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Introduction 
Neurodegenerative disorder Huntington’s disease (HD) has been recognized as a disease 
with distinctive chorea already for centuries, and was medically first described in detail 
by physician George Huntington more than 100 years ago as an autosomal dominant 
hereditary progressive disease. HD is quite common in western populations, affecting  
3-5 persons in 100,000 according to conservative estimation, although its prevalence 
varies hugely between different geographical regions (Rawlins et al., 2016). The underlying 
gene huntingtin (Htt) was identified in 1993, which boosted the generation of genetic 
models of HD and search to discover the roles of this protein. For a long time, HD was 
neuropathologically characterized mainly with a progressive degeneration of striatum 
and cortex, although advancements in imaging and biotechnology have enabled 
detection of alterations also in other brain regions (McColgan and Tabrizi, 2018). Clinical 
onset of HD is confirmed by motor disturbances, albeit the cognitive and psychiatric 
functions have recently become more acknowledged and seem to be impaired already 
in the prodromal phase of the disease. Another aspect of HD that has gained attention 
lately is that although HD is a neurodegenerative disease and considerable neuronal 
death is reported, more recent studies have also revealed aberrant features of 
neurodevelopment and neurogenesis. At the molecular level the general dysregulation 
of gene expression in HD has been known already for decades.  

In this study, we focused on two transcription factors, FOXO3 and TCF4 that we found 
to be altered in HD model cells in a screen using antibodies raised against a panel of 
transcription factors. First, we studied the transcription factor FOXO3 that acts as cellular 
sensor and integrator of stress and survival signals. We found that the levels of FOXO3 
mRNA and protein are increased in HD model cells and in HD patients’ cortex and caudate 
nucleus tissue. Furthermore, we described autoregulation of FOXO3 and post-translational 
modifications of effector kinases and their changes, potentially playing a role in balancing 
cell survival and apoptosis in the HD neurons. Second, we demonstrated that the basic 
helix-loop-helix (bHLH) transcription factor TCF4, a regulator of neurogenesis and 
neuronal differentiation, is downregulated in cellular models of HD. Given the limited 
systematic knowledge about the expression of TCF4 and its function in the regulation of 
gene expression, we described the complete structure of human and mouse TCF4 genes 
and characterized the alternative protein isoforms. We showed wide expression of TCF4 
mRNA in human tissues, with the highest expression in the brain. Next, we reported 
neuronal activity-dependence of TCF4-mediated gene transcription and regulation of 
TCF4 transcriptional activity by protein kinase A (PKA). Then, we conducted extensive 
analysis of Tcf4 alternative transcripts’ expression in different brain regions of transgenic 
HD model mouse R6/1, with the most significant changes occurring in hippocampus and 
cerebral cortex. The findings of TCF4 downregulation in HD models were corroborated in 
the CA1 hippocampal region and cerebral cortex of HD patients. Interestingly, changes 
of specific TCF4-isoform encoding mRNAs were brain region-specific. Finally, we showed 
differences in transactivation of different TCF4 isoforms on dimerization with ASCL1 by 
reporter gene assay in rat primary cortical and hippocampal neurons. Furthermore, TCF4 
isoforms differ also in activating gene transcription at basal and depolarization conditions 
and additional differences exist between cortical and hippocampal neurons.  

In conclusion, here we demonstrated altered FOXO3 and TCF4 levels in several in vitro 
and in vivo HD models and substantiated these findings in HD patients. Furthermore, we 
discovered that FOXO3 is regulated by a positive auto-feedback loop, imbalance of which 
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could underlie the upregulation of FOXO3 levels in HD. Our study is the first linking TCF4 
with HD and we suggest that dysregulated TCF4 may play a role in impaired 
neurocognitive functions in HD. Moreover, we described molecular mechanisms of TCF4 
activation and shed light on the functional differences between TCF4 isoforms. The 
results of this study add pieces to the puzzle of HD pathogenesis, lending support to both 
neurodegenerative and neurodevelopmental theories of HD.                                  
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Abbreviations 
14-3-3 Protein encoded from different genes of YWHA family 
3-NP 3-nitropropionic acid 
AAV Adeno-associated virus 
AD1/AD2 Activation domain 1/activation domain 2 
AKT Alternative name of protein kinase B (PKB) 
AMPK AMP-activated protein kinase 
ASCL1 Achaete-scute homolog 1 protein encoded by the ASCL1 gene  
BDNF Brain-derived neurotrophic factor 
bHLH Basic helix-loop-helix  
CA1 Cornu ammonis subfield 1 (a region of hippocampus) 
cAMP cyclic adenosine 3',5' monophosphate 
CBP CREB binding protein 
CDK Cyclin-dependent kinase 
CHDI a United States-based non-profit biomedical foundation of HD 
ChIP Chromatin immunoprecipitation 
CK1 Casein kinase 1 
CMV Cytomegalovirus 
CREB cAMP response element-binding protein 
Da Daughterless, the ortholog of E proteins in D. melanogaster 
Daf-16 Ortholog of FOXO proteins in C. elegans 
DBD DNA-binding domain 
DEG Differentially expressed gene 
dFOXO Ortholog of FOXO proteins in D. melanogaster 
DG Dentate gyrus 
EF1α Elongation factor 1 alpha 
ER Endoplasmic reticulum 
ERK Extracellular signal-regulated kinase 
FHRE Forkhead responsive element 
FOXO3 Forkhead box O3 protein encoded by the FOXO3 gene 
GABA Gamma-aminobutyric acid 
GADD45G Growth arrest and DNA-damage-inducible protein gamma encoded 

by the GADD45G gene  
GSK Glycogen synthase kinase 
HAP1 Huntingtin interactin protein 1 
HD Huntington’s disease 
Hdh Former name of the murine Htt gene 
HTT Huntingtin protein encoded by the HTT gene (previously known as 

IT15 gene) 
ID bHLH protein Inhibitor of DNA-binding 
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JNK c-Jun N-terminal kinase 
MAPK Mitogen-activated protein kinase 
mPFC Medial prefrontal cortex 
MSN Medium spiny neurons 
MST1 Mammalian sterile twenty-like kinase encoded by the STK4 gene 
NES Nuclear export signal 
NLS Nuclear localization signal 
NMDA N-methyl-D-aspartate receptor 
NPC Neural progenitor cell 
NRSE Neuron-restrictive silencer element (also known as RE1) 
NSC Neural stem cell 
p300 Histone acetyltransferase and co-transcriptiona factor, also known 

as E1A-associated protein or EP300 (encoded by gene EP300) 
PGK 3-phospho-gycerate kinase encoded by the PGK-1 gene 
PI3K Phosphoinositide 3-kinase 
PKA cAMP-dependent protein kinase A 
PKB Protein kinase B (also known as AKT) 
polyQ Polyglutamine (CAG trinucleotide) repeat 
PTM Posttranslational modification 
RE-1 Response-element 1 (also known as NSRE), REST/NRSF binding site 
REST/NRSF RE-1 silencing transcription factor/neuron-restrictive silencer factor 
RISC RNA-induced silencing complex 
RT-PCR Reverse transcription polymerase chain reaction 
RT-qPCR Reverse transcription quantitative polymerase chain reaction 
sAC Soluble adenylyl cyclase 
SCZ Schizophrenia 
SGK Serine/threonine-protein kinase also known as  serum and 

glucocorticoid-regulated kinase 
shRNA Short hairpin RNA 
siRNA Small interfering RNA 
SRα Synthetic promoter combined from simian virus 40 promoter and 

R-U5 segment of human T-cell leukemia virus type 1 long terminal 
repeat 

TCF4 Transcription factor 4 encoded by the TCF4 gene; the most 
common aliases are E2-2, ITF2, SEF2 

TF Transcription factor 
UTR Untranslated region 
VGCC Voltage-gated calcium channel 
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1 Huntington’s disease 
Huntington’s disease (HD) is devastating hereditary autosomal dominant 
neurodegenerative disease that is caused by increase of CAG trinucleotide repeats in 
exon 1 of huntingtin (HTT) gene (The Huntington’s Disease Collaborative Research Group, 
1993). It is a rare genetic disorder affecting 5-10 individuals per 100,000 in Caucasian 
populations (Rawlins et al., 2016). In the non-HD population polymorphic polyglutamine 
stretch varies between 9-35 repeats, and repeats over 35 result in HD. Furthermore, CAG 
expansion of about 75 or more triplets is associated with juvenile onset (Kremer et al., 
1994; Lee et al., 2012). Symptoms of HD differ between patients, although progressive 
motor, cognitive, and psychiatric symptoms are common (reviewed in Bates et al., 2015). 
Classically, in the mid-adulthood clear motor symptoms appear and all symptoms worsen 
gradually until the death of the patient (10-15 years from onset). The neuropathology of 
HD is characterized by neuronal death specifically in striatum and cerebral cortex, and 
definite subsets of neurons are more affected (GABAergic medium spiny neurons in the 
striatum) or spared (other interneurons). Both of these brain regions are highly 
degenerated at terminal stages of the disease.  

1.1 Huntingtin gene and protein 
Human huntingtin (HTT) gene is localized in chromosome 4 p-arm. The HTT locus is large, 
spanning 180 kb and consisting of 67 exons. HTT gene encodes a 348 kDa protein that is 
conserved from flies to mammals. HTT mRNA is widely expressed across tissues and 
development, from embryonic stages to adulthood (Landwehrmeyer et al., 1995; Li et al., 
1993; Strong et al., 1993; Thomson and Leavitt, 2018). Functions of wild type HTT have 
been extensively studied in parallel with mutant HTT. Loss of HTT in early embryos is 
lethal  and many functions of HTT have been described for developing as well as mature 
organism (Nasir et al., 1995; Saudou and Humbert, 2016; Zeitlin et al., 1995). 

At the molecular level HTT operates in vesicle trafficking, coordinates cell division, 
regulates ciliogenesis, mediates endocytosis, vesicle recycling and endosomal trafficking, 
autophagy, and transcription, to name a few of its known functions (reviewed in (Saudou 
and Humbert, 2016). Besides being essential for embryonic development in general, HTT 
haploinsufficiency has been shown to result in defects in neuron precursors, imbalance 
between differentiation and proliferation, and impaired migration of newborn neurons 
and motile cilium biogenesis (Godin et al., 2010; Keryer et al., 2011; Reiner et al., 2001; 
White et al., 1997). Additionally, neurodevelopmental changes have been described in 
mouse and rat HD models, supporting the hypothesis of neurodevelopmental basis of HD 
(Siebzehnrübl et al., 2018). Together, these studies provide evidence for the importance 
of HTT in the formation of whole nervous system. 

Compared to the loss-of-function effects of wild type HTT, more of the HD research 
has been concentrated on deciphering the cellular consequences of the expression of 
mutant HTT. Mainly gain-of-functions have been described for mutant HTT. The current 
knowledge on mechanisms of pathogenesis has been thoroughly reviewed by  
Jimenez-Sanchez and colleagues (Jimenez-Sanchez et al., 2017). In HD, mutant HTT is 
proteolytically cleaved, N-terminal fragments translocate into the nucleus and interfere 
with transcription leading to cell death, whereas C-terminal fragments dysregulate 
dynamin 1, a component of trafficking machinery (El-Daher et al., 2015; Saudou et al., 
1998; Sugars and Rubinsztein, 2003). Additionally, aggregation and inclusion formation  
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of mutant HTT has been reported widely, however, contradictory conclusions have been 
drawn in whether the formed aggregates are toxic or a protective form of mutant HTT 
(reviewed in (Bates et al., 2015). 

1.2 Huntington’s disease models 
Huntington’s disease, characterized by choreiform movements, has been known for 
centuries. The characteristic of neurodegeneration in HD affecting certain brain regions 
was described thoroughly 50 years ago (Vonsattel et al., 1985). Based on these 
observations the first HD models were chemically induced to mimic those symptoms 
known to occur in HD patients at that time. The discovery of the disease-causing 
mutation in HTT gene enhanced possibilities to study HD in more relevant genetical 
settings and since then many model cell lines and animal models have been created.  

1.2.1 Chemical models of HD 
The energy metabolism deficits in HD patients are characterized by mitochondrial 
defects, and decrease of succinate oxidation and ATP synthesis (Beal, 1992; Oliveira, 
2010). This led to search and usage of chemical compounds to model HD.  

Malonate and 3-nitropropionic acid (3-NP) have been used to alter mitochondrial 
metabolism in non-genetic models of HD. Mitochondrial toxin 3-NP is an irreversible 
inhibitor of succinate dehydrogenase that was first reported to be responsible for motor 
alteration and neuronal death in caudate and putamen nuclei in poisoned cattle and 
children (Ludolph et al., 1991). Further studies have additionally described excitotoxic 
properties of 3-NP that lead to increased sensitivity to basal glutamate levels (Borlongan, 
1997). Years of studies have revealed that 3-NP treated animals exhibit neurodegeneration, 
abnormal motor behaviour, exitotoxicity and energy deficit, therefore mimicking many 
of HD symptoms (Beal et al., 1993; Brouillet et al., 2005, 1995; Palfi et al., 1996; Túnez  
et al., 2010). Extensive comparisons of impairments reproduced by chemical 3-NP and 
genetic HD models have revealed differences in 3-NP effects between species, strains, 
sexes, and administration protocols (Brouillet et al., 2005; Ramaswamy et al., 2007).  
3-NP has been successfully utilized in neural cell cultures as well (Liot et al., 2009), 
although it has been suggested that in 3-NP models mechanisms of cell death are more 
accurately reproduced in cell heterologous (“contextual”) than cell autonomous 
(“intracellular”) context (Brouillet et al., 2005). Nevertheless, an integral pathological 
feature of HD, HTT inclusion formation, cannot be replicated in the chemical models of 
HD. Furthermore, cell death in toxin-treated model animals is immediate, compared to 
progressive neurodegeneration characteristic of HD, which depends also on the CAG 
repeat size (Andrew et al., 1993; Beal et al., 1993). 

1.2.2 Genetically modified mouse models of HD 
An exceptionally good and extensive guide of mouse models of HD has been compiled by 
The Jackson Laboratories in collaboration with privately-funded biomedical research 
organization of HD - CHDI Foundation (Menalled et al., 2014). Mouse models of HD can 
be divided into N-terminal and full-length transgenic, and knock-in model mice. 

The first transgenic mouse models of HD were R6 lines, where the N-terminal human 
mHTT fragments (repeat formula (CAG)nCAACAG) are expressed in addition to 
endogenous mouse huntingtin (Htt) (Mangiarini et al., 1996). Originally, R6/1 had 115 
and R6/2 150 polyQ repeats, respectively, although today many sub-lines exist with 
diverse repeat numbers and frequent testing of the repeat length is advised. The repeat 
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size of R6/2 mice was found to vary from 43 to 600, and is probably a confounding factor 
for greatly diverged phenotypes of R6/2 mice (Cummings et al., 2012; Menalled et al., 
2014). It has been shown that R6/2 transgene functions as a single copy integrant, 
whereas studies on R6/1 transgene copy number have remained inconclusive (Chiang  
et al., 2012; Mangiarini et al., 1996). Moreover, high throughput sequencing revealed  
5.4 kb deletion near the integration site of mHTT fragment in R6/2 mice, therefore 
demonstrating that transgenic insertions can be disruptive to mouse original 
chromosomal DNA sequence (Chiang et al., 2012). Although R6/2 line is widely used,  
it has very severe symptoms and therefore is thought to better mimic juvenile HD 
(Ramaswamy et al., 2007). R6/1 mice exhibit later onset of symptoms and slower disease 
progression, and are therefore more suitable for investigating development of a disease 
and could be used for observing long-term effects of different treatments. Later on many 
more N-terminal human HTT expressing mouse models have been created, including 
N171-82Q (Schilling, 1999) and HD190QG (Kotliarova et al., 2005). 

Mouse models carrying full-length human HTT utilize a yeast or a bacterial artificial 
chromosome (YAC and BAC, respectively), that is integrated into a single locus of the 
mouse genome with low copy numbers, therefore HD phenotype develops progressively 
over time and mice display relatively normal survival (reviewed in Menalled et al., 2014). 
Advantage of these full-length models is that HTT is expressed within the context of its 
endogenous genomic regulatory elements, therefore being suitable for testing therapies 
precisely targeting human HTT gene and protein (Pouladi et al., 2013). On the other hand, 
unusual weight gain has been observed in these mice; therefore, these mice are unsuitable 
for studies of metabolic changes, and increased body weight can also confound evaluation 
of motor functions. Furthermore, the natural polyglutamine-encoding sequence of the 
human HTT gene is (CAG)nCAACAG, whereas in the BACHD and YAC128 mice the CAG 
repeat is interspersed with CAA triplets that may modify HTT RNA structure and its 
potential pathogenicity in cells. For instance, formation of small CAG-repeated RNAs with 
neurotoxic activity have been shown to cause somatic instability and reduce neuronal 
viability in HD and the severity of the toxic effect correlates with CAG expansion length 
(Bañez-Coronel et al., 2012). Recently it was demonstrated that other classes of small 
RNAs produced in the putamen of HD patients induce HD pathology in vivo in mice 
suggesting that multiple small RNA species contribute to striatal dysfunction in HD 
(Creus-Muncunill et al., 2021). 

The most accurate mouse models of HD from genetic standpoint are knock-in mice, 
where CAG repeat tracks are introduced into the endogenous context of one functional 
mouse Htt allele. This modification creates heterozygous animals where wild-type HTT 
levels are altered as well, accurately mimicking the HTT genetic status in most HD 
patients (Lee et al., 2012). Several allelic series of knock-in mice with various CAG repeat 
size in exon 1 in congenic C57BL/6J inbred backgrounds are available, therefore enabling 
to investigate the influence of CAG repeat length on HD (reviewed in Menalled et al., 
2014). There are series of knock-in mice expressing mutant form of mouse Htt, although 
some other contain humanized exon 1 sequence resulting in chimeric mouse-human 
HTT. Nevertheless, none of them express full-length human HTT gene or protein that 
might be required for pre-clinical experiments (Menalled, 2005). Wheeler and 
MacDonald created and described the first series of such knock-in mice with 18, 48, 78, 
90 and 109 CAG repeats in human exon 1 sequence engineered into mouse Htt gene 
(Wheeler, 1999). From this series the HdhQ111 mouse with 111 glutamines encoded by a 
(CAG)109CAACAG sequence is one of the most studied and the best described knock-in 
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mouse of HD (Wheeler et al., 2000). The second group of HD knock-in mice were 
established by Lin and Detloff (Lin et al., 2001), and these mice express mouse Htt in 
mouse genetic context and do not contain any human sequences, and therefore these 
mice lack the proline-rich domain that has been shown to modify protein-protein 
interactions, aggregation and neuropathological phenotype (Saudou and Humbert, 2016; 
Zheng and Diamond, 2012). Levine and colleagues started z-series of mice, where both 
polyQ repeat mutation and the proline-rich stretch are humanized, whereas some of 
these lines unfortunately contain mutation of arginine in position 42 ), although this does 
not affect protein aggregation these mice are less studied (Levine et al., 1999; Menalled 
et al., 2000). The most used mouse lines of this series are zQ140 and zQ175 lines (no 
arginine mutation, but the latter has actually 190 CAG repeats (Menalled et al., 2003). 

