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Introduction

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

In this thesis, we have generated Drosophila melanogaster models for PTHS and other
TCF4-related intellectual disabilities and validated these models for drug screening. In
addition, we have gained knowledge about the functions of the TCF4 fly homolog
Daughterless (Da) in the adult nervous system of Drosophila melanogaster. Moreover,
we have conducted a systematic investigation of the expression of TCF4 gene in rodents
and humans paving the way for the development of gene therapy for PTHS and other
TCF4-related diseases. The models and knowledge generated and used in this thesis are
valuable tools for finding therapies for the diseases caused by alterations in TCF4.
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1 Review of the Literature

1.1 Transcription factor 4, a class | basic helix-loop-helix transcription
factor

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

given.
’ Neurogenesis
m -box Neuronal migration

Synaptogenesis
Oligodendrocyte development
I—b Synaptic plasticity

Immune system development
-box m Cell cycle

NJ)(I A
LA

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

1.1.1 Functions of TCF4

TCF4 has important functions in a variety of developmental processes and in recent years
a lot of advancements have been made in elucidating its functions in the development
of nervous system. TCF4 has been shown to bind enhancers which regulate neurogenic
transcription factor genes indicating that TCF4 is a key regulator of neurogenesis
(Quevedo et al.,, 2019). More precisely, TCF4 regulates neuronal migration and
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positioning (Chen et al., 2016; Flora et al., 2007; Zhang et al., 2021b), affects the
development of cortical neurons (Mesman et al., 2020; Page et al., 2018; Rannals et al.,
2016a; Rannals et al., 2016b; Schoof et al., 2020), hippocampus (Mesman et al., 2020;
Schoof et al., 2020; Wang et al., 2020) and commissural formations (Mesman et al., 2020;
Schoof et al.,, 2020; Wittmann et al., 2021). Also, neuronal morphology and synapse
formation are partly regulated by TCF4 (D’Rozario et al., 2016; Phan et al., 2020; Rosato et
al., 2021; Schoof et al., 2020). In addition to its roles in the development of neurons, TCF4
also regulates the development of oligodendrocytes and myelination (Fu et al., 2009;
Haines et al., 2010; Phan et al., 2020; Wedel et al., 2020; Zhang et al., 2021a). In the adult
nervous system, TCF4 has been shown to modulate neuronal excitability (Sarkar et al.,
2021), synaptic plasticity (Crux et al., 2018), a7 nicotinic acetylcholine receptor signaling
(Rex et al., 2017), adult neurogenesis in the hippocampus (Shariq et al., 2021), locomotion,
cognition and learning (Li et al., 2019; Sarkar et al., 2021).

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

1.1.2 Protein structure of TCF4

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

1.1.3 Expression of TCF4 mRNA and protein

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

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

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

1.1.4 Regulation of TCF4 activity and expression
Transcriptional activity of TCF4 is regulated by neuronal activity (Sepp et al., 2017). It has
been shown that Protein Kinase A phosphorylates TCF4 and increases its ability to activate
transcription (Sepp et al., 2017). The activity of TCF4 is also regulated by Calmodulin which
is involved in the calcium signal transduction pathway (Saarikettu et al., 2004).
Additionally, TCF4 gene expression is regulated by Wnt signalling pathway (Hennig
et al., 2017; Kolligs et al., 2002). There is also evidence that E-proteins cross regulate — it
has been shown that Transcription Factor 3, which is also an E-protein, binds to an E-box
in the intron 2 of TCF4 gene and regulates its transcription (Li et al., 2019). In addition,
multiple micro RNAs have been shown to regulate TCF4 gene expression (Adusumilli
et al., 2020; Han et al., 2016; He et al., 2022; Kwon et al., 2013; Li et al., 2011; Xue et al.,
2019). Since TCF4 is associated with many diseases there is ongoing work in finding drugs
that modulate TCF4 expression or its function. For example, it has been shown that
histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA) upregulates
TCF4 expression (Hennig et al., 2017; Kennedy et al., 2016)

1.1.5 Target genes of TCF4

In the nervous system TCF4 target genes have been investigated in vitro using DNA
binding experiments, reporter constructs and transcriptomics. In cultured SH-SY5Y
human neuroblastoma cells TCF4 binds to genes involved in nervous system
development, ion transport and signal transduction (Forrest et al., 2018). Silencing of
TCF4 in the same cells indicates that TCF4 regulates TGF-B signalling, epithelial to
mesenchymal transition, apoptosis, and more specifically proneural genes Neurogenin 2
and Achaete-Scute Family bHLH Transcription Factor 1 (ASCL1) (Forrest et al., 2013).
Using reporter assays in HEK293 cell line, TCF4 has been shown to regulate Neurexin 18
and Contactin associated protein 2 promoters (Forrest et al., 2012). In addition to cell
lines, neurons differentiated from neural stem cells or neural precursors have been used
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to identify the target genes for TCF4. Chromatin immunoprecipitation (ChIP) sequencing
experiments have confirmed that TCF4 binds to genes that regulate cell proliferation,
apoptosis, neuronal development and differentiation, axon guidance and
synaptogenesis, for example Neurotrimin and Discs large MAGUK scaffold protein 2,
Neurexin 1o and 18 (D’Rozario et al., 2016; D’Rozario et al., 2016; Hennig et al., 2017),
and Neurexin 1a and 18 expression levels have been shown to be regulated by TCF4
(D’Rozario et al., 2016). TCF4 silencing experiments in neural progenitor cell lines show
that genes involved in cell cycle regulation are affected by TCF4 expression levels (Hill
etal., 2017). As useful cell models, induced pluripotent stem cells (iPSCs) generated from
fibroblasts derived from Pitt-Hopkins syndrome (PTHS) patients (a disease caused by
TCF4 haploinsufficiency, Amiel et al., 2007; Brockschmidt et al., 2007; Zweier et al., 2007)
and differentiated into neural progenitor cells, neurons and brain organoids have also
been used (Papes et al., 2022). Genes that are expressed differentially in these models
include genes involved in adhesion, neurogenesis, neuronal identity, differentiation, and
regulation of neuronal excitability, for example Potassium voltage-gated channel
subfamily Q members KCNQ2 and KCNQ3 (Papes et al., 2022). In addition, in rat primary
cortical neurons TCF4 has been shown to regulate the expression of Growth arrest and
DNA-damage-inducible protein coding gene Gadd45y (Sepp et al., 2017) and Brain
derived neurotrophic factor (Esvald et al., 2022; Tuvikene et al., 2021).

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

1.1.6 TCF4-related diseases

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

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

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

TCF4, functioning in a variety of developmental processes and in cell cycle (Schmidt-
Edelkraut et al., 2014) and in epithelial-mesenchymal transition (Cano and Portillo, 2010;
Sobrado et al., 2009; Xiang et al., 2011), is also associated with many cancers (Kolligs et al.,
2002). Misexpression of TCF4 has been reported in gastric (Kim et al., 2008), colon (Herbst
et al., 2009a), colorectal (Herbst et al., 2009b; Savio et al., 2016), breast (Appaiah et al.,
2010; Yamamoto and Yamamoto, 2007), endometrial (Zhao et al., 2020) and prostate
cancers (Yamamoto and Yamamoto, 2007). In addition, TCF4 is associated with melanoma
(Dunn et al., 2006; Luo et al., 2016), diffuse large B-cell lymphoma (Care et al., 2013; Jain
et al., 2019), acute myeloid leukemia (in 't Hout et al., 2014), blastic plasmacytoid dendritic
cell neoplasm (Ceribelli et al., 2016) and medulloblastoma (Wong et al., 2020). It has also
been shown that TCF4 is involved in chemotherapy response and metastasis (Hur et al.,
2017; Pernia et al., 2020; Xiang et al., 2011).
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1.1.7 Animal models of TCF4-related diseases

Tcf4 knock-out mice die immediately after birth (Fu et al., 2009) and therefore the
physiological functions of TCF4 in postnatal organism are possible to study only in Tcf4
haploinsufficient mice. Tc¢f4 haploinsufficient mice have also been used for studying
diseases where TCF4 function is impaired. Anatomically they exhibit microcephaly with
reduced cortical thickness and smaller hippocampi, their neuronal migration is delayed,
dendrite and synapse formation is defective, adult hippocampal neurogenesis is reduced
and myelination is defective (Braun et al., 2020; Jung et al., 2018; Li et al., 2019; Phan et al.,
2020; Thaxton et al., 2018). Tcf4 heterozygous knock-out mice have enhanced long-term
potentiation in the hippocampus (Kennedy et al.,, 2016; Thaxton et al., 2018) and
expression levels of the ion channel expressing genes Kcngl and Scnl0a are increased
(Rannals et al., 2016b). These mice have behavioural problems — defective social
interaction, ultrasonic vocalization, prepulse inhibition, spatial and associative learning and
memory, reduced anxiety and breathing problems (Cleary et al., 2021; Kennedy et al., 2016;
Thaxton et al., 2018). Additionally, conditional Tcf4 knock out mice have been used for
modelling of TCF4-related intellectual disabilities. If Tcf4 is knocked out in the neural
progenitor cells of hippocampus, then hippocampus becomes defective and small, and
social memory of the animals is impaired (Wang et al., 2020). Tcf4 gene inactivation in the
neocortex causes mispositioning of neurons (Zhang et al., 2021b). Loss of TCF4 in adult and
developing brain results in changes in dendrite morphology, and defects in excitability and
synaptic plasticity (Crux et al., 2018; Sarkar et al., 2021; Schoof et al., 2020).

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

Some potential therapeutics have been proposed using mouse models for TCF4-related
diseases. It has been shown that histone deacetylase inhibitor SAHA rescues memory
deficit in loss-of-function Tcf4 model (Kennedy et al., 2016). The voltage-gated sodium
channel Na,1.8 has been proposed as a high priority target for PTHS therapy (Cleary et al.,
2021; Martinowich et al., 2022) since the gene coding for Na,1.8-SCN10A is regulated by
TCF4 (Li et al., 2020; Rannals et al., 2016b). One of the potential drugs for inhibiting Na,1.8
is Nicardipine. In the PTHS mouse model Nicardipine rescued behavioural deficits (Ekins
et al., 2020). Another method for treating PTHS could be viral gene therapy. Using a PTHS
mouse model it has been shown that reinstating Tcf4 expression in neurons improves
anxiety, activity levels, innate behaviours and memory of the mice (Kim et al., 2022). In
schizophrenia model of Tcf4 overexpressing mice spironolactone and aripiprazole
improved deficits in cognition (Stephan et al., 2022).

Using mouse models for initial drug screening is time consuming and expensive.
Drosophila melanogaster is widely used as a time and cost-efficient model for human
diseases and could be used for studying TCF4-related diseases. The TCF4 homolog in
Drosophila melanogaster is Daughterless (Da), which will be introduced next.
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1.2 Daughterless, the Drosophila melanogaster homolog of TCF4

The name daughterless (da) was given to the gene in 1954 by Bell when an observation was
made that female Drosophila melanogaster carrying homozygous spontaneous mutation
da® have only male progeny (Sandler, 1972). Interestingly, this phenotype is temperature
sensitive (Cline, 1976). Maternally contributed Daughterless (Da) participates in sex
determination as a heterodimer with Scute (Sc) by transcriptionally regulating Sex-lethal
gene which in the case of X chromosome to autosomal chromosome ratio 1:1 (XXAA) is
activated and induces female phenotype. In the case of X chromosome to autosomal
chromosome ratio 1:2 (XAA) Sex-lethal is inactive and embryos develop as males (Cline,
1988; Deshpande et al., 1995; Hoshijima et al., 1995).

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

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

r’ Neurogenesis
m -box Synaptogenesis
Cell cycle
Locomotion
Sex determination
Myogenesis
Oogenesis

E-box

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

1.2.1 Functions of Da

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

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

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

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

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

1.2.2 Da protein

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

s D 8

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

1.2.3 Expression of da

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

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

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

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

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

1.2.4 Regulation of Da expression and activity

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

Da has been shown to autoregulate its own expression (Bhattacharya and Baker,
2011; Smith and Cronmiller, 2001). In the ovaries da transcriptional autoregulation was
shown by genetic and molecular experiments using a da allele which has an insulating
element inserted in the only intron of da gene (Smith and Cronmiller, 2001). Initiation of
da transcription uses an enhancer in the intron. After the initiation of expression, Da
itself can positively autoregulate its own expression through E-boxes in the promoter
region. There are also negative cis-acting sequences downstream of the insulating
element that downregulate da expression so that Da levels do not become deleteriously
high. da autoregulation has also been shown in the eye imaginal discs (Bhattacharya and
Baker, 2011). This was demonstrated by overexpression of da without first non-coding
exon which causes endogenous da mMRNA levels to increase. Additionally,
in the proneural regions of 3™ instar larval eye discs overexpression of class Il bHLH
protein Ato upregulates Da and in proneural regions of wing imaginal discs
overexpression of class Il bHLH protein Sc upregulates Da (Li and Baker, 2019). Since
Da is an obligatory dimerization partner for class Il bHLH proteins this again indicates to
autoregulation. In the proneural regions of eye and wing imaginal discs da forms a

20



negative feedback loop with class V bHLH protein Emc which is the homolog for
mammalian Id proteins (Bhattacharya and Baker, 2011; Li and Baker, 2018; Li and Baker,
2019). In this negative feedback loop Da regulates Emc expression positively and Emc
overexpression has been shown to downregulate Da levels. Similar interaction system
involving Emc also occurs in the mature neurons where silencing of emc increases
Da expression and reduces da silencing phenotype and Emc overexpression reduces
Da overexpression phenotype (Waddell et al., 2019).

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

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

1.2.5 Interactors of Da

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

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

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

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

1.2.6 Targets of Da

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

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

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

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

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

Altogether, TCF4 and Da are homologs and they function in multiple developmental
processes including neurogenesis, but also in the mature nervous system in regulating
synapses. TCF4 is related with multiple serious diseases of the nervous system and also
cancer. Using Drosophila Da as a model could potentially give valuable knowledge of the
molecular mechanisms of TCF4-related diseases.
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2 Aims of the Study

The main aim of the thesis was to investigate Da and its mammalian homolog TCF4 to
gain knowledge on TCF4-related diseases. More specifically the aims were as follows:
e Validate that Da and TCF4 are orthologs;
e Generate and characterize Drosophila melanogaster models with decreased
expression levels of Da;
e Investigate the roles of Da in mature neurons;
e Validate generated models as potential tools for screening drugs for PTHS and
other TCF4-related diseases;
e Characterise the expression of different TCF4 transcripts and protein isoforms
in developing and adult rodent and human tissues.
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3 Materials and methods

The following methods, described in the indicated publications, were used in this study:
e Drosophila melanogaster rearing — publications | and I
e  Molecular cloning — publications I, Il and Il
e CRISPR-Cas9 mediated tagging — publication Il
e Transgenesis — publications I and Il
e Growing of cell lines (HEK293, Neuro2a, SH-SY5Y) — publications I, Il and 11l
e  Growing of rat primary cortical neurons — publication Il
e DNA transfection — publications I, Il and 11l
e Luciferase reporter assay — publications I and Il
e Invivo lacZ reporter assay — publication |
e RNA isolation, cDNA synthesis, RT-PCR or RT-qPCR — publications I, Il and IlI
e Immunohistochemistry — publications 1 and Il
e Laser confocal scanning microscopy — publications | and Il
e Light microscopy and scanning electron microscopy — publication |
e Drosophila lifespan experiments — publication |
e Western blot analysis — publications Il and IlI
e Appetitive associative learning assay of Drosophila larvae — publication Il
e Chromatin immunoprecipitation — publication Il
e Negative geotaxis assay — publication Il
e Direct Tcf4 RNA sequencing — publication IlI
e Tissue isolation and protein extraction — publications Il and IlI
e Invitro protein translation — publication Ill
e Analysis of publicly available RNA-seq datasets — publication IlI
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4 Results

Results obtained in Publication | are as follows:

Da is the Drosophila melanogaster ortholog for human E-proteins;

Introduction of PTHS-associated mutations located in the bHLH of TCF4 affects the
transcriptional activity of Da;

PTHS-associated mutations that affect arginines in the bHLH impair Da ability to
activate reporter construct in vivo and neurogenesis in the 3" instar larval wing
imaginal discs. Two of the arginine mutations cause malformation of the thorax,
indicating dominant-negative effects;

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

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

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

Results obtained in Publication Il are as follows:

A Drosophila melanogaster transgenic line was generated where Da is tagged with
3xFLAG tag, the tag does not interfere with the function of Da;

Da is expressed in all developmental stages of Drosophila melanogaster. In the
heads of adult flies Da expression decreases over time;

Da is expressed widely in the 3™ instar larval brain including cells of the mushroom
bodies;

Silencing of da in the 3™ instar larval brain causes decrease in the levels of synaptic
proteins Synapsin and Discs large 1;

Da binds to synapsin promoter region and several areas in discs large 1 gene in the
adult Drosophila heads;

Silencing of da in the 3" instar larval brain or specifically in the mushroom bodies
causes the impairment of appetitive associative learning;

Silencing of da in specific areas of the CNS causes the impairment of negative
geotaxis of the flies;

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

Results obtained in Publication Il are as follows:

In the developing mouse cerebral cortex, transcripts that encode five N-terminally
different Tcf4 isoforms are expressed;

The main Tcf4 transcripts in rodent brain code for Tcf4-A, Tcf4-B, Tcf4-D, Tcf4-C
and Tcf4-I protein isoforms;

TCF4 protein isoforms expressed in the mouse cerebral cortex can be grouped into
long, medium, and short isoforms — long being TCF4-B and TCF4-C, medium being
TCF4-D and short being TCF4-A and TCF4-I;
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In mouse and rat, postnatal expression of Tcf4 is highest in the cerebral cortex,
hippocampus and cerebellum;

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

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

In human, TCF4 mRNA expression is highest in the brain;

The main transcripts expressed in the human brain encode TCF4-A, TCF4-D, TCF4-B,
TCF4-C and TCF4-I;

Short, medium and long TCF4 protein isoforms are expressed in human brain.
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5 Discussion

5.1 Drosophila melanogaster is suitable for modelling PTHS

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

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

As a second step, we introduced four PTHS-associated missense mutations into Da
(Da’™3), expressed Da"™° in HEK293 cells and performed luciferase reporter assay.
These mutations impaired Da transcriptional ability in the same way as the
corresponding mutations in TCF4 ranging from reduced transcriptional activity to no
activity at all (Sepp et al., 2012). In addition, we generated Drosophila lines enabling us
to study Da"™s jn vivo. DaP™> overexpression and rescue experiments showed, that
the studied mutations impair Da functions in vivo, being hypomorphic, loss of function
or dominant negative. The effects of some of the mutations were tissue specific.
PTHS-associated mutations in TCF4 have also been shown to affect its function in
different ways, being hypomorphic to dominant negative and the severity depends on
the dimerization partner and the cell type (Forrest et al., 2012; Sepp et al., 2012; Sirp
et al.,, 2021). Using in vitro reporter assays and in vivo overexpression and rescue
experiments, we showed that TCF4 and Da function very similarly and are true orthologs
and therefore Drosophila melanogaster’s Da can be used for modelling PTHS.
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Figure 4. Generation and validation of Drosophila melanogaster models for TCF4-related
diseases. As a first step, Drosophila homolog for TCF4 was identified, then the homology was
validated. Next, da silencing phenotype in behavioural paradigms was tested and the obtained
models were validated for drug screening. For the identification of novel molecular functions of Da,
molecular biology methods were used and Da involvement in regulating synaptic proteins was
found. Figure created with BioRender.com.
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5.2 Da is important for learning and locomotion

PTHS, caused by mutations in TCF4, is an intellectual disability syndrome and mutations
in TCF4 cause mild to moderate intellectual disability (Bedeschi et al., 2017; Kalscheuer
et al., 2008; Kharbanda et al., 2016; Maduro et al., 2016; Masson et al., 2022; reviewed
in Peippo and Ignatius, 2012). It has been shown that mouse PTHS models have impaired
memory (Kennedy et al.,, 2016; Thaxton et al.,, 2018). To generate the Drosophila
melanogaster behavioural models for TCF4-related intellectual disabilities, we decided
to use larval appetitive associative learning paradigm since no specific equipment is
needed compared to adult learning paradigm. As we were unable to detect any aberrant
phenotypes in the case of heterozygous da mutation, we decided to use wide silencing
of da in CNS or more specifically in the mushroom bodies which are the memory centres
of the fly. Using fly line where Da was tagged with 3xFLAG, wide Da expression in the
larval CNS including cells in the mushroom body was found. Our da knock-down model
was a success since silencing da widely in larval brain or in the mushroom bodies resulted
in impaired larval appetitive associative learning.

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

5.3 Da functions in regulating the synaptic proteome

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

5.4 Drosophila PTHS models can be used for drug screening

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

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

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

SAHA is a histone deacetylase inhibitor but the effects of SAHA are not only
epigenetic since histone deacetylases also affect other proteins besides histones. Histone
deacetylases also deacetylate DNA-repair proteins, cytoskeletal and adhesion proteins,
cell signaling proteins and transcription factors (reviewed in Wawruszak et al., 2021).
SAHA affects all these processes and this makes it a promising treatment for cancer.
In our Drosophila melanogaster PTHS models, SAHA had positive effects on both learning
and locomotion, and it has been previously shown to improve memory in PTHS mouse
models. Taking all that into account shows that SAHA is a potential drug for PTHS and
TCF4-related intellectual disability patients.

The fact that we were able to partially rescue our da silencing phenotypes with two
drugs that positively affect transcriptional activity of Da and TCF4 shows that our models
are suitable for drug screening. Other drugs could also be tested in the future,
for example Nicardipine, since it has been shown to rescue behavioural deficits of PTHS
mouse models (Ekins et al., 2020).
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5.5 Da has functions in the mature Drosophila melanogaster

Da has been mostly studied in the developmental processes, where the functions include
regulation of cell cycle, sex determination, endoderm and mesoderm development,
myogenesis, salivary gland development, oogenesis and nervous system development
(Andrade-Zapata and Baonza, 2014; Bhattacharya and Baker, 2011; Brown et al., 1996;
Castanon et al., 2001; Caudy et al., 1988b; Chandrasekaran and Beckendorf, 2003; Cline,
1988; Smith et al., 2002; Tepass and Hartenstein, 1995; Wong et al., 2008). There is some
evidence that Da is important for the functioning of larval nervous system where it
regulates axonal branching, synaptogenesis and locomotion (D’Rozario et al., 2016;
Waddell et al., 2019). In the larval brain, Da carries out the functions at least in part through
regulating the expression of synaptic proteins Bruchpilot and Nrx-1 (D’Rozario et al., 2016).
In this thesis we provide additional evidence that Da functions in the mature Drosophila
melanogaster. First, we show that Da is expressed in larval and adult brains. In addition, we
show that ubiquitous overexpression of Da in the adult flies after eclosion from the pupae
causes lethality within days indicating that maintaining appropriate levels of Da is also
crucial after development. We also demonstrate that Da has functions in mature neurons.
More specifically, Da regulates memory, locomotion, and the expression of synaptic
proteins Syn and Dlgl. This is in agreement with previous findings by D’Rozario and
colleagues showing that in mature nervous system Da functions in maintaining the synaptic
proteome.

5.6 Advancements on the expression studies of TCF4 are beneficial for
developing therapies for TCF4-related diseases

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

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

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

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

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

The main findings of this thesis are as follows:

Da is the ortholog of TCF4 since TCF4 is functional in the neurogenesis of the
Drosophila melanogaster and can replace Da during embryonic neurogenesis;
Silencing of da in the nervous system causes the impairment of larval appetitive
associative learning and negative geotaxis of the adults;

Synaptic proteins Synapsin and Discs large 1 are regulated by Da;

da silencing phenotypes can be alleviated with resveratrol and SAHA, showing
the Drosophila melanogaster PTHS models can be used for drug screening;

In the brains of rodents and humans, transcripts that encode TCF4-A, TCF4-B
and TCF4-D are the main transcripts.
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Abstract

Studies of the Drosophila basic helix-loop-helix transcription
factor Daughterless and its mammalian homologue
Transcription factor 4

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

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

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

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

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

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

Collectively, the TCF4-related disease models generated and characterised by us
provide tools for developing therapeutics for PTHS and other diseases associated with
TCF4. The Drosophila melanogaster models have great potential in drug screening and
discovery and the knowledge of isoform and tissue specific TCF4 expression is crucial for
development of gene therapy.
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Lihikokkuvote

Aidikakirbse aluselise heeliks-ling-heeliks transkriptsiooni-
faktori Daughterless ja tema imetaja homoloogi Trans-
kriptsioonifaktor 4 uuringud

Transkriptsioonifaktor 4 (TCF4) on klass | aluseline heeliks-ling-heeliks
transkriptsioonifaktor, millel on organismis mitmeid funktsioone. Enim on uuritud
TCF4 rolli nadrvisisteemi arengus, tadiskasvanud narvisiisteemi talitluses,
immuunsisteemi arengus ja toimimises ning rakutsikli reguleerimises. TCF4
olulisust néarvisiisteemis réhutab asjaolu, et see on seotud raskete haigustega —
mutatsioonid TCF4 geenis pdOhjustavad haruldast kuid t8sis vaimset alaarengut
nimega Pitt-Hopkinsi sindroom (PTHS) ja kerget kuni mdddukat intellektipuuet.
Enamgi veel, TCF4 geeni variatsioonid on seotud skisofreenia ja teiste
psihhiaatriliste hdiretega. Lisaks pdhjustavad spetsiifilised kordused TCF4 geenis
Fuchsi sarvkesta diistroofiat ja TCF4 on seotud vdhiga. See muudab TCF4 teaduse
jaoks oluliseks geeniks ja uurimisto6 hélbustamiseks on vaja loommudeleid.

TCF4-seoseliste intellektipuude haiguste jaoks on loodud erinevaid hiiremudeleid,
sealhulgas Tcf4 heterosigoodid ja konditsionaalsed knock out’id. Neid mudeleid
kasutades on tehtud suuri edusamme TCF4-ga seotud neuroloogiliste haiguste
moistmisel, kuid ravimite sdeluuringute labiviimine hiiremudelites ei ole optimaalne.
Drosophila  melanogaster’i haiguste mudelid on sobivad ja téhusad ravimite
sOeluuringuteks ning TCF4-ga seotud haiguste modelleerimisel kdrbses on suur
potentsiaal. Drosophila melanogaster'i TCF4 homoloog on Daughterless (Da). Da-l on
arengu ajal palju rolle, sealhulgas embriiogenees, soo maddramine, oogenees,
rakutsiikkel, kuid see on peamiselt tuntud oma rollide poolest narvislisteemi arengus.
Lisaks toimib Da tdiskasvanud néarvisilisteemis, reguleerides slinaptogeneesi.

Kadesolevas vditekirjas I6ime ja valideerisime PTHS-i ja teiste TCF4-ga seotud
intellektipuuete Drosophila melanogaster’i haigusmudelid. Lisaks iseloomustasime
TCF4 isovormide koespetsiifilist ekspressiooni enimkasutatud loommudelites —
hiirtes ja rottides ning lisaks ka inimeses. Need teadmised on oluliseks aluseks
geeniteraapia loomisel.

Esiteks tOestasime, et TCF4 ja Da on tdelised ortoloogid, kuna inimese TCF4 on
vOimeline aktiveerima Drosophila melanogaster’i narvisiisteemi arengut ja asendama
seda embriionaalse neurogeneesi ajal. Veelgi enam, PTHS-iga seotud mutatsioonid
mdjutavad Da toimimist sarnaselt TCF4-ga — vastavad mutatsioonid pdhjustavad mdlema
valgu hipomorfset, funktsiooni kaotust pShjustavat voi domineerivat negatiivset moju
ning moned nendest mdjudest on kontekstispetsiifilised. Need tulemused kinnitasid, et
Drosophila da sobib TCF4-ga seotud haiguste uurimiseks.

Teiseks kasutasime PTHS-i ja muude TCF4-ga seotud intellektipuuete mudelite
loomiseks RNA interferentsipdhist da vaigistamist Drosophila melanogaster’i
narvisisteemis ja kahte kaditumuslikku anallisi — vastsete isu-seoselist Gppimist ja
tdiskasvanud karbeste negatiivset geotaksist. Meie tulemused nditasid, et vihenenud Da
ekspressioon narvislisteemis kahjustab vastsete malu ja tdiskasvanute liilkkumisvdimet.
Lisaks leidsime, et Da osaleb silinaptilise proteoomi reguleerimisel. Jargmisena
valideerisime, et Drosophila melanogaster’i mudelid sobivad ravimite sdeluuringuteks.
Meie TCF4-ga seotud intellektipuude mudelite fenotllpe parandasid kaks ravimit —
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suberoutlaniliidhidroksaamhape (SAHA) ja resveratrool. Lisaks suurendasid need
ravimid nii Da kui ka TCF4 transaktivatsioonivdimet.

