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ABSTRACT 
 
Transcription factor TCF4 (alias ITF2, SEF2 or E2-2) is a broadly expressed basic 
helix-loop-helix protein that binds to E-box DNA sequences (CANNTG) as a 
homo- or heterodimer. While involved in the development and functioning of many 
different cell types, recent studies point to important roles for TCF4 in the nervous 
system. Specifically, human TCF4 gene is implicated in susceptibility to 
schizophrenia and deletions, truncating and missense mutations in TCF4 cause Pitt-
Hopkins syndrome (PTHS), a rare developmental disorder characterized by severe 
motor and mental retardation, typical facial features and breathing anomalies.  

The aims of this thesis were (i) to characterize human TCF4 gene structure and 
TCF4 expression at mRNA and protein level, (ii) to study the functional 
characteristics and regulation of alternative TCF4 isoforms in non-neural cells and 
neurons, and (iii) to determine the impact of PTHS-associated mutations on TCF4 
functions. 

The results of the current study demonstrate that although widely expressed, 
human TCF4 expression is particularly high in the brain. In addition, usage of 
numerous 5′ exons potentially yields in TCF4 protein isoforms with 18 different N-
termini. Functional characterization of TCF4 isoforms revealed that their 
subcellular distribution is differentially regulated: some isoforms contain a bipartite 
nuclear localization signal and are exclusively nuclear, whereas distribution of 
other isoforms relies on heterodimerization partners. Furthermore, the ability of 
different isoforms to regulate E-box-controlled transcription is varied and 
dependent on cell type. Compared to non-neural cells where TCF4 is constitutively 
active in up-regulating E-box-controlled transcription, TCF4-dependent 
transcription in neurons requires induction of calcium influx through L-type 
voltage gated channels and signaling via protein kinase A (PKA). According to the 
present study, TCF4 is a novel direct target of PKA and PKA phosphorylation sites 
in TCF4 are required for full transactivation by TCF4 in neurons. Additionally, 
endogenous TCF4 is posttranslationally modified in response to membrane 
depolarization of primary neurons. Analysis of PTHS-associated mutations in 
TCF4 revealed that not all deletions and truncating mutations result in complete 
loss-of-function and the impact of missense and reading frame extending mutations 
ranges from subtle deficiencies to dominant-negative effects. Particularly, some 
missense and reading frame extending mutations damage DNA-binding and 
transactivation ability in a manner dependent on dimer context, some destabilize 
the protein, whereas others cause no major functional deficiencies.  

Altogether, this study describes the inter-tissue variability of TCF4 expression 
in human, provides evidence about the functional diversity of the alternative TCF4 
isoforms, identifies a new role for TCF4 as an activity-regulated transcription 
factor in neurons, and demonstrates that PTHS-associated mutations impair the 
functions of TCF4 by diverse mechanisms ranging from hypomorhic to dominant-
negative effects. These results provide novel insights into the functions of TCF4 
and offer a new perspective on the mechanisms underlying association of TCF4 
with disorders affecting cognitive development.  
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EMT    epithelial-mesenchymal transition 
E-protein   Ephrussi box binding protein 
ETO    eight twenty one protein 
FAM96B   family with sequence similarity 96, member B 
FECD    Fuchs’ endothelial corneal dystrophy 
FLT3L    fms-related tyrosine kinase 3 ligand 
FRET    fluorescence resonance energy transfer 
GBS    GAL4 binding site 
G0/G1    cell cycle phase gap 0 or 1 
GM-CSF   granulocyte-macrophage colony-stimulating-factor 
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GWA    genome-wide association 
HEB    HeLa E-box binding protein 
HEK293   human embryonic kidney 293 cell line 
HES1    hairy and enhancer of split 1 
HLH    helix-loop-helix 
hlh-2    helix-loop-helix protein 2 
ID     inhibitor of differentiation and DNA-binding 
IFN    interferon 
ITF2    immunoglobulin transcription factor 2 
KDR    kinase insert domain receptor 
MAPK   mitogen activated protein kinase 
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MYOD1   myogenic differentiation factor 1 
NEUROD1  neurogenic differentiation factor 1 
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OLF1    olfactory neuronal transcription factor 1 
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PKA    protein kinase A 
PKC    protein kinase C 
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PTCRA   pre-T cell antigen receptor α-chain 
PTHS    Pitt-Hopkins syndrome 
RED    repeat expansion detection based on ligase chain reaction 
Rep    repression region 
RUVBL1  RuvB (E coli DNA helicase homolog)-like 1 
SAGA   Spt-Ada-Gcn5 acetyltransferase 
siRNA   small interfering RNA 
SCL    stem cell leukemia protein 
SCZ    schizophrenia 
SNP    single nucleotide polymorphism 
STAT3   signal transducer and activator of transcription 3 
TAFH   TATA binding protein-associated factor 4 homology 
TAL1    T cell acute lymphocytic leukemia 1 
TCF3, -4, -12 transcription factor 3, 4, 12 
TCF7L2   transcription factor 7-like 2 
TE     transposable element 
USF    upstream stimulatory factor 
VDM    verbal declarative memory 
VEGFR2   vascular endothelial growth factor receptor 2 
VGCC   voltage-gated calcium channel 
WNT    family of wingless-related/integration-site proteins 
ZEB1    zinc finger E-box binding homeobox 1  
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LITERATURE REVIEW 
 

1. Basic helix-loop-helix transcription factors 
 
Transcription factors are classified into families according to the structure of their 
DNA-binding domains. A large eukaryotic superfamily of dimeric transcriptional 
regulatory proteins contains the basic helix-loop-helix (bHLH) domain that 
consists of a DNA-binding basic region and two dimerization-mediating α-helices 
separated by a loop (Massari and Murre, 2000). bHLH proteins are found in fungi, 
plants and metazoans, and play fundamental roles in diverse aspects of cellular 
physiology. In unicellular organisms, such as the yeast, bHLH proteins control 
metabolic pathways whereas in multicellular organisms bHLH proteins are 
involved in various developmental processes, regulation of cell cycle and response 
to environmental signals (Massari and Murre, 2000, Jones, 2004, Skinner et al., 
2010).  
 
1.1. Classification of bHLH proteins 
 
The putative total number of bHLH protein encoding genes is eight in 
Saccharomyces cerevisiae, 39 in Caenorhabditis elegans, 59 in Drosophila 
melanogaster, 78 in Branchiostoma floridae, 117 in Homo sapiens (Table 1) and 
~120-170 in plants Arabidopsis thaliana and Oryza sativa (Robinson and Lopes, 
2000, Buck and Atchley, 2003, Li et al., 2006, Simionato et al., 2007, Skinner et 
al., 2010). bHLH proteins have been grouped into orthologous families, each of 
which contain bHLHs evolved by vertical descent from a common ancestor 
(Ledent and Vervoort, 2001, Simionato et al., 2007). Since there are no families of 
orthologues between fungi, plants and metazoans, it has been suggested that 
diversification of bHLH proteins has taken place independently in these clades 
(Ledent and Vervoort, 2001, Simionato et al., 2007). The last common ancestor for 
all modern metazoan possessed at least 10-14 bHLH proteins belonging to 5-6 
higher-order groups (see below). This indicates that diversification of bHLH genes 
appeared early in the evolution of animals, possibly in relation to the acquisition of 
multicellularity. The later phases of expansion to at least 29-33 and 44 bHLH 
proteins occurred before the cladogenesis of eumetazoans and bilaterians, 
respectively (Simionato et al., 2007). In modern metazoans, 45 orthologous 
families have been defined (Table 1). 

Various methods to classify bHLH proteins into higher-order groups have been 
devised. The historic scheme that divides bHLH proteins into 7 classes (I-VII), is 
based on tissue distribution, dimerization capabilities and DNA-binding 
specificities of the proteins (Murre et al., 1994, Massari and Murre, 2000, 
McLellan et al., 2002). However, phylogenetic analyses of the bHLH domain or 
entire protein sequences have led to categorization systems that distribute bHLH  
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Table 1. Metazoan families of bHLH proteins. 
 

Family Class Group Clade Human genes 
E-protein I A b TCF3/E2A, TCF4/ITF2, TCF12/HEB 
AC-S a II A a ASCL1, ASCL2 
AC-S b II A a ASCL3, ASCL4, ASCL5 
Atonal II A a ATOH1, ATOH7 
Net II A a ATOH8 
Neurogenin II A a NEUROG1, NEUROG2, NEUROG3 
NeuroD II A a NEUROD1, NEUROD2, NEUROD4, NEUROD6 
Mist II A a BHLHA15/MIST1 
Beta3 II A e BHLHE22/BETA3, BHLHE23/BETA4 
Oligo II A e OLIG1, OLIG2, OLIG3 
PTF a II A a FERD3L/NTWIST 
PTF b II A a PTF1A 
Twist II A a TWIST1, TWIST2 
NSCL II A a NHLH1/NSCL1, NHLH2/NSCL2 
SCL II A a TAL1/SCL, TAL2, LYL1 
Hand II A a HAND1, HAND2 
Paraxis II A a TCF15/PARAXIS, SCXA, SCXB 
MyoR a II A a MSC, TCF21/POD1  
MyoR b II A a TCF23/OUT, TCF24 
Mesp II A c; a MESP1, MESP2; MSGN1 
Delilah II A c - 
MYOD II A c MYOD1, MYOG, MYF5, MYF6 
Figalpha II B c FIGLA 
AP4 III B c TFAP4/AP4 
USF III B b USF1, USF2 
MITF III B e MITF, TFEB, TFEC, TFE3 
SREBP III B d SREBF1/SREBP1, SREBF2/SREBP2 
TF4  B d MLX/TCFL4 
MLX  B e; d MLXIP/MONDOA; MLXIPL/MONDOB 
Myc III B e MYC, MYCN, MYCL1, MYCL2 
Max IV B d MAX 
Mnt IV B d MNT 
Mad IV B c MXD1, MXD3, MXD4, MXI1 
Emc/ID V D b ID1, ID2, ID3, ID4 
Hairy/E(Spl) VI E b HES1, HES2, HES3, HES4, HES5, HES6, HES7 
Hey  E b HEY1, HEY2, HEYL 
Hairy/E(Spl) 
/ Hey 

 E e HELT, BHLHE40/BHLHB2/DEC1, 
BHLHE41/BHLHB3/DEC2 

AHR VII C e AHR, AHRR 
Sim VII C e SIM1, SIM2 
Trh VII C e NPAS3 
HIF VII C e HIF1A, HIF3A, NPAS1 
Sim/Trh/HIF VII C e EPAS1 
Clock VII C e CLOCK, NPAS2 
ARNT VII C e ARNT, ARNT2 
Bmal VII C e ARNTL/BMAL1, ARNTL2/BMAL2 
SRC VII B e NCOA1/SRC1, NCOA2/SRC2, NCOA3/SRC3 
Coe  F  EBF1/OLF1/COE1, EBF2, EBF3, EBF4 
Not 
classified 

  e; 
a; ? 

TCFL5, SOHLH1, SOHLH2, NPAS4;  
BHLHA9; MGA 
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proteins into 6 groups (A-F) (Atchley and Fitch, 1997, Ledent and Vervoort, 2001, 
Ledent et al., 2002) or 6 clades (‘a’-‘f’) (Stevens et al., 2008, Skinner et al., 2010), 
respectively. Distribution of the metazoan orthologous bHLH families into classes, 
groups and clades is shown in Table 1 and briefly summarized below.  

Class I includes broadly expressed bHLH factors known as E-proteins (Ephrussi 
box binding proteins), which are able to dimerize with themselves, and with class 
II and V proteins. Class II comprises tissue-specific bHLH transcription factors 
that, with a few exceptions, homodimerize poorly and generally require 
heterodimerization with E-proteins to allow DNA-binding. Class I and II bHLHs 
are joined into group A. Class III and IV together form most of group B and 
contain bHLH-Zip proteins that have a dimerization-mediating leucine zipper 
directly C-terminal to the bHLH domain and form homo- and heterodimers with 
other bHLH-Zip proteins. In addition to metazoan bHLH-Zip proteins, all fungi 
and plant bHLH proteins belong to this group indicating that group B is closest to 
the ancestral bHLH protein. Both, group A and B proteins mostly bind to the 
Ephrussi box (E-box) DNA (CANNTG). Class V alias group D consists of Emc/ID 
(extra macrochaetae/inhibitor of differentiation and DNA-binding) proteins, which 
lack a basic region and act as negative regulators of group A proteins by forming 
heterodimers that are not able to bind DNA. Class VI overlaps with group E that 
encompasses bHLH-O proteins containing an Orange domain C-terminal to the 
bHLH domain and a characteristic proline or glycine in their basic region. The role 
of the Orange domain is not clear, but it may function as an extended dimerization 
domain. bHLH-O proteins form dimers between themselves and with group A 
proteins, bind to E-box or N-box DNA (CACG(C/A)G), and most of them contain 
a WRPW 4-amino acid motif which allows interaction with Groucho/TLE 
(transducin-like enhancer of split) repressor proteins. In addition to recruitment of 
co-repressors to target sites, bHLH-O proteins may function as transcriptional 
repressors by titrating group A bHLH proteins via heterodimerization, similarly to 
the Emc/ID proteins. Class VII alias Group C corresponds to bHLH-PAS proteins 
that contain a dimerization-mediating and signal-sensing PAS (Per-ARNT-Sim) 
domain C-terminal to the bHLH domain. The bHLH-PAS group comprises co-
activator proteins and transcription factors that preferentially bind to DNA at 
asymmetric E-box related sequences as bHLH-PAS dimers. Group F corresponds 
to the COE (Col-OLF1-EBF) family of proteins, which lack the basic region, have 
a divergent HLH sequence, and contain a COE domain involved in dimerization 
and DNA-binding to a palindromic sequence not related to E-box. 
 In case of the clade classification scheme, clade ‘a’ includes most of class II 
families; clade ‘b’ encompasses E-proteins, the Emc/ID family, the bHLH-Zip 
family USF (Upstream stimulatory factor), and the bHLH-O families Hes 
(Hairy/enhancer-of-split) and Hey (Hairy/enhancer-of-split related with YRPW 
motif). Clade ‘c’ comprises many plant bHLH proteins and some metazoan class II 
and bHLH-Zip families; clade ‘d’ includes almost half of the bHLH-Zip families; 
and clade ‘e’ contains all bHLH-PAS families and some class II, bHLH-O and 
bHLH-Zip families. Clade ‘f’ encompasses plant proteins only. 
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1.2. Structure and function of the bHLH domain 
 
The bHLH domain was first described in murine E-proteins E12 and E47, products 
of TCF3/E2a gene (Murre et al., 1989). The domain consists of approximately 60 
amino acid residues and is located at varied positions in different bHLH proteins 
(reviewed in Jones, 2004). The HLH part of the domain is responsible for 
dimerization and appropriate juxtaposition of the basic region that mediates DNA-
binding (Voronova and Baltimore, 1990). The first structural information for the 
bHLH domain came from the co-crystal structures of DNA bound bHLH 
homodimers of bHLH-Zip proteins MAX (MYC associated factor X) and USF1, 
class I protein E47 and class II protein MYOD1 (myogenic differentiation 1) 
(Ferre-D'Amare et al., 1993, Ellenberger et al., 1994, Ferre-D'Amare et al., 1994, 
Ma et al., 1994). These studies demonstrated that two HLH domains form a parallel 
left-handed four-helix bundle where dimers are stabilized by hydrophobic and 
electrostatic interactions between the helices. α-helical basic regions bind DNA 
symmetrically on opposite sides in the major groove and each monomer interacts 
with a half-site of the E-box sequence (see Figure 1C). The most critical residue for 
E-box binding is a nearly invariant glutamate in the basic region that contacts 
cytosine and adenine bases in the CAN half-site. Several other base contacts with 
the half-site or 5’ flanking nucleotides are made by other residues in the basic 
region and the interaction with DNA is stabilized by numerous contacts to the 
backbone of the entire E-box and flanking nucleotides (reviewed in De Masi et al., 
2011). Although the basic region is α-helical when bound to DNA, it is very 
mobile and largely unstructured in the absence of DNA (Fairman et al., 1997). 
 The regulatory and biological divergence of bHLH proteins is determined by 
several parameters: spatiotemporal expression pattern, selection of dimerization 
partners and DNA-binding specificity (Grove et al., 2009). By analysing all these 
parameters in the network of Caenorhabditis elegans bHLH proteins, it has been 
shown that although several bHLH proteins exhibit only limited divergence in one 
or more of the parameters, even minor differences in at least one of the parameters 
lead to little overlap in candidate target genes (Grove et al., 2009). There is 
specificity and promiscuity in the spatiotemporal expression network of bHLH 
proteins, with some factors expressed broadly and others in a restricted manner, 
and with some tissues expressing many bHLH proteins while others expressing a 
few. In case of dimerization partner selection, the majority of bHLH proteins in C. 
elegans exhibit high specificity and interact with only a single other bHLH protein. 
However, there are two central hubs in the dimerization network, the E-protein hlh-
2 and the ARNT (aryl hydrocarbon receptor nuclear translocator) family protein 
aha-1 (aryl hydrocarbon receptor associated protein 1), which bind many bHLH 
proteins and act as obligate partners for all class II and class VII bHLH proteins in 
C. elegans, respectively (Grove et al., 2009). Analysis of the conservation of the 
residues at the interface of bHLH dimers has revealed that residues involved in self 
interactions are common among all bHLH proteins, while both common and varied 
amino acids are present among residues involved in partner interactions, defining 
the specificity of dimerization (Chavali et al., 2001). Similarly, there are critical 
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residues in the basic region of bHLH proteins that dictate the specificity of DNA-
binding (De Masi et al., 2011). For instance, bHLH proteins containing arginine at 
position 13 in the basic region prefer CAC or CAT half-site (depending on a 
residue at position 2), whereas valine, leucine or threonine at position 13 can 
specify binding to CAG, CAA and CAT half-sites, correspondingly. Each bHLH 
monomer favours particular E-box half-sites, but the preferences can be modulated 
by dimerization partners (De Masi et al., 2011). Additionally, most bHLH proteins 
exhibit preferences at the 5’ flanking nucleotide position. Overall, some bHLH 
dimers bind to many E-boxes, whereas other bind only one, and some E-boxes are 
preferred by many bHLH dimers, while others by relatively few (Grove et al., 
2009). In many species (but not in C. elegans) non-DNA-binding dimers 
containing the Emc/ID family proteins add to the complexity of the network. 
Collectively, the regulation of bHLH proteins through divergent expression 
patterns, various heterodimeric interactions and differences in DNA-binding 
specificities constitutes a dynamic network and expands the repertoire of potential 
target genes controlled by a given number of bHLH transcription factors. 
 

2. E-protein family of bHLH transcription factors 
 
There are three E-protein genes in mammals, TCF4/ITF2, TCF12/HEB (HeLa E-
box binding factor) and TCF3/E2A (Massari and Murre, 2000). The latter encodes 
two alternative protein isoforms, E12 and E47, which differ in their bHLH 
domains. The E-protein gene family in teleost fish consists of five members, 
including two additional genes coding for an TCF3/E2A-related factor and EX 
factor (Hikima et al., 2005). Vertebrate E-proteins are homologous to the only E-
proteins in Drosophila melanogaster and Caenorhabditis elegans, da 
(daughterless) and hlh-2 (helix-loop-helix protein 2), respectively. Although all 
vertebrate E-proteins have diverged considerably from da and hlh-2, TCF3/E2A 
proteins are more similar to invertebrate E-proteins than TCF4 and TCF12/HEB 
that have deviated more rapidly from the ancestral E-protein (Shain et al., 1997). 

da and hlh-2 are required for embryonic development of D. melanogaster and 
C. elegans, correspondingly, and their mutations lead to pleiotropic effects that 
include defects in neurogenesis (Caudy et al., 1988, Cline, 1989, Krause et al., 
1997, Portman and Emmons, 2000). In D. melanogaster, da null embryos lack all 
peripheral neurons and have abnormalities in the central nervous system (Caudy et 
al., 1988). Additionally, da has been demonstrated to be involved in sex 
determination, myogenesis, oogenesis, intestinal stem cell maintenance and 
development of the trachea and salivary glands (Caudy et al., 1988, Cline, 1989, 
Cummings and Cronmiller, 1994, Chandrasekaran and Beckendorf, 2003, Wong et 
al., 2008, Bardin et al., 2010).  

In mammals, substantial functional overlap among E-proteins has hampered 
deciphering their exact roles. Postnatal lethality is observed in every 
transheterozygous combination of E-protein null alleles in mice, suggesting that E-
proteins share common roles during development (Zhuang et al., 1996). The 
importance of dosage rather than identity of available E-proteins is further 



16 

supported by the demonstration that human TCF12/HEB cDNA can functionally 
replace Tcf3/E2a in mice (Zhuang et al., 1998). Yet, in addition to overlapping 
roles, E-proteins have been implicated in performing unique roles that may rise 
from finely tuned level of expression and/or from distinct functional features of the 
proteins. In line with this, E-proteins can regulate the expression of common and 
specific genes (Cisse et al., 2008, Sobrado et al., 2009). Remarkably, differences in 
the DNA-binding specificities of distinct E-proteins have been shown both for E-
protein homo- and heterodimers (Hu et al., 1992, Chiaramello et al., 1995, 
Sigvardsson, 2000, Murakami et al., 2004). Additionally, different E-proteins can 
have opposite effects on transcription from the same promoter (Dhulipala et al., 
2001). Although E-proteins have broad expression patterns, cell context has an 
important role in defining lineage-specific functions of distinct E-proteins by 
determining whether E-proteins form homo- or heterodimers, whether they 
associate with different co-activator or -repressor complexes, and which E-protein 
target genes are accessible for regulation (reviewed in Kee, 2009, de Pooter and 
Kee, 2010). 
 
2.1. Transcription regulatory domains of E-proteins 
 
E-proteins contain two transcription activation domains (ADs), N-terminal AD1 
and centrally located AD2, that have been suggested to possess distinct activities in 
different cell types (Aronheim et al., 1993, Quong et al., 1993, Argenton et al., 
1996). AD2, which is present in all E-proteins, is highly conserved whereas AD1 
of vertebrate E-proteins is divergent from the N-terminal transactivation domain of 
invertebrate E-proteins (Zarifi et al., 2012). Additionally, AD1 is absent from 
alternative protein isoforms of TCF4 and TCF12/HEB. Both vertebrate E-protein 
transactivation domains have been suggested to form a partial amphipathic helix 
and are functional in yeast (Aronheim et al., 1993, Massari et al., 1996). 