Compared to transgenic mice, disease progression is slower in the knock-in model 
mice. However, aggregation and behavioural disturbances caused by mutant huntingtin 
are more pronounced in the knock-in mice. Models with longer polyQ repeats are more 
widely used because the disease phenotype in mice with shorter repeat lengths is less 
apparent in mice. Although there are only few HD patients with homozygous mutant 
alleles (Lee et al., 2012), most of the research is done utilizing homozygous knock-in mice, 
as the phenotype is more robust and easier to measure. All these characteristics make 
knock-in mice models useful for more subtle HD phenotypes, as slowly progressing 
neuronal death, gliosis and myelin disruption or metabolic changes may not develop in 
short-lived transgenic mice (Ramaswamy et al., 2007; Zheng and Diamond, 2012). 

In parallel with HD model mice, several cell lines were created that have facilitated 
studying HD. One of the first and most used series of cell lines was established from 
different Hdh knock-in mouse striatal precursor neurons (Zuccato et al., 2003). These 
lines are named Hdh7/7, Hdh7/109 and Hdh109/109, where the number shows CAG repeats in 
each allele of mouse huntingtin (Hdh, now denoted Htt) gene.   

HD patient brain tissue and specific types of neural cells are limited and difficult to 
obtain. Therefore, the cellular reprogramming has become a valuable tool in 
neurodegenerative disease research (Rivetti di Val Cervo et al., 2021). In principle, the 
patient-derived neural progenitor cells can be obtained via direct transdifferentiation 
(Vierbuchen et al., 2010) or induced pluripotency followed by differentiation (Park et al., 
2008). The genomic instability and epigenetic changes or loss of epigenetic marks and 
thereby the somatic memory of the cell create a high degree of variability in these cells 
and eventually in study results (Rivetti di Val Cervo et al., 2021). Additional shortcomings 
of the studies with reprogrammed cells are multitude of protocols, limited number of 
samples/lines in each study, and insufficient clinical data on patients (Guhr et al., 2018; 
Rivetti di Val Cervo et al., 2021). There are no therapies using iPSC for HD as the concerns of 
tumorigenecity of iPSC have remained, but embryonic stem cells (ESC) and induced 
pluripotent stem cells (iPSC) are found to be suitable for disease modelling (Geater et al., 
2018). However, the full power of predictive modelling of disease progression and 
responsiveness to therapies require better integrative systems of in vitro iPSC and 
patient clinical data (Rivetti di Val Cervo et al., 2021). Three first ESC lines of HD were 
created from preimplantationally diagnosed IVF embryos in 2005 (Verlinsky et al., 2005). 
Although the HD iPSC Consortium has generated and made available several iPSC lines 
to overcome some problems indicated and to improve the quality of the HD research 
(The HD iPSC Consortium, 2012; The HD iPSC Consortium, 2017), many different cell lines 
exist, but the HD field is still missing an agreement on universal quality criteria for 
research and clinical grade iPSC cell lines that could path the way to more trustworthy 
research and cell-based therapy (Geater et al., 2018; Rivetti di Val Cervo et al., 2021). 



17 

1.3 Molecular mechanisms of Huntinton’s disease 
Although extensively studied, a consensus about the causal mechanisms of Huntington’s 
disease has not been reached. The proposed mechanisms include aggregation of mutant 
huntingtin, collapse of proteostasis network, impaired vesicle and organelle transport, 
mitochondrial dysfunction, excitotoxicity and transcriptional dysregulation among 
others. Extensive reviews on various aspects of HD have been written, the most recent 
ones are from Jimenes-Sanchez et al. (Jimenez-Sanchez et al., 2017) and Bates et al. 
(Bates et al., 2015). This overview focuses solely on transcriptional dysfunction observed 
in HD. The gene expression changes in different HD models are similar, lending support 
to the hypothesis of disturbed transcription being an essential factor in the pathogenesis 
of HD (Cha, 2007). 

1.3.1 Transcriptional dysregulation 
Hypothesis of transcriptional dysregulation in Huntington’s disease arose from early 
neurochemical measurements in postmortem HD patient brains with specific cell loss 
and atrophy. Glutamate was one of the first neurotransmitters shown to be misregulated 
in HD, and was suggested to induce selective neuronal sensitivity to excitotoxicity in 
medium spiny neurons (MSN) of caudate putamen (Beal et al., 1986).  Additionally, 
mRNA expression of N-methyl-D-aspartate (NMDA)-type glutamate receptor subunits, 
dopamine D1 and D2 receptors, glutamate transporter, neuronal nitric oxide synthase 
(nNOS) and proenkephaline and substance P among others were studied by in situ 
hybridization and were found mainly decreased in a cell-specific manner in HD 
postmortem brain tissue (reviewed in Cha, 2007). Decreased levels of neurotransmitter 
receptor mRNAs, neurotransmitters, and neurotransmitter metabolites were reported in 
HD, although it was under the debate whether these results might simply mirror the cell 
loss observed in the brain of HD patients. Whereas some of the results from that era may 
have been affected by the remarkable neural cell loss, the study by Augood and 
colleagues demonstrated decreased mRNA levels of neuropeptide enkephaline and 
substance P already in Vonsattel HD grade 0/1 HD brain without recognizable 
neuropathological abnormalities (Augood et al., 1996). Later, studies on transgenic HD 
mouse model R6/2 (Mangiarini et al. 1996) have established no widespread neuronal 
death in the otherwise fast-progressing HD disease model with altered neurotransmitter 
receptor expression similar to the pattern seen in human HD, therefore reinforcing 
transcriptional dysregulation as a separate feature of HD (Cha, 2007). Furthermore, many 
articles and reviews published to date still propose transcriptional dysregulation as one 
of the earliest features preceding neuronal death and therefore, possibly the most 
central mechanism in HD pathogenesis (Ament et al., 2018; Langfelder et al., 2016; 
Seredenina and Luthi-Carter, 2012; Sugars and Rubinsztein, 2003; Valor, 2015).  

Advancements in methodology enabled to encapsulate the whole transcriptomic 
profile of specific organs, regions or timepoints in HD patients or HD models. The first 
microarray study came from Luthi-Carter et al., where distinctive set of signalling genes 
involved in striatal neuron function were found to be reduced in R6/2 mice as well as in 
N171-Q82 mice (Luthi-Carter, 2000). Scientists in the Huntington’s Disease Array Group 
agreed on harmonizing array platforms and analysis tools, and on data sharing (Cha, 
2007). Several studies on different HD models came to the conclusion that expression 
changes are similar between R6/2, R6/1, N171-82Q and HD190QG transgenic mice all 
expressing human HTT exon 1, and the affected genes were also in line with human HD 
microarray data (Desplats et al., 2006; Hodges et al., 2006; Luthi-Carter, 2002; Oyama  
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et al., 2006; Thomas et al., 2011). However, despite the fact that gene expression 
alterations seem to be a common theme in HD, the ratio of up-and downregulated genes 
may vary drastically and contradicting results have been published even in the same 
model system (Crocker et al., 2006; Luthi-Carter, 2000). Furthermore, different full-length 
HTT HD models have (YAC128, Hdh(Q92/Q92), CHL2(Q150/Q150)) or have not (YAC72, 
HD46, HD100) recapitulated the findings in transgenic mouse model expressing 
truncated HTT, suggesting that the details of the genetic context of HTT gene and specific 
codons of polyQ (CAG versus mixed CAA-CAG) might be involved in gene expression 
alterations (Becanovic et al., 2010; Chan, 2002; Kuhn et al., 2007; Luthi-Carter, 2002). 
Reproducibility of microarray results is established as a general problem, partially caused 
by small sample sizes and limited range of sensitivity, but is further affected by 
differences between HD models. To overcome this limitation and to ease comprehension 
of huge gene lists, meta-analysis of archival gene expression dataset of HD postmortem 
human brain regions and R6/2 and HdhQ150 mice were utilized in weighted correlation 
network analysis (Neueder and Bates, 2014). In that study, transcriptional dysregulation 
was also uncovered in HD cerebellum with gene expression changes similar to caudate 
nucleus and prefrontal cortex (BA4 region) in human. Additionally, the authors concluded 
that apart from alterations in immune system, HD mouse models closely mimic most of 
the characteristics of HD in humans. Collectively, the main outcomes from numerous 
microarray experiments were establishment of neural and/or striatal specificity of 
downregulated genes, confirmation of reduced mRNA levels of neurotransmitters, their 
receptors, Ca2+, Na+ and K+ channels, genes involved in secondary messengers system, 
nuclear receptors, genes of homeostasis and regulators of metabolism and chromatin 
remodelling factors (reviewed in (Cha, 2007; Seredenina and Luthi-Carter, 2012).  

More recent RNA-seq, ChIP-seq and other sequencing and analysis methods have 
established more pathways involved in HD and major transcription factors responsible 
for transcriptional dysregulation in HD. The most thorough genomics and proteomics 
study to define huntingtin polyQ length-dependent gene networks in mice was published 
by Langerfelder and colleagues, and interactive online resource HDinHD.org was created 
that is maintained in collaboration with CHDI foundation to disseminate the data 
(Langfelder et al., 2016). Mutant HTT repeat length-dependent transcriptional signatures 
were clearly apparent in striatum, whereas the differences were smaller in cerebral 
cortex and liver (Langfelder et al., 2016). Their co-expression network analysis disclosed 
that top striatal modules contained medium spiny neuron identity genes, indicated by 
dysregulation of cyclic adenosine monophosphate (cAMP) signalling, cell death and 
protocadherin genes. Moreover, the authors validated 22 genes as modifiers of mutant 
HTT toxicity in vivo in a D. melanogaster HD model (Langfelder et al., 2016). 

The heterogeneity of the complex manifestations of symptoms observed in HD 
patients are present also in mouse models (Gallardo-Orihuela et al., 2019). A study of 
transcriptional correlates of the motor and cognitive pathological phenotype traits 
revealed partial decrease of HD-associated genes (Pde10a, Drd1, Drd2, Ppp1r1b) in mice 
striatum that showed poor overall phenotypical score, whereas upregulation of 
transcripts (Nfya) associated with relatively better outcome were also observed 
(Gallardo-Orihuela et al., 2019). Of note, as authors discuss, the phenotype-transcription 
association cannot be explained by simple worsening of the transcriptional dysregulation 
in disease progression and an inherited and early-acquired epigenetic pattern may 
influence the manifestation of the disease in adulthood in otherwise isogenic mice.  
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The main limitation of many studies involving HD patients is the low number of 
samples. This is especially problematic, as HD is a progressive disease with varying age of 
onset. Furthermore, postmortem interval of sample collection and limitations of proper 
control group formation are also problematic. The biggest sample size up to date was 
used to study gene expression in prefrontal cortex of HD patients and pathologically 
normal controls. The identified differentially expressed genes were enriched for immune 
response, neuroinflammation, and developmental genes (Labadorf et al., 2015). 
Unexpectedly, the biggest changes were identified for a set of homeotic genes that had 
not been widely implicated in HD earlier (Labadorf et al., 2015). This study was followed 
by addition of more frontal cortex BA9 region HD disease samples and caudate nucleus 
samples at prodromal stage HD, and these neuronal tissues showed highly similar 
differentially expressed gene (DEG) profiles suggesting a common response to disease 
(Agus et al., 2019). The latter study revealed that caudate nucleus is affected prior to HD 
symptom onset, although a very small sample size used in the study may affect the 
conclusion (Agus et al., 2019). Therefore, meta-analysis of several studies may present 
more accurate results. Machine learning and comprehensive network biology approach 
were utilized on publicly available DNase-seq and brain transcriptomic and proteomic 
data from HD mouse models to investigate the roles of core transcription factors that 
drive gene expression changes in HD (Ament et al., 2018). The created transcriptional 
regulatory network enabled identification of 48 differentially expressed transcription 
factor target gene modules that help to explain previously published gene co-expression 
modules altered in HD. Furthermore, thirteen of those identified transcription factor 
modules were relevant in four different datasets from HD patients’ striatum containing 
genes GLI3, IRF2, KLF16, NPAS2, PAX6, RARB, RFX2, RXRG, SMAD3, TCF12, TEF, UBP1, and 
VEZ1. Additionally, the authors noted that the targets of transcription factors in the 
downregulated sub-network were enriched for synaptic genes and seem to be essentially 
neuronal, whereas target genes of transcription factors from upregulated sub-network 
were enriched for stress response pathways including DNA damage repair and apoptosis 
(Ament et al., 2018).  

Availability of brain tissue samples from HD patients is limited, therefore, in conjunction 
with the notion of transcriptional dysregulation in HD before disease onset, the usability 
of blood as an easily accessible tissue has been extensively studied, however, leading to 
inconclusive results (Borovecki et al., 2005; Lovrecic et al., 2009a; Mastrokolias et al., 
2015; Runne et al., 2007). Two ongoing studies, namely Track-HD and Leiden HD cohort, 
follow HD carriers through disease pre-manifest, manifest and developed disease stage 
and gather a multitude of metrics. The most recent RNA-seq gene set enrichment 
analysis of the whole blood collected in these studies compared it with published 
correlation network analysis modules from HD and control brain datasets (Hensman 
Moss et al., 2017). This analysis identified dysregulated gene sets in the blood, which 
correlated with disease severity and with the most significantly dysregulated clusters of 
genes in the caudate nucleus in HD patients. Upregulated pathways were related to 
immune response and lipid metabolism and clusters of genes related to ion channels 
were downregulated (Hensman Moss et al., 2017). Therefore, these results suggest that 
mutant HTT induces common transcription disruption profiles in HD brain and blood, 
whereas at the level of specific genes, the correlation is weak as reported also in earlier 
publications (Borovecki et al., 2005; Lovrecic et al., 2009b; Mastrokolias et al., 2015; 
Runne et al., 2007). 
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Finally, in the future, genome-wide transcriptional profiling and RNA-seq could enable 
the usage of genome wide gene expression profiles as indicators of effectiveness in HD 
therapies (Cha, 2007; Valor, 2015). 

1.3.2 Mechanisms of transcription dysregulation 
The polyglutamine-expanded form of HTT may have a direct role in aberrant gene 
expression in HD, and this theory is reinforced by the data of transcriptional 
dysregulation in other polyQ tract diseases (Luthi-Carter, 2002). Transcription factors 
found to be altered in HD can be grouped based on whether the impairment detected is 
related to decrease of wild type HTT or expression of aggregation-prone mutant HTT. 
Therefore, both loss-of-function and gain-of-function hypothesis of HD have been 
proposed. Normal HTT binds better CA150, CtBP, LRXalpha, NRSF/REST, PRC1L, SP1, 
while increased association with mutant HTT has been detected for BCL11B, POU3F2 
(alias BRN2), CBP/EP300/pCAF, NCOR1, NFYA/NFYB/NFYC, PQBP1, polycomb repressor 
complex proteins EZH2 and SUZ12, GTF2F2 (alias RAP30), TAF4 (alias TAFII130) 
(Seredenina and Luthi-Carter, 2012; Sugars and Rubinsztein, 2003). This suggests that 
imbalanced gene expression in HD could potentially be caused by the decreased levels 
of wild-type HTT and also by ectopic expression of polyQ-extended HTT protein. 
However, some HTT binding proteins like SIN3A, p53 and SETD2 (alias HYPB) seem not to 
have a clear preference and bind wt and mutant HTT with equal affinity (Seredenina and 
Luthi-Carter, 2012; Sugars and Rubinsztein, 2003). Interestingly, only some of these  
HTT-interacting transcription factors are found in polyQ aggregates and inclusion, and 
there is no correlation with whether the transcription factors involved contain a polyQ 
domain themselves. Factors that have been shown to be sequestered into mutant HTT 
inclusions inlcude CBP, EP300, SIN3A, p53, SP1, TAF4 and TBP (extensive list can be found 
in Seredenina and Luthi-Carter, 2012). 

Loss-of-function mechanisms impair specific pathways and processes where wild type 
HTT acts as a regulator. Participation of wild type HTT in gene expression regulation 
through neuron-restrictive silencing factor/ repressor element 1 silencing factor (REST 
/NRSF) was the first and is to date one of the most studied pathways altered in HD. Series 
of publications from Zuccato and colleagues have shown that wild-type HTT sequesters 
REST/NRSF in cytoplasm and thereby prevents inhibition of the neurotrophic factor BDNF 
gene (Zuccato, 2001; Zuccato et al., 2007, 2003). Their studies showed that this function 
is lost for mutant HTT. Moreover, many neuronal genes have been found to have 
REST/NRSF binding sites (RE-1/NRSE) and REST/NRSF also regulates expression of certain 
miRNAs relevant in nervous system (Bruce et al., 2004; Buckley et al., 2010; Conforti et 
al., 2013; Mortazavi et al., 2006; Rossbach, 2011). A negative feedback loop by mir-9/mir-
9* regulates REST and CoREST (Packer et al., 2008). Therefore, increased concentration 
of REST/NRSF in cell nucleus in HD leads to altered expression of REST/NRSF-regulated 
genes, many of which are essential for neuronal development and maintenance. 
Additionally, it has been shown that wild type HTT binds directly mixed lineage kinase 2 
(MLK2/MAP3K10) and through huntingtin associated protein 1 (HAP1) it binds NEUROD 
family members NeuroD1 and NeuroD2, and in sum, these bindings facilitate activation 
of NEUROD1 by phosphorylation (Marcora et al., 2003). Furthermore, it is plausible that 
HTT-HAP1 complex participates in the nuclear translocation of NeuroD (Saudou and 
Humbert, 2016) as it is shown for REST (Shimojo, 2008).  

Both wild type and mutant HTT have been shown to bind to DNA in R6/2 mice brain 
and HdhQ111 cells, whereas they display differential genomic distribution (Benn et al., 
2008). Although the authors detected polyQ-dependent increased binding of mutant HTT 
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to recognition elements of transcription factors whose function is altered in HD, these 
binding events did not correlate with changes in target gene mRNA levels (Benn et al., 
2008). Therefore these results suggest that HTT mediates association of large protein 
complexes instead of being itself a transcription factor and the formed complexes might 
alter genomic DNA conformation and transcription factor binding (Benn et al., 2008; 
Seredenina and Luthi-Carter, 2012). HTT also has functions in the regulation of miRNAs 
by binding AGO2 protein (Argonaute RISC Catalytic Component 2) and participation in 
the formation and/or functioning of P-bodys, which are perturbed by mutant HTT (Savas 
et al., 2008). This needs to be taken into account during development of allele-selective 
miRNA therapeutics for HD as mHTT may compromise participation of AGO family 
members and thereby productive cleavage of miRNAs (Ciesiolka et al., 2020; Hu et al., 
2012). Since dynamic composition of miRISC (miRNA-induced silencing complex) plays a 
role in neurogenesis, differentiation, synapse formation and plasticity (Nawalpuri et al., 
2020) impaired functionality of AGO2 due to expression of mHTT might be of relevance 
when studying neurodevelopmental aspects of HD.  

