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Abstract. Our understanding of human genes - particularly their structure, functions, and regulatory mechanisms - is
still limited. The biological role of approximately 20 % of human proteins has not been established yet, and the mo-
lecular functions of the known part of the proteome remain poorly understood. This hinders progress in basic and
applied biological and medical sciences, especially in treating hereditary diseases, which are caused by mutations and
polymorphic variants in individual genes. Therefore, it is crucial to comprehend the mechanisms of protein functioning
to address this problem. This further emphasizes the importance of investigating gene functions and molecular patho-
genetic pathways associated with single-gene inherited diseases. This review focuses on the TCF4 gene that encodes
a transcription factor crucial for nervous system development and functioning. Pathogenic variants in this gene have
been linked to a rare genetic disorder, Pitt—-Hopkins syndrome, and TCF4 polymorphic variants are associated with
several socially significant diseases, including various psychiatric disorders. The pathogenetic mechanisms of these
conditions remain unexplored, and the knowledge about TCF4 upregulation and its target genes is limited. TCF4 can be
expressed in various isoforms due to the complex structure and regulation of its gene, which complicates the investiga-
tion of the protein’s functions. Here, we consider the structure and functions of the TCF4 transcription factor. We discuss
its potential target genes and the possible loss-of-function pathogenetic mechanisms identified in animal and cellular
models of Pitt—-Hopkins syndrome. The review also examines the advantages and limitations of potential therapies for
Pitt-Hopkins syndrome that are based on TCF4 dosage compensation or altering the activity of TCF4 target genes.
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AHHOTaUMA. Ha cerogHALWHNA AeHb UMEIOTCA OrPaHNYeHHble 3HaHNA 06 OCHOBHbIX XapaKTEPUCTMKAX FeHOB YesioBe-
Ka, UX CTPYKTYpe, GyHKLUM 1 MeéXaHM3MaX perynauum skcnpeccun. brionornueckasn ponb okoso 20 % 6esikoBbix Npo-
[YKTOB F€HOB [10 CUX MOP HE YCTaHOBJEHA, a MONeKyApHble GYHKLUM N3BECTHON YacTU MPOTEOMA OCTaloTCA Heflo-
CTaTOYHO U3yUYeHHbIMU. [laHHOE 06CTOATENBCTBO OFPAHNUMBAET MPOrpecc Kak GyHAaMeHTanbHbIX, TaK 1 MPUKNagHbIX
6MONOrNYECcKNX N MeANLMHCKUX HayK, B OCOBEHHOCTY B Cllyyae Tepanuy HacnefCcTBEHHbIX GonesHel, naTtoreHes Ko-
TOPbIX 06YC/IOBEH HA/IMUYMEM BAapPUAHTOB B HYK/IEOTUAHOM MOCIE[0BaTE/IbHOCTY OTAESbHbIX FeHOB. B CBA3M ¢ 3TUM
BO3pacTaeT He0BXOAMMOCTb MPOBEAEHVA NCCIEA0BAHNI, HANPaBAEHHbIX Ha M3yyeHne QyHKLMIA reHOB, a TakKe Mo-
NeKyNAPHbIX NAaTOreHeTUYEeCKMX NyTel, CBA3aHHbIX C Pa3BUTMEM MOHOMeHHbIX 3aboneBaHuil. Hala cTaTbs nocssLeHa
reHy TCF4, KogvpytoLiemy LNPOKO SKCNpeccmpyemblii GakTop TPaHCKPUMUWK, BaXHbI ANA pa3BUTUA 1 GYHKLMOHU-
poBaHUA HEPBHOWN cMcTeMbl. K HacToALeMy BpeMEHM YCTaHOB/IEHO, UTO MaTOreHHble BapUaHTbl B 3TOM FeHe MpuBo-
JAT K pasBUTMIO PefKOro reHeTnYeckoro 3aboneBaHus, N3BeCTHOTO Kak CMHAPOM lTTa-XonKuHca, a nonumopdHble
BapuaHTbl B TCF4 accoummnpoBaHbl C PAAOM COLMAIbHO 3HAUMMbIX 3a0601€BaHNIA, MPEACTABIEHHbIX PA3INYHbIMU NCU-
XNYECKMMMN paccTporicTBamm. MonekynisipHble MexaHn3Mbl NaToreHe3a nogo6HbIX COCTOAHMIA MO-MPEXXHEMY OCTAKTCA
Heu3y4yeHHbIMU, a 3HaHVsA O BbllwecToAwel perynauum TCF4 1 ero HKeCTOALWMX reHax-MyLLIeHsX orpaHnyeHbl. Cox-
HOCTb CTPYKTYPHOI OpraHu3aumm 1 oCo6eHHOCTU perynaummn 3KCnpeccun reHa obecneumsaoT MHOroobpasue nso-
dopm TCF4, uTo 3aTpyaHAET NOHVMaHNE MONEKYNAPHbIX GyHKUNMI 6enka. B 0630pe paccMOTpeHbl M3BECTHbIe JaHHble
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TpaHckpunumoHHbIn dpaktop TCF4: cTpyKTypa,
bYHKLMM 1 accoumMmpoBaHHble 3aboneBaHua

