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Abstract 
 

Micro RNAs (miRNAs) are key players in post transcriptional gene regulatory processes. 

Upon binding to specific recognition sites harbored mainly in the 3’untranslated regions 

of their target mRNAs, miRNAs either mediate degradation of these target mRNAs or 

their translational inhibition (O’Brien et al. 2018). Due to the considerably large number 

of genes targeted by miRNAs, it is not surprising that they also play a role during brain 

development. Many aspects of neurogenesis and neuronal migration are controlled by 

miRNAs and consequently, the misregulation of miRNAs can lead to impairments in 

these processes. In this study, a miRNA expression analysis was performed to access the 

miRNA expression profile of the murine embryonic brain at different developmental 

stages. Based on that, the effect of miR-16 on embryonic brain development was studied 

in more detail. MiR-16 is part of the miR-15 miRNA family. Other members of this miRNA 

family have already been shown to be important during embryonic brain development, 

the role of miR-16, however, remained unclear. To study the exact role of miR-16 in 

these developmental processes in more detail, a general description of the phenotype 

caused by miR-16 overexpression was made. For this, miR-16 was overexpressed in vivo 

in the embryonic neocortex of the mouse brain by in utero electroporation, followed by 

a range of antibody stainings with different neuronal cell markers. This analysis revealed 

that miR-16 is an important regulator of neural differentiation. In addition, mRNA 

sequencing of miR-16 overexpressing neuronal cells was performed to reveal potential 

target genes of this miRNA. One of the predicted targets, Wee1, was validated by 

performing luciferase reporter assays, western blot analyses and RT-qPCR. Taken 

together, this study gives an overview of miRNA expression profiles during murine brain 

development and reveals miR-16 as important regulator of embryonic neurogenesis. 

Furthermore, the checkpoint kinase Wee1 was identified as a target of miR-16. 
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Zusammenfassung 
 

Mikro RNAs (miRNAs) sind wichtige Einflussfaktoren der post-transkriptionell 

stattfindenden Genregulation. Durch translationale Repression oder Degradierung von 

mRNA, können miRNAs die Genexpression ihrer Zielgene regulieren (O’Brien et al. 

2018). Aufgrund der hohen Anzahl an Genen, die einer Regulation durch miRNAs 

unterliegen, ist es nicht erstaunlich, dass einige Aspekte der Neurogenese und der 

Entwicklung des Gehirns ebenfalls von miRNAs reguliert werden. Vielmehr kann ein 

großer Anteil der neuronalen Entwicklungsstörungen im embryonalen Cortex auf miRNA 

Fehlregulationen zurückgeführt werden. In dieser Arbeit wurde das miRNA 

Expressionsprofil im sich entwickelnden, embryonalen Gehirn mittels miRNA 

Sequenzierung genauer betrachtet. Darauf aufbauend, wurde der Effekt von miR-16 auf 

die embryonale Gehirnentwicklung genauer untersucht. MiR-16 ist Teil der miR-15 

miRNA Familie. In der Vergangenheit konnte gezeigt werden, dass miRNAs aus dieser 

Familie wichtige Rollen in regulatorischen Prozessen der embryonalen 

Gehirnentwicklung spielen. Um die Rolle und Targets von miR-16 in diesen 

regulatorischen Prozessen genauer zu untersuchen, wurde eine mRNA Sequenzierung 

von mit miR-16 überexprimierten, neuronalen Zellen durchgeführt. Wee1, eines der 

vorhergesagten Targets von miR-16 wurde darauffolgend mittels Luciferase Reporter 

Assays, Western Blot Analysen und RT-qPCR validiert. Darüber hinaus wurde eine 

generelle Beschreibung des durch miR-16 Überexpression hervorgerufenen Phänotyps 

im sich entwickelnden Gehirn vorgenommen. Hierfür wurde miR-16 mittels In Utero 

Elektroporation im embryonalen Maushirn überexprimiert um anschließend 

Antikörperfärbungen mit einer Auswahl an neuronalen Zellmarkern durchzuführen. 

Zusammengefasst gibt diese Studie einen Überblick über die generelle Expression von 

miRNAs im sich entwickelnden Gehirn und beschreibt miR-16 als möglichen Regulator 

der embryonalen Gehirnentwicklung. Darüber hinaus wurde die Checkpoint Kinase 

Wee1 als wichtiges Target von miR-16 identifiziert und der in vivo durch miR-16 

Fehlregulation verursachte Phänotyp wurde beschrieben.  
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Introduction 
 

1. The developing brain 

The brain is one of the most fascinating and complex organs of the human body. A lot 

of research has been done to figure out how this complex machinery works and how it 

develops from embryonic stages up to adulthood. Human brain development starts at 

around week 3 of gestation and proceeds at least until postnatal adolescent stages of 

development (Stiles et al., 2010). Recent studies even suggest, that the brain´s 

development is not completed until the third decade of a human´s life (Gibb et al., 2018). 

One of the most prominent structures of the mammalian brain is the so-called 

neocortex. This 2-5 mm thick layer of cells lies on the surface of the brain and is part of 

one of the most important information processing networks of the human body (Stiles 

et al., 2010).  

Size, mass and complexity of the human neocortex increased over the course of 

evolution so that now it has become the center of the vast cognitive abilities that 

distinguishes mankind from other mammals (Rakic, 2009). The cortical development 

from reptiles to the modern human species Homo sapiens, came along with a broad 

variety of changes in the structure of the brain. One of them was the formation of folds 

and ridges within the cortex, so called gyri (Armstrong et al., 1995). This enabled the 

cortical surface to increase its number of neurons and to expand to a bigger over all 

area, which is associated with higher cognitive performances. Most rodents, including 

mice lack these cortical folds and ridges and are therefore referred to as being 

“lissencephalic” (Sun et al., 2014).  

Even though cortical size and mass do not necessarily correlate with cognitive function 

and behavioral intelligence in all species, it has been suggested that in humans, cortex 

size is of major significance concerning brain function and intelligence performance. In 

line with this assumption, patients suffering from syndromes associated with smaller or 

enlarged brains, referred to as micro- or macrocephaly, display a wide range of cognitive 

deficits (Hanzlik et al., 2017). To get a better perception of the brain as a whole and to 

shed more light on the complex process of brain development, the following chapter 
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will discuss the origin of brain tissue in the body and the different stages of 

neurodevelopment.   

1.1. Stages of neurodevelopment 

Brain development starts, when a first brain like structure emerges from the neural 

tube. This structure consists of 3 vesicles: The prosen-, mesen- and rhombencephalon, 

which are the embryonic precursors of the later for-, mid- and hindbrain (Stiles et al., 

2010). During further developmental stages, the prosencephalon divides into the 

telencephalon and the diencephalon, and the rhombencephalon divides into the 

metencephalon and the myelencephalon (Moreno et al., 2011; Wang, 2004).  

The huge diversity of neuronal cell types forming the mammalian brain mostly emerges 

at embryonic and early postnatal stages (Mira & Morante, 2020). In mice, neurogenesis 

starts around embryonic day E10 when neuroepithelial cells gradually evolve into apical 

radial glia cells (RGCs) (Cardénas & Borrell, 2020; Prieto-Colomina et al., 2021). This type 

of cells with apical-basal polarity is located in the ventricular zone of the developing 

brain and in the course of time directly or indirectly gives rise to all kinds of cortical 

neuronal cell types (Juan & Borrell, 2015). By undergoing asymmetric as well as 

symmetric division, radial glia cells can both self-renew the stem cell pool or produce 

daughter cells that are either neurons or intermediate progenitor cells (IPCs) (Kriegstein 

& Alvarez-Buylla, 2009). To keep the balance between the number of IPCs, neurons and 

RGCs in the developing brain, the process of radial glia division has to be regulated 

precisely (Taverna et al., 2014).  

As more and more RGCs of the ventricular zone start to divide asymmetrical into 

intermediate progenitor cells, the subventricular zone of the brain is built gradually with 

an increasing number of Tbr2 positive IPCs (Sessa et al., 2008).  

Whereas the basal progenitors populating the subventricular zone seem to have a 

multipolar morphology, the radial glia cells in the ventricular zone keep their clear apio-

basal polarity and ability of self-renewal to constantly undergo symmetric and 

asymmetric divisions for stem cell pool maintenance or production of neurons 

(Buchmann et al., 2007).   
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Most of the basal progenitors in the intermediate zone preferentially undergo 

symmetrical division and by this, produce mostly neuronal daughter cells which later 

migrate to the outer layers of the developing brain (Noctor et al., 2008; Hevner et al., 

2012).  

Figure 1 depicts schemes of the different cell types of the murine and the human cortex. 

 

Figure 1: The developing cerebral cortex in mice and humans. aRGCs and aIPCs reside in the 
ventricular zone, bIPCs in the subventricular zone, bRGCs and migrating neurons in the 
intermediate zone and mature neurons are located in the cortical plate. (From Sun et al., 2014) 

 

1.2. Neuronal migration 

The cortex is built up in a distinctly organized structure containing 6 layers. The inside-

out arrangement of cortical neurons locates the youngest neurons farthest and the 

oldest neurons closest to their place of origin. From bottom to top, the six layers of the 

cortical plate are numbered from I to VI (Cooper, 2008). 
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To reach their layer of destination, new born neurons have to make their way from their 

area of origin through already existing layers of neuronal tissue. This process is called 

neuronal migration. Neuronal migration can be subclassified into radial and tangential 

migration. In the developing cerebral cortex, radial migration is the principal mode of 

neuronal migration (Hatten, M.E., 1999). Neurons born in the ventricular and 

subventricular zone of cerebral cortex radially migrate into the cortical plate. Tangential 

migration on the other hand often is used by interneurons born in the ganglionic 

eminences to travel long, border crossing distances in the brain and is characterized by 

movements parallel to the surface along axons of other neurons (Marìn et al., 2001). In 

the case of radial migration, there are two possibilities for new born neurons to migrate 

out of the ventricular zone to their layers of destination. Somal translocation and 

neuronal migration along radial glia cells. Due to the fact, that during early phases of 

cortical formation newborn neurons don’t have to travel long distances, somal 

translocation is preferentially used for migration in these stages of development 

(Nadarajah et al., 2002). During somal translocation, the migrating neuron extends a 

long process to the pial surface of the developing brain. After having attached to the 

outer most layer with its basal process, the soma of the migrating neuron travels 

towards the pial surface along this process. The end of this migration is characterized by 

a regression of the neuron´s process and a completed movement of the neuron out of 

the ventricular zone into the developing cortical plate (Miyata et al., 2001).  

With proceeding brain development, the distances that have to be travelled increase 

and therefore, another mode of neuronal migration occurs. Referred to as “neuronal 

migration along RGCs”, this type of migration describes the movement of neurons along 

long radial glia processes out of the ventricular zone into developing cortical layers. 

Whilst the nucleus of the RGCs neurons migrate along is still located in the ventricular 

zone of the developing brain, their basal processes reach out to the pial surface and 

attach to it. By attaching to this radial glia process, new born neurons are able to migrate 

into different cortical layers along the radial glia scaffold (Rakic, 1972).  

The “tangential” type of neuronal migration mentioned earlier was described when the 

ventral telencephalon was identified as a second proliferative zone in the developing 

embryonic brain. This region was identified as an important source of inhibitory cortical 
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interneurons (Anderson et al., 2001). In comparison to radially migrating neurons which 

usually only have one single leading process, neurons that migrate tangentially through 

the developing brain display far more branched leading processes (Valiente et al., 2010). 

As tangential migration is mainly regulated by molecular guidance cues, tangentially 

migrating neurons have to rapidly react to different cues by maintaining a number of 

leading process branches similarly (Huang, 2009).  

Cortical development is strictly regulated by so called Cajal-Retzius cells (CR cells), which 

have been first described in 1891 by  Santiago Ramón y Cajal and Gustaf Retzius. In early 

stages of development, these cells have migrated tangentially into the developing cortex 

and form a border for other migrating neurons by being continually pushed along as the 

cortex grows in its inside-out manner (Soriano et al., 2005). Like this, the CR cells form 

the marginal zone of the developing cortex which makes them the only cells not 

subjected to the inside-out birth order of the remaining developing cortex (Cooper, 

2008). Figure 2 shows a scheme of the adult and developing embryonic neocortex with 

its 6 different layers. In the context of CR cells, it is also important to shed some light on 

the reelin pathway. The molecular signal reelin is produced by the CR cells in the upper 

most layer of the developing brain and signals the migrating neurons where and when 

to stop their migration through the cortical layers (Bielle et al., 2005). The accuracy of 

reelin signaling is very important, as disruptions of this pathway lead to defects in the 

laminar structure and conglomerates of neurons that are unable to migrate properly to 

their layer of destination in the developing brain (Rice et al., 2001).  

 

 

  

 

 

 

 

Figure 2: The six layers of the developing brain. New born neurons add themselves to the 
developing cortex in an inside-out manner. (From Cooper, 2008) 

https://en.wikipedia.org/wiki/Santiago_Ram%C3%B3n_y_Cajal
https://en.wikipedia.org/wiki/Gustaf_Retzius
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1.3. Different types of neurons and synaptic transmission 

Young neurons develop neuronal processes in the form of axons and dendrites as soon 

as they arrive in their target region of the cortex. These processes allow the neurons to 

integrate into neuronal networks of the brain and to communicate with other, 

neighboring brain cells (Stiles et al., 2010). Generally, neurons consist of the cell body, 

referred to a soma, one single outreaching axon covered by a myelin sheath and a huge 

number of dendrites, that form arbor-like structures and spread out to other cells 

(Brown et al., 2005). Figure 3 shows a schematic drawing of a neuron. Whereas axons 

are that part of the nerve cell that sends information to other cells of the body, the 

dendritic arbors spread out to receive messages and cues from the surrounding 

environment including other nerve cells. To help the neuron navigate through the brain 

tissue, every axon exhibits growth cones at the top of its process. This growth cone helps 

to sample the environment for attractive and repulsive cues and assists the neuron to 

find the way to its target (Stiles et al., 2010).  

 

 

Figure 3: Schematic drawing of a neuron. (From Stiles at al., 2010) 
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Communication between two neurons is performed via synaptic transmission. The 

synapses located on the axon terminal of a signal sending neuron(presynaptic) release 

neurotransmitters and electrochemical cues which are recognized by receptors on the 

dendrites of the signal receiving neuron(postsynaptic) (Freissmuth et al., 2020).  

Although all neurons respond to and send electrochemical nerve signals, there are still 

different types of neurons that are characterized by varying structures and functions in 

the central nervous system. Whilst so called sensory neurons display a bipolar shape to 

detect and convert different kinds of stimuli of the environment, motorneurons which 

are unipolar, carry signals from the central nervous system to the muscles of the body. 

In between these two types of neurons, a third type can be found, interneurons. 

Interneurons display a pseudounipolar shape with two axons connected to both the 

central nervous system and muscle tissue and therefore facilitate communication of the 

different neuronal cell types in the brain (Abraira et al., 2013).  

1.4. Cell cycle and neurogenesis 

As already described above, the brain emerges from a limited number on 

neuroepithelial and primary neuronal stem cells. The formation of neuronal networks 

out of these stem cells is precisely orchestrated and numerous factors regulate the 

division and proliferation of these cells. The eucaryotic cell cycle can be divided into four 

phases: M phase, G1 phase, S phase and G2 phase (Cheffer at al., 2013). G1-, S- and G2 

phase are often referred to as interphase. During these phases, the DNA of the cell is 

duplicated in order to build a fully functional daughter cell. The division of the nucleus 

takes place during mitosis (M phase). Mitosis is divided into prophase, metaphase, 

anaphase and telophase. During prophase, the duplicated chromatin condenses and the 

nuclear membrane dissolves. At the two poles of the dividing cell, the spindle apparatus 

emerges. Metaphase is characterized by the attachment of the spindle apparatus´ 

microtubules to the condensed chromosomes and thereby an arrangement of the 

chromosomes at the equatorial level of the cell. During anaphase, the sister chromatids 

eventually divide from one another and move to the opposite poles of the cell, directed 

by the attached microtubules of the spindle apparatus. Telophase completes cell 

division by duplicating all remaining cellular components and organelles, referred to as 

cytokinesis, and by re-establishing the normal cellular shape. By the end of telophase, 
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the chromatids have decondensed and have returned to their loose form. After mitosis 

is completed, the cell moves into G1 phase to prepare for DNA replication which occurs 

in S phase. Subsequently, during G2 phase, the cell again prepares for another mitosis. 

Cells that are not dividing at the moment can also enter a resting state, referred to as 

G0 phase. In this state, no DNA duplication or nuclear division takes place. Most of the 

non-growing and non-proliferative cells of the human body reside in G0 phase 

(McIntosh, 2016). Figure 4 shows an overview of the different phases of the cell cycle 

and involved factors. 

 

Figure 4: The cell cycle. With Mitosis, G0-, G1-, S- and G2 phase (From Vermeulen et al., 2003). 

In order to maintain the correct sequence, the cell cycle is strictly regulated by a wide 

range of cellular proteins. One of the most important regulators of the cell cycle are 

cyclin dependent kinases (CDKs). These serine/threonine protein kinases are activated 

throughout the cell cycle and effect the cell cycle by phosphorylation of downstream 

targets (Morgan, 1995). CDKs are activated by specific cyclins whose levels periodically 

vary during different phases of the cell cycle (Pines, 1995). As depicted in figure 4, 

different CDKs and cyclins act on different phases of the cell cycle. Besides cyclins, CDKs 

can also be regulated by phosphorylation of conserved threonine and tyrosine residues. 

 

Figure XY: The cell cycle. With Mitosis, G0-, G1-, S- and G2 phase. (From Vermeulen et al., 2003) 
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This inactivation occurs through kinases as Wee1 and Myt1 and can be reversed by the 

enzyme Cdc25 (Malumbres, 2014; Lew, 1996).  

To ensure that each phase of the cell cycle is conducted properly and in sequence, the 

cell cycle is intermitted by so called check points which enable the cell to perform quality 

controls of the processes that have happened so far. One main use of these checkpoints 

is the detection of DNA and spindle damage before and after S phase. The most 

important checkpoints are the G1-S and the G2-M checkpoints. At the G1-S checkpoint, 

cells displaying an abnormally high level of p53 are detected and arrested in their cell 

cycle due to possible DNA damage (Levine, 1997). p53 is a transcription factor which is 

known to be highly active in DNA damaged cells and which has also been shown to play 

a role in tumor suppression (Chen, 2016).  It has been documented, that p53 enhances 

the transcription of a variety of genes, including p21, which is known to inhibit CDKs and 

therefore effects a cell cycle arrest of the DNA damaged cell (Ko et al., 1996). The G2-M 

checkpoint on the other hand is p53 independent and keeps damaged cells from entry 

into mitosis by simply maintaining CDK1 in its inhibited form (Zeng et al., 1998).  

In order to produce new neurons in the cerebral cortex, neuronal progenitor cells have 

to leave the cell cycle and differentiate. Cell divisions can be classified as proliferative 

divisions and differentiative divisions. As already described in chapter 1.1., during 

symmetric proliferative division, cells divide into two identical daughter cells. Besides 

this, asymmetric differentiative divisions are described as another mode of division in 

which one neuronal stem cell divides into an identical daughter stem cell and a neuron. 

Neurons are terminally differentiated, postmitotic cells and therefore are not able to 

divide or differentiate any further (Götz el al., 2005).  

Cell cycle length and phases vary dependent on the state of neurogenesis in the 

developing brain. During development, when increasing numbers of radial glia cells 

switch from proliferative to neurogenic mode to differentiate into IPCs and later 

neurons, the cell cycle and especially the G1 phase lengthens (Takahashi et al., 1995). 

The “cell cycle length” hypothesis states, that a lengthening of G1 phase induces neural 

stem cells to switch into neurogenic differentiation mode (Lukaszewicz et al., 2002). If 

the G1 phase lengthens, cell exposure to different cell fate determining factors 

increases, and cells switch from proliferative to neurogenic differentiation mode 
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(Calegari et al., 2003). Furthermore, the “cell cycle length” hypothesis states, that with 

increasing cell cycle length the neural stem cells first switch from symmetric, 

proliferative divisions to asymmetric, neurogenic divisions and finally end with 

symmetric, neurogenic divisions to produce two similar neuronal daughter cells (Götz el 

al., 2005).  

 

2. Neurodevelopmental disorders  

The last chapters gave a brief overview of the enormous complexity of brain 

development. In consideration of this complexity, it is no surprise, that many difficulties 

and problems can occur during the process of brain development. The range of 

neurodevelopmental disorders spans developmental brain dysfunctions, impaired 

motor learning and function, problems in verbal and non-verbal communication, 

neuropsychiatric problems and many other impairments. The Fifth edition of the 

Diagnostic and Statistical Manual of Mental Disorders (DSM-V; American Psychiatric 

Association, 2013) defines neurodevelopmental disorders as an own category and 

includes intellectual disabilities, autism spectrum disorder (ASD), Attention-

Deficit/Hyperactivity Disorder (ADHD), schizophrenia and bipolar disorders (Vahia, 

2013). According to the DSM-V, the basis of all neurodevelopmental disorders are 

impairments in brain function which occur with the beginning of development in 

prenatal stages or early childhood. (Morris-Rosendahl et al., 2020).   

3. Micro RNAs 

3.1. Epigenetic modulation   

More than 20 years ago, the term epigenetics was described as “the study of mitotically 

and/or meiotically heritable changes in gene function that cannot be explained by 

changes in DNA sequence” (Russo et al., 1996). As cited, the term epigenetics refers to 

any modification to the DNA that can be inherited to daughter cells and somehow has 

an effect on gene activity without directly changing the DNA sequence (Weinhold, 

2006). Jakovcevski et al. describe the “epigenome” as the sum of all three-dimensional 

structures, modifications and molecular regulations of DNA inside the cell’s nucleus 

(Jakovcevski et al., 2012). 
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 Epigenetic modifications include DNA methylation, histone modifications and non-

coding RNA-mediated regulation, including miRNAs (Kyzar et al., 2016). DNA 

methylation and histone modifications regulate gene expression by giving or denying 

access to the chromatin complex and therefore increasing or decreasing transcriptional 

processes (Krishnan et al., 2014).  