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

Kaesolevas vditekirjas loodud ja iseloomustatud TCF4-ga seotud haiguste mudeleid
saab kasutada PTHS-i ja muude TCF4-ga seotud haiguste ravi leidmiseks. Drosophila
melanogaster’i mudelitel on suur potentsiaal ravimite sdeluurimisel ja avastamisel ning
teadmised isovormi ja koespetsiifilise TCF4 ekspressiooni kohta on geeniteraapia
arendamiseks Uliolulised.
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Introducing Pitt-Hopkins syndrome-associated mutations of TCF4

to Drosophila daughterless

Laura Tamberg, Mari Sepp, Tonis Timmusk and Mari Palgi*

ABSTRACT

Pitt-Hopkins syndrome (PTHS) is caused by haploinsufficiency of
Transcription factor 4 (TCF4), one of the three human class | basic
helix-loop-helix transcription factors called E-proteins. Drosophila
has a single E-protein, Daughterless (Da), homologous to all three
mammalian counterparts. Here we show that human TCF4 can
rescue Da deficiency during fruit fly nervous system development.
Overexpression of Da or TCF4 specifically in adult flies significantly
decreases their survival rates, indicating that these factors are crucial
even after development has been completed. We generated da
transgenic fruit fly strains with corresponding missense mutations
R578H, R580W, R582P and A614V found in TCF4 of PTHS patients
and studied the impact of these mutations in vivo. Overexpression of
wild type Da as well as human TCF4 in progenitor tissues induced
ectopic sensory bristles and the rough eye phenotype. By contrast,
overexpression of DaR%W and DaR%®2" that disrupt DNA binding
reduced the number of bristles and induced the rough eye phenotype
with partial lack of pigmentation, indicating that these act dominant
negatively. Compared to the wild type, DaR®7®" and Da”®'*V were
less potent in induction of ectopic bristles and the rough eye
phenotype, respectively, suggesting that these are hypomorphic. All
studied PTHS-associated mutations that we introduced into Da led
to similar effects in vivo as the same mutations in TCF4 in vitro.
Consequently, our Drosophila models of PTHS are applicable for
further studies aiming to unravel the molecular mechanisms of this
disorder.

KEY WORDS: Pitt-Hopkins syndrome, Drosophila melanogaster,
Intellectual disability, Daughterless, bHLH, Nervous system

INTRODUCTION

Pitt-Hopkins syndrome (PTHS, OMIM #610954) is a rare human
disorder characterised by severe developmental delay, autistic
behaviours, absence of speech, distinct facial features, epilepsy,
constipation and hyperventilation (Pitt and Hopkins, 1978,
Whalen et al., 2012). PTHS is caused by haploinsufficiency of
the Transcription factor 4 (TCF4, located at 18q21.1, OMIM
#602272) (Amiel et al., 2007; Brockschmidt et al., 2007; Zweier
et al, 2007). Large chromosomal deletions, partial gene
deletions, frame shift, nonsense, splice site or missense
mutations in the 7CF4 gene have been found in PTHS patients.
These mutations are usually sporadic, but in some cases children
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have inherited the mutant allele from a mosaic parent (reviewed
in Sweatt, 2013). In vitro, PTHS-associated missense mutations
result in hypomorphic, non-functional or dominant-negative
TCF4 alleles (Sepp et al., 2012). It is unclear whether
mutations causing PTHS impair development of the nervous
system or functioning of the adult central nervous system (CNS),
or both. In addition to PTHS, TCF4 is associated with several
other human diseases such as schizophrenia, Fuchs’ corneal
endothelial ~dystrophy and primary sclerosing cholangitis
(reviewed by Forrest et al., 2014).

TCF4 (previously also known as ITF2, SEF2 or E2-2) belongs to
the family of class I basic helix-loop-helix (bHLH) transcription
factors (Massari and Murre, 2000) and should be distinguished from
T-cell factor 4 (TCF4/TCF7L2) involved in the Wnt signalling
pathway. The bHLH transcription factors form a large
evolutionarily conserved family with important roles in numerous
developmental processes including neurogenesis, myogenesis,
haematopoiesis, and sex determination. The highly conserved
bHLH region mediates interaction with other bHLH proteins and
specific binding to DNA. Class I bHLH proteins, also called the E-
proteins, comprise the mammalian TCF3/E2A, TCF4, TCF12/HEB
and the Drosophila Daughterless (Da) (Massari and Murre, 2000).
They are widely expressed and form homo- or heterodimers with
class I bHLH proteins to bind DNA at the Ephrussi box (E-box)
sequence, CANNTG. Class II bHLH proteins (Achaete-Scute
complex proteins, MyoD, Myogenin, Atonal family etc.) are
expressed in a tissue-specific manner but are not capable of
activating transcription without E-proteins. In this study, we used
the only E-protein in Drosophila, Da, to study PTHS-related
mutations in the fruit fly.

Being the sole E-protein in Drosophila, Da has multiple roles in
development — in sex determination and oogenesis (Cronmiller and
Cummings, 1993; Smith et al., 2002), neurogenesis (Caudy et al.,
1988; Hassan and Vaessin, 1997; Vaessin et al.,, 1994), eye
development (Bhattacharya and Baker, 2011; Lim et al., 2008;
Tanaka-Matakatsu et al., 2014), intestine stem cell maintenance
(Bardin et al., 2010), and mesoderm development (Castanon et al.,
2001). Da can both homodimerise or form heterodimers with
class II bHLH proneural proteins and regulate the establishment of
neural precursors (Cabrera and Alonso, 1991; Murre et al., 1989;
Smith and Cronmiller, 2001; Tanaka-Matakatsu et al., 2014; Troost
et al., 2015; Zarifi et al., 2012). Both lack of Da and ubiquitous
overexpression of Da result in embryonic lethality, showing the
importance of proper dosage (Cronmiller and Cline, 1987; Giebel
et al., 1997).

Previously, Drosophila melanogaster has been successfully used
to model human neurodegenerative diseases (Sang and Jackson,
2005). Recently efforts have been made towards exploiting fruit fly
to model neuropsychiatric diseases and intellectual disability
disorders (O’Kane, 2011; van der Voet et al., 2014). However, so
far there are no fruit fly models of PTHS. Being the only E-protein
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in Drosophila, Da is probably a functional orthologue of all
mammalian E-proteins. Here we prove that TCF4 is a true functional
orthologue of Da capable of mediating neuronal development in
Drosophila.

To recapitulate the PTHS in Drosophila we introduced four
PTHS-associated mutations of TCF4 — R580W, R578H, R582P and
A614V — into Da. Their transcriptional activation capability was
compared and analysed in vivo. All these mutations caused similar
defects as their counterparts in TCF4 in vitro ranging from
hypomorphic to dominant-negative effects.

Finally we show that activation of da transgenes with and without
PTHS mutations in adult Drosophila leads to a reduced lifespan
ranging from a few days to couple of weeks. These results implicate
that in addition to their roles in development, expression of
E-proteins has to be regulated in a spatially and temporally restricted
manner also in adult flies.

RESULTS

Daughterless is the only orthologue of human E-proteins in
Drosophila

Amino acid sequence analysis showed that Da is about 35%
identical to human E-proteins TCF3, TCF4, and TCF12 and has the
highest identity with TCF4 (35.54%). Even though the entire amino
acid sequence homology between human E-proteins and Da is
below 50%, the amino acid identity of bHLH domains between Da
and human E-proteins reaches 75% (Fig. 1) which allows
extrapolation of mutations found in bHLH of TCF4 of PTHS
patients into Da.

Seven out of nine PTHS-associated missense mutations in TCF4
are found in the bHLH region (Sepp et al., 2012). From these
bHLH positioned conserved mutations we selected four R578H,
RS580W, R582P and A614V for introduction into Da (Fig. 1). We
named all mutations after PTHS-associated mutations in TCF4,
although the numeral positions in Da differ by 14 amino acids
(R564H, R566W, R568P, and A600V respectively). Two
additional mutations were generated in order to study the
importance of amino acid position and specificity. The first of
these is D515G (D501G in Da) in nonconserved region close to the
mutation D535G found in a PTHS patient. The second is R580L
(R566L in Da) where leucine replaces arginine 580 originally
found to be mutated into tryptophan in a patient of PTHS. The
obtained transgenic fly strains with PTHS mutations introduced to
da (da®™S) were crossed to the da®3>-GAL4 line and verified to
produce mutated transcripts (Fig. S1).

Mutated Daughterless proteins have variable

transactivation capabilities in HEK293 cells in comparison
to wild type protein

We and others have previously demonstrated that several PTHS-
associated missense mutations impair the functions of TCF4
homodimers and/or heterodimers with ASCL1 in vitro (Zweier
et al., 2007; de Pontual et al., 2009; Sepp et al., 2012; Forrest et al.,
2012). Particularly, PTHS-associated mutations R578H, R580W
and R582P abolish the DNA-binding and transactivational capacity
of TCF4 homodimers and TCF4:ASCL1 heterodimers, whereas
A614V mutation impairs the functions of TCF4 homodimer, but
retains the activity of the TCF4:ASCLI1 heterodimer (Sepp et al.,
2012). To test the transactivation capability of Da proteins carrying
the same PTHS-associated mutations and two additional mutations
(D515G and R580L), we used luciferase reporter assay in human
embryonic kidney-derived cell line (HEK293). Three out of seven
constructs tested — Da"!, DaP>!%¢, and Da*°!4V — were capable of
activating E-box controlled luciferase gene transcription (Fig. 2).
Da™ did not activate transcription from the reporter construct
without E-boxes indicating that the transcriptional activation is E-
box specific. The following mutations abolished reporter gene
expression: R578H, R580W, R580L and R582P. In the case of
Da’®!4V the luciferase signal was lower compared to Da™! whereas
the control mutation D515G showed no effect on Da transactivation
capability. These results indicate that arginines R578 and R580 in
the basic region and R582 in the beginning of the first helix of Da
bHLH domain are essential for activating E-box controlled
transcription. The mutation A614V in the second helix shows
diminished transactivation of transcription (Fig. 2). The above
results are completely consistent with the results obtained with
TCF4 proteins carrying the same mutations (Sepp et al., 2012).

TCF4 and Da, but not DaR°78H, paR580W, paR580L o p5R582P,
activate E-box controlled reporter gene expression in wing
disc and induce ectopic thoracic bristles in Drosophila

To analyse the functional consequences of Da mutations in vivo,
we took the following approaches. First, we analysed the capacity
of the overexpressed mutants to activate E-box dependent
transcription in wing disc. Second, we tested the impact of the
mutations on formation of ectopic sensory bristles induced by Da
overexpression (Zarifi et al., 2012). To this end, transgenic
Drosophila strains were generated expressing Da” ™S under GAL4
control element UAS (Brand and Perrimon, 1993). Additionally,
we generated flies with two most widely expressed alternative

Fig. 1. Human E-proteins and
Drosophila Da show high amino

TCF4 PNQVPVPQLPVQSATSPDLN-PPQDPYRGMPPGLOGQSVSSGSSEIKSDD-EGDENLQDT h ]

TCF12 S8TV———————— TTSSTDLNHKTQENYRG---GLOSQSGTVVITEIKTENKEKDENLHEP acid sequence conservation of

TCF3 HNHAA---LPSQPGTLPDLSRPP-DSYSG---~-LGRAGATAAASE IKREEKEDEENTSAA bHLH domains. The amino acid

Da R LKLDRSASTSLPKQTKKRKEHTAT SNSVPAGVSTTSSLTSLDISDTKPTSST sequences of all three human E-

P L. . v w4y proteins TCF3, TCF4, and TCF12

together with Drosophila Da bHLH

TCF4 KSSEDKKLDDD--KKDIK-==-~ SITSNNDDEDLTPEQKAEREKERRMANNARERLE! domains with surrounding

TCF12 PSSDDMKSDDESSQKDIKVS SRGRTSSTNEDEDLNPEQK I EREKERRMANNARERLR sequences are presented. The basic

TCF3 DHSEEEK-—-—-—~ KELKAPRARTSPDEDEDDLLPPEQKAEREKERRVANNARERLR and loop regions are marked as light

Da ESSNS-GLOQHSQGKGTKRPR-RYCSSADEDDDAEPAVKATREKERRQANNARERTRIE grey while the helices are coloured

Y LA & Ri Pgomi Rk ke ki dark grey. Amino acid residues

marked in red in TCF4 sequence are

TCF4 RERNLNPKAACLKRREEE found mutated in PTHS patients and

TCF12 ERNLNPKAACLKRREEE amino acid residues marked in red in

TCF3 ERNLNPKAACLKRREEE Da sequence where mutations were

Da ERNLNPKAACLKRREEE

introduced in this study.
R KKk ko R Kk kK K
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Fig. 2. E-box controlled luciferase reporter

transcription activation capabilities of Da"'and
Da"™® in vitro. HEK293 cells were co-transfected with
wt or mutated da construct, firefly luciferase construct
carrying 12 yES boxes and a minimal promoter, or just a
minimal promoter (no E-box), and Renilla luciferase
construct with minimal promoter for normalisation.
Luciferase activities were measured and data are
presented as fold induced levels compared to the
signals obtained from cells transfected with an empty
vector. The mean results from three independent
transfection experiments performed in duplicates are
shown. Error bars show standard deviations. Statistical
significance is shown with asterisks relative to empty-
vector transfected cells, or between the groups
connected with lines. *P<0.05, **P<0.01, ***P<0.001,
ns, not significant, Student t-test; RLU, relative
luciferase unit.

; *
; *%
500 —_—
* *
—t
450
*%
400
350
300
=)
e
© 250
200
150
100 **
0 ] ]
ns ns ns ns ns
0 : - : v . : T T
vector Da Da DaP515G DaR578HDaR580W DaR980L 4 R582PH AB14V
(no E-box)

splice forms of TCF4 — shorter TCF4-A4 isoform and the longer
TCF4-B isoform (Sepp et al., 2011). In vivo lacZ reporter assay
was performed using the transgenic flies with four E-boxes
CATCTG upstream of lacZ reporter region as previously described
(Culi, Modolell, 1998; Zarifi et al., 2012). UAS-transgenes were
ectopically expressed under pannier-GAL4 (pnr-GAL4) in wing
disc notum region (Fig. 3). Notum showed small spot-like areas of
transgenic E-box activation by endogenous Da. Expression of
GFP was used as a control showing no activation of reporter lacZ
and mimicking transgenic E-box activation by endogenous Da
(Fig. 3A). Importantly, this control did not induce ectopic bristles
or thorax defects (Fig. 3F). Da"* (Fig. 3B), DaP>!3% (Fig. 3C),
Da*®!*V (Fig. 3M), and to a lesser extent TCF4-A (Fig. 3N) and
TCF4-B (Fig. 30) were able to activate reporter transcription from
the E-box in vivo. Additionally, the same transgenes induced
ectopic bristle formation on thorax (Fig. 3G,H,R-T). Arginine
mutations R578H (Fig. 3D), R580W (Fig. 3E), R580L (Fig. 3K)
and R582P (Fig. 3L) abolished the ability of Da to activate
reporter expression in the wing disc. Interestingly, DaR*%%
(Fig. 3J), Da®*%% (Fig. 3P) and DaR>*?" (Fig. 3Q) reduced the
number and size of thoracic bristles and caused malformation of
the whole adult thorax indicating that these mutations share
dominant-negative effects. Overexpression of DaR 78! (Fig. 31I)
resulted in no major defects on the thorax, but on several
occasions formation of some ectopic bristles was observed. Taken
together, these results demonstrate that TCF4 isoforms TCF4-A
and TCF4-B, Da", DaP3'’C and Da*®'*V activate E-box
controlled transcription in Drosophila. The arginine mutations
R580W, R580L and R582P cause dominant negative effects while
the mutation R578H considerably reduces the ability of Da to
induce ectopic bristles.

Da, DaP515¢, DaR578H, paf®14Y, TCF4-A and TCF4-B are
capable of rescuing da null embryonic neuronal phenotype
Next we asked whether Da™ or any of the mutants used is able to
rescue da null lethality or severe embryonic nervous system
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phenotype with total lack of peripheral nervous system (PNS) and
disrupted CNS (Caudy et al., 1988). For this experiment transgenic
fruit fly strains expressing Da%!, Da" ™5, TCF4-A or TCF4-B under
GAL4 responsive element were crossed to the GAL4 lines in da null
background. First, we performed the rescue experiments using
nervous system specific GMR12B08-GAL4 made of the only intron
of da gene fused with Drosophila core synthetic promoter followed
by GAL4 coding region (Pfeiffer et al., 2008). GMR12B08-GAL4
drives expression specifically in the nervous system in all
developmental stages. This driver failed to rescue da null
embryonic lethality with all our transgenes. The result obtained is
consistent with known functions of Da outside the nervous system,
for example in the mesoderm and muscle development (Castanon
etal., 2001; Gonzalez-Crespo and Levine, 1993; Wong et al., 2008).

Subsequently, we repeated the rescue experiment with Da%™'
under ubiquitous da3*>-GAL4 in da null background that led to
embryonic lethality (Giebel et al., 1997; Smith and Cronmiller,
2001). Despite embryonic lethality, the severe nervous system
phenotype i.e. peripheral nervous system absence was rescued. The
nervous system of embryos from the rescue crosses with da%**-
GAL4 was visualised by immunohistochemistry using neuronal
marker Futsch (Drosophila homologue to mammalian Microtubule
associated protein 1B). Embryos homozygous for null mutant allele
da'® lack the entire PNS and have defects in CNS (Fig. 4B)
compared to wt embryos (Fig. 4A). Expressing Da%™' in da null
background rescued the neuronal phenotype as reported before
(Giebel et al., 1997; Smith and Cronmiller, 2001) (Fig. 4C). In
embryos expressing DaP>!1> (Fig. 4D), Da*®'*V (Fig. 41), TCF4-A
(Fig. 4J) or TCF4-B (Fig. 4K) in da null background the neuronal
phenotype was rescued as well. Interestingly, Da®>7®! that was
unable to activate E-box controlled reporter expression in vitro
(Fig. 2) and in the wing disc (Fig. 3D), rescued the development of
the embryonic nervous system (Fig. 4E). Da®*®WV (Fig. 4F),
DaR>%L (Fig. 4G) and DaR*%2" (Fig. 4H) were unable to rescue the
neuronal phenotype of da null mutants, which is consistent with
their inability to activate transcription from E-box.
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pnr>lacZ

Because rescue of da null mutants with expression of Da™* using
da®?’>-GAL4 driver failed, other GAL4 strains with broad
expression like rub-GAL4, 69B-GAL4 and ubi-GAL4 were used
for rescue experiments. However, the rescue of da null embryonic
lethality using these drivers was unsuccessful (data not shown).
These results demonstrate that the exact dosage and spatial and
temporal regulation of Da protein expression are highly important
for Drosophila viability.

Overexpression of Da, Da”™S, TCF4-A, or TCF4-B by
GMR12B08-GALA4 results in the rough eye phenotype
Overexpression of Da“, Da’™S TCF4-A or TCF4-B under
ubiquitous da®*’-GAL4 driver resulted in embryonic lethality.
Overexpressing these transgenes under the control of the nervous-
system specific GMR12B08-GALA4 resulted in viable flies with the

Fig. 3. In vivo E-box-lacZ reporter assay in
larval wing discs and activation of bristle
formation by overexpression of Da",
Da"™S, TCF4-A and TCF4-B. Expression of
GFP under pnr-GAL4 served as a control in
wing disc resembling endogenous activation
of E-box-lacZ reporter expression (A) and
shows no deviation from wild type bristles and
thorax (F). Da™* (B), DaP*'*® (C),

Da"'V (M), TCF4-A (N) and TCF4-B (O)
were able to activate E-box controlled lacZ
expression in pnr-GAL4 pattern and caused
ectopic bristle formation on adult thorax
(GH,R-T). DaRo78H (D), DaR58ow (E),
DaR®% (K) and Da"*®%" (L) were unable to
activate reporter expression. Da"***V (),
Da"*®" (P) and Da"***" (Q) caused thorax
malformation, Da"*"®" (1) had no effect on
thorax but induced occasional extra bristles.
The expression pattern of pnr-GAL4 is shown
in blue on panel U. Scale bar on A represents
100 pm and is applicable for A-E,K-O and U.

rough eye phenotype (Fig. 5). During eye development, this driver
line is weakly expressed in larval eye discs and strongly in larval
optic lobes (Pfeiffer et al., 2008 and our unpublished results).
Overexpression of Da™ (Fig. 5B,B’), DaP>!*¢ (Fig. 5C,C"),
DaRs78H  (Fig. 5D,D’), TCF4-A, (Fig. SM,M’) or TCF4-B
(Fig. SN,N’) resulted in the rough eye phenotype only when
GMRI2B08-GAL4 driver was homozygous. Exceptionally,
Da”!#V overexpression under GMR12B08-GAL4 led to the rough
eye phenotype only in double homozygous state (Fig. SK,K’,L,L").
TCF4 and other da transgenes except da®%"" remained
heterozygous since double homozygous flies never survived into
adulthood. Additionally, overexpression of DaR**'W (Fig. SE,E’),
DaR>¥L (Fig. 5G,G’) and DaR**?" (Fig. 5LI') by the same driver
resulted in partial loss of eye pigmentation. This phenotype was
strongest in the case of Da®38W female flies, with insertion of the
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Fig. 4. Rescue of da null embryonic neuronal phenotype by expressing Da"!, Da"""S, TCF4-A or TCF4-B under da®*?-GAL4. Neuronal marker

Futsch expression is shown in white. DAPI, in light blue, marks nuclei. Compared to wt embryos (A), homozygous da’® embryos lack PNS and CNS is
discontinuous (B). Overexpression of Da"! (C), DaP®'°® (D), Da"*"®" (E), Da"®'*V (1), TCF4-A (J) and TCF4-B (K) under da®??-GAL4 rescued peripheral nervous
system. All three arginine mutations Da"*®"' (F), Da®%®°" (G) and Da"°®?" (H) failed to rescue da null nervous system phenotype as the CNS is still fragmented
and PNS missing. Anterior side is to the left and dorsal side is up. Scale bar represents 100 pm.

transgene in the X-chromosome making them double homozygous.
Interestingly, the rough eye phenotype was also weaker in the males
of other transgenic lines compared to females carrying arginine
mutations (RS80L and R582P) with transgene insertions in the
second chromosome (Fig. 5H,H',J,J’). These results demonstrate
high sensitivity of eye development to da transgene dosage. A614V
mutation yielded the most subtle rough eye phenotype and all three
arginine mutations R580W, RS580L and RS582P produced the
strongest rough eye phenotype. Our results also showed that
DaR378H DaP3156 TCF4-A and TCF4-B behave similarly to Da™
when overexpressed under GMR12B08-GAL4, indicating that all
the mentioned proteins have transactivation activity during fruit fly
eye development.

Overexpression of Da, TCF4-B and Da” ™ in young adult flies
results in significantly altered survivorship

Next, we wanted to evaluate the impact of Da in adult flies. For this
the temperature sensitive repressor of GAL4, GAL80" was used. The
overexpression of Da under the control of the ubiquitous da®3*-
GAL4 driver is lethal during embryogenesis (Giebel et al., 1997;
Smith and Cronmiller, 2001). In order to overcome the lethality
during development, we repressed GAL4 by GALSO0"S. After the
eclosion of adults, the collected virgin females were kept at restrictive
temperature to inactivate GAL80". Activated overexpression of Da*™!
or DaP3!%¢ or TCF4 long isoform B lead to lethality in 2-3 days
(Fig. 6). The flies initially lost their flight ability and most of
locomotor activity and died soon afterwards. Also, the activation of
Da carrying PTHS-related arginine mutations unable to bind DNA
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(R580W, R580L, and R582P) lead to lethality in median 3-4 days
(Fig. 6). Flies overexpressing the Da with weaker mutations, DaR3781
and Da”®!*V, resulted in median survival of 10-11 days while the
control group flies overexpressing GFP survived generally 40 days
(Fig. 6; Table S1). Surprisingly, the flies overexpressing the shorter
TCF4-A isoform survived significantly longer than the flies
overexpressing TCF4-B and were closer to the control group, with
median survival of 30 days (Fig. 6; Table S1). All survivorship
curves obtained were statistically significant by log-rank as
compared to the GFP control curve (P<0.0001, Mantel-Cox test).

DISCUSSION

In this study we show that Da, the only E-protein in Drosophila with
highly conserved bHLH domain, functions as human TCF4
orthologue. As the overall identity of a protein sequence between
Drosophila and mammals is usually around 40% between
homologues and 80-90% within conserved functional domains
(Pandey and Nichols, 2011), Da can be considered the orthologue
for all three human E-proteins. In all experiments conducted in this
study, TCF4 acted in very similarly as Da (Table 1), proving the
possibility of modelling PTHS in the fruit fly. The two human TCF4
isoforms, TCF4-A and TCF4-B, were able to activate E-box
dependent lacZ expression in Drosophila, and more importantly, to
induce ectopic bristle formation in the adult thorax, to rescue
embryonic nervous system development in da null embryos, and to
induce the rough eye phenotype when overexpressed in the nervous
system identically to Da. Altogether these results show that TCF4
has comparable activity in the fruit fly as Da.
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Fig. 5. Expression of Da"!, Da"™"S, TCF4-A and TCF4-B under neuronal
driver GMR12B08-GAL4 results in rough eye phenotype. Rough eye
phenotype was observed when GMR12B08-GAL4 was homozygous.
Overexpression of GFP served as a control showing no deviation from wild
type eye (A,A’). Da™ (B,B’), DaP®'%¢ (C,C’), Da®®"®" (D,D’), TCF4-A (M,M')
and TCF4-B (N,N’) caused rough eye phenotype with irregularly placed and
occasionally fused ommatidia closer to the head midline half of the eye.
Da"®"*V caused similar phenotype only in double homozygous state (K,K’),
one copy of UAS-da”"®"* was insufficient to induce the rough eye (L,L).
Da"*®W (E E), DaR*®" (G,G’) and Da"*®%" (1,I') resulted in eye pigmentation
defects in addition to rough eye phenotype and the phenotype was enhanced
in all females compared to males (F,F’,H,H’,J and J’).

To further study the PTHS-associated mutations in Drosophila,
we introduced four mutations found in TCF4 (R580W, R578H,
R582P and A614V) and two control mutations (D515G and R580L)
into Da. We analysed the mutants by luciferase assay in a
mammalian cell line in order to compare the results of Da directly

to our previous results obtained with human TCF4 (Sepp et al.,
2012). Subsequently we studied PTHS-associated Da mutants
in vivo in E-box lacZ reporter assay, and in both rescue and
overexpression experiments.

PTHS-associated arginine mutations RS80W, R580L, and R582P
abolished Da transactivation capability in luciferase reporter assays
in HEK293 cells. DaR¥3W, DaR380L and DaR%82" behaved similarly
to each other in both overexpression and rescue experiments in the
fruit fly. The rescue by da®?’-GAL4 driver of da null embryonic
nervous system phenotype failed when using Da proteins with these
arginine mutations. When Da carrying one of above mentioned
mutations was overexpressed in flies under the control of the
nervous system specific driver GMR12B08-GALA4, the strongest eye
phenotype was observed. These flies had rough and partially
unpigmented eyes with fused ommatidia consistent with Da having
an important role in Drosophila eye development (Brown et al.,
1996). In addition, overexpression of these arginine mutants under
pnr-GAL4 caused malformation of the thorax. Altogether, these
results indicate that mutations R580W, R580L and R582P abolish
the Da transactivation capability resulting in dominant-negative
effects. This is in line with the previous data about the
corresponding mutations in TCF4 having dominant-negative
effects in vitro (Sepp et al., 2012).

R578H differed from the other three arginine mutations (R580W,
R580L and R582P) in in vivo experiments. Although DaR>78! was
unable to activate reporter gene expression in luciferase assay
carried out in mammalian cell line HEK293 and in lacZ assay
in vivo, it caused rough eye phenotype similar to Da"™ when
overexpressed by GMRI2B0S-GAL4. Furthermore, DaR®78H
rescued da null embryonic neuronal phenotype when expressed
using da®*’-GAL4. Also DaR®7%" showed weak induction of
ectopic bristles. Taken together these results indicate that
transactivation capability of DaR>7%! probably depends on its
dimerisation partners, which could be lacking in mammalian cell
line and weakly presented in the wing disc notum. Similarly, we
have previously found that while TCF4 carrying the R578H
mutation is unable to bind to E-box in vitro as a homodimer or in
complex with either ASCL1 or NEUROD?2, it does not act in
dominant negative manner in reporter assays in mammalian cells
(Sepp et al., 2012).

The A614V mutation positioned in the second helix of the bHLH
domain showed the mildest effects. Da”®!*V was able to activate
E-box-specific transcription in vitro and in vivo. Expressing
Da*'*V using da“3>-GAL4 rescued da null embryonic neuronal
phenotype. Overexpression using GMR12B08-GAL4 resulted in the
rough eye phenotype only when both of the transgenes were
homozygous, indicating that this mutation causes hypomorphic
effects. This is consistent with our recent study which showed that
the A614V mutation leads to lower levels of TCF4 because of
reduced protein stability (Sepp et al., 2012).

