree (http://www.phylogeny.fr). 

 

XP_019394677. 1    1  

 

K

[Zebra finch]

[Wild boar]

[Zebra finch]

MPFLDLETSLPAAQLAADLGQKLCAAAASI LGKPVDRVNVTVKSGLPMVI GGSAAPCAQL 

XP_012675141. 1    1  MPFI DLESNLPASKFSEEFLKKLCTATATALGKPEERMNI VVKAGLPMLI AGSCSPCVML 

NP_001230486. 1    1  MPFVELDTNLPADRLAAGLEKRLCAATASI LGKPEDRVNVTVRPGLVMALNGSAEPAAQL 

 
[Domestic pig]

NP_077045. 1       1  MPFVELETNLPASRI PAGLENRLCAATATI LDKPEDRVSVTI RPGMTLLMNKSTEPCAHL 

NP_034157. 1       1  MPFVELETNLPASRI PAGLENRLCAATATI LDKPEDRVSVTI RPGMTLLMNKSTEPCAHL 

NP_001346. 1       1  MPFLELDTNLPANRVPAGLEKRLCAAAASI LGKPADRVNVTVRPGLAMALSGSTEPCAQL 

 

XP_019394677. 1   61 LVSSI AVVGSAEQNRGHSAKFFEVLTKEL- - GLSADRI LI RFYPLEPWQI GKNGTVMTFL 

XP_012675141. 1   61  SVSAI GVTDTAEKNKEHSAKI FQFLTGEL- - GLSEDRI VI RFYALEPMQVGKKGTVMSFL 

NP_001230486. 1   61 LVSSI GVVGTAEENRVHSARFFEFLTKEL- - DLAQDRI I I RFLPLEPWQI GKKGTI MTFL 
 
 NP_077045. 1      61 LI SSI GVVGTAEQNRSHSSSFFKFLTEEL- - SLDQDRI I I RFFPLEPWQI GKKGTVMTFL 

NP_034157. 1      61 LVSSI GVVGTAEQNRTHSASFFKFLTEEL- - SLDQDRI VI RFFPLEAWQI GKKGTVMTFL 

NP_001346. 1      61  SI SSI GVVGTAEDNRSHSAHFFEFLTKEL- - ALGQDRI LI RFFPLESWQI GKI GTVMTFL 

[Saltwater crocodile]

[Atlantic herring]

[Domestic pig]

[Norway rat]

[House mouse]

[Human]

PDE

[Atlantic herring]

[Norway rat]

[House mouse]

[Human]

[Saltwater crocodile]

[Domestic pig]

E

PD-E PD-DCCHCPD-E

MIF2

A

B

http://www.phylogeny.fr/


Results 

67 

 

 

 

5.3. MIF-2 is a novel nuclease  

 
 

In the face of increasing life expectancies and improved health in age, we are facing new 

medical and scientific challenges. One of these, is the process of apoptosis, in which the 

critical mechanisms involved are quite complex. Those physiological apoptosis 

mechanisms are especially relevant, as various factors such as the embryonic 

development or aging affect the cell and induce an activation of nucleases266. Cell death 

resulting in DNA degradation also acts as a defense mechanism in immune reactions 

and also after cell damage by injuries. The focus of this study is on MIF-2 also called D-

dopachrome tautomerase (D-DT), which is the paralogue of macrophage migration 

inhibitory factor (MIF). MIF's active center for tautomerase activity is located at the 

interface between pairs of subunits (lined with amino acid residues 1, 33-34 and 64-66) 

113,227. This substrate binding site is highly conserved among the MIF homologues. A new 

role was only recently discovered for MIF, in addition to the already characterized ones. 

MIF was found to be the previously unknown nuclease of the AIF dependent apoptosis 

pathways when screening for AIF interacting proteins. MIF has been classified as a 

member of the PD-D/E(x)K restriction enzyme family similar to EcoRI, EcoRV, ExoIII and 

PvuII116,117. However, the state-of-the-art influence of MIF on cell survival and apoptosis 

is still controversial and not completely understood30,116,228–230 . To determine the 

similarity of the critical nuclease structures, MIF sequence homologues were compared: 

mouse and human MIF contain PD-D/E(X)K superfamily motifs and the first domain has 

been identified as the critical domain for MIF nuclease activity. MIF also shares this 

nuclease motive with other nucleases, such as APEI or the staphylococcal nuclease 

119,160,231.  
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5.3.1. MIF-2 exhibits nuclease activity similar to MIF 

 
In this study, we questioned the nuclease function of MIF-2 as a homologue of MIF to 

further comprehend the physiological role of the MIF family and its potential effects on 

cell death. Therefore, we first aligned MIF and MIF-2 protein structures. The primary 

structure of MIF-2 shows only partial conservation of the nuclease critical amino acids. 

The glutamic acid at site 22 differs in human and mouse MIF-2; as it is replaced by an 

arginine (Figure 5-11:A). However, the nuclease domains are partially conserved, but 

rather the zinc finger domain of MIF (CxxCxxHx(n)C) is different in the primary structure 

compared to MIF-2 (C2H2). The zinc finger is found mainly as a critical factor in DNA-

damage-response proteins232,233. To determine whether MIF-2 shares nuclease activity 

with MIF we incubated plasmid DNA (200ng) with an in-lab purified mouse and human 

recombinant MIF (2M); MIF-2 (2M); as well as the nuclease deficient mutants human 

MIF E22Q (2M) and human MIF-2 E88Q (2M); in which glutamic (E) acid is replaced 

by glutamine (Q). Human and mouse MIF or MIF-2 cleaved plasmid DNA (Figure 5-11: 

D) in a concentration, and buffer dependent manner (Figure 5-13 A-F). To determine 

Mg2+ dependence, we added EDTA, which inactivates the nuclease activity, by chelating 

the divalent cation from the buffer (Figure 5-11:D). Next to EDTA, MIF nuclease activity 

could be decreased by adding IIID9, a known neutralizing anti-MIF monoclonal antibody 

(clone IIID9, IgG1 isotype)234,235 (Figure 5-11:F). These primary sequence analyses 

indicated partially conserved PD-D/E(X)K nuclease domains. However, three-

dimensional (3D) modeling results showed that human MIF-2 (PDB: 6C5F) missing 

glutamic acid at position 22, is functionally replaced by its glutamic acid at 88 (Figure 

5-11:B). This is also observed for mouse MIF-2 (PDB: 3KER) in comparison to human 

MIF (PDB: 1GDO) (Figure 5-11:C), and when comparing mouse MIF 3D structure (PDB: 

2GDG) with mouse MIF-2 (PDB: 3KER) (Figure 5-11:F).  
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Figure 5-11: MIF-2 nuclease function is conserved within the crystal structure. 

MIF and MIF-2 show nuclease function. The critical glutamic acid for the nuclease domains of MIF-2 has 

been identified at place 88. Real time nuclease assay identifies Km values of 2.8 M for MIF (SEM = 

1.483) and 3.5 M for MIF-2 (SEM = 1.059). MIF nuclease inhibition shown by MIF E22Q and MIF C81S 

mutant. IIID9 inhibition of MIF nuclease activity. MIF-2 nuclease inhibition is shown for the MIF-2 E88Q 

mutant.  

(A) Schematic representation of nuclease superfamily PD-D/E(X)K domains and DNA binding zinc finger 

domains CxxCxxHx(n); A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; 

N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr; and X, any amino acid. The color coding 

of the sequence alignments is according to the conservation, trough MIF and trough species (dark green); 

trough mouse and human MIF (light green), mouse and human MIF-2 (red); no conservation trough MIF and 

MIF-2 species (black); (B) Highlighting human MIF and human MIF-2 structural differences, first PDE 

Domain region and glutamate of human MIF (PDB: 4GUM) position 22 and human MIF-2 (PDB: 6C5F) 

position 88. (C) Overlay of human hMIF (PDB: 1GDO) and mouse mMIF-2 (PDB: 3KER) Crystal structure, 

highlighting E, glutamate of MIF position 22 and MIF-2 position 88. (D) In vitro agarose gel electrophoresis 

of human MIF (2M), mouse MIF, human MIF-2, mouse MIF-2 and mutants (2M) nuclease assay with 

plasmid DNA as a substrate in buffer containing Mg2+ with or without EDTA. (E) Schematic representation 

of Real time nuclease Probe sequence: CCAAGCTGGGATTACAAAAGTAGCTGGGATTACAGG. (F) 

Quantification of real time nuclease assay of MIF, n= 6 replicates of 3 independent experiments; with and 

without (55µg/mL) IIID9 (IgG), or with and without EDTA, by measuring the relative fluorescence rate. (G) 

Relative fluorescence rate quantification of real time nuclease assay of MIF, n= 6 replicates of 3 biologically 

independent experiments; MIFE22Q, n= 4 replicates of 2 independent experiments; MIFC81S n= 4 

replicates of 2 independent experiments; buffer control containing Mg2+. (H) Relative fluorescence rate 

quantification of real time nuclease assay of MIF-2, n= 6 replicates of 3 independent experiments; MIF-

2E88Q, n= 4 replicates of 2 independent experiments; with and without EDTA and buffer control containing 
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Mg2+. (I) Quantification of Michaelis-Menten constant (Km) (2.8M) and turnover number kcat (0.0208/min) 

for human MIF n=4 replicates of 4 independent experiments by real time nuclease assay. (J) Quantification 

of Michaelis-Menten constant (Km) (3.5M) and turnover number kcat (0.0180/min) for human MIF-2, n=7 

replicates of 4 independent experiments by using the real time nuclease assay. 

 

 

We monitored the increase of cleaved probe fluorescence signal intensity of MIF, MIF-2 

and their nuclease deficient mutant (Figure 5-11:G-H). In the presence of MIF, and MIF-

2, fluorescein amidites (FAM) labeled probes with non-identical sequences show a 

nonlinear regression of the fluorescence signal increase (Figure 5-11 A, C). However, 

they reach different relative fluorescent intensities. In addition, we compared MIF and 

MIF-2 with different restriction enzymes (AGEI, EcoRV and EcoRI) as a control since 

their sequence-specific palindromes cannot be found in our fluorescein-labeled 

oligonucleotide probes (P6) (Figure 5-12 B, D).  

 

 
 

Figure 5-12: Quantification of the relative fluorescence intensity indicates different sequence affinities of MIF 

and MIF-2 by using the real time nuclease assay.  
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Restriction enzymes show no nuclease function for linear substrate without cutting motive, as a negative 

control. (A) Quantification of the relative fluorescence Intensity by using the real time nuclease assay of 

human MIF (6M), with different probe sequences P1-P6 (n= 3 replicates). (B) Quantification of the relative 

fluorescence Intensity of human MIF (6M) with and without EDTA, and ECORI (0.5U), ECORV (0.5U), 

AGEI (0.5U), P6: CCAAGCTGGGATTACAAAAGTAGCTGGGATTACAGG as substrate (n= 3 replicates of 

3 independent experiments); (C) Relative fluorescence rate quantification of real time nuclease assay of 

human MIF-2 (5µM), with different probe sequences P1-P6 (n= 3 replicates) (D) Relative fluorescence 

Intensity quantification of real time nuclease assay of human MIF-2 (5M) with and without EDTA, and 

ECORI (0.5 U), ECORV (0.5 U), AGEI (0.5 U), with Substrate P6: 

CCAAGCTGGGATTACAAAAGTAGCTGGGATTACAGG (n= 3 replicates of 3 independent experiments);. 

(E) Representative of P1-P6 Sequence code. (F) Highlighting mouse MIF (PDB: 2GDG) and mouse MIF-2 

(PDB: 3KER), first PDE Domain region and glutamate of mouse MIF position 22 and mouse MIF-2 position 

88. 

 

We further investigated the Michaelis-Menten constant Km and turnover number kcat and 

received a Km value of 2.8M and a kcat of 0.0208/min for human MIF. For human MIF-2 

a Km of 3.5M, and a kcat of 0.0180/min was measured (Figure 5-11:I-J). In addition, with 

the real-time nuclease method we repeatedly observed a lower cleaved probe 

fluorescence signal intensity for MIF E22Q nuclease dead mutant and MIF C81S zinc 

finger mutant, compared to the recombinant MIF fluorescence intensity (Figure 5-11: I). 

The results seen in Figure 5-11: J also indicate higher cleaved probe fluorescence signal 

intensity compared to MIF-2 E88Q nuclease deficient mutant. Further, we investigated 

MIF by incubating it with the MIFIIID9 antibody which is also known to inhibit MIF. We 

found a decreased cleaved probe signal, compared to MIF alone (Figure 5-11). 
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Figure 5-13: In vitro agarose gel electrophoreses nuclease assay of MIF and MIF-2 with various 

concentrations, and buffer conditions, with known inhibitors as well as with different MIF mutants.  

(A) In vitro agarose gel electrophoresis of mouse MIF with different concentration, with and without EDTA 

(n= 3 independent experiments). (B) In vitro agarose gel electrophoresis of mouse MIF-2 with different 

concentrations, with and without EDTA (n= 3 independent experiments). (C) In vitro agarose gel 

electrophoresis of mouse MIF (2µM) with Fast Digest (FD) buffer or 10X FD buffer or nuclease buffer 
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containing Mg2+, mouse MIF-2, with FD Buffer or 10X FD Buffer or nuclease buffer containing Mg2+ 

(10mM), AGEI (0.5 U), ECORV (0.5 U) with FD buffer or nuclease buffer containing Mg2+ (10mM), DNaseI 

(0.5 U) with nuclease buffer containing Mg2+ (10mM) (n= 2 replicates). (D) In vitro agarose gel 

electrophoresis of mouse MIF (2M) with and without EDTA, or with Inhibitor MIF98, 4-IPP (n=1). (E) In vitro 

agarose gel electrophoresis of mouse MIF with and without ISO1 (1mM-0.01M) (n=1 independent 

experiment). (F) In vitro agarose gel electrophoresis of human MIF with and without EDTA (50mM), human 

MIF-2 with and without EDTA, FEN1, EcoRI (1-0.25U), DnaseI(1-0.25U) (n=4 independent experiments). 

