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Introduction 
Transcription factor 4 (TCF4) is a broadly expressed basic helix-loop-helix transcription 
factor that is essential in neurogenesis and functioning of the nervous system. Deficits in 
TCF4 function have been implicated in a number of severe neurocognitive disorders such 
as schizophrenia and intellectual disability. In addition, just a single mutation in the basic 
helix-loop-helix region can cause Pitt-Hopkins syndrome, a rare genetic autism spectrum 
disorder described by severe neurodevelopmental delay. Expansion of a repeat region in 
an intron of TCF4 has also been tied to development of Fuchs’ endothelial corneal 
dystrophy, a highly prevalent eye disease affecting vision. 

TCF4 functions through the formation of homo- or heterodimers. Due to the many 
interaction partners with contrasting expression patterns, TCF4 can exert various 
functions, depending on tissue type and developmental stage. While homozygous 
deletion of Tcf4 in rodents is lethal, Tcf4 haploinsufficiency causes a Pitt-Hopkins 
syndrome-like phenotype.  

In this thesis, we characterized TCF4 mRNA and protein expression throughout rodent 
and human development with focus on the many distinct TCF4 isoforms. In addition, we 
studied the effects of previously described disease related aberrations in TCF4 on the 
expression and functionality of TCF4 protein. Results of this thesis help better understand 
the overall function of TCF4 and may help lay the foundation for gene therapy 
approaches for the many TCF4 associated diseases. 
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Abbreviations 
ASCL1 Achaete-scute homolog 1 
bHLH Basic helix-loop-helix 
ChIP Chromatin immunoprecipitation 
E-box Ephrussi box 
FECD Fuchs endothelial corneal dystrophy 
FXTAS Fragile X-associated ataxia syndrome 
ID Inhibitor of DNA binding 
iPSC Induced pluripotent stem cell 
LTP Long term potentiation 
NEUROD Neurogenic differentiation factor 
NPC Neural progenitor cells 
PDC Plasmacytoid dendritic cell 
RNA-seq RNA sequencing 
SAHA Suberoylanilide hydroxamic acid 
TCF4 Transcription factor 4 
TCF7L2 Transcription factor 7-like 2 
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1 Review of literature 

1.1 Basic helix-loop-helix transcription factors 
Basic helix-loop-helix (bHLH) transcription factors are named after their highly conserved 
HLH protein domain (two alpha-helices connected by a loop) which is necessary for 
dimerization with other transcription factors.  The basic region of bHLH transcription 
factors mediates DNA binding. Even though bHLH proteins are not present in 
prokaryotes, they are expressed in eukaryotic organisms including fungi, animals and 
plants (Murre, 2019). 

The bHLH transcription factor family is divided into seven classes (I-VII). These classes 
are grouped based on their interactions with other bHLH transcription factors. Members 
of the class I bHLH transcription factors in mammals include TCF3 (also known as E2A 
including splice variants E12 and E47), TCF4 (E2-2) and TCF12 (HEB). The only class I 
protein in Drosophila melanogaster is daughterless and in Caenorhabditis elegans is 
helix-loop-helix protein 2 (hlh-2). To regulate transcription of target genes, class I 
proteins need to form either homodimers or heterodimers with class II  bHLH proteins 
(ASCL1, NEUROD1 and 2, MyoD etc.) before binding to their target sequence CANNTG  
(N = any nucleotide), the sequence also known as Ephrussi box (E-box) (Massari and 
Murre, 2000). In addition, class I and II proteins can form heterodimers with class V 
proteins that function as negative regulators of transcriptional regulation as they lack the 
DNA binding domain (Benezra et al., 1990). In vertebrate, class V is formed by the 
inhibitors of DNA binding (ID) family of proteins. The interaction between class I, II and V 
transcription factors is very important in neural development  (Massari and Murre, 2000).  

The remaining classes of bHLH proteins contain additional functional protein domains 
which define their classes. Class III (USF1, MITF, etc.) and class IV proteins (MAX, MNT, 
etc.) contain a leucine zipper domain after the bHLH region, which mediates dimerization 
within and between these classes of bHLH proteins (Murre, 2019). Class VI proteins 
(HES1-7 etc.) have a proline residue in their basic region and are known for their 
interaction with the co-repressor Groucho. Class VII proteins (BMAL, CLOCK etc.) contain 
several per-ARNT-sim (PAS) domains that react to light and oxygen (Massari and Murre, 
2000; Murre, 2019).  

1.1.1 E-proteins 
The class I bHLH transcription factors TCF3, TCF4 and TCF12 are also known as E-proteins. 
Homozygous null mutation for any of the E-proteins results in early postnatal lethality 
(Zhuang et al., 1994, 1996). The roles of E-proteins have been studied in detail with the 
overall function being participation in neurogenesis. However, in early studies, most of 
the focus was on describing the role of E-proteins in immune cell maturation. While all 
the E-proteins are important for the development of pro-B cells (Zhuang et al., 1996),  
it is important to note that replacing the mouse Tcf3 gene with the human TCF12 gene 
can compensate for the loss of Tcf3 (Zhuang et al., 1998). Similar results have been 
obtained in Caenorhabditis elegans where substitution of  hlh-2 with human TCF3 rescues 
the negative effects associated with hlh-2 knockdown (Sallee and Greenwald, 2015).  
In Drosophila melanogaster, overexpression of human TCF4 rescues the embryonic 
lethality of daughterless null mutation (Tamberg et al., 2015). Together, these results 
suggest that the functioning of E-proteins is conserved through evolution. 
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A compensatory effect between endogenously expressed E-proteins has been 
implicated in the developing rodent nervous system (Ravanpay and Olson, 2008). 
However, during hindbrain development loss of Tcf4 cannot be rescued by other 
endogenously expressed E-proteins even though their expression patterns are 
comparable (Flora et al., 2007). In addition, more recent animal studies suggest that 
compensatory mechanisms do not exist within an E-protein as well. For example, the 
expression of shorter Tcf4 isoforms cannot alleviate the negative effects arising from the 
loss-of-function of longer isoforms (Jung et al., 2018; Wittmann et al., 2021). This is also 
supported by the fact that splice variants of TCF3 share the majority of binding sites but 
have differing roles in mouse embryonic neural stem cells (NSC) – E47 acts mainly as a 
transcriptional repressor and E12 functions as a transcriptional activator (Pfurr et al., 
2017). 

1.2 Transcription factor 4 
TCF4 (also known as E2-2, ITF-2, SEF-2) was first described as an activator of 
immunoglobulin enhancers (Henthorn et al., 1990). It must be emphasized that 
transcription factor 4 (TCF4, gene ID:6925) gene should not be confused with 
transcription factor 7-like 2 (TCF7L2, gene ID:6934) gene as TCF7L2 is historically referred 
to as T-cell factor 4 and abbreviated also as TCF4. Due to the same abbreviation, there 
has been much confusion and misinterpretation of data between transcription factor 4 
TCF4 and transcription factor 7-like 2 TCF4. When doing research on TCF4 it is suggested to 
check the methods section for primers, antibodies etc. to confirm which TCF4 is studied. 

1.2.1 Functions 
Early studies showed that TCF4 binds to regulate the viral glucocorticoid response 
element (Corneliussen et al., 1991), the rat tyrosine hydroxylase enhancer (Yoon and 
Chikaraishi, 1994) and the human somatostatin receptor II promotor (Pscherer et al., 
1996). First animal studies on TCF4 concluded that Tcf4 is important in the development 
of immune cells – B- (Zhuang et al., 1996) and T-cells (Bergqvist et al., 2000). In addition, 
Tcf4 is necessary for the development of plasmacytoid dendritic cells (PDC), as deficiency 
of Tcf4 reduces the number of PDCs. TCF4 regulates the expression of genes common to 
PDC-s and can thus regulate conversion between classical dendritic cells and PDC-s (Cisse 
et al., 2008; Ghosh et al., 2010). More specifically, the linage commitment of dendritic 
cells is coordinated by the expression levels of Tcf4 and Id2 and their upstream expression 
regulators Stat3 and Stat5, respectively (Li et al., 2012). Even though ID2 is a dimerization 
partner of TCF4, there is evidence that ID2 and ID3 interact exclusively with only TCF12 and 
only ID1 interacts with all of the E-proteins (Oh et al., 2021; Kantzer et al., 2022). 

By now it is well known that TCF4 has a very important role in neurogenesis. TCF4 
promotes differentiation and regulates proliferation of NSCs (Fischer et al., 2014; Shariq 
et al., 2021) and is necessary for neuronal migration, axon guidance and synapse 
formation (Li et al., 2019; Mesman et al., 2020; Wittmann et al., 2021). Loss of Tcf4 causes 
changes in the architecture of cortical layers and cerebellum, and affects the 
development of corpus callosum, midline glia and hippocampus (Hellwig et al., 2019; 
Mesman et al., 2020). TCF4 is also involved in adult hippocampal neurogenesis, where in 
addition to the regulation of differentiation and proliferation it supresses the 
inflammatory transformation of neural progenitor cells (NPC) (Shariq et al., 2021). 
Interaction between MATH1 and TCF4 has been suggested to be important for 
development of the hindbrain (Flora et al., 2007).  
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TCF4 is also associated with epithelial-mesenchymal transition (EMT) and Tcf4 
overexpression causes migratory and invasive behaviour of cells in vitro (Sobrado et al., 
2009). This is supported by newer experiments as TCF4 knockdown in SH-SY5Y cells 
causes differential expression of important regulators of EMT such as DEC1 and SNAI2, 
and of genes associated with cell survival and neuronal differentiation such as ASCL1 and 
NEUROG2 (Forrest et al., 2013). 

1.2.2 Animal studies 
Homozygous Tcf4 null mice were created by inserting a neo cassette into the bHLH region 
of Tcf4 gene (Zhuang et al., 1996). These mice usually die around birth (Zhuang et al., 
1998; Flora et al., 2007). 30% of Tcf4 null animals which are born die by P4 (Cleary et al., 
2021). Very high lethality has also been described in mice with homozygous deletion for  
Tcf4 exon 4 – present only in a subset of longer TCF4 protein isoforms (Jung et al., 2018; 
Wittmann et al., 2021). In addition, homozygous in-frame deletion which affects six 
sequential amino acids (574-579) in the bHLH region of Tcf4 is embryonically lethal 
(Thaxton et al., 2018). As Tcf4 null animals die before birth there is not much information 
about the phenotype caused by total Tcf4 knock-out. However, it is known that at P0, 
Tcf4 null animals show clustering of neuronal precursors in the hindbrain which are 
supposed to migrate to the pontine nucleus (Flora et al., 2007). Total knock-out and 
knock-out of Tcf4 exons present in longer isoforms results in an undeveloped forebrain 
commissure system (Mesman et al., 2020; Wittmann et al., 2021). RNA sequencing  
(RNA-seq) analyses from Tcf4 knock-out mice indicate that TCF4 may regulate the 
expression of TCF4 dimerization partners such as Ascl1, NeuroD1, NeuroD2 and Id2 
(Mesman et al., 2020; Wittmann et al., 2021). 

Tcf4 heterozygous animals are viable and have about 30% mortality at weaning age 
compared to wild type littermates (Zhuang et al., 1996; Flora et al., 2007; Cleary et al., 
2021). Changes in the rodent brain caused by reduced Tcf4 expression include abnormal 
cortical development (Li et al., 2019; Mesman et al., 2020), neuronal migration (Flora  
et al., 2007; Chen et al., 2016; Wang et al., 2020), oligodendrocyte differentiation (Phan 
et al., 2020; Wedel et al., 2020), dendrites including changes in branching and length 
(Crux et al., 2018; Sarkar et al., 2021) and aberrant neuronal firing (Rannals et al., 2016; 
Sarkar et al., 2021). Abnormal dendrites are also present in primary hippocampal cultures 
where Tcf4 expression is silenced (Rosato et al., 2021). Interestingly, while the reduction 
of TCF4 in embryonic development results in reduced neuronal firing of cortical neurons 
(Rannals et al., 2016), reduction of TCF4 expression in adults results in hippocampal 
neuron hyperexcitability (Sarkar et al., 2021). Mice haploinsufficient for only longer TCF4 
isoforms have reduced cortical volume and agenesis of the splenium of corpus callosum 
(Jung et al., 2018).  

Smaller body weight of Tcf4 heterozygous mice has also been noted but the results 
are contradicting. According to Grubišić et al., Tcf4 heterozygous mice have no changes 
in body weight (Grubišić et al., 2015), whereas Thaxton et al. reports decreased body 
weight of Tcf4 heterozygous mice (Thaxton et al., 2018). Cleary et al. showed that Tcf4 
haploinsufficient mice have reduced body weight in earlier stages of postnatal 
development, and the difference becomes insignificant at later developmental stages 
(Cleary et al., 2021). 