0 cTpyKType 1 dyHKUMAx dpakTopa TpaHckpunumm TCF4. Ob6cy»kaatloTca NoTeHLMabHble reHbl-MULLEHN 1 BO3MOXKHbIe
naToreHeTMYeCcKre MexaHu3mbl, 0OyCNOBIeHHble NoTepeit GYHKLMM 3TOro 6enka, BbiABNEHHbIE B UCCIEA0BAHMAX Ha
KMBOTHBIX 1 KNIETOUYHbIX MOAeNAX cuHApoma MnTTa—XonkuHca. PaccMOTpeHbl MpenMyLLecTBa U OrpaHNYeHnsA NoTeH-
LManbHbIX CTpaTernii Tepanum ykasaHHOro CMHAPOMa, OCHOBaHHbIe Ha KoMneHcauuy fo3bl TCF4 nnmn Bo3gencTsnm Ha
MONEKyNAPHblE MULLEHN N3YYaeMOro TPAHCKPUMLMOHHOTO dpakTopa.

KnioueBble cnosa: TCF4; cnnppom Mutta-XonkrHca; bHLH; ncnxmueckue paccTpoiicTBa; paccTponCTBa ayTMCTUYe-

CKOro crneKkTpa; Tepanua cnHapoma Nutta—XonkuHca.

Introduction

One of the most important problems in medical genetics today
is the limited understanding of the role of proteins involved
in the molecular pathways underlying the development of
several inherited disorders. This problem is especially urgent
regarding transcription factors, since these proteins regulate
the expression of many genes, have pleiotropic effects, and are
critical for various biological processes. One such transcription
factor is encoded by the TCF4 gene. Pathogenic variants in this
gene are responsible for Pitt-Hopkins syndrome development
(Amiel et al., 2007; Brockschmidt et al., 2007; Zweier et al.,
2007), and its polymorphic variants have been associated with
various psychiatric disorders including schizophrenia, bipolar
disorder, major depressive disorder, and post-traumatic stress
disorder (Stefansson et al., 2009; Smoller et al., 2013; Wray
etal., 2018).

According to the literature, TCF4 is critical for brain
development and function, as it participates in nerve cell
differentiation and migration, regulation of neuronal excit-
ability, neuronal plasticity, etc. (Imayoshi, Kageyama, 2014;
Kennedy et al., 2016; Li H. et al., 2019; Mesman et al., 2020;
Phan et al., 2020). Despite the large amount of data pointing
to the important role of TCF4, the molecular mechanisms of
its pathogenic variants leading to impaired development and
function of cells in the nervous system remain largely unex-
plored. This review aims to summarize the literature data on
TCF4 structure and function, its known molecular targets,
diseases associated with variants in 7CF4, and potential ap-
proaches to their therapy.

TCF4 structure, expression pattern

and known functions

The TCF4 gene, also known as ITF2 or PTHS, is located in
the 18g21.2 region on chromosome 18 and contains 41 exons.
Twenty of these exons are alternative 5'-exons (non-protein-
coding exons that are included or excluded from mature
mRNA to regulate the expression of longer or shorter protein
isoforms), 20 exons are internal protein-coding, and one is a
3'-non-coding exon (Sepp et al., 2011). TCF4 encodes a tran-
scription factor containing a basic helix-loop-helix structural
motif (bBHLH). The proteins of this group contain a DNA-
binding domain and can regulate gene expression, forming
homo- and heterodimers. The bHLH-containing proteins are
categorized into six groups depending on the types of dimers
they form, expression pattern, and DNA binding specificity.
The transcription factor TCF4 belongs to the E-proteins group
(or class I bHLH proteins) that recognize E-box sequences
(CANNTG) located in the promoter and enhancer regions
of target genes (Schoof et al., 2020). The bHLH domain is a

highly conserved motif consisting of a basic amino acid region
followed by two amphipathic a-helixes connected by a loop.
The basic amino acid region binds to the E-box sequence
directly, while the a-helices provide dimerization.

