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1 INTRODUCTION 

1.1 THE MOUSE AS A MODEL ORGANISM 

Today, the mouse (Mus musculus) is the most common research mammal in all biological 

disciplines all over the world. The importance of the mouse as a model system is reflected by 

the fact that until 2019, 180 of the 216 Nobel Prize laureates in physiology and medicine 

involved research based on mouse models [1]. 

The history of the mouse as a model system started in the 18th and 19th century, when the 

first mice were bred and traded by wealthy collectors as a domestic animal. During the 19th 

century, the first scientists became interested in the mouse genetics. The breeding was 

mostly done to generate different coat colors and the mouse became the first mammal in 

which the genetic doctrine proposed by Gregor Mendel was applied [2]. In order to reduce 

genetic variability, the first inbred strain was developed in the early 20th century. In the 1920s, 

Clarence Cook Little bred the C57Bl/6J strain, which is still one of the most commonly used 

mouse strains in research today. In 1929, Little founded the Jackson Laboratory, which 

helped understanding the mouse genome as it was an independent research institution 

collecting information and mouse strains [3]. Then, in 2002, the mouse genome was 

sequenced and it was revealed that mice and men share 85 % of their protein coding 

genome [4].  

1.1.1 THE CRE-LOXP SYSTEM 

An important step in the history of the mouse as a model system was the development of the 

cre-loxP system. Since the beginning of the employment of the mouse in biological research, 

animals were used in cancer research in order to study the role of specific proteins in 

development and disease. For this purpose, knockout mice lacking one or two copies of the 

respective gene were bred [5]. Those mouse models helped gaining a lot of information but 

have their inherent limitations. If a protein is essential for development, a homozygous 

knockout is not viable and therefore the organism cannot be studied. Additionally, a 

conventional knockout does not allow a space and time specific knockout of a gene of 

interest.  

Therefore, the cre-loxP system is used today. It allows a cell and time specific manipulation 

of a target gene which can be achieved by either activation through cre-driven excision of a 

STOP-cassette in front of a target gene or the inactivation of a transgene.  
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Sternberg et al. discovered the cre-loxP system in 1981 [6]. They studied the bacteriophage 

P1 and discovered that it carries an enzyme, which cuts and recombines DNA at a defined 

position. This enzyme was called cre (causing recombination) and its recognition sites loxP 

(locus for crossing over(x), P1). This system was then employed in different biological 

systems for a targeted gene activation or inactivation. In 1988, it was first used in a 

mammalian cell line and in 1993, the first mouse strain using the cre-loxP system was 

developed [7, 8].  

The principle of the cre-loxP system is simple: The cre recombinase is able to recognize its 

specific target sequences, the loxP sites, binds them and cuts out the DNA sequence 

between the two loxP sites. The region which is excised by the recombinase is called floxed 

(flanked by loxP).  

1.2 CENTRAL NERVOUS SYSTEM DEVELOPMENT 

The central nervous system (CNS) consists of the brain and the spinal cord and controls all 

body functions.  

The CNS derives from the germinal layer ectoderm in a process called neurulation. It starts 

as early as gestational day 19 in humans with the establishment of the neural plate. During 

development, the lateral edges of the neural plate move towards each other and fuse in the 

midline. Thereby, they form the neural tube, which is the precursor for the brain and the 

spinal cord. Neurulation is completed at the end of the fourth week of pregnancy in humans 

and at embryonic day (E) nine in mice [9, 10]. After neural tube formation, three primitive 

vesicles are formed which build the three main regions later in development. These are the 

prosencephalon, the mesencephalon and the rhombencephalon. 

Neurogenesis and the general brain architecture are largely completed at birth of both, mice 

and men, with the exception of the cerebellum, which develops also postnatal. Additionally,  

the maturation of glial cells, synaptogenesis, synapse pruning and myelination happen after 

birth [11]. The main mechanisms of development, migration and differentiation are conserved 

between human and mouse, only the time scale is shifted between species [12]. Therefore, 

the mouse is a frequently used model for mammalian brain development. One main 

difference between rodents and primates is the existence of a highly folded (gyrated) cortex 

in primates in comparison to a smooth (lisencephalic) cortex in rodents. This allows a larger 

number of neurons in the same area leading to a higher neuron density in primates. The 

main difference in the development of a lisencephalic compared to a gyrated cortex is the 

existence of an outer subventricular zone (oSVZ) in primates. It consists of a second layer of 

proliferating intermediate progenitor cells and thereby increases the number of neurons 
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which can be produced from the radial glia cells [13]. Despite these differences, the mouse is 

believed to model many aspects of human brain development, and many important findings 

throughout the last decades were made in the mouse as a model organism. 

1.3 THE NEOCORTEX 

The mammalian brain can be divided into fore-, mid- and hindbrain, which develop from the 

different primitive vesicles. The forebrain consists of the cerebral hemispheres and the 

underlying diencephalon. It is essential for complex cognitive processes and voluntary 

movements. The cerebral hemispheres are composed of a layer of grey matter, the cerebral 

cortex or neocortex, and underlying white matter. The neocortex is distinct from the more 

ancient paleo cortex and archicortex and is the largest structure for neural integration in the 

CNS [14, 15]. The paleocortex and the archicortex are phytogenetically older structures and 

build up the olfactory bulb (OB) and the hippocampus, respectively. The neocortex is strictly 

organized in six distinct layers in all mammals, a common feature already described in the 

early 20th century [16, 17]. All cell layers have a characteristic cell shape: Layers II/III and V 

contain pyramidal neurons, and the layers IV and VI consist of stellate and multiform cells, 

which do not show the typical neuron morphology. Layer I contains Cajal-Retzius cells, which 

are among the first neurons in the developing cortex and that are important for neuron 

migration. Thus, the correct establishment of cortex morphology is highly dependent on 

these cells (Fig. 1 b).  

The biggest class of neurons in the cortex are pyramidal neurons. They can be found in all 

mammals, but also in birds, fish and reptiles. The name derives from the typical morphology 

with the cell soma shaped like a rounded pyramid. They usually have one or more longer 

dendrites emerging from the upper part of their soma, the apical dendrites, and a cluster of 

shorter dendrites on the other site of the soma (basal dendrites). The axon is also located on 

the basal site of the cell. On the dendrite, the synapses are organized on “dendritic spines” 

[18]. 

Four classes of dendritic spines are described which represent different differentiation stages 

and flexibility. The most stable and differentiated spines are mushroom spines which are 

defined by a large head where the synapses are located and a short, thin neck. In 

comparison, long thin spines are defined by a long neck and no recognizable head. They are 

thought to be more flexible and often built and retracted. Due to their lifespan, the stable 

mushroom spines are thought to be more important for long-term memory whereas the 

flexible thinner spines are needed for short term memory [19]. It was shown that neuron 

morphology is disturbed in mental retardation. Additionally, it was proposed that the 

morphology of the neuron is correlated to the behavioral phenotype in patients. Abnormalities 
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in neuron morphology are described in Down-, Rett-, Fragile-X-, Pitt-Hopkins- and other 

intellectual disability (ID) syndromes. The changes in morphology are different between the 

syndromes, which correlates well with the individual symptoms of ID in patients [20-22].  

 

Figure 1: Forebrain architecture 

(a) Schematic drawing of the mouse brain. Major brain structures are labeled. (b) Schematic drawing 

of the cell composition of the mammalian neocortex. The cortex is built from six distinct cell layers 

consisting of specific neurons. The layers can be distinguished by their cell morphology and split into 

the deeper layers V and VI (red) and the upper layers II/III and IV (blue) based on their time of 

development. The outermost layer I consists of Cajal-Retzius cells (grey) which are important for 

correct cortex development and among the first neurons to be produced. [23, 24] (c) Drawing of a 

pyramidal neuron e.g. from the cortical layer V. It is characterized by the pyramidal shaped cell soma 

and a prominent apical dendrite. Dendritic spines are small protrusions on the dendrites. The axon is 

located on the basal site of the cell [18].  

1.4 NEURONAL MIGRATION 

The migration of neural progenitor cells (NPCs) is one of the key mechanisms in the 

development of the CNS. The cells are migrating through the reconstruction of the 

cytoskeleton in response to extracellular cues. Thereby the procedure of cell movement 

follows a conserved structure: First, the cell extends a neurite which is preceded by a growth 

cone. Then the nucleus is translocated into the neurite and the trailing process is retracted. 

This is regulated by a large interactive signaling network and always involves the 

cytoskeleton as the mechanical unit performing the movement and extracellular signals 

guiding it. These signals can be long-distance guidance cues or short-distance instructive 

molecules [25]. 
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There are two modes of neural precursor migration in the mammalian brain: radial migration 

from the progenitor zone to the surface, following the radial layout of the neural tube; and 

tangential migration, which is orthogonal to the radial migration direction [26].  

Radial migration is important for the construction of laminated structures of the brain like the 

cerebral and cerebellar cortex, the spinal cord and the striatum and thalamus. One of the 

best studied migration process in the developing brain occurs during the development of the 

neocortex. 

All neurons which build the cerebral cortex derive from the ventricular zone (VZ) and the 

subventricular zone (SVZ) [27-30]. The “classical” model of neocortex development proposes 

the radial glia (RG) as a neural stem cell (NSC) residing in the VZ, lining the ventricle. These 

cells divide, like other stem cells, asymmetrically. In each division, one RG daughter cell and 

a transit amplifying progenitor cell (TAP) are produced. The TAP divides symmetrically for a 

defined number of divisions before differentiating into a non-dividing neural cell. The neurons 

produced by TAPs migrate to their final position along the fibers of the RG to the cortical 

plate. Thereby, the cortical layers are formed in an inside out fashion (Figure 2) [13, 31-33]. 

In mouse cortical development, the first wave of neural migration to build the cortex happens 

around E11. The produced neurons build the preplate in the developing cortex. The second 

wave of migration around E13 builds the marginal plate and the subplate. Afterwards, 

successive waves of migration build up the layers in the cortical plate with the earliest 

neurons constructing the deepest layers [34, 35].  
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Figure 2: Radial migration in neocortex development 

(a) Schematic drawing of mouse neocortex development. NSCs residing in the ventricular zone 

elaborate processes towards the cortical surface. During neurogenesis between E11 and E16, specific 

NSCs, RGs, produce neural precursor cells (NPCs) by asymmetric division. Precursor cells then 

migrate along the process of the RG towards the cortical surface and build up the neocortex in an 

inside out fashion in which early born neurons (red) build up the deeper layers and later born neurons 

(blue) build the upper layers. Neurons migrate to their final destination in the cortex, where they 

differentiate and establish their final morphology. The NSCs which remain in the VZ switch to the 

production of glial cells after neurogenesis is completed. Afterwards, they give rise to a layer of 

ependymal cells and astrocytes. Adapted from [36]. 

Tangential migration is known from two main regions in the forebrain: the migration from the 

medial ganglionic eminence (MGE) towards the neocortex and hippocampus and from the 

lateral ganglionic eminence (LGE) towards the OB via the rostral migratory stream (RMS). 

The latter route is also one of the two areas of postnatal neurogenesis in the mouse brain. It 

was proposed that neural migration and neurodevelopment are co-dependent processes not 

only in the embryonic brain but also in adult neurogenesis [25]. In the mouse, adult 

neurogenesis in the OB is a key example for such a process. Interneurons of the OB 

(granule and periglomerular cells (PGs)) are constantly generated throughout life. The 

precursors of those cells are generated in the SVZ at the lateral ventricle and migrate 

through the RMS towards the OB.  This migration is found in different species like rodents, 

primates and humans [37-40]. RMS migration is one of the largest and fastest routes in CNS 

development [41]. Additionally, it is highly productive as postnatally produced neurons in the 
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SVZ incorporate into the OB circuitry with a daily turnover rate of 1 % [26, 37, 42-44]. The 

origin of the stem cell compartment constituting the SVZ and thereby the RMS lie within the 

embryonic LGE. The alignment of cells in the region of the latter RMS can be found as early 

as E15 in the rodent brain [45]. 

The RMS itself is composed of different cell types. The majority of cells are migrating 

neuroblasts (Type A cells) which organize themselves into chains. In the postnatal brain, the 

type A cells are surrounded by a so called “glial tube” composed of specialized astrocytes. A 

key difference between the tangential migration in the RMS and the radial migration in the 

embryonic cortex is the dependence on glial processes for migration. In the developing 

cortex, precursor cells migrate along the fibers of the RG towards their final position in the 

cortical plate [34]. In the RMS, the glial tube is formed postnatally, so prenatal migration has 

to be completely independent of glial processes [46]. Thus, the astrocytes surrounding the 

RMS have both signaling and scaffolding functions for the migrating cells but are not 

essential for the migration. Additionally, the (postnatal) RMS is surrounded by endothelial 

cells. The blood vessels in close proximity to the RMS are organized in parallel to the 

migration route and deliver signaling molecules as well as providing an additional scaffold for 

the migrating cells.  

The migration in the RMS can be divided into three steps: Initiation, migration and 

termination. The initiation starts in a specialized stem cell niche in the SVZ adjacent to the 

lateral ventricle. The NSCs residing there (Type B cells) divide slowly and asymmetrically, 

and produce TAP cells (Type C cells). These progenitors in turn produce numerous migrating 

Type A cells before finally differentiating into Type A cells themselves [47]. The migration 

towards the OB is then directed and influenced by numerous factors including 

cell-cell adhesion and extracellular matrix (ECM) interactions, chemo-attractive and 

chemo-repulsive signals, as well as local influences by astrocytes and blood vessels [48]. 

Once the cells reach the OB, the third step in migration starts. During termination, the cells 

detach from their migration chains and migrate radially along glial processes towards their 

final position in the granular and periglomerular layer. The differentiation of precursor cells in 

the OB is a multistep process which ends in the formation of γ-aminobutyric acid (GABA)-

ergic neurons in the granular layer or dopaminergic neurons in the periglomerular layer [48]. 



Introduction 
 

8 
 

 

Figure 3: Migration in the mouse rostral migratory stream 

Schematic drawing of the different phases of neural precursor migration in the mouse RMS. The cells 

start their migration in the SVZ, where ependymal cells (grey) line the lateral ventricle. Three cell types 

of precursor cells can be found within the SVZ. Type B cells (blue) are the local stem cells with 

astrocytic characteristics expressing GFAP residing in this neurogenic niche. These cells produce 

transit-amplifying precursor cells (Type C, green) which then in turn give rise to migratory neuroblasts 

(Type A cells, red). After initiation, Type A cells start their migration in the RMS towards the olfactory 

bulb (OB). The migrating cells organize themselves in chains which are ensheathed by astrocytes 

(blue). Once arrived at the OB, cells terminate their migration by detaching from the chains and 

switching to a radial migration until they reached their final position and integrate into local circuitry in 

the OB. Adapted from  [49, 50] (for [49] Copyright 2003 Society for Neuroscience). 