(G) SDS-PAGE: MIF mutants’ purity and concentration; provided by Najat Haj Yahya and the Dal Peraro 

lab. (H-J) Highlighting N72C/A103C, G68C/A103C and Y99C/A104C mutants´ Crystal structure; provided 

by Najat Haj Yahya and the Dal Peraro lab. (K) In vitro agarose gel electrophoresis of human MIF, 

N72C/A103C, G68C/A103C and Y99C/A104C mutants with or without EDTA or boiled) (n=1 independent 

experiment). (L) Quantification of Relative intact plasmid DNA) (n=1 independent experiment). 

 
However, the MIF tautomerase inhibitor ISO-1, had no effect on the nuclease activity 

(Figure 5-13). Similar results were observed after incubating MIF with MIF receptor 

antagonist, MIF98, or 4-IPP, which are known to block the MIF/CD74 internalization 

(Figure 5-13 D). 

 

 

5.3.2. MIF and MIF-2 nuclear enrichment after excitotoxicity  

 
 
It is known that MIF translocates to the nucleus by interacting with AIF. Mitochondrial 

AIF is released due to PARP1 activation by, among other factors, excitotoxicity and 

oxidative stress116,117,236. Wild type primary neuronal culture was treated with 500M 

NMDA, 500M 3-NP, and 500 M MNNG. MIF enriched in the nucleus after 6 hours of 

incubation with toxic insult in WT primary mixed neuronal culture, as compared to the 

control (Figure 5-14 A-F).  
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Figure 5-14: MIF and MIF-2 enrichment in the nucleus in excitotoxicity in astrocyte culture and neuronal 

primary culture. AIF translocation is not affected by MIF or MIF-2 deficiency.  

(A) Images of nuclear enrichment of MIF after NMDA treatment in WT primary mixed culture. The purple 

color indicates the overlay of MIF and 4´,6´-diamidino-2-phenylindole (DAPI), showing the nuclear 

enrichment (The scale bar is 10 m). (B) Quantification of the relative nuclear MIF levels after 500M NMDA 

treatment in WT (*p<0.0378 one-way ANOVA, corrected with Bonferroni); the relative total MIF levels after 

NMDA treatment in WT (ns p<0.880 one-way ANOVA, corrected with Bonferroni). Experiment was replicated 

in 3 independent cultures/animals for each group (n=3). (C) Images of nuclear enrichment of MIF after 3-NP 

treatment in WT primary mixed culture (The scale bar is 10 m). (D) Quantification of the relative nuclear 

MIF levels after 3-NP in WT (*p<0.0146 one-way ANOVA, corrected with Bonferroni); and the relative total 
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MIF levels after 3-NP treatment in WT (ns p>0.6798 one-way ANOVA, corrected with Bonferroni). 

Experiment was replicated in 3 independent cultures/animals for each group(n=3). (E) Images of nuclear 

enrichment of MIF after MNNG treatment in WT primary mixed culture (The scale bar is 15 m). (F) 

Quantification of the relative nuclear MIF levels after MNNG in WT (*p< 0.0358 one-way ANOVA, corrected 

with Holm-Sidak); the relative total MIF levels after MNNG treatment in WT (ns p< 0.4953 one-way ANOVA, 

corrected with Holm-Sidak). Experiment was replicated in 3 independent cultures/animals for each group 

(n=3). (G) Images of nuclear enrichment of MIF-2 after Etoposide treatment in WT primary mixed culture 

(The scale bar is 12 m). (H) Quantification of the relative nuclear MIF-2 levels after etoposide treatment in 

WT (*p<0.0216 one-way ANOVA, corrected with Holm-Sidak); the relative total MIF-2 levels after 500M 

Etoposide treatment in WT primary mixed cultures (ns p< 0.1332 one-way ANOVA, corrected with Holm-

Sidak) in 3 independent cultures/animals for each group (n=3). (I) Representative of nuclear enrichment of 

AIF, MIF, and MIF-2 after MNNG treatment in WT, primary astrocyte culture (The scale bar is 10 m). (J) 

Quantification of the relative nuclear AIF levels after MNNG treatment in WT (*p<0.0123 one-way ANOVA. 

Experiment was replicated in the control (n=6) and treatment (n=7) group with independent cultures of 3 

individual animals (n=3). (K) Quantification of the relative nuclear MIF levels after MNNG treatment in WT 

(*p<0.0300 one-way ANOVA). Experiment was replicated in the control (n=6) and treatment (n=7) group 

with independent cultures of 3 individual animals (n=3. (L) Quantification of the relative nuclear MIF-2 levels 

after MNNG treatment in WT (***p<0.0002one-way ANOVA). Experiment was replicated in the control (n=11) 

and treatment (n=11) group with independent cultures of 6 individual animals (n=6). (M) Representative of 

nuclear enrichment of AIF, MIF and MIF-2 after MNNG treatment in Mif KO, primary astrocyte cultures (The 

scale bar is 8 m). (N) Quantification of the relative nuclear AIF levels after 500M MNNG treatment in Mif 

KO (*p<0.0248 one-way ANOVA) of 3 individual animals for each group (n=3). (O) Quantification of the 

relative nuclear MIF level with and without MNNG treatment in Mif KO, primary astrocyte culture (ns 

p=0.1878 t-test unpaired) of 3 individual animals for the control group (n=3) and 4 individual animals for the 

500M MNNG treated group (n=4). (P) Quantification of the relative nuclear MIF-2 levels after MNNG 

treatment in Mif KO (**p<0.0103 one-way ANOVA) of 6 individual animals for each group (n=6). (Q) 

Representative of nuclear enrichment of AIF, MIF and MIF-2 after MNNG treatment in Mif-2 KO, primary 

astrocyte culture (The scale bar is 10 m). (R) Quantification of the relative nuclear AIF levels after MNNG 

treatment in Mif-2 KO (**p<0.0047 one-way ANOVA) of 6 individual animals for each group (n=6). (S) 

Quantification of the relative nuclear MIF level after MNNG treatment in Mif-2 KO, primary astrocyte culture 

(* p=0.0103 one-way ANOVA) of 5 individual animals for each group (n=5). (T) Quantification of the relative 

nuclear MIF-2 levels with and without MNNG treatment in Mif-2 KO primary astrocyte culture (ns p=0.1251 

one-way ANOVA) of 3 individual animals for each group (n=3). 

 

In addition, MIF-2 enriched in the nucleus compared to the control after a 6-hour 

treatment with 500M etoposide, which is an inhibitor of topoisomerase II, in WT primary 

mixed neuronal culture (Figure 5-14 G-H). Due to the topoisomerase II inhibition, 

etoposide induces DNA damage and therefore promotes cell death39,237–239. Besides 

primary neuronal cultures, primary astrocyte cultures have been established with the 

focus of observing AIF, MIF, and MIF-2 nuclear enrichment after toxic insult with 500M 

MNNG. WT, Mif KO, and Mif-2 KO primary astrocyte cultures were treated with 500 M 

MNNG. Endogenous MIF, MIF-2 and AIF were subsequently enriched in the nucleus 

(Figure 5-14 I-T). Neither the depletion of MIF nor MIF-2 influenced AIF translocation, 
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(Figure 5-14 N, and R). In addition, we could not detect any effect of MIF nuclear 

enrichment after toxic insult in Mif-2 KO or MIF-2 nuclear enrichment after toxic insult. 

Furthermore, we show AIF, MIF, and MIF-2 enrichment after 6 hours of 250M MNNG 

and 750M MNNG toxic insult in a HEK-293 cell line (Figure 5-15 A-F).  

 

 

Figure 5-15: AIF, MIF and MIF-2 enrichment in the nucleus after MNNG excitotoxicity in HEK-cells.  

(A) Representative of nuclear enrichment of MIF and AIF after MNNG treatment in HEK cell cultures. Overlay 

of AIF, MIF and MIF-2 with 4´,6´-diamidino-2-phenylindole (Dapi), showing the nuclear enrichment (The 

scale bar is 10 m). (B) Quantification of the relative nuclear MIF levels after MNNG treatment in HEK cell 

cultures (control/250M *p=0.0378 one-way ANOVA, Control/750M *p=0.0205 one-way ANOVA) of 3 

individual cultures for each group (n=3). (C) Quantification of the relative nuclear AIF levels after MNNG 

treatment in HEK cell culture (control/250M *p=0.0139 one-way ANOVA, Control/750M ns p=0.4930 one-

way ANOVA) of 3 individual cultures for each group (n=3). (D) Representative of nuclear enrichment of MIF-

2 and AIF after 500M MNNG treatment in HEK cell culture (The scale bar is 10 m). Overlay of AIF, MIF 

and MIF-2 with 4´,6´-diamidino-2-phenylindole (Dapi), showing the nuclear enrichment. (E) Quantification of 

the relative nuclear MIF-2 levels after MNNG treatment in HEK cell culture (Control/250M *p=0.0290 one-

way ANOVA, control/750M ns p=0.5380 one-way ANOVA) of 3 individual cultures for each group (n=3). 

(F) Quantification of the relative nuclear AIF levels after MNNG treatment in HEK cell culture (control/250M 

*p=0.0201 one-way ANOVA, Control/750M **p=0.0089 one-way ANOVA) of 3 individual cultures for each 

group (n=3).  
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5.4. Indication of DSB and cell survival change in Mif KO and Mif-2 

KO  

 
We also found that Mif KO as well as Mif-2 KO in primary astrocyte cultures had 

decreased levels of tail moment indicated in the neutral comet assay (Figure 5-16 A, B). 

In addition, we also observed substantial numbers of γH2AX foci per cell in wildtype 

primary astrocyte cultures, whereas the number of γH2AX foci per cell was reduced in 

Mif-2 KO astrocyte cultures (Figure 5-16 D). Similar results are observed for DNA 

damage marker 53BP1. We found that Mif-2 KO decreased the fluorescence intensity of 

53BP1 (Figure 5-16 E). 

 

 
 

Figure 5-16: Decrease of DSB in Mif KO and Mif-2 KO indicated by the neutral comet assay analysis of the 

tail moment, and by DSB marker γH2AX, 53BP1, as well as increase of cell survival after MNNG 

excitotoxicity. 

(A) Tail Moment content was quantified with Trevigen Comet Analysis Software. Primary astrocyte cultured 

cells from WT, Mif KO and Mif-2 KO animals were assessed for DSB levels by the comet assay at neutral 

pH (The scale bar is 40 m). (B) Quantification of the percentage of the tail moment, determined by the 

comet assay in WT, Mif KO and Mif-2 KO (Mif KO **p<0.0014 one-way ANOVA) and (Mif-2 KO ***p<0.0004 

one-way ANOVA). Experiment was performed for WT n=12; Mif KO n=10 Mif-2 KO n=14 individual cultures 

(C) Representative γH2AX-positive foci (green) and 53BP1 intensity (red) in immunostained primary 

neuronal culture from WT and Mif-2 KO of primary astrocyte cultures. Cultures were visualized by confocal 

microscopy (The scale bar is 10 m). (D) Quantification of γH2A.X-positive foci (green) per nuclei in WT and 

Mif-2 KO astrocyte cultures (n=3) (**p=0.0091one-tailed t-test). (E) Quantification of 53BP1 intensity (red) 

in WT and Mif-2 KO astrocyte cultures (n=3) (*p=0.0209 one-tailed t-test). (F) Representative of primary 

astrocyte culture from WT, MIF-2 Het and Mif-2 KO animals (The scale bar is 15 m). (G) Quantification of 
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relative cell count after 500µM MNNG treatment for 6 hours; (WT CTR/WT MNNG *p= 0.0286 one-tailed t-

test; WT CTR/Mif-2 KO CTR *p=0.0317 one-tailed t-test) and (Het CTR/ Het MNNG ns p=0.3414 one-tailed 

t-test). (H) Live Imaging quantification of Cell count after 500M MNNG treatment; (WT CTR/Mif-2 KO CTR 

****p <0.0001 ordinary one-way ANOVA; WT CTR/WT MNNG ****p <0.0001 ordinary one-way ANOVA; Mif-

2 KO CTR/Mif-2 KO MNNG ns p=0.7930 ordinary one-way ANOVA; WT MNNG /Mif-2 KO MNNG ****p 

<0.0001 ordinary one-way ANOVA); Experiment was performed for WT/ CTR n= 6; WT/MNNG n=9; Mif-2 

KO/CTR n=5; MIF-2 MNNG n=9 individual WT astrocyte culture independent cultures/animals for each 

group. 

 

Next to DNA damage levels, we also observed an increase in cell number after 

excitotoxicity of 500M MNNG in MIF-2 knockout primary astrocyte culture compared to 

the cell count in wild type and heterozygous cultures (Figure 5-16F, G). In addition, we 

found that MIF-2 control and MNNG treated cultures show less cell loss compared to 

wild type controls as well as MNNG treated primary astrocyte cultures (Figure 5-16 H).  
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5.5. MIF related to DNA damage 

 
Neuronal damage is often incurable and leads to life-limiting diseases, such as 

Alzheimer's, Parkinson's, or Huntington's disease. These cause a slowly progressive 

loss of neurons in the 

Central nervous system, which in turn, leads to a deterioration in certain brain functions 

and the memory or movement controlled by the affected CNS region. This loss of 

neurons in the central nervous system (CNS)141 is also the main cause of cognitive and 

motor dysfunction in neurodegenerative diseases. Other factors such as aging and 

exposure to environmental factors such as systemic infections are also present in 

humans. For this reason, this thesis aims to understand better how immune responses 

are involved in the damage and regeneration of neurons and astrocytes. This is intended 

to provide assistance for effective therapies that can improve the quality of life or at least 

dampen the personal, social effects of these diseases. The economic effect must also 

not be ignored. 