In yeast, ADA and SAGA (Spt-Ada-Gcn5 acetyltransferase) chromatin 
remodelling complexes are required for AD1-mediated transactivation (Massari et 
al., 1999). AD1 contains a LDFS motif that directly interacts with the SAGA 
complex and is conserved in yeast HLH protein Rtg3p (retrograde regulation 
protein 3). In mammals, AD1 and AD2 interact with P300, CBP (CREB binding 
protein) and PCAF (CBP associated factor) (Qiu et al., 1998, Bradney et al., 2003, 
Bayly et al., 2004, Zhang et al., 2004). The interaction with CBP/P300 has been 
suggested to be cooperative between AD1 and AD2, and involves a domain in 
CBP/P300 known as KIX and α-helical portions of both E-protein activation 
domains (Bayly et al., 2004). In case of AD1 the direct interaction with CBP and 
P300 is mediated by its LXXLL motif (Zhang et al., 2004), a protein recognition 
motif present in many transcription factors and cofactors including many KIX-
interacting proteins (Plevin et al., 2005). In AD1 the last residue of the LXXLL 
motif overlaps with the first residue of the LDFS motif (Figure 1). Both motifs and 
their adjacent residues are strictly conserved in vertebrate E-proteins. It has been 
shown that the LXXLL-containing portion of AD1 undergoes a helical transition 
upon interacting with the KIX domain and amino acid substitutions that prevent 
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helix formation in AD1 interfere with the KIX interaction (Bayly et al., 2006). The 
formed α-helix of AD1 binds into a shallow hydrophobic groove of the KIX 
domain (Figure 1).  
 
 
 

 
 
 
Figure 1. Conserved domains and motifs of E-proteins.  
(A) Schematic diagram of TCF4 isoform B. Shown are the E-protein domains and 
motifs and their interacting molecules. Numbers denote amino acid positions. 
Locations of the LXXLL and LDFS motifs and RSRS insert are indicated. A, motif 
A; AD1, activation domain 1; AD2, activation domain 2; bHLH, basic helix-loop-
helix domain; C, motif C; CE, conserved element; DES, downstream ETO-
interacting sequence, Rep, repression region.  
(B) Depiction of the solution structures of the strictly conserved peptide from the 
vertebrate AD1 domain (LGTDKELSDLLDFSAMFS) bound to the KIX domain 
of CBP (PDB: 2KWF) or TAFH/NHR1-domain of ETO (PDB: 2KNH). The AD1 
peptide is shown as ribbon drawing and leucine residues of the LXXLL motif are 
depicted as sticks. KIX and TAFH/NHR1 domains are shown as surfaces with the 
hydrophobicity degree of amino acids indicated using a colour ramp from white 
(hydrophobic) to dark gray (charged).  
(C) Ribbon drawings of the crystal structures of E47 bHLH homodimer and E47-
NEUROD1 bHLH heterodimer (PDB: 2QL2) bound to E-box-containing DNA. N, 
aminoterminus; C, carboxyterminus. 
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The LXXLL motif in AD1 also interacts with RUNX1T1/MTG8/ETO (runt-
related transcription factor 1; translocated to, 1/ myeloid translocation gene on 
8q22/eight twenty one protein) co-repressor. Binding of ETO blocks the interaction 
of AD1 with CBP/P300 and leads to active transcription repression through 
formation of a histone deacetylase-containing complex (Zhang et al., 2004). E-
protein-dependent transcription is repressed also by other ETO family members 
MTGR1 (MTG8-related protein 1) and MTGR2/ETO2 (Guo et al., 2009). The 
LXXLL containing peptide of AD1 binds into the hydrophobic groove of TAFH 
(TATA binding protein-associated factor 4 homology) alias NHR1 (nervy 
homology region) domain of ETO (Figure 1). The LXXLL motif is anchored to the 
hydrophobic groove through its 3 conserved leucines and the preceding glutamate 
residue that participates in an electrostatic interaction (Park et al., 2009). In 
addition to AD1, the DES (downstream ETO-interacting sequence) region of 150 
amino acids in E-proteins binds the NHR2 and TAFH/NHR1 domains of ETO 
(Guo et al., 2009). This interaction allows ETO to inhibit E-protein-dependent 
transcription through a separate, chromatin-independent mechanism that involves 
interference with the assembly of the preinitiation complex. Although the ETO-
binding region in DES has not been mapped precisely, a conserved element (CE) 
inside the DES region that represses AD1-dependent transcription in a manner 
dependent on three conserved lysine residues in CE, has been identified (Herbst 
and Kolligs, 2008). Additionally, a repression domain Rep consisting of 30 amino 
acids N-terminal to the bHLH domain and conserved from fly to human, has been 
suggested to differentially modulate the activity of AD1 and AD2 in E-protein 
hetero- and homodimers (Markus et al., 2002, Wong et al., 2008).  
 
2.2. Dimerization and DNA-binding of E-proteins 
 
It is generally believed that E-proteins bind DNA at E-box sequences mainly as 
homodimers or as heterodimers with other E-proteins during immune system 
development, whereas they form DNA-binding heterodimers with class II bHLH 
proteins in most other tissues (reviewed in Sun, 2004, Murre, 2005, de Pooter and 
Kee, 2010). In addition, E-proteins heterodimerize with ID proteins that act as 
dominant negative factors in regulating the DNA-binding ability of E-proteins 
(reviewed in Perk et al., 2005). E-protein titration by an analogous mechanism may 
also be carried out by bHLH-O proteins (Davis and Turner, 2001). In E-proteins, 
the DNA-binding basic region and dimerization-mediating HLH domain are 
conserved from C. elegans to human and are located in the C-terminal part of the 
protein (Figure 1). In addition to the HLH domain, motif C is required for E-
protein dimerization in vivo (Goldfarb et al., 1998). Motif C is the most highly 
conserved region in E-proteins and consists of 20 amino acids directly C-terminal 
to the bHLH domain (Figure 1).  

Preferences of both, E-protein dimerization and DNA-binding of different 
dimers, can be modulated by various mechanisms. For instance, dimerization 
specificity of E-proteins can be regulated by motif A, an acidic amino acid 
sequence directly N-terminal to the bHLH domain (Figure 2), that in case of E12 
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has been demonstrated to prevent homodimerization (Shirakata and Paterson, 
1995). Additionally, alternative splicing generated 24-amino-acid insertion in the 
AD2 domain interferes with homo- and heterodimerization of TCF12/HEB (Klein 
et al., 1993). Moreover, phosphorylation of serine residues located in the DES 
region, Rep domain or motif A have been shown to modulate dimerization 
specificity of E47 by inhibiting the formation of homodimers and/or supporting 
heterodimerization with MYOD1 (Sloan et al., 1996, Lluis et al., 2005). 

DNA-binding preferences of E-protein dimers are regulated by the Ca2+ binding 
protein calmodulin (CaM). One E-protein homodimer is able to directly bind two 
Ca2+-loaded calmodulin molecules via a unique calmodulin binding mode that is 
highly dynamic and involves hydrophobic as well as electrostatic interactions 
(Onions et al., 2000, Larsson et al., 2001, Larsson et al., 2005). The C- and N-
terminal globular domains of calmodulin, which both contain two Ca2+-binding EF-
hand motifs, preferentially bind to the basic sequence within the bHLH domain or 
to the modulatory sequence between the Rep region and bHLH domain, 
respectively (Onions et al., 2000). Binding of Ca2+-loaded CaM to the basic 
sequence inhibits DNA binding of E-protein homodimers in vitro and in vivo 
(Corneliussen et al., 1994, Onions et al., 1997, Saarikettu et al., 2004). 
Heterodimers of E-proteins with ASCL1 (achaete-scute complex homolog 1, alias 
MASH1) or MYOD1 are less sensitive or resistant to Ca2+/CaM-mediated 
inhibition due to the differences in the modulatory sequences N-terminal to the 
basic sequence that obstruct the interaction (Corneliussen et al., 1994, Onions et 
al., 1997). In addition to CaM, S100 EF-hand proteins interact with and inhibit 
DNA binding of bHLH proteins with the interaction being differentially modulated 
by the basic sequence and the sequence N-terminal to the bHLH domain (Onions et 
al., 1997). Notably, overexpression of calmodulin or increasing intracellular Ca2+ 
concentration inhibits transcriptional activation by E-protein homodimers in cells, 
whereas transactivation by MYOD1 heterodimers is enhanced by Ca2+ signalling 
(Corneliussen et al., 1994, Saarikettu et al., 2004, Hauser et al., 2008a). Moreover, 
experiments with CaM-resistant TCF3/E2A mutants have demonstrated that B-cell-
receptor activation inhibits the ability of TCF3/E2A homodimers to regulate gene 
expression in B cells through Ca2+/CaM-mediated inhibition of DNA-binding 
(Hauser et al., 2008b, Hauser et al., 2009, Hauser et al., 2010, Verma-Gaur et al., 
2012). Additionally, preventing DNA binding of TCF3/E2A homodimers and 
thereby selectively promoting DNA binding of MYOD and E-protein heterodimers 
by Ca2+/CaM signalling has been shown to be required for the progression of 
myogenesis (Hauser et al., 2008a). Thus, DNA binding of alternative E-protein 
dimers is modulated by Ca2+ signalling. 
 

3. Transcription factor TCF4 
 
TCF4 is the official designation of a transcription factor that has historically been 
named also ITF2, E2-2, SEF2, TFE, ME2, GE2, XE2 and bHLHb19. First, ITF2 
(immunoglobulin transcription factor 2) alias E2-2 (clone name) cDNA was 
isolated from human B-cell derived library based on the ability of its product to 
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bind to µE5 element (CACCTG) of the immunoglobulin heavy chain enhancer 
(Henthorn et al., 1990a, Henthorn et al., 1990b). Second, SEF2 (leukaemia virus 
SL3-3 enhancer factor 2) was isolated by screening of human thymocyte library 
with glucocorticoid response element DNA (contains CAGATG) from the SL3-3 
retrovirus enhancer (Corneliussen et al., 1991). Third, search for factors binding to 
an element (containing CAGGTG) in dog thyroglobulin gene promoter resulted in 
isolation of TFE (thyroid factor E) from the dog thyroid library (Javaux et al., 
1991). Fourth, ME2 and GE2 (Mus musculus or Gallus domesticus E-box binding 
protein 2) coding sequences were amplified from developing nervous system 
cDNA libraries of the mouse and chick, respectively, by PCR with degenerative 
primers based on the bHLH domain sequence (Neuman et al., 1993). Fifth, cDNAs 
of related Xenopus laevis transcription factors termed XE2.1 and XE2.2 were 
isolated from frog cDNA libraries using low stringency hybridization with a mouse 
E-protein cDNA probe (Shain and Zuber, 1995, Shain et al., 1997). Last, an 
alternative name bHLHb19 (clade ‘b’ basic helix-loop-helix protein 19) was 
adopted for TCF4 in a recently introduced unified bHLH nomenclature based on 
phylogenetic analysis (Skinner et al., 2010). 

Confusingly, in addition to transcription factor 4 the acronym TCF4 stands for 
T cell factor 4, a widely used alternative name for a high mobility group box 
transcription factor officially named TCF7L2 (transcription factor 7-like 2). 
TCF7L2 is one of the TCF/LEF (T cell factor/lymphoid enhancer-binding factor) 
factors that interact with β-catenin and participate in the WNT signalling pathway. 
Mix-ups of the two transcription factors, TCF4/ITF2 and TCF7L2/TCF4 have 
already led to data misinterpretations in several published papers (Dunn et al., 
2006, Nagasawa et al., 2008, Phillips and Goodman, 2008, Pise-Masison et al., 
2009, Svec et al., 2009, Zhang et al., 2009, Loe-Mie et al., 2010, Svec et al., 2010, 
Lu et al., 2011, Bian et al., 2012, Chiou et al., 2012, Igo et al., 2012, Lu et al., 
2012, Wirgenes et al., 2012, Navarrete et al., in press).  
 
3.1. TCF4 expression 
 
The gene coding for TCF4 is located on the long arm of chromosome 18 in human 
and mouse. Multiple mRNA species are known to be transcribed from the human 
and mouse TCF4 genes (Corneliussen et al., 1991, Skerjanc et al., 1996, Liu et al., 
1998, Liu et al., 2004). Accordingly, three amino-terminally distinct TCF4 protein 
isoforms, TCF4-A, TCF4-B and TCF4-D, have been described (Corneliussen et al., 
1991, Skerjanc et al., 1996). Additionally, usage of alternative splice sites has been 
shown to give rise to isoforms that differ in the presence or absence of four amino 
acids RSRS (Corneliussen et al., 1991, Skerjanc et al., 1996). Therefore, the 
longest isoform TCF4-B has 667 or 671 amino acids. Compared to TCF4-B, TCF4-
D and -A lack the first 130 or 183 amino acids, respectively, and TCF4-A has 23 
unique amino acids in its N-terminus. All the isoforms contain the bHLH domain 
and transcription activation domain AD2, whereas only TCF4-B comprises the 
AD1 domain.  
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Temporal and spatial expression pattern of TCF4 has been shown to be broad in 
fish, amphibian and mammalian species. During embryonic development of Danio 
rerio, tcf4 expression has been revealed in the distal notochord at the 12-somite 
stage, in somites at the 20-somite stage, in dorsal telencephalon 1 day post-
fertilization (dpf) and in the retina, branchial arches, telencephalon, 
rhombencephalon and multiple structures of diencephalon and mesencephalon at 2-
3 dpf (Brockschmidt et al., 2007, Brockschmidt et al., 2011). In X. laevis 
embryogenesis, transcripts of XE2.1 and XE2.2 have been detected in the eye 
vesicle, branchial arches, olfactory region and hindbrain at the tailbud stage (Shain 
et al., 1997).  

In mammals, TCF4 is highly expressed during embryonic development 
(Soosaar et al., 1994, Pscherer et al., 1996). Widespread expression has been 
shown at embryonic days E8.5-E13.5 (Carnegie stages c9-c18) in M. musculus 
(Dorflinger et al., 1999, Murakami et al., 2004, Sobrado et al., 2009) and at c13-
c18 (28-48 dpf) in H. sapiens (de Pontual et al., 2009). In mouse, the highest Tcf4 
transcript levels at E12 (c15) have been detected in the telencephalon, 
rhombencephalon, neural tube, branchial arches and the developing vertebral 
column and limbs (Soosaar et al., 1994). In E18 mouse central nervous system 
(CNS), Tcf4 expression is prominent in the olfactory bulb, cerebral cortex, 
hippocampus, ventricular zone and cerebellum (Soosaar et al., 1994). In human, 
TCF4 expression domains at c13 include prosencephalon, branchial arches and 
somites, by c15 expression is detected in the limb buds and gonadal ridge, and by 
c18 in the ventricular zone of the CNS, vertebrae, sympathetic, parasympathetic 
and enteric ganglia, mesonephros and the developing thyroid, thymus, pituitary 
gland, lung, kidney and other sites (de Pontual et al., 2009). TCF4 expression has 
been found to be absent in human and mouse embryonic heart by some (Murakami 
et al., 2004, de Pontual et al., 2009, Sobrado et al., 2009), but not by other studies 
(Pscherer et al., 1996, Dorflinger et al., 1999). 

In adult tissues, TCF4 has been shown to be expressed in human brain, heart, 
lung, skeletal muscle, gut and placenta (Pscherer et al., 1996, Liu et al., 1998, Liu 
et al., 2004, Meinhardt et al., 2005, de Pontual et al., 2009); in rat brain, heart, 
lung, kidney, liver, skeletal muscle, spleen, testis, prostate and ovary, (Muir et al., 
2006); and in mouse brain, heart, lung, liver, skeletal muscle, mammary gland and 
placenta (Pscherer et al., 1996, Skerjanc et al., 1996, Scott et al., 2000, Itahana et 
al., 2008). Differentially from other E-protein genes, expression of which decreases 
substantially in the adult compared to embryonic mouse nervous system (Neuman 
et al., 1993, Uittenbogaard and Chiaramello, 1999), Tcf4 expression persists in 
adult and aging brain (Soosaar et al., 1994, Uittenbogaard and Chiaramello, 2000, 
Ravanpay and Olson, 2008, Brzozka et al., 2010). In particular, high Tcf4 
expression is sustained in the areas of neuronal plasticity including olfactory bulb, 
cerebral cortex, hippocampus and cerebellum (Soosaar et al., 1994, Dorflinger et 
al., 1999, Brzozka et al., 2010).  

TCF4 gene expression has been found to be regulated during the development 
of various cell lineages suggesting that it influences the balance between cellular 
proliferation and differentiation. However, the direction of regulation appears to 
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depend on cell type. Specifically, upregulation of TCF4 expression has been seen 
upon in vitro differentiation of human neuroblastoma cells (Persson et al., 2000), 
mouse myoblasts (Chen and Lim, 1997) and osteoblasts (Beck et al., 2001). In 
addition, Tcf4 transcript levels in rat Sertoli cells increase during pubertal 
maturation and are maintained high in adults (Muir et al., 2006). In contrast, 
downregulation of Tcf4 expression has been observed in differentiated trophoblasts 
in mouse placenta (Scott et al., 2000) and a decline in TCF4 mRNA and/or protein 
levels has been described upon maturation of mouse B and T cells (Bain et al., 
1993, Wikstrom et al., 2006, Wikstrom et al., 2008) and lineage commitment of 
hematopoietic stem cells (Lemieux et al., 2011). In several cell types including 
mouse mammary epithelial and rat pheochromocytoma cell lines, TCF4 levels 
remain constant during differentiation (Einarson and Chao, 1995, Parrinello et al., 
2001).  

Mechanisms underlying the regulation of cell lineage- and differentiation stage-
dependent TCF4 expression have not been thoroughly elucidated, but it is known 
that TCF4 expression is modulated by multiple signalling pathways and cell 
environmental conditions. For instance, TCF4 mRNA levels are upregulated by 
transforming growth factor-β in human lung cancer cells (Vicent et al., 2008), 
downregulated transiently in response to follicle-stimulating hormone or cAMP in 
rat cultured Sertoli cells (Muir et al., 2006) and reduced 24 hours after global 
ischemia in CA1 subfield of hippocampus in rat (Wigle et al., 1999). Tcf4 
transcript levels are increased in response to agouti signal protein and decreased in 
response to melanocyte stimulating hormone in mouse melanocytes. Accordingly, 
Tcf4 expression is risen during a switch to pheomelanogenesis (production of 
pheomelanin instead of eumelanin) in mouse hair follicles and cultured 
melanocytes (Furumura et al., 2001). Additionally, Tcf4 levels are upregulated in 
hematopoietic common dendritic cell progenitors by FLT3L (fms-related tyrosine 
kinase 3 ligand) mediated signalling and downregulated by GM-CSF (granulocyte-
macrophage colony-stimulating-factor) mediated signalling (Li et al., in press). 
Moreover, TCF4-B transcript levels have been shown to be increased in response 
to CXCR4 (chemokine CXC motif receptor 4) and CXCL12 (chemokine CXC 
motif ligand 12) mediated signalling in human breast cancer cells (Appaiah et al. 
2010) as well as WNT/β-catenin pathway in rat immortalized kidney cells and 
human colon cancer cells (Kolligs et al., 2002, Mologni et al., 2010). The latter, 
together with differential expression of TCF4 alternative transcripts in colorectal 
cancer cell lines and colorectal carcinomas (Herbst et al. 2009A, Herbst et al 
2009B), indicates that the transcription of alternative TCF4 mRNAs can be 
independently regulated. 

Out of the signalling molecules mentioned above, the mode of transcriptional 
regulation of TCF4 has been described in more detail only for FLT3L and WNT/β-
catenin pathways. Namely, STAT3 (signal transducer and activator of transcription 
3) has been demonstrated to activate Tcf4-B promoter in reporter assays and to bind 
a cis-regulatory element in mouse Tcf4-B promoter in vitro and in vivo in response 
to FLT3L-signalling (Li et al., in press). Additionally, in rat and human TCF4-B 
promoters, proximal T-cell factor-binding elements have been identified that play a 
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key role in β-catenin’s ability to activate transcription from TCF4-B promoter in 
reporter assays (Kolligs et al., 2002). Using chromatin immunoprecipitation it has 
been shown that transcription factor TCF7L2 binds to the region containing this 
element at the endogenous human TCF4-B promoter, and recruits co-factors such 
as β-catenin interacting ATPase/DNA helicase RUVBL1/TIP49 (RuvB-like 1/49 
kDa TATA box-binding protein-interacting protein), histone acetyltransferase 
KAT5/TIP60 (K(lysine) acetyltransferase 5/60 kDa Tat-interacting protein) and 
TRRAP (transformation/transcription domain-associated protein) (Feng et al., 
2003).  

Regulation of TCF4 expression at the chromatin-level has been investigated by 
a few studies. Firstly, it has been shown that expression of a dominant negative 
form of RUVBL1 or silencing of RUVBL1 inhibits histone acetylation at TCF4-B 
proximal promoter region and interferes with its expression (Feng et al., 2003). 
Secondly, RNAi-mediated decrease in the levels of REST/NRSF (RE1-silencing 
transcription factor/neuron restrictive silencer factor), a transcription factor that 
maintains repressed chromatin state, increases Tcf4 expression in a neuroblastoma 
cell line (Loe-Mie et al., 2010). Thirdly, TCF4-B expression in primary gastric 
tumours and gastric cancer cell lines correlates with histone acetylation and/or 
unmethylated CpG levels at TCF4-B 5′ exon, and can be upregulated by inhibiting 
histone deacetylation or DNA methylation (Kim et al., 2008, Herbst et al., 2009a). 
TCF4 regulation has been demonstrated to occur also at the level of pre-mRNA 
processing, timing and degree of which is selectively modulated by CBP in 
hematopoietic stem cells (Lemieux et al., 2011). 

MicroRNA-mediated post-transcriptional regulation adds another layer to the 
control of TCF4 mRNA levels and/or translation. TCF4 is an experimentally 
validated target of brain-enriched miR-137 that is implicated in neuron maturation, 
dendritic morphogenesis, adult neurogenesis and schizophrenia (Smrt et al., 2010, 
Szulwach et al., 2010, Ripke et al., 2011, Kwon et al., in press), miR-155 that is 
linked to the regulation of epithelial-mesenchymal transition (Xiang et al., 2011), 
and miR-204, which is involved in apoptosis and stress response (Li et al., 2011a). 
Additionally, TCF4 is predicted to be a target of miR-221 and miR-222 that have 
been shown to participate in cell fate decision of bone marrow-derived dendritic 
cells (Kuipers et al., 2010) and miR-200 family microRNAs that have been 
implicated in the regulation of epithelial-mesenchymal transition (Castilla et al., 
2010). 
 