1.5 THE CYCLIC AMP-RESPONSIVE ELEMENT BINDING PROTEIN BINDING 

PROTEIN  

The cyclic AMP-responsive element binding protein (CREB) binding protein (CREBBP/CBP) 

is a ubiquitously expressed protein. Its coding gene CREBBP/CBP is located on 

chromosome 16.3 and produces a protein of 2442 amino acids and 265 kDa. CBP was first 

described in 1993 as a transcriptional co-activator interacting with CREB, c-Fos and c-Jun 

[51]. More recently, interactions of CBP with more than 400 nuclear proteins were described 

[52].  
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In 1996, it was shown that CBP has an additional intrinsic lysine acetylation activity [53]. CBP 

and its close homologue, the E1A Binding Protein P300 (p300), build their own family among 

the lysine acetyl transferases (KATs, formerly known as HATs). Lysine acetylation is a 

ubiquitous posttranslational modification which is involved in many different signaling 

pathways (reviewed for example in [54]). The opposing enzymes to KATs are lysine 

deacetylases (KDACs) which remove the acetyl group from the lysine. Lysine acetylation is 

known for two main functions. The first function comprises the acetylation of lysine residues 

in the tail of histones, also called histone acetylation. This process facilitates the access of 

transcription factors (TFs) and the basal transcription machinery to the DNA and is essential 

for high-level gene expression [55]. The second main function is the acetylation of lysine 

residues in various proteins independent of histones, which is also described as an important 

posttranslational modification, for example for p53, nuclear factor 'kappa-light-chain-

enhancer' of activated B-cells (NF-kB) and DNA-directed RNA polymerase II subunit RPB1 

[56-58].  

CBP as a large protein consists of different domains for protein-protein interactions and 

lysine acetylation as well as for transactivation (Fig. 3) [59, 60]. It functions as a molecular 

scaffold through physical interaction with a TF and opening of condensed DNA by 

acetylation. 

 

Depicted are important protein domains: NRID – Nuclear hormone receptor interaction domain, TAZ – 

transcriptional adapter zinc-binding domain 1&2, KIX – CREB binding domain, Bromo – bromodomain, 

PHD – plant homeodomain, KAT11 – lysine acetyltransferase, Q – polyglutamine stretch, CH 1-3: 

cystein/histidine-rich region 1-3. The exons coding for the respective domains are depicted as well as 

examples of interaction partners. Adapted from [60]. 
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1.6 THE RUBINSTEIN-TAYBI SYNDROME 

The Rubinstein-Taybi syndrome (RTS/RSTS; OMIM 180849/613684) is a congenital 

neurodevelopmental disorder first described in 1963 [61]. It affects 1/100,000 to 125,000 

newborns and more than 90 % of patient survive into adulthood [62]. In 1995, CBP mutations 

were found to be responsible for the syndrome [63]. Ten years later, in 2005, mutations in 

the strongly homologous EP300 were identified as an additional cause for RSTS [64]. 

Mutations in both genes are dominant and the majority of mutations are de novo in one of the 

two responsible genes [65-67]. All kinds of CBP mutations are described to cause RSTS with 

point mutations being the most frequent type of mutation. Mutations in CBP are identified in 

50 – 70 % and EP300 mutations in about 3 % of patients [64, 68, 69]. For the remaining 

patients, the genetic cause of the syndrome remains unclear. Some patients might carry 

mutations in the regulatory regions of the genes which are usually not included in the 

standard sequencing procedures [70].  

The clinical manifestations of RSTS includes a multitude of symptoms and involve all major 

body parts [71]. Frequent symptoms are short statue, facial abnormalities including 

microcephaly, broad nasal bridge and a highly arched palate, heart malformations (affecting 

1/3 of patients [72]), abnormalities in the extremities leading to the term “broad thumbs and 

hallux syndrome” [73], motor deficits [74], cancer predisposition especially for neuronal and 

embryonal tumors [75, 76] and an ID with an intelligence quotient (IQ) between 35 and 50 

[77].   

The multitude of neurological symptoms together with the microcephaly as a main feature of 

RSTS led to a focus on brain anomalies in RSTS patients [78]. Despite this, only very few 

autopsies of brains of RSTS patients have been conducted in the late 1960s and early 

1970s. They describe anomalies in different brain regions, for example in the corpus 

callosum (CC), the hippocampus and especially a less differentiated neuron morphology of 

cortical neurons [79-81]. The anomalies of the CC and the hippocampus are also reflected in 

several magnet resonance imaging (MRI) studies. The largest series of MRIs of RSTS 

patients so far was conducted in 2018 by Ajmone et al. in 23 Italian RSTS patients [82]. This 

study describes dimorphisms in the CC, brain stem, hippocampus and OB hypo- or aplasia. 

1.7  CBP FUNCTION IN RSTS 

CBP is important for hematopoietic stem cells and interacts with developmentally relevant 

TFs like CREB, suggesting that CBP might be generally important for cell differentiation [51, 

83]. However, the exact functions of CBP causing the multiple symptoms of RSTS are still a 

subject of research. A focus, also in this study, is placed on the cognitive deficits observed in 
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RSTS and thus the roles of CBP during neural development and brain homeostasis. The few 

existing neuropathological examinations described neurons in the brains of RSTS patients as 

less differentiated and immature but these reports were all collected in the late 1960 and 

early 1970s [79-81]. Therefore, no genetic analysis of these patients exists which would have 

been important as CBP mutations are identified in only 50-70 % of diagnosed RSTS patients.  

CBP is important for cortical precursor and interneuron differentiation as well as for 

experience-induced changes in adult neurogenesis [84-86].  Still, it is not clear whether the 

lysine acetylation or the co-activation of specific TFs is the essential function of CBP in 

neural differentiation and cognition. On the one hand, an increased CREB function is able to 

rescue a CBP knockout phenotype at least partly [87, 88] and on the other hand, KDAC 

inhibitors can reverse the phenotype of CBP knockout mice [84, 85, 88, 89]. The significance 

of the KAT function of CBP is also supported by the KAT domain being a mutational hotspot 

in RSTS and by the fact that Ajmone et al. only detected abnormalities in the MRI of RSTS 

patients with mutations within the KAT domain [82, 90]. Therefore, the current hypothesis is 

that the combination of both functions makes CBP such an important protein in brain 

development and homeostasis. The integration of environmental signals into gene 

expression, which is proposed to be the essential function of KATs, could be the explanation 

for the phenotypic variability of RSTS and similar developmental disorders. Additionally, it 

might explain the missing of a clear genotype-phenotype correlation [54].  

1.8 MOUSE MODELS OF RSTS 

In order to understand RSTS and CBP function, different mouse models have been 

generated which helped gaining knowledge about RSTS. The first model was described in 

1997 [91]. This conventional heterozygous mouse model, genetically resembling the human 

situation of a heterozygous germline mutation, could mirror many aspects of the human 

syndrome, such as memory deficits and specific facial features [92, 93]. This is also visible in 

MRI studies of these mice, showing microcephaly and other features described in RSTS 

patients [94].  

Mice with a homozygous deletion of Cbp or Ep300 are not viable and die prenatally between 

E9 and E12 [95-97]. Death of the animals is due to abnormal vessel formation, exencephaly 

and failure in heart development. These findings indicate an essential function of both 

proteins in the development of different organs. Interestingly, double heterozygous mice 

carrying only one copy of Cbp and one copy of Ep300 also die prenatally [95].  

In order to further understand CBP function, mice with mutations in specific domains of CBP, 

were generated. Homozygous mutations in the KAT, in the CH1 (a protein-protein interaction 
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domain), as well as in the KIX domain are embryonically lethal suggesting the importance of 

all those domains for prenatal development [98-100]. 

Heterozygous global knockout models are the most exact resemblance of the human 

disorder but do not allow the exact study of protein function. Therefore, conditional mouse 

models have been generated and also employed in this study. These conditional models are 

based on the cre-LoxP system and combine the cre-driven recombination in a specific tissue 

with a floxed Cbp allele. Target cells for the deletion described so far were for example 

postmitotic neurons (CaMKV-promoter) or CNS precursor cells (Nestin promoter) [101, 102].  

All those mouse models show cognitive deficits, which emphasizes the importance of CBP in 

cognitive functions. The combination of information generated in different mouse models will 

hopefully help to understand the processes leading to an ID in RSTS patients.  

1.9  CBP FUNCTION IN CANCER 

The first indications that CBP is associated with cancer development and might act as a 

tumor suppressor in different entities were collected in RSTS patients. After the description of 

the syndrome in 1963, the analysis of patients 30 years later revealed an increased cancer 

risk among RSTS patients. Those tumors were mostly hematological malignancies and 

embryonic and CNS tumors [75]. Shortly after this discovery, translocations involving CBP 

were associated with the development of different forms of leukemia [103-106]. This was 

complemented with the finding that mutations in CBP are present in different hematologic 

malignancies [107, 108]. Experimental evidence suggests the function of CBP as a classical 

tumor suppressor: In mice, a heterozygous knockout of Cbp leads to the development of 

hematologic malignancies which are characterized by a loss of the remaining Cbp allele [92, 

93]. Apart from malignancies of the hematopoietic system, mutations in CBP were also 

identified in non-small cell lung cancer, colorectal adenocarcinoma, breast and bladder 

carcinoma and other solid tumor entities [109, 110]. Additionally, recurring mutations in CBP 

were found in sequencing studies of medulloblastoma (MB) and glioma [111-116]. Large 

sequencing studies revealed that CBP is altered in about 3 % of all human cancers, which 

makes it an important protein in cancer research and a potential target for therapy [109, 110]. 

A role of CBP in the development of brain tumors, especially in MB, has been described in 

the last few years [113-115]. In the COSMIC database, 25 % of all collected CBP mutations 

were found in CNS malignancies. The largest group among those tumors is the MB with 

48 % of all recognized cases, followed by glioma with 42 % [109, 110]. 

MB is the most common malignant brain tumor in children. They are divided molecularly into 

four different subgroups based on their specific gene expression and methylation pattern 
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[117]. Additionally, it has been proposed that they derive from distinct cells which might also 

explain their differences [118]. Two of these subgroups are defined by the activation of an 

oncogenic signaling pathway, the sonic hedgehog (SHH)-pathway or the wingless/Int-1 

(WNT)-pathway. In the other two groups, no such superordinate signaling was identified 

although their gene expression signature and methylation patterns are distinct (group 3 and 

4). CBP mutations are particularly frequent in adult SHH MBs, and Merk et al. showed that 

CBP has a tumor suppressive role only upon a postnatal knockout in a SHH-MB mouse 

model [115]. Additionally, it was observed that RSTS patients do not develop SHH MBs but 

group 3 and group 4 MBs [76, 119]. The combination of both observations suggests that 

CBP has different roles during development. Therefore, the distinct cells of origin for the 

subgroups of MBs might have a different vulnerability window for CBP mutations in the 

malignant transformation. 

Glioma is another entity in which frequent mutations of CBP were identified through 

sequencing studies [111]. Glioma are the most common malignant brain tumors and account 

for 75 % of all malignant primary brain tumors [120]. This large family of tumors arises from 

glial or glial precursor cells and include astrocytoma, oligodendroglioma, glioblastoma, 

ependymoma and other rare entities [121]. Gliomas range from tumors with a low 

aggressiveness and good prognosis to rather aggressive tumors which are associated with 

short survival and high metastatic probabilities. The first description of a morphological basis 

for tumor characterization of glioma was published in 1926 [122]. Today, tumors are 

distinguished based on histology and molecular features, which allows a more and more 

exact description of different tumor entities and thereby enables a more personalized 

medicine [121]. 

1.10 THE PROTO-ONCOGENE MYCN  

MYCN (protein product N-myc, Neuroblastoma-Derived V-Myc Avian Myelocytomatosis Viral 

Related Oncogene) is a member of the MYC family of TFs, which are all known proto-

oncogenes. The MYC family and its network is important in several signaling networks and 

regulates cell growth, differentiation and apoptosis [123]. Given its important role in essential 

processes in cell development, it is not surprising that aberrant MYC signaling is associated 

with numerous different cancers [124, 125].  

N-myc itself is a 60 – 63 kDa sized protein. The protein coding gene was discovered in 1963  

as a paralogue to cMyc [126]. N-myc is essential during embryonic development as 

homozygous knockout mice die between E10.5 and E12.5 from multiple abnormalities in 

organ development [127, 128]. In wild type mice, N-myc expression peaks in the neural tube, 
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sensory neural-crest derived structures as well as in the fore- and hindbrain. Additionally, 

N-myc is essential for the rapid proliferation of progenitor cells in the CNS [129].   

The important function of N-myc in embryonic development in general and especially in 

neural development is also represented by the frequent mutations or amplifications of MYCN 

in CNS tumors, especially MBs and glioma [130].  

1.11 OBJECTIVE OF THIS STUDY 

This study was conducted to gain more information about the role of CBP during brain 

development and brain tumor growth. CBP is a ubiquitously expressed transcriptional co-

activator and lysine acetyltransferase. It is known to interact with multiple different TFs and 

other proteins and to influence the global gene expression of a cell. Germline mutations in 

CBP are causing RSTS, a neurodevelopmental disorder leading to CNS abnormalities and 

an ID.  

In the first part of the project, we wanted to elucidate mechanisms and molecular functions 

which cause the ID of RSTS patients. Different mouse models have been developed in order 

to study CBP functions and to explain the ID of patients, but the exact mechanisms are still 

not completely understood. As almost no data on the histology of the brains RSTS patients 

exists, the knowledge must be generated in model organisms. Therefore, we generated a 

new mouse model. We employed the cre-loxP system driven by the human glial fibrilliary 

acidic protein (hGFAP)-promoter to achieve a CNS specific knockout and a floxed Cbp allele 

leading to a loss of protein function. We were interested in the morphological consequences 

of a CBP deletion on brain structure level as well as on a cellular level. The histologic 

characterization of the ID might help to understand the mechanisms and thereby improve 

patient care. Additional to the morphologic characterization, we wanted to determine 

molecular mechanisms how a loss of CBP function leads to an ID in patients.  

In a second part of the project, we investigated the role of CBP in tumor development. A 

tumor predisposition in RSTS patients was proposed, but could not been recapitulated in a 

mouse model. As also the number of patients is small, the existence of a predisposition is 

still under debate. The role of CBP in tumor development seems to be highly dependent of 

timing: Sporadic mutations in CBP have been associated with the development of MBs, 

especially adult SHH MB and an early loss of CBP is not tumor suppressive at least in the 

context of SHH MBs. This might suggest that CBP does not act as a tumor suppressor in MB 

development in RSTS patients as the causing CBP germline mutations affecting the entire 

neurogenesis. However, RSTS has been proposed to predispose to group 3 and group 4 

MBs. This led to the hypothesis that the timing and cell of origin is important for the role of 

CBP. We wanted to model the development of tumors in RSTS patients and therefore 
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combined the loss of CBP with the expression of the known oncogenic driver N-myc. 

Developing brain tumors were analyzed for their gene expression and by histology.  

Taken together, the role of CBP in brain development and tumor development, especially in 

the context of RSTS, was investigated by different histological and functional analysis. 

Through this, more information was collected to understand this complex disease which 

might one day help to improve patient care.  
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2 MATERIAL AND METHODS 

2.1 CHEMICALS AND REAGENTS 

All chemicals employed in this study have been purchased by Merk, Carl Roth and Sigma 

Aldrich. All buffers were prepared using ddH20. 

