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Introduction 
Transcription factor 4 (TCF4) is a class I basic helix-loop-helix (bHLH) transcription factor 
that is important for the development of nervous system but functions also in the adult 
nervous system. Mutations in TCF4 gene cause a rare neurodevelopmental disorder – 
Pitt-Hopkins syndrome (PTHS), mild to moderate intellectual disability and Fuchs corneal 
dystrophy, and variations in the TCF4 gene are associated with schizophrenia and other 
neuropsychiatric disorders. Moreover, TCF4 is implied in a variety of cancers. Being 
associated with many human diseases makes TCF4 a gene with scientifically high interest 
and therefore there is a need for animal models for TCF4-related diseases. Drosophila 
melanogaster is widely used as a model for human diseases including intellectual 
disabilities. The Drosophila models are time and cost effective, making the fruit fly a good 
model organism for drug screening.  

In this thesis, we have generated Drosophila melanogaster models for PTHS and other 
TCF4-related intellectual disabilities and validated these models for drug screening. In 
addition, we have gained knowledge about the functions of the TCF4 fly homolog 
Daughterless (Da) in the adult nervous system of Drosophila melanogaster. Moreover, 
we have conducted a systematic investigation of the expression of TCF4 gene in rodents 
and humans paving the way for the development of gene therapy for PTHS and other 
TCF4-related diseases. The models and knowledge generated and used in this thesis are 
valuable tools for finding therapies for the diseases caused by alterations in TCF4. 
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Abbreviations  
Ac Achaete 
Ase Asense 
Ato Atonal 
bHLH basic helix-loop-helix 
ChIP chromatin immunoprecipitation 
CNS central nervous system 
Da Daughterless 
E(spl) Enhancer of Split 
E-box Ephrussi box 
Emc Extramacrohaete 
Ey Eyeless 
Id Inhibition of differentiation 
KCNQ1 Potassium voltage-gated channel subfamily Q members 1 
Lsc Lethal of scute 
Nrx-1 Neurexin-1 
PNS peripheral nervous system 
Pros Prospero 
PTHS Pitt-Hopkins syndrome 
SAHA suberoylanilide hydroxamic acid  
Sc Scute 
SCN10A  Sodium voltage-gated channel alpha subunit 10 
Sens Senseless 
TCF4 Transcription factor 4 
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1 Review of the Literature 

1.1 Transcription factor 4, a class I basic helix-loop-helix transcription 
factor 
Transcription factor 4 (TCF4) is a class I basic helix-loop-helix (bHLH) protein that binds the 
Ephrussi box (E-box) motif on DNA (Corneliussen et al., 1991; reviewed in Massari and 
Murre, 2000). TCF4 forms homodimers or heterodimers with class II bHLH proteins to 
activate transcription and also heterodimerizes with Inhibition of differentiation (Id) 
proteins and becomes inhibited by the interaction (Figure 1) (reviewed in Massari and 
Murre, 2000). TCF4 has functions in many developmental processes, including the 
development of the nervous system, but it is also important for the functioning of the 
postnatal nervous system (Figure 1) (reviwed in Chen et al., 2021; Meert et al., 2022; 
Teixeira et al., 2021). Mutations in TCF4 gene can be detrimental to the nervous system 
causing diseases ranging from psychiatric diseases to severe intellectual disability 
syndromes (reviwed in Chen et al., 2021; Meert et al., 2022; Teixeira et al., 2021). In the 
following chapters, an overview of the functioning of TCF4 and diseases related to it is 
given. 
 

 
Figure 1. Functioning of TCF4. TCF4 binds to the E-box as a homodimer or as a heterodimer with 
class II basic helix-loop-helix (bHLH) proteins and activates transcription. The activity is abolished 
by dimerization with Inhibition of differentiation (Id) proteins, since formed dimers cannot bind to 
E-box. TCF4 regulates neurogenesis, neuronal migration, synaptogenesis, oligodendrocyte 
development, synaptic plasticity, immune system and cell cycle. Figure created with BioRender.com. 

1.1.1 Functions of TCF4 
TCF4 has important functions in a variety of developmental processes and in recent years 
a lot of advancements have been made in elucidating its functions in the development 
of nervous system. TCF4 has been shown to bind enhancers which regulate neurogenic 
transcription factor genes indicating that TCF4 is a key regulator of neurogenesis 
(Quevedo et al., 2019). More precisely, TCF4 regulates neuronal migration and 
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positioning (Chen et al., 2016; Flora et al., 2007; Zhang et al., 2021b), affects the 
development of cortical neurons (Mesman et al., 2020; Page et al., 2018; Rannals et al., 
2016a; Rannals et al., 2016b; Schoof et al., 2020), hippocampus (Mesman et al., 2020; 
Schoof et al., 2020; Wang et al., 2020) and commissural formations (Mesman et al., 2020; 
Schoof et al., 2020; Wittmann et al., 2021). Also, neuronal morphology and synapse 
formation are partly regulated by TCF4 (D’Rozario et al., 2016; Phan et al., 2020; Rosato et 
al., 2021; Schoof et al., 2020). In addition to its roles in the development of neurons, TCF4 
also regulates the development of oligodendrocytes and myelination (Fu et al., 2009; 
Haines et al., 2010; Phan et al., 2020; Wedel et al., 2020; Zhang et al., 2021a). In the adult 
nervous system, TCF4 has been shown to modulate neuronal excitability (Sarkar et al., 
2021), synaptic plasticity (Crux et al., 2018), α7 nicotinic acetylcholine receptor signaling 
(Rex et al., 2017), adult neurogenesis in the hippocampus (Shariq et al., 2021), locomotion, 
cognition and learning (Li et al., 2019; Sarkar et al., 2021). 

In addition to the roles of TCF4 in the nervous system, it has functions in the immune 
system during lymphoid cell specification and differentiation (Bouderlique et al., 2019; Qian 
et al., 2019), development of B and T cells (Bergqvist et al., 2000; Gloury et al., 2016; 
Wöhner et al., 2016; Zhuang et al., 1996) and development and maintenance of 
plasmacytoid dendritic cells (Cisse et al., 2008; Ghosh et al., 2010; Grajkowska et al., 2017; 
Onai et al., 2017). TCF4 has functions also in myogenesis (Chen and Lim, 1997; Lassar et al., 
1991; Petropoulos and Skerjanc, 2000), mammary gland development (Itahana et al., 
2008), testis development (Muir et al., 2006), endothelial cells development, (Yu et al., 
2016a; Yu et al., 2016b), thymocyte development (Wikström et al., 2008), erythroid-
megakaryocytic differentiation (In ’t Hout et al., 2019), epidermis development (Kantzer  
et al., 2022) and melanocyte differentiation (Furumura et al., 2001). Additionally, TCF4 has 
been shown to regulate cell cycle (Schmidt-Edelkraut et al., 2014) and epithelial-
mesenchymal transition (Cano and Portillo, 2010; Sobrado et al., 2009; Xiang et al., 2011). 

1.1.2 Protein structure of TCF4 
TCF4 gene expresses multiple protein isoforms, named TCF4-A, TCF4-B, etc, that are 
different in their N-termini (Nurm et al., 2021; Sepp et al., 2011). The expression is further 
diversified by internal alternative splicing, generating Δ and + or – isoforms (Sepp et al., 
2011). All the isoforms contain transactivation domains AD2 and AD3, repression domain 
Rep and bHLH domain necessary for dimerization and binding DNA (Figure 3) (Forrest et 
al., 2012; Markus et al., 2002; Quong et al., 1993; Sepp et al., 2011; Sepp et al., 2012; Wy 
et al., 2013). Long isoforms have additional transactivation domain AD1 (Figure 3) 
(Massari et al., 1996; Sepp et al., 2012). Long and medium isoforms contain a nuclear 
localization signal which also acts as a nucleolus localization signal and which is missing 
in short isoforms (Figure 3) (Greb-Markiewicz et al., 2019; Sepp et al., 2012). Additionally, 
there are one nuclear localisation and two nuclear export signals in the bHLH domain of 
TCF4 (Greb-Markiewicz et al., 2019). The variety of TCF4 isoforms is probably needed for 
precise regulation of TCF4 activity since the isoforms differ in their capability of activating 
transcription (Nurm et al., 2021; Sepp et al., 2017). 

1.1.3 Expression of TCF4 mRNA and protein 
Tcf4 mRNA is expressed widely in most tissues of the mouse embryo (Murakami et al., 
2004; Pscherer et al., 1996; Soosaar et al., 1994). More precisely, during the development 
of mouse embryonic central nervous system (CNS) Tcf4 mRNA is expressed in the 
developing cortex, cerebellum, pons, medulla, hippocampus, olfactory bulb and spinal 
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cord (Chen et al., 2016; Mesman et al., 2020; Soosaar et al., 1994). Tcf4 mRNA continues 
to be expressed in the adult hippocampus, cortex and cerebellum (Brzózka et al., 2010; 
Chiaramello et al., 1995; Wang et al., 2020)  and the expression continues at low levels 
in the aging mouse brain (Uittenbogaard and Chiaramello, 2000). 

TCF4 protein expression has been investigated in the developing mouse brain using 
antibodies that recognise only long TCF4 isoforms (Jung et al., 2018). TCF4 protein has been 
found to be expressed highly in the developing hippocampus and cortex and at low levels 
in other parts of the brain. In the adult mouse, TCF4 protein levels are the highest in the 
hippocampus, cortex, cerebellum and amygdala (D’Rozario et al., 2016; Jung et al., 2018). 
In addition to neurons, TCF4 protein is also expressed in astrocytes and oligodendrocytes, 
but not in microglial cells (Jung et al., 2018; Kim et al., 2020). 

TCF4 mRNA expression has also been investigated in human embryonic development. 
Similar to mouse, TCF4 is expressed at high levels in the developing CNS, especially in the 
hippocampus, cortex and cerebellum (de Pontual et al., 2009; Jung et al., 2018; Sepp  
et al., 2011; Wang et al., 2022). Additionally, during human embryonic development TCF4 
is expressed widely in other tissues like the spleen, uterus, lung, liver, pancreas, colon, 
developing digits, pituitary gland, gonads, kidney, thyroid and thymus (de Pontual et al., 
2009; Sepp et al., 2011). In the adult human, TCF4 mRNA is expressed in the CNS, 
lymphocytes, fibroblasts, gut, muscle, heart and lung (de Pontual et al., 2009; Pscherer 
et al., 1996). 

1.1.4 Regulation of TCF4 activity and expression 
Transcriptional activity of TCF4 is regulated by neuronal activity (Sepp et al., 2017). It has 
been shown that Protein Kinase A phosphorylates TCF4 and increases its ability to activate 
transcription (Sepp et al., 2017). The activity of TCF4 is also regulated by Calmodulin which 
is involved in the calcium signal transduction pathway (Saarikettu et al., 2004).  