Studying gain-of-functions of mHTT in the context of HD has have been more in focus 
than studying loss-of-functions. Direct gain-of-function mechanism of mutant HTT in 
transcriptional dysregulation arises from its ability to bind some transcription factors and 
components of the basal transcriptional machinery more avidly and sequester them into 
aggregates and inclusions. Specificity protein 1 (SP1)-dependent genes are especially 
impacted in R6/2 mice as reported in the first microarray analysis conducted to study HD 
(Luthi-Carter, 2000). Later, it was revealed that increased binding of SP1 to mutant HTT 
disrupted SP1 binding to TFIID subunit TAF4 (Dunah, 2002). Additional components of 
core transcriptional machinery adversely affected by mutant HTT are RNA polymerase II 
large subunit (RPB1) and subunits of TFIID (TBP, TAF4 and GTF2F2 (aliases TFIIF/RAP30)) 
(Dunah, 2002; Luthi-Carter, 2002; Zhai et al., 2005). Of note, despite the initial notions of  
SP1-dependent misregulation many SP1-regulated genes are expressed at normal levels 
in HD and the hypothesis of general downregulation of RNA polymerase II-dependent 
transcription is in contradiction to studies indicating mRNA and miRNA upregulation in 
HD (Desplats et al., 2006; Luthi-Carter, 2000; Seredenina and Luthi-Carter, 2012).  

There has been a search for additional modifiers that could confer tissue specificity 
and/or affect disease progression in HD. Distinct epigenetic signatures of downregulated 
genes have been found to be partially responsible for the differences observed in 
different brain regions and patients. Transcriptionally repressed promoters are 
characterized by increased histone H3 lysine 4 trimethylation (H3K4me3) in R6/2 mice 
and human HD brain (Vashishtha et al., 2013). Reduction of demethylase levels 
effectively reversed down-regulation of key neuronal genes in R6/2, BACHD mice and  
D. melanogaster HD model (Vashishtha et al., 2013). Achour et al. studied R6/1 (with 
approx. 150Q repeats (officially R6/1 mice have 115Q repeats)) mice striatum and found 
reduced H3K27ac epigenetic marks at down-regulated genes in addition to decreased 
RNAPII occupancy. Moreover, they showed that striatal super-enhancers (regulating 
genes defining tissue identity and function) are characterized by temporally extended 
and high levels of H3K27ac, and that H3K27ac is reduced in these striatal enhancers in 
HD (Achour et al., 2015). Therefore, they proposed that these enhancers control genes 
(mainly) downregulated in R6/1 mice. Additionally, they showed that the level of  
CREB-binding protein (CBP) binding is higher at neuronal activity–regulated genes 
decreased in HD compared to activity–regulated genes increased in HD (Achour et al., 
2015). In conclusion, the specific epigenetic signature of striatal genes downregulated in 
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HD are characterized by high levels of H3K4me3, H3K4me1, H3K27ac and RNAPII 
occupancy along genes and further rely on super-enhancers topography (Achour et al., 
2015; Steffan et al., 2001; Valor, 2015; Vashishtha et al., 2013). 

CBP is one factor that is affected in HD and may amplify detrimental effects of mHTT. 
Co-activator protein CBP acts as a bridge between CREB and the basal transcriptional 
machinery and contains also a polyQ tract (Lonze and Ginty, 2002; Sugars and 
Rubinsztein, 2003). CBP has acetyltransferase activity and acetylation of histones by CBP 
results in more open chromatin structure (Steffan et al., 2001). CBP functions are 
affected in HD by different mechanisms. First, CBP is included in HTT aggregates in HD 
cell culture models, HD transgenic mice, and human HD postmortem brain, and this 
interferes with CBP-activated gene transcription (Nucifora Jr., 2001; Steffan et al., 2000; 
Sugars and Rubinsztein, 2003). Second, increased proteasomal degradation of CBP has 
been described in PC12 cells expressing mutant HTT exon 1 (Cong et al., 2005). For 
comparison, this selective degradation of CBP is absent in spinocerebellar ataxia 3 (SCA3) 
cells, although mutant ataxin-3 attracts CBP into aggregates similar to mHTT (Chai et al., 
2001; Cong et al., 2005). Third, acetyltransferase activity of CBP is abolished by direct 
binding of mutant HTT to CBP acetyltransferase domain (Steffan et al., 2001). The role of 
CBP dysfunction in HD is further supported by the demonstration that overexpression of 
CBP abolishes neuronal toxicity in HD models (Nucifora Jr., 2001). Collectively, these 
impairments of CBP by mHTT have an effect on the transcription of CBP-dependent 
genes. 

Both tumour suppressor protein p53 and HTT possess polyproline moiety that has 
been shown to be additional modifier of mutant HTT fibril formation and cellular toxicity 
(Falk et al., 2020).  Polyproline rich domain is essential for their interaction and it has 
been shown that mutant HTT binds p53 more efficiently, although contradictory 
outcomes of the binding have been reported (Bae et al., 2005; Steffan et al., 2000).  
At first, p53-dependent transcription was shown to be downregulated in HD (Steffan et 
al., 2000), whereas a later study revealed that mutant HTT disturbed interactions with 
the regulatory proteins of p53, thereby stabilizing p53, leading to upregulation of p53 
and activation genes involved in cell-cycle control, apoptosis, cellular stress responses, 
and DNA repair (Bae et al., 2005). In addition to gain-of-function effect of mutant HTT on 
p53, a negative feed-back loop regulating HTT expression via p53 has been proposed 
(Feng et al., 2006). HTT gene itself contains multiple putative p53-response elements, 
and it has been shown that increased p53 levels induced HTT expression in human lung 
carcinoma cell line H1299/V138 and in mouse cerebral cortex and striatum (Feng et al., 
2006). At the same time, studies on TP53-deficiency have provided inconsistent results, 
varying from beneficial changes like restoration of proenkephalin expression and 
aggregation of mutant HTT as a protective mechanism in HdhQ140 mice and mHTT 
overexpressing MEF cells (Ryan et al., 2006), to no effect on HTT levels in human HEK 293 
cells (De Souza et al., 2018). Therefore, participation of p53 in the regulation of HTT gene 
expression is currently unclear. Cell fate specified by the activation of stress sensor p53 
depending on cell-type, environment and nature of the stressor may still play a role in 
HD (Bigan et al., 2020; Thomson and Leavitt, 2018). 

In conclusion, both loss- and gain-of-functions of HTT are established in the 
dysregulation of transcription in HD, illustrating the complex role of HTT in both health 
and disease. 
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2 Transcription Factor TCF4 
Transcription factor TCF4 belongs to the large and diverse helix-loop-helix (HLH) 
transcription factor (TF) family. It has been proposed that genes encoding for HLH 
proteins arose in unicellular organisms over 600 million years ago and duplication and 
diversification from ancestral genes occurred with multicellularity across the metazoan 
and plant kingdoms (Murre, 2019). Hundreds of HLH proteins have been identified with 
diverse functions in a wide variety of cell types (Massari and Murre, 2000; Murre, 2019). 

Gene programs controlled by basic HLH (bHLH) transcription factors are lineage 
specification and commitment, self-renewal, proliferation, differentiation, and homing. 
Moreover, they also regulate circadian clock, protect against hypoxic stress, promote 
antigen receptor locus assembly, and program transdifferentiation (Murre, 2019). 
Additionally, roles of bHLH proteins have been shown in depositing or erasing epigenetic 
marks, activating noncoding transcription, and dictating enhancer–promoter 
communication and somatic recombination (Murre, 2019). The whole bHLH transcription 
factor family has emerged as a key determinant of neural cell fate specifications and 
differentiation in both development and disease (Dennis et al., 2019).  

TCF4 is a member of the broadly expressed bHLH class I or E protein subfamily that 
binds Ephrussi box sequence (E-box) as homodimers or as heterodimers (Figure 1) with 
tissue specific class II bHLH proteins (Le Dréau et al., 2018; Murre, 2019). Additional 
members of E protein family are Transcription factor E2-alpha, also known as E12/E47 
(encoded from TCF3 gene (historical name E2A)) and TCF12 (encoded from TCF12 gene 
(historical name HEB)). There is a single E protein in Drosophila, Daughterless (Da) and in 
C. elegans, hlh-2. DNA binding of TCF4 is inhibited through dimerization with HLH class V 
ID (Inhibitors of DNA-binding) proteins (Wang and Baker, 2015). TCF4 has been known 
by a multitude of names like ITF2, SEF2, ME2, E2-2, originating from the context of its 
discovery (Teixeira et al., 2021). Of note, the unfortunate parallel usage of the same 
name TCF4 for transcription factor 7-like 2 (TCF7L2) gene, a member of the TCF/LEF 
family of transcription factors, has created confusion and misinterpretation of numerous 
results in the scientific literature. 
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Figure 1. DNA-binding of transcription factor TCF4. TCF4 belongs to TF family of bHLHs that bind 
DNA as dimers. TCF4 dimers bind to Ephrussi box (E-box) with consensus sequence of CANNTG. TCF4 
homodimers can be formed with all TCF4 isoforms. Heterodimerization partners of TCF4 are mainly 
transcription-activating bHLH class II tissue specific transcription factors (yellow) or other E proteins 
(TCF3 or TCF12). Dimerization with DNA-binding domain-deficient ID proteins (bHLH class V) 
disrupts DNA-binding and target gene transcription activation. bHLH – basic helix-loop-helix;  
E-box – Ephrussi box; ID – inhibitor of DNA binding. Created with BioRender. 

 
Classical E-box is defined as CANNTG and TCF4 binding preference is thought to be 

adjusted by its dimerization partners (Wang and Baker, 2015). The strongest binding of 
TCF4 has been observed for the motif CAGGTGGT (Khund-Sayeed et al., 2016). 
Additionally, DNA binding of TCF4 in the context of E-box motifs ACATGTG and ACACGTG 
is decreased in the presence of 5-methyl-cytosine and increased in the presence of  
5-hydroxymethyl-cytosine (modified cytosines are marked bold) (Khund-Sayeed et al., 
2016). TCF4 DNA binding has also been studied in the context of an expanded consensus 
E-box 5′-0C(A/G)-1CA2NNTG-3′, with an added outer 0Cp(A/G) dinucleotide that can be 
methylated, successively oxidated and finally carboxylated (Yang et al., 2019). The study 
revealed that modification of the potential central E-box dinucleotide 2NN=2CG has very 
little effect, E-box dinucleotide 1CA modification has a negative effect, whereas 
modifications of expanded E-box dinucleotide 0CG, particularly carboxylation, has a 
strong positive impact on TCF4 binding to DNA (Yang et al., 2019).  
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TCF4 haploinsuficiency causes Pitt-Hopkins syndrome (PTHS) (OMIM #610954) 
(Goodspeed et al., 2018; Sweatt, 2013; Zweier et al., 2007) and increased CTG 
trinucleotide repeat in intron 3 has been linked to Fuch’s endothelial corneal dystrophy 
(OMIM #613267) (Fautsch et al., 2020; Ong Tone et al., 2021). Several genome-wide 
association studies (GWAS) have associated TCF4 and SNPs in it with schizophrenia (SCZ) 
and other psychiatric conditions, although the direct mechanism has remained elusive 
(Doostparast Torshizi et al., 2019; Navarrete et al., 2013; Teixeira et al., 2021).  

2.1 TCF4 gene and protein structure and expression 
TCF4 gene is located at 18q21.2 in human. TCF4 gene expands approximately 0.365 Mb, 
has a complex gene structure, and is highly conserved in rodents and human (Sepp et al., 
2011). Daughterless (Da) is studied in D. melanogaster as the sole orthologue of E 
proteins with highest similarity to TCF4, although very high sequence conservation is 
demonstrated only for the bHLH region (Tamberg et al., 2015).  

Protein isoforms TCF4-B+ and TCF4-B–, TCF4-A, TCF4-D had been described before this 
study (Corneliussen et al., 1991; Liu et al., 1998; Skerjanc et al., 1996; Yoon and 
Chikaraishi, 1994). The calculated molecular weight of full length TCF4 protein (TCF4-B) 
is 71 kDa. This isoform contains three transactivation domains AD1, AD2 and AD3 (Chen 
et al., 2013; Massari et al., 1996; Quong et al., 1993). In TCF4 protein there are described 
also two repression domains – CE (Herbst and Kolligs, 2008) and Rep (Markus et al., 2002; 
Wong et al., 2008). Binding of DNA is facilitated by basic sequence (b) that precedes HLH 
domain and it coordinates dimerization (Tapscott et al., 1988). bHLH is followed by 
conserved C domain required for dimerization in vivo (Goldfarb et al., 1998).  
The illustrative schematic structure of TCF4 protein with functional domains including 
ADs, NLS, NES, Rep, CE and C is shown on Figure 2 (data from Forrest et al., 2014, Sepp 
et al., 2011 and Greb-Markiewicz et al., 2019). However, interaction between these 
domains and other proteins that regulate the activity and functions of TCF4 in vivo has 
remained elusive. 
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Figure 2. Protein domains of transcription factor TCF4. TCF4-B is the full length isoform and TCF4-A 
is the best studied short isoform (altogether, 18 N-terminally different protein isoforms have been 
identified to date). Shown are known domains of TCF4 and activation arrows and inhibition lines 
indicate the effects of different domains on ADs. Known co-activators (green) of TCF4-dependent 
transcription are p300/CBP, STAGA complex and TAF4 subunit of general transcription factor II D 
(enhancing the formation of the RNA polymerase II preinitiation complex at target genes). Binding 
of repressor protein (red) RUNX1T1/ETO promotes DNA condensation through recruitment of 
histone deacetylases and this binding competes with p300/CBP for the same site. Additionally,  
Ca2+-dependent calmodulin and S100 proteins binding to basic residue (b) affect binding of TCF4 to 
DNA and dimerization mediated by HLH domain. AD – activation domain; b – basic residues;  
C – conserved domain; CE – conserved element/ conserved repressor; HLH – helix-loop-helix motif; 
NES – nuclear export signal; NLS – nuclear localization signal; p300/CBP – E1A binding protein p300/ 
CREB binding protein; Rep – conserved repression domain; RUNX1T1/ETO/MTG8 – runt-related 
transcription factor 1/Eight Twenty One protein/myeloid translocation gene on chromosome 8;  
STAGA – SPT3-TAF(II)31-GCN5L acetylase; S100α/β – S100 Ca binding protein A/B; TAF4 – TATA-Box 
Binding Protein Associated Factor 4. Created with BioRender. 
 

TCF4 is expressed in many human and murine tissues including heart, brain, lung, liver, 
placenta, skeletal muscle, kidney, pancreas, spleen and testis, and during murine 
embryonic development between gestational days 9.5 to 19.5 post coitum (Pscherer et 
al., 1996; Sepp et al., 2011; Skerjanc et al., 1996). Furthermore, high expression of Tcf4 
has been observed throughout the nervous system of adult mouse and in the developing 
brain (Chiaramello et al., 1995; de Pontual et al., 2009; Soosaar et al., 1994; 
Uittenbogaard and Chiaramello, 2000). Specific TCF4 transcripts are upregulated in 
 iPSC-derived human neural progenitor cells (NPCs) upon neural differentiation, although 
total TCF4 mRNA levels remain unchanged (Hennig et al., 2017). Additionally, TCF4 mRNA 
is expressed region-specifically in radial glia and stem cells of transient zones in both 
humans and mice embryos (H. Li et al., 2019). Recently, single cell RNA-seq was 
conducted to trace the transcriptional trajectories of successive generations of apical 
progenitors and their respective daughter neurons in mice from embryonic to early 
postnatal stages, and high expression of Tcf4 was observed throughout neuronal 
development (Telley et al., 2019).  

At protein level TCF4 is highly expressed in adult hippocampus, cerebellum, cerebral 
cortex, and nuclei in mouse and human amygdaloid complex (Jung et al., 2018), and in 
developing dorsal telencephalon in both human and mouse (Mesman et al., 2020). 
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Generation of Tcf4 reporter mouse co-expressing GFP with TCF4 enabled to characterize 
high expression of TCF4 in most cortical and hippocampal cells, including excitatory and 
inhibitory neurons, as well as astrocytes and oligodendrocytes. The expression of TCF4 
was restricted to interneurons and in cerebellum to granule neurons in striatum (Kim et al., 
2020).  

Very little is known about the regulation and activation of TCF4 gene expression. 
Binding of transcription factors REST (NRSF), NFKB1, SPI1 (PU.1), and POU2F2 (previously 
known as OCT-2) to TCF4 locus has been shown experimentally with ChIP (ENCODE  
Chip-seq data) (Euskirchen et al., 2007; Robertson et al., 2007; Rozowsky et al., 2009). 
Some of these factors are well known to be important in neurogenesis and neuronal 
plasticity (Masgutova et al., 2019; Theodorou et al., 2009; Zuccato et al., 2003). 
Additionally, an evolutionally conserved site (hs376) in a TCF4 intron has been shown to 
induce reporter gene expression in the nervous system during mouse development 
(Navarrete et al., 2013). Pharmacological agents that alter the activity of the WNT 
signalling pathway regulate TCF4 mRNA and protein expression, and histone deacetylase 
(HDAC) inhibitors enhance TCF4 gene expression in human neuronal progenitor cells 
(Hennig et al., 2017). Furthermore, both WNT signalling activators and HDAC inhibitors 
upregulate TCF4 gene expression in PTHS patient-derived fibroblasts, suggesting that 
these signalling pathways can be manipulated to alter TCF4 gene expression in a 
therapeutically relevant manner (Hennig et al., 2017). Although the mechanism itself is 
not elusive, the therapy with HDAC inhibitors or HDAC knock-down has been beneficial 
in PTHS models (Kennedy et al., 2016). HDAC inhibitors normalize hippocampal long term 
potentiation (LTP) and memory recall. HDAC inhibitor vorinostat has been identified to 
modulate memory-associated genes dysregulated by TCF4 haploinsufficiency (Kennedy 
et al., 2016). Furthermore, Hdac2 isoform-selective knockdown is sufficient to rescue 
memory deficits in Tcf4(+/-) mice (Kennedy et al., 2016). 

A conserved distal enhancer in TCF4 has been identified that binds TCF4 protein and 
mediates the exclusive upregulation of TCF4-B expression during plasmacytoid dendritic 
cell (pDC) lineage commitment, thus creating a positive feedback loop for TCF4 long 
isoforms (Grajkowska et al., 2017). This reveals the complex developmental regulation 
of E protein activity, which involves lineage-specific expression of E protein isoforms and 
feedback regulation through distal regulatory elements (Grajkowska et al., 2017). Recent 
research has demonstrated that TCF3 up-regulates TCF4 by binding to the specific E-box 
sequence in an intron of the TCF4 gene (H. Li et al., 2019). Tcf4 levels are significantly 
reduced in the telencephalon of Tcf3 knockout mice at embryonic day 12 (E12) but not 
at E14 or at birth, indicating that the regulation of Tcf4 expression by TCF3 in the dorsal 
telencephalon is limited to the early embryonic stage and restoration of Tcf4 expression 
at later stages depends on a mechanism yet to be discovered (H. Li et al., 2019). 