3.2. TCF4 functions 
 
Homozygous Tcf4 knockout mice die shortly after birth for unknown causes, 
whereas heterozygous knockout mice are viable (Zhuang et al., 1996, Flora et al., 
2007). By analyzing Tcf4+/- Tcf4-/- mosaic mice it has been found that the presence 
of more than 30% of Tcf4 null cells is not compatible with life (Bergqvist et al., 
2000). In addition, reduction of tcf4 expression in zebrafish leads to a general 
developmental delay in embryogenesis (Brockschmidt et al., 2011). Moreover, 
heterozygous mutations in TCF4 in human cause Pitt-Hopkins syndrome (PTHS), a 
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rare disorder characterized by intellectual disability and developmental delay 
(Amiel et al., 2007, Brockschmidt et al., 2007, Zweier et al., 2007). 

The requirement of TCF4 for postnatal survival, its involvement in 
developmental processes and the presence of TCF4 in a variety of tissues suggest 
that it plays important roles in many cell types. Indeed, TCF4 has been implicated 
in the development and functioning of immune system cells (Zhuang et al., 1996, 
Bergqvist et al., 2000, Cisse et al., 2008), neurons (Persson et al., 2000, Flora et al., 
2007), melanocytes (Furumura et al., 2001), skeletal muscle cells (Apone and 
Hauschka, 1995, Skerjanc et al., 1996, Chen and Lim, 1997, Petropoulos and 
Skerjanc, 2000), smooth muscle cells (Dhulipala et al., 2001, Kumar et al., 2003), 
Sertoli cells (Muir et al., 2006), endothelial cells (Tanaka et al., 2009, Tanaka et al., 
2010), mammary gland (Parrinello et al., 2001, Itahana et al., 2008) and placenta 
(Scott et al., 2000, Liu et al., 2004). However, the precise roles of TCF4 in many of 
the above mentioned cell lineages have remained poorly characterized. 
Additionally, the genes regulated by TCF4 in different tissues and cell types are not 
well defined and the only lineage for which TCF4 targets have been systematically 
investigated is the plasmacytoid dendritic cell (Cisse et al., 2008, Ghosh et al., 
2010). Therefore, the accumulated data about TCF4-regulated genes, as 
summarized in Table 2, is fragmented and should not be considered as a 
comprehensive set. In addition, given that TCF4 forms heterodimers with many 
other bHLH factors and interacts with different proteins involved in transcriptional 
regulation (Table 3) in a cell-type-dependent manner, it is estimated that TCF4-
comprising complexes collectively harbour a potential of regulating a large number 
of target genes involving both overlapping as well as unique targets in different 
tissues. The functions of TCF4 in the immune and nervous system as well as its 
roles in the regulation of cell cycle and migration are further described below. 
 
Table 2. TCF4 target-genes. Listed genes meet at least one of the following 
criteria: (i) the promoter or enhancer of a target gene is regulated by TCF4 in 
reporter assays, (ii) ectopic expression or silencing/deleting of TCF4 regulates the 
transcription of a target gene and TCF4 binds to the target gene as determined by 
chromatin immunoprecipitation. TCF4-mediated up- or down-regulation is shown 
with arrows. If necessary, TCF4 isoform and additional partner proteins are 
specified after the arrow. For genes in upper case, there is at least some evidence 
for the regulation of the human gene by TCF4. 
a The promoter or enhancer linked to reporter gene is regulated by TCF4; 
b endogenous gene is regulated by ectopic expression or silencing/deleting TCF4; 
c TCF4 binding to the locus determined by chromatin immunoprecipitation; 
d E-box is implicated in the regulation. 
 
Gene Mode a b c d References 
Transcription regulator activity 
ARID5A ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
ATF3 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
Bcl11a ↑  + +  (Ghosh et al., 2010) 
CBL ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
DPF3 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
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Table 2. Continued      

      

Gene Mode a b c d References 
FOSB ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
ID2 ↓, ↑B + + + + (Neuman et al., 1995, Appaiah et al., 2010, Brzozka 

et al., 2010, Ghosh et al., 2010) 
ID4 ↑ +   + (Pagliuca et al., 1998) 
IRF4 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
IRF7 ↑  + + + (Cisse et al., 2008, Ghosh et al., 2010) 
IRF8 ↑  + + + (Cisse et al., 2008) 
JUNB ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
KDM4C/ 
JMJD2C 

↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 

MITF ↓B + +   (Furumura et al., 2001) 
MYC ↑  + +  (Ghosh et al., 2010, Mologni et al., 2010) 
NFAT5 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
NR2C1 ↑  + +  (Ghosh et al., 2010) 
RBMS1 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
       
RORA ↑  + +  (Cisse et al., 2008, Sobrado et al., 2009, Ghosh et al., 

2010) 
SPIB ↑  + + + (Cisse et al., 2008, Ghosh et al., 2010)  
TGFB1 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
Kinase and kinase regulator activity 
ADPGK ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
AKT1 ↓  + +  (Ghosh et al., 2010, Mologni et al., 2010) 
CCND3 ↑  + +  (Ghosh et al., 2010) 
CDK20/ 
CCRK 

↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 

CDKN1A 
P21/CIP1 

↓, ↑A, B  + + + + (Pagliuca et al., 2000, Cisse et al., 2008, Herbst et 
al., 2009a, Herbst et al., 2009b, Ghosh et al., 2010, 
Deliri et al., 2011) 

CDKN2A 
P16/INK4A 

↑ 
 

+   + (Pagliuca et al., 2000) 

CDKN2B 
P15/INK4B 

↑ 
 

+  + + (Pagliuca et al., 2000, Ghosh et al., 2010) 

Ckm ↓B  
of MYOD1 

+   + (Apone and Hauschka, 1995, Chen and Lim, 1997) 

GMFB ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
MAP3K5 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
MAP3K11 ↑  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
       
NUAK2 ↓  + +  (Ghosh et al., 2010) 
PHLDA1 ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
SGL ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
SPHK1 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
Receptor, channel and transmembrane proteins 
CCR9 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
CD14 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
CD22 ↓  + +  (Ghosh et al., 2010) 
CD27 ↓  + +  (Ghosh et al., 2010, Mologni et al., 2010) 
CLEC4C ↑  + + + (Cisse et al., 2008, Ghosh et al., 2010) 
Dll1 ↑B 

+ASCL1 
+   + (de Pontual et al., 2009) 

FCRLA ↑  + +  (Ghosh et al., 2010) 
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Table 2. Continued   

       
Gene Mode a b c d References 
FGFR4 ↑  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
IGF2R ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
IGLL1/λ5  ↑ +EBF1 +  +  (Sigvardsson, 2000, Ghosh et al., 2010) 
IL2RA ↓B +  +  (Lu et al., 2005) 
ITGA4 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
ITGAX ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
KDR/VEGFR2 ↑B + + +  (Tanaka et al., 2009, Tanaka et al., 2010) 
KISS1R ↑  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
LILRA4 ↑  + + + (Cisse et al., 2008, Ghosh et al., 2010) 
P2RX1/P2X1 ↑B, →A +  + + (Dhulipala et al., 2001, Ghosh et al., 2010) 
PLXNC1 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
PMEPA1/ 
TMEPAI 

↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 

PTCRA ↑  + + + (Cisse et al., 2008, Wikstrom et al., 2008, Ghosh et 
al., 2010) 

SLC2A3 ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
SLC2A9 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
SLC4A1 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
SLC12A1 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
SPINT2 ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
SSTR2 ↑B +  + + (Pscherer et al., 1996, Ghosh et al., 2010) 
TLR7 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
TLR9 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
TMEM176A ↓  + +  (Ghosh et al., 2010) 
Signal, adapter and transport proteins 
ACBD4 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
ANXA2 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
BTRC ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
CARD8 ↓  + +  (Ghosh et al., 2010, Mologni et al., 2010) 
CDC6 ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
CGA ↓B +    (Liu et al., 2004) 
FGF1 ↑, ↓B– + +  + (Liu et al., 1998, Cisse et al., 2008) 
GAB2 ↑  + +  (Ghosh et al., 2010) 
GNAL ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
IGFBP5 ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
NFKBIA ↓  + +  (Ghosh et al., 2010) 
PARD6B ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
PYCARD ↓  + +  (Ghosh et al., 2010, Mologni et al., 2010) 
RGS2 ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
SH3BGRL ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
SLA2 ↑  + +  (Ghosh et al., 2010) 
Tf ↑B +cAMP +    (Muir et al., 2006) 
TNPO1 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
YWHAB ↑  + +  (Ghosh et al., 2010) 
Catalytic activity 
ADAM23 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
ALDH2 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
ASNS ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
CASP10 ↓  + +  (Ghosh et al., 2010, Mologni et al., 2010) 
DNAJB4 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
DNASE1L3 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
DCT ↓A, B + +   (Furumura et al., 2001) 
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Table 2. Continued      

       
Gene Mode a b c d References 
DHFR ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
DNTT ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
EGLN3 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
FBP1 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
GLT25D1 ↓  + +  (Ghosh et al., 2010) 
ISG20 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
IVD ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
LDHB ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
LIAS ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
MTHFR ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
MTMR4 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
OGT ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
PJA2 ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
SQRDL ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
Th ↑ +CUX2  +   + (Yoon and Chikaraishi, 1994) 
TRUB2 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
Tyr ↓A, B + +  + (Furumura et al., 2001) 
Tyrp1 ↓A, B + +  + (Furumura et al., 2001) 
UHRF2 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
Structural proteins 
Acta2 ↑ +    (Kumar et al., 2003) 
ACTC1 ↑A, ↓B  

+MYOD1 
+    (Skerjanc et al., 1996, Petropoulos and Skerjanc, 

2000) 
CAV2 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
EMILIN1 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
FN1 ↑A, B  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
MARCKS ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
SNTB2 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
RNA binding       
MRPL11 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
RPS12 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
SNRPF ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
SRP14 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
ZFP36 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
ZFP36L2 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
Various       
ANKIB1 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
BBS7 ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
BBX ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
CCDC109B ↓  + +  (Ghosh et al., 2010) 
HMHA1 ↓  + +  (Ghosh et al., 2010) 
LETMD1 ↑  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
MID1IP1 ↓  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
MINA ↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 
PSMG2/ 
TNFSF5IP1 

↓  + +  (Cisse et al., 2008, Ghosh et al., 2010) 

USMG5 ↑  + +  (Sobrado et al., 2009, Ghosh et al., 2010) 
Viral       
EBV BZLF1 ↓ +   + (Thomas et al., 2003) 
HIV1 5’LTR ↓B +    (Lu et al., 2005) 
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Table 3. TCF4 interacting proteins. 
a interaction demonstrated in vitro, 
b interaction demonstrated in yeast cells with over-expressed proteins, 
c interaction demonstrated in mammalian cells with over-expressed proteins, 
d interaction demonstrated in mammalian cells between endogenous TCF4 and 
over-expressed (1) or endogenous (2) partner protein. 
 

Protein 
Binding 
region a b c d References 

E-proteins (class I, group A, clade b)  
TCF4/ITF2  bHLH + + +  (Goldfarb and Lewandowska, 1995, Persson et al., 

2000, Murakami et al., 2004, Rual et al., 2005, 
Tanaka et al., 2009) 

TCF12/HEB   +    (Hu et al., 1992, Murakami et al., 2004) 
TCF3/E2A:E47   +    (Murakami et al., 2004) 
Class II, group A, clade a bHLH proteins 
ASCL1/MASH1 bHLH + + +  (Persson et al., 2000, Jogi et al., 2002) 
ASCL3/SGN1 bHLH   +   (Yoshida et al., 2001) 
ATOH1/MATH1  + + +  (Flora et al., 2007) 
HAND1 HLH    +  (Scott et al., 2000) 
HAND2   +    (Jogi et al., 2002, Murakami et al., 2004) 
LYL1    +   (Langlands et al., 1997) 
MSC/ABF1  bHLH  +   (Massari et al., 1998, Rual et al., 2005) 
NEUROD1/BETA2     + 2 (Suzuki et al., 2001, Brzozka et al., 2010) 
NEUROD2/NDRF      2 (Brzozka et al., 2010) 
SCX/SCLERAXIS   +   (Muir et al., 2006) 
TAL1/SCL  HLH 

 
+ + + 1 (Hsu et al., 1994, Goldfarb and Lewandowska, 

1995, Goldfarb et al., 1996, Langlands et al., 1997, 
Goldfarb et al., 1998, Schuh et al., 2005, Goardon 
et al., 2006, Tanaka et al., 2009) 

TAL2   +   (Langlands et al., 1997) 
TCF21/POD1 bHLH + + +  (Miyagishi et al., 2000)  
TWIST1   + +  (Singh and Gramolini, 2009) 
Class II, group A, clade c bHLH proteins 
MYOD1/MYF3 bHLH + + +  (Braun and Arnold, 1991, Goldfarb and 

Lewandowska, 1995, Goldfarb et al., 1996, 
Goldfarb et al., 1998) 

MYOG/MYF4  +    (Braun and Arnold, 1991, Hu et al., 1992) 
MYF5  +    (Braun and Arnold, 1991) 
MYF6  +    (Braun and Arnold, 1991) 
ID proteins (class V, group D, clade b) 
ID1 HLH + + + 2 (Einarson and Chao, 1995, Goldfarb and 

Lewandowska, 1995, Langlands et al., 1997, 
Parrinello et al., 2001, Suzuki et al., 2001, Jogi et 
al., 2002, Liu et al., 2004, Muir et al., 2006, Itahana 
et al., 2008, Tanaka et al., 2010) 

ID2 bHLH + + +  (Goldfarb et al., 1996, Langlands et al., 1997, 
Massari et al., 1998, Suzuki et al., 2001, Jogi et al., 
2002, Liu et al., 2004, Rual et al., 2005, Muir et al., 
2006, Itahana et al., 2008) 

ID3  + + +  (Loveys et al., 1996, Chen and Lim, 1997, 
Langlands et al., 1997, Suzuki et al., 2001, Jogi et 
al., 2002, Rual et al., 2005, Muir et al., 2006) 

ID4    +  (Jogi et al., 2002) 
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Table 3. Continued.  

  

Protein 
Binding 
region a b c d References 

Transcription factors and co-regulators 
CREB1   +   (Muir et al., 2008) 
ATF4/CREB2   +   (Muir et al., 2008) 
GTF2B/TFIIB AD1-2 +    (Pscherer et al., 1996) 
HIVEP2/MIBP1 bHLH +    (Dorflinger et al., 1999) 
RUNX1T1/ETO AD1 + +   (Zhang et al., 2004, Rual et al., 2005) 
EF-hand calcium-binding proteins 
calmodulin basic + +   (Corneliussen et al., 1994, Onions et al., 1997, 

Onions et al., 2000, Larsson et al., 2005, Rual et al., 
2005) 

S100α1 basic +    (Onions et al., 1997) 
S100β basic +    (Onions et al., 1997) 
E3 protein ligases  
PIAS1  523-665  + +  (Kawai-Kowase et al., 2005) 
PIAS2 523-665  +   (Kawai-Kowase et al., 2005) 
TRIM33/TIF1G     1 (Bai et al., 2010) 
Other 
FAM96B    +  (Yang et al., 2011) 
 
 
3.2.1 Involvement of TCF4 in the regulation of cell growth and migration 
 
TCF4 has been linked to the control of cell cycle progression in various 
experimental systems. On the one hand, TCF4 has been shown to inhibit 
proliferation of several human cancer cell lines and endothelial cells (Pagliuca et 
al., 2000, Kim et al., 2008, Herbst et al., 2009a, Herbst et al., 2009b, Tanaka et al., 
2010). Both, promotion of cell death associated with apoptosis and induction of 
cell cycle arrest in G0/G1 phase by TCF4 have been described (Pagliuca et al., 
2000, Herbst et al., 2009a, Herbst et al., 2009b). The mechanisms by which TCF4 
interferes with cell cycle progression may be partially explained by its ability to 
regulate the expression of cyclin-dependent kinase inhibitors CDKN1A/P21cip1, 
CDKN2B/P15INK4B and CDKN2A/P16INK4A (Table 2). On the other hand, it has been 
demonstrated that overexpression of TCF4-B promotes neoplastic transformation 
of an immortalized epithelial cell line (Kolligs et al., 2002). Additionally, TCF4 
supports the expansion of B-cell progenitors (Wikstrom et al., 2006) and 
proliferation of a colon cancer cell line (Mologni et al., 2010). Collectively, the 
paradoxical effects of TCF4 on cell cycle progression may relate to the differences 
in the target genes activated/repressed in different cell types.  

TCF4 has been identified as a regulator of epithelial-mesenchymal transition 
(EMT), a complex process whereby epithelial cells lose their intercellular contacts 
and baso-apical polarity while acquiring a mesenchymal phenotype with a motile 
capacity (Sobrado et al., 2009). Both TCF4-A and -B induce EMT, but are 
dispensable for the maintenance of the EMT induced by themselves or other EMT 
mediators such as SNAI1 (snail homolog 1) or E47. TCF4-A and -B indirectly 
downregulate the expression of cell adhesion protein E-cadherin (CDH1), induce 
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mesenchymal markers N-cadherin (CDH2) and fibronectin (FN), and increase 
expression of several EMT-related genes including SPARC (secreted protein, 
acidic, cysteine-rich) and ZEB1 (zinc finger E-box binding homeobox 1) (Sobrado 
et al., 2009, Xiang et al., 2011 and Table 2). In addition, compared to control 
epithelial cells, clones overexpressing TCF4 display higher migratory ability 
(Sobrado et al., 2009). 

Conversely, migration of gastric cancer cells and endothelial cells has been 
shown to be increased by silencing of TCF4 (Kim et al., 2008, Tanaka et al., 2009). 
Moreover, TCF4 overexpression inhibits endothelial cell migration, network 
formation and proliferation in vitro and angiogenesis in vivo, indicating that TCF4 
is a negative regulator of endothelial cell activation. TCF4-B has been 
demonstrated to directly repress KDR/VEGFR2 (kinase insert domain receptor, 
vascular endothelial growth factor receptor 2) promoter, possibly by binding to an 
imperfect E-box (Tanaka et al., 2010). Activation of VEGFR2 by VEGF (vascular 
endothelial growth factor) plays a central role in angiogenesis. At various stages of 
vascular development KDR/VEGFR2 expression is induced by bone morphogenetic 
proteins (BMPs) at least partly through upregulation of ID1 levels (reviewed in 
Watabe, 2011). It has been demonstrated that ID1 and also TAL1/SCL counteract 
TCF4-mediated repression of VEGFR2 promoter by disrupting DNA-binding of 
TCF4 (Tanaka et al., 2009, Tanaka et al., 2010). Additionally, another BMP-
inducible protein of largely unknown function, FAM96B (family with sequence 
similarity 96, member B), interacts with TCF4, decreases the protein levels of 
TCF4, relieves KDR/VEGFR2 promoter repression and potentiates endothelial cell 
activation (Yang et al., 2011). In sum, these studies reveal a role for TCF4 in the 
regulation of angiogenetic switch as a maintainer of endothelial cell quiescence, 
whereas ID1, TAL1/SCL1 and FAM96B promote endothelial cell activation by 
counteracting TCF4. 
 
3.2.2 Role of TCF4 in the immune system 
 
TCF4 has been implicated in the development of both adaptive and innate immune 
system. By analyzing Tcf4+/- Tcf4-/- mosaic mice it has been found that Tcf4 null 
cells have a developmental disadvantage in populating the spleen and thymus, but 
not many other tissues such as the lung, kidney, skin, liver, cerebral cortex or 
midbrain (Bergqvist et al., 2000). In transfusion experiments with irradiated wild-
type host mice, Tcf4 null fetal liver cells mediate efficient hematopoietic 
reconstitution giving rise to lymphocytes, myeloid cells and most conventional or 
classical dendritic cells (cDCs), but the emergence of plasmacytoid dendritic cells 
(pDCs) is completely blocked (Cisse et al., 2008). Additionally, the role of TCF4 
in lymphocyte development is underscored by the demonstration that Tcf4 
deficiency leads to a partial block in B and T lymphocyte development in mice 
(Zhuang et al., 1996, Bergqvist et al., 2000).  

Although TCF4 is not required for lineage establishment of B lymphocytes, it 
plays a role in the generation of normal numbers of pro-B cells, as supported by the 
following findings: first, B-lineage cells are present in Tcf4 knockout fetuses 
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although the number of fetal liver pro-B cells is approximately half of the wild-
type levels (Zhuang et al., 1996); second, Tcf4 null fetal liver cells can reconstitute 
all B cell subpopulations in irradiated mice, albeit with a reduction in cellularity 
(Wikstrom et al., 2006). Specifically, in the bone marrow of reconstituted mice the 
numbers of Tcf4-/- pro- and pre-B cells are reduced to 50% of the wild-type levels, 
and in the spleen a 30% reduction is seen in the number of follicular B cells, but 
not marginal zone B cells. Additionally, Tcf4 null fetal liver cells have a 
disadvantage to reconstitute B cell compartments when developing together with 
competing wild-type cells and Tcf4-/- cells are underrepresented among B cells in 
the spleen of Tcf4+/- Tcf4-/- mosaic mice, pointing to a role for TCF4 in pro-B cell 
expansion (Bergqvist et al., 2000, Wikstrom et al., 2006). In line with the latter, 
experiments with cultured mouse fetal liver cells have demonstrated that TCF4 is 
required for interleukin-7 responsiveness and optimal expansion of B cells in a 
dose dependent manner (Wikstrom et al., 2006).  

Similar competitive disadvantage has been attributed to Tcf4-/- cells in 
reconstituting T cell compartments in irradiated wild-type mice and contributing to 
T cell populations in spleen and thymus of Tcf4+/- Tcf4-/- mosaic mice (Bergqvist et 
al., 2000, Wikstrom et al., 2008). Using fetal thymus organ culture, it has been 
demonstrated that Tcf4-deficient thymocytes display a dose-dependent partial block 
at the 3rd double negative (CD4- CD8- CD44- CD25+) stage of development 
(Wikstrom et al., 2008). At this stage β-chain of the T cell receptor has undergone 
rearrangement and is paired with the invariant pre-T cell antigen receptor α-chain 
(PTCRA) for β-selection. As a partial cause of the phenotype, Ptcra levels have 
been found to be reduced in the fetal thymi of Tcf4-deficient mice (Wikstrom et al., 
2008).  

