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Introduction

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

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

In this thesis, we characterized TCF4 mRNA and protein expression throughout rodent
and human development with focus on the many distinct TCF4 isoforms. In addition, we
studied the effects of previously described disease related aberrations in TCF4 on the
expression and functionality of TCF4 protein. Results of this thesis help better understand
the overall function of TCF4 and may help lay the foundation for gene therapy
approaches for the many TCF4 associated diseases.
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1 Review of literature

1.1 Basic helix-loop-helix transcription factors

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

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

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

1.1.1 E-proteins

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

1.2 Transcription factor 4

TCF4 (also known as E2-2, ITF-2, SEF-2) was first described as an activator of
immunoglobulin enhancers (Henthorn et al., 1990). It must be emphasized that
transcription factor 4 (TCF4, gene 1D:6925) gene should not be confused with
transcription factor 7-like 2 (TCF7L2, gene 1D:6934) gene as TCF7L2 is historically referred
to as T-cell factor 4 and abbreviated also as TCF4. Due to the same abbreviation, there
has been much confusion and misinterpretation of data between transcription factor 4
TCF4 and transcription factor 7-like 2 TCF4. When doing research on TCF4 it is suggested to
check the methods section for primers, antibodies etc. to confirm which TCF4 is studied.

1.2.1 Functions

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

By now it is well known that TCF4 has a very important role in neurogenesis. TCF4
promotes differentiation and regulates proliferation of NSCs (Fischer et al., 2014; Shariq
et al., 2021) and is necessary for neuronal migration, axon guidance and synapse
formation (Li et al., 2019; Mesman et al., 2020; Wittmann et al., 2021). Loss of Tcf4 causes
changes in the architecture of cortical layers and cerebellum, and affects the
development of corpus callosum, midline glia and hippocampus (Hellwig et al., 2019;
Mesman et al., 2020). TCF4 is also involved in adult hippocampal neurogenesis, where in
addition to the regulation of differentiation and proliferation it supresses the
inflammatory transformation of neural progenitor cells (NPC) (Shariq et al., 2021).
Interaction between MATH1 and TCF4 has been suggested to be important for
development of the hindbrain (Flora et al., 2007).
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TCF4 is also associated with epithelial-mesenchymal transition (EMT) and Tcf4
overexpression causes migratory and invasive behaviour of cells in vitro (Sobrado et al.,
2009). This is supported by newer experiments as TCF4 knockdown in SH-SY5Y cells
causes differential expression of important regulators of EMT such as DECI and SNAI2,
and of genes associated with cell survival and neuronal differentiation such as ASCL1 and
NEUROG?2 (Forrest et al., 2013).

1.2.2 Animal studies

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

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

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

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

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

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

1.2.3 Interactome

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

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

There is also evidence that TCF4 protein isoforms may interact with different
partners based on the presence of functional protein domains. For example, in vivo
co-immunoprecipitation experiments reveal that while the longer TCF4-B protein isoform
interacts with Sox11, the shorter isoform TCF4-A does not (Wittmann et al., 2021).
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1.2.4 Target genes

The first systematic analyses on TCF4 target genes were done in PDC lines using
chromatin immunoprecipitation (ChlP) combined with an TCF4 antibody specific for
longer TCF4 isoforms only. In total, the results included >100 high-confidence genes
related to pathogen sensing, signal transduction and transcriptional regulation (Cisse
et al., 2008; Ghosh et al., 2010). More recent ChIP-sequencing (ChIP-seq) experiments
with an antibody specific for all TCF4 isoforms from human neuroblastoma SH-SY5Y cells
revealed TCF4 binding sites close to >5000 genes involved in neurogenesis, cell signalling,
cell cycle regulation and ion transport. Based on histone modifications, 77% of TCF4
binding sites were in active enhancers and only 1.7% of TCF4 binding sites were in gene
promoters (Forrest et al., 2018). In addition, ChIP-seq has been done in SH-SY5Y cells
using an antibody specific only for long TCF4 protein isoforms which resulted in >6500
target genes (Xia et al., 2018). ChIP-seq in mouse NSCs using tagged TCF4 shows that
TCF4 binds enhancer regions in Nrxnl gene together with p300 and also regulates
primary microcephaly genes Mcphl and Wdr62 by binding enhancer regions of these
genes together with microcephaly-associated transcription factors Smad4, Sox2 and
Chd7 (Moen et al., 2017). ChIP based analyses of TCF4 binding are summarized in table 1.

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

Reference Method Cell type Isoform
Cisse et al., 2008; ChIP-gqPCR Human CAL-1 cell line TCF4-B
Ghosh et al., 2010 ChI'P-on-ChIP Human CAL-1 cell line TCF4-B

microarray
Moen et al., 2017 ChlP-seq Mouse NSCs Tagge(;—TCF4-
H iPSC-derived T d-TCF4-
Hennig et al., 2017 ChlP-seq umant erive agee
neurons A
Forrest et al., 2018 ChlP-seq Human SH-SY5Y cell line All isoforms
Xia et al., 2018 ChlP-seq Human SH-SY5Y cell line  Long isoforms

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

Possible target genes of TCF4 have also arisen from RNA-seq data from mice where
expression of functional TCF4 has been manipulated (Kennedy et al., 2016; Li et al., 2019;
Mesman et al., 2020; Phan et al., 2020; Schoof et al., 2020; Sarkar et al., 2021; Wittmann
et al., 2021). In Tcf4 heterozygous knockout mice, RNA-seq of hippocampal neurons has
revealed 402 differentially expressed genes. These genes are associated with neuronal
plasticity, axon guidance, cell adhesion, calcium signalling and neuroreceptors. More
specifically, upregulated genes include genes necessary for dopamine (Drdl1a, Cckbr,
Chrm4), oxytocin (Oxtr), serotonin (Htr2c), glycine (Glra2, Glra3) and neuromedin B
(Nmbr) signalling. Downregulated genes included Grin2a, Npy2r, Lparl and Slpr5
involved in learning and memory, and genes associated with myelination. In addition,
individual genes which were differentially expressed included upregulation of Klotho
(enhancer of LTP) and downregulation of Arc (involved in synaptic plasticity and memory
formation). Interestingly, Lefty1 which is predominantly expressed in the left hemisphere
was also downregulated. As the authors described weak front right paws for Tcf4
heterozygous animals, it may be that Leftyl plays a role in that phenotype (Kennedy
et al,, 2016).

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

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

Reference

Method

Organism

Tissue/ Stage

Forrest et al.,
2013

Kennedy et al.,

Microarray,
shRNA TCF4 kd

Human SH-SY5Y cells

Cell line

Hippocampus/

o +/-
2016 RNA-seq Tcf4*’- mouse Adult
Microarray,
Hill et al., 2017 Human NPCs Cell line
shRNA TCF4 kd
Hennig et al., icroarray Human iPSCs Differentiated
2017 shRNA TCF4 kd NPCs
. RNA-seq,
Moen et al., seq Mouse NSCs
2017 ShRNA Tcf4 kd
Dorsal
Li et al., 2019 RNA-seq Tcf4”- and *~ mouse telencephalon/

PO



Table 2. Continued

Reference Method Organism Tissue/ Stage
Doostparast
Torshizi et al., RNA-seq, shRNA SCZ patient iPSCs Neurons/ P3, P14
TCF4 kd
2019
Phan et al. Prefrontal cortex/
7 _ +/_
2020 RNA-seq Tef4 P1, Adult
ch4+/A574—579
_ Tcf4+/Rs79W ibrai _
Phan et al., RNA-seq cf- Hemibrain/ PO-2,
2020 Actin-Cre::Tcf4*/floxed Adult
Nestin-Cre::Tcf4+/floxed
Schoof et al. Forebrain/
7 _ _/_
2020 RNA-seq Tcf4- mouse Newborn
Mesman etal., RNA-seq Tcf4”' mouse Cortex/ E14.5
2020
Witt t al.
! mzaonznle = scRNA-seq Tcf47 long isoforms Neocortex/ E18.5
Sarkar et al., floxed/floxed Hippocampus,
2021 RNA-seq Tef4 Adult
Papes et al., L .
2022 scRNA-seq PTHS patient iPSCs Organoids

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

1.2.5 Regulation of activity

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

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

1.2.6 Gene structure and functional protein domains

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

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

TCF4 protein isoforms contain three activation domains (AD1-3) out of which AD1
is present only in longer TCF4 isoforms (TCF4-B, -J, -K and -L, partially in TCF4-C).
The remaining activation domain 2 (AD2) and 3 (AD3) are present in all the TCF4 isoforms.
AD1 binds transcriptional co-activators p300/CBP and STAGA, and co-repressor ETO
(Bayly et al., 2004; Zhang et al., 2004; Guo et al., 2009; Denis et al., 2012). p300/CBP
interaction has also been shown for AD2 (Bayly et al., 2004; Denis et al., 2012). AD3
interacts with the TAF4 subunit of transcription factor IID (Chen et al., 2013). A conserved
element located between AD1 and AD3 regulates the activity of AD1 (Herbst and Kolligs,
2008) and a repression domain between AD2 and bHLH domain can repress both AD1
and AD2 (Markus et al., 2002). The bHLH domain contains a basic sequence which
mediates DNA binding and a HLH region which is necessary for dimerization (reviewed in
Teixeira et al., 2021). The C domain is involved in dimerization (Goldfarb et al., 1998).
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In addition to the previously mentioned NLS-1, the bHLH region of TCF4 contains a
second NLS-2 and two nuclear export signals (NES-1 and NES-2) (Greb-Markiewicz et al.,
2019). All the functional protein domains of TCF4 are shown in Figure 2.
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Figure 2. Schematic representation of TCF4 protein domains. (A) TCF4 internal exons with the
functional domain-encoding exons marked below the exon names. (B) Schematic representation of
protein domains for TCF4 isoforms B and A. The colored areas represent functional protein domains
—activation domains are light brown, conserved element is black, repression domain is dark brown,
A and C domains are beige, bHLH domain is in orange and the unique region for TCF4-A encoded
by exon 10a is shown in grey. The nuclear localization signals are shown above and the names of
the respective TCF4 protein isoforms with their lengths in amino acids is on the left. AD, activation
domain; NLS, nuclear localization signal; bHLH, basic helix-loop-helix domain; CE, conserved
element; Rep, repression domain; AA, amino acid.

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

1.2.7 Expression

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

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

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

1.3 TCF4-related diseases

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

1.3.1 Pitt-Hopkins Syndrome

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

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

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

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

1.3.2 Schizophrenia

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

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

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

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

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

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

1.3.3 Mild to moderate intellectual disability

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

1.3.4 Fuchs endothelial corneal dystrophy

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

FECD can be categorized into early- and late-onset form. While early-onset FECD is
inheritable in an autosomal dominant fashion and associated with mutations in the
COL8A2 gene(Gottsch et al., 2005), the late-onset form has been associated with defects
in TCF4. Linkage between chromosome 1821 (location of human TCF4) and late-onset
FECD was first described in 2006 (Sundin et al., 2006). A later study by Wieben and others
showed that the CTG trinucleotide repeat expansion in intron 3 of TCF4 is the causative
mutation of late-onset FECD. When measured from blood, FECD patients have CTG
repeat lengths >50 while healthy controls carry around 12-18 CTG repeats (Wieben et al.,
2012).

1.3.5 Tumorigenesis

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

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

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

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

The aim of this thesis was to study the expression and functioning of TCF4. More specific
aims of the study were as follows:
e Study mRNA and protein expression of the different TCF4 isoforms during
rodent and human development.
e Study how FECD-associated CTG trinucleotide repeat in the third intron of the
TCF4 gene modulates TCF4 expression.
e Study how SCZ, MMID, RTT-like syndrome and PTHS related missense mutations
in TCF4 impact the functionality of TCF4 protein.
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3 Materials and Methods

The following methods were used in this study and are described in more detail in the
respective publications:

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

Molecular cloning — Publications I, Il and IlI

Site-directed mutagenesis — Publication Il

In vitro protein translation — Publications | and Il

RNA extraction, cDNA synthesis, PCR — Publication Il

Western blot analysis — Publication I, Il and 11l

Transfection of cells — Publications I, Il and IlI

Luciferase reporter assay — Publications Il and IlI

Direct TCF4 RNA sequencing — Publication |

Analysis of publicly available RNA-seq datasets — Publications | and Il
Bioinformatic analysis of gene structure, cap sites, sequence variation —
Publications I, Il and IlI

Bioinformatical analysis — Publication I and Il

CRISPR/ Cas9-mediated gene mutation — Publication |

Animal husbandry — Publication |

Collection of neuronal and nonneuronal tissues throughout rodent
development — Publication |

Protein extraction from rodent and human tissues — Publication |

5' Rapid amplification of cDNA ends— Publication Il

Electrophoretic mobility shift assay — Publication Il

Immunocytochemistry — Publication Il

25



4 Results

4.1 Results obtained in publication |

In mouse cerebral cortex, mRNAs transcribed from Tcf4 gene encode isoforms
TCF4-B, -C, -D, -A and -I;

Tcf4 mRNA expression peaks around birth in mouse and rat;

Tcf4 mRNA expression is highest in the mouse and rat cerebral cortex,
hippocampus and cerebellum;

The majority of Tcf4 transcripts in mouse and rat neural tissues encode TCF4-A.
Tcf4 mRNA expression levels are similar in mouse and rat nonneural tissues
except for the liver, where Tcf4 levels are almost non existant;

TCF4-A encoding transcripts account for the majority of Tcf4 transcripts in
mouse nonneural tissues;

Tcf4 protein expression peaks around birth in mouse and rat;

Expression of TCF4 protein is highest in mouse and rat cerebral cortex,
hippocampus, cerebellum and olfactory bulb;

Long and short TCF4 protein isoforms are expressed in all rat and mouse neural
tissues;

TCF4-D protein expression is high in the cerebral cortex and hippocampus and
low or undetectable in other neural tissues of mouse and rat;

TCF4 mRNA expression peaks during human embryonic development and
decreases after birth;

TCF4 mRNA expression is higher in human brain compared to nonneural tissues;
Transcripts encoding TCF4-A are expressed at highest levels in human tissues,
except for the testis, where TCF4-J encoding transcripts are expressed at highest
levels starting from adolescence;

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

4.2 Results obtained in publication Il

There are numerous transcription start sites in the intron between TCF4 internal
exons 3 and 4;

The CTG trinucleotide repeat is located upstream of the 5' UTR coding region of
TCF4 exons 4a, 4b and 4c;

Activity of TCF4 promoters immediately downstream of the CTG trinucleotide
repeat decreases with increasing CTG repeat length — significant decreases were
observed from promoters with >50 CTG repeats;

In FECD patients, an expanded CTG trinucleotide repeat has contrasting effects
on the expression of different TCF4 transcripts — expression levels of transcripts
under the control of promoters near the repeat region decline while expression
of certain transcripts starting further downstream of the repeat region increase.
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4.3 Results obtained in publication Il

e PTHS missense mutations alter intranuclear localization of TCF4 in a cell type
dependent manner:
o R569W and N585D mutants form condensed intranuclear puncta in
neuron cultures but not in HEK293 cells;
e PTHS missense mutations impair or completely abrogate DNA binding:
o R569W mutant homodimers show reduced DNA binding while N585D
and A587P mutants show no DNA binding as homodimers;
o Heterodimerization with ASCL1 can fully (R569W and N585D) or partly
(A587P) alleviate the negative effects of PTHS mutations on DNA
binding;
e PTHS missense mutations modulate transcriptional activity of TCF4;
o R569W mutation:
= Increases the transcriptional activity of TCF4-B homo- and
heterodimers in HEK293 cells;
=  Decreases the activity of TCF4-A in all the studied conditions;
= Increases the activity of TCF4-B heterodimers with ASCL1 in
neuron cultures;
o N585D and A587P mutations:
= Decrease the transcriptional activity of TCF4 homodimers
(N585D, A587P) and heterodimers (A587P) in HEK293 cells;
=  Almost completely abrogate the transcriptional activity of
TCF4-A (N585D, A587P) and TCF4-B (A587P) in neuron
cultures;
= Increases the transcriptional activity of TCF4-B (N585D)
heterodimers in basal conditions in neuron cultures;
e SCZ, MMID and RTT-like syndrome associated missense mutations and
variations do not affect the functionality of TCF4 or have very mild effects in the
in vitro cell and molecular biology assays used.
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5 Discussion

5.1 Expression of TCF4 in rodent and human

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

Most of the available RNA-seq data from the development of different organs and
tissues is based on short reads which makes it difficult to quantify all the transcripts of
TCF4. This is one of the reasons why only a few of the previous studies on TCF4 mRNA
expression have focused on describing the expression of transcripts encoding the distinct
TCF4 protein isoforms, mostly by using quantitative reverse transcription PCR (Sepp et al.,
2011). To distinguish and quantify TCF4 transcripts from short read data, we developed
a splice-site based analysis method which quantifies transcripts overlapping the various
TCF4 splice-sites (Publication 1). Our results show that the expression ratios between
different TCF4 isoform encoding transcripts remain relatively stable throughout rodent
and human development. The only exception was seen in the human testis, where the
expression of transcripts encoding TCF4-J is initiated during adolescence.