The control mutation generated by us, DS15G, did not reduce Da
transactivation capability in vitro and behaved similarly to Da%™'
in vivo. This shows that D515 positioned outside of the conserved
bHLH is not required for Da transcriptional activity. The other
control mutation generated by us, RS80L, where the same arginine
was mutated as in Da®>%V, Jed to dominant-negative effects in vivo
similarly to R580W. At least in the case of R580, the mutation
specificity, whether it was mutated into tryptophan or leucine, made
no difference in our study.

In rescue experiments with tested driver strains (69B-GALA4,
tub-GAL4, ubi-GAL4, GMRI2B0S-GAL4, da®*’-GAL4) all Da
transgenes failed to rescue da null embryonic lethality. Apparently
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Fig. 6. Survivorship of adults after

activation of Da", Da"™S, or TCF4-B

overexpression under da®*%-GAL4 is

significantly altered. Using tub-GAL80'
repressor during development allows

activation of UAS-da transgenes expression
under da®?-GAL4 only after eclosion of
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the successful rescue of da null lethality closely mimics the
endogenous Da expression. da®?*?-GAL4, comprising of 3.2 kb of
da gene covering the promoter, the first intron, and the upstream
noncoding region (Wodarz et al., 1995), is widely used as a
ubiquitous driver line. Most probably the expression of this driver
line is far too strong compared to the native expression of da gene as
Da has been shown to positively autoregulate its own expression via
a transcriptional feedback loop (Bhattacharya and Baker, 2011;
Smith and Cronmiller, 2001). If da“>-GAL4 expression is
regulated by Da itself, then Da overexpression might drive even
stronger GAL4 expression, resulting in a positive feedback loop.
Furthermore, it has been hypothesised that da®’-GAL4 lacks
putative regulatory repressor elements since using a 15 kb genomic
da transgene that has an additional 12 kb of downstream sequence
rescues da null embryonic lethality (Smith and Cronmiller, 2001).

Table 1. Functional effects of transgenes used in this study

e=mTCF4A  emmdaA614V] emmmda[R582P] sss=da[R578H]
e=sTCF4B

Little is known about the role of E proteins in adult nervous
system. Here we show that exact temporal and spatial expression of
Da/TCF4 remains vitally important during adulthood of fruit flies.
We show that overexpression of Da/TCF4 in adults leads to lethality
within 2-3 days. Surprisingly, TCF4 isoforms A and B lead to
strikingly different outcomes when overexpressed in adult fruit flies.
While the long isoform TCF4-B behaved identically to Da, TCF4-A
affected the survival only slightly compared to the control group.
This could be related to the lack of interaction capability of much
shorter N terminus of isoform A in fruit fly or different regulation of
subcellular location and dimerisation of the alternative TCF4
isoforms (Sepp et al., 2011). Analysis of survival divided the PTHS
related mutations into severe (R580W, R580L and R582P) and
milder (R578H and A614V) according to survivorship. The severe
mutants led to lethality within 3-4 days and the milder ones in

In vivo activation of Eye phenotype by Rescue of PNS Adult median

UAS In vitro activation transcription in wing Bristle induction homozygous of da null survival in

construct of transcription discs by pnr-GAL4 GMR12B08-GAL4 embryos days

da yes yes yes rough yes 2

daP°7%¢ yes yes yes rough yes 3

dal*e7eH no no weak rough yes 11

dal*eeow no no reduced bristles rough, partly no 4
discoloured

dal*o%ot no no reduced bristles rough, partly no 4
discoloured

dal*%2F no no reduced bristles rough, partly no 4
discoloured

da”e’?v weaker yes yes rough only when yes 10
homozygous

TCF4-A yes weaker yes rough yes 30

TCF4-B yes weaker yes rough yes 2

Da™, Da”°"°®, TCF4-A and TCF4-B share similar properties in most experiments conducted. Da
result in additional phenotypes in eye and thorax development, also the survivorship of adults is severely reduced. Both Da

survivorship assay and capable of rescuing embryonic nervous system development. The activity of Da
A614V

the developing eye and which is weakly presented in developing thorax Da’
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REBOW HaR980L and Da*®?" are incapable of transactivation but

RS78H Da”e14Y have milder effects in
may depend on the dimerisation partner present in
is a hypomorphic mutation allowing homodimerisation.

R578H
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10-11 days. Further experiments with cell type or tissue-specific
drivers would help to understand the role of E-proteins during
adulthood in more details.

The fact that overexpression of wild type as well as dominant
negative forms of Da causes comparable reduction in survival and
induction of the rough eye phenotype raises the possibility that
overexpression of wt protein is also eliciting dominant negative
effects as suggested earlier (Sweatt, 2013). One explanation for this
phenomenon could be that excess homodimers outcompete
transcriptionally more potent heterodimers at various promoter
sites. Intriguingly, recent studies suggest that in addition to TCF4
haploinsufficiency, increased TCF4 dose is also a risk factor for
disturbed cognitive development as a TCF4 duplication has been
described in a patient with developmental delay (Talkowski et al.,
2012) and a partial duplication in a patient with major depressive
disorder (Ye et al., 2012). Nevertheless, in case of induction of
ectopic bristles we observed opposite effects for Da"' and dominant
negative Da mutants, indicating that in addition to its dominant
negative effects, excess wt protein also has specific effects during
development.

In patients with PTHS just one copy of 7CF4 is mutated or
deleted. Seemingly the most relevant way to model PTHS in animal
models would be to use the appropriate heterozygotes of the
orthologous protein. However, in Drosophila there is a sole
E-protein Da corresponding to all three mammalian E-proteins. In
a way the heterozygous Da null mutation corresponds to the
heterozygous deletion of all three E-proteins in mammals.
Accordingly, Da as the only binding partner of class II bHLH
proteins has a large variety of roles outside nervous system. As
TCF4 is highly expressed in the nervous system we have chosen
here the approach to overexpress the mutated alleles specifically in
the nervous system in a wild type background. Overexpression of
Da"™S under the nervous system specific GMR2B08-GAL4 led to
viable flies and we were able to create stocks with each mutation
generated in this study. An alternative tactic to model PTHS and to
mimic dosage loss by TCF4 deletions would be to slightly
downregulate Da expression nervous system specifically by
RNAI. Additional studies are needed to generate and compare
different PTHS models and to perform behavioural tests that would
give valuable information about cognition and social behaviour of
the PTHS model flies.

In conclusion, this study is the first where experiments with
PTHS-associated mutations have been performed in vivo. We have
verified Da as a functional TCF4 homologue, described similarities
between Da and TCF4 carrying the same mutations, and obtained
insights how PTHS-associated mutated Da genes could affect
Drosophila embryonic nervous system development and thoracic
bristle formation. The similarities between the effects of PTHS-
associated mutations on Da and TCF4, ranging from hypomorphic
to dominant-negative, prove that these proteins have similar
functions and Da can be used for modelling of PTHS in
Drosophila  melanogaster. Our novel models of PTHS in
Drosophila allow the design of further studies addressing the
molecular mechanisms and treatment of PTHS.

MATERIALS AND METHODS

Drosophila stocks

All Drosophila stocks and crosses were kept on malt and semolina based
food with 12 h light and dark daily rhythms at 25°C with 60% humidity
unless otherwise noted. Drosophila strains used in this study were da®?-
GAL4 (Wodarz et al., 1995), 69B-GAL4 (Brand and Perrimon, 1993),
and fub-GAL4 provided by Riitta Lindstrém, ubi-GAL4 provided by

Mari Teesalu, EE4-lacZ;pnr-GAL4/T(2,3)SM6-TM6B kindly provided by
Christos Delidakis, GMR12B0S-GAL4 (Pfeiffer et al., 2008), da’’, FRT40A4
(BL#5531), UAS-da“ (BL#37291), UAS-mCD8-GFP (BL#5137), and fub-
GALS0" (BL#7019) from Bloomington Stock Center at Indiana University,
USA. The following transgenic lines were generated in this study: UAS-
da™ "% UAS-da™"*", UAS-da"*"", UAS-da"**"", UAS-da"***", UAS-
da®'*" UAS-TCF4-B, and UAS-TCF4-A.

Mutag is, cloning and tr

The amino acid sequences were aligned and homology of human E-
proteins and Da was calculated using Clustal Omega 2.1 (EMBL-EBI,
Cambridge, UK). Site-directed mutagenesis was performed using the
partial da cDNA construct GH10651-pOT, as a template (Drosophila
Genomics Resource Center, Bloomington, IN, USA). Primers were
designed with that de novo restriction sites created next to the mutation
with no change in amino acid sequence. The primer sequences are listed in
Table S2. The constructs obtained by PCR were sequenced and subcloned
into full-length da cDNA construct LP14713-pOT, (Drosophila Genomics
Resource Center) using Sphl and Nrul restriction sites. Full-length da
carrying appropriate PTHS-associated mutation together with TCF4-A(-)
and TCF4-B(-) cDNAs from the respective pPCDNA3.1 vectors (Sepp et al.,
2011) were then subcloned into pUAST vector. Generation of transgenic
flies with random insertions was ordered from Fly Facility (Clermont-
Ferrand Cedex, France).

DNA transfection and luciferase assay

The transfection and luciferase assay was performed as described before
(Sepp et al., 2011). Briefly, HEK293 cells obtained from ATCC (LGC
Standards GmbH, Wesel, Germany) and routinely tested for contamination
were transfected using LipoD293™ (SignaGen Laboratories, Gaithersburg,
MD, USA) with pCDNA3.1 based TCF4 or da constructs and firefly
luciferase construct pGL4.29[luc2P/12uES/Hygro] or pGL4.29[luc2P/min/
Hygro] and Renilla luciferase construct pGL4.29[hRlucP/min/Hygro] for
normalisation. Transfections were carried out as duplicates on a 48-well
plate. After 24 h cells were lysed with 50 pl Passive Lysis Buffer (Promega,
Madison, Wisconsin, USA). Dual-Glo Luciferase assay (Promega) was
performed following manufacturer’s protocol and luminescence was
measured with GENios Pro Multifunction Microplate Reader (Tecan
Group, Minnedorf, Switzerland). For data analysis, background signals
from untransfected cells were subtracted and firefly luciferase signals were
normalised to Renilla luciferase signals. The data was then log-transformed,
auto-scaled, means and standard deviations were calculated and Student #-
tests were performed. The data was back-transformed for graphical
representation.

In vivo lacZ reporter assay

For expression of transgene in wing discs, ubiquitous temperature-sensitive
tub-GALS0" repressor was used to avoid larval lethality caused by pnr-
GAL4>UAS-da. Vials with 3rd instar larvaec were transferred from
permissive temperature at 18°C to restrictive temperature at 30°C for 24 h
before dissection of wing discs and afterwards moved to 25°C until adults
emerged. Each da mutant strain under UAS was crossed to EE4-lacZ; pnr-
GAL4/T(2,3)SM6-TM6B. 3rd instar wing discs of their progeny were
dissected and the X-gal staining was performed. Expression of transgene in
wing discs and X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside)
histochemistry was performed as described before (Zarifi et al., 2012).
For imaging, Olympus BX61 microscope (Tokyo, Japan) with UPlanSApo
20%/0.75 objective was used.

RNA isolation and RT-PCR

Total RNA was isolated from embryos using RNeasy Micro Kit (Qiagen,
Hilden, Germany) and treated with TURBO DNase (Ambion, Thermo
Fisher Scientific, Waltham, MA, USA). First strand cDNA was reverse
transcribed from 1 pg of RNA using oligo(dT),, primer and Superscript 11T
Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA). PCR was performed using FirePol DNA polymerase (Solis
Biodyne, Tartu, Estonia). Primer annealing temperature was 55°C and
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primer sequences are presented in Table S2. After PCR, restriction analysis
was performed using restriction sites created during mutagenesis (Fig. S1).

Immunohistochemical staining of embryos

The following primary antibodies and dilutions were used: rabbit EGFP
antiserum (provided by Andres Merits, Tartu University), 1:2000; mouse
monoclonal 22C10 anti-Futsch antibody (deposited by Benzer, Seymour/
Colley, Nansi, obtained from the Developmental Studies Hybridoma Bank,
University of Iowa, IA, USA), 1:20. The following secondary antibodies
and dilutions were used: goat anti-mouse Alexa 594, 1:1000; and goat anti-
rabbit Alexa 488 (both ImmunoResearch Laboratories, Inc., West Grove,
PA, USA), 1:1000. Drosophila embryos were dechorionated using 2%
sodium hypochlorite (Sigma-Aldrich, St. Louis, MO, USA) and fixed using
4% formaldehyde (AppliChem GmbH, Darmstadt, Germany) in PEM
buffer (100 mM PIPES, 1 mM EGTA, 2 mM MgSO,, pH 7.4) and stored in
methanol at —20°C until used. Primary antibody labelling was performed
overnight on overhead rotator at 4°C. Secondary antibodies were
preadsorbed to wt embryos before use. Incubation with secondary
antibodies was performed for 3h on overhead rotator at room
temperature. All staining procedures and washes were performed with
0.1% PBS-Triton X-100. Fluorescently labelled embryos were mounted in
Vectashield mounting medium with DAPI (Vector Laboratories,
Burlingame, CA, USA). For image collection, Zeiss LSM 510 Meta
confocal microscope with Pln Apo 20x/0.8 DICII objective (Carl Zeiss
Microscopy GmbH, Jena, Germany) was used. Suitable layers were selected
using Zeiss LSM Image Browser (Carl Zeiss Microscopy). Homozygous
da'’ embryos were selected by the lack of GFP marker expression present in
balancer chromosome.

Light microscopy and imaging of adult flies

Flies were euthanised using chloroform (Sigma-Aldrich). For capturing eye
and thorax images, Zeiss Stereo Discovery V8 microscope and Zeiss
Axiocam MRc camera were used. For scanning electron microscopy, Zeiss
Evo LSI15 (Carl Zeiss Microscopy) was used.

Evaluating the lifespan of da transgenic flies

w; tub-GALSOY; da®*’-GALA flies were crossed to da transgenic flies with
insertions in second chromosome (lines UAS-da™ %! UAS-da™75"3,
UAS-da®8"t  UAS-da™5?"? UAS-da®'?"3, UAS-TCF4-B*) or in third
chromosome (lines UAS-da™%""3 UAS-da®, UAS-mCDS-GFP, UAS-
TCF4-4°) and raised in permissive temperature 18°C where GAL80"
represses the activity of GAL4. The progeny — eclosed virgin females — were
collected and transferred to restrictive temperature 30°C where GAL80" is
inactive and GAL4 is produced. Altogether, on average 200 flies (from at
least 79 up to 314) were collected from each cross, maintained in uncrowded
vials, counted on daily bases, and changed to new vials at three-day
intervals. Survivorship index was calculated by dividing the survivors with
the starting number of flies. Comparison of survival curves and P-value
calculations were performed using Mantel-Cox log rank method with Prism
6.0 GraphPad Software (La Jolla, CA, USA).
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Daughterless, the Drosophila orthologue of TCF4, is required for
associative learning and maintenance of the synaptic proteome
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ABSTRACT

Mammalian transcription factor 4 (TCF4) has been linked to
schizophrenia and intellectual disabilities, such as Pitt—Hopkins
syndrome (PTHS). Here, we show that similarly to mammalian TCF4,
fruit fly orthologue Daughterless (Da) is expressed widely in the
Drosophila brain. Furthermore, silencing of da, using several central
nervous system-specific Gal4 driver lines, impairs appetitive
associative learning of the larvae and leads to decreased levels of
the synaptic proteins Synapsin (Syn) and Discs large 1 (DIg1),
suggesting the involvement of Da in memory formation. Here, we
demonstrate that Syn and dlg1 are direct target genes of Da in adult
Drosophila heads, as Da binds to the regulatory regions of these
genes and the modulation of Da levels alter the levels of Syn and dig1
mRNA. Silencing of da also affects negative geotaxis of the adult flies,
suggesting the impairment of locomotor function. Overall, our findings
suggest that Da regulates Drosophila larval memory and adult
negative geotaxis, possibly via its synaptic target genes Syn and
dlg1. These behavioural phenotypes can be further used as a PTHS
model to screen for therapeutics.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: TCF4, Daughterless, Pitt—Hopkins syndrome,
Intellectual disability, Drosophila melanogaster, Appetitive
associative learning, Negative geotaxis

INTRODUCTION

Transcription factor 4 (TCF4, also known as ITF2, E2-2, SEF2, etc.)
belongs to the family of class I basic helix-loop-helix (bHLH)
transcription factors, also called E-proteins (Murre et al., 1994).
E-proteins bind to the DNA Ephrussi box (E-box) sequence
CANNTG as homodimers or heterodimers with class II bHLH
transcription factors (Cabrera and Alonso, 1991). TCF4 should be
distinguished from TCF7L2, a downstream effector of the Wnt
signalling pathway that is also referred to as TCF4 (T cell factor 4).
TCF4 is essential for a range of neurodevelopmental processes

"Department of Chemistry and Biotechnology, Tallinn University of Technology,
Akadeemia tee 15, Tallinn 12618, Estonia. 2Protobios LLC, M&ealuse 4, Tallinn
12618, Estonia.

*Authors for correspondence (laura.tamberg@taltech.ee; mari.palgi@taltech.ee)

A.S., 0000-0002-8132-5258; C.S.K., 0000-0002-0829-0482; M.S., 0000-0003-
1733-8385; M.P., 0000-0001-6142-6142

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (https:/creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is properly attributed.

Handling Editor: Ross Cagan
Received 3 October 2019; Accepted 24 June 2020

including early spontaneous neuronal activity, cell survival, cell
cycle regulation, neuronal migration and differentiation, synaptic
plasticity and memory formation (Chen et al., 2016; Crux et al.,
2018; Forrest et al., 2013; Hill et al., 2017; Jung et al., 2018;
Kennedy et al., 2016; Kepa et al., 2017; Li et al., 2019; Page et al.,
2018; Thaxton et al., 2018). Genes involved in pathways including
nervous system development, synaptic function and axon
development are TCF4 targets (Forrest et al., 2018; Xia et al.,
2018). Furthermore, TCF4 regulates the expression of ion channels
Na,1.8 and K, 7.1 (Ekins et al., 2019; Rannals et al., 2016). Recent
insights into the mechanisms of activation of TCF4 show that
TCF4-dependent transcription in primary neurons is induced by
neuronal activity via soluble adenylyl cyclase and protein kinase A
(PKA) signalling (Sepp et al., 2017). In addition to the nervous
system, TCF4 has been shown to function in the immune system
during the development of plasmacytoid dendritic cells (Cisse et al.,
2008; Grajkowska et al., 2017).

Deficits in TCF4 function are associated with several human
diseases. TCF4 haploinsufficiency causes Pitt-Hopkins syndrome
(PTHS; OMIM #610954) (Amiel et al., 2007; Brockschmidt et al.,
2007; Zweier et al., 2007). As reviewed in an international
consensus statement (Zollino et al., 2019), patients with PTHS
have severe intellectual disability, developmental delay, intermittent
hyperventilation periods followed by apnea, and display distinct
craniofacial features. Currently, there is no treatment for PTHS, but
dissecting the functional consequences triggered by mutated 7CF4
alleles could reveal attractive avenues for curative therapies for this
disorder (reviewed in Rannals and Maher, 2017). Large-scale
genome-wide association studies revealed single nucleotide
polymorphisms in 7CF4 among the highest risk loci for
schizophrenia (SCZ) (Talkowski et al., 2012). Consistently, 7TCF4
is involved in SCZ endophenotypes, such as neurocognition and
sensorimotor gating (Lennertz et al., 2011a,b; Quednow et al.,
2011). Furthermore, many genes that are mutated in SCZ, autism
spectrum disorder and intellectual disability patients are TCF4
target genes (Forrest et al., 2018). How deficits in TCF4 function
translate into neurodevelopmental impairments, and whether TCF4
plays an essential role in the mature nervous system, is poorly
understood.

We have previously demonstrated that TCF4 function can be
modelled in Drosophila melanogaster using its orthologue and the
sole E-protein in the fruit fly, Daughterless (Da) (Tamberg et al.,
2015). PTHS-associated mutations introduced to Da lead to similar
consequences in the fruit fly as do the same mutations in TCF4
in vitro ranging from hypomorphic to dominant negative effects
(Sepp et al., 2012; Tamberg et al., 2015). Furthermore, human
TCF4 is capable of rescuing the lack of Da in the development of the
Drosophila embryonic nervous system (Tamberg et al., 2015).

Da is involved in various developmental processes including sex
determination, neurogenesis, myogenesis, oogenesis, intestinal
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stem cell maintenance and the development of the eye, trachea and
salivary gland (Bardin et al., 2010; Bhattacharya and Baker, 2011;
Brown et al., 1996; Castanon et al., 2001; Caudy et al., 1988; Cline,
1978; Cummings and Cronmiller, 1994; King-Jones et al., 1999;
Massari and Murre, 2000; Smith et al., 2002; Wong et al., 2008). In
the developing nervous system, the role of Da is well established
during neuronal specification as an obligatory heterodimerization
partner for proneural class II bHLH transcription factors (Cabrera
and Alonso, 1991; Powell et al., 2008). However, the functional role
of Da following neurogenesis and nervous system maturation
remains unknown.

Here, we set out to characterize the expression of Da in the
nervous system. To this end, we created Drosophila lines in which
Da protein was endogenously tagged with either 3XFLAG or sfGFP
epitope tags. We showed that Da is broadly expressed in the larval
central nervous system (CNS), including in populations of Kenyon
cells contributing to the mushroom body, which is the memory and
learning centre of insects. To test whether Da is involved in learning
and memory formation in the fruit fly, we used the appetitive
associative learning paradigm in larvae (Michels et al., 2017). In this
assay, silencing of da by several CNS-specific Gal4 drivers resulted
in impaired learning and memory formation. Knockdown of da
using 30Y-Gal4 also impaired negative geotaxis of adult flies.
These phenotypes were moderately improved by adding resveratrol
or suberoylanilide hydroxamic acid (SAHA) to the food substrate.
Therefore, our results show that knockdown of da combined with
appetitive associative learning paradigm or negative geotaxis assay
is further applicable for screening potential therapeutics for the
treatment of PTHS, as well as putative genetic interactors of Da and
by proxy, TCF4. Furthermore, silencing of da resulted in a
decreased level of the synaptic proteins Synapsin (Syn) and Discs
large 1 (Dlgl) in third instar larval brains. We also demonstrated that
Da binds to several areas in the dlg/ gene and to the Syn promoter
region in adult Drosophila heads, and that overexpression of da
increases Syn and dlgl mRNA levels in the adult heads.
Collectively, we have shown for the first time that Da is required
to sustain elements of the synaptic proteome in a mature nervous
system positing a post-developmental function for Da and possibly
TCF4.

RESULTS

Da is expressed at all developmental stages of the fruit fly
Although the expression of Da protein has been studied in fruit fly
embryos, ovaries, larval optic lobes and imaginal discs using
various anti-Da antibodies (Andrade-Zapata and Baonza, 2014;
Bhattacharya and Baker, 2011, 2012; Brown et al., 1996;
Cronmiller and Cummings, 1993; Li and Baker, 2018; Tanaka-
Matakatsu et al., 2014; Yasugi et al., 2014), its expression during
adulthood remains largely uncharacterized. Therefore, we first
aimed to study Da expression throughout the development of the
fruit fly using immunoblot analysis. As there are no commercial
antibodies available that recognize Da, we used the CRISPR/Cas9
system to create transgenic flies in which Da was N-terminally
tagged with 3XFLAG epitope. The resulting 3xFLAG-da line was
maintained in a homozygous state, indicating that the tagged Da
protein is functional as both da null mutations and da ubiquitous
overexpression lead to embryonic lethality (Caudy et al., 1988;
Giebel et al., 1997). We then characterized Da expression
throughout development, and in adult Drosophila heads of the
3xFLAG-da line, by performing immunoblot analysis with anti-
FLAG antibodies. During development, we compared Da
expression from embryonic to late pupal stages (Fig. 1A,C). In

adults, we analysed the Da levels from the heads of 1-, 4- and 7-day-
old males and females (Fig. 1B,D). In addition to the expected
FLAG-Da signal at ~80kDa, we identified a previously
uncharacterized lower molecular weight (~65kDa) Da signal
(Fig. 1A,B, Fig S1, Fig. S2A). This signal was also present in a
western blot of embryos using anti-Da antibody in flies
overexpressing Da under the ubiquitous strong driver da”3?-Gal4
but not with nervous system-specific R/23B08-Gal4 (Fig. S1). We
found no significant differences in 80 kDa Da protein expression
throughout development from the embryonic stage to pupariation
(Fig. 1C). During adulthood, Da expression was highest in the heads
of 1-day-old females and decreased thereafter in both males and
females (Fig. 1D). Expression of ~65kDa Da decreased during
development, with highest levels at the embryonic stage (Fig. 1C,D).
This ~65 kDa Da protein also seemed to be mostly non-neural as its
expression level was very low in larval brains (Fig. S2).

3xFLAG-Da retains the transactivational capability of Da in
HEK293 cells

In addition to 3xFLAG-da, we also created sfGFP-da flies, in which
Da is tagged with superfolder green fluorescent protein (sfGFP) in
the same N-terminal position. This line was also maintained in a
homozygous state, indicating that sSfGFP tag does not interfere with
the function of Da in vivo. To determine whether N-terminal tagging
of Da proteins influences their transactivation capability, we used an
in vitro luciferase reporter system in which the expression of the
luciferase gene was controlled by E-boxes with a minimal promoter.
Therefore, we cloned the 3xFLAG-tagged or sfGFP-tagged da from
the genomes of the tagged lines into mammalian expression vector
pcDNA3.1 and overexpressed these constructs in HEK293 cells.
The luciferase reporter assay showed that compared to wild-type Da
the transactivational capability of 3XxFLAG-Da was unchanged
(Fig. 2A). In contrast, the transactivational capability of sfGFP-Da
was significantly reduced (Fig. 2A). To determine whether the
effects seen in the luciferase reporter assay were due to differential
expression levels of the Da proteins used, we also performed
western blot analysis, which revealed that both 3xFLAG-da and
sfGFP-da constructs were expressed at equal levels (Fig. 2B). This
suggests that the 3XFLAG tag, unlike the sfGFP tag, does not
interfere with the expression and transcriptional activity of Da.
Correspondingly, we focused on using 3xFLAG-Da flies in
subsequent experiments.

Da is widely expressed in the third instar larval brain

Next, we used the 3xFLAG-da line to characterize the expression of Da
in the third instar larval brain. Da was expressed weakly and ubiquitously
throughout the larval CNS, with stronger expression detected in some
nuclei and cytoplasm of specific cells (Fig. 3A”,B”,C"). Mutations in, or
deletion of, one of the TCF4 alleles lead to PTHS in humans. One of the
hallmarks of PTHS is severe learning disability, and it has been
shown that 7CF4 is highly expressed in the adult human and rodent
hippocampus, which is the brain structure involved in learning and
memory (Sepp et al., 2011; Jung et al., 2018). Additionally, single-
cell RNA sequencing data have shown that da mRNA is expressed
widely in the adult fly brain and also in mushroom body Kenyon
cells (Davie et al., 2018). Therefore, we attempted to determine
whether TCF4 homologue Da is expressed in the mushroom body,
the brain structure of insects responsible for learning and memory.
To facilitate this, we deployed the UAS-Gal4 binary expression
system (Brand and Perrimon, 1993) by combining the 3xFLAG-da
line with different driver lines with expression in the mushroom
body. Resulting lines with 3xFLAG-da and Gal4 were then
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Fig. 1. Da is expressed in all developmental stages of the fruit fly. (A,B) The 3xFLAG-Da fusion protein is expressed throughout fruit fly development. Western
blot analysis carried out using anti-FLAG antibody reveals two FLAG-Da-specific signals, one at ~80 kDa and the other at ~65 kDa. The w8 wild type (wt)
serves as a negative control. The numbers on the right side indicate the molecular weights of proteins in kDa. (C,D) Results of densitometric analysis of western blot.
The 3xFLAG-Da signals were normalized using B-tubulin signals. The mean results from three independent western blots are shown. The blue bars represent the
mean intensity of the 80 kDa protein signal and the orange bars represent the mean intensity of the 65 kDa protein signal. Data are meanzs.e.m. Statistical
significance is shown with asterisks between the groups connected with lines. *P<0.05, **P<0.01, ***P<0.001, one way ANOVA with post-hoc Bonferroni test.

combined with nuclear-targeted UAS-nls-GFP. The RI12B08-Gal4  Kenyon cells (Fig. 3B,B”,C,C"). We observed that the expression
line directed Gal4 expression under the control of the single intron  of 3XFLAG-Da and R12B08>nls-GFP overlapped in many areas of
of da in most regions of the brain, including the mushroom body  the third instar larval brain (Fig. 3A’). With 20/Y-Gal4 and 30Y-
(Fig. 3A,A"). Two mushroom body-specific drivers, 201Y-Gal4 ~ Gal4, the mushroom body-specific driver lines, 3xFLAG-Da
and 30Y-Gal4, were used to express nuclear GFP to visualize showed partial co-expression in cells contributing to the third

ns
A, e B
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! e S &
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0.6
-63
0.4 Brtub [—— c— — <— 48
0.2
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vector Da sfGFP-Da 3xFLAG-Da

Fig. 2. Transactivational capability of Da is unaffected by an N-terminal 3xFLAG tag, butis reduced by an sfGFP tag. (A) HEK293 cells were co-transfected
with constructs encoding wild-type da, tagged da or empty vector, a firefly luciferase construct carrying 12 uE5 boxes with a minimal promoter, and a

Renilla luciferase construct without E-boxes for normalization. Luciferase activities were measured and data are presented as fold-induced levels compared to the
signals obtained from cells transfected with the wild-type da encoding construct. The mean results from six independent transfection experiments performed in
duplicates are shown. Data are mean+s.e.m. Statistical significance compared to cells transfected with empty vector is shown with asterisks above the bars.
Statistical significance between the groups is indicated with brackets. ***P<0.001; ns, not significant; one way ANOVA with post-hoc Bonferroni test. RLU, relative
luciferase unit. (B) Western blot from transfected HEK293 cells using anti-Da antibody dam109-10. Wild-type Da, sfGFP- and 3xFLAG-tagged Da are all
expressed at equal levels. Numbers on the right side indicate the molecular weight of the proteins in kDa.
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3XFLAG-da;201Y>nls-GFP
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3xFLAG-da;30Y>nls-GFP.