It has to be noted that all E-proteins are intimately involved in lymphocyte 
development and there is considerable amount of redundancy in their functions 
(reviewed in Sun, 2004, Murre, 2005, Kee, 2009). The dose of E-proteins rather 
than specific E-protein appears to be important for lymphocyte development 
(Zhuang et al., 1996, Zhuang et al., 1998). Additionally, the major E-box-binding 
proteins in B cells are E47 homodimers and E-box-binding complexes in T cells 
are predominantly composed of TCF3/E2A and TCF12/HEB heterodimers 
(reviewed in de Pooter and Kee, 2010). Therefore, many of the TCF4 functions in 
lymphocyte development described above could at least partially arise from the 
modulation of the DNA-binding pool of other E-protein dimers through 
competitive dimerization with ID proteins. 
 In contrast to the above, TCF4 is a major component of E-box-binding 
complexes in plasmacytoid dendritic cells, an innate immune cell type specialized 
in the production of type I interferons (IFN) in response to viral nucleic acids 
(Cisse et al., 2008). pDCs share common bone marrow progenitors with antigen-
presenting cDCs, but differ from cDCs by their secretory morphology resembling 
plasma B cells (Reizis, 2010). Compared to other thymic and splenic cells, TCF4 
expression is especially high in pDCs in human and mouse (Cisse et al., 2008, 
Nagasawa et al., 2008, Robbins et al., 2008). It has been demonstrated that in 
mouse dendritic cell progenitors Tcf4 expression is upregulated by cytokine FLT3L 
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and STAT3 mediated signalling that supports pDC development, and 
downregulated by GM-CSF mediated signalling that inhibits pDC maturation (Li et 
al., in press). Importantly, as described below, TCF4 is an essential and specific 
transcriptional regulator of pDC development, pDC-mediated interferon response, 
and maintenance of pDC fate. 

Although the bone marrow progenitors in germline Tcf4 knockout mouse 
initiate development towards the pDC cell lineage, they fail to differentiate and 
accumulate as an immature population. Loss of TCF4 abolishes pDC development 
selectively and in a cell-intrinsic fashion since conditional knockout of Tcf4 in the 
adult mouse or specifically in the DC-lineage cells impairs pDC development but 
does not affect the relative content of other major cell types in spleen and bone 
marrow (Cisse et al., 2008, Cervantes-Barragan et al., 2012). Additionally, by 
inducing simultaneous loss of Tcf3/E2a and Tcf12/Heb in adult mice, other E-
proteins have been found to be dispensable for pDC development. Moreover, it has 
been demonstrated that TCF4 hemizygosity in mice and in human patients with 
Pitt-Hopkins syndrome (PTHS) results in impaired development and abnormal 
phenotype of pDCs, indicating that TCF4 is haploinsufficient for pDC 
development and that the role of TCF4 in pDC generation is conserved between 
mice and humans (Cisse et al., 2008). The latter is also supported by the 
demonstration that in cultures of human postnatal thymic progenitors, forced 
expression of TCF4-B stimulates pDC development whereas silencing of TCF4 
impairs pDC generation (Nagasawa et al., 2008). 

In all above mentioned Tcf4 deficient animal models and PTHS patients, lack of 
pDCs is directly linked to eliminated or impaired pDC-dependent interferon 
response to the viral mimetic unmethylated CpG containing DNA (Cisse et al., 
2008, Cervantes-Barragan et al., 2012). This in turn should be reflected in deficits 
in immune responses to viral infections. Indeed, loss of pDCs induced by 
conditional targeting of Tcf4 in mice results in defective protection against mouse 
hepatitis virus, an acute cytopathic virus, and impaired adaptive immune response 
to chronic infection of lymphocytic choriomeningitis virus, a rapidly replicating 
noncytopathic virus (Cervantes-Barragan et al., 2012).  

TCF4 directly controls the expression of multiple genes enriched in pDCs or 
necessary for pDC function as assessed by gene expression profiling in 
heterozygous knockout mice and chromatin immunoprecipitation in a human pDC 
cell line (Cisse et al., 2008, Ghosh et al., 2010 and Table 2). Notably, these include 
genes encoding for a key IFN-inducing factor IRF7 (interferon regulatory factor 7), 
Toll-like receptors TLR7 and TLR9, and pDC-enriched transcription factors SPIB 
and IRF8. In addition, in pDCs TCF4 represses the expression of a number of cDC-
enriched genes and regulates transcription from several genes commonly expressed 
in lymphoid cells. Therefore, TCF4 has been suggested to be responsible for the 
induction of the lymphoid-cell like features of pDCs that differentiates them from 
other innate immune cells such as NK cells and cDCs that depend on E-protein 
inhibition for their development (Reizis, 2010).  

Activation of pDCs by unmethylated CpG containing DNA induces 
downregulation of TCF4 expression, consistent with their differentiation into cDCs 
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(Cisse et al., 2008). Likewise, deletion of Tcf4 from mature peripheral pDCs causes 
their spontaneous differentiation into cells with cDC properties including 
morphology, capacity to activate CD4+ T cells and expression of cDC-associated 
genes (Ghosh et al., 2010). Additionally, reduced TCF4 levels in heterozygous 
knockout mice cause phenotypic conversion of peripheral pDCs. Thus, continuous 
expression of TCF4 is required to maintain pDC cell fate and to prevent 
spontaneous cell fate conversion and eventual loss of pDCs. Intriguingly, a 
subgroup of cDCs that share developmental pathways and similarities in gene 
expression profile with pDCs, are absent from chimeric mice established using 
Tcf4 deficient fetal livers, suggesting that TCF4 may be crucial for other immune 
cell types in addition to pDCs (Bar-On et al., 2010).  
 
3.2.3 Functions of TCF4 in the nervous system 
 
Functioning of neurogenesis initiating proneural bHLH proteins (e.g. AC-S, Atonal 
and Neurogenin families) and bHLH proteins involved in terminal neuronal 
differentiation (e.g. NeuroD family), is dependent on heterodimerization with E-
proteins, including TCF4 (reviewed in Guillemot, 2007). Although E-proteins have 
been suggested to compensate functionally for each other during the development 
of the nervous system (Ravanpay and Olson, 2008), recent evidence points towards 
distinct non-redundant roles carried out by specific E-protein containing 
heterodimers (Flora et al., 2007). Additionally, it has not been ruled out that E-
proteins may participate in neurogenesis independently of heterodimerization with 
other bHLH proteins, e. g. by supporting the migration of precursor cells (Ik Tsen 
Heng and Tan, 2003).  

The described target genes of TCF4 in the nervous system include FGF1 
(fibroblast growth factor 1) (Liu et al., 1998), TH (tyrosine hydroxylase) (Yoon and 
Chikaraishi, 1994) and SSTR2 (somatostatin receptor 2) (Pscherer et al., 1996), but 
given its heterodimerization capability, numerous other genes are most likely 
regulated by TCF4 in the brain. TCF4 has been demonstrated to heterodimerize 
with several HLH proteins that play important roles in the development of the 
nervous system (Einarson and Chao, 1995, Persson et al., 2000, Jogi et al., 2002, 
Flora et al., 2007, Ravanpay and Olson, 2008, Brzozka et al., 2010). These are 
NEUROD1 (neurogenic differentiation 1, alias BETA2), NEUROD2 (alias 
NDRF), ATOH1 (atonal homolog 1, alias MATH1), HAND2 (heart and neural 
crest derivatives expressed transcript 2, alias DHAND), ASCL1, HES1 (hairy and 
enhancer of split 1) and all ID factors (Table 3). The importance of TCF4 in the 
nervous system has been revealed by studies on tcf4 morphant zebrafish, Tcf4 
knockout and transgenic mice, and human patients with Pitt-Hopkins syndrome. 

In zebrafish, reduction of tcf4 expression leads to delayed development of the 
brain and eyes, but does not affect early neural patterning or regionalization of the 
forebrain (Brockschmidt et al., 2011). tcf4 morphant embryos have an enlarged 
rhombencephalic ventricle and their neuronal development is impeded in several 
anatomical areas. The eyes of tcf4 morphants are small and characterized by less 
structured inner nuclear layer of bipolar and amacrine cells, thinner inner plexiform 
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layer (a network of processes between the inner nuclear layer and ganglion cells), 
increased ocular length and a delay in the differentiation of the lens (Brockschmidt 
et al., 2011).  

Neurological phenotypes of Tcf4 null mice have not been characterized in-
depth, but it is known that they have grossly normal brains that do not show any 
evident morphological defect at postnatal day P0 (Zhuang et al., 1996, Flora et al., 
2007). However, the development of ATOH1-dependent neurons of the pontine 
nucleus is selectively and in a dose-dependent manner disrupted in heterozygous 
and homozygous Tcf4 knockout mice due to a delay or interruption in the 
migration of neuronal progenitors in the anterior extramural migratory stream 
(Flora et al., 2007). Tcf4 and other E-protein genes are coexpressed with Atoh1 in 
the embryonic rhombic lip containing a population of neuronal progenitors that 
gives rise to the granule cell layer of the cerebellum, external cuneate nucleus, 
pontine nucleus and lateral reticulate nucleus. Deletion of Tcf4, but not Tcf3/E2a or 
Tcf12/Heb has been demonstrated to cause a differentiation defect only in the 
pontine nucleus, leaving the other ATOH1-dependent structures intact. 
Additionally, ASCL1-dependent progenitors that give rise to locus coeruleus, the 
main noradrenergic structure of the brain, differentiate properly in the absence of 
Tcf4 (Flora et al., 2007). Altogether this reveals an exclusive function for TCF4-
ATOH1 heterodimer in the development of the nervous system, uncovering 
intrinsic molecular differences between E-proteins and illustrating the potential 
complexity of the functions carried out by different TCF4 heterodimers in the 
nervous system. 

To study the potential function of TCF4 in higher-order cognitive processes, 
transgenic mice with mild postnatal Tcf4-B overexpression in the forebrain have 
been produced (Brzozka et al., 2010). These mice have altered circadian expression 
profile of Per2 (period homolog 2), Id2, Neurod1, -2 and -6 in the hippocampus, 
reduced Fos (FBJ murine osteosarcoma viral oncogene homolog) expression in the 
hippocampus and anterior cingulate cortex, and several behavioural deficits 
(Brzozka et al., 2010, Brzozka and Rossner, 2013). First, Tcf4 transgenic mice have 
impaired sensorimotor gating monitored in prepulse inhibition paradigm. Second, 
the transgenic mice show reduced freezing in contextual and cued fear-
conditioning tests in both delay and trace paradigms, suggesting deficient fear-
related learning and memory. Third, these mice have a minor impairment in 
reversal training in Morris water maze indicating slight impairment in cognitive 
flexibility. And fourth, moderate Tcf4 overexpression may lead to altered level of 
anxiety as revealed in open field test performed in dark phase. These observations 
by Brzozka et al. implicate TCF4 in the regulation of cognitive functions and 
circadian processes. 

Heterozygous TCF4 mutations in humans with Pitt-Hopkins syndrome cause 
widespread neurological defects without obvious defects in the anatomical 
structure of the nervous system. This syndrome, as well as other human disorders 
associated with TCF4 is further discussed in the following chapter. 
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3.3. Association of TCF4 with human disorders 
 
TCF4 has been implicated in several illnesses ranging from neurodevelopmental 
disorders to tumorigenesis. Particularly, TCF4 gene is mutated in Pitt-Hopkins 
mental retardation syndrome, its loss contributes to the phenotype of patients with 
chromosome 18q deletions, and variation in TCF4 confers susceptibility for 
schizophrenia, Fuchs’ corneal dystrophy and possibly for bipolar disorder. 
Additionally, TCF4 plays a role in both development and suppression of cancer. 
The underpinnings of these associations are further described below.  
 
3.3.1 Pitt-Hopkins syndrome 
 
Mutations in TCF4 gene cause Pitt-Hopkins syndrome (PTHS; OMIM 610954), a 
rare autosomal dominant disorder characterized by motor and mental retardation, 
typical facial features and breathing anomalies. PTHS was first described already 
in 1978 (Pitt and Hopkins, 1978), but in almost 30 years following the initial study 
only a few patients were reported as possible cases of PTHS (Singh, 1993, Van 
Balkom et al., 1998, Orrico et al., 2001, Peippo et al., 2006). In 2007 the genetic 
cause of PTHS was identified (Amiel et al., 2007, Brockschmidt et al., 2007, 
Zweier et al., 2007) simplifying the diagnosis, and to date more than 130 
genetically confirmed patients have been described (Andrieux et al., 2008, Giurgea 
et al., 2008, Zweier et al., 2008, de Pontual et al., 2009, Rosenfeld et al., 2009, 
Taddeucci et al., 2010, Takano et al., 2010, Hasi et al., 2011, Lehalle et al., 2011, 
Marangi et al., 2011, Takano et al., 2011, Armani et al., 2012, Marangi et al., 2012, 
Need et al., 2012, Takenouchi et al., 2012, Talkowski et al., 2012, Verhulst et al., 
2012, Whalen et al., 2012, Willemsen et al., 2012, Ghosh et al., in press, Maini et 
al., in press, Steinbusch et al., in press). The mutational spectrum of PTHS includes 
frameshift (26% of patients), splice-site (9%), nonsense (14.5%) and missense 
(17.5%) mutations in TCF4, as well as translocations (2%) and large deletions 
encompassing all (21%) or part (10%) of the TCF4 gene. Additionally, three 
patients with milder clinical phenotype than classical PTHS have been 
demonstrated to carry a reading frame extending frameshift mutation, a nonsense 
mutation or a translocation involving TCF4 gene (Kalscheuer et al., 2008, Hamdan 
et al., in press, Steinbusch et al., in press). The PTHS-associated mutations are 
mostly of de novo origin, although three cases have been reported when the 
mutation has been inherited from a mother with somatic mosaicism (de Pontual et 
al., 2009, Steinbusch et al., in press). Apart from one splice site mutation, three 
nonsense and three missense mutations that have been reported recurrently in 
unrelated patients, most of the PTHS-associated mutations are private. Since the 
symptoms of PTHS seem to be similar in patients carrying whole gene deletions or 
point mutations in one TCF4 allele, haploinsufficiency has been proposed as an 
underlying mechanism of PTHS regardless of mutation type. Some support for this 
concept has been provided by two studies that have found the ability of TCF4-B to 
activate E-box-dependent transcription together with ASCL1 to be similarly 
reduced by two different frameshift, two nonsense and three missense mutations in 



36 

TCF4 (Zweier et al., 2007, de Pontual et al., 2009). Additionally, compared to 
controls, TCF4 expression has been shown to be reduced by half in lymphoblastoid 
cell lines from monozygotic twins carrying a balanced TCF4 disrupting 
translocation (Talkowski et al., 2012).  

Nearly all of the PTHS patients have a specific facial appearance that includes 
deep-set eyes, broad nasal bridge, wide mouth with widely spaced teeth, Cupid’s 
bow and/or tented upper lip, everted lower lip and fleshy ears (Zweier et al., 2008, 
Marangi et al., 2011, Whalen et al., 2012). The frequent limb anomalies present in 
more than half of the PTHS patients include long fingers, single palmar crease, 
fetal finger pads and flat feet. Most patients are born after an uneventful pregnancy 
with normal growth parameters. The height and weight of the majority PTHS 
patients is in normal range, although more frequently below than above the average 
(Whalen et al., 2012). All PTHS patients have severe intellectual disability with 
absent language, and impaired motor development with walking delayed or not 
achieved (Van Balkom et al., 2012, Whalen et al., 2012). Eighty per cent of PTHS 
patients have hypotonia, 75% have constipation and 60% have unsteady or ataxic 
gait. Out of the ocular anomalies strabismus is present in 60% and myopia in 55% 
of patients. Fifty-five per cent of PTHS patients have breathing anomalies 
including hyperventilation episodes and apnoea, and 40% of patients have a history 
of seizures (Whalen et al., 2012). The behavioural phenotype of PTHS is 
characterized by impairments in communication and socialization ability, smiling 
appearance (90% of PTHS patients), stereotypic movements (77%), agitation 
(68%), anxiety (57%) and harm to self (52%) (Van Balkom et al., 2012, Whalen et 
al., 2012). The behavioural difficulties of PTHS patients have been found to be 
beyond what would be expected for the low cognitive level, fitting a classification 
of autism spectrum disorder (Van Balkom et al., 2012). The most common 
abnormalities found in cerebral magnetic resonance imaging are agenesis or 
hypoplasia of corpus callosum (40%), ventricular dilatation (31%) and minor 
posterior fossa abnormalities (28%) (Whalen et al., 2012). Additionally, it has been 
suggested that PTHS patients have an increased vulnerability to recurrent 
respiratory tract infections, consistent with low numbers of functional blood 
plasmacytoid dendritic cells and defective interferon response to unmethylated 
DNA (Cisse et al., 2008). 

PTHS-like clinical phenotype can be caused by recessive defects in CNTNAP2 
(contactin associated protein-like 2) and NRXN1 (neurexin 1) genes that belong to 
NRXN gene superfamily and encode neuronal cell–cell interactions-mediating 
transmembrane proteins. However, because of different genetic basis these 
disorders are denoted as Pitt-Hopkins-Like syndromes 1 (OMIM 610042) and 2 
(OMIM 600565), respectively (Zweier et al., 2009). Additionally, PTHS has some 
phenotypical overlap with Angelman syndrome (OMIM 105830), Rett syndrome 
(OMIM 312750), Mowat-Wilson syndrome (OMIM 235730) and X-linked alpha-
thalassemia/mental retardation syndrome (ATR-X; OMIM 301040) (Zweier et al., 
2008, Takano et al., 2010, Marangi et al., 2011, Takano et al., 2011). Intriguingly, 
a patient with developmental delay has been demonstrated to carry a 18q21.2-
18q21.31 duplication that encompasses TCF4 gene (Talkowski et al., 2012). 
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So far, the treatment of PTHS patients has focused on epileptic seizure 
management and habilitation. In addition, valproate and acetazolamide have been 
found to improve PTHS breathing abnormalities (Verhulst et al., 2012, Maini et al., 
in press). 
 
3.3.2 Role of TCF4 in partial hemizygosity of chromosome 18q 
 
Absence of one of the TCF4 alleles can contribute to the phenotype of individuals 
with interstitial or terminal deletions of the long arm of chromosome 18. Partial 
hemizygosity of 18q (18q-) is a relatively common chromosomal segmental 
aneusomy with an estimated frequency of 1 per 40,000 live births. 18q- stands for a 
heterogeneous group of deletions that differ greatly in size and content, and 
therefore give rise to varied clinical features (Cody et al., 2009a, Cody et al., 
2009b, Heard et al., 2009). When a deletion includes the TCF4 gene, many of the 
physical characteristics and the impairment of motor and cognitive development 
are similar to those of PTHS (Gustavsson et al., 1999, Andrieux et al., 2008, Kato 
et al., 2010, Hasi et al., 2011, Stavropoulos et al., 2011, Takenouchi et al., 2012). 
By comparing the TCF4+/− patients with the TCF4+/+ patients in the context of 18q-, 
it has been suggested that for predicting the severity of the physical and mental 
impairment of the individuals with 18q deletions, the presence or absence of TCF4 
is more important than the size of the deletion (Hasi et al., 2011). Particularly, 
hemizygosity of TCF4 has been found to result in the developmental ceiling of 
twelve months of age. The phenotypic components that have been shown to be 
unique to those with TCF4 hemizygosity also include corpus callosum 
abnormalities and higher probability of premature death due to aspiration-related 
complications (Hasi et al., 2011). In addition, individuals with 18q deletions that 
include TCF4 together with two other genes NETO1 (neuropilin- and tolloid-like 
protein 1) and FBXO15 (F-box protein 15), are more likely to exhibit autistic-like 
behaviour (O'Donnell et al., 2010). Conversely, TCF4 hemizygosity is not involved 
in many other common features of 18q- patients e.g. kidney malformation, 
congenital ear deformities, dysmyelination or growth hormone response deficiency 
(Cody et al., 2009b).  
 
3.3.3 TCF4 and genetic anticipation in the major psychoses 
 
The traditional Kraepelinian classification system divides major psychoses of 
adulthood into schizophrenia (SCZ) and bipolar affective disorder (BPAD), 
although this dichotomy is now being gradually replaced by a concept of 
continuum of conditions (Craddock and Owen, 2010). Both SCZ and BPAD have 
severe effects on thought, perception, emotion and behaviour, but are clinically set 
apart based mainly upon whether psychotic or affective symptoms predominate and 
whether the psychosis is of chronic or fleeting nature (Ivleva et al., 2008). SCZ is 
characterized by the occurrence of positive symptoms such as hallucinations, 
delusions and disorganized thoughts; negative symptoms such as affective 
flattening, social withdrawal and lack of motivation; and cognitive symptoms such 
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as poor executive functioning, trouble focusing and decline in working memory. 
On the other hand, BPAD has been principally considered as a mood disorder 
featuring major depressive episodes alternated with phases of mania, with 
cognitive, behavioural and psychotic symptoms worsening at the peaks of the 
stages. According to the World Health Organization SCZ and BPAD are among the 
leading 10 causes of the global burden of disease in the age group of 15-44 year-
olds. Both disorders have a lifetime prevalence of ~1% and estimated heritability of 
~80% (Sullivan et al., 2003, Craddock and Forty, 2006). Research into the genetic 
basis of SCZ and BPAD has provided evidence for an overlap in genetic 
susceptibility across the traditional psychosis categories and for common genetic 
variation as a substantial component to the risk of the disorders involving 
thousands of allelic variants with very small effect (Lichtenstein et al., 2009, 
Moskvina et al., 2009, Purcell et al., 2009).  

Several studies have reported suggestive evidence for genetic anticipation in 
SCZ and BPAD, but there are a number of methodological issues related to 
ascertainment biases and statistical analyses that have rendered the findings 
inconclusive (reviewed in Vincent et al., 2000, Goossens et al., 2001, Fortune et 
al., 2003, O'Donovan et al., 2003). The concept of anticipation refers to earlier age 
at onset or increased disease severity in successive generations. At the molecular 
level this phenomenon could be explained by unstable DNA mutations, for 
example triplet repeat expansions. Indeed, by using a ligase chain reaction based 
method of repeat expansion detection (RED) initial studies found that people with 
BPAD or SCZ carry larger CAG/CTG repeats than controls (Lindblad et al., 1995, 
O'Donovan et al., 1995). This finding was confirmed by several but not all of the 
following studies (reviewed in Vincent et al., 2000, O'Donovan et al., 2003).  

