
 
 

 

MASTERARBEIT / MASTER’S THESIS 

Titel der Masterarbeit / Title of the Master‘s Thesis 

„Effects of TAT-MeCP2 treatment on cells of the 

neurovascular unit“ 

verfasst von / submitted by 

Fabian Huber, BSc 
 

angestrebter akademischer Grad / in partial fulfilment of the requirements for the degree of 

Magister pharmaciae (Mag.pharm.) 

Wien, 2023 / Vienna 2023  

Studienkennzahl lt. Studienblatt / 
degree programme code as it appears on 
the student record sheet: 

UA 066 605 

Studienrichtung  lt. Studienblatt / 
degree programme as it appears on 
the student record sheet: 

Masterstudium Pharmazie 

Betreut von / Supervisor: 

 

 

Prof. Dipl.-Ing. Dr. Winfried Neuhaus 

  

 
 



I 
 

  



II 
 

Acknowledgement 

First, I would like to thank Prof. Dr. Winfried Neuhaus for his guidance, encouraging support and 

his patience during my work on my master´s thesis. Thank you for always taking time for me and 

setting up meetings whenever I needed advice for my work.  

Furthermore, I want to thank Prof. Dr. Franco Laccone for giving me the chance to do my master’s 

thesis in his research group. 

My sincere thanks also go to Dr. Hannes Steinkellner and Mag.a Anna Huber for introducing me 

to all the laboratory work and of course their helpful input in all our “Friday meetings”.  

Finally, I would like to express my gratitude to my father for always believing in me and giving me 

the opportunity to finish my pharmacy studies with his emotional and financial support.  

      



III 
 

Content 

Abstract ........................................................................................................................ VI 

List of Abbreviations .................................................................................................. VII 

List of Figures ............................................................................................................... X 

List of Tables .............................................................................................................. XII 

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

1.1 Rett Syndrome ............................................................................................................ 1 

1.1.1 History ................................................................................................................... 1 

1.1.2 Causes of Rett Syndrome...................................................................................... 1 

1.1.2.1 MeCP2 .............................................................................................................................. 1 
1.1.2.2 Other causes of RTT Syndrome ....................................................................................... 3 

1.1.3 Onset and Progression .......................................................................................... 3 

1.1.4 Diagnosis criteria ................................................................................................... 4 

1.1.5 Therapeutic approaches ........................................................................................ 7 

1.1.5.1 Innovative treatments targeting MeCP2 ............................................................................ 8 

1.2 The Blood-Brain Barrier ............................................................................................. 9 

1.2.1 Function, cellular composition and structure .......................................................... 9 

1.2.2 Transport across the Blood-Brain Barrier ............................................................. 10 

1.2.2.1 Transduction of proteins via TAT domain ....................................................................... 11 

1.2.3 Dysfunction of the Blood-Brain Barrier in diseases .............................................. 12 

2 Aims ....................................................................................................................... 13 

3 Material and Methods ........................................................................................... 14 

3.1 Material ...................................................................................................................... 14 

3.1.1 Antibodies ........................................................................................................... 14 

3.1.1.1 Primary Antibodies .......................................................................................................... 14 
3.1.1.2 Secondary Antibodies ..................................................................................................... 14 

3.1.2 Primers ................................................................................................................ 15 

3.1.3 TaqMan® Gene Expression Assays .................................................................... 18 

3.1.4 Chemicals and Reagents..................................................................................... 19 

3.1.5 Solutions and Buffers .......................................................................................... 21 

3.1.6 Kits ...................................................................................................................... 24 



IV 
 

3.1.7 Used Cell Lines ................................................................................................... 25 

3.2 Methods .................................................................................................................... 26 

3.2.1 Cell Culture ......................................................................................................... 26 

3.2.1.1 Cultivation of immortalized mouse cerebellar capillary endothelial cells ........................ 26 
3.2.1.2 Coating ............................................................................................................................ 26 
3.2.1.3 Splitting (Passaging) of the cerebENDs .......................................................................... 26 
3.2.1.4 Cultivation of immortalized mouse brain astrocyte cells (C8D1A) .................................. 28 
3.2.1.5 Splitting (Passaging) of the C8D1A ................................................................................ 28 

3.2.2 TAT-MeCP2 substitution experiment ................................................................... 29 

3.2.2.1 Cell Seeding in a 12-well plate ........................................................................................ 29 

3.2.3 Cell Lysis ............................................................................................................. 31 

3.2.3.1 Cell Lysis with RIPA Buffer to collect protein samples.................................................... 31 
3.2.3.2 Cell Lysis to extract and purify RNA ............................................................................... 31 

3.2.4 Nucleic Acid Quantification .................................................................................. 32 

3.2.5 cDNA Synthesis .................................................................................................. 32 

3.2.6 Protein Quantification .......................................................................................... 33 

3.2.7 SDS Polyacrylamide Gel Electrophoresis and Western Blot ................................ 34 

3.2.7.1 Gel Preparation ............................................................................................................... 34 
3.2.7.2 Sample Preparation ........................................................................................................ 35 
3.2.7.3 Gel electrophoresis ......................................................................................................... 35 
3.2.7.4 Transfer ........................................................................................................................... 35 
3.2.7.5 Blocking ........................................................................................................................... 36 
3.2.7.6 Primary Antibody Incubation ........................................................................................... 36 
3.2.7.7 Secondary Antibody Incubation ...................................................................................... 36 
3.2.7.8 Detection ......................................................................................................................... 36 
3.2.7.9 Stripping .......................................................................................................................... 36 

3.2.8 PCR .................................................................................................................... 37 

3.2.8.1 Agarose Gel preparation ................................................................................................. 37 
3.2.8.2 Electrophoresis................................................................................................................ 37 
3.2.8.3 Primer Design.................................................................................................................. 37 

3.2.9 qPCR gene expression analysis .......................................................................... 38 

4 Results ................................................................................................................... 40 

4.1 Identifying possible MeCP2 dependent targets ...................................................... 40 

4.1.1 Selection of targets for RT-qPCR analysis ........................................................... 40 

4.1.2 Verification of Primer-Pairs for possible readout candidates ................................ 40 

4.1.3 Verification of astrocyte readouts for western blot analysis .................................. 45 

4.2 TAT-MeCP2 substitution experiment ...................................................................... 48 

4.2.1 Comparison of target genes of untreated WT, CTRL and KO cerebENDs ........... 48 

4.2.2 RT-qPCR analysis of TAT-MeCP2 treated cerebENDs ....................................... 51 

4.2.2.1 Relative mRNA expression of DNMT1 of cerebENDs treated with TAT-MeCP2 ........... 52 



V 
 

 

4.2.2.2 Relative mRNA expression of Cldn5 of cerebENDs treated with TAT-MeCP2 .............. 53 
4.2.2.3 Relative mRNA expression of Bcrp of cerebENDs treated with TAT-MeCP2 ................ 55 
4.2.2.4 Relative mRNA expression of Pgp of cerebENDs treated with TAT-MeCP2 ................. 56 

4.2.3 Western blot analysis of TAT-MeCP2 treated cerebENDs ................................... 58 

4.2.3.1 Western blot gels ............................................................................................................ 58 
4.2.3.2 Densitometric analysis .................................................................................................... 61 

5 Discussion ............................................................................................................. 63 

5.1 MeCP2 and the complexity of identifying downstream targets ............................. 63 

5.1.1 Tight Junction proteins play an essential role in BBB permeability ....................... 63 

5.1.2 MeCP2 and its role epigenetic regulation mechanisms ........................................ 64 

5.1.3 BDNF and Kir4.1 as well-known downstream targets of MeCP2 in RTT syndrome
 65 

5.2 ABC-Transporters and their contribution to BBB properties ................................ 67 

5.3 TAT-MeCP2 and its potential as protein replacement therapy to revert RTT 

phenotype ............................................................................................................................ 68 

5.4 Interplay between cells of the neurovascular unit is crucial for maintaining BBB-

integrity ................................................................................................................................ 69 

5.5 Conclusion ................................................................................................................ 69 

References ................................................................................................................... 70 

Appendix ...................................................................................................................... 84 

 

 

  



VI 
 

Abstract 

Rett syndrome (RTT) is a severe progressive neurodevelopmental disorder, causing mental 

retardation in affected patients. RTT affects almost exclusively females with an incidence of 

1:10,000-15,000. The main reason for RTT is a loss of function mutation in the gene for the 

methyl-CpG binding protein 2 (MeCP2). The blood-brain barrier (BBB) separates the central 

nervous system (CNS) from the blood circulation by forming a selective barrier layer at the 

endothelium of brain capillaries. In many neurological disorders like epilepsy or Alzheimer’s 

disease, as well as recently proposed in RTT, blood-brain barrier properties are functionally 

altered.  

One aim of this work was to develop quantification methods for new possible MeCP2 dependent 

genes and for well-known targets. A second aim was to investigate if the addition of TAT-MeCP2 

fusion protein could reverse aberrant protein marker expression in immortalized mouse brain 

capillary endothelial MeCP2 knock-out cells (cerebENDs).  

Literature research and primer design were used to receive reliable primers for quantification of 

predetermined targets. Experiments with various concentrations of TAT-MeCP2 were performed 

with three cerebEND cell lines (wildtype, HDR control and knock-out). Western blot and qPCR 

were performed to display differences in the protein and mRNA expression levels of 

predetermined targets.  

Data analysis of qPCR revealed abnormal expression of the BBB markers Bcrp and Pgp, as well 

as the DNA-methyltransferase DNMT1 in MeCP2 KO cerebENDs. Furthermore, TAT-MeCP2 

addition was able to reverse pathological increase in Pgp protein expression in cerebEND knock-

out cells. This finding may contribute to potential protein replacement therapy for RTT patients.      
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1 Introduction 

1.1 Rett Syndrome 

Rett syndrome (RTT) is a severe progressive neurodevelopmental disorder, causing mental 

retardation in affected patients, starting at the age of 6 to 18 months. RTT is highly associated 

with mutations in variants of the gene encoding for the methyl-CpG-binding protein 2 (MeCP2). 

RTT affects almost exclusively females with an incidence of 1:10,000-15,000 (Amir et al., 1999), 

however rare cases of male patients with RTT have been reported (Moog et al., 2003).  

1.1.1 History  

RTT was first described by the Austrian pediatrician Dr. Andreas Rett in 1966 in Vienna. Dr. 

Andreas Rett observed a stereotype of hand use in two girls in his waiting room. After examination 

of these two girls, he described certain characteristics in the case history: autistic behavior, 

dementia, the loss of face expression and apraxia of gait (Rett, 1966).  Dr. Rett continued his 

research and reported 21 more cases with the same syndrome in 1968 (Rett, 1968). Years later, 

in 1983, Swedish neurologist Dr. Bengt Hagberg identified 35 more cases of patients with the 

same symptoms, resulting in the first recognition of the Rett syndrome (Hagberg et al., 1983). 

The main cause of RTT was identified in 1999, when geneticist Huda Zoghbi and his research 

group located mutations in the gene for the methyl-CpG-binding protein 2 (MeCP2) (Amir et al., 

1999). Since then, considerable progress in the understanding of the molecular mechanisms of 

Rett Syndrome has been made.    

1.1.2 Causes of Rett Syndrome 

1.1.2.1 MeCP2  

The main reason for classical RTT in about approximately 90% of all cases is a loss of function 

mutation in the gene for the methyl-CpG binding protein 2 (MeCP2) (Bienvenu et al., 2000). 

MeCP2 is located on the long arm of the X-chromosome in band 28 (Xq28) (Sirianni et al., 1998) 

and is composed of four exons and three introns (Singh et al., 2008). The gene consists of two 

distinct translational start sites resulting in two different isoforms. MeCP2e1 is encoded by exon 

1, 3 and 4 and is mainly found in the brain. The second isoform MeCP2e2 originates from exon 

2, 3, and 4 and is more likely expressed in lung, liver, spleen and the prostate gland 

(Mnatzakanian et al., 2004). MeCP2 is assigned to the family of nuclear proteins, that are capable 

of binding to methylated DNA and contains two main functional domains: the methyl binding 

domain (MBD), that interacts with DNA and the transcriptional repressor domain (TRD), which 

leads to protein-protein interaction (Wakefield et al., 1999). The protein further includes a C-
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terminal domain (CTD) and an isoform specific N-terminal sequence (Zachariah & Rastegar, 

2012) (Figure 1). 

 

Figure 1: Illustration of the gene MeCP2 and its two protein isoforms MeCP2E1 (498 amino acids) and MeCP2E2 (486 

amino acids). Exon 1 contains the translational start site for MeCP2E1, while MeCP2E2 has its start codon in Exon 2. 

The different N-termini are displayed in blue. Additionally, the methyl-binding domain (MBD), the intervening domain 

(ID), the transcriptional repressor domain (TRD) and the C-terminal domain (CTD) are shown. (Image taken from an 

open access article distributed under the Creative Commons Attribution License (Zachariah & Rastegar, 2012)). 

The function of MeCP2 comprises various mechanisms of gene regulation, as the protein acts 

mainly as a transcriptional regulator (Chahrour et al., 2008). MeCP2 is involved in transcriptional 

repression (Nan et al., 1998), transcriptional activation (Chahrour et al., 2008), modulation of 

chromatin structures (Horike et al., 2005), regulation of RNA splicing (Young et al., 2005) and the 

expression of micro RNAs (Szulwach et al., 2010). Because of its role as an epigenetic regulator, 

MeCP2 can alter the expression of hundreds of downstream targets (Chahrour et al., 2008), which 

makes it challenging to understand the pathogenic mechanisms of Rett Syndrome.  

Expression levels of MeCP2 are highest in brain, spleen and lung tissue compared to tissue with 

lower expression like in heart, kidney and intestine (Shahbazian et al., 2002). Within the brain the 

largest amount of MeCP2 can be found in neurons, followed by astrocytes, oligodendrocytes and 

microglia (Zachariah et al., 2012). MeCP2 plays a crucial role in the development of neuronal 

maturation as its level increases progressively postnatal (Shahbazian & Zoghbi, 2002).  

Recent studies have shown that there are more than 900 identified mutations in the MeCP2 gene, 

of which more than a half are pathogenic or likely pathogenic. The majority of mutations leading 

to RTT phenotype are truncation or missense mutations in the methyl binding domain and the 

transcriptional repressor domain (Gold et al., 2018). Interestingly, the type and the location of the 
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mutation in the MeCP2 gene is strongly associated with disease severity of RTT patients 

(Cuddapah et al., 2014). 

1.1.2.2 Other causes of RTT Syndrome 

Although the main reason for RTT are mutations in the MeCP2 gene, a low percentage (5-25%) 

of patients with typical or atypical RTT exhibit a wildtype, non-mutated MeCP2 gene (Neul et al., 

2014). Additionally, mutations in the genes for the cyclin-dependent kinase-like 5 (CDKL5) (Tao 

et al., 2004), the forkhead box protein G1 (FOXG1) (Ariani et al., 2008) and the myocyte enhancer 

factor 2C (MEF2C) (Zweier et al., 2010) can be responsible for RTT phenotype.               

1.1.3 Onset and Progression 

According to Hagberg, progression of Rett syndrome is characterized by four distinct stages: After 

a normal pre- and postnatal development, the first abnormalities occur at the age of approximately 

five to six months. The first stage of RTT, which usually covers the months 6 to 18 is characterized 

by an “early onset of stagnation”. In this stage patients with Rett syndrome show a delayed 

progress in their neurodevelopment, usually accompanied by a delayed ability to speak and 

growth arrest. Additionally, deceleration in head growth is observed, which is leading to 

microencephaly in the second year of life. Stage two occurs at the age of one to four and is mainly 

defined by the loss of acquired motoric and language skills. In addition to this, autistic features, 

seizures, respiratory problems, stereotypic hand wringing, and gait ataxia take shape in this stage. 

The following stage (stage three) is referred to as “pseudo-stationary” and marks an amelioration 

of autistic features. Patients in stage three are capable of regaining language and motoric skills, 

even though epileptic seizures, breathing abnormalities and scoliosis tend to deteriorate. This 

phase normally starts at the age of four and lasts until adolescence. In the last stage, the “late 

motor deterioration”, which lasts for years or decades, dystonia and parkinsonism occur and 

patients with RTT often become wheelchair dependent. However, a minority of RTT patients can 

reach ages from 60-70, though in a severely mentally and physically disabled condition (Chahrour 

& Zoghbi, 2007; Hagberg, 1993). 

In addition, Rett syndrome is highly associated with several comorbidities, which affect life quality 

of patients noticeable: 

• Epilepsy:  About 80% of RTT patients suffer from epilepsy with an onset of seizures at 

the age of two years (Jian et al., 2006). The brain-derived neurotrophic factor BDNF, a 

MeCP2 dependent target, is suggested to play a significant role in the severity of epilepsy 

(Zeev et al., 2009). Form and expression of seizures can vary dramatically within RTT 

patients and about 30% of epilepsy are drug resistant (Pintaudi et al., 2010). Frequent 
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occurrence of generalized tonic-clonic seizures have a major impact on the quality of life 

of RTT patients and their families (Bahi-Buisson et al., 2008).   