The alternative transcription initiation sites located up-
stream of non-coding exons 1, 3, 4, 5, 7, 8, and 10 define
at least 18 TCF4 isoforms. The isoforms contain relatively
conserved C-terminal domains of the basic helix-loop-helix
structural motif but differ in N-terminal regions responsible
for transcription regulation. However, it should be noted that
the diversity of TCF4 transcripts is even higher due to alterna-
tive splicing of internal coding exons (Teixeira et al., 2021).

Full-length TCF4 transcripts include the following struc-
tural elements: the bHLH domain, activation domains (ADI,
AD2 and AD3), CE and Rep intramolecular regulatory do-
mains, NLS-1 and NLS-2 nuclear localization signals, NES-1
and NES-2 nuclear export signals, and the RSRS sequence of
four amino-acid residues (Fig. 1).

In addition to the bHLH domain, the AD1, AD2, and
AD3 activation domains can cooperatively or independently
regulate gene expression in a cell type-dependent manner. It
has been shown that the AD1 domain can bind transcription
coactivators and corepressors. The AD2 domain can bind co-
activators of transcription, but no data are currently available
on its interactions with corepressors. Transcription coactiva-
tors and corepressors compete for binding to the AD1 domain,
enabling TCF4 to both activate and repress gene expression
(Teixeira et al., 2021).

The AD3 domain interacts directly with the TAF4 subunit
of the general transcription factor II D, resulting in enhanced
RNA polymerase II preinitiation on target genes, but exactly
how AD3 is involved in the regulation of gene expression by
TCF4 is currently unclear (Teixeira et al., 2021).

The TCF4 transcriptional activity is also regulated by the
previously mentioned CE and Rep domains. The conserved
element (CE) located between the activation domains of AD1
and AD3 can inhibit AD1 activity. The repression domain
(Rep), located between AD2 and bHLH, is able to repress the
activity of AD1 and AD2. Both of these domains can likely
prevent the recruitment of transcriptional cofactors, and as
a result, suppress AD1-mediated activation or repression of
transcription (Teixeira et al., 2021).

Finally, the presence of the RSRS four amino-acid residue
motif (Arg-Ser-Arg-Ser) located between the Rep and bHLH
domains may also result in reduced transcriptional activity.

The complex structural organization of 7CF4, along with
the peculiar regulation of its expression, results in a variety
of TCF4 isoforms containing different structural domains.
Since all 7CF4 transcripts include exons 10-20, all isoforms
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Fig. 1. Schematic representation of the full-length TCF4 protein structure.
The figure is modified from J.R. Teixeira and colleagues (Teixeira et al., 2021).

of the encoded protein contain the AD2 and AD3 activation
domains, as well as the bHLH, Rep, NLS-2, NES-1, and
NES-2 domains. Only the four longer protein isoforms con-
tain the full AD1 activation domain, while the other isoforms
contain either only a part of it or none at all (Sepp et al., 2011).
In addition, the literature describes “A-isoforms”, which are
characterized by the absence of NLS-1 and CE domains.
Finally, the presence of alternative splicing sites in exon 18
leads to the inclusion or exclusion of the segment encoding the
RSRS sequence present in positive (+) isoforms and absent in
negative (—) isoforms of the protein (Sepp et al., 2011). How
various isoforms differ from each other in terms of transcrip-
tion regulation remains an open question.

Similar to the majority of genes encoding E-proteins, TCF4
is expressed in almost all tissues of the organism, being the
most abundant in the brain (The Human Protein Atlas, https://
www.proteinatlas.org). Some TCF4 transcripts are tissue-
specific, while others have a broad spatial expression pattern.
Moreover, the quantitative ratios of the same transcripts can
vary in different tissues. The expression analysis using RT-
PCR showed that most 7CF4 transcripts were expressed in
the brain, except for the five found in the testes (Sepp et al.,
2011). TCF4 expression is also upregulated during ontoge-
nesis, with the highest activity during prenatal development
(Sepp etal., 2011). It has been shown that TCF4 expression in
the brain increases toward the end of the prenatal period and
then decreases to baseline in newborns, persisting throughout
life (Li M. et al., 2018).

In humans, TCF4 is expressed in the forebrain and brain
ventricular system during fetal development and persists in the
forebrain and cerebellum in adults. Besides, TCF4 is found in
oligodendrocytes of the spinal cord (Chen H.Y. et al., 2021).

The variety of TCF4 isoforms complicates the understand-
ing of its molecular functions. The functions of specific TCF4
isoforms depend on which 5'-exon and internal exons are
included in the translated transcript. Depending on the isoform
structure, both subcellular localization and transcription are
differentially regulated. For example, isoforms containing
NLS are localized in the nucleus, whereas isoforms lacking
NLS require a heterodimerization partner to access the nucleus
(Chen H.Y. et al., 2021).