Mice where Tcf4 has only been knocked-out in a set of glial fibrillary acidic protein 
(GFAP) positive NPCs are viable after birth. They exhibit smaller body weight, aberrant 
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migration of cerebellar granule cells and overall reduced cerebellar volume (Hellwig et al., 
2019). 

The effects of alterations in Tcf4 expression on rodent behaviour have been well 
described. Tcf4 heterozygous mice have deficits in prepulse inhibition, learning and 
memory, and prefer social isolation. In addition, they display hyperactivity, anxiety and 
enhanced long term potentiation (LTP) of hippocampal neurons (Kennedy et al., 2016). 
Such results of the behaviour of Tcf4 heterozygous mouse have been confirmed by other 
studies with some exceptions (Rannals et al., 2016; Thaxton et al., 2018; Sarkar et al., 
2021). According to Thaxton et al., Tcf4 heterozygous mice are not anxious and asocial 
(Thaxton et al., 2018). Differences between Kennedy et al. and Thaxton et al. may arise 
from the use of different mouse strains. In addition to previously mentioned phenotypes, 
Tcf4 heterozygous mice exhibit reduced frequencies of action potentials (Rannals et al., 
2016; Thaxton et al., 2018).  

Mice with postnatal overexpression of Tcf4 have reduced fear memory and display 
deficits in prepulse inhibition. However, no defects in activity, exploration, pain sensitivity 
or histological aberrations in the brain are present (Brzózka et al., 2010). In utero 
overexpression of Tcf4-B in rat cortex at E16 alters the distribution of pyramidal cells in 
the developing neocortex (Page et al., 2018). Another interesting phenomen resulting 
from Tcf4 overexpression in rats is the reduction of inflammatory and neuropathic pain 
sensitivity. This is achieved by supressing neuronal activity of dorsal root ganglion 
neurons via downregulation of Nav1.8 expression(Li et al., 2020). The use of different 
Tcf4 mice models for research is extensively reviewed in Sweatt et al., (Sweatt, 2013).  

1.2.3 Interactome 
The exact functions and potential target genes of TCF4 are dependent on developmental 
context and the expression pattern of the many interaction partners of TCF4 (Powell and 
Jarman, 2008; Quednow et al., 2014). Interaction partners of TCF4 include ASCL1 
(achaete-scute complex homolog 1), ATOH1 (atonal homolog 1), NEUROD1-3 
(neurogenic differentiation 1-3), MYOD1 (myogenic differentiation 1), TAL1-2 (T-cell 
acute lymphocytic leukaemia 1-2), MSC (musculin), LYL1 (lymphoblastic leukemia 
derived sequence 1) and ID1-4 (inhibitor of DNA binding). The interactome of TCF4 also 
consists of AR (androgen receptor), CDC73 (cell division cycle 73), JUN (jun oncogene), 
PARP (poly ADP-ribose polymerase 1) and RUNX1T1 (runt-related transcription factor 1) 
(Blake et al., 2010).  

The interactome of TCF4 has been widened by a newer study which indicates that 
TCF4 interacts with transcription regulators such as Sox2, Twist1, Smad4, p300, Smarca4, 
Chd7, Zeb2, Hcfc1, Ehmt1 and Ski (Moen et al., 2017). TCF4 also interacts with the 
mediator multiprotein complex which activates enhancers and super enhancers to 
regulate the expression of neurogenic transcription factors (Quevedo et al., 2019). 
Mediator complex also binds possible TCF4 interaction partners Sox2, p300 and Chd7 
(Moen et al., 2017; Quevedo et al., 2019). Interaction of TCF4 with numerous non bHLH 
transcription factors is also supported by an expression pattern and regulon activity 
analysis from single cell RNA sequencing (scRNA-seq) data (Wittmann et al., 2021). 
However, RNA-seq based analyses do not necessarily confirm physical interaction. 

There is also evidence that TCF4 protein isoforms may interact with different  
partners based on the presence of functional protein domains. For example, in vivo  
co-immunoprecipitation experiments reveal that while the longer TCF4-B protein isoform 
interacts with Sox11, the shorter isoform TCF4-A does not (Wittmann et al., 2021).  
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1.2.4 Target genes 
The first systematic analyses on TCF4 target genes were done in PDC lines using 
chromatin immunoprecipitation (ChIP) combined with an TCF4 antibody specific for 
longer TCF4 isoforms only. In total, the results included >100 high-confidence genes 
related to pathogen sensing, signal transduction and transcriptional regulation (Cisse  
et al., 2008; Ghosh et al., 2010). More recent ChIP-sequencing (ChIP-seq) experiments 
with an antibody specific for all TCF4 isoforms from human neuroblastoma SH-SY5Y cells 
revealed TCF4 binding sites close to >5000 genes involved in neurogenesis, cell signalling, 
cell cycle regulation and ion transport. Based on histone modifications, 77% of TCF4 
binding sites were in active enhancers and only 1.7% of TCF4 binding sites were in gene 
promoters (Forrest et al., 2018). In addition, ChIP-seq has been done in SH-SY5Y cells 
using an antibody specific only for long TCF4 protein isoforms which resulted in >6500 
target genes (Xia et al., 2018). ChIP-seq in mouse NSCs using tagged TCF4 shows that 
TCF4 binds enhancer regions in Nrxn1 gene together with p300 and also regulates 
primary microcephaly genes Mcph1 and Wdr62 by binding enhancer regions of these 
genes together with microcephaly-associated transcription factors Smad4, Sox2 and 
Chd7 (Moen et al., 2017). ChIP based analyses of TCF4 binding are summarized in table 1. 

Table 1. Summary of ChIP based genome wide analyses on potential TCF4 target genes. ChIP, 
chromatin immunoprecipitation; iPSC, induced pluripotent stem cell; NSC, neural stem cell. 

Reference Method Cell type Isoform 
Cisse et al., 2008; ChIP-qPCR Human CAL-1 cell line TCF4-B 

Ghosh et al., 2010 ChIP-on-ChIP 
microarray Human CAL-1 cell line TCF4-B 

 

Moen et al., 2017 ChIP-seq Mouse NSCs Tagged-TCF4-
B 

 

 

Hennig et al., 2017 ChIP-seq Human iPSC-derived 
neurons 

Tagged-TCF4-
A 

 

 

Forrest et al., 2018 ChIP-seq Human SH-SY5Y cell line All isoforms 
 

 

Xia et al., 2018 ChIP-seq Human SH-SY5Y cell line Long isoforms 
 

 
 

Analyses on differentially expressed genes after TCF4 silencing or complete knock-out 
have also revealed potential target genes and functions of TCF4. Microarray analysis in 
SH-SY5Y cells showed that knock-down of TCF4 leads to >4800 differentially expressed 
genes associated with signal transduction and neurogenesis, out of which only around 
17% contain TCF4 binding sites (Forrest et al., 2013, 2018). In another study TCF4  
knock-down in human NPC line resulted in 628 differentially expressed genes mainly 
involved in cell cycle regulation (Hill et al., 2017). TCF4 knockdown in human induced 
pluripotent stem cell (iPSC) derived NPCs changed the expression of 161 genes (60 
upregulated and 101 downregulated). The majority of differentially expressed genes 
were involved in neuronal development and differentiation (Hennig et al., 2017). RNA 
interference-mediated knockdown of Tcf4 in mouse NSCs led to dysregulation of genes 
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associated with intellectual disability, schizophrenia, autism spectrum disorders and 
mental disorders (Moen et al., 2017). 

Possible target genes of TCF4 have also arisen from RNA-seq data from mice where 
expression of functional TCF4 has been manipulated (Kennedy et al., 2016; Li et al., 2019; 
Mesman et al., 2020; Phan et al., 2020; Schoof et al., 2020; Sarkar et al., 2021; Wittmann 
et al., 2021). In Tcf4 heterozygous knockout mice, RNA-seq of hippocampal neurons has 
revealed 402 differentially expressed genes. These genes are associated with neuronal 
plasticity, axon guidance, cell adhesion, calcium signalling and neuroreceptors. More 
specifically, upregulated genes include genes necessary for dopamine (Drd1a, Cckbr, 
Chrm4), oxytocin (Oxtr), serotonin (Htr2c), glycine (Glra2, Glra3) and neuromedin B 
(Nmbr) signalling. Downregulated genes included Grin2a, Npy2r, Lpar1 and S1pr5 
involved in learning and memory, and genes associated with myelination. In addition, 
individual genes which were differentially expressed included upregulation of Klotho 
(enhancer of LTP) and downregulation of Arc (involved in synaptic plasticity and memory 
formation). Interestingly, Lefty1 which is predominantly expressed in the left hemisphere 
was also downregulated. As the authors described weak front right paws for Tcf4 
heterozygous animals, it may be that Lefty1 plays a role in that phenotype (Kennedy  
et al., 2016).  

A combined meta-analysis of previous RNA-seq studies has been done by Sarkar et al. 
(Sarkar et al., 2021) of Tcf4 haploinsufficient mouse data from adult hippocampus 
(Kennedy et al., 2016) and cortex (Phan et al., 2020). The results suggest an overall bi-
directional role of TCF4 on transcription regulation meaning that depending on context, 
TCF4 can either activate or repress transcription. In addition, RNA-seq data of brain tissue 
from Tcf4 heterozygous (Phan et al., 2020) and homozygous knock-out mice (Li et al., 
2019) show minimal overlap of differentially expressed genes (Sarkar et al., 2021).  
The RNA expression-based studies on potential TCF4 target genes are summarized in 
table 2. 

Table 2. Summary of RNA based genome wide analyses on potential TCF4 target genes. iPSC, 
induced pluripotents stem cell; kd, knock-down; P, postnatal day; NPC, neural progenitor cell; NSC, 
neural stem cell; scRNA-seq, single cell RNA sequencing; shRNA, single hairpin RNA. 

Reference Method Organism Tissue/ Stage 

Forrest et al., 
2013 

Microarray, 
Human SH-SY5Y cells Cell line 

shRNA TCF4 kd 

Kennedy et al., 
2016 RNA-seq Tcf4+/- mouse  Hippocampus/ 

Adult  

Hill et al., 2017 
Microarray, 

Human NPCs Cell line 
 

shRNA TCF4 kd  

Hennig et al., 
2017 

Microarray, 
Human iPSCs Differentiated 

NPCs 

 

shRNA TCF4 kd  

Moen et al., 
2017 

RNA-seq, 
Mouse NSCs 

 

shRNA Tcf4 kd  

Li et al., 2019 RNA-seq Tcf4-/- and +/- mouse 
Dorsal 

telencephalon/ 
P0 
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Table 2. Continued 

Reference Method Organism Tissue/ Stage 
Doostparast 

Torshizi et al., 
2019 

RNA-seq, shRNA 
TCF4 kd SCZ patient iPSCs  Neurons/ P3, P14 

 
Phan et al., 

2020 RNA-seq Tcf4+/-  Prefrontal cortex/ 
P1, Adult 

 

 

Phan et al., 
2020 RNA-seq 

Tcf4+/△574−579 

Hemibrain/ P0-2, 
Adult 

 

Tcf4+/R579W  

Actin-Cre::Tcf4+/floxed  

Nestin-Cre::Tcf4+/floxed  

Schoof et al., 
2020 RNA-seq Tcf4-/- mouse Forebrain/ 

Newborn 

 

 
Mesman et al., 

2020 RNA-seq Tcf4-/- mouse Cortex/ E14.5 
 

 
Wittmann et al., 

2021 scRNA-seq Tcf4-/- long isoforms Neocortex/ E18.5 
 

 
Sarkar et al., 

2021 RNA-seq Tcf4floxed/floxed Hippocampus, 
Adult 

 

 
Papes et al., 

2022 scRNA-seq PTHS patient iPSCs Organoids 
 

 
 

Additionally, TCF4 has been shown to repress KCNQ1 and SCN10a expression (Rannals 
et al., 2016). Interestingly, KCNQ1 expression is upregulated in PTHS patient iPSC-derived 
neurons (Papes et al., 2022). Another target gene of TCF4 is GADD45G (Sepp et al., 2017), 
which is also downregulated in PTHS NPCs (Papes et al., 2022). In addition, TCF4 also 
binds to promoter areas and intronic enhancer region of brain derived neurotrophic 
factor (Tuvikene et al., 2021; Esvald et al., 2022). 