• Cardiac abnormalities: Incidence of QT-interval prolongation is significantly higher in 

RTT patients compared to general population (Sekul et al., 1994). Furthermore, 

parasympathetic-induced bradyarrhythmia and ventricular tachycardia as a result of 

prolonged QT intervals are commonly reported (Byard, 2006). Manifestation of cardiac 

abnormalities increase during progression of RTT and cardiac electrical instability is seen 

to be a prime suspect cause for sudden death in patients (Guideri et al., 1999).   

• Growth: One of the main characteristics of RTT patients is the occurrence of 

microcephaly. Patients seem to develop normal head circumferences until the age of two 

to three months, but often exhibit reduced brain weight after that life span. The size of 

cerebral hemispheres in RTT patients is reduced, compared to healthy population    

(Armstrong, 2002). Although the mean body mass index (BMI) of RTT patients is 

comparable to normal population, there is a significant difference between classic and 

atypical RTT. Growth failure is more associated to classic than to atypical RTT, and 

studies suggest a link between certain MeCP2 mutations and reduced growth (Tarquinio 

et al., 2012). 

•  Autonomic dysfunction: Gastrointestinal dysmotility, low bone mineralization and biliary 

tract diseases are common side effects of patients, who suffer from RTT. Due to high 

prevalence of obstipation, nearly every second patient needs to be treated with laxatives. 

Additionally, feeding problems like swallowing difficulties, regurgitation and chewing 

problems often lead to malnutrition and growth abnormalities (Motil et al., 2012). 

1.1.4 Diagnosis criteria 

To date two main forms of RTT are described, classic or typical RTT and atypical RTT. Both forms 

require a history of regression followed by recovery or stabilization, but differ in clinical 

appearance. The requirements, main and supportive criteria for both variants of Rett Syndrome 

are given in the table below (Table 1). In some other neurological disorders (e.g., trisomy 21) all  

main criteria can be present, however these cases should not be considered as RTT, because 

onset and course are crucial for the diagnosis of RTT (Neul et al., 2010). Although about 95% of 

patients, who suffer from typical RTT, exhibit a MeCP2 mutation (Neul et al., 2008), solely the 

clinical features determine a RTT diagnosis. Additionally, only 50 to 70% of individuals with 

atypical RTT show mutations in the MeCP2 gene (Percy et al., 2007), making gene mutations not 

necessary for the diagnosis of RTT. Three distinct variants of atypical RTT are described: The 

preserved speech variant (Zappella, 1992), the early seizure variant (Hanefeld, 1985) and the 

congenital variant (Rolando, 1985). Each variant is characterized by specific clinical features and 

various genetic causes (Neul et al., 2010) (Table 2). 
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RTT diagnosis criteria 2010 Consider diagnosis when postnatal deceleration of head growth 

observed. 

Required for typical or 

classic RTT 

• A period of regression followed by recovery or 

stabilization 

• All main criteria and all exclusion criteria 

• Supportive criteria are not required, although often 

present in typical RTT 

Required for atypical or 

variant RTT 

• A period of regression followed by recovery or 

Stabilization 

• At least 2 of the 4 main criteria 

• 5 out of 11 supportive criteria 

Main criteria • Partial or complete loss of acquired purposeful hand 

skills 

• Partial or complete loss of acquired spoken language 

• Gait abnormalities: Impaired (dyspraxic) or absence of 

ability 

• Stereotypic hand movements such as hand 

wringing/squeezing, clapping/tapping, mouthing and 

washing/rubbing automatisms 

Exclusion criteria for typical 

RTT 

• Brain injury secondary to trauma (peri- or postnatally), 

neurometabolic disease, or severe infection that causes 

neurological problems 

• Grossly abnormal psychomotor development in first 6 

months of life 

Supportive criteria for 

atypical RTT 

• Breathing disturbances when awake 

• Bruxism when awake 

• Impaired sleep pattern 

• Abnormal muscle tone 

• Peripheral vasomotor disturbances 

• Scoliosis/kyphosis 

• Growth retardation 

• Small cold hands and feet 

• Inappropriate laughing/screaming spells 

• Diminished response to pain 

• Intense eye communication - ‘‘eye pointing’’ 

Table 1: Revised RTT diagnosis criteria (Neul et al., 2010) 
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Variant forms of atypical RTT 

Preserved Speech Variant 

(Zappella Variant) 

Early Seizure Variant 

(Hanefeld Variant) 

Congenital Variant 

(Rolando Variant) 

Clinical features: 

• Regression at 1-3 years, 

prolonged plateau phase 

• Milder reduction of hand 

skills 

o better retained hand 

use 

• Recovery of language 

after regression 

o Mean age of recovery 

is 5 years 

o Single words or 

phrases 

• Milder intellectual 

disability (IQ up to 50) 

• Autistic behaviors 

common 

• Decreased frequency of 

typical RTT features 

o Rare epilepsy 

o Rare autonomic 

dysfunction 

o Milder scoliosis and 

kyphosis 

o Normal head 

circumference 

o Normal height and 

weight in most 

 

Molecular Genetics: 

Mutations in MeCP2 found in 

the majority of cases 

Clinical features: 

• Early onset of seizures 

o Before 5 months of 

life 

o Infantile spasms 

o Refractory myoclonic 

epilepsy 

o Seizure onset before 

regression 

• Decreased frequency of 

typical RTT features 

 

Molecular Genetics: 

Mutations in MeCP2 rarely 

found 

Analysis for mutations in 

CDKL5 should be performed 

Clinical features: 

• Grossly abnormal initial 

development 

o Severe psychomotor 

delay 

o Inability to walk 

• Severe postnatal 

microcephaly before 4 

months 

• Regression in first 5 

month 

• Lack of typical intense 

“RTT” eye gaze 

• Typical RTT autonomic 

abnormalities present 

o Small cold hands and 

feet 

o Peripheral vasomotor 

disturbances 

o Breathing 

abnormalities while 

awake 

• Specific movement 

abnormalities 

o Tongue stereotypes 

o Jerky movements of 

the limbs 

 

Molecular Genetics: 

Mutations in MeCP2 rarely 

found 

Analysis for mutations in 

FOXG1 should be performed 

Table 2: Specific variant forms of RTT (Neul et al., 2010) 
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1.1.5 Therapeutic approaches 

To date there is no cure for Rett Syndrome, consequently current therapeutic approaches are 

restricted to alleviating the symptoms of the disease. However, considerable progress in 

understanding the pathophysiology of RTT in the last years has led to potential treatment options 

targeting downstream cellular processes. These downstream targets of MeCP2 include the 

neurotransmitter system, growth factors and proteins of the metabolic system. (Leonard et al., 

2017) 

Neurotransmitter system: It has been shown that MeCP2 deficiency results in decreased 

number and growth of dendrites, which consequently leads to dysfunction of the neurotransmitter 

system (Armstrong, 1992). Dysregulation in the signaling systems of dopamine (Wenk, 1995), 

serotonin (Paterson et al., 2005), norepinephrine (Viemari et al., 2005), GABA (Chao et al., 2010) 

and glutamate (Katz et al., 2016) have been described and were taken into consideration as 

potential therapeutic targets. For instance the benzodiazepine midazolam, which acts as an 

allosteric modulator in the GABAergic system could ameliorate breathing disturbances in MeCP2 

deficient mice (Voituron & Hilaire, 2011). Additionally, desipramine, a norepinephrine reuptake 

inhibitor (Zanella et al., 2008) and sarizotan, a serotonin 1a agonist and dopamine D2-like 

receptor antagonist (Abdala et al., 2014) show therapeutic potential against breathing 

abnormalities. Another MeCP2 dependent downstream target, the NMDA receptor, which is 

irregularly expressed in RTT patients could be a therapeutic target. Low dose administration of 

the NMDA receptor antagonist ketamine showed the potential to rescue RTT phenotype by 

improving cortical processing and connectivity (Patrizi et al., 2016). 

Growth factors: Since the expression of the brain derived neurotrophic factor BDNF is 

significantly reduced in RTT syndrome (Chang et al., 2006), it is seen as a potential target for 

pharmacological intervention. Due to the fact that exogenic BDNF is unable to cross the blood-

brain barrier (BBB), BDNF itself is not suitable for therapeutic intervention. However, the 

sphingosine-1 phosphate receptor modulator fingolimod, which is capable of passing the BBB, 

could partially increase BDNF levels and improve CNS function (Deogracias et al., 2012). Another 

potential therapeutic target is Insulin-like growth factor-1 (IGF-1), which expression is regulated 

by MeCP2 (Itoh et al., 2007). IGF-1 treatment of MeCP2 deficient mice showed extension of life 

span, amelioration of breathing disturbances and improvement of locomotor function (Tropea et 

al., 2009). 

Metabolic defects: Cholesterol synthesis is perturbed in brain and liver of MeCP2-null mice 

leading to abnormal serum cholesterol and triglycerides (Justice et al., 2013). Interestingly, 

cholesterol plays a main role in neuronal tissue in membrane traffic, signal transduction, 

neuropeptide formation and myelin formation (Pfrieger & Ungerer, 2011). Statin drugs like 
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Fluvastatin and Lovastatin, that inhibit HMG-CoA reductase, could ameliorate motor symptoms 

and extend life span of MeCP2-null mice by interfering in the lipid metabolism, showing promising 

therapeutic potential (Justice et al., 2013).    

1.1.5.1 Innovative treatments targeting MeCP2  

So far Rett Syndrome is an incurable disease and current therapy options focus on alleviating 

symptoms. However, over the last years various strategies have been established, focusing on 

the approach to restore physiological levels of MeCP2 (Panayotis et al., 2023). One of the main 

issues of these approaches is that overexpression of MeCP2 can lead to RTT like phenotype, 

making it crucial to restore physiological concentrations of MeCP2 in the cells (Van Esch et al., 

2005). 

A frequently used gene therapy method is to introduce non mutated genes via adeno-associated 

viruses (AAVs). The advantages of AAVs are long term expression profiles, cell specific tropisms 

and a low immunogenic potential (Panayotis et al., 2023). A study in 2013 showed that 

administration of a single strand AAV9-MeCP2 vector could reverse RTT phenotype features and 

extend lifespan of MeCP2 knock out mice. Although brain transduction was efficient, only about 

4% of the neurons exhibited the inserted MeCP2 leading to an explanation for the limited 

improvement of RTT symptoms (Gadalla et al., 2013). 

Another approach to restore MeCP2 function focuses on so called translational readthrough 

inducing drugs (TRIDs). These TRIDs are able to suppress nonsense codons in a mutated gene 

and lead to expression of a non-truncated, functional protein. However, TRIDs can only exchange 

stop codons for amino acids, which results in a missense mutated protein that has limited 

biological function and therefore show restricted improvement of RTT symptoms (Nagel-Wolfrum 

et al., 2016). 

Reactivation of inactive X-chromosome is a promising therapeutical option for heterozygous 

females, who carry a healthy and a mutated version of MeCP2 (Balaton et al., 2018). X-

chromosome inactivation (XCI) is carried out by non-coding RNA, which can be targeted by small 

molecules, allowing reactivation of the X-chromosome carrying the healthy allele of MeCP2. 

Females with RTT could then express a normal copy of MeCP2, which is under control of their 

own physiological regulatory mechanisms. A massive concern of this method is however that 

uncontrolled activation of Xi will lead to long term adverse effects due to disrupting epigenetic 

patterns throughout the genome (Vashi & Justice, 2019).  
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1.2 The Blood-Brain Barrier 

The blood-brain barrier (BBB) separates the central nervous system (CNS) from the blood 

circulation (Abbott, 2005). The discovery of the BBB started in the early 1900s when Goldmann 

(1909) and Wislocki (1920) carried out experiments in which trypan blue was injected into 

organisms, staining every tissue blue except for the brain. These findings suggested a separation 

of the brain from the remaining body (Saunders et al., 2014). In 1967 Reese and Karnovsky finally 

confirmed a structural barrier in the brain endothelial cells through electron microscopy of brain 

tissue (Reese & Karnovsky, 1967). 

1.2.1  Function, cellular composition and structure 

The BBB is responsible for maintaining neuronal homeostasis by forming a selective barrier layer 

between the endothelium of brain capillaries and nerve tissue (Abbott et al., 2006). One of the 

main tasks of the BBB is regulating the exchange of nutrients, ions, metabolites and oxygen 

between the blood and the CNS (Abbott et al., 2010). The barrier properties are maintained by 

the specific anatomic structure of different cell types: endothelial cells, neurons, pericytes and 

nerve glial cells (e.g., astrocytes), which together with the extracellular matrix  form the 

neurovascular unit (NVU) (Saili et al., 2017). (Figure 2) 

Brain endothelial cells differ from endothelial cells in other vascular tissue by being highly 

polarized. They exhibit specific expression of transport proteins to limit the exchange of polar 

molecules and tightened cell-cell adhesion (Kadry et al., 2020). The tight connection between the 

endothelial cells, which allows a division in basolateral and luminal portions in the BBB is formed 

by tight junctions (TJs) and adherens junctions (AJs) (Begley, 2004). The TJs are formed by the 

protein family of Claudins, Occludin and junctional adhesion proteins (JAMs). These proteins link 

neighboring cell membranes and therefore restrict paracellular transport (Kadry et al., 2020). 

Furthermore, AJs which include the proteins cadherins and catenins are crucial for the integrity 

and organization of tight junctions due to their ability to connect with actin filaments of the cell 

scaffold (Wolburg & Lippoldt, 2002).  

Another notable cell type of the NVU are CNS pericytes, located at the basal membrane adjacent 

to endothelial cells. They exhibit a wide range of functionality in the BBB including signal 

processing, angiogenesis, clearance of metabolites and microvascular stability (Sweeney et al., 

2016). Additionally, pericytes are able to control BBB permeability by altering blood flow in 

capillaries through contraction and dilatation of the vessels (Hall et al., 2014). Disruption of 

pericyte functionality is associated with various diseases like Alzheimer's disease (Farkas & 

Luiten, 2001), dementia (Montagne et al., 2015) or amyotrophic lateral sclerosis (ALS) (Winkler 

et al., 2011). 
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Astrocytes are star-shaped glial cells with major biochemical tasks in the CNS. Their “end-feet” 

cover most of the surface of brain capillaries, providing an interface between the NVU and the 

CNS. The high density of ionic transporters in the contact areas between their end-feet and the 

basal lamina indicates the regulatory function on the BBB (Kadry et al., 2020). Primarily, 

potassium (K+) buffering via the astrocytic ion channel Kir4.1 plays a key role in maintenance of 

excitability and neuronal function. Interestingly, secretion of brain derived neurotrophic factor 

(BDNF), a major factor in neurogenesis, is highly dependent of Kir4.1 expression (Kinboshi et al., 

2020) Furthermore, astrocytes are indispensable for pH regulation, neurotransmitter uptake, 

nutrition of neurons and synapse formation (Clarke & Barres, 2013).   

 

 

Figure 2: Composition of the blood-brain barrier and the neurovascular unit. Arrangement of the different cell types that 

form the BBB are shown. BL1=basal lamina 1; BL2=basal lamina 2 (Abbott et al., 2010), Copyright clarified with Elsevier 

under the license number 5567271121885   

1.2.2 Transport across the Blood-Brain Barrier 

Since paracellular transport is restricted by the formation of tight junctions between brain 

endothelial cells, molecules have to take further pathways to reach the CNS (Abbott et al., 2010). 

Passive diffusion: In general, only lipid-soluble, small molecules can diffuse passively through 

brain endothelial cells to enter the brain (Liu et al., 2004). Blood gases like oxygen (O2) and carbon 

dioxide (CO2) passively move across the BBB by following their concentration gradient. 

Additionally, molecules that exhibit certain physico-chemical factors have an increased potential 

to migrate into the CNS passively. According Lipinski´s “Rule of Five” (Lipinski et al., 2001) these 

factors include a molecular weight <500 Da, maximum formation of 5 hydrogen bonds, log Poct 
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(n-octanol/water partitioning coefficient) values under 5 and the absence of rotable bonds (Kadry 

et al., 2020).  

Active Efflux: A large number of lipid-soluble molecules with a potential to penetrate into the 

CNS are actively transported against their concentration gradient out of the brain endothelium. 

The family of ABC transporters (ATP-binding cassette) mainly located on the luminal side of the 

endothelial cells are responsible for the efflux of substances back in the bloodstream. The ABC 

transporter family comprises 49 members, which are divided into 7 subgroups (ABCA to ABCG) 

(Vasiliou et al., 2009). Two of the best studied representatives are P-gp (P-gylcoprotein/ABCB1) 

and BCRP (breast cancer resistance protein/ABCG2) which are highly associated with drug 

resistance. Many drugs like immunosuppressants, opiates, antibiotics and antidepressants are 

substrates of these efflux pumps and are consequently transported out of the CNS as well as 

potential neurotoxins (Mahringer & Fricker, 2016). 

Carrier mediated transport: Another route for small molecules to reach the CNS is the carrier 

mediated transport performed by the family of solute carrier transporters (SLCs). Transporters of 

the SLC superfamily with its 458 identified members (Pizzagalli et al., 2021) mediate transport 

across the BBB of essential polar nutrients like amino acids, fatty acids, carbohydrates, and 

nucleotides. Either located at the luminal or the basolateral side SLC expression is strictly 

regulated in its orientation, resulting in predetermined bidirectional transport of substrates in or 

out of the brain (Lin et al., 2015).   