A substantial portion (7-19%) of the extended repeats detected by RED map to 
an intron of TCF4 gene (Lindblad et al., 1998, Guy et al., 1999, Verheyen et al., 
1999). The CTG repeat length in this locus is highly polymorphic with the 
heterozygosity of 84% (Breschel et al., 1997). Alleles ranging from 10-37 repeats 
are common and considered stable, whereas expanded alleles of more than 53 
repeats are unstable (Breschel et al., 1997). The control frequency of 3-7% has 
been observed for the TCF4 alleles with >40 repeat sequences (McInnis et al., 
2000, Del-Favero et al., 2002). The association between alleles with more than 40 
repeats and BPAD was found in an early study (Lindblad et al., 1998), but was not 
replicated in many of the following (reviewed in Goossens et al., 2001, O'Donovan 
et al., 2003). In a later study that used the largest sample size of more than 400 
European cases and controls, modest evidence for association was seen after 
stratification for first degree family history and disease severity (Del-Favero et al., 
2002). Additionally, TCF4 alleles with expanded repeats have been found to 
segregate with BPAD in one family that shows genetic anticipation (Pato et al., 
2000). In case of SCZ, most studies have found no association with TCF4 alleles 
carrying expanded CTG repeats (Vincent et al., 1999, Bowen et al., 2000, McInnis 
et al., 2000, Ayton et al., 2002), though one study suggested a link between the 
expansion and childhood-onset SCZ in males (Burgess et al., 1998). 
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Altogether, although some evidence exists for association of the extended CTG 
repeats in TCF4 with BPAD, it has not yet been convincingly demonstrated. Given 
the complex inheritance pattern of the major psychoses and small risks conferred 
by individual variants, it remains possible that the performed studies suffer from 
lack of power due to insufficient subject numbers. Of note, a recent copy number 
variation analysis identified a duplication of 3´ part of the TCF4 gene in a patient 
with major depressive disorder (Ye et al., 2012), supporting the potential link 
between TCF4 and mood disorders. 
 
3.3.4 Association of TCF4 with schizophrenia 
 
Recent genome-wide association (GWA) studies with the sample sizes in the order 
of tens of thousands have shown that common variants at TCF4 locus are among 
the most prominent susceptibility factors for schizophrenia (Stefansson et al., 2009, 
Ripke et al., 2011, Steinberg et al., 2011). GWA studies are a potentially powerful 
approach for identification of common risk factors of complex polygenic diseases, 
but have so far ascertained only 11 SCZ-associated loci, variants in which have 
surpassed the level of genome-wide significance (Stefansson et al., 2009, Ripke et 
al., 2011, Steinberg et al., 2011, Williams et al., 2011b, Yue et al., 2011). Notably, 
these include the extended MHC (major histocompatibility complex), miR-137 
(microRNA 137) and TCF4 loci.  

In TCF4 locus, four SCZ-associated single nucleotide polymorphisms (SNPs) 
have been identified by GWA studies in different European-ancestry populations – 
rs9960767 and rs17512836 in TCF4 intronic sequence have odds ratios of 1.20 and 
the risk allele control frequencies are 6% and 2%, respectively; rs4309482 and 
rs12966547 located ~140 kb downstream of TCF4 gene have odds ratios of 1.09 
and the risk allele control frequencies are 60% (Stefansson et al., 2009, Ripke et 
al., 2011, Steinberg et al., 2011). The association of the intronic SNP rs9960767 is 
further supported by the finding that a neighbouring SNP rs2958182, which is in 
complete linkage disequilibrium with rs9960767, confers risk of schizophrenia in 
the population of Han Chinese (odds ratio 0.78, Li et al., 2010). The importance of 
the region downstream of TCF4 encompassing rs4309482 and rs12966547 is 
highlighted by the demonstration that the same region contains the breakpoint of a 
pericentric inversion inv(18)(p11.31;q21.2) occurring in a Scottish family in which 
carriers have been diagnosed with SCZ and severe learning disability (Pickard et 
al., 2005). Additionally, TCF4 has been suggested to be a target of another 
schizophrenia-associated gene that encodes miR-137 (Ripke et al., 2011, Kwon et 
al., in press). 

It has not been established yet whether there is a correlation between SCZ-
associated TCF4 variants and TCF4 expression. On the one hand, TCF4 expression 
in post-mortem adult cortex has been found not to be influenced by the SCZ-
associated intronic SNP rs9960767 (Williams et al., 2011a). On the other hand, 
several lines of evidence suggest that TCF4 expression is influenced by genetic 
variation in cis and altered in SCZ. First, allelic expression imbalance at TCF4 
exonic SNP rs8766 has been demonstrated in different brain regions (Buonocore et 
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al., 2010), and TCF4 transcript levels in frontal cortex and thalamus have been 
found to be associated with three SNPs in TCF4 introns and 3´ UTR (Kim et al., 
2012). This collectively indicates that cis-regulatory variation in TCF4 exists. 
Second, compared to the control levels, TCF4 mRNA expression has been found to 
be increased by ~50% in post-mortem adult cerebellar cortices of SCZ patients 
(Mudge et al., 2008), by ~2% in the blood of psychosis patients (Wirgenes et al., 
2012), and by 2.8-fold in induced pluripotent stem cells-derived neurons of SCZ 
patients (Brennand et al., 2011). Additionally, treatment of mice with 
phencyclidine, an inducer of SCZ-like symptoms, leads to increased Tcf4 
expression in the nucleus accumbens (Le-Niculescu et al., 2007, Ayalew et al., 
2012). Conversely, decreased TCF4 mRNA levels in blood have been connected to 
high delusion state in patients with SCZ or related disorders (Kurian et al., 2011), 
and ~20% decrease in TCF4 mRNA expression has been reported in the blood of 
SCZ patients compared to controls (Navarrete et al., in press).  

Despite that the mechanisms underpinning the association of TCF4 risk variants 
with SCZ have remained unclear, the SNPs have been demonstrated to have 
different effects on several endophenotypes of SCZ – impaired sensorimotor 
gating, sensory gating, verbal fluency and verbal declarative memory (VDM). 
First, among both patients and healthy individuals the carriers of the rs9960767 
risk allele have decreased prepulse inhibition (PPI) of the acoustic startle response 
(Quednow et al., 2011). Moreover, the association of rs9960767 genotype with PPI 
levels is stronger (odds ratio 4.81 using criterion of 1 SD below normal for 
decreased PPI) than association with SCZ per se (Quednow et al., 2011). Second, 
auditory sensory gating is reduced in carriers of the risk alleles of intronic SNPs 
rs9960767 and rs17512836, especially among heavy smokers, as measured by P50 
suppression in paired click paradigm in healthy subjects (Quednow et al., 2012). 
The odds ratios using criterion of 1 SD below normal for decreased P50 
suppression are 1.8-1.9 in total population and 3.2-5.5 among heavy smokers 
(Quednow et al., 2012). Third, the risk variants at rs12966547 and rs4309482 
downstream of TCF4 have been shown to be associated with poorer verbal fluency 
in the combined sample of psychosis patients and controls (Wirgenes et al., 2012). 
And fourth, there is a significant association with better performance in recognition 
and a trend toward higher performance in delayed recall in a test for VDM in SCZ 
patients carrying the rs9960767 risk allele (Lennertz et al., 2011). Although 
elevated risk for SCZ appears not to be conferred by rs9960767-mediated VDM 
impairment, the results of Lennertz et al. 2011 suggest a role for TCF4 in learning 
and memory.  
 
3.3.5 Association of TCF4 with Fuchs’ endothelial corneal dystrophy 
 
Fuchs’ endothelial corneal dystrophy (FECD; MIM 136800) is a slowly 
progressive degenerative disorder of the corneal endothelium (CEn) that affects 4-
11% of the population over the age of 40 years (Klintworth, 2009, Thalamuthu et 
al., 2011, Eghrari et al., 2012). CEn localized at the posterior corneal surface of the 
eye consists of a monolayer of non-dividing hexagonal cells, developmentally 
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derived from the neural crest (Hayashi et al., 1986). CEn secretes collagen that 
forms basal lamina termed Descemet’s membrane, draws water from the corneal 
stroma to maintain it in slightly dehydrated state that is required for optical 
transparency, and allows nutrients to enter the stroma that lacks blood vessels 
(reviewed in Bourne, 2003). FECD is characterized by decrease in CEn cell density 
and presence of outgrowths of Descemet’s membrane called guttae. Oxidative 
stress leading to apoptosis of CEn cells has been suggested to play a key role in 
FECD pathogenesis (Elhalis et al., 2010, Jurkunas et al., 2010). The disorder 
results in corneal edema with a loss of corneal clarity, painful episodes of corneal 
erosions, loss of visual acuity and blindness (reviewed in Klintworth, 2009, Elhalis 
et al., 2010, Schmedt et al., 2012). At present, corneal transplantation using post 
mortem donor tissue is the only definitive treatment for FECD (Schmedt et al., 
2012). 

FECD heritability has been estimated to be almost 40% (Louttit et al., 2012). 
The disease has a female predominance at a 2.5-3:1 ratio and can be divided into 
familial early-onset and familial or sporadic late-onset variants (Kannabiran, 2009, 
Elhalis et al., 2010, Schmedt et al., 2012). The rare early-onset FECD starts at first 
decade of life and some cases have been found to be caused by mutations in 
COL8A2 (collagen 8 alpha 2) gene, whereas the more common late-onset FECD 
begins in the fifth decade of life. A variety of SNPs in TCF4 locus have been found 
to be associated with late-onset FECD of sporadic type. An exceptionally strong 
association of genome-wide significance was identified for intronic SNP rs613872 
by GWA study in a relatively small discovery group of less than 500 cases and 
controls (Baratz et al., 2010) and replicated by several independent studies in 
different European ancestry populations (Li et al., 2011b, Riazuddin et al., 2011, 
Eghrari et al., 2012, Igo et al., 2012, Kuot et al., 2012, Stamler et al., in press). 
Rs613872 has an odds ratio of ~4-5.5 and the risk allele frequency is 20%. Besides 
rs613872, 4 more intronic SNPs in TCF4 (rs618869, rs581653, rs17089887, 
rs17595731) and 3 upstream SNPs (rs2286812, rs9954153, rs17089925) have been 
found to be associated with sporadic FECD in European ancestry or Chinese 
populations, indicating that multiple independent TCF4 haplotypes confer FECD 
susceptibility (Baratz et al., 2010, Riazuddin et al., 2011, Thalamuthu et al., 2011, 
Kuot et al., 2012). 

Familial late-onset FECD has been mapped to several loci by linkage studies 
(Elhalis et al., 2010), the most common of these loci, FCD2 located at 18q21.2-
21.3, includes the TCF4 gene (Sundin et al., 2006, Li et al., 2011b). Although the 
risk allele of rs613872 was found not to co-segregate with the disease-phenotype in 
three FCD2-linked families (Riazuddin et al., 2011) and a missense change in 
LOXHD1 (lipoxygenase homology domains 1) was identified as a responsible 
variant in one of the FCD2-linked families (Riazuddin et al., 2012), further 
research is needed to ascertain the possible role of TCF4 variants in familial FECD. 

The pathogenic mechanisms underlying the involvement of TCF4 in FECD 
have not been elucidated. Studies in healthy young adults have shown that the 
rs613872 risk allele is not associated with CEn cell density (Mackey et al., 2012). 
It has been proposed that rs613872 affects disease progression with the minor allele 
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acting as a promoting and/or the major allele representing a protecting factor for a 
shift from subclinical to clinical disease (Eghrari et al., 2012). Interestingly, TCF4 
is known to upregulate ZEB1 (Sobrado et al., 2009), mutations in which are also a 
rare cause of sporadic and familial late-onset FECD (Mehta et al., 2008, Riazuddin 
et al., 2010), and both TCF4 and ZEB1 are implicated in the regulation of EMT by 
repressing E-cadherin expression (Grooteclaes and Frisch, 2000, Eger et al., 2005, 
Sobrado et al., 2009). Therefore, a common pathway relevant to the FECD 
pathogenesis has been suggested, possibly involving impaired migration of corneal 
stem cells or increased production of extracellular matrix by CEn cells (Wright and 
Dhillon, 2010). 
 
3.3.6 TCF4 and tumorigenesis 
 
As explicated in previous sections, TCF4 has been implicated in the regulation of 
many normal cellular processes that are frequently misregulated in cancer 
progression, e.g. cell cycling, EMT and angiogenesis. The controversial 
consequences of TCF4 on cell cycle progression parallel its opposite effects on 
tumorigenesis reported by different studies that have found TCF4 to participate in 
the relay of metastatic, oncogenic or tumour suppressing signals.  

Support for a potential role of TCF4 in metastasis comes from studies that have 
identified TCF4 as a potent EMT inducer in epithelial cells (Sobrado et al., 2009) 
and as one of the factors mediating high metastatic activity in mouse xenograft 
models (Vicent et al., 2008, Appaiah et al., 2010). Particularly, TCF4 in 
combination with PRKD3 (protein kinase D3) and SUSD5 (sushi domain 
containing 5) or MCAM (melanoma cell adhesion molecule) has been 
demonstrated to increase bone colonization activity of lung large cell carcinoma 
cells by enhancing tumour-induced osteoclastic bone resorption and 
metalloproteolytic activity at tumour-host interface without affecting tumour 
growth or cell homing to bone (Vicent et al., 2008). Increased TCF4 expression has 
been reported in invasive cervical carcinoma cell lines compared to non-invasive 
ones (Sobrado et al., 2009), in subset of breast cancer cell lines with mesenchymal 
traits (Blick et al., 2008), and in the endometrial carcinosarcomas’ mesenchymal 
component compared to epithelial component (Castilla et al., 2010). Additionally, 
in transplantation experiments Tcf4 levels have been demonstrated to be 
upregulated in mouse mammary tumour cells recovered from lung metastasis 
compared to cells recovered from primary tumour (Xiang et al., 2011) and 
silencing of TCF4 in a CXCR4-enriched subpopulation of breast cancer cells has 
been found to reduce the capacity of these cells to form metastases in the lung 
(Appaiah et al., 2010). 

The indication that TCF4 acts as an oncogenic transcription factor arises from 
the finding that TCF4-B is a downstream target of WNT/β-catenin signalling 
pathway (Kolligs et al., 2002) mutational defects in which have been detected in 
many cancers (reviewed in Polakis, 2000). Remarkably, it has been demonstrated 
that overexpression of TCF4-B enhances tumour growth of a specific subsets of 
breast cancer cells (Appaiah et al., 2010). Additionally, combined silencing of 
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TCF4 and β-catenin has been reported to induce apoptosis of colorectal cancer 
cells and regression of bulky tumours in nude mice (Mologni et al., 2010). Studies 
on human malignancies have revealed that TCF4 expression is upregulated in 
primary ovarian endometroid adenocarcinomas with defective β-catenin signalling 
(Kolligs et al., 2002, Zhai et al., 2002). Moreover, high TCF4 expression has been 
found to correlate with lower overall survival in lung squamous cell carcinoma 
(Cano and Portillo, 2010) and in estrogen receptor negative breast cancer (Appaiah 
et al., 2010).  

In contrast to the above, several lines of evidence support the notion that TCF4 
acts as a tumour suppressor gene. Downregulation of TCF4 expression has been 
reported in colon and gastric cancer cell lines (Kim et al., 2008, Herbst et al., 
2009a), colorectal carcinomas (Herbst et al., 2009a, Herbst et al., 2009b) and 
gastric cancers (Kim et al., 2008). The underlying mechanisms involve TCF4 
allelic loss and histone deacetylation in case of colorectal cancers (Herbst et al., 
2009a, Herbst et al., 2009b) or CpG hypermethylation and histone deacetylation at 
a TCF4 5' exon in case of gastric tumours (Kim et al., 2008, Joo et al., 2010). Since 
TCF4-B expression is low in normal intestinal epithelium, increased in colorectal 
adenomas but lost in carcinomas, a model has been proposed according to which 
TCF4 is upregulated in early stages of carcinogenesis but is selected against in later 
stages to allow cancer progression (Herbst et al., 2009a). Thus, the effect of TCF4 
depends to a large extent on cellular context and the question as to how TCF4 can 
function as an oncogene and a tumour suppressor gene requires further 
investigation. 
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AIMS OF THE STUDY 
 
Although the existence of multiple TCF4 transcripts has been demonstrated, 
systematic analysis of human TCF4 gene structure and alternative TCF4 isoforms 
has not been performed. Additionally, TCF4 has been associated with several 
neurodevelopmental disorders, yet the functions of TCF4 in neurons have remained 
poorly described. Lastly, haploinsufficiency of TCF4 has been proposed as an 
underlying mechanism for Pitt-Hopkins syndrome regardless of specific mutation, 
but extensive functional analyses to validate this concept are lacking. Thus, the 
aims of the current study were to:  
 

(i) characterize human TCF4 gene structure and TCF4 expression at 
mRNA and protein level; 
 

(ii) study the functional characteristics and regulation of alternative TCF4 
isoforms in non-neural cells and neurons; 

 
(iii) determine the impact of PTHS-associated mutations on TCF4 

functions. 
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MATERIALS AND METHODS 
 
 
Experimental procedures used in the current study are described in the original 
papers as indicated. The methods regarding the additional data not included in the 
papers are explicated in what follows. 
 

• Bioinformatic analyses of gene, mRNA and protein sequences (I-III) 
• Comparative modelling of protein structures (II) 
• Ribonuclease protection assay (I) 
• RNA isolation, reverse transcription and polymerase chain reaction (I-II) 
• In situ hybridization (I) 
• Recombinant DNA construction and site directed mutagenesis (I-III) 
• In vitro translation (I-III) 
• Electrophoretic mobility shift assay (II-III) 
• Culturing of immortalized mammalian cells and rat primary neurons (I-III) 
• Transfection of mammalian cells (I-III) 
• Subcellular fractionation (II) 
• Preparation of cell lysates and western blotting (I-III) 
• Isoelectric focusing of proteins (III) 
• Cyto- and histochemical immunostaining (I-III) 
• Reporter assays (I-III)  
• Immunoprecipitation and in vitro kinase assay (III) 

 
 
Immunocytochemical analysis of TCF4 in rat primary neurons 
Neurons were cultured on poly-l-lysine coated coverslips and transfected as 
described in studies II-III. In case of siRNA co-transfections 5 pmol siRNA and 
0.25 μg pEGFP-C1 (Clontech) were used per well of a 48-well plate. 
Immunocytochemistry was performed according to the described protocols (I-II) 
using antibodies specific for TCF4 (1:200, CeMines), V5 (1:2000, Sigma-Aldrich), 
tubulin III (1:2000, Chemicon) and mouse/rabbit IgG conjugated with Alexa 405, 
488, 546 or 568 (1:2000, Molecular Probes). If necessary, DNA was stained with 
DRAQ5 (1:5000, Biostatus Limited). Samples were mounted in ProLong Gold 
antifade reagent with or without DAPI (Molecular Probes) and analysed by 
confocal microscopy (LSM Duo, Zeiss). 
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RESULTS AND DISCUSSION 
 

1. Structure of human TCF4 gene (I) 
 
Human gene for the transcription factor TCF4 is located on chromosome 18q21.2 
and spans 437 kbs. In publication I, we demonstrated that it is transcribed using 21 
mutually exclusive 5′ initial exons, many of which contain more than one 
transcription start sites and/or splice donor sites. These 5′ exons are located at 
various positions in the gene interspersed with internal exons 1–9, followed by 
constitutive internal exons 10–20 and 3′ exon 21. We designated TCF4 5′ exons 
with a lowercase letter preceded by a number that shows the following internal 
exon in the gene (e.g. 1a), and named TCF4 transcripts according to the initial exon 
they contain. Usage of alternative 5′ exons gives rise to TCF4 transcripts 
containing different number of internal exons and potentially encoding for TCF4 
protein isoforms with 18 different N-termini. We named the isoforms TCF4-A – 
TCF4-R in agreement with the previous studies that have described three N-
terminally distinct isoforms, i.e. TCF4-A, -B and -D (Corneliussen et al., 1991, 
Skerjanc et al., 1996).  

Apart from differences in the N-termini, the number of TCF4 isoforms is 
increased by in-frame alternative splicing of internal exons. First, simultaneous 
skipping of cassette exons 8 and 9 gives rise to TCF4 Δ isoforms, as opposed to 
full-length isoforms that contain the amino acids coded by exons 8–9. Second, 
according to our and several previous studies (Corneliussen et al., 1991, Yoon and 
Chikaraishi, 1994, Skerjanc et al., 1996, Liu et al., 1998) there are two alternative 
splice donor sites at exon 18 that enable to splice in or out a 12 bps sequence 
encoding amino acid sequence RSRS present in + isoforms and absent in − 
isoforms. Third, exons 8 and 15 contain two alternative splice acceptor sites that 
lead to optional inclusion of the first three nucleotides (CAG) of an exon in mRNA 
and a glutamine or alanine residue, respectively, in the corresponding position in 
protein sequence.  

There are several differences between the alternative TCF4 isoforms that can 
potentially lead to their functional divergence. The majority of TCF4 isoforms have 
a stretch of unique amino acids in their N-termini and the whole aminoterminal 
transactivation domain AD1 (coded by exons 3–6) is present only in isoforms with 
the longest N-termini such as TCF4-J, -K, -L and TCF4-B. The full-length DES 
region (coded by exons 6-11) is present in most isoforms except in the isoforms 
with the shortest N-termini, TCF4-D, -G, -H, -A and –I. Additionally, the CE part 
of the DES sequence is absent from the Δ isoforms. The RSRS insert is located in 
the calmodulin interacting region, opening a possibility that + and − isoforms could 
be differentially regulated by Ca2+ signalling. All TCF4 isoforms contain 
transactivation domain AD2 (coded by exons 14–16), Rep region (coded by exon 
18) and the bHLH domain (coded by exon 19). 
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2. TCF4 mRNA and protein expression (I) 
 
To determine the abundance of mRNAs initiated at different positions within the 
TCF4 gene we used ribonuclease protection assays. Relatively similar levels of 
transcripts containing different number of internal exons were detected in human 
cerebellum and muscle, indicating that transcription initiation at alternative sites 
within the TCF4 gene is common. 

We studied the usage of different 5′ exons in a variety of human tissues and 
brain regions by reverse transcription polymerase chain reaction. Most alternative 
5′ exons containing transcripts were broadly expressed. Nevertheless, expression of 
transcripts containing 5′ exons 1a, 1b, 3a and 5c was detected only in a few tissues 
including testis and prostate. These exons originate from exonization of different 
transposable elements (TEs) or are located immediately behind a TE in the human 
genome. In accordance with the restricted expression of TE-dependent TCF4 
transcripts, TEs are known to be transcriptionally silenced in most mammalian 
tissues as a defense mechanism against potentially deleterious effects of their 
activity (Yoder et al., 1997, Zamudio and Bourc'his, 2010). The examination of 
mRNA levels of alternatively spliced TCF4 transcripts in human tissues revealed 
that inclusion of exons 8-9 was prevalent and skipping of exons 8-9 a rare event in 
most tissues analysed and that the levels of transcripts containing or lacking the 
extra 12 bps of exon 18 were roughly equal in most tissues analysed. 

To compare TCF4 expression levels in different human tissues, we performed 
quantitative PCR with three pairs of primers designed to amplify all TCF4 
transcripts and determined the levels of four house-keeping genes for 
normalization. TCF4 mRNA levels in the studied 23 tissues varied by two orders of 
magnitude. We detected the highest TCF4 mRNA levels in fetal brain and adult 
cerebellum, the levels were high also in adult cerebral cortex, spleen, uterus, lung, 
thymus and placenta. The lowest quantities of TCF4 transcripts were present in 
fetal liver, and adult pancreas and colon. In situ hybridization experiments on 
sections from adult human hippocampus and cerebellum demonstrated that TCF4 
mRNA is expressed in hippocampal neurons in dentate gyrus and CA1-CA3 
regions, neurons of subiculum and parahippocampal gyrus of the cortex, and 
cerebellar granule neurons. 