1.2.5 Regulation of activity 
Binding of calmodulin inhibits the transcriptional activity of all the E-proteins (Saarikettu 
et al., 2004). It is also suggested that the activity of TCF4 and all the other E-proteins can 
be controlled by a post-translational mechanism affecting E-protein dimerization 
partners or E-proteins themselves. For example, phosphorylation of serines or threonines 
in the second helix of class II bHLH proteins can inhibit DNA binding (Quan et al., 2016). 
Additionally, phosphorylation of TCF4 at S448 by protein kinase A enhances neuronal-
activity-dependent transcriptional activity of TCF4 (Sepp et al., 2017). 

The E-box CANNTG target sequence of TCF4, its flanking area and possible single 
strand DNA modifications have been studied to understand the complex mechanism 
behind TCF4 mediated transcriptional regulation. First of all, the presence of dimerization 
partners of TCF4 affects the target binding sequence (Bertrand et al., 2002). In SH-SY5Y 
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cells, the main binding sequence for TCF4 is E-box motif CATCTG and the palindromic 
ATOH1 motif CAGCTG (Forrest et al., 2018). The preferred E-box motif of TCF4 dimerization 
partner ASCL1 is suggested to be CAGCTG (Castro et al., 2011). Secondly, protein binding 
studies have shown highest overall affinity of TCF4 for CAGGTGGT E-box sequence with 
methylation of the first cytosine (in bold) reducing DNA binding. Interestingly, while  
5-methylated cytosines in E-box decreases TCF4 DNA binding, the presence of unmodified 
or 5-hydroxy methylated cytosines increases DNA binding of TCF4 (Khund-Sayeed et al., 
2016). In addition, 5-carboxylation of a cytosine in the flanking area of E-box (in bold, 
CGCAGGTG) increases binding of TCF4 heterodimers with ASCL1 (Golla et al., 2014). 
These results have been confirmed by a later study which concluded that modifications 
in the first two flanking nucleotides of an E-box (in bold, CGCACGTG) increase TCF4 
binding, modifications in the first two E-box nucleotides (in bold, CGCACGTG) decrease 
TCF4 binding and modifications affecting the middle E-box nucleotides (in bold, 
CGCACGTG) have little to no effect on TCF4 binding (Yang et al., 2019). 

1.2.6 Gene structure and functional protein domains 
Human and rodent TCF4 gene structure is complex and results in many different 
transcripts due to the use of numerous promoters and alternative splicing (Sepp et al., 
2011; Nurm et al., 2021). The human TCF4 gene comprises of 41 exons out of which 21 
are alternative 5’ exons (Figure 1A) (Sepp et al., 2011). Meanwhile, the mouse Tcf4 gene 
contains 33 exons out of which 14 are alternative 5’ exons (Nurm et al., 2021). At least 
18 and 7 N-terminally distinct TCF4 protein isoforms are encoded in human and mouse, 
respectively. The presence of different protein isoform encoding transcripts in the 
human and rodent nervous system is similar with one exception – translation of 5’ exon 
7bI containing transcripts results in protein isoform TCF4-G in humans (Figure 1B) but 
TCF4-D in mice due to the addition of a nucleotide in the mouse 5’ exon 7bI which causes 
a frameshift and results in the use of more downstream translation initiation site in 
internal exon 8 (Sepp et al., 2011; Nurm et al., 2021). 
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Figure 1. Human TCF4 gene structure. (A) TCF4 exons expressed in the human central nervous 
system shown in scale with the scale bar marked at the top. The name of each exon is shown below 
with roman numerals indicating multiple splice sites. White boxes represent internal and 3’ exons 
and yellow boxes represent 5’ exons. (B) Different transcripts of human TCF4 arising from the use 
of many transcription start sites before the self-exclusive 5’ exons. Yellow boxes are 5’ exons with 
their names inside and the lines indicate individual splicing of the respective 5’ exon to the internal 
exon. Internal exons are shown as white boxes with the numbers indicating the first and last internal 
exon present in the transcript. Translation initiation sites (TIS) are shown below the internal exons 
together with the respective translated TCF4 protein isoform shown above. (C) Splicing of TCF4 
internal exons 8 and 9 results in transcripts encoding NLS-1 or lacking NLS-1 (also known as delta 
protein isoforms). Splicing of TCF4-B encoding transcript arising from the use of 5’ exon 3b is shown 
for reference. Internal exons with alternative splicing sites are marked in pink, others in white. 
Based on data from Sepp et al.(2011). TIS, translation initiation site. 

The overall number of transcripts from the TCF4 gene is much higher than the number 
of N-terminally distinct protein isoforms due to non-coding 5’ exons and alternative 
splicing of internal exons. Transcripts from the TCF4 gene can be grouped as “+” and “-“ 
isoforms based on whether they include the Arg-Ser-Arg-Ser (RSRS) coding sequence (“+” 
isoforms) or not (“-“ isoforms). Skipping of exons 8 and 9 results in delta isoforms which 
lack nuclear localization signal (NLS-1) (Figure 1C) (Sepp et al., 2011). 

TCF4 protein isoforms contain three activation domains (AD1-3) out of which AD1  
is present only in longer TCF4 isoforms (TCF4-B, -J, -K and -L, partially in TCF4-C).  
The remaining activation domain 2 (AD2) and 3 (AD3) are present in all the TCF4 isoforms. 
AD1 binds transcriptional co-activators p300/CBP and STAGA, and co-repressor ETO 
(Bayly et al., 2004; Zhang et al., 2004; Guo et al., 2009; Denis et al., 2012). p300/CBP 
interaction has also been shown for AD2 (Bayly et al., 2004; Denis et al., 2012). AD3 
interacts with the TAF4 subunit of transcription factor IID (Chen et al., 2013). A conserved 
element located between AD1 and AD3 regulates the activity of AD1 (Herbst and Kolligs, 
2008) and a repression domain between AD2 and bHLH domain can repress both AD1 
and AD2 (Markus et al., 2002). The bHLH domain contains a basic sequence which 
mediates DNA binding and a HLH region which is necessary for dimerization (reviewed in 
Teixeira et al., 2021). The C domain is involved in dimerization (Goldfarb et al., 1998).  
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In addition to the previously mentioned NLS-1, the bHLH region of TCF4 contains a 
second NLS-2 and two nuclear export signals (NES-1 and NES-2) (Greb-Markiewicz et al., 
2019). All the functional protein domains of TCF4 are shown in Figure 2. 

 

Figure 2. Schematic representation of TCF4 protein domains. (A) TCF4 internal exons with the 
functional domain-encoding exons marked below the exon names. (B) Schematic representation of 
protein domains for TCF4 isoforms B and A. The colored areas represent functional protein domains 
– activation domains are light brown, conserved element is black, repression domain is dark brown, 
A and C domains are beige, bHLH domain is in orange and the unique region for TCF4-A encoded 
by exon 10a is shown in grey. The nuclear localization signals are shown above and the names of 
the respective TCF4 protein isoforms with their lengths in amino acids is on the left. AD, activation 
domain; NLS, nuclear localization signal; bHLH, basic helix-loop-helix domain; CE, conserved 
element; Rep, repression domain; AA, amino acid. 

Due to the presence of so many functional protein domains, the many TCF4 protein 
isoforms exhibit differing transcription activation capabilities in in vitro reporter assays 
(Sepp et al., 2011, 2017; Nurm et al., 2021). In addition, in vivo experiments have 
revealed that while overexpression of TCF4-B disrupts the distributions of pyramidal cells 
in the developing rat cortex, overexpression of TCF4-B lacking AD2 does not (Page et al., 
2018). The distinct functions of all the TCF4 isoforms remain to be studied. 

1.2.7 Expression 
The first studies on TCF4 expression used northern blot analysis and in situ hybridization 
to confirm that TCF4 is expressed in neural and nonneural tissues in both rodents and 
human (Soosaar et al., 1994; Pscherer et al., 1996). More recent studies have used 
quantitative reverse-transcription PCR, digital-droplet PCR and RNA-seq to describe Tcf4 
expression through development. By now it is known that total Tcf4 expression is highest 
in the mouse cerebral cortex during late prenatal and early postnatal development  
(Li et al., 2019; Phan et al., 2020). In human, in situ hybridization and quantitative 
reverse-transcription PCR have shown that TCF4 mRNA is widely expressed in both neural 
and nonneural tissues (Pontual et al., 2009; Sepp et al., 2011). Further RNA-seq analysis 
of human tissues showed that TCF4 expression peaks during late prenatal development 
of the cerebral cortex (Ma et al., 2018). 

TCF4 protein expression in mouse has been characterised with immunostaining using 
antibodies specific for TCF4 (Jung et al., 2018; Sarkar et al., 2021) and with the use of 
mice expressing GFP-tagged TCF4 (Kim et al., 2020). Taken together, these studies 
showed that TCF4 protein is expressed in multiple brain regions of the developing and 
adult mouse with highest expression levels in the olfactory bulb, cerebral cortex, 
hippocampus and cerebellum (Jung et al., 2018; Kim et al., 2020). At the cellular level, 
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TCF4 is highly expressed in the inhibitory (GABAergic) and excitatory (glutamatergic) 
neurons of the adult cortex, hippocampus, striatum and cerebellum (Kim et al., 2020; 
Sarkar et al., 2021). In addition, TCF4 protein expression is high in cortical astrocytes and 
oligodendrocytes (Kim et al., 2020).  

Several regulatory mechanisms have been described that control TCF4 expression. 
The expression of TCF4 is negatively regulated by miRNA-137 (Ripke et al., 2011). 
Meanwhile, administration of suberoylanilide hydroxamic acid (SAHA), a histone 
deacetylase inhibitor, upregulates TCF4 expression in both human NPCs (Hennig et al., 
2017) and Tcf4 haploinsufficient mice (Kennedy et al., 2016). 

1.3 TCF4-related diseases 
It is well known that mutations which cause TCF4 haploinsufficiency result in a rare but 
severe autism spectrum disorder Pitt-Hopkins syndrome (Zweier et al., 2007; Zollino  
et al., 2019). Aberrations within TCF4 have also been tied to many other neurocognitive 
disorders such as schizophrenia (Stefansson et al., 2009), mild-moderate intellectual 
disability (Kharbanda et al., 2016; Maduro et al., 2016) and autism (Stessman et al., 
2017). In addition, TCF4 has been associated with the development of posttraumatic 
stress disorder (Gelernter et al., 2019), major depression (Wray et al., 2018), Fuchs 
Endothelial corneal dystrophy (Wieben et al., 2012) and cancer (Kolligs et al., 2002).  

1.3.1 Pitt-Hopkins Syndrome 
Pitt-Hopkins syndrome (PTHS) is a rare (prevalence 1:300 000) neurodevelopmental 
disorder caused by de novo autosomal dominant mutations in TCF4. Symptoms of PTHS 
include developmental delay, intellectual disability, breathing anomalies, limited speech, 
motor delay, epilepsy, gastrointestinal disturbances and distinct facial features (Zollino 
et al., 2019). PTHS-related mutations usually involve large deletions and translocations 
but also frameshift, nonsense and missense mutations which result in TCF4 
haploinsufficiency, meaning that only one allele of the TCF4 gene is functional but is not 
sufficient to produce enough TCF4 protein. In about 20% of cases, just a single nucleotide 
mutation which affects one amino acid can cause the expression of an unfunctional TCF4 
protein with dominant-negative effects (Brockschmidt et al., 2007; Zweier et al., 2007, 
2008; Zollino et al., 2019). Pathogenic single nucleotide mutations cluster in the bHLH 
region of TCF4, also known as a hotspot for missense mutations associated with PTHS 
(Whalen et al., 2012), and these mutations can impair or completely abrogate 
transcriptional activity, DNA binding or heterodimerization capability of the protein 
(Sepp et al., 2012). Mutations in CNTNAP2 and NRXN1 cause a disorder with a similar 
phenotype to PTHS (Zweier et al., 2009) and more importantly, data suggests that NRXN1 
is possibly a target gene of TCF4 (Moen et al., 2017).  

Skin fibroblasts of PTHS patient have been used to generate iPSCs to study changes in 
PTHS NPCs and organoids. PTHS patient fibroblasts and NPCs have reduced TCF4 
expression and downregulated Wnt signaling pathway genes (Hennig et al., 2017; Papes 
et al., 2022). PTHS organoids have aberrant structure, morphology, neuronal content and 
transcriptome, show a higher percentage of NPCs with possibly impaired ability to 
proliferate and differentiate into neurons (Papes et al., 2022). 