Merge c

3XFLAG-da;30Y>nls-GFP
—

Cn

3XFLAG-da;30Y>nls-GFP

Cn!

3XFLAG-da;30Y>nls-GFP

Fig. 3. Da is widely expressed in the third instar larval brain, including several Kenyon cells of the mushroom body. (A-A") R12B08-Gal4 is
expressed widely in the larval brain. (B-C”) da is expressed in some of the mushroom body Kenyon cells in third instar larval brains marked by 201Y-Gal4 (B-B")
and by 30Y-Gal4 (C-C”). nls-GFP expression shows driver expression pattern (A”,B”,C”). The expression of 3xFLAG-Da (A”,B”, C”). Wild-type third

instar larval brains showing unspecific binding of anti-FLAG antibodies (D,D’). Scale bars: 70 um (A,B,C,D; boxes show the area represented in A’-C”); 20 um

(A"B',C",D").

instar mushroom body (Fig. 3B’,C’). Thus, Da is expressed broadly
in the CNS of third instar larvae, including a portion of the
mushroom body. Wild-type larval brains were used to validate the
specificity of anti-FLAG antibodies (Fig. 3D,D’).

Silencing of da in the CNS leads to impaired memory

of the larvae

Heterozygous mutations in 7CF4, the orthologue of da, lead to
PTHS syndrome, which is characterized by intellectual disability.

This fact, and the observation that Da is expressed in a portion of
Kenyon cells contributing to the mushroom body, imply that Da
might be involved in learning and memory in flies. To test this, we
decided to take advantage of the ease of assaying appetitive
associative learning and memory in the Drosophila larvae (Michels
et al., 2017). In this assay, associative memory between odours and
taste reward in the larvae was tested. Larvae were trained three times
by being presented with one odour with a fructose reward and the
other odour with no reward. During the test, larvae were given a
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choice between the two odours. Then, reciprocal training with a new
set of larvae was conducted with subsequent testing. After the
second test, the performance index (PI) was calculated. However,
this assay showed that learning ability was not impaired in da
heterozygous mutants da’’/CyO (Fig. 4A), which could be due to
da upregulation by autoregulation (Smith and Cronmiller, 2001). As
sfGFP-Da showed diminished transactivation capability in vitro
(see above), we also tested homozygous sfGFP-da larvae and found
no impairment of learning (Fig. 4A). Thus, we next investigated
whether knockdown of da with concurrent enhancement by Dicer-2
(Dcr2) expression (Dietzl et al., 2007) in the Drosophila CNS
could impact memory and learning ability. To silence da in the
CNS, we used several CNS-specific Gal4 lines. We found that
silencing of da using three drivers, R12B08-Gal4 (Fig. 4B) and
mushroom body-specific lines 30Y-Gal4 (Fig. 4C) and 201Y-Gal4
(Fig. 4D) (genotypes: UAS-Dcr2; UAS-da™:R12B0S-Gal4, UAS-
Der2/+;UAS-da™i/+;30Y-Gal4/+ and UAS-Dcr2;201Y-Gal4; UAS-
da®™ ") caused larvae to have zero PI, meaning their appetitive
associative learning was impaired. For controls, we used both the UAS-
da™ ! line and the UAS-Dcr2 driven by the CNS-specific Gal4 line
(genotypes: UAS-Dcr2;+;R12B08-Gal4, UAS-Dcr2/+;+;30Y-Gal4/+
or UAS-Dcr2;201Y-Gal4,;+). All of the control larvae had a non-zero PI
with regards to memory. In the case of the UAS-Dcr2;3xFLAG-da,
UAS-da®™™*':R12B08-Gal4 line (in which 3xFLAG-da, UAS-da®
and R12B08-Gal4 were all in a homozygous state), Da levels in the
larval brains were reduced by ~25% and ~35% when compared to
UAS-Der2;3xFLAG-da;R12B08-Gal4 and 3xFLAG-da larval brains,
respectively (Fig. S2). To validate that the observed learning phenotype
was caused by da silencing and not by off-target effects, we conducted
rescue experiments using simultaneous R/2B08-Gal4-driven da
silencing and overexpression. UAS-Dcr2; UAS-da"N:R12B0S-
Gal4,UAS-da/+ larvae had a non-zero PI, whereas UAS-Dcr2;

A B

0.8 0.8

UAS-da®™ ;R 12B08-Gal4/+ had a zero PI (Fig. S3), indicating that
overexpressing da partially rescued the memory deficit. Larvae were
also tested for their ability to taste and smell. Silencing of da using
RI12B08-Gal4, 30Y-Gal4 or 201Y-Gal4 did not impair fructose
(Fig. S4A), amyl-acetate (AM) (Fig. S4B) or octanol (OCT)
preference (Fig. S4C). Interestingly, UAS-Dcr2; UAS-da®N;
RI12B08-Gal4 larvae had a higher preference for odours; however,
this preference was cancelled out due to reciprocal training. In
addition, in the memory test situation there were two odours present
on the Petri dish, but in the smell sensing test there was only one,
which could explain why larvae tended to move towards it. All
tested larvae moved around the agar plate, which indicated that they
had normal locomotion. Our findings suggest that for normal larval
appetitive associative memory, appropriate Da levels are needed in
the brain structures specified by R12B08-Gal4, 30Y-Gal4 and 201Y-
Gald.

Reduced levels of Da in the larval CNS lead to decreased
expression of synaptic proteins Syn and Dig1

To investigate the putative mechanisms underlying learning and
memory deficits in larvae with lowered levels of Da in the nervous
system, we used the driver line R12B08-Gal4 for silencing da, as it
had the broadest expression. We compared the expression levels of
several known synaptic proteins in the third instar larval brains
under both da knockdown and overexpression conditions using the
RI12B08-Gal4 line (Fig. 5). We quantified the expression levels of
the presynaptic protein bruchpilot (Brp) (Fig. 5A), postsynaptic
protein DIgl (Fig. 5B), presynaptic Syn (Fig. 5C), which is
important for learning and memory (Michels et al., 2005), and pan-
neuronally expressed neuronal-specific splicing factor embryonic
lethal abnormal vision (Elav) (Fig. 5D). We found that the levels of
both DIgl and Syn were reduced in third instar larval brains with

Fig. 4. Knockdown of da in the
mushroom body leads to impaired
olfactory learning of larvae. (A) CantonS,
da’%Cy0, 3xFLAG-da and sfGFP-da

* larvae have non-zero Pl showing appetitive
associative memory. (B-D) Larvae have
zero Pl meaning appetitive associative
learning was impaired when da was
silenced using R12B08-Gal4 (UAS-Dcr2;
UAS-daRNA KK105258;R12B08-Gal4
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*
0.6 -|- 0.6
*
— 0.4 0.4+
o o
0.2 é 0.2+
0.0 — 0.0

7 -0.2+

—

>
02d
X 4aRNAi

-0.4-

30Y-Gal4
ns

ns ns
| | e |
*

0.6 0.6+

*

-

0.4+ 0.4

ns

5

PI
PI

0.2+ 0.2

.
-

| |

*

T homozygotes) (B), 30Y-Gal4 (UAS-Dcr2/+;
UAS-daRNA KK105258/+;30Y-Gal4/+
heterozygotes) (C) and 201Y-Gal4 (UAS-
Dcr2;201Y-Gal4;UAS-da"N4 GD51297
homozygotes) (D) indicated by ns over the
boxes of daRNA, For Control1 in B, C and D,
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-I_ visualized using box-whisker plots that show
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genotype, a one-sample sign test (asterisks
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ns, not significant.
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Fig. 5. Silencing of da lowers the expression levels of Syn and DIg1. Western blot was carried out using larval brains in which da was

silenced with R12B08-Gal4. (A-D) Results of densitometric analysis of the western blot. Protein signals were normalized using p-tubulin signals. The mean results
from four independent western blots are shown. Data are meanzs.e.m. Statistical significance is shown with asterisks between the groups connected with
brackets. **P<0.01; ns, not significant. Paired, two-tailed Student’s t-test. Overexpression of Da does not alter bruchpilot, discs large 1, Syn or Elav levels (A-D).
Dig1 and Syn expression levels were lower when Da was silenced (B,C). Silencing of Da did not change bruchpilot and Elav expression levels (A,D).

(E) Representative western blot using third instar larval brains. Numbers indicate the molecular weight of proteins in kDa. Control, R12B08>Dcr2 larval brains;
Da overexpression, R12B08>Da larval brains; dafNA, R12B08>Dcr2,da”*N' larval brains.

lower levels of Da (Fig. 5B,C,E). On the other hand, Da
overexpression did not result in increased levels of these proteins.
To further confirm that lowered Da levels decrease Syn and Dlgl
expression we used immunohistochemistry in third instar larval
brains. For the silencing of da, we used the 201Y-Gal4 line as it was
the strongest and most specific driver in the mushroom body of the
lines used. We detected weaker Syn and Dlgl levels compared to
controls (Fig. S5). The levels of Elav and Brp were not significantly
changed by knockdown or overexpression of da (Fig. 5A,D). The
finding that Elav levels were not affected by Da suggests that
reducing Da levels does not affect the number of neurons, and the
observed learning impairment might instead stem from lowered
expression levels of synaptic proteins or, alternatively, from reduced
numbers of synapses.

Syn and dig1 are Da target genes

As Syn and Dlgl protein levels were reduced in third instar larval
brains when da was silenced, and it has been shown that Da binds to
both Syn and dlg! gene loci at embryonic stages 4 and 5 (MacArthur
et al., 2009), we sought to investigate whether Da binds to these
areas in adult heads too. To facilitate this, we conducted a chromatin
immunoprecipitation (ChIP) assay in 3x/'L4G-da adult heads using
anti-FLAG antibodies. As a control we used the white!!/® fly line
with no FLAG tag. For quantitative PCR (qPCR) from
immunoprecipitated chromatin, we designed primers to amplify
Syn and digl gene areas containing E-boxes to which Da binds in
early embryos (MacArthur et al, 2009). In addition to the
previously shown Da-binding site in the Syn gene, we also tested
Da binding to the Syn promoter region (Fig. 6A). For digl, we
designed four primer pairs, as Da has been shown to bind four areas

in that gene (Fig. 6B) (MacArthur et al., 2009). As a negative
control, we used primers for achaete (Andrade-Zapata and Baonza,
2014), as it encodes a proneural protein essential for neuronal
development and should not be expressed in adult heads. As a
positive control, we used the peptidylglycine-a-hydroxylating
monooxygenase (Phm) gene first intron in which Da binds as a
heterodimer with dimmed to activate transcription (Park et al.,
2008). qPCR with immunoprecipitated chromatin using Syn primers
resulted in the enrichment of the Syn promoter area (primer pair
Synl), whereas the previously reported Da-binding site was not
enriched in adult heads (primer pair SynlI) (Fig. 6C). All digl
primers resulted in the enrichment of previously reported Da-
binding areas (Fig. 6C). This means that Da does not bind to the
locus at the 3’ end of the Syn gene but binds to the Syn promoter and
all four digl gene areas that we selected in the adult heads. To
validate Syn and dlg! as Da target genes, we carried out RT-qPCR
analysis in adult Drosophila heads under da silencing and
overexpression conditions. Here, we used pan-neuronal elav-Gal4
to silence da in all neurons. Although upon da silencing using elav-
Gal4, only Syn mRNA levels were decreased (Fig. 6D), da
overexpression using elav-Gal4 increased mRNA levels of Syn and
dlgl (Fig. 6E). This indicates that both Syn and dlg!/ are direct
targets of Da in the Drosophila nervous system.

Suppressing Da using 30Y-Gal4 leads to impaired negative
geotaxis of adult flies

Negative geotaxis has been successfully used to evaluate climbing
ability indicative of motor dysfunction in the Drosophila model for
Angelman syndrome, which has similar symptoms to PTHS (Wu
etal., 2008). Thus, we next used this assay to evaluate locomotion in
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Fig. 6. Da directly regulates Syn and dlg7 in adult fly heads. (A) JBrowse view of the Syn gene. Four annotated transcripts are

shown. (B) JBrowse view of the dlg7 gene. A total of 21 annotated transcripts are shown. Red boxes indicate areas in which primer pairs Syn1, Synll, Dig1l, Dig1ll,
Dig1l1ll and DIg11V amplify DNA. (C) gPCR results from the ChIP experiment with 3xFLAG-da and white’?® wild-type adult heads using the anti-FLAG
antibody. ac, achaete gene locus used as a negative control; PHM, peptidylglycine alpha-hydroxylating monooxygenase gene first intron used as a positive
control; Synl, promoter region of Syn; Synll, 3’ end of Syn gene locus; dig1l, dig1ll, dig1lll and dig11V, discs large 1 gene locus. (D,E) RT-gPCR

results showing the effects of da silencing (D) or overexpression (E) using elav-Gal4 on da, ac, PHM, Syn and dlg7 mRNA levels. da silencing reduces da
and Syn, and increases ac mRNA levels (D). da overexpression increases da, Syn and dig?7 mRNA levels (E). (C-E) Results from three biological

replicates are shown. Data are meanzs.e.m. *P<0.05, **P<0.01, ***P<0.001, Paired, two-tailed Student’s t-test.

adult flies in which da knockdown had been achieved by the same
drivers as used for the larval learning test. We found that negative
geotaxis was unchanged in homozygotes in which da knockdown
had been achieved by the larval broad neuronal driver R12B08-Gal4
or mushroom body-specific driver 20/Y-Gal4 (Fig. 7A,C,E,G).
Interestingly, both female and male heterozygotes in which da was
silenced by the 30Y-Gal4 driver had severely impaired negative
geotaxis (Fig. 7B,F). Rescue experiments were performed to
validate that impaired negative geotaxis was caused by da
silencing and not by off-target effects. The negative geotaxis
phenotype was rescued using simultaneous 30Y-Gal4-driven da
silencing and overexpression (Fig. 7J,M). Expression of human
TCF4B under da-silencing conditions had a tendency to improve
geotaxis (Fig. 7K,N). To further eliminate the possibility of off-
target effects, we used the alternative da®“4' fly line, UAS-
da®™(GD51297), which also caused impairment of negative
geotaxis (Fig. 7I,L). An alternative mushroom body driver, OK107-
Gal4, was used to investigate whether the impairment of geotaxis
was caused by lowered Da levels in the mushroom body, but the
results revealed no change in negative geotaxis compared to

controls (Fig. 7D,H). Next, we visualized Da expression in the adult
brains using the 3xFLAG-da line. Da was expressed widely in the
adult Drosophila brain including the central brain and thoracic
ganglion (Fig. S6), and co-expressed with 30Y-Gal4 in many
Kenyon cells in the mushroom body (Fig. S6A-A"). Fewer OK107-
Gal4* cells were also Da* (Fig. S6B-B”). Cells that cause negative
geotaxis impairment when da is silenced must be marked by 30Y-
Gal4 and not by OK107-Gal4, as silencing da by 30Y-Gal4 but not
by OK107-Gal4 caused negative geotaxis impairment. 30Y-Gal4
has broader expression outside the mushroom body; for example, in
the thoracic ganglion. Silencing da using R12B08-Gal4 or 201Y-
Gal4 did not result in impaired negative geotaxis, possibly because
co-expression of the drivers and Da is limited in the adult
Drosophila brain (Fig. S6C-D").

Larval appetitive tive learning and negative geotaxis
assays can be used for screening drugs for PTHS treatment
Our finding showing that larval appetitive associative learning and
adult negative geotaxis become impaired upon da silencing,
indicates that these fly lines could be used for modelling certain
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Fig. 7. Silencing of da with 30Y-Gal4 impairs negative geotaxis in adult flies. (A-N) Negative geotaxis was not affected when Da was suppressed

using R12B08-Gal4 (AE), 201Y-Gal4 (C,G) or OK107-Gal4 (D,H). The climbing height of the flies was significantly lower when Da was silenced using 30Y-Gal4
(B,F,I,L). (A-N) da®NAT| da silencing using UAS-daR"N4" KK105258 (A,B,D-F,H,J,K,M,N) or UAS-da”"NA' GD51297 (C,G,l,L). Control, expressing only Dcr2.
(J,M) Overexpression of da-rescued geotaxis. (K,N) Expression of human TCF4B had a moderate positive effect on geotaxis. Average climbing heights are
visualized using box-whisker plots that show the median, the 25% to 75% quantiles (boxes) and the minimum to maximum (whiskers). For statistical significance,

Mann-Whitney U tests were used. *P<0.05, **P<0.01; ns, not significant.

aspects of PTHS in Drosophila and testing potential drug
candidates. For example, various drugs or drug candidates could
be tested for their capacity to rescue these behavioural impairments.
As TCF4-dependent transcription is activated by cAMP-PKA
pathway-mediated phosphorylation of TCF4 in mammals (Sepp
et al, 2017), and resveratrol inhibits cAMP-degrading
phosphodiesterases, which leads to elevated cAMP levels (Park
etal., 2012), we sought to investigate whether resveratrol increases
the transactivational capability of Da and TCF4. We also tested the
histone deacetylase inhibitor suberoylanilide hydroxamic acid
(SAHA), as it has been shown to rescue memory impairment in
the mouse model of PTHS (Kennedy et al., 2016). Therefore, we
used the luciferase reporter system in cultured rat primary cortical

neurons. Treating neurons with resveratrol for 8 h and resveratrol or
SAHA for 24 h significantly increased the E-box-dependent
transactivational capability of Da, 3XxFLAG-da and two human
TCF4 isoforms, a shorter isoform TCF4A and a longer isoform
TCF4B (Sepp et al., 2011) (Fig. 8A,B). To validate that the increase
in luciferase signals seen after treatments with resveratrol and
SAHA was caused by an increase in the transcriptional activity of
Da, TCF4A and TCF4B, and not by other effects, we performed
luciferase reporter assays with Da, TCF4A and TCF4B mutants
bearing mutations in the bHLH domain (Fig. S7). Previously, it has
been shown that mutations in the bHLH domain abolish
transcriptional activity of Da, TCF4A and TCF4B (Forrest et al.,
2012; Sepp et al., 2012; Tamberg et al., 2015). Our results
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Fig. 8. Resveratrol and SAHA have moderate positive effects on rescuing
the impaired learning and negative geotaxis phenotype resulting from
decreased levels of Da. (A,B) Cultured rat primary neurons were co-
transfected with constructs encoding wild-type da, 3x-FLAG-tagged da, empty
vector, TCF4A or TCF4B, a firefly luciferase construct carrying 12 uE5 boxes
with a TK promoter, and a Renilla luciferase construct with mouse Pgk
promoter for normalization, and treated with 50 uM resveratrol or 5 uM SAHA.
Luciferase activities were measured and data are presented relative to the
luciferase signals obtained from cells transfected with the wild-type da-
encoding construct and treated with 0.1% DMSO for control. Mean results from
three independent transfection experiments performed in duplicates are
shown. Data are meants.e.m. Statistical significance is shown compared to
0.1% DMSO-treated cells expressing the respective effector protein.
***P<0.001; ns, not significant; one way ANOVA with post-hoc Bonferroni test;
RLU, relative luciferase unit. (C,D) In the larval appetitive associative learning
paradigm, the addition of 400 uM resveratrol or 2 uM SAHA to the growth media
improved memory. (E-P) In the negative geotaxis assay 400 uM resveratrol or
2 uM SAHA was added to the food substrate of UAS-Dcr2/+;UAS-daRNAil
+;30Y-Gal4/+ only during larval development (E-H), during 5 days after
eclosion (I-L) or both during larval development and 5 days after eclosion (M-
0). Impaired negative geotaxis was improved when SAHA was fed to females
only during adulthood (K) or both during larval development and after eclosion
(0). In C-P, results are shown as box-whisker plots that show the median, the
25 to 75% quantiles as boxes and the minimum to maximum as whiskers. For
statistical analysis, a one-sample sign test was used, as indicated above the
boxes, and a Mann—Whitney U test was used indicated above the brackets. ns
above the boxes in C and D indicates zero PI, * indicates non-zero PI, ns above
the brackets indicates not significant and *P<0.05 (above the brackets).

confirmed that mutations in the bHLH domain cause loss of
transcriptional activity of Da, TCF4A and TCF4B. Next, we
decided to test these two substances in the appetitive associative
learning and negative geotaxis experiments. We observed that
although the da knockdown larvae fed with 400 uM resveratrol or
2 uM SAHA showed increased associative memory as their median
PI was significantly different from zero, i.e. non-zero PI, the rescue
of the learning deficit was not significantly different compared to
the controls (Fig. 8C,D). We also tested negative geotaxis of da
knockdown by 30Y-Gal4 flies fed with 400 uM resveratrol or 2 uM
SAHA during larval development (Fig. 8E-H) and 5 days after
eclosion (Fig. 81-L), and both treatments during larval development
and 5 days from the beginning of adulthood (Fig. 8M-P). SAHA
improved the impairment of negative geotaxis of female flies when
they were fed after eclosion (Fig. 8K) or during larval development
and after eclosion (Fig. 80). In addition, our results showed that
resveratrol and SAHA did not increase TCF4 and Da protein levels
(Fig. S8A-D), confirming that the activation of E-box-controlled
reporter genes was caused by an increase in transcriptional activity
of TCF4 and Da, and not by an increase of their protein levels. Next,
we investigated whether feeding resveratrol or SAHA to larvae
causes an increase in Da targets Syn and DIgl, but we were unable
to detect any increase in the expression of these proteins (Fig. S8E-
G). These results indicate that the improvement of the learning and
geotaxis phenotypes by resveratrol and SAHA are possibly caused
by other mechanisms rather than rescuing the levels of synaptic
proteins Syn and DIgl. Nevertheless, rescuing negative geotaxis
impairment caused by lowered levels of Da provides a powerful tool
for finding drugs that can potentially improve PTHS symptoms.

DISCUSSION

Here, we characterized the expression of Da protein in the
Drosophila larval and adult brain. Da was expressed in many
areas of the brain, including populations of Kenyon cells in the
mushroom body, which is the centre for learning and memory in the
fruit fly and carries out a role that is comparable to the mammalian

hippocampus. Single-cell RNA sequencing has shown that da is
expressed widely in the adult brain and that da co-expresses with
eyeless and portabella, which are markers for mushroom body
Kenyon cells (Davie et al., 2018). The orthologue of da, TCF4, is
expressed not only in the adult mammalian hippocampus but also in
cortical and subcortical structures (Jung et al., 2018).

We created N-terminally tagged 3xFLAG-da and sfGFP-da fly
strains. Both strains are homozygous viable and fertile, indicating
that the overall functionality of Da in vivo is not altered by the
molecular tag. However, in a luciferase reporter assay in
mammalian HEK293 cells, the sfGFP tag reduced transcription
activation capability of Da. E-proteins activate transcription
preferably as heterodimers with class II bHLH proteins, but can
also act as homodimers (Cabrera and Alonso, 1991). In mammalian
HEK?293 cells, Da probably activates transcription as a homodimer,
as Da levels are high due to overexpression, so homodimer
formation is preferred (Sepp et al., 2012). This suggests that the
sfGFP tag could interfere with Da function as a homodimer in the
luciferase assay but not as a heterodimer in vivo. We also compared
the appetitive associative learning ability of 3xFLAG-da and sfGFP-
da larvae, and both of the lines had no learning impairment in this
assay. This provides additional evidence that the 3XFLAG tag does
not affect Da function and the sfGFP tag reduces its transactivational
capability, probably by interfering with Da homodimer function.

As Da is widely expressed in the third instar larval CNS with some
expression in structures associated with learning and memory, and
PTHS is caused by heterozygous mutations in 7CF4, we tested the
learning ability of da heterozygous mutant larvae. These larvae had no
memory impairment, which could be because of da upregulation by
autoregulation (Smith and Cronmiller, 2001). Learning and memory
of'the larvae were impaired when da was knocked down using a broad
neuronal driver and two mushroom body-specific drivers, although in
third instar larval brains Da co-expression with the mushroom body
drivers was limited. The impaired learning phenotype could be
explained by neurodevelopmental issues resulting from lowered levels
of Da protein during development or, alternatively, by the contribution
of cells outside the mushroom body. Da mammalian orthologue TCF4
is also associated with learning and memory, as when TCF4 is
downregulated in the mouse hippocampus, pathways associated with
neuronal plasticity are dysregulated (Kennedy et al., 2016), and
silencing of 7CF4 in human pluripotent stem cell-derived neurons
results in downregulated signalling pathways that are important for
learning and memory (Hennig et al., 2017). In 7CF4 conditional
knockout mice, the neurons in the cortex and hippocampus have
reduced numbers of dendritic spines, which also suggests that synaptic
plasticity is altered (Crux et al., 2018). In multiple PTHS
mouse models, spatial learning is defective probably as a result of
hippocampal N-methyl-D-aspartate receptor (NMDA) hyperfunction
(Thaxton et al.,, 2018). Furthermore, many genes that code for
synaptic proteins and have been linked to autism, intellectual
disability, or psychiatric diseases, are direct targets of TCF4
(Forrest et al., 2018; Hennig et al., 2017).

Here, we showed that when da was silenced using a driver with
broad expression in the Drosophila larval brain, expression levels of
synaptic proteins DIgl and Syn was downregulated. DIgl is a
member of the membrane-associated guanylate kinase (MAGUK)
protein family. Several vertebrate homologues of DIgl have been
shown to be important for learning and memory. Discs large
MAGUK scaffold protein 3 [DLG3; also called synapse-associated
protein 102 (SAP102)] knockout mice have spatial learning deficit
(Cuthbert et al., 2007), and in human DLG3, mutations that cause
dysfunctional NMDA receptor signalling have been associated with
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X-linked mental retardation (Tarpey et al., 2004; Zanni et al., 2010).
We also found that Da is a direct regulator of dlg!/, as in adult
Drosophila heads, Da binds to multiple areas in the dlg/ gene and
dlgl expression is upregulated when da is overexpressed. The gene
coding for discs large MAGUK scaffold protein 2 [DLG2; also
called postsynaptic density protein 93 (PSD-93)], which is a
homologue of Drosophila digl, is a direct target of TCF4 (Hennig
et al., 2017), which indicates that Da and TCF4 share at least some
common mechanisms in regulating learning and memory.

Synapsins are presynaptic phosphoproteins that regulate synaptic
output (reviewed by Diegelmann et al., 2013). There are three genes
that encode vertebrate Synapsins but only one Syn gene in
Drosophila (Klagges et al., 1996). Using knockout experiments in
mice, it has been shown that Synapsins are involved in learning and
memory (Gitler et al., 2004; Silva et al., 1996), and SYN has been
implicated in human neurological diseases, such as learning
difficulties and epilepsy (Garcia et al., 2004). Likewise,
Drosophila syn®” mutant larvae have impaired appetitive
associative learning (Michels et al., 2005). The fact that the
memory of syn’” larvae can be rescued by expressing Syn in the
mushroom bodies (Michels et al., 2011), is consistent with our
findings that lower Da levels affect Syn expression levels and that
appropriate Da levels are required for proper memory formation.
Syn-dependent memory is likely formed by its phosphorylation by
Protein kinase A (PKA) (Michels et al., 2011). When Syn is
phosphorylated at its PKA/CamK I/IV (Protein kinase A/Ca®'/
calmodulin-dependent protein kinase I/IV) sites, its affinity for actin
is reduced and synaptic vesicles from the reserve pool can be
exocytosed (reviewed by Benfenati, 2011). We found that Syn is
likely a direct target of Da as Da binds to the Syn promoter, and both
silencing and overexpression of da changes Syn mRNA levels.