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

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

As we now have extensive information about isoform-specific expression of TCF4 in
neural and nonneural tissues (Publication 1) we can suggest that the different isoforms
may have different functions in different tissues and developmental stages. This is partly
supported by previous studies where Tcf4 reduction in embryonic development resulted
in reduced neuronal firing of cortical neurons (Rannals et al., 2016), whereas a similar
experiment in adult hippocampal neurons resulted in hyperexcitability (Sarkar et al.,
2021). Also, in vitro experiments suggest that during differentiation of NPCs to neurons,
the expression of TCF4-B, -C, -F, -G and -A encoding transcripts changes while the total
TCF4 levels do not change (Hennig et al., 2017).

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

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

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

5.2 The effect of FECD associated CTG trinucleotide repeat expansion
on the expression of TCF4

More than 40 diseases have been associated with the expansion of nucleotide repeat
regions in both coding and noncoding regions of the genome (Nelson et al., 2013;
Paulson, 2018). The effects of repeat region expansions have been extensively studied
for several diseases. Expansion of the CGG repeat region in 5 UTR of FMR1 gene is used
for the diagnosis of fragile X-associated ataxia syndrome (FXTAS). The repeat expansion
in FXTAS can have two outcomes depending on the length of the repeat expansion —
a CGG expansion between 55-200 repeats causes increased expression of FMRI,
while a CGG expansion >200 repeats results in hypermethylation and full transcriptional
and translational silencing (Salcedo-Arellano et al., 2020). Friedrich ataxia is caused by an
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expanded GAA repeat in the intron of FXN gene which results in reduced expression of
the gene in patient-derived cells possibly due to hypermethylation — a longer repeat
expansion causes a more severe reduction in mRNA expression levels of FXN (Castaldo
et al., 2008; Chutake et al., 2014). A hexamer repeat expansion (GGGGCC) in the 5’ region
of the C90RF72 gene causes frontotemporal lobar degeneration and amyotrophic lateral
sclerosis. Experiments indicate that the GGGGCC repeat expansion reduces promoter
activity in cell lines (Gijselinck et al., 2016). Taken together, previous data indicates that
repeat expansions can both increase or reduce transcription of genes, which led us to
study whether the FECD related CTG repeat expansion may cause changes in TCF4
expression in patients with FECD (Publication ).

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

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

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

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

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

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

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

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

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

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

5 N-terminally distinct Tcf4 protein isoforms are expressed in rodent cerebral
cortex (TCF4-B, -C, -D, -A and -l);

Tcf4 mRNA and protein expression in rodent is much lower in nonneural tissues
compared to the brain;

Medium TCF4 protein isoforms (TCF4-D) are highly expressed in rodent brain
and almost undetectable in nonneural tissues;

TCF4 expression levels in human are highest in the brain and very low in the liver
with most of the transcripts (>40%) encoding TCF4-A,;

The CTG trinucleotide repeat expansion in TCF4 exon 3 decreases the activity
of immediate downstream TCF4 promoters;

The CTG trinucleotide repeat does not significantly reduce the expression of
total TCF4 due to the simultaneous decrease in the expression of longer
isoforms and increase in the expression of shorter isoforms;

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

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

Molecular Characterization of Basic Helix-Loop-Helix
Transcription Factor TCF4: From Expression to Function

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

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

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

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

Collectively, our results show that:

e TCF4 expression is highest around birth in rodents and humans;

e TCF4 expression is highest in neural tissues and much lower in nonneural
tissues;

e The main TCF4 protein isoforms expressed in neural tissues are TCF4-B, -C,
-D, -A and -l;

e The CTG repeat expansion in third intron of TCF4 gene reduces the activity
of nearby TCF4 promoters;

e Pitt-Hopkins syndrome-related missense mutations in the basic helix-loop-
helix region of TCF4 reduce the abilty of TCF4 to bind DNA and also alter
transcriptional activation depending on cell type.
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Lihikokkuvote

Aluselise heeliks-ling heeliks transkriptsiooniteguri TCF4
ekspressiooni ja funktsiooni kirjeldamine

Transkriptsioonifaktor 4 (TCF4) on bHLH transkriptsioonifaktorite perekonna liige, mis
vahendab oma funktsiooni homo- ja heterodimerisatsiooni kaudu
interaktsioonipartneritega, nagu ASCL1, NEUROD ja ID valgud. Parast dimeriseerumist
seondub TCF4 oma sihtjarjestusega (CANNTG), mida tuntakse ka kui Ephrussi box.
Uldiselt mangib TCF4 véga olulist rolli neurogeneesis. Tapsemalt osaleb TCF4 B- ja T-
rakkude arengus, plasmatsitoidsete dendriitrakkude kiipsemises, epiteeli-
mesenhlUmaalses transformatsioonis ning neuronite diferentseerumises ja
migratsioonis.

Keerulise geenistruktuuri tottu vGib inimese TCF4 geeni transkriptsioon anda
tulemuseks vahemalt 18 N-terminaalselt erinevat valgu isovormi. Narilistel on kirjeldatud
7 N-terminaalselt erinevat TCF4 valgu isovormi. Varasemalt on naidatud, et TCF4 mRNA
ja valgu ekspressioon on k&ige suurem just slinni paiku. Siiski, keegi pole tapsemalt
kirjeldanud, kuidas on erinevad TCF4 geeni transkriptid ja valgu isovormid
ekspresseeritud ning kuidas muutub nende ekspressiooni diinaamika ldbi arengu. Sellest
tulenevalt kasutasime uudset pikkade transkriptide RNA-sekveneerimise meetodit,
analllsisime varasemalt avaldatud RNA-sekveneerimise andmeid ning valmistasime
valgu lUsaadid erinevatest narilise ja inimese kudedest, et uurida TCF4 mRNA ning valgu
ekspressiooni labi arengu pannes rdhku just erinevate transkrpitide ja isovormide
ekspressioonile. Meie tulemused kinnitasid, et TCF4 mRNA ja valgu ekspressioon on
kdrgeim just sundimise ajal. Peamised ndrilistel ja inimestel ekspresseeritud TCF4
isovormid on TCF4-B, -C, -D, -A ja -I. Kuigi TCF4-A kodeerivad transkriptid moodustavad
suurema osa TCF4 transkriptidest, on TCF4-B, -C, -D ja - kodeerivad transkriptid samuti
tugevalt ekspresseeritud nériliste ja inimese kudedes. Kdik need TCF4 isovormid tuvastati
ka Western blot anallilsis. Kui pikki ja keskmiseid TCF4 valgu isovorme oli ndha kdikides
uuritud kudedes, siis, keskmise suurusega valgu isovorme oli ndha vaid ajukoores ning
hippokampuses.

Kdrvalekaldeid TCF4 geenis on seosatatud mitmete haigustega millest tks on hiline
Fuchsi endoteliaalne sarvkesta distroofia (FECD). FECD tekke riskiks peetakse TCF4
geenis paikneva CTG kolmenukleotiidiline kordusjarjestuse arvu suurenemist >50
korduse. FECD tekib pea 5%-I keskealistest inimestest ning selle korral halveneb patsiendi
nagemine silmale moodustunud kaelaadse kogumi tottu, mis hakkab levima silma
keskosast &artesse. Ainus FECD ravimeetod on sarvkesta endoteeli asendamine
doonorkoega.

Inimese TCF4 geen koosneb 41-st eksonist, millest 21 on alternatiivsed Uksteist
vdlistavad 5’ eksonid. FECD-ga seotud CTG korduspiirkond asub kolmandas intronis,
vahetult enne eksonit 4a. Uks kdesoleva I18putd6 eesmirke oli uurida, kuidas CTG korduse
suurenemine voib vahendada FECD tekkimist. Esimesena kinnitasime, et CTG
korduspiirkond on mitme transkriptsiooni alguspunkti vahetus ldheduses, mis
aktiveerivad TCF4 eksoneid 4a, 4b ja 4c kodeerivate transkriptide ekspressiooni. Meie
tulemused néitasid, et CTG korduse laienemine >50 vahendab oluliselt [dheduses asuva
promootori aktiivsust. Sellest tulenevalt, otsustasime uurida kas varasemalt
publitseeritud FECD patsientide RNA sekveneerimise tulemustest oleks vdimalik uurida,
kuidas on muutunud erinevate TCF4 mRNAde tasemed. Selliseks analiiisiks t66tasime
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vilja meetodi, mis kvantiseerib RNA-sekveneerimise tulemusi {ile splaiss-saitide.
Kokkuvotvalt naitasid meie tulemused, et CTG korduspiirkonna ldhedal olevate
promootorite kontrolli all olevate TCF4 mRNAde transkriptsioon vahenes ja teatud TCF4
transkriptide ekspressioon, mille promootorid paiknevad CTG kordusest kaugel
allavoolu, suurenes.

Mutatsioone ja -variatsioone TCF4 geenis on seostatud mitmete neurokognitiivsete
hairete tekkega nagu skisofreenia, vaimne alaareng, autism, depressioon ja Rett-i
sarnane siindroom. Lisaks, on teada et TCF4 haplopuudulikkus p&hjustab harvaesinevat
aga tosist haigust Pitt-Hopkinsi siindroom (PTHS). PTHS-i korral on Uks TCF4 geeni
alleelidest muteerunud ja sealt ei ekspresseeru funktsionaalset valku.

Selle 16putd6d kolmas eesmark oli uurida varem kirjeldatud haigusega seotud
asendusmutatsioonide ja -variatsioonide mdju TCF4 funktsionaalsusele. Meie tulemused
nditasid, et skisofreenia, intellektipuude ja Retti-sarnase slindroomiga seotud
mutatsioonid ja variatsioonid m&jutasid TCF4 funktsionaalsust vaga vdhe véi tldse mitte.
Siiski, kdik PTHS-ga seotud mutatsioonid, mis paiknesid heeliks-ling-heeliks domeenis,
vdhendasid TCF4 véimet seonduda DNA-le. Lisaks vGivad PTHS-i mutatsioonid sdltuvalt
rakutlitibist voi spetsiifilisest TCF4 isovormist kas suurendada v&i vahendada TCF4
transkriptsiooni aktivatsiooni.

Kokkuv&tvalt naitasid meie tulemused:

e TCF4 ekspressioon on ndrilistel ja inimestel kérgeim siinni paiku;

e TCF4 ekspressioon on korgeim nérvisisteemis ja palju madalam
mitteneuraalsetes kudedes;

e Peamised narvislisteemis ja mitteneuraalsetes kudedes ekspresseeritud TCF4
isovormid on TCF4-B, -C, -D, -A ja -I;

e Erinevate TCF4 isovormide suhtelised tasemed on l3dbi arengu stabiilsed.
Suuremaid muutuseid, kus ihe TCF4 isovormi ekspressioon vdheneb ja teise
TCF4 isovormi ekspressioon suureneb ei esine.

e CTG korduse laienemine TCF4 kolmandas intronis vahendab ldhedalasuvate
TCF4 promootorite aktiivsust;

e  Pitt-Hopkinsi siindroomiga seotud asendusmutatsioonid TCF4 heeliks-ling-

heeliks piirkonnas vahendavad TCF4 véimet siduda DNA-d ja muudavad ka TCF4
vahendatud transkriptsiooni aktivatsiooni séltuvalt rakutiiiibist.
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Expression of alternative
transcription factor 4 mRNAs
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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 T¢f4 (Supplementary Table S1). As there are
no known Tecf4 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-RNA002 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 (Dulbeccos 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:WI, 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 16,000g. 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%, -A~, -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 (Figure 1A). The results showed that in the mouse P3 cerebral
Tcf4 gene were short and mapped only to the last exon of Tcf4 cortex ~20% of mRNAs transcribed from Tcf4 gene encode
gene. However, we obtained 163 Tcf4 transcripts that reached from isoform TCF4-B; 10% encode isoform TCF4-C; 30% encode
the 3’untranslated region to the 5" terminal exons and were thus isoform TCF4-D; 30% encode isoform TCF4-A and 10% encode
considered full-length based on previous knowledge about the isoform TCF4-I (Figure 1A). The presence of plus (containing the
rodent Tcf4 gene structure (Nurm et al.,, 2021). We then quantified RSRS amino acid sequence) and minus (without the RSRS amino
the potential TCF4 protein isoforms encoded by these transcripts 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 T¢f4 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 SI1). 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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FIGURE 3

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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FIGURE 4

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 1-2weeks
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
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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
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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
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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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Expression of TCF4 in rat nonneural tissues. (A) Three independent datasets shown on the right were combined for meta-analysis of Tcf4
expression in rat heart, muscle, lung, kidney, thymus, spleen, and liver throughout development. Total Tcf4 levels and the distribution of isoform-
specific transcripts is visualized. For more information see Figure 4A. (B,C) Western blot analyses of TCF4 protein expression in different peripheral
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western blot analysis of different nonneural tissues of WISTAR rat were quantified, normalized using Coomassie staining, and visualized as a
heatmap. For more details see legend of Figure 6D. P, postnatal day; CTX, cerebral cortex

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 S8). 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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FIGURE 8
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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FIGURE 9

Expression of TCF4 protein isoforms in adult human cerebral
cortex and hippocampus. Western blot analysis of TCF4 protein
expression in the adult human cerebral cortex left (L) and right
(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
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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.
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The Fuchs corneal
dystrophy-associated CTG repeat
expansion in the TCF4 gene affects
transcription from its alternative
promoters

Alex Sirp™®, Kristian Leite3*, Jirgen Tuvikene®?>, Kaja Nurm?', Mari Sepp’* &
Tonis Timmusk2™

The CTG trinucleotide repeat (TNR) expansion in Transcription factor 4 (TCF4) intron 3 is the main
cause of Fuchs’ endothelial corneal dystrophy (FECD) and may confer an increased risk of developing
bipolar disorder (BD). Usage of alternative 5’ exons for transcribing the human TCF4 gene results in
numerous TCF4 transcripts which encode for at least 18 N-terminally different protein isoforms that
vary in their function and transactivation capability. Here we studied the TCF4 region containing the
CTGTNR and characterized the transcription initiation sites of the nearby downstream 5’ exons 4a,
4b and 4c. We demonstrate that these exons are linked to alternative promoters and show that the
CTG TNR expansion decreases the activity of the nearby downstream TCF4 promoters in primary
cultured neurons. We confirm this finding using two RNA sequencing (RNA-seq) datasets of corneal
endothelium from FECD patients with expanded CTG TNR in the TCF4 gene. Furthermore, we

report an increase in the expression of various other TCF4 transcripts in FECD, possibly indicating a
compensatory mechanism. We conclude that the CTG TNR affects TCF4 expression in a transcript-
specific manner both in neurons and in the cornea.