We studied the expression of endogenous TCF4 protein isoforms in different 
human tissue extracts by western blotting with TCF4-specific antibodies that 
recognize an epitope present in all described TCF4 isoforms. We validated the 
specificity of the TCF4 antibodies using a RNAi based approach in Neuro2A 
mouse neuroblastoma cells. By analysing extracts from human brain, lung, liver, 
kidney, muscle and testis we detected three prominent bands that were assigned as 
high, medium and low molecular weight (Mw) TCF4. In extracts of frontal cortex, 
hippocampus and cerebellum low Mw TCF4 was the major form, the levels of high 
or medium Mw TCF4 were elevated relative to other forms of TCF4 in testis or 
lung, respectively. Comparisons to individual TCF4 isoforms, produced using 
cloned coding regions of isoforms TCF4-A – TCF4-I, allowed us to make the 
following conclusions about the nature of the three bands in human tissue extracts: 
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the high Mw TCF4 fractionates similarly to TCF4-B and -C, the medium Mw 
TCF4 similarly to TCF4-D, and low Mw TCF4 to TCF4-A and TCF4-H. 

Collectively our analyses corroborated the concept of TCF4 being a ubiquitous 
transcription factor. However, the levels of TCF4 transcripts and the ratio of 
different TCF4 protein isoforms vary considerably between tissues. The highest 
TCF4 mRNA levels are present in fetal brain, but expression remains elevated also 
in adult brain where we detected TCF4 mRNA in neurons. These findings are 
consistent with earlier studies that have demonstrated TCF4 expression in human 
or rodent nervous system (Soosaar et al., 1994, Chiaramello et al., 1995, Pscherer 
et al., 1996, Skerjanc et al., 1996, Uittenbogaard and Chiaramello, 2000, de Pontual 
et al., 2009, Brzozka et al., 2010). Given that a translocation involving 9 upper 5´ 
exons of TCF4 has been described in a patient with mental retardation (Kalscheuer 
et al., 2008), and transgenic mice with mild overexpression of Tcf4 in forebrain 
display deficits in fear conditioning and sensorimotor gating (Brzozka et al., 2010), 
it is evident that a narrow range of TCF4 protein activity is compatible with correct 
brain development and functioning. Since TCF4 acts as a central hub in the 
dimerization network of bHLH proteins in the central nervous system, it is likely 
that even slight changes in its levels can transform the balance in the system. All 
this substantiates the complex structure and the high number of 5′ exons in TCF4 
gene as these probably enable precise spatiotemporal regulation of TCF4 
expression. 
 

3. TCF4 subcellular localization (I and unpublished) 
 
To gain insight into possible functional variation among the alternative TCF4 
isoforms we investigated the intracellular localization of over-expressed TCF4 
proteins in HEK293 cells using confocal microscopy. By comparing the 
distribution of different TCF4 isoforms, and by analyzing mutated and EGFP-fused 
TCF4 proteins we discovered in the region coded by exons 8–9 a bipartite NLS that 
was able to direct nuclear transport when fused to EGFP. The NLS is responsible 
for nuclear localization of TCF4 isoforms with longer N-termini. It is conserved 
among E-proteins and mutating the second half of the NLS has been demonstrated 
to reduce nuclear import of TCF3/E2A (Lingbeck et al., 2005). Of note, the NLS 
partially overlaps with the CE sequence implicated in transcriptional repression 
(Herbst and Kolligs, 2008). TCF4 isoforms with shorter N-termini (TCF4-A, -H 
and -I) and Δ isoforms do not contain the NLS. According to our results from 
redirection assays with NLS- or NES-bearing TCF4 heterodimerization partners, 
the NLS-lacking TCF4 proteins are transported between the nucleus and cytoplasm 
by a piggy-back mechanism that is dependent on the integrity of the HLH domain. 
When TCF4 isoforms were over-expressed in HEK293 cells, the NLS-bearing full-
length isoforms with longer N-termini (TCF4-B+, -B−, -C−, -D−, -E−, -F− and -G−) 
were restricted to cell nucleus whereas NLS-lacking shorter isoforms (TCF4-A−, -
H− and -I−) and Δ isoforms (TCF4-BΔ+, -BΔ− and -CΔ−) localized to the nucleus 
and cytoplasm. The nuclear import of the latter was likely mediated by endogenous 
NLS-bearing bHLH proteins that heterodimerize with TCF4. Comparable patterns 
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of distribution were observed when TCF4 isoforms were expressed in rat primary 
cortical and hippocampal neurons (Figure 2A). Additionally, the identified NLS in 
TCF4 was able to mediate nuclear transport of EGFP protein and structural 
integrity of the HLH was required for nuclear entry of EGFP-bHLH fusion protein 
in rat primary neurons (Figure 2B). Taken together, our results demonstrate that the 
intracellular localization of TCF4 is controlled in a similar manner in different cell 
types, but the distribution of TCF4 isoforms is differentially regulated depending 
on the presence or absence of the NLS. This in turn may have an effect on the 
stability, selection of dimerization partners, and ultimately the target genes of the 
alternative TCF4 isoforms. Our data are in accordance with previous studies 
demonstrating that nuclear localization for HLH complexes is a dominant process 
requiring only a single NLS per complex (Goldfarb and Lewandowska, 1994, Deed 
et al., 1996).  

Examination of the intracellular distribution of endogenous TCF4 in human 
hippocampus and cerebellum by immunohistochemical staining using TCF4 
antibodies revealed that TCF4-like signal was mainly in the nuclei but also in the 
cytoplasm of neurons. To demonstrate the specificity of the immunostaining 
achieved with TCF4 antibodies we studied the effect of Tcf4 silencing on the signal 
intensity in rat primary cortical and hippocampal neurons. The siRNA transfected 
neurons were identified by the signal of EGFP produced from a co-transfected 
DNA vector. In mock and scrambled siRNA transfected neurons we detected most 
of the TCF4 signal in the nuclei, whereas in neurons transfected with Tcf4-specific 
siRNAs the nuclear staining was severely reduced (Figure 2C). This validates the 
specificity of the nuclear signal achieved with TCF4 antibodies in neurons. 
Considering the predominance of NLS-lacking low Mw TCF4 isoforms in brain 
tissue and mainly nuclear localization of TCF4 in neurons in human tissue slices 
and rat primary cultures, we suggest that most of endogenous TCF4 in neurons is 
heterodimerized with NLS-containing bHLH partners. Previously, distribution of 
endogenous TCF4 has been studied only in human placental tissue, where TCF4-
like signal was detected in the cytoplasm of trophoblasts and endothelial cells; 
however, the specificity of the antibodies used was not ascertained (Liu et al., 
2004). 
 

4. Differential capacity of TCF4 isoforms to activate 
transcription (I and III) 

 
E-proteins function as transcription activators or repressors (Murre, 2005). To 
study the transcription regulatory activity of alternative TCF4 isoforms we carried 
out reporter assays in HEK293 cells (paper I) and rat primary cortical and 
hippocampal neurons (paper III) using firefly luciferase constructs carrying tandem 
µE5 (CACCTG) E-boxes (Henthorn et al., 1990a). To test whether the functions of 
TCF4 in neurons are modulated by neuronal activity, we applied high potassium  
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Figure 2. Intracellular distribution of TCF4 proteins in rat primary neurons.  
(A) Immunocytochemical analysis of V5-tagged TCF4 isoforms. NLS-bearing 
TCF4 isoforms are nuclear while NLS-lacking isoforms localize to nucleus and 
cytoplasm.  
(B) Localization EGFP fusion proteins with TCF4 NLS, bHLH, N-terminal (N) or 
C-terminal (C) half of TCF4 bHLH domain. EGFP-NLS and EGFP-bHLH localize 
completely or partially into neuronal nuclei, whereas EGFP-bHLH-N and -C are 
cytoplasmic. In A and B localization pattern is indicated at the right; n, nuclear; 
n+c, nuclear and cytoplasmic; c, cytoplasmic. DNA was counterstained with DAPI 
and neurons were identified by tubulin III staining. 
 (C) Immunocytochemical detection of endogenous TCF4. Neurons were co-
transfected with an EGFP-encoding construct and siRNAs. Three different siRNAs 
specific for Tcf4 exon 12 or 20 were used; mock and scrambled siRNA 
transfections were performed in control. Neuronal nuclei are encircled in DNA and 
merged images; transfected cells are marked with asterisks and arrows indicate 
glial processes. Neurons were identified by tubulin III staining and DNA was 
visualized by DRAQ5 staining. Compared to neighbouring untransfected cells, 
immunostaining of neuronal nuclei with TCF4 antibodies is severely reduced in 
EGFP-positive cells co-transfected with Tcf4-specific siRNAs, but not in mock or 
scrambled siRNA transfected cells.  
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treatment that is known to provoke membrane depolarization and Ca2+ influx 
through L-type voltage gated calcium channels in neurons (VGCCs, Morgan and 
Curran, 1986).  

Different TCF4 isoforms were over-expressed at variable levels in HEK293 
cells. The levels of isoforms TCF4-BΔ+, -BΔ−, -B+, -B−, -CΔ−, -A+, -A−, -H− and -I− 
were high, those of TCF4-C− and -D− medium, those of TCF4-E− and -F− low, and 
the expression of TCF4-G− was not detected by western blotting. Compared to 
empty vector transfected cells, the normalized µE5 E-box-dependent luciferase 
activity was 100-700 times higher in cells expressing TCF4 isoforms TCF4-BΔ+, -
BΔ−, -B+ or -B−, and 50-70 times higher in cells expressing isoforms TCF4-CΔ−, -
H− or -I−. TCF4-A+, -A−, -D−, and -F− activated reporter gene transcription ~20 
times, and TCF4-C− and -E− ~10 times. In neurons grown in basal conditions we 
observed only slight differences (less than 3-fold changes) in normalized reporter 
gene activity when comparing control and TCF4-expressing cells. Neuronal 
activity increased normalized μE5-dependent luciferase signals 1.7-fold in empty 
vector transfected cells. In cells expressing TCF4 isoforms, KCl-treatment induced 
levels ranged from 4 to 44 times above the signal obtained from vector-transfected 
cells grown in basal conditions. Strongest transactivation was achieved with 
isoforms TCF4-B+, -B–, -BΔ+ and -A+ , medium with isoforms TCF4-BΔ–, -C–, -
CΔ–, -D–, A– and -F–, and weaker with isoforms TCF4-H–, I– and E–.  

It is known that the activity of CMV promoter, used for expression of TCF4 
isoforms in the above experiments, is upregulated by neuronal activity (Wheeler 
and Cooper, 2001). Therefore, depolarization induced rise in TCF4-mediated E-
box-dependent reporter transcription could be caused by increased TCF4 
expression or increased TCF4 activation. To differentiate between these 
possibilities, we subcloned selected TCF4 isoforms into a depolarization non-
inducible EF1α promoter containing vector. We performed comparative analysis of 
CMV and EF1α promoter-controlled TCF4 proteins by determining the expression 
levels of C-terminally V5/His-tagged TCF4-A– by western blotting and by studying 
the effects of TCF4-B– and TCF4-A– on E-box-controlled reporter transcription in 
untreated and depolarized primary neurons. The levels of TCF4-A–-V5/His were 
considerably higher when expressed from EF1α promoter compared to when 
expressed from CMV promoter. Importantly, EF1α-controlled TCF4-A–-V5/His 
expression did not change in response to KCl-treatment, while in case of CMV 
promoter the protein could be detected only in depolarized neurons. Despite low 
expression levels, TCF4-mediated E-box-dependent reporter transcription was 
higher in depolarized neurons expressing CMV-TCF4 proteins than in untreated 
neurons expressing EF1α-TCF4 proteins. Additionally, transactivation by EF1α-
TCF4 proteins was increased by membrane depolarization in spite of stable TCF4 
expression. Thus, we concluded that depolarization-induced increase in reporter 
activity reflects activation of TCF4.  

We noticed increased luciferase activity in Δ isoforms expressing HEK293 cells 
compared to the respective full-length isoform expressing cells that could be 
caused by higher expression levels of Δ isoforms or the absence of the CE region 
implicated in transcriptional repression (Herbst and Kolligs, 2008). Additionally, 
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there was a strong correlation between the presence of full-length AD1 and the 
isoform’s ability to transactivate in HEK293 cells (point biserial correlation 
coefficient r=0.87, p<0.00011). This relationship was weaker in case of primary 
neurons (r=0.62, p<0.03). Full-length AD1 includes exon 3 encoded LDFS and 
LXXLL motifs that are known to be involved in AD1-mediated recruitment of 
histone acetyltransferases (Massari et al., 1999, Bayly et al., 2004, Zhang et al., 
2004). In neither cell type there were significant correlations between the isoform’s 
capacity to activate transcription and the presence of NLS, presence of only the C-
terminal part of AD1 or presence of the extra four amino acids in the + isoforms. 
The latter is in contrast to a study on FGF-1 promoter in glioblastoma cells that 
proposed differential roles for TCF4 + and − isoforms (Liu et al., 1998). 
Altogether, our data show that all TCF4 isoforms analysed are able to activate 
transcription controlled by μE5 E-boxes both in HEK293 cells and primary 
neurons, but in neurons the transactivation is dependent on neuronal activity. 
Regulation at several levels, e.g. posttranslational modification, dimerization 
specificity and DNA-binding, could be part of the mechanisms by which neuronal 
activity modulates the capacity of TCF4 to activate transcription. Since all 
alternative TCF4 isoforms were able to mediate neuronal activity induced 
transactivation from E-boxes, we reasoned that the effect could be dictated by the 
functional domains AD2 and/or bHLH that are present in all isoforms. 

To study the individual role of TCF4 transcription activation domains AD1 and 
AD2, we compared the abilities of artificial TCF4-B− without AD2 (ΔAD2) and 
native TCF4-A− to regulate E-box-controlled transcription, and heterologic proteins 
where AD1 or AD2 is fused with GAL4 DNA binding domain and E2 epitope-tag 
to activate reporter transcription from a reporter vector that carries GAL4 binding 
sites (GBS). The compared proteins were over-expressed at similar levels in 
HEK293 cells. In HEK293 cells comparable degrees of reporter gene activation 
were achieved with TCF4-B–ΔAD2 and TCF4-A–, whereas in neurons only TCF4-
A– was able to mediate statistically significant induction of reporter gene 
transcription after membrane depolarization. Both GAL4-AD1-E2 and GAL4-
AD2-E2 activated transcription in HEK293 cells, but only GAL4-AD2-E2 raised 
normalized GBS-dependent luciferase activity above control levels in primary 
neurons. However, this induction was not activity-dependent since similar 
upregulation of reporter levels was recorded both in cells grown in basal conditions 
and cells treated with KCl. In neurons the transactivation potency of AD2 was 
comparable to that of VP16 when fused to GAL4 DNA-binding domain. In sum 
these results indicate that (i) in HEK293 cells both activation domains are able to 
mediate transactivation when joined to either TCF4 bHLH or GAL4 DNA-binding 
domain; (ii) in cultured primary neurons only AD2 and not AD1 separately 
functions in activating transcription; (iii) transactivation by AD2 is under the 
control of neuronal activity only when joined to TCF4 bHLH domain and not 
GAL4 DNA-binding domain. In contrast to our results, it has been suggested for 
TCF3/E2A that only GAL4-fused AD1 and not GAL4-fused AD2 is active in the 
nervous system of zebrafish embryos (Argenton et al., 1996). This discrepancy 
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could be related to differences in the studied proteins, organisms and/or 
experimental systems. 

We noted that in HEK293 cells when both activation domains were present in a 
single protein as is the case for TCF4-B isoforms, the activation of transcription 
exceeded the additive effect of proteins containing AD1 and AD2 separately, 
suggesting that the two domains may act synergistically. To test this we studied the 
transactivation capacity of GAL4 fusion proteins that contain both TCF4 activation 
domains joined by native or heterologic amino acids. In both cases the activation 
fold exceeded the additive effect of single TCF4 activation domain containing 
GAL4 fusion proteins, thus confirming the synergistic functioning of the two 
domains in HEK293 cells. Similar cooperation between AD domains in HEK293 
derivative cells has also been described for E12 (Bhalla et al., 2008), suggesting 
that the phenomenon could be characteristic of mammalian E-proteins in general. 
One of the underlying mechanisms explaining the synergistic effect could likely be 
the cooperative interaction of AD1 and AD2 with CBP/P300 histone 
acetyltransferases (Bayly et al., 2004). 

Collectively, we showed that alternative TCF4 isoforms have differential 
capacity to activate transcription and their functioning is dependent on cell context. 
In HEK293 cells the two TCF4 transactivation domains function cooperatively and 
therefore the transcription activation capacity diverges considerably between 
isoforms encompassing both or only one of the transactivation domains. 
Additionally, since AD1- and DES-containing isoforms with longer N-termini can 
interact with ETO family of co-repressors, it is possible that these isoforms may act 
as repressors in certain conditions, whereas isoforms with shorter N-termini could 
function as constitutive activators (Guo et al., 2009). In primary neurons the 
transactivation capacity of TCF4 is dependent on AD2 and controlled by neuronal 
activity independent of isoformal specificity or expression levels. The latter reveals 
a novel layer of regulation for TCF4. 
 

5. Regulation of TCF4 transcriptional activity in neurons 
(III) 

 
To elucidate the mechanisms by which neuronal activity regulates TCF4, we first 
made constructs coding for VP16 transactivation domain fused TCF4 proteins with 
serial deletions of N-terminal sequences starting with the shortest TCF4 isoform 
TCF4-I–. We verified that all TCF4 deletant proteins were expressed at comparable 
levels in HEK293 cells, were able to bind μE5 E-box in vitro and upregulated μE5 
E-boxes-controlled transcription in HEK293 cells. However, in rat primary neurons 
overexpression of the shortest TCF4 deletant protein VP16-TCF4-P498 did not 
elicit induction of reporter activity in KCl-treated cells compared to untreated cells, 
whereas all other deletant proteins, including VP16-TCF4-M430, were able to 
mediate membrane depolarization-provoked induction of reporter activity. These 
results indicate that the region of TCF4 between amino acids M430 and P498 
(according to isoform TCF4-B–) together with the bHLH domain are critical for 
activity-dependent regulation of TCF4.  
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To elucidate which signalling pathways play a role in the capacity of TCF4 to 
activate transcription from μE5 E-boxes-controlled promoter in response to 
neuronal activity, we first confirmed that Ca2+ influx through L-type VGCCs is a 
prerequisite for the induction using L-type VGCC blocker nifedipine. In neurons 
rise in intracellular Ca2+ activates many protein kinases including Ca2+-calmodulin 
kinases (CAMK), protein kinase A (PKA), protein kinase C (PKC) and mitogen-
activated protein kinases (MAPKs) (Kotaleski and Blackwell). We therefore 
analysed these pathways for their ability to regulate TCF4-dependent transcription 
in neurons by coexpressing constitutively active or dominant-negative forms of the 
kinases and by treating neurons with different pharmacological activators or 
inhibitors. According to our results TCF4-dependent transcription in neurons was 
activated by PKA. Particularly, TCF4-dependent transcription was strongly 
induced by constitutively active PKA catalytic subunit but not constitutively active 
CAMK2B, CAMK4 or MEK (MAPK/extracellular-signal-regulated kinase kinase) 
proteins. In addition, treatment with a PKA activator dibutyryl cAMP (dbcAMP) 
was able to upregulate TCF4-dependent transcription, and both pharmacological 
inhibition of PKA and expression of a dominant negative form of PKA regulative 
subunit were effective in significantly reducing neuronal activity induced TCF4-
dependent transcription. Roles for other kinases, especially for PKC, constitutively 
active form of which increased and pharmacological inhibition of which reduced 
TCF4-dependent transcription, cannot be completely ruled out. Nevertheless, our 
results strongly suggest that TCF4 activity in neurons depends primarily on 
signalling via the cAMP-PKA pathway. 

We next asked whether TCF4 is a direct substrate for PKA. To evaluate this we 
performed in vitro kinase assays with immunoprecipitated Flag-TCF4-I– deletant 
proteins. E2-PKA-Cα was not able to phosphorylate the shortest TCF4 deletant 
Flag-TCF4-P498, whereas phosphorylation of all other deletant proteins, including 
Flag-TCF4-M430 was detected in the presence of PKA. Using bioinformatic 
analysis we identified S448 and S464 as potential PKA targets in a region between 
amino acids M430-P498. Both of these sites are conserved in mammals, reptiles 
and amphibians and S448 also in teleost fishes. To determine whether S448 and/or 
S464 are phosphorylated by PKA in vitro we substituted one or both of these 
serines with alanines in the context of Flag-TCF4-I– and performed kinase assays. 
Compared to wt protein, phosphorylation by PKA was severely reduced in case of 
S448A mutant, slightly reduced in case of S464A mutant and abolished in case of 
double mutant. This indicates that S448 is the major and S464 a minor site for 
phosphorylation by PKA. Altogether these data identify TCF4 as novel direct 
substrate for PKA. 

To analyse the effects of PKA phosphorylation site mutations on the ability of 
membrane depolarization or E2-PKA-Cα co-expression to induce TCF4 
transcriptional activity in primary neurons, we performed reporter assays using 
constructs encoding wt, S448A, S464A or double mutant TCF4-A–. The fold 
induction of μE5 E-box-dependent luciferase activity in KCl-treated neurons 
relative to untreated neurons was significantly reduced in case of S448A and 
double mutant proteins compared to wt TCF4-A–. Additionally, in contrast to 
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results with wt TCF4-A–, there was no significant fold induction of E-box-
dependent luciferase activity in neurons co-expressing E2-PKA-Cα relative to 
empty vector transfected cells in case of S448A, S464A or double mutant proteins. 
Taken together, our results indicate that the S448 phosphorylation site is required 
for membrane depolarization induced TCF4-dependent transcription, whereas both 
S448 and S464 are needed for PKA-Cα induced TCF4-dependent transcription.  

S448 and S464 phosphorylation sites in TCF4 are conserved in different 
vertebrate species, but not in other E-proteins. Therefore, we asked whether the 
activity of other E-proteins is regulated by membrane depolarization in primary 
neurons. To answer this we compared the transactivation capacity of TCF12/HEB, 
the E-protein most similar to TCF4, to that of TCF4-B– in HEK293 cells and 
primary neurons. TCF12/HEB and TCF4-B– upregulated μE5 E-box-dependent 
reporter transcription at comparable levels in HEK293 cells. Conversely, TCF4-B– 
was significantly more potent than TCF12/HEB in activating E-box-controlled 
transcription in response to high potassium treatment in primary neurons. These 
data point towards differential regulation of E-proteins’ activity in neurons and 
support the importance of the identified PKA phosphorylation sites present in 
TCF4 and not TCF12/HEB. 