The epigenetic process of DNA methylation that is best-known is driven by the 

attachment of a methyl group to a cytosine nucleotide. Methylated DNA is known to be 

suppressed in its gene expression. Other modifications such as oxidations of methylated 

cytosines and other have also been described (Klungland et al., 2017). Histone 

modification either occur in form of acetylation or methylation of histones. Just as it is 

the case with DNA methylations, methylated histones are markers for closed chromatin 

whereas acetylated histones are a mark for open chromatin and increased transcription 

of the affected DNA (Kumar et al., 2018). Histones have also been shown to underlie 

other modifications as phosphorylation and ubiquitination (Wei et al., 2017).   

The third epigenetic mechanism refers to all kinds of RNA regulations by non-coding 

RNAs. Non coding RNAs are a group of RNAs that do not encode for proteins and are 

therefore not translated. They can be divided into so called housekeeping RNAs and 

regulatory RNAs. Regulatory RNAs can be subdivided into siRNAs, piRNAs, miRNAs and 

lncRNAs (Zaratiegui et al., 2007). These types of non-coding RNAs have been found to 

play major roles in regulation of gene expression and also cell differentiation (Wei et al., 

2017). Table 1 shows an overview of the different types of non-coding RNAs and their 

main functions.  

Name Size Source Functions 

siRNA 19-24 bp ds RNA Silent transcription 
gene 

miRNA 19-24 bp pri miRNA Silent transcription 
gene 

piRNA 26-31 bp long single chain 
precurser 

Transposon 
repression 

lncRNA >200 bp multiple ways Genomic 
imprinting 

Table 1: Main non-coding RNAs in epigenetics. (Adapted from Wei et al., 2017) 
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siRNAs are cut from long double stranded RNA molecules into 19-24 nucleotides long 

fragments by the enzyme Dicer. They form a complex with AGO proteins and together 

with them act as transcriptional gene silencers (Moazed, 2009).  

Even though miRNAs have the same size as siRNAs, their main difference is, that miRNAs, 

other than siRNAs are single stranded. Detailed information about miRNA biogenesis 

can be found in chapter 3.2. miRNAs cleave and degrade their mRNA targets by 

recognizing complementary 6-8 bp long sequences, so called seed sequences (Bartel, 

2009). Aberrant miRNA expression profiles have been shown to affect chromatin state 

by suppressing chromatin remodeling enzyme activity through histone modification 

(Denis et al., 2011). Tumor miRNAs as miRNA-17 and miRNA-20a for example have been 

shown to induce the formation of heterochromatin (Gonzales et al., 2008).  

piRNAs, or also Piwi-interacting RNAs, are important regulators of Piwi proteins which 

act as silencing factors during epigenetic regulatory processes. piRNAs originate from 

single chain precursors and are strongly associated with chromatin regulation and 

repression of RNA polymerase II transcription (Huang et al., 2013).  

The rarely protein encoding class of long non coding RNAs (lncRNAs) can be divided into 

several categories and mainly derive from disrupted reading frames of protein coding 

genes or chromosomal reorganization (Ponting et al., 2009).  lncRNAs have been found 

to be involved in the epigenetic regulation of x chromosome inactivation and genomic 

imprinting (Yang et al., 2015). It has also been proposed, that lncRNAs and some miRNAs 

interact and therefore form more complex networks of epigenetic regulation 

(Paraskevopoulou et al., 2016). 

As the main focus of this thesis is on miRNA function during neurogenesis and brain 

development, in the following chapters, miRNA biogenesis as well as the effect of 

miRNAs on brain development and disease studied so far will be explained in more 

detail. 

3.2. Micro RNA biogenesis and function 

The first description of a micro-RNA (miRNA) was made in 1993, when the small, 

noncoding RNA lin-4 was found in Caenorhabditis elegans (Lee et al., 1993). This miRNA 

was identified as a posttranscriptional regulator of lin-14. Since this discovery, miRNAs 
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have been found in all animals and also have been shown to be highly conserved across 

species (O'Brien et al., 2018).  

MicroRNAs (miRNAs) are 21-23 nucleotides long, non-coding RNAs which regulate gene 

expression post-transcriptionally. By binding to specific recognition sequences which are 

mostly located in the 3´untranslated regions of target genes mature miRNAs mark 

mRNAs for degradation or translation inhibition (Vo et al. 2010). This gene silencing 

process is mediated by the RISC complex (RNA induced silencing complex) a 

ribonucleoprotein complex consisting of miRNAs associated with Argonaute proteins 

(Winter et al. 2009).  

In the course of time, the importance of miRNAs has become more and more clear. They 

have been found to play critical roles in developmental processes and a wide range of 

biological processes (Fu et al., 2013). Thus, it is not surprising that many miRNAs are 

involved in many human diseases like for example cancer and developmental problems. 

Besides being expressed intracellularly, miRNAs have also been reported to act as 

extracellular signaling molecules which participate in cell-cell communications (Huang, 

2017).  

As depicted in figure 5, miRNA genes are transcribed by RNA polymerase II or III to give 

rise to primary miRNAs (pri-miRNAs) which are typically several hundred nucleotides 

long and contain a 33 base pair long hairpin stem, a flanking single stranded sequence 

and a terminal loop (Romero-Cordoba et al. 2014). The pri-miRNA usually is 

polyadenylated at the 3´end and 7-methylguanosin capped at the 5´end. The 

microprocessor complex formed by the ribonuclease Drosha and the dsRNA binding 

protein DGCR8 cleaves the pri-miRNA. The resulting precursor miRNA (pre-miRNA) 

translocates from the nucleus to the cytoplasm where the RNAse Dicer in complex with 

the double stranded RNA binding protein TRBP digests the pre-miRNA hairpin to its 

mature length of about 22 nucleotides. In a final step, the functional, so-called guiding 

strand of the miRNA duplex is loaded onto the RISC complex whose core components 

are the Argonaute proteins. The “passenger” strand is not included and usually 

degraded (Romero-Cordoba et al. 2014; Winter et al. 2009). 
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Figure 5: miRNA biogenesis. (From Mulrane et al., 2013) 

Not all modes of miRNA regulation are completely understood by now. And as explained 

above, most studies have concentrated on the translational repression induced by 

miRNAs binding to the 3´UTR region of their target genes. However, miRNA binding sites 

have also been found in 5´UTR regions, promoter regions and even in coding sequences 

(Xu et al., 2014). Contrary to 5´UTR and coding sequence binding, miRNAs binding to 

promoter regions of target genes have been described to induce transcription (Dharap 

et al., 2013). Let-7 for example has been found to induce translation during cell cycle 

arrest and other miRNAs seem to upregulate gene expression in quiescent cells, such as 

oocytes (Bukhari et al., 2016).  

The effect of miRNAs on their target mRNA is not the same in every cell type. To regulate 

a target mRNA, one specific miRNA first has to be available in a sufficient amount at the 

right place. Factors like alternative polyadenylation, alternative splicing as well as 

secondary structures of target mRNAs have also been identified to play important roles 

in terms of defining targets as sensitive or in-sensitive to miRNA regulation (Blazie et al., 
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2017). To overcome the problem of miRNAs not being able to successfully regulate their 

target mRNAs due to lacking proximity or concentrations, the cell spatially enriches 

mRNAs and their according miRNA-RISC complexes and therefore promotes efficient 

gene expression regulation (Barman et al., 2015). Genome wide analyses of the 

FANTOM5 (Functional Annotation of the Mammalian Genome) consortium discovered, 

that half of the expressed miRNAs are cell type specific and that one particular cell type 

usually is regulated up to 50% by a handful of “top expressed” miRNAs (Rie et al., 2017).  

As already stated above, miRNAs are not only present intracellularly but are also 

excreted to extracellular locations. So far, miRNAs have been detected in a variety of 

biological fluids as for example breast milk, tears, urine, saliva and many more (O´Brien 

et al., 2018). Surprisingly, contrary to intracellular RNA, extracellular miRNAs have been 

shown to be highly stable. Besides resisting degradation at room temperature, 

extracellular miRNAs also seem to be insensitive to boiling and multiple freeze-thaw 

cycles (Chen et al., 2008). Extracellular miRNAs are either bound to proteins such as 

AGO2 or can be found in vesicles. This protein binding or vesicular transport is believed 

to protect the miRNAs from extracellular environmental influence and is said to increase 

the miRNAs stability (Gallo et al., 2012). In terms of cell-cell communication, miRNAs 

have been shown to regulate different biological functions as neurodegeneration, tumor 

growth and metastasis by binding to Toll-like receptors of the affected cells (Fabbri, 

2018). However, the exact ways how miRNAs are secreted from cells and how 

particularly they act on signal-receiving cells remains poorly understood and still has to 

be studied in more detail. 

3.3. The role of miRNAs in brain development and in disease 

Since the discovery of miRNAs and their identification as post transcriptional regulators 

of gene expression, more and more studies have underlined the importance of miRNAs 

for different physiological processes in the body. MiRNAs are best known for acting as 

oncogenes or tumor suppressors (Peng et al., 2016). Besides this, they have also been 

identified as important regulators of brain growth and development. A study published 

in 2004 showed, that miRNAs are expressed in the entire central nervous system. 

Moreover, miRNAs have been found to show specific expression profiles in all kinds of 

cell types important for development (Sempere et al., 2004). Due to these expression 
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profiles, it is not surprising, that miRNAs have also been identified as important key 

players in the development of the cortex (Bhalala et al., 2013). As depicted in figure 6, 

miRNAs are involved in many neurodevelopmental processes including astrocyte and 

oligodendrocyte differentiation, NPC differentiation and proliferation and axonal 

outgrowth (Cho et al., 2019).  

It has been found, for example, that miR-125 and let-7b are important regulators during 

astrocyte maturation and miRNAs -138, -219, -338, -199a and -145 play a role in 

oligodendrocyte differentiation (Shenoy et al., 2015; Letzen et al., 2010). MiRNAs -9, -

124 and miRNAs of the 17-92 cluster on the other hand have been identified to be 

involved in axonal outgrowth and NPC differentiation and proliferation (Bian et al., 2013; 

Radhakrishnan & Alwin Prem Anand, 2016).  

 

In general, a wide range of miRNAs has been shown to display specific expression 

patterns throughout the different stages of neurodevelopment and therefore seem to 

play major roles in neuronal differentiation and maturation, neuronal migration and 

many other processes during brain development (Sen, 2014).  

Since they play a huge role in neurodevelopmental processes, it is likely, that miRNAs 

also act as important factors of brain malformation and disease. Many 

neurodegenerative diseases as Alzheimer´s and Huntington´s disease or epilepsy seem 

to be influenced by dysregulated miRNAs in the brain (Godlewski et al., 2019; Hussein 

et al., 2021).  A study published in 2020 identified heritable expression profiles of six 

miRNAs specific to autism spectrum disorder (Ozkul et al., 2020). Furthermore, Hicks et 

al. proposed the possibility of using miRNAs as biomarkers for ASD as decreased levels 

of miRNAs have been found in the brain, blood and saliva of ASD patients (Hicks et al., 

2016). The gene MECP2 which is associated with Rett syndrome and autism also seems 

to underlie miRNA regulation, as a downregulation of miR-132 leads to an increased 

expression of this gene (Zhang et al., 2015). 

In conclusion, miRNAs are involved in a great variety of brain development processes 

and diseases. Besides their role as potential biomarkers for ASD and other 

neurodevelopmental disorders, the regulatory effect of miRNAs on a wide range of 
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genes qualifies them as important key players in brain development and disease 

(Schepici et al., 2019). The following chapter will focus on the miR-15 miRNA family. This 

family is of special importance for the work described in this thesis, as it includes many 

miRNAs, amongst them miR-16, that have been found to be involved in several 

neurodevelopmental processes in the brain.  

 

Figure 6: Roles of different miRNAs in brain development. (Adapted from Cho et al., 2019) 

 

3.4. The miR-15 miRNA family  

The miR-15 miRNA family includes miR-15a, -15b, -16, -103, -107, -195, -424, -497, -646 

and miR-503 of whom the latter five are exclusively expressed in mammals. Members 

of the miR-15 family have been found to be involved in cardiovascular disease, cancer 

and also neurodegenerative diseases (Finnerty et al., 2010). Microarray profiling 

revealed, that miRNAs of the miR-15 family are expressed in all kinds of tissues in mostly 

moderate to high levels (Baskerville et al., 2005). An overview of expression levels of the 

different miRNAs of the miR-15 family can be seen in figure 7.  
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Figure 7: Expression of the miR-15 miRNA family in different tissue types. Heart (HT), skeletal 
muscle (M), brain (Br), lung (Lu), liver (Li), kidney (Ki), spleen (Sp) and placenta (Pl). (Adapted 
from Finnerty et al., 2010).  

 

Many studies suggest a relevance of miR-15 and miR-16, both important members of 

the miR-15 miRNA family, in cancer dynamics. Here, miR-15 and -16 which are both 

encoded in the miR-15a/miR-16-1 cluster on chromosome 13 in humans and which is 

known to be a critical regulator of proliferation, have been found to function as tumor 

suppressors by controlling cell-cycle progression (Klein et al., 2010; Bonci et al., 2008; 

Kay et al., 2021).  But miRNAs of the miR-15 family don’t only play a role in cancer 

dynamics. They have also been identified as key factors of brain development and 

neurogenesis. MiR-15b for example has been shown to regulate various aspects of 

cortical development. It promotes cell cycle exit and neuronal differentiation by 
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inhibiting NPC proliferation in the developing murine neocortex (Lv et al., 2014). Others 

found, that downregulation of miR-15a results in stimulation of fibroblast growth factor 

2 (FGF2) and therefore promotes NPCs differentiation and proliferation (Chen et al., 

2016). The delicate role miR-15 family members play in the switch from proliferation to 

differentiation in B-cells has been underlined by Lindner et al. who stated, that miR-15 

family members trigger differentiation-specific cell cycle arrest by repressing the crucial 

proliferation factors cyclins E1 and D3 (Lindner et al., 2017).  

This thesis concentrates mainly on the function of miR-16. This miRNA is expressed in 

close proximity to miR-15a on chromosome 13 in humans and on chromosome 14 in 

mice (Lagos-Quintana et al., 2001). MiR-16 shares the same seed sequence with miR-

15a and -15b. Just like the other miRNAs of the miR-15 family, miR-16 is also involved in 

a variety of biological processes within the body. The serotonin pathway in the human 

brain for example, crucial to prevent symptoms like depression, anxiety and suicidal 

behavior, is influenced by miR-16 which increases serotonin transporter expression in 

serotonergic cells (Baudry et al, 2010). Just as for miR-15a, miR-16 also has been found 

to directly target FGF2 and furthermore, to also inhibit the mitogen-activated protein 

kinase signaling pathway (MAPK). The inhibitory effect of miR-16 on cell migration could 

also be detected, when migration assays with miR-16 overexpressing NPCs resulted in a 

significant reduction of migratory and invasive cells in comparison to the control. This 

study also stated, that silencing miR-16 results in increased proliferation in NPCs. 

Additionally, miR-16 seems to be more abundantly expressed in neurons than in NPCs 

(He et al., 2016).  

Most recently, the involvement of miR-16 in lung cancer and cell cycle progression has 

been stated in various publications where it was found, that miR-16 targets the cell cycle 

checkpoint gene Wee1 and therefore plays a crucial part in cell division (Du et al., 2021; 

Wang et al., 2020).  

To summarize, miRNAs of the miR-15 miRNA family have been reported to be of great 

importance in a huge variety of biological processes in the human body. Due to its 

described influence in developmental processes, especially miR-16 seems to be an 

interesting candidate in regard to cell proliferation, cell differentiation and brain 

development in general.  
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3.5. Target genes of miR-16 

As already described above, miR-16 has a wide range of target genes. In the following 

chapter, only the genes studied in this thesis are described in more detail. 

3.5.1. Wee1 

The protein kinase Wee1 was first identified in the fission yeast Schizosaccharomyces 

pombe and is a member of the serine/threonine specific family of protein kinases 

(Nurse, 2004). These kinases are known to be involved in the inactivation of cyclin 

dependent kinase 1 (Cdk1) by terminal phosphorylation and therefore play a major role 

in cell cycle progression and mitosis entry of dividing cells (Do et al., 2013). Due to its 

regulatory function at the G2 checkpoint, Wee1 is also known as “G2 checkpoint kinase” 

and responds to DNA damage in dividing cells by determining the timepoint of their 

entry into mitosis (Ghiasi et al., 2014). Numerous studies confirmed the role of Wee1 in 

cancer dynamics and also identified it as potential target for tumor therapy (Du et al., 

2021). A loss of Wee1 has also been shown to result in the formation of daughter cells 

that are smaller than normal. This suggests, that Wee1 also functions as part of a cell 

size checkpoint which prevents cells that are too small from entry into mitosis (Kellogg, 

2003). Wee1 is located on chromosome 11 in humans and on chromosome 7 in mice.  

3.5.2. Cdk1 

As well as Wee1, the cyclin dependent kinase 1 (Cdk1) is part of the serine/threonine 

family of protein kinases. Cdk1 is conserved across all eucaryotes and plays a major role 

in successful completion of M-phase in the cell cycle (Brown et al., 2015). Cdk1 is located 

on chromosome 10 in both humans and mice. Cdk1 does not display kinase activity on 

its own, it rather acts in complex with the two cyclins A and B (Desai et al., 1992). 

Together with its cyclins, Cdk1 regulates mitosis entry of dividing cells (Lindqvist et al., 

2009). The activity of Cdk1-cyclin B complexes on the other hand is regulated by 

inhibitory phosphorylation through the protein kinases Wee1 and Myt1 (Deibler et al., 

2010). It has been found, that a loss of Cdk1 results in highly impaired embryonic 

development around the blastocyst stage and high lethality rates. Other cyclin 

dependent kinases such as Cdk2, Cdk4 and Cdk6 don’t seem to play such essential roles 

for proper cell cycle function as Cdk1 compensates their loss by forming complexes with 

A, B, E and D-cyclins (Bienvenu, 2010).  
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3.5.3. Fbxw7 

The F-box and WD repeat-containing protein 7 (Fbxw7) is part of the F-box protein family 

which is known to be involved in signal transduction and cell cycle regulation (Craig et 

al., 1999). Many F-box proteins have been shown to underly miRNA and RNA 

interference regulation in plants (Jones-Rhoades et al., 2006). The three different 

isoforms (FBXW7α, FBXW7β, and FBXW7γ) of Fbxw7 in mammals localize to different 

subcellular compartments. They are separately expressed in the nucleoplasm (FBXW7α), 

the cytoplasm (FBXW7β) and the nucleus (FBXW7γ) (Welcker et al., 2004). The isoform 

responsible for most of the known Fbxw7 functions is FBXW7α which is also expressed 

in the majority of proliferating cells. Fbxw7 is classified as a tumor suppressor gene and 

targets pro-proliferative genes such as Notch1, cMyc, mTOR and Jun (Yeh et al., 2008). 

Mutations is Fbxw7 are known to cause stem cell differentiation defects, chromosomal 

instability and inhibition in cell division. A full Fbxw7 knockout in mice is embryonic 

lethal (Takada et al., 2017). Fbxw7 is located on chromosome 4 in humans and on 

chromosome 3 in mice.  

3.5.4. Chek1 

Another important key player for cell cycle regulation is the checkpoint kinase 1 (Chek1). 

Just as Wee1 and Cdk1, Chek1 is a member of the serine/threonine family of protein 

kinases and also an important part of DNA damage checkpoints during the cell cycle 

(Zhang et al., 2014). Chek1 was first identified in fission yeast and has homologues in 

Drosophila, Xenopus, mouse and human (Patil et al., 2013). By phosphorylating cell cycle 

regulators, as for example the earlier described Cdk1, Chek1 is an essential factor of DNA 

damage response networks and cell cycle progression in the dividing cell (McNeely et 

al., 2014). The two subtypes of the checkpoint kinase, Chek1 and Chek2 respond to 

different types of DNA damage. Chek1 identifies a multitude of DNA damages, including 

damage induced by UV light as well as virus infections. Chek2 on the other hand 

primarily responds to double DNA strand breaks (Ben-Yehoyada et al., 2009). Due to its 

roles in DNA damage control and cell cycle progression, Chek1 also is an important target 

for cancer therapies. It has been found, that cancer cells often display mis regulation of 

Chek1 (Verlinden et al., 2007). Chek1 is located on chromosome 11 in humans and on 

chromosome 9 in mice. 
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3.5.5. Taf15 

The nuclear protein TATA-binding protein-associated factor 2N (Taf15) is a member of 

the FET RNA- and DNA binding family of proteins (Morohoshi et al., 1998). The FET 

protein family includes fused in sarcoma (FUS), Ewing sarcoma breakpoint region 1 

(EWS) and Taf15 (Therrien et al., 2016). It has been shown, that FET proteins play a role 

in post-transcriptional as well as transcriptional gene regulation. Taf15 and the other 

FET proteins have also been linked to neurodegenerative diseases such as amyotrophic 

lateral sclerosis (Therrien et al., 2014). Furthermore, it has also been shown, that Taf15 

is involved in post-transcriptional regulations of oncogenes and together with miRNAs 

plays a role in cell proliferation (Ballarino et al., 2013). Taf15 is located on chromosome 

17 in humans and on chromosome 11 in mice.  

 

4. Purpose of this Thesis 

As already stated in the previous chapters, brain development is a complex field that 

underlies a huge variety of different regulators and impacts. On the posttranscriptional 

level, miRNAs have been shown to also contribute to the conglomerate of impacts and 

regulators controlling brain development.  