 

5.5.1. MIF´s topological driven function 

 
Proteins are macromolecules that have various enzymatic activities and functions. 

However, some have a single role that they fulfill, but before cytokines, a phenomenon 

of the multifunctional protein also called moonlighting, is discovered. This particular class 

of multifunctional proteins has several autonomous and dissimilar functions and 

enzymatic activities. The enzymatic activities are detected in various domains of the 

protein. However, not only the domains can define the process, also the topological 

position in the cell as well. This phenomenon of moonlighting proteins was first described 

in 1980 by Piatigorsky and Wistow. In 2019, the Kapurniotu, Gokce, and Bernhagen lab 

put MIF in the focus of the moonlighting proteins and their function in their topological 

location in the cell. With the help of the Imaris software and the primary neuronal culture, 

it was shown that MIF was found both outside the Dapi-labeled nucleus (magenta) and 

inside colocalized with Dapi MIF (green) (Figure 5-17) 
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Figure 5-17: Imaris representative of cellular MIF topology in primary neuronal mixed culture. 

Imaris Image of WT Primary neuronal mixed culture, magenta is indicating cytoplasmic MIF, in green nuclear 

MIF is represented. To gain insights into the subcellular location of MIF, 3D renderings of confocal data were 

generated using Imaris. Confocal images were acquired from multiple cellular layers. Subsequently, Imaris 

applied DAPI thresholding to differentiate the constituents within the nucleus and the extranuclear space 

(n=3 individual cultures), scale bar: 70 m; 20 m (insets). 

 
Single cell gel electrophoresis, also known as the comet assay, is a technique used to 

quantify DNA damage. When examining the embedded cells of the WT and Mif KO 

culture or the agarose-embedded brain tissue that was lysed under neutral conditions, 

the various head and DNA-tail ratios were measured. In the neutral PH, the cells were 

lysed, and DNA denatured so that the DNA can escape and, depending on its size, can 

also flow differently during electrophoresis. The intact DNA collects in the comet's head 

and the DSBs in the tail (Figure 5 18 A). In this study, the comet assay was carried out 

under neutral conditions to recognize DSBs. In the neutral comet assay, DNA was found 

in the tail for WT and MIF knocked out mice. However, they differ in the amount of DNA 

in the tail compared to the DNA in the head. In addition to the comet assay, co-labeling 

of MIF and DBS markers was also detected. The antibody γ-H2AX (Foci) detects the 

phosphorylated form of the histone protein H2AX, thereby representing the formation of 

DNA double-strand breaks. DNA damage can be triggered by endogenous mechanisms 

or by exogenous factors. The creation and accumulation of DSBs are a threat to cell 

health. In addition to γ-H2AX (Foci), the p53-binding protein (53BP1) is another well-

known DNA damage reaction marker, and accordingly, also a way of quantifying DSBs. 

53BP1 is recruited on the DNA damage side. We also observed co-staining of MIF with 

the DSB marker of γ-H2AX and 53BP1 in the nucleus indicated by the cyan staining. 

(Figure 5 18 B). In addition to the findings obtained from primary neuronal cultures, we 

established primary astrocyte culture for our study. In these astrocyte cultures, we also 

detected the DSBs with the help of the marker γ-H2AX (green) as well as MIF-2 (red). 

Overlapping fluorescence signals from both markers were detected, indicating their co-

localization within the nuclei structure (blue). These co-localizations were carefully 
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examined within the nuclear structures. The results showed that, similar to primary 

neuronal cultures, staining with MIF-2 and the DSB marker γ-H2AX occurred within the 

nuclei structure in primary astrocyte cultures as well (Figure 5 18 C). 

 

 

 

 

Figure 5-18: Representative of DNA damage related with MIF and MIF deficient cells by the neutral comet 

assay as well as the Co-staining of MIF , MIF-2 with DSB-marker γH2AX and 53BP1.  

(A) Representative of the Comet assay (neutral) Tail DNA content Cells from WT and Mif KO animals. were 

isolated from hippocampus and cortex; homogenates were assessed for DSB levels by the comet assay at 

neutral pH. Green to yellow color represents higher intact DNA density. Red color represents less DNA 

density and outside of the comet core, the DSB tail accumulation (scale bar: 10 m). (B) Co-staining of DSB-

marker γH2AX (green) and 53BP1 (red) with MIF (MIF-n20/violet), (n= 3 WT animals) Scale bar: 5 m. 

Representative of DNA damage related with MIF-2 in astrocyte culture with DSB marker γH2AX. (C) 

Representative of DNA damage related with MIF-2 in astrocyte culture with DSB marker γH2AX. Co-staining 

of DSB-marker γH2AX (green) and MIF-2 (red), within the nuclei (blue/Dapi). MIF-2 (red) also spotted 

outside of the nuclei (n=3 individual cultures), scale bar: 5 m. 

 

 

In WT primary neuronal mixed cultures, we observed the topological distribution of MIF 

in various cellular compartments, including the nucleus, cytoplasm, and extracellular 

space (Figure 5 19 A). Similarly, we investigated the cellular localization of MIF-2 in 

astrocyte cultures (Figure 5 19 B). 

The results revealed that both MIF and MIF-2 exhibited colocalization with extracellular 

DAPI staining besides their nuclear and cytoplasmic presence. This extracellular Dapi 

staining may be due to DNA damage (Figure 5 19). 
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Figure 5-19: Representative of DNA (Dapi) and (extracellular) DNA damage, colocalized MIF and MIF-2.  

Upper panel MIF (red) colocalized within the nuclei (dapi/blue) and with the extracellular DNA (dapi/blue). 

DNA damage indicated by DSB marker γH2AX (green) (n=1), scale bar: 5 m. Lower panel MIF-2 (red) 

colocalized within the nuclei (blue/dapi) and with the extracellular DNA (dapi/blue). DNA damage indicated 

by DSB marker γH2AX (green). Colocalization with MIF-2 and γH2AX (green) within the nuclei structure 

(dapi/blue) and extracellular (blue/dapi) (n=1), scale bar: 5 m. 

 
 
To summarize, in some cells, that show extracellular Dapi stainings, an overlap of the 

DSB marker with Dapi, MIF, and MIF-2 was observed. However, further analysis could 

not be performed in this regard. Therefore, in the next course of this work, the DNA 

damage levels in brain tissue of WT and transgenic mice will be investigated in more 

detail using the Comet assay (Figure 5-20) 

To show whether MIF deficient brain tissue shows differences in DNA damage loading, 

brain tissue was dissected from WT and Mif KO mice. The hippocampus and cortex 

regions of both genotypes were examined. When measuring with the help of the neutral 

comet assay, a method for measuring DSBs, Mif KO tissue compared with WT tissue 

showed a reduction in the % DNA in the tail. However, this difference is significantly 

more pronounced in the cortex (Figure 5-20). In addition to the DNA damage detected 

by the comet assay, we also performed immunocytochemistry (ICC) by using 53BP1 

DSB marker to show the difference between WT and Mif KO of primary neuronal culture. 

The transgenic primary neuronal Mif KO mixed culture shows a lower 53BP1 staining 

intensity than the primary neuronal WT mixed culture. 
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Figure 5-20: Decrease of DSB in Mif KO indicated by the neutral comet assay from brain tissue and 

immunocytochemistry primary neuronal culture. 

 (A) Tail DNA content was quantified with Trevigen Comet Analysis Software. Cells from WT and Mif KO 

animals were isolated from hippocampus and cortex; homogenates were assessed for DSB levels by the 

comet assay at neutral pH, scale bar: 15 m. (B) Quantification of the percentage of DNA in the tail, 

determined by the comet assay in WT (n= 3 animals), or Mif KO cells isolated from the Hippocampus (n= 3 

animals) (*p<0.015 one-way ANOVA, corrected with Holm-Sidak) and Cortex (****p<0.0001 one-way 

ANOVA, corrected with Holm-Sidak). (C) Representative MIF (magenta) and 53BP1 intensity (red) in 

immunostained primary neuronal culture from WT and Mif KO of primary neuronal mixed culture. Cultures 

were visualized by confocal microscopy, scale bar: 15 m. (D) Quantification of 53BP1 intensity (red) in WT 

and Mif KO neuronal mixed Culture (n=3 animals) (*p=0.0131 one-tailed t-test). 

 
 

As in the previous DNA damage analyses using neutral comet assay, brain tissues from 

WT, Mif KO, 5XFAD, and 5XFAD/Mif KO animals were removed and dissected.  

Using the neutral comet assay, a significant reduction of the percentage of DNA in the 

tail, which indicates the level of DNA damage, was observed in MIF deficient transgenic 

mice. This means that compared to the WT, Mif KO mice showed lower DNA damage, 

whereas 5XFAD/Mif KO mice also showed lower amounts of DNA damage than the 

5XFAD control. When comparing WT mice, a significant increase in DSB was shown in 

5XFAD mice. However, no significant result was obtained when comparing Mif KO and 

5xFAD/MIFKO transgenic animals (Figure 5-21). 
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Figure 5-21: Decrease of DSB in Mif KO transgenic mice indicated by the neutral comet assay of brain tissue 

from WT,Mif KO, transgenic 5XFAD and 5XFAD/Mif ko mice.  

(A) Cells isolated from mouse brain were assessed for DSB levels by the comet assay at neutral pH. DNA 

of the agarose-embedded nuclei was stained with SYBR-gold after separation of DNA fragments by 

electrophoresis. Images were captured by fluorescence microscopy (DMI 8), scale bar: 70 m. (B) 

Quantification of the percentage of DNA in comet tails for each nucleus indicative of DSBs. Percentage of 

DNA in the Tail indicating the extent of DNA fragmentation, was measured for each cell. Ordinary one way 

ANOVA Test Bars represent means ± SEM. ) Quantification of the percentage of DNA in the tail, determined 

by the comet assay in WT(n=7), Mif KO (n=4), 5XFAD (n=8) and 5xDAD/Mif KO (n=6)animals(WT vs. Mif 

KO ****p<0.0001 one-way ANOVA; WT vs. 5XFAD p=0.0032 one-way ANOVA; WT vs. 5XFAD/MIFKO p= 

ns one-way ANOVA and 5XFAD vs. 5XFAD/MIFKO p= KO ****p<0.0001 one-way ANOVA). 

A B 
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5.6. Mif KO rat  

 
Decades of research resulted in many translational approaches successfully screening 

for MIF inhibitors and anti-MIF / anti-CD74 antibodies in phase I / II clinical studies (e.g., 

https://www.clinicaltrials.gov/ct2/ show / NCT01845740). However, future studies should 

also focus on intracellular functions such as nuclease activity. Because these also 

represent critical therapeutic approaches that should not remain unexplored. Suppose 

one considers that MIF and MIF-2 play an important role in neurobiology, cardiology, and 

immunology. In that case, it is essential to expand the translational potential and 

research other MIF models other than the mouse. Therefore, the rat as a model, is the 

focus of research. As mentioned initially, a rat is not just a larger mouse; accordingly, a 

MIF knockout rat model (Mif KO rat) is a new research model that enables new research 

approaches. The advantage of a rat model, besides many other requirements, is that the 

model system is in many ways closer to human physiology240. This opens practical 

benefits for research into behavioral analysis that are already known and new, simpler 

operations, as well as serial blood withdrawals. In addition, the new research 

opportunities provided by the Mif-KO rat model can clear up the contradicting results. 

Many studies have been carried out on mouse models in the area of ischemic stroke 

models. However, partly contradicting results were received so that no precise results 

could be assigned to the role of MIF, even less for MIF-2116,241. With the help of the 

established stroke models, combined with Mif KO rats, it would be possible to obtain a 

better one to clear up the contradicting facts. This could make MIF the focus of a 

therapeutic approach, namely stroke research. The main focus of the research is to 

characterize the role of MIF on microglia or astrocytes using the in-house scRNAseq 

pipeline. Because there are only minor studies of transgenic rats within the MIF family, 

cell-specific questions cannot be limited to the microglia or astrocytes. Still, they could 

also investigate the maturation of rat B cells. In addition, the new research opportunities 

provided by the Mif KO rat model can clear up the contradicting results. Many studies 

have been carried out on mouse models in ischemic stroke models. The scRNA 

sequence could characterize Mif KO in rats, which is a partial contradiction. In addition, 

the role of MIF in the maturation of B-cell in mice could be repeated and used for the rat 

animal model. This would give a closer insight into possible treatment methods for 

atherosclerosis. Overall, the Mif KO rat model offers excellent potential for research and 

the establishment of a broader biomedical research community, particularly in the 

cardiovascular field.  
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The current work focuses on the nuclease activity of MIF. In this regard, it must also be 

mentioned in this section, that the protein sequence of the rat for MIF, the critical 

residues, shows that these would be the glutamic acid at position 22 and the cysteines 

at position 81. Both regions are also conserved in the rat (Figure 5-22). In addition, MIF 

was also observed in the cytosol and the nucleus of the rat cells242. 

 

 

 

 
Figure 5-22: Targeted MIF gene in rat genome with the help of uniport tools (https://www.uniprot.org).  

(A) Illustration of MIF graphic: A0A0F7RQL3 P30904. B) Protein Sequence of rat MIF, highlighting critical 

glutamic acid at the place 22 for the nuclease activity and critical domain at the place 81 for the zinc finger.  

 

 

The CRISPR / Cas system was initially described in this paper, revolutionizing the 

scientific world. With the help of this new method, ticked genetic sections could be cut, 

modified, or desired genomes could be inserted. For the transgenic rat project, the 

innovative system of CRISPR / Cas was used to remove the MIF gene from the net with 

genetic scissors243–245. 