As a transcription factor, TCF4 has been associated with
the regulation of hematopoiesis, myogenesis, neurogenesis,

melanogenesis, osteogenesis, and the differentiation of en-
dothelial, mammary, and Sertoli cells (Teixeira et al., 2021).
Additionally, TCF4 appears critical for normal nervous system
development and function. This protein forms heterodimers
with the transcription factors ATOH1, ASCL1, NEURODI,
and NEUROD?2, which play an important role in nervous
system development (Wittmann, Haberle, 2018). TCF4 is
known to be important for brain development and function-
ing: it participates in such processes as the differentiation of
neuronal progenitor cells into neurons, oligodendrocyte and
astrocyte (Imayoshi, Kageyama, 2014), maturation, neuronal
migration and function, oligodendrocyte myelination, synaptic
plasticity, etc. (Kennedy et al., 2016; Li H. et al., 2019; Mes-
man et al., 2020; Phan et al., 2020).

TCF4-associated diseases

To date, a number of studies have indicated a possible role
for TCF4 in the pathogenesis of various socially impor-
tant diseases. Genome-wide association studies show that
polymorphic variants in TCF4, predominantly localized in
non-coding regions of the gene, are associated with various
psychiatric disorders, including schizophrenia (Stefansson et
al.,2009; Ripke et al., 2011; Steinberg et al., 2011; Smoller et
al., 2013; Bocharova et al., 2017), bipolar disorder and autism
spectrum disorders (Smoller et al., 2013), major depressive
disorder (Wray et al., 2018), and post-traumatic stress disorder
(Gelernter et al., 2019). In addition, variants in 7CF4 are as-
sociated with Fuchs’ corneal endothelial dystrophy (Afshari
et al., 2017; Fautsch et al., 2021) and sclerosing cholangitis
(Ellinghaus et al., 2013). However, it is currently unknown
whether these polymorphic variants are responsible for the
development of these diseases. The exception is Fuchs’ en-
dothelial corneal dystrophy: most patients with this diagnosis
carry an expansion of the trinucleotide repeat (CTG)n in
intron 3 of the TCF4 gene, leading to splicing errors (Du et
al., 2015; Papanyan et al., 2019) (see the Table).

In 2007, several independent studies showed that heterozy-
gous carriage of pathogenic variants in the 7CF4 gene leads
to the development of a rare inherited disease, Pitt—-Hopkins
syndrome (PTHS) (Amiel et al., 2007; Brockschmidt et al.,
2007; Zweier et al., 2007). Despite phenotypic differences,
most patients with this syndrome are characterized by a
specific set of dysmorphic facial features combined with in-
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Variants Frequency OR (95 % Cl)

rs9960767(C] 0.06 1.3(1.11-1.51), p = 0.001
rs17512836[C] 0.02 1.23(1.14-1.31),p=1.05x107°
rs4309482[A] 0.58 1.09 (1.06-1.12), p=7.8x107°
rs9960767(C] 0.03 0.68 (0.41-1.13),p=0.134
rs17594526[T] 0.01 0.60 (0.25-1.42), p = 0.238
rs12958048 [A]  0.33 1.03 (nd), p< 1x10™°
rs2123392 [C] nd nd

rs613872 [G] 0.37 5.47(3.75-7.99),p=1x107"8
rs784257[G] 0.48 4.94 (4.45-5.58), p = 2.5x 107200
rs1452787[G] 0.23 0.75 (0.68-0.83),p=2.61x 1078

Disease Reference

Schizophrenia Stefansson et al., 2009

Schizophrenia, BD, ASD Ripke et al.,, 2011;

Smoller et al., 2013
Schizophrenia Steinberg et al., 2011
Bocharova et al., 2017
Bocharova et al., 2017
Major depressive disorder Wray et al., 2018
PTSD Gelernter et al., 2019
Fuchs’ endothelial dystrophy Baratz et al., 2010
Afshari et al., 2017

Sclerosing cholangitis Ellinghaus et al.,, 2013

Note. OR - odds ratio; Cl — confidence interval; BD - bipolar disorder; ASD — autism spectrum disorders; PTSD — post-traumatic stress disorder; nd - no data.

tellectual disability, sensorimotor impairment, speech delay,
and generalized muscular hypotonia. About 78 % of patients
frequently perform stereotypical and intense repetitive move-
ments, which allows PTHS to be classified as an autism
spectrum disorder. Approximately half of patients with PTHS
have abnormal breathing patterns and about one-third develop
epileptic seizures. In addition, magnetic resonance imaging
has identified several brain anomalies in patients with PTHS,
including agenesis of the corpus callosum, large ventricles,
and an abnormal shape of the posterior cranial fossa (Teixeira
et al., 2021).