The exact mechanisms and pathways with which miRNAs effect embryonic brain 

development have not been studied in detail so far and studies about the effect of 

miRNAs on the embryonic developing brain by now have only scratched the surface, 

leaving a lot of space for further and deeper research in this topic.  

Besides identifying miR-16 as possible key regulator in the developing brain, this thesis 

wants to elucidate the phenotype induced by mis-regulation of this miRNA in detail. By 

applying overexpression and knockdown approaches in the mouse model in vivo, the 

effects of miR-16 on prenatal brain development will be studied and resulting 

phenotypes will be described.  

Another goal of this work is to identify genes that are known to be involved in brain 

development and are targeted by miR-16. This question will be addressed with an mRNA 

sequencing approach of murine cortical neurons that have been electroporated with 

miRNA-16 in vivo.  
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Beyond that, a general expression analysis of miRNAs in the developing brain will be 

made by conducting miRNA sequencing. This experiment will shed more light on the 

diversity of expression patterns of miRNAs along different stages and cell types of brain 

development.  
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Material 

1. Cell lines and animal models 

Cell line Growth/cultivation media 

Human embryonic kidney cells 293 (HEK293) DMEM 1x high glucose + 1% 
Penicillin/Streptomycin + 10% Fetal bovine 
serum (FBS) 

Neuroblastoma cells (N2A) DMEM 1x high glucose + 1% 
Penicillin/Streptomycin + 10% Fetal bovine 
serum (FBS) 

Mouse Hippocampal Neuronal cell line 
(Ht22) 

DMEM 1x high glucose + 1% 
Penicillin/Streptomycin + 10% Fetal bovine 
serum (FBS) 

Mouse cortical neurons 48 ml Neurobasal media + 1 ml Glutamax + 
1ml B27   

Mouse neural progenitor cells (NPCs) 48 ml Neurobasal media + 1 ml Glutamax + 
1ml B27(without Vit A) + 5 μl EGF (Stock 100 
μg/ml) + 1μl FGF (Stock 100 μg/ml) 

Table 2: List of used cell lines.  

Mouse line Origin 

C57BL/6JRj Janvier Labs. France 

NMRI Janvier Labs, France 

Table 3: List of used mouse lines. 

2. Software and online tools 

Name Software Use/Producer 

ImageLab V5 Western Blot analyses/ BioRad 

Intas GDS Agarose gel documentation/Intas Science 
Imaging 

MicroWin 2010 Luciferase assays/ Berthold Technologies 

StepOne  qPCR/ Applied Biosystems 

ImageJ Microscopy analyses/ Wayne Rasband 

Cutadapt v1.18 NGS analyses/ TU Dortmund AG Rahmann 

FastQC v0.11.7. NGS analyses/ Simon Andrews 

miRDeep2 v2.0.1.2 NGS analyses 

Table 4: List of used software tools.  

Name Online tool URL 

Target Scan www.targetscan.org 

NCBI www.ncbi.nlm.nih.gov 

Genome Browser www.genome.ucsc.edu 

Primer3 www.primer3.ut.ee 

qPCR probefinder www.qpcr.probefinder.com/organism.jsp 

miRBase www.mirbase.org 

NEBuilder www.nebuilder.neb.com 

Table 5: List of used online tools.  
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3. Equipment 

Name tool Function Producer 

CO2 Incubator big Cell culture incubation Binder 

CO2 Incubator small Cell culture incubation RS Biotech Nunc 

PeqPower 300 V Electrophorese electricity 
device 

Peqlab Biotechnologies 

Electrophorese chamber Electrophorese device Peqlab Biotechnologies 

Gel iX20 Imager Agarose gel documentation 
system 

Intas Science Imaging 

Agarose gel comb Form pockets in agarose gel Peqlab Biotechnologies 

Certomat H Incubator Braun Biotech International 

INCU-Line Incubator VWR 

Certomat R Incubator with shakers Braun Biotech International 

Fridge Freezer (-20°C) Liebherr Profiline 

Revco ExF Freezer (-80°C) Binder 

CentroXS LB 960 Luminometer Berthold Technologies 

Axiovert25 Microscope Zeiss 

EVOS XL Microscope Life Technologies 

Neubauer chamber Count cells (0,0025 mm2) Brand 

Accu-Jet Pro Pipetboy Brand 

StepOnePlus Real Time PCR 
System 

qPCR device Applied Biosystems 

Rollermixer SRT9D Rollermixer Stuart 

Thriller Heater with shakers Peqlab Biotechnologies 

Nano Drop One Spektophotometer Thermo Scientific 

Hera Safe Sterile workbench Hera Safe 

PeqStar 2x Thermocycler Thermocycler Peqlab Biotechnologies 

Electroporator BTX BCM 830 Electroporator Harvard Apparatus Inc 

Leica CM3050S Cryostat Leica 

DNA Engine Peltier Thermal 
Cycler 

Thermocycler MJ Research 

VV3 Vortexer VWR 

ScoutPro 600g scales Ohaus 

VWB 26 Waterbath VWR 

3-Speed Minicentrifuge Centrifuge NeoLab 

Mikrocentrifuge Centrifuge NeoLab 

Avanti J-26 XP Centrifuge Beckmann Coulter 

Perfect Spin 24R Centrifuge Peqlab Biotechnologies 

Heraeus Megafuge 16R Centrifuge Thermo Scientific 

JLA 16.250 Centrifuge rotor Beckmann Coulter 

12 ml PP tube tube Greiner Bio One 

12 well cell culture plate Cell 
star 

12 well plate Greiner Bio One 

24 well cell culture plate Cell 
star 

24 well plate Greiner Bio One 

5 ml Eppendorf tube tube Eppendorf 

Cell culture plate Costar 6 well plate Corning incorporated 

96 PCR plate ABgene PCR 96 well PCR plate Thermo Scientific 
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96 well cooling block Cooling block Eppendorf 

Deposit bag  Roth 

Safe-lock tube(1.5/2 ml) reaction tube  Eppendorf 

Falcon Racks  NeoRack 

Falcon tube(15/50 ml)  Greiner Bio One 

TipOne filter 
tips(10/20/200/1000 µl) 

Pipette tips TipOne 

Parafilm Laboratory film Bernis 

Latex gloves  VWR 

Nitril gloves  StarGuard  

PCR adhesive seal sheet  Thermo Scientific 

PCR tubes(200 µl)  StarLab 

PetriDish 96x16 Petri dish Greiner Bio One 

DiscoveryComfort 
Pipette(10/20/200/1000 µl) 

Pipettes Discovery Comfort 

Rack for tubes(1.5/2 ml)  NeoLab 

Sterile tubes(1.5 ml)  Sarstedt 

Table 6: List of used machines and plastic ware. 

 

4. Reagents and kits  

Reagent/kit Producer 

EndoFree Maxi Plasmid Kit Qiagen 

HighPure RNA Isolation Kit Roche 

miRpremier miRNA Isolation Kit Sigma Aldrich 

Bio-X-act short DNA Polymerase Kit Bioline 

MinElute Gel Extraction Kit Qiagen 

Renilla Luciferase Assay System Promega 

TaqMan Advanced miRNA Assays Applied Biosystems 

TaqMan Fast Universal PCR Master Mix Applied Biosystems 

Takara SYBR PreMix Ex Taq II Takara/Clontech 

Revert Aid First Strand cDNA Synthesis Kit Thermo Fisher 

Lipofectamine 2000 Thermo Fisher 

Lipofectamine 3000 Thermo Fisher 

TransFectin Bio Rad 

Oligofectamine Thermo Fisher 

Tissue Tek Sakura 

100 bp DNA ladder Fermentas 

1 kB DNA ladder Fermentas 

6x Loading Dye Thermo Scientific 

2-Mercaptoethanol (99%) Roth 

Isopropanol Roth 

Agar-Agar Roth 

Agarose low EO AppliChem 

Ampicillin Sodium Salt AppliChem 

Calciumchloride Roth 

Disodiumhydrogenphosphate Roth 

dNTPs Fermentas 

DPBS 1x Gibco Life Technologies 
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DMEM 1x high glucose Gibco Life Technologies 

Ethanol 99%, 1% MEK AppliChem 

Ethanol absolute Sigma Aldrich 

Etidiumbromide 1% Roth 

Fetal Bovine Serum Gibco Life Technologies 

H2O sterile Braun 

Yeast extract Roth 

Hepes –Pufferan Roth 

Luciferin Sigma Aldrich 

Penicillin Streptomycin (10,000 U/ml) Gibco Life Technologies 

Poly-L-Ornithine Sigma Aldrich 

Tryptone-Peptone Roth 

Sodiumchloride Roth 

Sodiumhydroxide Roth 

Renilla Luciferase Promega 

Click-iT™ EdU Cell Proliferation Kit for 
Imaging, Alexa Fluor™ 647 dye 

Thermo Scientific 

Table 7: List of used reagents and kits.  

 

5. siRNAs 

Name siRNA Supplier 

Synthetic oligonucleotide against mmu-miR-
16-5p 

Gene Copoeia 

Synthetic oligonucleotide against mmu-
miR15a-5p 

Gene Copoeia 

Synthetic oligonucleotide against mmu-
miR15b-5p 

Gene Copoeia 

Synthetic oligonucleotide against SCR-si 
control (negative control) 

Gene Copoeia 

Table 8: List of used siRNAs. 

6. Antibodies 

Antibody Supplier Catalog number 

mouse anti GFP (1:500) Roche 11814460001 

rabbit anti Satb2 (1:200) Abcam ab34735 

rabbit anti Pax6 (1:100) Biolegends 901301 

rabbit anti Phospho Histone H3 (1:200) Cell Signaling 9701S 

chicken anti Tbr2 (1:200) Millipore AB15894 

rabbit anti Ki67 (1:200) Abcam ab16667 

rabbit anti Wee1 (1:500) Abcam ab137377 

mouse anti Gapdh (1:1000) Abcam ab181602 

Table 9: List of used antibodies. 
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Methods 

1. MiRNA sequencing  

1.1. MiRNA sequencing of neuronal progenitor cells (NPCs) and neurons 

1.1.1. Isolation of NPCs and neurons from the murine cortex 

In order to isolate primary cortical neurons from embryonic cortical tissue, time mated 

E14.5 pregnant NMRI mice were ordered from Janvier Labs (Saint Berthevin, France). 

The pregnant mice were sacrificed by cervical dislocation, the cortices of the embryos 

were dissected and collected in cooled DMEM high glucose media (Gibco Life 

Technologies). Under a sterile cell culture hood, a single cell suspension of these cortices 

was produced. For neuronal culture, 1.4x10^6 cells per well were seeded on Poly-L-

ornithin and Laminin coated 6 well plates whereas for NPCs culture, 0.2x10^6 cells per 

well were seeded on Poly-L-ornithin and Laminin coated 6 well plates. The neurons were 

cultured in neurobasal medium containing 2% B27 supplement (Gibco Life Technologies) 

and 500 μM Glutamax (Gibco Life Technologies) whilst for culturing the NPCs, 

neurobasal medium containing 2% B27 -VitA supplement (Gibco Life Technologies), 

500µM Glutamax (Gibco Life Technologies) and EGF (10ng/ml) and FGF (10ng/ml) was 

used.  

1.1.2. RNA isolation 

To isolate RNA from NPCs and neurons, the cells were scraped from their cell culture 

plates and centrifuged for 3 minutes at 200 g at RT to obtain a cell pellet. This pellet was 

dissolved in 100 µl RNA later reagent and was stored at -20°C until further use. For RNA 

isolation the miRNeasy Micro Kit (Qiagen) was used. This kit isolates total RNA including 

miRNAs from small input lysates. The frozen cell pellets were thawed at RT and lysed by 

adding 700 µl QIAzol Lysis reagent. The samples were vortexed for 1 min to disrupt the 

cells and create a homogenous solution. To start the dissociation of nucleoprotein 

complexes, the homogenate was incubated at RT for 5 min. Afterwards, 140 µl of 

chloroform were added to the lysates. The tubes were closed and shaked for 15 sec. 

After incubating at RT for 5 minutes the lysates were centrifuged at 12.000 g for 15 min 

at 4°C. During the centrifugation step the lysates are separated into 2 phases: the upper 

phase which contains RNA and the lower, organic phase. The upper phase was carefully 

collected from the tube by pipetting and transferred to a fresh 1.5 ml reaction tube. 1.5 

volumes of 100 % EtOH were added and mixed with the sample by pipetting. The sample 
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was pipetted onto a RNeasy MinElute spin column and centrifuged at full speed for 15 

sec at RT. The flow through was discarded and 700 µl RWT buffer were added to the 

column. Again, the column was centrifuged at full speed for 15 sec and the supernatant 

was discarded. 500 µl RPE buffer were added to the columns, the columns were 

centrifuged at full speed for 15 sec and the flow through was discarded. To finish the 

washing, 500 µl of 80% EtOH were added to the columns which then were centrifuged 

at full speed for 2 min. The flow through was discarded and the filter columns were 

placed into fresh 1.5 ml reaction tubes. To elute the RNA from the filter fleece, 14 µl of 

RNAse free H20 were pipetted directly on the filter and the spin columns were 

centrifuged at full speed for 1 min. The eluted RNA was quantified using a NanodropOne 

device (ThermoScientific) and stored at -80°C until further use. 

1.1.3. Library preparation and miRNA sequencing 

The miRNA sequencing libraries of the NPCs and Neurons were prepared using the Bioo 

Scientific NextFlex small RNA v3 Seq Kit (Bioo Scientific). 500 ng of total RNA (including 

miRNAs) were used as an input for the library preparation. The library preparation with 

the Bioo Scientific NextFlex Kit is divided into four steps: Ligation of an 3´-adenylated 

adapter to the insert RNA, ligation of an 5´-adapter, reverse transcription of the 5´- and 

3´-adapter ligated RNA and PCR amplification of these cDNA constructs. For the first 

step, 500 ng of each RNA sample were mixed with RNAse free H20 to get a total volume 

of 10.5 µl. The samples were heated to 70°C for 2 min and then incubated on ice for 3 

min. The denatured RNA was supplied with 1 µl NextFlex 3´-4N adenylated adapter, 7 µl 

NextFlex 3´-ligation buffer and 1.5 µl NextFlex 3´-ligation enzyme. For adapter ligation 

the samples were then incubated for 2 hours at 25°C. In order to remove excess 3´-

adapters, 25 µl NextFlex adapter depletion solution and 40 µl of NextFlex Cleanup beads 

were added to each sample. After mixing well by pipetting, 60 µl of isopropanol were 

added to the samples which then were incubated for 5 min at RT. Then, the samples 

were put on a magnetic stand for another 5 min until the solutions cleared. The 

supernatant was removed and discarded, 180 µl of 80% EtOH was added to each sample 

and samples were incubated for 30 sec. The complete supernatant was removed again 

and this washing step was repeated another time. After complete removal of the EtOH, 

the samples were removed from the magnetic stand and the bead pellets were dissolved 

in 22 µl of NextFlex Resuspension buffer. Following 2 min of incubation at RT, the 
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samples were put on the magnetic stand again and incubated there until the solutions 

appeared clear. 20 µl of the clear supernatant were transferred to a fresh reaction tube, 

supplemented with 25 µl NextFlex adapter depletion solution and 40 µl of NextFlex 

Cleanup beads and the whole cleanup process was repeated as described before. When 

the washing steps with the 80% EtOH were done the beads were eluted in 13 µl of RNAse 

free H2O and put on the magnetic stand. When the solution appeared clear, 11.5 µl of 

the supernatant were transferred to a fresh tube. For the next step, the excess adapter 

inactivation, each of the 11.5 µl of purified 3´-adenylated adapter ligated RNA samples 

were supplied with 2 µl of NextFlex adapter inactivation buffer and 0.5 µl NextFlex 

adapter inactivation enzyme. The samples were mixed by pipetting and incubated at 

12°C for 15 min, followed by an incubation at 50°C for 20 min. In the next step the 5´4N 

adapters were ligated to the 3´-adenylated adapter ligated RNA samples. For this, 1.5 µl 

of 5´4N adapter were heated to 70°C for 2 min and afterwards put on ice immediately. 

Next, 7.5 µl NextFlex 5´-ligation buffer, 2 µl NextFlex 5´- ligation enzyme and the 

prepared 1.5 µl of 5´4N adapter were added to the purified 3´-adenylated adapter 

ligated RNA samples which were then incubated at 20°C for 1 hour. For the reverse 

transcription, 13 µl of NextFlex RT buffer and 2 µl of M-MuLV reverse transcriptase were 

pipetted to each 5´- and 3´- adapter ligated sample. These reactions were then 

incubated at 42°C for 30 min followed by a 10 min incubation at 90°C. In order to remove 

RT reagents from the samples, another bead cleanup was performed. To each sample, 

20 µl of NextFlex cleanup beads were added and mixed by pipetting. The mixtures were 

incubated at RT for 5 min and then placed on a magnetic rack. When the solution 

appeared clear, 70 µl of supernatant which contained the cDNA product were 

transferred to a fresh tube. 10 µl of adapter depletion solution and 20 µl of NextFlex 

Cleanup beads were added to the samples and mixed well by pipetting. Next, 68 µl of 

isopropanol was pipetted to the samples which were then incubated at RT for 5 min. 

The samples were magnetized afterwards and the supernatant was removed and 

discarded. Two washing steps with 180 µl of 80% EtOH followed as already described 

and in the end the bead pellet was dissolved in 20 µl RNAse free H20. The samples were 

magnetized and 18 µl of supernatant were transferred to a fresh reaction tube. For the 

PCR amplification of the cleaned-up cDNA samples, 1 µl NextFlex Universal Primer, 1 µl 

NextFlex Barcoded primer and 5 µl NextFlex small RNA PCR Master Mix were added to 
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each purified cDNA sample. The reactions were cycled in a thermal cycler as described 

in table 10.  

Cycling protocol 

95°C 2 min 1 cycle 

95°C 20 sec 20 cycles 

60°C 30 sec 20 cycles 

72°C 15 sec 20 cycles 

72°C 2 min 1 cycle 

Table 10: Cycling protocol PCR Library preparation miRNA sequencing. 

For the final cleanup, 32.5 µl NextFlex Cleanup beads were added to the amplified PCR 

product and incubated at RT for 5 min. Afterwards, the samples were magnetized until 

the solutions appeared clear and 52.5 µl of the supernatant containing the amplified 

PCR product were transferred to a fresh reaction tube. Another 30 µl of NextFlex 

Cleanup beads were added to the samples which again were incubated at RT for 5 min. 

Then, the samples were put on the magnetic stand, the supernatant was removed and 

discarded and 2 washing steps with 80% EtOH followed as described before. After 

washing, the beads were dissolved in 13.5 µl NextFlex resuspension buffer and 

incubated at RT for 2 min. To extract the final library from the cleanup beads, the 

samples were magnetized until the solutions appeared clear and 12 µl of the 

supernatant were transferred to a fresh reaction tube. The size distributions and 

concentrations of the prepared libraries were checked by Qubit dsDNA HS Assay (Life 

Technologies).  

1.1.4. Bioinformatical analyses 

To analyze the data of the sequencing run, the 3´adapter sequences had to be clipped 

and the first and the last 4 bases from the adapter clipped reads had to be trimmed 

using the tool cutadapt v1.18 and trimming instructions from Bioo Scientific. The quality 

check of the sequences was performed using the tool FastQC v0.11.7 and novel as well 

as known miRNAs with the tool miRDeep2 v2.0.1.2. All bioinformatic analyses were 

performed by the institutes bioinformatician, Dewi Hartwich.  
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1.2. MiRNA sequencing of the developing murine cortex (E14-P0) 

1.2.1. Cortex preparation and miRNA isolation 

To obtain RNA from murine cortices at different stages of development, time mated 

pregnant C57/Bl6 J mice were ordered from Janvier Labs (Saint Berthevin, France). For 

the time points E14 and E17 the pregnant mice were sacrificed by cervical translocation, 

the abdomen was opened and the uterus containing the embryos was removed from 

the mother’s abdominal cavity. For the time point P0, the newborn mices’ heads were 

cut off with a small surgical scissor. For later sex determination, the tail of each 

embryo/pup was cut off, put into a fresh 1.5 ml Eppendorf reaction tube and stored at 

-20°C until further use. The two cortical hemispheres of each embryo were dissected 

from the brains and the meninges were removed from them. The cortical hemispheres 

of each embryo/pup were each put into separate 1.5 ml Eppendorf reaction tubes 

(Eppendorf) with 100µl of RNA later solution (Sigma) to prevent the RNA from 

degradation by RNAses. To isolate total RNA (including miRNAs) from the embryonic 

cortices, the Trizol/Chloroform method was used. For this, 100 µl of Trizol reagent 

(Gibco Life Technologies) were added to each tube containing the 2 cortical hemispheres 

of one embryo. The tissue was homogenized using a pistil. After homogenization 

another 900 µl of Trizol reagent were added to the tissue and the reaction tubes were 

vortexed briefly. The homogenate was incubated for 5 minutes at RT and afterwards 

supplemented with 200 µl chloroform. Then, the mixture was shaken vigorously until it 

displayed a milky-pink color. After 2 minutes of incubation at RT, the homogenates were 

centrifuged at 12.000 g for 15 minutes at 4°C. After this centrifugation step, a clear 

separation of the two phases should be visible. The clear, uppermost phase war 

transferred to a fresh 1.5 ml Eppi containing 500 µl ice cold isopropanol. To mix the 

isopropanol with the clear phase, the tube was carefully inverted 2-3 times. After 10 

minutes of incubation at RT the mixtures were again centrifuged at 12.000 g for 15 

minutes at 4°C. Then, the supernatant was removed and the pellet was washed with 1 

ml ice cold 70% EtOH. Next, the tubes were centrifuged at 12.000 g for 5 minutes at 4°C. 

This washing step was repeated once. After the washing steps, remaining EtOH was 

removed from the pellet using a pipette and the pellet was air dried. After 10 minutes 

the dried RNA pellet was dissolved in 30 µl of RNAse free H2O. To determine the 
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concentration of the isolated RNA a NanodropOne Spectrometer was used 

(ThermoScientific). 