We also sought to rescue the learning phenotype caused by da
silencing. To facilitate this, we fed the larvae with resveratrol or
SAHA, as our luciferase reporter experiments in primary neuronal
cultures showed that resveratrol and SAHA significantly improve
the transactivational capability of both Da and TCF4. Resveratrol
inhibits cAMP-degrading phosphodiesterases, which leads to
elevated cAMP levels (Park et al., 2012), and TCF4-dependent
transcription upon neuronal activity is activated by cAMP-PKA
pathway-mediated phosphorylation of TCF4 (Sepp etal., 2017). Itis
plausible that Da could also be regulated by phosphorylation by
PKA; therefore, resveratrol improves Da transactivational
capability. Also, resveratrol had a moderate positive effect on
learning and memory in the da knockdown larvae. Whether this
effect is linked to the cAMP-PKA pathway has yet to be verified.
SAHA is a histone deacetylase inhibitor that improves learning
and memory in 7CF4(+/—) mice through the normalization of
synaptic plasticity (Kennedy et al., 2016). Here, we showed that
feeding SAHA to Drosophila larvae also had a moderate effect on
learning.

Silencing of da by 30Y-Gal4 impaired negative geotaxis. We also
sought to rescue the impaired geotaxis of 30Y>Dcr2;da®™! flies
using resveratrol or SAHA. We administered the drugs in the food
substrate either during development or to adult flies or at both
developmental stages. Negative geotaxis of female flies was
significantly improved when SAHA was administered only after
eclosion, or during both larval development and after eclosion.
Supplementing the food of larvae only had no effect on negative
geotaxis of the adults. The finding that SAHA only improved the
phenotype of females could be due to the amount ingested by the
males not being enough to rescue the geotaxis phenotype caused by
lowered levels of Da. Recently, it has been shown that female flies

do indeed consume more food than male flies (Wu et al., 2020),
which could be the reason for SAHA improving geotaxis
impairment of only female flies. In a recent study in Drosophila,
in which genes associated with autism spectrum disorders and
intellectual disability were suppressed, the knockdown of Da
resulted in impaired habituation (Fenckova et al., 2019). The rescue
of this habituation phenotype could also be tested to examine
whether it can be improved with drugs.

Our study demonstrates that the levels of the TCF4 homologue
Da are important for memory and negative geotaxis, possibly via
regulation of the synaptic proteome. These novel learning and
geotaxis deficiency models can be further used for screening
therapeutics for TCF4-related diseases. Recently, using
deconvolution analysis, TCF4 was identified as a master regulator
in SCZ (Doostparast Torshizi et al., 2019). This opens up new
avenues for using Drosophila to model TCF4-related diseases.

MATERIALS AND METHODS

Drosophila stocks

All Drosophila stocks and crosses were fed with malt and semolina-based
food with 12 h light and dark daily rhythms at 25°C with 60% humidity,
unless mentioned otherwise. Drosophila strains used in this study were
UAS-da®™™ GD51297 and UAS-da®™™* KK105258 from the Vienna
Drosophila Resource Center, CantonS (a gift from Dr Bertram Gerber,
Leibniz Institute for Neurobiology, Magdeburg, Germany), da®*’-Gal4 (a
gift from Riitta Lindstrém, University of Helsinki, Helsinki, Finland), UAS-
TCF4B (Tamberg et al., 2015), 201Y-Gal4 [Bloomington Drosophila Stock
Center (BDSC, 4440)], 30Y-Gal4 (BDSC, 30818) (Yao Yang et al., 1995)
and OK107-Gal4 (BDSC, 854) were gifts from Mark Fortini, Thomas
Jefferson University, Philadelphia, PA, USA. RI2B08-Gal4 (BDSC,
48489) (Pfeiffer et al., 2008, flweb.janelia.org/cgi-bin/view_flew_
imagery.cgi?line=R12B08), elav-Gal4 (BDSC, 8760) (Luo et al., 1994),
UAS-Der2;Pin'/CyO (BDSC, 24644) (Dietzl et al., 2007), UAS-nls-GFP
(BDSC, 4776), UAS-da® (BDSC, 37291), UAS-mCD8-GFP; Pin'/CyO
(BDSC, 5136) and da mutant line da’’ (BDSC, 5531) (Caudy et al., 1988)
were obtained from the BDSC. The following transgenic lines were
generated in this study: 3xFLAG-da®™* and sfGFP-da™".

Endogeneous tagging of Da by CRISPR/Cas9
The coding sequence for 3xFLAG- or sfGFP-tag was inserted into the 5
coding region of the da gene using CRISPR/Cas9 technology. The genomic
sequence around the tag was as follows: 5-ATGGCGACCAGTG]|
ACGATGAGCC-3" (PAM sequence shown as bold and the cut site
marked with |). For the higher mutagenesis rate, a specific fruit fly line for
guide RNA production was created. Partially overlapping oligonucleotides,
5'-CTTCGTGCATCGGCTCATCGTCAC-3’ and 5'-AAACTGGACGAT-
GAGCCGATGCAC-3', designed to target the N-terminus of the Da protein,
were cloned downstream of the polymerase IIT U6:2 promoter in the pCF-
D2-dU6:2gRNA plasmid (Addgene #49409). Transgenic flies expressing
gRNAs were created by injecting the generated plasmid into PBac{yellow™-
attP-94}VK00027 (BDSC, 9744) fly strain embryos. For donor plasmid
generation, pHD-3xFLAG-ScarlessDsRed or pHD-sfGFP-ScarlessDsRed
[both were gifts from Kate O’Connor-Giles, Drosophila Genomics
Resource Center (DGRC), Indiana University, IN, USA] were used with
Gibson cloning. The following primer pairs were used for the amplification
of upstream and downstream homology arms:

upst F5, 5'-CGGCCGCGAATTCGCCCTTGGTTGTGAATCAGGTG-
TAGAAACA-3" and

upst_R, 5-GCCGGAACCTCCAGATCCACCACTGGTCGCCATTTC-
AGCA-3'; and

dwns_F, 5-TTCTGGTGGTTCAGGAGGTTACGATGAGCCGATGC-
ACTTG-3" and

dwns_R, 5'-GTTTAAACGAATTCGCCCTTAACGCCCTGGAACAC-
CGAGG-3'.

After verification, the obtained donor plasmids pHD-da-3xFLAG-
ScarlessDsRed and pHD-da-sfGFP-ScarlessDsRed were injected into F;
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embryos from a cross between da-gRNA (our gRNA-expressing transgenic
strain) and y/M{w """ =nos-Cas9.P}ZH-24 w* (BDSC, 54591) fly strains.
All embryo injections were ordered from BestGene.

The dsRed cassette was removed from selected progeny by crossing to the
PiggyBac transposase line Herm{3xP3-ECFP,atub-piggyBacK10}M10
(BDSC, 32073) (Horn et al., 2003). The obtained 3xFLAG-da and
sfGFP-da lines were verified by sequencing.

RNA isolation and cloning

RNA from 3xFLAG-da or sfGFP-da Drosophila embryos was isolated
using an RNeasy Mini Kit (Qiagen) according to the manufacturer’s
protocol. cDNA was synthesized using 2 ug of RNA. Primer sequences for
cloning  were 5-ACTAGTTGAAGTCGACTGGAC-3' and 5'-
CCAGGTCCTCCAATTCCACC-3’. PCR products containing either
3xFLAG-da or sfGFP-da ¢cDNA sequences were sequenced and cloned
into the pCDNA3.1 expression vector (Tamberg et al., 2015) using Beul
(Spel, 10 U; Thermo Scientific) and Bstll (Eco 911, 10 U; Thermo
Scientific) restriction enzymes. The pcDNA3.1 constructs encoding Da,
and reporter vectors pGL4.29[luc2P/12uE5/Hygro], pGL4[hRlucP/min/
Hygro], pGL4[hRlucP/PGK/Hygro] and pGL4.29[luc2P/12pE5-TK/
Hygro] have been described previously (Sepp et al., 2011, 2012, 2017;
Tamberg et al., 2015).

Cell culture, transfections and luciferase reporter assay

Human embryonic kidney cells HEK-293 were obtained from ATCC (LGC
Standards GmbH, Wesel, Germany), routinely tested for contamination and
were grown in minimal essential media (Capricorn Scientific) supplemented
with 10% fetal bovine serum (PAA Laboratories), 100 U/ml penicillin and
0.1 mg/ml streptomycin (Gibco). For transfection, 0.375 ug of DNA and
0.75 pg of polyethylenimine (Sigma-Aldrich) were used for each well of
a 48-well plate, or scaled up accordingly. For co-transfections, equal
amounts of pGL4.29[luc2P/12uES5/Hygro], pGL4[hRlucP/min/Hygro]
and effector constructs were used. Cells were lysed 24 h after
transfection.

Rat cortical neuronal cultures from Sprague Dawley embryonic day
(E)22.5 rat embryos were obtained and maintained as described previously
(Sepp et al., 2017). All animal procedures were approved by the local ethics
committee. Neuronal cultures were transfected at 6 days in vitro (DIV) in
conditioned medium. For transfection, 120 ng of expression plasmid, 60 ng
of pGL4.29[luc2P/12uES-TK/Hygro], 20 ng of pGL4[hRlucP/PGK/Hygro]
and 0.6 ul of Lipofectamine 2000 (Invitrogen) were used. Neurons were
treated with resveratrol, SAHA or DMSO as a vehicle and lysed at 8 DIV.

Luciferase assays were performed as described previously (Sepp et al.,
2011) using passive lysis buffer (Promega) and the Dual-Glo luciferase
assay system (Promega). For data analysis, background signals from
untransfected cells were subtracted and firefly luciferase signals were
normalised to Renilla luciferase signals. The data were then log transformed
and auto scaled, means and standard deviations were calculated and paired,
two-tailed Student’s #-tests were performed. The data were back-
transformed for graphical representation.

Protein electrophoresis and western blotting

For SDS-PAGE, embryos, larvae, pupae, adult heads or larval brains were
lysed in 2x SDS sample buffer. Equal amounts of protein were loaded to the
gel. The following mouse monoclonal antibodies were obtained from the
Developmental Studies Hybridoma Bank (DSHB; University of lowa, lowa
City, IA, USA): B-tubulin E7 (dilution 1:3000; DSHB AB_2315513,
developed by M. Klymkowsky); Synapsin SYNORF1 3C11 (dilution
1:1000; DSHB AB_528479, developed by E. Buchner); Discs large 1 4F3
(dilution 1:2000; DSHB AB_528203, developed by C. Goodman); Elav
9F8A9 (dilution 1:1000; DSHB AB_528217, developed by G. M. Rubin);
and Bruchpilot ne82 (dilution 1:100; DSHB AB_2314866, developed by
E. Buchner). Other antibodies used were: mouse anti-Da dam109-10 (dilution
1:10; a gift from C. Cronmiller, University of Virginia, Charlottesville, VA,
USA); mouse anti-FLAG M2 horseradish peroxidase (HRP)-conjugated
(dilution 1:6000; Sigma-Aldrich A8592); and goat anti-mouse IgM
HRP-conjugated secondary antibody (dilution 1:5000; Invitrogen
32430).

Immunohistochemical staining

The anterior parts of third instar larvae were dissected in PBS and fixed
using 4% paraformaldehyde in PBS. Adult flies were first fixed in 4%
paraformaldehyde in PBS and then dissected. Primary antibody labelling
was performed overnight, or for 72 h with the anti-FLAG antibody, on an
overhead rotator at 4°C in PBS with 0.1% Triton X-100, or 0.5% Triton
X-100 for the anti-FLAG antibody. The antibodies used were as follows:
Synapsin SYNORF1 3CI11 (dilution 1:10; DSHB AB_528479); Discs
large 1 4F3 (dilution 1:400; DSHB AB_528203; mouse anti-FLAG
M2 (dilution 1:1000; Sigma-Aldrich F1804); and goat anti-mouse
Alexa594 (dilution 1:1000; ImmunoResearch Laboratories 115-585-003).
Secondary antibodies were pre-adsorbed to wild-type tissues before use.
Incubation with secondary antibodies was performed for 3 h on an overhead
rotator at room temperature in PBS with 0.1% Triton X-100. The labelled
larval brains were dissected and mounted in Vectashield mounting medium
(Vector Laboratories). For image collection, a Zeiss LSM 510 Meta
confocal microscope with a Pln Apo 20x/0.8 DICII objective or a Pln Apo
63%/1.4 Oil DICII objective was used. Suitable layers were selected using
Imaris software (Bitplane).

Appetitive associative learning assay

The appetitive associative memory assay in the Drosophila larvae was
performed as described previously (Michels et al., 2017). Briefly, the larvae
were trained three times for 5 min on Petri dishes; the odour-amyl acetate
(AM) was presented on plain agar and odour-OCT on agar containing
fructose as a reward. Then, the larvae were placed in the midline of a plain
agar plate and given a choice between the two odours placed on separate
halves of the Petri dish. After 3 min, larvae were counted on each half of the
Petri dish. Then reciprocal training was performed with AM and fructose
and OCT with plain agar. Using data from two reciprocally trained tests, the
PI was calculated PI=(PREF AMan+/0ct—PREF AManyoct+)/2. The
odours and the reward were presented in four different orders to eliminate
any non-specific preferences. Altogether, 12 training and test cycles were
conducted per genotype, each time with new larvae, and PIs were calculated
and used for statistical analysis. The PIs were visualized as box-whisker
plots that showed the median, the 25% and 75% quantiles and the minimum
and maximum. For statistical analysis inside one genotype, a one-sample
sign test was applied with an error threshold smaller than 5% and between
the groups Kruskal-Wallis ANOVA with Dunn’s post-hoc test was used.
SAHA was dissolved in dimethyl sulfoxide (DMSO) and the same
concentration of DMSO (0.1%) was used in the food substrate for a
control. Resveratrol was dissolved in 96% ethanol and 1% ethanol in the
food that was used for the control.

ChiP

Chromatin preparations were carried out as described previously (Chanas
et al.,, 2004). Adult heads (~150 mg) were collected on dry ice and
homogenized in buffer A1 [60 mM KCI, 15 mM NaCl, 4 mM MgCl,,
15 mM HEPES (pH 7.6), 0.5% Triton X-100, 0.5 mM DTT, 10 mM sodium
butyrate and 1x EDTA-free protease inhibitor cocktail (Roche)] with 1.8%
formaldehyde at room temperature using a Kontes pellet pestle followed by
three strokes using a Dounce homogenizer with a loose pestle. Homogenate
was incubated for 15 min and glycin was added to 225 mM of the
homogenate followed by 5 min incubation. The homogenate was then
centrifuged for 5 min at 4000 g at 4°C and the supernatant was discarded.
The pellet was washed three times with 3 ml of buffer Al followed by a
wash with 3 ml of lysis buffer [14 mM NaCl, 15 mM HEPES (pH 7.6),
1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.5 mM DTT, 0.1%
sodium deoxycholate, 0.05% SDS, 10 mM sodium butyrate and 1x EDTA-
free protease inhibitor cocktail (Roche)]. Crosslinked material was
resuspended in 0.5ml of lysis buffer with 0.1% SDS and 0.5%
N-lauroylsarcosine, and incubated for 10 min at 4°C on a rotator followed
by sonication using a Sonics Vibra-Cell processor at 70% amplitude for 30
times at 15 s intervals. Crosslinked material was then rotated for 10 min at
4°C and centrifuged for 5 min at room temperature at maximum speed. The
supernatant was then transferred to a new tube and 0.5 ml of lysis buffer was
added to the pellet followed by rotation and centrifugation. Supernatants
were combined and centrifuged two times for 10 min each time at maximum
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speed. Chromatin extract was transferred to Microcon DNA Fast Flow
Centrifugal Filter Units (Merck Millipore), blocked with 1 mg/ml bovine
serum albumin in PBS, and purified using lysis buffer. The volume of
chromatin extract was brought to 1ml using lysis buffer. Protein
concentrations were determined using a bicinchoninic acid assay (Pierce).

After removing equal amounts of inputs, chromatin extracts were diluted
10% using dilution buffer [1% Triton X-100, 150 mM NaCl, 2 mM EDTA
(pH 8.0), 20 mM Tris-HCI (pH 8.0) and 1x EDTA-free protease inhibitor
cocktail (Roche)] and added to 50 ul of Dynabeads Protein G (Invitrogen)
beads that were previously incubated with 5 ug of monoclonal anti-FLAG
M2 antibody (Sigma-Aldrich F1804) in 400 ul of 0.05% PBS Tween 20
overnight (antibody dilution 1:80). ChIP was carried out overnight at 4°C.
Beads with chromatin were then washed in wash buffer [1% Triton X-100,
0.1% SDS, 150 mM NaCl, 2 mM EDTA (pH 8.0), 20 mM Tris-HCI (pH
8.0) and 1x EDTA-free protease inhibitor cocktail (Roche)] using a
magnetic rack for 10 min for three times at 4°C on a rotator, followed by
final wash with wash buffer [1% Triton X-100, 0.1% SDS, 500 mM NacCl,
2mM EDTA (pH 8.0), 20 mM Tris-HCI (pH 8.0) and 1x EDTA-free
protease inhibitor cocktail (Roche)]. Chromatin was eluted using three
aliquots of 50 ul elution buffer (1% SDS, 100 mM NaHCO; and 1 mM
EDTA) for 10 min each time at 37°C. The volume of inputs was brought to
150 ul with elution buffer. For decrosslinking, 8 ul of 5 M NaCl was added
and the samples were incubated at 65°C overnight. Then, 2 ul of RNase A
(10 mg/ml) was added and the samples were incubated at 37°C for 30 min,
followed by incubation with 2 pl of EDTA (0.5 M) and 4 pl Proteinase K
(10 mg/ml) at 45°C for 30 min. DNA was extracted using a QIAquick PCR
Purification Kit (Qiagen).

4PCR

For RT-qPCR, 15 heads were collected from 2- to 3-day-old adult flies on
dry ice. RNA was extracted using an RNeasy Mini Kit (Qiagen). cDNA was
synthesized with Superscript IV Reverse Transcriptase (Invitrogen) and
oligo(dT),o primers. qPCR was performed using a LightCycler 480 II
(Roche) with Hot FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne).
Primer sequences are shown in Table S1.

Negative geotaxis assay

Ten females and males were separated in fresh vials 48 h before the assay to
allow recovery from anaesthesia. Before the test, males and females from
control and da silencing groups were transferred to empty vials without
anaesthesia, which were closed with another upside down vial using sticky
tape. The flies were knocked down three times on the table and a photo was
taken after 10 s. The height of the vial was divided into ten equal parts and the
number of flies in each compartment was counted, and average height was
calculated. The experiment was repeated five times, each time with new flies.
Average climbing heights were visualized using box-whisker plots that showed
the median, the 25% to 75% quantiles and the minimum and maximum. For
statistical significance, pairwise Mann—Whitney U tests were used.
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Expression of alternative
transcription factor 4 mRNAs
and protein isoforms in the
developing and adult rodent and
human tissues

Alex Sirp*, Anastassia Shubina®, Jirgen Tuvikene'?, Laura
Tamberg?, Carl Sander Kiir!, Laura Kranich! and Ténis
Timmusk®?*

‘Department of Chemistry and Biotechnology, Tallinn University of Technology, Tallinn, Estonia,
2Protobios LLC, Tallinn, Estonia

Transcription factor 4 (TCF4) belongs to the class | basic helix—loop—helix
family of transcription factors (also known as E-proteins) and is vital for
the development of the nervous system. Aberrations in the TCF4 gene are
associated with several neurocognitive disorders such as schizophrenia,
intellectual disability, post-traumatic stress disorder, depression, and Pitt-
Hopkins Syndrome, a rare but severe autism spectrum disorder. Expression
of the human TCF4 gene can produce at least 18 N-terminally distinct protein
isoforms, which activate transcription with different activities and thus may vary
in their function during development. We used long-read RNA-sequencing
and western blot analysis combined with the analysis of publicly available
short-read RNA-sequencing data to describe both the mRNA and protein
expression of the many distinct TCF4 isoforms in rodent and human neural
and nonneural tissues. We show that TCF4 mRNA and protein expression is
much higher in the rodent brain compared to nonneural tissues. TCF4 protein
expression is highest in the rodent cerebral cortex and hippocampus, where
expression peaks around birth, and in the rodent cerebellum, where expression
peaks about a week after birth. In human, highest TCF4 expression levels were
seen in the developing brain, although some nonneural tissues displayed
comparable expression levels to adult brain. In addition, we show for the first
time that out of the many possible TCF4 isoforms, the main TCF4 isoforms
expressed in the rodent and human brain and other tissues are TCF4-B, -C, -D,
-A, and-I. Taken together, our isoform specific analysis of TCF4 expression in
different tissues could be used for the generation of gene therapy applications
for patients with TCF4-associated diseases.

KEYWORDS

transcription factor TCF4, basic helix—loop—helix transcription factor, western blot
analysis, neurodevelopment, long-read RNA sequencing, brain tissue, peripheral
tissue
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Introduction

Transcription factor 4 (TCF4) is a member of the class I basic
helix-loop-helix transcription factor family (also known as
E-proteins) and is the main E-protein expressed in the adult
mouse brain (Massari and Murre, 2000; Fischer et al., 2014). TCF4
regulates numerous genes involved in neurodevelopment (Forrest
et al,, 2018) and has been shown to mediate its function by
forming either homo-or heterodimers with proneural interaction
partners such as achaete-scute homolog 1 (ASCLI; Persson et al.,
2000) and neurogenic differentiation factor 2 (NEUROD2;
Brzozka et al., 2010) as well as negative regulators known as
inhibitor of DNA binding (ID) proteins (Chiaramello et al., 1995;
Einarson and Chao, 1995). The expression of TCF4 interaction
partners is strictly regulated, allowing TCF4 to possibly exert
different functions during the development of the nervous system
(Quednow et al., 2011).

Changes in the TCF4 gene are linked to the development of
many severe neurocognitive disorders such as schizophrenia
(Stefansson et al., 2009; Ripke et al., 2014; Doostparast Torshizi
etal, 2019), intellectual disability (Kharbanda et al., 2016), post-
traumatic stress disorder (Gelernter et al., 2019), and depression
(Wray et al., 2018). In addition, de novo mutations in one of the
TCF4 alleles cause Pitt-Hopkins syndrome (Brockschmidt et al.,
2007; Zweier et al., 2007)—an autism spectrum disorder described
by severe cognitive impairment, breathing abnormalities, motor
delay, and distinctive facial features (Zollino et al, 2019).
Interestingly, in addition to deletions and translocations, just a
single nucleotide mutation in the basic helix-loop-helix encoding
domain can completely impair the normal functionality of the
TCF4 protein (Amiel et al., 2007; Zweier et al., 2007; Sepp et al.,
2012; Sirp et al., 2021). Tcf4 heterozygous mutant mice exhibit
memory deficits, impaired motor control, and social isolation
(Kennedy et al., 2016; Thaxton et al., 2018). Similar results have
been noted in Drosophila melanogaster, where downregulation of
Daughterless, the orthologue of TCF4, impairs memory and
learning (Tamberg et al., 2020). Overexpression of Tcf4 in mouse
brain causes impairments in cognition and sensorimotor gating
(Brzozka et al,, 2010), and increased long term depression at
synapses (Badowska et al., 2020). Homozygous Tcf4 knockout
mice have low viability and usually die around birth (Zhuang
et al., 1996).

Expression of Tcf4 was first described during late embryonic
and early postnatal development in different mouse brain regions
using northern blot analysis and in situ hybridization (Soosaar
et al., 1994; Pscherer et al., 1996; Ravanpay and Olson, 2008).
More recent studies have used quantitative droplet digital PCR

Abbreviations: TCF4, Transcription factor 4; RNA-seq, RNA sequencing; RT,
Room temperature; RT-gPCR, Reverse transcription quantitative PCR; gRNA,
Guide RNA; P, Postnatal; E, Embryonic; CTX, Cerebral cortex; HC, Hippocampi;
CB, Cerebellum; OB, Olfactory bulb; HTH, Hypothalamus; MB, Midbrain; TH,
Thalamus; STRT, Striatum.
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and reverse-transcription quantitative PCR to show that in the
cerebral cortex TCF4 mRNA expression peaks around birth and
declines rapidly in the following 2 weeks (Li et al., 2019; Phan
et al,, 2020). Expression of TCF4 protein in the developing and
adult mouse brain has been described in detail by Jung et al.
(2018) using immunostaining with antibodies specific for longer
TCF4 protein isoforms. During embryonic development of the
brain, expression levels of long TCF4 isoforms are high in the
areas which will develop into the cortex and the hippocampus.
More specifically, long TCF4 isoforms are largely expressed in the
germinal regions that will give rise to GABAergic and
glutamatergic neurons of the cortex (Jung et al., 2018). In the brain
of adult mice, TCF4 expression of long TCF4 isoforms is high in
the cortex, hippocampus, and cerebellum (Jung et al., 2018).
Similar results have been obtained by Kim and colleagues who
used TCF4-GFP mice to characterize total TCF4 expression (Kim
et al., 2020).

In human, TCF4 is expressed broadly, with the expression of
different TCF4 isoforms varying between tissues (de Pontual et al.,
2009; Sepp et al, 2011). Further analysis of human RNA
sequencing (RNA-seq) data has revealed that the mRNA
expression dynamics of TCF4 in human and mouse appear to
be conserved in the cerebral cortex—TCF4 mRNA is highly
expressed during fetal stages of development and reaches the
maximum before birth, rapidly declines around birth until
entering a relatively stable expression level from the early postnatal
period to adulthood (Ma et al., 2018). As TCF4 remains stably
expressed in adult humans and rodents alike (de Pontual et al.,
2009; Jung et al.,, 2018; Ma et al., 2018; Li et al., 2019) its expression
is probably important for the normal functioning of the organism
(Sarkar et al., 2021).

To date, none of the previous studies of TCF4 mRNA (Ma
et al,, 2018; Li et al,, 2019; Phan et al., 2020) and protein (Jung
etal,, 2018; Kim et al., 2020) expression have described expression
of the variety of TCF4 isoforms. Expression of the mouse and
human TCF4 gene results in many different transcripts encoding
N-terminally distinct protein isoforms which vary in their
intracellular localization, transactivation capability (Sepp et al.,
2011,2017; Nurm et al., 2021) and possibly mediate their function
depending on dosage (Ravanpay and Olson, 2008). Here,
we investigated the complex expression dynamics of different
TCF4 mRNAs and protein isoforms in the developing and adult
rodent and human tissues. Our results can be used to estimate
which TCF4 isoforms and at which proportions should
be introduced into different tissues during development to
generate gene therapy applications of the TCF4-associated diseases.

Materials and methods

Direct TCF4 RNA sequencing

Total RNA was extracted from a mixture of cerebral cortices
from three P3 BALB/c mice using the RNeasy lipid tissue mini kit
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(Qiagen). Genomic DNA was digested on-column using RNase-
Free DNase Set (Qiagen). Concentration of the purified RNA was
determined with BioSpec-nano spectrophotometer (Shimadzu).

Before RNA-seq library preparation, 20 pg of P3 BALB/c
cortical RNA was enriched for Tcf4 transcripts in wash/binding
buffer (0.5M NaCl, 20mM Tris-HCI pH 7.5, and 1 mM EDTA)
with 8puM each of three 5 biotinylated oligonucleotides
(Microsynth AG)—two oligonucleotides were complementary to
the 3" untranslated region of Tcf4, and one was complementary to
the bHLH region of Tcf4 (Supplementary Table S1). As there are
no known Tef4 transcripts that lack the bHLH region or exon 21,
we expect that our Tcf4 mRNA enrichment strategy is unbiased
and enriches all possible TCF4 transcripts (Sepp et al., 2011;
Nurm et al., 2021). First the mixture was incubated at 70°C for
2min and then cooled to room temperature in about 30 min in a
heating block. When the heating block reached 60°C, 100 units of
RiboLock RNase Inhibitor (Thermo Fisher Scientific) was added
to the mixture.

Next, Pierce streptavidin magnetic beads (Thermo Fisher
Scientific) were prepared for the binding reaction. For that, 40 pl
of magnetic beads was washed in 800 pl wash/binding buffer and
then suspended in 30 pl of wash/binding buffer. The magnetic
beads then added to the
oligonucleotide-RNA mixture for the binding reaction. The bead-

were previously annealed
oligonucleotide-RNA mixture was incubated at RT for 90 min
with occasional agitation by hand. After 90 min, the flow-through
sample was collected and after that the beads were washed twice
with 100 pl of wash/bind buffer followed by three washes with
100 pl of ice-cold low salt buffer (0.15M NaCl, 20 mM Tris-HCl
pH 7.5, and 1 mM EDTA). For elution, the magnetic beads were
incubated at 70°C for 5min in 25pl of nuclease free water
(Qiagen) twice, with the total volume of eluted RNA being 50 pl.
In total, two Tcf4 RNA enrichments were done—the first Tcf4
enriched RNA sample was sequenced twice and the second once.

RNA sequencing library was prepared separately for each of
the three sequencing experiments according to the Sequence-
specific direct RNA sequencing protocol SQK-RNA002 (Oxford
Nanopore Technologies). The RNAClean XP beads (Agencourt)
were substituted with the Mag-Bind total pure NGS magnetic
beads (Omega Bio-tek). Sequencing was done three times with the
MinION sequencer, FLO-MIN106 flow-cell (new flow cells were
used for each experiment), and SQK-RNAQ02 kit using
MinKNOW = software (version 3.6.5; Oxford Nanopore
Technologies).