PTHS model mice have been studied extensively using different behavioural, 
histological and sequencing techniques (Grubišić et al., 2015; Kennedy et al., 2016; 
Thaxton et al., 2018; Li et al., 2019; Mesman et al., 2020; Phan et al., 2020; Wittmann  
et al., 2021). Even the effect of the most prevalent PTHS missense mutation in human 
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(R580W, mouse R579W) have been studied in a heterozygous mouse background. 
Compared to Tcf4 heterozygous mouse, the R579W mutant mouse displays similar 
phenotypes including smaller body and brain weight, hyperactivity, reduced anxiety, 
deficits in memory and learning, and N-methyl-D-aspartate receptor mediated enhanced 
hippocampal LTP (Thaxton et al., 2018). However, the R579W mutant does not display 
deficits in habituation which have been described for Tcf4 heterozygous knock-out mice 
(Kennedy et al., 2016; Thaxton et al., 2018). Comparison of these Tcf4 mutant mice 
revealed that the R579W mutant mice show reduced intrinsic excitability but increased 
prepulse inhibition in 7-11 week old mice compared to Tcf4 heterozygous mice (Thaxton 
et al., 2018). Overall, the current PTHS mouse models seem to mimic the human disease 
quite well as even the most common non-neurological symptom – abnormal gut function 
– is present in Tcf4 haploinsufficient mice (Grubišić et al., 2015). Homozygous mice 
lacking only longer TCF4 isoforms show reduced cortical thickness and a smaller dentate 
gyrus, and agenesis of the splenium of corpus callosum which resembles the anomalies 
seen in human PTHS patients (Jung et al., 2018).  

In vitro studies suggest that the use of histone deacetylase inhibitors other than SAHA 
combined with the activation of Wnt signaling can increase TCF4 expression and rescue 
the aberrant phenotype of PTHS organoids (Hennig et al., 2017; Papes et al., 2022).  
In addition for potential therapeutic applications, it is known that administration of SAHA 
alleviates the deficits in memory and learning of PTHS mice (Kennedy et al., 2016).  
In addition, blocking Nav1.8 channels or silencing Scn10 expression improves the PTHS 
phenotype of abnormal breathing and locomotion of Tcf4 haploinsufficient mice (Ekins 
et al., 2019; Cleary et al., 2021).  

1.3.2 Schizophrenia 
Schizophrenia is a severe psychiatric disorder characterized by delusions, cognitive 
deficits and affective retraction. The association between SCZ and TCF4 was first revealed 
by a genome wide association study which revealed a single nucleotide polymorphism 
located in intron three of TCF4 (rs9960767) as a risk allele for the development of SCZ 
(Stefansson et al., 2009). To date, more SCZ associated mutations have been located in 
introns, exons and intragenic regions of TCF4 (Ripke et al., 2011; Steinberg et al., 2011; 
Hu et al., 2014; Basmanav et al., 2015; Li et al., 2016).  

SCZ-associated single nucleotide polymorphisms in TCF4 influence auditory sensory 
gating (only in heavy smoking individuals) (Quednow et al., 2012) and verbal memory 
(Lennertz et al., 2011) of SCZ patients. These findings are supported by studies in mice 
showing that both overexpression of Tcf4 in the postnatal brain (Brzózka et al., 2010) and 
Tcf4 haploinsufficiency (Kennedy et al., 2016) causes SCZ-specific defects in fear memory 
formation and sensorimotor gating. In addition, SCZ-associated missense mutations in 
TCF4 alter the transcriptional activity of TCF4 in vitro (Sepp et al., 2017). 

Association between TCF4 with the development of SCZ is also supported by the 
connection to miRNA-137, which is an important regulator of neuronal maturation and 
one of the top risk genes for SCZ. Studies on miRNA-137 target genes have revealed that 
TCF4 expression is negatively regulated by miRNA-137 (Ripke et al., 2011; reviewed in 
Wright et al., 2013). 

Earlier studies on TCF4 expression in SCZ have shown that TCF4 mRNA expression 
levels are about 55% lower in the adult post-mortem cerebellum of  SCZ patients compared 
to healthy controls (Mudge et al., 2008). In addition, a slightly higher (2.22%) TCF4 mRNA 
expression has also been described in the blood of SCZ patients (Wirgenes et al., 2012). 
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Studies with neurons derived from human iPSCs of SCZ patients have revealed highly 
increased TCF4 mRNA expression (>2 fold) (Brennand et al., 2011).  

More recent studies confirm that TCF4 is a major risk factor in the development of SCZ 
(Doostparast Torshizi et al., 2019; Ruzicka et al., 2020) and it has been shown that TCF4 
has binding sites in several SCZ risk loci (Xia et al., 2018). Bulk and scRNA-seq of the 
human prefrontal cortex from SCZ patients show that TCF4 mRNA expression is 
upregulated in at least 14 different cell types including inhibitory and excitatory neurons, 
oligodendrocytes and microglia (Ruzicka et al., 2020).  

As a potential cure for TCF4 associated SCZ, it has been suggested that administration 
of spironolactone or aripiprazole may help as administration of these drugs to a Tcf4 
transgenic SCZ model mouse reduced the SCZ-like cognitive deficits. However,  
in combination therapy where mice are treated with both drugs simultaneously, the 
positive effects described for single drug treatments were reduced (Stephan et al., 2022). 

1.3.3 Mild to moderate intellectual disability 
Mutations in TCF4 which affect only the longer TCF4 isoforms cause mild to moderate 
intellectual disability (MMID). The resulting phenotype is less severe compared to  
PTHS–patients can live independently with only little support. The symptoms include 
dysmorphic features, developmental delay and learning difficulties. The known 
mutations affecting TCF4 in patients with MMID are a translocation between chromosome 
20 and 18 (Kalscheuer et al., 2008) and between chromosome 14 and 18 (Maduro et al., 
2016), and a heritable deletion which affects TCF4 exons 1a-4 (Kharbanda et al., 2016). 

1.3.4 Fuchs endothelial corneal dystrophy 
Fuchs endothelial corneal dystrophy (FECD) was described in the beginning of the  
20th century by professor Ernst Fuchs. The disease is characterized by loss of corneal 
endothelial cells and accumulation of extracellular matrix and formation of guttae in the 
descemet membrane. It culminates with corneal edema and heavily decreased visibility. 
Currently, the only treatment for FECD is surgical corneal transplantation which relies on 
the availability of donor material. The occurrence of FECD is around 5% among persons 
over 40 in Europe and United states. Interestingly, the male-to-female prevalence ratio 
is about 1:3 (Fautsch et al., 2020). 

FECD can be categorized into early- and late-onset form. While early-onset FECD is 
inheritable in an autosomal dominant fashion and associated with mutations in the 
COL8A2 gene(Gottsch et al., 2005), the late-onset form has been associated with defects 
in TCF4. Linkage between chromosome 18q21 (location of human TCF4) and late-onset 
FECD was first described in 2006 (Sundin et al., 2006). A later study by Wieben and others 
showed that the CTG trinucleotide repeat expansion in intron 3 of TCF4 is the causative 
mutation of late-onset FECD. When measured from blood, FECD patients have CTG 
repeat lengths >50 while healthy controls carry around 12-18 CTG repeats (Wieben et al., 
2012). 

1.3.5 Tumorigenesis 
The first indication that TCF4 may be involved in cancer came from a study showing that 
TCF4 is a downstream target of the Wnt/b-catenin pathway (Kolligs et al., 2002) – 
mutations in that pathway have been associated with many different cancer types (Wang 
et al., 2021). However, different studies have categorized TCF4 as both an oncogene and 
a tumour suppressor, depending on the cellular context. 
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As an oncogene, Tcf4 overexpression results in tumour like migratory and invasive 
phenotype of cancer cells in vitro (Sobrado et al., 2009; Appaiah et al., 2010).  

The invasive phenotype is believed to arise as a result of indirect repression of the 
expression of the cell-cell adhesion protein E-cadherin by TCF4, providing further 
evidence for the involvement of TCF4 in the process of EMT (Sobrado et al., 2009). 
Silencing of TCF4, however, reduced the tumour like invasive phenotype of breast cancer 
cells (Appaiah et al., 2010). Progression of tumours is regularly studied by injecting cancer 
cells to rodent. Injection of colon cancer cells where both b-catenin and TCF4 were 
silenced resulted in almost no tumour growth compared to the injection of control 
cancer cells. In addition, activation of b-catenin and silencing of TCF4 in an already 
formed induced colon tumour caused almost total regression of the tumour within a few 
months (Mologni et al., 2010). 

As a tumour suppressor, TCF4 is known to be negative regulator of Wnt/β-catenin 
signaling and can thus negatively regulate cell proliferation. This happens through a 
regulatory loop which controls expression of TCF4 via the Wnt/β-catenin pathway. While 
the b-catenin/TCF7L2 complex induces TCF4 expression, TCF4 itself interferes with the 
formation of the b-catenin/TCF7L2 complex (Shin et al., 2014).  

TCF4 is frequently mutated in sporadic sonic-hedgehog associated medulloblastomas 
(Kool et al., 2014) and a study suggests that TCF4 is involved in downregulation cell 
proliferation in such sonic hedgehog positive subtype of medulloblastomas (Hellwig et al., 
2019). Reduced TCF4 expression has been described in many cancer types including lung, 
gastric and ovarian cancer (Kim et al., 2008; Pernía et al., 2020). 
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2 Aims of the study 
 

The aim of this thesis was to study the expression and functioning of TCF4. More specific 
aims of the study were as follows: 

• Study mRNA and protein expression of the different TCF4 isoforms during 
rodent and human development. 

• Study how FECD-associated CTG trinucleotide repeat in the third intron of the 
TCF4 gene modulates TCF4 expression. 

• Study how SCZ, MMID, RTT-like syndrome and PTHS related missense mutations 
in TCF4 impact the functionality of TCF4 protein. 
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3 Materials and Methods 
The following methods were used in this study and are described in more detail in the 
respective publications: 

• Cell culture of cell lines (HEK293, Neuro2a, SH-SY5Y) – Publications I, II and III. 
• Cell culture of primary cells (rat primary cortical and hippocampal neurons) – 

Publications II and III. 
• Molecular cloning – Publications I, II and III 
• Site-directed mutagenesis – Publication II 
• In vitro protein translation – Publications I and II 
• RNA extraction, cDNA synthesis, PCR – Publication II 
• Western blot analysis – Publication I, II and III 
• Transfection of cells – Publications I, II and III 
• Luciferase reporter assay – Publications II and III 
• Direct TCF4 RNA sequencing – Publication I 
• Analysis of publicly available RNA-seq datasets  – Publications I and II 
• Bioinformatic analysis of gene structure, cap sites, sequence variation – 

Publications I, II and III 
• Bioinformatical analysis – Publication I and II 
• CRISPR/ Cas9-mediated gene mutation – Publication I 
• Animal husbandry – Publication I 
• Collection of neuronal and nonneuronal tissues throughout rodent 

development – Publication I 
• Protein extraction from rodent and human tissues – Publication I 
• 5' Rapid amplification of cDNA ends– Publication II 
• Electrophoretic mobility shift assay – Publication III 
• Immunocytochemistry – Publication III 

  



26 

4 Results 

4.1 Results obtained in publication I 
• In mouse cerebral cortex, mRNAs transcribed from Tcf4 gene encode isoforms 

TCF4-B, -C, -D, -A and -I; 
• Tcf4 mRNA expression peaks around birth in mouse and rat; 
• Tcf4 mRNA expression is highest in the mouse and rat cerebral cortex, 

hippocampus and cerebellum; 
• The majority of Tcf4 transcripts in mouse and rat neural tissues encode TCF4-A. 
• Tcf4 mRNA expression levels are similar in mouse and rat nonneural tissues 

except for the liver, where Tcf4 levels are almost non existant; 
• TCF4-A encoding transcripts account for the majority of Tcf4 transcripts in 

mouse nonneural tissues; 
• Tcf4 protein expression peaks around birth in mouse and rat; 
• Expression of TCF4 protein is highest in mouse and rat cerebral cortex, 

hippocampus, cerebellum and olfactory bulb; 
• Long and short TCF4 protein isoforms are expressed in all rat and mouse neural 

tissues; 
• TCF4-D protein expression is high in the cerebral cortex and hippocampus and 

low or undetectable in other neural tissues of mouse and rat; 
• TCF4 mRNA expression peaks during human embryonic development and 

decreases after birth; 
• TCF4 mRNA expression is higher in human brain compared to nonneural tissues; 
• Transcripts encoding TCF4-A are expressed at highest levels in human tissues, 

except for the testis, where TCF4-J encoding transcripts are expressed at highest 
levels starting from adolescence; 

• Expression of TCF4 long, medium and short protein isoforms can be detected in 
adult human cerebral cortex and hippocampus. 