The spectrum of 7CF4 mutations identified in patients with
PTHS includes missense (~15 % of cases), nonsense (~15 %),
splicing site mutations (~10 %), small insertions or deletions
resulting in frame shifts (~30 %), translocations and large dele-
tions encompassing 7CF4 partially or fully (~30 %) (Teixeira
etal., 2021). Some estimates put the worldwide prevalence of
PTHS caused by chromosomal deletions at 1/34,000—1/41,000
(Rosenfeld et al., 2009).

Depending on the localization and mutation type, TCF4
isoforms are affected differently. The majority of missense
mutations affect exon 19 encoding the bHLH domain. Cer-
tain missense mutations affect exons 15 and 18 encoding
the AD2 activation domain and the Rep regulatory domain,
respectively. Since all TCF4 transcripts contain these exons,
the pathogenic variants described lead to the disruption of all
protein isoforms. Most nonsense, frame-shift, and splice-site
mutations also result in damage to all isoforms of the protein.
However, if these mutations occur in exons 8 and 9 or are
localized upstream of exons 10a-c, the A-isoforms and shorter
TCF4 isoforms are unchanged. Several translocations and
deletions span only initial exons (1 through 4) or inner exons
(5 through 9), retaining intermediate and shorter isoforms,
respectively (Sepp et al., 2012).

The effects of the structural diversity and cell-specific TCF4
expression pattern on physiologic processes remain poorly

understood. However, it is hypothesized that different types
of TCF4 mutations in individuals with PTHS may impair the
functions of the encoded protein by diverse mechanisms and
to a varying extent, thus leading to the phenotypic variability
observed among patients (Bedeschi et al., 2017). For example,
missense mutations in the bHLH motif or insertions elongating
the reading frame can damage DNA-binding or transactivation
functions in a manner dependent on dimer context (Sepp et al.,
2012). Pathogenic variants encompassing the bHLH domain
responsible for dimerization destabilize the protein, whereas
missense mutations outside of the bHLH domain cause no
major functional deficiencies (Chen H.Y. et al., 2021).

The majority of the pathogenic variants in 7CF4 found in
patients with PTHS lead to haploinsufficiency because they
restrict the expression of certain or all transcripts to a single
copy of the allele. In addition, certain missense mutations
cause the attenuation or loss of TCF4 function as a transcrip-
tion regulator without affecting its ability to dimerize in vitro,
which seems to indicate a dominant-negative effect (Forrest
et al., 2013). Whether the observed effect occurs in vivo is
currently unclear. Presumably, it would be weak due to dimer
instability with mutant TCF4 (Teixeira et al., 2021). Thus, it
is evident that PTHS results from the dysregulation of TCF4-
mediated gene expression. How such disturbances can trigger
a pathophysiologic process remains unclear. J.R. Teixeira et
al. (2021) suggest this process may be related to the general
functions of E-proteins during the regulation of the cell cycle
and to the specific role of TCF4 in cell differentiation.

Molecular pathways and potential

target genes regulated by TCF4

To date, there has been progress in identifying upstream
regulators and target genes of the TCF4 transcription factor.
K.M. Henning et al. showed that the pharmacological acti-
vation of the WNT/B-catenin signaling pathway in induced
pluripotent stem cells (iPSCs), derived from neural progenitor
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Fig. 2. Upregulation of TCF4 and its potential molecular targets.
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a - upregulation of TCF4; b — molecular pathways and potential target genes regulated by TCF4. NPC - neural progenitor cells. Pointed-end arrows indicate

activation and blunt-end arrows indicate inhibition.

cells and neurons from patients with PTHS, leads to increased
TCF4 expression (Hennig et al., 2017). Chromatin modifica-
tion mediated by the inhibition of class I histone deacetylases
has a similar effect (Kennedy et al., 2016; Hennig et al., 2017).
TCF3, a member of the E-protein subgroup, and the ZACl1
transcription factor also upregulate 7cf4 expression (Schmidt-
Edelkraut et al., 2014; Li H. et al., 2019). The authors suggest
that Tcf4 regulation by TCF3 and other unidentified transcrip-
tion factors is crucial for normal cortical development (Li H.
et al., 2019) (Fig. 2).