Additionally, TCF4 gene expression is regulated by Wnt signalling pathway (Hennig  
et al., 2017; Kolligs et al., 2002). There is also evidence that E-proteins cross regulate – it 
has been shown that Transcription Factor 3, which is also an E-protein, binds to an E-box 
in the intron 2 of TCF4 gene and regulates its transcription (Li et al., 2019). In addition, 
multiple micro RNAs have been shown to regulate TCF4 gene expression (Adusumilli  
et al., 2020; Han et al., 2016; He et al., 2022; Kwon et al., 2013; Li et al., 2011; Xue et al., 
2019). Since TCF4 is associated with many diseases there is ongoing work in finding drugs 
that modulate TCF4 expression or its function. For example, it has been shown that 
histone deacetylase inhibitor suberoylanilide hydroxamic acid  (SAHA) upregulates  
TCF4 expression (Hennig et al., 2017; Kennedy et al., 2016) 

1.1.5 Target genes of TCF4 
In the nervous system TCF4 target genes have been investigated in vitro using DNA 
binding experiments, reporter constructs and transcriptomics. In cultured SH-SY5Y 
human neuroblastoma cells TCF4 binds to genes involved in nervous system 
development, ion transport and signal transduction (Forrest et al., 2018). Silencing of 
TCF4 in the same cells indicates that TCF4 regulates TGF-β signalling, epithelial to 
mesenchymal transition, apoptosis, and more specifically proneural genes Neurogenin 2 
and Achaete-Scute Family bHLH Transcription Factor 1 (ASCL1) (Forrest et al., 2013). 
Using reporter assays in HEK293 cell line, TCF4 has been shown to regulate Neurexin 1β 
and Contactin associated protein 2 promoters (Forrest et al., 2012). In addition to cell 
lines, neurons differentiated from neural stem cells or neural precursors have been used 
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to identify the target genes for TCF4. Chromatin immunoprecipitation (ChIP) sequencing 
experiments have confirmed that TCF4 binds to genes that regulate cell proliferation, 
apoptosis, neuronal development and differentiation, axon guidance and 
synaptogenesis, for example Neurotrimin and Discs large MAGUK scaffold protein 2, 
Neurexin 1α and 1β  (D’Rozario et al., 2016; D’Rozario et al., 2016; Hennig et al., 2017), 
and Neurexin 1α and 1β expression levels have been shown to be regulated by TCF4 
(D’Rozario et al., 2016). TCF4 silencing experiments in neural progenitor cell lines show 
that genes involved in cell cycle regulation are affected by TCF4 expression levels (Hill  
et al., 2017). As useful cell models, induced pluripotent stem cells (iPSCs) generated from 
fibroblasts derived from Pitt-Hopkins syndrome (PTHS) patients (a disease caused by 
TCF4 haploinsufficiency, Amiel et al., 2007; Brockschmidt et al., 2007; Zweier et al., 2007) 
and differentiated into neural progenitor cells, neurons and brain organoids have also 
been used (Papes et al., 2022). Genes that are expressed differentially in these models 
include genes involved in adhesion, neurogenesis, neuronal identity, differentiation, and 
regulation of neuronal excitability, for example Potassium voltage-gated channel 
subfamily Q members KCNQ2 and KCNQ3 (Papes et al., 2022). In addition, in rat primary 
cortical neurons TCF4 has been shown to regulate the expression of Growth arrest and 
DNA-damage-inducible protein coding gene Gadd45γ (Sepp et al., 2017) and Brain 
derived neurotrophic factor (Esvald et al., 2022; Tuvikene et al., 2021). 

In vivo transcriptomics analysis of Tcf4 knock out mouse brains indicate that genes 
involved in cell adhesion and neuronal functioning are regulated by TCF4 (Zhang et al., 
2021b). In mouse hippocampal development Wnt7b is a major downstream effector of 
TCF4, which is in accordance with TCF4 role in adhesion (Wang et al., 2020). TCF4 has 
also been shown to function in neuronal migration and one important downstream 
effector there is Bone morphogenetic protein Bmp7 (Chen et al., 2016). Two ion channels 
coding genes, Potassium voltage-gated channel subfamily Q members 1 (KCNQ1) and 
Sodium voltage-gated channel alpha subunit 10 (SCN10A), are also regulated by TCF4  
(Li et al., 2020; Rannals et al., 2016a; Rannals et al., 2016b). Analysis of transcriptomes 
of multiple mouse models with loss-of function of Tcf4 have revealed that genes 
functioning in forebrain development, neuron projection, axon development, excitatory 
synapses, postsynaptic density, axon ensheathment, myelination, membrane associated 
processes and adhesion are misexpressed (Phan et al., 2020; Sarkar et al., 2021; Zhang 
et al., 2021b). Taken together, using multiple experiments and models, it has been shown 
that TCF4 regulates genes involved in cell cycle, adhesion, neuronal development,  
ion transport, myelination, synaptogenesis and neuronal excitability. 

1.1.6 TCF4-related diseases 
TCF4 is crucial for the development of nervous system and aberrations in its functioning 
lead to various neurological diseases. One of these, PTHS is a rare and severe disease 
caused by de novo heterozygous mutations in TCF4 gene (Amiel et al., 2007; 
Brockschmidt et al., 2007; Zweier et al., 2007). The patients have severe mental 
retardation, developmental delay, microcephaly, abnormal brain waves, epilepsy, 
breathing problems, facial dysmorphism and other abnormalities (reviewed in Peippo 
and Ignatius, 2012). Anatomically, malformations of the brain include thin corpus 
callosum and small hippocampus (de Pontual et al., 2009). The mutations found in PTHS 
patients in TCF4 locus are deletions, insertions, mutations in the bHLH region, mutations 
causing premature stop codon or aberrant splicing (Amiel et al., 2007; Brockschmidt  
et al., 2007; Sparber et al., 2020; Whalen et al., 2012; Zweier et al., 2007; Zweier et al., 
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2008). Using fluorescence imaging, binding and reporter assays, it has been shown that 
PTHS-associated missense mutations impair the dimerization, DNA binding and the 
ability to activate transcription by TCF4 in an isoform and cell type specific manner 
(Forrest et al., 2012; Sepp et al., 2012; Sirp et al., 2021). The severity of the mutations 
varies from hypomorphic to dominant-negative. Mosaic mutations in TCF4 can cause 
milder phenotypes and some cases of inheriting PTHS from mosaic parents have also 
been reported (de Pontual et al., 2009; Kousoulidou et al., 2013; Stavropoulos et al., 
2010; Steinbusch et al., 2013). Mutations in TCF4 can also cause less severe forms of 
intellectual disability – moderate and mild intellectual disability (Bedeschi et al., 2017; 
Kalscheuer et al., 2008; Kharbanda et al., 2016; Maduro et al., 2016; Masson et al., 2022). 

TCF4 is also strongly associated with schizophrenia being one of the top genes linked 
to it and named as a master regulator of a gene network dysregulated in schizophrenia 
(Doostparast Torshizi et al., 2019; Ma et al., 2018). More specifically, a polymorphism in 
intron 4 of TCF4 has been linked to schizophrenia in genome wide association studies  
(Li et al., 2010; Stefansson et al., 2009; Steinberg et al., 2011). Also, it has been found 
that TCF4 mRNA levels are increased in the blood of schizophrenia psychosis patients 
(Wirgenes et al., 2012). In humans with schizophrenia risk allele of TCF4 sensorimotor 
gating, sensory gating, verbal memory, working memory, reasoning and problem solving 
are affected (Albanna et al., 2014; Hall et al., 2014; Lennertz et al., 2011a; Lennertz et al., 
2011b; Quednow et al., 2011; Quednow et al., 2012). In addition, chromosome inversions 
that affect TCF4 gene have been associated with schizophrenia (Pickard et al., 2005). 

Moreover, TCF4 has been associated with bipolar disorder (Mokhtari et al., 2022; 
Pickard et al., 2005), depression (Amare et al., 2020; Cai et al., 2021; Mossakowska-Wójcik 
et al., 2018), autism spectrum disorders (O’Donnell et al., 2010; Talkowski et al., 2012), 
post-traumatic stress disorder (Gelernter et al., 2019), insomnia (Cai et al., 2021) and 
alcohol use disorder (Hade et al., 2021). TCF4 is also linked to a neurodegenerative disease 
– Huntington disease, since TCF4 expression is reduced in the hippocampus of Huntington 
disease mouse models and human patients (Nurm et al., 2021). In addition, Fuchs corneal 
dystrophy, an eye disease, is caused by lengthening of a trinucleotide CTG repeat in intron 
3 of TCF4 (Baratz et al., 2010; Foja et al., 2017; Soh et al., 2019; Vasanth et al., 2015). The 
repeat can cause the disease in multiple ways, one of which being changes in TCF4 
expression levels (reviewed in Fautsch et al., 2021; Okumura et al., 2019; Sirp et al., 2020). 

TCF4, functioning in a variety of developmental processes and in cell cycle (Schmidt-
Edelkraut et al., 2014) and in epithelial-mesenchymal transition (Cano and Portillo, 2010; 
Sobrado et al., 2009; Xiang et al., 2011), is also associated with many cancers (Kolligs et al., 
2002). Misexpression of TCF4 has been reported in gastric (Kim et al., 2008), colon (Herbst 
et al., 2009a), colorectal (Herbst et al., 2009b; Savio et al., 2016), breast (Appaiah et al., 
2010; Yamamoto and Yamamoto, 2007), endometrial (Zhao et al., 2020) and prostate 
cancers (Yamamoto and Yamamoto, 2007). In addition, TCF4 is associated with melanoma 
(Dunn et al., 2006; Luo et al., 2016), diffuse large B-cell lymphoma (Care et al., 2013; Jain  
et al., 2019), acute myeloid leukemia (in ’t Hout et al., 2014), blastic plasmacytoid dendritic 
cell neoplasm (Ceribelli et al., 2016) and medulloblastoma (Wong et al., 2020). It has also 
been shown that TCF4 is involved in chemotherapy response and metastasis (Hur et al., 
2017; Pernía et al., 2020; Xiang et al., 2011). 
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1.1.7 Animal models of TCF4-related diseases 
Tcf4 knock-out mice die immediately after birth (Fu et al., 2009) and therefore the 
physiological functions of TCF4 in postnatal organism are possible to study only in Tcf4 
haploinsufficient mice. Tcf4 haploinsufficient mice have also been used for studying 
diseases where TCF4 function is impaired.  Anatomically they exhibit microcephaly with 
reduced cortical thickness and smaller hippocampi, their neuronal migration is delayed, 
dendrite and synapse formation is defective, adult hippocampal neurogenesis is reduced 
and myelination is defective (Braun et al., 2020; Jung et al., 2018; Li et al., 2019; Phan et al., 
2020; Thaxton et al., 2018). Tcf4 heterozygous knock-out mice have enhanced long-term 
potentiation in the hippocampus (Kennedy et al., 2016; Thaxton et al., 2018) and 
expression levels of the ion channel expressing genes Kcnq1 and Scn10a are increased 
(Rannals et al., 2016b). These mice have behavioural problems – defective social 
interaction, ultrasonic vocalization, prepulse inhibition, spatial and associative learning and 
memory, reduced anxiety and breathing problems (Cleary et al., 2021; Kennedy et al., 2016; 
Thaxton et al., 2018). Additionally, conditional Tcf4 knock out mice have been used for 
modelling of TCF4-related intellectual disabilities. If Tcf4 is knocked out in the neural 
progenitor cells of hippocampus, then hippocampus becomes defective and small, and 
social memory of the animals is impaired (Wang et al., 2020). Tcf4 gene inactivation in the 
neocortex causes mispositioning of neurons (Zhang et al., 2021b). Loss of TCF4 in adult and 
developing brain results in changes in dendrite morphology, and defects in excitability and 
synaptic plasticity (Crux et al., 2018; Sarkar et al., 2021; Schoof et al., 2020). 

Mice with overexpressed levels of Tcf4 can be used as schizophrenia models since there 
is evidence that TCF4 levels are increased in the blood of schizophrenia patients (Wirgenes 
et al., 2012). These animals have impaired cognitive processes and sensorimotor gating 
(Brzózka and Rossner, 2013; Brzózka et al., 2010; Volkmann et al., 2020). Elevated TCF4 
levels cause enhanced long-term depression, higher density of immature dendritic spines 
during development and elevated levels of proteins involved in synaptic function and 
metabolic pathways (Badowska et al., 2020). 

Some potential therapeutics have been proposed using mouse models for TCF4-related 
diseases. It has been shown that histone deacetylase inhibitor SAHA rescues memory 
deficit in loss-of-function Tcf4 model (Kennedy et al., 2016). The voltage-gated sodium 
channel Nav1.8 has been proposed as a high priority target for PTHS therapy (Cleary et al., 
2021; Martinowich et al., 2022) since the gene coding for Nav1.8-SCN10A is regulated by 
TCF4 (Li et al., 2020; Rannals et al., 2016b). One of the potential drugs for inhibiting Nav1.8 
is Nicardipine. In the PTHS mouse model Nicardipine rescued behavioural deficits (Ekins  
et al., 2020). Another method for treating PTHS could be viral gene therapy. Using a PTHS 
mouse model it has been shown that reinstating Tcf4 expression in neurons improves 
anxiety, activity levels, innate behaviours and memory of the mice (Kim et al., 2022). In 
schizophrenia model of Tcf4 overexpressing mice spironolactone and aripiprazole 
improved deficits in cognition (Stephan et al., 2022). 