2.1.1 CELL CULTURE REAGENTS 

Table 1: Cell culture reagents 

Cell culture reagent Vendor 

bFGF (#100-18B) Peprotech 

Hank's balanced salt solution (HBSS) Gibco / Thermo Fisher Scientific 

HEPES Life Technologies / Thermo Fisher Scientific 

L-Glutamin Life Technologies / Thermo Fisher Scientific 

N2 Gibco / Thermo Fisher Scientific 

Penicillin/Strepomyocin (P/S) Life Technologies / Thermo Fisher Scientific 

Non-essential amino acids Sigma-Aldrich 

Trypsin inhibitor Carl Roth 

Trypsin/EDTA Life Technologies / Thermo Fisher Scientific 

DNase I from bovine pancreas Sigmal-Aldrich 

Matrigel Corning 

Neurobasal Gibco / Thermo Fisher Scientific 

B27 Gibco / Thermo Fisher Scientific 

mEGF (#315-09) Peprotech 

DMEM/F12 Gibco / Thermo Fisher Scientific 

Trypsin inhibitor from soy beans Carl Roth 

StemPro Accutase Cell Dissociation 

Reagent (Accutase) 
Gibco/ Thermo Fisher Scientific 

 

2.2 GENERAL MOLECULAR BIOLOGY AND BIOCHEMISTRY METHODS 

2.2.1 RNA ISOLATION 

Ribonucleic acid (RNA) was isolated from fresh mouse tissue for gene expression analysis. 

The guanidinium thiocyanate-phenol-chloroform extraction (Trizol) method was used [131]. 

Mouse tissue was freshly dissected and minced in Trizol reagent (Thermo Fisher Scientific). 

After a 5-minute incubation at room temperature (RT), trichloromethane was added and the 
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mixture was incubated for 3 minutes at RT. Then, the phases were separated by 

centrifugation (12,000 x g, 15 minutes, 4 °C). The clear phase, containing the RNA, was 

mixed with an equal volume of Isopropyl alcohol and incubated at RT for 10 minutes. The 

RNA was then precipitated via centrifugation (12,000 x g, 10 minutes, 4 °C) and washed with 

75 % ethanol followed by a final centrifugation step (8,000 x g, 10 minutes, 4 °C). The pellet 

was dried at RT and the RNA was dissolved in water. The dissolved RNA was stored 

at -80 °C. 

2.2.2 RNA QUANTIFICATION AND QUALITY CONTROL 

In order to quantify the RNA, a spectrophotometer “Nanodrop” (Thermo Fisher Scientific) 

was used. The amount of RNA is quantified by the absorption of ultraviolet light which differs 

between RNA and deoxyribonucleic acid (DNA). Thereby, the amount and purity of the 

nucleic acid can be determined. Additionally, the integrity of the RNA was determined with 

the “Bioanalyzer” (Agilent). This system is an automated electrophoresis tool which allows 

the determination of the RNA integrity number (RIN). This number reflects purity and integrity 

of RNA and is essential for high throughput RNA experiments, as RNA quality is considered 

to be essential for high quality sequencing data.  

2.2.3 IGF1 QUANTIFICATION VIA ELISA 

The amount of insulin-like growth factor-1 (IGF1) was determined with a commercially 

available enzyme-linked immunosorbent assay (ELISA). The utilized kit was the Mouse/Rat 

IGF-I/IGF-1 Quantikine ELISA Kit from R&D systems according to the manufacturer`s 

instructions. Briefly, a standard curve was prepared with recombinant IGF1 supplied in the 

kit. The samples were diluted with a solution provided by the kit and incubated for 2 hours at 

RT on an orbital shaker. Afterwards, the wells were washed with washing buffer and the 

supplied conjugate was applied. After 2-hour incubation on an orbital shaker at RT, the wells 

were washed again. Then, the substrate-solution was added and incubated for 30 minutes in 

the dark. The reaction was stopped by a specific solution and the color change is measured 

in a spectrophotometer at 450 nm.  

2.3 TRANSGENIC ANIMALS 

2.3.1 MOUSE MODELS 

In this work, different transgenic mouse models were used: hGFAP-cre [132, 133], CBPFl/Fl 

[134] and lsl-MYCNFl/Fl  [135]. All animal procedures were approved by the state of Hamburg 

(Reference 113/116). Animals were kept in a 12-hour-light/dark cycle and had food and 
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water ad libitum. Adult animals were anaesthetized with CO2 and sacrificed by cervical 

dislocation. Younger animals up to postnatal day (P) 14 were sacrificed by decapitation.  

2.3.2 GENOTYPING 

For genotyping, genomic DNA was extracted from tail-tips (young animals) or ear biopsies 

(adult animals). The tissue was lysed with lysis buffer containing 200 mM NaCl, 100 mM Tris-

HCl pH 8.3, 5 mM EDTA, 0.2 % SDS and 200 μg/ml Proteinase K for 2 h at 56 °C and 1000 

rpm. Thereafter, samples were centrifuged (4 °C, 14,000 rpm) and the supernatant was 

mixed with an equal volume of ice-cold Isopropanol. Thereby, genomic DNA was precipitated 

and then pelleted at 4 °C and 14,000 rpm. The pellet was resuspended in TE-buffer (20 mM 

Tris-HCl pH 8.3, 1 mM EDTA in ddH2O) and the DNA was stored at 4 °C.  

The, the DNA was employed for genotyping using primer pairs described for the mouse 

strains. A list of the primers used in this work can be found in Table 2. The PCR was 

performed as shown in Table 3. All primers were purchased by Metabion and used in a final 

concentration of 100 mM. The PCR was performed with Taq-polymerase (GoTaq 

polymerase, Promega) and a reaction buffer (Green GoTaq reaction buffer) supplied by the 

manufacturer.  

Table 2: Primer sequences employed for genotyping of animals 

Transgene Forward Primer Reverse Primer 

Cre TCCGGGCTGCCACGACCAA GGCGCGGCAACACCATTTT 

Ntf3  CTGAGTGACAGCACCCCTTT GTTTCCTCCGTGGTGAGGTT 

CBP CCTCTGAAGGAGAAACAAGCA ACCATCATTCATCAGTGGACT 

MYCN WT CTCTTCCCTCGTGATCTGCAACTCC CATGTCTTTAATCTACCTCGATGG 

MYCN Mu ACCACAAGGCCCTCAGTACC TGGGACGCACAGTGATGG 

 

Table 3: PCR program employed for genotyping of animals 

PCR Step Temperature [°C] Duration [s] No. of repeats 

Denaturation 95 120 1 

Denaturation 95 30 
 

35 
Annealing 60/65 30 

Elongation 72 60 

Elongation 72 120 1 

Stop 4 -  
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After PCR, the DNA was analyzed using 2 %-agarose gels, stained with ethidium bromide 

and visualized with a Gel documentation system (BioDocAnalyzer, Biometra). 

2.3.3 BEHAVIOR TESTING 

In order to analyze possible behavioral abnormalities in our mouse model, an open field test 

was performed. Therefore, young adult mice (postnatal day (P) 30) were placed into a 

standard cage filled with bedding and their behavior was videotaped for 2 minutes. Siblings 

of both sexes were used as no sex specific differences were expected.  

The videos were then analyzed manually by tracking the animal’s movements throughout the 

2 minutes. The center of the cage was defined as the area 7.5 cm from the cage walls. The 

time spent in the different areas, the time spent rearing out of the cage as well as the total 

distance travelled was recorded.  

2.3.4 MAGNET RESONANCE IMAGING  

We investigated the overall brain morphology using MRI. Mice were freshly sacrificed and 

measurements were taken at the rodent MRI facility at the UKE Hamburg under supervision 

of Jan Sedlacik. MRI was performed using a dedicated small animal 7T MRI (ClinScan, 

Bruker) with a receiver phased array surface coil with 4 elements closely covering the mouse 

head and a linear polarized rat body transmit coil. A 2D T2 weighted Turbo Spin Echo (TSE) 

sequence in coronal orientation was scanned with echo time 50 ms, repetition time 

6304.6 ms, flip angle 180°, readout bandwidth 100 Hz/pixel, field of view 20x15 mm3, 

matrix 192x144, turbo factor or echo train length 9, slice thickness 0.2 mm, number of 

slices 82, no gap between slices, 4 averages and 6:56 minutes scan time. At least 3 animals 

per genotype were used. Pictures were analyzed by manual quantification using MRIcro 

software (Chris Rorden, Version 1.40).  

2.3.5 PERFUSION 

For the analysis of the ultra-structure of neurons with electron microscopy, animals were 

perfused with 4 % paraformaldehyde (PFA). For perfusion, the animals were anaesthetized, 

and then the left heart ventricle and the right atrial auricle were opened. The circulatory 

system was then flushed with phosphate buffered saline (PBS) until the liver was completely 

discolored. After washing, 4 % PFA was applied to the circulatory system for 2-3 minutes. 

After fixation, the brain was extracted from the skull and placed in a solution of 2 % PFA and 

2 % Glutaraldehyde and stored at 4 °C until further processing for electron microscopy 

(2.4.3).  
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2.3.6 PRIMARY CELL CULTURE 

2.3.6.1 SVZ Explant Culture 

In order to analyze the migration behavior of NPCs in vitro, we employed an assay described 

first in 1997 [136]. Briefly, young postnatal mice (2 – 5 days old) were decapitated, the brains 

dissected, cut on a vibrating microtome (Leica) in 400 µm thick slices and the SVZ was 

dissected. The SVZ was then cut and placed into Matrigel (Corning). The explants in Matrigel 

were covered by “SVZ-Medium” (Neurobasal supplemented with B27, L-Glutamine, P/S). 

After 48 hours of culture (humidified incubator, 37 °C, 5 % CO2), the explants were 

photographed and fixed with 4 % PFA for 20 minutes at RT. Pictures were taken with a Leica 

DM IL microscope.  

For analysis of the migration of precursor cells, the migration distance from the explant was 

measured at 10 different spots around the explant using ImageJ. Additionally, the number of 

single cells in a circle around the explant was counted using ImageJ (Fiji).  

2.3.6.2 SVZ-OB-Co-culture 

In an attempt to recapitulate the migration behavior of NPCs in the presence of external 

signaling molecules, we co-cultured explants from the SVZ with explants from the OB. The 

procedure for preparing the explants was as described in 2.3.6.3. Additionally, small pieces 

of the OB were placed next to the SVZ explant in the Matrigel without direct contact. The 

explants were cultured for 48 h, pictures were taken and the number of single cells around 

the SVZ explant was counted. 

2.3.6.3 SVZ-OB-Medium Exchange culture 

Additional to the co-culture experiments of the SVZ and the OB, we incubated SVZ explants 

with conditioned medium from the OB. Therefore, SVZ explants were prepared as described 

in 2.3.6.3 and simultaneously, explants of the OB were prepared, placed in a drop of Matrigel 

and incubated in SVZ explant medium. After 24 hours, the medium of the SVZ explants was 

discarded and the medium of the OB was added to the SVZ explants. For the growth factor 

supplementation experiments, 100 ng human brain-derived neurotrophic factor (BDNF, 

recombinant human protein, abcam ab9794) or 200 ng insulin-like growth factor-1 (IGF1, 

recombinant murine protein, peprotech 250-19) were added to the medium. The SVZ 

explants were cultured in the OB-conditioned medium for another 24 h. Afterwards, the 

cultures were fixed with 4 % PFA, pictures were taken and the number of single cells around 

the explant was counted.  
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2.3.6.4 Tumor sphere culture 

For tumor sphere generation, adult hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice and control 

siblings without cre (CBPFl/Fl lsl-MYCNFl/Fl) were sacrificed and the brain was extracted. The 

OBs and the hind- and midbrain were dissected and the meninges were removed. Then, the 

tissue was cut into small pieces and digested with Trypsin/EDTA for 40 minutes at 37 °C. 

The reaction was stopped by the addition of an equal volume of trypsin inhibitor (1 mg/mL). 

After washing with fresh medium, the cells were mechanically dissociated and the 

suspension was filtered with a 40 µm cell strainer. Afterwards, the cell suspension was 

seeded in a cell culture flask in neurosphere medium (Neurobasal, B27, L-Glutamine, P/S, 

20 ng/mL EGF, 10 ng/mL FGF) and grown in a humidified incubator at 37 °C and 5 % CO2. 

The cultures were supplemented with new growth factors every 2 days. Once a week, the 

spheres were pelleted (150xg, 3 min), dissociated mechanically and split in an appropriate 

ratio into new flasks. For dissociation of tumor spheres, the suspension was centrifuged 

(150xg, 2 min), washed with PBS (150xg, 2 min), resuspended and incubated for 10 min at 

RT with Accutase. Afterwards, the suspension was mechanically dissociated further and the 

cells were pelleted (200xg, 4 min). The cell pellet was resuspended in an appropriate volume 

and seeded in a new tissue culture flask.  

2.4 HISTOLOGICAL METHODS 

2.4.1 IMMUNOHISTOCHEMISTRY 

Tissue for histological examination was freshly dissected and fixed in 4 % PFA at RT for at 

least 12 hours. For the histological analysis of cultivated cells, cells were fixed in 4 % PFA at 

RT for 20 min. Afterwards, the cells were pelleted (2 min, 21,000 x g) and washed with PBS. 

Then, cells were embedded in low-melting point agarose (SOP 2.3.12 Institute of 

Neuropathology, University medical center Hamburg-Eppendorf). Afterwards, the fixed tissue 

or embedded cells, were dehydrated and embedded in paraffin according to standard 

procedures (SOP 2.4.1 Institute of Neuropathology, University medical center Hamburg-

Eppendorf).  Paraffin embedded tissues were cut into 4 µm sections. For overall 

morphological examination, Hematoxylin & Eosin (H&E) staining was used. The staining was 

performed using standard protocols. All pictures of histological stains were made with an 

Olympus BX43 microscope.  

For immunohistological stains, automated staining using the Ventana system (Roche) was 

used according to manufacturer’s instructions or manual staining was performed. The 

Ventana system is an automated staining system for histology. Stainings were conducted by 
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the Institute of Neuropathology at the University medical center Hamburg-Eppendorf (SOP 

2.6.8).  

For manual staining, the slides were first deparaffinized in a descending ethanol row. 

Afterwards, antigen demasking was performed by boiling for 20 min in Citrate buffer (pH 6). 

Then, endogenous peroxidases were blocked by incubation in 5 % hydrogen peroxide in 

methanol for 20 minutes. All washing steps were performed at RT with PBS-T (PBS 

supplemented with 10 % Triton X100).  After washing, the slides were incubated with 

blocking solution (5 % BSA in PBS-T) for 1 h at RT. The primary antibody was diluted in 

blocking solution and incubated at 4 °C overnight in a humid environment. After primary 

antibody incubation, the slides were washed in PBS-T. Then, detection was performed with 

the SuperVision 2 Kit (DCS Diagnostics) according to manufacturers´ instructions. The kit 

bases on the chromogenic reaction of a secondary antibody polymer coupled horseradish 

peroxidase with 3,3'-Diaminobenzidine (DAB) leading to a brown signal in cells carrying a 

labeled antigen. After incubation with a specific enhancer, the secondary antibody polymer 

and a DAB solution, a counter staining with hematoxylin was performed. After the completed 

staining, the slide was dehydrated using an ascending ethanol row and mounted with a 

specific xylol-based mounting medium (DPX Mountant for histology, Sigma-Aldrich).   
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Table 4: Antibodies employed for immunohistochemistry 

Antibody Vendor Number Dilution Target 

Sox2 Abcam ab97959 1:200 
Sex determining region Y-box 2 

(Sox2) 

NeuN Millipore Mab377 1:25 Neuronal nuclear protein (NeuN) 

Ki67 Abcam ab16667 1:100 
Marker of proliferation Ki-67 

(Ki67) 

DCX Abcam ab18723 1:100 Doublecortin (DCX) 

CBP Santa Cruz sc-7300 1:50 

CyclicAMP-responsive element 

binding protein binding protein 

(CBP) 

Prox1 Abcam ab1999359 1:500 
Prospero homeobox protein 1 

(Prox1) 

N-myc 
Cell signaling 

technologies 
51705S 1:600 

v-myc avian myelocytomatosis 

viral oncogene neuroblastoma 

derived homolog (N-myc) 

Neurofilament Dako M0762 1:800 
Intermediate filament of neurons 

(Neurofilament) 

GFAP Dako M0761 1:200 
Glial fibrillary acidic protein 

(GFAP) 

S100 Dako Z0311 1:100 S100 protein (S100) 

Map2c Sigma-Aldrich M4403 1:3000 Microtubule-associated protein 2c 

Olig2 Merck-Millipore AB9610 1:200 
Oligodendrocyte transcription 

factor (Olig2) 

Otx2 Thermo-Fisher 1H12C4B5 1:2000 Orthodenticle homeobox 2 (Otx2) 

Nestin BD Biosciences 611658 1:200 
Neuroectodermal stem cell 

marker (Nestin) 

 

2.4.2 GOLGI-COX-STAINING 

In order to stain the entire cell body of neurons, Golgi-Cox staining was used. For this, the 

FD Rapid GolgiStain Kit (FD NeuroTechnologies) was employed according to manufacturers` 

instructions. Briefly, mouse brains were dissected and impregnated with a premade solution 

of mercuric chloride, potassium dichromate and potassium chromate for one week. 