Using ChIP-Seq technology, several studies have identified
direct TCF4 targets, including Bmp7 (Chen T. et al., 2016),
Nrxnl (D’Rozario et al., 2016), Gadd45g (Sepp et al., 2017),
Gjb2, and Plpl (Wedel et al., 2020). Cellular and animal
models have helped identify the following molecular targets
of TCF4: Scni0a (Nav1.8) and Kcngl (Kv7.1) (Rannals et al.,
2016; Martinowich et al., 2022), Wnt7b (Wang et al., 2020),
Gadd45g (Tamberg et al., 2020), Syn and DIg/ (Tamberg
et al., 2020). Collectively, these studies indicate that TCF4
regulates genes involved in brain development, nerve cell
differentiation, neuronal excitability, synapse function, and
survival (Fig. 2).

However, according to the literature, TCF4 has more than
ten thousand binding sites in the genome, potentially con-
nected to more than five thousand genes (Forrest et al., 2018;
Xia et al., 2018). In light of these data, it is clear that the vast
majority of molecular targets of this transcription factor remain
unidentified. Therefore, identifying molecular pathways and
target genes regulated by TCF4 is essential for fundamental
research of the processes controlled by transcription factors.
Moreover, understanding of the mechanisms of the gene
network function and identification of the key molecular tar-

gets of TCF4 may significantly influence the development of
therapeutic strategies for 7CF4-associated diseases.

To date, several studies using animal models have assessed
changes in the transcriptional profile caused by TCF4 muta-
tions. The genes encoding potassium and sodium ion channels,
Kcengl and ScnlQa, are identified as downstream targets of
TCF4 in rodent models (Rannals et al., 2016; Martinowich et
al., 2022). Both studies demonstrate overexpression of these
genes coupled with the loss of TCF4 function, which allows
to consider this transcription factor as a regulator of neuronal
excitability. Other studies have reported downregulation of the
Arc gene, which is important for synaptic plasticity, informa-
tion processing, and memory (Kennedy et al., 2016), and the
Wnt7b gene, which is considered a key TCF4 target in the
regulation of neuronal progenitor cell migration during dentate
gyrus development (Wang et al., 2020) (Fig. 2).

Several studies demonstrate that mice with 7¢f4 muta-
tions are characterized by an increased expression of genes
associated with neuronal progenitor cell proliferation and
a suppressed expression of genes involved in neuronal dif-
ferentiation and migration (Li H. et al., 2019), neurogenesis,
and neuronal maturation (Mesman et al., 2020). B.D.N. Phan
et al. (2020) also reported an abnormal gene expression pat-
tern in oligodendrocytes, in particular the genes involved in
myelination, which is critical for the normal function of these
cells (Fig. 2).

Thus, animal research suggests that TCF4 is crucial for
brain development and function and identifies potential
targets of this transcription factor. However, animal model
systems have significant limitations when it comes to ex-
trapolating their results to humans. For instance, TCF4 hap-
loinsufficiency is known to result in clinical manifestations
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of PTHS in patients, whereas heterozygous mice carrying
Tcf4 mutations (wt/Tcf47) tend to exhibit milder phenotypes
(Thaxton et al., 2018; Li H. et al., 2019; Mesman et al., 2020;
Wang et al., 2020). These differences appear to be due to sig-
nificant differences between the structure and development of
rodent and human brains, which should be taken into account.
This fact highlights the need for research to be conducted on
human nerve cells.

In the study by F. Papes et al. (2022), fibroblasts derived
from patients with PTHS were reprogrammed into iPSCs with
subsequent differentiation into neural progenitor cells, neu-
rons, and brain organoids. The authors showed that neuronal
progenitor cells with 7CF4 mutations were characterized by
reduced proliferation and impaired neuron differentiation,
while brain organoids were characterized by abnormal size and
cellular composition (Papes et al., 2022). Based on the RNA
sequencing results, the authors suggest that the loss of TCF4
function leads to disruptions of the Wnt signaling pathway,
and, as a result, a decreased expression of SOX target genes,
ultimately leading to the reduced proliferation of progenitor
cells (Papes et al., 2022). The rescue of TCF4 expression or
pharmacological correction of the Wnt signaling pathway re-
sulted in a partial recovery of aberrant phenotypes. These data
indicate possible therapeutic strategies for TCF4-associated
genetic disorders.

Several studies using SH-SYS5Y to model TCF4 dysfunc-
tion are found in the literature and provide valuable insight
into the molecular mechanisms regulated by this transcription
factor. The microarray analysis of the transcriptional profile
performed in the SH-SYSY cells with 7CF4 knockdown re-
vealed differentially expressed genes (DEGs) involved in the
TGFp signaling pathway, epithelial-mesenchymal transition,
neuronal differentiation, and apoptosis (Forrest et al., 2013).
The genes encoding EMT, SNAI2, and DECI transcription
factors, as well as NEUROG?2 and ASCL I proneural genes, and
genes associated with intellectual disability, such as UBE3A4
(Angelman syndrome), ZEB2 (Mowat—Wilson syndrome),
were characterized by the most pronounced differential ex-
pression. The findings suggest that TCF4 regulates several
molecular pathways associated with nerve cell differentiation
and survival, as well as genes clinically significant to the
pathogenesis of intellectual disability.