CRISPR was initially found as a specific piece of DNA in a bacteria's genome. The 

reason for this being that the CRISPR with the enzyme Cas9 forms part of the bacterial 

immune system, which helps the bacteria to defend themselves against viruses. The 

CRISPR / Cas system protects bacteria from viruses or bacteriophage infections. In 

bacteria, the mechanism is divided into three phases. The first phase is an acquisition, 
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in which the bacteria build parts of the virus DNA as spacers in their genome. This 

sequence serves as a "memory" for the bacterium. In the second phase, the Cas 

protein's expression is assembled with the RNA. Finally, the RNA serves the Cas protein 

as a template for the correct sequences to detect sections. The third phase that occurs 

is the interference; in this case, if the same Virus is attached again, the foreign DNA is 

recognized, docked, and cut. In this way, the injected virus DNA is rendered harmless. 

The targeted degradation of the foreign DNA sequences takes place. The CRISPR array 

is read, resulting in a precursor RNA, which can also be referred to as pre-crRNA. These 

palindromic repeats form hairpin loops. The short crRNAs are bundled with a spacer 

each. These are combined with a Cas9 enzyme, a tracrRNA (trans-encoded crRNA). 

With the help of the PAM sequence, it is ensured that a similar sequence of one's 

organism is not accidentally cut184,246–249. The RNA molecules point the Cas9 enzyme to 

the correct DNA sequence. So that the enzyme can recognize and cut the DNA strand, 

it must first be wound up so that the recognition sequence is exposed. This makes it 

possible for the RNA molecules to attach themselves to the complementary piece of 

DNA. the strand is then cut enzymatically so that a double-strand break occurs. This 

study used this method to perform a direct change in the DNA. Two researchers were 

recognized for discovering the CRISPR / Cas system in 2020. However, these systems 

and their basic structures were developed and discovered years ago and have already 

been investigated by the Zhang Lab250–252. Looking at the transgene model with a Mif 

KO, we see that an integrated “guide RNA” was designed for the Cas9 enzyme, 

recognizing the target DNA interface. The endonuclease Cas9 can subsequently cut the 

recognized double strands. As mentioned before, DSB arises normally under natural 

conditions through oxidative stress or other mechanisms of aging. To reduce DNA 

damage, organisms have built-in repair mechanisms. The intentionally dispatched DSB 

can be repaired by a random (non-homologous) or targeted (homologous)73,253,254. The 

repair itself leads to its inactivation, when the DSB ends are joined directly together so 

that the cut-out section is missing, or when new random base pairs are inserted. 

However, the breaks could also be repaired by an additionally inserted homologous 

sequence. At this point, a new or modified form of a gene (mutation) can be inserted253. 

In addition to the production of genetic modification, this information must also be 

developed in an organism, and the organism must be bred. Another achievement in 

genetic engineering has made it possible to create transgenic rats, known as in vitro 

fertilization (IVF)255,256. 

With the help of in vitro fertilization, fundamental physiological, morphological, and 

molecular processes in gametes can be examined. In addition, the reproduction of 

animals can be ensured.  
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Figure 5-23: Schematic representation of MIF gene Editing by CRISPR/Cas9 method, modified by using 

Biorender.  

Schematic presentation of the CRISPR/Cas9 process of gene editing. In purple, the complex of Single Guide 

RNA (sgRNA) and protospacer adjacent motif (PAM) sequence is represented. Double strand break and 

non-homologous end joining is targeted in the MIF encoding gene sequence. Further nucleotide deletion 

leads to MIF gene deletion of the genome. 

 

 

 
 

5.6.1. Designing CRISPR/Cas9 guide RNA  

 
With the help of the CRISPR / Cas method, the editing process could be carried out 

much more efficiently. Furthermore, embryonic and spermatogonial stem cells can be 

injected into adult animals to breed transgenic offspring directly257. As already 

mentioned, the CRISPR-Cas system consists of two main components, a guide RNA 

(gRNA) and a CRISPR-associated (Cas) nuclease (Cas9). With the help of the guide 

RNA, the Cas nuclease recognizes the target DNA region, which is why it consists of a 

specific RNA sequence, individual to the research interest. The gRNA itself is also made 

up of two parts ; on the one hand, the CRISPR-RNA (crRNA), which is approx. 17-20 

nucleotide sequence long and naturally complementary to the target DNA, and on the 

other hand, a tracr-RNA, which acts as a binding structure for the Cas nuclease, is used. 

The CRISPR-associated protein, usually the Cas9 nuclease from Streptococcus 
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pyogenes, is a non-specific endonuclease, but with the help of the gRNA, it is transferred 

to the specific DNA locus. At the desired point, the nuclease generates a double-strand 

break. The crRNA is integrated into the gRNA. Therefore, it is the component that has 

to be adapted to the research aim so that the specificity of the Cas9 nuclease is 

guaranteed (Figure 5-23 A). There is a single RNA molecule in the single guide RNA 

(sgRNA) in which the crRNA sequence and the tracrRNA sequence are fused. This 

sgRNA can be produced synthetically. In nature, crRNAs and tracrRNAs occur as two 

separate RNA molecules. In contrast, sgRNAs are popular in research, and the terms 

sgRNAs and gRNA often have the same meaning in the CRISPR community. Correct 

design of the CRISPR Guide RNA sequence is critical as it affects the efficiency of DNA 

cleavage at the target site. Therefore it is essential to consider all important parameters. 

A Protospacer Neighbor Motif (PAM) was therefore designed. The PAM sequence 

identifies the locations where the nuclease divides 3-4 nucleotides upstream of the PAM 

sequence. For an efficient generation of transgenic rats with a Mif KO, various PAM 

ounces were identified. These are marked in green and yellow. However the yellow mark 

indicates a less efficient PAM sequence compared to the green label (Figure 5-24 B). 

Next to the PAM sequence, the Primer sequences were also indicated (Figure 5-24 C). 

The primer sequences are designed with the aim to delete the whole MIF gene (Figure 

5-24 D). The PAM sequence "NGG" can be added to the oligo but is not mandatory 

during the design of the target spacer. However, it is important that the NGG PAM 

sequence immediately follows the target on the genome but not on the oligo. Therefore, 

the PAM sequence and its location are marked purple, the designed oligos in the desired 

gene region are marked yellow. The actual oligos correspond to the following motif : 

5'-CACCGN ... N-3 ' 

3'-CN ... NCAAA-5 '.  
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Figure 5-24: Design of Targeted gene side, with the help of the PAM sequence and sgRNA.  

(A) Illustration of Cas 9 enzyme with sgRNA and tracer. (B) Sequence and PAM region detection. (C) 

Analyzing of sgRNA cutting site (http://crispor.tefor.net/crispor.py?batchId=fsuAE7PvZzA0GS95RJCu). (D) 

Representing cutting side; sgRNA side in yellow and PAM sequence in lila; summary of the primer, sequence 

and the amplification product. Sequence analysis by courtesy of Marie-Christine Birling (Phenomin), 

generated as part of the Infrafrontier project of Profs. Gokce and Bernhagen.  

Position                         10                 20                30                  40             50                 60        

Sequence  gagtcaagtcctcactacctagcttattaaatgaggcatcctccgtttctatcttaggaaacagag

                                         CCT---     CCT---            −−−AGG    CCT---         −−−AGG 

                                                                                                              CCG---
PAM's 

B

Ex1 Ex2 Ex3

F1

-->
F2

-->

R6

<--
R7

<--

gR76- -gR83

-gR79

gR94- 

           -gR93b
-gR87

A

C

D

Primer ref.

F2

R7

F1

R2

F7

R6

Sequence

TTCGCTAAAGTCCGTCGATCCTACC

AAATGGGGCTGAGAAAGATACAGGC

GATTGTTCTCCAAGTACAAGCCATC

CCCAAGTCTGGGACCTGAGCTACGT

GCTTTAGCTCAGTAGACCCTTTCAT

GGAAGGGCACAATTCAGGATTCCCG

Ampli cation product size WT

 1567 bps*

483 bps

518 bps

Ampli cation product size KO

~500 bps

NA

NA
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With the help of a KIT, the CRISPR / Cas) genomic editing method was carried out. The 

Agilent SureGuide gRNA Synthesis Kit (P / N 5190-7719) is recommended for 

synthesizing your gRNAs. In Figure 5-25 analyses of Control Cas9 digestion are shown. 

The Cas9 protein is a protein that ensures that the target region is cut out. This cuts the 

PCR product, including the area of interest. A guide is validated when it cuts the target 

PCR fragment. However, the amount of cut DNA fragments is not a further indicator and 

does not guarantee the in vivo efficiency of the guides. The bands are indicating the PCR 

bands of the different guide RNAs.  

 

 

 
 
 

Figure 5-25: Representation of CRISPR guide efficiency (Agilent Technologies 5190-7716).  

(A) Representative of MIF gene enviorenment (B) CRISPR guide efficiency in vitro test by using Sureguide 

kit (Agilent Technologies 5190-7716). The gel image is by courtesy of Marie-Christine Birling 

 

 
After the primers F2 and R7 were used, the F0 generation was characterized for the pup 

screening. In addition, the F1 was genotyped. A visible band identifies the deletion at 

540bp and 531bp. The aim is to delete the whole MIF gene (~1kb). The visible del allele 

fragment is identified through the black band in the agarose gel (Figure 5-25). With the 

help of the CRISPR / Cas9 method and the rat research model, a new research species 

was created to investigate the effects of MIF. Therefore, the most critical trademarks 

were to synthesize guide RNAs in vitro and validate them. Then, the validated sgRNAs 
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were selected for microinjection. Sprague Dawley (rat) eggs were fertilized by 

microinjection in this study. 

The F0 generation was characterized and genotyped. The F0 founders of interest were 

bred to obtain germline transmission. F1 animals were validated by genotyping to collect 

the F1 and F2 animals for organ removal. 

 

 
Figure 5-26: Selection of targeted gene side (PCR F2-R7) of F0 and F1 genotyping results. 
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(A) F0 genotyping results using PCR F2 and F7 for pups screening (B) F1 genotyping results using PCR F2 

and F7; fKur7103-6979-DEL left gel and Kur7103-6981-DEL line right gel. Gel images are by courtesy of 

Marie-Christine Birling 

 
 
Three founders have been identified and have been validated by Sanger sequencing 

(F0-6979, F0-6981, and F0-6982). They were bred with wild-type animals after eight 

weeks (Figure 5-27).  

The Sprague Dawley (SD) rats with a Mif gene knockout (Mif-KO) were generated using 

the CRISPR/Cas9 nuclease system. 

 
 

Figure 5-27: Sanger Sequencing results of the founder animals for the transgenic Mif KO rat.  

(A) F0 sequences; red color indicates forward oligo F2; green color indicates reverse oligo R7; cyan indicates 

insertions. 
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Figure 5-28: Illustration of experimental design for rat tissue collection.  

Different Tissue samples were collected (brain, heart, kidney spleen and liver) for western blot, tissue 

staining and RNAseq (bulk) as well as serum of WT and Mif KO rats. 

 

 

Various organs were removed from WT and Mif KO rats and collected for subsequent 

staining, Western blots, and RNAseq analyses (Figure 5-28). The brain, heart, spleen, 

kidney, liver, and blood were collected as freshly frozen tissue. For further RNA seq 

analyses, different areas of the brain were brought together, the prefrontal cortex, 

hippocampus, cerebellum, and corpus callosum. In order to investigate the biological 

role of Migration Inhibitory Factor (MIF), a pleiotropic cytokine, mouse strains without 

MIF were generated in embryonic stem cells by gene targeting in earlier research 

projects. However, no ratlines are known with a MIF deletion. 

A wide variety of results were achieved in mouse trunks with MIF deficits. In the lethal 

effect of high-dose bacterial lipopolysaccharide (LPS) or Staphylococcus aureus 

enterotoxin B (SEB) with D-galactosamine, Mif KO mice showed resistance compared 

to wild-type mice. However, one of the most interesting observations was made a decade 

ago when MIF-deficient mice showed longer lifespans. Compared to control mice, Mif 

KO mice are significantly extending lifespan in response to calorie restriction (CR)258. 
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Figure 5-29: Illustration of experimental design for WT and Mif KO rat tissue collection.  

Different Tissue samples for western blot, tissue staining and RNAseq (bulk) as well as serum collected of 

brain, heart, kidney spleen and liver.  

 

 
Various methods can validate genes, and multiple techniques can confirm a gene 

deletion in addition to the examination of transgenic standard PCR with subsequent 

agarose gel electrophoresis or real-time PCR for genotyping. 

The subsequent analysis uses the western blot technique, in which β-actin is used as a 

housekeeping gene. The description of housekeeping genes is used for genes that are 

not subject to any regulation in the cell's transcription process. Housekeeping genes can 

be used as a control, or the target proteins can be normalized to the housekeeping 

protein concentration. The western blot results were normalized for each animal with 

respect to its β-actin band intensity. Monomeric AIF shows a band at the height of about 

67Kd, MIF about 12.5kD, and β-actin at around 42Kd. On the PVDF membrane, all wild-

type (Animal ID: 9041,8908, 9366 and 9052) and heterozygous (Animal ID: 9046, 9049, 

9912 and 9050) rat samples showed a band for β-actin, AIF, and MIF. Only for the Mif 

KO (Animal ID: 9365, 9051, 8907 and 9053) animals were no band for MIF detected 

(Figure 5-30). There are no significant differences based on the MIF concentration of 

wild-type and heterozygous rat samples. However, Mif-KO rats show a significant MIF 

protein deficiency. 
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The mean values of the AIF protein level show slight differences. Still, the results are 

similarly slightly spread for all genotypes so that no difference in the AIF expression can 

be determined based on the genotypes. 