2.2 Functions of TCF4 in the nervous system 
The essentiality of TCF4 was first demonstrated by Zhuang et al showing that 
homozygous Tcf4 mutant mice are born at extremely low frequency and die within the 
first week after birth (Zhuang et al., 1996). However, heterozygous Tcf4 mutant mice 
appear normal and indistinguishable from wild type littermates (Zhuang et al., 1996). 
Loss of one copy of functional TCF4 in human results in Pitt-Hopkins Syndrome (PTHS) 
that is described by developmental delay, mild to severe intellectual disability, language 
impairment, breathing pattern abnormalities and recurrent seizures (Whalen et al., 
2012). Alterations in TCF4 gene have been linked to schizophrenia, bipolar disorder and 
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non-syndromic intellectual disabilities (NSID), and to be responsible for developmental 
delay (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013; Genetic Risk 
and Outcome in Psychosis (GROUP) et al., 2009; Kalscheuer et al., 2008; Kharbanda et al., 
2016; The Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) 
Consortium, 2011). Recently, utilizing several CommonMind Consortium RNA-seq data 
of different tissues of schizophrenic patients the deconvolution of the regulatory 
processes mediating schizophrenia (SCZ) was done computationally, resulting in the 
identification of TCF4 as a master regulator in SCZ (Doostparast Torshizi et al., 2019). 
Furthermore, human-induced pluripotent stem cell (hiPSC)–derived neurons were used 
to empirically validate the role of TCF4 in orchestrating a schizophrenia-associated 
cellular transcriptional network (Doostparast Torshizi et al., 2019).  As a result, TCF4 was 
suggested to contribute to SCZ susceptibility at early stages of neurodevelopment. 
Additionally, based on TCF4 protein expression patterns and TCF4-linked pathologies Kim 
and colleagues predicted that the prefrontal cortex and hippocampus are the 
pathophysiological loci for TCF4-linked disorders (Kim et al., 2020). Cognitive dysfunction 
and impaired memory function seem to be the common theme in disorders caused by or 
associated with mutations and variations in TCF4 gene. 

The tissue- and cell type-specific roles of the broadly expressed TCF4 are largely 
determined via its dimerization with different class II bHLH partners. TCF4 has been 
shown to participate in hematopoiesis, myogenesis, melanogenesis, osteogenesis and 
neurogenesis, and in the differentiation of endothelial, mammary gland, placental, and 
Sertoli cells (reviewed by Teixeira et al., 2021). Participation of various class II bHLH 
proteins in the maintenance of neural progenitor cells (NPC) and their differentiation into 
neurons, oligodendrocytes and astrocytes is well known (Imayoshi and Kageyama, 2014). 
Since expression of TCF4 in the nervous system peaks during prenatal development and 
relatively high levels persist through adulthood (Kim et al., 2020; Li et al., 2018; Quednow 
et al., 2014), it has been postulated that TCF4 is relevant in both developing and  
adult nervous system development and physiology. Although there is evidence for 
dimerization of TCF4 with the proneural bHLH factors, systemic data on direct 
engagement of TCF4 in proneural bHLH-dependent processes are scarce. The study by 
Flora et al. identified the interaction of TCF4 with proneural bHLH factor ATOH1 
(MATH1), and demonstrated disrupted development of pontine nucleus of Tcf4-/- mice 
(of note, they did not observe embryonic lethality of null animals) (Flora et al., 2007). 
Furthermore, deletion of any of the additional E protein-encoding genes did not have 
detectable effects on ATOH1-dependent neurons, indicating a specific requirement of 
TCF4:ATOH1 heterodimers in this process (Flora et al., 2007).  

TCF4 has been shown to participate in neurogenesis in mouse postnatal forebrain and 
in developing and adult hippocampus (Fischer et al., 2014; Jung et al., 2018). 
Furthermore, knocking out long transcripts of Tcf4 in mice results in reduced cortical 
thickness and decreased dentate gyrus volume (Jung et al., 2018).  

TCF4 has roles in neuronal migration, laminar layer formation, and dendrite and 
synapse formation in the developing cortex. These functions are impaired in Tcf4 
haploinsufficient mice (H. Li et al., 2019). Deletion of Tcf4 results in mis-specification of 
CTIP2- and SATB2-expressing neurons in the mouse cerebral cortex, leading to defective 
development of the corpus callosum, anterior commissure, and the hippocampus 
(Mesman et al., 2020). In addition, in utero overexpression of TCF4 in mouse cerebral 
cortex severely disrupts the columnar organization of medial prefrontal cortex (Page et al., 
2018). This phenomenon was dependent on transcription and neuronal activity, and  
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co-expression of TCF4 together with calmodulin and inwardly rectifying potassium 
channel Kir2.1 (that lowers the resting membrane potential and thereby reduces 
neuronal activity) rescues this morphological phenotype (Page et al., 2018). Besides 
migration and organization of neurons in the dorsal telencephalon, a role for TCF4 in the 
migration of the pontine nucleus neurons in anterior extramural migratory stream has 
also been described (Flora et al., 2007). 

Enhanced hippocampal long term potentiation (LTP) has been described in several 
TCF4 haploinsufficiency syndrome PTHS model mice (Thaxton et al., 2018). This synaptic 
phenotype might be linked to cognitive dysfunctions reported in PTHS patients (Thaxton 
et al., 2018). Reduction of TCF4 in prefrontal cortex layer 2/3 in utero alters the intrinsic 
excitability of neurons in this layer via repression of ion channel genes Scn10a and Kcnq1 
in rats (Rannals et al., 2016).  

Besides the functions of TCF4 in neurons, studies in PTHS mouse models have  
revealed a cell-autonomous reductions of oligodendrocytes and myelination pointing to 
independent roles of TCF4 in oligodendrocytes (Phan et al., 2020). 

2.3 Target genes of TCF4 in the nervous system 
TCF4 binds DNA and regulates expression of its target genes in the context of different 
hetreodimers, and this complicates identifying its direct target genes. Genome wide 
expression and chromatin binding profiling have been the main methods for TCF4 target 
gene analysis. 

A few studies have analysed differentially expressed genes in human cell lines after 
knock-down of TCF4. Acute TCF4 knock-down in SH-SY5Y cells resulted in altered 
expression of genes involved in TGF-β signalling, epithelial to mesenchymal transition 
(EMT) and apoptosis (Forrest et al., 2013). More precisely, the most significant DEGs 
were EMT regulators, SNAI2 and DEC1 and the proneural genes, NEUROG2 and ASCL1 
(Forrest et al., 2013). Reduced TCF4 in a neural progenitor cell line (derived from the 
developing human cerebral cortex) led to deregulation of genes involved in the cell cycle 
(Hill et al., 2017).  

Tcf4-deficient mice have been used to identify TCF4 target genes in vivo. Notably, 
Bmp7 is upregulated in Tcf4-deficient mice developing cerebral cortex and neuronal 
migration and deficits in these mice can be rescued via shRNA-mediated downregulation 
of Bmp7 (Chen et al., 2016). The effect of reduced levels of TCF4 in neural progenitor cell 
line derived from the developing human cerebral cortex was analysed with microarray 
technology and results showed enrichment of genes involved in the cell cycle and 
proliferation of progenitor cell (Hill et al., 2017). RNA-seq performed with hippocampal 
CA1 tissue from naive Tcf4(+/-) (PTHS model) mice identified over 400 differentially 
expressed genes associated with neuronal plasticity, including axon guidance, cell 
adhesion, calcium signalling, and most particularly with neurotransmitter receptors 
(Kennedy et al., 2016). The authors suggested that genes negatively regulated by TCF4 
participate in the signalling of dopamine (Drd1a, Cckbr, and Chrm4), oxytocin (Oxtr), 
serotonin (Htr2c), glycine (Glra2 and Glra3), and neuromedin B (Nmbr), whereas NMDA 
receptor (NMDAR) subunit 2a (Grin2a), neuropeptide Y receptor (Npy2r), and a pair of 
lysophospholipid receptors (Lpar1 and S1pr5), that function in memory and learning, 
were positively regulated by TCF4 (Kennedy et al., 2016). This study additionally revealed 
DEGs dysregulated in Tcf4(+/-) hippocampus only after threat recognition training 
(experiential learning), suggesting the involvement of TCF4 in transcriptional response to 
learning (Kennedy et al., 2016). In the latest RNA-seq studies, murine TCF4 has been 
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found to act as a transcriptional activator during cortical development and to regulate 
genes involved in neuronal differentiation and maturation (H. Li et al., 2019; Mesman  
et al., 2020). Mesman et al. compared the mice transcriptomes at E14.5 and P0 and 
concluded that TCF4 regulates some key genes of neural development like Neurod1, Lpl, 
Kcna1 and Id2  throughout neuronal development (Mesman et al., 2020). A mega-analysis 
of different adult TCF4+/mut mice prefrontal cortex, hemibrain and hippocampal CA1 
tissues indicated enrichment for processes associated with forebrain development, 
neuron projection, axon development, excitatory synapses, and postsynaptic density, 
and also for processes associated with axon ensheathment, and myelination (Phan et al., 
2020). Interestingly, their bioinformatics analyses suggested that upregulated genes are 
predominantly associated with neuronal function while downregulated genes are 
associated with oligodendrocytes and myelination (Phan et al., 2020).  

A cell type-specific analysis and deconvolution analysis of RNA-seq data determined a 
significant increase in the proportion of RNA coming from neurons and astrocytes and a 
significant decrease in myelinating oligodendrocytes in adult TCF4+/mut mice and the 
latter was corroborated by reduced number of oligodendrocytes and impaired 
myelination in PTHS model mice (Phan et al., 2020). 

More complex comparative and bioinformatics analysis have also been conducted and 
genome-wide chromatin immunoprecipitation assays have been used to identify direct 
target genes of TCF4. Moen et al. described by mass spectrometry the first transcription 
factor interaction network for flag-tagged TCF4 in mouse neural system mental disorders 
and found enrichment of proteins associated with neurodevelopmental diseases like 
intellectual disability, autism spectrum disorders and SCZ (Moen et al., 2017). Furthermore, 
they identified dozens of TCF4 target genes, which were bound by flag-tagged TCF4  
and misregulated after Tcf4 knockdown, e.g. mental disorder-linked genes Foxp2, 
Shank3, Syngap1, Nrxn1, intellectual disability genes Gpr56, Tgfbr2 and Gli2, and 
microcephaly-associated genes Cenpj, Cdk5rap2, Mcph1 and Wdr62. Forrest et al, 
identified 10 604 TCF4 binding sites in the human SH-SY5Y neuroblastoma cells that were 
assigned to 5437 genes and, importantly, de novo motif enrichment showed that most 
TCF4 genomic binding sites contain at least one E-box (5′-CAtcTG) (Forrest et al., 2018). 
Furthermore, approximately 77% of TCF4 binding sites overlapped with the H3K27ac 
histone modification that is characteristic for active enhancers and regulatory sequences, 
and target genes enriched belonged to functional clusters for pathways including 
nervous system development, ion transport and signal transduction (Forrest et al., 2018). 
TCF4 has also been found to bind to genes involved in neuronal development and SCZ 
risk in ChIP-seq conducted in SH-SY5Y neuroblastoma cells (Xia et al., 2018). Of note, one 
fifth of the binding sites were suggested to be situated in enhancers (Xia et al., 2018). 

Enhancers are clearly involved in the regulation of target gene expression by the bHLH 
family of transcription factors (Powell and Jarman, 2008). For example, co-location of 
different bHLH binding sites within enhancers provide the important molecular context 
for bHLH protein function and determines whether a particular target gene responds to 
bHLH factors in a particular cellular context as shown for ATOH1 and NEUROG2 (Powell 
and Jarman, 2008), both of which dimerize with TCF4. Moreover, recent research has 
shown that TCF4 binds to the mediator complex with high affinity (Quevedo et al., 2019). 
TCF4 binding co-localizes with the binding of mediator complex in super-enhancers that 
regulate neurogenic transcription factor genes, including TCF4 gene itself, and this 
positive feedback loop has been suggested to maintain the NPC pool (Quevedo et al., 
2019).  
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2.4 Dimerization partners of TCF4  
The molecular code of bHLH factors that determines both where and when the different 
types of neurons and glial cells are generated, has been proposed (Guillemot, 2007; 
Powell and Jarman, 2008). The notable mouse proneural bHLH factors are ASCL1 
(MASH1), neurogenins 1-3 (NGN1-3/NEUROG1-3) and ATOH1 (MATH1) (Baker and 
Brown, 2018; Huang et al., 2014). bHLH factors involved in neuronal differentiation 
include NEUROD family (Miyata et al., 1999; Schwab et al., 2000; Tutukova et al.,  
2021). In contrast, HLH proteins from ID and HES families have anti-proneural and  
anti-oligodendrogenic activity, and bHLH factor OLIG2 is one of the patterning proteins 
providing positional identity along the dorsoventral axis of the neural tube (Guillemot, 
2007).  

It is generally thought that TCF4 and other E proteins act as obligatory binding partners 
of class II bHLH proteins (Massari and Murre, 2000; Murre, 2019; Wang and Baker, 2015). 
However, this notion has recently been challenged as new studies clearly show that 
homodimers of class II bHLH do form and may even be preferred and more active than 
heterodimers with E proteins (Le Dréau et al., 2018). Furthermore, neural cell 
reprogramming using ectopic expression of proneural and neural differentiation bHLH 
transcription factors without changing the levels of TCF4 or other E proteins have been 
shown (Dennis et al., 2019). However, one can speculate that E proteins are expressed 
in excess compared to class II bHLH factors and that could compensate for not being 
equally highly expressed. 

Regardless of whether dimerization with TCF4 (or other E proteins) is an absolute 
necessity or not for bHLH proteins, several dimerization combinations and respective 
functional consequences have been described. TCF4 interactome includes ASCL1 
(achaetescute complex homolog 1, also known as HASH1 or MASH1), ATOH1 (atonal 
homolog 1, also known as MATH1), ID1–4 (inhibitor of DNA binding 1–4), NEUROD1 
(neurogenic differentiation 1) and MYOD1 (myogenic differentiation 1), LYL1 
(lymphoblastic leukemia derived sequence 1), MSC (musculin) and TAL1/2 (T-cell acute 
lymphocytic leukaemia 1 and 2) (Blake et al., 2010). In HeLa cells, ASCL1 binds TCF4 with 
higher affinity compared to other E proteins and no ASCL1 homodimers form (Persson et 
al., 2000). However, transactivation of E-box in MCK enhancer-dependent reporter was 
lower in the case of TCF4-containing heterodimers compared to heterodimers with E12 
and E47 in human SH-SY5Y neuroblastoma cells (Persson et al., 2000). Overexpressed 
TCF4 and other E proteins dimerize with NEUROD2 in P19 embryonal carcinoma cells, 
and these heterodimers bind to CAGATG E-box, a preferred binding site of NEUROD2, in 
in vitro assays, whereas NEUROD2 and NEUROD1 homodimers failed to do so. Of note, 
NEUROD2 dimerization with specific E proteins was suggested to depend on differential 
temporal expression of E proteins (Ravanpay and Olson, 2008).  

Formation of homodimers of TCF4 has been demonstrated in many studies (Goldfarb 
and Lewandowska, 1995; Persson et al., 2000; Tanaka et al., 2008). Rep domain has been 
found to play a key role in maintaining E protein homodimers in an inactive state on 
myogenic enhancers (Markus et al., 2002). DNA binding of TCF4 homodimers is inhibited 
by calmodulin in increased Ca2+ environment, whereas heterodimers are not affected by 
Ca2+-calmodulin (Corneliussen et al., 1994; Saarikettu et al., 2004). To conclude,  
the formation of TCF4 hetero- and homodimers might occur simultaneously and most 
probably there is a mixture of different dimers of TCF4 at any given time in the cell. 
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3 Transcription Factor FOXO3 – a member of FOXO family 
The transcription factor FOXO3 belongs to the transcription factor family of forkhead 
(FOX) proteins that is one of the largest classes of TFs in humans. FOX proteins participate 
in several cellular processes like development, differentiation, proliferation, metabolism, 
stress resistance and apoptosis (Golson and Kaestner, 2016). FOX family is named after 
its founding member the D. melanogaster fork head (fkh) gene product. FOX proteins are 
characterized by a conserved DNA-binding domain (DBD), also known as fork head box. 
This domain has helix-turn-helix motif that is made of three α-helices, two β-sheets and 
two large loops also called butterfly-like wings (Harel et al., 2021). Sequence homology 
of this DNA-binding domain among the 19 subfamilies/classes of FOX family (FOX A to S) 
is very high, whereas transactivation domains almost completely lack similarity. Studies 
of evolution of classical FOX protein binding core sequence RYAAAYA (R = purine,  
Y = pyrimidine) corroborate finding of helix 3 of DBD being highly conserved and sequence 
variability at the vicinity of the core sequence illustrates the recognition specificities 
among FOX proteins (Nakagawa et al., 2013; Schmitt-Ney, 2020). Binding of FOXNs and 
FOXO1 to less conserved (GACGC) consensus motifs has been reported, although the 
functional studies on the effects of this binding are lacking (Nakagawa et al., 2013). 

In mammals, the Fox O box (FOXO) family contains FOXO1, FOXO3, FOXO4, and 
FOXO6, whereas there is only one member present in D. melanogaster and C. elegans – 
dFOXO and daf-16, respectively (Schmitt-Ney, 2020; Wang et al., 2009). FOXO proteins 
are ubiquitously expressed (Maiese, 2015). The DBD is nearly identical in FOXOs and they 
bind the same consensus sequence (5’-TTGTTTAC-3’). Therefore, in general it has been 
suggested that FOXOs can regulate genes redundantly and specificity might be obtained 
by specific expression pattern or isoform-specific posttranslational regulation (Tsai et al., 
2007; Weigelt et al., 2001). However, disruption of FOXO genes separately in mice 
revealed a functional diversification, as Foxo1-null embryos die in embryonic day 10.5, 
while Foxo3- and Foxo4-null mice are viable (Hosaka et al., 2004). Furthermore, abnormal 
ovarian follicular development was identified in Foxo3-null mice, whereas no consistent 
abnormalities were found in Foxo4-null mice (Golson and Kaestner, 2016). These results 
suggest different physiological roles of FOXOs in mammals (Schmitt-Ney, 2020). 

FOXO TFs regulate diverse gene expression programs directing cell cycle, cell survival 
and metabolism, stem cell maintenance and lifespan in model organisms. Furthermore, 
FOXOs are linked to age-related diseases like cancer and diabetes (Eijkelenboom and 
Burgering, 2013; Jiramongkol and Lam, 2020; van den Berg and Burgering, 2011; van der 
Horst and Burgering, 2007). 