Transcytosis: Large molecules like neuroactive peptides, growth factors or hormones can cross 

the BBB at a low rate via transcytosis. This vesicular transport mechanism includes on the one 

hand receptor mediated transcytosis (RMT) and on the other hand adsorptive mediated 

transcytosis (AMT). In RMT a macromolecule like a protein binds to its specific receptor located 

in the luminal membrane of the endothelial cell and both receptor and ligand are internalized. A 

vesicle containing the ligand-receptor complex is formed and directed to the opposite side of the 

cell. The ligand is then released via exocytosis into the CNS. In contrast to this, AMT requires 

positively charged substrates, which bind to the surface of endothelial membrane resulting in 

endocytosis and subsequent transcytosis of the substrate (Abbott et al., 2010).   

1.2.2.1 Transduction of proteins via TAT domain 

Proteins are not able to cross the cell membrane of cerebral endothelial cells without any kind of 

transport mechanism. Therefore, protein transduction domains (PTDs) can be a helpful tool to 

attain sufficient protein delivery into cells. One of the most studied PTD is the TAT-domain 

(transactivator of transcription), originally found in human immunodeficiency virus (HIV). The TAT-

sequence is comprised of 11, primarily positively charged amino acids and can be cross linked to 

heterologous proteins. TAT-fusion proteins can be incorporated by cells by classical endocytosis, 
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providing a method for protein replacement therapy (Nagahara et al., 1998). In 1999, Schwarze 

et al. provided proof that recombinant TAT-β-galactosidase protein could cross the BBB and 

reach the CNS of mice by preserving its biological activity (Schwarze et al., 1999). 

1.2.3 Dysfunction of the Blood-Brain Barrier in diseases 

In many neurological disorders the blood-brain barrier properties are disrupted (Daneman & Prat, 

2015). For example, BBB dysfunction was observed in multiple sclerosis (Correale & Villa, 2007), 

vasogenic edema (Rosenberg & Yang, 2007), Alzheimer’s disease (Zlokovic, 2008), epilepsy 

(Remy & Beck, 2006), tumors (Bronger et al., 2005) and Parkinson’s disease (Desai et al., 2007). 

Pathological changes in the BBB can range from increased permeability due to tight junction 

breakdown to interruption of transport protein mechanisms (Persidsky et al., 2006). In addition to 

this, enhanced migration of inflammatory cells into the CNS is attributed to BBB disruption 

(Takeshita & Ransohoff, 2012). However, the underlying molecular mechanisms of BBB 

disturbance are still not completely known leading to the conclusion that more research regarding 

the BBB needs to be done (Profaci et al., 2020).    
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2 Aims 

The aims of this work were on the one hand identifying new possible MeCP2 dependent genes 

and on the other hand if exogenous TAT-MeCP2 substitution can restore aberrant expression 

levels of predetermined targets. 

As a first step to identify possible MeCP2 targets, primer pairs for selected genes should be 

designed and tested with cDNA samples of the used immortalized mouse cerebellar capillary 

endothelial cell line. PCR and gel electrophoresis should be performed to confirm suitability for 

real time quantitative PCR (qPCR). 

To display differences in the protein expression of the well described MeCP2 dependent targets 

BDNF and Kir4.1, western blot with corresponding antibodies should be performed to test their 

suitability as a quantification method for the used immortalized mouse astrocyte cell line. 

Previous experiments showed upregulation of the BBB marker Pgp and Bcrp in MeCP2 deficient 

mouse cerebellar capillary endothelial cells. In order to investigate if TAT-MeCP2 addition can 

rescue RTT phenotype, single cell substitution experiments with immortalized mouse cerebellar 

capillary endothelial cells should be performed. Consequently, expression of predetermined 

targets had to be quantified and compared between wildtype, HDR control and MeCP2 knock-out 

cells. Western blot and qPCR should elucidate regulation of blood-brain barrier markers under 

TAT-MeCP2 substitution. Different applied concentrations of TAT-MeCP2 addition should also 

provide reference point for an optimal treatment concentration.     
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3 Material and Methods 

3.1 Material 

3.1.1 Antibodies 

3.1.1.1 Primary Antibodies 

Antigen Class Host Product 
Number 

Supplier Dilution for 
Western Blot 

Anti-
BCRP/ABCG2 monoclonal rat 

[BXP-53] 
(ab24115) Abcam 1:100 

Anti-BDNF polyclonal rabbit ANT-010 
Alomone 
Labs 1:200 

Anti-BDNF polyclonal rabbit AB1534SP Sigma 1:500 

Anti-Cldn5 polyclonal rabbit 34-1600 Invitrogen 1:200 

Anti-DNMT3a monoclonal mouse 
(A-10): sc-
373905 Santa Cruz 1:250 

Anti-GAPDH monoclonal mouse MAB374 Sigma 1:300 

Anti-Kir4.1 polyclonal rabbit APC-035 
Alomone 
Labs 1:400 

Anti-MeCP2 monoclonal rabbit D4F3 
Cell 
Signaling 1:400 

Anti-P-
glycoprotein monoclonal mouse C219 Enzo 1:50 

Anti-β-Tubulin monoclonal mouse T4026 Sigma 1:1,500 

 

 

3.1.1.2 Secondary Antibodies 

Antigen Class Host Product Number Supplier Dilution for 
Western 
Blotting 

Anti-Mouse IgG 
HRP-linked Antibody 

- 
horse 7076S 

Cell 
Signaling 1:10,000 

Anti-Rabbit IgG 
HRP-linked Antibody 

- 
goat 7074S 

Cell 
Signaling 1:10,000 

Anti-Rat IgG 
HRP-linked Antibody polyclonal rabbit 61-9520 Invitrogen 1:10,000 
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3.1.2 Primers 

Target 
(mouse) 

Name Primer Sequence (5´->3’) Supplier Source 

mActb 

mActb forw TTTGAGACCTTCAACACCCC 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mActb rev ATAGCTCTTCTCCAGGGAGG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCdh5 

mCdh5 forw 
ATTGAGACAGACCCCAAACG 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCdh5 rev 
TTCTGGTTTTCTGGCAGCTT 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn1 

mCldn1 forw GATGTGGATGGCTGTCATTG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn1 rev CGTGGTGTTGGGTAAGAGGT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn2 
mCldn2 forw ATGGTGACGTCCAGTGCAAT 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn2 rev GGCGAGTAGAAGTCCCGAAG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn3 

mCldn3 forw GAGATGGGAGCTGGGTTGTA 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn3 rev GTAGTCCTTGCGGTCGTAGG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn4 

mCldn4 forw CCCGAGCCCTTATGGTCATC 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn4 rev GAGTAGGGCTTGTCGTTGCT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn5 

mCldn5 forw CTGGACCACAACATCGTGAC 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn5 rev GCCGGTCCAGGTAACAAAGA 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn6 
mCldn6 forw GAGCCAAGTGCACTACCTGT 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn6 rev TGGTGGGATATTCGGAGGGT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn7 
mCldn7 forw GCGACAACATCATCACAGCC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn7 rev TACCAAGGCAGCAAGACCTG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn8 
mCldn8 forw TTGCTGACAGCCGGAATCAT 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn8 rev TCGGAGATCTCTTTTCGGCG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn9 
mCldn9 forw CCAAGGCCCGTATCGTACTC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn9 rev GGACACGTACAGCAGAGGAG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn10 
mCldn10 forw GCTAAAATTGCTTGCTTGGC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn10 rev TCCGTTGTATGTGTAGCCCA 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn11 
mCldn11 forw TAGCCACTTGCCTTCAGGTG 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn11 rev GAGCAGCAGACGATGACACA 
Eurofins 
Genomics 

(Berndt et al., 
2019) 
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mCldn12 
mCldn12 forw AACTGGCCAAGTGTCTGGTC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn12 rev AGACCCCCTGAGCTAGCAAT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn13 
mCldn13 forw CCCTGTCCTGGGTAACACAC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn13 rev GGCTCCTGAAGGTCTAGCAC 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn14 
mCldn14 forw GCACAGGCATCTACCAGTGT 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn14 rev TGAGGAGATGAAGCCCAGGT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn15 
mCldn15 forw TGTCTACGGTCCATGGCAAC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn15 rev CCACGAGATAGCCACCATCC 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn16 
mCldn16 forw CCTGCGATGAGTACGACTCC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn16 rev CTCCTGCCAAAAAGCAACCC 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn17 
mCldn17 forw TCTCCCTCCGGTACTGGAAG 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn17 rev GCTCCTCCAAGTTCTCGCTT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn18 
mCldn18 forw GTGTCCATCTTCGCCCTGAA 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn18 rev GGTGTACCTGGTCTGAACGG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn19 
mCldn19 forw TTCTTCAACCCCAGCACTCC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn19 rev GCGGGCAACTTAACAACAGG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn20 
mCldn20 forw CTTTCATCCTGGCCGTGTCT 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn20 rev GGCTTTCCGGAATGGTCAGA 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn22 
mCldn22 forw GGGCTTAGTCTTCCGAACG 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn22 rev CTTCAAGTGCGGCAAGTAGT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn23 
mCldn23 forw GGACATATGTCGCGAGCAGA 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn23 rev CGAAAAACACCACGCCAGAG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn24 
mCldn24 forw CTGTCATTGCTGGGATGGGT 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn24 rev TGCACAGGGACATCAAGACC 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn25 
mCldn25 forw CTACATGGCGGCCTCCATAG 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn25 rev CGATGCCGCTATTGTGGTTG 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn26 
mCldn26 forw TGACCGGGTTCTTGAGCTTC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn26 rev CAGAGACCAGCCAAAGCGTA 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn27 
mCldn27 forw GCCTGGAAGTTTCTCCCTCC 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mCldn27 rev ATGTAGATGCTGAGCCCTGC 
Eurofins 
Genomics 

(Berndt et al., 
2019) 
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mOcln  
mOcln forw ACTCCTCCAATGGCAAAGTG 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mOcln rev CCCCACCTGTCGTGTAGTCT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mTric 
mTric forw GAGAATCCTGGGTGTGGTGG 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mTric rev TTTCGATGACAACGACGGGT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mZo1 
mZo1 forw CCCACCCCCATCTCAGAGTA 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mZo1 rev GGGACAGCTTTAGGCATGGT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mKir 4.1 
mKir 4.1 forw GGAGGAAATGGGACACAGGG 

Eurofins 
Genomics 

(Berndt et al., 
2019) 

mKir 4.1 rev GGGAGCAGCCAGAATGAAGT 
Eurofins 
Genomics 

(Berndt et al., 
2019) 

mBDNF 
mBDNF forw AAGGACGCGGACTTGTACAC 

Eurofins 
Genomics 

(Fukuchi et 
al., 2017) 

mBDNF rev CGCTAATACTGTCACACACGC 
Eurofins 
Genomics 

(Fukuchi et 
al., 2017) 

mActb 
mActb forw CCTCCCTGGAGAAGAGCTATG 

Eurofins 
Genomics 

(Wu et al., 
2017) 

mActb rev TTACGGATGTCAACGTCACAC 
Eurofins 
Genomics 

(Wu et al., 
2017) 

mCldn1 
mCldn1 forw ATCGCAATCTTTGTGTCCACCATT 

Eurofins 
Genomics 

(Förster et 
al., 2005) 

mCldn1 rev ATTCTGTTTCCATACCATGCTGTGG 
Eurofins 
Genomics 

(Förster et 
al., 2005) 

mCldn3 
mCldn3 forw GCAAGGACTACGTCTGAGGG 

Eurofins 
Genomics 

NCBI Primer 
Blast 

mCldn3 rev ACTGTGTGTCGTCTGTCACC 
Eurofins 
Genomics 

NCBI Primer 
Blast 

mCldn4 
mCldn4 forw CCACTCTGTCCACATTGCCT 

Eurofins 
Genomics 

NCBI Primer 
Blast 

mCldn4 rev CTTTGCACAGTCCGGGTTTG 
Eurofins 
Genomics 

NCBI Primer 
Blast 

mCldn11 
mCldn11 forw ATGGTAGCCACTTGCCTTCAG 

Eurofins 
Genomics 

(Cai et al., 
2011) 

mCldn11 rev AGTTCGTCCATTTTTCGGCAG 
Eurofins 
Genomics 

(Cai et al., 
2011) 

mZO1 
mZO1 forw TGAACGCTCTCATAAGCTTCGTAA 

Eurofins 
Genomics 

(Bleau et al., 
2015) 

mZO1 rev ACCGTACCAACCATCATTCATTG 
Eurofins 
Genomics 

(Bleau et al., 
2015) 

mTric 
mTric forw GAAAATGTGTGAAGCGGCCA 

Eurofins 
Genomics 

(Takano et 
al., 2017) 

mTric rev TTTTGCCACGTAGTCAGGCA 
Eurofins 
Genomics 

(Takano et 
al., 2017) 

mKir4.1 
mKir4.1 forw TGCCCCGCGATTTATCAGAG 

Eurofins 
Genomics 

NCBI Primer 
Blast 

mKir4.1 rev CCGTCTTTCGTGAGGACCC 
Eurofins 
Genomics 

NCBI Primer 
Blast 

mPPIA 
mPPIA forw TTTCGAGCTCTGAGCACTGG 

Eurofins 
Genomics 

NCBI Primer 
Blast 

mPPIA rev CACCCTGGCACATGAATCCT 
Eurofins 
Genomics 

NCBI Primer 
Blast 

mB2M  
mB2M forw CTCGGTGACCCTGGTCTTTC 

Eurofins 
Genomics 

(Wu et al., 
2017) 

mB2M rev GGATTTCAATGTGAGGCGGG 
Eurofins 
Genomics 

(Wu et al., 
2017) 
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mDNMT1 
mDNMT1 forw GATCACACTACCAGCCCATCC 

Eurofins 
Genomics 

(Watanabe et 
al., 2019) 

mDNMT1 rev GTCACGCCAATCTGATCCTG 
Eurofins 
Genomics 

(Watanabe et 
al., 2019) 

mDNMT3A 
mDNMT3A forw GTCTGGAGCACGGCAGAATAG 

Eurofins 
Genomics 

(Watanabe et 
al., 2019) 

mDNMT3A rev AAATGCTGGTCTTTGCCCTG 
Eurofins 
Genomics 

(Watanabe et 
al., 2019) 

mDNMT3B 
mDNMT3B forw ACTCCATCAGACAGGGCAAA 

Eurofins 
Genomics 

(Watanabe et 
al., 2019) 

mDNMT3B rev CCGTGTAGTGAGCAGGGAA 
Eurofins 
Genomics 

(Watanabe et 
al., 2019) 

mTET1 
mTET1 forw CTCCGAATCCTACGGGAAGC 

Eurofins 
Genomics 

NCBI Primer 
Blast 

mTET1 rev CTGTGAGCCTGCCAAGATGA 
Eurofins 
Genomics 

NCBI Primer 
Blast 

mTET2 
mTET2 forw GCCGAGCCTAGAGAACAGAC 

Eurofins 
Genomics 

NCBI Primer 
Blast 

mTET2 rev CCGTAGCGGAACAGGAACAA 
Eurofins 
Genomics 

NCBI Primer 
Blast 

mTET3 
mTET3 forw GAAGGAGAAACTGAGCACGC 

Eurofins 
Genomics 

(Watanabe et 
al., 2019) 

mTET3 rev AATCCACCCTTCAGAGACAGG 
Eurofins 
Genomics 

(Watanabe et 
al., 2019) 

mUHRF1 
mUHRF1 forw TCCAGAGCATGGAGTGGACA 

Eurofins 
Genomics 

NCBI Primer 
Blast 

mUHRF1 rev TCATACCAGAAGCCGCGTTT 
Eurofins 
Genomics 

NCBI Primer 
Blast 

 

 

3.1.3 TaqMan® Gene Expression Assays 

Gene Name Species Assay ID Supplier 

Abcb1a (Pgp) mouse Mm00440761_m1 Thermo Scientific 

Abcg2 (BCRP) mouse Mm00496364_m1 Thermo Scientific 

PPIA mouse Mm02342429_g1 Thermo Scientific 

Cldn5 mouse Mm00727012_s1 Thermo Scientific 

Actb (Actin beta) mouse Mm01205647_g1 Thermo Scientific 

Gapdh mouse Mm99999915_g1 Thermo Scientific 
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3.1.4 Chemicals and Reagents 

 
Product 

Number 

Supplier 

2-Mercaptoethanol (β-Mercaptoethanol) M3148 Sigma 

Ammonium persulfate (APS) A3678 Sigma 

Boric acid B6768 Sigma 

Bovine Serum Albumin (=BSA) A9647 Sigma 

Clarity Western ECL Substrate 1705061 BIO-RAD 

Dimethyl sulfoxide (DMSO) D2650 Sigma 

di-Sodium hydrogen phosphate dihydrate 106580 Merck 

DPBS (Dulbecco's phosphate-buffered saline) D8537 Sigma 

DreamTaq Green PCR Master Mix (2X) K1081 Thermo Scientific 

Dulbecco′s Modified Eagle′s Medium (DMEM) - high 

glucose 

D5796 Sigma 

Ethanol 100983 Merck 

Ethylenediaminetetraacetic acid disodium salt dihydrate E5134 Sigma 

Fetal Bovine Serum (FBS) F9665 Sigma 

GeneRuler 1 kb Plus DNA Ladder SM1333 Thermo Scientific 

Glycerol G2025 Sigma 

Glycine 50046 Sigma 

Hydrochloric acid 258148 EMD Millipore 

iTaq™ Universal Probes Supermix 1725131 BIO-RAD 

LE Agarose 840004 Biozym 

Methanol 106009 Merck 

Midori Green Advance 617004 Biozym 

N,N,N',N'-Tetramethylethylendiamin (TEMED) 110732 Merck 
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Nitrocellulose-Membrane 0,2µm 1620112 BIO-RAD 

Paraformaldehyde 158127 Sigma 

Penicillin-Streptomycin (PenStrep) 15140122 Gibco 

peqGOLD-Protein-Marker V 27-2210 Peqlab 

PerfeCTa SYBR Green FastMix ROX 733-1385 QIAGEN 

Potassium chloride 104936 Merck 

Potassium dihydrogen phosphate 104873 Merck 

ProSieve™ 50 Gel Solution 50618 Lonza 

Protease Inhibitor Cocktail (=PIC (100x)) P8340 Sigma 

Puromycin dihydrochloride P9620 Sigma 

RIPA Buffer 10X 20-188 EMD Millipore 

SDS-PAGE Sample Loading Buffer [6X] 786-701 G-Biosciences 

Sodium azide S8032 Sigma 

Sodium chloride S3014 Sigma 

Sodium n-Dodecyl Sulfate 428023 Calbiochem 

Tricine T0377 Sigma 

Trizma® base (= TRIS) T6066 Sigma 

Trypsin-EDTA (0.05%) 25300062 Gibco 

TWEEN® 20 P9416 Sigma 
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3.1.5 Solutions and Buffers 

PBS (10x), pH = 7.4 

Substance Weight portion 

NaCl 80 g 

KCl 2 g 

Na2HPO4 · 2 H2O 9.6 g 

KH2PO4 2 g 

ddH2O Ad 1 L 

The pH was adjusted with 20 % HCl using a pH meter. After preparation the solution was 

autoclaved and stored at RT.  