Transcription factor 4 (TCF4) is a basic helix-loop-helix transcription factor that plays a vital role in the develop-
ment of the nervous and immune system'~*. TCF4 is expressed in almost every tissue type in human*°. In the
brain TCF4 expression peaks during late embryonic development and continues at a relatively high level during
postnatal development®’. Notably, transcription from TCF4 gene can begin at multiple mutually exclusive 5
exons leading to transcripts with varying composition of functional protein domains which modulate the ability
of TCF4 to regulate transcription®®.

TCF4 gene is implicated in susceptibility to schizophrenia, and mutations in TCF4 cause Pitt-Hopkins syn-
drome, a rare developmental disorder characterized by severe motor and mental retardation®*-'". In addition,
mutations in the gene regions included only in the longer isoforms of TCF4 have been associated with intel-
lectual disability'?. Alterations in TCF4 expression levels have been described in patients with depression’. An
expansion of a CTG TNR, located in an alternative promoter region between TCF4 exons 3 and 4 (known as
CTG 18.1), upstream of TCF4 5’ exons 4a, 4b and 4c causes Fuchs” endothelial corneal dystrophy (FECD) and
has been linked to Bipolar disorder (BD)'*'>.

FECD is an ocular disorder associated with corneal edema and vision disruption having a varying prevalence
between different populations affecting about 4% of people over 40 in the United States'®. Out of the many genetic
mutations associated with FECD the CTG TNR expansion in TCF4 is thought to be one of the major factors in
the development of the disease, as the presence of a TCF4 allele with 50 or more CTG TNR-s confers an increased
risk of developing the disease'”. BD is a psychiatric disorder that affects up to 1% of the global population, causing
severe mood alterations in affected patients'®. It has been shown that a TCF4 CTG TNR expansion of over 40
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«Figure 1. Transcription start sites, cloned insert sequences and analysis of splice sites in the TCF4 CTG repeat-
containing region in the adult human cerebellum. (A) A schematic of the TCF4 gene including alternative 5’
exons marked as white boxes and internal exons marked as black boxes drawn in scale. Functional protein
domains have been marked under the exons and the TCF4 CTG TNR region has been marked on top with
an arrow displaying the repeat location in the intron between exons 3 and 4a. Alternative splice sites have
been marked as roman numerals. Testis specific exons are underlined and marked bold. (B) Major alternative
transcripts of the human TCF4 gene. Coding regions are represented as black boxes and untranslated regions
are shown as white boxes. Transcripts are named after the 5’ exon and the splice site. The names of protein
isoforms encoded by the transcripts are shown on the right. Locations of alternative splicing that generates full-
length (FL), A, —and + isoforms are shown at the bottom. A and B adapted from Sepp et al.*. (C) A schematic
drawing of the TCF4 gene region proximal to the CTG TNR. Genomic coordinates are based on the GRCh37/
hg19 genome build. Black boxes indicate internal exons, white boxes 5’ exons and striped open box marks the
location of the CTG TNR. EST-s from GenBank are shown with accession numbers on the right. TSS peaks
(FANTOMS5 DPI peak, robust set) and CAGE reads (total counts of CAGE for reverse strand encoding for
TCF4) from FANTOMS project are visualized. (D) Transcripts identified by 5' RACE are indicated—black boxes
show sequenced components, white boxes unsequenced components. Transcription start regions of exon 4al,
exon 4b and exon 4c are indicated by arrows. (E) RT-PCR analysis of the splicing in the region. “US” indicates
RT-PCR fragments amplified from gDNA or unspliced pre-mRNA. “S” denotes RT-PCR fragments from spliced
mRNA. The numbers in brackets indicate different primer pairs used for PCR. Three different primer pairs were
used to identify splice sites between exons 4a-I and 4, whereas two were used to identify splice sites between
exons 4a-III and 4. (F) The structure of TCF4 transcripts identified by RT-PCR in D. (G) The cloned promoter
regions are indicated with filled boxes and the firefly luciferase (ffLuc) reporter gene are indicated with an open
box. AD activation domain, NLS nuclear localization domain, bHLH basic helix-loop-helix, FL full length,

A lack of nuclear localization domain, EST expressed sequence tag, TSS transcription start site, FANTOM5
functional annotation of the mammalian genome, DPI decomposition-based peak identification, CAGE cap
analysis of gene expression.

CTG TNR-s is frequent in a subset of patients with a severe type of BD and that the repeat expansion in TCF4
may increase vulnerability to BD'".

Studies on the connection between the TCF4 CTG TNR expansion and the mRNA levels of TCF4 transcripts
spanning the TCF4 CTG TNR region have produced contradictory results. A study by Foja et al.'”” reported that
TCF4 CTG TNR expansion is connected with a reduction in the levels of TCF4 transcripts beginning in the
proximity of the CTG TNR, whereas a study by Okumura et al.”” has reported that TCF4 CTG TNR expansion
is connected with an increase in overall TCF4 levels and in the levels of TCF4 transcripts beginning in proxim-
ity of the CTG TNR. Two other studies*"** have reported no effect of the CTG TNR expansion on total TCF4
mRNA levels.

It is currently unknown whether the TCF4 CTG TNR expansion affects the levels of TCF4 transcripts and
total TCF4 levels. Here, we hypothesized that the TCF4 CTG TNR region contains functional promoters that
regulate the transcription of nearby 5’ exons and that the activity of these promoters is altered by the length of
TCF4 CTG TNR expansion. For this, we first characterized the TCF4 alternative promoter region containing
the CTG TNR by identifying transcription start sites (TSS) and describing the splicing of nearby 5’ exons 4a,
4b, and 4c. We then used luciferase reporter assay to investigate whether the CTG TNR expansion could influ-
ence TCF4 expression in primary neurons by affecting the ability of surrounding regulatory regions to promote
transcription. Furthermore, RNA-seq data from corneal tissue of FECD patients with an expanded TCF4 CTG
TNR was analyzed to determine the expression levels of TCF4 transcripts beginning both proximal and distal
to the CTG TNR. Collectively, our results demonstrate that the CTG TNR expansion differentially modulates
the activity of TCF4 promoters.

Results

Transcription start and splice donor site usage of TCF4 5’ exons in vicinity of the CTGTNR. The
CTG TNR immediately precedes TCF4 5" exons 4a, 4b and 4c, which are located between internal exons 3 and
4 (Fig. 1A). The major TCF4 transcripts transcribed from the alternative 5’ exons of TCF4 in proximity of the
CTG TNR are transcripts encoding for protein isoforms TCF4-B and TCF4-C (Fig. 1B). To characterize the
transcription start sites (TSS-s) in this region we performed bioinformatical and 5" RACE analysis. Analysis of
GenBank data revealed that a total of 19 expressed sequence tags (EST-s) with 17 different TSS-s can be found
between TCF4 internal exons 3 and 4 with none beginning downstream of exon 3 and upstream of the CTG TNR
(Fig. 1C). In addition, analysis of TSS peak data from the FANTOMS5 (Functional Annotation of the Mammalian
Genome) project revealed 6 TSS peaks near the CTG TNR: 1 TSS peak before the CTG TNR and 5 TSS peaks
(of which 3 TSS peaks match with TSS-s from GenBank EST-s) downstream of the repeat (Fig. 1C). To validate
the potential transcripts and TSS-s from our bioinformatical analysis, we performed 5 RACE from adult human
cerebellar RNA, as it exhibits high levels of TCF4 expression?’. Our 5" RACE analysis revealed twelve TSS-s—
three for exon 4a, three for exon 4b and six for exon 4c, distributed across a ~ 250 bp region (Fig. 1D). Out of the
12 TSS-s detected by 5" RACE only 4 matched with the TSS-s from our bioinformatical analysis. Importantly,
the CTG TNR was never present in the 5" UTR of exon 4a, 4b and 4c transcripts since EST-s from GenBank and
our 5" RACE revealed no TSS directly upstream of the TCF4 CTG TNR region (Fig. 1D, Supplementary Fig. S1).
When considering previously published data about the TSS-s of TCF4 exon 4a, 4b and 4c and data obtained
from our 5’ RACE analysis, the promoters in the TCF4 CTG TNR region appear to be dispersed promoters,
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Figure 2. The TCF4 CTG trinucleotide repeat region modulates the activity of proximal downstream TCF4
promoters in a length dependent manner in neurons. (A,B) Promoter activities of TCF4 p4a (A) and TCF4
p4abc (B) constructs with different CTG repeat sizes (11, 25, 31, 54, 67 or 70, 144). Promoter activity was
measured in rat cultured cortical neurons transfected with luciferase reporter constructs. Three independent
experiments were performed for each promoter construct. A negative control (NC, promoterless pGL4.15
vector) is also shown. Statistical analysis was performed using one-way repeated-measures analysis of variance
(ANOVA) with Greenhouse-Geisser correction followed by Dunnett’s post hoc test. Statistical significance

is shown compared to the construct with 11 CTG repeats (*p <0.05, **p <0.01). Luciferase activity is shown
relative to the luciferase signal obtained with the respective promoter construct with 11 CTG repeats.

which are defined as a type of promoter where transcription start sites are spread across a region of around 100
nucleotides®-%¢.

To study the usage of splice donor sites at the 5’ exons located near the CTG TNR, we amplified the fragments
encompassing the splice sites from adult human cerebellar RNA using RT-PCR. We identified all previously
described TCF4 exon 4a and 4b splice sites* in adult human cerebellum but could not detect mRNAs starting
with exon 4a-II. Similar results were obtained in our previous study”, although one respective sequence is present
in GenBank, suggesting that the levels of these TCF4 transcripts are very low. In addition, we found that during
splicing, donor site closest to the TSS is used. For instance, TCF4 mRNAs initiated upstream of 4a-I splice site
used donor site 4a-I exclusively and not downstream splice sites 4a-III or 4b (Fig. 1D-F). The RT-PCR analysis
confirmed the absence of TSS-s directly upstream of CTG TNR (Fig. 1E). Collectively these results revealed that
TCF4 CTG TNR is not included in the 5" UTR of exon 4a, 4b and 4c transcripts and instead locates in a dispersed
promoter** - region characterized by spread TSS distribution.

Activity of TCF4 promoters immediately downstream of the CTG TNR decreases with increas-
ing repeat length.  We next determined whether the region surrounding the CTG TNR in TCF4 intron 3
upstream of alternative 5’ exons contains functional promoters (Fig. 1C). For that, we analyzed two DNA frag-
ments—a shorter sequence (TCF4 p4a) spanning the TCF4 CTG TNR region from just downstream of exon 3
into 5" exon 4a and a longer sequence (TCF4 p4abc) spanning the entire TCF4 CTG TNR from just downstream
of exon 3 to inside exon 4 (Fig. 1G). We cloned these fragments into pGL4.15[luc2P/Hygro] luciferase reporter
vectors and transfected the vectors into rat primary cortical neurons. The expression of luciferase was increased
by >30-fold using reporter constructs containing either p4a or p4abc sequences when compared to a negative
control construct without a promoter (Fig. 2A,B). These results indicate that p4a and p4abc sequences contain
functional promoters.

To assess the effect of the CTG TNR length on the activity of TCF4 p4a and p4abc promoter regions, we
generated twelve luciferase reporter constructs where each construct contained either the TCF4 p4a or p4abc
promoter sequence combined with six different CTG TNR lengths (11, 25, 31, 54, 67/70, 144). The luciferase
reporter assay revealed that an extended CTG TNR with a length of 54, 67/70 or 144 repeats significantly reduced
the activity of the promoter for both TCF4 p4a and p4abc (Fig. 2A,B). The presence of 144 repeats reduced the
activity of p4a and p4abc by 70% (p=0.0192) and 75% (p=0.0095), respectively. These results demonstrate that
the CTG TNR expansion interferes with transcription from the TCF4 p4abc promoter region.

The CTG TNR expansion in TCF4 gene affects the transcription of TCF4 alternative 5’ exons
in FECD patients. To describe whether an increased CTG TNR affects the expression of different TCF4
transcripts, we performed a comprehensive analysis of two previously published RNA-seq datasets from the cor-
neal endothelium of FECD patients with an expanded TCF4 CTG TNR and control groups without the repeat
expansion””?. The 2019 dataset generated by Nikitina et al. includes 6 controls and 8 FECD patients with an
expanded TCF4 CTG TNR?, and the 2020 dataset by Chu et al. includes 9 controls and 6 FECD patients with
an expanded TCF4 CTG TNR?, First, we evaluated how the levels of transcripts beginning from the CTG TNR
region change in FECD. The expression levels of exons 4al and 4alll showed a strong decrease in FECD patients,
which is in agreement with our luciferase reporter assays in neurons (Fig. 3). In contrast, the levels of transcripts
containing 5' exon 4c were increased in FECD patients (Fig. 3).
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Figure 3. The expression of TCF4 alternative transcripts containing 5’ exons spliced to exon 4 is decreased

in the cornea of FECD patients. Two independent FECD RNA-seq datasets—by Nikitina et al.”’ (named 2019

in the figure) and Chu et al.?® (named 2020 in the figure)—were used to analyze the expression levels of TCF4
alternative 5’ exons in corneal endothelium. The expression levels of different TCF4 splicing events were
quantified using the number of reads crossing the splice junction (shown above the graphs) normalized with the
total number of spliced reads and multiplied by million. The TCF4 protein isoform encoded by the transcripts
containing the indicated splicing event is shown in parentheses above the graphs. The data is visualized as box
plots—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 * 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. All data
points are shown with dots. The 2019 dataset includes 6 controls and 8 FECD patients with an expanded

TCF4 CTG TNR, and the 2020 dataset includes 9 controls and 6 FECD patients with an expanded TCF4 CTG
TNR. 10x-10 is a previously undescribed splicing event. Within-experiment statistical analysis between the
CTRL and FECD patients (indicated groups) was done using Mann-Whitney U test, p-values were corrected
for multiple testing using false discovery rate. Generalized linear model, followed by Wald test was used to
determine statistical significance of the disease state combining data from both 2019 and 2020 experiments,
p-values were corrected using FDR (p-value in the upper part of the panel).
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Next, we investigated whether the CTG TNR affects the levels of TCF4 transcripts starting from far upstream
of the CTG TNR (e.g. exons 3b, 3¢, etc.). Our analysis revealed that FECD patients with an expanded CTG TNR
displayed reduced levels of transcripts containing TCF4 alternative 5’ exons 3b and 3d spliced directly to internal
exon 4, just downstream of the repeat region, thus skipping internal exon 3 (Fig. 3). In contrast, the levels of
transcripts containing these exons spliced to the internal exon 3 were either not changed (exons 3c and 3d) or
were upregulated (exon 3b) in FECD. These results suggest that the CTG TNR affects both promoter activity and
alternative splicing in transcripts starting from upstream of the repeat region (Fig. 3). Notably, we also found
that FECD patients had increased levels of transcripts containing 5’ exons 8a, 8bII, 8cII and 10a, which are all
located far downstream of the CTG TNR (Fig. 3).

Different TCF4 transcripts encode for various TCF4 protein isoforms (Fig. 1B) that vary in their function
and transactivation capability’*. The major TCF4 transcripts comprising of 5’ exons 3b, 3¢ and 3d encode for
isoform TCF4-B when spliced to internal exon 3; transcripts with exons 3b and 3d encode for isoform TCF4-C
when spliced to exon 4; transcripts with exons 8a, 8bII and 8cII encode for isoform TCF4-D when spliced to
exon 8; transcripts with exons 10a, 10b and 10c spliced to exon 10 encode for isoforms TCF4-A, TCF4-I and
TCF4-H, respectively (Fig. 1B). Data from TCF4 transcripts which encode the same protein isoform were com-
bined to determine whether the levels of different TCF4 transcripts encoding specific TCF4 protein isoforms
are changed in FECD. We found that the expression of transcripts encoding isoform TCF4-C decreased while
the levels of isoforms TCF4-A, TCF4-B, TCF4-D and TCF4-H increased in FECD (Fig. 4). These observations
were confirmed by analyzing TCF4 transcripts by the expression levels of internal exons. Decreases in transcripts
comprising of internal exons 6-8 were observed in FECD patients, which can be explained by reduced expression
of isoform TCF4-C encoding mRNAs (Figs. 4, 5). FECD patients and the control group exhibited equal amounts
of transcripts containing exons 8 and 9 (Fig. 4). The sudden elevation of transcripts comprising of exons 8 and
9 when compared to exons 4-8 in FECD patients accounts for the increase in the expression of isoform TCF4-
D encoding mRNAs (Figs. 4, 5). An increase in the levels of transcripts containing exons 10-16 present in all
TCF4 transcripts is caused by the increase in the expression of TCF4-A, TCF4-B and TCF4-D mRNAs in FECD
patients (Fig. 4). As a contradictory result we saw that transcripts containing exons 3 and 4 which should reflect
the levels of isoform TCF4-B did not increase in FECD patients even though the levels of transcripts containing
5" exons included in isoform TCF4-B did increase (Fig. 3).