4.2 Results obtained in publication II 
• There are numerous transcription start sites in the intron between TCF4 internal 

exons 3 and 4; 
• The CTG trinucleotide repeat is located upstream of the 5’ UTR coding region of 

TCF4 exons 4a, 4b and 4c; 
• Activity of TCF4 promoters immediately downstream of the CTG trinucleotide 

repeat decreases with increasing CTG repeat length – significant decreases were 
observed from promoters with >50 CTG repeats; 

• In FECD patients, an expanded CTG trinucleotide repeat has contrasting effects 
on the expression of different TCF4 transcripts – expression levels of transcripts 
under the control of promoters near the repeat region decline while expression 
of certain transcripts starting further downstream of the repeat region increase. 
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4.3 Results obtained in publication III 
• PTHS missense mutations alter intranuclear localization of TCF4 in a cell type 

dependent manner: 
o R569W and N585D mutants form condensed intranuclear puncta in 

neuron cultures but not in HEK293 cells; 
• PTHS missense mutations impair or completely abrogate DNA binding: 

o R569W mutant homodimers show reduced DNA binding while N585D 
and A587P mutants show no DNA binding as homodimers; 

o Heterodimerization with ASCL1 can fully (R569W and N585D) or partly 
(A587P) alleviate the negative effects of PTHS mutations on DNA 
binding; 

• PTHS missense mutations modulate transcriptional activity of TCF4; 
o R569W mutation:  

 Increases the transcriptional activity of TCF4-B homo- and 
heterodimers in HEK293 cells; 

 Decreases the activity of TCF4-A in all the studied conditions; 
 Increases the activity of TCF4-B heterodimers with ASCL1 in 

neuron cultures; 
o N585D and A587P mutations: 

 Decrease the transcriptional activity of TCF4 homodimers 
(N585D, A587P) and heterodimers (A587P) in HEK293 cells; 

 Almost completely abrogate the transcriptional activity of 
TCF4-A (N585D, A587P) and TCF4-B (A587P) in neuron 
cultures; 

 Increases the transcriptional activity of TCF4-B (N585D) 
heterodimers in basal conditions in neuron cultures; 

• SCZ, MMID and RTT-like syndrome associated missense mutations and 
variations do not affect the functionality of TCF4 or have very mild effects in the 
in vitro cell and molecular biology assays used. 
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5 Discussion 

5.1 Expression of TCF4 in rodent and human 
The human and rodent TCF4 gene structures are based on short read sequencing data 
(Sepp et al., 2011; Nurm et al., 2021). However, for a complex gene like TCF4, it can be 
complicated to describe all the 5’ exons and alternative splicing effects using only short 
read data. Here, we used a long-read direct RNA sequencing approach to describe Tcf4 
transcripts in the rodent cerebral cortex. Overall, our data confirmed the previous results 
by Nurm et al. that transcription from the rodent Tcf4 gene results in transcripts encoding 
at least 5 N-terminally different protein isoforms – TCF4-B, -C, -D, -A and -I (Nurm et al., 
2021).  

Most of the available RNA-seq data from the development of different organs and 
tissues is based on short reads which makes it difficult to quantify all the transcripts of 
TCF4. This is one of the reasons why only a few of the previous studies on TCF4 mRNA 
expression have focused on describing the expression of transcripts encoding the distinct 
TCF4 protein isoforms, mostly by using quantitative reverse transcription PCR (Sepp et al., 
2011).  To distinguish and quantify TCF4 transcripts from short read data, we developed 
a splice-site based analysis method which quantifies transcripts overlapping the various 
TCF4 splice-sites (Publication I). Our results show that the expression ratios between 
different TCF4 isoform encoding transcripts remain relatively stable throughout rodent 
and human development. The only exception was seen in the human testis, where the 
expression of transcripts encoding TCF4-J is initiated during adolescence. 

Studies on TCF4 protein expression have only focused on total TCF4 (Kim et al., 2020) 
or on long TCF4 isoforms(Jung et al., 2018). However, functional differences between 
TCF4 isoforms have been described. First of all, it is long known that different TCF4 protein 
isoforms have contrasting transactivation capabilities (Sepp et al., 2011, 2017). Previous 
explanations have attributed this phenomenon to the differential presence or absence 
of functional protein domains in the long and short isoforms of TCF4. A more recent study 
has shed more light on the topic, suggesting that longer and shorter TCF4 isoforms may 
interact with different interaction partners (Wittmann et al., 2021). The importance of 
studying the many TCF4 isoforms separately cannot be over-emphasised. For example, 
during rodent development, knock-out of longer TCF4 isoforms results in loss of 
forebrain commissure system that cannot be rescued by the remaining endogenous 
expression of shorter isoforms (Mesman et al., 2020; Wittmann et al., 2021). First of all, 
this means that the previously suggested compensatory mechanisms between E-proteins 
probably depends on context (Ravanpay and Olson, 2008). Secondly, it would be of 
interest to study whether the expression of shorter TCF4 isoforms increases in response 
to the loss of expression of long protein isoforms to confirm the suggested feedback loop 
which regulates TCF4 expression. This would also confirm that the loss of commissure 
system is not due to the reduced dosage of TCF4. Thirdly, it would be interesting to 
artificially enhance the expression of short TCF4 isoforms when longer isoforms are 
knocked-out to see whether it can rescue the negative phenotype. 

We performed a comprehensive analysis of the expression of different TCF4 protein 
isoforms. We were able to distinguish the expression of long (TCF4-B, -C), medium  
(TCF4-D) and short (TCF4-A, -I) TCF4 isoforms, and describe the spatiotemporal expression 
pattern of these isoforms throughout rodent development. Interestingly, while the long 
and short protein isoforms were seen in both neural and nonneural tissues, the expression 
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of medium isoforms was only seen in the cerebral cortex, hippocampus and olfactory 
bulb. The medium isoforms are differentiated from the long isoforms by the absence of 
AD1, and from the short isoforms by the presence of NLS-1. Future studies on the 
expression of Tcf4 isoforms at single cell level may help to understand the role of  
TCF4-D in neural tissues and different cell types. 

As we now have extensive information about isoform-specific expression of TCF4 in 
neural and nonneural tissues (Publication I) we can suggest that the different isoforms 
may have different functions in different tissues and developmental stages. This is partly 
supported by previous studies where Tcf4 reduction in embryonic development resulted 
in reduced neuronal firing of cortical neurons (Rannals et al., 2016), whereas a similar 
experiment in adult hippocampal neurons resulted in hyperexcitability (Sarkar et al., 
2021). Also, in vitro experiments suggest that during differentiation of NPCs to neurons, 
the expression of TCF4-B, -C, -F, -G and -A encoding transcripts changes while the total 
TCF4 levels do not change (Hennig et al., 2017). 

For a more detailed analysis of the function of TCF4 isoforms it would be possible to 
generate Tcf4 null or tagged animals for distinct Tcf4 protein isoforms that have their 
translation start sites located in alternative 5’ exons, for example Tcf4-A (exon 10a).  
This would allow to study the functions, target genes and binding sites of each isoform 
separately. However, it should be taken into consideration that our experiments in 
Neuro2a cells show that silencing TCF4-A by causing a frameshift mutation in exon 10a 
leads to increased expression of TCF4-I. 

It must be noted that results of different RNA-seq experiments can completely differ 
based on experimental conditions. For example, Sarkar et al. have compared RNA-seq 
data from Tcf4 heterozygous mice which exhibit Tcf4 haploinsufficiency unconditionally 
(Kennedy et al., 2016; Phan et al., 2020) with RNA-seq data from adult mice where total 
TCF4 knock-out has been induced in about two month old animals. In conclusion, these 
two datasets shared only about 15% differentially expressed genes (Sarkar et al., 2021).  

When studying target genes using knock-down of Tcf4 expression followed by RNA-seq, 
differentially expressed genes may also rise due to reduced expression from TCF4 target 
genes which in turn have their own target genes. The use of isoform-specifically tagged 
TCF4 combined with ChIP-seq is the best available option. This potentially reveals TCF4 
isoform-specific target genes and confirms whether all the TCF4 isoforms bind the same or 
different target genes. If all the TCF4 isoforms bind the same target genes, then it remains 
to be studied how the transcriptional activity of TCF4 isoforms is regulated and whether 
there are any isoform-specific interaction partners or post translational modifications. 

5.2 The effect of FECD associated CTG trinucleotide repeat expansion 
on the expression of TCF4 
More than 40 diseases have been associated with the expansion of nucleotide repeat 
regions in both coding and noncoding regions of the genome (Nelson et al., 2013; 
Paulson, 2018). The effects of repeat region expansions have been extensively studied 
for several diseases. Expansion of the CGG repeat region in 5′ UTR of FMR1 gene is used 
for the diagnosis of fragile X-associated ataxia syndrome (FXTAS). The repeat expansion 
in FXTAS can have two outcomes depending on the length of the repeat expansion –  
a CGG expansion between 55-200 repeats causes increased expression of FMR1,  
while a CGG expansion >200 repeats results in hypermethylation and full transcriptional 
and translational silencing (Salcedo-Arellano et al., 2020). Friedrich ataxia is caused by an 
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expanded GAA repeat in the intron of FXN gene which results in reduced expression of 
the gene in patient-derived cells possibly due to hypermethylation – a longer repeat 
expansion causes a more severe reduction in mRNA expression levels of FXN (Castaldo 
et al., 2008; Chutake et al., 2014). A hexamer repeat expansion (GGGGCC) in the 5’ region 
of the C9ORF72 gene causes frontotemporal lobar degeneration and amyotrophic lateral 
sclerosis. Experiments indicate that the GGGGCC repeat expansion reduces promoter 
activity in cell lines (Gijselinck et al., 2016). Taken together, previous data indicates that 
repeat expansions can both increase or reduce transcription of genes, which led us to 
study whether the FECD related CTG repeat expansion may cause changes in TCF4 
expression in patients with FECD (Publication II). 

The CTG repeat is in the third intron of human TCF4 gene, upstream of the promoters 
regulating expression of TCF4 5’ exons 4a, 4b and 4c. It has been shown that a CTG repeat 
expansion >40 increases the risk of developing FECD (Wieben et al., 2012; reviewed in 
Ong Tone et al., 2020). To study the CTG repeat, we first generated reporter constructs 
with the TCF4 exon 4a, 4b and 4c promoter regions with differing CTG repeat lengths to 
drive the expression of a luciferase reporter gene. We report that TCF4 CTG repeat 
affects the activity of nearby promoters in a length dependent manner – the longer the 
CTG repeat the lower the promoter activity. 

Previous analyses on TCF4 expression in patients with FECD have been conflicting. 
According to two studies, the expression of total TCF4 does not change significantly in 
patients with FECD (Ołdak et al., 2015; Mootha et al., 2017). However, Okumura et al. 
reported increased total TCF4 expression and Foja et al. detected a decrease in the levels 
of TCF4 transcripts beginning near the CTG repeat region (Foja et al., 2017; Okumura et 
al., 2019). Here, we set out to solve these contradictory results by analysing two 
previously published RNA-seq datasets from patients with FECD to study the expression 
of TCF4. Our data showed a slight increase in total TCF4 expression as also reported by 
Okumura and others(Okumura et al., 2019). Next, we showed that indeed, the expression 
of TCF4 transcripts beginning near the repeat region is reduced in FECD just as described 
by Foja and others (Foja et al., 2017). However, we also observed an increase in the 
expression of transcripts beginning more downstream of the repeat region. Another 
study of MMID patients showed that in the blood, where the expression of longer 
isoforms is absent due to a translocation in the 5’ region of TCF4, the expression of 
medium and short isoform encoding transcripts is increased (Maduro et al., 2016). Such 
bidirectional regulation of different TCF4 transcripts illustrates the importance of 
studying the expression of all the possible transcripts separately when working with 
genes with a complex gene structure like TCF4.  This phenomenon also suggests that the 
upregulation of shorter TCF4 isoforms is likely to compensate for the loss of longer TCF4 
isoforms. Thus, there may exist a feedback loop which controls TCF4 expression and tries 
to activate all the TCF4 promoters if the total TCF4 levels drop. 

The CTG repeat expansion in TCF4 has also associated with vulnerability to bipolar 
disorder. A single study has shown that TCF4 CTG repeat expansion >40 is frequent in 
patients with a severe type of bipolar disorder (Del-Favero et al., 2002). Interestingly, 
severity of FECD correlates with the CTG repeat length as patients with longer repeat 
regions tend to have a more severe form of FECD (Soliman et al., 2015). It is possible that 
the CTG repeat expansion may also cause TCF4 expression aberrations in the brain like 
the effect seen in the cornea of FECD patients but in the case of bipolar disorder, it only 
influences severity of bipolar disorder and is not a necessity for the generation of the 
disease. 