To study whether endogenous TCF4 is phosphorylated in a neuronal activity-
dependent manner, we analysed the fractionation profiles of endogenous TCF4 in 
untreated and KCl-treated primary neurons by isoelectric focusing combined with 
polyacrylamide gel electrophoresis. For comparison we included HEK293 cells left 
untreated or treated with the PKA inhibitor H89 or the PKA activator dbcAMP in 
our analysis. We detected four forms of TCF4-A– (1-4) and three forms of TCF4-
A+ (5-7) differing in their isoelectric points in primary neurons and HEK293 cells. 
Starting from the basic side we numbered the TCF4-A forms 1-7 according to their 
isoelectric points, which fell in the range of pH 5.0-5.3. The predominant form of 
TCF4-A in untreated neurons was form 2, whereas in KCl-treated neurons the 
relative abundance of forms 1, 3 and 4 was notably higher than in untreated 
neurons. In untreated HEK293 cells the distribution of TCF4-A between different 
forms was similar to that seen in KCl-treated neurons, and the relative abundance 
of forms 3 and 4 was decreased by H89 and increased by dbcAMP treatment. The 
rise in more acidic forms 3 and 4 in KCl-treated neurons compared to untreated 
neurons suggests that endogenous TCF4-A– might be phosphorylated in response 
to membrane depolarization. The change in the relative abundance of forms 3 and 
4, induced by PKA inhibition or stimulation in HEK293 cells, implies that 
endogenous TCF4-A– could be phosphorylated by PKA. 

The cAMP-PKA pathway, which upon synaptic activity in neurons is activated 
by Ca2+/calmodulin-sensitive adenylyl cyclases, is known to be involved in Ca2+-
regulated synaptic function, plasticity and the late phase of long term potentiation 
that requires gene expression (Poser and Storm, 2001, Nguyen and Woo, 2003). 
The prototypic activity-stimulated transcription factor CREB1 was first described 
to be phosphorylated and activated by the cAMP-PKA pathway (Gonzalez and 
Montminy, 1989). However, in neurons CREB1 activity has been found to be 
primarily stimulated by the CAMK cascade and the MAPK pathway in response to 
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synaptic activity-induced Ca2+ influx through N-methyl-D-aspartate receptors and 
L-type VGCCs (Bading et al., 1993, Chawla et al., 1998, Dolmetsch et al., 2001). 
In addition to CREB1 these two signalling modules have been demonstrated to 
regulate neuronal gene expression by controlling the activity of several other Ca2+-
dependent transcription factors, including methyl CpG binding protein 2 (MECP2) 
(Chen et al., 2003, Martinowich et al., 2003), serum response factor (Misra et al., 
1994), myocyte enhancer factor 2 (MEF2) (Linseman et al., 2003), nuclear factor 
κB (Meffert et al., 2003) and NEUROD1 (Gaudilliere et al., 2004). cAMP-PKA 
signalling is considered to play a modulatory role in Ca2+-dependent gene 
regulation in neurons. For example, the MAPK pathway and the CAMK cascade 
are positively and negatively regulated by PKA, respectively (Wayman et al., 1997, 
Impey et al., 1998), localization of CREB-regulated transcriptional coactivator 
(CRTC1) in the nucleus is dependent on cAMP-PKA activity (Ch'ng et al., 2012) 
and Ca2+-dependent gene regulation by MEF2D and NFAT (nuclear factor of 
activated T cells) proteins is modulated by PKA (Chow and Davis, 2000, Sheridan 
et al., 2002, Wang et al., 2005, Belfield et al., 2006). In contrast, we found here that 
TCF4 appears to be activated predominantly by PKA in response to Ca2+ influx 
through L-type VGCCs in neurons.  

The mechanisms by which phosphorylation of TCF4 regulates its 
transactivational capacity remain undefined. There are several non-exclusive 
possibilities. For instance, phosphorylation could stabilize TCF4 protein, similarly 
to what has been demonstrated in case of phosphorylation of bHLH protein 
MYOD1 by MEK (Jo et al., 2011), TWIST1 by MAPKs (Hong et al., 2011) and 
HES1 by c-Jun N-terminal kinase (Lin and Lee, 2012). Additionally, 
phosphorylation could modulate the dimerization specificity of TCF4 via a 
mechanism similar to that described for E47, phosphorylation of which at different 
serine residues located upstream of the bHLH domain inhibits the formation of 
homodimers and/or supports heterodimerization with MYOD1 (Sloan et al., 1996, 
Lluis et al., 2005). Moreover, regulated dimerization could be coupled to 
modulation of DNA-binding of different dimers by Ca2+-loaded calmodulin that 
has been shown to bind to the basic sequence of E-proteins’ bHLH domain and 
inhibit DNA-binding of E-protein homodimers and thereby selectively promoting 
DNA-binding of heterodimers (Corneliussen et al., 1994, Saarikettu et al., 2004, 
Hauser et al., 2008a, Hauser et al., 2008b). In view of the above, it would be of 
great importance to determine the heterodimerization partners of TCF4 in the 
nervous system. So far, only NEUROD1 and NEUROD2 have been demonstrated 
to interact with endogenous TCF4 in brain (Brzozka et al., 2010). Notably, both 
NEUROD1 and NEUROD2 have been shown to function as Ca2+-regulated 
transcription factors in regulating cerebellar dendritogenesis or thalamocortical and 
hippocampal synaptic maturation, respectively (Gaudilliere et al., 2004, Ince-Dunn 
et al., 2006, Wilke et al., 2012). However, the role of NEUROD proteins in our 
experiments remains uncertain since the CACCTG E-box used in this study is not a 
preferred binding site for E-protein-NEUROD heterodimers (De Masi et al., 2011). 

Neuronal activity induced transcription is a substantial component in adaptive 
functions of the brain, such as learning and memory, and hence it is essential for 
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cognitive development. This is illustrated by neurodevelopmental disorders like 
autism and Rubinstein-Taybi and Rett syndromes that are related to dysregulation 
of neuronal activity-dependent gene expression program in the brain (Morrow et 
al., 2008, West and Greenberg, 2011). Our finding that TCF4, variation in which is 
associated with schizophrenia and possibly bipolar disorder, and mutations in 
which cause Pitt-Hopkins syndrome, codes for a Ca2+-dependent transcriptional 
activator further links neuronal activity-responsive gene regulation to cognitive 
development. We suggest that impaired cognitive functions seen in PTHS, and 
possibly in psychosis patients, could in part be caused by deranged TCF4-
dependent transcriptional response to neuronal activity. 
 

6. Mapping of Pitt-Hopkins syndrome causing deletions and 
truncating mutations in TCF4 (II and unpublished) 

 
To date more than 130 PTHS patients have been described with large deletions 
encompassing all or part of TCF4 gene, or with splice-site, indel, nonsense and 
missense mutations in TCF4 (Andrieux et al., 2008, Giurgea et al., 2008, Zweier et 
al., 2008, de Pontual et al., 2009, Rosenfeld et al., 2009, Taddeucci et al., 2010, 
Takano et al., 2010, Hasi et al., 2011, Lehalle et al., 2011, Marangi et al., 2011, 
Takano et al., 2011, Armani et al., 2012, Marangi et al., 2012, Need et al., 2012, 
Takenouchi et al., 2012, Talkowski et al., 2012, Verhulst et al., 2012, Whalen et 
al., 2012, Willemsen et al., 2012, Ghosh et al., in press, Maini et al., in press, 
Steinbusch et al., in press). To specify the impact of the PTHS-associated 
mutations, we mapped all the described mutations to the composite structure of 
TCF4 gene. Besides the mutations analysed in publication II, 16 additional 
genetically confirmed cases have been described in the literature for the moment. 
Among the latter, four patients carry large deletions that include the whole TCF4 
gene, and 12 have smaller deletions or point mutations in TCF4 (Table 4). 

Out of sixteen PTHS-associated translocations and large intragenic deletions, 3 
lead to loss of all 5′ exons. Three of the intragenic deletions are anticipated to allow 
the synthesis of functional TCF4 transcripts from one or four downstream 5′ exons. 
Six of the PTHS-associated intragenic deletions encompass at least one of the 
constitutive exons 10–21 and since these deletions are out-of-phase and/or lead to 
the loss of the AD2 or bHLH domain, no functional TCF4 transcripts can be 
produced from these alleles. It is uncertain whether and how many utilizable 
transcription initiation sites are present in the two patients with deletions extending 
from exons 7a-7 to exons 9-10c (Whalen et al., 2012). In a patient with deletion 
extending from exons 8d-10a to exon 10c (Talkowski et al., 2012), it remains 
possible that functional mRNAs encoding TCF4 Δ-isoforms could be produced 
using 5′ exons upstream of the deletion. The translocation in a patient with milder 
clinical phenotype than classical PTHS (Kalscheuer et al., 2008) encompasses 9 
upper 5′ exons, but fully functional transcripts could be transcribed from the 
remaining 12 initial exons. 
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Table 4. Novel PTHS-associated mutations in TCF4. 
The coordinates are given according to human genome assembly hg19. The 
mutation denoted with ‘#’ is from a patient with milder phenotype than classical 
PTHS. Recurrent mutations are indicated with ’†’. 
 
Mutation exons involved Reference 
Intragenic deletions and translocations   
t(3;18):(q13.32;q21.2)(Chr18: 52,909,158) exon.1a_16 (Talkowski et al., 2012) ×2 
Chr18:g.(_53,192,528)_(52,936,991_)del exon.(_5b)_(12_)del (Talkowski et al., 2012) 
Chr18:g.(_53,192,528)_(53,024,848_)del exon.(_5b_8c_)del (Talkowski et al., 2012) 
Chr18:g.(53,028,773_53,014,539)_ 
             (52,961,841_52,946,888)del 

exon.(8d_10a)_10c del (Talkowski et al., 2012) 

Splice-site mutations   
c.655G>A     p.D219?fs*37 exon 10 3´ (Need et al., 2012) 
c.1487-2A>G   (p.G496Dfs*12) exon 18 5´ (Marangi et al., 2012) 
Indels and nonsense mutations   
c. 469C>T     p. R157* exon 8  (Hamdan et al., in press) #† 
c.1269dupA   p.I421Nfs*7 exon 16 (Marangi et al., 2012) 
Missense mutations   
c. 1732G>T   p.R578C exon 19 (Marangi et al., 2012) 
c. 1739G>A   p.R580Q exon 19 (Willemsen et al., 2012) † 
c. 1753A>G   p.N585D exon 19 (Marangi et al., 2012) 
 
 

All eleven reported PTHS-associated splice-site mutations affect the 
constitutive exons of TCF4 and are predicted to shift the reading frame as a result 
of out-of-phase exon skipping or novel splice-site selection. Forty-three of the 49 
nonsense and small indel mutations described in 55 patients map to the constitutive 
exons 10–19 and lead to the generation of a premature stop codon. The above 
mutations are predicted to be subjected to the nonsense-mediated decay pathway. 
Additionally, most of the transcripts containing these mutations would encode a 
protein without the bHLH domain and only 2 nonsense mutations would allow 
translation of a protein with the majority of the bHLH present. There are four 
premature stop-causing mutations reported in upper internal exons 8–9 that should 
have no effect on the Δ-isoforms encoding transcripts, which have exons 8–9 
spliced out, and the shorter TCF4 transcripts initiated at 5′ exons 10a, 10b and 10c. 
In addition, two PTHS-associated indels in exon 20 do not cause a premature stop, 
but instead extend TCF4 reading frame into the 3′ UTR exon 21. 

Collectively the above data reveals that although many of the deletions and 
premature stop-inducing mutations probably lead to complete loss-of-function of 
the affected allele, there are some that are expected to permit the production of the 
Δ-isoforms of TCF4 and/or the shorter isoform(s) TCF4-D, TCF4-A, TCF4-I 
and/or TCF4-H. This indicates that even partial loss-of-function of the mutated 
TCF4 allele is sufficient to cause PTHS. There are several non-exclusive 
explanations for the underlying mechanisms. First, it is possible that all TCF4 
alternative promoters are needed to produce sufficient quantity of the protein to 
maintain normal function. Second, the deficit of AD1 and/or NLS containing TCF4 
isoforms might not be compensated by the remaining isoforms that lack these 
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functional regions. Third, the cell-type- and age-dependent regulation of TCF4 
alternative promoters could also play a role in the functional divergence of 
different isoforms. Given that a patient with a translocation that leaves 12 of the 21 
5′ exons in place has a milder phenotype (Kalscheuer et al., 2008), we tried to 
analyse whether the PTHS patients with mutations that result in partial loss of 
TCF4 isoforms have less severe symptoms. Unfortunately, such correlations are 
difficult to make since systematic graded characterization of the patients is not 
available. However, in a study where a PTHS clinical diagnosis score was 
introduced, the patient with hypomorphic deletion had the lowest relative score 
(Whalen et al., 2012). Additionally, a patient with moderate intellectual disability 
carries a hypomorphic nonsense mutation (Hamdan et al., in press) located in TCF4 
exon 8 that is spliced out in the Δ-isoforms encoding transcripts. 
 

7. Impairment of TCF4 functions by PTHS-associated 
missense and reading-frame extending mutations (II) 

 
Twenty-five PTHS patients with missense mutations giving rise to 14 different 
substitutions at 10 amino acid positions in the constitutive part of TCF4 have been 
described. The majority of the missense mutations are located in the bHLH domain 
and only two (p.G358V and p.D535G) are situated outside of the bHLH domain. 
G358 is situated in the AD2 domain and D535 in the Rep region. 

To examine the location of the missense mutation sites in the bHLH domain 3D 
structure, we used the published co-crystal structures of DNA-bound E47 bHLH 
homodimer and E47-NEUROD1 bHLH heterodimer (Ellenberger et al., 1994, 
Longo et al., 2008) as templates to build the structure models of DNA-bound TCF4 
bHLH homo- and heterodimer. Examination of the specific functions of the PTHS-
affected residues in the structure models revealed that out of the four arginines 
R569, R576, R578 and R580 in the basic DNA-binding region, the three latter 
make direct contacts with DNA bases or backbone. The residue respective to R569, 
which does not bind DNA in our models, has been found to make contacts with E-
box flanking DNA in related bHLH co-structures (De Masi et al., 2011), 
suggesting that this arginine may also contact DNA. According to our models 
PTHS-mutated arginine R582 and asparagine N585 in helix 1 of the bHLH domain 
form salt bridge(s) within the first helix or hydrogen bonds with DNA backbone, 
respectively. The PTHS-affected alanines A587 in the first helix and A614 in the 
second helix form packing interactions at the dimer interface in the TCF4 structure 
models. Based on the location, we hypothesized that PTHS-associated missense 
mutations could have an effect on the protein's DNA-binding, dimerization and/or 
transactivation ability. 

In order to elucidate the underlying molecular mechanisms of the PTHS-
associated missense mutations, we introduced seven different missense mutations 
to the TCF4-B− expression construct. One substitution was made for each TCF4 
position that had been shown to be mutated in PTHS at the time of the design of 
publication II – these were G358V, D535G, R576Q, R578H, R580W, R582P and 
A614V. In addition, we introduced the reading frame extending S653Lfs*57 
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frameshift mutation to a construct containing the TCF4-B+ protein coding and 3′ 
UTR sequences. To differentiate between loss-of-function and gain-of-function 
effects of the frameshift, we also generated the S653* mutant. 

We carried out functional analyses of the PTHS-associated missense and 
reading frame extending mutations to study the effect of the mutations on TCF4 
protein expression, subcellular localization, dimerization, DNA-binding and 
transactivation ability using a range of techniques. We applied western blotting to 
assess the levels of PTHS-associated mutant TCF4 proteins translated in vitro or 
over-expressed in HEK293 cells. We measured mRNA levels of TCF4 over-
expressed in HEK293 cells by reverse transcription and quantitative PCR. We 
studied the subcellular distribution of mutant TCF4-B proteins over-expressed in 
HEK293 cells or rat primary cortical and hippocampal neurons by indirect 
immunofluorescence analysis. To examine the dimerization ability of the mutants, 
we performed glutaraldehyde crosslinking experiments with in vitro-translated 
TCF4 proteins and nuclear redirection assays with over-expressed TCF4 proteins in 
HEK293 cells and primary neurons, taking advantage of the knowledge that TCF4 
proteins lacking the NLS (e. g. EGFP-bHLH or TCF4-A−) can be transported to the 
cell nucleus through heterodimerization with NLS-containing bHLH partner 
proteins. We included ASCL1 and NEUROD2 in the latter analysis since they 
represent two separate phylogenetically defined families of the bHLH transcription 
factors and have been demonstrated to interact with TCF4 (Atchley and Fitch, 
1997, Persson et al., 2000, Simionato et al., 2007, Brzozka et al., 2010). 
Additionally, these factors might be of relevance to PTHS because of parallels 
between the phenotypes of the disorder and Ascl1 or Neurod2 null mice (Hirsch et 
al., 1998, Olson et al., 2001).  

To examine the effect of the PTHS-associated mutations on the ability of TCF4 
to bind DNA, we used in vitro-translated proteins and determined their binding to 
E-box containing oligonucleotides by electrophoretic mobility shift assay (EMSA). 
We studied the μE5 E-box (CACCTG) binding ability of TCF4-B homodimers, 
intra-TCF4 heterodimers (that contain one mutant TCF4-B subunit and one wt 
TCF4 bHLH subunit fused with VP16 transactivation domain) and TCF4:ASCL1 
heterodimers. We examined the effect of PTHS-associated mutations on the DNA-
binding ability of TCF4:NEUROD2 heterodimers at the CATCTG E-box from the 
insulinoma-associated antigen-1 (IA-1) promoter (Breslin et al., 2003). In our 
assays, wt TCF4 homodimers were able to bind μE5 and IA-1 E-boxes, whereas 
ASCL1 and NEUROD2 bound DNA only in heterodimeric context. In addition to 
in vitro DNA-binding ability, we monitored the capacity of the PTHS-associated 
TCF4 mutant proteins to interact with chromatin in HEK293 cells by differential 
detergent fractionation. The proportions of the studied proteins in the soluble 
fraction including cytoplasm and nucleoplasm, and the chromatin containing pellet 
fraction were determined by western blotting and densitometric quantification.  

We investigated the impact of the PTHS-associated mutations on the ability of 
TCF4-B to activate μE5 E-box-dependent reporter transcription when over-
expressed alone or together with ASCL1 in HEK293 cells or rat primary neurons 
grown in basal conditions or treated with high potassium. For some mutants we 
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performed additional experiments in the context of shorter TCF4-A− isoform and 
GAL4-AD2 heterologic protein. For each wt and PTHS-associated mutant TCF4-B 
protein we calculated the cooperation index that expresses how many times the 
transactivation fold is increased in cells co-expressing TCF4-B and ASCL1 
compared with the sum of transactivation folds from cells expressing both proteins 
separately. The index value of 1.0 is indicative of simple summation of the 
independent effects of both proteins, whereas a value above 1.0 implies synergism 
and below 1.0 antagonism. The cooperation index was almost 14 for wt TCF4-B− 
and almost 6 for wt TCF4-B+, indicating that wt TCF4 acts cooperatively with 
ASCL1.The effects of each studied PTHS-associated mutation on TCF4 functions 
are summarised in Table 5 and further discussed below. 
 
 
Table 5. Effects of PTHS-associated mutations on TCF4 functions.  
a levels of over-expressed protein in HEK293 cells; 
b levels of over-expressed mRNA in HEK293 cells; 
c levels of in vitro translated protein; 
d nuclear localization in cells; 
e homodimerization in vitro; 
f heterodimerization with ASCL1 and NEUROD2 in cells; 
g TCF4 homodimer and intra-TCF4 heterodimer DNA binding in vitro; 
h TCF4 and ASCL1/NEUROD2 heterodimer DNA binding in vitro; 
i co-fractionation with cellular chromatin; 
j activation of E-box-dependent transcription by over-expressed TCF4 in HEK293 
cells/primary neurons; 
k activation of E-box-dependent transcription by over-expressed TCF4 and ASCL1 
in HEK293 cells. 
++ denotes similar, +++ increased, + reduced, (+) severly reduced, and - absent 
activity of a mutant protein compared to the activity wild-type TCF4. nd, not 
determined. 
 

Mutation a b c d e f g h i j k 
None (wt) ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ 
N-terminal to bHLH          
G358V ++ nd ++ ++ nd ++ ++ ++ ++ ++ ++ 
D535G ++ nd ++ ++ nd ++ +++ +/++ ++ +++ ++ 
Arginines in bHLH          
R576Q ++ nd ++ ++ nd ++ - (+) + - + 
R578H ++ nd ++ ++ nd ++ - -/(+) + - - 
R580W ++ nd ++ ++ nd ++ - - + - - 
R582P ++ nd ++ ++ + ++ - - + - - 
Dimerization interface          
A610V + ++ ++ ++ (+) ++ (+) ++ + (+) ++ 
C-terminal to bHLH          
S653Lfs*57 - +++ ++ ++ nd ++ - - ++ - (+) 
S653* ++ nd ++ ++ nd ++ ++ +/++ ++ ++/ 

+++ 
+ 
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We found that similarly to wt TCF4-B, all mutant TCF4-B proteins localized to 
the cell nucleus in HEK293 cells and rat primary neurons as detected by indirect 
fluorescence analysis. This result was expected since none of the PTHS-associated 
mutations affected the NLS of TCF4-B. Compared to wt protein, differences in 
subnuclear distribution were observed by microscopy only for S653Lfs*57 mutant 
that formed aggregates. However, our differential detergent fractionation 
experiments demonstrated that the subnuclear distribution of some other PTHS-
associated mutants was also altered. Namely, R576Q, R578H, R580W, R582P and 
A614V mutants, were shifted from chromatin containing fraction to soluble 
nucleoplasm fraction. These results are in accordance with a recent study that 
observed altered subnuclear localization of EGFP-fused TCF4-B+ proteins carrying 
mutations at R578, R580 or A614 (Forrest et al., 2012). 

Using nuclear redirection assay we demonstrated that all studied PTHS-
associated mutants were able to heterodimerize with ASCL1 and NEUROD2 in 
cells. Additionally, glutaraldehyde cross-linking of in vitro translated proteins 
revealed reduced homodimerization of A614V mutant compared to wt TCF4-B−. 
Forrest et al. 2012 found by quantitative fluorescence resonance energy transfer 
(FRET) methodology that in cell lysates both homodimerization and 
heterodimerization ability of TCF4-B+ is reduced by mutations at R578, R580 and 
A614. These results are not completely contradictory. First, our analysis did not 
exclude the possibility of quantitative effects. Second, dimerization properties of 
TCF4 could be altered in cell lysates as compared to intact cells. For example, 
homodimerization of TCF4 can be detected by FRET analysis in cell lysates 
(Forrest et al., 2012) and glutaraldehyde cross-linking of in vitro translated proteins 
(II), but not by nuclear redirection assay in intact cells (I). 
 