Only the major transcripts/splicing events are reported in the Figs. 3, 4 and 5. The results of all studied TCF4
exons/splicing events and isoforms can be found in Supplementary Fig. S2. In conclusion, the expression levels of
TCF4 transcripts were altered in FECD patients—the repeat expansion caused a reduction in transcripts starting
immediately downstream of CTG TNR and transcripts containing 5’ exons spliced directly to exon 4, and an
increase in transcripts encoded by distal 5" exons located hundreds of kbp downstream of the repeat. The results
of RNA-seq experiments have been summarized in Fig. 5.

Discussion

Previous studies have indicated that the CTG TNR expansion in intron 3 of TCF4 strongly increases the risk of
developing FECD and also vulnerability and severity of BD'>?. The pathogenic mechanism of the TCF4 CTG
TNR and other TNR-s in general is still a major question. We investigated the hypothesis that the CTG TNR
impacts the transcription of TCF4 mRNAs initiated from nearby 5’ exons, leading to an imbalance of the levels
of alternative TCF4 protein isoforms. We show for the first time that the expansion of the CTG TNR directly
reduces the activity of the nearby downstream TCF4 promoters in a length dependent manner—longer, more
expanded repeats reduce the activity of proximal downstream promoters. The lengths of the extended repeats
that were studied fit into the pathogenic range for both bipolar disorder (>40) and Fuchs’ dystrophy (>50)"*"°.
Soliman et al. has shown that the severity of FECD correlates with the length of the CTG TNR in TCF4 as
patients with a CTG TNR expansion exhibited a more severe form of FECD, but the mechanism underlying this
phenotype remains unknown™. It is important to note that our determination of TSS-s by 5" RACE and reporter
experiments were done using human cerebellar RNA and rat cultured cortical neurons, respectively. Therefore,
it would be interesting to conduct similar experiments in human corneal endothelial cells. This would help to
translate our findings between different cell types and further validate the effect of the CTG TNR expansion on
transcription also in FECD patients.

Detailed analysis of previously published FECD RNA-seq datasets””*® revealed that the levels of TCF4 tran-
scripts containing alternative 5' exons 4al and 4alll were reduced in the corneal endothelial cells of FECD patients
with an expanded CTG TNR. These results support our findings that the TCF4 CTG TNR expansion reduces
the activity of proximal downstream promoters linked to these 5" exons also in human corneal endothelium.
Interestingly, an increase in the levels of TCF4 transcripts encoded by downstream alternative 5’ exons distal
to the CTG TNR was also noted, which may indicate a compensatory mechanism to rescue the levels of TCF4
protein arising from the deficit of transcripts encoding TCF4-C. This compensation phenomenon needs to be
considered when studying TCF4 expression levels in FECD and other diseases connected with the TCF4 intronic
CTG TNR and could explain why different research groups have published contradictory results concerning
changes in TCF4 levels when studying FECD'**2. Our results indicate that the levels of TCF4 transcripts change
bidirectionally in response to an expanded CTG TNR—transcripts beginning near the repeat region decline just
as Foja et al. reported'? while certain transcripts beginning downstream of the repeat region increase as reported
here, and mask the decrease of long TCF4 transcripts. As the expression of different TCF4 transcripts decline
and rise simultaneously the overall TCF4 levels may not change significantly in FECD as has been reported by
Mootha et al.’! and Otdak et al.?>. In contrast, Okumura et al.”’ found an increase in total TCF4 expression levels
which is also evident in our RNA-seq analysis as we saw a slight rise in TCF4 expression when measuring the
expression of internal exons present in all TCF4 transcripts (exons 10-21). Our results illustrate the importance
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Figure 4. Expression of transcripts encoding TCF4-C isoform are downregulated, whereas transcripts encoding other TCF4 isoforms
are upregulated in the cornea of FECD patients. Two independent FECD RNA-seq datasets—by Nikitina et al.*” (named 2019 in the
figure) and Chu et al.** (named 2020 in the figure)—were used to analyze the expression levels of TCF4 exons in corneal endothelium.
The expression levels of (A) TCF4 isoforms and (B) internal exons were quantified using the number of reads (A) from transcripts
encoding for the respective isoform (shown above the graphs) and (B) crossing the indicated splice junction (shown above the graphs).
Data was normalized with the total number of spliced reads and multiplied by million. For more details, see legend of Fig. 3.
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Figure 5. Summary of the expression levels of TCF4 alternative 5’ and internal exons in FECD. Schematic
depiction of the human TCF4 gene structure and transcripts which displayed high expression levels in RNA-seq
data analysis (see Figs. 4, 5). Internal exons are depicted as boxes (3-21) and 5’ exons are shown as columns on
top or under the internal exons. Name of the respective TCF4 exon is shown inside the box. Splicing of 5’ exons
is shown by black lines which lead to the respective internal exon. Isoform encoded by the transcript is indicated
as a single character (A, B, C, D, E, H or I) marked bold on the line next to the 5’ exon. 5" exons marked green or
red display significantly increased or decreased expression, respectively, in FECD, when spliced to the respective
internal exon. Internal exons are connected by green, blue or red lines. A green or a red line between internal
exons indicates a significant increase or decrease, respectively, in the expression level of transcripts containing
splicing between these exons in FECD. A blue line or box indicates no change in the levels of transcripts
containing splicing between these exons. The CTG TNR is marked between internal exons 3 and 4 as a grey box
(CTG).

of the exact transcript measured when studying TCF4 expression levels. The original RNA-seq study by Chu and
others concluded that the TCF4 CTG TNR expansion increases the stability and thus the amount of expanded
CTG repeat-including intronic RNAs in the corneal endothelium and causes comprehensive changes in splicing.
No alterations in the overall expression of mature TCF4 mRNA was noted. The study by Nikitina et al. was a
data article and no conclusions were made?’.

Interestingly, we also detected an increase in the expression of 5’ exons spliced to exon 3 encoding for TCF4-
B in patients with FECD, showing that almost all the TCF4 promoters far upstream from the CTG TNR had
increased activity due to the repeat expansion. However, the increase in upstream promoter activity did not reflect
in the levels of transcripts containing exons 3 and 4. It is plausible that the CTG repeat expansion could regulate
transcriptional elongation of RNA polymerase by slowing down the polymerase in the CTG TNR region®'. This
can cause an accumulation of RNA polymerases in the CTG TNR and dissociation of the polymerase, leading to a
decrease of full-length TCF4 transcripts beginning from upstream of the CTG repeat. An increase in the expres-
sion of 5" exons spliced to exon 3 may be due to preferential splicing of transcripts to the exon before the CTG
TNR (exon 3), as changes in splicing have been described before in diseases associated with repeat expansion®.

We have previously shown that TCF4 protein isoforms can be divided into longer and shorter isoforms
which vary in their function and transactivation capability*®. Currently FECD research focuses mainly on the
CTG TNR and missplicing of longer TCF4 transcripts in FECD'"’, and little research has been done to analyze
the expression of all the TCF4 transcripts in FECD. Our detailed analysis provides new insight into FECD as we
show that the CTG TNR directly modulates the expression of TCF4 which may be among the underlying causes
for the development of the disease. Since TCF4 mRNAs detected in the present study are expressed virtually
in all tissues, with high levels in the fetal and postnatal brain?, there may also be a similar correlation between
the CTG TNR length and the expression levels of TCF4 transcripts in vivo in the brain which could predispose
development of BD. However, it should be noted that the link between the CTG TNR expansion in TCF4 and
BD has only been shown once and has not been reported by newer studies.

Strong evidence has also been provided in support of a mechanism in which the toxic (CUG), TNR con-
taining TCF4 mRNAs are the cause of Fuchs’ corneal dystrophy'®*>**. According to this mechanism, the TNR-
carrying RNAs cluster RNA binding proteins, interfering with the splicing of various mRNAs. Of note, antisense
therapy using Fuchs’ dystrophy ex vivo cell models leads to inhibition of RNA foci and mis-splicing in Fuchs’
dystrophy***. Since the CTG TNR is located in the intron between exons 3 and 4, this repeat is not included in
the fully mature TCF4 mRNA*, but the CTG TNR is still included in the pre-mRNA of transcripts initiated at
the upstream promoters (exon la, 1b, 3a, 3b, 3¢, 3d promoters).

Repeat expansions have been associated with more than 40 diseases?” and unstable TNR-s may occur in both
coding and noncoding regions, including promoters, introns and untranslated regions (UTR) of genes**. Among
noncoding TNR-s, one of the most studied is the TNR repeat (CGG) located in the 5" UTR of Fragile X Mental
Retardation (FMR1) gene. This TNR causes hypermethylation and silencing or increases in the expression level
of the gene, depending on TNR length”’. TNR diseases with TNR in the promoter region of the affected gene
have been less studied. Recently, an intronic polymorphic CGG repeat in a conserved alternative promoter of the
AFF3 gene, an autosomal homolog of the X-linked AFF2/FMR2 gene, was shown to lead to hypermethylation
of the promoter and transcriptional silencing of AFF3 expression in the brain®*. However, the effect of TNR on
promoter activity using transient expression analysis of promoters linked to TNR was not studied. Research on
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Friedreich ataxia, which is caused by an expansion of the intronic TNR (GAA) in the FXN gene, has revealed
reduced expression of the gene in patient derived cell lines*. A hexamer repeat expansion (GGGGCC) located in
the 5 regulatory region of the COORF72 gene, causing hereditary amyotrophic lateral sclerosis, has been shown
to reduce the ability of the surrounding region to promote the expression of a reporter protein in human kidney
and neuroblastoma cell lines*’. Overall, these results indicate that expansion of TNR can alter the expression
of the nearby genes. This is in agreement with our results showing that the expression levels of different TCF4
transcripts are altered in FECD due to the CTG TNR expansion.

Taken together, our results help to explain why previous research on the levels of TCF4 transcripts in FECD
has displayed varying results. Analyzing only total TCF4 levels or levels of certain TCF4 transcripts can produce
misleading results due to the complexity of the TCF4 gene and its regulation. The current study shows that the
TCF4 CTG trinucleotide repeat expansion modulates the activity of nearby TCF4 promoters in a length depend-
ent manner—an expanded CTG TNR causes reduction in promoter activity. Analysis of RNA-seq datasets
revealed that the expression levels of the many TCF4 transcripts are increased or decreased simultaneously in
the cornea of FECD patients. Further work is needed to elucidate the exact mechanism how this repeat region
affects TCF4 transcription and whether the changed TCF4 levels contribute to the development of FECD and BD.

Methods

Generation of DNA constructs. Human postmortem tissues were used to obtain DNA and RNA samples.
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.

TCF4 gene fragments were screened from human DNA samples for the TCF4 CTG TNR length and frag-
ments with the desired CTG TNR length were amplified by PCR from 20 ng of genomic DNA in a 20 pl mixture
using 0.4 units of Phusion Hot Start IT (Thermo Scientific) and primer p4a_p4abc_F paired with the p4abc_R
or p4a_R primer (Supplementary Table S1) with a final concentration of 0.25 uM to amplify the longer (TCF4
p4abc) and the shorter (TCF4 p4a) sequence of the TCF4 gene (Fig. 2). Following amplification, the PCR mixtures
were incubated for 15 min at 72 °C with 1 unit of FirePol DNA polymerase (Solis BioDyne) for the synthesis of
adenosine overhangs for cloning. The PCR products were first inserted into the pSTBlue-1 acceptor vector (Merck
Millipore) and then to the pGL4.15[luc2P/Hygro] luciferase reporter vector (#£6701, Promega).

Promoter regions encompassing CTG TNR-s with five different lengths (11, 25, 31, 54 and 67 or 70 repeats)
were acquired from human genomic DNA by PCR. A sixth synthetic DNA segment with 144 CTG repeats was
ordered from GenScript. All the generated constructs were verified by sequencing as the length of TNR tended
to be unstable in bacteria when producing plasmids (Supplementary Table S1).

Luciferase reporter assay and neuron cultures.  The protocols involving animals were approved by the
ethics committee of animal experiments at Ministry of Agriculture of Estonia (Permit Number: 45). All experi-
ments were performed in accordance with the relevant guidelines and regulations.

Prenatal rat cortical neurons were cultured as described previously*'. Neurons grown 6 days in vitro
were transfected with 180 ng firefly reporter construct and 20 ng pGL4.83[hRlucP/PGK1/Puro] as described
previously” for 4 h on a plate shaker using Lipofectamine 2000 (#11668019, Thermo Fisher Scientific) with a
reagent to DNA ratio 3:1. Two days after transfection neurons were lysed in 50 pl Passive Lysis Buffer (Promega)
and luciferase reporter assay was performed using the Dual-Glo Luciferase Assay System (Promega) according to
manufacturer’s protocol. Luciferase signals were measured using the GENios Pro microtiter plate reader (Tecan).
For analysis, the signals were first normalized to the signal of the Renilla luciferase and then normalized to the
respective ratio in cells transfected with the 11 repeat CTG construct. One-way repeated-measures analysis of
variance (ANOVA) with Greenhouse-Geisser correction followed by Dunnett’s post hoc test was used to deter-
mine the statistical significance compared to the luciferase signals from the 11 repeat CTG construct group.

5’ rapid amplification of DNA ends (5’ RACE) analysis and reverse transcription polymerase
chain reaction (RT-PCR). Total RNA from post-mortem adult human cerebellum was treated with Turbo
DNase (Thermo Fisher Scientific) according to the supplier’s protocol. 5" RACE analysis was carried out on
human cerebellar RNA using the GeneRacer Kit (Thermo Fisher Scientific) according to manufacturer’s proto-
col with primers outlined in Supplementary Tables S1 and S2.

For RT-PCR, cDNA was synthesized from human cerebellar RNA using 100 units of SuperScript III reverse
transcriptase (Thermo Fisher Scientific) with oligo(dT),, and a random hexamer primer mixture (1:1 ratio,
Microsynth) according to the manufacturer’s protocol. A negative control (- RT) was also included where Super-
script I1I reverse transcriptase was not added. After cDNA synthesis, PCR was performed in 20 pl using 3 units of
Hot FirePol (Solis Biodyne) and primers listed in Supplementary Table S1 with a final concentration of 0.25 uM.
All the sense primers used for RT-PCR were combined with the antisense primer hTCF4_exon4_as2 except for
sense primer hTCF4_4alll_s (2) which was used together with the antisense primer hTCF4_exon4_as1.