3.1 Post-translational regulation of FOXOs 
The role of FOXOs is limited under normal conditions, the main role of FOXOs seems to 
be to integrate signals from several pathways during stress and to maintain tissue 
homeostasis via fine-tuned target gene regulation (Schmitt-Ney, 2020). Post-translational 
modifications (PTMs) affect shuttling between nucleus and cytoplasm, and  degradation 
of FOXOs (Burgering and Kops, 2002). Therefore, PTM of FOXOs has been extensively 
studied to dissect complex and tight control of FOXO activation (reviewed in Brown and 
Webb, 2018; Calnan and Brunet, 2008; Eijkelenboom and Burgering, 2013; Jiramongkol 
and Lam, 2020; van der Horst and Burgering, 2007). The current knowledge of PTM 
regulating FOXOs is depicted in Figure 3. 
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Figure 3. Post-translational modifications and nuclear translocation of FOXO proteins. Activity of 
FOXO transcription factors is co-ordinated via different post-translational modifications (PTMs).  
Effect of enzymes conveying inhibitory signals (are shown with red inhibitor lines) results in 
processes translocating FOXOs out from the nucleus and/or directing FOXOs to proteasomal 
degradation. Upon different stress signals several enzymes play a role in activation of FOXOs 
(shown with arrows) that is achieved via removing inhibitory PTM and enhacing nuclear 
translocation. Effect of enzymes with conflicting or limited evidence on activity of FOXOs is marked 
with dashed line. Kinases are coloured yellow, phosphatases are salad green, deacetylases are pink, 
acetylases are light pink, methyltransferase are blue, ubiquitin-ligases are ocean green,  
ubiquitin-specific protease is grey. Ac – acetylation; IGF – insulin-like growth factor; Me – methylation; 
P – phosphorylation; ROS – reactive oxygen species; Ub – ubiquitination. Created with BioRender.com 
 

The first described and highly conserved pathway inactivating all FOXO family 
members is PI3K-PKB/AKT-directed phosphorylation that integrates insulin and growth 
factor signalling (Brunet et al., 1999; Burgering and Kops, 2002). Phosphorylation of 
FOXOs at three specific sites, namely T32, S253, and S315 in FOXO3, results in increased 
binding to shuttling protein 14-3-3 and translocation from nucleus to cytoplasm. 
Additionally, serum- and glycocorticoid-inducible kinases (SGKs) integrate insulin growth 
factor (IGF) survival signals similarly to PKB/AKT and phosphorylate FOXOs at the same 
serine and threonine residues, although with marked preference for S315 (Brunet et al., 
2001). Recently, FOXO1 was found to be a direct target of PKA in endothelial and muscle 
cells, and the sites phosphorylated by PKA overlap with those phosphorylated by 
PKB/AKT (Lee et al., 2011; Silveira et al., 2020). In addition, glucagon-mediated  
PKA-specific phosphorylation at S276 of human FOXO1 in HepG2 cells increases its 
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nuclear translocation and protein stability (Wu et al., 2018). In vivo function of this PKA 
phosphorylation site was established in knock-in PKA phosphorylation resistant mice 
FOXO1-S273A and FOXO1-S273D (corresponding to S276 in human) that display impaired 
blood glucose homeostasis, linking the control of FOXO1 by PKA to metabolic diseases 
including diabetes (Wu et al., 2018).  

Many other kinases have been shown to phosphorylate and inactivate FOXO family 
members. SGK and PKB/AKT phosphorylated FOXO1 at S319 functions as a docking site 
for casein kinase 1 (CK1), leading to the phosphorylation of additional serines, namely 
S322 and S325 (Rena, 2002). Additionally, dual-specificity tyrosine-phosphorylated and 
regulated kinase (DYRK1A) phosphorylates FOXO1 at S329. This phosphorylation appears 
to be constitutive, decreases the ability of FOXO1 to stimulate gene transactivation and 
reduces the proportion of FOXO1 present in the nucleus (Woods et al., 2001). 
Furthermore, mutation S329A led to the accumulation of FOXO1 in the nucleus and 
increased transactivation by FOXO1 in reporter assays (Woods et al., 2001). Next, 
phosphorylation by TAK1/NLK (transforming growth factor-β-activated kinase/Nemo-like 
kinase) inhibits transactivational activity of FOXO1 and directs its translocation from the 
nucleus (Kim et al., 2010). Fourth, IκB kinase (IKK) phosphorylates human and  
mouse FOXO3 at S644, leading to ubiquitin-dependent proteolysis of FOXO3 (in a  
PKB-independent manner, of note, PKB/Akt positively regulates IKK via direct 
phosphorylation) (Hu et al., 2004; Nidai Ozes et al., 1999). Fifth, phosphorylation of 
FOXO1 and FOXO3 at several serine residues by stress-activated MAP 
kinase/extracellular signal-regulated kinase (ERK) promotes E3 ubiquitin ligase  
MDM2-mediated poly-ubiquitination and proteasomal degradation of FOXOs (Asada  
et al., 2007; Yang et al., 2008). 

Besides the above-mentioned kinases that inactivate FOXOs, several kinases have 
been shown to have opposing or more complex effects on FOXO activity. ER-stress 
induced kinase PERK (protein kinase RNA (PKR)-like ER kinase) has context-specific 
effects on FOXO activity (Zhang et al., 2013). ER-stress induced kinase PERK (protein 
kinase RNA (PKR)-like ER kinase) activates FOXOs and overrides insulin-induced 
suppression of FOXOs by PKB/Akt. However, incoherent feed-forward regulation motif 
has also been found, where indirect action of PERK via AKT can lower FOXO activity. 
Whereas glycogen synthase kinase 3 (GSK3) positively regulates transactivation of 
FOXOs. Activation of FOXOs by GSK3 phosphorylation induces the expression of type I 
insulin-like growth factor receptor (IGF-IR) that promotes hepatoma cell proliferation, 
whereas in the endotoxin-induced myocardial injury model GSK3β up-regulates FOXO3 
levels that leads to apoptosis (Huo et al., 2014; Z. Li et al., 2019).  

The regulation of FOXOs by mitogen-activated protein kinase (MAPK) family,  
STE20-like protein kinase (MST1), CDK family and AMPK are further discussed below to 
illustrate the different mechanisms of how FOXO activity is controlled. Among  
mitogen-activated protein kinase (MAPK) family kinases c-Jun NH2-terminal kinase (JNK) 
and p38 phosphorylate FOXOs under cellular stress conditions, leading to their 
translocation to the cell nucleus, activation of FOXO target genes and cell death 
(reviewed in van der Horst and Burgering, 2007). JNK inhibits insulin signalling and  
JNK-mediated phosphorylation induces release of FOXO from the shuttling protein  
14-3-3. Several phospho-sites of p38 have been described in FOXO1 and FOXO3 that 
regulate translocation into the nucleus. Furthermore, these phospho-sites are involved 
in consequential FOXO-induced inhibition of cell proliferation and cell death (Asada et al., 
2007; Ho et al., 2012; Marzi et al., 2016). In contrast, phosphorylation by ERK has an 



35 

inactivating effect on FOXOs, indicating that the outcome of MAPK signalling on the 
activity of FOXOs is controlled by the duration and magnitude of the integrated signals 
of ERK, JNK and p38 (Jiramongkol and Lam, 2020).  

The mammalian ste20-like kinase 1 (MST1) is activated under conditions of oxidative 
stress and phosphorylates FOXO3 at S207 and FOXO1 at S212 (in forkhead domain) 
(Lehtinen et al., 2006). This induces FOXO proteins to release 14-3-3 and  translocate into 
the nucleus, although dephosphorylation of this phospho-site is needed for effective 
DNA-binding and target gene activation in the nucleus (Lehtinen et al., 2006).  
MST1-FOXO signalling is conserved from nematodes to mammals and plausibly plays a 
role in regulating longevity via mediating oxidative stress response (Brown and Webb, 
2018; Lehtinen et al., 2006). 

Phosphorylation of FOXOs by CDK family can have opposing effects. On the one hand, 
the DNA damage-activated G1/S-phase checkpoint regulator CDK2 phosphorylates 
FOXO1 at S249 resulting in cytoplasmic localization and inhibition of FOXO1. This 
provides a mechanism that coordinates apoptotic cell death after DNA damage (Huang 
et al., 2006). On the other hand, the outcome of FOXO1 phosphorylation at S249 by CDK1 
(responsible for G2/M transition) is dependent on cell type, with FOXO activation 
described in postmitotic neurons and NIH 3T3 cells and FOXO inhibition in a prostate 
carcinoma cell line (Liu et al., 2008; Yuan et al., 2008). Thus, it is plausible that the same 
phospho-site can be recognized by different components of cellular machinery 
depending on a cell cycle phase, cell type and/or additional unknown factors.  

AMPK-induced phosphorylation of already nuclear FOXOs enhances binding of FOXOs 
to CBP/p300 and thereby increases FOXO transcriptional activity (Greer et al., 2007; 
Wang et al., 2012). Concurrent phosphorylation of FOXO3 by AMPK and MEK/ERK 
induces translocation of FOXO3 into the mitochondria to activate mitochondrial gene 
expression to sustain mitochondrial functionality in metabolic stress conditions (Celestini 
et al., 2018). Furthermore, starvation conditions activate AMPK that leads to 
phosphorylation of FOXO3 and up-regulation of autophagy genes (Greer et al., 2007). 

A multitude of phospho-sites in FOXOs and explicit consequences on subcellular 
localization and transcriptional activity have led to the search for phosphatases that 
could enable dynamic integration of upstream signals. Several Ser/Thr phosphatases 
have been reported to dephosphorylate FOXOs. Phosphatase and tensin homolog (PTEN) 
was found to counteract phosphorylation by PKB in FOXOs (Nakamura et al., 2000). More 
recently protein phosphatase 2 (PP2A) was discovered to directly bind FOXOs and oppose 
PKB/AKT phosphorylation and the translocation of FOXOs by 14-3-3 (Singh et al., 2010; 
Yan et al., 2008). Furthermore, PP2A was also shown to regulate PBK/AKT and concerted 
action of PP2A on both FOXOs and PKB/Akt enhances FOXOs activity (Singh et al., 2010).  

While the above-mentioned mechanisms are well established, many other PTMs of 
FOXOs mediate more context-specific complex outcomes. One example here is the 
acetylation of FOXOs. CBP/p300 directly acetylate FOXOs thereby inhibiting their DNA 
binding capability (Fukuoka et al., 2003). However, the total effect of CBP/p300 on  
FOXO-mediated transcription is additionally dependent on histone acetylation and  
co-activator activities of CBP/p300 that lead to activation of FOXO target genes (van der 
Horst and Burgering, 2007). Both of these processes can potentially occur at the same 
time. Moreover, in oxidative conditions Cys disulphide bonds form between FOXO4 and 
CBP/p300, which increases interaction and potentially sequesters these co-activators 
from other transcription factors, therefore further affecting gene expression profile 
(Dansen et al., 2009). Furthermore, deacetylase SIRT1 and other HDACs have been shown 
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to function similarly on FOXOs and CBP/p300 (van der Horst and Burgering, 2007). 
Therefore, both deacetylation and acetylation are not merely an ‘on’ or ‘off’ switches, 
but these processes orchestrate a complex regulatory mechanism that modifies 
transcriptional responses upon context (Brunet, 2004; Lin et al., 2018).  

FOXO proteins are also regulated by methylation. Arginine methylation has been 
linked to activation of FOXOs. Protein arginine N-methyltransferase 1 (PRMT1) 
methylates R248 and R250 (in FOXO1) both of which situate near PKB consensus 
sequence in FOXOs, abrogating phosphorylation of FOXOs in oxidative stress condition, 
thereby preventing its nuclear exclusion, polyubiquitination, and proteasomal 
degradation (Yamagata et al., 2008). Contrarily, lysine methylation has been shown to 
promote inactivation of FOXOs. K270 in FOXO3 is methylated by methyltransferase  
Set9, and this modification disrupts FOXO3 DNA-binding activity and prevents  
neuronal apoptosis (Xie et al., 2012). FOXO1 can also be methylated at K273 by  
histone methyltransferase G9a (euchromatic histone-lysine N-methyltransferase 2 
(EHMET2/G9a)), which enhances binding to E3 ligase SKP2 followed by  
poly-ubiquitination and decreased FOXO1 protein stability (Chae et al., 2019). 

Mono- and poly-ubiquitinations affect the functioning and protein stability of FOXOs 
(reviewed in Huang and Tindall, 2011). S-phase kinase-associated protein 2 (SKP2) 
mediates poly-ubiquitination and degradation of FOXO1 following phosphorylation by 
PKB/AKT and several other kinases (Huang et al., 2005). E3 ligase murine double minute 
2 (MDM2) binds ERK-phosphorylated FOXO3 and this poly-ubiquitination leads to 
proteasomal degradation of FOXO3 (Fu et al., 2009; Yang et al., 2008). In contrast,  
mono-ubiquitination of FOXO4 at K199 and K211 by MDM2 in response to oxidative 
stress directs FOXO4 into the nucleus and thereby potentially activates  
FOXO4-dependent gene expression (van der Horst et al., 2006). De-ubiquitination of 
FOXO4 is mediated by ubiquitin-specific protease 7 (USP7/HAUSP) (van der Horst et al., 
2006). However, this does not affect FOXO4 protein half-life, but instead negatively 
regulates FOXO4 transcriptional activity (van der Horst et al., 2006). 

It is less clear whether FOXO proteins are modified by less common post-translational 
modifications like glutathionylation, glycosylation, SUMOylation, hydroxylation, 
neddylation, citrullination, prenylation, palmitoylation, myristoylation and s-nitrosylation, 
and what might be the functional consequences of these modifications (Buuh et al., 
2018; Jia et al., 2019). 

Participation of microRNAs (miRNAs) in the regulation of FOXO expression have been 
mainly studied in cancer. The effect of most miRNAs studied to date is induction of mRNA 
degradation and translation inhibition of FOXOs, although whether the outcome is 
beneficial or detrimental depends on the cancer type and specific FOXO (reviewed by 
(Jiramongkol and Lam, 2020). Interestingly, circular FOXO3 pseudogene mRNA have been 
reported to sequester FOXO3-regulating miRNAs and thereby upregulate FOXO3 
expression (Yang et al., 2016).  

In conclusion, the activity of FOXOs is fine-tuned by the crosstalk between numerous 
PTMs indicating that FOXOs act as cellular integrators of different signals (Jiramongkol 
and Lam, 2020; van den Berg and Burgering, 2011; Wang et al., 2017). 
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3.2 Roles of FOXOs in Huntington’s disease 
In general, FOXOs function as tightly controlled integrators of environmental fluctuations 
and signals and this gives them an essential role in the regulation of metabolic 
homeostasis, redox balance, and the stress response via precisely regulated target gene 
expression (van der Horst et al., 2006). Studies in C. elegans and D. melanogaster have 
demonstrated a role for daf-16/dFOXO in oxidative stress-induced heat shock protein 
(HSP) expression, maintenance of proteostasis and longevity (Donovan and Marr, 2016; 
Hwangbo et al., 2004; Kenyon et al., 1993; Riddle et al., 1981). Gene programs 
coordinated by FOXOs are diverse, covering DNA damage response, apoptosis, 
proliferation, oxidative stress, cell metabolism, cell cycle regulation, and autophagy in 
order to maintain cellular homeostasis in development, aging and in disease (Burgering 
and Kops, 2002; Eijkelenboom and Burgering, 2013; Golson and Kaestner, 2016; van der 
Horst and Burgering, 2007). FOXO factors have been implicated in a variety of diseases 
including tumorigenesis and neurodegenerative diseases (Hornsveld et al., 2018;  
Hu et al., 2019). The roles of FOXO3 have been studied in different cancer types, where 
it was initially thought to function mainly as a tumour suppressor (Hornsveld et al., 2018). 
However, depending on the context, FOXO3 can also support tumour growth, suggesting 
that FOXO3 can affect various aspects of tumorigenesis (reviewed by (Hornsveld et al., 
2018; Jiramongkol and Lam, 2020; Liu et al., 2018)). Similarly, FOXOs are thought to exert 
both detrimental and protective effects in neurodevelopmental diseases, including 
Huntington’s disease (summarize in Figure 4) (Hu et al., 2019; Liu et al., 2017; Parker  
et al., 2012, 2005; Tourette et al., 2014). 
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Figure 4. FOXO transcription factors in HD.  The prevailing idea is that nuclear localization of FOXOs activates genes that regulate processes that reduce negative 
effects of mutant HTT (mHTT) and other HD processes. Several pathways affect levels and location of FOXO proteins and transcription of its target genes in HD 
neurons (upper part). (1) Deficiency of unfolded protein response protein XBP1 increases FOXO1 levels and enhance beneficial macroautophagy. (2) Ectopic 
expression of FOXO4 rescues proteasome activity in differentiated HD iPSC. (3) Expression of mHTT increases levels of insulin-like growth factor (IGF) which 
activates via IRS2 phosphorylation cascade of PI3K-PKB/AKT leading to phosphorylation of FOXOs and their translocation from nucleus and degradation. 
(4) De-acetylation of FOXOs by SIRT enables binding of β-catenin which enhances transcriptional activity of FOXOs. (5) Expression of mHTT induces cleavage of
Wnt receptor Ryk-ICD fragment that binds to FOXOs’ co-factor β-catenin and represses transcriptional activity of FOXOs reducing protection against cell death.
(6) Autoregulation of FOXOs. (7) Several compounds showing promise as therapeutic agents in HD therapy have been shown to mediate beneficial effects via
FOXO proteins. FOXO transcription factors have also functions in other cell types and processes found to be impaired in HD (lower part).  (8) Muscle wasting and 
progressive impaired gluconeogenesis are characteristic to HD and FOXO3 has roles in these processes in liver and muscle tissue. (9) Pathway downstream of
TGFβ via FOXOs is responsible for oligodendrogenesis and myelinisation in oligodendrocytes, whereas in astrocytes the same pathway regulates NSC homeostasis 
and circadian rhythms. Ac – acetylated; CoA – co-activator; ICD – intracellular domain (fragment); IGF – insulin-like growth factor; IGF-1R – insulin-like growth
factor 1 receptor; IRS2 – insulin receptor substrate 2; mHtt – mutant huntingtin protein; P – phosphorylated; Ryk – RTK subfamily with acronym from related to 
tyrosin kinase; SMAD3/4 – TGF- β signalling pathway proteins structurally similar to C. elegans Sma and D. melanogaster Mad proteins; TGF-β – transforming 
growth factor β;  XBP1 – X-box binding protein 1. Created with BioRender.com
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FOXO3/FOXO1 have been postulated to be mainly neuroprotective in HD and various 
mechanisms for this have been shown. Studies on HD modelled in C. elegans and mouse 
cell lines have demonstrated that FOXOs convey protective signals in the early phases of 
mHTT toxicity, an effect achieved via activation of FOXO/daf-16 by sirtuin Sir2 (in 
mammals SIRT) and additionally requiring FOXO partner protein bar-1/β-catenin (Parker 
et al., 2005) (Parker et al., 2012). Moreover, downregulation of FOXOs at early stages of 
HD in Q128 nematode HD model and in HD striatal cell line cells via non-canonical 
mechanism of Wnt receptor Ryk-ICD fragment binding to FOXO co-factor β-catenin, has 
been shown to be detrimental (Tourette et al., 2014). 

In transgenic R6/2 mice reduction of insulin receptor substrate 2 (IRS2) levels, (except 
in β cells to prevent diabetes) in order to downregulate insulin signalling, resulted in 
improved motor performance, neuropathology and survival (Sadagurski et al., 2011). 
Furthermore, this slower disease progression was associated with nuclear localization of 
FOXO1 and increased expression of FOXO1-dependent genes (e.g. Sod2 and Ppargc1a) 
affecting macroautophagy, mitochondrial function and oxidative stress resistance. 
Additionally, macroautophagy upregulated by unfolded protein response-related 
transcription factor XBP1-deficiency was associated with improved neuronal survival, 
motor performance, and drastic decrease in mHtt levels in cellular and animal models of 
HD, which was mechanistically linked to increased expression of FOXO1 (Vidal et al., 
2012). In a follow-up study, FOXO3 functions were extended to regulating cellular 
senescence during neuronal differentiation in HD (Voisin et al., 2020).  