 

TBE (10x), pH = 8.3 

Substance Weight portion 

TRIS 108 g 

Boric acid 55 g 

Na2EDTA 9.3 g 

ddH2O Ad 1 L 

The pH was adjusted with 20 % HCl using a pH meter. After preparation the solution was 

autoclaved and stored at RT. 

 

PBS-T (PBS + 0.1 % Tween 20) 

Substance Weight portion 

PBS (10x) 100 mL 

TWEEN® 20 1 mL 

ddH2O Ad 1000 mL 

After preparation the solution was stored at 4°C. 

 

TRIS-Tricine (10x) Buffer 

Substance Weight portion 

TRIS 121 g 

Tricine 179 g 

ddH2O Ad 1000 mL 

After preparation the solution was autoclaved and stored at 4°C. 
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Electrophoresis Buffer 

Substance Weight portion 

TRIS/Tricine (10x) 100 mL 

10 % SDS solution 10 mL 

ddH2O Ad 1000 mL 

After preparation the solution was stored at 4°C. 

 

TRIS-Glycin (10x) Buffer 

Substance Weight portion 

TRIS 30 g 

Glycine 144 g 

ddH2O Ad 1000 mL 

After preparation the solution was autoclaved and stored at 4°C. 

 

Blotting Buffer 

Substance Weight portion 

TRIS-Glycin (10x)  100 mL 

Methanol 200 mL 

10 % SDS-Solution 200 µL 

ddH2O Ad 1000 mL 

After preparation the solution was stored at 4°C. 

 

TRIS-HCl (pH 6,8) 

Substance Weight portion 

TRIS 121.14 g 

HCl q.s. 

ddH2O Ad 1000 mL 

First, TRIS was dissolved in 800 mL ddH2O, then pH was adjusted with 20 % HCl using a 

pH meter and finally the remaining amount of water was added. 
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Stripping Buffer 

Concentration Substance Weight portion 

62.5 mM TRIS-HCl (pH 6.8) 3.79 g 

2 % SDS 10 g 

 
ddH2O Ad 500 mL 

Additionally, β-mercaptoethanol had to be added freshly before use (71.6 μl β-

mercaptoethanol per 10 mL buffer). 

 

Lysis Buffer 

Substance Weight portion 

RIPA (10x) 100 μl 

PIC (100x) 1 μl 

ddH2O Ad 1 mL 

PIC (100x) was added freshly before use. 

 

Cell Culture Medium DMEM++ 

Substance Weight portion 

DMEM 500 mL 

FBS 50 mL 

Pen Strep, 100X 5 mL 

After preparation the medium was stored at 4°C. 

 

Cell Culture Medium for CTRL and KO cell lines 

DMEM++ (+2 μg/mL Puromycin) 

Substance Weight portion 

DMEM 500 mL 

FBS 50 mL 

Pen Strep, 100X 5 mL 

Puromycin (10 mg/mL) 0.1 mL 

After preparation the medium was stored at 4°C. 
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0.5% Gelatine Solution 

Substance Weight portion 

Gelatine 2.5 g 

ddH2O 500 mL 

First the gelatine was dissolved under constant stirring conditions at 60°C for one hour and 

was then autoclaved and stored at RT. 

 

TAT-MeCP2-Solution  

 

Buffer Bulk (Date of 

manufacture) 

Acknowledgement  

Recombinant TAT-MeCP2 

solution (3.3 mg/mL 

respectively 56.1568 µM) 

DPBS 

+ 200 mM NaCl 

+ 10%Glycerin 

pH=7,2 

11th July 

2019 

Many thanks go to 

Alexander V. Beribisky for 

providing the TAT-MeCP2 

for this work. 

 

3.1.6 Kits 

 

Product Number Supplier 

RNeasy Plus Mini Kit 74134 QIAGEN 

Pierce™ BCA Protein Assay Kit 23227 Thermo Scientific 

iScript™ gDNA Clear cDNA Synthesis Kit 172-5035 BIO-RAD 
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3.1.7 Used Cell Lines 

 

 

  

Immortalized mouse cerebellar capillary 

endothelial cell line (cerebEND) 

 

AIT, grant of Carola Förster 

Universitätsklinikum Würzburg, 

Germany (Förster et al., 2005). 

Thanks to Kathrin Rose for preparing the 

cerebEND clones, used in this work. 

cerebEND wildtype (WT) Wildtype phenotype cells. 

cerebEND HDR control (CTRL) 

clone 11F16 

Gene insertion of MeCP2 via homology 

directed repair (HDR).  

cerebEND knock-out (KO) 

clone 11F12 

Gene knockout of MeCP2 generated with the 

editing tool CRSPR/Cas9. 

Immortalized mouse neuronal astrocyte 

cell line (C8D1A) 

 

AIT, thanks to Anna Gerhartl for providing 

the astrocyte cell line and Kathrin Rose 

for preparing the clones, used in this 

work.  

C8D1A wildtype (WT) Wildtype phenotype cells. 

C8D1A HDR control (CTRL) 

clones 3G2 and 2D5 

Gene insertion of MeCP2 via homology 

directed repair (HDR).  

C8D1A knock-out (KO) 

clones 3F12 and1B9 

Gene knockout of MeCP2 generated with the 

editing tool CRSPR/Cas9. 
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3.2 Methods 

3.2.1 Cell Culture 

3.2.1.1 Cultivation of immortalized mouse cerebellar capillary endothelial cells 

All steps in the cell culture were performed in the laminar air flow. Media and working solutions 

were prewarmed at 37°C in a bead bath before usage. Working steps in the cell culture were 

adapted from previous work of the research group (Reitner, 2018). 

The cerebENDs were cultivated in either T25 or T75 gelatine coated cell culture flasks in an 

incubator at 37°C and 5% CO2 + 95% humidity. DMEM++ was used as medium for the WT cell 

lines and DMEM++ (+2 µg/mL Puromycin) was used for the CTRL and KO cell lines. The medium 

was changed three times a week. The cells were usually subcultivated once a week since they 

reached confluence.  

3.2.1.2 Coating 

The cell culture flasks were coated before usage with 0.5% gelatine solution. 2 mL of the gelatine 

solution were filled into a T25 cell culture flask, respectively 5 mL were filled in a T75 flask, and 

the flask was swayed until the growth area was completely covered. The flask was then left for 

30 minutes in the laminar air flow. Afterwards the gelatine solution was completely aspirated, and 

the flask was ready for cell seeding. 

3.2.1.3 Splitting (Passaging) of the cerebENDs 

After an average of one week the cerebellar capillary endothelial cells were assessed for 

confluency with a light microscope.  

The morphological characteristics of confluent cerebENDs are narrow and elongated shape of 

the cells and the appearance of concentric circles shown in Figure 3.  
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After the assessment of confluency, passaging of the cells was initiated. The medium (DMEM++) 

and Trypsin/EDTA were warmed in a bead bath. The cells were taken out of the incubator and 

the consumed medium was completely aspirated. Then the cell layer was washed with DPBS at 

least two times. Afterwards, the washing solution was aspirated and Trypsin/EDTA was added. 

To cover the whole cell layer the flask was gently shaken and was then left for incubation in the 

incubator at 37°C for four minutes. Afterwards, the flask was tapped on a hard surface to detach 

the cells. Detachment was verified with a light microscope. After that, fresh medium (DMEM++) 

was added to stop the enzymatic activity of trypsin. The medium was rinsed over the entire growth 

area and the cell suspension was resuspended at least ten times to disrupt the cerebENDs. 

Finally, an aliquot of one third (e.g., 2 mL of total 6 mL cell suspension) of the cell suspension 

was transferred into a new cell culture flask and the missing volume of DMEM++ was added. 

Consequently, the split ratio of the cerebENDs was 1:3. Table 3 shows the volumes of the two  

Figure 3: Confluent cerebENDs under a light microscope: A. cerebENDs WT in 4x magnification, B. cerebENDs WT in 

10x magnification, C. cerebENDs CTRL in 4x magnification, D. cerebENDs CTRL in 10x magnification, E. cerebENDs 

KO in 4x magnification, F. cerebENDs KO in 10x magnification.  

A 

C 

E 

D 

F 

B 
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sizes of cell culture flasks used in this work. 

Table 3: Overview of the used volumes to passage cells grown in either a T25 or T75 cell culture flask. 

 

3.2.1.4 Cultivation of immortalized mouse brain astrocyte cells (C8D1A) 

All steps in the cell culture were performed in the laminar air flow. Media and working solutions 

were always prewarmed at 37°C in a bead bath before usage. 

The astrocytes were cultivated in either T25 or T75 gelatine coated cell culture flasks in an 

incubator at 37°C and 5% CO2 + 95% humidity. DMEM++ was used as medium for the WT cell 

lines and DMEM++ (+2 µg/mL Puromycin) was used for the CTRL and KO cell lines. The medium 

was changed three times a week. The cells were usually subcultivated once a week since they 

reached confluence. 

3.2.1.5 Splitting (Passaging) of the C8D1A 

After an average of one week the astrocytes were assessed for confluency with a light 

microscope.  

The morphological characteristics of confluent astrocytes are narrow and elongated shape of the 

cells, the appearance of diffuse pattern of the cell layer and the beginning of detachment of the 

cells, as shown in Figure 4.  

  

Cell Culture 

Flask 

Growth 

Medium 

(DMEM++) 

Volume of 

Washing 

Solution (DPBS) 

Trypsin/EDTA Volume of added 

DMEM++ to stop 

trypsinization 

T25 5 mL 2 mL 0.7 mL 5.3 mL 

T75 15 mL 5 mL 2 mL 7 mL 
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Splitting of the C8D1A was performed the same way as passaging of the cerebENDs as described 

above with a difference in the splitting ratio, as the astrocytes exhibit a higher division rate. The 

aliquot which was transferred into a new cell culture flask after trypsinization was a sixth, resulting 

in a splitting ratio of 1:6 (e.g., 1 mL of 6 mL cell suspension). 

3.2.2 TAT-MeCP2 substitution experiment 

3.2.2.1 Cell Seeding in a 12-well plate 

For the TAT-MeCP2 experiment the cerebEND cells and the astrocytes had to be seeded and 

grown in 12-well plates. Each of the three cell lines (WT, CTRL and KO) was seeded in 18 wells 

of two different 12-well plates.  

Figure 4: Confluent immortalized mouse neuronal astrocytes (C8D1A) under a light microscope: A. C8D1A WT in 4x 

magnification, B. C8D1A WT in 10x magnification, C. C8D1A CTRL in 4x magnification, D. C8D1A CTRL in 10x 

magnification, E. C8D1A KO in 4x magnification, F. C8D1A KO in 10x magnification. 

A 

C 

E 

D 

F 

B 
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To maintain optimum growing conditions, 40,000 cells/cm2 were seeded in the wells. Each well 

of the 12-well plate had a surface area of 3.8 cm2, requiring approximately 1.53x105 cells per well.  

After trypsinization during the weekly splitting process the cells obtained in a suspension were 

counted with an automatic cell counting system (TC20 Automated Cell Counter, BIO-RAD). 

Afterwards a suspension of 1.53x105 cells/mL was prepared in DMEM++. Then 1 mL of the 

suspension with 1.53x105 cells/mL was transferred in 18 different wells of two 12-well plates. After 

that 0.2 mL DMEM++ were added to the wells to achieve a volume of 1.2 mL medium per well. 

The medium was changed on the second and on the fifth day after seeding. 

On the sixth day after the seeding different concentrations of DMEM++ with TAT-MeCP2 were 

prepared. TAT-MeCP2 was dissolved in a storage buffer (DPBS, 200mM NaCl, 10%Glycerin, 

pH=7,2) with a concentration of 3.3 mg/mL respectively 56.1568 µM. Table 4 shows an example 

of the preparation of the dilutions. 

Table 4: Example of the preparation of a TAT-MeCP2 dilution series. 

 DMEM++ (mL) Storage Buffer (µL) 
TAT-MeCP2 Stock-

Solution (µL) 

Baseline Control (BC) 22.7952 204.8 0.0 

10 nM TAT-MeCP2 22.9959 200.7 4.1 

30 nM TAT-MeCP2 22.9877 192.5 12.3 

100 nM TAT-MeCP2 22.9590 163.8 41.0 

500 nM TAT-MeCP2 22.7952 0.0 204.8 

 

After the preparation of the various dilutions, the 12-well plates were taken out of the incubator 

and cells were assessed for confluency under a light microscope. When the cells appeared to be 

confluent the consumed medium was aspirated. Afterwards 1.2 mL of one of the prepared 

solutions were added per well and the 12-well plates were placed in the incubator again. The cells 

were treated with the TAT-MeCP2 media for either 24 or 48 hours.  

After either 24 or 48 hours the cells were taken out of the incubator followed by transferring the 

consumed medium into 1.5 mL Eppendorf tubes. The used media were stored at -80°C. The cells 

were washed with 1 mL of DPBS and were prepared for cell lysis to collect RNA and protein 

samples.  
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3.2.3 Cell Lysis 

3.2.3.1 Cell Lysis with RIPA Buffer to collect protein samples 

All steps were performed on ice and the centrifuge was set up at 4°C. Working steps were adapted 

from previous work of the research group (Huber, 2019). 

Lysis of cells on a 12-well plate 

The 12-well plate was taken out of the incubator and was placed immediately on ice. The medium 

was aspirated, and each well was washed two times with 1 mL cold 1x PBS. After that, 50 µL 

lysis buffer (RIPA + PIC) was added dropwise to cover the whole monolayer. Cells were detached 

by using a cell scarper and the lysate was transferred into a 1.5 mL Eppendorf tube. The tubes 

were incubated afterwards for 15 minutes on ice. Then the tubes were centrifuged at 10,000 g at 

4°C, followed by transferring the supernatant into another 1.5 mL Eppendorf tube. Finally, the 

samples were briefly immersed into liquid nitrogen to snapfreeze them. Protein samples were 

stored at -80°C.    

Lysis of cells grown in a cell-culture flask 

First, the T25 cell-culture flask was taken out of the incubator and the cell layer was washed two 

times with DPBS. Then, 0.7 mL Trypsin-EDTA (0.05%) was added, and the flask was incubated 

for four minutes in the incubator. After the cells detached from the flask, 5.3 mL DMEM was 

added, and the medium was resuspended several times in the flask. The cell suspension was 

then transferred into a 15 mL Falcon Tube and the tube was centrifuged for five minutes at 300 g 

at 4°C. Afterwards the medium was aspirated, the cell pellet was resuspended in 5 mL cold DPBS 

and the tube was again centrifuged for five minutes at 300 g at 4°C. This washing procedure was 

repeated a second time. After the second washing step the cell pellet was resuspended in 250 

µL lysis buffer (RIPA+PIC) and the whole lysate was transferred into a cold 1.5 mL Eppendorf 

tube. The tube was incubated afterwards for 15 minutes on ice. Then the tube was centrifuged at 

10,000 g at 4°C, followed by transferring the supernatant into another 1.5 mL Eppendorf tube. 