Bioinformatic analysis. Cap Analysis of Gene Expression (CAGE) data from the Functional Annota-
tion of the Mammalian Genome project phase 5 (FANTOM5)** was used to locate potential TCF4 TSS-s. Both
predicted TSS-s (FANTOMS5 DPI, robust set) and total counts of CAGE reads for the reverse strand (encod-
ing for TCF4) were visualized in UCSC Genome Browser together with the EST-s from GenBank (accessed
at 10.07.2020) in the area surrounding the TCF4 CTG TNR region (chr18:53,254,500-53,252,500, human
GRCh37/hg19 assembly). The FANTOMS5 data can be accessed at https://fantom.gsc.riken.jp/5/datahub/hg19/
reads/ctssTotalCounts.rev.bw.
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Raw RNA-seq data from corneal endothelium of FECD patients and controls (see Supplementary Table S3 for
sample information) were obtained from Sequence Read Archive database (accession numbers PRINA524323%7
and SRP238609%) using prefetch tool (version 2.10.0) from the SRA toolkit. Reads in fastq format were extracted
using fasterq-dump. Adapter and quality trimming was done using BBDuk (part of bbmap version 38.79) using
the following parameters: ktrim =r k=23 mink=11 hdist=1 tbo qtrim =1Ir trimq =10 minlen =100 (minlen=_85
for data from PRJNA524323). Reads were mapped to hgl9 genome (primary assembly and annotation obtained
from GENCODE, release 34, GRCh37) using STAR aligner (version 2.7.3a) with default parameters. To increase
sensitivity for unannotated splice junctions, splice junctions obtained from the 1st pass were combined (per
dataset) and filtered as follows: junctions on mitochondrial DNA and non-canonical intron motifs were removed;
only junctions supported by at least 6 reads in the whole dataset were kept. The filtered junctions were added
to the 2nd pass mapping using STAR. Intron-spanning reads were quantified using FeatureCounts (version
2.0.0) with the following parameters: -p -B -C -s 2 -J. To count reads from TCF4 extended exons (exons 4c and
7bll), reads crossing a region 2 bp 5' from the internal exon (exon 4 and 7, respectively) were quantified using
FeatureCounts and a custom-made saf file. Splice junctions in the TCF4 region showing less than 4 reads for the
whole dataset were discarded, the rest of the splice junctions associated with TCF4 were manually curated and
annotated according to Sepp et al.*. A custom R script was used to quantify the expression of different TCF4 splice
variants. Reads crossing the indicated splice junctions were normalized using the number of all splice-junction
crossing reads in the respective samples. Then, data summed by the Exon column (see Supplementary Table S4)
to obtain expression levels of splice junctions for TCF4 5’ exons. Next, data was aggregated by the Isoform column
(see Supplementary Table S4) to obtain expression levels of spliced reads of TCF4 internal exons and transcripts
encoding different TCF4 protein isoforms. The annotated splice junction table for quantifying different TCF4
splice sites and transcripts encoding different isoforms is shown in Supplementary Table S4. The results were
visualized using ggplot2 package (version 3.3.1) in R (version 4.0.1). Statistical analysis of the RNA-seq data
was carried out in R as follows. To determine statistical significance between control and FECD patients within
an experiment, non-parametric Mann-Whitney U-test was performed, p-values were corrected for multiple
comparisons within experiment (per figure) using false discovery rate (FDR). To determine general statistical
significance of the disease state for combined data of the two experiments, normalized data was transformed
by adding 0.01, followed by fitting generalized linear model with Gamma distribution using Experiment + Dis-
ease + Experiment:Disease as the model. p-value for the disease state was obtained using Wald test and corrected
for multiple comparisons using FDR (per figure).
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Transcription factor 4 (TCF4) is a basic helix-loop-helix
transcription factor essential for neurocognitive development.
The aberrations in TCF4 are associated with neuro-
developmental disorders including schizophrenia, intellectual
disability, and Pitt-Hopkins syndrome, an autism-spectrum
disorder characterized by developmental delay. Several
disease-associated missense mutations in TCF4 have been
shown to interfere with TCF4 function, but for many muta-
tions, the impact remains undefined. Here, we tested the effects
of 12 functionally uncharacterized disease-associated missense
mutations and variations in TCF#4 using transient expression in
mammalian cells, confocal imaging, in vitro DNA-binding as-
says, and reporter assays. We show that Pitt-Hopkins syn-
drome-associated missense mutations within the basic helix-
loop-helix domain of TCF4 and a Rett-like syndrome-associ-
ated mutation in a transcription activation domain result in
altered DNA-binding and transcriptional activity of the pro-
tein. Some of the missense variations found in schizophrenia
patients slightly increase TCF4 transcriptional activity, whereas
no effects were detected for missense mutations linked to mild
intellectual disability. We in addition find that the outcomes of
several disease-related mutations are affected by cell type,
TCF4 isoform, and dimerization partner, suggesting that the
effects of TCF4 mutations are context-dependent. Together
with previous work, this study provides a basis for the inter-
pretation of the functional consequences of TCF4 missense
variants.

Transcription factor 4 (TCF4) is vital for normal devel-
opment of the central nervous system, and the mutations
within the TCF4 gene have been linked to several neuro-
developmental diseases such as Pitt-Hopkins syndrome
(PTHS), mild-to-moderate intellectual disability (MMID),
and schizophrenia (SCZ) (1). A single missense mutation in
the basic helix-loop-helix (bHLH) region, which mediates
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dimerization and DNA binding, is enough to cause PTHS: a
rare syndromic encephalopathy characterized by severe in-
tellectual disability, autistic-like behaviour, distinct facial
features, breathing abnormalities, absent language, motor
deficits, and epilepsy (2—4). In addition, a variety of TCF4 de
novo translocations, deletions, insertions, nonsense, frame-
shift, and splice-site mutations which affect overall TCF4
expression or the functionality of the bHLH domain have
been identified in PTHS patients (5-7). De novo partial de-
letions, translocations, missense, and truncating mutations in
TCF# have also been identified in MMID patients without the
typical characteristics of PTHS (8-13) and one missense
mutation in TCF4 has been linked to a Rett-like syndrome
(RTT-like) (14). TCF#4 is one of the susceptibility genes for
SCZ with several intronic SNPs (15-19) and the missense
variations (20, 21) in TCF4 found to be associated with the
disease. In addition to neurodevelopmental diseases, TCF# is
one of the most frequently mutated genes in adult sonic-
hedgehog-driven medulloblastoma, a tumor of the cere-
bellum (22, 23).

As a class I bHLH transcription factor, TCF4 forms homo or
heterodimers with other bHLH transcription factor family
members and binds to the Ephrussi box consensus sequence
(CANNTG) (24—26). The overall regulation of TCF4 activity is
complex and relies on the expression pattern of its activating
and inhibiting interaction partners throughout development
(27, 28). The differential expression of interaction partners
allows TCF4 to exert various functions necessary for normal
brain development such as apoptosis, proliferation, signaling,
and migration (29-31). For example, TCF4 heterodimerizes
with achaete-scute homolog 1(ASCL1) (32) and regulates the
differentiation of neural stem cells (33).

Over 18 different protein isoforms are encoded by the hu-
man TCF4 gene (34). The most studied TCF4 isoforms to date
are TCF4-B and TCF4-A, which represent a long and a short
TCF4 isoform, respectively (Fig. 1A4). All TCF4 isoforms
exhibit the evolutionally conserved bHLH domain and acti-
vation domains 2 and 3 (AD2 and AD3), but only long iso-
forms have an additional activation domain 1 (AD1) (34, 35).
As a result, the longer isoform TCF4-B, that exhibits full-
length AD1, has a higher transcriptional activity than the
shorter isoform TCF4-A, that lacks AD1 (34, 36). The TCF4
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Figure 1. Localization of di

variations and mutations in TCF4. A, representation of TCF4 isoforms B and A. The colored boxes

show conserved protein domains. The dark-grey region in TCF4-A represents a nonfunctional partial CE domain (according to Herbst and Kolligs (37)) and
the blue region in TCF4-A shows unique amino acids encoded by exon 10a of TCF4 (34). Nuclear localization signals are shown on top. Disease-related
missense substitutions analyzed in the present article are shown below the protein isoforms and marked according to the color code below. Missense
mutations and variations have been associated with mild-to-moderate intellectual disability (MMID; N90S and R114K, marked green), schizophrenia (SCZ;
$102C, P156T, F211L, P299S, A315V, and G428V, marked blue), Rett-like syndrome (RTT-like; S253R, marked orange), and Pitt-Hopkins syndrome (PTHS;
R569W, N585D, and A587P, marked purple). B, the position of missense mutations in TCF4 bHLH identified in PTHS patients to date. Novel PTHS-associated
missense mutations are shown in purple. The protein regions are indicated with /ines on top, and NLS-2 is marked with a dashed underline. The bHLH
beginning (567) and end (625) coordinates are in the context of TCF4-B". C, ribbon drawing of TCF4 structure model (5) showing bHLH homodimer bound
to DNA (dark blue). Pink and green structures indicate the ‘nonspecific’ and ‘specific’ TCF4 subunit, respectively. The novel missense substitutions identified
in PTHS patients are colored yellow and indicated with arrows. A, motif A; bHLH, basic helix-loop-helix; C, motif C; CE, conserved element; AD1, AD2, and

AD3, transcription activation domain; NLS, nuclear localization signal; Rep, repression domain; TCF4, transcription factor 4.

activation domains are regulated by the so-called conserved
element (CE), which can repress AD1-dependent transcription
(37), and the transcriptional repression domain which can
repress both AD1 and AD2 (38). Motifs A and C on either side
of the bPHLH domain regulate homo and heterodimerization
(39, 40). The nuclear localization of TCF4 is mediated by two
nuclear localization signals (NLS): a bipartite NLS-1 coded by
exons 8 and 9 (34), which can also function as nucleolar
localization signal, and a recently identified NLS-2 inside the
bHLH domain (41).

TCF4 is broadly expressed, but its mRNA levels vary in
different tissues with high expression detected in different
brain regions (34, 42—45). Homozygous deletion of Tcf4 is
lethal in mice (46). Tc¢f4 haplo-insufficient mice display

2 J. Biol. Chem. (2021) 297(6) 101381

impaired learning and motor control, memory deficits, social
isolation (47) and microcephaly, hyperactivity, reduced anxi-
ety, and enhanced long-term potentiation (48, 49). In utero
TCF4 gain-of-function studies in rats lead to enhanced spon-
taneous activity of prefrontal neurons and disruption of the
formation of prefrontal cortical minicolumns (44). In utero
suppression of Tcf4 in rats leads to decreased excitability of
prefrontal neurons (50). Overexpression of TCF4 in the mouse
brain causes impairments in cognition and sensorimotor
gating (51) and enhanced long-term depression (48). In addi-
tion, the overexpression of Daughterless, the Drosophila mel-
anogaster orthologue of TCF4, is lethal in adult flies, whereas
the downregulation of Daughterless impairs memory and
learning (52, 53).

SASBMB
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It is known that PTHS is caused by loss-of-function muta-
tions leading to TCF4 haploinsufficiency (7). It is less known
how TCF4 may be involved in the development of MMID and
SCZ, however, evidence suggests that it may be because of
changes in TCF4 dosage. MMID is caused by mutations
located in the 5 region of the TCF4 gene thus only affecting
the expression of long TCF4 isoforms (12). In the case of SCZ,
the studies suggest that TCF4 expression levels are elevated
((54) medRxiv, (55)). Functional impact of many of the PTHS-
associated missense mutations have been studied before (4, 5,
45, 56). According to these studies, mutant TCF4 proteins
display changes in DNA binding, dimerization, transcription
activation, and intranuclear localization. The effects range
from hypomorphic to dominant negative, and the missense
mutations located in the bHLH domain have the most severe
functional impact. In addition, the variations associated with
SCZ (located outside the bHLH region) have been shown to
increase the activity of TCF4 (36).

Several novel disease-related missense variations and the
mutations associated with SCZ, MMID, RTT-like syndrome,
and PTHS have been identified in TCF4, however, the func-
tional impact of these substitutions has not been studied. Here,
we investigated the effects of previously uncharacterized
disease-related missense mutations in TCF4 on its dimeriza-
tion, DNA binding, and transactivation ability and on its
subcellular distribution. Our results extend current knowledge
on how amino acid substitutions in TCF4 can affect the
functionality of the protein.

Results
Mapping of disease-related missense mutations in TCF4

Several missense variations and mutations across the TCF4
coding sequence have been identified in MMID, SCZ, RTT-
like syndrome, and PTHS patients. For the present study, we
selected 12 functionally undescribed missense variations and
mutations, numbered them in the context of the full-length
isoform TCF4-B", and mapped them onto isoforms TCF4-B
and TCF4-A. (Fig. 1A). Schizophrenia-associated variations
have been described in two separate studies (20, 21). All but
one of the schizophrenia-associated missense variations have
been identified in a single patient and no controls, however,
the variation A315V has been found in 14 patients and 10
controls. The variations S102C, F211L, P299S, A315V, and
G428V are located in exons 6, 10, 12, 13, and 16, respectively.
These variations do not map to any known functionally
important region of TCF4 protein. The variation P156T is in
exon 8 in front of NLS-1 coding sequence. MMID mutations
N90S and R114K (Pitt-Hopkins Research Foundation, Audrey
Davidow Lapidus, personal communication) are in TCF4
exons 6 and 7, respectively. N90S is located at the end of AD1,
whereas R114K is not located to any functionally important
domain of TCF4. The RTT-like syndrome mutation S253R
(14) is in exon 11 in AD3 coding sequence (Fig. 1A).

Missense mutations in PTHS patients are predominantly,
but not always, located in the bPHLH domain of TCF4. Previous

SASBMB

Table 1

List of missense mutations in TCF4 basic helix-loop-helix domain
identified in Pitt-Hopkins syndrome patients to date

No TCF4 mutations AA changes References

1 1705 C>T R569W Whalen et al., 2012 (6)

2 1726 C>G R576G de Pontual et al., 2009 (45)

3 1727 G>A R576Q de Pontual et al., 2009 (45)

4 1732 C>T R578C Marangi et al., 2012 (57)

5 1733 G>C R578P Zweier et al., 2008 (67)

6 1733 G>A R578H Zweier et al., 2008 (67)

7 1738 C>T R580W Anmiel et al., 2007 (2); Zweier et al.,
2007 (4)

8 1739 G>A R580Q Amiel et al., 2007 (2)

9 1745 G>C R582P Takano et al., 2010 (68)

10 1753 A>G N585D Marangi et al., 2012 (57)

11 1759 G>C A587P Whalen et al., 2012 (6)

12 1841 C>T A614V de Pontual ef al., 2009 (45)

studies have identified 12 amino acid substitutions in eight
positions of the TCF4 bHLH region in 25 PTHS patients
(Table 1, Fig. 1B). Most of the amino acid substitutions affect
four arginines (R569, R576, R578, and R580) in the basic re-
gion of the bHLH domain. Three missense mutations (R582P,
N585D, and A587P) are in helix 1 and one missense mutation
(A614V) in helix 2. Of these, we have previously functionally
characterized mutations at R576, R578, and R580 in the basic
region, R582 in helix 1, and A614 in helix 2. These mutations
showed varied severity ranging from hypomorphic effects to
complete loss-of-function (5). Here, we addressed the func-
tional impact of three additional amino acid substitutions
R569W, N585D, and A587P (6, 57). We began by estimating
possible effects of these missense mutations based on previ-
ously generated bHLH structure model (5). R569 resides in the
beginning of the basic region and according to the model,
contacts DNA at an E-box flanking region. N585 and A587 are
both located in helix 1 of the bHLH domain. In the TCF4
model, the amino acid N585 forms hydrogen bonds with the
DNA backbone whereas A587 packs against residue L611 in
helix 2 of the dimerization partner (Fig. 1C).

Only one SCZ (P156T), MMID (N90S), and RTT-like syn-
drome (S253R) related missense mutation is in a functionally
important domain of TCF4. However, all PTHS-associated
missense mutations in the bHLH domain affect conserved
amino acids (5, 52), suggesting a high importance of those
residues in modulating dimerization, DNA binding, and/or
nuclear localization.

Intranuclear localization of TCF4-B is altered by PTHS-
associated missense mutations

To dissect the functional impact of the novel disease-
related TCF4 missense mutations, we introduced point mu-
tations into the TCF4-B expression vector via site-directed
mutagenesis and transfected WT and mutant constructs
into HEK293 cells. Western blot analysis revealed that both
the untagged and E2-tagged mutant proteins were overex-
pressed at comparable levels in HEK293 cells, although
A587P mutant proteins displayed lower expression levels
than the WT protein (Fig. 24).