1.2.2. Sex determination of probes 

In order to determine the sex of the embryos whose cortices were used for RNA 

isolation, the DNA had to be isolated from the dissected tissue fragments of each 

embryo. For this, 200 µl digestion buffer (table 11) and 25 µl Proteinase K were added 

to each tissue fragment.  

Digestion buffer (30 ml) 

3 ml Tris pH 8 

400 µl 0.5 M EDTA 

6 ml 1 M NaCl 

60 µl 10% SDS 

20.54 ml H2O 

Table 11: Digestion buffer for DNA extraction of murine tissue. 

 

To lyse the tissue, the tubes were incubated on a heated shaker at 57°C for at least 3 

hours. Afterwards, the lysates were centrifuged at 13.500 rpm for 20 min. To dilute the 

DNA, 50 µl of the supernatant were mixed with 100 µl H2O. For sex determination we 

used a primer pair of the gene Sry which is specifically expressed on the Y chromosome. 

As an autosomal control, the gene Il2 was used. The primer sequences were adapted 

from a publication issued 2016 by Prantner et al (Prantner et al., 2016) (table 12).  

Name Sequence 5´- 3´ 

Il2_for ctaggccacagaattgaaagatct 

Il2_rev gtaggtggaaattctagcatcatcc 

Sry_for ttgtctagagagcatggagggccatg 

Sry_rev ccactcctctgtgacactttagccct 

Table 12: PCR primer sequences used for sex determination of mouse tissue. 

 

For the PCR reaction, all reagents were pipetted into a 200 µl PCR tube according to 

table 13. The PCR reaction was run on a PeqLab thermal cycler with the cycling protocol 

shown in table 14.  
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Table 13: PCR reaction for sex determination PCR. 

Cycling protocol 

95°C  3min 1 cycle 

94°C 30 sec 35 cycles 

62°C 30 sec 35 cycles 

72°C 30 sec 35 cycles 

72°C 10 min  1 cycle 

Table 14: Cycling protocol for sex determination PCR.  

To check for the amplified products’ lengths, the PCR products were loaded on a 1.5 % 

agarose gel. Samples that showed two bands were determined to be male due to the 

successful amplification of both the autosomal control Il2 and the Y chromosome 

specific gene Sry. Samples only showing the band for the gene Il2 were determined to 

be of female origin as no expression of the male specific gene Sry could be observed.  

1.2.3. Library preparation and miRNA sequencing 

Library preparation for miRNA sequencing was performed according to the section 1.1.3. 

1.2.4. Bioinformatical analyses 

Bioinformatic analyses for miRNA sequencing was performed according to the section 

1.1.4.  

 

2. Validation of miRNA sequencing results with TaqMan Assays 

To validate the results of the bioinformatical analyses of the miRNA sequencing, TaqMan 

Assays were performed with the same cortical miRNA samples that were used for the 

miRNA sequencing. 

2.1. cDNA synthesis 

The isolated miRNAs had to be transcribed into cDNA to carry out TaqMan assays. For 

this, the ThermoFisher TaqMan miRNA reverse transcription kit was used. For each 

sample, in addition to the 7 µl of RT reaction mix (0.15 µl 100mM dNTPs, 1 µl MultiScribe 

PCR reaction (1 sample) 

10x PCR buffer with MgCl2 (ThermoScientific)  2.5 µl  

dNTPs  0.5 µl 

Primer 1 (for + rev) 10 µM 1 µl 

Primer 2 (for + rev) 10 µM 1 µl 

Axon Taq Polymerase 0.2 µl 

DNA  1 µl 

H2O  18.8 µl 



41 
 

Reverse Transcriptase, 1.5 µl 10x Reverse Transcription Buffer, 0.19 µl RNAse Inhibitor, 

4.16 µl H2O), 3 µl of 5x RT Primer and 10 ng of RNA dissolved in 5µl of RNAse free H2O 

were pipetted into a fresh 200 µl reaction tube. The reverse transcription reactions were 

run on a thermal cycler using the protocol shown in table 15 and stored at -20°C until 

further use. A list of all miRNA assays used in this work is depicted in table 16. 

Table 15: Cycling protocol for cDNA synthesis with TaqMan miRNA reverse transcription kit. 

miRNA Assay Mature miRNA sequence 5´- 3´ 

Mmu-miR-15b-5p uagcagcacaucaugguuuaca 

Mmu-miR-130b-3p cagugcaaugaugaaagggcau 

Mmu-miR-137-3p uuauugcuuaagaauacgcguag 

Mmi-miR-124-3p uaaggcacgcggugaaugcc 

Mmu-miR-128-3p ucacagugaaccggucucuuu 

Table 16: TaqMan miRNA Assays used in this work. 

2.2. TaqMan Assays 

To run the PCR on the real time qPCR cycler, a PCR reaction mix was prepared. For this, 

for each sample 10 µl Taq Man Universal Mastermix II without UNG (ThermoScientific), 

1 µl 10x Taq Man miRNA Probe (ThermoScientific) and 7.67 µl of RNAse free H2O were 

pipetted into one tube. The cDNA was diluted 1:10 with RNAse free H2O and 1.33 µl of 

diluted cDNA was pipetted into each well of a 96-well reaction plate. Each cDNA sample 

was tested in triplets. 18.67 µl of the PCR reaction mix were added to each well of the 

plate, which was then sealed with adhesive film and centrifuged briefly. Afterwards the 

plate was put into a StepOnePlus qPCR cycler (ThermoScientific), and run with the 

protocol shown in table 17. 

Cycling protocol 

50°C 2 min 1 cycle 

95°C 10 min 1 cycle 

95°C 15 sec 40 cycles 

60°C 60 sec 40 cycles 

Table 17: Cycling protocol for the TaqMan Assays. 

 

Cycling protocol 

16°C  30 min 

42°C  30 min 

85°C 5 min 

4°C hold 
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3. Overexpression of miRNAs in the developing brain 

To study the function of miR-16 and -15 in the developing mouse brain in vivo, in utero 

electroporation experiments were performed. This technique enables the experimenter 

to overexpress different DNA expression vectors in specific brain regions at distinct time 

points of embryonic brain development (Wang et al., 2013). As the time points of 

electroporation and analyses as well as the exact cortical areas in which the DNA 

constructs are about to be overexpressed can precisely be chosen by the experimenter, 

the in-utero electroporation technique is a powerful tool to study different aspects of 

neuronal development in vivo.  

3.1. In utero electroporation of miRNAs 16 and 15 

3.1.1. Cloning of constructs used for in utero electroporation  

The coding sequences of the miRNAs miR-16 and miR-15 were cloned into the pCAGGs-

IRES-GFP vector. This vector contains the Internal Ribosomal Entry Site (IRES), which 

enables the simultaneous expression of two proteins from the same RNA transcript 

(Jackson et al., 1990). Here, the IRES site was used to express the fluorescent protein 

GFP besides the target protein. Thus, successfully electroporated cells could easily be 

identified under the microscope. The insert DNA was cloned into the pCAGGs-IRES GFP 

vector with the use of the restriction enzymes XhoI and EcoRI. Table 18 shows the 

designed primers for the cloning of miR-16 and miR-15  

Name Sequence 5´- 3´ 

miR16_pCAGGsIRESGFP_for_XHoI GATCCTCGAGctgatcttctgaagagagtacc 

miR16_pCAGGsIRESGFP_rev_EcoRI GATCGAATTCtgagctgcattaccatccca 

miR15a_pCAGGsIRESGFP_for_XHoI GATCCTCGAGtgacttgcttttctcgtttcatg 

miR15a_pCAGGsIRESGFP_rev_EcoRI GATCGAATTCgccaaccttacttcagcagc 

Table 18: Primer sequences for miRNA cloning. 

The designed primers were ordered from SIGMA (Sigma Aldrich) in 100µM stocks, 

dissolved in H2O. For amplification of the target sequences a PCR reaction with the 

ordered primers was performed on murine genomic DNA. The PCR reaction mix is shown 

in table 19. For PCR, the BIO-X-ACT™ Short DNA Polymerase-Kit was used (Bioline). The 

reaction was run in a thermal cycler using the protocol listed in table 20.  

 

 



43 
 

Table 19: PCR reaction of miRNA cloning PCR. 

Cycling protocol 

95°C 3 min 1 cycle 

95°C 30 sec 35 cycles 

57°C 1 min 35 cycles 

72°C 3 min 35 cycles 

72°C 5 min 1 cycle 

Table 20: Cycling protocol for miRNA cloning PCR. 

After completion of the PCR, the reactions were loaded on a 1.5% agarose gel to check 

for the amplified product’s correct size. Specific bands were cut from the gel and DNA 

was extracted using the Qiagen MinElute Gel Extraction Kit (Qiagen). For this, 3 volumes 

of the gel fragment´s weight of buffer QG were pipetted to the piece of agarose. This 

buffer helps the gel slice to solubilize properly and improves binding conditions for the 

DNA to the silica membrane of the MinElute columns. When the gel slice had been 

dissolved completely after an incubation time of 10 minutes at 50°C, 1 gel volume of 

isopropanol was added and the sample was mixed by inverting the tube. Next, the 

sample was pipetted on a MinElute column placed in a collection tube and was 

centrifuged at 13,500 rpm for 1 minute. The flow through was discarded and 500 µl of 

buffer QG were pipetted on to the MinElute column. After another minute of 

centrifugation at 13,500 rpm the supernatant was discarded again and 750 µl of ethanol 

containing buffer PE were added to the column. In this step the double stranded DNA 

binds to the silica membrane of the MinElute column whereas primers and other 

contaminants are being washed away. The column was centrifuged for 1 minute at 

13,500 rpm and the flow through was discarded. To remove residual ethanol contained 

in buffer PE from the column it was again centrifuged for 1 minute at 13,500 rpm. After 

this step the MinElute column was placed into a fresh 1.5 ml Eppendorf tube. By adding 

20 µl of buffer EB the DNA which by now was bound to the column was eluted. The 

PCR reaction (1 reaction) 

Mouse DNA 1 µl 

MgCl2 1 µl 

dNTPs 1 µl 

Primer Mix (10 µM, for + rev) 1 µl 

BIO-X-Act Polymerase 0.5 µl 

BIO-X-Act Reaction buffer 1.5 µl 

H2O 18 µl 
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column was incubated for 1 minute at room temperature and then centrifuged for 1 

minute at 13,500 rpm.  

The total volume of extracted DNA was digested with the appropriate enzymes to create 

sticky ends. Additionally, to the insert DNA, the pCAGGs-IRES-GFP backbone vector was 

also digested by the according enzymes. For digestion, reactions (tables 21 and 22) were 

incubated at 37°C for 1 hour. The insert DNA reactions were then removed from the 

thermal cycler whereas the backbone vector reaction was supplied with 2 µl calf 

intestine alkaline phosphatase (CIP) and incubated for another hour at 37°C. The 

addition of CIP should prevent the re ligation of the digested vector with itself.  

Digestion reaction of insert DNA 

Purified PCR product 20 µl 

Enzyme I 1 µl 

Enzyme II 1 µl 

10x CutSmart buffer 3 µl 

H2O 5 µl 

Table 21: Digestion reaction of insert DNA. 

Digestion reaction of vector DNA 

Vector DNA 2 µl 

Enzyme I 1 µl 

Enzyme II 1 µl 

10x CutSmart buffer 2 µl 

H2O 14 µl 

Table 22: Digestion reaction of vector DNA.  

 Both the digested insert DNA as well as the digested backbone vector were loaded on 

a 1.5% agarose gel to check for successful digestion. The DNA bands were cut from the 

gel and extracted from the agarose using the Qiagen MinElute Gel Extraction Kit. The 

procedure is described above. Subsequently, the purified insert and vector DNA`s 

concentrations were measured using Nanodrop. For ligation, a vector: insert ratio of 1:3 

was used. Ligation was conducted by using 1µl T4 DNA ligases and 2 µl T4 buffer for a 

20 µl total reaction volume together with the calculated amounts of insert and vector 

DNA. The reactions were filled up to 20 µl with H2O and incubated at 16°C over night in 

a thermal cycler. The ligation product was transformed into competent Escherichia coli 

(E.coli) bacteria. For this, the complete ligation product was mixed with 50 μl of defrosted, 

competent E.coli bacteria by pipetting and incubated on ice for 30 minutes. To make the 

bacteria absorb the cloned vectors, the E.coli-vector mix was put in a 42° C hot water bath 
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for 90 seconds. This so called “heat shock” is supposed to increase the amount of plasmids 

absorbed by the E.colis and therefore increases transformation efficiency. The heat shock 

was followed by another incubation on ice for 2 minutes after which 250 μl of LB media 

without ampicillin were given to the bacteria. The bacteria-media mixes were then shaked 

for 30 minutes in a 37° C warm incubator. During this time the E.coli bacteria start gene 

expression of the ampicillin resistance gene which was present in the 3’UTR containing 

vectors. After 30 minutes of shaking at 37° C the E.colis were plated on LB media plates 

containing ampicillin. Only bacteria that were successfully transformed with the ampicillin 

resistance gene containing constructs are able to grow on these plates. The plated E.colis 

were incubated at 37° C over night and grown colonies were picked the next day. To check 

whether the vectors contained the right insert bacteria were prepared for a plasmid 

preparation. For this colonies were picked from the plates and were transferred separately 

into 12 ml tubes each containing 3 ml of LB-amp media. These colonies were cultivated 

overnight shaking in a 37° C warm incubator. To isolate plasmid DNA from the cultured E.coli 

bacteria, 1 ml of each 3 ml culture were given into a 1.5 ml Eppendorf reaction tube. In order 

to remove the LB media, the bacteria were centrifuged for 5 minutes at 6,000 rpm. After 

having carefully removed the supernatant by using a piece of tissue the pellets were 

resuspended in 100 μl resuspension buffer P1 of the Qiagen EndoFree Plasmid Maxi-Kit. 100 

μl lysis buffer P2 were added and the solution was incubated at room temperature for 5 

minutes. After this time of incubation, the lysis reaction was stopped by adding another 100 

μl of chilled buffer P3 which also enhances precipitation of the plasmid DNA. To ensure the 

complete precipitation of the DNA the reaction tubes were shortly vortexed before they 

were again incubated for 5 minutes at room temperature. To remove remaining cell 

fragments the tubes were then centrifuged for 10 minutes at 13,500 rpm. The supernatant 

containing the DNA was pipetted on 1 ml of 100% ethanol to precipitate the DNA. For this 

the tubes again were centrifuged for 10 minutes at 13,500 rpm. After this plasmid DNA was 

washed with 150 μl of 70 % ethanol and the tubes were centrifuged for 5 minutes at 13,500 

rpm. The supernatant was removed, the plasmid DNA pellets were dried at 50 ° C and finally 

re-suspended in 50 μl of Millipore water. 

To check the cloned sequence`s accuracy, the clones were Sanger sequenced using the 

primers listed in table 23. 
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Table 23: Sequencing primers for cloned constructs. 

The miRNAs-15 and -16 were also cloned into the ß2 -vector. This vector contains a 

NeuroD promoter that drives neuronal expression in neurons. For this, the same 

procedure as described above was used. The PCR primers used can be found in table 24. 

For the cloning of the ß2 constructs the restriction enzymes BglII and HindIII were used.  

Name Sequence 5´- 3´ 

miR16_ß2_BglII_fw GATCAGATCTaggagttttcaaaaccaaccct 

miR16_ß2_HindIII_rv GATCAAGCTTtgagctgcattaccatccca 

miR15_ß2_BglII_fw GATCAAGCTTtgacttgcttttctcgtttcatg 

miR15_ß2_HindIII_rv GATCCTGCAGgccaaccttacttcagcagc 

Table 24: Cloning Primers for miR16 and mir15 into the ß2 vector. 

3.1.2. In utero electroporation  

To analyze the function of miR-15/-16 miRNAs during neuronal migration, the prepared 

DNA constructs were overexpressed in the embryonic mouse brain by in-utero 

electroporation. For this, timed mated, pregnant C57BL/6J mice were ordered from 

Janvier Labs (Saint Berthevin, France). For all experiments mice were electroporated at 

embryonic day 13 (E13) and analyzed at E15 or E18, depending of the experimental 

setup.  

For analgesia, pregnant mice were treated with Buprenorphine (0.1 mg/kg bodyweight) 

which was injected subcutaneously. These treatments were performed 30 minutes 

before the surgery and in 4-hour intervals post-operatively. As the mice were kept in an 

animal care facility with light- and dark phases (simulation of day- and night times), 

during dark phases the Buprenorphine supply was guaranteed by adding 0.009 mg/ml 

Buprenorphine to the drinking water of the mice (Sauer et al. 2016). During surgery, the 

animals were anaesthetized using isoflurane. For this, the mouse was placed into a small 

chamber which was evaporated with isoflurane dissolved in oxygen. After 5 minutes, 

when the mouse had fell into the inaesthetic stadium of chirurgic tolerance, it was 

placed on a heated surgery platform to keep the body temperature at 36°C. To prevent 

the eyes from drying out, Bepanthen Eye and Nose Cream was applied to the animal’s 

Name Sequence 5´- 3´ 

pCAGGs_seq_fw CCATGTTCATGCCTTCTTCTTT 

ß2_seq_fw AAAGTTCTGGGGAGGGGTGAAT 
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eyes. During surgery, the mouse’s legs were fixed to the surgery platform using 

Leukosilk. To open the abdominal cavity, a 1-2 cm long cut was made in the middle of 

the abdomen from the mammary glands upwards. Both the animal´s skin as well as the 

subjacent muscular layer were cut open. The area around the wound was covered with 

sterile surgery gauze which was soaked in 70% EtOH to disinfect the regions around the 

wound. During surgery, the inner organs of the pregnant mouse were continuously 

moistened with NaCl/benzylalcohol to prevent them from drying out. After opening the 

abdominal cavity, the two uterine horns were carefully dislocated from the abdomen 

and laid out on the sterile surgery gaze. Here, it is especially important to avoid lesions 

of the placental regions of each embryo as well as lesions of the blood vessels. Each 

embryo´s lateral ventricle was injected with 1 µl of 4 µg/µl concentrated DNA plasmid. 

The DNA plasmids were dyed with Fast Green to enable the experimenter to check the 

brain region where the plasmid DNA was injected. Each DNA construct was 

cotransfected to the neuronal cells with a pCAGGs-GFP plasmid (0.5 µg/µl), carrying a 

green fluorescent protein expression sequence in it for later identification of 

successfully electroporated cells. The pCAGGs-GFP construct was co-electroporated to 

enhance the GFP expression of the electroporated constructs. To transfect the cells 

lining the ventricle, electric current was applied to the embryonic brains using a pair of 

platin electrodes. The plus pole of the electrode was placed on the region of the motor 

cortex and the minus pole was placed on the opposite side of the embryo´s head. By 

applying an electric current to the electrodes, the negatively loaded plasmid DNA was 

transferred to the area where the plus pole of the electrodes was placed. Like this, the 

plasmid DNA can be directed to all possible brain regions and is transfected into the 

neuronal cells growing there. After electroporation, the uterus horns were carefully 

placed back into the abdominal cavity and the muscle as well as the skin layer of the 

pregnant mouse were sewed with PERMA Hand Seide (Ethicon). The suture was 

disinfected with NaCl/benzyl alcohol and the mouse was placed back into its home cage. 

To prevent the animal from cooling down it was rolled into paper tissue and supplied 

with some additional nesting material. 

3.1.3. Analyses of electroporated brains 

To analyze the brains of the electroporated embryos, the pregnant mother was 

sacrificed by cervical dislocation at E15 or E18 and the embryos were removed from the 
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abdominal cavity. The heads of the embryos were cut off with a surgical scissor and 

placed into a 10 cm dish covered with PBS. To select successfully electroporated 

embryos, the heads were illuminated under a fluorescent flashlight. Brains which were 

successfully electroporated with the plasmid DNA displayed a green signal in the area of 

the motor cortex. The brains of the GFP positive embryos were dissected and stored in 

4% paraformaldehyde (PFA) at 4°C over-night for fixing.  

To prepare the dissected brains for cryo-conservation, the PFA was removed from the 

brains and they were transferred to a fresh falcon with 15% sucrose solution in PBS. 

After 24 hours at 4°C, the 15% sucrose solution was replaced by 30% sucrose solution in 

PBS. The brains were again incubated for 24 hours at 4°C. Incubation in sucrose solutions 

extracts water from the cells via osmosis and therefore prevents them from being 

damaged during the freezing process. When the brains were completely saturated with 

sucrose, they were transferred to a falcon with 30% sucrose solution in PBS with 50% 

TissueTek (Sakura). During the incubation time of 10 min at RT, the cryomolds were 

prepared for embedding the brains. Each brain was placed into a single cryomold, 

covered with TissueTek and shock frozen with an ethanol – dry ice mixture providing 

temperatures about -72°C. The frozen brains were stored in a -80°C freezer until further 

use. For further analyses, the brains were cut into 20 µm thick sections using a Leica 

cryostat. The sections were put on SuperFrost Plus adhesion slides (Thermo Scientific) 

and stored at -20°C until further use. 

3.2. Immunohistochemical staining of electroporated brains 

For immunohistochemical stainings, the slides were shortly incubated in PBS + 0.2% 

Triton to rehydrate them after storage in the freezer. Subsequently the slides were 

incubated in 10mM sodium citrate + 0.05% Tween20 for 25 minutes at 85°C for antibody 

retrieval. Afterwards, the slides were washed again in PBS + 0.2% Triton and blocked for 

1 hour in PBS + 0.2% Triton with 2% sheep serum. After blocking, the primary antibodies 

were prepared in blocking solution and carefully pipetted on the slides. The primary 

antibodies were incubated on the slides over night at 4°C. Table 25 shows the 

concentrations used for the different antibodies. The next day, the slides were washed 

3 times 15 minutes with PBS + 0.2% Triton. Next, the secondary antibodies were diluted 

in blocking solution, pipetted on the slides, and incubated in the dark at RT. 
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Subsequently, the slides were washed 3 times 15 minutes with PBS + 0.2% Triton and 

embedded using Fluoromount with DAPI.  