Afterwards, the brains were embedded in 4 % agarose gel and sliced with a microtome with 
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a vibrating blade (VT1000S, Leica) into 200 µm thin frontal sections. The impregnation was 

visualized by a premade solution provided in the kit.  

2.4.3 ELECTRON MICROSCOPY 

For electron microscopy, animals were anaesthetized and perfused with 4 % PFA for optimal 

tissue fixation and preservation (s. 2.3.5). After perfusion, the brain was immediately 

dissected and stored in a solution of 2 % PFA and 2 % glutaraldehyde at 4 °C until further 

processing. The tissue was processed for electron microscopy at the Institute for 

Neuropathology at the University Medical Center Hamburg-Eppendorf under supervision of 

Prof. Christian Hagel following standard protocols. Briefly, samples were washed in 0.1 M 

cacodylate buffer (Sigma-Aldrich), incubated for 2 hours in 1 % osmium tetroxide (Science 

Services), dehydrated in an ascending series of ethanol, and embedded in Epon 812 

(Serva). Ultrathin sections were counterstained with uranyl acetate (Polyscience) and lead 

citrate (Riedel-de Haën), and analyzed with a LEO 912 AB OMEGA electron microscope 

(Leo Elektronenmikroskopie). 

2.4.4 IMAGING 

Imaging was performed according to the experimental setup on an Olympus BX43, Leica DM 

IL or Nikon Eclipse Ti2 microscope.  

2.5 GLOBAL GENE EXPRESSION ANALYSIS 

2.5.1 RNA SEQUENCING 

Total RNA was sequenced in the HPI Sequencing Core facility in cooperation with Dr. 

Daniela Indenbirken. Briefly, the RNA integrity was analyzed with the RNA 6000 Nano Chip 

on an Agilent 2100 Bioanalyzer (Agilent Technologies). From total RNA, mRNA was 

extracted using the NEBNext Poly(A) mRNA Magnetic Isolation module (New England 

Biolabs) and RNA-Seq libraries were generated using the NEXTFLEX Rapid Directional 

qRNA-Seq Kit (Bioo Scientific) as per the manufacturers` recommendations. Concentrations 

of all samples were measured with a Qubit 2.0 Fluorometer (Thermo Fisher Scientific) and 

fragment lengths distribution of the final libraries was analyzed with the DNA High Sensitivity 

Chip on an Agilent 2100 Bioanalyzer (Agilent Technologies). All samples were normalized to 

2 nM and pooled equimolar. The library pool was sequenced on the NextSeq500 (Illumina) 

with 1 x 75 bp, with 16.1 to 18.6 million reads per sample. For each sample, the sufficient 

quality of the raw reads was confirmed by FastQC v0.11.8 [137]. Afterwards, the reads were 

aligned to the mouse reference genome GRCm38 with STAR v2.6.1c [138] and 
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simultaneously counted per gene by employing the quantmode GeneCounts option. Counts 

are based on the Ensembl annotation release 95. Differential expressed genes were 

estimated with DESeq2 v1.22.2 [139]. 

2.6 STATISTICS 

The Prism 7 software (GraphPad) was used for statistical analysis. Survival data were 

analyzed through Kaplan-Meier curves. P-values < 0.05 were considered as significant. 

When comparing two groups the unpaired two-tailed t-test was conducted. If percentages 

should be compared they were arcsin transformed to enable the t-test. Each experiment was 

performed at least three times. Pictures for quantifications were chosen to be representative 

and the observer was blinded for the genotype of the sample.  
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3 RESULTS 

3.1 A KNOCKOUT OF CBP IN THE CNS LEADS TO BEHAVIORAL AND 

ANATOMICAL ABNORMALITIES IN THE MOUSE BRAIN 

RSTS is a developmental disorder caused in 70 % of patients by mutations of CBP in which 

an ID is observed in 100 % of patients. The strong effect of CBP on the CNS function is also 

reflected by the finding that all described mouse models for RSTS so far show abnormalities 

in memory and motor functions. The different mouse models generated until now helped 

gaining information about the functions of CBP, but the exact mechanisms, especially for the 

ID, remained unclear [70].  

The most prominent mouse models for RSTS are conventional heterozygous knockouts of 

either the whole CBP protein or specific domains [91-93]. The advantage of these models is 

the most exact resemblance of the genetic situation in patients. Nevertheless, the 

heterozygosity does not allow the study of exact protein function because intact protein is still 

present in the cells. We used a tissue specific knockout mouse model, allowing the 

homozygous knockout of Cbp while retaining viability of the animals.     

We employed a CNS specific knockout mouse model driven by the cre/loxP system. The cre 

recombinase is expressed under the hGFAP promoter. This promoter is active from E13.5 

onwards in NSCs and astrocytes of the mouse brain. hGFAP-activity drives the expression of 

the cre recombinase in those cells and leads to recombination between the loxP sites 

flanking exon 7 of Cbp. The cre driven recombination induces the excision of exon 7, which 

then generates a new STOP codon within the mRNA of CBP. The translation of the mRNA 

finally results in a severely truncated protein in which 24 of its 31 exons are missing including 

the KAT domain (Fig. 5 a). 

We wanted to detect phenotypic abnormalities of our mutant mice. The mice appeared 

smaller than their wild type littermates. Therefore, as a first measurement we weighed the 

mice throughout their development from birth until P30 and determined that the body weight 

of the mutants is significantly reduced from P7 onwards (Fig. 5 b,c). Before P7, the weight is 

comparable to the weight of the wild type littermates.  

Neurodevelopmental disorders, including RSTS, often lead to behavioral symptoms in 

patients. In order to analyze if our mouse model can model those aspects of the disease, we 

performed an open field test. In this test, we compared CBP deficient animals with their CBP 

competent siblings for their anxiety related behavior. The animals were placed in an empty 

cage and their behavior was recorded. We showed that the hGFAP-cre::CBPFl/Fl  mice 
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traveled a similar distance as the control animals but spent significantly less time in the 

center of the cage. Furthermore, they reared significantly less often out of the cage (Fig. 5 d). 

By this, we showed that CBP deficiency does affect mouse behavior and leads to an 

increase in anxiety. In addition to the increased anxiety in the animals, we noticed that the 

mutants seemed to be easily stressed upon handling. This strong reaction to change 

prevented further behavioral tests to assess the memory function of our CBP deficient mouse 

model. 

As we saw phenotypic abnormalities in the mice, we wanted to investigate the brain of the 

transgenic animals further. For a first overview of the CBP deletion induced changes on the 

brain, sagittal sections were made and stained by H&E. The analysis of the stains revealed 

anomalies in the hippocampus, the RMS and OB (Fig. 5 e). These regions are areas in which 

adult neurogenesis in the mouse brain is described [140].  

In the analysis of the brain sections, we noticed that the hippocampus and other brain 

regions appear severely smaller in the mutant mice compared to the wild type controls. Thus, 

we supplemented our analysis with MRI to be able to quantitatively asses the size 

abnormalities in hGFAP-cre::CBPFl/Fl mice. Thereby, we showed that hGFAP-cre::CBPFl/Fl  

mice have a significant brain hypoplasia. We also detected a size reduction of the 

hippocampus, the CC and an OB hypoplasia (Fig. 5 f).  

Taken together, the first analysis of our mouse model revealed strong phenotypic 

abnormalities in the brain. Therefore, we concluded that our mouse model is suitable to study 

the effects of a CBP deletion on the CNS and conducted further experiments.  
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Figure 5: CNS-specific deletion of CBP affects mouse behavior and anatomy 

(a) In hGFAP-cre::CBPFl/Fl mice, CBPStop523 is expressed in cells that express the cre-recombinase 

under the hGFAP promoter. CBPStop523 does not contain the KAT domain. LoxP: Cre-recombinase 

recognition and incision site, KAT: Lysine acetyltransferase domain. (b) hGFAP-cre::CBPFl/Fl mice are 

visibly smaller than their wild type littermates. (c) The growth retardation of hGFAP-cre::CBPFl/Fl mice 

becomes visible from P7 onwards. (d1-5) Open field test: tracked mouse movements in the open field 

test for one representative control and mutant animal. Movement analysis shows that transgenic mice 

spend significantly less time in the center and show significantly less vertical activity. (e) Phenotypic 

abnormalities of hGFAP-cre::CBPFl/Fl mice are obvious in sagittal H&E stains of adult mice. Those 

abnormalities include a cerebellar, hippocampal and olfactory bulb hypoplasia and a cell accumulation 

at the RMS. (f1-5) Representative coronal T2 weighted brain MRIs of transgenic and control animals 

with arrows marking the hypoplastic hippocampus and the widened lateral ventricle in the mutant. 

Volumetric analysis unveiled significantly reduced brain volume, OB size, CC volume and 

hippocampus size after early loss of CBP. *p < 0.05, **p < 0.01, ***p < 0.001 
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3.1.1 A CNS-SPECIFIC CBP KNOCKOUT ALTERS HIPPOCAMPAL MORPHOLOGY 

We observed in the MRI that the hippocampus of hGFAP-cre::CBPFl/Fl mice is significantly 

smaller. Therefore, we concluded that the hippocampus is a structure which is highly affected 

by the CBP loss. This can in part be explained by the activity of the hGFAP-promoter which 

is active throughout the whole hippocampal development [133]. Also, it was shown that the 

embryonic hippocampus is also highly affected by the CBP deletion [141]. Furthermore, the 

hippocampus is a structure which is important in learning and memory processes and is 

impaired in many neurodevelopmental disorders. Therefore, we decided to study the 

morphology of this anatomic structure in further detail. In frontal sections, we confirmed the 

size reduction already obvious in the MRI (Fig. 5 e,f). The overall structure of the 

hippocampus with the dentate gyrus (DG) and the cornu ammonis (CA) is preserved even 

without functional CBP. 

Apart from overall morphology, we were especially interested in the cellular composition and 

adult neurogenesis in the hippocampus. Therefore, we used immunohistochemistry to detect 

the different cell populations in the hippocampus. Previous work was able to show that the 

stem cell compartment of the hippocampus is disturbed in hGFAP-cre::CBPFl/Fl mice and that 

less stem cells are found in the adult hippocampus of these animals [141]. This seems to 

root in the disturbed embryonic development of the hippocampus in hGFAP-cre::CBPFl/Fl 

mice. We wanted to analyze the different cell populations especially in the DG to investigate 

if the reduction in stem cells leads to a disturbed cell population or only a size reduction of 

the DG (Fig. 6 a,e). First, we showed that all cells of the DG are affected by the CBP loss 

and are clearly negative in the staining whereas in the control, all cells in this region express 

CBP (Fig. 6 b,f). Despite the reduction in stem cells, the cells in the DG differentiate and 

express the neuronal marker NeuN as well as the DG granule cell marker Prox1 (Fig. 6 c-d; 

g-h). We also employed the progenitor marker doublecortin (DCX) to identify the NPCs in the 

hippocampus (Fig. 6 i,j). In the wild type, cells expressing DCX are located in the inner cell 

layers of the DG and build a cell band lining the entire DG. In contrast to that, in the mutant 

only a small percentage of cells express DCX (18 % positive cells in the mutant vs. 38 % in 

the control) (Fig. 6 k). Additional to the reduction in cell number, DCX-positive cells are in the 

correct orientation and general location but appear in cell clusters rather than building up a 

cell layer. This different arrangement of DCX positive cells is most likely due to the reduction 

in stem cells which produce new progenitors. Usually, the stem cells are equally distributed 

throughout the DG and therefore, a cell band of progenitors lines the DG. We hypothesized 

that the developing NPCs are not evenly distributed but are rather found in clusters around 

their stem cells as the stem cells in the mutant are not equally distributed among the entire 

hippocampus.   
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Figure 6: hGFAP-cre::CBPFl/Fl mice show abnormalities in hippocampal architecture 

(a-j) The DG is severely affected by the CBP deletion. Although all granule cells of the DG do not 

express CBP in the mutant, cells retain their neuronal identity (NeuN + Prox1). (i,j,k) The number of 

DCX-positive NPCs is significantly reduced and their distribution disturbed in the mutant animals. 

Representative pictures, n>3. Scale bar: 50µm, **p < 0.01 

3.1.2 CBP DELETION LEADS TO CELL ACCUMULATION AT THE VENTRICULAR SITE 

OF THE ROSTRAL MIGRATORY STREAM 

One striking abnormality in the brain of hGFAP-cre::CBPFl/Fl mice is a large cell accumulation 

at the border of the lateral ventricle which has also been described in a previous work on 

hGFAP-cre::CBPFl/Fl mice [141]. This cell mass is visible in sagittal and frontal sections and is 

located below the CC at the area of the SVZ (Fig. 7 a,f). In wild type mice, the SVZ is a cell 

dense zone lining the ventricle. In the SVZ, adult NSCs reside and constantly produce 

neurons which then migrate along a defined route, the RMS, towards the OB where they 

replace interneurons. In order to gather information about the cell accumulation in the CBP 

knockout animals, we performed immunohistochemistry (Fig. 7). We first investigated the 

proliferation of the cells. We observed that only a small proportion of the cells in the 

accumulation are positive for the proliferation marker Ki67. Additionally, the proliferating cells 

are only present at the borders of the cell mass. This resembles the wild type situation in 
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which proliferating NPCs can also be found in the SVZ lining the ventricle and at the 

beginning of the RMS. This pattern of proliferating cells suggests that this is not a neoplastic 

lesion but rather an accumulation of cells (Fig. 7 b,g).  