Using mouse models for initial drug screening is time consuming and expensive. 
Drosophila melanogaster is widely used as a time and cost-efficient model for human 
diseases and could be used for studying TCF4-related diseases. The TCF4 homolog in 
Drosophila melanogaster is Daughterless (Da), which will be introduced next. 
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1.2 Daughterless, the Drosophila melanogaster homolog of TCF4 
The name daughterless (da) was given to the gene in 1954 by Bell when an observation was 
made that female Drosophila melanogaster carrying homozygous spontaneous mutation 
da1 have only male progeny (Sandler, 1972). Interestingly, this phenotype is temperature 
sensitive (Cline, 1976). Maternally contributed Daughterless (Da) participates in sex 
determination as a heterodimer with Scute (Sc) by transcriptionally regulating Sex-lethal 
gene which in the case of X chromosome to autosomal chromosome ratio 1:1 (XXAA) is 
activated and induces female phenotype. In the case of X chromosome to autosomal 
chromosome ratio 1:2 (XAA) Sex-lethal is inactive and embryos develop as males (Cline, 
1988; Deshpande et al., 1995; Hoshijima et al., 1995).  

In addition to its maternally contributed sex determination effects, Da has multiple 
zygotic functions (Cronmiller and Cline, 1987). In da mutant embryos peripheral nervous 
system (PNS) is completely missing, CNS has severe defects and these embryos have also 
defects in muscles and tracheas (Caudy et al., 1988a). 

da gene was cloned in 1988 and it was found that da has a region similar to myoD1 and 
Achaete-Scute Complex genes (Caudy et al., 1988b; Cronmiller et al., 1988). Soon Da protein 
sequence similarities to human Transcription factor 3 were found and predicted that the 
similar sequences form a helix-loop-helix (HLH) domain (Murre et al., 1989a). Same year, it 
was shown that Da forms heterodimers with Achate-Scute Complex proteins and binds  
E-box sequence also as a homodimer (Figure 2) (Murre et al., 1989b). In the following 
chapters, an overview of the functioning and molecular biology of Da will be given.  

 
Figure 2. Functioning of Da. Da binds to the E-box as a homodimer or as a heterodimer with class 
II basic helix-loop-helix (bHLH) proteins and activates transcription. The activity is abolished by 
dimerization with Extramacrochaete (Emc), since formed dimers cannot bind to E-box. Da regulates 
neurogenesis, synaptogenesis, cell cycle, locomotion, sex determination, myogenesis, oogenesis. 
Figure created with BioRender.com. 

1.2.1 Functions of Da  
As already mentioned, Da is important for nervous system development (Figure 2) 
(Caudy et al., 1988a). During embryonic CNS development Da is required for determining 
neuronal development of neuroblasts but not for the neuroblast segregation (reviewed 
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in Campos-Ortega and Knust, 1990; Kovalick and Beckingham, 1992). In embryonic  
PNS development Da is even more important since no PNS precursor cells arise in 
embryos where Da is absent (Kovalick and Beckingham, 1992). In the larval brain Da is 
also required for neuroblast differentiation (Neumüller et al., 2011; Yasugi et al., 2008; 
Yasugi et al., 2014). Silencing of da in the larval brain causes neuroblast proliferation and 
formation of brain tumours (Neumüller et al., 2011; Yasugi et al., 2014). This is explained 
by downregulation of the Da target gene prospero (pros) that is a critical differentiation 
factor for neuroblasts (Yasugi et al., 2014). 

The functions of Da in the development of the adult sensory organs have been 
extensively studied. One of the most investigated functions of Da is its role  in the third 
instar larval eye imaginal discs during eye development (Bhattacharya and Baker, 2011; 
Brown et al., 1996; Cadigan et al., 2002; Chen and Chien, 1999; Li and Baker, 2019; Lim 
et al., 2008; Sukhanova et al., 2007; Tanaka-Matakatsu et al., 2014; Wang and Baker, 
2015). In the eye disc Da has both proneural and anti-proneural functions depending on 
its expression level (Lim et al., 2008). During eye development a wave of differentiation 
called the morphogenetic furrow moves through the eye disc and Da is required for cell 
cycle preceding the wave (Brown et al., 1996). In the morphogenetic furrow Da is 
required for formation of R2-R5 and particularly R8 photoreceptors (Bhattacharya and 
Baker, 2011; Brown et al., 1996; Lim et al., 2008; Sukhanova et al., 2007). An interesting 
experiment where simultaneous overexpression of da and eyeless (ey) in the wing 
imaginal discs caused ectopic eye development highlighted the role of Da in the eye 
development (Tanaka-Matakatsu et al., 2014). In addition, Da also plays a crucial role 
during the development of wing, thorax and leg sensory organs, also called the bristles 
(Bhattacharya and Baker, 2011; Jafar-Nejad et al., 2006; Sukhanova et al., 2007).  

Da has also functions in the mature nervous system (D’Rozario et al., 2016; Waddell 
et al., 2019). Like TCF4, Da functions in synaptogenesis. It has been shown that when Da 
levels are lower in the larval neuromuscular junctions of motoneurons then the number 
of synaptic boutons and axonal branching are increased, synaptic protein Bruchpilot is 
mis-localized and neurexin-1 (nrx-1) mRNA levels are increased (D’Rozario et al., 2016). 
On the contrary, Da overexpression causes a decrease in axonal branching, number of 
boutons and in neurotransmission at these synapses and decreased nrx-1 levels. Larvae 
with Da overexpression or silencing were both shown to have impaired locomotion 
(D’Rozario et al., 2016).  

In addition to being important for nervous system development and function, Da also 
has roles outside the nervous system (Figure 2). Maternally contributed Da functions in 
sex determination (Cline, 1988; Deshpande et al., 1995; Hoshijima et al., 1995). Zygotic 
Da is needed in endoderm for development of specific cell types (Tepass and Hartenstein, 
1995), for left-right asymmetry formation in hindgut and therefore cell chirality (Ishibashi 
et al., 2019), for maintenance of intestinal stem cells (Bardin et al., 2010; Lan et al., 2018), 
during mesoderm development and myogenesis (Castanon et al., 2001; Wong et al., 
2008), for corpora cardiaca precursor specification from head mesoderm (Park et al., 
2011), for salivary glands development (Chandrasekaran and Beckendorf, 2003; Wang 
and Baker, 2015), during wing development for wing heart formation (Tögel et al., 2013), 
and during oogenesis (Cummings and Cronmiller, 1994; Smith et al., 2002).  

Consistent with the known roles of Da in differentiation, Da has functions in cell cycle 
control (Andrade-Zapata and Baonza, 2014). In the wing imaginal discs, upregulation of 
Da causes cells to be arrested in G2 phase through Da regulating the Cdc25 phosphatase 
string (Andrade-Zapata and Baonza, 2014). In addition, Da regulates cell growth through 
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Salvador-Warts-Hippo pathway via regulating the expression of expanded (Wang and 
Baker, 2015). When Da is overexpressed in the eye imaginal discs then the eyes of  
the flies are smaller and in expanded null clones this growth inhibition by Da is abolished 
(Andrade-Zapata and Baonza, 2014). 

1.2.2 Da protein 
Da is the only class I bHLH protein in Drosophila (reviewed in Massari and Murre, 2000). 
It is 710 amino acid residues long and with a molecular mass of 74 kDa (Caudy et al., 
1988b). Da is a very stable protein and it is phosphorylated (Kiparaki et al., 2015). 
Da forms dimers and binds to DNA using the bHLH domain (Figure 3) (Murre et al., 1989a; 
Zarifi et al., 2012). In addition it has two transactivation domains – AD1 and LH domain 
(Figure 3)  (Zarifi et al., 2012). Experiments with expressing Da lacking either one of the 
transactivation domains in da mutant background have revealed that both activation 
domains are sufficient for Da activity (Zarifi et al., 2012). The AD1 also acts as a degron 
since when Da is in heterodimer with Sc then AD1 of Da promotes the degradation of Sc 
(Kiparaki et al., 2015). The LH domain is phosphorylated (Kiparaki et al., 2015). Also,  
Da has a repression (REP) domain (Figure 3) (Wong et al., 2008). 

 
Figure 3. Schematic representation of TCF4-B, TCF4-A and Da. TCF4 and Da have a conserved basic 
helix-loop-helix (bHLH) domain. Additionally, all TCF4 isoforms have a repression domain (Rep) and 
transactivational domains AD2 and AD3. Long and medium TCF4 isoforms have a nuclear 
localisation signal (NLS) domain and only long isoforms contain transactivational domain AD1. 
Similarly, Da contains a Rep domain and two transactivational domains AD1 and LH. The schemes 
are in scale. Figure created with BioRender.com. 

1.2.3 Expression of da 
Three da transcripts are expressed from da gene - 3.2, 3.4 kb and 3.7 kb differing in the 
length of 3’ untranslated region (UTR)  (Caudy et al., 1988b; Cronmiller et al., 1988). 
The 3.7 kb transcript is not expressed in ovaries, the other transcripts are expressed in 
all tissues (Caudy et al., 1988b). 

Da protein is expressed throughout embryogenesis (Cronmiller and Cummings, 1993; 
Vaessin et al., 1994). In preblastodermal embryos maternally contributed Da is present 
in all somatic cells and disappears just before blastoderm formation. Expression of da 
starts during gastrulation and peaks during stages 9-11 when neuroblasts form. During 
later stages Da expression is stronger in the nervous system, salivary glands, parts of the 
gut and muscles (Cronmiller and Cummings, 1993; Vaessin et al., 1994). 

In third instar larval stage Da protein levels are high in the imaginal discs, salivary 
glands and CNS (Cronmiller and Cummings, 1993). In the larval CNS the level of Da protein 
is higher in the neuroblasts than their progeny (Vaessin et al., 1994). In the eye imaginal 
discs Da protein is expressed at low levels in all cells and the expression is elevated in the 
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morphogenic furrow where photoreceptor differentiation takes place and is highest in 
R8 photoreceptors (Brown et al., 1996; Vaessin et al., 1994). Similarly, in the wing and 
leg imaginal discs Da is expressed uniformly and increases in the sensory organ precursor 
(SOP) cells (Vaessin et al., 1994). So, in the larval CNS Da protein levels are higher in the 
neural stem cells but in the PNS Da protein levels are higher in the progenitor cells. Most 
recent study of Da protein expression found that Da is also expressed in postmitotic 
neurons in the 3rd instar larval ventral nerve cord (D’Rozario et al., 2016). This has opened 
up new avenues of investigating Da in mature nervous system. 

In the adult Drosophila Da protein levels have only been investigated in the 
reproductive system (Cronmiller and Cummings, 1993). Both in the females and males 
Da protein is expressed in the somatic cells and not in the germ cells. 

It is important to note that ubiquitous embryonic overexpression of Da results in 
lethality. It causes defective CNS condensation, and the ventral nerve cord is fragmented. 
However, the neuroblast patterning is normal. In addition, the pattern of PNS is disturbed. 
Ectopic neuronal cells are found in the gut, amnioserosa and salivary glands (Giebel et al., 
1997). Vice versa, in da mutant embryos CNS has severe defects and PNS is completely 
missing (Caudy et al., 1988a). These embryos have also abnormal muscles and tracheas. 