31 

5.3 The effect of disease-related missense variations and mutations in 
TCF4 on the functionality of the protein 
PTHS-causing missense mutations cluster in the bHLH region of TCF4, resulting in changes 
in transcription activation, dimerization and DNA binding (Zweier et al., 2007; Pontual  
et al., 2009; Forrest et al., 2012; Sepp et al., 2012). Amino acid substitutions caused by 
single nucleotide variations and mutations in TCF4 have also been described in SCZ, 
MMID and Rett-like syndrome (Basmanav et al., 2015; Kharbanda et al., 2016; Srivastava 
et al., 2018). In publication III, we studied the effects of novel SCZ and MMID single 
nucleotide variations and PTHS and Rett-like syndrome single nucleotide mutations on 
transcription activation, nuclear localization and DNA binding of TCF4 protein. 

Changes in TCF4 gene sequence and function are considered to be a major risk factor 
in the development of SCZ (Stefansson et al., 2009; Doostparast Torshizi et al., 2019). 
However, little information is known how TCF4 mediates development of the disease.  
As there are six SCZ-associated missense variations in TCF4, we decided to study whether 
we can see a direct impact on the functionality of TCF4. Our results indicated that none 
of the six SCZ associated missense mutations altered DNA binding or nuclear localization 
of TCF4. However, three of the SCZ related missense variations (P299S, A315V and 
G428V) increased the transcriptional activity of TCF4. This result falls in line with previous 
observations that P299S and G428V variants increased activity of TCF4 (Sepp et al., 2017). 
It is interesting to note that SCZ-related P156T variant, which is in the beginning of  
NLS-1, did not cause aberrations of TCF4 functioning. P156T was the only SCZ missense 
variant that is located in a described functional domain of TCF4 – NLS-1. 

Only one mutation (S253R) has been found in a patient with RTT-like syndrome.  
The symptoms described for the patient include intellectual disability and facial 
dysmorphisms like seen in PTHS patients (Srivastava et al., 2018). S253R variant was the 
only missense mutation outside the bHLH region which modulated transcription and DNA 
binding of TCF4. S253R is in AD3, which is important for assembling the transcriptional 
machinery by mediating the binding of TFIID (Chen et al., 2013). TFIID can modulate the 
activity of RNA polymerase II and stabilize E-proteins which helps to bind coactivators 
and -repressors of TCF4 (Juven-Gershon et al., 2008; Chen et al., 2013). As S253R reduced 
transcriptional activity of TCF4 in HEK293 cells but had no effect on the transcriptional 
activity of TCF4 in cultured neurons, it is possible that the effect rises from differential 
expression of co-activators and -repressors in the studied cell types. The binding of  
co-activators may be impaired, or the binding of co-repressors may be increased due to 
the mutation. As there is evidence that longer TCF4 isoforms bind different interaction 
partners compared to shorter isoforms (Wittmann et al., 2021), it would be interesting 
to study whether mutation S253R mediates such TCF4 long isoform specific interactions. 

PTHS missense mutations had the most severe effects on the functionality of TCF4.  
For mutants R569W and N585D we saw aberrant intranuclear aggregations in neuron 
cultures which may arise from the fact that these mutations are in NLS-2  
(Greb-Markiewicz et al., 2019). If these mutations cause dysfunction of NLS-2, then our 
results indicate that the presence of a functional NLS-1 is necessary for nuclear 
localization while NLS-2 may be involved in intranuclear localization of TCF4. This is also 
supported by experiments with TCF4-A which does not carry NLS-1 and is not strictly 
located to the nucleus in contrast to TCF4-B (Sepp et al., 2012).  However, it is also 
possible that the nuclear aggregates may arise from protein misfolding or destabilization 
as suggested by previous studies (Sepp et al., 2012). Interestingly, the formation of 
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nuclear aggregates by mutant TCF4 proteins was not seen in HEK293 cells meaning that 
the phenomena is caused by cell-type specific effects. 

PTHS mutations had more severe effects on transcription activation in the context of 
TCF4-A compared to TCF4-B. Expression from the TCF4 gene results in numerous 
transcripts which encode at least 18 N-terminally distinct TCF4 protein isoforms. 
However, we have only studied the mutations in the context of TCF4-B and TCF4-A. Such 
an approach is acceptable in the case for PTHS mutations which are almost always 
clustered in the bHLH region and for mutations in TCF4 common exons 10-21 which are 
present in all the TCF4 isoforms. However, some of the studied mutations (N90S, R114K, 
P156T) are only present in a subset of longer TCF4 isoforms – TCF4-B, -C, -E, -F, -D and  
-G (Sepp et al., 2011). Currently, it is unknown whether these mutations may have 
isoform specific effects on the functioning of TCF4 and it would be interesting to study 
the effects of these mutations in the context of other major TCF4 isoforms – widely 
expressed TCF4-C and brain specific TCF4-D. In addition, as TCF4 expression levels are 
highest around birth (Jung et al., 2018; Ma et al., 2018), it would be interesting to study 
the effects of missense mutations in vivo when TCF4 expression levels are highest. 

When studying changes in amino acid sequences in vitro it is necessary to keep in mind 
that all the effects seen can be dependent on the experimental conditions. In vivo studies 
can always provide more pronounced results when considering the presence of all the 
different cell types and developmental stages. In the case of SCZ, the changes in TCF4 
functionality necessary for the development of the disease may be very small but still 
lead to complex unknown downstream effects (Ripke et al., 2011). This may also be the 
case for the MMID associated variations in TCF4 (N90S, R114K)  located in the 5’ end of 
TCF4 (Kalscheuer et al., 2008; Kharbanda et al., 2016) as they had no effect on the 
functionality of TCF4 in our experiments.  

It is suggested that the function of TCF4 is regulated by the expression pattern of the 
many interaction partners (Quednow et al., 2014) meaning that the effect of 
dimerization partners on the functionality of TCF4 cannot be underestimated. Our 
reporter assays showed that dimerization of TCF4 PTHS mutants with ASCL1 can enhance 
TCF4 mediated transcription activation to much higher levels compared to the wt 
protein. This indicates that PTHS missense mutations may also result in gain of function 
effects contrary to the usual belief that PTHS develops in response to loss of function of 
TCF4. The complex network of TCF4 regulation by its interaction partners remains to be 
studied in more detail.  
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6 Conclusions 
• 5 N-terminally distinct Tcf4 protein isoforms are expressed in rodent cerebral 

cortex (TCF4-B, -C, -D, -A and -I); 
• Tcf4 mRNA and protein expression in rodent is much lower in nonneural tissues 

compared to the brain; 
• Medium TCF4 protein isoforms (TCF4-D) are highly expressed in rodent brain 

and almost undetectable in nonneural tissues; 
• TCF4 expression levels in human are highest in the brain and very low in the liver 

with most of the transcripts (>40%) encoding TCF4-A; 
• The CTG trinucleotide repeat expansion in TCF4 exon 3 decreases the activity 

of immediate downstream TCF4 promoters; 
• The CTG trinucleotide repeat does not significantly reduce the expression of 

total TCF4 due to the simultaneous decrease in the expression of longer 
isoforms and increase in the expression of shorter isoforms; 

• PTHS-associated missense mutations alter TCF4 intranuclear localization and 
can completely impair DNA binding and transcriptional activity of TCF4. These 
effects cannot be rescued by dimerization partners; 

• SCZ, MMID and RTT-like syndrome-associated missense mutations and 
variations have mild to no effects on the functioning of TCF4. 
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Abstract 

Molecular Characterization of Basic Helix-Loop-Helix 
Transcription Factor TCF4: From Expression to Function 
Transcription factor 4 (TCF4) is a member of the bHLH family of transcription factors that 
mediates its function through homo- and heterodimerization with interaction partners 
such as ASCL1, NEUROD and ID proteins. After dimerization, TCF4 binds to its target 
sequence (CANNTG) also known as the Ephrussi box. Overall TCF4 plays a very important 
role in neurogenesis. More specifically, TCF4 is involved in the development of B- and T-
cells, maturation of plasmacytoid dendritic cells, epithelial-mesenchymal transition and 
differentiation and migration of neurons.  

Due to the complex gene structure transcription from the TCF4 gene can result in at 
least 18 N-terminally distinct protein isoforms. In rodent, 7 N-terminally different TCF4 
protein isoforms have been described. Earlier studies of TCF4 expression have shown 
that total TCF4 mRNA and protein expression is highest just around birth. As none of the 
previous studies of TCF4 expression have focused on the distinct TCF4 transcripts, we 
studied the expression pattern of the many TCF4 transcripts and protein isoforms 
throughout development. For that we did long read mRNA sequencing, analysed 
previously published RNA-seq data and ran Western blot analysis of neural and 
nonneural tissue lysates. Our results confirmed that Tcf4 mRNA and protein expression 
is highest just around birth. The main TCF4 isoforms expressed in rodent and human are 
TCF4-B, -C, -D, -A and -I. While TCF4-A encoding transcripts account for the majority of 
TCF4 transcripts, TCF4-B, -C and -D encoding transcripts are also highly expressed in 
rodent and human tissues. All these isoforms were also detected in Western blot 
analysis. Long and short TCF4 protein isoforms are expressed in all the studied rodent 
neural and nonneural tissues, however, medium protein isoforms are only expressed in 
the brain. 

The CTG trinucleotide repeat expansion in the third intron of TCF4 has been tied to 
the development of late-onset Fuchs endothelial corneal dystrophy (FECD). A TCF4 allele 
with >50 CTG repeats confers an increased risk of developing FECD. FECD can be 
described by the formation of guttae in the corneal endothelium which starts spreading 
from the middle of the eye to the side and if left untreated results in loss of vision. Studies 
suggest that FECD affects about 5% of middle-aged people. The only treatment for FECD 
is replacement of the corneal endothelium with donor tissue.  

Human TCF4 has a total of 41 exons with 21 being alternative self-exclusive 5’ exons. 
The FECD associated CTG repeat region is located in intron three, just before exon 4a. 
One of the goals of this thesis was to study, how the CTG repeat expansion can mediate 
the development of FECD. First, we confirmed that the CTG repeat region is in close 
proximity to several transcription start sites which initiate the expression of TCF4 exon 
4a, 4b and 4c encoding transcripts. Our results showed that expansion of the CTG repeat 
>50 significantly reduces nearby promoter activity. Next, we studied previously 
published RNA-sequencing data from cornea of FECD patients to describe the expression 
of TCF4. For that, we developed a method which allows to quantify the expression of not 
just total TCF4, but also the expression of the many TCF4 transcripts from short-read 
RNA-seq data. Collectively, our results displayed that expression of TCF4 transcripts  
linked to promoters near the repeat region declined while expression of certain 
transcripts beginning further downstream of the CTG repeat increased. 
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Missense mutations and variations in TCF4 have been associated with the generation 
of several neurocognitive disorders such as schizophrenia, intellectual disability, autism, 
depression and Rett-like syndrome. In addition, mutations in TCF4 which include large 
deletions, translocations and also frameshift, nonsense and missense mutations cause 
Pitt-Hopkins syndrome (PTHS), a rare but severe autism spectrum disorder described by 
developmental delay and mental retardation. The third goal of this thesis was to study 
the effects of 12 previously described disease-related missense mutations and variations 
on the functionality of TCF4. Our results showed that schizophrenia, intellectual disability 
and Rett-like syndrome related mutations and variations had very little or no effect on 
the functionality of TCF4. However, all the PTHS associated mutant TCF4 proteins 
displayed impaired DNA binding activity. In addition, PTHS mutations can either increase 
or decrease transcription activation of TCF4 depending on the cell type or specific TCF4 
isoform. 

Collectively, our results show that: 
• TCF4 expression is highest around birth in rodents and humans; 
• TCF4 expression is highest in neural tissues and much lower in nonneural 

tissues; 
• The main TCF4 protein isoforms expressed in neural tissues are TCF4-B, -C, 

-D, -A and -I; 
• The CTG repeat expansion in third intron of TCF4 gene reduces the activity 

of nearby TCF4 promoters; 
• Pitt-Hopkins syndrome-related missense mutations in the basic helix-loop-

helix region of TCF4 reduce the abilty of TCF4 to bind DNA and also alter 
transcriptional activation depending on cell type. 
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Lühikokkuvõte 

Aluselise heeliks-ling heeliks transkriptsiooniteguri TCF4 
ekspressiooni ja funktsiooni kirjeldamine 
Transkriptsioonifaktor 4 (TCF4) on bHLH transkriptsioonifaktorite perekonna liige, mis 
vahendab oma funktsiooni homo- ja heterodimerisatsiooni kaudu 
interaktsioonipartneritega, nagu ASCL1, NEUROD ja ID valgud. Pärast dimeriseerumist 
seondub TCF4 oma sihtjärjestusega (CANNTG), mida tuntakse ka kui Ephrussi box. 
Üldiselt mängib TCF4 väga olulist rolli neurogeneesis. Täpsemalt osaleb TCF4 B- ja T-
rakkude arengus, plasmatsütoidsete dendriitrakkude küpsemises, epiteeli-
mesenhümaalses transformatsioonis ning neuronite diferentseerumises ja 
migratsioonis. 