Antibody Supplier Catalog number 

mouse anti GFP (1:500) Roche 11814460001 

rabbit anti Satb2 (1:200) Abcam ab34735 

rabbit anti Pax6 (1:100) Biolegends 901301 

rabbit anti Phospho Histone H3 (1:200) Cell Signaling 9701S 

chicken anti Tbr2 (1:200) Millipore AB15894 

rabbit anti Ki67 (1:200) Abcam ab16667 

Table 25: Antibodies used for immunohistochemical stainings.  

4. Expression analyses of miRNA 16 target genes 

To identify possible target genes of miR-16, mRNA sequencing was performed. For this, 

murine cortical cells which were in utero electroporated with miR-16 were used.  

4.1. Fluorescent activated cell sorting (FACS) 

To prepare the brain lysates for FACS sorting, the electroporated brains had to be 

collected and dissected as already described in chapter 3.1.3. For FACS sorting the brains 

were dissected at E14, 24 hours after in utero electroporation. The cortices were 

dissected from the GFP positive brains and the meninges were removed from them. All 

cortices electroporated with the same construct were pooled and collected in a 50 ml 

falcon with DMEM media (Gibco) on ice. To produce single cell suspensions from these 

pooled cortices, the DMEM media was carefully removed from them and 2 ml of trypsin 

(Gibco) was pipetted on the tissue. The falcons were incubated at 37°C for 6 minutes. 

This incubation time enables the proteatic activity of tryspin to digest extracellular 

proteins of the isolated tissue in order to obtain a single cell solution. After incubation 

at 37°C, 6 ml of DMEM media supplemented with 20% FBS were added to the falcons 

containing the digested tissue. This step stops the proteatic activity of trypsin and 

preserves the cells contained in the digested tissue from being destroyed. The falcons 

were centrifuged for 3 minutes at 300g and the supernatant was carefully removed and 

discarded. The pellets were washed with 10 ml PBS (Gibco) and centrifuged for 3 

minutes at 300g. This step was repeated twice. To produce a single cell suspension, the 

cell pellet was dissolved in 1 ml of PBS (Gibco). The cells were carefully pipetted up and 

down around 30 times and finally run through a 100 µM filter mesh for further 

separation. The resulting single cell suspension was stored on ice until FACS sorting.  
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In order to separate the electroporated, GFP positive cells from the non-transfected, 

GFP negative cells, the prepared single cell solutions were subjected to FACS. During this 

procedure, GFP positive cells are detected with a laser and sorted into a separate 

reaction tube for later analyses. FACS sorting was conducted by the TRON FACS Core 

Facility in Mainz. The GFP positive cells were sorted into the RLT buffer of the RNeasy 

Micro Kit (Qiagen) supplied 1:100 with ß-Mercaptoethanol. 

4.2. RNA isolation 

To isolate RNA from the sorted, GFP positive cells, the RNeasy Micro Kit (Qiagen) was 

used. This kit is especially suitable to isolate RNA from very small amounts of cells. With 

the FACS, 10.000 to 50.000 GFP positive cells were isolated. The sorted cells were 

vortexed for 1 minute for homogenization. Then, 100 µl of 70% EtOH was added to the 

lysate and mixed well by pipetting. The sample was transferred to a RNeasy MinElute 

spin column and centrifuged for 15 seconds at 8000 g. The flow through was discarded 

and 350 µl buffer RW1 was added to the spin column. Again, the column was centrifuged 

for 15 seconds at 8000 g and the flow through was discarded. For the on-column DNAse 

digestion, 10 µl of DNAse I and 70 µl of buffer RDD were pipetted on the spin column. 

After incubation time of 15 minutes at RT, 350 µl of buffer RW1 were pipetted on the 

column which was then centrifuged for another 15 seconds at 8000 g. The Flow through 

was discarded and the column was washed with 500 µl of buffer RPE. The flow through 

was again discarded and 500 µl of 80% EtOH were pipetted on the spin column. The 

column was centrifuged for 2 minutes at 8000 g, the flow through was discarded and 

the empty column was centrifuged for 5 minutes at full speed to remove residual EtOH 

from the filter membrane. For elution of the RNA, 14 µl of RNase water was pipetted on 

the spin column which then was centrifuged at full speed for 1 minute. The isolated RNA 

was quantified using the Qubit RNA High Sensitivity Assay kit (Thermo Scientific) and 

stored at -80°C until further use.  

4.3. mRNA sequencing of FACS sorted cells 

The mRNA sequencing of the miR-16 overexpressing RNA samples was performed by 

StarSeq Mainz.  
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4.4. Bioinformatical analyses 

The bioinformatical analyses of the sequencing data was performed as described in 

chapter 1.1.4. 

5. Validation of miRNA 16 target genes  

The bioinformatical analyses of the RNA sequencing data identified 415 differentially 

expressed genes (DEGs) between miR-16 overexpressed samples and the control cells. 

Among these, 221 DEGs were downregulated after miR-16 overexpression. To validate 

this finding, RT-qPCR and Luciferase Assays were performed.  

5.1. Validation with RT-qPCR 

5.1.1. Overexpression of miRNA 16 in N2A cells 

For the validation of the RNA sequencing data, miR-16 was overexpressed in N2A cells. 

For this, one day prior transfection, N2A cells were seeded into 12 well cell culture 

plates, 75.000 cells per well. 14 hours later, 3 wells each were transfected with either 

10 nM of miR-16 miRNA mimic or negative control (Qiagen) using Lipofectamine3000 

(Thermo Scientific). Forty-eight hours after transfection, the cells were harvested using 

a cell scraper and the pellets were solved in 80 µl RNA later reagent (Sigma). The pellets 

were stored at -20 °C until further use. 

5.1.2. RNA isolation 

RNA was isolated from the cell pellets using the Roche High Pure RNA isolation kit. First, 

the pellets were thawed and resuspended in 120 µl PBS. Then, 400 µl Lysis/binding 

buffer was added and the samples were vortexed for 15 seconds. The samples were 

transferred to a High Pure filter tube and centrifuged for 15 seconds at 8000 g. The flow 

through was discarded and 10 µl of DNAse I solution was pipetted on the spin columns 

together with 90 µl of DNAse I incubation buffer. The tubes were incubated for 15 

minutes at RT. After this incubation time, 500 µl wash buffer I was added to the spin 

columns and they were centrifuged for 15 seconds at 8000 g. The flow through was 

discarded and 500 µl of wash buffer II was added to the spin columns. The columns were 

centrifuged for 2 minutes at maximum speed and the flow through was discarded. To 

elute the RNA, 50 µl elution buffer was pipetted on the spin column, which was then 

centrifuged for 1 minute at maximum speed. The RNA was quantified using the 

Nanodrop One (Thermo Scientific) and stored at -80°C until further use.  
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5.1.3.  cDNA synthesis 

The isolated RNA had to be reverse transcribed into cDNA for further analyses with 

qPCR. For this, the RevertAid Reverse Transcription Kit (Thermo Scientific) was used. 500 

ng of each RNA sample were diluted in 10 µl of H2O. Then, each 1 µl of Oligo dT and 

Random Hexamer primer were pipetted to the diluted RNA. 4 µl of 5x Reaction buffer, 

1 µl of RiboLock RNAse Inhibitor (20 U/µl), 2 µl of 10 mM dNTP mix and 1 µl of RevertAid 

M-MuLV RT (200 U/µL) were added to the reaction. The tubes were incubated for 5 

minutes at 25°C followed by 60 minutes at 42°C in a thermal cycler. The reaction was 

terminated by an incubation at 70°C for 5 minutes. The cDNA samples were stored at -

20°C until further use.  

5.1.4. RT-qPCR 

For real time quantitative PCR (RT-qPCR), the cDNA was diluted to a final concentration 

of 5 ng/µl. 2 µl of cDNA were pipetted in each tested well of a 96 well plate together 

with 8 µl of qPCR Master Mix (0.4 µl Primer Mix fw+rv 10µM, 5.2 µl 2x Takara SYBR green 

reagent (Takara), 2.4 µl H2O). The plate was sealed with an adhesive foil, centrifuged 

briefly and put into the qPCR cycler (PeqLab, OneStep). Quantification of the obtained 

cT values was performed using the delta-delta-cT method.  

5.2. Validation with Luciferase Assays 

Through our RNA sequencing analyses, miR-16 was identified to be an interactor of 

different target genes in the developing embryonic brain. To validate the predicted 

effect of miR16 on these candidate genes, luciferase assays were performed in HEK293 

cells. 

5.2.1. Cloning of Luciferase Assay constructs 

For the luciferase assays, the 3’ UTRs of the newly identified miR16 targets Wee1 were 

cloned downstream of the renilla luciferase into the psiCheck2 vector (Promega). For 

this, the GeneArt Gibson Assembly Master Mix EX (Thermo Scientific) was used. The 

Primer sequences can be seen in table 26. 

Name Sequence 

Wee1_fw cagtaattctaggcgatcgcactgctcacattccccag 

Wee1_rv gatattttattgcggccagcttaaggtaagcacggaatgac 

Table 26: Primers for cloning of luciferase assay constructs.  
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First, the 3’ UTR sequences were PCR amplified from genomic mouse DNA. For this, the 

Q5 High Fidelity polymerase (NEB) was used. The tables 27 and 28 display the PCR 

reaction setup and cycling parameters.  

Reagent Volume 

5x Q5 Reaction buffer 10 µl 

10 mM dNTPs 1 µl 

10 µM Primer Mix (fw+rv)  5 µl 

Template DNA 500 ng 

Q5 High Fidelity DNA Polymerase 0.5 µl 

H2O to 50 µl 

Table 27: PCR reaction for cloning of luciferase assay constructs.  

Temperature Cycles Time 

98°C 1x 3 min 

98°C 35x 10 sec 

66°C 35x 30 sec 

72°C 35x 30 sec 

72°C 1x 2 min 

4°C  hold 

Table 28: Cycling protocol for cloning of luciferase assay constructs.  

To check for correct size of the amplified DNA, the PCR products were loaded on a 1.5 

% agarose gel. The bands were cut from the gel and the DNA was eluted using the High 

Pure PCR Product Purification Kit (Roche). The purified DNA was quantified using a 

NanoDrop One and stored at -20°C until further use.  

To ligate the amplified 3’ UTR sequences into the psiCheck2 vector, the GeneArt Gibson 

Assembly Master Mix EX (Thermo Scientific) was used. For this, the psiCheck2 vector 

was digested with the same 2 enzymes (NotI, XHoI) that were also used for the 3’ UTR 

primer design to facilitate a side directed ligation of the 3’ UTR sequences into the 

backbone vector. For the Gibson Assembly, 0.04 pico moles of each insert and backbone 

vector were mixed with 5 µl of Gibson Master Mix A and filled up to a total volume of 

10 µl with H2O. The reactions were incubated in a thermal cycler using the cycling 

protocol shown in table 29. 
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Temperature Time 

37°C 5 min 

75°C 20 min 

 

Cool to 60°C 0.1°C/sec  

 

60°C 30 min 

 

Cool to 4°C 0.1°C/sec 

Table 29: Incubation protocol Gibson Assembly. 

Afterwards, 10 µl of Gibson Master Mix B was pipetted on each reaction and the tubes 

were incubated at 45°C for 15 minutes.  

After this incubation the ligates were diluted 1:3 and transformed into competent 

escherichia coli bacteria. The bacteria were plated onto LB-Ampicillin plates and 

incubated over night at 37°C. The next day, colonies were picked, mini-plasmid 

preparation was conducted and the DNA of the clones was sent to StarSeq for sanger 

sequencing to check for the correct insert size and sequence. Table 30 shows the 

sequencing primers used for the psiCheck2-vector. 

Name Sequence 

psiCheck2_fw CAGGAGGACGCTCCAGATGAAATG 

psiCheck2_rv GTCAGACAAACCCTAACCACCG 

Table 30: Sequencing primers for psiCheck2 vector.  

After successful validation of the correct insert size and sequence, the according clone 

was used for maxi-plasmid preparation. For this, the Qiagen Plasmid Maxi Kit was used, 

according to the manufacturer’s protocol.  

5.2.2. Transfection of Luciferase constructs into HEK293 cells 

To transfect the cloned luciferase assay constructs into HEK293 cells, Lipofectamine2000 

was used (ThermoScientific). Besides the cloned 3’UTR of the target genes, a miR-16 

miRNA mimic was co-transfected into the cells to test the effect of this miRNA on the 

target gene Wee1. The miR-16 miRNA mimic was bought from Qiagen. One day prior 
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transfection, 7,5 x 104 HEK293 cells were seeded in each well of a 12 well plate. For 

transfection one day later, one tube was prepared containing 80 µl OptiMEM (Gibco) 

plus 600 ng miRNA mimic and 200 ng of the cloned 3’ UTR construct of Wee1 and 

another tube containing 80 µl OptiMEM (Gibco) plus 4 µl Lipofectamine2000 

transfection reagent (Thermo Scientific). The contents of the two tubes were mixed and 

incubated at RT for 5 minutes. Then the complete sample was pipetted drop wise on 

one well of the pre plated cells and incubated on them at 37°C for 48h.  

5.2.3. Lysate preparation and Luciferase Assay 

48h after transfection, the cells were washed once with PBS. Then, 200 µl of 1x Lysis 

buffer (Promega) was pipetted on each well. The plates were incubated at RT on a shaker 

for 15 min. After incubation, each lysate was pipetted in a separate tube. The lysates 

were either stored at 4°C until further use or directly used for Luciferase Assays.  

To measure the relative luciferase activity of the prepared cell lysates, 20 µl of each 

sample were pipetted into separate wells of a 96-well plate. Each sample was tested in 

triplicates. The plate was loaded onto a CentroXS3 LB 960 Luminometer (Berthold 

Technologies) and the Firefly- and Renilla- luciferase activity of the samples was 

measured. The Luminometer was set to add 100 µl of Firefly or Renilla buffer to each 

scanned well. To quantify the relative luciferase activity of the samples, the Renilla 

values were divided by the firefly values (normalization). 

5.3. Validation with western blot analyses 

To check for the effect of miR-16 on the protein level of the target genes Wee1 and 

Fbxw7, western blot analyses were performed. For this, N2A cells were transfected with 

miR-16 miRNA mimics as described in chapter 5.2.2. 48h after transfection, the cells 

were washed once with PBS, scraped from the surface of the plates with a sterile cell 

scraper and transferred to a 15 ml falcon. Then, the cells were centrifuged at 300 g for 

3 min and the supernatant was removed carefully. The cell pellet was dissolved in 50 µl 

of Magic Mix (table 31) and the whole volume was pipetted on a QIAShredder column 

(Qiagen)and centrifuged for 2 min at 8000rpm. The flow through was transferred to a 

fresh 1.5 ml Eppi and quantified on a NanodropOne.  
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Ingredient Volume 

Urea-nitrate 4.8 g 

1 M Tris pH 7.5 150 µl 

Glycerin 870 µl 

SDS 100 mg 

Protease Inhibitor 1 tablet (for 10 ml) 

Table 31: Magic mix (10 ml) for western blot lysates.  

During the western blot, the protein mix loaded to the SDS gel is first separated by size, 

then the proteins are transferred to a solid membrane and lastly the proteins of interest 

are marked using specific primary and secondary antibodies. First, the SDS gel was made 

(10% separating- and 10% stacking gel), following the protocol described in tables 32 

and 33.  

Ingredient Volume 

H2O 1,4 ml 

0,5M Tris pH6,8 250 µl 

30% Acrylamide 330 µl 

10% SDS 20 µl 

10% APS 20 µl 

TEMED 2 µl 

Table 32: 10% Stacking gel for western blot. 

Ingredient Volume 

H2O 1,9 ml 

1,5M Tris pH8,8 1,3 ml 

30% Acrylamide 1,7 ml 

10% SDS 50 µl 

10% APS 50 µl 

TEMED 2 µl 

Table 33: 10% Separating gel for western blot.  

The gels were poured into a SDS gel running apparatus and incubated for 30 minutes at 

RT until they were solid. 60 µg of each protein lysate plus 5 µl of Magic Mix with 1% 

beta-Mercaptoethanol and bromophenol blue were cooked for 5 min at 95 °C and 

loaded to the SDS gel. The SDS gel was connected to a power supply, the running 
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chamber was filled with running buffer (for 1 liter: 3g Tris, 14.4g Glycine, 1g SDS) and 

was run at 200 V for 45 minutes. Afterwards, the SDS gel was transferred to the 

membrane of a Trans-Blot Turbo Transfer Sandwich (BIO RAD) and blotted in the Trans-

Blot turbo transfer system for 11 minutes at 25 V. Afterwards, the membrane with the 

transferred proteins was blocked in 5% milk (for 50 ml: 2.5 g milk powder plus 50 ml 

H2O) at RT for 1h. The primary antibodies were incubated in 3ml blocking solution and 

a concentration of 1:200 on the membranes at 4°C over-night. The next day, the 

membranes were washed 3 times for 10 min with PBS-Tween (for 1 liter: 1 liter PBS plus 

1 ml Tween) before incubation with the secondary antibody. The secondary antibody 

(1:6000) was incubated on the protein membranes in 3 ml blocking solution. The 

membranes were put on a roller mixer at RT for 1h and afterwards washed again 3 times 

with PBS-T for 10 minutes each. To quantify the protein, the washed membrane was 

provided with 300 µl ECL mix and placed under a BIO RAD Chemidoc where the proteins 

were detected using chemiluminescence. The BIO RAD tool Image Lab V5 was used for 

quantification of the proteins on the membrane.  

 

6. Rescue of miRNA 16 induced phenotype in vivo 

To evaluate if the phenotype induced by miR-16 overexpression in the developing brain 

can be rescued, the miR-16 target gene Wee1 was overexpressed together with miR-16 

via in utero electroporation in murine embryonic brains.  

6.1. Cloning of rescue constructs 

To clone the coding sequence of Wee1 into the pCAGGs-IRES-GFP vector, the Gibson 

Assembly Cloning Method was used. This method is described in chapter 5.2.1. For this 

cloning, primers were designed using the NEBuilder online tool (New England Biolabs; 

https://nebuilder.neb.com/). The primers carried sequences of the restriction enzymes 

XmaI and EcoRI to insert the Wee1 cDNA into the plasmid in a directed manner. The 

primer sequences can be seen in table 34. 

Name Sequence 

Wee1_pCAGGs_fw gatctcgagctcaagcttcgATGAGCTTCCTGAGCCGAC 

Wee1_pCAGs_rev gggagggagaggggcggatcTCAGTATATAGTAAGGCTGACAGAG 

Table 34: Cloning primers Wee1. 

https://nebuilder.neb.com/
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For sequencing of the resulting constructs, the primers of table 35 were used. 

Name Sequence 

pCAGGs_seq_fw CCATGTTCATGCCTTCTTCTTT 

M13_seq_rv CAGGAAACAGCTATGACC 

Table 35: Sequencing primers for Wee1 cloning. 

 

6.2. In utero electroporation of Wee1 construct 

The description of the method of in utero electroporation can be found in chapter 3.1.2. 

The brains were electroporated at E13, analyzed at E15 and processed according to the 

protocol described in chapter 3.1.3. The brains were cut transversally at a Leica 

Cyrotome. Table 36 lists the plasmid concentrations for the different samples. 

 pCAGGs-IRES-

GFP 

pGAGGs-GFP pCAGGs-

miR16-IRES-

GFP 

pCAGGs-

Wee1-IRES-

GFP 

control 3 µg/µl 0.5 µg/µl / / 

miR-

16+control 

1.5 µg/µl 0.5 µg/µl 1.5 µg/µl / 

miR-16+Wee1 / 0.5 µg/µl 1.5 µg/µl 1.5 µg/µl 

Table 36: Plasmid concentrations for the Wee1 in utero electroporation.  
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Results  
 

1. MiRNA expression in the developing brain 

Over the last years it has become more and more evident, that miRNAs play important 

roles in gene regulation in the developing brain (Rajman et al., 2017). Yet, little is known 

about miRNA expression patterns during different stages of embryonic development. To 

shed a light on this, we carried out miRNA sequencing of cultured cortical NPCs and 

neurons as well as cerebral cortex tissue at embryonic stages E14 (embryonic day 14), 

E17 (embryonic day 17) and P0 (day of birth). These time points were picked according 

to the fact, that embryonic neurogenesis is active at E14 and E17 and ends at around 

E18 (Liscovich et al., 2013). The aim of this experiment was not only to obtain an overall 

impression of miRNA expression during brain development, but also to achieve more 

insights into the expression profile of the miR-15 miRNA family. As described in the 

introduction, the miR-15 miRNA family has been shown to be involved in NPC 

proliferation and neuronal differentiation in the developing murine cortex and therefore 

was of special interest for us (Lv et al., 2014).  

1.1. MiRNA expression in NPCs and neurons 

To obtain an overview of miRNA expression profiles in the different cell types of the 

developing mouse brain, we performed small RNA sequencing with RNA isolated from 

cultured cortical NPCs and neurons. The bioinformatical analyses was performed by the 

Institute’s bioinformatician, Dewi Hartwich.  

The Principal Component Analysis (PCA) clearly separates NPCs and neurons into 

different clusters according to their miRNA expression profiles (figure 8). 
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Figure 8: Principal Component Analysis (PCA plot) of miRNA sequencing data in NPCs and 

neurons. 3 biological replicates of neurons and NPCs were sequenced. NPCs are depicted as blue 

dots, neurons as red dots.  

 

Table 37 gives an overview of miRNA results in NPCs and neurons. In total, 241 miRNAs 

were differentially expressed between NPCs and neurons. While expression of 114 of 

these miRNAs increased in neurons compared to NPCs, expression of 127 of these 

miRNAs decreased.  