To get more information about the identity of these cells, we used the NPC marker Sox2, 

which is usually expressed in NPCs residing in the SVZ. In the wild type SVZ, all cells of the 

SVZ and at the beginning of the RMS express Sox2. In the mutant, all cells lining the 

ventricle are also Sox2 positive. In contrast, in the cell accumulation only a proportion of cells 

are expressing Sox2 (Fig. 7 c,h). Additionally, we used the neuron marker NeuN to 

determine cell identity. In the wild type, no cells in the SVZ express NeuN. In the mutant, a 

proportion of cells in the accumulation expresses NeuN (Fig. 7 d,i). As a third marker we 

used DCX, which usually labels migrating NPCs in the RMS. In the wild type, cells of the 

SVZ and the beginning RMS are positive for this marker. In the mutant, all cells of the 

accumulation express DCX (Fig. 7 e,j). The marker expression of cells in the accumulation 

suggests that NPCs are residing in the SVZ as usual but cannot leave the SVZ and therefore 

start to differentiate and express NeuN. Due to these results, we hypothesized a migration 

deficit in the CBP deficient mouse brains, which we investigated further using in vitro 

approaches.  

 

Figure 7: hGFAP-cre::CBPFl/Fl mice show abnormal cell accumulation at the ventricular border 

of the rostral migratory stream 

(a,f) Frontal sections of adult mouse brains reveal a cell accumulation at the lateral ventricle of CBP 

deficient mice. (b,g) Normal proliferation can be observed upon Ki67 staining. (c-d;h-i) The cell 

accumulation comprises two different cell populations, one progenitor population expressing Sox2 and 

one neural differentiated expressing NeuN. (e,j) All cells express DCX as an NPC marker. 

Representative pictures, n>3. Scalebar: 100 µm. 

3.2 CBP INFLUENCES NEURONAL MORPHOLOGY AND FUNCTION 

Neuronal morphology is considered to influence neuron function and disturbed neuron 

morphology is described for different ID syndromes [20, 21]. The basic cell morphology is 

conserved between species and depends on the specific neuron class und localization [23, 
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24]. The overall cell morphology includes dendrites and dendritic spines but also the 

ultrastructure with postsynaptic densities. These represent the synapses at which neural 

communication takes place [18]. Therefore, we analyzed the effects of a CBP loss on neuron 

morphology. 

3.2.1 DEFICIENCY OF CBP CAUSES AN ABNORMAL NEURON MORPHOLOGY 

In order to visualize the whole neuronal cell body with its extensions, we employed Golgi-Cox 

staining. This technique was first described in 1891 by W.H. Cox and bases on the 

impregnation of mercury by a random proportion of neurons [142]. It is developed as an 

improvement of the Golgi staining described in 1873 which used silver nitrate instead of 

mercury [143]. Those staining techniques enabled Ramon y Cajal to describe neuron 

morphology in detail and was used for his famous studies of the different neurons in the 

brain. In 1906 Camillo Golgi and Ramon y Cajal earned the Nobel Prize in physiology and 

medicine for their studies of the nervous system.  

As a first parameter of neuron morphology, we measured the length of the apical dendrite 

which extends from the cell soma towards the cortical surface. We studied the large 

pyramidal cells from layer V of the cortex. In the CBP deficient cortices, these dendrites were 

significantly shorter than in their wild type counterparts with only half of their length (129 µm 

vs. 229 µm in the control, Fig. 8 a5).  

Additionally, we measured the branches per dendrite. It is described that in some ID 

disorders, the length of the dendrite is reduced and probably as a compensation mechanism, 

the number of branches is increased. However, we did not detect a difference between wild 

type and CBP deficient neurons (0.44 in the mutant vs 0.41 in the control, Fig. 8 a6). This in 

turn means that the total number of branches is reduced in the mutant due to the shorter 

dendrite, which will most likely have consequences on neural connectivity and thus neuron 

function and intellectual ability.  

In addition to the dendrite and its branches, we also analyzed the number of dendritic spines. 

These protrusions of the neuronal cell are the location of neuronal connections, the 

synapses. We determined the number of spines per µm dendrite and measured a reduction 

of one third of the number of spines on the apical dendrite of layer V pyramidal neurons in 

mutant animals (0.4 in the mutant vs 0.6 in the control, Fig. 8 a7). Next to the relative 

reduction, the absolute number of spines is even more reduced due to the shortage of the 

dendrite in CBP deficient neurons.  
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3.2.2 CBP LOSS HAS CONSEQUENCES ON THE NEURONAL ULTRASTRUCTURE 

The Golgi-Cox staining revealed disturbed neuron morphology without a functional CBP. We 

therefore wanted to investigate neuron morphology in even more detail and used electron 

microscopy to make the neuronal connections visible.  

We focused on the same regions as in the analysis of the overall morphology and first 

counted the number of post synaptic densities (PSDs). This analysis revealed a reduction of 

PSDs in CBP deficient mice which is in perfect line with the reduced number of dendritic 

spines. The number of PSDs is reduced by two thirds, which suggests massive 

consequences for neuronal function (1.2 PSDs/10 µm² in the mutant vs 3.2 PSDs/10 µm² in 

the control, Fig. 8 b3). 

In the analysis of electron microscopic images, we observed abnormal structures in the 

mutant cortex. They appear like large and mostly empty membrane enclosed spaces (Figure 

8 c). In order to reveal if these structures might be axonal swellings, we employed a staining 

for neurofilament structures and stained the cortex of adult wild type and hGFAP-cre::CBPFl/Fl 

mice. The number of neurofilament positive filaments in the cortex of CBP deficient mice is 

significantly reduced compared to wild type animals (101 positive filaments/slide vs 448 

positive filaments/slide in the control, Fig. 8 d3). The reduction in neurofilament does not 

allow the characterization of the structures as axonal swellings, but together, both findings 

further support the hypothesis that the overall cortical cell architecture is disturbed in the 

CBP deficient cortex.  
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Figure 8: Neocortical layer V pyramidal cells have disturbed neuron morphology and 

alterations in spine density upon CBP loss 

(a1-4) Golgi-Cox impregnated pyramidal neurons in layer V show severe abnormalities and maturation 

deficits in hGFAP-cre::CBPFl/Fl mice. Arrows illustrate the length of the apical dendrite. (a5,6) The 

apical dendrite is significantly shorter whereas the relative number of branches is unchanged. 

Additionally, less dendritic spines can be observed. (b1-3) Analysis of electron microscopic images of 

layer V neurons show that the number of PSDs is significantly diminished in the cerebral cortex of 

hGFAP-cre::CBPFl/Fl mice. Arrows point towards the visible PSDs. (c) Electron microscopic analysis 

revealed the existence of abnormal structures in the CBP deficient cortex. Arrows point towards two of 
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such structures. (d) Immunostaining revealed a reduced number of neurofilament positive fibres in the 

mutant, further supporting the disturbed morphology of the cortex. Arrows point towards the analyzed 

neurofilament positive fibres. Scale bar: 50 µm (a1-4), 100 µm (c1-2), 10 µm (c3-4), 5 µm (d1-2); *p < 

0.05, **p < 0.01, ns: not significant  

3.3 CBP DEFICIENCY IMPACTS NEURONAL MIGRATION 

Neuronal migration is one key mechanism in brain development and differentiation of 

neurons. Most, if not all, neurons in the brain originate from stem cells residing in specialized 

stem cell niches and travel towards their final destination [25].  

One famous migration route in the rodent brain is the RMS which is established during 

embryonic development and is present throughout the whole life of the animal. The 

responsible stem cells are residing in the SVZ lining the lateral ventricle. Those cells produce 

TAPs by asymmetric division, which then migrate through the RMS towards the OB, where 

they differentiate into interneurons of the granular or periglomerular layer [26].  

In CBP deficient mice, a large cell accumulation at the border of the SVZ was visible. We 

hypothesized from immunohistochemical characterization that the cells have a migration 

deficit and cannot migrate normally through the RMS towards their destination but 

accumulate at their origin (Fig. 7).  

3.3.1 CELL INTRINSIC MIGRATION OF SVZ PRECURSOR CELLS IS UNAFFECTED BY 

CBP LOSS 

To investigate the hypothesized migration deficit further, we employed an in vitro experiment 

using primary cells from control and mutant mice. It was described in 1997 that NPCs from 

the SVZ of young postnatal mice are able to migrate in chains in the extracellular matrix 

Matrigel and recapitulate the migration in the RMS in vivo [136]. With this experimental 

design, it was shown that different factors are essential for the migration of NPCs [144-151].  

For the in vitro migration assay, young postnatal mice were employed, their SVZ freshly 

dissected and small pieces of the SVZ were placed into Matrigel. Those explants were 

analyzed after 48 h of culture and the migration distance of the chains of NPCs was 

measured. We observed, contrary to what we expected, no difference in the migration of 

CBP deficient cells compared to their wild type counterparts. Cells of CBP deficient mice 

established normal chains of migrating cells and were able to travel the same distance as the 

cultivated control cells (415 µm in mutant cells vs 398 µm in control cells, Fig. 9 a3).  
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3.3.2 EXTRINSIC FACTORS FROM THE OLFACTORY BULB ARE RESPONSIBLE FOR 

THE MIGRATION DEFICIT OF CBP DEFICIENT SVZ PRECURSOR CELLS 

We observed that the intrinsic migration ability of cells from the SVZ of hGFAP-cre::CBPFl/Fl 

mice was indistinguishable from the wild type cells despite the migration deficit seen in vivo. 

Therefore, we hypothesized that an extrinsic factor might be responsible for the phenotype of 

the animals. The migration of NPCs is a process regulated by a multitude of different factors 

secreted by the SVZ, astrocytes, blood vessels and also the OB.  

Hack et al. used a co-culture of SVZ and OB explants to shown that Reelin is important for 

the exit of migrating NPCs from their chains in the OB [149]. Therefore, we used the same 

experimental design to investigate if CBP is important for the final step in RMS migration. For 

the co-culture experiment, we used SVZ explants of wild type or hGFAP-cre::CBPFl/Fl mice as 

well as OB tissue explants of both genotypes. Using this experimental approach, we showed 

that the mutant OB is not able to induce the exit of cells from their migration chains. In the 

control situation of a co-culture of SVZ and OB, cells are leaving the migration chains and 

can be identified as single cells surrounding the SVZ explant. The number of those single 

cells was significantly reduced in the presence of a mutant OB, regardless of the genotype of 

the SVZ (control SVZ: 68 single cells/mm² with a control OB vs 46 single cells/mm² with a 

mutant OB; mutant SVZ: 75 single cells/mm² with a control OB vs 42 single cells/mm² with a 

mutant OB, Fig. 9 b).  

The results of our co-culture experiments prompted us to hypothesize that a secreted factor 

from the OB is responsible for the observed migration deficit. To test for this hypothesis, we 

modified our experimental setup. We prepared SVZ and OB explants in Matrigel as in the 

other experiments but in separate wells. After 24 hours of tissue culture, we exchanged the 

medium of the OB with the medium of the SVZ explants. We used wild type SVZ explants 

and medium conditioned by wild type or CBP deficient OB tissue and counted the number of 

single cells surrounding the SVZ explant as in the co-culture experiments. Thereby, we saw 

that the conditioned medium from the control OB is able to induce an exit of cells from the 

migration chains whereas the medium from the CBP deficient OB does not (55 single 

cells/mm² in the presence of control OB medium vs 43 single cells/mm² with medium from a 

mutant OB, Fig. 9 b). This strongly supports the hypothesis that an extracellular signaling 

molecule is responsible for the observed migration deficit in vivo. 
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Figure 9: The migration deficit observed in hGFAP-cre::CBPFl/Fl mice is mediated by an 

extracellular signal from the OB 

(a1-3) The intrinsic migration potential of SVZ derived NPCs is independent of CBP function, shown 

through the culture of SVZ explants in the extracellular matrix Matrigel. (b) The number of single cells 

was measured around explants of the SVZ cultured in Matrigel. A piece of OB from the wild type 

induces an exit of neuroblasts from their migratory chains and thereby an increase in single cells. The 

mutant OB is unable to induce this effect. The same effect can be observed with medium conditioned 

by tissue from the OB of wild type or mutant mice.  Scale bar: 1 mm; ns: not significant, * p < 0.05, ** p 

< 0.01 

To determine this extracellular factor, we used gene expression analyses of the stimulated 

SVZ explants, aiming to understand which pathways are responding to the stimulus. For this 

purpose, we extracted RNA from wild type SVZ explants stimulated for 24 h with medium 

from OB tissue of wild type or hGFAP-cre::CBPFl/Fl mice and sequenced the mRNA. 

We compared the sequencing results for SVZ explants cultivated in wild type and CBP 

deficient OB medium and analyzed the differentially expressed genes (DEGs) in order to get 

some insight into the affected signaling pathways. We analyzed the DEGs for their 

involvement in cell migration, which revealed a clustering according to the genotype of the 

OB (gene ontology (GO) term 0016477, cell migration) (Fig. 10 a).  

Additionally, we analyzed the DEGs, which have the highest log2-fold changes. In general, 

the log2-fold changes between the two conditions were relatively low. This was likely due to 

the short stimulation time and the low percentage of cells which are migrating out of the 

explant and respond to the stimulus provided by the medium. We analyzed the 15 most 

differentially expressed genes and studied the literature for promising candidates among 

those genes. One gene which caught our attention was the insulin-like growth factor binding 
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protein 5 (Igfbp5), an important protein in IGF1 signaling. IGF1 is a growth factor which has 

been described to be involved in NPC migration. IGF1 knockout mice, described in 2009, 

show a similar phenotype compared to our CBP deficient animals [152]. In the IGF1 

knockout situation, the cells are also accumulating in the RMS. Further, it was shown that the 

dissemination from the RMS is disturbed in those mice, whereas the migration ability itself is 

conserved. Taken together, this prompted us to investigate the correlation and we analyzed 

our gene expression data for genes implicated in IGF signaling. Using the respective GO 

term (0005520, Insulin-like growth factor binding), we could cluster the samples according to 

the genotype of the OB which stimulated the medium (Fig. 10 c).  

We used our in vitro migration experiment to test the hypothesis that IGF1 is implicated in the 

migration deficit observed in hGFAP-cre::CBPFl/Fl mice. For this, we again stimulated medium 

with OB tissue of wild type and CBP deficient mice and analyzed the response of wild type 

SVZ explants. Additionally, we added IGF1 to the stimulated medium to see if an addition of 

this growth factor could rescue the migration deficit. To exclude that this effect was growth 

factor and not IGF1 specific, we performed the same experiment with BDNF, another soluble 

growth factor implicated in brain development.  

The addition of IGF1 rescued the migration deficit in our in vitro setting (78 single cells/mm² 

with medium of control OB+IGF1 vs. 80 single cells/mm² with OB medium of mutant 

OB+IGF1, Fig. 10 d), whereas no effect of BDNF addition was observed (87 single cells with 

medium of control OB+BDNF vs. 50 single cells/mm² with medium of mutant OB+BDNF, Fig. 

10 d). 

These results indicate that the migration deficit in the forebrain is different from the migration 

deficit observed in the cerebellum of CBP deficient mice described by Merk et al. in 2018 as 

they could show that an addition of BDNF is able to rescue this effect [115]. A possible 

explanation is that CBP is involved in many different migration processes in the developing 

and adult brain, but the effector proteins depend on the cellular context. This would highlight 

the global role of CBP once more and support the notion of CBP as an integrator of signals. 

We also investigated if the amount of IGF1 is reduced in the medium of CBP deficient OB 

tissue by ELISA. The results of this did not reveal any significant changes in the IGF1 

content but a trend towards reduced IGF1 in the mutant medium (65 pg/mL in control 

medium vs. 57 pg/mL in mutant medium, Fig. 10 e).  