Finally, the sample was briefly immersed into liquid nitrogen to snapfreeze them. Protein samples 

were stored at -80°C. 

3.2.3.2 Cell Lysis to extract and purify RNA 

The extraction and purification of RNA samples were performed with RNeasy Plus Mini Kit 

(#74134, QIAGEN) (QIAGEN, 2020). 

Before starting the extraction β-mercaptoethanol (β-ME) had to be added to buffer RLT Plus. 10 

µL β-ME were added per 1 mL Buffer RLT Plus. Additionally, buffer RPE was supplied as a 

concentrate, so four volumes of ethanol 96% must be added prior to application to obtain a 

working solution. The medium of the cells grown on a monolayer in a 12-well plate was completely 
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aspirated and the wells were washed two times with 1 mL cold 1x PBS. Because the diameter of 

the growth surface area of a well was below 10 cm2, the cells could be lysed directly in the well. 

For disrupting the cells, 350 µL buffer RLT Plus were added dropwise on the cell layer of each 

well. Cells were detached by using a cell scarper and the lysate was transferred into a 1.5 mL 

Eppendorf tube. The lysate was then homogenized by resuspending it through a 0.9 mm needle 

(Sterican® ø 0,90 x 40 mm, #4657519 BRAUN) fitted on a syringe for at least five times. The 

homogenized lysate was transferred into a gDNA Eliminator spin column placed in a 2 mL 

collection tube and the tube was centrifuged for 30 seconds at 8,000 g at RT. Afterwards the 

column was discarded, 350 µL 70% ethanol were added to the flowthrough and mixed by 

pipetting. The sample was then transferred into a RNeasy spin column placed in a 2 mL collection 

tube and the tube was centrifuged for 15 seconds at 8,000 g at RT. The flowthrough was 

discarded and 700 µL Buffer RW1 were added to the RNeasy spin column. The tube was 

centrifuged again for 15 seconds at 8,000 g at RT and the flowthrough was discarded. After that 

500 µL buffer RPE were added to the RNeasy spin column, the tube was centrifuged for 15 

seconds at 8,000 g at RT to wash the spin column membrane and the flowthrough was discarded. 

Then 500 µL buffer RPE were added again to the RNeasy spin column and the tube was 

centrifuged for 2 minutes at 8,000 g at RT. The RNeasy spin column was placed in a new 2 mL 

collection tube and the tube was centrifuged for one minute at 16,000 g at RT. Afterwards the 

RNeasy spin column was placed in a new 1.5 mL collection tube, 30 µL RNase-free water were 

added and the tube was centrifuged for one minute at 8,000 g at RT to elute the RNA. Finally, the 

30 µL eluted RNA were pipetted again on the RNeasy spin column and the tube was centrifuged 

for one minute at 8,000 g at RT. RNA samples were stored at -80°C (QIAGEN, 2020).  

3.2.4 Nucleic Acid Quantification 

The quantification of the nucleic acid samples was performed with the NanoDrop® ND-1000 

Spectrophotometer.  

The measurement of the nucleic acid samples was carried out by selecting the ‘Nucleic Acid’ 

application module. RNase free water was applied as blank and 1.5 µL of the sample was 

measured. 

3.2.5 cDNA Synthesis 

The cDNA synthesis was performed with the iScript™ gDNA Clear cDNA Synthesis Kit #172-

5035, BIO-RAD (BIO-RAD, 2023). All steps were performed on ice and nuclease free tubes were 

used (QPCR Tube Strips 0.2 mL #82-1502-A, PeqLab). 

Before starting with the cDNA synthesis, the RNA samples had been diluted with RNase free 

water to achieve a concentration of 1 µg RNA in 14 µL. For removing any genomic DNA, a DNase 
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Master Mix was made by mixing 0.5 µL iScript DNase and 1.5µL iScript DNase Buffer per reaction. 

After that, 2 µL DNase Master Mix were added to 14 µL RNA sample by pipetting up and down 

several times. A thermal cycler was used to incubate the reaction with the settings shown in Table 

5 (BIO-RAD, 2023).  

Table 5: Thermal cycler setup for DNA digestion (BIO-RAD, 2023). 

Step Temperature (°C) Time (min) 

DNA digestion 25 5 

DNase inactivation 75 5 

Storage conditions 4; ice Until RT step 

 

Afterwards 4 µL iScript Reverse Transcription Supermix were added to the 16 µL DNase-treated 

RNA template. The sample was mixed by pipetting up and down. Reverse transcription was 

performed by using a thermal cycler with the setup shown in Table 6 (BIO-RAD, 2023). 

Table 6: Thermal cycler setup for reverse transcription (BIO-RAD, 2023). 

Step Temperature (°C) Time (min) 

Priming 25 5 

Reverse transcription 46 20 

RT inactivation 95 1 

Hold (optional) 4 -  

 

After the reaction was finished, cDNA samples were stored at -20°C. 

3.2.6 Protein Quantification 

Protein quantification was performed with the Pierce™ BCA Protein Assay Kit #23227, Thermo 

Scientific™(Thermo-Fisher-Scientific, 2020). Working steps were adapted from previous work of 

the research group (Huber, 2019) 

First a stock solution of BSA with a concentration of 2 mg/mL using the lysis buffer (RIPA + PIC) 

as solvent was prepared. Then a standard series of BSA solutions was established in 1.5 mL 

Eppendorf tubes (Table 7) (Thermo-Fisher-Scientific, 2020). 
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Table 7: Dilution scheme for establishing the BSA standard series (Thermo-Fisher-Scientific, 2020). 

Tube Solvent / Lysis Buffer BSA-stock solution BSA concentration 

A 

B 

C 

D 

E 

F 

G 

H 

75 µL 

250 µL 

175 µL 

325 µL 

325 µL 

325 µL 

400 µL 

400 µL 

225 µL 

250 µL 

175 µL of tube A 

325 µL of tube B 

325 µL of tube D 

325 µL of tube E 

100 µL of tube F 

1,500 µg/mL 

1,000 µg/mL 

750 µg/mL 

500 µg/mL 

250 µg/mL 

125 µg/mL 

25 µg/mL 

0 µg/mL 

 

For quantification the protein samples were thawed and diluted 1:15 with RIPA Buffer. Samples 

and standard solutions (tubes A-H) were pipetted as triplicates into a 96-well plate using a volume 

of 25 µL per well. Afterwards the BCA working reagent was prepared by mixing Reagent A and 

Reagent B in a 50:1 ratio. 200 µL of the BCA working reagent was added with a multichannel 

pipette to each well of the plate. Finally, the plate was shaken gently and left for incubation at 

37°C for 30 minutes (Thermo-Fisher-Scientific, 2020). 

Due to the lack of a suitable filter for 562 nm, the absorbance was measured at 570 nm 

wavelength at RT with an UV/Vis- spectrophotometer. The standard curve for determining the 

concentration of the protein samples was created with the program GraphPad PRISM. 

3.2.7 SDS Polyacrylamide Gel Electrophoresis and Western Blot 

Gel Electrophoresis and Western Blotting were performed with the BIO-RAD Mini-PROTEAN® 

Tetra System. Working steps were adapted from previous work of the research group (Huber, 

2019) 

3.2.7.1 Gel Preparation 

For two gels, all reagents (table 8 provides an overview of the two used gel recipes) were mixed 

in a 50 mL Falcon tube. TEMED was added right before use. After vortexing, the separating gel 

was poured between the two glass plates of the Mini-PROTEAN® casting module. The gel was 

then overlayed with 1 mL isopropanol and left for polymerization for 30 minutes. After solidification 

isopropanol was removed and the stacking gel was poured onto the polymerized separating gel. 

Combs were inserted air bubble-free, and the gel was left for another 20 minutes. The gels were 

normally used on the day of preparation; however, they could be stored between wet paper towels 

in the fridge for several days.  
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Table 8: Gel recipe for 10% separating gel and 5% stacking gel. 

 

3.2.7.2 Sample Preparation 

The protein solutions were diluted with ddH2O achieving a defined concentration of 10 to 20 µg 

protein per 20 µL solution. Then 4 µL of SDS-PAGE Sample Loading Buffer [6x] and 5% 2-

mercaptoethanol were added and the samples were incubated for denaturation at 95°C for 5 

minutes.  

3.2.7.3 Gel electrophoresis 

The gel was placed into the electrophoresis cell and the unit was filled up with Electrophoresis 

Buffer until the gel was covered. Combs were removed and the wells of the stacking gel were 

washed with electrophoresis buffer. 5 µL peqGOLD-Protein-Marker V and 24 µL of the samples 

were loaded into the wells of the gel. The gel was running at 130 V at 4°C for an average of one 

hour. 

3.2.7.4 Transfer 

The gel was taken out of the electrophoresis cell, electrophoresis buffer was discarded, and the 

stacking gel was cut off. Afterwards a blotting sandwich was formed: The sandwich contained the 

separating gel, a nitrocellulose-membrane (#1620112, BIO-RAD), two layers of blotting paper and 

a sponge. The whole sandwich was moistened with blotting buffer and air bubbles were removed 

by flattening it with a plastic roller. Then, the blotting sandwich was placed into the electrophoresis 

unit and the unit was filled up with blotting buffer. Additionally, an ice rack was added to ensure 

cooling during the process. Electroblotting was performed with 0.35 A for one hour in the fridge 

at 4°C. The nitrocellulose membrane was taken out of the cell and was stained with Ponceau S 

to visualize the protein bands. After that the membrane was cut into strips containing the proteins 

of interest.  

 

 

10% Separating Gel  5% Stacking Gel 

ddH2O 10.6 mL  ddH2O 3.75 mL 

ProSieve™ 50 Gel Solution 4 mL  ProSieve™ 50 Gel Solution 0.5 mL 

1.5 M Tris/HCl 5 mL  1 M Tris/HCl 0.65 mL 

10% SDS-Solution 200 µL  10% SDS-Solution 50 µL 

10% APS 200 µL  10% APS 50 µL 

TEMED 8 µL  TEMED 5 µL 
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3.2.7.5 Blocking 

The membrane was washed after staining with 15 mL PBS-T (PBS + 0.1% TWEEN 20). 

Afterwards blocking was performed with 15 mL 5%-milk powder solution in PBS-T for at least one 

hour at RT on a shaker. 

3.2.7.6 Primary Antibody Incubation 

For the primary antibody solution, a 50 mL Falcon tube was filled with 5 mL cold 5% milk powder 

solution in PBS-T and 0.002% NaN3 was added for microbial preservation. Then the primary 

antibody was added in the intended dilution and the Falcon tube was vortexed. The membrane 

strip with the protein of interest was placed into the Falcon tube. For incubation the strips in the 

Falcon tubes were rolled on a shaker overnight in a 4°C temperature room. 

3.2.7.7 Secondary Antibody Incubation 

The next day the membrane strips were taken out of the Falcon tube and washed for three times 

with PBS-T for five minutes each. The secondary antibody, diluted in 5% milk powder in PBS-T 

was applied to the strips for one hour under constant shaking conditions. After the incubation the 

membranes were washed again with PBS-T for five minutes for three times.  

3.2.7.8 Detection 

Detection was performed with the ChemiDoc™ Touch Imaging System.  

BIO-RAD Clarity™ Western ECL Substrate was prepared freshly and 200-400 µL of the substrate, 

depending on the size of the membrane were applied for five minutes. Then, each strip was 

recorded in two different settings. First a colorimetric image was taken and afterwards the bands 

were visualized by chemiluminescence. Exposure times of the chemiluminescence image were 

additionally noted. After detection the strips could be stored in PBS-T at 4°C for reusage for 

several days. Densitometric evaluation was performed with the program Image Lab™ by Bio-

Rad. 

3.2.7.9 Stripping 

For reusing the membranes “Stripping” could be performed. During this process primary and 

secondary antibodies which were bound to the membrane were removed.  

The strip was taken out of the storage solution and was washed with fresh PBS-T three times for 

ten minutes. For each strip 30 mL Stripping Buffer were prepared in a glass with screw cap. Before 

use 215 µL 2-mercaptoethanol were added to the Stripping Buffer. The strip was placed into the 

glass and the lid was closed. The glass was left in a 56°C water bath for 20 minutes under 

constantly shaking conditions. After the removal of the antibodies the strip was washed three 

times with PBS-T for ten minutes. Blocking was performed with 5 % milk powder in PBS-T solution 

for one hour. Afterwards the membrane could be incubated with a primary antibody again.  
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3.2.8 PCR 

The PCR was performed with the Bioer LifeTouch™ Thermal Cycler 96 Well TC-96/G/H(b)B. 

Table 9 shows the reagents used in a 20 µL reaction mix and Table 10 shows the adjusted cycling 

setup. Working steps were adapted from previous work of the research group (Huber, 2019).   

 Table 9: PCR 20 µL reaction mix.     Table 10: PCR cycling setup. 

 

 

 

 

 

3.2.8.1 Agarose Gel preparation  

For 100 mL gel, 2 g of agarose was weighed in an Erlenmeyer flask and was completely dissolved 

in 100 mL 0.5x TBE Buffer by boiling the solution in a microwave. Then 5 µL Midori Green were 

added to the 2% agarose solution and dissolved by gentle shaking. After that, the solution was 

poured into the gel trays with inserted combs of the MupidTM-One Electrophoresis System and 

the gel was left for 30 minutes for solidification.  

3.2.8.2 Electrophoresis 

The electrophoresis was performed with the MupidTM-One Electrophoresis System. 

After the gel had been solidified, combs were removed, and the gel was placed in the 

electrophoresis unit. Then, the unit was filled with 0.5x TBE Buffer until the gel was completely 

covered. Next 5 µL of the sample and 5 µL of GeneRuler 1 kb Plus DNA Ladder were loaded on 

the gel. The electrophoresis ran 45 minutes at 100 V. The gel was then taken out of the unit and 

was visualized with the FluorChem™ HD2 System (Biozym). 

3.2.8.3 Primer Design 

Primers were designed using the NCBI Primer Blast Website (Ye et al., 2012). 

A refseq record of the corresponding mouse gene was inserted into the tool and following settings 

were adapted:  

• PCR-Product Size: 70-200 bp 

• Primer melting temperatures (Tm): 57.0 – 63.0°C 

• Database: Refseq mRNA 

20 µL reaction setup 

Nuclease-free water 6 µL 

DreamTaq Green PCR 

MasterMix 
10 µL 

Forward-Primer 1 µL 

Reverse-Primer 1 µL 

cDNA template 2 µL 

PCR cycling setup 

95°C 3 min 

95°C 30 sec   35x 

repeated              60°C 30 sec 

72°C 45 sec 

72°C 5 min 

4°C ∞ 
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• Organism: Mus musculus (taxid:10090) 

Received forward and reverse primer sequences were checked on appropriate product length, 

transcript variants and melting temperatures. Selected DNA olignucleotides were ordered from a 

supplier and analyzed with cDNA samples from wildtype cerebENDs. After the amplification the 

PCR products were applied on an agarose gel and an electrophoresis were initiated. 

3.2.9 qPCR gene expression analysis 

In this work gene expression of selected targets was analyzed by two different fluorescence 

detection methods: SYBR Green and Primer-Probe Detection. 

Regardless of the used method, the cDNA samples, which contained 1 µg transcribed RNA in 20 

µL were diluted with nuclease free water to a total volume of 200 µL cDNA template solution. 

Then, a Multiplate™ 96-Well PCR Plate (#MLL9601, BIORAD) was placed on ice and the 

following reaction components given in Table 11 were pipetted into each well. 

Table 11: Overview of the used reagents for a SYBR Green Assay and a Taqman Assay. 

 

After the components were pipetted into the wells, a Microseal® 'C' PCR Plate Sealing Film 

(#MSC1001, BIORAD) was placed onto the 96-well plate. Then, the plate was centrifuged at 

1,000 g at 4°C for five minutes. 

Real-Time PCR was performed with the StepOnePlus™ Real-Time PCR System (Thermo 

Scientific). The mode Quantitative Comparative Ct (ΔΔ Ct) was selected with the software 

program (StepOne). Following thresholds were set to produce consistent comparable Ct values: 

SYBR Green Assay: TaqMan Assay: 

Ppia 1.3 ΔRn Ppia 0.4 ΔRn 

Dnmt1 2.4 ΔRn Bcrp 0.5 ΔRn 

Cldn5 2.5 ΔRn Pgp 0.1 ΔRn 

 

 

SYBR Green Assay: TaqMan Assay: 

5 µL PerfeCTa SYBR Green FastMix 

ROX 

7.5 µL iTaq Universal Probes Supermix 

0.2 µL Forward-Primer 0.75 µL TaqMan® Gene Expression Assay 

0.2 µL Reverse-Primer 4.75 µL Nuclease free water 

2.6 µL Nuclease free water 2 µL cDNA template 

2 µL cDNA template  
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Evaluation was done with Microsoft Excel using equations 1-3. 

 

Table 12 shows an example for the evaluation of the mRNA expression of the two selected targets 

Dnmt1 and Claudin5, analyzed with a SYBR Green Assay. 

Table 12: Example for the evaluation of a SYBR Green gene expression assay. PPIA was used as endogenous control. 