No. of upregulated 
miRNAs in neurons vs. 
NPCs  

No. of upregulated 
miRNAs in NPCs vs. 
neurons 

 Total No. of differentially 
expressed miRNAs 
between NPCs and 
neurons 

114 127 241 

Table 37: Differentially expressed miRNAs in NPCs vs neurons.  

 

1.2. MiRNA expression in the developing murine cortex (E14-P0) 

To evaluate the expression profiles of different miRNAs in the developing cerebral cortex 

across different time points of development, miRNA sequencing was performed with 

RNA isolated from cerebral cortex tissue of E14, E17 and P0 NMRI mice. This experiment 

was performed, to complete the data we already obtained by miRNA sequencing in NPCs 

and neurons and to gain more insights into miRNA expression across brain development. 

As expected, the PCA separates E14, E17 and P0 into different clusters by their small 

RNA expression profiles (figure 9).  
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Figure 9: Principal Component Analysis (PCA plot) miRNA sequencing in cortical tissue of E14, 

E17 and P0 mice. 12 biological replicates were used for miRNA sequencing. E14 samples are 

depicted as orange dots, E17 samples as blue dots and P0 samples as green dots. 

 

Table 38 gives an overview of the sequencing results of the miRNA sequencing of E14, 

E17 and P0 mouse cortex. In total, 277 differentially expressed miRNAs could be 

identified when E14 and E17 lysates were compared. 335 miRNAs were differentially 

expressed between E14 and P0 and 175 miRNAs between the time points E17 and P0.  

 No. of upregulated 
miRNAs 

No. of 
downregulated 
miRNAs 

Total No. of 
differentially 
expressed miRNAs 

E14 vs. E17 133 144 277 

E14 vs. P0 163 172 335 

E17 vs. P0 82 93 175 

Table 38: Differentially expressed miRNAs in E14, E17 and P0 cortical lysates. 

The Top 10 up- and downregulated miRNAs for the time points E14 vs. E17, E14 vs. P0 

and E17 vs. P0 are listed in heat maps in figures 10-12. Many of these miRNAs have 

already been shown to have important functions during embryonic brain development 

and neurogenesis. MiR-124, for example, which we found to be upregulated at P0 



62 
 

compared to E14, is evolutionally highly conserved and has been described to be highly 

expressed in the developing brain where it is involved in neuronal differentiation and 

maturation (Kozuka et al., 2019). Two other miRNAs which appeared in our Top 10 up- 

and downregulated miRNAs at the different stages of development were miR-137 and 

miR-153. In the past, these miRNAs have been shown to be important regulators of 

neuronal differentiation and dendritic spine morphology. MiR-137 has been shown to 

target the gene NeuroD1, which is an important transcription factor driving 

neurogenesis whereas miR-153 targets Fmr1, an important translational regulator 

involved in the fragile X syndrome (Cherone et al., 2019).  

 

Figure 10: Top up- and downregulated miRNAs between stages E14 and E17. For E14, 10 
biological replicates are listed and for E17, 12 biological replicates are listed.  
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Figure 11: Top up- and downregulated miRNAs between stages E14 and P0. For E14, 10 
biological replicates are listed and for P0, 12 biological replicates are listed. 
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Figure 12: Top up- and downregulated miRNAs between stages E17 and P0. For E17 and P0, 12 
biological replicates are listed. 

 

During embryonic brain development, the number of NPCs in the brain slowly decreases 

as they give rise to an increasing number of neurons by neuronal differentiation. Due to 

this transition, we also expected an overlap of differentially expressed miRNAs between 

the later time points of development, as for example P0 and the sequenced neurons as 

well as an overlap of differentially expressed miRNAs of the E14 cortical lysates and the 

sequenced NPCs. 
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To check if a common set of miRNAs is differentially expressed between NPCs and 

neurons and between the different cortical stages, the data of these experiments were 

compared with each other. The Venn diagram in figure 13 shows an overlap of 74 

miRNAs that are upregulated in NPCs compared to neurons and in the E14 cerebral 

cortex compared to later stages of cortical development. Similarly, another set of 74 

miRNAs are upregulated in both neurons and P0 cerebral cortex when compared to 

NPCs and P14 cortex, respectively (figure 14).  

 

Figure 13: Venn diagram of miRNAs upregulated in NPCs vs. neurons and miRNAs upregulated 
in E14 vs. P0 cerebral cortex. 89 miRNAs are upregulated in E14 cerebral cortex but not in NPCs 
and 53 miRNAs are upregulated in NPCs but not in E14 cerebral cortex. 74 miRNAs are 
upregulated in both E14 cerebral cortex and NPCs. 
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Figure 14: Venn diagram of miRNAs upregulated in neurons vs. NPCs and miRNAs upregulated 
in P0 vs. E14 cortical lysates. 98 miRNAs are upregulated in P0 cerebral cortex but not in neurons 
and 40 miRNAs are upregulated in neurons but not in P0 cerebral cortex. 74 miRNAs are 
upregulated in both P0 cerebral cortex and neurons. 

 

To validate the results of the small RNA sequencing, TaqMan Assays were used as 

second method. Five miRNAs for which differential expression between E14, E17 and P0 

was identified in the small RNA-Seq were chosen for validation:  Figure 15 shows that 

miRNAs -137-3p, -124-3p as well as -128-3p increase their levels of expression in the 

sampled cortical tissue from early time points of brain development (E14) to early post-

natal stages (P0). These results of the miRNA sequencing data could also be validated 

with miRNA expression analyses in cortical tissue via TaqMan Assays (figures 16 -18) A 

One-Way ANOVA with post-hoc Tukey demonstrates that all expression differences for 

miRNAs-137-3p, -124-3p and -128-3p between the stages E14, E17 and P0 are 

significant.  
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Figure 15: Fold change expression of miR-137-3p, miR-124-3p and miR-128-3p in E14, E17 and 
P0 cortical tissue. All 3 candidate miRNAs show increasing levels of expression from E14-P0.  

 

 

 

Figure 16: Expression of miR-137-3p increases during embryonic development of the cerebral 
cortex. Relative expression of miR-137-3p in cortical tissue at E14, E17 and P0 was measured by 
TaqMan Assays. Shown is the mean of three biological replicates. For the statistical analyses the 
One-Way ANOVA test with post-hoc Tukey was used. Expression E14 vs. E17 p=0.0011(**); E17 
vs. P0 p=0.0002(***); E14 vs. P0 p<0.0001(****). 
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Figure 17: Expression of miR-124-3p increases during embryonic development of the cerebral 
cortex. Relative expression of miR-124-3p in cortical tissue at E14, E17 and P0 was measured by 
TaqMan Assays. Shown is the mean of three biological replicates. For the statistical analyses the 
One-Way ANOVA test with post-hoc Tukey was used. Expression E14 vs. E17 p=0.0001(***); E17 
vs. P0 p=0.0027(**); E14 vs. P0 p<0.0001(****). 

 

 

Figure 18: Expression of miR-128-3p increases during embryonic development of the cerebral 
cortex. Relative expression of miR-128-3p in cortical tissue at E14, E17 and P0 was measured by 
TaqMan Assays.  Shown is the mean of three biological replicates. For the statistical analyses the 
One-Way ANOVA test with post-hoc Tukey was used. Expression E14 vs. E17 p=0.0010(***); E17 
vs. P0 p<0.0001(****); E14 vs. P0 p<0.0001(****).  
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The small RNA-Seq data indicate that expression levels of miR-15b-5p and miR-130b-3p 

decrease from E14 to P0 (figure 19). Also, these expression changes could be validated 

by TaqMan Assays (figures 20 and 21). MiR-15b-5p as well as miR130b-3p both show 

significantly decreased expression from E14 to P0.  

 

 

Figure 19: Fold change expression of miR-15b-5p and miR-130b-3p in E14, E17 and P0 cortical 
tissue. Expression of all three candidate miRNAs decreases during cerebral cortex development.  

 

 

Figure 20: Expression of miR-15b-5p decreases during embryonic development of the cerebral 
cortex. Relative expression of miR-15b-5p in cortical tissue at E14, E17 and P0 was measured by 
TaqMan Assays.  Shown is the mean of three biological replicates. For the statistical analyses the 
One-Way ANOVA test with post-hoc Tukey was used. Expression E14 vs. E17 p<0.0001(****); 
E17 vs. P0 p<0.0001(****); E14 vs. P0 p<0.0001(****). 
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Figure 21: Expression of miR-130b-3p decreases during embryonic development of the 
cerebral cortex. Relative expression of miR-130b-3p in cortical tissue at E14, E17 and P0 was 
measured by TaqMan Assays.  Shown is the mean of three biological replicates.  For the 
statistical analyses the One-Way ANOVA test with post-hoc Tukey was used. Expression E14 vs. 
E17 p<0.0001(****); E17 vs. P0 p<0.0001(****); E14 vs. P0 p<0.0001(****). 

 

2. MiR-16 regulates neurogenesis in the embryonic neocortex 

2.1. MiR-16 is strongly expressed in the developing brain 

While there is no doubt that miRNAs in general fulfil important functions during neural 

development the specific functions of only a few miRNAs have been studied so far. In 

my work I decided to focus on the miRNA miR-16 for the following reasons: (i) miR-16 is 

a member of the miR-15 miRNA family and another member of this family (miR-15b) 

was already shown to regulate neural differentiation in vivo (Lv et al., 2014) and (ii) miR-

16 regulates proliferation and apoptosis in non-neuronal cells and in cultured NPCs (He 

et al., 2016). I therefore hypothesized that miR-16 is an important regulator of cerebral 

cortex development.  

 To get more insights into the expression profile of miR-16 in NPCs/neurons and the 

developing cerebral cortex, I analyzed the miRNA sequencing data and performed 

TaqMan Assays.  
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The sequencing data indicates that miR-16 is highly expressed during embryonic 

development of the cerebral cortex. Whereas a known driver of neurogenesis, miR-124-

3p, was strongly upregulated in neurons compared to NPCs (130-fold), miR-16-5p only 

showed a trend of upregulation in neurons which was not significant (1.3-fold; p-

value=0.22; figure 22). This trend was also validated with TaqMan Assays (figure 23). 

Due to the high standard deviations, this effect was, however, not significant.  

 

Figure 22: Fold change expression of miR-16-5p and miR-124-3p in NPCs and neurons. Three 

biological replicates each of neurons and NPCs were sequenced. P-value miR-16-5p =0.22 and 

p-value miR-124-3p<0.005. The shown data was obtained from miRNA sequencing. 

 

Figure 23: Expression of miR-16-5p and miR-124-3p in NPCs and neurons. Three biological 
replicates were used for TaqMan Assays. P-value miR-16-5p =0.09 and p-value miR-124-3p=0.08. 
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2.2. MiR-16 overexpression in the developing neocortex  

To check, if a certain level of miR-16 expression in the developing neocortex is crucial 

for proper development and function, we decided to overexpress this miRNA in the 

mouse brain in vivo. For this, miR-16 and for comparison the closely related miR-15 were 

cloned into a pCAGGs-IRES-GFP expression vector and overexpressed in the embryonic 

mouse neocortex by in utero electroporation. Because the IRES-GFP generated only a 

weak green fluorescent signal, a pCAGGs-GFP expression vector was co-electroporated 

to distinguish between electroporated and non-electroporated cells.  

2.2.1. Validation of successful miR-15/-16 overexpression 

To test for miR-15/-16 expression levels after overexpression by in utero 

electroporation, the electroporated, GFP positive cells were FACS sorted and collected. 

Subsequently, RNA was isolated from these cells and expression levels of miR-16 and 

miR-15 were measured by TaqMan Assays. Figure 24 shows, that in the overexpression 

samples expression levels of both miR-16 and miR-15 are higher compared to the 

control. Because in these experiments, the primary miRNA transcripts (pri-miRNAs) 

were expressed from the vector and further processed into precursor miRNAs (pre-

miRNAs) that contained the 5’- and the 3’-arm, both the mature 5p- and 3p-miRNAs, 

were processed and expressed in the electroporated cells.  The TaqMan Assays revealed 

a 2.9-fold increase in miR-16-5p expression, a 7-fold increase in miR-16-3p expression, 

a 3.8-fold increase in miR-15-5p expression and a 4-fold increase in miR-15-3p 

expression. 
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Figure 24: Fold increase in expression of the mature miRNAs miR-16-5p/-3p and miR-15-5p/-

3p in the embryonic neocortex after in utero electroporation of miRNA overexpression 

constructs. Three biological replicates were pooled for this analysis. For the statistical analyses 

the students t-test was used. Expression miR16-5p vs. miR-16 control p<0.01(**); miR-15-5p vs. 

miR-15 control p<0.05(*); miR-16-3p vs. miR-16 control p<0.01(**); miR-15-3p vs. miR-15 

control p<0.05(*).  

 

2.2.2. MiR-16 overexpression causes phenotype in the developing brain 

To study the function of miR-16 during neurogenesis, the pCAGGs-miR-16-IRES-GFP 

construct was electroporated into the motor cortex of mouse embryos at E13. The 

brains were analyzed two days later, at stage E15. Because of its similarity in seed 

sequence and binding targets to miR-16 and to check if these two miRNAs induce 

different phenotypes in the developing neocortex, miR-15 was also included in this 

study.  

As depicted in figure 25, overexpression of miR-16 as well as miR-15 resulted in a 

significant increase in GFP positive cells in the intermediate zone and a decrease in GFP 

positive cells in the cortical plate. Whereas in the control, 10% of GFP positive cells had 

entered the cortical plate by E15, in miR-16 and miR-15 overexpressing cells, 0% and 2% 
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of GFP positive cells, respectively, were located in the cortical plate. Instead, in the miR-

16 and miR-15 overexpressing brains GFP positive cells accumulated in the intermediate 

zone. Hence, after miR-16 overexpression 98% and after miR-15 overexpression 95% of 

the electroporated cells were located in the intermediate zone. In the empty control 

only 81% of the electroporated, GFP positive cells were located in the intermediate zone 

of the developing cortex. Furthermore, although not significant, a trend of fewer GFP 

positive cells in the ventricular zone of miR-15/-16 overexpressing brains in comparison 

to the control brains could be observed (p-value miR-16 vs. control = 0.06; p-value miR-

15 vs. control= 0.07). 

 

Figure 25:  Distribution of miR-16 and miR-15 overexpressing GFP positive cells in the different 

layers of the developing neocortex. Constructs were electroporated into the neocortex at E13. 

Brains were analyzed at E15. Three biological replicates were pooled for this analysis. The brains 

were cut transversally. Depicted area: motor cortex. For statistical analyses the One-Way 

ANOVA test with post-hoc Tukey was used. CP: cortical plate, IZ: intermediate zone, VZ: 

ventricular zone. GFP pos. cells CP control vs. CP miR-16 p=0.0070(**); CP control vs. CP miR-15 

p=0.0462; IZ control vs. miR-16 p=0.0020(**); IZ control vs. miR-15 p=0.0179(*); VZ control vs. 

miR-16 p=0.06; VZ control vs. miR-15 p=0.07.  
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To determine if the phenotype observed after miR-16 and miR-15 overexpression is still 

present in the developing neocortex at later developmental stages, both miR-16 and 

miR-15 were overexpressed in utero at E13, and brains were analyzed at E18. This is the 

last prenatal day of development as C57BL/6 mice usually give birth at E19. Figure 26 

shows, that at E18 miR-16 and miR-15 overexpressing cells are strongly impaired from 

entering the cortical plate. Whereas in the control brains, a very low number of GFP 

positive cells were located in the intermediate zone (9% of all electroporated, GFP 

positive cells), miR-16 and miR-15 overexpressing brains accumulated GFP positive cells 

in this zone.  Fifty-one % of all GFP positive, electroporated cells were located in the 

intermediate zone after miR-16 overexpression and 50% after miR-15 overexpression. 

In comparison to the control in which 90% of all electroporated, GFP positive cells were 

located in the cortical plate, this cell number was significantly decreased in miR-16 (48%) 

and miR-15 (49%) overexpressing neocortex.  

 

Figure 26: Distribution of miR-16 and miR-15 overexpressing cells in the different layers of the 

developing neocortex at E18. Constructs were electroporated into the neocortex at E13. Brains 

were analyzed at E18. Three biological replicates were pooled for this analysis. Depicted area: 

motor cortex. For statistical analyses the One-Way ANOVA test with post-hoc Tukey was used. 

CP: cortical plate, IZ: intermediate zone.  GFP pos. cells CP control vs. CP miR16 p=0.0004(***); 

CP control vs. miR-15 p=0.0009(***); IZ control vs. IZ miR-16 p=0.0004(***); IZ control vs. IZ miR-

16 p=0.0009(***).  
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2.2.3. Restricting miR-16/-15 overexpression to newborn neurons abolishes 

the phenotype 

Having shown that the overexpression of miR-16 and miR-15 causes a delay in cells 

entering the cortical plate, I wanted to investigate the cellular origin of this defect. The 

pCAGGS IRES GFP vector that was used for overexpressing the miRNAs in the previous 

experiments contains the chicken beta actin promoter which is active in all different cell 

types of the developing neocortex. The observed phenotype could therefore be due to 

a stem cell or neuron defect. To restrict the miRNA overexpression to newborn neurons 

miR-16 and miR-15 genes were cloned into the ß2 expression vector containing the 

NeuroD promoter which is exclusively active in neurons. Figure 27 shows, that when 

overexpressed exclusively in neurons, miR-16 and miR-15 overexpression does not 

cause a phenotype. The amount of GFP positive cells between the cortical plate or 

intermediate zone of control and miRNA overexpressing cells did not differ significantly 

from each other.   

 

Figure 27: Distribution of miR-16 and miR-15 overexpressing cells under the NeuroD promoter 

in the different layers of the developing neocortex at E18. Constructs were electroporated into 

the neocortex at E13. Brains were analyzed at E18. Three biological replicates were pooled for 

this analysis. Depicted area: motor cortex. For statistical analyses the One-Way ANOVA test with 

post-hoc Tukey was used. CP: cortical plate, IZ: intermediate zone. All p-values > 0.05.  
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3. The effect of miR-16 overexpression on cell cycle and proliferation 

In order to examine the phenotype induced by miR-16 in the developing neocortex in 

further detail and to investigate the effect of miR-16 overexpression on the cell cycle 

and proliferation, miR-16 overexpressing brain slices (cut from E15 brains 

electroporated with pCAGGs-miR-16-IRES-GFP + pCAGGs-GFP plasmids at E13) were 

immunostained with a selection of cellular markers. Figures 28 and 30 depict the 

stainings and quantification of miR-16 overexpressed brains with the radial glial marker 

Pax6. The upper panel in figure 28 represents the control brain, and the lower panel the 

miR-16 overexpression. The phenotype already described in the previous chapters 

which displays a significant decrease in GFP positive, electroporated cells in the cortical 

plate in miR-16 overexpressing neocortex, compared to the control could also be 

observed in these experiments.  

The overall amount of Pax6 expressing, GFP positive cells did not differ significantly 

between control brains and the miR-16 overexpressed brains (figure 29).  
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Figure 28: Pax6 staining of miR-16 overexpressing and control brains. The brains were 

electroporated at E13 and analyzed at E15. Depicted area: motor cortex, CP: cortical plate, IZ: 

intermediate zone, SVZ: subventricular zone, VZ: ventricular zone.  
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Figure 29: Quantification of Pax6/GFP positive cells after miR-16 or control overexpression. 

Three biological replicates were analyzed. For statistical analyses the unpaired students t-test 

was used. P-value >0.05.  

 

 

Figure 30: Percentage of GFP/Pax6 positive cells after miR-16 or control overexpression in the 

different layers of the developing neocortex. Three biological replicates were used for this 

analysis. For the statistical analyses the unpaired students t-test was used. CP: cortical plate, IZ: 

intermediate zone, VZ: ventricular zone. P-value >0.05. 
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During development Pax6 positive radial glial cells divide asymmetrically to give rise to 

one new radial glial cell and one intermediate progenitor. Intermediate progenitors 

divide usually only once to give rise to two newborn neurons. To test for changes in 

neural differentiation upon miR-16 overexpression, slices of the electroporated brains 

were immunostained with antibodies against the intermediate progenitor marker Tbr2 

and the neuron marker Satb2. Figures 31 and 33 show the stainings and quantification 

of miR-16 overexpressing brains with the intermediate progenitor marker Tbr2. The 

upper panel of pictures in figure 31 represents the control brain, the lower panel the 

miR-16 overexpression. The percentage of Tbr2/GFP positive cells differed significantly 

between control and miR-16 overexpressing neocortex. After miR-16 overexpression, 

significantly more GFP positive cells were also Tbr2 positive than in the control (figure 

32). This effect could be observed in both the ventricular as well as the 

subventricular/intermediate zone (miR-16 overexpression: 9% of GFP positive cells in 

the subventricular/intermediate zone and 42% of GFP positive cells in the ventricular 

zone were also Tbr2 positive; control: 0.5% of GFP positive cells in the intermediate zone 

and 0% of the ventricular zone were Tbr2 positive) (figure 33).  
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Figure 31: Tbr2 staining of miR-16 overexpressing and control brains. The brains were 

electroporated at E13 and analyzed at E15.  Depicted area: motor cortex, CP: cortical plate, IZ: 

intermediate zone, SVZ: subventricular zone, VZ: ventricular zone. 
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Figure 32: Quantification of Tbr2/GFP positive cells after miR-16 or control overexpression. 

Three biological replicates were analyzed. For the statistical analyses the unpaired students t-

test was used. Control vs. miR-16 p=0.04(*). 