1.2.4 Regulation of Da expression and activity 
The regulation of da expression has been mostly investigated using somatic clone 
technology in the 3rd instar larval eye imaginal discs where da is regulated by Wnt, 
Hedgehog, Decapentaplegic, Notch and EGFR signalling and also by Atonal (Ato) which is 
a class II bHLH protein and Da heterodimerization partner during eye development 
(Bhattacharya and Baker, 2011; Brown et al., 1996; Cadigan et al., 2002; Li and Baker, 
2019; Lim et al., 2008). Additionally, using somatic clones in the eye disc it has been 
shown that Da expression is reduced in trithorax transcription factor kismet (Melicharek 
et al., 2008) and in FMR2/AF4 family protein coding gene lilliputian mutant clones 
(DiStefano et al., 2012). Using Drosophila S2 cell line, the regulation of da expression by 
Notch signalling has also been investigated (Mok et al., 2005; Wesley and Saez, 2000). 
When Notch C-terminal domain or full length Notch is over expressed in S2 cells then 
da mRNA levels are reduced (Wesley and Saez, 2000) and Delta overexpression increases 
da expression (Mok et al., 2005; Wesley and Saez, 2000).  

Da has been shown to autoregulate its own expression (Bhattacharya and Baker, 
2011; Smith and Cronmiller, 2001). In the ovaries da transcriptional autoregulation was 
shown by genetic and molecular experiments using a da allele which has an insulating 
element inserted in the only intron of da gene (Smith and Cronmiller, 2001). Initiation of 
da transcription uses an enhancer in the intron. After the initiation of expression, Da 
itself can positively autoregulate its own expression through E-boxes in the promoter 
region. There are also negative cis-acting sequences downstream of the insulating 
element that downregulate da expression so that Da levels do not become deleteriously 
high. da autoregulation has also been shown in the eye imaginal discs (Bhattacharya and 
Baker, 2011). This was demonstrated by overexpression of da without first non-coding 
exon which causes endogenous da mRNA levels to increase. Additionally, 
in the proneural regions of 3rd instar larval eye discs overexpression of class II bHLH 
protein Ato upregulates Da and in proneural regions of wing imaginal discs 
overexpression of class II bHLH protein Sc upregulates Da (Li and Baker, 2019). Since  
Da is an obligatory dimerization partner for class II bHLH proteins this again indicates to 
autoregulation. In the proneural regions of eye and wing imaginal discs da forms a 
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negative feedback loop with class V bHLH protein Emc which is the homolog for 
mammalian Id proteins (Bhattacharya and Baker, 2011; Li and Baker, 2018; Li and Baker, 
2019). In this negative feedback loop Da regulates Emc expression positively and Emc 
overexpression has been shown to downregulate Da levels. Similar interaction system 
involving Emc also occurs in the mature neurons where silencing of emc increases  
Da expression and reduces da silencing phenotype and Emc overexpression reduces  
Da overexpression phenotype (Waddell et al., 2019). 

In addition to being a negative regulator of Da expression level, Emc regulates  
Da function by regulating its activity post-translationally (Cabrera et al., 1994; Ellis et al., 
1990; Van Doren et al., 1991). Emc as a class V bHLH protein lacks the basic region needed 
for the interaction with DNA but comprises the HLH domain for dimerization with Da or 
class II bHLH proteins (Ellis et al., 1990). In vitro binding assays have shown that Emc 
antagonizes the DNA binding ability of Da-Da homodimers or Da-class II bHLH protein 
heterodimers (Figure 2) (Cabrera et al., 1994; Van Doren et al., 1991). 

Da is post-translationally regulated also by proteins that regulate its transactivational 
activity and by degradation. Transactivational capability of Da has been shown to be 
repressed by Escargot (Fuse et al., 1994), Deadpan (Hoshijima et al., 1995), Nervy 
(Wildonger and Mann, 2005), and Enhancer of Split (E(Spl)) (Oellers et al., 1994; Zarifi et 
al., 2012). Da has been shown to be ubiquinated by Seven in absentia which is Drosophila 
homolog for Siah-1 (Yang et al., 2010). There is also evidence that Da is targeted for 
degradation by E(spl) proteins by recruiting Groucho (Kiparaki et al., 2015). 

1.2.5 Interactors of Da 
It is commonly known that Da is an obligatory dimerization partner for proneural class II 
bHLH proteins. This interaction was demonstrated by electrophoretic mobility shift assays 
(EMSA) by Cabrera and Alonso, and Van Doren and colleagues in 1991 (Cabrera and Alonso, 
1991; Van Doren et al., 1991). They found that Achaete (Ac), Sc and Lethal of scute (Lsc) 
cannot bind E-box sequences as homodimers or as heterodimers with each other but only 
as heterodimers with Da. They also demonstrated that Da-Da homodimers are able to bind 
DNA. Da and Sc interaction in vivo has been shown in the 3rd instar larval imaginal discs 
where even excess of Sc cannot induce neurogenesis in the absence of Da (Zarifi et al., 
2012). Da also interacts with other class II bHLH proteins like Hand (Tögel et al., 2013), Twist 
(Castanon et al., 2001) and Sage (Chandrasekaran and Beckendorf, 2003). 

As discussed above, transactivational activity of Da is negatively regulated by class V 
bHLH protein Emc. Da and Emc interaction has been demonstrated in yeast-two hybrid 
assay (Spratford and Kumar, 2015) and by proximity ligation assay in the larval 
motoneurons (Waddell et al., 2019). Evidence from luciferase reporter assays in a 
Drosophila cell line suggest that Emc antagonizes Da function by sequestration (Spratford 
and Kumar, 2015). Additionally, overexpression experiments in the 3rd instar larval eye 
and wing discs show that Da dramatically stabilizes Emc protein (Li and Baker, 2018). 
Other negative regulators of bHLH transcription factors from class VI, the E(Spl) proteins 
also interact with Da (Alifragis et al., 1997; Zarifi et al., 2012). 

   In addition to being regulated by Notch signalling (Mok et al., 2005; Wesley and Saez, 
2000) it has been shown that Da is also involved in Notch signalling (Cave et al., 2005; 
Cave et al., 2009). Interestingly Da N-terminal domain without bHLH domain activates 
E(spl)m8 promoter synergistically with Notch intracellular domain in Drosophila cell line 
and in yeast two-hybrid and pull-down assays Da N-terminal domain interacts with 
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Suppressor of Hairless (key transcriptional regulator of Notch signaling) (Cave et al., 
2005; Cave et al., 2009).  

There are a number of additional transcription factors that interact with Da. Pannier 
(GATA type Zn-finger transcription factor) has been shown to associate with Da through 
transcriptional co-factor Chip (Ramain et al., 2000), Nervy (MTG family transcriptional 
repressor) has been shown to interact with Da and repress its function (Wildonger and 
Mann, 2005), Senseless (Sens) (C2H2 type zinc finger transcription factor) has been 
shown to interact with Da in the wing imaginal discs for development of bristles (Jafar-
Nejad et al., 2006), Escargot (Snail-type transcription factor) has been shown to interact 
with Da and induce its degradation (Yang et al., 2010), Ey (paired homeobox transcription 
factor) has been shown to interact with Da (Tanaka-Matakatsu et al., 2014), Pointed (ETS 
family transcription factor regulated by EGFR signalling) has been shown to activate 
dacapo enhancer synergistically with Ato-Da dimer (Sukhanova et al., 2007), FoxA (Fork 
Head transcription factor) has been shown to behave synergistically with Da in intestinal 
stem cell maintenance (Lan et al., 2018). 

1.2.6 Targets of Da  
As discussed above, Da is involved in sex determination through regulating sex-lethal 
(Cline, 1988; Deshpande et al., 1995; Hoshijima et al., 1995). Additionally, in early 
embryos serendipity alpha (needed for cellularization) is regulated by Da (Ibnsouda et 
al., 1995). During muscle development in the embryos Da has been found to regulate  
the expression of myocyte enhancer factor 2 (Wong et al., 2008). 

Da is well known for its role in embryonic neurogenesis (Caudy et al., 1988a). Da with 
its proneural dimerization partners (Ac, Sc, Lsc in embryos) is involved in the selection of 
sensory organ precursor cells (Kovalick and Beckingham, 1992). During this process  
Da-Ac, Da-Sc and Da-Lsc activate the transcription of delta in the neuroectodermal cell 
clusters (Kunisch et al., 1994). Additionally, Da regulates sens during this process as in  
da null embryos sens fails to express (Nolo et al., 2000), and hunchback as in lsc mutant 
embryos Hunchback expression is reduced (Cabrera and Alonso, 1991). Da-proneural 
protein heterodimers activate a number of neuronal precursor genes. In da mutant early 
embryos pros, deadpan, asense (ase), cyclin A, scratch and couch potato expression is 
reduced (Bellen et al., 1992; Brand et al., 1993; Vaessin et al., 1994). ase expression is 
also dependent on the Achaete-Scute Complex genes since deletion of the genes causes 
loss of ase expression (Brand et al., 1993). Additionally, in embryos of later stages where 
da or the whole Achaete-Scute Complex (ASC) locus is deleted, calmodulin mRNA 
expression is disturbed (Kovalick and Beckingham, 1992). It has also been shown that  
Da regulates single-minded during CNS midline cell specification (Kasai et al., 1998). 

Similarly to the embryos, in larval brains in da mutant clones of the optic lobes the 
expression of pros (Yasugi et al., 2014) and deadpan (Yasugi et al., 2008) is strongly 
reduced. When da is silenced in larval brains nrx-1 mRNA levels are increased and when 
da is overexpressed then nrx-1 levels are decreased (D’Rozario et al., 2016). Same was 
demonstrated in the neuromuscular junction for Nrx-1 protein and using a reporter. 
Using linked dimers it was also shown that Da mediates this at least in part as  
a homodimer (D’Rozario et al., 2016). 

During larval stages, Da has been intensively studied in the 3rd instar imaginal discs 
where it regulates neurogenesis. In the 3rd instar wing imaginal discs, combining ac and 
sc mutant clones, fluorescence activated cell sorting and microarray analysis, the 
following Da-proneural target genes were identified: charlatan, schizo, ETS-domain 
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lacking, reduced ocelli, insensitive, meru, radial spoke head protein 3, malic enzyme, 
quail, miranda, phyllopod, rhomboid, serpin 43Aa, TNF-receptor-associated factor4, and 
CG30492 (Reeves and Posakony, 2005). Using in vivo reporter assays, phyllopod has been 
shown to be directly regulated by Ac and Sc (Pi et al., 2004) and the regulation of 
charlatan has also been shown with Ac and Sc misexpression experiments (Escudero  
et al., 2005). Additionally, in the wing imaginal discs, using da mutant clones regulation 
of ac and sc by Da has been shown (Cadigan et al., 2002). In addition, Da regulates 
expanded in the wing discs and acts there as a homodimer (Wang and Baker, 2015; Wang 
and Baker, 2018). In the 3rd instar eye imaginal discs regulation of ato by Da has been 
extensively studied showing that Da acts there both as positive and negative regulator 
(Bhattacharya and Baker, 2011; Melicharek et al., 2008; Tanaka-Matakatsu et al., 2014). 
Additionally, in the eye discs Da regulates dacapo (Sukhanova et al., 2007;  
Tanaka-Matakatsu et al., 2014), scabrous (Bhattacharya and Baker, 2011), delta 
(Bhattacharya et al., 2017) and emc (Li and Baker, 2019). The regulation of Cdc25 
phosphatase string by Da has been demonstrated using both eye and wing imaginal discs 
as models (Andrade-Zapata and Baonza, 2014).  

 Outside imaginal discs, in the salivary glands, Da has been shown to bind salivary 
gland secretion protein gene 4 (King-Jones et al., 1999). In addition, Da regulates sens in 
the salivary glands as a heterodimer with class II bHLH protein Sage (Chandrasekaran and 
Beckendorf, 2003). Additionally, using cell culture based transactivation assays E(spl) 
(Cave et al., 2009; Oellers et al., 1994) and neuropeptide receptor NKD (Rosay et al., 1995) 
have been shown to be regulated by Da. Taken together, Da regulates genes that 
function in sex determination, cellularization, myogenesis, neurogenesis and cell cycle. 