J. Biol. Chem. (2021) 297(6) 101381 3
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Figure 2. Intracellular localization of WT and mutant TCF4-B in cultured cells. A, Western blot analysis of HEK293 cells transfected with untagged or E2-
tagged WT or mutant TCF4-B. TCF4 and GAPDH (loading control) signals were detected with specific antibodies. Molecular mass markers are indicated on
the right. B, immunocytochemical analysis of WT or mutant TCF4-B overexpressed in HEK293 cells and of WT or mutant E2-TCF4-B overexpressed in rat
hippocampal and cortical primary neurons under basal (CNTR) and depolarized (+KCl) conditions. TCF4, nuclei, and cytoskeleton were visualized with anti-
TCF4 or anti-E2 antibody (green, indicated as TCF4-B), Hoechst 33342 (blue, indicated as DNA), and anti-tubulin-B antibody (red, indicated as Tub),
respectively. The lack of signal in cells not transfected with TCF4 constructs (NT) demonstrates the specificity of anti-TCF4 (HEK293 cells) and anti-E2 (cortical
neurons) antibodies. The representative confocal microscopy images are shown. HEK, human embryonic kidney; MMID, Mild-to-moderate intellectual
disability; PTHS, Pitt-Hopkins syndrome; RTT-like, Rett-like syndrome; SCZ, Schizophrenia; TCF4, transcription factor 4.

Previous studies have shown that the long TCF4-B We hypothesized that schizophrenia-associated missense

isoform contains two NLSs located at the amino variation P156T could disrupt the N-terminal bipartite
acids R157-K175 (NLS-1) and R569-K607 (NLS-2) (34, 41). NLS-1, whereas PTHS-associated mutations could have an

4 J Biol. Chem. (2021) 297(6) 101381 SASBMB
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impact on the function of the NLS-2 located in the bHLH
region.

We studied the localization of TCF4 proteins in
HEK293 cells and in cultured rat cortical and hippocampal
primary neurons transfected with WT or mutant TCF4-B
expression constructs. Because TCF4 is highly expressed in
the brain (42), we used E2-tagged TCF4-B coding constructs
in experiments with primary neurons. The use of E2-tagged
proteins avoided the simultaneous detection of overex-
pressed and endogenous TCF4 in primary neurons, where
endogenous TCF4 levels are much higher than in
HEK?293 cells. As TCF4 is an activity-regulated transcription
factor (36), we in addition studied TCF4-B localization
in neurons treated with 25 mM KCI for 8 h to induce
neuronal activity. Our results show that all mutant TCF4-B
proteins localize to the cell nucleus both in HEK293 cells and
in primary neurons, similarly to WT TCF4-B (Fig. 2B).
However, in contrast to the homogenous intranuclear
distribution of the WT protein, R569W and N585D mutants
were detected in the nuclei of primary neurons as
puncta, which were universally present in all transfected cells
and remained unchanged in response to KCl treatment
(Fig. 2B). We conclude that the studied disease-related
missense substitutions in TCF4-B do not affect nuclear
import of the protein, but the PTHS-associated mutations
R569W and N585D modify its distribution inside the nuclei
of neurons.

Heterodimerization capacity of TCF4-A is not impaired by
mutations in the C-terminal region of the protein

We next investigated the possibility that disease-related
missense mutations in TCF4 could interfere with the ability
of TCF4 to form heterodimers with its well-known dimeriza-
tion partners such as the class II bHLH transcription factors
ASCL1 and NEUROD2, which are involved in the regulation of

TCF4

TCF4+ASCL1

cell-type-specific transcription (32, 51). To study the hetero-
dimerization capacity of mutant TCF4 proteins, we took
advantage of the knowledge that the overexpressed TCF4-A. is
located both in the cytoplasm and nucleus, and localization
strictly to the nucleus is accomplished via heterodimerization
with NLS-bearing dimerization partners (5). In these experi-
ments, we focused on the four C-terminal mutations located
within or close to the bHLH domain. Schizophrenia-related
G428V and PTHS-associated R569W, N585D and A587P
were introduced into TCF4-A vector (Fig. 1A) and expressed
alone or together with ASCL1 or NEUROD2-E2 in
HEK293 cells. Immunocytochemical analysis demonstrated
that similarly to WT TCF4-A, all mutant proteins localized
both in the cytoplasm and in the nucleus, possibly because of
heterodimerization with endogenously expressed dimerization
partners or NLS-2 (Fig. 3). The coexpression with ASCL1 or
NEUROD2-E2 caused the mutant TCF4-A proteins to localize
strictly into the cell nucleus, and no signal was detected in the
cytoplasm (Fig. 3). These results show that the four studied
disease-related missense substitutions do not disrupt TCF4
heterodimerization.

PTHS and RTT-like syndrome-associated mutations in TCF4
decrease its DNA-binding activity in a dimerization context-
dependent manner

Subsequently, we evaluated the ability of mutant TCF4-B to
bind DNA using EMSA. For this, in vitro translated WT and
mutant TCF4-B proteins were incubated with pE5 (CACCTQG)
containing oligonucleotides and separated on a gel. In vitro
translated TCF4-B mutants were first visualized by Western
blot analysis (Fig. 4A4) to confirm their translation. The binding
of TCF4-B to the pE5 oligonucleotides was specific (Figs. 4, B—
D and S1), as also shown before (5).

First, we studied the effects of disease-related mutations on
the ability of TCF4-B homodimers to bind DNA (Figs. 4B and

TCF4+NEUROD2

TCF4-A"

DNA Merge

TCF4-A

A587P N585D R569W G428V wt

DNA ASCL1 Merge

TCF4-A~ DNA ND2-E2 Merge

SCZ -G428V
PTHS - R569W, N585D, A587P

Figure 3. Heterodimerization of WT or mutant TCF4-A with ASCL1 and NEUROD?2 in HEK293 cells. Nuclear redirection assay with WT or mutant TCF4-A
proteins overexpressed in HEK293 cells alone, together with ASCL1 or together with NEUROD2-E2 (ND2-E2). Immunocytochemical staining was carried out
with anti-TCF4 (green, indicated as TCF4-A), anti-MASH1 (red, indicated as ASCL1), and anti-E2 (red, indicated as ND2-E2) antibodies, and the nuclei were
visualized with Hoechst 33342 (blue, indicated as DNA). The images were taken by confocal microscopy. HEK, human embryonic kidney; PTHS, Pitt-Hopkins

syndrome; SCZ, Schizophrenia; TCF4, transcription factor 4.
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Figure 4. DNA binding of TCF4 homo and heterodimers is impaired by mutations associated with PTHS. A, Western blot analysis of in vitro-translated
WT or disease-associated missense variations or mutations containing TCF4-B proteins. Molecular mass marker is shown on the right. B-D, EMSA to study
the binding of in vitro-translated WT or mutant TCF4-B proteins to the 32™-labeled uE5 E-box (CACCTG) containing oligonucleotide as (B) homodimers
(TCF4-B:TCF4-B), (C) intra-TCF4 heterodimers consisting of one WT or mutant TCF4-B and one WT VP16-bHLH subunit (TCF4-B:VP16-bHLH), and (D) het-
erodimers with ASCL1 (TCF4-B:ASCL1). The unlabeled WT (uE5) or mutated (WE5Sm) E-box oligonucleotides were added to the binding mixture for
competition where indicated in italics. The uncropped EMSA images can be found in Figure S1. bHLH, basic helix-loop-helix; kDa, kilodalton; MMID, Mild-to-
moderate intellectual disability; PTHS, Pitt-Hopkins syndrome; RTT-like, Rett-like syndrome; SCZ, Schizophrenia; TCF4, transcription factor 4; WB, Western

Blot.

S1). The substitutions associated with SCZ and MMID did not
change the ability of TCF4-B homodimers to bind DNA
(Figs. 4B and S1). Of the PTHS-associated mutants, R569W
showed lower DNA-binding activity than WT TCF4-B,
whereas the mutants N585D and A587P completely abrogated
the binding of TCF4-B homodimers to the pE5 E-boxes
(Figs. 4B and S1). RTT-like syndrome associated mutant
S253R homodimers displayed slightly reduced DNA binding
(Figs. 4B and S1).

Next, we studied DNA binding activity in the context of
intra-TCF4 heterodimers where one of the dimerization

6 J. Biol. Chem. (2021) 297(6) 101381

subunits contains a WT bHLH domain (Figs. 4C and S1). We
cotranslated WT or mutant TCF4-B together with the previ-
ously described WT bHLH containing VP16-bHLH protein (5)
and assayed the binding of the formed dimers to the pE5
E-boxes. No differences from WT TCF4-B were seen in DNA-
binding activity of intra-TCF4 heterodimers for mutants
associated with SCZ, MMID, or RTT-like syndrome (Figs. 4C
and S1). In case of the PTHS mutants, the DNA-binding ability
of mutant N585D was partially rescued in the context of TCF4
intra-heterodimers compared with the mutant homodimers,
whereas the mutants R569W and A587P displayed no change
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in DNA-binding activity in response to dimerization with a
WT bHLH subunit, showing very low or no DNA binding,
respectively (Figs. 4C and S1).

Finally, we studied the effect of the disease-associated mu-
tations on the DNA-binding ability of TCF4-B heterodimers
with its interaction partner ASCL1. When translated alone,
ASCL1 was not able to bind to the uE5 E-box sequence, but
when cotranslated with TCF4-B, we detected faster moving
protein complexes than TCF4-B homodimers (Figs. 4D and
S1). All TCF4-B mutants were able to dimerize with ASCL1
and bind DNA as heterodimers (Figs. 4D and S1). Notably,
dimerization of the PTHS mutants R569W and N585D with
ASCLI1 alleviated the negative effect of these mutations on the
DNA-binding ability of TCF4-B, and some DNA binding ac-
tivity was seen for ASCL1 heterodimers with the A587P
mutant as well (Figs. 4D and S1).

To summarize, our results show that the RTT-like syn-
drome and PTHS-associated mutations studied here reduce
TCF4 DNA-binding activity to a varying extent. The binding
ability is least affected in the case of S253R, more in the case of
R569W and N585D, and the most severe effects were seen for
mutant A587P. The other studied mutations did not affect
DNA binding of TCF4 in vitro.

PTHS- and RTT-like syndrome-associated mutations in TCF4
modulate its ability to initiate transcription in HEK293 cells

We assessed the ability of mutant TCF4 proteins to initiate
reporter gene transcription using a previously described
luciferase reporter assay system (5). Briefly, HEK293 cells were
transfected with vectors encoding for WT or mutant TCF4-B,
firefly luciferase construct with 12 pE5 E-boxes (CACCTG) in
front of a minimal promoter and Renilla luciferase construct
with  phosphoglycerine  kinase (PGK) promoter for
normalization.

SCZ- and MMID-associated variations had no effect on the
transactivation by TCF4-B (Fig. 5A4). Unexpectedly, a 4.1-fold
increase (p < 0.0001, n = 3) in transcription activation was
detected for PTHS-associated mutant R569W. The two other
PTHS mutants N585D and A587P showed drastically
decreased reporter activity, by 8.2-fold and 118-fold, respec-
tively, (p < 0.0001, p < 0.0001, n = 3) (Fig. 54). The RTT-like
syndrome mutant S253R showed a 2.4-fold (p < 0.0001, n = 3)
reduction in transactivation (Fig. 5B).

All the studied TCF4 missense mutants bound DNA in vitro
when heterodimerized with ASCL1 according to our EMSA
results. Therefore, we next studied whether TCF4-B mutants
are functional in driving reporter gene expression when
coexpressed with ASCL1 in HEK293 cells. Indeed, coex-
pression of ASCL1 and TCF4-B increased the transcriptional
activity of both the WT and mutant TCF4-B proteins. The
SCZ- and MMID-associated mutants showed no aberrations
in transcription activation when coexpressed with ASCL1
(Fig. 5B). The heterodimers of mutants S253R and A587P
displayed a 1.4-fold (p< 0.0001, n = 3) and 4.8-fold (p <
0.0001, n = 3) reduction in luciferase signals, respectively
(Fig. 5A). The mutants R569W and N585D increased the
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transactivation of TCF4-B heterodimers with ASCL1 by 2.2-
and 1.6-fold (p = 0.0005, 0.0806, n = 3), respectively (Fig. 54).

To assess the synergistic effects between TCF4 and ASCL1,
we calculated cooperation indexes based on the data in
Figure 5A for each WT and mutant TCF4-B protein. The SCZ
and MMID mutants and the PTHS-mutant R569W had
similar synergistic effects with ASCL1 as WT TCF4-B
(Fig. 5B). The mutant N585D displayed an increase, whereas
mutant S253R showed a slight decrease in the cooperation
index compared with the WT TCF4-B. A587P largely differed
from all the other studied mutants as it displayed an antago-
nistic effect on the dimerization of TCF4 with ASCL1 (Fig. 5B).

Taken together, these results show that the studied disease-
related mutations outside the bPHLH domain (SCZ and MMID)
have no effect on the transactivation of TCF4-B, except for the
RTT-like syndrome associated mutation S253R. However,
mutations within the bHLH region can both increase and
reduce the transactivation capability of TCF4-B in
HEK293 cells.

Pitt-Hopkins syndrome-associated missense mutations reduce
the transactivation ability of TCF4 in primary cortical neurons

TCF4 is an activity regulated transcription factor in neurons
(5, 36). To study whether the disease-associated substitutions
in TCF4-B cause aberrations in transcription activation in the
cultured primary neurons, we transfected rat cortical and
hippocampal primary neurons with plasmids encoding for WT
or mutant TCF4-B or TCF4-A, ASCL1, firefly luciferase
construct carrying 12 pE5 E-boxes (CACCTG) in front of
thymidine kinase (TK) promoter and Renilla luciferase
construct with PGK promoter for normalization. To study the
effect of depolarization on transcription activation, the neu-
rons were treated with 25 mM KCI for 8 h or left untreated.

We have previously shown that two of the SCZ-linked
missense variations (P299S and G428V) have a slight effect
on the ability of TCF4-B to activate transcription in primary
neurons. P299S increased reporter activity in basal conditions
and G428V in both basal and depolarized conditions (36).
Here, we performed a meta-analysis of our previous data (n =
5) and additional experiments carried out in this study (n = 3),
confirming our results on the variants P299S and G428V, and
in addition revealing a mild increase in the transcriptional
activity of A315V variant compared with the WT TCF4-B in
basal conditions (Fig. S2A).

The RTT-like syndrome and MMID-associated TCF4-B
mutants had similar transactivation ability as WT TCF4-B in
both basal and depolarized neurons (Fig. 6A4). Significant
changes in the transcription activation were observed for
PTHS mutants (Fig. 64). In basal conditions, the mutants
R569W, N585D and A587P displayed decreased luciferase
signals by 1.9-fold, 7.3-fold, and 20-fold, respectively, when
compared with the WT TCF4-B (p = 0.276, p < 0.0001, p <
0.0001, n = 3) (Fig. 6A). In depolarized conditions, the tran-
scriptional activity of all the studied PTHS mutants remained
lower than WT TCF4-B in the same conditions (Fig. 64).
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Figure 5. Missense mutations associated with PTHS alter the ability of TCF4 to activate transcription in HEK293 cells. A, luciferase reporter assay with
WT or mutant TCF4-B. The cells were cotransfected with WT or mutant TCF4-B vectors alone or together with ASCL1, firefly luciferase reporter construct
carrying 12 pE5 E-box regulatory sequences (CACCTG) in front of the minimal promoter and Renilla luciferase construct with PGK promoter for normali-
zation. B, index of cooperation between TCF4-B (WT or mutant) and ASCL1 calculated from data in (A). Four (SCZ-associated variations) or three (MMID-,
PTHS, and RTT-like syndrome-associated mutations) independent experiments were performed in duplicates. The luciferase data is presented as fold-
induced levels above the signals measured from empty vector-transfected (vector) untreated cells. The error bars indicate SEM. For statistical analysis,
one-way ANOVA (SCZ, MMID, and PTHS mutants F (25, 50) = 258.2 p, < 0.0001; RTT-like syndrome mutant F (1.529, 4.586) = 821.5 p, < 0.0001) followed by
Holm-Sidak’s multiple comparisons test (A) or one-way ANOVA (SCZ, MMID, and PTHS mutants F (12, 24) = 59.52 p, < 0.0001; RTT-like syndrome mutant F
(5,10) = 1166 p, < 0.0001) followed by Dunnett’s multiple comparisons test (B) was used. The individual data points are shown as white diamonds. Statistical
significance is shown with asterisks and is relative to the cells overexpressing WT TCF4-B or between the bars connected with lines; ***p, < 0.001. MMID,
Mild-to-moderate intellectual disability; PTHS, Pitt-Hopkins syndrome; RLU, relative luciferase units; RTT-like, Rett-like syndrome; SCZ, Schizophrenia; TCF4,
transcription factor 4.