Results 
 

39 
 

 

Figure 10: IGF1 as an extracellular signaling molecule is involved in the migration deficit 

observed in hGFAP-cre::CBPFl/Fl mice 

(a) Clustering of DEGs, revealed by RNA sequencing of stimulated SVZ explants with OB medium 

involved in cell migration reveals a clustering according to the genotype of the OB. (b) RNA 

sequencing of SVZ explants, which were stimulated with medium conditioned from the OB of control or 

hGFAP-cre::CBPFl/Fl. In total, 106 genes are statistically different between control and mutant with a 

log2-fold change ≥ 0.25 and a FDR < 0.1. Genes with high log2-fold changes are annotated. (c) RNA 

sequencing reveals a difference in IGF signaling between control and mutant. Clustering of RNA 

sequencing data by the GO-term “0005520 insulin-like growth factor binding” reveals clustering 

according to the genotype. (d) IGF1 is able to rescue the effect of the CBP deletion on the exit of 

neuroblasts from chain migration. The addition of recombinant IGF1 to medium conditioned by the OB 
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of control mice has no effect on the number of single cells. In contrast, the number of single cells in the 

presence of medium conditioned by a CBP deficient OB tissue supplemented with IGF1 is comparable 

to the number of single cells from wild type medium.  The addition of BDNF has no effect on the 

migration of NPCs. (e) The amount of IGF1 is reduced in medium stimulated by the OB of CBP 

deficient mice, shown by ELISA assay. ns: not significant, *p < 0.05, **p < 0.01 

3.4 CBP AND TUMORS OF THE CENTRAL NERVOUS SYSTEM 

RSTS patients are considered to have a tumor predisposition especially for CNS tumors [75]. 

Additionally, CBP has been described to be involved in the development of a multitude of 

different cancers and an analysis of registered mutations in the COSMIC database revealed 

CBP mutations in 3 % of human tumors [109, 110]. This suggests a function of CBP in tumor 

development and as many loss-of-function mutations are described, CBP is believed to be a 

tumor suppressor in most malignancies. 

It has been shown before that CBP is frequently mutated in adult SHH MB. Work of Daniel 

Merk et al. suggests that CBP has a time dependent role in the development of SHH MBs 

and that it only has a tumor suppressive function when mutated after cerebellar development 

[115]. This is in line with the observation that CBP is significantly more frequently mutated in 

adult than in infant SHH MBs [119]. An open question is the role of a CBP mutation in the 

predisposition for CNS tumors. Already in the first descriptions of a tumor predisposition in 

RSTS, patients with MB were included [75]. Also in the large scale screening of MB samples, 

RSTS patients appeared but the MBs described in those patients were not SHH MBs but 

group 3 and group 4 MBs [119]. This finding led to the hypothesis that RSTS predisposes to 

Non-WNT/Non-SHH (group 3 and 4) MBs [76].  

Due to the unclear role of CBP in the development of MBs, we decided to use our mouse 

model, which mimics aspects of RSTS, to study brain tumor development. In order to model 

the situation in Non-WNT/Non-SHH tumors, we combined the loss of CBP function with an 

amplification of the well-known oncogene MYCN (Fig. 11 a).  

We generated hGFAP-cre::CBPFl/Fl lsl-MYCNFl/wt mice and analyzed them for tumor 

development. We observed the animals for up to half a year and detected brain tumor 

formation in a subset of these animals (27 %, within 176 days, Fig. 11 b). We also bred 

double homozygous mice (hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl) and these mice developed 

tumors with a shorter latency and a higher frequency than the 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/wt mice (40 % within 130 days). They often presented with 

abnormalities in their fur and other tumor related symptoms.  This supports the idea of an 

important role for N-myc in the formation of tumors and a dose-dependent effect of the 

oncogene.  
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The mice developed large solid lesions in the OB of the affected animals. In addition to these 

large lesions, we found more diffuse proliferating lesions in the mid- and hindbrain, especially 

in hGFAP-cre::CBPFl/Fl lsl-NMYCFl/Fl mice. Those proliferating cells seemed to be associated 

with blood vessels and/or the brain surface (Fig. 11 c,d,e).  

 

Figure 11: CBP and N-myc cooperate to drive brain tumor growth in mice 

(a) Schematic drawing of the genetics of our brain tumor model combining the deletion of Cbp with an 

amplification of MYCN driven by the cre-loxP system in a CNS specific manner. Recombination upon 

hGFAP-driven cre activity induces recombination between the loxP sites (blue) flanking exon 7 in the 

Cbp gene and a STOP-codon in front of the MYCN gene. Translation leads to a severely shortened 

and thus no longer functional CBP protein and the expression of N-myc. (b) Kaplan-Meyer survival 

curves for the different mouse models. Data of the hGFAP-cre::lsl-MYCNFl/Fl mice was generated by 

Kathrin Fielitz [153]. The numbers of animals for the survival analysis are: hGFAP-cre n=75, 

hGFAP-cre::CBPFl/Fl n=167, hGFAP-cre::lsl-MYCNFl/Fl n=16, hGFAP-cre::CBPFl/Fl lsl-MYCNFl/wt n=35, 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl n=31. Mice carrying both transgenes develop tumors earlier than 

mice overexpressing only N-myc. Additional, mice carrying two copies of the MYCN transgene have 

an earlier onset of disease and a higher penetrance. (c) Schematic drawing as an overview where 
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tumors develop in the brains of mice carrying both transgenes. Tumors of mice having one copy of the 

MYCN oncogene are depicted in yellow and are almost exclusively found in the OB whereas tumors 

driven by two copies of MYCN develop in the OB as well as in the mid- and hindbrain. (d-e) 

Representative H&E staining of the entire brain and a magnification of an OB tumor from a 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/wt mouse. The arrow points towards the region displayed in (e). (f-j) 

Representative H&E staining of the tumor bearing brain of a hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mouse. 

The arrows point towards the multiple lesion within the brain which are magnified in the insets (g-j). 

Scale bar: 20µm.  

3.4.1 CBP AND N-MYC DRIVEN TUMORS  

In order to gain more information on the tumor and tumor-like lesions, we used 

immunohistochemistry. 

The large solid tumors of the OB consisted of small, densely packed cells with large 

pleomorphic nuclei. This morphological phenotype is described for highly aggressive tumors 

of embryonic origin [121]. The tumor cells proliferate strongly, shown by Ki67 positivity of 

most tumor cells and are negative for CBP staining and strongly positive for N-myc (Fig. 12). 

 

Figure 12: Tumors of the OB consist of strongly proliferating densely packed cells 

(a) H&E staining of a tumor of the OB of a hGFAP-cre::CBPFl/Fl lsl-MYCNFl/wt mouse also depicted in 

Fig. 11 d. The tumor cells have densely packed pleomorphic nuclei. (b) The tumors proliferate 

strongly, indicated by Ki67-positivity of a large proportion of cells. (c) The tumor cells do not express 

CBP but express N-myc as expected by their genotype. Scale bar: 25 µm 

In order to learn more about the origin of the OB tumors, younger mice were analyzed and 

thereby, small lesions, which mark the beginning of tumor development, could be detected. 

Those lesions are located in the outermost layer of the OB, the periglomerular layer. The 

interneurons in this cell layer, PGs, are one of the two cell populations in the adult OB which 

are continuously replaced by new adult born cells. The stem cells responsible for the 

generation of the PGs reside in the SVZ lining the lateral ventricle. Those cells produce 
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progenitor cells which migrate towards their destination in the OB through the RMS, a 

process which we describe to be disturbed in hGFAP-cre::CBPFl/Fl mice.  

We analyzed the small lesions further by immunohistochemistry. We stained the tumors for 

tumor markers like GFAP, Map2c, Sox2 and S100, each being a characteristic marker for a 

neural or astroglial origin of the tumor (data not shown). None of those markers allowed a 

clear classification of the tumors. The tumor cells were negative for GFAP and S100, positive 

for Sox2 and mildly positive for Map2c. We also used the histochemical marker proteins 

Olig2 and Otx2 to collect more information about the tumors and saw that the tumor cells 

express Olig2 and are completely negative for Otx2 expression (Fig. 13 e,f).  

In the analysis of double homozygous mice carrying a complete loss of Cbp together with an 

amplification of MYCN on both alleles, we noted proliferating cells in the mid- and hindbrain 

of mice. The cells seem to cluster along blood vessels and the brain surface and were found 

in the white matter of the cerebellum, in the hindbrain close to the cerebellum as well as in 

the midbrain.  

We also analyzed these lesions immunohistochemically in order to compare them to the 

tumors in the OB. We wanted to determine if the same lesions emerge in different parts of 

the brain or if different malignancies develop in parallel in the brain of 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice. To answer this question, we used the same markers 

we used for the tumors of the OB: GFAP, Map2c, Sox2, S100, Olig2 and OTX2 (data not 

shown and Fig. 13 e,f). Depicted in Figure 13 is a lesion in the midbrain associated with the 

brain surface. Most vessel associated lesions were very diffuse and therefore hard to 

analyze immunohistochemically. The staining of the lesions revealed a strong proliferation 

and the expected loss of CBP and expression of N-myc (Fig. 13 h-j). The marker expression 

of GFAP, Map2c, Sox2 and S100 resembled the expression in the OB lesions and did not 

allow a clear classification of the lesions (data not shown). On the contrary to the OB lesions, 

the mid- and hindbrain lesions were expressing OTX2 but not Olig2 (Fig. 13 e,f vs k,l). 

Therefore, we hypothesized that the lesion in the OB and in the mid- and hindbrain are of 

different origin and are two independent lesions developing in parallel in the brain of 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice.  
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Figure 13: In hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice, brain tumor lesions develop in the OB and 

the midbrain 

(a) H&E staining of a lesion in the periglomerular layer of the OB. (b-f) Immunostainings of the lesion 

in the OB. The cells proliferate strongly and show the expected depletion of CBP and overexpression 

of N-myc. The lesion stain positive for Olig2 and negative for Otx2. (g) H&E stain of a midbrain lesion 

of a hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mouse. (h-l) Immunostainings of a midbrain lesion. The cells 

proliferate and show the loss of CBP and expression of N-myc. The cells do not show reactivity to 

Olig2 antibodies but express Otx2. Scale bar: 50µm 

We wanted to characterize the lesions driven by CBP depletion and N-myc expression 

further. Therefore, we used fresh tumor tissue from the OB tumors for a gene expression 

profiling by microarray. Tissue which was visibly tumor tissue due to its whitish color and 

consistency was freshly extracted and the RNA was isolated. This RNA was then used for 

microarray analysis. We chose microarray analysis because array data for many different 

human tumor entities is publicly available. Due to the diffuse nature of the mid- and hindbrain 

lesions, we could not use fresh tumor tissue directly for gene expression analysis. However, 

we were interested in those lesions and in the differences between the OB and hindbrain 

lesions, which is why we thought about alternative approaches than using fresh mouse tissue 

for RNA extraction. In order to obtain a more homogenous cell population, we cultivated cells 

derived from hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice. We used 3 - 4 week old 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice without tumors visible and their wild type littermates. 

Because we were interested in lesions of the OB and the mid- and hindbrain, we took the 

entire OBs and dissected mid- and hindbrain, dissociated the tissue and cultivated it in NSC 

medium. The dissociated tissue of wild type OBs produced two to five small neurospheres 

per animal. Those appeared after a few days of culture and were most likely the product of 

the few adult stem and progenitor cells residing in the OB. The tissue of the mid- and 

hindbrain of control mice was not able to produce any viable neurospheres. In comparison, in 

the dissociated tissue of the mutant mice of the OBs as well as the hindbrain tissue, multiple 

spheres developed after a few days in culture. These spheres were proliferating strongly and 
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survived at least 6 weeks in culture. Furthermore, we were able to apply normal cell culture 

techniques like splitting, freezing and thawing.  

We also analyzed the spheres immunohistochemically. As expected, the tumor spheres 

proliferate strongly (Fig. 14 f;i) and do not express CBP but highly express N-myc 

(Fig. 14 g;k;j;n). At least a proportion of the cells from both, OB and mid- and hindbrain, 

express Olig2 and Map2c (Fig. 14 l,m; o,p). Additionally, we could show that they express 

NSC markers like Nestin and Sox2 but also neuronal markers like NeuN (Fig. 14 q-v).  

 

Figure 14: Tumor spheres derived from the mid-/hindbrain and the OB of 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice grow in culture and express different histological 

markers 

(a-d) Photos taken of tumor spheres grown in culture for 2 weeks; only very few spheres developed 

from tissue of control mice. (e-g; k-m; q-s) IHC stains of the developing tumor spheres from the mid-

/hindbrain. The spheres proliferate strongly and show protein expression according to their genotype 

(negativity for CBP and expression of N-myc). The markers Olig2, Map2c, Nestin, Sox2 and NeuN did 

not allow a clear determination of tumor entity. (h-j; n-p; t-v) IHC stains of the developing tumor 

spheres from the OB. The spheres proliferate strongly and show protein expression according to their 

genotype (negativity for CBP and expression of N-myc). Scale bar: 50µm 

In order to collect more information about the lesions, we used the tumor spheres to 

generate gene expressing data by RNA sequencing (Fig. 15). This data clearly shows a 

separation of the cells according to their origin either in the OB or the mid- and hindbrain with 

a number of significantly differentially expressed genes (123 down- and 87 upregulated 

DEGs OB- vs. mid-/hindbrain with a log2-fold change ≥ +/- 1 and a FDR <0.1., Fig. 15 a,b). 
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Additionally, we looked at the differential expression of known marker genes and could see 

that the difference in Otx2 and Olig2 positivity observed in the staining of the tumors in vivo is 

also reflected in the transcriptome data (Fig. 15 c). We also used the significantly altered 

DEGs for an overexpression analysis and saw a different pattern for both cell populations 

(Fig. 15 d,e). In the OB derived spheres, overrepresented GO-terms included neuron 

differentiation, neuron development, neural precursor development and other similar terms 

(Fig. 15 d). In contrast, in the mid-/hindbrain derived spheres, overrepresented GO-terms 

included terms associated with less differentiation like embryogenesis, tube development 

and embryonic morphogenesis (Fig. 15 e). This analysis might suggest that both cell 

populations consist of precursor cells and the cells originating from the hindbrain of the mice 

represent an even less differentiated and more embryonic cell population.   
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Figure 15: Lesions developing in the brains of hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice develop 

independently and presumably represent different tumor entities 

(a) Volcano plot of DEGs between cells generated from the mid-/hindbrain and the OB of 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice. 123 DEGs are significantly downregulated and 87 upregulated. 

DEGs with a log2-fold change +/- 1 and an FDR <0.1 are marked in red. Genes with the highest log2-

fold changes are annotated. (b) Unsupervised hierarchical clustering of DEGs. The different anatomic 

origins cluster apart from each other, supporting the difference between the two lesions. Cells derived 

from the OB are represented in green on the left, cells from the mid-/hindbrain on the right in blue. (c) 

Log2-fold changes of marker genes typically used for the characterization of brain tumors. Genes 

upregulated in the OB derived cells are represented in green, genes upregulated in the mid-/hindbrain 

derived cells in blue. The expression of Olig2 and OTX2 differs between the two cell populations. (d) 

Overrepresentation analysis of DEGs upregulated in the OB derived cells compared to the 

mid-/hindbrain derived cells revealed a differentiating neuronal signature. (e) Overrepresentation 
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analysis of DEGs downregulated in the OB-derived cells compared to the mid-/hindbrain, revealed a 

less differentiated embryonal signature in the mid-/hindbrain lesions.  
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4 DISCUSSION 

4.1 CBP IN BRAIN DEVELOPMENT AND HOMEOSTASIS 

In this work, we wanted to investigate the functions of CBP in the CNS and thereby gather 

information about the mechanisms of the ID of RSTS patients. CBP is a transcriptional 

co-activator with an additional KAT-activity and is ubiquitously expressed in the entire body. 