Altogether, TCF4 and Da are homologs and they function in multiple developmental 
processes including neurogenesis, but also in the mature nervous system in regulating 
synapses. TCF4 is related with multiple serious diseases of the nervous system and also 
cancer. Using Drosophila Da as a model could potentially give valuable knowledge of the 
molecular mechanisms of TCF4-related diseases. 
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2 Aims of the Study 
The main aim of the thesis was to investigate Da and its mammalian homolog TCF4 to 
gain knowledge on TCF4-related diseases. More specifically the aims were as follows: 

• Validate that Da and TCF4 are orthologs; 
• Generate and characterize Drosophila melanogaster models with decreased 

expression levels of Da; 
• Investigate the roles of Da in mature neurons; 
• Validate generated models as potential tools for screening drugs for PTHS and 

other TCF4-related diseases; 
• Characterise the expression of different TCF4 transcripts and protein isoforms 

in developing and adult rodent and human tissues. 
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3 Materials and methods 
The following methods, described in the indicated publications, were used in this study: 

• Drosophila melanogaster rearing – publications I and II 
• Molecular cloning – publications I, II and III 
• CRISPR-Cas9 mediated tagging – publication II 
• Transgenesis – publications I and II 
• Growing of cell lines (HEK293, Neuro2a, SH-SY5Y) – publications I, II and III 
• Growing of rat primary cortical neurons – publication II 
• DNA transfection – publications I, II and III 
• Luciferase reporter assay – publications I and II 
• In vivo lacZ reporter assay – publication I 
• RNA isolation, cDNA synthesis, RT-PCR or RT-qPCR – publications I, II and III 
• Immunohistochemistry – publications I and II 
• Laser confocal scanning microscopy – publications I and II 
• Light microscopy and scanning electron microscopy – publication I 
• Drosophila lifespan experiments – publication I 
• Western blot analysis – publications II and III 
• Appetitive associative learning assay of Drosophila larvae – publication II 
• Chromatin immunoprecipitation – publication II 
• Negative geotaxis assay – publication II 
• Direct Tcf4 RNA sequencing – publication III 
• Tissue isolation and protein extraction – publications II and III 
• In vitro protein translation – publication III 
• Analysis of publicly available RNA-seq datasets – publication III 
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4 Results 
Results obtained in Publication I are as follows: 
• Da is the Drosophila melanogaster ortholog for human E-proteins; 
• Introduction of PTHS-associated mutations located in the bHLH of TCF4 affects the 

transcriptional activity of Da; 
• PTHS-associated mutations that affect arginines in the bHLH impair Da ability to 

activate reporter construct in vivo and neurogenesis in the 3rd instar larval wing 
imaginal discs. Two of the arginine mutations cause malformation of the thorax, 
indicating dominant-negative effects; 

• Two of the PTHS-associated arginine mutations impair Da ability to activate 
neurogenesis in Drosophila melanogaster embryos; 

• Overexpression of Da during eye development causes rough eye phenotype; 
• Ubiquitous overexpression of Da in the adult flies after eclosion from the pupae 

causes lethality within days; 
• Overexpressed human TCF4-A and TCF4-B function in Drosophila melanogaster 

similarly to Da – activate reporter construct, induce neurogenesis in the wing 
discs, replace Da during embryonic neurogenesis and cause rough eye phenotype. 
Only TCF4-B, but not TCF4-A, induces lethality when expressed ubiquitously after 
pupariation. 

Results obtained in Publication II are as follows: 
• A Drosophila melanogaster transgenic line was generated where Da is tagged with 

3xFLAG tag, the tag does not interfere with the function of Da; 
• Da is expressed in all developmental stages of Drosophila melanogaster. In the 

heads of adult flies Da expression decreases over time; 
• Da is expressed widely in the 3rd instar larval brain including cells of the mushroom 

bodies; 
• Silencing of da in the 3rd instar larval brain causes decrease in the levels of synaptic 

proteins Synapsin and Discs large 1; 
• Da binds to synapsin promoter region and several areas in discs large 1 gene in the 

adult Drosophila heads; 
• Silencing of da in the 3rd instar larval brain or specifically in the mushroom bodies 

causes the impairment of appetitive associative learning; 
• Silencing of da in specific areas of the CNS causes the impairment of negative 

geotaxis of the flies; 
• Resveratrol and SAHA increase the transcriptional activity of Da, TCF4-A and TCF4-B; 
• Resveratrol and SAHA alleviate the memory impairment of da silencing in larvae; 
• SAHA rescues the locomotion impairment caused by da silencing. 

Results obtained in Publication III are as follows: 
• In the developing mouse cerebral cortex, transcripts that encode five N-terminally 

different Tcf4 isoforms are expressed; 
• The main Tcf4 transcripts in rodent brain code for Tcf4-A, Tcf4-B, Tcf4-D, Tcf4-C 

and Tcf4-I protein isoforms; 
• TCF4 protein isoforms expressed in the mouse cerebral cortex can be grouped into 

long, medium, and short isoforms – long being TCF4-B and TCF4-C, medium being 
TCF4-D and short being TCF4-A and TCF4-I;  
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• In mouse and rat, postnatal expression of Tcf4 is highest in the cerebral cortex, 
hippocampus and cerebellum; 

• In the rodent brain, most prominent TCF4 protein isoforms are long and short 
isoforms. The medium isoforms are expressed at high levels in the cerebral cortex 
and hippocampus and at low levels in the cerebellum, olfactory bulb and pons; 

• In mouse and rat non-neural tissues Tcf4 is expressed at lower levels than in the 
brain, and mainly long and short isoforms are expressed; 

• In human, TCF4 mRNA expression is highest in the brain; 
• The main transcripts expressed in the human brain encode TCF4-A, TCF4-D, TCF4-B, 

TCF4-C and TCF4-I; 
• Short, medium and long TCF4 protein isoforms are expressed in human brain. 
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5 Discussion 

5.1 Drosophila melanogaster is suitable for modelling PTHS 
A lot of advancements have been made in understanding PTHS using mouse models of 
PTHS (Braun et al., 2020; Cleary et al., 2021; Jung et al., 2018; Kennedy et al., 2016;  
Li et al., 2019; Phan et al., 2020; Rannals et al., 2016b; Thaxton et al., 2018). Drosophila 
melanogaster models for human diseases are used widely because about 75% of human 
disease-related genes have homologs in the fly and in many cases using Drosophila 
models has proven to be beneficial (reviewed in Ecovoiu et al., 2022; Lasko and Lüthy, 
2021; Nitta and Sugie, 2022; Yamaguchi et al., 2021). Intellectual disability syndromes 
have also been successfully modelled in the fruit fly (reviewed in Coll-Tané et al., 2019; 
van der Voet et al., 2014). It must be noted that the Drosophila models are very time and 
cost efficient, tissue specific overexpression and silencing of genes is easy since the tools 
are available at the stock centres, the tissues are available basically in unlimited amounts, 
and there are different behavioural assays available to test phenotypes. To model  
an intellectual disability syndrome, a fly homolog of the gene-of-interest should be 
identified, overexpression or silencing phenotype characterized, then the hypothesis of 
the disease can be tested, molecular pathways identified and drugs screened (Figure 4) 
(reviewed in van der Voet et al., 2014). Previously, the Drosophila melanogaster’s Da has 
been investigated in its genetic links to other intellectual disability-related genes and in 
habituation model  (Fenckova et al., 2019; Straub et al., 2020). 

In this thesis novel Drosophila melanogaster models for intellectual disability and 
PTHS were generated (Figure 4). First, we showed that human TCF4 and Drosophila Da 
are true orthologs, since TCF4 is functional in the fly. Rescuing mutant fly phenotype  
by expressing human disease-related gene is considered as a first step in validating  
a model (Ecovoiu et al., 2022). In our experiments, TCF4-A and TCF4-B were able to 
replace Da in the development of embryonic nervous system. Moreover, human TCF4-A 
and TCF4-B activated reporter expression in the larval wing discs, induced formation of 
excess bristles on the thorax and similarly to Da induced rough eye phenotype and 
lethality in adulthood. 

As a second step, we introduced four PTHS-associated missense mutations into Da 
(DaPTHS), expressed DaPTHS in HEK293 cells and performed luciferase reporter assay.  
These mutations impaired Da transcriptional ability in the same way as the 
corresponding mutations in TCF4 ranging from reduced transcriptional activity to no 
activity at all (Sepp et al., 2012). In addition, we generated Drosophila lines enabling us 
to study DaPTHS in vivo. DaPTHS overexpression and rescue experiments showed, that  
the studied mutations impair Da functions in vivo, being hypomorphic, loss of function 
or dominant negative. The effects of some of the mutations were tissue specific.  
PTHS-associated mutations in TCF4 have also been shown to affect its function in 
different ways, being hypomorphic to dominant negative and the severity depends on 
the dimerization partner and the cell type (Forrest et al., 2012; Sepp et al., 2012; Sirp  
et al., 2021). Using in vitro reporter assays and in vivo overexpression and rescue 
experiments, we showed that TCF4 and Da function very similarly and are true orthologs 
and therefore Drosophila melanogaster’s Da can be used for modelling PTHS. 
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Figure 4. Generation and validation of Drosophila melanogaster models for TCF4-related 
diseases. As a first step, Drosophila homolog for TCF4 was identified, then the homology was 
validated. Next, da silencing phenotype in behavioural paradigms was tested and the obtained 
models were validated for drug screening. For the identification of novel molecular functions of Da, 
molecular biology methods were used and Da involvement in regulating synaptic proteins was 
found. Figure created with BioRender.com. 
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5.2 Da is important for learning and locomotion  
PTHS, caused by mutations in TCF4, is an intellectual disability syndrome and mutations 
in TCF4 cause mild to moderate intellectual disability (Bedeschi et al., 2017; Kalscheuer 
et al., 2008; Kharbanda et al., 2016; Maduro et al., 2016; Masson et al., 2022; reviewed 
in Peippo and Ignatius, 2012). It has been shown that mouse PTHS models have impaired 
memory (Kennedy et al., 2016; Thaxton et al., 2018). To generate the Drosophila 
melanogaster behavioural models for TCF4-related intellectual disabilities, we decided 
to use larval appetitive associative learning paradigm since no specific equipment is 
needed compared to adult learning paradigm. As we were unable to detect any aberrant 
phenotypes in the case of heterozygous da mutation, we decided to use wide silencing 
of da in CNS or more specifically in the mushroom bodies which are the memory centres 
of the fly. Using fly line where Da was tagged with 3xFLAG, wide Da expression in the 
larval CNS including cells in the mushroom body was found. Our da knock-down model 
was a success since silencing da widely in larval brain or in the mushroom bodies resulted 
in impaired larval appetitive associative learning. 

When we allowed the larvae from the learning paradigm to develop into adulthood, 
we observed an interesting phenotype in one of the fly lines where da was silenced in 
the mushroom bodies but also in other cells of the CNS including numerous cells in the 
ventral nerve cord. These flies had defective locomotion which we measured using 
negative geotaxis assay. Our results are in accordance with previous results which 
showed that both silencing and overexpression of da impairs larval locomotion 
(D’Rozario et al., 2016). It must be noted that PTHS patient’s movements are very limited 
(reviewed in Peippo and Ignatius, 2012). Taken together, we showed that Da silencing 
coupled with two behavioural assays – learning and negative geotaxis paradigms is 
suitable for modelling PTHS (Figure 4). 

5.3 Da functions in regulating the synaptic proteome  
The generated Drosophila melanogaster PTHS models displayed impaired learning and 
locomotion. We were interested what could be the mechanisms by which Da regulates 
these processes. Both TCF4 and Da have been shown to regulate synaptogenesis and in 
PTHS mouse models synaptic transmission is affected (D’Rozario et al., 2016; Phan et al., 
2020). We hypothesized that the observed phenotypes could be associated with synapses. 
Indeed, in larval brains where da was silenced, the levels of two synaptic proteins Synapsin 
and Discs Large 1 were decreased. In addition, Da interacted with the regulatory regions of 
these genes in adult Drosophila heads. It has been shown that the human homolog for discs 
large 1 is TCF4 target gene (Hennig et al., 2017) but human homolog for synapsin has not 
yet been shown to be regulated by TCF4. Our findings support previous data that symptoms 
of PTHS and other neurological TCF4-related diseases are in part associated with 
dysregulation of synaptogenesis and synaptic plasticity. 