In another study, H. Xia et al. applied ChIP-seq techno-
logy in SH-SYSY cells to analyze DNA-protein interac-
tions and detect TCF4-binding sites (Xia et al., 2018). This
approach has identified more than 10,000 binding sites
that can be attributed to more than 5,500 genes. The gene
set enrichment analysis (GSEA) of potential target genes
revealed the pathways associated with neuronal develop-
ment and identified genes that overlap with those underex-
pressed postmortem in the brains of patients with schizophre-
nia. These data further support the importance of TCF4 for
brain development and function and indicate the existence
of pathogenetic molecular pathways common to PTHS and
schizophrenia (Xia et al., 2018).

Thus, studies conducted in animal models of PTHS have
identified variability in the phenotypes that provide important
biological information about this disorder. The phenotypes

2024
287

TpaHckpunumoHHbIn dpaktop TCF4: cTpyKTypa,
bYHKLMM 1 accoumMmpoBaHHble 3aboneBaHua

described above are observed throughout life, ranging from
abnormalities in cortical development and nerve cell differen-
tiation and maturation to impairments in neuronal excitability,
synaptic plasticity, and behavior in adult animals. Although
the analyses of transcriptional profiles using microarray and
RNA sequencing do not point directly to TCF4 target genes,
they emphasize the important role of this transcription factor
in neurogenesis and demonstrate a large-scale gene network
potentially regulated by TCF4. Understanding of the molecular
pathways and identification of TCF4 target genes are crucial
for comprehending the pathogenesis of TCF4-associated dis-
orders and identifying potential therapeutic targets.

Potential therapeutic strategies

for Pitt—-Hopkins syndrome

Pitt—-Hopkins syndrome patients require lifelong medical care,
but current therapeutic approaches focus on symptomatic
treatment. Although there is currently no effective treatment
for PTHS, research is ongoing to understand the molecular
mechanisms behind the disease and to identify potential
therapeutic targets. Several potential therapeutic approaches
have been tested in preclinical mouse models of PTHS. The
first approach corrects gene transcriptional activity using his-
tone deacetylase inhibitors, which have been associated with
improved memory and learning ability. The administration of
histone deacetylase inhibitor SAHA improved cognitive func-
tion and memory in mice with heterozygous 7cf4 mutations
(a deletion of exons encoding the bHLH domain) (Kennedy
etal., 2016). Other studies have selected the sodium potential-
dependent NaV 1.8 channel encoded by the SCN104 gene as
a therapeutic target. TCF4 loss-of-function leads to ectopic
overexpression of Scn/0a, and the pharmacological inhibition
of NaV1.8 in murine models of PTHS is effective for the resto-
ration of several physiological functions and behavior (Ekins
et al., 2020; Cleary et al., 2021; Martinowich et al., 2022).
Specifically, S. Ekins and colleagues used Nicardepine, a drug
approved by the Food and Drug Administration (FDA) and
used in cardiology, as a NaV 1.8 inhibitor (Ekins et al., 2020).
Other selective NaV 1.8 inhibitors have also been proven safe
for humans in clinical trials (Hijma et al., 2021, 2022). Given
these facts, testing NaV 1.8 antagonists for PTHS therapy has
significant potential.

The strategies discussed employ either upstream regulators
of TCF4 activity or downstream target genes as therapeutic
targets. Despite the success of these approaches in animal
models, they have some limitations. The effects on upstream
regulators of TCF4 are likely to lack specificity and entail
undesirable adverse reactions arising from off-target transcrip-
tional effects. The limitations of the second approach stem
from the fact that TCF4 regulates the expression of hundreds
or thousands of other genes (Forrest et al., 2013; Hill et al.,
2017; Xia et al., 2018; Torshizi et al., 2019), which greatly
complicates the identification of the key transcription modifier
genes and the correction of their expression levels.

Since TCF4 loss-of-function underlies the disease, it can
be hypothesized that rescuing gene expression using antisense
oligonucleotides or gene therapy may prove to be the most
effective treatment approach. However, given that 7TCF4 ex-
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pression in humans peaks in the prenatal period and then
decreases to the baseline level maintained throughout life
(Rannals et al., 2016; Phan et al., 2020), the question arises
about the possibility of restoring physiological and behavioral
functions of patients with PTHS by normalizing TCF4 expres-
sion in the postnatal period. Moreover, it remains unclear to
what extent TCF4 expression should be upregulated. The
regulation of TCF4 dosage is extremely important because the
disease can develop from either too low or too high expression
levels. Pathogenic variants in 7CF4 leading to haploinsuf-
ficiency may cause neurodevelopmental disorders, whereas
polymorphic variants localized in non-coding regions of the
gene lead to its overexpression and appear to be associated
with schizophrenia.