7.1. Effects of PTHS-associated mutations N-terminal to the bHLH 

domain of TCF4 
 
We studied two PTHS-associated missense mutations, G358V and D535G, located 
upstream of the bHLH domain. No major deficiencies were revealed for G358V or 
D535G mutant TCF4-B– proteins that were able to dimerize, bind DNA and 
activate E-box-dependent transcription in HEK293 cells and rat primary neurons. 
We additionally analysed G358V and D535G mutations in the context of shorter 
TCF4-A− isoform, and G358V mutation in the context of a protein where TCF4 
AD2 is fused to heterologic GAL4 DNA-binding domain, but did not observe any 
significant impairment in the ability of the G358V and D535G mutants to activate 
transcription from μE5 E-boxes or GAL4-binding sites containing promoter, 
respectively, in HEK293 cells or rat primary neurons. Conversely, D535G mutant 
TCF4-B– displayed slightly increased ability to activate transcription compared to 
wt protein when over-expressed alone in HEK293 cells or primary neurons. 
Similarly, in a recent study the D535G mutation was found to enhance 
transactivation by TCF4-B+ (Forrest et al., 2012). 

Nevertheless, D535G mutant displayed shifted affinity of homo- versus 
heterodimerization in vitro. Namely, in co-translation and EMSA experiments, we 
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detected wt TCF4 predominantly in DNA-bound heterodimeric complexes with 
ASCL1, whereas in case of D535G mutant the prevalence of heterodimers was lost 
or even surpassed by TCF4 homodimers when translated together with ASCL1. 
The change in homodimer–heterodimer equilibrium was not evident in reporter 
assays, but it is possible that slight differences in dimerization preferences that are 
less influential in experiments with over-expressed proteins could be of importance 
in an endogenous context. Several previous studies have demonstrated that regions 
outside the HLH domain affect dimerization of E-proteins. For instance, amino 
acids C-terminal to the bHLH domain are required for the dimerization of E-
proteins in vivo (Goldfarb et al., 1998), acidic sequences preceding the bHLH 
domain impact the dimerization specificity of E12 (Shirakata and Paterson, 1995), 
insertion upstream of the bHLH domain interferes with dimerization and DNA-
binding of TCF12/HEB (Klein et al., 1993) and phosphorylation of a residue 
outside of the bHLH domain regulates dimerization specificity of E47 (Sloan et al., 
1996, Lluis et al., 2005).  

Our finding that D535G mutant has only a minor deficiency and G358V mutant 
functions similarly to wt TCF4 raises questions of whether and how these 
mutations are responsible for the PTHS phenotype in the patients. Further studies 
are needed to uncover the pathogenic mechanisms of these mutations and to verify 
that the patients do not carry any additional mutations that may contribute to the 
disorder. 
 
7.2. Effects of PTHS-associated mutations at arginines in the bHLH 

domain of TCF4 
 
We demonstrated that R576Q, R578H and R580W and R582P mutations abrogate 
in vitro DNA-binding of TCF4 homodimers regardless of whether the mutation is 
present in one or both subunits. In accordance with this, the mutant proteins were 
not able to associate effectively with cellular chromatin or mediate activation of E-
box-dependent transcription in HEK293 cells or primary neurons. Therefore, loss 
of even a single DNA contact made by any of the basic region arginines R576, 
R578 and R580 is detrimental for DNA binding of TCF4. Consistently, previous 
studies have demonstrated that mutating the basic region arginines in bHLH-PAS 
protein ARNTL/BMAL1 (ARNT-like/brain and muscle ARNT-like 1) or E-
proteins E12 or E47 has no effect on dimerization but impairs DNA binding 
(Voronova and Baltimore, 1990, Hosoda et al., 2004, Beltran et al., 2005). For 
R582P mutation located in the beginning of helix 1 of TCF4 HLH domain, we 
propose that the α-helix destabilizing proline substitution (Pace and Scholtz, 1998) 
interferes with the conformational change of the basic region from a random coil to 
a structured α-helix that has been suggested to be induced in bHLH factors upon 
DNA-binding in solution (Fairman et al., 1997). 

It has been suggested that two intact basic regions are required for the 
interaction of bHLH dimers with DNA (Voronova and Baltimore, 1990). However, 
according to our results, not all mutations in the TCF4 basic region arginines are 
trans-dominant in the context of heterodimers. Specifically, although R578H, 
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R580W and R582P mutants impaired DNA-binding and transactivation ability of 
TCF4 heterodimers with ASCL1 or NEUROD2, the DNA-binding and 
transactivation ability of R576Q mutant was partially rescued in heterodimeric 
complex with ASCL1. The index of cooperation with ASCL1 (i) was increased 
above wt levels by R576Q mutation, highlighting synergism with ASCL1; (ii) did 
not differ from 1.0 in case of R578H, R580W mutants, meaning that these mutants 
did not act synergistically with ASCL1; and (iii) was below 1.0 in case of R582P 
mutant, revealing an antagonistic dominant-negative effect. Our data are consistent 
with reporter assays performed with R580 mutations encompassing TCF4-ASCL1 
heterodimers in previous studies (Zweier et al., 2007, de Pontual et al., 2009), but 
differ from the results obtained with R576G substitution that did not allow TCF4 to 
cooperate with ASCL1 in activating transcription from the Delta1 promoter in 
SKNBE(2)C cells (de Pontual et al., 2009). The latter could reflect substitution-, 
cell-line- or promoter-specific effects. Notably, across all bHLH families, the 
position corresponding to R576 in TCF4 is less conserved than other arginines in 
the basic region, and substitutions corresponding to PTHS-associated mutations 
R576G or R576Q in TCF4 are present in some natural bHLH proteins (De Masi et 
al., 2011). In sum, as the PTHS-associated mutations in the bHLH domain 
arginines impair the DNA-binding and transactivation ability of TCF4 to a varying 
degree, these mutations should not be regarded as functional equivalents.  

 
7.3. Effects of PTHS-associated mutation at dimerization interface in 

the bHLH domain of TCF4 
 
We observed that A614V mutation, located in the middle of helix 2 of the HLH 
domain, leads to reduced steady-state levels of TCF4-B– protein, whereas mRNA 
expression levels of transcripts coding for A614V mutant were not decreased 
compared with wt transcripts in transfected HEK293 cells. Treatment with the 
proteasome inhibitor MG132 partially rescued the expression levels of TCF4-B− 
A614V in HEK293 cells and there were no differences in the translatability of 
A614V mutant compared to wt TCF4-B− in vitro. Together these results indicate 
that A614V mutation destabilizes TCF4 in cells by inducing proteasomal 
degradation. 

We found that A614V mutation has differential effects on TCF4 homo- and 
heterodimers. Specifically, the mutation reduced in vitro homodimerization and 
DNA-binding of homodimers in a trans-dominant manner, whereas it had no effect 
on heterodimerization, DNA-binding of TCF4-ASCL1 and TCF4-NEUROD2 
heterodimers or activation of μE5 E-box-dependent transcription by TCF4-ASCL1 
dimers in cells. This differential effect was reflected also in the increased 
cooperation index of A614V mutant compared to that of wt TCF4-B− protein. 
Importantly, proteasome inhibition did not rescue the impaired transactivation 
capacity of A614V mutant expressed individually. These data suggest that 
deficiencies other than reduced expression levels are sufficient to damage the 
ability of A614V mutant to activate transcription.  
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Our results are in agreement with a previous study showing that mutating the 
alanine, corresponding to A614 in TCF4, to aspartate in E47 does not abrogate the 
formation of homodimers, but leads to weakened DNA-binding ability of 
homodimers (Voronova and Baltimore, 1990). The alanine at the position 
corresponding to A614 in TCF4 is found in proteins from many bHLH families, 
except bHLH-PAS and ID factors (Chavali et al., 2001), indicating that the packing 
interactions formed by this residue at the dimer interface could be influential in 
majority of bHLH homo- and heterodimers. However, it is plausible that the 
extended helix 1 of E-proteins places more constraints on this position in 
homodimers, whereas the substitution is tolerated in heterodimers because of 
shorter helix 1 of the partner protein. All this suggests that, in E-proteins, the 
alanine corresponding to A614 in TCF4 is not essential for heterodimer formation, 
but possibly contributes to the dynamic properties of HLH homodimers that in turn 
influences the efficiency of conformational transition of the basic region required 
for DNA-binding.  
 
7.4. Effects of PTHS-associated frame-shift mutation C-terminal to 

the bHLH domain of TCF4 
 
We demonstrated that S653Lfs*57 extension triggeres destabilization and 
aggregation of TCF4 in cells. First, expression of TCF4-B+ S653Lfs*57 mutant 
became evident only after MG132 treatment in transfeted HEK293 cells. Second, 
in MG132 treated cells the mutant protein accumulated into nuclear dots. Third, 
S653Lfs*57 transcript levels were increased compared to wt TCF4-B+ mRNA 
levels in transfected HEK293 cells. Fourth, the quantities of in vitro translated 
protein were similar in case of wt and S653Lfs*57 mutant TCF4-B+ proteins. 

Although proteasome inhibition partially alleviated the instability of 
S653Lfs*57 mutant protein, it did not rescue the impaired ability of the mutant to 
activate transcription in reporter assays. This was expected, since S653Lfs*57 
mutant had severely reduced ability to bind DNA in homo- and heterodimeric 
complexes in vitro. Though the mutant protein co-fractionated with cellular 
chromatin, this probably resulted from aggregation and not its ability to bind DNA 
in cells. Gain of 56 amino acids and not loss of 19 native C-terminal amino acids 
was responsible for the impaired stability and DNA-binding ability of S653Lfs*57 
mutant protein since these deficiencies were not observed for TCF4 with nonsense 
mutation S653*, which was analysed as a control. However, both S653Lfs*57, 
S653* mutations in TCF4 shifted the affinity of homo- versus heterodimerization 
with ASCL1 in vitro, suggesting that the native C-terminal amino acids might play 
a role in this balance. This change in homodimer–heterodimer equilibrium was 
reflected also in the reduced ability of S653Lfs*57 mutant to cooperate with 
ASCL1 in activating transcription. 
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Notably, the same C-terminal amino acids are introduced by another PTHS-
associated mutation A634Dfs*74, which was described during the preparation of 
publication II (Steinbusch et al., in press). We suggest that the pathogenic 
mechanisms of both of the C-terminal reading-frame extending mutations might be 
similar.  
 
In sum, our results demonstrate that impacts of PTHS-causing mutations vary in 
severity from partial loss-of-function to dominant-negative effects and functionally 
unequal mutations are found among deletions and truncating mutations as well as 
missense and reading-frame extending mutations in TCF4. Given that there is 
considerable variability of symptoms among the PTHS patients and many of the 
features considered characteristic of the disorder are not uniformly present in all 
patients, it would be of importance to investigate whether there are associations 
between the effects of mutations on TCF4 function and phenotype severity in 
patients. The only phenotype–genotype correlation suggested so far is that 
individuals with missense mutations are more likely to develop seizures than other 
PTHS patients (Rosenfeld et al., 2009), but this was disproved in a recent report 
(Whalen et al., 2012). Our study provides a starting point for making PTHS 
phenotype–genotype correlations that would not be based on mutation type solely, 
but would take into account the functional impacts of the mutations. 
 

8. Closing remarks 
 
Several lines of evidence from human patients and mouse models indicate that 
precise regulation of TCF4 expression levels is crucial for correct brain 
development and function, and deviations in expression result in cognitive 
disturbances. This substantiates the high number of 5′ exons in the complexly 
structured TCF4 gene, characterized in the current study. 

The results presented here indicate that hypomorhic mutations in TCF4 are 
sufficient to cause severe developmental delay in PTHS patients. However, given 
that a translocation in TCF4, which leaves more than half of the 5′ exons in place, 
leads to mild mental retardation (Kalscheuer et al., 2008), it is possible that a 
continuum of phenotypes from moderate mental retardation to full-scale PTHS 
might be caused by different mutations in the TCF4 gene. This would mean that, in 
addition to PTHS, TCF4 should be considered a candidate gene in cases of milder 
mental retardation that could be caused by mutations in individual TCF4 5′ exons 
or in regulatory elements of the alternative promoters. Moreover, since TCF4 
duplication has been described in a patient with developmental delay (Talkowski et 
al., 2012), it is possible that increased TCF4 expression is also a risk factor for 
disturbed cognitive development. 

Moderate Tcf4 overexpression in postnatal forebrain has been shown to result in 
decreased sensorimotor gating, deficient fear-related learning and memory, and 
alterations in neuronal activation (Brzozka et al., 2010, Brzozka and Rossner, 
2013), suggesting that elevated Tcf4 levels may be causal for established 
endophenotypes of SCZ in mice. Nevertheless, it has not been conclusively 
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ascertained whether and how SCZ-associated variation in TCF4 is linked to TCF4 
expression in the human nervous system. Evidence for both decreased TCF4 
expression in blood (Kurian et al., 2011, Navarrete et al., in press), and increased 
expression in cerebellum, blood and induced pluripotent stem cells-derived neurons 
(Mudge et al., 2008, Brennand et al., 2011, Wirgenes et al., 2012) of psychosis 
patients has been published. It is noteworthy that according to the TCF4 gene 
structure described here, the SCZ-associated intronic SNPs rs17512836 or 
rs9960767 and rs2958182 (Stefansson et al., 2009, Li et al., 2010, Ripke et al., 
2011, Steinberg et al., 2011) are located upstream of TCF4 5′ exons 5b or 5c, 
respectively, indicating that they could play a role in the regulation of transcription 
from TCF4 alternative promoters. In addition, the CTG repeat implicated in BPAD 
(Del-Favero et al., 2002), is situated immediately in front of TCF4 5′ exon 4a, 
suggesting that the repeat length could have a direct impact on transcription from 
this exon. Besides alterations in overall TCF4 expression, it is possible that the the 
level of individual TCF4 isoforms or the changed ratio of different isoforms could 
be a factor in the psychoses. The latter is supported by the findings of the present 
study showing that alternative TCF4 isoforms have functional differences in their 
nuclear import and transactivational capacity. Notably, a partial duplication of the 
TCF4 gene, which is predicted to increase the levels of TCF4 isoforms with shorter 
N-termini (TCF4-D, -A, -H and –I), has been identified in a patient with major 
depressive disorder (Ye et al., 2012). 

The current study identified TCF4 as a Ca2+-dependent transcriptional activator 
in neurons, providing novel insights into the mechanisms that underlie the 
association of TCF4 with disorders affecting cognitive function and development. 
Several biological processes that modulate neuronal connectivity, e.g. dendritic 
development, synaptic elimination, regulation of excitatory-inhibitory balance and 
synaptic plasticity, are regulated by neuronal activity (Greer and Greenberg, 2008). 
Possible role of TCF4-dependent transcription in any of these processes awaits 
vigorous proof from in vivo functional studies.  
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CONCLUSIONS 
 
The present thesis examined several aspects of TCF4 functions in health and 
disease. The principal findings of this study are summarized below: 
 
• Human TCF4 gene contains 21 5´ exons that potentially enable production of 

TCF4 isoforms with 18 different N-termini. The diversity of TCF4 transcripts is 
further increased by alternative splicing at several internal exons.  

• Human TCF4 mRNAs are expressed ubiquitously but not equally in different 
tissues. TCF4 expression is particularly high in the nervous system where the 
transcripts and protein are detected in neurons. 

• Multiple TCF4 protein isoforms with different molecular mass are present in 
human tissues. 

• Intracellular distribution of TCF4 isoforms is differentially regulated. TCF4 
isoforms with longer N-termini contain a bipartite NLS and are localized to the 
nucleus. TCF4 isoforms with shorter N-termini and Δ isoforms are transported 
to the nucleus via heterodimerization with NLS-bearing partner proteins. 

• The ability of different TCF4 isoforms to activate E-box-controlled 
transcription is varied. 

• TCF4 transactivation domains AD1 and AD2 function synergistically in 
HEK293 cells, whereas only AD2 is able to activate transcription in rat primary 
neurons. 

• TCF4-dependent transcription in primary neurons requires induction of calcium 
influx through L-type voltage gated channels and signalling via protein kinase 
A (PKA). 

• PKA directly phosphorylates TCF4 at serines 448 and 464 in vitro. Endogenous 
TCF4 is posttranslationally modified in response to membrane depolarization in 
primary neurons and by modulating cAMP-PKA pathway in HEK293 cells. 

• C-terminal part of TCF4, containing the bHLH domain and the PKA-
phosphorylated serines, is necessary for regulation of TCF4 by neuronal 
activity. 

• Hypomorphic mutations in TCF4 are sufficient to cause Pitt-Hopkins syndrome 
since not all PTHS-associated deletions and truncating mutations in TCF4 result 
in complete loss-of-function of the affected allele. 

• PTHS-associated missense mutations in TCF4 bHLH domain and the reading 
frame extending mutation impair DNA-binding and transactivation ability to a 
varying extent, ranging from hypomorphic to dominant-negative effects, and in 
a manner dependent on dimer context.  

• PTHS-associated reading frame extending mutation and missense mutation at 
the dimer interface of the HLH domain destabilize TCF4 protein. 

• For PTHS-associated missense mutations outside of the bHLH domain no major 
deficiencies in TCF4 functions were detected.  
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KOKKUVÕTE 
 
Transkriptsioonitegur TCF4 (tuntud ka kui ITF2, SEF2 ja E2-2) on laialdaselt 
avalduv aluselise heeliks-ling-heeliks perekonna valk, mis seondub CANNTG 
DNA elemendile homo- või heterodimeerina. TCF4 osaleb paljude erinevate 
rakutüüpide arengus ja talitluses, aga hiljutistest uuringutest lähtuvalt on tal eriti 
tähtis roll täita närvisüsteemis. Varieeruvus TCF4 geenis on seotud skisofreeniaga 
ning deletsioonid, lugemisraami kärpivad ja missens-mutatsioonid TCF4 geenis 
põhjustavad Pitt-Hopkinsi sündroomi (PTHS), mida iseloomustab sügav vaimne ja 
motoorne alaareng, tüüpilised näojooned ja hingamishälbed. 

Käesoleva töö eesmärgiks oli (i) kirjeldada inimese TCF4 geeni struktuuri ja 
avaldumist mRNA ja valgu tasemel, (ii) uurida TCF4 valgu isovormide talitlemist 
mitteneuraalsetes rakkudes ja närvirakkudes ning (iii) teha kindlaks, millist mõju 
avaldavad PTHSi põhjustavad mutatsioonid TCF4 valgu talitlemisele. 

Antud töö tulemused näitavad, et kuigi TCF4 geenile on iseloomulik lai 
avaldumismuster, on TCF4 transkriptide tasemed kõige kõrgemad närvisüsteemis. 
Arvukate 5' eksonite olemasolu TCF4 geenis võimaldab toota 18 erineva 
aminoterminusega TCF4 valgu isovorme. Käesoleva töö tulemuste järgi on TCF4 
isovormide rakusisene paiknemine erinevalt reguleeritud. Nimelt sisaldavad osad 
isovormid tuuma paiknemise signaali (NLS), samas kui teised peavad tuuma 
sisenemiseks heterodimeriseeruma NLSi sisaldavate partnervalkudega. Lisaks 
sellele on TCF4 isovormide võime aktiveerida transkriptsiooni varieeruv ning 
sõltuv raku tüübist. Kui mitteneuraalsetes rakkudes on TCF4 vaikimisi aktiivne, 
siis närvirakkudes on TCF4-sõltuvaks transkriptsiooniks vajalik kaltsiumi sissevool 
rakku läbi L-tüüpi pingest sõltuvate kaltsiumi kanalite ning valgu kinaasi A (PKA) 
poolne signaalimine. Antud uurimistööst lähtuvalt on TCF4 otsene PKA sihtmärk 
ning PKA fosforüleerimiskohad TCF4 valgus vajalikud tõhusaks TCF4-sõltuvaks 
transkriptsiooniks närvirakkudes. Lisaks, endogeenset TCF4 valku modifitseeri-
takse vastusena membraani depolariseerimisele närvirakkudes. PTHSiga seotud 
mutatsioonide analüüsist selgus, et kõik deletsioonid ja lugemisraami kärpivad 
mutatsioonid ei häiri muteerunud TCF4 alleeli talitlemist täielikult. Missens ja 
lugemisraami pikendavate mutatsioonide mõju varieerub vaevu märgatavatest 
puudustest kuni dominant-negatiivsete efektideni. Viimati nimetatud mutatsioonide 
hulgast mõned takistavad TCF4 DNAle seondumist ja transkriptsiooni 
aktiveerimist viisil, mis sõltub spetsiifilisest dimeerist, mõned muudavad valgu 
ebastabiilseks ja mõned ei põhjusta märgatavaid talitlushäireid. 

Kokkuvõttes kirjeldab käesolev töö TCF4 geeni avaldumise varieeruvust 
inimese erinevates kudedes ja annab tunnistust TCF4 isovormide talitlemise 
erinevustest. Lisaks näitavad antud töö tulemused, et närvirakkudes 
talitleb TCF4 kui närvitalitluse poolt reguleeritud transkriptsioonitegur ning et 
PTHSiga seotud mutatsioonid mõjutavad TCF4 talitlemist erinevatel viisidel, mis 
ulatuvad hüpomorfsetest kuni dominant-negatiivsete efektideni. Need tulemused 
annavad uusi teadmisi TCF4 talitlemise kohta ning heidavad valgust 
mehhanismidele, mis võivad olla aluseks TCF4 geeni seosele vaimse arengu 
hälbeid põhjustavate haigustega. 
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=Ls �Ôpmpj�dP�=A=�
Ni�Z[R=C=C

A�f=CRD=�
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PAPER II 
 
 
 
 
 
 
 
 
 
 
Sepp M, Pruunsild P, Timmusk T 
Pitt-Hopkins syndrome associated mutations in TCF4 lead to variable impairment 
of the transcription factor function ranging from hypomorphic to dominant 
negative effects. 
Hum Mol Genet. 2012;21(13):2873-2888. 
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��������
������

��� 	
 ����
 ����� ����
��

�������
����

������
������

	
 ����

��� �����

������������������
��� ��� �������

����
 ��������
�� 	
������ 
	
 ����! �"��
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Basic helix-loop-helix transcription factor TCF4 is a calcium-dependent 
transcriptional activator in neurons. 
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