Keerulise geenistruktuuri tõttu võib inimese TCF4 geeni transkriptsioon anda 
tulemuseks vähemalt 18 N-terminaalselt erinevat valgu isovormi. Närilistel on kirjeldatud 
7 N-terminaalselt erinevat TCF4 valgu isovormi. Varasemalt on näidatud, et TCF4 mRNA 
ja valgu ekspressioon on kõige suurem just sünni paiku. Siiski, keegi pole täpsemalt 
kirjeldanud, kuidas on erinevad TCF4 geeni transkriptid ja valgu isovormid 
ekspresseeritud ning kuidas muutub nende ekspressiooni dünaamika läbi arengu. Sellest 
tulenevalt kasutasime uudset pikkade transkriptide RNA-sekveneerimise meetodit, 
analüüsisime varasemalt avaldatud RNA-sekveneerimise andmeid ning valmistasime 
valgu lüsaadid erinevatest närilise ja inimese kudedest, et uurida TCF4 mRNA ning valgu 
ekspressiooni läbi arengu pannes rõhku just erinevate transkrpitide ja isovormide 
ekspressioonile. Meie tulemused kinnitasid, et TCF4 mRNA ja valgu ekspressioon on 
kõrgeim just sündimise ajal. Peamised närilistel ja inimestel ekspresseeritud TCF4 
isovormid on TCF4-B, -C, -D, -A ja -I. Kuigi TCF4-A kodeerivad transkriptid moodustavad 
suurema osa TCF4 transkriptidest, on TCF4-B, -C, -D ja -I kodeerivad transkriptid samuti 
tugevalt ekspresseeritud näriliste ja inimese kudedes. Kõik need TCF4 isovormid tuvastati 
ka Western blot analüüsis. Kui pikki ja keskmiseid TCF4 valgu isovorme oli näha kõikides 
uuritud kudedes, siis, keskmise suurusega valgu isovorme oli näha vaid ajukoores ning 
hippokampuses. 

Kõrvalekaldeid TCF4 geenis on seosatatud mitmete haigustega millest üks on hiline 
Fuchsi endoteliaalne sarvkesta düstroofia (FECD). FECD tekke riskiks peetakse TCF4 
geenis paikneva CTG kolmenukleotiidiline kordusjärjestuse arvu suurenemist >50 
korduse. FECD tekib pea 5%-l keskealistest inimestest ning selle korral halveneb patsiendi 
nägemine silmale moodustunud kaelaadse kogumi tõttu, mis hakkab levima silma 
keskosast äärtesse. Ainus FECD ravimeetod on sarvkesta endoteeli asendamine 
doonorkoega. 

Inimese TCF4 geen koosneb 41-st eksonist, millest 21 on alternatiivsed üksteist 
välistavad 5’ eksonid. FECD-ga seotud CTG korduspiirkond asub kolmandas intronis, 
vahetult enne eksonit 4a. Üks käesoleva lõputöö eesmärke oli uurida, kuidas CTG korduse 
suurenemine võib vahendada FECD tekkimist. Esimesena kinnitasime, et CTG 
korduspiirkond on mitme transkriptsiooni alguspunkti vahetus läheduses, mis 
aktiveerivad TCF4 eksoneid 4a, 4b ja 4c kodeerivate transkriptide ekspressiooni. Meie 
tulemused näitasid, et CTG korduse laienemine >50 vähendab oluliselt läheduses asuva 
promootori aktiivsust. Sellest tulenevalt, otsustasime uurida kas varasemalt 
publitseeritud FECD patsientide RNA sekveneerimise tulemustest oleks võimalik uurida, 
kuidas on muutunud erinevate TCF4 mRNAde tasemed. Selliseks analüüsiks töötasime 
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välja meetodi, mis kvantiseerib RNA-sekveneerimise tulemusi üle splaiss-saitide. 
Kokkuvõtvalt näitasid meie tulemused, et CTG korduspiirkonna lähedal olevate 
promootorite kontrolli all olevate TCF4 mRNAde transkriptsioon vähenes ja teatud TCF4 
transkriptide ekspressioon, mille promootorid paiknevad CTG kordusest kaugel 
allavoolu, suurenes. 

Mutatsioone ja -variatsioone TCF4 geenis on seostatud mitmete neurokognitiivsete 
häirete tekkega nagu skisofreenia, vaimne alaareng, autism, depressioon ja Rett-i 
sarnane sündroom. Lisaks, on teada et TCF4 haplopuudulikkus põhjustab harvaesinevat 
aga tõsist haigust Pitt-Hopkinsi sündroom (PTHS). PTHS-i korral on üks TCF4 geeni 
alleelidest muteerunud ja sealt ei ekspresseeru funktsionaalset valku.  

Selle lõputöö kolmas eesmärk oli uurida varem kirjeldatud haigusega seotud 
asendusmutatsioonide ja -variatsioonide mõju TCF4 funktsionaalsusele. Meie tulemused 
näitasid, et skisofreenia, intellektipuude ja Retti-sarnase sündroomiga seotud 
mutatsioonid ja variatsioonid mõjutasid TCF4 funktsionaalsust väga vähe või üldse mitte. 
Siiski, kõik PTHS-ga seotud mutatsioonid, mis paiknesid heeliks-ling-heeliks domeenis, 
vähendasid TCF4 võimet seonduda DNA-le. Lisaks võivad PTHS-i mutatsioonid sõltuvalt 
rakutüübist või spetsiifilisest TCF4 isovormist kas suurendada või vähendada TCF4 
transkriptsiooni aktivatsiooni. 

Kokkuvõtvalt näitasid meie tulemused: 
• TCF4 ekspressioon on närilistel ja inimestel kõrgeim sünni paiku; 
• TCF4 ekspressioon on kõrgeim närvisüsteemis ja palju madalam 

mitteneuraalsetes kudedes; 
• Peamised närvisüsteemis ja mitteneuraalsetes kudedes ekspresseeritud TCF4 

isovormid on TCF4-B, -C, -D, -A ja -I; 
• Erinevate TCF4 isovormide suhtelised tasemed on läbi arengu stabiilsed. 

Suuremaid muutuseid, kus ühe TCF4 isovormi ekspressioon väheneb ja teise 
TCF4 isovormi ekspressioon suureneb ei esine. 

• CTG korduse laienemine TCF4 kolmandas intronis vähendab lähedalasuvate 
TCF4 promootorite aktiivsust; 

• Pitt-Hopkinsi sündroomiga seotud asendusmutatsioonid TCF4 heeliks-ling-
heeliks piirkonnas vähendavad TCF4 võimet siduda DNA-d ja muudavad ka TCF4 
vahendatud transkriptsiooni aktivatsiooni sõltuvalt rakutüübist. 
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FGH�GIJKL�ML�NOPQRPST�MS�U�LRVLPT�WN�XUTMPSTL�YMTZ�U�LP[POP�T\XP�WN�]̂ �US_�TZUT�TZP�OPXPUT�P̀XUSLMWS�MS�abcd�eU\�MSfOPULP�[RgSPOUVMgMT\�TW��]̂ hijkTR_MPL�WS�TZP�fWSSPfTMWS�VPTYPPS�TZP�abcd�FGH�GIJ�P̀XUSLMWS�US_�TZP�eJIl�gP[PgL�WN�abcd�TOUSLfOMXTL�LXUSSMSm�TZP�abcd�FGH�GIJ�OPmMWS�ZU[P�XOW_RfP_�fWSTOU_MfTWO\�OPLRgTLj�l�LTR_\�V\�nWoU�PT�Ugjhp�OPXWOTP_�TZUT�abcd�FGH�GIJ�P̀XUSLMWS�ML�fWSSPfTP_�YMTZ�U�OP_RfTMWS�MS�TZP�gP[PgL�WN�abcd�TOUSLfOMXTL�VPmMSSMSm�MS�TZP�XOẀMeMT\�WN�TZP�FGH�GIJq�YZPOPUL�U�LTR_\�V\�rsReROU�PT�Ugjtu�ZUL�OPXWOTP_�TZUT�abcd�FGH�GIJ�P̀XUSLMWS�ML�fWSSPfTP_�YMTZ�US�MSfOPULP�MS�W[POUgg�abcd�gP[PgL�US_�MS�TZP�gP[PgL�WN�abcd�TOUSLfOMXTL�VPmMSSMSm�MS�XOẀMeKMT\�WN�TZP�FGH�GIJj�GYW�WTZPO��LTR_MPLthqtt�ZU[P�OPXWOTP_�SW�PvPfT�WN�TZP�FGH�GIJ�P̀XUSLMWS�WS�TWTUg�abcd�eJIl�gP[PgLjwT�ML�fROOPSTg\�RSsSWYS�YZPTZPO�TZP�abcd�FGH�GIJ�P̀XUSLMWS�UvPfTL�TZP�gP[PgL�WN�abcd�TOUSLfOMXTL�US_�TWTUg�abcd�gP[PgLj�xPOPq�YP�Z\XWTZPLMyP_�TZUT�TZP�abcd�FGH�GIJ�OPmMWS�fWSTUMSL�NRSfTMWSUg�XOWeWTPOL�TZUT�OPmRgUTP�TZP�TOUSLfOMXTMWS�WN�SPUOV\�iz�P̀WSL�US_�TZUT�TZP�UfTM[MT\�WN�TZPLP�XOWeWTPOL�ML�UgTPOP_�V\�TZP�gPSmTZ�WN�abcd�FGH�GIJ�P̀XUSLMWSj�nWO�TZMLq�YP�{OLT�fZUOUfTPOMyP_�TZP�abcd�UgTPOSUTM[P�XOWeWTPO�OPmMWS�fWSTUMSMSm�TZP�FGH�GIJ�V\�M_PSTMN\MSm�TOUSLfOMXTMWS�LTUOT�LMTPL�|Gkk}�US_�_PLfOMVMSm�TZP�LXgMfMSm�WN�SPUOV\�iz�P̀WSL�~Uq�~Vq�US_�~fj��P�TZPS�RLP_�gRfMNPOULP�OPXWOTPO�ULLU\�TW�MS[PLTMmUTP�YZPTZPO�TZP�FGH�GIJ�P̀XUSLMWS�fWRg_�MS�RKPSfP�abcd�P̀XOPLLMWS�MS�XOMeUO\�SPROWSL�V\�UvPfTMSm�TZP�UVMgMT\�WN�LROOWRS_MSm�OPmRgUTWO\�OPmMWSL�TW�XOWeWTP�TOUSLfOMXTMWSj�nROTZPOeWOPq�JIlKLPQ�_UTU�NOWe�fWOSPUg�TMLLRP�WN�n�F̂ �XUTMPSTL�YMTZ�US�P̀XUS_P_�abcd�FGH�GIJ�YUL�USUg\yP_�TW�_PTPOeMSP�TZP�P̀XOPLLMWS�gP[PgL�WN�abcd�TOUSLfOMXTL�VPmMSSMSm�VWTZ�XOẀMeUg�US_�_MLTUg�TW�TZP�FGH�GIJj�FWggPfTM[Pg\q�WRO�OPLRgTL�_PeWSLTOUTP�TZUT�TZP�FGH�GIJ�P̀XUSLMWS�_MvPOPSTMUgg\�eW_RgUTPL�TZP�UfTM[MT\�WN�abcd�XOWeWTPOLj����������������������������������������������������������������z������������������������������������P�FGH�GIJ�MeeP_MUTPg\�XOPfP_PL�abcd�iz�P̀WSL�~Uq�~V�US_�~fq�YZMfZ�UOP�gWfUTP_�VPTYPPS�MSTPOSUg�P̀WSL���US_�~�|nMmj�hl}j��P�eUoWO�GFn~�TOUSLfOMXTL�TOUSLfOMVP_�NOWe�TZP�UgTPOSUTM[P�iz�P̀WSL�WN�abcd�MS�XOẀMeMT\�WN�TZP�FGH�GIJ�UOP�TOUSLfOMXTL�PSfW_MSm�NWO�XOWTPMS�MLWNWOeL�GFn~K]�US_�GFn~KF�|nMmj�h]}j�GW�fZUOUfTPOMyP�TZP�TOUSLfOMXTMWS�LTUOT�LMTPL�|GkkKL}�MS�TZML�OPmMWS�YP�XPONWOeP_�VMWMSNWOeUTMfUg�US_�iz�JlF��USUg\LMLj�lSUg\LML�WN�HPS]USs�_UTU�OP[PUgP_�TZUT�U�TWTUg�WN�hp�P̀XOPLLP_�LPQRPSfP�TUmL�|�kGKL}�YMTZ�h��_MvPOPST�GkkKL�fUS�VP�NWRS_�VPTYPPS�abcd�MSTPOSUg�P̀WSL���US_�~�YMTZ�SWSP�VPmMSSMSm�_WYSLTOPUe�WN�P̀WS���US_�RXLTOPUe�WN�TZP�FGH�GIJ�|nMmj�hF}j�wS�U__MTMWSq�USUg\LML�WN�Gkk�XPUs�_UTU�NOWe�TZP�nlIGr�i�|nRSfTMWSUg�lSSWTUTMWS�WN�TZP��UeeUgMUS�HPSWeP}�XOWoPfT�OP[PUgP_���Gkk�XPUsL�SPUO�TZP�FGH�GIJ��h�Gkk�XPUs�VPNWOP�TZP�FGH�GIJ�US_�i�Gkk�XPUsL�|WN�YZMfZ���Gkk�XPUsL�eUTfZ�YMTZ�GkkKL�NOWe�HPS]USs��kGKL}�_WYSLTOPUe�WN�TZP�OPXPUT�|nMmj�hF}j�GW�[UgM_UTP�TZP�XWTPSTMUg�TOUSLfOMXTL�US_�GkkKL�NOWe�WRO�VMWMSNWOeUTMfUg�USUg\LMLq�YP�XPONWOeP_�iz�JlF��NOWe�U_RgT�ZReUS�fPOPVPggUO�JIlq�UL�MT�P̀ZMVMTL�ZMmZ�gP[PgL�WN�abcd��P̀XOPLLMWSt�j�rRO�iz�JlF��USUg\LML�OP[PUgP_�TYPg[P�GkkKL�TZOPP�NWO�P̀WS�~Uq�TZOPP�NWO�P̀WS�~V�US_�LM̀�NWO�P̀WS�~fq�_MLTOMVRTP_�UfOWLL�U���tiu�VX�OPmMWS�|nMmj�ĥ}j�rRT�WN�TZP�ht�GkkKL�_PTPfTP_�V\�iz�JlF��WSg\�~�eUTfZP_�YMTZ�TZP�GkkKL�NOWe�WRO�VMWMSNWOeUTMfUg�USUg\LMLj�weXWOTUSTg\q�TZP�FGH�GIJ�YUL�SP[PO�XOPLPST�MS�TZP�iz��GJ�WN�P̀WS�~Uq�~V�US_�~f�TOUSLfOMXTL�LMSfP��kGKL�NOWe�HPS]USs�US_�WRO�iz�JlF��OP[PUgP_�SW�Gkk�_MOPfTg\�RXLTOPUe�WN�TZP�abcd�FGH�GIJ�OPmMWS�|nMmj�ĥq�kRXXgPePSTUO\�nMmj�kh}j��ZPS�fWSLM_POMSm�XOP[MWRLg\�XRVgMLZP_�_UTU�UVWRT�TZP�GkkKL�WN�abcd�P̀WS�~Uq�~V�US_�~f�US_�_UTU�WVTUMSP_�NOWe�WRO�iz�JlF��USUg\LMLq�TZP�XOWeWTPOL�MS�TZP�abcd�FGH�GIJ�OPmMWS�UXXPUO�TW�VP�_MLXPOLP_�XOWeWTPOLq�
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YXQV�RQUVW