 

 

Figure 33: Percentage of GFP/Tbr2 positive cells after miR-16 or control overexpression in the 

different layers of the developing neocortex. Three biological replicates were analyzed. CP: 

cortical plate, IZ: intermediate zone, VZ: ventricular zone. For the statistical analyses the 

unpaired students t-test was used. IZ control vs. IZ miR-16 p=0.009(**); VZ control vs. VZ miR-

16 p=0.03(*). 
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Figures 34 and 36 show the Satb2 stainings and the quantification. The upper panel of 

pictures in figure 34 represents the control brain, and the lower panel miR-16 

overexpression. The quantification of these stainings revealed a significant decrease in 

GFP/Satb2 positive cells in the cortical plate of miR-16 overexpressing brains in 

comparison to the control. In the miR-16 overexpressing neocortex, no GFP/Satb2 

positive cells could be detected in the cortical plate, whereas the ratio of GFP/Satb2 

positive cells in the cortical plate of control brains was significantly higher (92% of GFP 

positive cells in the cortical plate were also Satb2 positive). This significant difference in 

Satb2 expression between miR-16 overexpressing and control brains was also visible in 

the intermediate zone (miR-16 overexpression: 28% of GFP positive cells in the 

intermediate zone were Satb2 positive; control: 67% of GFP positive cells in the 

intermediate zone were Satb2 positive) (figure 34). The percentage of Satb2 expressing, 

GFP positive cells was significantly higher in the control neocortex in comparison to the 

miR-16 overexpressing neocortex (figure 35).  
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Figure 34: Satb2 staining of miR-16 overexpressing and control brains. The brains were 

electroporated at E13 and analyzed at E15.  Depicted area: motor cortex, CP: cortical plate, IZ: 

intermediate zone, SVZ: subventricular zone, VZ: ventricular zone. 
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Figure 35: Quantification of Satb2/GFP positive cells after miR-16 or control overexpression. 

Three biological replicates were analyzed. For the statistical analyses the unpaired students t-

test was used. Control vs. miR-16 p=0.02(*).  

 

 

Figure 36: Percentage of GFP/Satb2 positive cells after miR-16 or control overexpression in the 

different layers of the developing neocortex. Three biological replicates were analyzed. CP: 

cortical plate, IZ: intermediate zone, VZ: ventricular zone. For the statistical analyses the 

unpaired students t-test was used. CP control vs. CP miR-16 p=0.0008(***); IZ control vs. IZ miR-

16 p=0.007(**) 
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The decrease in GFP/Satb2 positive postmitotic neurons and the increase in GFP/Tbr2 

positive intermediate progenitors in the miR-16 overexpressing cortices suggest defects 

in differentiation and/or proliferation due to miR-16 overexpression in the developing 

neocortex.  

To study the rate of proliferation in the neocortex electroporated with the miR-16 or 

control constructs, the proliferation marker Ki67 was stained. Figures 37 and 38 show 

the Ki67 stainings and quantification. The upper panel of pictures in figure 37 represents 

the control brain, the lower panel miR-16 overexpression.  

 

Figure 37: Ki67 staining of miR-16 overexpressing and control brains. The brains were 

electroporated at E13 and analyzed at E15. Depicted area: motor cortex, CP: cortical plate, IZ: 

intermediate zone, SVZ: subventricular zone, VZ: ventricular zone. 
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The percentage of Ki67 expressing, GFP positive cells, did not differ significantly between 

control and miR-16 overexpressing brains (figure 38). 

 

 

 

Figure 38: Quantification of Ki67/GFP positive cells after miR-16 or control overexpression. 

Three biological replicates were analyzed. For the statistical analyses the unpaired students t-

test was used. P-value >0.05.  

 

Besides proliferation miR-16 could also influence progenitor mitosis. To analyze possible 

changes in the rate of mitosis, stainings with antibodies against Phospho-Histone-H3 

(PhH3) were performed. Whereas Ki67 is expressed by both inter- and mitotic phase 

cells, PhH3 is exclusively expressed by cells that are in mitosis. Figures 39 and 41 show 

the stainings and quantification of miR-16 overexpressing neocortex with antibodies 

against PhH3. The upper panel of pictures in figure 39 represents the control neocortex, 

the lower miR-16 overexpression. No significant differences could be observed between 

the percentages of GFP/PhH3 positive cells in the miR-16 overexpressing and control 

neocortex (figure 40). 
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Figure 39: PhH3 staining of miR-16 overexpressing and control neocortex. The brains were 

electroporated at E13 and analyzed at E15. Depicted area: motor cortex, CP: cortical plate, IZ: 

intermediate zone, SVZ: subventricular zone, VZ: ventricular zone. 
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Figure 40: Quantification of PhH3/GFP positive cells after miR-16 or control overexpression in 

the developing neocortex. Three biological replicates were analyzed. For statistical analyses the 

unpaired students t-test was used. P-value >0.05. 

 

 

Figure 41: Percentage of GFP/PhH3 positive cells after miR-16 or control overexpression in the 

different layers of the developing neocortex. Three biological replicates were analyzed. CP: 

cortical plate, IZ: intermediate zone, VZ: ventricular zone. For the statistical analyses the 

unpaired students t-test was used. P-values >0.05. 

 

Finally, to assess the number of apoptotic cells in the miR-16 overexpressing brains in 

comparison to the control, cleaved Caspase-3 (Cas3) stainings were performed. Cas3 is 

a marker for apoptotic cells. Figures 42 and 44 show the stainings and quantification of 
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miR-16 overexpressing neocortex with antibodies detecting Cas3. The upper panel of 

pictures in figure 42 represents the control brain, the lower panel miR-16 

overexpression. The quantification shows, that there is no significant difference in 

GFP/Cas3 positive cells between the miR-16 overexpressing cortices and the control 

(figure 43). Almost no GFP positive cells were also positive for the apoptotic marker 

Cas3.  

 

Figure 42: Cas3 staining of miR-16 overexpressing and control neocortex. Neocortices were 

electroporated at E13 and analyzed at E15. Depicted area: motor cortex, CP: cortical plate, IZ: 

intermediate zone, SVZ: subventricular zone, VZ: ventricular zone. 
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Figure 43: Percentage of GFP/Cas3 positive cells after miR-16 or control overexpression in the 

different layers of the developing neocortex. Three biological replicates were analyzed. CP: 

cortical plate, IZ: intermediate zone, VZ: ventricular zone. For the statistical analyses the 

unpaired students t-test was used. P-values >0.05.  

 

 

 

 

Figure 44: Percentage of Cas3/GFP positive cells after miR-16 or control overexpression. Three 

biological replicates were analyzed. For statistical analyses the unpaired students t-test was 

used. P-value >0.05. 
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4. MiR-16 targets are involved in cell cycle regulation and proliferation 

After having established and described the phenotype miR-16 overexpression evokes in 

the developing embryonic neocortex, miR-16 targets were identified and studied in a 

next step. For this, RNA sequencing and a range of downstream analyses in miR-16 

overexpressing neuronal cells was performed. 

4.1. RNA sequencing in miR-16 overexpressing neuronal cells 

To identify direct targets of miR-16 in the developing mouse neocortex, the pCAGGs-

IRES-GFP miR-16 construct was electroporated in utero into E13 mouse cortices to 

overexpress miR-16. A pCAGGs-GFP vector was co-electroporated to enhance the GFP 

expression in electroporated cells. At E15 the brains were dissected, GFP positive cells 

were isolated via FACS sorting, RNA was isolated from them and was sent to StarSeq 

(Mainz) for RNA sequencing. The bioinformatical analyses of the sequencing data was 

conducted by the bioinformatician of the Institute, Dewi Hartwich. Figure 45 shows the 

plot of the principal component analyses (PCA). miR-16 and control overexpressing 

samples cluster in different groups.  

 

 

Figure 45: Principal Component Analysis (PCA) of the RNA sequencing data in neocortical 

tissue after miR-16 or control overexpression. Each group is represented by 3 biological 

replicates. The control samples are depicted as red dots, the miR-16 samples as blue dots. 
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Figure 46: Top 10 up- and downregulated DEGs after miR-16 or control overexpression.  

 

Figure 46 shows a heatmap of the top 10 up- and downregulated DEGs for miR-16 

overexpressing samples and the control. In total, 451 DEGs were identified between the 

miR-16 overexpressed samples and the control. 221 of these DEGs were downregulated 

after miR-16 overexpression. Furthermore, table 40 (see attachment) shows a list of 

genes, that display decreased expression levels after miR-16 overexpression and at the 

same time have predicted miR-16 binding sites in their 3’ UTRs (TargetScan analysis). 
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The downregulated DEGs were of special interest for our study, as we were looking for 

mis regulated genes which could explain the earlier observed miR-16 overexpression 

phenotype in the developing neocortex. The gene ontology analyses of the mRNA 

sequencing revealed, that most of the identified genes that are downregulated after 

miR-16 overexpression in the brain are connected to keywords such as “DNA 

replication” and “cell division”, suggesting miR-16 to be a key regulator of cell 

proliferation, cell differentiation and mitosis (figure 47). 

 

Figure 47: Gene ontology analyses of downregulated genes after miR-16 overexpression.  

 

4.2. Validation of downregulated genes  

The RNA sequencing analyses resulted in a list of genes that were downregulated after 

miR-16 overexpression in the developing neocortex. Table 39 shows a selection of five 

downregulated DEGs that have also been predicted to be miR-16 targets by the free 

online tool TargetScan and play important roles in cell proliferation and/or 

differentiation.  
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Gene Function 

Fbxw7 Tumor suppressor, E3 ligase 

Taf15 Binds RNA/DNA, cell proliferation 

Wee1 Cell cycle progression, inhibits Cdk1 

Cdk1 Cell cycle progression 

Chek1 DNA damage response, cell cycle checkpoint 

Table 39: Predicted miR-16 target genes that were downregulated after miR-16 

overexpression.  

To validate the result of the RNA sequencing, miR-16 or a scrambled control were 

overexpressed in Neuro 2A cells (N2A cells), a murine neuroblastoma cell line. RNA was 

isolated from these cells and qPCR was performed to evaluate the expression level of 

the 5 candidate miR-16 targets. Figure 48 shows the fold reduction (normalized to 

Gapdh) of the 5 candidate targets Fbxw7, Taf15, Wee1, Cdk1 and Chek1 in N2A cells 

after miR-16 overexpression when compared to a scrambled control miRNA. The 

predicted downregulation after miR-16 overexpression was validated for all 5 candidate 

DEGs. The significance was tested with a student’s t-test (p<0.05).  

 

 

Figure 48: Fold reduction of Fbxw7, Taf15, Wee1, Cdk1 and Chek1 in N2A cells after 

overexpression of miR-16 or a scrambled control (SCR). Data is normalized to Gapdh. Three 

biological replicates were analyzed. For statistical analyses the unpaired student’s t-test was 

used. P-value for all target genes <0.05(*).  

 



96 
 

 

4.3. Wee1 is regulated by miR-16 

In order to study the connection between miR-16 and its targets in further detail, I 

decided to concentrate on one target of particular interest. The nuclear kinase Wee1 is 

known to be a critical regulator of cell cycle and mitosis as it controls the cell’s transition 

from G2 to M-phase (Moiseeva et al., 2019). The RNA sequencing of miR-16 

overexpressing cells revealed a downregulation of Wee1 in comparison to the control 

(table 39). This effect was validated by qPCR in N2A cells (figure 48). To confirm that 

Wee1 is a direct miR-16 target, luciferase assays were performed. For this, the 3’UTR of 

Wee1 was cloned into a psiCHECK-2 luciferase expression vector, downstream of the 

Renilla luciferase. The Firefly luciferase, which is also expressed in the psiCHECK-2 

vector, was used to normalize the Renilla values. HEK293 cells were transfected with the 

3’UTR construct and miR-16.   Figure 49 shows, that the relative luciferase activity of the 

cells transfected with Wee1 together with miR-16 is significantly decreased in 

comparison to the samples in which Wee1 was transfected together with an empty 

control plasmid into HEK293 cells.  

 

 

Figure 49: Relative luciferase activity of Wee1 after co-transfection with miR-16 or control in 

HEK293 cells. Data is normalized to Firefly luciferase values. Three biological replicates were 

analyzed. For statistical analyses the unpaired student’s t-test was used. p<0.005(***). 
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To study the effect of miR-16 on Wee1 protein expression, Western Blot analyses were 

performed. Both N2A and HEK293 cells were transfected with either miR-16 miRNA 

mimics or a scrambled control. Forty-eight hours after transfection, cells were 

harvested, protein lysates were prepared and Western Blot analysis was performed. 

Figures 50, 51 and 51 show, that both N2A and HEK293 cells display a significant 

decrease in the Wee1 protein level after miR-16 overexpression. 

 

Figure 50: Western blot analysis to detect Wee1 protein expression in N2A and HEK293 cells 

after miR-16 or control overexpression. Lanes 1-6: N2A cells; Lanes 7-12: HEK293 cells. Upper 

blot: Wee1; Lower blot: Gapdh. Correct band size of Wee1 is indicated with arrow. 
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Figure 51: Fold reduction of Wee1 in N2A cells after miR-16 overexpression. Data is normalized 

to Gapdh. For the statistical analyses the unpaired student’s t-test was used. p<0.005(***). 

 

 

Figure 52: Fold reduction of Wee1 in HEK293 cells after miR-16 overexpression. Data is 

normalized to Gapdh. For the statistical analyses the student’s t-test was used. p<0.05(*). 

 

After having validated that miR-16 downregulated Wee1 expression at RNA and protein 

level and that Wee1 is a direct miR-16 target, in a next step, it was tested whether 

inhibiting miR-16 and its family members miR-15a and miR-15b in the developing 

neocortex causes an upregulation of Wee1 expression. For this, miArrest miRNA 

inhibitors (siRNAs) were purchased from Genecopoeia (Maryland, USA) and co-

electroporated with GFP into the motor cortices of E13 mice. The electroporated cells 
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were FACS sorted at E15, total RNA including miRNAs was isolated and TaqMan Assays 

were performed to test for knockdown efficiency. Figure 53 shows, that all tested 

miRNAs (miR-16, miR-15a, miR-15b) were significantly and strongly (>70%) 

downregulated after electroporating the miArrest miRNA inhibitors into the developing 

mouse neocortex.  

 

Figure 53: Fold reduction of miRNAs -16, -15a and -15b after electroporation of the particular 

miRNA inhibitors into the developing mouse neocortex. Data is normalized to U6. Three 

biological replicates were analyzed. For statistical analyses the One-Way ANOVA test with post-

hoc Tukey was used. p<0.001(****). 

 

To check if the knockdown of miR-16 and its seed-sequence identic family members miR-

15a and miR-15b has an effect on Wee1 expression, RNA from the FACS sorted cells was 

used for qPCR with Wee1 primers. Wee1 expression was significantly increased after 

knockdown of all three miRNAs in comparison to the control (p<0.01). However, a 

knockdown of miR-16 alone did not cause a significant upregulation of Wee1 compared 

to the control (p>0.05). Knocking down all three miRNAs simultaneously resulted in 

significantly increased Wee1 levels, compared to the single knockdown of miR-16 

(p<0.05) alone and the control (p<0.01) (figure 54).  
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Figure 54: Fold increase of Wee1 after knockdown of miR-16 alone or miRNAs -16, -15a and -

15b simultaneously in the developing mouse neocortex. Data is normalized to Gapdh. Three 

biological replicates were analyzed. For statistical analyses the One-Way ANOVA test with post-

hoc Tukey was used. Control vs. siAll (miR-16 + miR-15a + miR-15b knockdown) p<0.01 (**); si16 

vs. siAll p<0.05 (*).  

 

4.4. Co-expression of Wee1 together with miR-16 does not rescue the miR-16 

overexpression phenotype 

As described in sections 2 and 3, overexpression of miR-16 in the embryonic mouse 

neocortex caused a specific phenotype and an increase in Tbr2 positive progenitors and 

a decrease in Satb2 positive neurons. To test whether this phenotype was caused by the 

downregulation of Wee1, miR-16 was overexpressed together with miR-16 resistant 

Wee1 in the developing neocortex. Figure 55 shows representative pictures of E15 

neocortex electroporated with either a control (pCAGGs IRES GFP), miR-16 (pCAGGs-

miR-16-GFP) or both miR-16 and a pCAGGs-Wee1-GFP construct. The quantification of 

this experiment revealed a significant decrease of GFP positive cells in the cortical plate 

of the miR-16 + Wee1 electroporated brains (0% of electroporated cells in the cortical 

plate) in comparison to both the control (17% of electroporated cells in the cortical 

plate) and the miR-16 electroporated brains (9% of electroporated cells in the cortical 

plate) (figure 56). In addition to this, the Satb2 staining of these brains showed a 

decrease of Satb2/GFP positive cells in the cortical plate of miR-16 (36% of GFP positive 
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cells were Satb2 positive in the cortical plate) and miR-16 + Wee1 (0% of GFP positive 

cells were Satb2 positive in the cortical plate) overexpressing neocortices in comparison 

to the control (91% of GFP positive cells were Satb2 positive in the cortical plate) (figure 

57). This decrease of Satb2/GFP positive cells also applied to the intermediate zone, 

where significantly less GFP/Satb2 positive cells could be found after miR-16 (33% of 

GFP positive cells were Satb2 positive in the intermediate zone) and miR-16 + Wee1 

(31% of GFP positive cells were Satb2 positive in the intermediate zone) overexpression 

compared to the control (75% of GFP positive cells were Satb2 positive in the 

intermediate zone). The expected rescue of the miR-16 induced phenotype in the 

developing neocortex could not be observed after overexpression of miR-16 together 

with Wee1. Overexpression of Wee1 in the developing brain seems to induce its own 

phenotype and thus does not cause as an immediate rescue of the effects induced by 

miR-16.  

 

Figure 55:  Satb2 staining of control, miR-16 and miR-16 + Wee1 overexpressing neocortex. 

Neocortices were electroporated at E13 and analyzed at E15. Depicted area: motor cortex, CP: 

cortical plate, IZ: intermediate zone, SVZ: subventricular zone, VZ: ventricular zone. 
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Figure 56:  Percentage of GFP positive cells after control, miR-16 or miR-16 + Wee1 

overexpression in the different layers of the developing neocortex. Three biological replicates 

were analyzed. Depicted area: motor cortex, CP: cortical plate, IZ: intermediate zone, SVZ: 

subventricular zone, VZ: ventricular zone. For the statistical analyses the One-Way ANOVA test 

with post-hoc Tukey was used. GFP pos. cells CP control vs. CP miR-16 + Wee1 p<0.01(**); CP 

miR-16 vs. CP miR-16 + Wee1 p<0.05(*).  
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Figure 57: Percentage of GFP/Satb2 positive cells after control, miR-16 or miR-16 + Wee1 

overexpression. Three biological replicates were analyzed. CP: cortical plate, IZ: intermediate 

zone, VZ: ventricular zone. For the statistical analyses the One-Way ANOVA test with post-hoc 

Tukey was used. CP control vs. CP miR-16 p<0.01(**); CP control vs. CP miR-16 + Wee1 

p<0.001(****); CP miR-16 vs. CP miR-16 + Wee1 p<0.05(*); IZ control vs. IZ miR-16 p<0.01(**); 

IZ control vs. IZ miR-16 + Wee1 p<0.01(**). 
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Discussion 

1. MiRNA expression in the developing brain 

Since the discovery of miRNAs in higher eukaryotes, these small non-coding RNAs have 

been identified as regulators of a huge variety of processes, both during development 

and in disease states as for example cancer (Friedman & Jones, 2009). miRNAs are 

important negative posttranscriptional regulators of mRNA expression. More than 2600 

miRNAs are encoded in the human genome alone, predicted to target more than 50% 

of all 3’UTRs of protein coding genes (Agarwal et al., 2015; Plotnikova et al., 2019). 

Several studies have also pointed out the importance of miRNAs for neuronal 

development. As the complex process of embryonic brain development has to be 

precisely orchestrated, miRNA-mediated regulation complements other gene regulatory 

mechanisms as for example alternative splicing (Stefani & Slack, 2008). Knockouts of the 

miRNA processing endoribonuclease Dicer in mice and zebrafish proved the importance 

of miRNAs for neurodevelopment when Dicer absent animals displayed a skewed 

neurodevelopmental phenotype (Radhakrishnan & Alwin Prem Anand, 2016). Other 

studies underlined the significance of miRNAs for neurogenesis and brain development, 

cell proliferation and differentiation (Lang & Shi, 2012; Gao, 2010; Shi et al., 2010).  

In order to achieve an overview of miRNA expression in the developing mouse brain, in 

this work the miRNA transcriptome was profiled in NPCs, neurons and cortical lysates of 

different neurodevelopmental stages (E14, E17, P0).  

The miRNA sequencing in NPCs and neurons revealed, that in total, 241 miRNAs are 

differentially expressed between these two cell types. In NPCs, 127 miRNAs were 

upregulated compared to neurons whereas in neurons, 114 miRNAs showed increased 

expression compared to NPCs. This pattern of differential expression of miRNAs in NPCs 

and neurons suggests, that a different set of miRNAs is important in NPCs than in 

neurons to regulate neurodevelopmental processes. These differentially expressed 

miRNAs could be promising candidates for further studies evaluating the role of miRNA 

regulation in NPCs and neurons.  

In order to gain an overview of expression levels of different miRNAs across different 

time points of brain development, the miRNA sequencing experiment performed in 
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NPCs and neurons was extended to miRNA sequencing of cortical lysates of the 

developmental stages E14, E17 and P0 in mouse brains.  

Just as for NPCs and neurons, we also identified a range of miRNAs that are differentially 

expressed between the developmental stages E14, E17 and P0. Between E14 and E17, 

277 differentially expressed miRNAs were identified. 133 of these miRNAs showed 

higher expression in NPCs and 144 displayed decreased expression in E14, compared to 

E17. The top up- and downregulated miRNAs between E14 and E17 are listed in the 

heatmap, shown in figure 10. Here, for example, miR-137 shows an increased expression 

at E17 compared to E14. This miRNA is known to be an important key player in neuronal 

development and proliferation (Mahmoudi & Cairns, 2017). In general, many of the 

miRNAs we found to be differentially expressed between E14 and E17, are described to 

be involved in a variety of diseases and developmental malfunctions (Sárközy et al., 

2018; Zhu et al., 2016; Lee et al., 2019).  