Next, we asked whether the disease-associated mutations in  we first studied the effect of ACSL1 coexpression on the
TCF4 could affect the cooperation of TCF4 with ASCL1 in transcriptional activity of WT isoforms TCF4-B and TCF4-A
neurons, as we found to be the case in HEK293 cells. For this, in neurons. We detected no cooperation between ASCL1 and
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Figure 6. PTHS-associated missense mutations alter the transcriptional activity of TCF4 in rat cortical and hippocampal primary neurons. A-C,
luciferase reporter assay with WT and mutant TCF4 in rat cortical and hippocampal primary neurons. The cells were cotransfected with WT or mutant TCF4
vectors alone or with ASCL1 vector, firefly luciferase reporter construct carrying 12 pE5 E-box regulatory sequences (CACCTG) in front of TK promoter and
Renilla luciferase construct with PGK promoter for normalization. The transfected neurons were left untreated (CNTR) or treated with 25 mM KCl for 8 h (KCl)
to induce membrane depolarization. Luciferase assays were performed with TCF4-B carrying RTT-like syndrome, MMID, or PTHS-associated mutations (A),
PTHS mutations containing TCF4-A (B) or TCF4-B (C). D, index of cooperation between ASCL1 and WT or mutant TCF4 calculated from data in (B) or (C). Three
independent experiments were performed in duplicates. The luciferase data is presented as fold-induced levels above the signals measured from empty
vector-transfected (vector) untreated cells. The error bars indicate SEM. For statistical analysis, one-way ANOVA (A: RTT-like syndrome mutant F (5, 10) =
88.62 p < 0.0001; MMID and SCZ mutants F (13, 26) = 70.52 p < 0.0001) (B: F (27, 54) = 79.12 p < 0.0001) (C: F (19, 38) = 48.36 p < 0.0001) followed by Holm-
Sidak’s multiple comparisons test (A-C) or one-way ANOVA (TCF4-A F (5, 10) = 22.05 p < 0.0001; TCF4-B F (6, 12) = 31.49 p < 0.0001) Dunnett's multiple
comparisons test (D) was used. The individual data points are shown as white diamonds. Statistical significance shown with asterisks is relative to cells
overexpressing WT TCF4-B (A and C), WT TCF4-A (B and C) or between the bars connected with lines; *p, < 0.05; **p, < 0.01; ***p, < 0.001. MMID, Mild-to-
moderate intellectual disability; PTHS, Pitt-Hopkins syndrome; RLU, relative luciferase units; RTT-like, Rett-like syndrome; SCZ, Schizophrenia; TCF4, tran-
scription factor 4.

WT TCF4-B in neurons as the presence of ASCL1 did not We hypothesised that similarly to TCF4-A PTHS mutants,
change the transcriptional activity of TCF4-B in the conditions TCF4-B PTHS mutants may also activate transcription
studied (Fig. 6, B and C). Contrary to the WT TCF4-B, the differently from the WT protein when coexpressed with
transcriptional activity of WT TCF4-A. was increased 2.5-fold ~ASCLI1. Indeed, we observed that in basal conditions, when the
in depolarized neurons when ASCL1 was coexpressed (p = TCF4-B mutants R569W and N585D were coexpressed with
0.0196, n = 3) (Fig. 6B), indicating synergistic interaction be- ~ASCLI, the reporter signals were increased 2.8- and 2.4-fold,
tween the short TCF4 isoform and ASCL1 in neurons respectively (» < 0.0001, p < 0.0001, n = 3), when compared
(Fig. 6C). We detected no cooperation between ASCL1 and with the WT TCF4-B. ASCL1 heterodimers with TCF4-B
WT TCF4-B in neurons as the presence of ASCL1 did not mutant A587P displayed almost no reporter activity in basal
change the transcriptional activity of TCF4-B in the conditions  conditions (Fig. 6D). In depolarized neurons, the transcrip-
studied (Fig. 6, B and C). tional activity of ASCL1 heterodimers with TCF4-B was higher

Based on these results, we decided to study the cooperation  in case of R569W, lower in case of A587P, and kept at a similar
of ASCL1 and PTHS mutant proteins in the context of TCF4- level to WT in the case of N585D mutation (Fig. 6D). For
A isoform. When PTHS mutant TCF4-A proteins were mutations associated with SCZ, MMID, and RTT-like syn-
overexpressed alone in neurons, they showed almost no drome, no significant changes in transactivation capability of
transcriptional activity in basal or depolarized conditions TCF4-B when coexpressed with ASCL1 were detected in any
(Fig. 6B). The coexpression of ASCL1 with PTHS mutants of the studied conditions (n = 3; Fig. S2, B and C).

resulted in a slight increase of reporter activity, which The calculated cooperation indexes indicated that R569W
remained lower from the activity of the WT TCF4-A protein mutation increases and A587P abolishes the synergistic effect
(Fig. 6B). of ASCL1 with TCF4-A. isoform in depolarized neurons
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(Fig. 6D). Differentially from the WT TCF4-B isoform, all
studied TCF4-B PTHS mutants cooperate with ASCL1 in
neurons (Fig. 6D).

Collectively, these results show that the PTHS-associated
mutations modify the transcriptional activity of TCF4 in an
isoform- and dimerisation partner-dependent manner. The
TCF4-A PTHS mutants displayed more severe deficiencies in
transcription activation compared with the TCF4-B PTHS
mutants. The coexpression with ASCL1 caused little changes
in transcription activation of the TCF4-A PTHS mutants,
whereas the effect on TCF4-B PTHS mutants was notable.
Interestingly, A587P was the only mutation that caused
severely reduced reporter signals in all the studied conditions.

Discussion

Previous studies have shown that PTHS-causing missense
mutations within TCF# alter the function of the protein by
regulating transcription activation, dimerization, intracellular
localization, and DNA binding (4, 5, 45, 56). In the present
study, we analysed 12 novel missense variations and mutations
associated with different diseases which are located within and
outside the bHLH domain of TCF4. The functional charac-
terization of the missense mutations in TCF4 from this and

previous studies is summarized in Figure 7. Altogether, the
data reveal that disease-associated mutations in TCF4 mainly
modulate DNA binding and transactivation of the protein,
whereas transport to the cell nucleus is not affected. The most
severe effects are seen for PTHS-associated mutations located
in the bHLH region of TCF4. Other disease-related mutations
in TCF4 have little or no effect on the functionality of TCF4 in
the studied conditions (Fig. 7).

TCF4 has been claimed to be one of the master regulators of
SCZ, but the exact mechanisms of how changes in TCF4
contribute to the development of the disease remain unknown
(18, 58). We have previously shown that two (P299S and
G428V) out of the six TCF4 missense variations found in SCZ
patients (20, 21) increase the transcriptional activity of TCF4-B
in primary cultured neurons (36). Here, we confirm these ef-
fects and further show a mild increase in the transcriptional
activity of A315V variant. We in addition investigated whether
the SCZ-associated missense variations in TCF4-B alter any
other functions of TCF4 such as intracellular location, for-
mation of active heterodimers, and binding to DNA but
detected no changes. This can partly be explained by the fact
that the studied variations were not in any known functionally
important regions of the TCF4 protein (except for P156T). We
hypothesize that even slight changes in TCF4 functions could

Cellular localization DNA Binding Transcription activation
Substitution Rela.tt.ed Cell lines Primary neurons Reference
condition
Cell lines Primary neurons| s Heterodi k imers imers | | s Heterodimers|
N90S MMID = = = = = = NA = This work

$102C scz = = = = = = = = This work
$102C scz NA NA NA NA NA NA = NA Sepp etal. 2017
R114K MMID = = = = = = = = This work

. P156T scz = = = = = = = = This work

g‘ P156T scz NA NA NA NA NA NA = NA Sepp et al. 2017
F211L scz = = = = = = = = This work
F211L scz NA NA NA NA NA NA = NA Sepp et al. 2017
S253R RTT-like = = = v v = = This work
P299s scz = = = = = = ~ = This work
P299s scz NA NA NA NA NA NA ~ NA Sepp et al. 2017
A315V scz = = = = = = ~ = This work
A315V scz NA NA NA NA NA NA = NA Sepp etal. 2017
G358V PTHS = = = = = = = NA Sepp etal. 2012
G358V PTHS = NA NA NA = v NA NA Forrest et al. 2012
G428V scz = = = = = = Y = This work
G428V scz NA NA NA NA NA NA ’ NA Sepp et al. 2017
D535G PTHS = = = = = = ) NA Sepp et al. 2012
D535G PTHS = NA NA NA v NA NA Forrest et al. 2012
R569W PTHS = NP v v A ~ v L A This work
R576Q PTHS = = (27 v (22 [ 7 [ 7 NA Sepp et al. 2012
R576G PTHS NA NA NA NA NA (7 NA NA de Pontual et al. 2009
R578P PTHS NP NA NA NA v v NA NA Forrest et al. 2012
R578H PTHS = NA [27 £2% £27% $27% v NA Sepp etal. 2012
R580W PTHS = = W £2% W 27 v NA Sepp et al. 2012
R580W PTHS NP NA NA NA 17 v NA NA Forrest et al. 2012
R580W PTHS NA NA NA NA NA v NA NA de Pontual et al. 2009

- R580Q PTHS NA NA NA NA NA [ NA NA de Pontual et al. 2009

9 R582P PTHS = = (22 (27 W W v NA Sepp etal., 2012

= N585D PTHS = NP (27 v v ~ [ LA This work
AS87P PTHS = = W v v L] L] L] This work
AG14V PTHS = = = = $27% = v NA Sepp et al. 2012
AB14V PTHS NP NA NA NA = v NA NA Forrest et al. 2012

Figure 7. Summary of the effects of amino acid substitutions on the functionality of TCF4. The effects of TCF4 amino acid substitutions on cellular
localization, DNA binding, and transcription activation alone or together with ASCL1 are shown. Upwards and downwards arrows denote an increase or
decrease in protein function, and "=" denotes no change. Two downwards arrows mark dominant negative effects. A or B next to arrows indicate a change
specific for TCF4-A or TCF4-B. The positions of amino acids affected by disease-related missense mutations and the variations in TCF4-B are shown on the
left. For more details, see the legend of Figure 1A. MMID, Mild-to-moderate intellectual disability; NA, not analysed; NP, nuclear punctae; PTHS, Pitt-Hopkins
syndrome; RTT-like, Rett-like syndrome; SCZ, Schizophrenia; TCF4, transcription factor 4.
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be part of a complex network of changes, which contribute to
the development of this polygenic disorder (17, 59). Alterna-
tively, the effects of SCZ-associated missense variations in
TCF4 could be more pronounced in conditions, cell types,
and/or developmental stages not studied here.

Deletions in the 5 coding region of the TCF4 gene have
been described in patients with mild nonsyndromic intellec-
tual disability (8, 12). These mutations lead to reduced dosage
of the long-TCF4 isoforms. The mild phenotype of MMID
compared with PTHS may be explained by the fact that de-
letions in the 5’ region of the TCF#4 gene do not affect all TCF4
transcripts, as TCF4 is transcribed using many alternative 5
exons located throughout the gene (34). Here, we studied two
MMID-associated missense mutations in TCF4 (N90S and
R114K), but neither of these had an effect on the functionality
of TCF4-B, even though N90S is located in AD1. It may be that
mutations in the 5 coding region of TCF4 cause context-
specific effects yet to be discovered and/or are not the only
factors underlying the development of MMID in the patients
carrying these mutations.

A single mutation (S253R) in the TCF4 gene has been
described in a male patient with RTT-like syndrome. The
patient exhibited severe intellectual disability and facial dys-
morphisms similar to the phenotype of PTHS (7, 14). In our
reporter experiments, mutation S253R was the only TCF4-B
mutation outside of the bHLH region that caused significantly
reduced reporter activation in HEK293 cells. In addition,
EMSA revealed reduced DNA binding of S253R TCF4-B.
S253R is located in AD3 of the TCF4 in a position that in-
teracts directly with the primary core-promoter recognition
factor transcription factor TFIID complex (35). Broadly, TFIID
can modulate transcriptional activity of RNA polymerase II,
but more specifically, it may also stabilize E-proteins through
direct interaction, which may be necessary for the binding of
coactivators or repressors to TCF4 (35, 60). It is possible that
transcription initiation mediated by the mutant S253R is
decreased because of reduced DNA binding or impaired
binding of coactivators or increased binding of repressors. This
however seems to be a cell-type specific effect as we saw no
changes in the transcriptional activity of S253R TCF4-B in
cultured neurons.

We confirm that missense mutations in the bHLH region
of TCF4 have severe effects on the functioning of the protein,
especially mutations affecting the arginine residues. PTHS-
associated mutants R569W and N585D in TCF4-B dis-
played aberrant intranuclear localization and were detected
as dots in primary neuron cultures. Previous experiments
from our workgroup (5) suggest that the protein aggregates
observed as nuclear dots could refer to protein destabiliza-
tion and misfolding. Therefore, it is possible that the muta-
tions R569W and N585D affect the folding stability of TCF4.
Another explanation for the development of intranuclear
puncta may be related to the localization of R569W and
N585D in the recently described NLS-2 (41). R569W and
N585D could cause NLS-2 to dysfunction leaving NLS-1 the
only functional NLS. This suggests that NLS-1 is necessary
for transport of TCF4 to the nucleus, whereas NLS-2 may be
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involved in intranuclear localization as NLS-2 present in
TCF4-A is not sufficient to cause strict nuclear localization
as seen for TCF4-B. However, the detected aberrant locali-
zation of R569W and N585D in the nucleus is cell type-
dependent because we detected changes in the localization
of these mutants in neurons, and not in HEK293 cells.
Whether the localization of TCF4-B mutants as puncta may
be due to the lack of a functional NLS-2 remains to be
clarified.

The reporter experiments revealed that R569W increased
the transcriptional activity of TCF4-B in HEK293 cells,
whereas in neurons, the transcriptional activity of R569W
TCF4-B was reduced. Interestingly, the coexpression of
R569W TCF4-B with ASCL1 resulted in the increased activity
relative to WT TCF4-B. This observation is supported by ex-
periments by Forrest et al. who showed that PTHS-associated
mutations present variable effects depending on the context
(56). The detected cell-type specific effects on transcription
activation could be due to regulatory partners that are present
in HEK293 cells but are absent in rat primary neuron cultures
or vice versa. Similar experiments in different cell types,
including neurons, derived from human iPSCs would be
instrumental in elucidating the cell-type specific activity of
TCF4 in the human context.

N585D TCF4-B displayed impaired transcription activation,
whereas its heterodimers with ASCL1 were transcriptionally
more active than those of the WT TCF4-B. This implicates
that N585D disrupts DNA binding of homodimers, whereas it
enhances the formation of heterodimers or heterodimer
binding of TCF4-B. This could be caused by structural changes
caused by the mutation as N585 forms hydrogen bonds with
DNA backbone in TCF4 homodimers. N585D could in part
disrupt the a-helical structure important for homodimer
DNA-binding, and the other bHLH dimerization partners
rescue the damaging effects. This is also in accordance with
our EMSA results because we saw that the dimerization of
N585D with ASCLI1 alleviates the negative effect of the mu-
tation on DNA binding to some extent.