Another line of evidence for the neuroprotective role of FOXOs in HD comes from 
iPSCs derived from HD patients (Liu et al., 2017). First, compared to wt controls HD-iPSCs 
are characterized by increased protective proteasome activity and higher levels of FOXOs, 
which protect the cells from mHTT toxicity (Liu et al., 2017). Second, HD-iPSC-derived NPCs 
exhibit lower proteasome activity than wt NPCs, and ectopic expression of FOXO4 
rescues this detrimental lowering of proteasome activity (Liu et al., 2017). Finally,  
HD-iPSC-derived differentiated DARPP32-positive striatal medium spiny neurons 
demonstrated reduced FOXO4 levels and decreased proteasome activity, and were 
vulnerable to oxidative stress (Liu et al., 2017). In differentiated HD medium spiny 
neurons increase in PKB/AKT kinase activity was found, and inhibition of PKB/AKT 
improved proteasome activity and induced FOXO4 levels (Liu et al., 2017). Therefore, 
based on these results FOXOs were proposed to be a valuable therapeutic target in HD 
(Liu et al., 2017). FOXOs´ role as a molecular target for therapy in HD gets further support 
from the study showing that daf-16/FOXO is essential for the effect of several therapeutic 
compounds (MAP4343, 17ßE2, isoquercitrin, resveratrol, GSK3 inhibitor lithium chloride, 
and AMPK activator metformin) that prolong the functioning of neurons in HD (Farina  
et al., 2017). 

Although neuronal cell death is the main neuropathological sign of HD, glial cells are 
gaining increasing attention for their potential role in HD (Wilton and Stevens, 2020).  
In contrast to HD-induced loss of neurons, increase in oligodendrocyte abundance has 
been reported in low grade HD patients (Myers et al., 1991) mHtt expressed in 
oligodendrocytes directly affects myelinisation and hypomyelinisation is characteristic to 
HD (Huang et al., 2015; Osipovitch et al., 2019). SMAD3/4-FOXO1-Sp1 pathway 
downstream of TGFβ has shown to function in cell cycle exit of oligodendrocyte 
progenitors, therefore playing a role in oligodendrogenesis and postnatal CNS 
myelinisation (Palazuelos et al., 2014). Psychiatric and sleep changes manifest in the 
prodromal stages of HD, and gene network analysis on human caudate nucleus 
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microarray data identified astrocyte-specific transcriptional network that was predicted 
to be regulated by FOXO3 (Scarpa et al., 2016). Moreover, this striatal astrocyte network 
correlates with sleep and stress traits described in (B6xA/J)F2 chronically stressed mice 
(Scarpa et al., 2016). Conserved TGFβ-FOXO3-dependent striatal astrocyte network has 
been identified, and there is evidence for its relationship to neural stem cell homeostasis 
(Scarpa et al., 2016). It has also been hypothesized that astrocytes are a primary 
contributor to HD pathogenesis (Scarpa et al., 2016).  

In addition to brain pathology, muscle wasting is apparent in symptomatic HD 
patients. No specific studies on FOXOs in HD muscles have been conducted, although it 
is known that FOXOs play a role in muscle atrophy in general by regulating proteasomal 
and autophagic pathways (Bondulich et al., 2017; Mammucari et al., 2007; Zhao et al., 
2007). Similarly, body weight loss, liver dysfunction, and disturbances of metabolism and 
circadian clock are among additional alterations observed in HD (Morton, 2005; van der 
Burg et al., 2008). Supporting their involvement in HD, FOXOs are known to participate 
in the regulation of cell metabolism, hepatic gluconeogenesis and lipid metabolism, and 
circadian rhythms (Chaves et al., 2014; Kamagate et al., 2008; Nakae et al., 2001). 

In conclusion, FOXOs have functions in many cellular processes that are disrupted in 
HD. Whether FOXOs are detrimental or protective in HD needs more thorough 
investigation. As FOXOs are integrators of numerous upstream signals they probably tip 
the balance very specifically depending on tissue type and disease stage, resulting in 
different outcomes.  
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4 Aims of the study 
Dysregulation of transcription factors has been long established in Huntington’s disease. 
Preliminary work of our research group with 200 unvalidated antibodies suggested 
alterations in subcellular localization of transcription factors FOXO3 and TCF4 in 
Huntington’s disease model cells. Therefore, the aims of this thesis were to: 
 

 1. Validate localization disturbances of FOXO3 and TCF4 seen in an antibody     
screen conducted in Huntington’s disease model cells; 

 2. Characterise mRNA and protein levels of FOXO3 in HD models and patients; 
 3. Elucidate the molecular mechanisms affecting FOXO3 in HD; 

 4. Analyse TCF4 gene and protein expression in human tissues and regulation of 
TCF4 and TCF4-dependent transcription in neurons; 

 5. Study mRNA and protein levels of different TCF4 isoforms in HD models and 
patients. 

 
Altogether, this study addresses the roles of two transcription factors, FOXO3 and TCF4, 
in Huntington’s disease. 
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5 Material and methods 
I used the following experimental methods that are described in more detail in the 
publications specified in parentheses: 

 
• Bioinformatics analysis of gene, mRNA and protein sequences (I, II, III, IV) 
• Molecular cloning (II, III) 
• Site-directed mutagenesis (II) 
• Culturing of immortalized mammalian cells and rat primary cortical neurons (II, 

III, IV) 
• Transfection of mammalian cells (II, III) 
• siRNA design and transfection (II) 
• Immunocytochemistry (II, IV) 
• Preparation of cell lysates and immunoblotting (II, IV) 
• Subcellular fractionation (II, IV) 
• In vitro translation (IV) 
• Primer design and optimization (I, II, IV) 
• RNA isolation and reverse transcription followed by quantitative polymerase 

chain reaction (RT-qPCR) (I, II, IV) 
• Luciferase reporter assay (II, III) 
• Chromatin immunoprecipitation assay (II) 
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6 Results  
Publication I 

• Based on bioinformatics analysis, human TCF4 gene contains 21 mutually 
exclusive 5’ exons, generating transcripts that encode TCF4 protein isoforms 
with 18 different N-termini. 

• Internal exons 8 and 15 have alternative splice acceptor sites that eventually 
lead to addition of glutamine and alanine to TCF4 protein sequence, 
respectively. 

• In-frame alternative splicing of TCF4 utilizing alternative donor splice-sites in 
exon 18 creates + and - isoforms that contain or miss the amino acids RSRS.  
The + and – isoforms are expressed at roughly equal levels. 

• Transcription is initiated at relatively similar levels from alternative transcription 
start sites within the TCF4 gene in cerebellum and skeletal muscle tissue. 

• The majority of alternative TCF4 transcripts are expressed in most of the human 
tissues and brain regions, however, a few have a more limited expression 
pattern based on RT-PCR analysis. 

• The expression of TCF4 is ubiquitous, although the expression levels vary 
considerably between human tissues. The highest TCF4 mRNA levels are found 
in fetal brain, cerebellum and cerebral cortex. 

• TCF4 mRNA expression in the human hippocampus is detected in neurons of 
DG, CA1-CA3 subfields and subiculum, and in the cerebellum in cerebellar 
granule neurons, as assessed by in situ hybridization.  

• Several TCF4 protein isoforms are expressed in human tissues as determined by 
Western blot analysis.  

• All TCF4 protein isoforms that contain region coded by exons 8 and 9, display 
exclusively nuclear distribution. 

• TCF4 contains a functional NLS sequence. 
• All TCF4 isoforms can be transported to the nucleus by piggy-back mechanism 

through heterodimerization with NLS-containing bHLH partners (e.g. NEUROD2). 
TCF4 isoforms missing NLS can be exported from nucleus via heterodimerization 
with NES-containing partner proteins (e.g. ID2). 

• TCF4 signal in immunohistochemical staining is mainly in neuronal nuclei, but 
also in the cytoplasm of neurons in CA3, DG and hilus regions of hippocampus 
and in the granule cell layer of the cerebellum in human brain. 

• All TCF4 isoforms are capable of activating reporter gene transcription 
controlled by µE5 E-boxes in HEK293 cells, although to a different extent. 
Transcriptional activity of TCF4 correlates with the presence of AD1, however, 
there is no significant correlation between isoform’s ability to activate 
transcription and the presence of NLS, the presence of partial AD1 domain or 
the extra amino acids in the + isoforms.  

• In HEK293 cells, the activation domains AD1 and AD2 mediate transactivation 
to a similar extent. However, the presence of both ADs in a single protein has a 
synergistic effect on transcriptional activity. 
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Publication II 
• Immunocytochemical signal of FOXO3 differs between mouse striatal 

progenitor cell-derived wt Hdh7/7 cells and mutant Hdh7/109 and Hdh109/109 cells.  
• FOXO3 protein levels are elevated in total cell lysates of mutant Hdh cells and 

both in the nuclear and cytosolic fractions. 
• The levels and the phosphorylation of PKB/AKT and phosphorylation of FOXO3 

at PKB/AKT phosphorylation site S253 are not changed in mutant Hdh cells. 
• Levels of ERK1/2 are not changed in mutant Hdh cells, whereas a reduction of 

activated ERK1/2 is apparent in mutant Hdh cells. 
• 3-NP treatment, a chemical model of HD, induces nuclear localization of 

overexpressed EGFP-FOXO3 and endogenous FOXO3 in rat cultured cortical 
neurons. 

• 16 and 24 h 3-NP treatment increases levels of FOXO3 protein in rat cultured 
cortical neurons. 

• Foxo3 and FOXO3 target gene FasL mRNA levels are increased in both HD 
cellular models, namely mutant Hdh cells and in 3-NP treated neurons. 

• Foxo3 mRNA levels are increased in the cortex of R6/2 HD model mice and in 
the cortex and caudate nucleus tissue of HD patients. 

• FOXO3 promoter region contains four FHRE sequences based on bioinformatics 
analysis. 

• Endogenous FOXO3 protein binds to its own promoter in Hdh7/7, Hdh109/109 and 
in rat primary cortical neurons based on chromatin immunoprecipitation assay. 

• FHRE 3 (TAACA) is to a large extent responsible for the transcriptional 
autoregulation of FOXO3 in Hdh7/7, Hdh109/109 cells and in rat primary cortical 
neurons. 

 
Publication III 

• TCF4-dependent transcription is regulated by neural activity in neurons.  
o TCF4 protein isoforms induce E-box-dependent reporter gene 

expression in rat primary neurons upon membrane depolarization with 
KCl to mimic neuronal activity.  

o Membrane depolarization-induced rise in TCF4-mediated transcription 
requires Ca2+ influx through L-type voltage-gated Ca2+ channels 
(VGCCs).  

o Increase in excitatory synaptic activity by bicuculline/4-AP treatment 
also results in upregulation of TCF4-regulated transcription through 
both NMDARs and L-type VGCCs. 

• Endogenous and overexpressed TCF4 proteins localize in the nucleus of primary 
neurons. Overexpressed TCF4 isoforms lacking NLS localize both to the nucleus 
and cytoplasm.  

• The region between AD2 and bHLH is essential for neuronal-activity-dependent 
regulation of TCF4 functions 

o TCF4-mediated transactivation in neurons requires AD2, although AD2 
is not sufficient for neural activity-dependent regulation of TCF4 
activity. 

o bHLH domain together with the TCF4 region between amino acids 
M430 and P498 is essential for activity-dependent regulation of TCF4 
in neurons 
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• Signalling via sAC and PKA regulates neuronal activity-dependent functions of 
TCF4 

o KCl-induced E-box-dependent reporter gene expression is reduced by 
Calcium/calmodulin dependent protein kinase II (CAMK2) inhibitor  
KN-62 and the PKA inhibitor H89, but not by treatment with 
Calcium/calmodulin-dependent protein kinase kinase (CAMKK) 
inhibitor STO-609, Ca2+-dependent PKC isoform inhibitor Go6976 and 
unrelated casein kinase (CK) inhibitor TBB.  

o Overexpression of constitutively active forms of PKA-Cα and PKCα, and 
treatment with PKA activator dbcAMP, but not PKC activator PDBu, 
activate TCF4-dependent transcription in reporter assay. 

o Co-expression of the dominant negative (DN) PKA-regulative  
subunit R1 and not DN PKCα reduces TCF4-dependent transcription in  
KCl-treated neurons. 

o Inhibition of soluble adenylyl cyclase (sAC) by KH7 interferes with the 
induction of TCF4-dependent transcription upon membrane 
depolarization. 

• TCF4 S448 is phosphorylated by PKA upon neuronal activity and this 
phosphorylation is needed for full induction of TCF4-dependent transcription in 
neurons. 

• In vivo overexpression of wt TCF4-A– but not TCF4-A– mutant S448A by in utero 
electroporation results in formation of cellular aggregates in rat layer 2/3 the 
medial prefrontal cortex (mPFC). 

• TCF4 participates in activating GADD45G transcription following membrane 
depolarization  

o Overexpressed TCF4-A– and ASCL1 co-operatively induce transcription 
from GADD45G promoter in membrane-depolarized neurons in 
reporter assay. 

o Silencing TCF4 with siRNAs reduces ASCL1-mediated transcription from 
GADD45G promoter in rat primary neurons.  

o GADD45G promoter contains two potential E-box sequences based on 
in silico analysis. Mutating the E-box sequences proximal to the 
transcription start site in GADD45G promoter abolishes reporter 
induction in depolarized neurons. 

o Based on chromatin immunoprecipitation assay, TCF4 binds to 
endogenous Gadd45g promoter in rat neurons. 

o TCF4 regulates the expression of endogenous Gadd45g gene in rat 
primary neurons 

 Overexpression of VP16-TCF4-I– increases both basal and 
depolarization-induced levels of endogenous Gadd45g. 

 Silencing of Tcf4 via AAV-mediated Tcf4 shRNA expression 
decreases Gadd45g transcription only in depolarized neurons. 

• TCF4 missense variations P299S and G428V identified in SCZ patients alter the 
transcriptional activity of TCF4-B– in unstimulated or both in unstimulated and 
depolarized neurons, respectively.  
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Publication IV 
• Immunoreactive signal of polyclonal TCF4 antibodies is changed in HD model 

mutant Hdh cells, suggesting altered subcellular localization and/or nuclear 
levels of the protein. 

• Based on data mining from publicly available databases, the gene structure 
of mouse Tcf4 is similar to human TCF4, encoding multiple protein isoforms 
mostly conserved in both species. 

• Both low (probably TCF4-D/A/H/I) and high (probably TCF4-B/C) molecular 
weight TCF4 protein isoforms are reduced in mutant Hdh cells, in total cell 
lysates and also in both cytosolic and nuclear fractions. 

• Different sets of TCF4 isoforms are expressed in cytoplasmic and nuclear 
fraction of Hdh cells. 

• Levels of Tcf4 transcripts encoding TCF4-B, -C, and -A are reduced in 
Hdh109/109 cells. 

• 3-NP treatment decreases the levels of Tcf4 transcripts encoding TCF4-B, -C, 
-D and -A in rat primary cortical neurons. 

• Specific Tcf4 transcripts are changed in R6/1 mice brain tissues  
o The transcript levels of Tcf4-D (8c-II), Tcf4-A and Tcf4-I are reduced 

and TCF4-D (7b-I) is increased in R6/1 mice cortex compared to wt 
mice. 

o The levels of Tcf4-I are decreased in R6/1 mice striatum. 
o The total level of Tcf4 mRNA are decreased in hippocampus of R6/1 

mice compared to wt mice. More precisely, the transcript levels of 
Tcf4-B/C, Tcf4-B, Tcf4-D (8c-II), Tcf4-A and Tcf4-I are decreased, 
whereas mRNA levels of Tcf4-D (7b-I) are increased.  

o Tcf4 mRNA levels in R6/1 cerebellum are not changed compared to 
wt mice. 

• Protein levels of specific TCF4 isoforms are changed in R6/1 mice brain tissues  
o TCF4-A isoform levels are lower in R6/1 mice cortex compared to wt 

mice. 
o There is no significant change in R6/1 striatum compared to wt mice. 
o TCF4-B/C and TCF4-D isoforms are decreased in R6/1 mice 

hippocampus. 
• TCF4-B/C protein isoform levels are decreased in the CA1 region of 

hippocampus and cerebral cortex in HD patients compared to health 
controls. 

• Bdnf mRNA levels are decreased in cortex, hippocampus and cerebellum of 
R6/1 mice. 

• mRNA levels of TCF4 binding partners Neurod1 and Ascl1 are changed in R6/1 
mice brain tissue 

o Neurod1 mRNA levels are upregulated and Ascl1 levels 
downregulated in cortex of R6/1 mice.  

o Neurod1 mRNA levels are unchanged and Ascl1 mRNA levels were 
increased in striatum of R6/1 compared to wt mice. 

o No change in mRNA levels of Neurod1 and Ascl1 were detected in 
hippocampus. 

o Neurod1 levels are reduced in cerebellum of R6/1 mice, whereas 
levels of Ascl1 mRNA are unchanged. 
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• TCF4 and ASCL1 activate E-box-dependent gene transcription synergistically 
in rat cortical and hippocampal neurons. 

o Different TCF4 isoforms induce E-box-dependent reporter gene 
transcription to relatively same extent, except TCF4-I– which shows 
lower induction.  

o TCF4- and E-box-dependent reporter gene transcription is enhanced 
by membrane depolarization and the induction is essentially similar 
for all major TCF4 isoforms. 

o The total induction of the reporter gene transcription is higher in 
cortical neurons than in hippocampal neurons overexpressing TCF4.  

o TCF4 isoforms show different activation of the reporter gene 
transcription when co-expressed with ASCL1. The induction is 
minimal for co-expression of TCF4-B– and ASCL1 and the highest for 
TCF4-I– and ASCL1.  

o Membrane depolarization further increases the co-expression 
induced transcription activation in both cortical and hippocampal 
neurons. 

o There is synergy between TCF4 and ASCL1, both in unstimulated and 
in depolarized neurons, however, the extent of the synergy varies 
considerably depending on the TCF4 isoform. 

o The synergy between TCF4 and ASCL1 upon membrane 
depolarization is greater in hippocampal neurons than in cortical 
neurons. 
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7 Discussion 

7.1 Identification of transcription factors with altered subcellular 
localization and/or expression in Huntington’s disease 
The global dysregulation of gene expression has been long noted in Huntington’s disease 
(Sugars and Rubinsztein, 2003; Valor, 2015; Xiang et al., 2018). Results of our 
immunocytochemical assays indicated that the nuclear localization of forkhead 
transcription factor family member FOXO3 is increased in genetic and 3-NP-treatment 
HD model cells. The immunocytochemical signal observed with the antibodies targeting 
the bHLH transcription factor TCF4 was also altered in mutant HTT expressing cells, but 
given the of the limited specificity of the used antibodies we were not able to 
differentiate between changes in TCF4 subcellular localization and expression level in 
these assays. Nevertheless, our results, together with previous studies on mislocalized 
transcription factors in HD (Valenza, 2005; Zuccato et al., 2003) suggest that changes in 
the subcellular distribution of transcription factors is among the mechanisms that 
underlie dysregulation of gene expression in HD. It would be of interest in future studies 
to elucidate whether these changes could be attributable to impaired nucleocytoplasmic 
transport or dysregulated functioning of nucleoporins described in several HD models 
and patients (Grima et al., 2017).   