5.4 Drosophila PTHS models can be used for drug screening 
Next, we asked, if the generated Drosophila melanogaster PTHS models can be used for 
drug screening. We decided to test this using two drugs – histone deacetylase inhibitor 
SAHA and resveratrol. SAHA has been shown to rescue the memory impairment of PTHS 
mouse models (Kennedy et al., 2016) and we had unpublished data that treating rat 
neuronal cultures with resveratrol increases the transcriptional ability of TCF4. As a first 
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step, we tested whether these drugs promote an increase in the transcriptional activity 
of Da and TCF4 in a luciferase reporter assay in rat neuronal cultures. Indeed, treating 
neurons with resveratrol caused an increase in reporter activity already within 8 hours 
and the increase was stronger after 24-hour treatment. In addition, Da and TCF4 activity 
was increased after 24-hour treatment with SAHA. Based on these results we moved on 
to rescue experiments to validate our Drosophila models for drug screening. 

For the appetitive associative learning experiment, Drosophila larvae with impaired 
memory caused by silencing of da were fed substrate supplemented with SAHA, 
resveratrol or just the corresponding vehicle during development. The memory of the 
larvae fed with SAHA or resveratrol containing substrate was moderately improved. 
Next, we attempted to rescue the impaired climbing phenotype caused by da silencing. 
We were interested, whether SAHA or resveratrol could improve locomotion of the flies 
when fed only to larvae during development or to adults after pupariation or both during 
development and in adulthood. To our surprise, neither of the drugs had any effect on 
rescuing the phenotype when fed only to larvae, but SAHA improved the climbing ability 
of female flies when fed after pupariation or both during development and adulthood. 
This was significant since it shows that increase in Da function after development is able 
to rescue a phenotype caused by decreased Da levels during development and possibly 
the same effects could be translated to diseases caused by decreased TCF4 function. In 
contrast to resveratrol having a moderate positive effect in the learning paradigm it had 
no effect on the locomotion phenotype.  

The mechanisms by which resveratrol and SAHA increase the transcriptional activity 
of Da and TCF4 are not precisely known. It has been shown that resveratrol inhibits 
cAMP-degrading phosphodiesterases which leads to elevated cAMP levels (Park et al., 
2012) and transcriptional activity of TCF4 is regulated by cAMP-PKA pathway-mediated 
phosphorylation (Sepp et al., 2017). Moreover, resveratrol is a powerful anti-
inflammatory agent, it regulates apoptosis through multiple signaling pathways, it 
influences transcription factors associated with proliferation and stress response and it 
has epigenetic effects which makes it a potential therapeutic against cancer, 
inflammation, neurodegenerative diseases and even aging (reviewed in Vrânceanu et al., 
2022). In this thesis, we propose that resveratrol could have a potential positive effect 
on the learning ability of PTHS and other TCF4-associated intellectual disability patients. 

SAHA is a histone deacetylase inhibitor but the effects of SAHA are not only 
epigenetic since histone deacetylases also affect other proteins besides histones. Histone 
deacetylases also deacetylate DNA-repair proteins, cytoskeletal and adhesion proteins, 
cell signaling proteins and transcription factors (reviewed in Wawruszak et al., 2021). 
SAHA affects all these processes and this makes it a promising treatment for cancer.  
In our Drosophila melanogaster PTHS models, SAHA had positive effects on both learning 
and locomotion, and it has been previously shown to improve memory in PTHS mouse 
models. Taking all that into account shows that SAHA is a potential drug for PTHS and 
TCF4-related intellectual disability patients. 
  The fact that we were able to partially rescue our da silencing phenotypes with two 
drugs that positively affect transcriptional activity of Da and TCF4 shows that our models 
are suitable for drug screening. Other drugs could also be tested in the future,  
for example Nicardipine, since it has been shown to rescue behavioural deficits of PTHS 
mouse models (Ekins et al., 2020).  
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5.5 Da has functions in the mature Drosophila melanogaster 
Da has been mostly studied in the developmental processes, where the functions include 
regulation of cell cycle, sex determination, endoderm and mesoderm development, 
myogenesis, salivary gland development, oogenesis and nervous system development 
(Andrade-Zapata and Baonza, 2014; Bhattacharya and Baker, 2011; Brown et al., 1996; 
Castanon et al., 2001; Caudy et al., 1988b; Chandrasekaran and Beckendorf, 2003; Cline, 
1988; Smith et al., 2002; Tepass and Hartenstein, 1995; Wong et al., 2008). There is some 
evidence that Da is important for the functioning of larval nervous system where it 
regulates axonal branching, synaptogenesis and locomotion (D’Rozario et al., 2016; 
Waddell et al., 2019). In the larval brain, Da carries out the functions at least in part through 
regulating the expression of synaptic proteins Bruchpilot and Nrx-1 (D’Rozario et al., 2016). 
In this thesis we provide additional evidence that Da functions in the mature Drosophila 
melanogaster. First, we show that Da is expressed in larval and adult brains. In addition, we 
show that ubiquitous overexpression of Da in the adult flies after eclosion from the pupae 
causes lethality within days indicating that maintaining appropriate levels of Da is also 
crucial after development. We also demonstrate that Da has functions in mature neurons. 
More specifically, Da regulates memory, locomotion, and the expression of synaptic 
proteins Syn and Dlg1. This is in agreement with previous findings by D’Rozario and 
colleagues showing that in mature nervous system Da functions in maintaining the synaptic 
proteome. 

5.6 Advancements on the expression studies of TCF4 are beneficial for 
developing therapies for TCF4-related diseases 
In this thesis, in addition to generating and validating the Drosophila melanogaster 
models for PTHS and other TCF4-related intellectual disabilities, we also performed a 
systematic characterization of the expression of Tcf4 transcripts and TCF4 protein 
isoforms in mouse and rat which are commonly used as models for human diseases, 
including TCF4-related diseases (Cleary et al., 2021; Kennedy et al., 2016; Thaxton et al., 
2018). TCF4 gene structure is very complex, giving rise to numerous transcripts and 
protein isoforms (Nurm et al., 2021; Sepp et al., 2011). Charting the tissue specific levels 
of TCF4 expression and isoform distribution is the basis for developing gene therapies for 
TCF4-associated diseases. 

In accordance with previously published data, the expression of Tcf4 was highest in 
the rodent hippocampus and cerebral cortex around birth and in the cerebellum in about 
a week after birth (Chen et al., 2016; Jung et al., 2018; Mesman et al., 2020; Soosaar et 
al., 1994). Although Tcf4 gene structure allows for numerous transcripts to be expressed, 
in rodent brain the main transcripts were encoding isoforms TCF4-A, TCF4-B, TCF4-D, 
TCF4-C and TCF4-I in the decending expression level order. In the rat brain a bigger 
variety of transcripts were expressed than in the mouse brain. Tcf4 was also expressed 
in non-neural tissues although at lower levels than in the brain. Of the analyzed non-
neural tissues, the highest TCF4 protein expression was seen in the rodent skin, lung, 
heart, diafragm, skeletal muscle, bladder and thymus. In most mouse non-neural tissues, 
transcripts that code for TCF4-A and TCF4-B were prominently expressed while in the rat 
the variety was bigger. 

We also analysed the expression of TCF4 transcripts in human. Like in rodents, highest 
TCF4 levels were expressed in the brain around birth. The main transcripts in the human 
brain encode TCF4-A, TCF4-D, TCF4-B, TCF4-C and TCF4-I, although more transcripts 
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besides these were expressed compared to the rodent brain. TCF4 was also expressed in 
the human non-neural tissues although the expression levels were lower than in the 
brain. 

Recently, a pioneering study in PTHS gene therapy was published, where the authors 
show that the behavioural impairments of PTHS mouse model can be alleviated by 
genetic reinstation of TCF4 expression in postnatal neurons (Kim et al., 2022). This 
ground-breaking study shows that upon early diagnosis of PTHS some of the symptoms 
could be reversable. These experiments are paving the way for potential gene therapy of 
PTHS patients but for gene therapy it is important to know which transcripts to deliver 
to the brain of the patient. This is important since different TCF4 isoforms have different 
transcriptional abilities (Nurm et al., 2021; Sepp et al., 2011; Sepp et al., 2012; Sepp et 
al., 2017). Our results show that in the brains of rodents and humans transcripts encoding 
TCF4-A, TCF4-B and TCF4-D protein isoforms are the main TCF4 transcripts and these 
could be used for gene therapy of PTHS and TCF4-related intellectual disabilities. 

The PTHS and other TCF4-related intellectual disability models generated and studied 
in this thesis have provided valuable information about these serious diseases. We have 
validated our Drosophila melanogaster models for drug screening and proposed two 
drugs for further studies. In addition, we have provided the research community valuable 
knowledge about tissue specific expression of TCF4 transcripts and protein isoforms 
which is needed for developing gene therapy for PTHS.  
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6 Conclusions 
The main findings of this thesis are as follows: 

• Da is the ortholog of TCF4 since TCF4 is functional in the neurogenesis of the 
Drosophila melanogaster and can replace Da during embryonic neurogenesis; 

• Silencing of da in the nervous system causes the impairment of larval appetitive 
associative learning and negative geotaxis of the adults; 

• Synaptic proteins Synapsin and Discs large 1 are regulated by Da; 
• da silencing phenotypes can be alleviated with resveratrol and SAHA, showing 

the Drosophila melanogaster PTHS models can be used for drug screening; 
• In the brains of rodents and humans, transcripts that encode TCF4-A, TCF4-B 

and TCF4-D are the main transcripts. 
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Abstract 
Studies of the Drosophila basic helix-loop-helix transcription 
factor Daughterless and its mammalian homologue 
Transcription factor 4 
Transcription factor 4 (TCF4) is a class I basic helix-loop-helix (bHLH) transcription factor 
that carries out a variety of functions. Most investigated are the roles of TCF4 in the 
development of nervous system, the functioning of adult nervous system, development 
and functioning of the immune system and regulation of cell cycle. The importance  
of TCF4 in the nervous system is emphasised by the diseases associated with it – 
mutations in TCF4 gene cause rare but serious mental retardation named Pitt-Hopkins 
syndrome (PTHS) and mild to moderate intellectual disability. Moreover, variations of 
TCF4 gene are associated with schizophrenia and other psychiatric disorders. In addition, 
repeat expansions in TCF4 gene cause Fuchs corneal dystrophy and TCF4 is implied  
in cancer. This makes TCF4 as an important gene for research and animal models are 
needed to facilitate the research.  

Currently, there are different mouse models for TCF4-related intellectual disabilities 
available, including TCF4 haploinsufficiency and conditional knock outs. Using these 
models, great advancements in understanding TCF4-related neurological diseases have 
been made, but screening for drugs in the mouse models is not optimal. Drosophila 
melanogaster disease models are suitable and efficient for drug screening and modeling 
TCF4-related diseases in the fly has great potential. The TCF4 homolog in Drosophila 
melanogaster is Daughterless (Da). Da has many roles during development including 
embryogenesis, sex determination, oogenesis, cell cycle, but it is mostly known for its 
roles in the development of the nervous system. In addition, Da functions in the mature 
nervous system by regulating synaptogenesis. 

In this thesis, we set out to generate and validate Drosophila melanogaster models 
for PTHS and other TCF4-related intellectual disabilities. In addition, we characterize the 
tissue specific expression of TCF4 transcripts and protein isoforms in human and the most 
used animal models – mouse and rat. This knowledge is important for laying the basis for 
developing gene therapy applications for PTHS. 

First, we showed that TCF4 and Da are true orthologs, since human TCF4 is able to 
activate the development of the nervous system of Drosophila melanogaster and replace 
it during embryonic neurogenesis. Moreover, PTHS-associated mutations impair the 
functioning of Da similarly to TCF4 - corresponding mutations cause hypomorphic, loss 
of function or dominant negative effects in both proteins and some of the effects are 
context specific. This affirmed that Drosophila’s da is suitable for studying TCF4-related 
diseases. 