A-recent study by H. Kim et al. (2022) using a mouse model
of PTHS showed that the development of the phenotypes
characteristic of this syndrome can be prevented or partially
corrected by normalizing 7cf4 expression, with the success of
therapeutic intervention depending on the timing of exposure
and cell type specificity. Pancellular rescue of 7cf4 expression
in the prenatal period completely prevented the development
of PTHS phenotypes. Selective restoration of gene expression
in excitatory or inhibitory neurons during embryogenesis
resulted in the rescue of a number of behavioral functions.
Finally, postnatal restoration of 7¢f4 expression using adeno-
associated viral vectors in neurons reduced anxiety-like be-
havior, stimulated activity, and improved innate behaviors and
memory. In addition, this approach led to a partial recovery
of EEG parameters and correction of the expression levels of
several 7cf4 target genes (Kim et al., 2022).

Gene therapy based on viral vectors holds great promise
for the treatment of diseases previously considered incurable.
According to the Gene Therapy Clinical Trials Worldwide
database as of March 2023, the vectors based on adenoviruses,
retroviruses, lentiviruses, and adeno-associated viruses were
the most frequently used in clinical trials (https://a873679.
fmphost.com/fmi/webd/GTCT; accessed 29.06.2024). Viral-
based vectors have their advantages as well as undesirable
effects. The latter include immune response, cytotoxicity,
risks of genomic integration, and risks associated with the
emergence of de novo replicative-competent viruses (Ertl,
2022; Leikas et al., 2023; Lundstrom, 2023).

Thus, gene therapy approaches to rescuing 7CF4 expression
developed in animal models may be effective for patients with
PTHS. In this regard, further studies are needed to determine
whether restoration of 7cf4 expression at different periods of
ontogenesis can help correct behavioral and physiological
dysfunction. The results of such studies may help us evaluate
the effectiveness of therapy for different age groups of PTHS
patients. In addition, potential therapy strategies using 7CF4
expression level correction will have to ensure appropriate
biodistribution of the encoded protein, as studies show that
restoration of gene activity only in certain cells and brain
structures can lead to the normalization of some behavioral
and physiological functions in laboratory animals (Kim et al.,
2022). One of the main advantages of gene therapy for PTHS
is that it does not require an understanding of the molecular
pathogenesis mechanisms, as this approach targets the under-
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lying cause of the disorder — the impaired TCF4 and its loss-
of-function mutations. However, should gene therapy prove
ineffective for humans in the postnatal period or be unfeasible
in utero, the main focus of research would likely shift towards
developing treatment strategies that target TCF4-regulated
molecular pathways and downstream target genes.

Conclusion

To date, substantial experimental data have accumulated, dem-
onstrating the important role of the TCF4 transcription factor
in the development and functioning of the nervous system.
TCF4 structure and function anomalies are shown to drive the
development of Pitt—-Hopkins syndrome, and variants in the
gene are associated with a number of psychiatric disorders.
However, the molecular mechanisms behind these conditions
remain unexplored, and our knowledge of the TCF4 upregu-
lation and its downstream target genes is limited. Moreover,
there is insufficient information on the dynamic expression
and function of TCF4 during ontogenesis. It is also unclear
how the activity of the encoded transcription factor changes
depending on dimerization partners.

Given the broad expression pattern of 7FC4, as well as its
involvement in the development of the nervous system, it can
be assumed that pathogenic variants affecting this gene may
also be associated with other pathological conditions. This idea
is supported by transcriptomic dynamics during TCF4 loss of
function, as well as by studies of DNA-protein interactions
using ChIP-Seq technology, indicating that common patho-
genetic pathways seem to be involved in the pathogenesis of
PTHS and some psychiatric disorders (Xia et al., 2018; Phan
et al., 2020).

Although many aspects of TCF4 function remain to be
explored, this transcription factor is evidently one of the key
proteins responsible for learning, memory, verbal contact,
and communicative functions in the context of psychiatric
disorders. Further study of TCF4 and the identification of
molecular pathways and target genes it regulates is crucial
for understanding the pathogenesis of TCF4-associated
diseases. This research direction is also important for find-
ing potential therapeutic strategies for PTHS and possibly
other socially significant diseases such as schizophrenia and
bipolar disorder.
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