cdefcdgfh�i�cdgjj
cdkecdlh�i�cdjgm
cdfncdcnjh�i�cdccgkl

cdnfcdcmmh�i�cdccgkl
cdnmcdcnkh�i�cdccckek
cdoocdnmh�i�cdcjmm

cdjcdnmh�i�cdccgkl
cdngcdcgfh�i�cdccogj
cdoocdomh�i�cdclmk

cdckocdcnjh�i�cdcccjen
cdomcdcnjh�i�cdcccjen
pqrpqrrs�t�pqurv

pqpwxpqpvws�t�yqzz{|pr
pqwzpqprvs�t�pqpvx
pqrpqyrs�t�pqvvv

pqrvpqvrs�t�pqvvu
pqwzpqpvys�t�pqpp}w~
pq~xpqwvs�t�pqrwuvr|vu vu|v~ v~|v} v}|vz vz|yp yp|yv

z|vp vp|vv vv|vy vy|vx vx|vw vw|vr

x|w w|r r|u u|~ ~|} }|z
�����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp

�����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp

�����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyppvpyp
xpwp

pypwp
up}p

pypwp
up}p

pvpyp
xpwp

pypwp
up}p

pypwp
up}p

pvpypxp
wprp

pypwp
up

pypwp
up

pyp
wpup

pyrrp
~rvpp

pypwp
up}p

pvpyp
xpwp

pxpup
zp

pyrrp
~rvpp

prvp
vryp

pvpyp
xpwp

pypwp
up}p

pqpxupqppws�t�~q~z{|p~ pqpx}pqwvs�t�pqpy}x pqpx}pqpp}s�t�pqppwvr pqppywpqpyrs�t�vqu{|pz pqpwxpqxws�t�pqpr}~ pqpuupqxws�t�pqpyyx���w|� ���w|� ���w|� ���w|� ���w|� ���w|�
�����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyp �����ypvz �����ypvz �����ypyp �����ypyppyw

u}
pqppqrvqp
vqr

pr
vp

prvp
vryp

pw}
vy

pypwp
up}p

�������������������������������������������� �¡¢£¤¥¢�������¦�������§��� ̈©����ª�§«������������������������� ���«���¡¢£¤�������¦������̈��� ̈©���������«������������£�¢¬���������­�¡§��������������£�¢¬�®̄ °¥��±���������²³́�̄�µ����������©¶·̧�¹��¦���·º»¼�����«��½ ̈��¾�����¢«̈�����©¶·¿�¹��¦���·º·º�����«��½ ̈��¾²§����̈����������©́À���«�������������©�Á�©�����ÂÃÄÅ����������������©������«�©�̈¦¶�Æ�������������©�Á�©�����¹Ç¾�¡¢£¤�������¦������¹È¾��������©�������§����±̈����½���̈��� ��«���̈¦³������������¹Ç¾����¦�������������������� ������«����������Á��������¦�¹�«�§���³�Á���«�� ���«�¾�����¹È¾�������� ��«��������������©����É̈�������¹�«�§���³�Á���«�� ���«�¾¶�¬����§������¦�©�À���§��«��«������©��̈¦³��������©���������������¦̈ ©���©����³́�¦�©©���¶�£���¦���������©�ª�����©� �������£� ¶�Ê¶



��������	
��
����������������������� ��������!"#"#$�%#&%'("(�� � )**+,-../012034.562567�.,859:�;6<6;=987=;7

>>>�?@ABCD�E�FGHEID?AIJIECDK�CAHG
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�6/4/O/PRSTUVWXYZX[\SVUX]VT̂_WXÙaVSb\]cd̀TVXeW]TfTgbhi\ff̀]]j]̀kXSàVbT̂iXeW]TfTgbhi\ff̀]]hlaVT]̀\mnoSTVTp̀Taqq_hi\ff̀]]hlaVT]̀\r$"- $*s�&1 't&+*',.uvwxyzv{|}{~x�wz}~v��u����{yw�wy{z���{���~~|����{�}vwxyzv{|}{~x�wz}~v�yy�x}{w��~vx��v~z~�x{}{�������~|��x}�u�� w��vvw}{~xy {x ���� wv� wyy~z{w}�� �{}� x��v~������~|��x}w��{y~v��vy{xz���{x�yz�{�~|�v�x{w�{x}����z}�w��{yw�{�{}��wx��{}}��~|�{xyy�x�v~���wxw�}{y��y|�z}v���{y~v��v z�wvwz}�v{��� �� �����~|��x}w����w������vw��{y�wy��wyy~z{w}���{yy�xy���}w}{~xy{x�����w�����xy�~�x}~{x}�v��v��{}�u�����xz}{~x���}�~v�wx���}w�}{~xy�}��{�|wz}v��w{xy�x���x�����v����}�y}��}������z}y~�����xz}{~xw����xz�wvwz}�v{����{y�wy��wyy~z{w}���{yy�xy���}w}{~xywx��wv{w}{~xy{x�����y{x�}vwxy{�x}��|v�yy{~x{x�w��w�{wxz���y�z~x�~zw�{�w�{x�� ¡¢ £¤¥¦§̈ ��{x�{x�wy�yw�y�wx�v�|~v}�vwyyw�y�©�y�~�}�w}�{}}��~|�{xyy�x��v~���wyy~z{w}���{yy�xy���}w}{~xy�{}�{x}���wy{z���{���~~|����{��~�w{x~�u���wx�wª�}}��{��y�x�v~���wyy~z{�w}����}w}{~x{xw}vwxyzv{|}{~xwz}{�w}{~x�~�w{xv�y��}{xw�}�v��¦§̈ ��{x�{x�wx�}vwxyzv{|}{~xw�wz}{�{}�~�}��|v~�}�{x��~��~�}���{yy�xy��wv{w}{~xy�~�x�{xyz�{�~|�v�x{w|w}{�x}yy�{��}��{xzv�wy�u���}vwxyzv{|}{~xw�wz}{�{}�����v�wyx~����z}y��v���}�z}���~v�{yy�xy���}w}{~xy�{x���}~�{��{x}����z}�w��{yw�{�{}��©�{xw��{}{~x�x�}�w}}��~�}z~��y~�y���vw��{y�wy��v��w}����}w}{~xywv�w���z}����z���}�|��u���{y~�~v��wx��{��v{�w}{~x|wv}x�v�y����y}{x�}�w}}������z}y~�u�����}w}{~xywv�z~x}��}���|�x��x}�u~��}��v�{}�|v��{~�y�~v��}�{yy}���|v~�{��yw�wy{y�~v}��{x}�v�|v�}w}{~x~�}����xz}{~xw�z~xy�«��xz�y~������{yy�xy��wv{wx}y�¬­®̄°±­²³́²µ̄ ¶®±́µ­· ¬̧¹º·»²°¼²́®½¶µ­̄ µ­¾®½¿À¼À½Áµ³¾À̄ µ́¶́ÂÀ±À̄ ­́®½̄ À­¼µÃ°°Ä°́À¾Å®̄¿ ẤÀ¾Ã́®́²µ̄°Æ²́Â²̄ ẤÀÇÈÉÊËÀ̄ÀÂ®¼ÀÌÀÀ̄ ½²̄ÍÀ¿ µ́°À¼À­®½̄ ÀÃ­µÁ¿À¼À½µ³¾À̄ ®́½¿²°À®°À°°Ã±Â ®°Î²́́ÁÏµ³Í²̄°°Ǟ¿­µ¾ÀÎ̧¬ÏÐ»Å¾²½¿Á́µÁ¾µ¿À­®́À²̄́À½½À±́Ã®½¿²°®Ì²½²́Ä Ņ̃ÑÒÓ»Å®̄¿°±Â²Ôµ³Â­À̄²®̧Ð¹Õ»̧Ö»×Ø°²̄Ë½À¾²°°À̄°À¾Ã́®́²µ̄ ²̄ẤÀÌ®°²±ÂÀ½²ÙÁ½µµ³ÁÂÀ½²Ù Ì̧ÏÚÏ»­ÀË²µ̄ÅÆÂ²±Â¾À¿²®́À°
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 *����,©ªo«¬+1YY] 3!"! 0!8]$̈ � 2-]Ỳ 4����©ªo«¬+1YY! 1"®*����,©ªo«¬+1YY! &"] 0!8[\̈ 4 2-]Y­ 4����©ªo«¬+1YY! 1"[ 0!&-\̈ $ 2-]1� �
�
��©ªo«¬+1Y0Y 3]"0Y 0!-84̈ \ 5-]-) (
,
���©ªo«¬+1Y01 -!"00 0!-[\̈ $ 4-]!� `	
���©ªo«¬+1Y01 3"01 0]&0$̈ � 430&Z �������
�©ªo«¬+1YY[ &-"
SPDeNCFDAMeFDIJ̄PJDeJIFGQRSTOCIIJDIJIPhINCNPNCFDI

°±²³́µ±¶·̧¹±º»¼»½¾»¿ÀºÁ¾½¼½ÂÃ½Ä



���������	�
����������
� 	��		������������������� ���	���� 	
� ���� ����	�
 �	 	�� ��������
���� �!� �"�����#��
��$%�!$& "����'#"(�)��#* +��,-�	����.�
	��	����.�-��������������	�
�������������	������$� ����

����-		����	�������/�-��	�	������)
��������0���������	�
��	�	��������
������

12345678944:39;;<=>45?@A9B?C;D<E44AF
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