7.2 FOXO3 in Huntington’s disease 
The observed change in the subcellular localization of FOXO3 in HD cells led us to further 
study FOXO3 and its regulation in HD. We observed increased levels of FOXO3 protein in 
cell-based HD models. Furthermore, subcellular fractionation revealed parallel increase 
in FOXO3 levels in both nuclear and cytosolic fractions of mutant Hdh cells. FOXOs are 
vital integrators of survival and stress signals and their cellular distribution, activation 
and degradation is under stringent control that is achieved via complex post-translational 
modifications (PTMs) (Brown and Webb, 2018; Calnan and Brunet, 2008; Eijkelenboom 
and Burgering, 2013; Fasano et al., 2019; van der Horst and Burgering, 2007). PKB/AKT is 
one of the best described kinases regulating subcellular localization and degradation of 
FOXO3 (Brunet et al., 1999; Burgering and Kops, 2002). There are a number of studies 
showing conflicting results of PKB/AKT activity in various HD models and tissues (Ahmed 
et al., 2015; Colin et al., 2005; Gines et al., 2003; Ginés et al., 2010; Gratuze et al., 2015; 
Martín-Flores et al., 2020). Here we show that PKB/AKT signalling is not compromised in 
mutant Hdh cells, therefore increased levels of FOXO3 in the nucleus of mutant Hdh cells 
could not be explained by deranged PKB/AKT signalling. However, a possibility exists that 
the amount of PKB/AKT in HD cells is not sufficient for regulating increased amount of 
FOXO3 protein. In addition to PKB/AKT, MAPK kinases ERK 1/2 are known to 
phosphorylate and thereby promote degradation of FOXOs (Yang et al., 2008). We did 
not detect significant changes in the total levels of ERK 1/2, but we observed a drastic 
reduction in the levels of phosphorylation activated ERK 1/2 in mutant Hdh cells. This 
decrease might be dependent on the dose of mHtt since in homozygous Hdh109/109 cells 
the reduction is greater than in Hdh7/109 cells. To elucidate whether and how the reduced 
activity of ERK1/2 is linked to the increased levels of FOXO3 in HD cells, further studies 
on ERK 1/2 specific phosphorylation of FOXO3 in HD are warranted. Compromised ERK 
1/2 signalling in HD has been shown to affect the resilience of the cells to oxidative stress 
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(Ginés et al., 2010) and FOXO3 is one of the key factors regulating the response to various 
types of stress (Eijkelenboom and Burgering, 2013). ERK signalling pathway is considered 
neuroprotective in HD as compounds upregulating decreased ERK rescue from cell death 
in HD models (Bodai and Marsh, 2012; Maher et al., 2011; Sarantos et al., 2012; Szlachcic 
et al., 2015; Yusuf et al., 2018). However, few publications state the contrary and show 
that increased levels of phosphorylated ERK 1/2 is related to neuronal vulnerability 
(Fusco et al., 2012) or exemplify the complexity and contrasting effects of ERK functions 
in neurodegenerative diseases (Blum et al., 2015; Rai et al., 2019). Phosphorylation of 
additional serine-residues by CK1 and SGK kinases aid the export of FOXO3 from the 
nucleus by 14-3-3 that induces its proteolysis (Brunet et al., 2001; Rena, 2002). 
Furthermore, PTM are not limited to phosphorylation and there exists a term “the FOXO 
code” to illustrate the whole complexity of modifications (Brown and Webb, 2018; 
Calnan and Brunet, 2008). Therefore, further elucidation of PTM of FOXO3 in HD context 
is needed to understand which roles of FOXO3 could be affected. 

The observed nuclear localization of FOXO3 with concurrent increased FOXO3 protein 
levels led us to study Foxo3 mRNA levels in HD model cells. Utilizing RT-qPCR we detected 
nearly 2-fold upregulation of FOXO3 mRNA in cell-based HD models and a small increase 
in transgenic R6/2 mice and postmortem HD patient brain tissue. However, an integrated 
genomics and proteomics study on different HD knock-in mice with varying repeat size 
did not find significantly changed FOXO3 levels (Langfelder et al., 2016). This discrepancy 
might be due to different HD model animals used, small effect size and stringent false 
discovery rate (FDR) cut-off applied. Nevertheless, our study additionally revealed 
increased mRNA levels of FOXO3 target gene FasL in Hdh cells and in 3-NP treated 
primary neurons. However, Fas receptor and FasL levels are decreased in postmortem 
HD patient caudate and putamen (Ferrer et al., 2000), contradicting our results obtained 
in cellular HD model, whereas FAS receptor levels are increased in inducible HD cell-line 
(Sipione, 2002) that together may suggest dependence on disease stage. We additionally 
observed a difference in upregulation dynamics of FasL and Foxo3 mRNA in response to 
3-NP treatment. We hypothesise that fast up-regulation of FasL may rely on nuclear 
translocation of already synthesized FOXO3, whereas, slower up-regulation of Foxo3 
suggests an autoregulation or more complex process requiring additional factors. We 
demonstrated in chromatin immunoprecipitation (ChIP) experiments that FOXO3 binds 
to its own promoter and identified a Forkhead Response Element (FHRE) site that is to a 
large extent responsible for autoregulation of Foxo3. This is in line with previous studies 
showing the ability of FOXO factors to directly activate Foxo1 and Foxo4 transcription 
(Essaghir et al., 2009; Mubarak et al., 2009). Our work is also in agreement with study of 
Lützner et al. suggesting positive feedback mechanism in the regulation of Foxo3 
expression (Lützner et al., 2012). Of the potential FHREs analyzed by Lützner et al. by 
electrophoretic mobility shift assay, the highest affinity of FOXO3 was shown for site  
1–2 FHREs (according to our numbering), and the site 3 FHRE, found to be functional in 
our study, was also bound by FOXO3 in vitro. However, the functionality of these sites in 
cells was not demonstrated in their study. In conclusion, we show that FOXO3 levels are 
increased in HD as a result of an overactivated positive autofeedback loop and together 
with previous studies suggest that this kind of loop might be characteristic for all FOXO 
family members and helps to sustain the stress response of FOXOs. 

The outcome of elevated FOXO3 levels most probably depends on accompanying 
cellular signals and factors. Upon growth factor deprivation and oxidative stress activation 
of FOXOs induces apoptosis in neurons (Hu et al., 2019; Neri, 2012). Decreased BDNF levels 
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and increased oxidative stress have been reported in HD (Browne and Beal, 2006; Zuccato, 
2001) and we further detected increased levels of apoptosis-triggering FasL mRNA levels 
and up-regulated FOXO3 levels, that were previously suggested to induce motor neuron 
death (Barthélémy et al., 2004). Therefore, increased levels of FOXO3 may be detrimental 
to cortical and striatal neurons in HD. Furthermore, it has been noted that HD-related 
skeletal muscle atrophy is accompanied with increased FOXO3 levels (Mielcarek et al., 
2015). On the other hand, there are publications suggesting participation of FOXOs in vital 
signalling pathways that protect from mutant Htt toxicity (Parker et al., 2012; Tourette  
et al., 2014; Vidal et al., 2012). Tourette et al. showed that Hdh7/7 cells are resistant to 
changes in Foxo3 levels, whereas reduced Foxo3 levels increase and overexpression 
decrease cell death in mutant Hdh109/109 cells (Tourette et al., 2014). More recent data 
indicate that FOXO3 is needed to prolong the functioning of the neurons in HD (Farina  
et al., 2017). Additionally, FOXO3 may antagonize the progression of cellular senescence in 
HD patient-derived neural stem cells (NSCs) and differentiated medium spiny neurons 
(MSNs), and reducing FOXO3 expression strongly potentiates the mortality of HD NSCs 
(Voisin et al., 2020). Proteins containing coiled-coil structure with extended polyQ tracts 
interact with nuclear FOXOs and that was suggested to impair the functions of FOXOs 
leading to transcriptional dysregulation of dendrite morphogenesis and behavioural 
defects in D. melanogaster expressing polyQ proteins (Kwon et al., 2018). Therefore, 
increased levels of FOXO3 could be beneficial for rescuing this adverse interaction. 

In addition to neurons, other neural cell types have gained attention in the context of 
HD. The RNA-seq-based computed astrocyte-specific transcriptional network was found 
to be the most relevant to HD pathology in the caudate nucleus (Scarpa et al., 2016). 
Furthermore, this HD-astrocyte-specific transcriptional network was shown to be regulated 
by FOXO3. A recent study revealed that white matter failure and hypomyelination are 
characteristic of HD in human (Osipovitch et al., 2019). This might be a result of a  
cell-autonomous defect in the terminal glial differentiation of mHTT-expressing human 
glial progenitor cells (hGPCs (bipotential oligodendrocyte-astrocytes)), instead of being 
secondary to neuronal loss as initially hypothesized, and may be central to the 
pathogenesis and neurological manifestations of HD. The role of FOXO1 in myelination 
has been previously established (Palazuelos et al., 2014). However, a direct link between 
FOXOs and oligodendrocytes has not been made yet in the context of HD. We studied 
immortalized striatal progenitor cells, cultured primary cortical neurons and brain tissues 
of R6/2 and postmortem HD patients. None of them enabled dissecting FOXO3 levels in 
the different HD-relevant cell populations, a task that could be achieved in the future 
with single-cell RNA-seq analysis of brain tissue.  

Lastly, the participation of FOXO3 and other FOXOs in HD has been substantiated in a 
ChIP-seq study by HD Consortium, where FOXO binding sequences were among the top 
10 motifs found under H3K27ac peaks enriched in HD versus non-disease samples  
(The HD iPSC Consortium, 2017). To conclude, the current knowledge on the involvement 
of FOXOs in HD suggests that activated FOXOs decrease progression of HD via 
suppressing the expression of mHtt, induction of autophagy and upregulation of genes 
encoding ROS scavengers and master regulators of mitochondrial biogenesis (Hu et al., 
2019). Nevertheless, conflicting results have been published and the exact role of FOXO3 
in HD and other neurodegenerative diseases and whether it’s up-regulation is beneficial 
or detrimental is under continuous debate. Most probably it is dependent on multiple 
factors like cell type, disease state, age of onset and concurrent additional stressors,  
and therefore requires further investigation. 
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7.3 TCF4 in health  
Little was known about the TCF4 at the time of our initial observation of TCF4 as a 
potentially misregulated transcription factor in HD model cells. Therefore, we first 
described the complex human TCF4 gene structure with numerous alternative 5’ exons 
and subsequently also characterized the mouse Tcf4 gene. In general, the TCF4 gene 
structure and internal exons are highly conserved between species, however, there are 
fewer transcripts and TCF4 isoforms in mice than in humans. By immunocytochemical 
assays we demonstrated mainly nuclear localization of longer TCF4-encoded isoforms 
and a more equal distribution between subcellular compartments of shorter  
TCF4-encoding isoforms. This nuclear translocation of the long isoforms relies on NLS 
sequence we identified. Functional bHLH domain is required for efficient  
nucleo-cytoplasmic redistribution of TCF4 short isoforms, which is achieved by  
binding with heterodimerization partners with NLS or NES sequences. Greb-Markiewicz 
et al. suggested additional highly conserved potential NLS and NES signal sequences in 
TCF4 bHLH domain (Greb-Markiewicz et al., 2019). However, we find that high 
conservation reported may arise from the fact that these sequences reside in canonical 
bHLH domain, moreover, the context used to study these signals do not able dimerization 
(only part of bHLH was included) that potentially cause unnatural conformation of the 
domain, therefore may conceivably lead to misinterpretation of the results.  

Thorough studies by Jung et al. on developing and adult mice brain and by Kim et al. 
on mice brain at the level of neural cell types have extended the knowledge of the  
spatio-temporal and cell type-specific expression patterns of TCF4 in the brain (Jung  
et al., 2018; Kim et al., 2020). Knowing that multitude of alternative TCF4 isoforms can 
be produced, we first demonstrated that the various TCF4 isoforms with different 
molecular weight are expressed in human cortex, hippocampus, cerebellum and other 
tissues by western blotting. However, it might be technically problematic to distinguish 
all isoforms or even the major isoforms TCF4-B and TCF4-A; of note, many commercial 
TCF4 antibodies are not properly validated. We validated TCF4 antibodies used and 
compared tissue bands with the bands of overexpressed TCF4 isoforms or in vitro 
translated TCF4 isoforms (including +/- isoforms). Nevertheless, this method of analysis 
is circumferential and creating TCF4 isoform-specific knock-out models may help to 
clarify this matter in the future. 

The existence of a number of different TCF4 protein isoforms raised an intriguing 
question whether the isoforms have functional differences in target gene activation.  
This issue has not been addressed thoroughly (Liu et al., 1998; Skerjanc et al., 1996; 
Sobrado et al., 2009; Yoon and Chikaraishi, 1994). Our studies demonstrated that while 
all TCF4 isoforms can activate E-box-controlled reporter gene transcription, there is a 
disparity between TCF4 isoforms. Furthermore, functional differences of short and long 
TCF4 isoforms have been shown recently in oligodendrocyte differentiation and in 
plasmacytoid dendritic cell development (Grajkowska et al., 2017; Wedel et al., 2020). 
Additionally, we revealed that TCF4-controlled transcription is regulated by neural 
activity in neurons. While both AD1 and AD2 were able to mediate transcriptional 
activation and function synergistically in non-neural HEK293 cells, only transactivation 
domain AD2, and not AD1 separately, activated reporter gene transcription in neurons. 
Additionally, essentiality of AD2 has been noted in the developing prefrontal cortex  
in vivo (Page et al., 2018). Intriguingly, we found AD2 not to be involved in  
neuronal-activity-dependent regulation of TCF4 that is mediated by the region between 
AD2 and bHLH instead. This suggests that neural activity-dependent activation of  
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TCF4-mediated transcription might not be essential during the development of the 
nervous system, but rather in the later phases and for neuronal plasticity. These findings 
reveal fundamental differences between TCF4 isoforms as AD1 domain exists only in long 
isoforms, whereas AD2 and bHLH domains are universal to all TCF4 isoforms. In addition 
to AD1 and AD2, there is also AD3 (Chen et al., 2013) that is present in almost all TCF4 
isoforms, and only TCF4-I— misses the 6 initial amino acid residues of this domain. TAF4 
binds to AD3 as a co-activator to facilitate TFIID complex binding potentially enhancing 
transcription initiation this way (Chen et al., 2013).  Furthermore, this domain functions 
synergistically with AD1 and AD2 in E proteins HEB and E2A (Chen et al., 2013). However, 
proper analysis of TCF4 AD3 in different cellular contexts remains to be done.   

We showed that TCF4 is regulated by neuronal activity predominantly via cAMP-PKA 
pathway, more precisely by phosphorylation of S448 by PKA. Increased expression of 
TCF4 severely disrupts the distribution of pyramidal cells in the mPFC (Page et al., 2018) 
and we showed that mutation S448A in TCF4-A– rescues this phenotype of rat cortical 
2/3 layer pyramidal neurons overexpressing TCF4-A– in vivo. The significance of  
cAMP-PKA pathway was substantiated by our finding that soluble adenylyl cyclase (sAC) 
and not transmembrane AC (tmAC) is required for depolarization-induced TCF4-dependent 
transcription in neurons. Phosphorylation of bHLH proteins has been shown to affect 
their stability (Jo et al., 2011; Lin and Lee, 2012), dimerization specificity (Lluís et al., 
2005) and temporal dynamics of their expression (Quan et al., 2016). However, the exact 
mechanism how phosphorylation of TCF4 by PKA regulates TCF4 transactivational 
capacity remains elusive. Neural activity initiates Ca2+ influx through voltage gated 
calcium channels and N-methyl D-aspartate receptors in neurons, which, in addition to 
PKA, activates also Ca2+/calmodulin-dependent protein kinase II  (CAMKII) and protein 
kinase C (PKC) (Hagenston and Bading, 2011). Although we did not find the involvement 
of CAMKII and PKC in our experiments, their role cannot be completely ruled out in the 
regulation of activity-dependent TCF4 activation. Of note, binding of calmodulin to  
E protein dimers in the presence of Ca2+ restricts heterodimer formation with other bHLH 
proteins, inhibits the DNA-binding activity of E protein homodimers and therefore 
directly affects E protein-mediated transcription (Corneliussen et al., 1994; Hauser et al., 
2008; Onions et al., 2000; Saarikettu et al., 2004). These post-translational regulatory 
mechanisms and Ca2+-affected formation of dimers likely enable signal-responsive 
regulation of target genes by specific bHLH dimers. 

The effect of TCF4 gene is dosage-dependent as illustrated by TCF4-associated 
diseases. Heterozygous mutations in TCF4 lead to the haploinsufficiency of TCF4 causing 
a neurodevelopmental Pitt-Hopkins syndrome (PTHS) (Amiel et al., 2007; de Pontual  
et al., 2009; Sepp et al., 2012; Zweier et al., 2007), while partial deletions affecting only 
long isoforms of TCF4 lead to mild intellectual disability (Kharbanda et al., 2016). Several 
common variations in TCF4 are linked to schizophrenia (Cross-Disorder Group of the 
Psychiatric Genomics Consortium, 2013; Genetic Risk and Outcome in Psychosis (GROUP) 
et al., 2009; The Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) 
Consortium, 2011). The causal relationship of TCF4 genetic variants and schizophrenia 
has not been established, nevertheless, TCF4 is strongly related with gating 
endophenotypes of schizophrenia and is susceptible to environmental impacts and in 
sum the role of TCF4 would be in line with neurodevelopmental hypothesis of 
schizophrenia and models like repeated-hit model and Gene X Environment model 
(Quednow et al., 2014). TCF4 has been suggested to be the master regulator of 
schizophrenia (Doostparast Torshizi et al., 2019). We tested the ability of TCF4 missense 
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variants found in patients with SCZ to activate E-box-controlled gene transcription in 
neurons as one possible mean of an effect of otherwise seemingly unharmful mutations. 
Small, yet significant increase in reporter gene expression was shown with variants P299S 
and G428V in untreated neurons and higher activity compared to wt was also detected 
in depolarized neurons. There is more research done on PTHS mutations that decrease 
TCF4 protein levels or its transcriptional activity (de Pontual et al., 2009; Sepp et al., 2012; 
Zweier et al., 2007), whereas accumulating evidence suggest that increased levels of 
TCF4 might be detrimental as well (Page et al., 2018; Talkowski et al., 2012; Ye et al., 
2012). Comparative study of mice slightly over-expressing TCF4 and mice with decreased 
expression of long TCF4 isoforms described unchanged basic neurotransmission,  
but revealed Tcf4 gene-dose mediated impact to increase LTD and LTP, respectively,  
in hippocampal neural networks (Badowska et al., 2020). It was suggested that disturbed 
synaptic plasticity has profound impact on higher order cognition of these TCF4 mutant 
models. We hypothesize that impaired synaptic plasticity can be partially caused by 
aberrant TCF4-dependent transcriptional response to neuronal activity affecting 
neuronal connectivity and/or excitatory-inhibitory balance. Future work will further 
elucidate the role of TCF4 in the pathophysiology of schizophrenia.  