 

 

 
 

Figure 5-30: Western Blot Validation of the CRISPR/Cas9 transgenic WT and Mif KO rat, by AIF and MIF 

detection, by using brain tissue.  

Analysis of MIF and AIF detection in WT, het and Mif KO rat brain tissue. Dissected and collected under the 

guidance of Prof. Dr. Özgün Gökçe. (A) Western Blot of AIF; β-actin und MIF (B) MIF expression 

quantification normalized to β-actin (n=4). (C) AIF expression quantification normalized to β-actin (n=4); 

quantification by LI-COR Software for Proteomics Imaging and Analysis. 
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6. Discussion 
 

6.1. Aging associated neurodegenerative diseases  

 
 
The past few decades have seen significant advancements in the fields of science and 

medicine. As a result, there has been a notable improvement in life expectancy and 

overall health at an advanced age. However, these advancements have presented new 

challenges to society, particularly in dealing with conditions that are commonly 

associated with old age. One such class of age-related diseases is neurodegenerative 

diseases, which include well-known conditions such as Alzheimer's disease, 

frontotemporal dementia (FTD), Parkinson's disease (PD), and motor neuron diseases 

like amyotrophic lateral sclerosis (ALS)259. These diseases are characterized by diverse 

pathophysiological processes that can affect different bodily functions. For instance, 

some of these disorders can lead to speech, movement, or breathing difficulties, while 

others primarily cause memory and cognitive impairments260,261. To gain a better 

understanding of neurodegenerative disorders and develop effective treatments, it is 

crucial to decipher their causes and the molecular mechanisms that govern them. One 

key mechanism that affects every cellular life cycle is apoptosis, which plays a critical 

role in cell physiology. Each individual mechanism involved in apoptosis is complex. 

Apoptosis is particularly relevant when the cell is affected by factors such as caspases, 

B-cell lymphoma 2 (Bcl2), tumor necrosis factor-α (TNF-α), or reactive oxygen species 

(ROS). The disruption of regular cellular processes, such as apoptosis, due to aging or 

harmful environmental influences, can lead to detrimental neurodegenerative 

disorders262,263. Neurodegenerative diseases are often characterized independently, but 

there is frequently an overlap between Alzheimer's disease and Lewy body pathologies. 

Biomarkers are crucial in diagnosing neurodegenerative diseases and tracking their 

progression in clinical trials. Aging leads to many changes in the organism, including the 

gradual decline of various tissues and organs. Neurodegenerative diseases are 

particularly associated with aging and are characterized by cognitive and motor 

impairments. With life expectancy increasing, there has been a rise in neurodegenerative 

diseases. The accumulation of cellular stresses, such as oxidative stress and DNA 

damage, contributes to the aging process and can exacerbate neurodegenerative 

diseases. PARP1 is a protein that is linked to aging and neurodegenerative diseases 

and is also involved in cell death mechanisms in neurons, called parthanatos. In addition, 

PARP1 suppresses autophagy but also plays a role in DNA repair and 

neuroinflammation. PARP1 inhibitors have been the focus of drug research for the 
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treatment of breast cancer, pancreatic cancer, and other diseases, but drug discovery is 

still in its early stages for central nervous system disorders. Therefore, it is essential to 

conduct comprehensive studies on PARP1 and its downstream mechanisms. However, 

the nature of the BBB and the structural changes following post-translational 

modifications make it challenging to control PARP1 with an inhibitor drug and establish 

effective medication for central nervous system diseases. 

PARP1 activation can lead to DNA degradation by nucleases and activation of pro-

inflammatory gene transcription. Interestingly, inhibition of PARP1 leads to the 

accumulation of cytosolic self-DNA, which activates the cGAS-STING signaling pathway. 

These findings suggest that PARP1 activity is diverse and that various factors interact, 

which ultimately determines the activity of specific pathways264–266. 

However, it represents an important research area for future in-depth studies of PARP1 

as it is still a critical avenue to solve these problems265,267. This study, aims to focus on 

the activation of apoptosis, also known as parthanatos, by PARP1-induced DNA 

degradation by MIF as a nuclease. 

The activation of the poly-ADP-ribose polymerase 1 (PARP1) and, thus, the parthanatos 

signaling pathways is additionally increased by the strongly oxidative environment after 

a stroke. Another study showed that resveratrol preconditioning (RPC) induced ischemic 

tolerance by inhibiting PARP1 overexpression and, thus, parthanatos268. 

 
 

6.2. MIF-2 is a potential nuclease  

 
The family of nucleases is structure, function, and topology overarching. In general 

nucleases can cleave phosphodiester bonds (between sugars and the DNA phosphate 

units) of nucleic acids. These include endo- / exonucleases, DNases / RNases, 

topoisomerases, recombinases, ribozymes and many others74,269. The families of 

nucleases, such as the members of the PD-(D/E) XK nuclease, are not only diverse, but 

can often also show low sequence similarities. The main features of this family are the 

similar core folds and the critical residues in the active sites. For this very reason, it was 

not only a challenge to establish MIF as a new member, but also, in the case of this 

study, MIF-2 because the standard sequence analysis needs to be revised to obtain 

evidence270. MIF was recognized as a new member of the (D/E) XK nucleases in 2016. 

the similarity to the restriction endonuclease was demonstrated by comparing the critical 

motifs within the sequence that represents the active site for nucleic acid cleavage. 

However, our investigations have shown that the evolutionary conservation of the active 

center was only preserved with the help of the crystal structure, which was not 

immediately recognizable from the amino acid sequence. The experiments of this study 
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aimed to investigate the predicted active sites of nuclease activity, DNA cleavage sites, 

as well as the potential biological role of this newly discovered nuclease function of MIF, 

but also of MIF-2. MIF has been identified as endonuclease as well as an exonuclease 

based on the MIF trimer19,116,271. 

While the DNA polymerase contributes to the replication of the template DNA, the 

exonuclease degrades faulty DNA strands in the 3 'to 5' direction. The deletion of this 

exonuclease, which contributes to proofreading, leads to increased cancer in mice152. 

Another factor in DNA integrity is the removal of Okazaki fragments during replication. 

RNaseH, FEN1 endonucleases are also involved in the elimination of the Okazaki 

fragments in eukaryotes and archaea75,153–155. The flap endonuclease (FEN1) removes 

RNA and DNA 5'flaps75,154. In this study we tested FEN1 next to MIF and MIF-2 as 

negative controls. The nuclease assay, visualized by the agarose gel showed no 

degradation of the plasmid DNA by FEN1, whereas MIF and MIF-2 show a clear DNA 

cleavage. However, no observation of FEN1 nuclease activity was not unexpected in this 

experimental design since 5'flaps were not present in the used plasmid DNA as 

substrate. However, it also shows no risk of contamination from the excipients used in 

the reaction design. Although, this approach cannot disprove whether the in-house 

purified proteins MIF and MIF-2 carry contamination by bacterial nucleases. Next to 

FEN1 also restriction enzymes such as AGEI, EcoRV, EcoRI and DNase1 have been 

used as a positive control for plasmid DNA cleavage (nuclease agarose gel assay). 

Similar to previous studies, the nuclease assay works, and the established restriction 

enzymes, likewise nuclease associated with the PD-(D/E) XK family show nuclease 

activity and cut the plasmid DNA. We were able to show how similar previous studies 

were that the assay itself works and the established restriction enzymes, which are also 

associated with the PDX nucleases, show nuclease activity, and cut the plasmid DNA. 

However, to determine the Kd of MIF and MIF-2, besides if both show an affinity for 

specific sequences or binding sites, the real-time nuclease assay was established for 

this purpose. Simultaneously it was not expected that the restriction enzymes show 

nuclease activity in this assay. Due to the missing specific cutting side, AGEI, EcoRI and 

EcoRV have been used as a negative control site in the probe based real-time nuclease 

assay. Nucleases can be classified according to their motifs in their primary sequences, 

however functional properties can be conserved in 3D crystal structure sequences in 

comparisons with other known nucleases. In 2016 MIF was identified as a Mg2+-

dependent nuclease showing 3´exonuclease and endonuclease activities116. 

Specifically, the goal of this study is to minimize the possibility of artifact. Therefore, 

various positive and negative controls were used to exclude the observation of nuclease 

activity due to a manufacturing or testing procedure. In this study, the 3D crystal structure 
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was also observed of human MIF with human MIF-2, mouse MIF with mouse MIF-2, 

human MIF and mouse MIF-2, and mouse MIF-2 with staphylococcal nuclease. We 

focused on either the glutamic acid at the region 22 for mouse and human MIF, or the 

glutamic acid at the region 88 for mouse and human MIF-2, as functional moiety 

necessary for the respective nuclease function. We observed that in all cases the 

glutamic acid (E88) for human and mouse MIF-2 is in proximity to the critical glutamic 

region E22 for mouse MIF and MIF-2 and next to the glutamic acid E44 for the 

staphylococcal nuclease. In addition, nuclease deficient mutants showed no (MIFE22Q) 

to little nuclease activity (MIFC81S; MIF-288Q) detected by agarose gel nuclease assay 

as well as real-time nuclease assay. Using the MIFE22Q mutant, the results of Wang et 

al. 2016, have been reproduced. In which the mutation specifically affects the function 

of the active site. Now, enzymes of the PD-(D/E) XK nuclease family are endowed with 

multiple active sites. Therefore, inhibition of nuclease activity by mutation of MIFE22Q 

may disrupt the one critical active site, but it is likely that a misfolding resulted from the 

mutation, leading to a significant reduction in nuclease activity. The PD-(D/E)XK motifs 

could only be partially found in the sequence compared to MIF. However, our study 

showed that the fold conserves the critical active site where the E88 of MIF-2 is missing, 

resulting in glutamic acid at position 22 being replaced. A nuclease activity for MIF-2 

could also be measured after the mutation. Again, it is believed that this is not the only 

domain that plays an important role in the nuclease function. In addition, the folding of 

the protein is not disturbed by this weakening so that the other nuclease domains, which 

are responsible for the function, are preserved. The S-nitrosylation site of MIF, Cys81, 

has been an area of research for years. The focus is on the decreasing MIF activity. 

Among other things, MIF can stimulate the transcription of BDNF, while SNO-modified 

MIF shows less effect. In addition, S-nitrosylation of MIF is believed to cause a 

conformational change. Which in turn impairs trimer formation. It is still unclear whether 

nuclease activity is affected by homotrimer formation by MIF. However, our studies do 

not show a clear effect of trimer and dimer on nuclease activity272. In this study, it was 

observed that the MIFC81S mutant, which mimics the SNO-modified MIF, as well as the 

MIF zinc finger mutant, which is the DNA-binding site. In addition, reduced nuclease 

activity was noted in this study. Using the MIF and MIF-2 mutants in this study, it was 

shown that the assay works and carries no risk of artifacts due to contamination from 

nucleases in the environment. However, a conformational change and the possible 

bacterial nuclease contamination during the purification of the MIF was not completely 

ruled out. Therefore, it was necessary to establish the nuclease assay directly affecting 

MIF. Our validation approach led us to add a MIF-neutralizing antibody to the nuclease 

assay. In the presence of a neutralizing anti-MIF monoclonal antibody (clone IIID9, IgG1 
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isotype) we also showed a decrease of plasmid DNA degradation and probe cleavage. 

Overall, we were able to determine the critical nuclease residues and independence from 

the MIF and MIF-2 nuclease activity, in addition we can rule out bacterial nuclease 

contamination. Through the antibody neutralization of MIF, a successful reduction of the 

inflammatory symptoms could be shown in studies273,274. However, there is a consensus 

that understanding the molecular structures and their dynamics responsible for the 

functional properties can help influence the disease state. This is because, by 

conformational change or inhibition, targeting the active sites accountable for nuclease 

function can lead to inhibition of DNA degradation and, thus, cell death via the PARP1-

activating AIF-dependent apoptosis pathway. However, MIF and MIF-2 are topologically 

controlled, meaning that, among others, unwanted symptoms could be promoted by also 

modifying extracellular MIF or MIF-219,275. It is known that MIF and MIF-2 have 

overlapping functions, including transcriptional activation of pro-inflammatory factors, 

which is promoted, for example, by binding to the CD74 receptor276,277. Further controls 

were conducted using the in vitro agarose nuclease assay and real-time nuclease assay. 

The inhibitory effect of MIF in connection with diseases has been proven in many studies. 

Therefore, many known MIF inhibitors were tested with the agarose-nuclease assay. 

However, nothing was able to inhibit or stop the nuclease activity except for the antibody 

IIID9, which is used in many studies as a neutralizer anti-MIF monoclonal Ab (clone IIID9, 

IgG1 isotype)65,234,278. ISO-1, known as MIF antagonist, a cell-permeable inhibitor of MIF 

tautomerase (IC50 = 7 µM for D-dopachrome tautomerase), could not inhibit the 

nuclease activity. The MIF antagonist MIF98 was also unable to show any inhibition of 

nuclease activity279,280. We obtained similar results after a 4-IPP addition to the nuclease 

reaction mix281. In summary, we assume that the nuclease activity has been verified in 

our laboratory, and the possible contamination by bacterial nuclease could be decidedly 

refuted with the help of the purification of a nuclease-deficient mutant (MIFE22Q). In 

addition, this result was supported by the inhibition of the nuclease activity by the 

neutralizer anti-MIF monoclonal Ab (IIID9). However, it is assumed that the MIF antibody 

IIID chelates out the MIF molecules in the reaction mix). There is no evidence that the 

antibody binds directly to the nuclease active pocket of the MIF proteins. At the same 

time, it would be very exciting to investigate this in the future by means of a crystallization 

analysis.  