RSTS is a neurodevelopmental disorder presenting with a multitude of symptoms always 

including ID. In 60 % of patients, mutations in CBP are responsible for the disease [69].  

In order to investigate the molecular functions of CBP, we generated a tissue specific mouse 

model leading to the deletion of CBP in the CNS. We chose a conditional knockout mouse 

model, because conventional homozygous knockout animals die prenatally due to multiple 

developmental defects [95-97]. The decision for a homozygous knockout was based on two 

main reasons. Firstly, only a homozygous knockout allows the exact study of protein function 

because no functional copy of the gene is present in the cells. Secondly, a heterozygous 

knockout shows no obvious phenotypic abnormalities in our mouse model. The homozygous 

model is clearly not an exact model for RSTS in humans as patients always carry a 

heterozygous germline mutation. Most likely, homozygous deletions in the germline are 

prenatally lethal for humans as they are for mice.  

The main advantage of our model is the possibility of a homozygous knockout in a specific 

cell population. Another argument for the scientific value of our model is the resemblance of 

aspects of RSTS like the microcephaly and also the abnormalities in the OBs and the 

hippocampus, which has also been described in patients [82].  

Another study described a similar procedure but used the CaMKV promoter to drive 

recombination and thereby CBP loss only in postmitotic neurons [101]. This approach was 

thought to elucidate the postnatal functions of CBP, which should help to gather information 

about the possible treatment of RSTS patients. They showed that the long-term memory is 

disturbed in this mouse model, which suggests that a treatment of RSTS patients might be 

useful in order to increase their intellectual abilities. This promising finding could be 

investigated further in our mouse model as it shows developmental defects as well as 

postnatal abnormalities and might therefore be an appropriate model.  

When interpreting the data of our mouse model, one has to keep in mind that there are 

several limitations despite the underlying genetics. The recombination of our target gene Cbp 

is driven by the hGFAP promoter which is active from E13 onwards, which in turn means that 

some structures will be more affected by the loss than others due to embryonic 
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developmental timing [133]. For example, the hippocampus, which is significantly altered in 

our mouse model, is affected throughout its entire development whereas the cortex also 

develops before onset of recombination. This timing differences can explain that some brain 

regions will be stronger affected by the loss than others and this might not always be due to 

a higher dependency by itself but depend on the time of the CBP loss. For example, the 

finding that the overall cortical architecture is intact in hGFAP-cre::CBPFl/Fl mice might be due 

to the fact that the general cortical architecture is established before loss of CBP and not 

because this process is independent of CBP.  

Additionally, we focused our analysis on neuronal cells although glial cells are also affected 

by the deletion of CBP and build the largest cell population in the brain. We decided to focus 

on neuronal cells as these cells are responsible for the information storage and forwarding 

and might therefore be responsible for the ID seen in RSTS patients. Nevertheless, glial cells 

are also important in many brain functions and might also influence the intellectual ability. 

Therefore, an additional analysis of glial cells in the brain of hGFAP-cre::CBPFl/Fl mice would 

be useful.  

Unfortunately, we could not test the intellectual abilities of our mouse model due to the strong 

phenotypic abnormalities and low stress resistance of the animals. The performed open field 

test already showed a strong behavioral phenotype but further tests, especially for long- and 

short-term memory, would have completed our analysis. It was shown before that 

hGFAP-cre::CBPFl/Fl mice behave differently in a dark-/light-box test, also suggesting an 

increased anxiety [141]. All mouse models generated so far, including our 

hGFAP-cre::CBPFl/Fl mice, show a behavioral phenotype and abnormalities in behavior and 

memory functions. This clearly shows that CBP must be important in those processes and 

strongly suggests a similar importance in humans.  

CBP has been described to be involved in the differentiation of different cell types in mouse 

models. Additionally, the neuron morphology of the few described analyzed RSTS patients 

was described as immature [79-81]. In line with those existing reports, the neuron 

morphology in our mouse model is severely affected by CBP deletion. The neurons have a 

reduced dendrite length and spine as well as synapse density, which suggests a 

differentiation delay or failure. In order to collect more information on the consequences of a 

CBP deletion on neuron morphology, primary neurons of our mouse model were cultivated 

and their morphology was analyzed in another project. These experiments further support 

the observation that a loss of CBP leads to a more immature neuron morphology with 

shortened dendrites [154]. 
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Abnormalities in neuron and especially spine morphology have been described in different 

syndromes of ID. We also conducted analysis on a mouse model of Pitt-Hopkins syndrome 

which is caused by mutations in the Transcription factor 4 and could see abnormalities in 

neuron morphology. In those mice, the apical dendrite is not significantly shorter, but we 

observed a significant increase in branching [22]. Other intensely investigated ID syndromes 

like Down- and Rett-syndrome also show characteristic abnormalities in neuron morphology. 

In Down-syndrome, the dendritic abnormalities do not seem to be as severe as in RSTS. 

Neurons of Down-syndrome patients have been described to be shorter and less branched, 

but the changes are subtle in many mouse models and also human tissue [155-157]. 

Rett-syndrome, another congenital disease associated with severe ID, has also been studied 

for implications for neuron morphology, which could act as a morphological correlate to the 

ID. Also in this disease, diminished neuron lengths as well as abnormalities in spine number 

and morphology have been described [158-161].The finding that morphological alterations of 

neurons are associated with an impaired function and that neuron morphology might 

correlate to ID is of high importance for the understanding of ID. The results generated so far 

suggest that all studied syndromes share an abnormality of neuron morphology, but the 

exact alterations seem specific for the syndrome. This suggests that a correlation between 

the type of ID and the cell shape exists. Most knowledge about CBP function and 

implications for RSTS as well as other ID syndromes have been gained in mouse models as 

patient material is rare. Lately, the use of patient-derived induced pluripotent stem cells 

(iPSCs) has become feasible and thereby allows the study of another model system. In 

2018, a first study using neurons differentiated from RSTS patient-derived iPSCs has been 

published and revealed morphological alterations also in this model system [162]. In order to 

understand the molecular mechanisms leading to the ID in patients and to understand if the 

correlation of neuron phenotype and symptoms is really present, it will be important to 

integrate data generated in mouse models, iPSCs and patient autopsies.  

We observed a severe migration deficit in NPCs of the SVZ at the beginning of the RMS and 

showed by primary cell culture of SVZ precursor cells that this migration deficit is mediated 

by an extracellular signaling molecule secreted by the OB. Gene expression analysis of 

these SVZ derived NPCs also demonstrated a CBP dependent difference in their migration 

behavior. Taken together, we generated in vivo and in vitro data which imply a function of 

CBP in cellular migration of NPCs. These results are in line with the hypothesis that RSTS 

should be grouped with other neural migration disorders such as lisencephaly due to 

similarities in MRI abnormalities [94].     

We presented further that IGF1 is able to rescue the observed migration deficit in vitro and 

hypothesized that this also plays a role in vivo. The hypothesis that IGF1 is important in 
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these processes is supported by the phenotype of IGF1 knockout mice, generated by 

Hurtado-Chong et al., in 2009 [152]. They observe a similar cell accumulation at the 

ventricular border of the RMS in their IGF1 knockout animals and proposed that this is due to 

an effect of IGF1 on the exit of neuroblasts from the RMS in the OB. IGF1 is a growth factor 

which is expressed during embryonic brain development and whose expression decreases 

postnatally in most regions but is kept at high levels in the adult OB and the SVZ [152, 163, 

164]. We could not reveal the exact mechanisms how CBP regulates IGF1, but due to the in 

vitro experiments, the gene expression data and the strikingly similar phenotype, a crosslink 

between the two proteins is strongly suggested. It could be demonstrated by Merk et al. in 

2018 that a loss of CBP results in a migration deficit of granular precursor cells in the 

cerebellum which could be rescued by the growth factor BDNF [115]. BDNF had no effect on 

the migration of NPCs in our in vitro experiments, but BDNF and IGF1 are both secreted 

growth factors. We therefore conclude that CBP is involved in precursor cell migration in 

different compartments in the brain. Although the effector molecules differ depending on the 

cellular context, the overall mechanism that CBP regulates the expression of secreted growth 

factors seems to be prevalent throughout the entire brain. It has been proposed that KATs 

act mainly by integrating environmental stimuli into gene expression [54]. This function is 

thought to explain the large phenotypic variability in RSTS patients as the environmental 

stimuli of patients vary during development and this might be at least in part causing the 

severity of the ID. The function of CBP to regulate the expression of secreted growth factors 

or the cellular response to those factors might be one mechanism how CBP as a KAT is able 

to translate signaling into gene expression. Neural migration is highly regulated by a 

multitude of different stimuli and CBP might be an important protein in the translation of those 

signals into a cellular reaction. The results generated by us and others suggest that CBP is 

involved in differentiation as well as neural migration, two processes which are not clearly 

distinguishable. Most, if not all, neurons need to migrate from their birthplace to their final 

destination in the CNS and differentiate on the way [165]. This further supports the 

importance of CBP in the CNS and its development. 

In conclusion, we employed histological and functional methods to analyze a new mouse 

model for RSTS and provide evidence for a function of CBP in neuronal migration as well as 

neuronal morphology. We described the consequences of a CBP loss on the establishment 

of neuronal morphology, which might be a morphological correlation to the ID in RSTS 

patients. Additionally, we provide evidence that CBP could influence neuronal migration 

through the regulation of the secretion of IGF1. Taken together, our results contribute to the 

understanding of RSTS as a complex neurodevelopmental disorder, which will hopefully 

ultimately help to improve the patient care.  
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4.2 CBP AND N-MYC COOPERATE TO INDUCE BRAIN TUMOR FORMATION IN 

MICE 

CBP is frequently mutated in human cancers, especially of the CNS. In the last years, large 

sequencing studies were performed and it could be shown that SHH-MBs regularly carry 

CBP mutations [115, 119]. It has been described before that CBP acts as a tumor 

suppressor in different tumor entities. Therefore, it was hypothesized that CBP might also act 

as a tumor suppressor in SHH-MBs. This was investigated by Merk et al. in 2018, who were 

able to reveal a highly time dependent effect of a CBP mutation [115]. Their results suggest 

that CBP is functioning as a tumor suppressor in SHH-MBs only upon mutation after early 

pre- and postnatal cerebellar development. This also seems to hold true for the human 

situation as CBP mutations occur significantly more often in adult SHH-MBs compared to 

younger patients. Noteworthy, the cases in which a germline mutation of CBP is described 

and the MB subgroup is known, no SHH-MBs develop but tumors of the Non-WNT/Non-SHH 

groups 3 and 4 are described [119]. Bourdeaut et al. thus hypothesized that RSTS might be 

a predisposition for this type of MBs [76]. We decided to try to model these tumors by 

employing our RSTS mouse model and combining it with a transgene overexpressing N-myc. 

N-myc is known to be frequently amplified in MBs and to drive tumor growth. The generated 

hGFAP-cre::CBPFl/Fl lsl-MYCN mice developed brain tumors in the OB. Mice carrying two 

alleles of the MYCN gene develop tumors earlier in life and with a higher penetrance then 

mice carrying only one copy of the oncogene. This indicated that N-myc is driving tumor 

formation and that the dosage of the oncogenic protein is important. It was described before 

by Fielitz at al. that mice carrying only the MYCN transgene under control of the hGFAP 

promoter develop tumors of the pituitary gland and in the pancreas later in life. In contrast to 

that, brain tumor formation was not observed [153]. We could recapitulate the pancreas and 

pituitary gland tumors in our mice in animals which do not develop brain tumors earlier in life. 

As our hGFAP-cre::CBPFl/Fl mice never develop brain tumors, the tumors in 

hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice are really dependent on both, the loss of CBP and the 

additional expression of N-myc. Mice carrying two copies of MYCN developed not only 

tumors of the OB, but also more diffuse lesions in the mid- and hindbrain. These were 

associated with blood vessels or brain surfaces and seem to represent a different tumor 

entity than the tumors of the OB.  

First, we wanted to identify the tumors by histology and then by gene expression analysis in 

order to learn more about their biology and comparability to human brain tumor entities. In 

humans, only olfactory neuroblastomas develop in the OB and surrounding tissues. Different 

to the mouse tumors, those neuroectodermal tumors develop from the olfactory epithelium 

[166, 167].  
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In our mice, we could show that tumors develop from PGs of the OB. We hypothesize that 

the anatomic location of the tumors is largely based on the differences in the biology of mice 

and men. Mice have an immensely larger olfactory region in the brain and the adult 

neurogenesis in this region is at least more prominent compared to humans in which its 

existence is still under debate [168-170]. The active neurogenesis makes this process 

vulnerable for malignant transformation and therefore, tumor development in this region is 

not entirely surprising. The OB as a location for mouse tumor formation is also described for 

other transgenic mouse tumor models like glioblastoma [171-174]. This supports the 

hypothesis that the OB is a more tumor prone region in mice than in humans.  

In order to learn more about the biology of the lesions in our mouse model and to gain a pure 

population of probably malignant transformed cells, we cultivated tumor cells in vitro. For this 

purpose, we dissected the OB as well as the hind- and midbrain and dissociated the tissue. 

In hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice, spheres developed after a few days in culture 

whereas in the control situation only very few spheres formed in the tissue from the OB. The 

spheres from the transgenic animals grew strongly in culture whereas the few OB spheres in 

the control stopped growth after a short time in culture. This fast growth in vitro suggests a 

malignant potential of the cells. Additionally, we analyzed the global gene expression of the 

tumor spheres to investigate the differences between cells originating from the OB and the 

mid- and hindbrain. Thereby, we wanted to determine if they represent two different tumor 

entities as suggested by immunohistochemistry. In the analysis of the DEGs, we could 

clearly separate the cells from both anatomic locations, which supports the hypothesis that 

the two lesions in the brains of hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl mice develop in parallel 

instead of being one and the same tumor.  

Swartling et al. recently developed a model for N-myc driven brain tumor formation [175, 

176]. They showed that the overexpression of N-myc in NSCs was not sufficient to drive 

tumor growth but only the expression of a mutational activated N-myc [175]. Additionally, 

they showed that the origin of the NSC determines the developing tumor type and that NSCs 

of the forebrain drive forebrain tumors resembling aspects of human gliomas. We propose a 

model in which MYCN does not have to be mutated but is combined with the loss of a tumor 

suppressor gene to drive tumor formation. This is likely to be more common in human tumors 

as mutations in N-myc are rare amongst all human tumor entities, whereas amplification and 

elevated expression are frequently observed [109, 110, 177]. Unfortunately, we were not 

able to determine the human counterpart of the tumors we observed in the transgenic mice. 

The tumors, especially of the OB, might resemble human glioma. Swartling et al. proposed in 

2012 that N-myc is able to drive different tumor entities depending on the transformed cell. 

They observed glioma-like tumor formation in the forebrain. Specifically, they hypothesized 
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that their mouse model develops tumors which resemble malignant glioma and primitive 

neuroectodermal-tumor like features (MG-PNET). Those tumors, were described to express 

N-myc or c-myc in their primitive appearing nodules [175, 178]. Additionally, the expression 

of Olig2 in the OB tumors supports the hypothesis that these tumors might resemble human 

gliomas as Olig2 is used as an immunohistochemical marker in human glioma. Moreover, its 

expression is also described for the murine N-myc driven forebrain tumors [175, 179]. 