DNMT1 and Claudin-5 (Cldn5) were genes of interest. Data are represented as mean ± standard deviation. 

cerebENDs WT 

#0828 
untreated 

24h 100 nM  

TAT-MeCP2 

treated 

24h 500 nM  

TAT-MeCP2 

treated 

 

Ppia Average Cт 16.86±0.06 16.66±0.11 16.68±0.19 

D
N

M
T

1
 

Dnmt1 Average Cт 25.23±0.31 26.64±1.54 25±0.56 

ΔCт Dnmt1-Ppia 8.37±0.31 9.98±1.54 8.32±0.59 

ΔΔCт 

(ΔCт treated – ΔCт untreated) 
0±0.31 1.61±1.54 -0.05±0.59 

Relative Quantification  

2^(-ΔΔCт) 
1 (0.8-1.2) 0.3 (0.1-1) 1 (0.7-1.6) 

C
ld

n
5

 

Cldn5 Average Cт 22.79±0.36 24.71±1.65 23.04±0.85 

ΔCт Cldn5-Ppia 5.93±0.37 8.05±1.65 6.36±0.87 

ΔΔCт 

ΔCт treated – ΔCт untreated 
0±0.37 2.12±1.65 0.43±0.87 

Relative Quantification  

2^(-ΔΔCт) 
1 (0.8-1.3) 0.2 (0.1-0.7) 0.7 (0.4-1.4) 

  

 ΔCt =  Ct (mean gene) −  Ct (mean endogenous control) (eq.1) 

 ΔΔCt =  ΔCt (treated cells)  −  ΔCt (control cells untreated) (eq.2) 

 Relative Quantification (RQ)  =  2^(−ΔΔCt) (eq.3) 
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4 Results 

4.1 Identifying possible MeCP2 dependent targets 

4.1.1 Selection of targets for RT-qPCR analysis 

Previous work with MeCP2 deficient immortalized mouse cerebellar capillary endothelial cells 

(cerebENDs) has shown that a loss of MeCP2 can alter the properties of the BBB. As cell-cell 

junctions determine paracellular tightness (Abbott et al., 2010) several tight junction proteins were 

taken into consideration for the identification of makers, that may be influenced by MeCP2. 

Additionally, because MeCP2 plays a main role in DNA modification (Chahrour et al., 2008) 

various enzymes involved in gene regulation were selected as possible MeCP2 dependent 

targets. Following genes were taken into consideration: 

• All members of the TJ family of the Claudins (Cldn1 to Cldn27) and the TJ protein ZO-1 

• The TJ associated marvel proteins (TAMPs) Occludin (Ocln) and Tricellulin (Tric)  

• The adherens junction protein Cadherin5 (Cdh5) 

• The inward rectifying potassium channel Kir4.1 and the brain-derived neurotrophic factor 

(BDNF) 

• The DNA-methyltransferases DNMT1, DNMT3A, DNMT3B 

• The Ten-eleven translocation methylcytosine dioxygenases TET1, TET2 and TET3 

• The Ubiquitin-like, containing PHD and RING finger domains 1 (UHRF1) 

• The genes commonly used as endogenous control actin beta (Actb), the peptidylprolyl 

isomerase A (PPIA) and beta-2 microglobulin (B2M) 

Primer pairs, which target the nucleotide sequence of the aforementioned mouse genes, were 

either self-designed with the NCBI Primer Blast Website or adopted from literature.  

4.1.2 Verification of Primer-Pairs for possible readout candidates  

Confluent cells of the mouse cerebEND cell line were lysed and RNA samples were collected. 

RNA was then transcribed into cDNA. Afterwards PCR with cDNA and the primer pairs was 

performed. Amplified PCR products were applied on an agarose gel and were visualized. Suitable 

primer pairs had to show a distinct isolated band with the correct product length without displaying 

any alternative products. Figures 5 to 7 show the agarose gels with the visualized products of the 

tested primer pairs. 
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Figure 6: Agarose gel of cDNA samples of cerebENDs amplified with different primers. Below the gene of interest, the 

proper length of the corresponding PCR product is displayed. Actb=Actin beta; Kir4.1=Inward rectifier potassium 

channel 10; BDNF=Brain-derived neurotrophic factor; ZO-1=Zonula occludens-1; Cdh5=Cadherin5 

Figure 5: Agarose gel of cDNA samples of cerebENDs amplified with different primers. Below the gene of interest, the 

proper length of the corresponding PCR product is presented. Cldn1=Claudin-1; Cldn2=Claudin-2; Cldn3=Claudin-3; 

Cldn4=Claudin-4; Cldn5=Claudin-5; Cldn6=Claudin-6; Cldn7=Claudin-7; Cldn8=Claudin-8; Cldn9=Claudin-9; 

Cldn10=Claudin-10; Cldn11=Claudin-11; Cldn12=Claudin-12; Cldn13=Claudin-13; Cldn14=Claudin-14. 
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Based on the results the primers for Cldn1, Cldn3, Cldn4, Cldn11, ZO-1, Tric and Kir4.1 seemed 

to be inappropriate and needed to be reconsidered, as they did not show a distinct isolated band 

on the gel. Furthermore, PCR product length of Actb was found to be too high for reliable qPCR, 

so an additional primer pair for Actb was ordered and had been tested. Figures 8 and 9 display 

the reconsidered primer pairs with the addition of the genes for the DNA modification enzymes 

and the endogenous control genes PPIA and B2M. 

   

  

Figure 7: Agarose gel of cDNA samples of cerebENDs amplified with different primers. Below the gene of interest, the 

proper length of the corresponding PCR product is presented. Cldn15=Claudin-15; Cldn16=Claudin-16; 

Cldn17=Claudin-17; Cldn18=Claudin-18; Cldn19=Claudin-19; Cldn20=Claudin-20; Cldn22=Claudin-22; 

Cldn23=Claudin-23; Cldn24=Claudin-24; Cldn25=Claudin-25; Cldn26=Claudin-26; Cldn27=Claudin-27; 

Ocln=Occludin; Tric=Tricellulin. 
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Figure 8: Agarose gel of cDNA samples of cerebENDs amplified with different primers. Below the gene of interest, the 

proper length of the corresponding PCR product is presented. TET1=Ten-eleven translocation methylcytosine 

dioxygenase 1; TET2=Ten-eleven translocation methylcytosine dioxygenase 2; TET3=Ten-eleven translocation 

methylcytosine dioxygenase 3; UHRF1=Ubiquitin-like, containing PHD and RING finger domains 1.  

 

Figure 9: Agarose gel of cDNA samples of cerebENDs amplified with different primers. Below the gene of interest, the 

proper length of the corresponding PCR product is presented. Actb=Actin beta; Cldn1=Claudin-1; Cldn3=Claudin-3; 

Cldn4=Claudin-4; Cldn11=Claudin-11; ZO-1=Zonula occludens-1; Tric=Tricellulin; Kir4.1=inward rectifier potassium 

channel 10; PPIA= Peptidylprolyl isomerase A; B2M=Beta-2 microglobulin; DNMT1=DNA methyltransferase 1; 

DNMT3A=DNA methyltransferase 3A; DNMT3B=DNA methyltransferase 3B. 
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The results of the preceding agarose gels were taken to evaluate, whether a primer pair was 

suitable for the cerebEND cell line as a possible target for mRNA quantification. Table 13 

provides an overview of the tested primer pairs and their suitability. 

 

Table 13: Overview of tested primer pairs to check if they are suitable with the cerebEND cell line as possible readouts. 

Primer 
product 

Amplicon 
length (bp) 

Distinct 
isolated 

band (+/-) 
Comment 

Readout 
candidate 

(+/-) 

mActb 172 +   + 

mPPIA 88 +   + 

mB2M 164 +   + 

mCldn1 155 +  + 

mCldn2 200 +   + 

mCldn3 141 - No signal was detectable. - 

mCldn4 141 - No signal was detectable. - 

mCldn5 198 +   + 

mCldn6 345 + 
Amplicon length might be too high for reliable 

qPCR.  
- 

mCldn7 296 - Alternative products were detected. - 

mCldn8 295 - No signal was detectable. - 

mCldn9 220 - Band was detected in the wrong length.  - 

mCldn10 147 - No signal was detectable. - 

mCldn11 140 - Alternative products were detected. - 

mCldn12 193 +   + 

mCldn13 212 - Alternative products were detected. - 

mCldn14 341 - Alternative products were detected. - 

mCldn15 320 + 
Amplicon length might be too high for reliable 

qPCR.  
- 

mCldn16 363 + 
Amplicon length might be too high for reliable 

qPCR.  
- 

mCldn17 276 - No signal was detectable. - 

mCldn18 234 - Alternative products were detected. - 

mCldn19 206 - No signal was detectable. - 

mCldn20 438 - Alternative products were detected. - 

mCldn22 100 +   + 

mCldn23 218 - Band was detected in the incorrect length.  - 

mCldn24 217 - No signal was detectable. - 

mCldn25 326 + 
Amplicon lenght might be too high for reliable 

qPCR.  
- 

mCldn26 203 - Alternative products were detected. - 

mCldn27 208 - Alternative products were detected. - 

mCdh5  239 +   + 

mOcln 249 +   + 

mTric 160 - Alternative products were detected. - 

mZO1 88 +   + 
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mKir4.1 148 - No signal was detectable. - 

mBDNF 184 +   + 

mDNMT1 110 +   + 

mDNMT3A 91 +   + 

mDNMT3B 114 +   + 

mTET1 146 - Alternative products were detected. - 

mTET2 235 - Alternative products were detected. - 

mTET3 96 +   + 

mUHRF1 147 +   + 

 

 

 

4.1.3 Verification of astrocyte readouts for western blot analysis 

Since brain-derived neurotrophic factor BDNF (Chang et al., 2006) and the ATP-sensitive inward 

rectifier potassium channel 10 (Kir 4.1) (Kahanovitch et al., 2018) were published as MeCP2 

dependent targets the aim was to find reliable antibodies for western blot analysis to display 

differences in the protein expression of the used mouse astrocyte (C8D1A) cell lines. For this 

purpose, antibodies for BDNF (#AB1534, Sigma) and for Kir4.1 (#APC-035, Alomone Labs) were 

purchased and tested with the astrocyte cell lines. Western blot with protein lysate samples from 

wildtype (WT), HDR control (CTRL) and knock out (KO) cells was performed. Two different clones 

of CTRL and KO astrocyte cells were applied for the two following blots. 

The antibody for Kir4.1 seemed to work well, as the corresponding band was visualized at the 

correct molecular weight (~40 kDa), although CTRL and KO cells showed a slightly higher band 

than expected. This could indicate different protein modifications in the CTRL and KO cell lines. 

All in all, the antibody was found to be appropriate for Kir4.1 quantification (Figures 10 and 11).  

Using the BDNF antibody however did not show an assignable band pattern. Mature BDNF should 

be displayed at ~14 kDa and pro BDNF can be visualized at 20-35 kDa according to the supplier. 

The bands on both blots could not be assigned properly (Figures 10 and 11), so an alternative 

antibody was ordered. 
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Figure 10: Western blot of immortalized mouse astrocytes (C8D1A). WT=wildtype cells, CTRL= HDR control cells (clone 

2D5), KO=knock out cells (clone 1B9).  

Figure 11: Western blot of immortalized mouse astrocytes (C8D1A). WT=wildtype cells, CTRL= HDR control cells 

(clone 3G2), KO=knock out cells (clone 3F12). 
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The second tested antibody for BDNF (#ANT-010, Alomone Labs) displayed a consistent band 

pattern. The most concise band around 20 kDa can be interpreted as a variant of proBDNF, which 

can be found between 20 to 35 kDa according to the manufacturer. However, a significant, but 

weak band around 14 kDa is also displayed in all three cell lines, therefore the antibody was 

deemed to be appropriate for BDNF quantification (Figure 12).  

 

 

One aim of this work was to find new possible MeCP2 dependent targets on the mRNA level, as 

well as to receive reliable antibodies for the identified MeCP2 dependent targets Kir4.1 and BDNF 

to be analyzed in mouse astrocytes. Further work with the astrocyte cell lines needs to be 

continued to investigate differences in the expression between the WT, CTRL and KO cell lines 

of the aforementioned targets and subsequently if treatment with TAT-MeCP2 can revert 

alterations in MeCP2 deficient cells. For this work it was decided to focus on brain endothelial cell 

lines, since previous data already showed regulation of the BBB targets such as Pgp in MeCP2 

KO mouse brain endothelial cells (Neuhaus, 2018).  
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Figure 12: Western blot analysis of immortalized mouse astrocytes (C8D1A). WT=wildtype cells, CTRL= HDR control 

cells (clone 3G2), KO=knock out cells (clone 3F12). 
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4.2 TAT-MeCP2 substitution experiment 

Previous work with MeCP2 deficient immortalized mouse cerebellar capillary endothelial cells 

showed an increase in the protein levels of the ABC-transporters Pgp and Bcrp compared to 

wildtype cells (Neuhaus, 2018). Interestingly, recent studies showed that expression of the most 

present tight junction protein Cldn5 is decreased in MeCP2 deficient mice in the cortex and the 

striatum (Pepe et al., 2023). Based on these findings, the two ABC-transporters Pgp and Bcrp 

and the tight junction protein Cldn5 were chosen as target genes for the TAT-MeCP2 substitution 

experiment. Additionally, to investigate whether the DNA methyltransferases are possible MeCP2 

dependent targets, DNMT1 was added to the genes of interest.   

The substitution experiment with exogenous TAT-MeCP2 should on the one hand demonstrate, 

if addition of exogenous TAT-MeCP2 can alter the expression of predetermined readouts and on 

the other hand provide a reference point for the optimal concentration to reverse RTT phenotype. 

Finding the proper settings and concentration is crucial, because overexpression as well as 

knock-down or knock-out of MeCP2 can lead to abnormal cell function (Van Esch et al., 2005). 

Based on previous experiments of the research group concentrations of 10 nM, 30 nM, 100 nM, 

and 500 nM TAT-MeCP2 were chosen, and cells were treated for 24 hours. Additionally, a 100 

nM TAT-MeCP2 substitution experiment with a treatment duration of 48 hours was performed. 

Recombinant TAT-MeCP2 protein was added to the three used cerebEND cell lines (WT, CTRL 

and KO) grown on 12-well plates. After the treatment period, the cells were lysed, RNA was 

collected and transcribed into cDNA. Then, mRNA expression of four readout genes was 

analyzed with RT-qPCR. The four genes of interest included the ABC-transporters P-gp and Bcrp, 

the tight junction protein Cldn5 and the DNA methyl transferase DNMT1. Normalization was done 

with the housekeeping gene PPIA. 

4.2.1 Comparison of target genes of untreated WT, CTRL and KO cerebENDs 

In a first step, untreated samples of the 24h substitution experiments were compared to display 

differences in the mRNA expression of the readouts between the WT, the CTRL, and the KO cell 

lines. One-way ANOVA was performed to calculate mean differences between the three cell lines. 

DNMT1 mRNA expression was significantly lowered (P<0.01) in MeCP2 KO cells compared to 

wildtype cells (Figure 13). Furthermore, CTRL and KO cells exhibited reduced expression of Bcrp 

(P<0.01) compared to wildtype cerebENDs (Figure 15). While quantitative comparative qPCR 

analysis revealed an increase in the expression of Pgp (P<0.01) in CTRL and KO cells (Figure 

16), no significant difference of Cldn5 could be observed between the three cell-lines (Figure 14). 
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Figure 13: Relative quantification of mRNA expression of DNMT1 of cerebEND cells. The signals were normalized to 

the endogenous control PPIA. Data are represented as mean ± SEM (n=12 biological replicants; N=4 experiments). 

Quantitative comparative qPCR analysis indicates statistically significant differences of DNMT1 between the 

displayed cell-lines P<0.05 (One-way ANOVA). Comparison between WT and KO cells showed a significant 

reduction (*P<0.01) (One-way ANOVA). WT=wildtype cells; CTRL=HDR control cells; KO=knock-out cells.  

 

 

Figure 14: Relative quantification of mRNA expression of Cldn5 of cerebEND cells. The signals were normalized to 

the endogenous control PPIA. Data are represented as mean ± SEM (n=12 biological replicants; N=4 experiments). 

Quantitative comparative qPCR analysis indicates no statistically significant differences of Cldn5 between the 

displayed cell-lines P>0.05 (One-way ANOVA) WT=wildtype cells; CTRL=HDR control cells; KO=knock-out cells. 
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Figure 15: Relative quantification of mRNA expression of Bcrp of cerebEND cells. The signals were normalized to the 

endogenous control PPIA. Data are represented as mean ± SEM (n=12 biological replicants; N=4 experiments). 

Quantitative comparative qPCR analysis indicates statistically significant difference of Bcrp between the displayed 

cell-lines P<0.01 (One-way ANOVA). Comparison between WT and CTRL (*P<0.01) cerebENDs and between WT 

and KO (**P<0.01) cerebENDs showed a significant reduction (One-way ANOVA). WT=wildtype cells; CTRL=HDR 

control cells; KO=knock-out cells. 