In general, can be confirmed that the nuclease activity could be verified for human and 

mouse MIF using all control resources available. However, the question of folding 

correctness after cloning processes remains unanswered, which could be explored in 

future studies. A malfunction caused by the mutation could also influence the nuclease 

activity, but this does not affect the question of the general nuclease activity. The reason 
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is that the contamination-free purification is still proven by inhibiting nuclease activity due 

to sequences/conformation changes. We could visualize a nuclear accumulation of MIF 

as well as MIF-2 upon excitotoxicity in primary mixed neuronal culture after treatment 

with NMDA, MNNG and etoposide. In primary astrocyte culture we showed similar AIF, 

MIF and MIF-2 nuclear increases after toxic insult with MNNG. We could not detect any 

effect of MIF nuclear increase in Mif-2 KO cultures or MIF-2 nuclear increases in Mif KO 

culture. In addition, neither Mif KO nor Mif-2 KO cultures influenced AIF translocation 

into the nucleus. Whether a MIF deficiency leads to a decrease in apoptotic cells or a 

decrease in repair processes in damaged cells is still unclear, as is the exact mechanism 

behind it. Since MIF was referred to as an AIF-dependent nuclease in initial studies, its 

deficiency decreased apoptotic cells. However, recent studies discovered MIF as a 3' 

flap nuclease critical for DNA replication. In this study, which at first glance seems 

contradictory, it must not be forgotten that MIF and MIF-2 are complex proteins with 

different enzymatic abilities and functions. However, this makes their study all the more 

difficult since the experimental environment appears to be crucial for the functional 

unfolding of MIF and MIF-2. 

In 2016, Wang et al. reported reduced levels of DNA damage in Mif KO and MIF nuclease 

deficient cultures. To confirm this finding, we conducted experiments using the neutral 

comet assay to assess DNA damage in primary astrocyte cells from Mif KO transgenic 

mice. Our results showed a significant decrease in double-strand breaks (tail moment) 

in these cells, as well as in Mif-2 KO primary astrocytes. The comet assay is a 

microscopic method that allows for visualization of DNA breaks or damage. The shape 

of the comet tail can provide insight into the amount or length of DNA breaks, and 

therefore the extent of damage. However, it should be noted that DNA breaks can also 

occur as part of a repair mechanism, indicating an intact or increasing repair process. In 

our study, we propose that MNNG-stimulated apoptosis activates the MIF or MIF-2 

nuclease function, leading to comet assay tail formation as a result of DNA damage. With 

the help of two independent DSB markers (γH2AX and 53BP1), we showed a DNA 

damage decrease in Mif-2 KO primary astrocyte culture. However, it was still unclear if 

the decrease of DSB in Mif KO and Mif-2 KO cells is due to the missing nuclease activity 

in the AIF dependent apoptosis pathway, during the repair mechanism, or a decrease in 

the proliferation rate. It is known that MIF has regulatory properties that can, among other 

things, stimulate the growth of cell lines, for example, endothelial cells282. Therefore, this 

proliferation-promoting function of MIF should also be a fact that makes the study of cell 

loss due to AIF-dependent apoptosis even more complex. 

To clarify some of these questions, we plated the same number of primary astrocyte 

cells, treated with MNNG, and counted them after the incubation time. We observed a 
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decrease of the cell count in WT control compared to MNNG treated primary astrocyte 

cells. We saw a significant effect of MNNG in WT, while in our heterozygote WT/Mif-2 

KO cultures the toxic insult was not significant. Same was observed for Mif-2 KO samples 

compared to the MNNG treated and the control group. These results indicate a 

decreased risk for apoptosis upon MIF or MIF-2 deletion. However, WT control samples 

compared with Mif KO significantly increased in cell numbers. To explore this finding 

more in detail, the cell number in culture during a longer period of time was monitored. 

We established the live imaging, during toxic insult and counted the cells every ~30 

minutes. After initially incubating the cells with Hoechst and treating them with MNNG 

we readily detected less cells in WT MNNG samples. Cell numbers were gradually 

decreasing within 13 hours. Compared to WT MNNG samples we also detected a 

decrease in cell count in the WT control group. These decreases were, however, not at 

the same level as for the MNNG groups. Therefore, the difference between WT control 

and MNNG groups was still significant. A significant decrease was not given between 

Mif-2 KO control and Mif-2 KO MNNG groups. If we compare WT control groups with the 

Mif-2 KO control and if we also compare the WT MNNG group with the Mif-2 KO MNNG 

samples, we see significant increases of cell numbers for Mif-2 KO, regardless of the 

control or MNNG group. Therefore, we assume a protective effect of MIF-2 deficiency 

upon toxic insult.  

Studies have shown that treatment with MNNG activates Neuro2a cell death in vitro. 

However, cultures deficient in MIF show a reduction in cell loss. Previous research has 

also demonstrated a protective effect of modified MIF, such as through acetylation283. It 

remains unclear whether this modification prevents binding to AIF or whether 

conformational changes lead to a reduction in the promotion of apoptosis by MIF. 

Nevertheless, these findings do not contradict previous studies that have identified MIF 

as essential for the DNA repair mechanism. 

In this study, we were able to replicate the toxic effect of MNNG on astrocyte cultures. 

Similar protective observations were made in MIF and MIF-2 deficient cultures, leading 

us to hypothesize that MIF-2 also plays a critical role during apoptosis. However, it 

remains to be confirmed whether this pathway is also AIF-dependent. Additionally, MIF-

2-deficient cultures were observed to have higher cell counts despite MNNG treatment. 

This observation suggests that cells with MIF-2-deficiency may be protected during 

experimental handling. Therefore, in vitro MIF deficiency appears to promote cell 

survival. In conclusion, it was found that (1) MIF-2 is a novel nuclease and can digest 

plasmid DNA and fluorescein-labeled oligonucleotide probes. Although it is the 

paralogue of MIF, the critical nuclease sequence is partially conserved. However, these 

were restored within the crystal structure, and thus the active center for the nuclease 
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function could be preserved. (2) MIF-2 critical nuclease domain is identified as E88. With 

the help of the simulation of the critical structures, the most important domains for MIF 

and MIF-2 could be superimposed. Note that the glutamic acid of MIF-2 at position 88 

overlaps with the glutamic acid at position 22. In addition, our investigations were able 

to show a decrease of the nuclease reaction for the mutant MIF-2 E88Q. (3) MIFE22Q 

show loss of nuclease activity, MIFC81S as well as for MIF-2 E88Q have reduced 

nuclease activity. Therefore, previous studies with the MIFE22Q mutant could be 

reproduced. In addition, the MIFC81S mutant was discovered, which also resulted in a 

loss of MIF nuclease function. (4) Neither MIF nor MIF-2 deficiency influences AIF 

nuclear translocation. We could detect nuclear AIF in WT, MIF or MIF-2 deficient cells. 

(5) MIF deficiency does not alter MIF-2 nuclear enrichment upon toxic insult as well as 

MIF-2 deficiency is not altering MIF nuclear increase after MNNG treatment in astrocyte 

culture. (6) MIF and MIF-2 deficiency show less DNA damage levels in primary astrocyte 

cultures. However, it is unclear whether decreased DSB markers in MIF and MIF-2 

deficient cells are due to apoptotic protection or a reduction in cell repair mechanisms. 

(7) In Mif-2 KO primary astrocyte culture, we detect higher cell numbers than WT 

astrocyte culture, regardless of a toxic insult. 

 

 

6.3. MIF is related to DNA damage 

 
Cell death is a crucial mechanism that helps to maintain tissue and regulate organ size 

and function. However, it plays an even more critical role in neuronal cells. This is 

because postmitotic neurons, after the development phase, need to maintain circuits, 

and therefore, the longevity of these cells is of utmost importance. Cell death can occur 

during both the development phase and in postmitotic neurons that have already formed 

a differentiated neuronal population. During the development phase, cell death helps to 

regulate optimal target innervation by eliminating a specific number of neurons that 

migrate into ectopic positions or innervate incorrect targets. The overall balance of 

programmed cell death is an important factor in acute and chronic neurodegenerative 

diseases. While targeted cell death can contribute to the formation of functional circuits, 

aberrant cell death mechanisms are one of the main causes of neurodegenerative 

diseases. Although neuronal cell death shares similarities with other cell types, there are 

also significant differences. Due to the neuronal excitability, a high turnover of ATP168 is 

converted, so neurons can be tapped against ischemia-induced death. In addition, the 

voltage-controlled sodium channels are an area of attack for sodium overload and, 
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consequential swelling. However, precisely this feature is used in this study to induce 

neuronal cell death in vitro.  

However, in addition to neurons in the brain, one must not lose sight of other important 

cell types such as glial cells. They themselves have important roles, as do astrocytes 

which support neurons metabolically. In addition, they modulate synaptic activity. This 

however concludes that an impairment of the astrocyte functions has a major influence 

on neuronal survival284. 

Today, astrocytes are increasingly in the focus of many acute and chronic 

neurodegenerative diseases. Within neurodegenerative diseases such as cerebral 

ischemia or Alzheimer's disease, apoptotic astrocytes are increasingly the focus of 

studies. Astrocytes are also an important factor in fighting off antioxidants8,285,286. 

Oxidative stress is known to be implicated in neurodegenerative diseases. Although the 

cerebrum measures only a small body mass (2%) compared to the total body weight, it 

still uses around 20% of the oxygen required by the body. If at the same time one 

considers that ROS are continuously generated as a by-product during oxidative 

metabolism, everything involved in these cascades plays a key role in 

neurodegenerative diseases. If, contrary to the antioxidative capacity, there is an 

imbalance in the direction of the reactive oxygen species (ROS), one speaks of oxidative 

stress. This inequality can be fueled by numerous factors such as amyloid P peptides, 

inflammatory cytokines or decouples of mitochondrial electron transport, to name a few. 

The formation of oxygen species (ROS) can be prevented with the help of antioxidants 

such as ascorbic acid or antioxidant enzymes such as glutathione peroxidase. 

Astrocytes contain many of these antioxidants. Above all, glutathione metabolism of 

astrocytes, via extracellular forerunner, plays an important role in the disposal of 

exogenous peroxides, thereby protecting astrocytes in coculture neurons from the 

toxicity of ROS287. More recent findings however, provide additional evidence (in vivo) 

for the glutamate-glutamine cycle in the brain between neurons and astrocytes288289. In 

addition early studies suggest MIF as member of the theta-class glutathione S-

transferase290. However this assumption has been questioned by later investigation291.  

This study not only emphasizes the importance of the networking of neurons and 

astrocytes, but also the role of the MIF family (MIF and MIF-2) as a key function within 

the programmed cell death mechanism. In the context of stroke, the involvement of the 

macrophage migration inhibition factor (MIF) in cell death was examined in detail, even 

if some studies present controversial results229. The importance of the MIF family in this 

context is not overshadowed. In connection with the neurological deficits after an 

experimental stroke, it was shown that a disruption of the MIF gene in mice resulted in 

lower infarct volumes116,229. In addition, after a temporary occlusion of the middle cerebral 
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artery (tMCAo) in MIF-KO mice, less damage to the sensory-motor function was 

measured229,292. Furthermore, the finding confirms that neurons in the peri-infarct region 

show an enrichment of the MIF expression. This is particularly the case with interneurons 

of the cortical area. To emulate this, in-vitro studies have also shown that cultured cortical 

neurons in neuronal mixed culture increase the MIF level during oxygen and glucose 

deprivation. It is assumed that the molecular composition within the cells and as a result, 

also the macrophage and microglial reactions are influenced. This has a major influence 

on the neurological deficits after a stroke. Without neglecting the role of the MIF family 

within different cell mechanisms, this study aims to highlight the nuclease function of the 

MIF family and the resulting key role in the pathogenesis of neural injury caused by 

stroke or other neurodegenerative diseases44,116,236. The importance of this aspect in this 

study is supported by the assumption that Parthanatos belongs to regulated cell death 

(RCD). This in turn stands in the context of DNA damage, which is triggered for various 

reasons. The mechanism of regulated cell death, which is influenced by the apoptosis-

inducing factor (AIF), sheds further light on the effects of the MIF family within 

neurodegenerative diseases with the discovery of MIF as the missing nuclease. Signal 

transduction pathways, mechanisms and functions of MIF are still better characterized 

than those of MIF-2. MIF-2 shows 34% homology with MIF, and both can be seen as a 

homotrimer structure. Earlier studies are known in which the role of MIF-2 in cancer is 

characterized. When MIF and MIF-2 are inhibited in the pancreatic cell line PANC-1, this 

results in a reduced activation of ERK1 / 2 and AKT. In addition, the p53 expression 

levels were increased, and in this context the tumor growth was inhibited in vitro and in 

vivo at the same time293,294. In addition, post-translational modifications are present in 

MIF, and they are also observed in MIF-2. Both share the removal of the N-terminal 

methionine and the resulting exposure of a proline residue. This is believed to be 

necessary for enzymatic activity. Interestingly, the same post-translational modification 

and the exposed proline residue can bind isothiocyanate. This leads to the loss of 

tautomerase activity196.  

MIF, a cytokine family member, is a true mediator of inflammation and innate immunity. 

After stimulation by microbial products and proinflammatory cytokines, it can be released 

quickly and, in turn, stimulates the production of proinflammatory mediators by immune 

cells. Accordingly, the extracellular MIF is characterized by its function as a cytokine and 

atypical chemokine. In previous studies MIF has been observed in the cytoplasm and 

nucleus 19,116,295. MIF was stained in a primary mixed neural culture in this study, and a 

confocal microscopy Z-stack image was generated. This enabled the MIF localization to 

be determined. In addition, MIF was calculated and visualized inside and outside the 

Dapi marker. In this study, all three topological localizations within the cell could be 
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shown in MIF and MIF-2. Within the Cell, MIF can be colocalized with other proteins. In 

this thesis, we observed that known DSB markers such as γH2AX and 53BP1 are 

colocalized with MIF and MIF-2 in the cell nucleus. DNA damage is one of the reasons 

for this instability and thus for neurodegenerative diseases. DNA strand breaks can occur 

as single-strand breaks, and the others as double-strand breaks (DSB). The DNA 

double-strand break (DSB) is a type of DNA damage that can have severe 

consequences in cells, particularly if it is left unrepaired. This damage can result in 

programmed cell death (apoptosis) or mutations in genes that lead to cancer. 