We have previously shown that a mutation outside of the
basic DNA-binding region but within the bHLH domain
(A614V) almost completely abrogates DNA binding and
transcription activation capability of TCF4. However, the
negative effect of that mutation was rescued by dimerization
with ASCL1 (5). Here, we show that mutation A587P, which is
in the first helix of the bHLH region, completely abrogates the
transcriptional activity of TCF4-B and TCF4-A. The negative
effect of A587P on transcription activation was only partly
rescued by interaction with ASCL1 in HEK293 cells, but not in
primary neuron cultures. Our analysis shows that mutation
A587P does not interfere with nuclear localization but rather
impairs DNA binding of mutant A587P dimers. A587 packs
against residue L611 in helix 2 of the opposite monomer,
therefore, the mutation in this region can impair the formation
of functionally active dimers. Combined, our results indicate
that A587P may act as a dominant-negative mutation, which
results in the formation of inactive dimers that cannot bind to
DNA.
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Different TCF4 isoforms present varying transactivation
capabilities between cell types (34, 36). Here, we show that
amino acid substitutions in TCF4 lead to variable effects
depending on the protein isoform. Contrary to the respective
TCF4-B mutants, R569W and N585D TCF4-A mutants dis-
played drastically lower transcription activation in cultured
primary neurons than the WT protein. This may arise from
the differences in the presence of protein domains. TCF4-B
carries functional protein regions AD1, CE, and NLS-1, which
are not present in the short isoform TCF4-A. It would be of
interest to elucidate whether deleting one or more of these
functional regions in TCF4-B mutant proteins results in
similar effects on transcription activation as seen for TCF4-A
mutants.

Our results indicate that the heterodimerization of TCF4
mutants may both decrease and increase the transcriptional
activity of TCF4. As TCF4 dimerization partners are differ-
entially expressed during development of the central nervous
system (27), it is possible that the dysregulation of TCF4’s
activity in response to the studied missense mutations is much
more complex and cannot be modelled in cell cultures. There
may exist a regulatory mechanism that defines which dimer-
ization partners can interact with TCF4 during development
that is impaired in response to missense mutations in TCF4.
As TCF4 expression levels in the cerebral cortex of rodents
and humans are highest around birth (42, 61) it would be
interesting to study the effects of TCF4 missense mutations on
the functionality of TCF4 in vivo at perinatal stages.

The effects of SCZ, MMID, and RTT-like syndrome asso-
ciated mutations and variations on the functioning of TCF4
were only studied in the context of TCF4-B which may be the
reason why we saw mild or no effects of SCZ, MMID, and
RTT-like syndrome associated mutations and variations on the
functioning of TCF4. However, 18 N-terminally distinct pro-
tein isoforms with different transcriptional activities are
encoded by the human TCF4 gene, of which the most studied
long-TCF4 isoform is isoform TCF4-B (34, 36). The mutations
N90S, R114K and P156T are present in the major TCF4
protein isoforms TCF4-B, -C, -E, -F, -D, and -G, expressed in
the central nervous system (34). All the other studied muta-
tions and variations are in the C-terminal end of TCF4 and are
present in all the TCF4 protein isoforms. Because our exper-
iments focused on the effect of mutations and variations on
TCF4-B and TCF4-A, it remains unknown whether the studied
aberrations could present varying effects depending on
different TCF4 protein isoforms. In addition, Sepp et al. (5, 36)
and Forrest et al. (56) have studied the effects of TCF4
missense mutations on DNA binding and transcription acti-
vation using the CACCTG E-box sequence. A ChIP-seq study
in SH-SY5Y cells has shown that TCF4-A and TCF4-B display
enrichment for the CATCTG E-box sequence (62). Still, the
binding specificity of TCF4 to various E-box combinations is
regulated by dimerization partners. For example, the preferred
E-box motif of ASCL1 is CAGCTG (63). It remains to be
elucidated whether changes in E-box sequences can affect the
activity of TCF4. Our experiments were carried out using cell
cultures, but the use of different model systems such as
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differentiated stem cells or organoids in addition to in vivo
studies could provide more insight on how different mutations
affect TCF4 and whether the E-box binding specificity is
affected by amino acid substitutions in TCF4.

To conclude, the results of this and previous studies show
that missense mutations in TCF4 affect transcription activa-
tion and DNA binding of the protein, which can be partially
rescued by the formation of heterodimers with dimerization
partners such as ASCL1. Further studies are needed to un-
derstand how or whether SCZ and MMID associated missense
variations and mutations in TCF4 may contribute to disease
pathogenesis. The most severe effects on protein function,
including complete loss-of-function, were seen for PTHS-
associated mutations in the bHLH domain of TCF4.
Together with previous work, our study gives an overview of
the functional consequences of disease-related missense mu-
tations in TCF4 providing a basis for the interpretation of
TCF4 missense variants and their potential pathogenicity.

Experimental procedures

Constructs
Schizophrenia-associated missense variations (S102C,
P156T, F211L, P299S, A315V, and G428V), RTT-like

syndrome associated missense mutation (S253R), mild-to-
moderate intellectual disability associated missense muta-
tions (N90S and RI114K) and Pitt-Hopkins syndrome
associated missense mutations (R569W, N585D, and A587P)
were introduced into pcDNA3.1/TCF4-B vectors (34) via site-
directed mutagenesis with complementary oligonucleotides
(Table S1). For all constructs, the initial CMV promoter was
substituted with elongation factor 1 a promoter, as described
before (36). All the mutations were mapped and numbered
according to the TCF4-B* NCBI reference sequence
NP_001077431.1.

For pcDNA3.1/EF1a/E2-TCF4-B vectors, E2-tag was cloned
from pQM/CMV/E2_N (Icosagen) and inserted in front of
TCF4 coding sequence. pcDNA.3.1/EF1a/TCF4-A has been
described (36). pcDNA3.1/EF1a/TCF4-A  vectors with
missense mutations G428V, R569W, N585D, and A587P were
generated from corresponding pcDNA3.1/EF1a/TCF4-B vec-
tors by replacing the fragment between the Kpnl and Mlul
restriction sites (Thermo Scientific). All the vectors were
verified by sequencing.

pcDNA3.1/ASCL1, pcDNA3.1/NEUROD2-E2, pACT-
bHLH, and luciferase reporter assay constructs pGL4.29
[luc2P/12uE5/min/Hygro] with 12 E-boxes in front of minimal
promoter, pGL4.29[luc2P/12pE5/TK/Hygro] with 12 E-boxes
in front of thymidine kinase promoter, and pGL4.83[hRlucP/
PGK1/Puro] with phosphoglycerate kinase 1 promoter have
been previously described (5, 34, 36).

Protein structure visualization

TCF4 bHLH model was previously generated using
E-protein E47 (TCF3 isoform) crystal structure coordinates
(5). Protein Data Bank compatible files and PyMOL Molecular
Graphics System session files were used for the visualization of
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the protein structure. The analysis of protein-DNA and
protein-protein interactions was made in PyMOL Molecular
Graphics System (version 1.7.4.5 trial for educational use). The
ribbon drawing of TCF4-B™ (NP_001077431.1) bHLH homo-
dimer structure was generated using YASARA View (version
17.4.17, YASARA Biosciences GmbH) (64).

Cell culture and transfection

Human embryonic kidney HEK293 cells were grown in
Minimal Essential Medium with Earle’s Salts (PAA Labora-
tories) supplemented with 10% Fetal Bovine Serum (SeraPlus
and PAN Biotech), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (Gibco) at 37 °C in 5% CO,. Rat primary cortical
and hippocampal mixed neuronal cultures were plated from
embryonic day 20 to 21 Sprague-Dawley rat fetuses and
maintained, as described previously (65). The protocols
involving animals were approved by the ethics committee of
animal experiments at the Ministry of Agriculture of Estonia
(Permit Number: 45). All the experiments were performed in
accordance with the relevant guidelines and regulations.

The HEK293 cells were transfected using polyethylenimine
(Sigma-Aldrich) with polyethylenimine to DNA ratio 2:1. For
Western blot analysis, the cells grown on 6-well plates were
transfected with 1.8 pg of TCF4-B encoding vector and with
0.2 pg of pEGFP vector to evaluate transfection efficiency. For
luciferase reporter assays, the cells grown on 48-well plates
were transfected with 0.1875 pg of effector protein construct(s)
(TCF4-B alone or TCF4-B and ASCLI together), 0.1875 pg of
firefly luciferase construct pGL4.29[luc2P/12pE5/min/Hygro],
and 0.01 pg of Renilla luciferase construct pGL4.83[hRlucP/
PGK1/Puro]. In case of cotransfection of effector protein
constructs, pcDNA3.1/EF1a/TCF4-B and pcDNA3.1/ASCL1
were added in a ratio of 2:1. For nuclear redirection assay,
0.2 pg of pcDNA3.1/EF1a/TCF4-A and 0.1 pg pcDNA3.1/
ASCL1 or pcDNA3.1/NEUROD2-E2 were transfected to the
HEK293 cells grown on 48-well plates.

The neurons plated on 48-well plates were transfected on
6 days in vitro using Lipofectamine 2000 (Invitrogen) with a
reagent to DNA ratio 2:1. For luciferase reporter assays, 120 ng
of effector protein construct(s) (TCF4-B alone or TCF4-B and
ASCL1 together), 60 ng of firefly luciferase construct pGL4.29
[luc2P/12uE5/TK/Hygro] and 20 ng of Renilla luciferase
pGL4.83[hRlucP/PGK1/Puro] were used. In case of cotrans-
fection of effector protein constructs, pcDNA3.1/EF1a/TCF4-
B and pcDNA3.1/ASCL1 were added in a ratio of 2:1. 2 days
posttransfection, and the neuronal cultures were treated with
25 mM KCI for 8 h where indicated. For protein localization
assays, 0.2 pg of pcDNA3.1/EF1a/TCF4 (HEK293 cells) or
pcDNA3.1/EF1a/E2-TCF4 (neuronal cultures) plasmids were
transfected to the cells grown on 48-well plates using Lip-
ofectamine 2000 (Invitrogen), with a reagent to DNA ratio 2:1.

Cell extracts and Western blotting

The cells were lysed 48 h posttransfection in radio-
immunoprecipitation assay buffer (150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.2% sodium dodecyl sulfate,
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50 mM Tris-HCl, 1x Protease inhibitor cocktail Complete
(Roche), and 1 mM DTT). The protein concentrations were
measured with Pierce BCA Protein Assay Kit (Thermo
Scientific).

Equal amounts of protein were separated in 8 to 10% SDS-
polyacrylamide gel and transferred to Immobilon-P poly-
vinylidene fluoride membrane (Millipore). The membrane was
blocked with 5% skimmed milk in PBS-0.1% Tween 20 (PBST)
(Sigma-Aldrich) at room temperature and incubated with
primary and secondary antibody solutions in 2% skimmed milk
in PBST. The antibodies were used in the following dilutions:
rabbit polyclonal anti-TCF4 (CeMines) 1:1000, mouse mono-
clonal anti-E2 (5E11, Icosagen,) 1:5000, mouse monoclonal
anti-GAPDH (MAB374, Millipore) 1:4000, horseradish
peroxidase-conjugated goat anti-mouse/rabbit IgG (Thermo
Scientific) 1:5000. For chemiluminescent reaction, SuperSignal
West Femto Maximum Sensitivity Substrate Kit (Thermo
Scientific) was used, and the reaction was visualized with
ImageQuant LAS4000 camera system (GE Healthcare).

Immunocytochemistry

For protein localization and nuclear redirection assays, the
cells were grown on poly-L-lysine coated cover slips. The cells
were fixed 48 h posttransfection in 4% paraformaldehyde
(Applichem) in PBS for 15 min, then treated with 50 mM
ammonium chloride (Scharlau) in PBS, and permeabilized
with 0.5% Triton X-100 (Amresco) solution in PBS. After each
reaction, cover slips were washed with PBS. The cells were
blocked with 2% bovine serum albumin (BSA, Naxo) in PBS
for 1 h at room temperature and incubated first with primary
and then with secondary antibodies in 0.2% BSA-PBS solution.
The antibodies were diluted as follows: rabbit polyclonal anti-
TCF4 (CeMines) 1:200, mouse monoclonal anti-E2 (5E11,
Icosagen,) 1:1000, mouse monoclonal anti-MASH1 (ASCL1)
(24B72D11.1, BD Pharmingen) 1:200, mouse monoclonal anti-
tubulin-p (E7, DSHB) 1:1200, rabbit polyclonal anti-tubulin-f
III (T2200, Sigma-Aldrich) 1:400, and Alexa Fluor 488- or
Alexa Fluor 568-conjugated F(ab’)2 fragment of goat anti-
mouse/rabbit IgG (Invitrogen) 1:2000. 1 pg/ml of Hoechst
33342 was included in secondary antibody solution to visualize
nuclei. The cover slips were washed with PBST after both
reactions. Finally, the cover slips were washed with water and
mounted with Mowiol 4-88 mounting medium (Polysciences,
Inc). The whole area of the samples was analysed by confocal
microscopy (LSM 510 Duo Zeiss) using lasers Argon/2 (for
Alexa Fluor 488, 488 nm), DPSS 561-10 (for Alexa Fluor 568,
568 nm) and Diode 405-50 (for Hoechst 33342, 405 nm), and
objective lenses PlanApo 63x oil or PlanApo 100x oil (NA 1.4).
Picture panels were made using Imaris (version 6.4.2, Bit-
plane), Photoshop, and Illustrator (Adobe) software. All the
experiments were performed twice.

In vitro translation and EMSA

TnT T7 Quick Coupled Transcription/Translation System
(Promega) was used according to manufacturer’s instructions,
using unlabeled methionine, to produce in vitro-translated
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proteins. For cotranslations, construct ratio of 2:1 was
used in favor for the longer product-pcDNA3.1/EFla/
TCF4-B:pcDNA3.1/ASCL1 2:1 and pcDNA3.1/EFla/TCF4-
B:pACT-bHLH 2:1. Previously described pE5 and mutated
UE5 oligonucleotides (5) were °P labeled with T4~
polynucleotide kinase (Thermo Scientific). The sense and
antisense oligonucleotides were annealed in annealing buffer
(62.5 mM NaCl and 1.25 mM EDTA) in a 95 °C water bath,
which was left to cool to room temperature overnight. The
binding reaction was done in a 15 pl reaction buffer (20 mm
Hepes-KOH, pH 7.9, 50 mM KCl, 5% glycerol, 1 mm EDTA,
1 mm DTT, 13.3 ng/pl poly(dI-dC), and 0.1 mg/ml BSA),
which included 1 pl of in vitro-translated protein mixture and
0.1 pmol of **P-labeled pE5 oligonucleotides. Specificity of
binding to pE5 boxes was tested by adding 1 pmol of unla-
beled-pE5 oligonucleotides to the reaction mixture. The DNA-
protein complexes were resolved in a 5% nondenaturing
polyacrylamide gel containing 0.25x TBE, 0.01% NP-40, and
2.5% glycerol and visualized by autoradiography.

Luciferase reporter assay

For luciferase reporter assays, the cells were lysed 48 h
posttransfection in Passive Lysis Buffer (Promega) and kept
at —80 °C overnight. The reporter luminescence signals were
obtained in duplicates with Dual-Glo Luciferase assay kit
(Promega) according to manufacturer’s protocol and measured
with GENios pro (Tecan) plate reader. All the experiments
were repeated 3 times or more where indicated. In addition,
the data from Sepp et al. 2017 (n = 5) (36) and this work
(n = 3) was combined for more statistical power (n = 8) to
better describe the effects of SCZ-related missense mutations
on the functionality of TCF4. For data analysis, the back-
ground signals were subtracted, and firefly luciferase signals
were normalized to Renilla luciferase signals. The data were
log-transformed and auto-scaled. GraphPad Prism 7 (version
7.00) was used for one-way or two-way ANOVA statistical
analysis followed by Dunnett’s or Holm-Sidak’s multiple
comparisons test. The data were then back transformed into
the original scale for graphical representation. Statistical sig-
nificance was calculated for comparisons with WT TCF4,
unless indicated otherwise. The cooperation index was calcu-
lated, as described previously (5, 66). An index value of higher
or lower than 1 implies synergism or antagonism, respectively.
For statistical analysis, one-way ANOVA followed by
Dunnett’s post hoc test was used.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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