Between E14 and P0, 335 miRNAs showed differential expression. 163 of them were 

upregulated at E14, compared to P0 and 172 were downregulated at E14, compared to 

P0. Some of the differentially expressed miRNAs between E14 and E17 also show 

differential expression between E14 and P0. For example, the earlier described miR-137 

shows an increase of expression not only from E14 to E17 but also from E14 to P0. As 

miR-137 is known to be involved in a range of neurodevelopmental processes, the 

increased expression of this miRNA during brain development is not surprising.  

175 miRNAs in total were differentially expressed between the time points E17 and P0 

of embryonic development. Here, 82 miRNAs were upregulated at E17 compared to P0 

and 93 miRNAs were downregulated at E17 compared to P0. MiR-25 for example, which 

was already downregulated in E17 and P0 cortices compared to E14, also showed a 

decreased expression in P0 cortices compared to E17. In the literature, this miRNA has 

been identified as important regulator of many aspects of neurogenesis like cellular 

proliferation and neuronal migration and has been shown to be involved in a wide range 

of diseases and malfunctions (Sárközy et al., 2018).   

The comparison of miRNAs upregulated between NPCs and neurons and the 

developmental stages E14 and P0 revealed, that they share 74 differentially expressed, 

upregulated miRNAs. This overlap can be explained by the higher number of NPCs in E14 
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cortical samples than in P0 and the increased number of neurons in P0 samples 

compared to E14 samples. We also identified 74 miRNAs that showed less expression in 

E14 compared to P0 as well as in NPCs compared to neurons. Just as the upregulated 

miRNAs, these 74 overlapping miRNAs also might be interesting candidates for further 

studies evaluating the relevance of miRNAs during neurodevelopment.  

Additionally, to validate some of the differentially expressed miRNAs, TaqMan Assays 

were performed. For this, we focused on three candidate miRNAs that were predicted 

to be upregulated from E14 to P0 and two miRNAs that were predicted to display a 

decrease in expression from E14 to P0. MiR-124, which is predominately expressed in 

mature neurons, showed the highest expression levels at P0. Again, this finding is in 

accordance with the literature, where it is described, that miR-124 displays this distinct 

expression pattern in post-mitotic neurons (Kozuka et al., 2019; Han et al., 2020). Many 

studies state, that the high level of miR-124 in post-mitotic neurons suggests its 

importance in maintaining the differentiated identity of neurons (Ponomarev et al., 

2011). Besides miR-124, two other miRNAs were identified to be more abundantly 

expressed in later stages of neurodevelopment than in earlier stages: miR-137 and miR-

128. This result also coincides with the literature where it is described, that miRNAs -

137 and -128 are both frequently expressed in the brain, especially in the cortex with 

functions in neuronal migration and neuronal development (Mahmoudi & Cairns, 2017; 

Franzoni et al., 2015). A precise expression of all the three described miRNAs is of utmost 

importance, as dysregulations of these miRNAs have been described to result in a wide 

range of neurodevelopmental deficits reaching from impaired neuronal migration to 

differentiation defects (Sun et al., 2011; Franzoni et al., 2015).  

Two miRNAs that were found to have decreasing expression levels across 

neurodevelopment were miR-15b and miR-130b. Whereas miR-130b has been 

described to be a tumor promoter in glioma cell lines (Li et al., 2017), miR-15b has been 

shown to enhance neurogenesis whilst being an inhibitor of neuronal progenitor 

proliferation during early brain development (Lv et al., 2014). There is only little known 

about the expression levels of miR130b during brain development, but the decrease in 

expression from E14 to P0 found in our data might be an indicator for a high relevance 

during early stages of neurogenesis and decreasing significance in later phases of brain 
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development. Contrary to the results we found, in the literature miR-15b has been 

identified to have its peak of expression correlated with the peak of neurogenesis at E15 

in the mouse brain (Lv et al., 2014). This discrepancy might have many reasons, one of 

them could be the analysis of only miR-15b-5p in our data as this is the miRNA 

preliminary expressed in mouse cells. Lv et al. on the other hand analyzed the overall 

miR-15b expression level, including miR15b-5p as well as miR-15b-3p. The huge 

involvement of miR-15b in mechanisms that take place during early stages of 

neurodevelopment as for example NPC proliferation and neuronal differentiation 

indicates the necessity of high expression levels of this miRNA at these time points. The 

increased expression miR-15b displayed in our sequencing data and TaqMan validation 

reflects this fact.  

To sum it up, the miRNA sequencing study in NPCs, neurons and across different time 

points of neurodevelopment, revealed distinct expression patterns of selected, 

differentially expressed miRNAs across brain development. The expression profiles of a 

selection of candidate miRNAs which are crucial for neurogenesis and 

neurodevelopment were described and discussed.  In the following part, this work will 

focus on miR-16 and its effects on the developing brain.  

 

2. The effect of miRNA 16 on the developing murine neocortex 

MiR-16 is a member of the miR-15 miRNA family which is evolutionary conserved and 

expressed among all vertebrates (Finnerty et al. 2010). All members of the miR-15 

miRNA family share the same seed sequence (AGCAGC) and are therefore supposed to 

share a common set of target mRNAs. Members of the miR-15 miRNA family, including 

miR-16, have been shown to be involved in cell cycle regulation, proliferation and stress 

responses to inflammation (Burak et al., 2018; Wang et al., 2019). Furthermore, miR-16 

and miR-15a were identified as regulators of serotonin transporters in the mouse brain 

as well as in human and rat cell lines (Moya et al., 2013).  

In my study, I used the in vivo in utero electroporation approach to overexpress miR-16 

and its family member miR-15 in the embryonic neocortex of the mouse. We found that 

the overexpression of miR-16 or miR-15 affected the cellular distribution among the 

different cortical zones. Cells that, in the control brains, were able to differentiate into 
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neurons and migrate into the cortical plate, accumulated in the intermediate zone and 

did not reach the cortical plate in the miR-16 or miR-15 overexpressing brains.  

This effect was only seen when the miRNAs were overexpressed under control of the 

ubiquitous CAG promoter but not when overexpressed under control of the neuron-

specific NeuroD promoter which rules out a neuronal migration defect.  These results 

rather suggest that the overexpression of miR-16 and miR-15 causes a defect in neural 

progenitor biology such as a cell cycle or differentiation defect. The closely related miR-

15b has already been shown to regulate cell proliferation, progenitor pool composition 

and neuronal differentiation in the embryonic brain (Lv et al., 2014).  

Indeed, marker staining revealed that miR-16 overexpression increased the proportion 

of Tbr2 positive intermediate progenitors and reduced the proportion of Satb2 positive 

neurons.  In the literature it can also be seen, that the closely related mir-15b also 

induced a reduction in Pax6 positive cells and an increase in Tbr2 positive cells in the 

developing brain (Lv et al., 2014).  

The anti-proliferatory effect of miR-16 has already been shown in many studies including 

developmental and cancer research (Niu et al., 2019, Han et al., 2019; Wei et al., 2020). 

Han et al., discovered that miR-16 overexpressing mesenchymal cells arrested in G1 

phase of the cell cycle and therefore displayed severe proliferation defects. The same 

study also described a delayed migration ability of miR-16 overexpressing cells. 

Additionally, miR-16 has been shown to inhibit proliferation in a variety of cancer cell 

lines (Haghi et al., 2019). The assumption, that miR-16 might not only inhibit 

proliferation but also promotes differentiation was only recently found, when 

Papagiannopoulos et al. showed, that miR-16 promotes the maturation of 

erythroleukemia cells (Papagiannopoulos et al., 2021).  

The fact, that miR-16 has been found to be increased during embryonic stem cell 

differentiation in mice, supports the theory of its role for proliferation and 

differentiation which we came up with due to the results of miR-16 overexpression in 

the developing embryonic brain (Aranha et al., 2010).  

One hypothesis could be, that by activating differentiation in the NPCs of the ventricular 

zone and therefore decreasing further proliferation of these cells, miR-16 might cause a 
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shift from proliferative divisions to neurogenic divisions and therefore increase the 

number of Tbr2 positive intermediate progenitors in the ventricular and intermediate 

zone. By this, the stem cell pool of self-renewing NPCs might exceed and IPCs 

accumulate in the lower areas of the developing cortex. Apparently, these intermediate 

progenitors are not able to differentiate further into Satb2 positive post mitotic neurons 

and therefore don’t migrate to the upper areas of the cortical plate.  

In the literature, miR-16 has already been shown to cause cell cycle arrests by targeting 

Cyclin-D1 in cancer cells (Lui et al., 2008). This supports the hypothesis that miR-16 

obstructs proliferation and causes a shift from proliferation to differentiation mode in 

NPCs. 

In summary the observed increase in Tbr2 positive progenitors and decrease in Satb2 

positive neurons in the miR-16 overexpressing neocortex suggests that miR-16 plays an 

important role in regulating neural proliferation and differentiation. By displaying anti-

proliferative and differentiation enhancing effects at the same time, miR-16 could be 

the cause for a premature switch of NPCs from proliferation to differentiation mode. 

This could lead to an early exhaustion of the neuronal stem cell pool and would also 

explain the increased number of intermediate progenitor cells in the ventricular and 

intermediate zone. Prematurely differentiated IPCs in the ventricular and intermediate 

zone on the other hand either further differentiate into neurons and undergo apoptosis 

or accumulate in the subventricular and intermediate zone of the developing cortex.  

To shed more light on potential mechanisms that might cause the observed phenotype, 

the relevance of possible miR-16 target genes will be discussed in the following chapter. 

 

3. Possible miRNA 16 target genes and mechanisms 

 The role of miR-16 in a variety of biological processes has been shown in many studies 

(Yan et al., 2013; Ma et al., 2021). Most of the work has been done in the field of cancer 

research, where miR-16 was identified as a regulator of many tumorigenesis-related 

target genes (Aqeilan et al., 2010). Besides its anti-tumorigenic function, there is also 

evidence, that miR-16 is an important regulator of apoptosis and proliferation. This was 

shown, when anti-apoptotic genes as Bcl-2 and cell cycle regulator genes as for example 
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Cyclin-D1 were identified as miR-16 targets (Cimmino et al., 2005; Linsley et al., 2007). 

To identify brain specific miR-16 targets, I performed mRNA sequencing with miR-16 

overexpressing neocortical cells. The GO term analysis revealed that many of the gene 

downregulated in the neocortex after miR-16 overexpression and hence putative miR-

16 targets were associated with terms such as “cell division”, “chromosome 

segregation” and others, all related to the broad field of cell cycle and mitosis. Five of 

these target genes that showed a decrease in expression in cortical cells after 

electroporation with miR-16 appeared to be of special interest for my study. All of them 

are predicted to have miR-16 binding sites in their 3’UTRs, are downregulated in the 

developing brain after miR-16 overexpression and additionally are involved in cell cycle 

progression, cell cycle checkpoints, DNA damage repair and other related fields. All 

chosen target genes are well known in the literature and have been shown to play 

important roles in cell cycle related mechanisms. Fbxw7 for example has been found to 

be regulated by miR-25 and is involved in the reprogramming process of somatic cells 

into induced pluripotent stem cells (iPSCs) (Lu et al., 2012). Taf15 has also been 

identified as an important factor for cellular proliferation and is regulated by a number 

of miRNAs (Ballarino et al., 2013). The cyclin dependent kinase I (Cdk1) which is well 

known for to be a key player in cell cycle progression recently has been found to be 

regulated by miR-16 in the context of cervical and ovarian cancer (Zubillaga-Guerrero et 

al., 2020; Schwarzenbach, 2016). The serine/threonine specific protein checkpoint 

kinase Chek1 has also been described to be under regulation of the miR-15 miRNA 

family, including miR-16, and is involved in mitotic arrest of cardiomyocytes (Porrello et 

al., 2011). The fifth selected target gene of miR-16, the checkpoint kinase Wee1 is 

targeted by many miRNAs, including miR-16 and in general is an established target gene 

for miRNAs in the context of multiple types of cancer, including leukemia (Lezina et al., 

2013; Brockway et al., 2015).  

The validity of the bioinformatic analyses was proven by transfecting miR-16 and a 

control into N2A cells, followed by an expression analysis via qPCR analyses of the five 

target genes. The decreased expression of all five target genes after miR-16 

overexpression showed, that there must be a regulatory relation between these genes 

and miR-16. In order to achieve more insights about possible mechanisms underlying 
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the miR-16 overexpression phenotype in the developing brain, I decided to study one 

target gene of miR-16 in more detail. 

 For this, I chose Wee1. As already described above, Wee1 has already been shown to 

be post-transcriptionally regulated by miR-16 in a variety of cancer related studies (Du 

et al., 2021). Besides of this, is has been shown, that Wee1 is involved in the formation 

of neuronal polarity in post-mitotic neurons as mis-regulation of Wee1 leads to 

disrupted neuronal polarity in these cells (Müller et al., 2010). The regulatory connection 

between Wee1 and miR-16 in N2A cells, which is a murine, fast growing neuroblastoma 

cell line, can be an indicator for the relevance of Wee1 regulation through miRNAs in 

brain developmental processes. MiR-16 seems to be one of these regulating miRNAs. 

This hypothesis is also supported by the studies of Wang et al., who found, that miR-16 

is a direct regulator of the Wee1 G2 checkpoint kinases in Radioresistant non-small cell 

lung cancer (NSCLC) cell lines (Wang et al., 2020). Here, the protein expression as well 

as the RNA level and luciferase activity of Wee1 was also decreased after overexpression 

of miR-16. Exactly the same effects could be observed in our study. 

If miR-16 overexpression causes a downregulation of Wee1 levels in both RNA as well 

protein expression in the embryonic developing brain, this could be the cause for many 

neurodevelopmental deficits, including the phenotype we observed in our experiments 

after miR-16 overexpression in E13 murine cortices. The switch from proliferative to 

differentiative modes in neuronal stem cells, observed in miR-16 electroporated cells 

and discussed earlier, could also be related to a mis-regulation of Wee1 through miR-

16. Wee1 carefully regulates the G2 checkpoint of the cell cycle and thereby prevents 

cells from entering mitosis at premature stages. Downregulation of Wee1 could result 

in a premature entry of neuronal stem cells into mitosis. When Wee1 was described for 

the first time in the 1980s by Nurse and Thuriaux in fission yeast, it was also observed 

to influence the size of daughter cells by regulating the mother cells timepoint of mitosis 

entry (Nurse & Thuriaux, 1980). In general, Wee1 doesn’t act alone as a regulator of 

mitosis entry. Wee1 itself is influenced by a range of other molecules and is embedded 

in a complex mitosis-regulating pathway. One interesting finding of our RNA sequencing 

experiment was also, that Cdk1 was also identified to be downregulated after miR-16 

overexpression in embryonic brain tissue. The G2 checkpoint kinase Wee1 is a direct 
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regulator of Cdk1, as it inhibits Cdk1 by phosphorylation and therefore prevents the cell 

to enter mitosis (Den Haese et al., 1995). The fact that both Cdk1 as well as its direct 

inhibitor Wee1 are regulated by miR-16, again underlines the importance of miR-16’s 

role as a regulator of the cell cycle in the developing brain.  

Another evidence for the direct interaction of miR-16 and Wee1 were the knockdown 

experiments we performed in the embryonic mouse brain. After the successful 

verification of the knockdown of miR-16 and its family members miR-15a and miR-15b 

by siRNA transfection in E13 embryonic mouse brains it was also shown, that the Wee1 

RNA level is significantly increased in cells lacking the miRNAs. This suggests Wee1 as 

possible target of all three tested miRNAs. If Wee1 is targeted by miR-16, miR-15a as 

well as miR-15b it could be possible that compensatory effects could occur when for 

example the function of only one miRNA of the miR-15 miRNA family is lost. This 

hypothesis is supported by the observation, that miR-15 overexpression causes the 

same phenotype in the developing embryonic brain as it was detected for miR-16. In the 

literature it is also described, that seed sequence similarity very much correlates with 

target gene similarity in miRNAs (Kehl et al., 2017).  

The final experiments of this study focused on the effect of simultaneous overexpression 

of Wee1 and miR-16 in the developing embryonic brain. As an overexpression of miR-16 

results in a phenotype strongly aberrant to the control and Wee1 seems to be a direct 

target of miR-16, we hypothesized that overexpression of Wee1 in addition to miR-16 

could rescue the phenotype of miR-16 overexpression. This was, however, not the case. 

There were even less GFP positive cells in the cortical plate of Wee1 + miR-16 

overexpressing neocortex than in the neocortex electroporated with miR-16 only. From 

these results we concluded, that Wee1 overexpression causes a phenotype in the 

developing embryonic neocortex independent of the miR-16 overexpression phenotype. 

It seems as if an equalization of Wee1 transcripts in the developing brain together with 

miR-16 overexpression causes even less cells to differentiate fully into post-mitotic 

neurons of the cortical plate. This is also supported by the results of the Satb2 stainings 

which were conducted in Wee1 + miR-16 overexpressed as well as in control and miR-

16 electroporated brains. Here, it was also clear to see, that significantly less 

electroporated cells reached the status of post-mitotic neurons after miR-16 + Wee1 
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electroporation than after mir-16 only or control electroporation. It is described, that 

Wee1 overexpression results in enhanced proliferation and migration in gastric cancer 

cells (Kim et al., 2016). Although the described effect of increased migration could not 

be observed in our study, the decrease in Satb2 positive cells suggests that 

overexpression of Wee1 could have caused an increased proliferation rate of neuronal 

stem cells in the ventricular zone of the electroporated brains. In addition to that, Wee1 

has also been identified as potential target for cancer defeat, as inhibition of Wee1, due 

to its cell cycle regulatory properties, results in significant decreases in cancer cell 

proliferation (Yin et al., 2018). This decrease in proliferation can also be observed in our 

study after miR-16 overexpression and the subsequent decrease of Wee1 levels.  

Taken together, the G2 checkpoint kinase Wee1, which has already been proven to be 

an important regulator of cell cycle dynamics in a wide range of tissues and in relation 

to many diseases, seems to be also of huge relevance for embryonic brain development. 

The connection between Wee1 and miR-16 in tissue of the developing embryonic brain, 

made in this work, marks the relevance of miRNA regulation of Wee1 during 

proliferation and neurogenesis in general.  

However, it is also reasonable, that the phenotype induced by miR-16 overexpression in 

the developing neocortex, is not only caused by a mis-regulation of Wee1 alone but by 

an interaction of many other factors. As already described earlier, besides Wee1, I 

identified many other target genes that are regulated by miR-16 by mRNA sequencing. 

The genes Cdk1 as well as Chk1, for example, both close interactors of Wee1 and 

important regulators of cell cycle and proliferation, have also been found to be targeted 

by miR-16 and might be involved in the formation of the observed phenotype. This 

possible interaction, however, still needs to be studied in more detail in the future. 

To sum it up, this study provides some so far unknown insights about miRNA regulation 

in the developing neocortex. With this work, I hope to make a small contribution on the 

way to a better understanding of the complex process of neurodevelopment, which is 

highly orchestrated and influenced by many factors and not completely understood yet.  
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Attachment 

1. Table of abbreviations 

NPCs: neuronal progenitor cells 

RGCs: radial glia cells 

IPCs: intermediate progenitor cells 

ASD: autism spectrum disorder 

miRNAs: micro ribonucleic acids 

et al.: et alii 

E XY: embryonic day XY of mouse development 

P XY: postnatal day XY of mouse development 

EGF: epidermal growth factor 

FGF: fibroblast growth factor 

RT: room temperature 

GFP: green fluorescent protein 

FACS: Fluorescent activated cell sorting 

EtOH: Ethanol 

H2O: water 

DEGs: differentially expressed genes 

XY h: XY hours 

XY min: XY minutes 

N2A cells: neuroblastoma cell line, murine 

HEK293 cells: human embryonic kidney cells, human 

g: G- Force 

rpm: rounds per minute 

V: volt 

SCR: scrambled control 
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2. Target genes of miR-16 with predicted miR-16 binding sites in TargetScan 
 

Abbreviation Gene Name 

Actr2 Actin Related Protein 2  

Asf1b Anti-Silencing Function Protein 1 

Atp5g1 ATP Synthase, H+ Transporting, Mitochondrial F0 Complex, Subunit C1  

Atxn7l3b Ataxin-7-Like Protein 3B 

Capns1 Calcium-Dependent Protease Small Subunit 1 

Cdca7l Cell Division Cycle Associated 7 Like 

Cdk1 Cyclin Dependent Kinase 1 

Chek1 Checkpoint Kinase 1  

Clspn Claspin 

Ddx39 DExD-Box Helicase 39A 

Fbxw7 F-Box and WD Repeat Domain Containing 7 

Mob3b MOB Kinase Activator 3B 

Myb MYB Proto-Oncogene, Transcription Factor 

Mybl1 MYB Proto-Oncogene Like 1  

Nucks1 Nuclear Casein Kinase and Cyclin Dependent Kinase Substrate 1 

Rad51 RAD51 Recombinase  

Sgk1 Serum/Glucocorticoid Regulated Kinase 1 

Shcbp1 SHC Binding and Spindle Associated 1 

Stk33 Serine/Threonine Kinase 33 

Taf15 TATA-Box Binding Protein Associated Factor 15 

Tmem183a Transmembrane Protein 183A 

Ubfd1 Ubiquitin Family Domain Containing 1 

Wee1 WEE1 G2 Checkpoint Kinase 

Wnt7a Wnt Family Member 7A  

Ywhah Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation 
Protein Eta 

Zfp367 Zinc Finger Protein 367 

Table 40: List of downregulated miR-16 target genes with miR-16 binding site in TargetScan. 

Genes display decreased expression after miR-16 overexpression in the developing neocortex. 

Data obtained from mRNA sequencing. 
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