Additionally, the missing nuclease in AIF-induced apoptosis was identified as MIF, and 

since then, nuclear MIF has been closely associated with apoptosis mechanisms. In 

published research, the histone variant H2AX and its phosphorylation on Ser 139 

(γH2AX) have been recognized as a marker of DSBs. However, it is not limited to DNA 

damage detection but also plays an important role in various tasks, such as DNA repair55. 

The 53BP1 (p53 binding protein 1) was used as an enhancer for the transcription of p53. 

With the help of the 53BP1, late DNA damage reactions (DDR) can be detected. In 

addition, as a DSB marker, DNA damage marker Comet Assay (single-cell gel 

electrophoresis) can also be used. With the help of this technique, DSB can be 

recognized under neutral conditions and SSBs under alkalic conditions. Cells are 

embedded in agarose, lysed, and exposed to an electric field. Depending on how severe 

the DNA damage is, comet-like stripes appear behind the cell body. The more DNA that 

accumulates in the tail, and the longer it is, the more advanced the DNA damage has 

become296. This study found that depletion of MIF or MIF-2 resulted in reduced DNA 

damage, as indicated by a decrease in 53BP1 intensity and gH2AX foci. These findings 

were validated using the Comet assay, which showed less DNA damage in MIF and MIF-

2. The results were obtained from primary mixed neuronal cultures, as well as 

hippocampus and cortex tissue from both MIF knockout and wild-type animals. However, 

it should be noted that cellular stress occurs within the cell cultures, and the cells are 

also tested for the Comet assay during dissociation. In summary, Mif KO cell cultures 

and tissues appear to be less susceptible to DSB breaks in stressful situations. However, 

further investigation is required to determine whether Mif-KO animals exhibit minor DNA 

damage under physiological or tumor-related conditions, as this is inconsistent with the 

research. 
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6.4. Validation of MIF/MIF-2 enzymatic activity  

 

A specific family of proteins has evolved as a key regulator in the pathway of 

neurodegenerative diseases over the last few years116,297,298. This is the MIF protein 

family, which consists of the macrophage migration inhibitory factor (MIF) 116,299 and its 

paralogue MIF-2, also known as D-dopachrome tautomerase (D-DT)121,126,127. As already 

mentioned, the common neurodegenerative diseases, such as AD, FTD and ALS are 

incurable conditions nor can the disease progression be suppressed179,261,300. These 

diseases are related with an accumulation of abnormal or misfolded proteins, for 

example amyloid in the context of AD. An accumulation of improperly folded or 

aggregated protein leads consecutively to a cellular response of inflammation and to an 

impairment of normal microglia activity in the brain. This is where the role of the MIF 

family fits in, since the MIF proteins are known mediators of inflammation and participate 

in immune responses (in the periphery). Recent studies have identified MIF as a key 

mediator in the brain. It has been found that these group of proteins are important in 

microglial activity, inflammation, as well as blood brain barrier function. A key finding is 

that in addition to its inflammatory role nuclear MIF is a PD-(D/E)XK nuclease that is 

calcium and magnesium dependent. Since the decomposition of DNA is a step in the 

apoptosis cascade, it is vital to investigate the role of MIF as a nuclease, as this could 

provide a clearer insight into the molecular mechanisms that govern neuronal death in 

neurodegenerative diseases205,231,301,302. 

In summary, this work highlights the multipotent function of MIF. Furthermore, where it 

is shown that MIF and its family members, such as MIF-2 and their receptors, play a 

central role in the regulation of innate and adaptive immunity, it is also studied widely as 

one of the most important factors involved in various pathologies, such as autoimmune 

and neurodegenerative diseases. This study validated nuclease activity for MIF and 

observed by chance the nuclease function of MIF-2. Important achievements were the 

finding of similar nuclease domains in the crystal structure of MIF and MIF-2 and the 

experimental exclusion of a possible artifact of nuclease activity through contamination 

of the experimental set-up by bacterial nucleases during protein purification. While 

nuclease activity was discovered early in the work, validation and potential functionality 

pose the greater challenge. There are several methods to validate enzymatic purity. This 

can be evaluated using inhibitor-based, substrate-based, or comparative studies. 

Studies based on inhibitors to validate enzymatic purity are the most common. For these 
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reasons, some of the known MIF and MIF-2 inhibitors and antibodies were tested. 

Unfortunately, none of the known MIF, MIF-2, or specific for their receptors could reduce, 

let alone wholly inhibit, the nuclease activity detected in this study by the agarose 

nuclease assay. However, a reduction in the nuclease activity of MIF was detected after 

the addition of the known MIF antibody IIID9 using the real-time nuclease assay. In 

addition, the nuclease activity could be stopped by adding the chelator EDTA, which 

removes the positively charged ions from the nuclease buffer. However, the purity of the 

MIF nuclease activity is not adequately demonstrated only with the addition of EDTA 

since possible contamination of bacterial nucleases may also be ion dependent. So 

enzymatic purity is only possible with the addition of inhibitors specific for MIF and MIF-

2, or the catalytic pocket responsible for the enzyme reaction is altered by a mutation 

such that the protein activity is inhibited. In this study, the critical regions for the nuclease 

activity were mutated to show another possibility for detecting the purity of the enzyme 

activity. However, the purity of the proteins produced in the house should not be doubted. 

It should be emphasized that, unless otherwise stated, all experiments were performed 

with recombinant proteins that were not only purified by HPLC but also by a complex 

purification process of C18 or C8 columns to remove contaminations. 

 

6.5. MIF and MIF-2 are key players in various diseases  

 

MIF and MIF-2 belong to the protein family of chemotactic cytokines, which regulate the 

innate immune system. Macrophage Migration Inhibitory Factor (MIF) is an evolutionarily 

conserved protein, which is also known, for its pro-inflammatory mechanisms. In 

addition, MIF and its paralogue MIF-2 play an important role in regulating many 

processes in biology and pathophysiology. MIF belongs to the family of chemokine-like 

functions, which share the classic chemokine receptor-mediated chemotaxis and cell 

recruitment activities. Still, MIF does not have the canonical N-terminal cysteine residues 

nor the chemokine fold103,147. Human MIF (hMIF) is 114 amino acids long, similar in 

length to its paralogue human MIF (hMIF-2), which measures 118 amino acids. Since 

MIF was discovered in 1966, it has been commonly used, and so the interacting 

receptors discovered. The MIF and also MIF-2 family include the type II receptor proteins 

CD74 and also CXCR2 and CXCR4 receptors91,94,95,125,276,303. The interactions between 

MIF and MIF-2 and their receptors have been partially researched, but the mechanisms 

for structure-activity properties or the topologically regulated functions have not yet been 

fully researched. In addition, over-expressions of MIF and MIF-2 have been shown in the 

context of diseases304,305. During apoptosis, the nucleases take over the task of 

destroying the cell nucleus. This is an important step in the so-called PARP1 activated 
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parthanatos, a particular form of apoptosis. Given that MIF has been recognized as the 

sought-after nuclear in the AIF-dependent apoptosis pathway, it plays a vital role in 

destroying the nucleus. Accordingly, its translocation to the nucleus plays a critical role 

in the degradation of DNA degradation and the gain of apoptosis. 

For this reason, next to the direct observation of an enzymatic reaction, research into the 

role and chain of effects represents a major challenge. It is known that the MIF family 

consists of unique proteins. However, this is what makes it exciting to recognize the 

mode of action in the biological context because MIF and MIF-2 act as cytokines, 

chemokines like protein, but it is also known to have tautomerase and the nuclease 

activity. The latter is examined in more detail in this work. However, the biological 

relevance of tautomerase and nuclease function has only been researched to a limited 

extent, whereas this enzymatic activity offers a high therapeutic potential. The 

functioning and mode of action of MIF and MIF-2 depend on the cell context and the 

state of induction. This is because MIF and MIF-2 can lead to different downstream 

activation and signaling pathways. However, this aspect has not been investigated in 

depth. A basic summary of what is known so far will be explained in the next section. A 

proliferative effect is observed in connection with the ERK1/2 pathway, and growth 

inhibition related to MIF with JAB1/CSN5 could be shown. When observing MIF in the 

context of angiogenesis, its associated receptor CD74 plays an essential role in cell 

proliferation and cell differentiation processes. MIF and MIF-2 are promising therapeutic 

approaches but are therefore also out of the question. If you summarize the literature, it 

often seems misleading to be contradictory. Especially concerning the ischemic core 

area after stroke, studies appear where an MIF deficit reduces the damaged region, but 

studies also appear in which the damage size has been promoted. How exactly different 

modes of action can be explained depends, as already mentioned, on the cellular context 

but also on the physiological conditions through unknown pathways. However, the 

known and possible unknown interaction partners of MIF and MIF-2 also play a major 

role. It is explained using the example of MIF; it is known to act as a pro-inflammatory 

cytokine. At the same time, known since 2016, it induces cell death through its nuclease 

activity, promoted by a pre-switched PARP1 activity. 

MIF interacts with both JAB1 and CD74. When JAB1 and MIF interact, cell cycle arrest 

is promoted, but the CD74 receptor, in turn, promotes the proliferation of tissue precursor 

cells. Furthermore, it promotes proliferation by inhibiting HTAR1/p53. In this work, we 

were also able to show nuclease activity for MIF-2. Accordingly, we also postulate that 

MIF-2 has a multipotent ability, which is regulated by cell topology, timing, and 

physiological state. Therefore, with new approaches to the modulation of diseases, a 

deep understanding of MIF and MIF-2 and their interaction partners is essential. 
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Furthermore, because the opposite functionalities can also cause undesirable side 

effects, the function, position in the cell, and their possible interaction partners must be 

defined concerning MIF and MIF-2 depending on the disease. One takes a closer look 

at the location of MIF and MIF-2 within the cell. Thus, MIF/MIF-2 is found to be 

extracellular, cytosolic, and nuclear. The position in the nucleus has only been 

investigated since 2016, with the focus on the nuclease activity of MF. At the same time, 

MIF had been sighted in the nucleus decades earlier. Accordingly, it is undisputed that 

MIF/MIF-2 resides at different top pole locations in the cell. However, a more difficult 

question that is important to answer is how exactly it crosses the different compartments 

and what factors initiate these factors. It is important to research how exactly individual 

MIF functions are controlled because these can provide information on a disease state 

of the pathology. Since this study focuses primarily on the translocation from the cytosol 

into the nucleus and the associated nuclease reaction, the results of the nuclear 

translocation by interaction with mitochondrial AIF, will be described in more detail in the 

next section. Apoptosis-inducing factor (AIF) is a protein observed in normal cells, 

exclusively in the mitochondria. AIF increase is observed in the nucleus, during PAPR1 

activity, apoptosis induction by staurosporine, c-Myc, or etoposide. Studies suggest that 

Bcl-2 protein also influences or prevents AIF translocation into the nucleus from the 

mitochondrion306–308. Due to DNA damage, the Activation of PARP1 leads to a release 

of mitochondrial AIF molecules in the cytoplasm, where it binds to MIF proteins and forms 

a complex. MIF can be transported to the nucleus within this complex, where it can 

eventually act as a nuclease116,151. Within this study, an increase in nuclear AIF upon 

toxic treatment could be shown. This could be shown in vitro for HEK cells as well as for 

WT, Mif KO, and Mif-2 KO astrocytes. In addition, this study showed that MIF intensity 

in the nucleus, upon toxic insult, increased in WT and Mif-2 KO astrocytes. Similar results 

were observed for MIF-2 in WT and MFI KO primary astrocyte culture. Simultaneously, 

AIF intensity also increases in the nuclease. However, no clear correlation could be 

observed between AIF and MIF or MIF-2. It would be interesting to observe the 

enrichment of MIF and MIF-2 in AIF KO astrocyte culture in future studies. As well as a 

dual genetic deficit of AIF/MIF double KO, or AIF/MIF-2 double KO. This could allow 

validating if MIF translocates only in complex with AIF into the nucleus and if its paralog 

MIF-2 forms a similar complex with AIF to be escorted into the nucleus. The observations 

collected so far also explain the reduction of DNA damage detected by the comet assay 

and the known DSB marker, in vitro or in vivo. The detailed description will now be 

explained. The apoptosis in which PARP1 activation promotes AIF-dependent cell death 

is classified as parthanatos, which is a form of regulated cell death (RCD). This in turn is 

associated with DNA damage. Since In 2016 ,when MIF was described as nuclear for 
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the first time, in apoptosis-inducing factor (AIF)-dependent cell death, the changes in 

DNA damage related to MIF deficiencies are being studied116. However, controversial 

results have generally been obtained in the relationship between MIF and the mediated 

DNA strand breaks. Compared with the WT group, some studies show a reduction in 

DNA strand breaks in MIF-deficient cells, especially with H2O2 expansion. Some studies 

contradict this. They are related to repair mechanisms and cancer cells with high 

replication stress. In this study from 2021, one was described as a 3' flap nuclease. 

Besides, MIF was observed translocating to the nucleus in the S phase. In addition, 

PAPR1 at the DNA replication fork was colocalized with MIF. The deficiency of MIF 

reportedly promotes mutation frequency and promotes cell cycle delay. In the context of 

stroke, mice were subjected to a 45-minute transient middle cerebral artery occlusion 

(MCAO). The observation showed a similar intensity of ischemic insult but differences in 

infarct volume. In MIF knockout mice, lower infarct volumes were measured compared 

with the wild-type group. Whether this result is due to nuclear activity and thus death 

induced by the AIF is explained by the fact that the wild-type observations were restored 

by expression of wild-type MIF but not with the nuclear dead MIF mutants such as MIF 

E22Q116. 