 

Figure 16: Relative quantification of mRNA expression of Pgp of cerebEND cells. The signals were normalized with 

the endogenous control PPIA. Data are represented as mean ± SEM (WT: n=8; CTRL: n=11; KO: n=11; N=4 

experiments). Quantitative comparative qPCR analysis indicates statistically significant difference of Pgp between the 

displayed cell-lines P<0.01 (One-way ANOVA). Comparison between WT and CTRL (*P<0.01) cerebENDs and 

between WT and KO (**P<0.01) cerebENDs showed a significant increase (One-way ANOVA). WT=wildtype cells; 

CTRL=HDR control cells; KO=knock-out cells.  
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4.2.2 RT-qPCR analysis of TAT-MeCP2 treated cerebENDs 

To find a reference point for an optimal TAT-MeCP2 treatment concentration four different 

concentrations of TAT-MeCP2 addition (10 nM, 30 nM, 100 nM, and 500 nM) were chosen and 

treatment duration was set to 24 hours. The 24-hour treatment experiments consisted of three 

biological replicants (n=3) per cell line (WT, CTRL and KO) and were repeated under the same 

conditions for a second time (N=2). Furthermore, a 100 nM TAT-MeCP2 substitution experiment 

with a treatment duration of 48 hours was performed. Based on the RT-qPCR analysis no 

significant regulation under the treatment of TAT-MeCP2 of any of the four target genes (DNMT1, 

Cldn5, Bcrp and Pgp) was detectable.  

Although not significantly noticeable, DNMT1 mRNA expression showed a trend to be reduced in 

WT cerebENDs under TAT-MeCP2 treatment. While DNMT1 seemed to be upregulated in CTRL 

cells, which was more pronounced in the 48-hour treatment experiment, KO cells did not seem to 

be affected by TAT-MeCP2 addition (Figures 17-19). 

Cldn5 seemed to be reduced in WT cells when treated with TAT-MeCP2, while substitution 

indicated an upregulation in KO cells, when treated with 10 nM TAT-MeCP2. However, since 

comparison of untreated WT, CTRL and KO cerebENDs displayed no significant alteration in 

Cldn5 mRNA expression, no prediction if TAT-MeCP2 can rescue RTT phenotype can be made 

(Figures 20-22). 

TAT-MeCP2 addition in any concentration or treatment duration had no observable effect on Bcrp 

mRNA expression in all of the three used cell lines (Figures 23-25). 

Due to low concentration, Pgp was not detectable in several samples, leading to difficulties in the 

interpretation of the presented data. However, based on valid qPCR data, TAT-MeCP2 treatment 

did not seem to revert the observed upregulation of Pgp mRNA expression in KO cells, as TAT-

MeCP2 addition appeared to increase Pgp mRNA expression (Figures 26-28).           
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4.2.2.1 Relative mRNA expression of DNMT1 of cerebENDs treated with TAT-MeCP2 
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Figure 17: Relative quantification of mRNA expression of DNMT1 of with TAT-MeCP2 treated cerebEND cells referred 

to untreated WT cells. The duration of treatment was 24 hours. The signals were normalized to  the endogenous control 

PPIA. Data are represented as mean ± SEM (n=6 biological replicants; N=2 experiments). WT=wildtype cells; 

CTRL=HDR control cells; KO=knock-out cells. 

 

Figure 18: Relative quantification of mRNA expression of DNMT1 of with TAT-MeCP2 treated cerebEND cells referred 

to untreated WT cells. The duration of treatment was 24 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (n=6 biological replicants; N=2 experiments). WT=wildtype cells; 

CTRL=HDR control cells; KO=knock-out cells. 
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Figure 19: Relative quantification of mRNA expression of DNMT1 of with TAT-MeCP2 treated cerebEND cells referred 

to untreated WT cells. The duration of treatment was 48 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (n=3 biological replicants). WT=wildtype cells; CTRL=HDR control cells; 

KO=knock-out cells. 

4.2.2.2 Relative mRNA expression of Cldn5 of cerebENDs treated with TAT-MeCP2 

 

0,00

0,50

1,00

1,50

2,00

2,50

3,00

untreated 100 nM 48h TAT-MeCP2
 treated

x
-f

o
ld

WT CTRL KO

0,00

0,20

0,40

0,60

0,80

1,00

1,20

1,40

1,60

untreated 10 nM 24h TAT-MeCP2
 treated

30 nM 24h
 TAT-MeCP2 treated

x
-f

o
ld

WT CTRL KO

Figure 20: Relative quantification of mRNA expression of Cldn5 of with TAT-MeCP2 treated cerebEND cells referred 

to untreated WT cells. The duration of treatment was 24 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (n=6 biological replicants; N=2 experiments). WT=wildtype cells; 

CTRL=HDR control cells; KO=knock-out cells. 
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Figure 21: Relative quantification of mRNA expression of Cldn5 of with TAT-MeCP2 treated cerebEND cells referred 

to untreated WT cells. The duration of treatment was 24 hours. The signals were normalized to the endogenous 

control PPIA. Data are represented as mean ± SEM (n=6 biological replicants; N=2 experiments). WT=wildtype cells; 

CTRL=HDR control cells; KO=knock-out cells.

 

Figure 22: Relative quantification of mRNA expression of Cldn5 of with TAT-MeCP2 treated cerebEND cells referred 

to untreated WT cells. The duration of treatment was 48 hours. The signals were normalized to the endogenous 

control PPIA. Data are represented as mean ± SEM (n=3 biological replicants). WT=wildtype cells; CTRL=HDR 

control cells; KO=knock-out cells. 
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4.2.2.3 Relative mRNA expression of Bcrp of cerebENDs treated with TAT-MeCP2 

 

Figure 23: Relative quantification of mRNA expression of Bcrp of with TAT-MeCP2 treated cerebEND cells referred to 

untreated WT cells. The duration of treatment was 24 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (n=6 biological replicants; N=2 experiments). WT=wildtype cells; 

CTRL=HDR control cells; KO=knock-out cells. 

 

 

Figure 24: Relative quantification of mRNA expression of Bcrp of with TAT-MeCP2 treated cerebEND cells referred to 

untreated WT cells. The duration of treatment was 24 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (n=6 biological replicants; N=2 experiments). WT=wildtype cells; 

CTRL=HDR control cells; KO=knock-out cells. 
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Figure 25: Relative quantification of mRNA expression of Bcrp of with TAT-MeCP2 treated cerebEND cells referred to 

untreated WT cells. The duration of treatment was 48 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (n=3 biological replicants). WT=wildtype cells; CTRL=HDR control cells; 

KO=knock-out cells. 

4.2.2.4 Relative mRNA expression of Pgp of cerebENDs treated with TAT-MeCP2 

 

 

Figure 26: Relative quantification of mRNA expression of Pgp of with TAT-MeCP2 treated cerebEND cells referred to 

untreated WT cells. The duration of treatment was 24 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (WT: n=4; CTRL: n=5; KO: n=4 biological replicants; N=2 experiments). 

WT=wildtype cells; CTRL=HDR control cells; KO=knock-out cells. 
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Figure 27: Relative quantification of mRNA expression of Pgp of with TAT-MeCP2 treated cerebEND cells referred to 

untreated WT cells. The duration of treatment was 24 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (WT: n=5; CTRL: n=6; KO: n=6 biological replicants; N=2 experiments). 

WT=wildtype cells; CTRL=HDR control cells; KO=knock-out cells. 

 

Figure 28: Relative quantification of mRNA expression of Pgp of with TAT-MeCP2 treated cerebEND cells referred to 

untreated WT cells. The duration of treatment was 48 hours. The signals were normalized to the endogenous control 

PPIA. Data are represented as mean ± SEM (n=3 biological replicants). WT=wildtype cells; CTRL=HDR control cells; 

KO=knock-out cells.  
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4.2.3 Western blot analysis of TAT-MeCP2 treated cerebENDs 

Since analysis of mRNA expression of the 10/30 nM TAT-MeCP2 substitution experiments 

displayed no significant changes but promising trends, western blot was performed to investigate 

possible effects in the protein expression of the selected targets. Antibodies for the ABC-

transporters Pgp and Bcrp and the tight junction protein Cldn5 were used for western blotting 

(Figures 29 to 34) and densitometric analysis was accomplished using endogenous control 

GAPDH for normalization. However, Bcrp could not be displayed and evaluated in the CTRL 

(Figure 31) and KO (Figure 33) cell lines due to band intensity issues of experiment #1002.  

4.2.3.1 Western blot gels 

 

Figure 29: Western blot of cerebEND wildtype (WT) samples of experiment #1002. Baseline control (BC) were non-

treated samples, compared to with 10 nM and 30 nM TAT-MeCP2 treated cerebENDs.  

 

 

Figure 30: Western blot of cerebEND wildtype (WT) samples of experiment #1127. Baseline control (BC) were non-

treated samples, compared to with 10 nM and 30 nM TAT-MeCP2 treated cerebENDs. 
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Figure 31: Western blot of cerebEND HDR control (CTRL) samples of experiment #1002. Baseline control (BC) were 

non-treated samples, compared to with 10 nM and 30 nM TAT-MeCP2 treated cerebENDs. Due to detection issues 

Bcrp was not representable in this blot. 

 

 

Figure 32: Western blot of cerebEND HDR control (CTRL) samples of experiment #1127. Baseline control (BC) were 

non-treated samples, compared to with 10 nM and 30 nM TAT-MeCP2 treated cerebENDs. 
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Figure 33: Western blot of cerebEND knock out (KO) samples of experiment #1002. Baseline control (BC) were non-

treated samples, compared to with 10 nM and 30 nM TAT-MeCP2 treated cerebENDs. Due to detection issues Bcrp 

was not representable in this blot. 

 

 

 

Figure 34: Western blot of cerebEND knock out (KO) samples of experiment #1127. Baseline control (BC) were non-

treated samples, compared to with 10 nM and 30 nM TAT-MeCP2 treated cerebENDs. 
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4.2.3.2 Densitometric analysis 

Densitometric analysis displayed no significant difference in all three cerebEND cell lines in the 

expression of the targets Cldn5 (Figure 36) and Bcrp (Figure 37) after treatment with 10 nM or 30 

nM TAT-MeCP2. However, Pgp was regulated by TAT-MeCP2 addition. WT and CTRL 

cerebENDs showed a tendency to be increased, when treated with TAT-MeCP2 (Figure 35). The 

increase by ~1.7-fold of Pgp was statistically significant in WT samples with 30 nM TAT-MeCP2 

addtion (P < 0.05; Student´s t-test). Furthermore, TAT-MeCP2 caused a decrease in Pgp 

expression of KO cells treated with 30 nM to ~ 55 % (P < 0.01; Student´s t-test). The reduction of 

Pgp in MeCP2 knock out cells indicated that exogenous TAT-MeCP2 was capable of reversing 

RTT phenotype in cerebENDs. 

 

 

Figure 35: Densitometric analysis of relative Pgp expression of with TAT-MeCP2 treated cerebEND cells. WT = wildtype 

cerebENDs (n = 5); CTRL = HDR control cerebENDs (n = 6); KO = MeCP2 knock out cells (n = 6). Signal intensity of 

Pgp was normalized to the endogenous control GAPDH. Data are represented as mean ± standard deviation. The 

increase to 170 % of Pgp in WT cells treated with 30 nM TAT-MeCP2 compared to untreated cells was statistically 

significant (*P < 0.05; Student´s t-test), as well as the reduction to 60 % of with 30 nM TAT-MeCP2 treated KO cells 

compared to untreated cerebENDs (**P < 0.01; Student´s t-test). 
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Figure 36: Densitometric analysis of relative Cldn5 expression of with TAT-MeCP2 treated cerebEND cells. WT = 

wildtype cerebENDs (n = 6); CTRL = HDR control cerebENDs (n = 6); KO = MeCP2 knock out cells (n = 6). Signal 

intensity of Pgp was normalized to the endogenous control GAPDH. Data are represented as mean ± standard 

deviation. 

 

 

 

Figure 37: Densitometric analysis of relative Bcrp expression of with TAT-MeCP2 treated cerebEND cells. WT = 

wildtype cerebENDs (n = 6); CTRL = HDR control cerebENDs (n = 3); KO = MeCP2 knock out cells (n = 3). Signal 

intensity of Pgp was normalized to the endogenous control GAPDH. Data are represented as mean ± standard 

deviation. 
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5 Discussion 

5.1 MeCP2 and the complexity of identifying downstream targets 

Mutations in the MeCP2 gene are the main cause of Rett syndrome (Amir et al., 1999). Since 

MeCP2 acts as an epigenetic regulator, it can alter the expression of hundreds of genes 

(Chahrour et al., 2008). These regulatory mechanisms include transcriptional activation and 

repression (Nan et al., 1998), remodeling of chromatin structures  (Horike et al., 2005), RNA 

splicing (Young et al., 2005) and the expression of regulatory RNAs (Szulwach et al., 2010). Due 

to this broad range of possibilities of gene regulation, identification of downstream targets is a 

challenging process. Additionally, MeCP2 expression levels vary dramatically between different 

types of tissue and their stages of differentiation (Shahbazian et al., 2002). For instance, during 

brain development, MeCP2 levels are lowest prenatally and increase progressively after birth 

(Samaco et al., 2004), leading to complicated prediction which genes are under control of MeCP2. 

To date, many MeCP2 dependent targets remain unknown, so one aim of this work was to find a 

sufficient method of quantification for possible unidentified downstream targets as well as for well-

known targets for the mouse cerebEND and astrocyte cell-line used in this work.  

5.1.1 Tight Junction proteins play an essential role in BBB permeability 

Disturbance of the blood-brain barrier is observed in neurological diseases like multiple sclerosis 

(Correale & Villa, 2007), Alzheimer’s disease (Zlokovic, 2008), epilepsy (Remy & Beck, 2006), 

and Parkinson’s disease (Desai et al., 2007). Interestingly, recent studies suggest, that BBB 

breakdown is an early biomarker for human cognitive dysfunction (Nation et al., 2019). The 

formation of unique tight junctions and adherens junctions between brain endothelial cells is 

responsible for the paracellular tightness of the BBB. Therefore, to investigate possible changes 

in MeCP2 deficient cerebENDs, one focus of this work was the tight junction protein family.  

Tight junctions are formed by the protein family of claudins, occludin and junctional adhesion 

proteins  (Abbott et al., 2010). The mammalian tight junction protein family of claudins comprises 

27 members (Cldn1-Cldn27). Proper formation of the different claudins is essential for the integrity 

of the BBB. While some claudins are responsible for tightening cell-cell contact (e.g., Cldn1, 

Cldn3, Cldn5, Cldn11), others form ion pores between endothelial cells (e.g., Cldn2, Cldn10, 

Cldn16). Assembly and interplay of the various claudins are crucial for maintaining BBB properties 

and their expression is highly dependent on the neurovascular environment (Haseloff et al., 2015). 

Cldn5 is, by far, the most dominant member of the claudin family in brain endothelial cells. In 

Cldn5 knock-out mice paracellular permeability of small molecules (<800 Da) is dramatically 

increased, leading to disruption of BBB properties (Nitta et al., 2003). Interestingly, expression 



64 
 

pattern of claudins vary between in vivo and in vitro situation as microdissected brain capillaries 

showed higher mRNA expression levels of Clnd -11, -12, -25 compared to primary mouse brain 

capillary endothelial cells. These findings highlight the importance of the interplay between cells 

of the neurovascular unit (Berndt et al., 2019). 

Recent work with MeCP2 null mice showed an altered expression of tight junction proteins Cldn5 

and occludin resulting in enhanced BBB permeability. Cldn5 protein expression was decreased 

in RTT symptomatic knock-out mice. However, these findings were only observable in particular 

brain regions, namely the cortex and the striatum (Pepe et al., 2023). In this work, we investigated 

if there is a difference in Cldn5 transcript expression between wildtype immortalized mouse 

cerebellar capillary endothelial cells (WT cerebENDs), HDR control cerebENDs and MeCP2 

knock-out cerebENDs. No significant reduction of Cldn5 mRNA expression between WT and KO 

cells was detectable in our performed experiments. Additionally, TAT-MeCP2 substitution showed 

no significant regulation in all three of the used cell-lines of this work. Thus, leading to the 

hypothesis, that the lack of neurovascular environment in in vitro single-cell experiments might 

have an impact on Cldn5 expression pattern. Therefore, further research with co-culture 

experiments may be needed to display aberrant tight junction expression patterns to confirm 

enhanced BBB permeability in MeCP2-KO cerebENDs. 