Base-calling of the direct RNA sequencing data was performed
using Guppy Basecalling Software (version 4.0.11+f1071ceb,
Oxford Nanopore Technologies) with high-accuracy basecalling
algorithm. Failed reads were discarded and the passed reads were
mapped to mouse GRCm38.p6 genome (obtained from Gencode)
using Minimap2 (version 2.17-r941) with the following settings:
-ax splice-uf -k14. The generated sam files were converted to bam
format using Samtools (version 1.9), the alignments of all three
replicates were combined and only reads mapping to the Tcf4 gene
locus were kept. The resulting merged and filtered bam file was
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then converted to bed12 file format using bedtools (version 2.28.0)
for easier visualization. All reads mapping to the Tcf4 locus in
bed12 format can be found in Data Sheet 1. Raw sequencing reads
mapping to the Tcf4 locus can be found in Data Sheet 2. The final
data was visualized in Integrated Genomics Viewer and the
transcripts encoding Tcf4 isoforms were manually quantified.
Aberrant transcripts were excluded from the analysis.

Guide RNA design and cloning

The University of California Santa Cruz Genome Browser
Gateway' was used to define the genomic region of mouse exon 3
and exon 10a protein coding regions for guide RNA (gRNA)
design. The genomic region for mouse exon 3 and exon 10a was
chr18:69,347,299-69,347,369 and chr18:69,593,516-69,593,584,
respectively, according to mouse GRCm38/mm10 (Dec. 2011)
assembly. In total, three gRNAs were designed for exon 3 and two
for exon 10a using Benchling Inc.” CRISPR guide design software.

To insert the gRNA targeting region-containing
oligonucleotides effectively into the PX459 (Addgene #62988)
expression vector, nucleotides were added to the 5* ends of gRNAs
that were complementary to the sticky ends produced after
restriction of the PX459 plasmid with the BbsI restriction enzyme
(Thermo Scientific). In addition, a guanine nucleotide was added
to the 5" end of each forward oligonucleotide sequence of gRNA
as it has been found to increase targeting efficiency.’ The designed
sequences are included in Supplementary Table S2. The
oligonucleotides were ordered from Microsynth AG.

Cell culture and transfection

Mouse Neuro2a and human SH-SY5Y cells were grown in
DMEM (Dulbecco’s modified Eagle’s medium, Thermo Scientific)
medium, supplemented with 10% fetal bovine serum (Pan
Biotech), 100U/ml penicillin, and 0.1mg/ml streptomycin
(Thermo Scientific).

For transfection, cells were plated on a 12-well plate (Greiner)
in 800 pl medium per well 24-48 h before transfection. At the time
of the transfection, the cells were at 50-70% confluency. Neuro2a
cells were transfected with 500ng of the pEGFP plasmid and
500ng of the PX459 plasmid expressing the respective gRNA,
Cas9, and Puromycin resistance gene using Lipofectamine 2000
(Invitrogen). In each experiment, DNA to transfection reagent
ratio was 1:2. For preparation of protein lysates, the cells were
lysed in in 1x Laemmli buffer [0.062 M Tris-HCl pH 6.8, 2% SDS,
5% 2-mercaptoethanol (Roth), 10% glycerol, and 0.01%
bromophenol blue].

1 https://genome.ucsc.edu
2 https://benchling.com
3 http://www.addgene.org/crispr/zhang/
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Reverse transcription PCR

Total RNA was extracted from Neuro2a cells using the RNeasy
mini kit (Qiagen). Genomic DNA was digested on-column using
RNase-Free DNase Set (Qiagen). Concentrations of the purified
RNAs were determined with BioSpec-nano spectrophotometer
(Shimadzu). cDNA was synthesized from Neuro2a total RNA
using Superscript IV Reverse Transcriptase (Invitrogen) according
to the manufacturer’s instructions. Primers used for reverse
transcription PCR are listed in Supplementary Table S3.

Animal husbandry

The protocols involving animals were approved by the ethics
committee of animal experiments at Ministry of Agriculture of
Estonia (Permit Number: 45). All experiments were performed in
accordance with the relevant guidelines and regulations. WISTAR
rats (RccHan:W1, Envigo) and C57BL/6 and BALB/c mouse
strains (Envigo) were used in this study. Animals were maintained
in conventional polycarbonate or H-TEMP polysulfone cages (2-4
animals per cage) with ad libitum access to clean water and food
pellets (ssniff Spezialdidten) under a 12-h light/dark cycle in
humidity and temperature-controlled room (temperature 22+ 1°C
and humidity 50 +10%).

To establish timed pregnancy for studying embryonic (E)
development, the female mouse estrous cycle was monitored by
visual observations of the vaginal opening of each female mouse
based on the criteria described by Champlin et al. (1973). Mice in
the proestrus or estrous phase of the cycle were selected for
mating. Animals were bred in the evening and vaginal post-
coitum protein plug was checked in the next morning no more
than 12 h later. The morning that a plug was found was designated
as E0.5 gestational stage. The day of the animal birth was
designated as postnatal (P) 0 stage.

Tissue isolation and protein extraction

Mice and rats were euthanized by carbon dioxide inhalation
and decapitated with a guillotine. Dissection of tissue samples
was done in ice-cold 1x phosphate-buffered saline solution.
Each sample contained tissues pooled together from three
different animals for biological diversity and sufficient protein
extraction at early developmental stages. The mouse and rat
cerebral cortex, hippocampus, cerebellum, olfactory bulb,
hypothalamus, and pons including medulla, midbrain, and
thalamus were collected. Striatum was collected only for the
BALB/c mouse strain. Tissue collection for mouse and rat brain
regions occurred at PO, 3, 5, 7, 10, 14, 21, 60, and PO, 3, 5, 10,
14, 30, 60, respectively. In addition to postnatal days, collection
of total mouse brain samples occurred at E13, 15, and 18.
Mouse and rat peripheral tissues, skin, lung, kidney, heart,
diaphragm, muscle, bladder, stomach, pancreas, thymus,
spleen, liver, and blood, were collected at developmental stages
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PO, 14, and 60. After collection, tissue samples were stored at
—80°C until further processing.

Tissues were homogenized on ice with tissue grinder PELLET
PESTLE® Cordless Motor (Kimble-Chase, DWK Life Sciences) in
ice-cold Radioimmunoprecipitation assay buffer [RIPA, 50 mM
Tris pH 8.0, 150mM NaCl, 1% NP-40, 0.5% Na-deoxycholate,
0.5% sodium dodecyl sulfate (SDS), and 1x Roche Protease
Inhibitor Cocktail Complete]. Lysates were sonicated for 15s with
Torbeo Ultrasonic probe sonicator (36810-series, Cole Parmer),
and insoluble material was removed by centrifugation at 4°C for
20min at 16,000¢. Protein concentration was measured with
Pierce BCA Protein Assay Kit (Thermo Scientific).

Protein lysates from human post-mortem cerebral cortex and
hippocampus were prepared like rodent lysates. All protocols
using human tissue samples were approved by Tallinn Committee
for Medical Studies, National Institute for Health Development
(Permit Number 402). All experiments were performed in
accordance with relevant guidelines and regulations.

In vitro protein translation

TCF4-A%, -A7, -B*, B7, -C7, -D™ and TCF4-I"isoforms were
translated in vitro using pcDNA3 plasmids encoding the respective
TCF4 isoforms (Sepp et al., 2011) with TnT Quick Coupled
Transcription/Translation System (Promega). Equal volumes of in
vitro translated TCF4 protein mixtures were used for western
blot analysis.

Western blot analysis

For western blot analysis, protein lysates in RIPA were diluted
to the same concentration in 1x Laemmli buffer. 55pg of each
sample was electrophoretically separated by SDS-polyacrylamide
gel electrophoresis in 8% gel and transferred to polyvinylidene
difluoride membrane (Millipore) in Towbin buffer (25 mM Tris,
192 mM glycine, 20% methanol, 0.1% SDS, and pH 8.3) using wet
transfer. Membranes were blocked with 5% skimmed milk
(Sigma-Aldrich) in 1x Tris Buffered Saline with 0.1% Tween-20
(TBST, Sigma Aldrich) before incubating with primary [mouse
monoclonal anti-ITF-2 (TCF4); C-8, 1:1,000 dilution, Santa Cruz]
and secondary (goat polyclonal anti-mouse IgG HRP-conjugated
antibody 1:5,000 dilution, Thermo Scientific) antibody in 2.5%
skimmed milk-TBST solution overnight at 4°C and 1h at room
temperature, respectively. Specificity of the anti-ITF-2 (TCF4; C-8,
Santa Cruz) antibody has been previously validated using tissue
lysates from Tcf4 knockout mice (Nurm et al, 2021). For
peripheral tissues, mouse IgG kappa binding protein conjugated
to HRP was used as a secondary antibody (1:5,000 dilution, Santa
Cruz). Chemiluminescence signal detection with SuperSignal
West Femto or Atto Chemiluminescence Substrate (Thermo
Scientific). The chemiluminescence signal was visualized with
ImageQuant LAS 4000 bioimager (GE Healthcare) and
densitometric quantification was performed with ImageQuant TL
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8.2 image analysis software (GE Healthcare). Membrane staining
with Coomassie solution (0.1% Coomassie Brilliant Blue R-250,
25% ethanol, and 7% acetic acid) was used as a loading control
and for total protein normalization.

Analysis of publicly available RNA-seq
datasets

Raw RNA-seq datasets of human, mouse, and rat were
obtained from EMBL-EBI European Nucleotide Archive database
using www.sra-explorer.info (Keane et al., 2011; ENCODE Project
Consortium, 2012; Schmitt et al., 2014; Yu et al., 2014; Vied et al,,
2016; Li et al.,, 2017; Sollner et al., 2017; Cardoso-Moreira et al.,
2019; Luo etal., 2020; Shafik et al., 2021; see Supplementary Table S4
for accession numbers and sample information). Adapter and
quality trimming were done using BBDuk (part of BBMap version
38.90) with the following parameters: ktrim=r k=23 mink=11
hdist=1 tbo qtrim=Ir trimq=10 maq=10 minlen=25. Mouse
reads were mapped to mm10 (primary assembly and annotation
obtained from GENCODE, release M25, GRCm38), rat reads were
mapped to rn6 (primary assembly and annotation obtained from
Ensembl, release 104, RGSC 6.0/Rnor_6.0), and human reads were
mapped to hgl9 (primary assembly and annotation obtained from
GENCODE, release 37, GRCh37) using STAR aligner (version
2.7.4a) with default parameters. To increase sensitivity for
unannotated splice junctions, splice junctions obtained from the
first pass were combined per dataset and filtered as follows:
junctions on mitochondrial DNA and non-canonical intron
motifs were removed; only junctions detected in at least 10% of
samples (rounded up to the nearest integer) in the whole dataset
were kept. Filtered junctions were added to the second pass
mapping using STAR. Intron spanning reads were quantified
using FeatureCounts (version 2.0.1). The following parameters
were used for paired-end data: -p -B -C -J; and single-end data:
-J. To count reads from TCF4 extended exons (exons 4c and 7blII),
reads crossing a 1 bp region 2bp 5’ from the internal exon 4 and
7, respectively, were quantified using FeatureCounts and a
custom-made saf file. Splice junctions in the TCF4 locus were
manually curated and annotated to TCF4 isoforms according to
Sepp etal. (2011).

A custom R script* was used to quantify the expression of
different TCF4 transcripts from analyzed RNA-seq datasets.
Briefly, RNA-seq reads crossing the indicated TCF4 splice-
junctions were normalized using all splice-junction crossing
reads in the respective sample. Then, the data were summarized
by the Exon column (Supplementary Tables S5-57). To acquire
total TCF4 mRNA levels, the mean value of exon-junctions from
10-11 to 19-20 was taken for the analysis. Aggregated mouse and
rat data was meta-analyzed in tandem with human data to study
TCF4 expression during development. The expression of TCF4

4 https://github.com/CSKiir/Sirp_et_al_2022
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transcripts encoding specific isoforms was assessed by
quantifying the number of reads crossing the exon-junctions
specific for the TCF4 isoforms. Data were summarized in each
tissue and age group by the Isoform column. Values for each
isoform were then divided with the sum of all annotated isoforms
to show isoform composition in percentages. The results were
visualized using ggplot2 (version 3.3.5) in R (version 4.1.2). The
TCF4 exon-junction data used for the analysis of TCF4 transcripts
in mouse, rat, and human datasets can be found in
Supplementary Tables S5-S7, respectively.

Data mining and visualization was also performed on human
GTEx portal exon-exon junction dataset (dbGaP Accession
phs000424.v8.p2) and human developmental transcriptome data
from BrainSpan (RNA-Seq Gencode v10 summarized to genes).
The human GTEx data used for the analyses described in this
manuscript were obtained from the GTEx Portal® on 12/01/2021
and the human BrainSpan data was obtained from the BrainSpan
Atlas of the Developing Human Brain® on 12/01/2021. For
information about rodent and human developmental stages and
the number of individual data points per developmental stage, see
Supplementary Tables S8-S12.

Results

Five N-terminally distinct TCF4 protein
isoforms are expressed in the developing
mouse cerebral cortex

The use of numerous alternative 5" exons results in the
expression of many transcripts from the Tcf4 gene, resulting in a
variety of TCF4 protein isoforms with different expression
patterns between tissue types (Sepp et al., 2011; Nurm et al., 2021).
We have previously described transcripts from the mouse Tcf4
gene based on available mRNA and expressed sequence tag data
from various tissues (Nurm et al., 2021) but characterizing all the
isoform encoding transcripts using short-read sequencing is
complicated. Here, we did long-read direct RNA-sequencing
(RNA-seq) on the Oxford Nanopore Technologies platform from
postnatal day 3 (P3) mouse cerebral cortex. Direct RNA-seq
eliminates the bias which may result from complementary DNA
synthesis used in conventional RNA-seq methods. Briefly,
we extracted total RNA from the P3 mouse cerebral cortex which
was then enriched for Tcf4 transcripts using a combination of
oligonucleotides complementary to the 3" untranslated region and
the basic helix-loop-helix region of Tcf4 (Figure 1A;
Supplementary Table S1). The Oxford Nanopore Technologies
platform begins sequencing from the 3" end of RNA meaning that
early sequencing termination can result in reads which do not
reach the 5" exons of Tcf4 transcripts. Analysis of our results

5 https://gtexportal.org
6 http://brainspan.org
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FIGURE 1

Tcf4 mRNA isoforms expressed in the developing mouse cerebral cortex encode five N-terminally distinct protein isoforms. (A) Schema of
experimental design for direct RNA-sequencing. The cerebral cortices of postnatal day 3 (P3) mice were collected, followed by RNA extraction
and Tcf4 mRNA enrichment before direct long-read mRNA sequencing. A selection of Tcf4 transcripts mapped to the mouse Tcf4 locus is shown
for reference. Black boxes represent exons and red lines show introns. Scale bar in kilobases is shown on top. Tcf4 transcripts encoding the
different TCF4 isoforms (TCF4-B, -C, -D, -A, and-I) were quantified and the distribution is shown on the right. Each isoform is represented with
different color as shown in the legend on the right. (B) Mouse Tcf4 genomic organization with exons drawn in scale. Exons are named according
to the human TCF4 gene (Sepp et al,, 2011). 5" exons are shown as white boxes while internal and 3" exons are shown as gray boxes. Exon names
are shown below boxes. Numbers above the exons designate the size of the exon in base pairs. Roman numerals below exons show alternative
splice sites. Regions encoding different domains are marked below the gene structure (AD1, NLS, AD3, AD2, and bHLH) as well as the epitope for
the TCF4 antibody C-8 (Santa Cruz, SC) used in the present study. (C) Schematic structure of Tcf4 transcripts expressed in the developing mouse
cerebral cortex. Untranslated regions are shown as white boxes and translated regions as blue boxes. Each transcript is named (shown on the left)
according to the 5 exon and with the number of the splice site where indicated. The names of the protein isoforms encoded by the transcripts are
shown on the right. Positions of alternative splice region that generates full-length (FL), A, — and+isoforms are shown at the bottom. The position
of the first in-frame start codon is shown with an arrow for each transcript and the common stop codon with an arrow at the bottom. AD,
activation domain; NLS, nuclear localization signal; bHLH, basic helix—loop—helix; FL, full-length; and A, lack of exons 8-9

showed that most of the 1,336 RNAs which mapped to the mouse
Tcf4 gene were short and mapped only to the last exon of Tcf4
gene. However, we obtained 163 Tcf4 transcripts that reached from
the 3’untranslated region to the 5" terminal exons and were thus
considered full-length based on previous knowledge about the
rodent Tcf4 gene structure (Nurm et al.,, 2021). We then quantified
the potential TCF4 protein isoforms encoded by these transcripts
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(Figure 1A). The results showed that in the mouse P3 cerebral
cortex ~20% of mRNAs transcribed from Tcf4 gene encode
isoform TCF4-B; 10% encode isoform TCF4-C; 30% encode
isoform TCF4-D; 30% encode isoform TCF4-A and 10% encode
isoform TCF4-I (Figure 1A). The presence of plus (containing the
RSRS amino acid sequence) and minus (without the RSRS amino
acid sequence; Corneliussen et al., 1991; Nurm et al., 2021) TCF4
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isoforms encoded by Tcf4 mRNAs was roughly equal. Overall, our
data show that the expression of mouse Tcf4 gene leads to
numerous transcripts due to the presence of 32 exons out of which
13 are alternative 5" exons and 18 are internal exons and one is a
terminal 3’ exon (Figures 1B,C). Using long-read sequencing,
we discovered two novel 5" exons (exon 3e and 3f) that are
included in Tcf4 transcripts encoding TCF4-B isoform
(Figures 1B,C).

We then described the expression pattern of TCF4 protein
isoforms in SDS-PAGE/western blot analysis. For that, we used
in vitro translated TCF4-B, -C, -D, -A, and-I plus or minus
TCF4 isoforms. This allowed us to compare different
combinations of in vitro translated TCF4 isoforms in western
blot to the TCF4 protein pattern in the mouse cerebral cortex.
In good agreement with our RNA-seq experiment, the
combination of in vitro translated proteins TCF4-B, -C, -D, -A,
and -I resembled the protein pattern of TCF4 in the cerebral
cortex (Figure 2A). The variability in in vitro translated TCF4
isoform levels in western blot (Figure 2A) could arise from
differential translation rate of the respective TCF4 isoform
encoding plasmids. Next, we determined the apparent
molecular weight and location of endogenously expressed TCF4
isoforms—TCF4-B and TCF4-A in SDS-PAGE/western blot
analysis. To this end, we constructed a CRISPR-Cas9 system to
inhibit the expression of these TCF4 isoforms in Neuro2a cell
line by generating frameshift mutations in the unique exons
encoding these isoforms (exons 3 and 10a, respectively).
We could not specifically silence the expression of TCF4-D
since its translation start site is in internal exon 8—a frameshift
mutation in exon 8 would cause the silencing of not only
TCF4-D, but also TCF4-B and-C isoforms. We used Neuro2a
cells, which show high endogenous expression of TCF4 as
confirmed by RT-PCR and western blot analysis (Figure 2B;
Supplementary Figure SI). By expressing the generated
CRISPR-Cas9 system in Neuro2a cells, we were able to inhibit
the expression of TCF4-B and-A and thus confirm the location
of these protein isoforms in western blot analysis (Figure 2B).
Furthermore, western blot analysis showed that expression
pattern of TCF4 isoforms was similar in Neuro2a cells and P3
mouse cerebral cortex (Figure 2B).

Taken together, the main N-terminally distinct TCF4 isoforms
expressed in the early postnatal mouse cerebral cortex are TCF4-B,
-G, -D, -A, and -1. We classified the detected TCF4 signals into
three groups based on their molecular weight: long isoforms
(TCF4-B and-C), medium isoforms (TCF4-D), and short isoforms
(TCF4-A and-I; Figure 2C).

Expression of TCF4 protein in the mouse
brain is highest around birth
Next, we studied the changes in TCF4 protein expression in

the mouse brain throughout pre-and postnatal development. For
that, we made mouse whole brain lysates from two strains
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FIGURE 2

TCF4 protein isoforms expressed in the mouse cerebral cortex
can be grouped into long, medium, and short isoforms based on
apparent molecular weight in SDS-PAGE. (A) Western blot
analysis of different combinations of in vitro translated TCF4
isoforms (shown on the top) to identify the mobility of TCF4
isoforms in the lysates from the mouse cerebral cortex and
Neuro2a cells in SDS-PAGE. (B) Western blot analysis of Neuro2a
cells transfected with CRISPR-Cas9 silencing system. Two exon
10a-specific gRNAs were used to silence TCF4-A and three exon
3-specific gRNAs were used to silence TCF4-B. Cells
overexpressing CRISPR-Cas9 vector without the exon-specific
gRNA targeting sequence was used as control (CNTR). Mouse
cerebral cortex tissue lysate was used to compare TCF4 isoform
expression pattern to the pattern in Neuro2a cells. Locations of
TCF4-A and TCF4-B isoforms are depicted on the right
Coomassie staining (CS) was used a loading control and is shown
at the bottom. (C) Schematic layout of the locations of TCF4
isoforms in the protein lysate of the mouse cerebral cortex in
western blot. TCF4 isoforms were grouped into three—long,
medium and short isoforms. The locations of TCF4 isoform
groups are color coded and shown on the right. In each panel,
molecular weight is shown on the left in kilodaltons.

(BALB/C and C57BL/6) at 11 different developmental stages
ranging from E13.5 to P60, and performed western blot analysis
(Figures 3A,B). Both mouse strains exhibited expression of long,
medium, and short TCF4 isoforms, with the highest expression
of total TCF4 detected at late prenatal and early postnatal
development. After peaking, TCF4 expression gradually declined
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Protein expression of TCF4 in the mouse brain peaks around
birth. (A,B) Western blot analysis of TCF4 protein expression
through the pre-and postnatal development in the BALB/c

(A) and C57BL/6 (B) mouse whole brain. Tissue lysates from the
whole brain were made at different embryonic (E) and postnatal
(P) days. The locations of TCF4 isoform groups are color coded
and shown on the right. In each panel, molecular weight is
shown on the left in kilodaltons. Under each western plot panel,
a line graph depicting the quantification of long, medium, and
short TCF4 protein isoforms during development is shown. TCF4
protein levels were normalized to the total TCF4 signal of the P10
cerebral cortex of the respective mouse strain

during postnatal development of the brain (Figures 3A,B). While
long and short TCF4 isoforms were detected at all stages, the
medium-sized TCF4 isoforms became more apparent at later fetal
stages and were almost undetectable before stage E18.5
(Figures 3A,B).

To better compare TCF4 total levels and isoform expression
patterns between the two mouse strains, brain samples of the two
strains from early postnatal development (P0-10) were analyzed
in the same western blot experiment (Supplementary Figure S2).
Our results revealed that the two mouse strains showed no major
differences in TCF4 expression levels or expression patterns
(Supplementary Figure S2). Altogether, these results indicated
that TCF4 is expressed at both pre-and postnatal stages of the
mouse brain development, with long and short TCF4 isoforms
presented at all stages.
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Expression of TCF4 is highest in the
cerebral cortex, hippocampus,
cerebellum, and olfactory bulb in the
rodent brain

Next, we analyzed mRNA and protein expression of TCF4 in
various rodent brain regions. First, we conducted a meta-analysis
of available short-read RNA-seq data (Keane et al, 2011;
ENCODE Project Consortium, 2012; Schmitt et al., 2014; Yu
et al, 2014; Vied et al., 2016; Li et al., 2017; Séllner et al., 2017;
Cardoso-Moreira et al., 2019; Luo et al., 2020; Shafik et al., 2021)
to quantify the expression of total Tcf4 mRNA and different Tcf4
transcripts encoding distinct protein isoforms in rodents. Where
possible, Tcf4 expression dynamics was studied during different
stages of pre-and postnatal development.

In the mouse brain, Tcf4 mRNA expression was highest in
the cerebral cortex, followed by the cerebellum, midbrain and
hypothalamus (Figure 4A; Supplementary Figure S3A). A
decrease in Tcf4 mRNA expression after birth was seen for all
the studied brain regions except for the cerebellum, which
displayed relatively stable Tcf4 mRNA levels during postnatal
development. The majority of expressed Tcf4 transcripts
encoded isoforms TCF4-B, -C, -D, -A, and -1, with transcripts
encoding TCF4-A showing the highest overall expression
(Figure 4A; Supplementary Figure S4A) in the mouse brain. The
cerebral cortex was the only brain region that displayed a
notable change in the expression pattern of transcripts encoding
different TCF4 isoforms—during development the expression
of TCF4-A decreased and the expression of TCF4-D increased
(Figure 4A).

We then sought to describe TCF4 expression at the protein
level in mouse brain regions. For this, we dissected the cerebral
cortex, hippocampus, cerebellum, striatum, pons, olfactory bulb,
hypothalamus, thalamus, and midbrain at eight postnatal stages
(PO, 3, 5, 7, 10, 14, 21, and 60) from BALB/C (Figure 4) and
C57BL/6 (Supplementary Figure S5) mice, prepared protein lysates
and analyzed TCF4 levels by western blot. First, we compared
TCF4 protein expression across distinct brain regions at two
postnatal stages, PO and P10 by western blot analysis (Figures 4B,C;
Supplementary Figures S5A,B). We observed high TCF4 expression
levels in the cerebral cortex and hippocampus at PO, and in the
cerebellum at P10 (Figures 4B,C; Supplementary Figures S5A,B).
The long and short TCF4 protein isoforms were present in all
studied brain regions (Figures 4B,C; Supplementary Figures S5A,B).
The medium isoforms had more restricted patterns being detected
at high levels in the cerebral cortex and hippocampus, at low levels
in the cerebellum, olfactory bulb, and pons, and were below the
detection limits in other brain regions (Figures 4B,C).

Next, we focused on the developmental dynamics of TCF4
protein expression in all the dissected mouse brain regions during
(PO-60; 4D;
Supplementary Figure S5C). To better compare TCF4 signals

postnatal development Figure

between individual brain regions across development, we used
tissue lysate from the P10 cerebral cortex in each experiment as
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Expression of TCF4 is high in the mouse cerebral cortex, hippocampus and

Tcf4 is visualized as a line chart (upper panel) where the solid line connects

thalamus; P, postnatal day; and CS, Coomassie staining.

et al. (2019), ENCODE Consortium (ENCODE Project Consortium, 2012; Luo et al,, 2020), and Shafik et al. (2021) were combined for meta-analysis
of Tcf4 mRNA expression in mouse cerebral cortex, cerebellum, midbrain, and hypothalamus throughout development. mRNA expression of total

bars represent standard error of the mean (SEM). The distribution of isoform-specific transcripts is shown as bars (lower panel). Each isoform is
represented with different color, as shown in the legend on the right. (B—D) Western blot analysis of TCF4 protein expression in different brain
areas of BALB/c mouse at PO (B), P10 (C), and throughout postnatal development (D). The examined brain areas are shown on the top of each
panel together with the day of postnatal development. P10 cerebral cortex was used for normalization (D). Coomassie membrane staining (CS)
shown at the bottom of each western blot was used as a loading control. The locations of TCF4 isoform groups are color coded and shown on
the right. In each panel, molecular weight is shown on the left in kilodaltons. (E) TCF4 signals from western blot analysis of different brain areas of
BALB/c mouse were quantified and normalized using Coomassie staining. The normalized signal from P10 cerebral cortex was set as 1, and the
quantification results are visualized as a heatmap. Color scale gradient represents the relative TCF4 expression level, where blue and red color
represents the lowest and the highest total TCF4 protein level, respectively.
stages on top. CTX, cerebral cortex; HC, hippocampus; CB, cerebellum; STRT, striatum; OB, olfactory bulb; MB, midbrain; HTH, hypothalamus; TH,

cerebellum. (A) Three independent datasets from Cardoso-Moreira

the mean of Tcf4 expression for each developmental stage and error

The studied brain regions are shown on the left and developmental

calibrator the results 4E;

Supplementary Figure S5F). In agreement with our direct

a and quantified (Figure
comparisons (Figures 4B,C; Supplementary Figures S5A,B), the

highest levels of TCF4 expression were observed in the cerebral
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cortex, hippocampus, and cerebellum, with all the other studied
brain regions showing either moderate (olfactory bulb) or low
(striatum, midbrain, hypothalamus, pons, and thalamus) TCF4
expression (Figure 4E; Supplementary Figure S5F). While in the
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cerebral cortex and hippocampus TCF4 expression peaked just
after birth (Figure 4E; Supplementary Figure S5F), cerebellum
displayed a slightly delayed increase in TCF4 expression, peaking
around a week after birth (Figure 4E; Supplementary Figure S5F).
Notably, cerebellum and hippocampus retained a higher
expression of TCF4 for a longer period compared to the cerebral
cortex (Figure 4E; Supplementary Figure S5F).