Stroke is one of the leading causes of death worldwide. However, strokes are 

categorized into different groups, with ischemia and hemorrhagic strokes. The 

obstructed cerebral arteries, thrombus formation, emboli, or atherosclerosis underlie 

ischemic stroke. Hemorrhagic strokes are caused by intracerebral hemorrhage309. 

Neuronal apoptosis after stroke is considered the leading cause of neurological deficits. 

In this context, MIF has been studied in different directions. However, it should not be 

forgotten that MIF belongs to the multipotent, atypical chemokines, which are also 

referred to as "multitaskers." Inflammation in the acute phase of stroke leads to a nuclear 

shift of NFκB in affected cells in the infarct area. In addition, MIF is also known to induce 

NF-κB activity. Independent of NF-κB, MIF, and MIF-2 play essential roles in 

inflammation, cell stress, and cell death. Moreover, poststroke events cause 

inflammation or cell death, among other effects310,311. Neurons and glial cells, such as 

astrocytes, dysfunctional Ca2+ extruders, Excitotoxicity, or Cytoskeletal degradation, 

lead to Apoptosis or necrosis312. This study treated primary neuronal mixed culture with 

NMDA and primary astrocyte culture with MNNG. The aim was to demonstrate the effect 

of Mif KO and Mif-2 KO on DNA damage and survival, respectively.  

In studies with H2O2 or other toxins significantly inducing cell death, a reduction in cell 

death was observed in MIF knockdown cells (adenovirus, MIF-shRNA), even in those 

showing translocation of AIF to the nucleus116,310. In addition, the effects of MIF on DNA 

integration were observed using the Comet assay. It was found that Mif KO cells showed 
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less DNA strand breaks compared to the wild type. Whether the MIF deficit protects the 

cells from parthanatos under physiological conditions or during induced stress such as 

dissection/cell preparation, is unclear. 

Here we investigate, using primary mixed neuronal culture and primary astrocyte culture, 

the behavior of MIF and MIF-2 deficit on cell survival after a toxic insult or in general, 

compared to the wildtype. Some studies suggest that knocking down MIF may be a 

promising therapy for rescuing neurons. However, in other studies, MIF or MIF-2 is 

described as a survival-promoting factor, primarily through its interaction with the CD74 

receptor30,127,203,230. But then, the studies differ in organ, cell, and/or age of interest. We 

observed less DSB in MIF- and MIF-2-deficient cultures in this study. In addition, we 

observed a higher cell number for Mif-2 KO primary astrocyte culture regardless of 

whether it was toxic insult or not. We observed less DSB in MIF- and MIF-2-deficient 

cultures too. In addition, we observed a higher cell number for Mif-2 KO primary astrocyte 

culture regardless of toxic insult or not. The individual functions and main interaction 

partners are known. However, critical control partners that trigger the function and mode 

of MIF and MIF-2 may still be missing. It is possible that there is a coupled response 

loop. Another protein is involved in the activation of apoptosis by the AIF pathway.  

 

 

Figure 6-1: Schematic representation of summarized MIF and MIF function.  

MIF, macrophage migration-inhibitory factor; AIF, apoptosis-inducing factor; PARP1, Poly (ADP-ribose)-

Polymerase 1; orange cell represents schematic MIF´s nuclear function as a nuclease. Indicating possible 

nuclease and zinc finger domains of human MIF and MIF-2. C, Cys; D, Asp; E, Glu; G, Gly; H, His; P, Pro; 

any amino acid. Nuclear Accumulation of MIF and MIF-2 after excitotoxicity with the help of NMDA, MNNG, 

Etoposide and 3NP. Decrease of DNA damage, indicated by DSB marker γH2AX and 53BP1.  
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Considering the functions of MIF and MIF-2 together, both essential proteins can be 

ascribed to disease-promoting and inhibitory effects. However, these vary depending on 

the disease process, cell type, interacting proteins, and typological location of MIF and 

MIF-2. 
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6.6. Validation of Mif-deficient rat  

 
The CRISPR / Cas9 system is still considered a new process that is characterized above 

all by its simplicity and yet precision. It is a “gene scissors” method from bacteria, but 

after optimization, it works in almost all living cells and organisms. It is being used to 

research AIDS, cancer, and several hereditary diseases as well as in the culturing of 

plants and breeding of animals. For this reason, this study also used the safe and fast 

genome editing method called CRISPR / Cas9. The procedure is based on three steps; 

The desired location in the target organism's genome, which consists of billions of base 

pairs (DNA building blocks), must first be recognized, and identified so that the Cas9 

protein can target the aim area. For this reason, a suitable “probe” was constructed, 

which is called guide RNA. Since the target region of the MIF gene is in the rat genome 

for this study, a suitable DNA sequence was designed to match the respective target 

sequence. Here, the guide RNA is coupled with the Cas9 protein to find the right position 

and, as a nuclease, creates a DSB at the desired location. The MIF gene was recognized 

in the rat genome, and the regions around the gene segment were marked. With the help 

of primers and small PAM sequences, which are only a few nucleotides long, the guide 

RNA could be synthesized. Then, using a KIT, the CRISPR guide efficiency was 

identified from the various gRNAs. The goal of this study was to cut out the entire MIF 

gene (~ 1kb)313–315. In retrospect, this method is the most efficient and the safest way of 

getting an overall impression of the impact of MIF on rat physiology. However, if 

subsequent observations, changes should be assigned to a specific MIF or MIF-2 gene 

function. So it is possible not to remove the whole genome but relatively certain smaller 

regions, or it is possible to incorporate a defective gene in the target region. In addition 

to Mif KO rat, MIF nuclease deficient rat could also be designed in the future so that the 

transgenic phenotype has a specific function of the multipotent MIF and MIF-2116,158,316. 

The F0 (generation), F1, and F2 generations were gene typed to check the possible 

deletion and plan the matings. However, the founder lines had to be sequenced. This is 

because even with a CRISPR / Cas9 method, the cell's repair systems can influence the 

results. The repair systems are responsible for mending the severed DNA strand back 

together. So that individual DNA building blocks or short sequences can be reintegrated 

into the DNA strand. Only the Kur7103-6981 DEL line showed a minor sequence 

insertion in this study. Overall, the WT genotype four, heterozygous four, and Mif KO 

four animals were bred. There are however only two females and two males per 

genotype. So it is therefore difficult to analyze a gender-specific phenotype317–320. 

The earlier microarrays were replaced by RNA-Seq analysis (bulk and single-cell) with a 

breakthrough in the latter part of the year 2000. This method is employed to assess the 



Discussion 

116 

 

mean expression level of each gene within a substantial population of input cells. In this 

way, transcriptomes can be compared, and disease studies can be carried out. The bulk 

RNA Seq can be used to gain insight into the gene expression of an entire sample. 

However, if a differentiation between cell types is needed. In that case, this will have to 

be sorted in a cell-type-specific manner before, by fluorescence-activated cell sorting 

(FACS) and then sorted in small population groups of around 50 cells. For these studies, 

different regions were removed from the rat's brain (prefrontal cortex, hippocampus, 

cerebellum, and corpus callosum). In addition to the RNA-seq samples, the brain and 

other essential organs were also collected. This is intended to investigate the results of 

the bulk sequencing so that the desired regions can be verified with staining or western 

blots. In the case of RNA-seq, however, it should be noted that compared to DNA, which 

represents a stable structure, RNA is very sensitive, particularly to oxidation and 

hydrolytic cleavage of its phosphodiester bonds by RNases. For this reason, the samples 

for these bulk RNA Seq studies were placed on ice and immediately chilled to -80. This 

prevents the breakdown of the RNA and thus prevents distortion of the RNA-Seq. This 

research is based on the differences in RNAseq results from wild-type and MIF-KO rats. 

However, this is the first known study on transgenic rats with MIF deficiency in general. 

Studies with scRNA-seq show that high and low MIF cells have been identified. However, 

there is no general characterization of the MIF-KO effect on the organism. Therefore, 

this study is essential to establish the rat as a scientific model for the MIF family and 

characterize the differences in expression of MIF-KO organisms compared to the wild 

type321,322. 

Western blotting is mainly used to detect MIF proteins to verify the generated transgenic 

rats with the CRISPR / Cas9 method in our area of work. Among other things, a piece of 

the brain was removed from each rat. These were used for verification. Each rat sample 

showed a band at the level of monomeric AIF and β-actin. However, only wild-type and 

heterozygous samples showed a band at 12.5 kD for MIF (MIF Ka565). A significant 

difference was observed in comparing Mif-KO samples and those of the wild type and 

heterozygous. However, no significant differences or trends were found between the wild 

type and the heterozygous samples. This may be because the western blot method is 

not sensitive enough, or the intact gene segment compensates for MIF expression. The 

AIF values do not differ significantly among all three genotypes, but individual animals 

show slightly different expression levels when looking at the results. However, this 

broader distribution is observed for all three genotypes.  
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6.7. Mif-deficient rat as a novel research model 

 

The extraordinary impact that laboratory mice and rats have on biomedical research is 

undisputed in the research community. In the next section, however, the merits of the rat 

model in general and especially for the MIF family research will be discussed in more 

detail.  

Rats and mice belong to the largest order within the class of mammals, the order of 

Rodentia. The derived strains of Mus musculus and Rattus norvegicus are most often 

used in the current research. One of the most critical differences between rats and mice 

is size and weight. Namely, rats are several times larger and heavier. This, in turn, 

provides advantages in surgical procedures. In addition, in spinal cord injury studies, rats 

are of great translational value323. For studies within the research of MIF family members, 

the rat research model offers a new, largely unexplored platform that could be the focus 

of stroke324 or Alzheimer's disease studies325. For this reason, a MIF-deficient rat model 

was created using the CRISPR Cas9-Das method for the upcoming studies. Therefore, 

this project aims to produce a genetically modified rat model using the CRISPR Cas9 

method and investigate the possible physiological differences of a MIF-deficient rat 

model. In addition, it is helpful for the upcoming research to focus on programmed cell 

death to alter AIF expression or unintentionally affect MIF-2 by MIF genetic deletion. In 

this study, we demonstrated that deletion of MIF by the CRISPR Cas9 method was 

successful. By using Western blot, deletion of MIF was shown in rat Mif KO animals, 

whereas in WT and Het animals, MIF is expressed. In summary, we succeeded in 

creating a MIF-deficient rat model. In this model, AIF expression does not change.  

A singular focus on MIF KO within this model may not yield the desired insights into MIF's 

function. However, the establishment of the MIF KO rat model remains critical, providing 

an opportunity to replicate and validate essential findings from mouse models. 

The studies from 2010 suggest a correlation between the absence of MIF in mice and 

an extended lifespan258. However, the certainty of this assertion is moderated by 

potential genetic disparities between the MIF-KO mice and the control mice utilized in 

prior studies. Therefore, to validate the previously reported increase in lifespan attributed 

to MIF deficiency, our newly established rat model provides an avenue for such 

validation. 

Furthermore, within the context of atherosclerosis, the validation of outcomes could be 

pursued. Given the three-decade exploration of MIF's role in inflammatory modulation, 

the initial findings highlighting MIF's activation from central and peripheral sources in 

response to inflammatory stimuli emphasize its pivotal role in systemic tissue invasion 

response. Subsequent studies indicate that MIF deficiency is linked to reduced 
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inflammation within atherosclerotic lesions. Given MIF's pro-inflammatory nature, its 

absence may contribute to diminished inflammatory processes326. Additionally, MIF 

deficiency has been associated with alterations in plaque composition, potentially 

enhancing plaque stability. Plaques lacking MIF may exhibit fewer macrophages and 

inflammatory cells, suggesting a role in plaque stability327. 

However, it also presents an opportunity to investigate and validate various neurological 

processes. For instance, utilizing the new rat model in the study of MIF deficiency could 

allow for the examination of whether altered expression of genes related to neuronal 

survival and synaptic plasticity is indeed associated with MIF deficiency, thereby 

suggesting a potential role for MIF in preserving neural homeostasis328. 

In addition to these research focuses, the investigation of mechanisms in which MIF 

plays an essential role has been directed towards emerging apoptosis following stroke, 

as well as the potential activity of MIF as a chaperone in relation to ALS conditions. 

Functioning as a chaperone, MIF aids in the proper folding of other proteins, thereby 

ensuring their structural integrity and functional activity. MIF's interactions with proteins, 

including enzymes and signaling molecules, have been demonstrated, facilitating their 

attainment of accurate three-dimensional configurations.20 

Furthermore, the Macrophage Migration Inhibitory Factor (MIF) has been implicated in 

the context of stroke, contributing to the comprehension of intricate mechanisms 

underpinning this cerebrovascular event. In stroke, MIF's engagement surpasses its 

conventional functions, impacting diverse processes like oxidative stress, 

neuroinflammation, and neuronal apoptosis116. The distinct roles of MIF introduce an 

additional layer of complexity to understanding its biological functions. It underscores 

MIF's adaptability as a molecule that not only engages in immune responses but also 

exerts influence over broader cellular dynamics. Exploring MIF's distinct roles within the 

established rat model could yield valuable insights into its participation in both health and 

disease. It is noted that our ability to conduct these experiments was hindered by the 

constraints imposed by the Corona restrictions, which prevented the breeding of a rat 

line. 

For decades, inspiring research has been done in the MIF family field. However, it is 

becoming increasingly clear that the multipotent MIF and its paralog MIF-2 have other 

unexplored functions and play an essential but complex role in many cascades. For this 

reason, MIF and MIF-2 research will play an important role in drug discovery in areas 

ranging from stroke research, Alzheimer's disease, ALS to other inflammatory diseases. 
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