Furthermore, mouse models of glioma frequently develop tumors in the OB. A possible 

explanation for this observation might be that NPCs undergo malignant transformation in the 

SVZ and then migrate on their natural route into the OB where they establish the tumors 

[180, 181]. The tumors developing in the mid- and hindbrain of the animals might also 

resemble gliomas, as their diffuse growth pattern and their association with blood vessels 

and the brain surface is also described for human glioblastoma [121, 182]. However, the 

expression of the TF Otx2 suggests a different tumor type. The expression of Otx2, 

especially in the combination with overexpression of N-myc, has been described in group 3 

and group 4 MBs [183].  

Taken together, although we were not able to clearly determine which human tumor entity is 

resembled by our mouse model, we showed clearly that the combination of a loss of CBP 

and the expression of N-myc can drive tumor formation. The combination of both events 

might also play a role in human brain tumor formation. Both, CBP mutations as well as high 

expression of N-myc can be found in different brain tumor entities like MB but also glioma 

[109, 110, 184]. Therefore, our mouse brain tumor model is worth to be further investigated 

although no exact matching human tumor entity might be available.  

  



Outlook 
 

56 
 

5 OUTLOOK 

The RSTS is a congenital neurodevelopmental disorder which is known for 57 years now and 

since 25 years, the genetic cause in 70 % of patients is understood. However, despite 

multiple studies and the usage of different mouse models, many CBP functions, especially in 

brain development, remain unknown. In order to be able to identify possible treatments for 

RSTS patients, molecular functions of CBP need to be unraveled. Those could lead to drug 

target discoveries which will ultimately help to improve patient care. With this study, we 

describe a new conditional mouse model with a CNS-specific complete knockout of Cbp. We 

detected a function of CBP in neuronal migration and neuron morphology.  

With our mouse model, we were not able to distinguish the functions of CBP in the 

development of the CNS from E13 onwards from the effects in the fully developed brain. In 

order to treat patients after developmental neurogenesis is completed, it is important to 

determine which effects of a Cbp mutation or deletion are remediable by a postnatal 

treatment. Therefore, it would be useful to employ an additional mouse model and compare 

the effects of a postnatal deletion of CBP to the results generated with our mouse model. 

One opportunity would be to use an inducible cre-loxP system also driven by the 

hGFAP-promoter. Such an inducible system employs a fused cre-protein which is only active 

upon treatment with tamoxifen as the fusion protein can only enter the nucleus upon ligand 

binding. Thereby, one could study the effects of CBP deletion at different postnatal stages 

and could also use this mouse model for clinical trials. The combination of the results 

generated in those mice with our data would allow the exact determination of postnatal 

effects as this would target the same cells. 

We analyzed the effects of a loss of CBP on the neuron morphology in order to collect more 

information about the basis of the ID in patients. Thereby, we detected a specific profile of 

alterations which are different from the anomalies described for other ID-syndromes. If it 

holds true that the morphological alterations represent the morphological correlate to the ID, 

this would allow the grouping of ID syndromes and maybe a more personalized treatment. In 

order to gather more information to be able to make such an assumption it would be needed 

to collect functional data on the one hand and human data on the other hand. Data on 

neuron function, for example using electrophysiology, would be a useful complement to our 

existing data. Additionally, more patient material is urgently needed to be able to evaluate the 

mouse data better. Therefore, autopsies of RSTS brains are needed, especially as the only 

existing pathological investigations of RSTS patients were performed in the 1960s and 

1970s, a time when the genetic testing of patients was not available. Furthermore, patient 



Outlook 
 

57 
 

derived iPSCs are a relatively new technology which will allow a more detailed analysis of 

specialized cells and their functions and the analysis of RSTS-patient cells has just started.  

In a second part of the project, we wanted to model human brain tumors, especially those of 

RSTS patients. Therefore, we generated a mouse model which has a CNS specific deletion 

of CBP and at the same time an overexpression of N-myc. The resulting animals developed 

aggressive, rapidly proliferating brain tumors in the fore- and hindbrain. In order to clearly 

demonstrate the malignant potential of the tumors, tumor cells should be transplanted 

orthotopically into the brains of wild type mice and the potential tumor growth should be 

monitored.  

Histological and location-wise, the mouse tumors did not clearly resemble a human brain 

tumor entity. We generated global gene expression profiles for our mouse tumors which 

should be compared to human brain tumor data. This may reveal which human tumor entity 

is most similar to the CBP and N-myc driven tumors. However, we collected evidence that 

two different entities emerge in the animals. The forebrain tumors might resemble human 

glioma. The combination of those two genetic events (mutation of CBP and overexpression 

of N-myc) need to be further investigated as we clearly showed the tumor driving potential. 

The two genetic modifications could also be more generalized as mutations of a chromatin 

modifier and overexpression or even amplification of a TF of the Myc family is a frequent 

event in tumors. Additionally, our mouse model is the first to demonstrate the tumorigenicity 

of the combination of both. Therefore, our tumor mouse model should be further investigated 

to identify the corresponding human tumor entity and to test possible treatment options. It 

was proposed that CBP mutated tumors might be targetable with KDAC-inhibitors, which 

could be tested in our model. Furthermore, N-myc driven tumors are an ongoing research 

topic so that targeted therapies might be developed for such tumors. In the development of a 

new drug, different model systems are needed to test the efficacy. For this, our mouse model 

would also be of high importance for different N-myc targeting drugs.  

Additionally, it was proposed before that glioma derive from malignant transformed NSCs 

and that a mutationally activated N-myc expressed in NSCs is able to accelerate the 

proliferation of NSCs. Also, mutations in CBP have been proposed to increase the 

proliferation rate of NSCs [185]. Therefore, it would be interesting to compare the behavior 

and potential of NSCs derived from our different mouse models (hGFAP-cre::CBPFl/Fl, 

hGFAP-cre::lsl-MYCNFl/Fl  and hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl). If it could be shown that the 

combination of both genetic events is able to increase the proliferation of NSCs, together 

with the generated in vivo data, would support the hypothesis that aggressive forebrain 

tumors like glioma derive from transformed NSCs. In order to investigate this further, it might 

also be possible to design an in vivo experiment. For this, SVZ cells would need to be 

labeled for example by local application of BrdU or a GFP expressing virus. Then, the 
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labeled cells could be tracked and it could be investigated if these cells form the tumor in the 

OB. A virus or in-utero electroporation could also be used to induce the recombination only in 

SVZ cells. Such an experimental set-up using in-utero electroporation and a recombination 

driving virus was employed to show that glioblastoma could develop in the SVZ [181]. 

Another possibility to determine if the origin of the tumor lies within in SVZ would be to 

transplant SVZ cells of a transgenic mouse (hGFAP-cre::CBPFl/Fl lsl-MYCNFl/Fl) into the SVZ 

of a wild type mouse and OB cells of the same genotype into the OB and observe if these 

animals develop tumors.   
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6 ABSTRACT 

The transcriptional co-activator and lysine acetyltransferase CBP is a ubiquitously expressed 

protein with multiple functions during development and in the adult. Mutations are the 

underlying cause of the congenital neurodevelopmental disorder Rubinstein-Taybi syndrome 

(RSTS). This is associated with different symptoms including an intellectual disability (ID). 

The molecular functions responsible for the ID were investigated in this study. We developed 

a cre-loxP driven mouse model which allowed a central nervous system specific deletion in 

cells from embryonic day 13.5 onwards. The resulting hGFAP-cre::CBPFl/Fl mice were 

analyzed for their behavior and general brain morphology. We show that they display 

features of RSTS patients like microcephaly and behavioral abnormalities.  

Further analysis were focused on the brain and detected abnormalities in the main 

neurogenic zones: the hippocampus and the subventricular zone (SVZ). The basic 

architecture of the hippocampus is intact upon CBP deletion but the stem cell compartment is 

diminished. In the SVZ, we observed a large cell accumulation due to a migration deficit of 

neural precursor cells. We could recapitulate the migration deficit in vitro and provide 

evidence that it is mediated by IGF1 as an extracellular signaling molecule secreted by the 

olfactory bulb. The migration deficit was also visible in global gene expression analysis of 

cultured neural precursor cells. Thereby, we were the first to collect functional evidence that 

CBP is important in neural migration in the forebrain.  

Additionally, we analyzed the cell morphology of forebrain neurons of hGFAP-cre::CBPFl/Fl 

mice and detected severe alterations. The analyzed pyramidal neurons have a diminished 

dendrite length as well as spine density upon CBP loss. The ultrastructure of the neurons 

revealed an additional reduction in synapse number. Together, these results might be the 

morphological correlate to the ID of RSTS patients.  

Apart from the role of CBP in brain development and homeostasis, it is described to have 

tumor-suppressive functions in different tumor entities. Additionally, a higher tumor risk for 

RSTS patients has been described. In order to understand this further, we developed a 

mouse model combining the deletion of Cbp with an amplification of the oncogenic driver 

N-myc. The resulting hGFAP-cre::CBPFl/Fl lsl-MYCN mice developed tumors of the olfactory 

bulb and lesions in the hindbrain. We were able to cultivate tumor cells in vitro. Histological 

and gene expression analysis of the tumors reveal the development of two different tumor 

entities within the brain of transgenic mice.  

Taken together, our results provide evidence for a role of CBP in neuronal migration and an 

important function in adult neurogenesis. We propose a morphological correlate to the ID in 

RSTS patients as well as a tumor suppressive role of CBP in combination with the oncogenic 

driver N-Myc.     
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7 ZUSAMMENFASSUNG 

Der transkriptionelle Co-Aktivator mit Lysin-Acetyltransferase Aktivität CBP ist ein ubiquitär 

exprimiertes Protein mit vielen Funktionen während der Entwicklung und im adulten 

Organismus. Mutationen in CBP führen zum Rubinstein-Taybi Syndrom (RSTS), einer 

kongenitalen neuronalen Entwicklungsstörung. RSTS ist assoziiert mit verschiedenen 

Symptomen, unter anderem einer mentalen Retardierung. Die Funktionen von CBP, in 

Hirnentwicklung und -homöostase, wurden im Rahmen dieser Arbeit untersucht. Wir haben 

ein cre-loxP basiertes Mausmodell entwickelt, das eine Deletion im zentralen Nervensystem 

ab Embryonaltag 13,5 erlaubt. Unsere hGFAP-cre::CBPFl/Fl Mäuse spiegeln einige Aspekte 

des RSTS wie Mikrozephalie und Verhaltensauffälligkeiten verlässlich wider.  

Wir konnten Auffälligkeiten in den neurogenen Zonen des Gehirns, dem Hippocampus und 

der Subventrikulärzone (SVZ), finden. Die Architektur des Hippocampus ist auch nach 

Deletion von CBP intakt, allerdings scheint das Stammzellkompartiment verkleinert zu sein. 

In der SVZ haben wir eine große Zellansammlung durch ein Migrationsdefizit von neuronalen 

Vorläuferzellen beobachtet und in vitro rekapituliert. So konnten wir zeigen, dass vom Bulbus 

olfaktorius sezerniertes IGF1 als Signalmolekül zum Phänotyp beitragen könnte.  

Zusätzlich konnten wir zeigen, dass die Morphologie der pyramidalen Neurone stark 

verändert ist. Sie haben deutlich verkürzte apikale Dendriten, eine verringerte Dichte von 

Dornfortsätzen sowie eine signifikante Reduktion von Synapsen.  

Zusätzlich zu einer Rolle von CBP in der Gehirnentwicklung ist CBP auch als 

Tumorsuppressor in verschiedenen Tumorentitäten beschrieben. Dazu passt, dass in RSTS 

Patienten eine Tumorprädisposition beobachtet wurde. Um dies genauer zu verstehen, 

haben wir ein weiteres Mausmodell generiert, in dem wir die Cbp Deletion mit einer 

Amplifikation des bekannten Onkogens N-Myc kombiniert haben. Die generierten 

hGFAP-cre::CBPFl/Fl lsl-MYCN Mäuse haben Tumore im Vorder- und Hinterhirn entwickelt. 

Wir konnten zeigen, dass transgene Tumorzellen auch in vitro wachsen. Die Analyse von 

Tumorhistologie und Genexpression deutet auf eine simultane Entstehung von zwei 

verschiedenen Tumorentitäten hin.  

Zusammenfassend liefern unsere Ergebnisse Hinweise für eine Rolle von CBP in der 

neuronalen Migration und der Neurogenese. Wir zeigen ein mögliches morphologisches 

Korrelat für die mentale Retardierung in RSTS Patienten. Zusätzlich zeigen wir, dass ein 

Verlust von CBP in Kombination mit N-myc zu der Entstehung von aggressiven 

Gehirntumoren führt. 
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10 ABBREVIATIONS 

Bromo    bromodomain 

BSA    bovine serum albumin 

CBP    cyclic AMP-responsive element binding protein binding protein  

CC    corpus callosum  

CH 1-3    cystein/histidine-rich region 1-3 

CNS    central nervous system  

cre    causing recombination 

CREB    cyclic AMP-responsive element binding protein  

DAB    3,3'-Diaminobenzidine 

DAPI    4,6-Diamidin-2-phenylindol 

DCX    doublecortin  

DEG    differentially expressed genes  

DG    dentate gyrus 

DNA    deoxyribonucleic acid 

E    embryonic day  

ECM    extracellular matrix 

ELISA    enzyme-linked immunosorbent assay 

floxed    flanked by loxP 

GO    gene ontology 

hGFAP   human glial fibrillary acidic protein  

HRP    horse-radish peroxidase 

ID    intellectual disability 

IGF1    insulin-like growth factor-1  

IGFBP5   insulin-like growth factor binding protein 5  

iPSC    induced pluripotent stem cell 

KAT    lysine acetyl transferases  

KDAC    lysine deacetylases 

KIX    CREB binding domain 

LGE    lateral ganglionic eminence  

loxP    locus for crossing over(x), P1 

MB    medulloblastoma 

MGE    medial ganglionic eminence  

MRI    magnet resonance imaging 

NGS    normal goat serum  

NPC    neural precursor cells  
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NRID     nuclear hormone receptor interaction domain 

NSC    neural stem cell  

OB    olfactory bulb  

oSVZ    outer subventricular zone  

P    postnatal day 

p300    E1A Binding Protein P300  

PBS    phosphate buffered saline 

PFA    paraformaldehyde 

PG    periglomerular cell 

PHD    plant homeodomain  

PSD    post synaptic density 

PVDF    polyvinylidenfluorid 

Q    polyglutamine stretch 

RG    radial glia 

RIN    RNA integrity number  

RMS    rostral migratory stream  

RNA    ribonucleic acid  

RSTS    Rubinstein-Taybi syndrome 

RT    room temperature  

SDS    sodium dodecyl sulfate 

SDS PAGE   sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SHH    sonic hedgehog  

SVZ    subventricular zone 

TAP    transit-amplifying progenitor cell  

TAZ    transcriptional adapter zinc-binding domain  

TBS-T    tris-buffered saline with 10 % Tween  

TF    transcription factor 

Trizol    guanidinium thiocyanate-phenol-chloroform extraction 

TSE    turbo spin echo  

VZ    ventricular zone  

WNT    wingless/Int-1  
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