10.3389/fnmol.2022.1033224

To extend our observations for the mouse, we next
characterized TCF4 expression in the brain of another important
model organism, the rat (Figure 5). Tcf4 mRNA expression was
highest in the rat cortex, hippocampus, and cerebellum
(Figure 5A; Supplementary Figure S3B). At PO and P10, the
highest TCF4 protein expression levels were seen in the cerebral
cortex, hippocampus, and cerebellum (Figures 5B,C). The
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FIGURE 5

Expression of TCF4 is high in the rat cerebral cortex, hippocampus, and cerebellum. (A) Dataset from Cardoso-Moreira et al. (2019) was analyzed
for TCF4 expression in rat cerebral cortex and cerebellum throughout development. Total Tcf4 mRNA expression and the TCF4 isoform
distribution was analyzed and visualized similarly to mouse. For more information see legend of Figure 4A. (B—D) Western blot analyses of TCF4
protein expression in different brain areas of WISTAR rat at PO (B), P10 (C), and throughout postnatal development (D). For more details see legend
of Figures 4B-D. (E) TCF4 signals from western blot analysis of different brain areas of WISTAR rat were quantified, normalized using Coomassie
staining, and visualized as a heatmap. For more details see legend of Figure 4E. CTX, cerebral cortex; HC, hippocampus; CB, cerebellum; OB,
olfactory bulb; MB, midbrain; HTH, hypothalamus; TH, thalamus; P, postnatal day; and CS, Coomassie staining.
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expression dynamics of TCF4 protein isoforms across postnatal
development were similar to mouse (Figures 5D,E). Notably, in
P0-5 rat cerebral cortex, hippocampus, and olfactory bulb an
isoform migrating faster than the TCF4-A isoforms was seen,
potentially corresponding to TCF4-I (Figures 5B-D).

Taken together, our data showed that TCF4 expression pattern
and dynamics were similar in the mouse and rat brain—the
highest TCF4 protein expression was seen in the cerebral cortex
and hippocampus around birth, and in the cerebellum 1-2 weeks
after birth. TCF4 expression in other brain regions was relatively
low. In addition to the differences in overall expression of TCF4,
our data revealed that the composition of TCF4 isoforms
expressed varies across brain regions in mouse and rat.

Expression of TCF4 is lower in rodent
nonneural organs compared to the brain

We then focused on mouse nonneural organs and performed
a meta-analysis of available short-read RNA-seq data (Keane et al.,
2011; ENCODE Project Consortium, 2012; Schmitt et al., 2014;
Yu etal., 2014; Vied et al., 2016; Li et al., 2017; Sollner et al., 2017;
Cardoso-Moreira et al., 2019; Luo et al., 2020; Shafik et al., 2021).
We analyzed Tcf4 mRNA expression in the lung, kidney, thymus,
spleen, 6A;
Supplementary Figures S3A, S4A). These tissues displayed

liver, heart, and stomach  (Figure
comparable Tcf4 mRNA expression levels except for the liver,
where almost no Tcf4 mRNA expression was seen after birth
(Figure 6A; Supplementary Figure S3A). Of the transcripts
encoding different TCF4 protein isoforms in nonneural organs,
the ones encoding TCF4-A were most prominently expressed,
followed by TCF4-B-encoding 6A;

Supplementary Figure S4A).

transcripts  (Figure

Next, we prepared protein lysates from BALB/c (Figure 6) and
C57BL/6 (Supplementary Figure S5) mouse heart, diaphragm,
muscle, skin, lung, kidney, bladder, stomach, pancreas, thymus,
spleen, liver, and blood cells at PO, 14, and 60 for western blot
analysis (Figures 6B,C, Supplementary Figure S5). In nonneural
tissues, the composition of TCF4 protein isoforms was similar to
the one in the brain—both long and short TCF4 protein isoforms
were always present, whereas medium-sized TCF4 isoforms were
not observed in any of the nonneural tissues (Figures 6B,C;
Supplementary Figure S5D,E). Among the studied nonneural
tissues, the highest levels of TCF4 protein were seen in the skin at
PO (Figure 6D; Supplementary Figure S5G). Very low TCF4
protein levels were detected in the pancreas, spleen, kidney and
liver, and TCF4 protein expression was not seen in the blood cells
(Figure 6D; Supplementary Figure S5G).

We also investigated TCF4 expression in rat nonneural tissues
(Figure 7; Supplementary Figures S3B, S4B). Rat Tcf4 mRNA
expression was comparable in all the nonneural tissues except for
the liver, where Tcf4 expression was very low (Figure 7A;
Supplementary Figure S3B). Different from mouse, transcripts
encoding TCF4-A did not account for the majority of rat Tcf4
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transcripts expressed in nonneural tissues, as also high expression
of transcripts encoding TCF4-B and TCF4-C were present
(Figure 7A; Supplementary Figure S4B).

Western blot analysis of rat nonneural tissues showed that
different from mouse, TCF4 protein expression levels were more
uniform between tissues (Figures 7B-D). In rat, TCF4 protein
expression was highest in the thymus and was not observed in the
pancreas (Figures 7B-D). The expression pattern of TCF4
isoforms in rat nonneural tissues was similar to mouse, i.e., mainly
long and short TCF4 isoforms being present (Figures 7B,C).

Opverall, the expression of TCF4 in the rodent nonneural
tissues was much lower compared to the expression levels
observed in the early postnatal development of the central nervous
system. In addition, medium-sized TCF4 protein isoforms were
almost non-existent in rodent nonneural tissues.

Expression of TCF4 in human tissues is
highest around birth

Next, we analyzed available short-read RNA-seq data to
describe TCF4 total and isoform-specific mRNA expression in
humans. We first analyzed the dataset published by Cardoso-
Moreira and colleagues, which contained RNA-seq data from
the human brain, heart, kidney, liver, and testis (Cardoso-
Moreira et al., 2019). Of the noted tissues, the highest TCF4
mRNA expression was detected in the brain (Figure 8A).
Human nonneural tissues showed detectable but lower TCF4
mRNA levels compared to the brain, especially in the earlier
stages of development (Figure 8A). Very low TCF4 mRNA
expression was noted for the liver (Figure 8A). In contrast to
other tissues where TCF4 mRNA levels were relatively stable
throughout development, TCF4 mRNA expression in the
forebrain and kidney peaked during prenatal development
(Figure 8A). We then used developmental transcriptome data
from the BrainSpan project’ to describe the changes in total
TCF4 mRNA expression in different brain regions during
human development (Supplementary Figure S6). Results were
similar in all brain regions—TCF4 mRNA expression peaked
during embryonic development and decreased after birth
(Supplementary Figure S6).

Next, we conducted a similar analysis for adult human
RNA-seq data from the Genotype-Tissue Expression (GTEx)
project.® A selection of adult human tissues is shown in Figure 8B
and all the studied tissues can be found in Supplementary Figure S7.
When comparing different adult human tissues, the highest TCF4
mRNA expression levels were seen in the adult human brain and
adipose tissues (Figure 8B; Supplementary Figure S7). Almost no
TCF4 mRNA was detected in the human pancreas, liver, and
whole blood (Figure 8B; Supplementary Figure S7).

7 http://brainspan.org
8 https://gtexportal.org

frontiersin.org



Sirp etal. 10.3389/fnmol.2022.1033224
A
c Mus 1 ‘Mus 1 Mus Mus 1
% stomach ‘ ‘ thymus ‘ spleen \ liver
E 4 8 " 121 ° © Cardoso-Moreira et al. (2019)
I3 & 3 © ENCODE Consortium
2 . 8 o Keane, T. et al. (2011)
5 4 S, A oLi, B. etal. (2017)
3 3l T 4 ‘\‘ © Schmitt BM, et al. (2014)
: ol 5y @ Soliner, J. et al. (2017)
vl 100% B TCF4-B
o o W TCF4-C
= i | | TCF4-D
T o I 50% | |TCF4-A
L I , I TCF4-I
5 = I b W Others
ko 0% == ] 0% === gy, — ] 0% - - 0% -
QNTEE 0OV E STEE ouwgwE == 2 = B
& 22853 =28% 2853 2285 £ 8 £ 8
5 s02oZ 8 o oo s o & o T o
cLsS 9 cEw o LS a [ £ a £ a
o b 32 m 32 2.0 m 32 8 2 2 2
ag a8 o3 T g o 8 o 8
< < < < < <
B (o3
P14 BALB/c mouse P60
£ ” 2
& =5 8 o 3 " Cerebral " . Cerebral
e 2 ) 2 g 5 25 .35’ Heart Diaphragm Muscle “goriex Skin Lung  Kidney “cortex
8 22 25T 5c 5L 908t T o _T9o _T9 9 To_STo _T9 o
0o 8 3% 5385 8988 g o0 g O-®OoO - ©®Oo - © © O- OO - O®©Oo - © ©
1OOIoEm_|:<mwn_|—u)4mo 1000_0_0_0_0_ n_n_n_n_m [ o W s W o W W o Y s W W s W
- - - - — L » | e |
70 . 70
lad 2.J 1 BN LLENE ) I
Cerebral : Cerebral
BALB/c mouse Bladder Stomach Pancreas “cortex Thymus Spleen _ Liver cortex
D P14 P60 o¥B8oF¥IB80IB 8 oY B8o038038 8
T o won.n.n.n.n.n.n.n.n.n_m [ o W W W W o W W s Y s W
084 110 | [ L - |
0 0 | 70+
121 071 LB .
1.90 0.63 ‘
1.25 0
]
0.86 0.76 Blood “oriige
0.44 ¥ o o
Pancreas 0 oie | os4 faf ®
T . 100+ .
Thymus 1.05 200 155 M Long isoforms (TCF4-B, -C)
Spﬂieef: g ﬁ;ﬁ 0.39 704 " Medium isoforms (TCF4-D)
Blood o o 0 | Short isoforms (TCF4-A, -I)
TCF4 expression low mm “ high Ccs _
P60 CTX
FIGURE 6
Expression of TCF4 in mouse nonneural tissues. (A) Six independent datasets shown on the right were combined for meta-analysis of Tcf4
expression in mouse heart, lung, kidney, stomach, thymus, spleen, and liver throughout development. Total Tcf4 levels and the distribution of
isoform-specific transcripts is visualized. For more information see legend of Figure 4A. (B,C) Western blot analysis of TCF4 protein expression in
different nonneural tissues of BALB/c mouse at P14 (B), and throughout postnatal development (C). TCF4 signal from the P60 cerebral cortex was
used in each experiment for normalization. Coomassie membrane staining (CS) shown at the bottom of each western blot was used as a loading
control. The locations of TCF4 isoform groups are color coded and shown on the right. In each panel, molecular weight is shown on the left in
kilodaltons. (D) TCF4 signals from western blot analysis of different peripheral tissues of BALB/c mouse were quantified and normalized using
Coomassie staining. The signal was then normalized to the signal of the P60 cerebral cortex, and the quantification result is visualized as a
heatmap. Color scale gradient represents the relative TCF4 expression level, where blue and red color represents the lowest and the highest total
TCF4 protein level, respectively. Gray boxes indicate no detectable TCF4 expression. The studied nonneural tissues are shown on the left and
developmental stages on top. P, postnatal day; CS, Coomassie staining.

For both Cardoso-Moreira et al. and GTEx datasets,
transcripts encoding TCF4-A made up around 50% of the total
TCF4 mRNA levels in all the studied tissues, with the only
being the 8A,B;
Supplementary Figure S7). In the human testis, mRNA

exception testis (Figures

transcripts encoding TCF4-] accounted for the majority of total
TCF4 levels beginning from adolescence, which coincides with
the start of 8A;

spermatogenesis (Figure

Frontiers in Molecular Neuroscience

12

Supplementary Figure S6). The other major isoform-specific
transcripts expressed in human tissues were TCF4-B, -C, and-D
(Figures 8A,B; Supplementary Figure S6).

Next, we aimed to investigate TCF4 isoform composition in
the adult human cerebral cortex and hippocampus. For this,
we prepared protein lysates from these brain regions and human
neuroblastoma cell line SH-SY5Y used for isoforms’ mobility
comparison. Western blot analysis revealed that TCF4 protein
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signal was detectable in both adult human brain and SH-SY5Y
cell line (Figure 9). We also detected a possible non-specific signal
located between the long and medium TCF4 isoforms in both
SH-SY5Y and human brain lysates (Figure 9) since this signal was
not detected using other TCF4 antibodies (data not shown)
validated by us before (Nurm et al., 2021). Different to SH-SY5Y
cell line, we detected all three TCF4 isoform groups in the adult
human brain, however expression level of longer TCF4 isoforms
was higher compared to the medium and short isoforms
(Figure 9; Supplementary Figure $8). This result was on the
contrary with protein isoform patterns seen in the rodent brain
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and the results from our human RNA-seq data analysis, which
could result from protein stability, post-mortem artifacts or
signal masking by other similar-sized proteins. Nevertheless, the
presence of long, medium and short TCF4 isoforms in adult
human brain matched with TCF4 isoform pattern in rodents,
however the species-and tissue-specific temporal expression
dynamics of different TCF4 isoforms during the development
cannot be emphasized more.

Altogether, our results show that TCF4 mRNA is expressed at
high levels in the human brain during development and the
expression is retained in the adulthood. In most tissues transcripts
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TCF4 transcripts encoding TCF4-A account for the majority of total TCF4 expression in the human brain and nonneural tissues. Data from
Cardoso-Moreira et al. (A) (Cardoso-Moreira et al., 2019) and the Genotype-Tissue Expression (GTEx) project (B) was analyzed for TCF4
expression in the brain and nonneural tissues in humans through development (A) or in adults (B). mRNA expression of total TCF4 is visualized
either as a line chart (A) or box plot (B), and the distribution of isoform-specific transcripts is shown as bars (A,B). (A) Average values are
presented as dots and error bars represent SEM. (B) The hinges show 25 and 75% quartiles, the horizontal line shows the median value, the
upper whisker extends from the hinge to the largest value no further than 1.5 of the inter-quartile range from the hinge, the lower whisker
extends from the hinge to the smallest value at most 1.5 * inter-quartile range of the hinge. Each isoform is represented with different color, as
shown in the legend on the right. Individual data points are presented as small dots.

Discussion

encoding for TCF4-A were the most prominent ones, while in the
testis TCF4-] encoding transcripts were mostly expressed. In adult
human brain, long, medium and short TCF4 protein isoforms Transcription factor TCF4 has been extensively studied due to

are expressed. its linkage with neurocognitive disorders such as intellectual
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Expression of TCF4 protein isoforms in adult human cerebral
cortex and hippocampus. Western blot analysis of TCF4 protein
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(R) hemisphere, hippocampus, and SH-SY5Y cell line. Samples
from four individuals aged 62 (1), 65 (I1), 67 (lll), and 70 (IV)
yearswere used. Coomassie staining (CS) shown at the bottom
was used as loading control. The locations of TCF4 isoform
groups are color coded and shown on the right. In each panel,
molecular weight is shown on the left in kilodaltons. CS,
coomassie staining.

disability, schizophrenia and Pitt-Hopkins syndrome (Stefansson
etal., 2009; Kharbanda et al., 2016; Zollino et al., 2019). Knowledge
of TCF4 expression across tissues and development would lay the
foundation to understanding how these diseases develop and may
help with the generation of gene therapy applications for the many
TCF4 associated diseases. Transcripts from the mouse and human
TCF4 gene have been previously described in our lab using mRNA
and expressed sequence tag data from public databases (Sepp
etal, 2011; Nurm et al., 2021). Short read RNA-seq data can also
be used to describe Tcf4 transcripts. However, due to the structure
of the Tcf4 gene, it can be complicated to describe expression of
transcripts encoding different isoforms based only on short read
RNA-seq data as splicing features or 5" exons can be difficult to
detect. Our direct long-read RNA-seq analysis of Tcf4 transcripts
in the rodent brain revealed that transcription from the Tcf4 gene
results in transcripts encoding 5N-terminally distinct TCF4
protein isoforms in the rodent brain - TCF4-B, -C, -D, -A,
and-I. This result falls in line with previous observations by Nurm
etal. (2021).

Expression of total Tcf4 mRNA during development has been
extensively studied mainly in the mouse cerebral cortex at the total
mRNA level, with the highest expression reported around birth
(E16-P6; Li et al., 2019; Phan et al., 2020). This is in accordance
with our RNA-seq meta-analysis and applies for both mouse and
rat. In addition, we show that the expression dynamics of Tcf4 in
the rodent brain and nonneural tissues are similar—highest Tcf4
expression can be detected around birth, followed by a decline
during postnatal development. However, studying only total Tcf4
mRNA levels provides only partial information about Tcf4
expression as transcription from the T¢f4 gene results in numerous
transcripts, and encoded protein isoforms have different
functional protein domains and transactivation capability (Sepp
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et al, 2011, 2017; Nurm et al, 2021). We have previously
developed a method which quantifies the expression of different
Tef4 protein isoform-encoding transcripts using short read
RNA-seq data (Sirp et al., 2020). Here, we applied the same
approach to describe the expression of different TCF4 isoforms
throughout development using previously published RNA-seq
data. When leaving aside the great increase in the expression of
TCF4-] in the adolescent human testis (transcripts encoding
TCF4-] are not present in rodents), no drastic change concerning
switching from the expression of one TCF4 isoform to the other
was detected during the rodent and human development. This
suggests that the same TCF4 isoforms that are necessary during
development may also be vital for the TCF4-mediated normal
functioning of the adult organism.

The necessity of so many different TCF4 isoforms remains
unknown. In humans, mutations in the 5" region of TCF4 gene,
which affect only the longer isoforms, lead to mild-moderate
intellectual disability (Kharbanda et al., 2016). As the resulting
disease is not as severe as the Pitt-Hopkins syndrome, it may mean
that a slight decrease in overall TCF4 expression causes the
phenotype. However, it is also possible that the longer TCF4
isoforms have specific functions which cannot be compensated by
other TCF4 isoforms, and mutations affecting only a subset of
TCF4 isoforms result in less severe effects than seen for mutations
affecting all the isoforms. Recently, it has been shown that
postnatal normalization of TCF4 expression to wild type levels can
rescue the phenotype of TCF4 heterozygous knockout mice (Kim
etal,, 2022). In addition, studies of Daughterless, the orthologue
of TCF4 in the fruit fly, have shown that it is possible to partially
rescue the severe embryonic neuronal phenotype of Daughterless
null mutation by overexpressing either human TCF4-A or TCF4-B
(Tamberg et al., 2015). The generation of TCF4 isoform-specific
mutant mice would help to identify whether TCF4 isoforms have
distinct or similar functions. Such a model could be used to
determine whether it is possible to rescue the negative phenotype
resulting from a knock-out of a single TCF4 isoform by increasing
the level of an another TCF4 isoform. However, generating such a
model comes with many challenges. To begin with, it can
be complicated to silence all the TCF4 isoforms individually by
causing just frameshift mutations as only some isoforms (e.g.,
TCF4-B and-A) have their translation start sites located in
independent 5’ exons. In addition, mutating one TCF4 transcript
can result in the upregulation of another TCF4 transcript — an
effect that we saw when silencing TCF4-A in Neuro2a cells that
resulted in an increase in TCF4-I levels. We have also previously
shown that Fuchs' Endothelial Dystrophy-related endogenous
downregulation of transcripts encoding longer TCF4 isoforms
results in the upregulation of shorter isoforms (Sirp et al., 2020).

To fully characterize TCF4 expression, it is important to
consider all TCF4 protein isoforms. Previously, a large study on the
expression of TCF4 protein during neurodevelopment has been
Matthias  Jung
immunohistochemical analysis with an antibody specific only for
the long TCF4 protein isoforms (Jung et al., 2018). Another study

performed by and colleagues using
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by Kim and colleagues used TCF4-GFP reporter mice to
characterize total TCF4 expression in the mouse brain (Kim et al.,
2020). A major limitation of these methods is that they cannot
be used to describe the expression of different TCF4 protein
isoforms. Overall, our results of total TCF4 protein expression levels
during postnatal development of different mouse brain areas agree
with the previously reported data. However, by using a TCF4
antibody specific for all the TCF4 isoforms in western blot analysis,
we were able to distinguish TCF4 protein expression in three
different groups - long (TCF4-B, TCF4-C), medium (TCF4-D) and
short TCF4 isoforms (TCF4-A, TCF4-I). Isoform-specific silencing
of TCF4 and in vitro translated TCF4 protein isoforms confirmed
the locations of TCF4 isoforms in western blot. However, it should
be noted that a similar pattern of TCF4 isoforms in western blot
analysis between different tissues may not necessarily indicate the
presence of exactly the same TCF4 isoforms. We acknowledge that
in vitro and in vivo translated proteins can migrate differently in
western blot analysis due to the differences in post-translational
modifications of the proteins in various cell types.

The expression dynamics of TCF4 during the development
varied in different brain regions. In contrast to the cerebral cortex
where TCF4 expression levels decline after birth, in the
cerebellum, hippocampus and olfactory bulb we saw a more
prolonged high TCF4 protein expression. In the cerebellum TCF4
protein expression peaks about a week later than in any of the
other brain regions. While the majority of the neurogenesis in the
central nervous system happens during prenatal development, the
granule cell precursors of the cerebellum and olfactory bulb, and
the dentate gyrus of the hippocampus proliferate and differentiate
after birth (Chen et al., 2017), where TCF4 was shown to be highly
expressed (Jung et al., 2018; Kim et al,, 2020), and regulate the
maturation of the cerebellar granule cells (Kim et al., 2020).
We propose that high TCF4 expression is necessary for the
maturation of distinct brain regions, whereas fully developed
brain areas display low and stable TCF4 expression necessary for
normal function of the adult nervous system.

Expression of long and short TCF4 protein isoforms was seen
in all brain regions and nonneural tissues where TCF4 was
detectable. However, in rodents the medium TCF4 isoforms
(TCF4-D) were only observed in the brain, specifically in the
cerebral cortex, hippocampus, and olfactory bulb. Interestingly; in
the whole rodent brain the expression of medium isoforms became
apparent only in later stages of embryonic development. The only
well-known functional protein domain located in the N-terminal
region of longer TCF4 isoforms is activation domain 1. While the
long TCF4 isoforms (TCF4-B and-C) contain this domain, TCF4-D
lacks it. In addition, different from short TCF4 isoforms (TCF4-A
and-I), TCF4-D contains a nuclear localisation signal. It remains to
be studied what the function of TCF4-D in the development of the
nervous system is and why this TCF4 isoform is missing in the
cerebellum where TCF4 is otherwise highly expressed.

Based on the results of the present study we propose that a
mixture consisting of TCF4-B, -C, -D, -A, and-I encoding
constructs could be used in gene therapy approaches for
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Pitt-Hopkins syndrome. However, it should be noted that TCF4
expression levels vary between brain regions and cell types during
development (Jung et al., 2018; Kim et al., 2020), suggesting that
the dosage of TCF4 isoforms needs to be highly regulated. The
direct administration of a cocktail of TCF4 isoforms may allow
easier control of each isoform compared to other gene therapy
approaches such as activation of endogenous promoters and
enhancers. As a next step of this study, a similar TCF4 protein
expression analysis should be done for human brain regions with
a focus on the hippocampus and cerebral cortex, as studies of
structural brain anomalies in PTHS-patients and Tcf4-
heterozygous mice have shown hypoplasia of these brain regions
(Marangi and Zollino, 2015). In addition, the expression of TCF4
different transcripts and the protein isoforms they encode should
be studied at the single cell level to better understand how the
many TCF4 isoforms are regulated between cell types.

Data availability statement

The datasets analyzed and presented in this study can be found
in online repositories and in the Supplementary material. The
names of the repository/repositories and accession number(s) can
be found in the article.

Ethics statement

The studies involving human participants were reviewed and
approved by Tallinn Committee for Medical Studies, National
Institute for Health Development (Permit Number 402). The
patients/participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by Ministry of Agriculture of Estonia (Permit
Number: 45).

Author contributions

ASi and JT designed research, performed research, analyzed
data, and wrote the paper. ASh, LT, and CK performed research,
analyzed data, and wrote the paper. LK performed research. TT
designed research, wrote the paper, and acquired funding. All
contributed to the

authors the article and approved

submitted version.

Funding

This study was supported by Estonian Research Council
(grant PRG805), European Union through the European Regional
Development Fund (project no. 2014-2020.4.01.15-0012) and
H2020-MSCA-RISE-2016 (EU734791), and Pitt Hopkins
Research Foundation (grant no. 21). The funding sources were not

frontiersin.org



Sirp etal.

involved in study design, analysis and interpretation of data,
writing of the report and in the decision to submit the article
for publication.

Acknowledgments

We thank Epp Vili for technical assistance, Enn Joeste for the
dissection of human tissue samples and Mari Sepp for critical
reading of the manuscript. We would like to acknowledge the
ENCODE Consortium and the ENCODE production laboratories
for generating the datasets used in this study. We thank the “TUT
Institutional Development Program for 2016-2022” Graduate
School in Clinical Medicine, which received funding from the
European Regional Development Fund under program ASTRA
2014-2020.4.01.16-0032 in Estonia.

Conflict of interest

JT and TT were employed by Protobios LLC.

References

Amiel, ], Rio, M., de Pontual, L., Redon, R., Malan, V., Boddaert, N., et al. (2007).
Mutations in TCF4, encoding a class I basic helix-loop-helix transcription factor,
are responsible for Pitt-Hopkins syndrome, a severe epileptic encephalopathy
associated with autonomic dysfunction. Am. J. Hum. Genet. 80, 988-993. doi:
10.1086/515582

Badowska, D. M., Brzozka, M. M., Kannaiyan, N., Thomas, C., Dibaj, P,
Chowdhury, A., et al. (2020). Modulation of cognition and neuronal plasticity in
gain-and loss-of-function mouse models of the schizophrenia risk gene Tcf4. Transl.
Psychiatry 10:343. doi: 10.1038/541398-020-01026-7

Brockschmidt, A., Todt, U, Ryu, S., Hoischen, A., Landwehr, C., Birnbaum, S.,
et al. (2007). Severe mental retardation with breathing abnormalities (Pitt-Hopkins
syndrome) is caused by haploinsufficiency of the neuronal bHLH transcription
factor TCF4. Hum. Mol. Genet. 16, 1488-1494. doi: 10.1093/hmg/ddm099

Brzoézka, M. M., Radyushkin, K., Wichert, S. P, Ehrenreich, H., and Rossner, M. J.
(2010). Cognitive and sensorimotor gating impairments in transgenic mice
overexpressing the schizophrenia susceptibility gene Tcf4 in the brain. Biol.
Psychiatry 68, 33-40. doi: 10.1016/j.biopsych.2010.03.015

Cardoso-Moreira, M., Halbert, ., Valloton, D., Velten, B., Chen, C., Shao, Y., et al.
(2019). Gene expression across mammalian organ development. Nature 571,
505-509. doi: 10.1038/541586-019-1338-5

Champlin, A. K., Dorr, D. L., and Gates, A. H. (1973). Determining the stage of
the estrous cycle in the mouse by the appearance of the vagina. Biol. Reprod. 8,
491-494. doi: 10.1093/biolreprod/8.4.491

Chen, V. S., Morrison, J. P, Southwell, M. E, Foley, ]. E, Bolon, B., and Elmore, S. A.
(2017). Histology atlas of the developing prenatal and postnatal mouse central
nervous system, with emphasis on prenatal days E7.5 to E18.5. Toxicol. Pathol. 45,
705-744. doi: 10.1177/0192623317728134

Chiaramello, A., Neuman, K., Palm, K., Metsis, M., and Neuman, T. (1995). Helix-
loop-helix transcription factors mediate activation and repression of the p75LNGFR
gene. Mol. Cell. Biol. 15, 6036-6044. doi: 10.1128/MCB.15.11.6036

Corneliussen, B., Thornell, A., Hallberg, B., and Grundstrom, T. (1991). Helix-
loop-helix transcriptional activators bind to a sequence in glucocorticoid response
elements of retrovirus enhancers. J. Virol. 65, 6084-6093. doi: 10.1128/
jvi.65.11.6084-6093.1991

de Pontual, L., Mathieu, Y., Golzio, C., Rio, M., Malan, V., Boddaert, N., et al.
(2009). Mutational, functional, and expression studies of the TCF4 gene in Pitt-
Hopkins syndrome. Hum. Mutat. 30, 669-676. doi: 10.1002/humu.20935

Doostparast Torshizi, A., Armoskus, C., Zhang, H., Forrest, M. P, Zhang, S.,
Souaiaia, T., et al. (2019). Deconvolution of transcriptional networks identifies TCF4
as a master regulator in schizophrenia. Sci. Adv. 5:eaau4139. doi: 10.1126/sciadv.
aau4139

Frontiers in Molecular Neuroscience

17

10.3389/fnmol.2022.1033224

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnmol.2022.1033224/
full#supplementary-material

Einarson, M. B., and Chao, M. V. (1995). Regulation of Id1 and its association with
basic helix-loop-helix proteins during nerve growth factor-induced differentiation
of PC12 cells. Mol. Cell. Biol. 15, 4175-4183. doi: 10.1128/ MCB.15.8.4175

ENCODE Project Consortium (2012). An integrated encyclopedia of DNA
elements in the human genome. Nature 489, 57-74. doi: 10.1038/nature11247

Fischer, B., Azim, K,, Hurtado-Chong, A., Ramelli, S., Fernandez, M., and
Raineteau, O. (2014). E-proteins orchestrate the progression of neural stem cell
differentiation in the postnatal forebrain. Neural Dev. 9:23. doi:
10.1186/1749-8104-9-23

Forrest, M. P, Hill, M. J., Kavanagh, D. H., Tansey, K. E., Waite, A. J., and
Blake, D. J. (2018). The psychiatric risk gene transcription factor 4 (TCF4)
regulates neurodevelopmental pathways associated with schizophrenia, autism,
and intellectual disability. Schizophr. Bull. 44, 1100-1110. doi: 10.1093/schbul/
sbx164

Gelernter, J., Sun, N., Polimanti, R., Pietrzak, R., Levey, D. E, Bryois, J., et al.
(2019). Genome-wide association study of posttraumatic stress disorder (PTSD)
re-experiencing symptoms in >165,000 US veterans. Nat. Neurosci. 22, 1394-1401.
doi: 10.1038/s41593-019-0447-7

Jung, M., Hiberle, B. M., Tschaikowsky, T., Wittmann, M.-T., Balta, E.-A.,
Stadler, V.-C., et al. (2018). Analysis of the expression pattern of the schizophrenia-
risk and intellectual disability gene TCF4 in the developing and adult brain suggests
a role in development and plasticity of cortical and hippocampal neurons. Mol.
Autism. 9:20. doi: 10.1186/s13229-018-0200-1

Keane, T. M., Goodstadt, L., Danecek, P., White, M. A., Wong, K., Yalcin, B., et al.
(2011). Mouse genomic variation and its effect on phenotypes and gene regulation.
Nature 477, 289-294. doi: 10.1038/nature10413

Kennedy, A. J., Rahn, E. ], Paulukaitis, B. S., Savell, K. E., Kordasiewicz, H. B.,
Wang, J., et al. (2016). Tcf4 regulates synaptic plasticity, DNA methylation, and
memory function. Cell Rep. 16, 2666-2685. doi: 10.1016/j.celrep.2016.
08.004

Kharbanda, M., Kannike, K., Lampe, A., Berg, J., Timmusk, T., and Sepp, M.
(2016). Partial deletion of TCF4 in three generation family with non-syndromic
intellectual disability, without features of Pitt-Hopkins syndrome. Eur. J. Med. Genet.
59, 310-314. doi: 10.1016/j.ejmg.2016.04.003

Kim, H., Berens, N. C., Ochandarena, N. E., and Philpot, B. D. (2020). Region and
cell type distribution of TCF4 in the postnatal mouse brain. Front. Neuroanat. 14:42.
doi: 10.3389/fnana.2020.00042

Kim, H., Gao, E. B., Draper, A., Berens, N. C., Vihma, H., Zhang, X,, et al. (2022).
Rescue of behavioral and electrophysiological phenotypes in a Pitt-Hopkins
syndrome mouse model by genetic restoration of Tcf4 expression. elife 11:672290.
doi: 10.7554/eLife.72290

frontiersin.org



Sirp etal.