5.1.2 MeCP2 and its role epigenetic regulation mechanisms 

Epigenetic regulation is characterized by altering gene expression without changes in the 

nucleotide sequence. The underlying mechanisms of epigenetic regulation comprises DNA 

methylation, chromatin remodeling, RNA modification and activation of regulatory RNAs (Pejhan 

& Rastegar, 2021). DNA methylation pattern is crucial for maturation and development and is 

established in early embryogenesis. The process of DNA methylation is mediated by specific 

enzymes called DNA-methyl transferases (DNMT), which attach a methyl group at the 5th carbon 

of the DNA base cytosine, resulting in 5-methyl cytosine (5-mC). Methylation of cytosine occurs 

preferably on DNA, containing CpG dinucleotides. The responsible enzymes are divided into de 

novo DNA methyltransferases (DNMT3A and DNMT3B) and the maintenance DNA 

methyltransferase DNMT1 (Hamidi et al., 2015). While DNA methylation pattern is commonly 

seen as a relatively stable modification, DNA demethylation can occur passively and actively 

mediated by the enzyme family of Ten-eleven translocation dioxygenases (TET). The TET protein 

family comprises three members (TET1, TET2 and TET3) which are capable of transforming 5-

mC into 5-hydroxymethylcytosine, resulting after multiple downstream steps in unmethylated 

cytosine (Delcuve et al., 2009). Aberrant activity and mutations of DNA methyltransferases and 

TETs are associated with hereditary sensory neuropathy (Klein et al., 2011), acute myeloid 

leukemia (AML) (Ley et al., 2010), the immunodeficiency, centromeric region instability, and facial 
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anomalies syndrome (ICF) (Ehrlich et al., 2008) and Myelodysplastic syndrome (MDS) (Oh et al., 

2020).  

One of the most studied “reader”-proteins of methylated DNA is MeCP2 (Amir et al., 1999). As a 

first step in this work the aim was to find sufficient primer pairs for mRNA quantification for the 

DNA methyltransferases (DNMT1, DNMT3A and DNMT3B) and the Ten-eleven translocation 

dioxygenases (TET1-TET3). Since there is to date no evidence of aberrant expression of these 

epigenetic enzymes in RTT syndrome, the impact of a MeCP2 knock-out needs to be elucidated. 

Our findings imply that MeCP2 KO cerebENDs exhibit reduced DNMT1 mRNA expression 

(P<0.05 one-way ANOVA). However, mRNA expression does not necessarily correlate with 

activity or protein expression (Buccitelli & Selbach, 2020). Furthermore, the performed TAT-

MeCP2 substitution experiments did not show significant regulation of DNMT1 and subsequently 

no restoration of abnormal DNMT1 mRNA levels found in MeCP2 knock-out cells. In order to get 

more accurate data if DNA methyltransferases are MeCP2 dependent, in vivo quantification of 

DNMT1 in MeCP2 deficient mice may underline the preceding in vitro regulation of KO 

cerebENDs.   

5.1.3 BDNF and Kir4.1 as well-known downstream targets of MeCP2 in RTT 

syndrome  

Proper function of MeCP2 in astrocytes is essential for accurate neurodevelopment. Even though 

MeCP2 expression in astrocytes is lower compared to neurons, glial astrocytic cells contribute 

massively to RTT pathophysiology.  MeCP2 deficiency in astrocytes can cause abnormal dendritic 

morphology of neighboring neurons due to aberrant secretion of soluble factors (Ballas et al., 

2009). Probably one of the best studied MeCP2 dependent targets of such a soluble factor is the 

brain-derived neurotrophic growth factor BDNF  (Pejhan & Rastegar, 2021). BDNF plays a 

fundamental role in the central nervous system by regulating differentiation, maturation, survival, 

and plasticity of neurons. Several downstream pathways of BDNF signaling are described, after 

BDNF binds to its target the tropomyosin-related kinase B (TrkB). This binding activates various 

signal transduction cascades including the mitogen-activated protein kinase (MAPK) pathway, 

the phosphatidylinositol 3-kinase (PI3K) pathway, and the phospholipase C (PLC) pathway, 

resulting in regulation of transcription of hundreds of different genes (Chao, 2003). Additionally, 

recent studies suggest biological activity of precursor pro-BDNF by activating p75NTR, which 

leads to neuronal programmed cell death (Mizui et al., 2016). Today there is an ongoing debate 

about BDNF regulation by MeCP2. Earlier studies suggested MeCP2 as a transcriptional 

repressor as it binds selectively to BDNF promotor region to prevent transcription. After 

membrane depolarization MeCP2 is phosphorylated and released from BDNF promotor, resulting 

in BDNF transcription (Chen et al., 2003). However, there is also a BDNF activation model 
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described in the literature. MeCP2 deficient mice exhibit lower levels of BDNF in brain tissue 

compared to wildtype individuals, indicating upregulation mechanism by MeCP2 (Li & Pozzo-

Miller, 2012). In addition to this, overexpression of MeCP2 results in increased BDNF levels in 

the hypothalamus (Chahrour et al., 2008). The aforementioned findings suggest a dynamic BDNF 

regulation, where MeCP2 can switch between an activator and a repressor. While most studies 

focused on BDNF expression in neurons in RTT pathophysiology, we wanted to investigate BDNF 

mRNA and protein expression levels in our used cerebral endothelial as well as our astrocyte cell 

lines as both cell types exhibit physiological noticeable BDNF expression pattern (Pejhan et al., 

2020).      

Another well described MeCP2 dependent target is the inward rectifying potassium channel 4.1 

(Kir4.1), which is essential for astrocytic potassium membrane properties. Influx of K+ in 

astrocytes contributes to normal neuronal electrical stimulation as glial cells restore K+ levels in 

synapses after repolarization (Djukic et al., 2007; Kinboshi et al., 2020). Loss of function of glial 

Kir4.1 is associated with seizures, epilepsy, neurodevelopmental delay, and ataxia, which are all 

symptoms of RTT syndrome (Kofuji et al., 2000). The expression of Kir4.1 protein and mRNA 

transcripts were found to be significantly reduced in MeCP2 deficient mice, as well as Kir4.1 

mediated currents were impaired in MeCP2 null animals. The decrease of Kir4.1 correlated with 

occurrence of RTT phenotype, as symptomatic MeCP2 deficient mice never reached wildtype 

Kir4.1 levels during postnatal neurodevelopment (Kahanovitch et al., 2018). These findings 

provide evidence for the important role of Kir4.1 and how aberrant astrocytic function can 

contribute to RTT syndrome.  

In this work antibodies for protein quantification and primer pairs for mRNA quantification of BDNF 

and Kir4.1 were checked for suitability with the astrocyte cell lines. The antibodies for BDNF and 

Kir4.1 were deemed to be appropriate for quantification, as well as the primer pair for BDNF. 

However, both of the designed Kir4.1 primer pairs were not suitable for mRNA quantification as 

they did not show a distinct isolated band without displaying any alternative products on the 

agarose gel. Further work with the astrocyte cell lines needs to be continued to investigate 

differences in the expression between the WT, CTRL and KO cell lines of the astrocytic targets 

BDNF and Kir4.1 and subsequently if treatment with TAT-MeCP2 can revert alterations in MeCP2 

deficient cells. For this work it was decided to focus on brain endothelial cell lines, since previous 

data showed regulation of the BBB targets such as Pgp and Bcrp in MeCP2-KO mouse brain 

endothelial cells (Neuhaus, 2018).  
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5.2 ABC-Transporters and their contribution to BBB properties 

Previous work of the group has demonstrated that MeCP2 knock-out in cerebral endothelial cells 

leads to increase in the protein levels of ABC-transporters Bcrp (Abcg2) and Pgp (Abcb1) 

(Neuhaus, 2018). ATP binding-cassette transporter are responsible for active efflux of substances 

using ATP. Divided into seven subgroups (Abca to Abcg), the ABC-transporter family comprises 

49 known members. Mainly located on the luminal side of endothelial cells, ABC-transporters act 

as a gatekeeper for xenobiotics, massively contributing to the restricting barrier properties of the 

BBB (Vasiliou et al., 2009). Due to their high affinity to lipophilic substances approximately 98% 

of all small molecule drugs cannot cross the BBB and reach the CNS (Pardridge, 2005).  

One of the best described efflux transporter is the ABC-transporter P-glycoprotein, also known as 

multidrug resistance protein 1 (MDR). Pgp is highly expressed in enterocytes, brain capillary 

endothelial cells, hepatocytes, and renal proximal tubular cells and facilitates drug excretion. A 

variety of drugs are Pgp substrates including fexofenadine (Matsushima et al., 2008), dabigatran 

etexilate (Moj et al., 2019) or digoxin (Troutman & Thakker, 2003) whose pharmacokinetics can 

be massively influenced by agents inducing or inhibiting Pgp activity (Elmeliegy et al., 2020). 

Another well studied multidrug resistance transporter is the breast cancer resistance protein 

(Bcrp/Abcg2). Originally cloned from a multidrug resistant cell line, Bcrp mediates efflux of a large 

number of chemotherapeutics, such as methotrexate, mitoxantrone, imatinib or irinotecan  (Mao 

& Unadkat, 2005). However, substrates of Bcrp are not limited to chemotherapeutics, as Bcrp 

also transports chemical toxicants and conjugated organic anions. Interestingly, some of the 

substrates of BCRP are overlapping with other ABC-transporters like Pgp (Mao & Unadkat, 2015).  

ABC-transporter function was found to be perturbed in neurological diseases like Alzheimer's 

Disease (van Assema & van Berckel, 2016) and epilepsy (Eleonora Aronica et al., 2012). Over 

expression of efflux transporters in the BBB is often seen in patients who suffer from epilepsy, 

thus leading to multidrug resistance (E. Aronica et al., 2012). Today it is still unclear if epilepsy 

progression itself, genetic polymorphisms, transporter up-regulation after induction by 

antiepileptic drugs or consequence of repeated seizures are responsible for increased ABC-

transporter activity (Tang et al., 2017). Since about 80 % of RTT patients suffer from epilepsy 

(Jian et al., 2006), ABC-transporter expression pattern in cells of the neurovascular unit ask for 

elucidation.  

As stated above MeCP2 knock-out cerebENDs exhibited an increase in Pgp and Bcrp expression 

(Neuhaus, 2018). In this work, increase of Pgp transcript variants in KO cerebENDs could be 

observed (11.34 ± 4.99 x-fold) compared to WT cerebENDs. This finding underlines MeCP2 

dependent regulation of Pgp. However, Bcrp analysis of mRNA expression displayed significant 
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reduction in MeCP2 deficient cerebENDs (0.46 ± 0.03 x-fold). Further investigation is required to 

clarify these discrepancies between protein and mRNA expression of Bcrp. 

5.3 TAT-MeCP2 and its potential as protein replacement therapy to revert 

RTT phenotype 

So far, there is no cure for Rett syndrome. Existing therapies are limited to alleviate occurring 

symptoms during RTT progression targeting neurotropic factors, neurotransmitters, and 

metabolic effects like increased serum cholesterol (Vashi & Justice, 2019). One promising 

treatment approach is protein replacement therapy, where malfunctioned protein is substituted 

exogenously. However, protein delivery across the BBB can be a challenging obstacle. Therefore, 

protein transduction domains (PTDs) can be a helpful tool to attain sufficient protein delivery into 

cells of the neurovascular unit. One of the most studied PTD is the TAT-domain (transactivator of 

transcription), originally found in human immunodeficiency virus (HIV) (Nagahara et al., 1998). 

Recent study has proven, that TAT-CDKL5 fusion protein was sufficient to treat CDKL5-null mice, 

who suffer from the severe neurodevelopmental disease Cyclin-dependent kinase like-5 (CDKL5) 

disorder. TAT-CDKL5 was injected systemically and successfully reached the CNS by crossing 

the BBB (Trazzi et al., 2018). Another proof of concept was provided by our research group in 

2022. In a RTT mouse model administered TAT-MeCP2e1 and TAT-MeCP2e2 fusion protein 

variants were able to rescue RTT phenotype. The hypothesis of this study was confirmed by in 

vitro experiments, where TAT-MeCP2 could reverse pathological hyperacetylation of histones 

H3K9 and H4K16 and in vivo mouse model, wherein MeCP2-null mice exhibited prolonged life 

spans after treatment with TAT-MeCP2 (Steinkellner et al., 2022).  

In this work, the performed TAT-MeCP2 substitution experiments did not show any significant 

regulation at the mRNA levels of the four predetermined targets DNMT1, Cldn5, Bcrp and Pgp. A 

factor, which should not be ignored was the detection issue in the quantification of Pgp transcript 

variants. Some of the used samples displayed fluorescence signals in RT-PCR below detection 

limits, resulting in reduced significance of the findings. Repeating the experiment with increased 

concentration of used cDNA may lead to more adequate results. However, TAT-MeCP2 addition 

did show significant reduction (0.55 ± 0.1 x-fold compared to wildtype cells) in the protein levels 

of Pgp in MeCP2 knock-out cerebENDs, when treated with 30 nM TAT-MeCP2 for 24 hours. 

Because TAT-MeCP2 substitution was able to reduce previously noted pathophysiological 

upregulation of Pgp protein levels in MeCP2 deficient cerebENDs, the hypothesis, if TAT-MeCP2 

is suitable for rescuing RTT phenotype, can be considered as confirmed. 
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5.4 Interplay between cells of the neurovascular unit is crucial for 

maintaining BBB-integrity 

It is a well-known fact, that physiological blood-brain barrier integrity can only be maintained by 

correct interplay between cells of the neurovascular unit (NVU) (Yu et al., 2020). The specific 

anatomic structure of the NVU is formed by different cell types: endothelial cells, neurons, 

pericytes and nerve glial cells (e.g., astrocytes), and the extracellular matrix (Saili et al., 2017). 

These cell types are in close contact with each other, resulting in mutual influence of gene 

expression. For example, astrocytes, which cover most of the surface of endothelial cells with 

their “end-feet”, communicate via release of cytokines and neurotrophic factors with their 

neighboring cells. Astrocytic glial cells show high density of ionic transporters in the contact areas 

between cells of the NVU, implicating their role as neurovascular couplers (Abbott et al., 2006). 

Ballas et al. (2009), suggested that MeCP2 deficient astrocytes exhibit disturbances in their 

secretion pattern of growth factors, leading to abnormal dendritic morphology in adjacent wildtype 

neurons (Ballas et al., 2009). Furthermore, pericytes play an integral role in the formation of tight 

junctions indicating endothelial-pericyte cell interaction is crucial for regulating paracellular 

tightness. Interestingly, pericytes are not able to induce gene expression in cerebral endothelial 

cells, they rather inhibit expression of factors which increase BBB permeability. Moreover, 

cerebral endothelial cells, that are co-cultured with pericytes show a four-fold increased trans-

endothelial cell electrical resistance (TEER), which is a marker for paracellular tightness 

(Daneman et al., 2010). 

All the prementioned factors elucidate the importance of the crosstalk between cells of the NVU. 

Consequently, single cell experiments performed in the current work fail to depict physiological 

NVU homeostasis and their extensive effects. Further research with co-culture experiments is 

required to examine functional abnormalities in MeCP2 deficient cells.      

5.5 Conclusion 

In summary, discovering MeCP2 dependent targets and elucidating their influence in RTT 

progression is a challenging field of research. In the current work various unexplored possible 

targets had been suggested, as well as further investigation of well known MeCP2 dependent 

genes was advanced. Moreover, the performed TAT-MeCP2 substitution experiment revealed 

possibility to reverse RTT phenotype, contributing to the potential of protein replacement therapy 

for RTT patients. 
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Appendix 

Zusammenfassung 

Das Rett-Syndrom (RTT) ist eine fortschreitende neurologische Entwicklungsstörung, die bei den 

betroffenen Patienten zu geistiger Retardierung führt. RTT betrifft fast ausschließlich Frauen mit 

einer Inzidenz von 1:10.000–15.000. Der Hauptgrund für RTT ist eine Mutation im Gen für das 

Methyl-CpG-Bindeprotein 2 (MeCP2). Die Blut-Hirn-Schranke (BHS) trennt das 

Zentralnervensystem (ZNS) vom Blutkreislauf, indem die Gehirnendothelzellen eine selektive 

Barriere zwischen dem Blutkreislauf in den Gehirnkapillaren und dem Nervengewebe bilden. Bei 

neurologischen Erkrankungen wie Epilepsie oder Alzheimer, sowie dem Rett-Syndrom sind die 

Eigenschaften der Blut-Hirn-Schranke funktionell verändert.  

Ein Ziel dieser Arbeit war es, Quantifizierungsmethoden für neue mögliche MeCP2-abhängige 

Gene, sowie für bekannte Targets zu etablieren. Ein weiteres Ziel bestand darin, zu evaluieren, 

ob ein substituiertes TAT-MeCP2-Fusionsprotein eine abweichende Proteinexpression in 

immortalisierten MeCP2-Knock-out Maus-Gehirnepithelzellen (cerebENDs) umkehren kann.  

Literaturrecherche und Primer-design wurden genutzt, um zuverlässige Primer zur 

Quantifizierung vorgegebener Targets zu erhalten. Experimente mit verschiedenen 

Konzentrationen von TAT-MeCP2 wurden mit drei cerebEND-Zelllinien (Wildtyp, HDR-Kontrolle 

und Knock-out) durchgeführt. Western Blot und qPCR wurden durchgeführt, um Unterschiede in 

der Protein- und mRNA-Expression vorgegebener Targets anzuzeigen.  

Die Datenanalyse der qPCR ergab eine Regulation der BHS-Marker Bcrp und Pgp, sowie der 

DNA-Methyltransferase DNMT1 in MeCP2 KO cerebENDs. Darüber hinaus konnte die Zugabe 

von TAT-MeCP2 den pathologischen Anstieg der Pgp-Proteinexpression in cerebEND-Knock-

out-Zellen umkehren. Diese Erkenntnis könnte zu einer möglichen Proteinersatztherapie für RTT-

Patienten beitragen. 