Second, to generate models for PTHS and other TCF4-related intellectual disabilities, 
we used RNA interference-based silencing of da in the Drosophila melanogaster nervous 
system and two behavioral assays – larval appetitive associative learning and negative 
geotaxis of adult flies. Our results showed that decreased Da expression in the nervous 
system impairs the memory of the larvae and locomotion of the adults. In addition,  
we found that Da functions in regulating the synaptic proteome. Next, we validated the 
Drosophila melanogaster models for drug screening. The phenotypes of our TCF4-related 
intellectual disability models were improved by two drugs – suberoylanilide hydroxamic 
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acid (SAHA) and resveratrol. Moreover, the transcriptional ability of both Da and TCF4 
was increased by these drugs. 

Third, we set out to systematically characterise the expression of Tcf4 transcripts and 
protein isoforms in two most extensively used animal models – mouse and rat.  
In addition, we investigated the expression of TCF4 in human. We found that even though 
TCF4 gene structure is complicated and allows for a variety of transcripts to be expressed, 
the main transcripts in both rodents and humans encode TCF4-A, TCF4-D, TCF4-B,  
TCF4-C and TCF4-I protein isoforms. TCF4 expression is highest in the brain but it is also 
expressed in numerous non-neural tissues. 

Collectively, the TCF4-related disease models generated and characterised by us 
provide tools for developing therapeutics for PTHS and other diseases associated with 
TCF4. The Drosophila melanogaster models have great potential in drug screening and 
discovery and the knowledge of isoform and tissue specific TCF4 expression is crucial for 
development of gene therapy. 
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Lühikokkuvõte 
Äädikakärbse aluselise heeliks-ling-heeliks transkriptsiooni-
faktori Daughterless ja tema imetaja homoloogi Trans-
kriptsioonifaktor 4 uuringud 
Transkriptsioonifaktor 4 (TCF4) on klass I aluseline heeliks-ling-heeliks 
transkriptsioonifaktor, millel on organismis mitmeid funktsioone. Enim on uuritud 
TCF4 rolli närvisüsteemi arengus, täiskasvanud närvisüsteemi talitluses, 
immuunsüsteemi arengus ja toimimises ning rakutsükli reguleerimises. TCF4 
olulisust närvisüsteemis rõhutab asjaolu, et see on seotud raskete haigustega – 
mutatsioonid TCF4 geenis põhjustavad haruldast kuid tõsis vaimset alaarengut 
nimega Pitt-Hopkinsi sündroom (PTHS) ja kerget kuni mõõdukat intellektipuuet. 
Enamgi veel, TCF4 geeni variatsioonid on seotud skisofreenia ja teiste 
psühhiaatriliste häiretega. Lisaks põhjustavad spetsiifilised kordused TCF4 geenis 
Fuchsi sarvkesta düstroofiat ja TCF4 on seotud vähiga. See muudab TCF4 teaduse 
jaoks oluliseks geeniks ja uurimistöö hõlbustamiseks on vaja loommudeleid. 

TCF4-seoseliste intellektipuude haiguste jaoks on loodud erinevaid hiiremudeleid, 
sealhulgas Tcf4 heterosügoodid ja konditsionaalsed knock out’id. Neid mudeleid 
kasutades on tehtud suuri edusamme TCF4-ga seotud neuroloogiliste haiguste 
mõistmisel, kuid ravimite sõeluuringute läbiviimine hiiremudelites ei ole optimaalne. 
Drosophila melanogaster’i haiguste mudelid on sobivad ja tõhusad ravimite 
sõeluuringuteks ning TCF4-ga seotud haiguste modelleerimisel kärbses on suur 
potentsiaal. Drosophila melanogaster'i TCF4 homoloog on Daughterless (Da). Da-l on 
arengu ajal palju rolle, sealhulgas embrüogenees, soo määramine, oogenees, 
rakutsükkel, kuid see on peamiselt tuntud oma rollide poolest närvisüsteemi arengus. 
Lisaks toimib Da täiskasvanud närvisüsteemis, reguleerides sünaptogeneesi. 

Käesolevas väitekirjas lõime ja valideerisime PTHS-i ja teiste TCF4-ga seotud 
intellektipuuete Drosophila melanogaster’i haigusmudelid. Lisaks iseloomustasime 
TCF4 isovormide koespetsiifilist ekspressiooni enimkasutatud loommudelites – 
hiirtes ja rottides ning lisaks ka inimeses. Need teadmised on oluliseks aluseks 
geeniteraapia loomisel. 

Esiteks tõestasime, et TCF4 ja Da on tõelised ortoloogid, kuna inimese TCF4 on 
võimeline aktiveerima Drosophila melanogaster’i närvisüsteemi arengut ja asendama 
seda embrüonaalse neurogeneesi ajal. Veelgi enam, PTHS-iga seotud mutatsioonid 
mõjutavad Da toimimist sarnaselt TCF4-ga – vastavad mutatsioonid põhjustavad mõlema 
valgu hüpomorfset, funktsiooni kaotust põhjustavat või domineerivat negatiivset mõju 
ning mõned nendest mõjudest on kontekstispetsiifilised. Need tulemused kinnitasid, et 
Drosophila da sobib TCF4-ga seotud haiguste uurimiseks. 

Teiseks kasutasime PTHS-i ja muude TCF4-ga seotud intellektipuuete mudelite 
loomiseks RNA interferentsipõhist da vaigistamist Drosophila melanogaster’i 
närvisüsteemis ja kahte käitumuslikku analüüsi – vastsete isu-seoselist õppimist ja 
täiskasvanud kärbeste negatiivset geotaksist. Meie tulemused näitasid, et vähenenud Da 
ekspressioon närvisüsteemis kahjustab vastsete mälu ja täiskasvanute liikumisvõimet. 
Lisaks leidsime, et Da osaleb sünaptilise proteoomi reguleerimisel. Järgmisena 
valideerisime, et Drosophila melanogaster’i mudelid sobivad ravimite sõeluuringuteks. 
Meie TCF4-ga seotud intellektipuude mudelite fenotüüpe parandasid kaks ravimit –  
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suberoüülaniliidhüdroksaamhape (SAHA) ja resveratrool. Lisaks suurendasid need 
ravimid nii Da kui ka TCF4 transaktivatsioonivõimet. 

Kolmandaks iseloomustasime süstemaatiliselt Tcf4 transkriptide ja valgu isovormide 
ekspressiooni kahes kõige laialdasemalt kasutatavas loommudelis – hiires ja rotis. Lisaks 
uurisime TCF4 ekspressiooni inimeses. Leidsime, et kuigi TCF4 geenistruktuur on 
keeruline ja võimaldab ekspresseerida palju erinevaid transkripte, kodeerivad nii 
närilistel kui ka inimestel peamised transkriptid TCF4-A, TCF4-D, TCF4-B, TCF4-C ja TCF4-
I valgu isovorme. TCF4 ekspressioon on kõrgeim ajus, kuid see ekspresseerub ka paljudes 
mitteneuraalsetes kudedes. 

Käesolevas väitekirjas loodud ja iseloomustatud TCF4-ga seotud haiguste mudeleid 
saab kasutada PTHS-i ja muude TCF4-ga seotud haiguste ravi leidmiseks. Drosophila 
melanogaster’i mudelitel on suur potentsiaal ravimite sõeluurimisel ja avastamisel ning 
teadmised isovormi ja koespetsiifilise TCF4 ekspressiooni kohta on geeniteraapia 
arendamiseks üliolulised. 
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ÕØÜÜ

�ì�ì ��� ��í�§ì Ð¹¬̄¬ÁÇŅ̃ ©ÈêèÕÔÉÝÀÕØÜêàÕØØÕÄ¬¹îÕè»ÕêÝêïÂ¹¬»èÕÝÜðÜ

ñòóôóõö÷øùú



���������	��
���������		������
��������	��������������������
���
������������	����
��� !"#$%&'()$%*&)$%&+���
,-."/0��
���������1��������	#2%.%3��
$%&'40����2�5(����1�	�
���������	6�1�������	��		����������1�����111�������
�������7��������	�1�	��2�
�����1�

�����7��8���	��	�1�	�6�����
���������� !"#��77���15)+'.+05��6	�9����1���	��
��
�����		������
2�������	�:;�;���<�6�=1��>��7������		��)��
��6�����	�����
�8���=7��		����=7�������	5�����		������
��?�������������	$%&'()$%&'4)��
$%&+��6�1�	��
2�����	����8�������7�6�1�����1�������	���7������		��	��<@+AB��11	52�$%&'()2�$%&'4��
2�$%&+�6���8�
	���1��1��������������6����8���=7��		�����
��	����=7�������	�����������1�5�����	���6�C�DEF�3,4"
��8����C���11��6���������8��		�	���7������7����1�
�����	��?2�7������	�������	���?�������������	5(���2��������?������6�8���������
��������	��	�8���=7��		�
���1��	��
�����������1��������8��		�	���	7������
��8��DGHIFJKL�3,4")���	����?�	����7������7���	�6	��8�
5���	��1��	��
���?���
7�����11���7�?�����
���	������	�
������
�����	�	��������2���8��?����7��������1����������������
�8�1�7����#M�������15).AA-05N��

�����)�8���=7��		��������	���?�����������	��
���:��3,4"���	�
��1�������������������=5,1��?�����)���	���	�1�	��
�����������������	$%&'()$%&'4��
$%&+��6�1�	����2�����	����8�������7�6�1�����	�1���?��
����������?���8�������	5���	�	��1����������7��8���	
����6�����������	7��
��?��������	��� !"��8��?
����������?���8�������	�:;�O��#��77���15)+'.+05$%*&
������
�������������������?�������������	#$%&'()$%&'4��
$%&+�0���:;�;��=7�������	5,1����?�2�$%*&��	���61�������8�����7�����?����=7��		�����1�������	��		��������
����������1�����111���<@+AB��
��1��>�		���:;�;�)�����	�
���?����7������7�	���1����2��������8���=7��		�
 6� DGHIFJKL�3,4"5!����������)2�$%*&��	���
C���11��6�������������17������7������=7��		�
�	��?C�DEF�3,4"5,1	�2�$%*& 	����
���P��
������������7��6��	�1�	5��P�� ��?��������	���	�1�	��
�������������	����8�������7�6�1�����2�$%*& 7��6�61�
�7��
	����	
�����	�����7������	)��������1
6�1��P��?�������1�����111�����
���P1�7��	����
��������?
�	������5����1��1�)����8�7��8���	1�����
�������1�� !"�������?���$%*&���������	���61���6��
��<�6�=�:;�O���	�����
�����������71�=����������,� 4.��Q<R$S2+)��
��	��������
���������?���8�����������7������		��	�������1�����11	#��77���15)+'.+05���,-."/��������7�	������
�����	����
��1�=�����64
�����	����
�����1
�	�������	52�,-."/��	�61�������8���<�6�=�	7����������	���7�����:;�O����
�:;�;�5<=7��		��?2�,-."/�	��?C�DEF�3,4"��	���
C���11��6�������������17������7�5S8���=7��		����	��?DGHIFJKL�3,4"��	�1��
��������?����7������7���1�����6������������	?���	��������T�?��	)��
������?�������	�����������	�	��7����7���������	5���	�	���	�	�����������������	��
������	����
�������,-."/��������1��
	��1����1�8�1	��� !"6����	�����
���
7������	��6�1���#��77���15)+'.+05���������1��������?�������
6��	)2%.%3)
�
�����
���2�����	����8�������7�6�1����:;�O����
6���8�
	���1��1���2����:;�;�5���		���	����2%.%7�	������
���	�
���������	��8�
64�	�����9����
���2�����	���7�����1����8���5��������������1��������?�������
6��	)$%&'4)��������	�����?�������	������
�	��2�$%&'()1�
��
����������?���8�������	�:;�;�	���1��1���$%&'(5,�1��	��������	���$%&')�����������	7���������)�����������	������
�������7��7�����1������)��
���
��������������	��
�5N���	����=7�������	������	��

��8��	�����	#UVJ�3,4")OWX�3,4")WX��3,4")DGHIFJKL�3,4")C�DEF�3,4"0�112�����	?���	���1�
����	���C���11��6������1����1���5,77�����1�
YZ[\]\̂ _̀abccZdedfghijkghlmnokmpYqrshetmpYqruvetbaebvadehwtaZxbayz{|}~��r�s�qabcvwjcZeadv[�b�b̀ �bedj�̀b\������������������������������������������ ¡¢�����£�¤�����¥¦����§�����̈���©�ª«���������¬���������̈�������̈��̈��©��£�̈��������® ̄ °±¥²���®³̄³°±̄²�²́ µ́�®¶̄¶°±̄²��́ ·̧¹®²̄²°±̄º¶ª¢� ®»̄»°±���º¶ª¢�³®¼̄¼°±¬�����������������������̈��̈����������¬������¬¬��̈����©�����££��̈�̈�¬�������������£̈�̈����©�©������¥²� ½µ¢¾¬������̈£̈��������������̈��������£�¤����������®¿̄¿°±̄���¬����©ÀÁÂÃÄÅÁÆ�ÇÈ���̈���©©̈¬̈�����̈���¬������������®¡̄¡°±¥²��́ Ȩ́Ê®Ë̄Ë°±̄²��́ Ȩ́¡®�̄�°±���²��́ Ì̧«®Í̄Í°±�������̈�����̈�£�����̈����©�¬��̈����̈�̈��������������������������������������������¬���̈�©�£���¬�£�������£���®ª̄ª°̄¹̄¹°̄Î���Î°±¥

µ·½·
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Publication III 
Sirp, A.*, Shubina, A.*, Tuvikene, J., Tamberg, L., Kiir, C. S., Kranich, L. and Timmusk, T.  
Expression of alternative transcription factor 4 mRNAs and protein isoforms in the 
developing and adult rodent and human tissues.  
Frontiers in Molecular Neuroscience 15, 2022. DOI 10.3389/fnmol.2022.1033224. 
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lmnmonpq�lrnsmt�puv�wxyyrlpzy{|�}~���mtynm||xru�ymp�mv��{|s�p�mn�oxnsw���x�{nm������{yyqmzmuspn���x�{nm�������lmnmomqq{z�vx|yqp�mv�p�|qx�wsq��vmqp�mv�xulnmp|m�xu�}~���mtynm||xru��ymp�xu��pnr{uv�p��mm��p�mn�oxnsw���x�{nm������{yyqmzmuspn���x�{nm��������rspoq���lmnmomqq{z�puv�wxyyrlpzy{|�nmspxumv�p�wx�wmn�mtynm||xru�r��}~����rn�p�qru�mn�ymnxrv�lrzypnmv�sr�swm�lmnmonpq�lrnsmt���x�{nm������{yyqmzmuspn���x�{nm������ }r�mtsmuv�r{n�ro|mn�psxru|��rn�swm�zr{|m���m�umts�lwpnplsmnx�mv�}~���mtynm||xru�xu�swm�onpxu�r��purswmn�xzyrnspus�zrvmq�rn�pux|z��swm�nps���x�{nm����������z����mtynm||xru��p|�wx�wm|s�xu�swm�nps�lrnsmt��wxyyrlpzy{|��puv�lmnmomqq{z���x�{nm������{yyqmzmuspn���x�{nm��������s����puv������swm�wx�wm|s�}~���ynrsmxu�mtynm||xru�qm�mq|��mnm�|mmu�xu�swm�lmnmonpq�lrnsmt��wxyyrlpzy{|��puv�lmnmomqq{z���x�{nm|����~����m�



���������	
� ��
�������	
����
�����

���������������	���	��������������� �� �����������
���

�� !�""#$%�&'%()#*"�$+�,-./� !$0�#%�#"$+$!)"�(*!$""� $"0%(0(1�&�2�1$ )�%0�3�!��"#)#1(!�0$�)$4"��5.#64!�"�789:;<�=$0(>1'9�#%�?@A7�!(0�*�!�>!(1�*$!0��9�B#  $*() 4"9�(%&�$1+(*0$!'�>41>�(%�#"$+$!)�)#6!(0#%6�+("0�!�0B(%�0B��,-./AC�#"$+$!)"�3("�"��%9� $0�%0#(11'�*$!!�" $%&#%6�0$�,-./AD�5.#64!�"�7EF8;<,(G�%�0$6�0B�!9�$4!�&(0(�"B$3�&�0B(0�,-./��� !�""#$%� (00�!%�(%&�&'%()#*"�3�!��"#)#1(!�#%�0B��)$4"��(%&�!(0�>!(#%H0B��B#6B�"0�,-./� !$0�#%��� !�""#$%�3("�"��%�#%�0B��*�!�>!(1�*$!0���(%&�B#  $*() 4"�(!$4%&�>#!0B9�(%&�#%�0B��*�!�>�114)�IFJ�3��G"�(K�!�>#!0B<�,-./��� !�""#$%�#%�$0B�!�>!(#%�!�6#$%"�3("�!�1(0#2�1'�1$3<�D%�(&&#0#$%�0$�0B��&#L�!�%*�"�#%�$2�!(11��� !�""#$%�$+�,-./9�$4!�&(0(�!�2�(1�&�0B(0�0B��*$) $"#0#$%�$+�,-./�#"$+$!)"��� !�""�&�2(!#�"�(*!$""�>!(#%�!�6#$%"�#%�)$4"��(%&�!(0<MN������������OP������	�Q��������R������������	���������������R�����S��T����U��0B�%�+$*4"�&�$%�)$4"��%$%%�4!(1�$!6(%"�(%&� �!+$!)�&�(�)�0(A(%(1'"#"�$+�(2(#1(>1��"B$!0A!�(&�V=CA"�W�&(0(�5X�(%���0�(1<9�J@IIY�:=-Z8:�?!$[�*0�-$%"$!0#4)9�J@IJY�\*B)#00��0�(1<9�J@I/Y�]4��0�(1<9�J@I/Y�̂#�&��0�(1<9�J@I_Y�̀#��0�(1<9�J@IaY�\b11%�!��0�(1<9�J@IaY�-(!&$"$Ac$!�#!(��0�(1<9�J@IdY�̀4$��0�(1<9�J@J@Y�\B(eG��0�(1<9�J@JI;<�U��(%(1'f�&�ghij�)V=C��� !�""#$%�#%�0B��14%69�G#&%�'9�0B')4"9�" 1��%9� 1#2�!9� B�(!09� (%&� "0$)(*B� 5.#64!�� _CY�\4  1�)�%0(!'�.#64!�"�\kC9�\/C;<�l�"��0#""4�"�&#" 1('�&�*$) (!(>1��ghij�)V=C��� !�""#$%�1�2�1"���*� 0�+$!�0B��1#2�!9�3B�!��(1)$"0�%$�ghij�)V=C��� !�""#$%�3("�"��%�(K�!�>#!0B�5.#64!��_CY�\4  1�)�%0(!'�.#64!��\kC;<�Z+�0B��0!(%"*!# 0"��%*$&#%6�&#L�!�%0�,-./� !$0�#%�#"$+$!)"�#%�%$%%�4!(1�$!6(%"9�0B��$%�"��%*$&#%6�,-./AC�3�!��)$"0� !$)#%�%01'��� !�""�&9�+$11$3�&�>'�,-./AEA�%*$&#%6�0!(%"*!# 0"�5.#64!��_CY�\4  1�)�%0(!'�.#64!��\/C;<=��09�3�� !� (!�&� !$0�#%�1'"(0�"�+!$)�EC̀Em*�5.#64!��_;�(%&�-7aÈm_�5\4  1�)�%0(!'�.#64!��\7;�)$4"��B�(!09�&#( B!(6)9�)4"*1�9�"G#%9�14%69�G#&%�'9�>1(&&�!9�"0$)(*B9� (%*!�("9�0B')4"9�" 1��%9�1#2�!9�(%&�>1$$&�*�11"�(0�?@9�I/9�(%&�_@�+$!�3�"0�!%�>1$0�(%(1'"#"�5.#64!�"�_E9-9�\4  1�)�%0(!'�.#64!��\7;<�D%�%$%%�4!(1�0#""4�"9�0B��*$) $"#0#$%�$+�,-./� !$0�#%�#"$+$!)"�3("�"#)#1(!�0$�0B��$%��#%�0B��>!(#%H>$0B�1$%6�(%&�"B$!0�,-./� !$0�#%�#"$+$!)"�3�!��(13('"� !�"�%09�3B�!�("�)�&#4)A"#f�&�,-./�#"$+$!)"�3�!��%$0�$>"�!2�&�#%�(%'�$+�0B��%$%%�4!(1�0#""4�"�5.#64!�"�_E9-Y�\4  1�)�%0(!'�.#64!��\789:;<�C)$%6�0B��"04&#�&�%$%%�4!(1�0#""4�"9�0B��B#6B�"0�1�2�1"�$+�,-./� !$0�#%�3�!��"��%�#%�0B��"G#%�(0�?@�5.#64!��_8Y�\4  1�)�%0(!'�.#64!��\7n;<�̂�!'�1$3�,-./� !$0�#%�1�2�1"�3�!��&�0�*0�&�#%�0B�� (%*!�("9�" 1��%9�G#&%�'�(%&�1#2�!9�(%&�,-./� !$0�#%��� !�""#$%�3("�%$0�"��%�#%�0B��>1$$&�*�11"�5.#64!��_8Y�\4  1�)�%0(!'�.#64!��\7n;<U��(1"$�#%2�"0#6(0�&�,-./��� !�""#$%�#%�!(0�%$%%�4!(1�0#""4�"�5.#64!��aY�\4  1�)�%0(!'�.#64!�"�\kE9�\/E;<�V(0�ghij�)V=C��� !�""#$%�3("�*$) (!(>1��#%�(11�0B��%$%%�4!(1�0#""4�"���*� 0�+$!�0B��1#2�!9�3B�!��ghij��� !�""#$%�3("�2�!'�1$3�5.#64!��aCY�\4  1�)�%0(!'�.#64!��\kE;<�8#L�!�%0�+!$)�)$4"�9�0!(%"*!# 0"��%*$&#%6�,-./AC�&#&�%$0�(**$4%0�+$!�0B��)([$!#0'�$+�!(0�ghij�
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Curriculum vitae 
Personal data 

Name  Laura Tamberg 
Date of birth 22.08.1988 
Place of birth Tallinn, Estonia 
Citizenship Estonia 

Contact data 
E-mail  laura.tamberg@taltech.ee 

Education 
2014–2023 Tallinn University of Technology, PhD 
2012–2014 Tallinn University of Technology, MSc (gene technology) 
2007–2010 University of Tartu, BSc (gene technology) 
2004–2007 Tallinn Technical High School, graduated with honours 

Language competence 
Estonian Native 
English Fluent 
Russian Beginner 

Professional employment 
2022–2023 University of Tartu, Faculty of Medicine, Institute of Clinical 

Medicine, Clinical Medicine Specialist (0,75) 
2022–... Tallinn University of Technology, School of Science, 

Department of Chemistry and Biotechnology, Engineer (0,20) 
2022–... Tallinn University of Technology, School of Science, 

Department of Chemistry and Biotechnology, Engineer (0,40) 
2020–2022 Tallinn University of Technology, School of Science, 

Department of Chemistry and Biotechnology, Engineer (0,50) 
2017–2020 Tallinn University of Technology, School of Science, 

Department of Chemistry and Biotechnology, Engineer (0,10) 
2014–2016 Tallinn University of Technology, Faculty of Science, 

Department of Gene Technology, Engineer (1,00) 

Scholarships and awards 
2016 Dora Pluss T1.1 mobility scholarship to attend „Neurofly 

2016“ conference 
2014 The best poster award at the annual conference of of Estonian 

Human Genetics Society 
2014 Estonian Academy of Sciences Students’ Research Prize 

Courses and conferences 
September 2022 Estonian Human Genetics Society 24th annual conference, 

participation, Pärnu, Estoniae 
November 2021 Estonian Human Genetics Society 23rd annual conference, 

participation, Haapsalu, Estonia      
February 2020 Doctoral Winter School of Chemistry and Biotechnology, 
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