Li, B, Qing, T, Zhu, J, Wen, Z, Yu, Y., Fukumura, R,, et al. (2017). A
comprehensive mouse Transcriptomic BodyMap across 17 tissues by RNA-seq. Sci.
Rep. 7:4200. doi: 10.1038/541598-017-04520-z

Li, H., Zhu, Y., Morozov, Y. M., Chen, X., Page, S. C., Rannals, M. D, et al. (2019).
Disruption of TCF4 regulatory networks leads to abnormal cortical development
and mental disabilities. Mol. Psychiatry 24, 1235-1246. doi: 10.1038/
541380-019-0353-0

Luo, Y., Hitz, B. C., Gabdank, I, Hilton, J. A., Kagda, M. S., Lam, B., et al. (2020).
New developments on the encyclopedia of DNA elements (ENCODE) data portal.
Nucleic Acids Res. 48, D882-D889. doi: 10.1093/nar/gkz1062

Ma, C.,, Gu, C,, Huo, Y., Li, X,, and Luo, X.-J. (2018). The integrated landscape of
causal genes and pathways in schizophrenia. Transl. Psychiatry 8:67. doi: 10.1038/
541398-018-0114-x

Marangi, G., and Zollino, M. (2015). Pitt-Hopkins syndrome and differential
diagnosis: a molecular and clinical challenge. J. Pediatr. Genet. 4, 168-176. doi:
10.1055/5-0035-1564570

Massari, M. E., and Murre, C. (2000). Helix-loop-helix proteins: regulators of
transcription in eucaryotic organisms. Mol. Cell. Biol. 20, 429-440. doi: 10.1128/
MCB.20.2.429-440.2000

Nurm, K., Sepp, M., Castany-Pladevall, C., Creus-Muncunill, J., Tuvikene, J.,
Sirp, A., et al. (2021). Isoform-specific reduction of the basic helix-loop-helix
transcription  factor TCF4 levels in Huntington's disease. eNeuro
8:ENEURO.0197-21.2021. doi: 10.1523/ENEURO.0197-21.2021

Persson, P, Jogi, A., Grynfeld, A., Pdhlman, S., and Axelson, H. (2000). HASH-1
and E2-2 are expressed in human neuroblastoma cells and form a functional
complex. Biochem. Biophys. Res. Commun. 274, 22-31. doi: 10.1006/
bbrc.2000.3090

Phan, B. N., Bohlen, J. E, Davis, B. A,, Ye, Z., Chen, H.-Y,, Mayfield, B., et al.
(2020). A myelin-related transcriptomic profile is shared by Pitt-Hopkins syndrome
models and human autism spectrum disorder. Nat. Neurosci. 23, 375-385. doi:
10.1038/541593-019-0578-x

Pscherer, A., Dorflinger, U, Kirfel, J., Gawlas, K., Riischoff, J., Buettner, R., et al.
(1996). The helix-loop-helix transcription factor SEF-2 regulates the activity of a
novel initiator element in the promoter of the human somatostatin receptor II gene.
EMBO J. 15, 6680-6690. doi: 10.1002/j.1460-2075.1996.tb01058.x

Quednow, B. B,, Ettinger, U., Méssner, R., Rujescu, D., Giegling, L, Collier, D. A.,
etal. (2011). The schizophrenia risk allele C of the TCF4 rs9960767 polymorphism
disrupts sensorimotor gating in schizophrenia Spectrum and healthy volunteers. J.
Neurosci. 31, 6684-6691. doi: 10.1523/J]NEUROSCI.0526-11.2011

Ravanpay, A. C., and Olson, J. M. (2008). E protein dosage influences brain
development more than family member identity. J. Neurosci. Res. 86, 1472-1481.
doi: 10.1002/jnr.21615

Ripke, S., Neale, B. M., Corvin, A., Walters, J. T, Farh, K.-H., Holmans, P. A, et al.
(2014). Biological insights from 108 schizophrenia-associated genetic loci. Nature
511, 421-427. doi: 10.1038/nature13595

Sarkar, D., Shariq, M., Dwivedi, D., Krishnan, N., Naumann, R., Bhalla, U. S, et al.
(2021). Adult brain neurons require continual expression of the schizophrenia-risk
gene Tcf4 for structural and functional integrity. Transl. Psychiatry 11, 494-411. doi:
10.1038/541398-021-01618-x

Schmitt, B. M., Rudolph, K. L. M., Karagianni, P,, Fonseca, N. A., White, R. J.,
Talianidis, I, et al. (2014). High-resolution mapping of transcriptional dynamics
across tissue development reveals a stable mRNA-tRNA interface. Genome Res. 24,
1797-1807. doi: 10.1101/gr.176784.114

Sepp, M., Kannike, K., Eesmaa, A., Urb, M., and Timmusk, T. (2011). Functional
diversity of human basic helix-loop-helix transcription factor TCF4 isoforms
generated by alternative 5 exon usage and splicing. PLoS One 6:¢22138. doi:
10.1371/journal.pone.0022138

Sepp, M., Pruunsild, P, and Timmusk, T. (2012). Pitt-Hopkins syndrome-
associated mutations in TCF4 lead to variable impairment of the transcription factor

Frontiers in Molecular Neuroscience

18

10.3389/fnmol.2022.1033224

function ranging from hypomorphic to dominant-negative effects. Hum. Mol.
Genet. 21, 2873-2888. doi: 10.1093/hmg/dds112

Sepp, M., Vihma, H., Nurm, K., Urb, M., Page, S. C., Roots, K., et al. (2017). The
intellectual disability and schizophrenia associated transcription factor TCF4 is
regulated by neuronal activity and protein kinase a. J. Neurosci. 37, 10516-10527.
doi: 10.1523/JNEUROSCI.1151-17.2017

Shafik, A. M., Zhang, F, Guo, Z., Dai, Q, Pajdzik, K., Li, Y., et al. (2021). N6-
methyladenosine dynamics in neurodevelopment and aging, and its potential role
in Alzheimer’s disease. Genome Biol. 22:17. doi: 10.1186/s13059-020-02249-z

Sirp, A, Leite, K., Tuvikene, J., Nurm, K., Sepp, M., and Timmusk, T. (2020). The
Fuchs corneal dystrophy-associated CTG repeat expansion in the TCF4 gene affects
transcription from its alternative promoters. Sci. Rep. 10:18424. doi: 10.1038/
$41598-020-75437-3

Sirp, A., Roots, K., Nurm, K., Tuvikene, J., Sepp, M., and Timmusk, T. (2021).
Functional consequences of TCF4 missense substitutions associated with Pitt-
Hopkins syndrome, mild intellectual disability, and schizophrenia. J. Biol. Chem.
297:101381. doi: 10.1016/j.jbc.2021.101381

Sollner, J. E, Leparc, G., Hildebrandt, T., Klein, H., Thomas, L., Stupka, E., et al.
(2017). An RNA-Seq atlas of gene expression in mouse and rat normal tissues. Sci.
Data 4:170185. doi: 10.1038/sdata.2017.185

Soosaar, A., Chiaramello, A., Zuber, M. X., and Neuman, T. (1994). Expression of
basic-helix-loop-helix transcription factor ME2 during brain development and in
the regions of neuronal plasticity in the adult brain. Mol. Brain Res. 25, 176-180.
doi: 10.1016/0169-328X(94)90297-6

Stefansson, H., Ophoff, R. A., Steinberg, S., Andreassen, O. A., Cichon, S.,
Rujescu, D., et al. (2009). Common variants conferring risk of schizophrenia. Nature
460, 744-747. doi: 10.1038/nature08186

Tamberg, L., Jaago, M., Sailik, K., Sirp, A., Tuvikene, J., Shubina, A., et al. (2020).
Daughterless, the drosophila orthologue of TCF4, is required for associative
learning and maintenance of the synaptic proteome. Dis. Model. Mech.
13:dmm042747. doi: 10.1242/dmm.042747

Tamberg, L., Sepp, M., Timmusk, T., and Palgi, M. (2015). Introducing Pitt-
Hopkins syndrome-associated mutations of TCF4 to drosophila daughterless. Biol.
Open 4, 1762-1771. doi: 10.1242/bi0.014696

Thaxton, C., Kloth, A. D,, Clark, E. P, Moy, S. S., Chitwood, R. A., and
Philpot, B. D. (2018). Common pathophysiology in multiple mouse models of Pitt-
Hopkins syndrome. J. Neurosci. 38,918-936. doi: 10.1523/J]NEUROSCI.1305-17.2017

Vied, C., Ray, S., Badger, C.-D., Bundy, J. L., Arbeitman, M. N., and
Nowakowski, R. S. (2016). Transcriptomic analysis of the hippocampus from six
inbred strains of mice suggests a basis for sex-specific susceptibility and severity
of neurological disorders. J. Comp. Neurol. 524, 2696-2710. doi: 10.1002/
cne.23989

Wray, N. R, Ripke, S., Mattheisen, M., Trzaskowski, M., Byrne, E. M.,
Abdellaoui, A, et al. (2018). Genome-wide association analyses identify 44 risk
variants and refine the genetic architecture of major depression. Nat. Genet. 50,
668-681. doi: 10.1038/s41588-018-0090-3

Yu, Y, Fuscoe, J. C., Zhao, C., Guo, C,, Jia, M., Qing, T,, et al. (2014). A rat RNA-
Seq transcriptomic BodyMap across 11 organs and 4 developmental stages. Nat.
Commun. 5:3230. doi: 10.1038/ncomms4230

Zhuang, Y., Cheng, P, and Weintraub, H. (1996). B-lymphocyte development is
regulated by the combined dosage of three basic helix-loop-helix genes, E2A, E2-2,
and HEB. Mol. Cell. Biol. 16, 2898-2905. doi: 10.1128/MCB.16.6.2898

Zollino, M., Zweier, C., Van Balkom, I. D., Sweetser, D. A., Alaimo, J.,
Bijlsma, E. K,, et al. (2019). Diagnosis and management in Pitt-Hopkins syndrome:
first international consensus statement. Clin. Genet. 95, 462-478. doi: 10.1111/
cge.13506

Zweier, C., Peippo, M. M., Hoyer, J., Sousa, S., Bottani, A., Clayton-Smith, J., et al.
(2007). Haploinsufficiency of TCF4 causes Syndromal mental retardation with
intermittent hyperventilation (Pitt-Hopkins syndrome). Am. J. Hum. Genet. 80,
994-1001. doi: 10.1086/515583

frontiersin.org



Curriculum vitae

Personal data
Name
Date of birth
Place of birth
Citizenship

Contact data
E-mail

Laura Tamberg
22.08.1988
Tallinn, Estonia
Estonia

laura.tamberg@taltech.ee

Education

2014-2023 Tallinn University of Technology, PhD

2012-2014 Tallinn University of Technology, MSc (gene technology)

2007-2010 University of Tartu, BSc (gene technology)

2004-2007 Tallinn Technical High School, graduated with honours
Language competence

Estonian Native

English Fluent

Russian Beginner

Professional employment

2022-2023 University of Tartu, Faculty of Medicine, Institute of Clinical
Medicine, Clinical Medicine Specialist (0,75)

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

2022—-... Tallinn University of Technology, School of Science,
Department of Chemistry and Biotechnology, Engineer (0,40)

2020-2022 Tallinn University of Technology, School of Science,
Department of Chemistry and Biotechnology, Engineer (0,50)

2017-2020 Tallinn University of Technology, School of Science,
Department of Chemistry and Biotechnology, Engineer (0,10)

2014-2016 Tallinn University of Technology, Faculty of Science,

Department of Gene Technology, Engineer (1,00)

Scholarships and awards

2016 Dora Pluss T1.1 mobility scholarship to attend , Neurofly
2016 conference

2014 The best poster award at the annual conference of of Estonian
Human Genetics Society

2014 Estonian Academy of Sciences Students’ Research Prize

Courses and conferences

September 2022 Estonian Human Genetics Society 24th annual conference,
participation, Parnu, Estoniae

November 2021 Estonian Human Genetics Society 23rd annual conference,
participation, Haapsalu, Estonia

February 2020 Doctoral Winter School of Chemistry and Biotechnology,

participation

November 2019 Doctoral Science Day, oral presentation, J6geva, Estonia

111



November 2019
August 2019

June 2019

November 2018
October 2018

September 2018

September 2018

Mai 2018

November 2017

September 2016

October 2014

October 2014
October 2013

October 2012

Supervised dissertations

Estonian Human Genetics Society 21st annual conference,
participation, Parnu, Estonia

Participation in course ,,Baltic Summer School on Rodent
Behavioural Models”, Piihajdrve, Estonia

»Nordic Neuroscience” conference, poster presentation
»Silencing of Drosophila ortholog of TCF4 leads to behavioural
impairment”, Helsinki, Finland

»Neuroscience 2018“ conference, poster presentation
,Silencing of Drosophila ortholog of TCF4 leads to behavioural
Estonian Human Genetics Society 20th annual conference,
participation, Viljandi, Estonia impairment”, San Diego, USA
»Neurofly 2018“ conference, poster presentation ,Silencing of
Drosophila ortholog of TCF4 leads to behavioural
impairment”, Krakov, Poland

Participation in course , Developmental Biology
Minisymposium®, Tallinn, Estonia

Doctoral Science Day, poster presentation, Vehendi, Estonia
Estonian Human Genetics Society 19th annual conference,
oral presentation ,Pitt-Hopkinsi sindroomi mudeldamine
dadikakarbses”, Rakvere, Estonia

»Neurofly 2016“ conference, poster presentation ,Silencing of
Drosophila ortholog of TCF4 leads to behavioural
impairment”, Platanias, Greece

,Neurofly 2014“ conference, poster presentation ,Introducing
Pitt-Hopkins-associated mutations to Drosophila
daughterless”, Hersonissos, Greece

Estonian Human Genetics Society 16th annual conference,
participation, Otepaa, Estonia

Estonian Human Genetics Society 15th annual conference,
participation, Narva, Estonia

Estonian Human Genetics Society 14th annual conference,
participation, Haapsalu, Estonia

Loviisa Pihlas, Master’s Degree, 2023, (sup) Laura Tamberg, Alex Sirp,
Interaction studies of Drosophila transcription factors Daughterless and
Schnurri, Tallinn University of Technology, School of Science, Department of
Chemistry and Biotechnology

Kathy Rannaste, Master’s Degree, 2021, (sup) Laura Tamberg; Mari Palgi,
Creating tools for investigating the transcriptional activity of Daughterless in
vitro and in vivo, Tallinn University of Technology, School of Science,
Department of Chemistry and Biotechnology

Loviisa Pihlas, Bachelor’s Degree, 2021, (sup) Laura Tamberg; Alex Sirp,
Transkriptsioonfaktori Schnurri vaigistamise ja tleekspressiooni mdju uurimine
dadikakarbse narvisisteemis, Tallinn University of Technology, School of
Science, Department of Chemistry and Biotechnology

Lisette Marleen Mikk, Bachelor’s Degree, 2021, (sup) Laura Tamberg; Mari Palgi,

112



HA-maérgistatud transkriptsioonifaktor Schnurri ekspressiooni kirjeldamine
Drosophila melanogaster-i embriiotes, Tallinn University of Technology, School
of Science, Department of Chemistry and Biotechnology

Anastassia Subina, Bachelor’'s Degree, 2018, (sup) Laura Tamberg; T&nis Timmusk,
FLAG-madrgistatud Daughterless valgu ekspressiooni ja transaktivatsioonivéime

uurimine, Tallinn University of Technology, School of Science, Department of
Chemistry and Biotechnology

Publications

Esvald, E.-E.*, Tuvikene, J.*, Kiir, C. S.*, Avarlaid, A., Tamberg, L., Sirp, A., Shubina, A,,
Cabrera-Cabrera, F., Pihlak, A., Koppel, I., Palm, K. and Timmusk, T. (2023).
Revisiting the expression of BDNF and its receptors in mammalian development.
Frontiers in Molecular Neuroscience 16. doi: 10.3389/fnmol.2023.1182499.

Sirp, A.*, Shubina, A.*, Tuvikene, J., Tamberg, L., Kiir, C. S., Kranich, L. and Timmusk, T.
(2022). Expression of alternative transcription factor 4 mRNAs and protein
isoforms in the developing and adult rodent and human tissues. Frontiers in
Molecular Neuroscience 15. DOl 10.3389/fnmol.2022.1033224.

Tamberg, L., Jaago, M., Saalik, K., Sirp, A., Tuvikene, J., Shubina, A., Kiir, C. S., Nurm, K.,
Sepp, M., Timmusk, T and Palgi, M. (2020). Daughterless, the Drosophila
orthologue of TCF4, is required for associative learning and maintenance of the
synaptic proteome. Disease Models and Mechanisms 13, dmm042747.
doi:10.1242/dmm.042747.

Tamberg, L., Sepp, M., Timmusk, T. and Palgi, M. (2015) Introducing Pitt-Hopkins
syndrome-associated mutations of TCF4 to Drosophila daughterless. Biology
Open 4, 1762-1771. doi:10.1242/bio.014696.

113



Elulookirjeldus

Isikuandmed
Nimi Laura Tamberg
Slnniaeg 22.08.1988
Stnnikoht Tallinn, Eesti
Kodakondsus Eesti
Kontaktandmed
E-post laura.tamberg@taltech.ee
Hariduskaik
2014-2023 Tallinna Tehnikallikool, PhD
2012-2014 Tallinna Tehnikallikool, MSc (geenitehnoloogia)
2007-2010 Tartu Ulikool, BSc (geenitehnoloogia)
2004-2007 Tallinna Tehnikaglimnaasium, I6petatud kuldmedaliga
Keelteoskus
Eesti keel emakeel
Inglise keel korgtase
Vene keel algtase

Teenistuskaik

2022-2023 Tartu Ulikool, Meditsiiniteaduste valdkond, kliinilise meditsiini
instituut, kliinilise meditsiini assistent (0,75)

2022-... Tallinna Tehnikailikool, Loodusteaduskond, Keemia ja
biotehnoloogia instituut, insener (0,20)

2022-... Tallinna Tehnikallikool, Loodusteaduskond, Keemia ja
biotehnoloogia instituut, insener (0,40)

2020-2022 Tallinna Tehnikallikool, Loodusteaduskond, Keemia ja
biotehnoloogia instituut, insener (0,50)

2017-2020 Tallinna Tehnikailikool, Loodusteaduskond, Keemia ja
biotehnoloogia instituut, insener (0,10)

2014-2016 Tallinna Tehnikaulikool, Matemaatika-loodusteaduskond,

Geenitehnoloogia instituut, insener (1,00)

Stipendiumid ja tunnustused

2016 Dora Pluss T1.1 mobiilsustipendium ,,Neurofly 2016
konverentsil osalemiseks

2014 Parima posteri preemia Eesti Inimesegeneetika Uhingu
aastakonverentsil

2014 Eesti Teaduste Akadeemia Ulidpilaste teadustoode preemia

Kursused ja konverentsid

September 2022 Eesti Inimesegeneetikalihingu 24. aastakonverentsil
osalemine, Parnu, Eesti

November 2021 Eesti Inimesegeneetikalihingu 23. aastakonverentsil
osalemine, Haapsalu, Eesti

Veebruar 2020 Keemia ja botehnoloogia doktorikooli talvekool, osalemine

November 2019 Doktorantide teaduspdaev, suuline ettekanne, Jogeva, Eesti

November 2019 Eesti Inimesegeneetikalihingu 21. aastakonverentsil

osalemine, Parnu, Eesti

114



August 2019 Osalemine kursusel ,,Baltic Summer School on Rodent
Behavioural Models”, Piihajarve, Eesti

Juuni 2019 »,Nordic Neuroscience” konverents, posterettekanne
,Silencing of Drosophila ortholog of TCF4 leads to behavioural
impairment”, Helsingi, Soome

November 2018 »Neuroscience 2018“ konverents, posterettekanne ,Silencing
of Drosophila ortholog of TCF4 leads to behavioural
impairment”, San Diego, Ameerika Uhendriigid

Oktoober 2018 Eesti Inimesegeneetikalihingu 20. aastakonverentsil
osalemine, Viljandi, Eesti
September 2018 ,Neurofly 2018 konverents, posterettekanne ,Silencing of

Drosophila ortholog of TCF4 leads to behavioural
impairment”, Krakov, Poola

September 2018 Osalemine kursusel ,,Developmental Biology Minisymposium®,
Tallinn, Eesti

Mai 2018 Doktorantide teaduspaev, posterettekanne, Vehendi, Eesti

November 2017 Eesti Inimesegeneetikalihingu 19. aastakonverents, suuline

ettekanne ,,Pitt-Hopkinsi sindroomi mudeldamine
dadikakarbses”, Rakvere, Eesti

September 2016 ,Neurofly 2016“ konverents, posterettekanne ,Silencing of
Drosophila ortholog of TCF4 leads to behavioural impairment”,
Platanias, Kreeka

Oktoober 2014 »Neurofly 2014“ konverents, posterettekanne , Introducing
Pitt-Hopkins-associated mutations to Drosophila
daughterless”, Hersonissos, Kreeka

Oktoober 2014 Eesti Inimesegeneetikalihingu 16. aastakonverents,
posterettekanne ,,Pitt-Hopkinsi sindroomi mudeldamine
aadikakarbses, Otepaa, Eesti

Oktoober 2013 Eesti Inimesegeneetikalihingu 15. aastakonverentsil
osalemine, Narva, Eesti
Oktoober 2012 Eesti Inimesegeneetikalhingu 14. aastakonverentsil

osalemine, Haapsalu, Eesti

Juhendatud viitekirjad

Loviisa Pihlas, magistrikraad, 2023, (sup) Laura Tamberg, Alex Sirp,
Interaction studies of Drosophila transcription factors Daughterless and Schnurri,
Tallinna Tehnikatlikool, Loodusteaduskond, Keemia ja biotehnoloogia instituut

Kathy Rannaste, magistrikraad, 2021, (juh) Laura Tamberg; Mari Palgi,
Creating tools for investigating the transcriptional activity of Daughterless in vitro
and in vivo, Tallinna Tehnikalilikool, Loodusteaduskond, Keemia ja biotehnoloogia
instituut

Loviisa Pihlas, bakalaureusekraad, 2021, (juh) Laura Tamberg; Alex Sirp,
Transkriptsioonfaktori Schnurri vaigistamise ja Uleekspressiooni mdju uurimine
dadikakarbse narvisiisteemis, Tallinna Tehnikatlikool, Loodusteaduskond, Keemia ja
biotehnoloogia instituut

Lisette Marleen Mikk, bakalaureusekraad, 2021, (juh) Laura Tamberg; Mari Palgi,
HA-madrgistatud transkriptsioonifaktor Schnurri  ekspressiooni  kirjeldamine
Drosophila melanogaster-i embriiotes, Tallinna Tehnikadilikool, Loodusteaduskond,
Keemia ja biotehnoloogia instituut

115



Anastassia Subina, bakalaureusekraad, 2018, (juh) Laura Tamberg; Tnis Timmusk, FLAG-
margistatud Daughterless valgu ekspressiooni ja transaktivatsioonivéime uurimine,
Tallinna Tehnikatlikool, Loodusteaduskond, Keemia ja biotehnoloogia instituut

Publikatsioonid

Esvald, E.-E.*, Tuvikene, J.*, Kiir, C. S.*, Avarlaid, A., Tamberg, L., Sirp, A., Shubina, A,,
Cabrera-Cabrera, F., Pihlak, A., Koppel, I., Palm, K. and Timmusk, T. (2023).
Revisiting the expression of BDNF and its receptors in mammalian development.
Frontiers in Molecular Neuroscience 16. doi: 10.3389/fnmol.2023.1182499.

Sirp, A.*, Shubina, A.*, Tuvikene, J., Tamberg, L., Kiir, C. S., Kranich, L. and Timmusk, T.
(2022). Expression of alternative transcription factor 4 mRNAs and protein
isoforms in the developing and adult rodent and human tissues. Frontiers in
Molecular Neuroscience 15. DOl 10.3389/fnmol.2022.1033224.

Tamberg, L., Jaago, M., Saalik, K., Sirp, A., Tuvikene, J., Shubina, A., Kiir, C. S., Nurm, K.,
Sepp, M., Timmusk, T and Palgi, M. (2020). Daughterless, the Drosophila
orthologue of TCF4, is required for associative learning and maintenance of the
synaptic proteome. Disease Models and Mechanisms 13, dmmO042747.
doi:10.1242/dmm.042747.

Tamberg, L., Sepp, M., Timmusk, T. and Palgi, M. (2015) Introducing Pitt-Hopkins

syndrome-associated mutations of TCF4 to Drosophila daughterless. Biology
Open 4, 1762-1771. doi:10.1242/bio.014696.

116



ISSN 2585-6901 (PDF)
ISBN 978-9916-80-036-2 (PDF)



	List of Publications
	Author’s Contribution to the Publications
	Introduction
	Abbreviations
	1 Review of the Literature
	1.1 Transcription factor 4, a class I basic helix-loop-helix transcription factor
	1.1.1 Functions of TCF4
	1.1.2 Protein structure of TCF4
	1.1.3 Expression of TCF4 mRNA and protein
	1.1.4 Regulation of TCF4 activity and expression
	1.1.5 Target genes of TCF4
	1.1.6 TCF4-related diseases
	1.1.7 Animal models of TCF4-related diseases

	1.2 Daughterless, the Drosophila melanogaster homolog of TCF4
	1.2.1 Functions of Da
	1.2.2 Da protein
	1.2.3 Expression of da
	1.2.4 Regulation of Da expression and activity
	1.2.5 Interactors of Da
	1.2.6 Targets of Da


	2 Aims of the Study
	3 Materials and methods
	4 Results
	5 Discussion
	5.1 Drosophila melanogaster is suitable for modelling PTHS
	5.2 Da is important for learning and locomotion
	5.3 Da functions in regulating the synaptic proteome
	5.4 Drosophila PTHS models can be used for drug screening
	5.5 Da has functions in the mature Drosophila melanogaster
	5.6 Advancements on the expression studies of TCF4 are beneficial for developing therapies for TCF4-related diseases

	6 Conclusions
	References
	Acknowledgements
	Abstract
	Lühikokkuvõte
	Appendix
	Publication I
	Publication II
	Publication III

	Curriculum vitae
	Elulookirjeldus
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