Dimerization of TCF4 and ASCL1 has been shown previously (Persson et al., 2000), and 
synergism between ASCL1 and TCF4-B– was proposed by de Pontual et al. in reporter 
gene assay with DeltaM promoter E-box constructs (de Pontual et al., 2009). Here we 
show that endogenous TCF4 binds to neuronal activity-regulated Gadd45g-promoter in 
rat primary cortical neurons. Furthermore, reporter assay with GADD45G-promoter 
constructs revealed synergistic effect of overexpressed TCF4-A– and ASCL1 both in 
resting and depolarized neurons, and downregulation of Tcf4 reduces endogenous 
Gadd45g mRNA levels. We then set out to determine transcriptional capacity of all TCF4 
isoforms alone and when dimerized with ASCL1, and to elucidate the effect of neuronal 
activity on these dimers in neurons. Our results of reporter gene assays in rat primary 
cortical and hippocampal neurons showed that there is a synergistic effect between all 
studied TCF4 protein isoforms and ASCL1, although the extent varies several times 
depending on TCF4 protein isoform. However, no known domain or regulatory sequence 
seems to be responsible for that. In addition, membrane depolarization by KCl-treatment 
further increased the reporter gene transcription by these heterodimers. Hypothetically, 
this effect can be mediated by increased affinity of calmodulin to TCF4 dimers at high 
Ca2+ concentrations that inhibits homodimer binding and enables binding of 
heterodimers to DNA that has been shown with MyoD and E12 (Hauser et al., 2008). Our 
results demonstrate that low transactivation capability of a TCF4 isoform (homodimers) 
can be compensated when heterodimerized with ASCL1, whereas highly active full length 
TCF4-B– showed limited synergism with ASCL1 in neurons. Parallel experiments in cortical 
and hippocampal neurons revealed interesting differences, as the synergy between TCF4 
and ASCL1 increases only in hippocampal neurons upon membrane depolarization,  
TCF4-dependent transcription is in general higher in cortical neurons compared to 
hippocampal. This suggests differences of these neurons and brain regions that need to 
be considered for example for the development of gene therapies for PTHS. We have 
studied TCF4 partnership with ASCL1, but the E proteins (and TCF4 as one of them) have 
been considered to be the obliged dimerization partners to many other bHLH proteins 
for DNA binding (Massari and Murre, 2000). Therefore, based on our data, we can 
hypothesize that levels of TCF4 and specific TCF4 isoforms may have differential effects 
on target gene activation by dimerizing with various bHLH proteins, and thereby 
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influence neural development, potentially play a role in different disorders and diseases 
and have a potential in regenerative medicine as co-factors for cell reprogramming 
(Dennis et al., 2019; Le Dréau et al., 2018; Wang and Baker, 2015). 

7.4 TCF4 in Huntington’s disease 
To follow up on our initial observations on the altered immunocytochemical signal of 
TCF4 in HD cells, we studied TCF4 in different cell and mouse HD models and in 
postmortem tissue from HD patients, and revealed misregulated TCF4 expression in HD. 
Regulation at transcriptional level was suggested by our RT-qPCR data, where the 
expression of various Tcf4 transcripts was reduced in Hdh cells and in the brain of R6/1 
mouse model of HD. However, we observed differences in Tcf4 expression between the 
studied brain areas that included cerebral cortex, hippocampus, striatum and 
cerebellum. The levels of specific Tcf4 transcripts as well as total Tcf4 mRNA were 
reduced in R6/1 hippocampus, while almost unchanged total Tcf4 mRNA levels hided 
significant reduction of specific transcripts in cortex (Tcf4-D, -A and -I) and striatum  
(Tcf4-I) of R6/1 mice. Although TCF4-I might be a marginal isoform, as could be 
extrapolated from a recent splice-site junction-based analysis of RNA-seq data from 
Fuchs’ corneal dystrophy patient and control corneas, however, cornea is a very 
specialized tissue and may not replicate TCF4 isoform-encoding transcript ratios in 
different regions of the brain (Sirp et al., 2020). On the other hand, we showed that 
transcriptional activity of TCF4-I– isoform is very high in neural activity induced neurons. 

Although nuclear levels of TCF4 seemed to be decreased in mutant Hdh cells, the 
antibodies used in the immunocytochemical analysis did not enable us to elucidate 
whether the affected TCF4 isoforms were NLS-containing long isoforms, which 
preferentially reside in the nucleus, or smaller isoforms, which rely on NLS-containing 
binding partners for their nuclear import (Sepp et al., 2017, 2011). By Western blot 
analysis of total lysates and cellular fractions from striatal progenitor-derived Hdh cells 
we demonstrated that both high and lower molecular weight TCF4 isoforms are reduced 
in the nucleus and cytoplasm of mutant Hdh cells. However, the isoform-specific 
expression of TCF4 is more complex in different brain tissues of R6/1 HD model mice at 
various ages. The most prominent reduction of TCF4 protein was detected in the 
hippocampus (TCF4-B/C and TCF4-D), and in the cortex (TCF4) of R6/1 mice. The finding 
of decreased TCF4-B/C protein isoforms was recapitulated in HD patient CA1 region of 
the hippocampus and cerebral cortex. Our RT-qPCR results showed decline of respective 
mRNA transcripts in R6/1 suggesting that misregulation of Tcf4 gene expression is the 
underlying cause of reduced TCF4 protein levels. Although, we have validated the TCF4 
antibodies used in this study and made effort to annotate several TCF4-like bands by 
comparing them to in vitro translated TCF4 isoform bands, some uncertainty for this 
annotation remains since a) not all TCF4 isoforms are expressed at comparable levels in 
different brain regions as highlighted in our experiments with R6/1 mice (e.g. TCF4 isoforms 
in cortex vs striatum); b) +/- isoforms progress differently in gel; c) the expression patterns 
are divergent also between mouse and human hippocampus. Nevertheless, our results 
confidently show that TCF4 is downregulated in HD. Future studies are warranted to 
elucidate the causal mechanisms of this downregulation in different brain regions and in 
the context of alternative TCF4 isoforms.  

TCF4 can bind DNA as a homodimer (Blake et al., 2010) but its transcriptional capacity 
is higher in the context of heterodimers with bHLH proteins from other classes (Nurm  
et al., 2021; Persson et al., 2000; Sepp et al., 2017). Here we measured mRNA levels of 
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Neurod1 and Ascl1 in different brain regions of wt and R6/1 mice and found a) no change 
in hippocampus (coupled with decreased TCF4 mRNA and protein levels); b) significant 
up-regulation of Neurod1 and down-regulation of Ascl1 mRNA in cerebral cortex (coupled 
with decreased TCF4-A transcripts); c) down-regulation of Neurod1 in cerebellum (coupled 
with unchanged levels of Tcf4 mRNA). Previously, reduced levels of NEUROD1 in the 
hippocampus of R6/2 and in HD patient iPSC lines have been reported in conjunction 
with impaired neurogenesis (Fedele et al., 2011; The HD iPSC Consortium, 2017). 
NEUROD1 is essential for the survival and maturation of adult-born neurons in 
hippocampus (Gao et al., 2009). Furthermore, wild type HTT mediates activation of 
NEUROD1 leading to phosphorylation of NEUROD1 via forming a scaffold to enable 
complex forming of HAP1, kinase MLK2 and NEUROD1 (Marcora et al., 2003). This 
activation may be altered by the expression of mHTT, and, although it has not been 
directly studied, it may add an extra layer to misregulation of bHLH transcription factors 
in HD. A RNA-seq study in HD patient-derived iPSCs identified NEUROD1 as a hub in the 
HD network and several other genes in this network encode proteins that regulate 
NEUROD1 expression, such as ASCL1, NEUROG2, POU4F and REST/NRSF (The HD iPSC 
Consortium, 2017). Therefore, in addition to TCF4 itself, TCF4 dimerization partners also 
seem to be dysregulated in HD and potentially further affect TCF4-dependent 
transcription. Furthermore, our results from reporter assays about differential synergy 
of TCF4 isoforms with ASCL1 in rat cortical and hippocampal neurons illustrate the 
interplay between the bHLH proteins and emphasize the importance of considering all 
TCF4 isoforms when elucidating the functions and effects of TCF4 in heath and disease. 

In addition to downregulated TCF4 expression in HD, activation of transcription by 
TCF4 may be further impaired because of misregulated co-activators (Seredenina and 
Luthi-Carter, 2012). The aggregation prone mHtt sequesters CBP and TAF4/TAFII130 into 
aggregates, decreasing their availability (Dunah, 2002; Nucifora Jr., 2001) and CBP and 
TAF4/TAFII130 have been shown to bind AD1 and AD2 or AD3 in TCF4, respectively (Bayly 
et al., 2004; Chen et al., 2013). TAF4 is required for TFIID binding to TCF4-regulated 
promoters, enabling formation of RNAPol II complex. Additionally, TAF4 binds 
transcription factor SP1 to this complex, and enhanced aggregation of SP1 with mHTT 
has been shown to inhibit this binding (Chen et al., 2013; Dunah, 2002). Together, these 
observations illustrate the complexity and vulnerability of transcription activation in HD. 

Here, we also showed that TCF4-dependent transcription is induced by neuronal 
activity that increases intracellular Ca2+ levels. Widespread dysregulation of genes 
involved in Ca2+ signalling pathways has been described in HD, including genes for several 
subunits of the voltage gated Ca2+ channel CACNA1 and the plasma membrane  
Ca2+-ATPases, and downstream effectors CAMKII, CALM (calmodulin) and CREB (The HD 
iPSC Consortium, 2017). Functionally, it has been shown that mHTT binds both 
calmodulin and transglutaminase TG2 with higher affinity than wt HTT and mHTT 
increases interaction between calmodulin and TG2, which has a role in mHTT aggregate 
stabilisation (Zainelli, 2004). Moreover, interruption of binding between calmodulin and 
mHTT is protective in the context of HD (Dai et al., 2009; Dudek et al., 2008).  
As mentioned above, increased intracellular Ca2+ can inhibit E protein-dependent 
transcriptional activation by preferable binding of calmodulin to E protein homodimers 
(Hauser et al., 2008; Hermann et al., 1998; Saarikettu et al., 2004). The total effect of 
these misregulations on TCF4, its heterodimerization partners and consequential target 
gene activation needs to be elucidated in the future. 
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Studies have revealed that prodromal HD patients have poorer performance in many 
neurocognitive functions (Stout et al., 2011) such as learning and memory that rely on 
neuronal plasticity and neurogenesis in the hippocampus among others (Aimone et al., 
2009, 2006; Chambers et al., 2004; Eriksson et al., 1998; reviewed in Gonçalves et al., 2016). 
However, the hippocampus remains relatively unaffected from neurodegeneration in HD 
patients (Ramirez-Garcia et al., 2019). On the other hand, reduced hippocampal adult 
neurogenesis in subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus 
has been reported in R6/2, R6/1 and YAC128 transgenic HD model mice (Gil et al., 2005; 
Lazic et al., 2004; Simpson et al., 2011). Furthermore, impaired synaptic vesicle functions 
have been identified in several brain regions of HD patients and hippocampal synaptic 
plasticity deficits have been thoroughly studied in mouse models of HD (Neueder and 
Bates, 2014; Quirion and Parsons, 2019). Developmental basis for HD has been proposed 
based on the critical functions of huntingtin in the developing nervous system and 
reinforced by the decline of cognitive functions and emergence of psychiatric 
disturbances at early stages of HD preceding the classical motor symptoms by many years 
(Bates et al., 2015; Zuccato and Cattaneo, 2014). Recently, it has been shown that slight 
downregulation of Tcf4 expression levels does not alter basic neurotransmission, but 
increases long-term potentiation and thereby shapes long-term plasticity in hippocampal 
neuronal networks (Badowska et al., 2020). Furthermore, Tcf4 conditional KO mice 
display abnormal migration of neural progenitor cells, which leads to disruption of 
integrity and hypoplasia in the dentate gyrus and impairs the social memory, therefore 
revealing a critical role for TCF4 in regulating DG development (Wang et al., 
2020). Additionally, BDNF is one of the master regulators of synaptic plasticity (Park and 
Poo, 2013). Misregulation of BDNF and its downstream signalling pathways are  
well-described in HD (Smith-Dijak et al., 2019), and enhancing BDNF signalling restores 
synaptic plasticity and memory in HD mice (Anglada-Huguet et al., 2016; Lynch et al., 
2007). Here we showed that decreased TCF4 in R6/1 mice hippocampus and cortex 
coincide with reduced levels of Bdnf in these tissues. A recent study shows that TCF4 
directly binds an enhancer of Bdnf suggesting that the expression of Bdnf is potentially 
regulated by TCF4 (Tuvikene et al., 2021). This could provide a complementary 
mechanism of BDNF dysregulation in addition to downregulation of BDNF as a result of 
the inability of mHTT to regulate REST/NRSF activity (Gauthier et al., 2004; Zuccato, 2001; 
Zuccato et al., 2003). 

The role of neuronal activity in the process of axon myelination and its role in 
plasticity, cognitive functions and learning has been established (Choi et al., 2019; Fields, 
2008; Nickel and Gu, 2018). TCF4 is a critical partner for OLIG2 in oligodendrocytes in 
curating terminal differentiation and myelination process (Wedel et al., 2020). 
Furthermore, studies in PTHS mice models linked myelin-related transcriptomic profile 
and reduced number of oligodendrocytes and myelination deficits functionally with TCF4 
(Phan et al., 2020). Therefore, TCF4 might be a vital player in neural plasticity and 
cognitive functions via participation in neurogenesis, migration and myelination among 
other process.  

Collectively, altered expression of TCF4 and its binding partners in HD, especially in 
hippocampus, opens the possibility that misregulation of TCF4-dependent transcription 
could contribute to the decline of cognitive function in HD. 
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8 Conclusions 
The main findings of this thesis are as follows: 

 
• Transcription factor FOXO3 is overactivated in Huntington’s disease via a 

positive auto-feedback loop. 
• bHLH transcription factor TCF4 is expressed in various tissues in human but 

not at equal levels. TCF4 isoforms are generated by alternative 5’ exons usage 
and splicing; some TCF4 protein isoforms have functional NLS motif. 

• TCF4 is a neuronal activity-regulated transcription factor and its activation is 
mediated by soluble adenylyl cyclase and protein kinase A. 

• TCF4 isoforms differ in their capacity to activate gene transcription. 
• There is transactivational synergy between TCF4 and ASCL1, although the 

effect size is different for specific TCF4 isoforms and this synergy is further 
affected by neural activity in hippocampal neurons.  

• The levels of different TCF4 isoforms are reduced in cell-based and in animal 
HD models and in postmortem HD patient brain. The most drastical decrease 
occurs in HD patient hippocampus tissue. 
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Abstract 
Molecular mechanisms of Huntington’s disease 
Huntington’s disease is a devastating hereditary neurodegenerative disease affecting  
3-5 persons in 100 000 worldwide. Despite the efforts of 30 last years since the initial 
discovery of the mutation in huntingtin gene as the molecular cause for HD in 1993, there 
is still no effective cure for this disease. From the fundamental neuropathological findings 
of atrophic striatum and cortex at the onset of HD, numerous studies on susceptibility to 
apoptosis and neuronal cell death occurring in these brain regions and discovering 
balancing factors counteracting it have been conducted. However, recent research on 
pre-symptomatic and prodromal HD patients have revealed impaired cognition and 
memory, disturbances in specific sets of neuron precursors and realization that wt HTT 
is playing a role in neurogenesis has led to recognition of HD as potentially 
neurodevelopmental disease.  

Dysregulation of transcription is well studied in HD models and in HD patients utilizing 
microarray and RNA-seq techniques and is a widely accepted molecular mechanism 
having an effect in HD. Transcription factors exert their function in nucleus and here we 
showed subcellular misregulation and/or expression level change of two transcription 
factors FOXO3 and TCF4. FOXO3 has known functions in balancing stress signals and 
regulating cell survival or apoptosis pathways and TCF4 plays a role in neurogenesis and 
neuronal differentiation. Both of these processes have been implicated in HD. Therefore, 
both TF have potential to modulate the progress of HD. By immunocytochemical staining 
we confirmed increased nuclear localization of FOXO3 in HD cells, whereas levels of 
nuclear TCF4 were decreased in a cell-based HD model.  

Next, we showed that in addition to the change in FOXO3 localization, FOXO3 mRNA 
and protein levels were increased in HD. Furthermore, we detected increased levels of 
FOXO3 in both nuclear and cytosolic fractions. FOXO3 localization and activation is tightly 
controlled by post-translational modifications and phosphorylation by protein kinase B 
(PKB/Akt) is considered the most influential. We report unaffected total and activated 
PKB/Akt protein levels in mutant Hdh cells and unchanged levels of phosphorylated 
pFOXO3-S253 as a PKB/Akt target. Therefore, results of Akt-mediated phosphorylation 
are not coupled with FOXO3 shuttling from cytoplasm to nucleus. In contrast, levels of 
phosphorylated ERK1/2 kinases were significantly reduced in HD model cells. 
Furthermore, we detected binding of FOXO3 to its own promoter and described a 
forkhead response element (FHRE) essential to elicit FOXO3-dependent transcription of 
Foxo3. In sum, we propose an over-activated positive feedback loop for FOXO3 in HD, 
although the scientific debate is still ongoing whether increased levels of FOXO3 is 
beneficial or detrimental in HD. 

The finding of subcellular mislocalization of TCF4 was the starting point to our quest 
to find the roles and regulation of this relatively unknown bHLH TF at that time. 
Therefore, first we described the human TCF4 gene structure and showed that TCF4 
isoforms are generated by alternative 5’ exons usage and splicing. Then we determined 
that bHLH transcription factor TCF4 was ubiquitously, but not equally expressed in 
human tissues. We discovered an NLS sequence in TCF4 and studied functionality of 
activation domains AD1 and AD2 on gene transcription activation in HEK293 and in rat 
primary neurons. Subsequently, we found that TCF4 is neuronal activity regulated 
transcription factor and that this activity-dependence is mediated by cAMP-PKA pathway 
and phosphorylation of S448 in TCF4. Dimerization of TCF4 is required for E-box binding 
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on target gene promoter (as is for all bHLH TF) and functional DNA-binding homo- and 
heterodimers with class II bHLH proteins can be formed (dimerization with class V bHLH 
(ID) protein impairs DNA binding). First, we showed synergy between TCF4 isoform A- 
and ASCL1 on GADD45G promoter and µE5 E-box promoter construct in rat primary 
neurons. However, in total 18 N-terminally different TCF4 isoforms with varying internal 
exon and functional domain composition could be expressed that raised the question of 
their potentially different capacity on target gene transcription. Here we report 
differential transactivational capacity of five TCF4 isoforms and revealed also differences 
in co-operation with dimerization partner ASCL1 in resting and in depolarized rat primary 
cortical and hippocampal neurons. Therefore, our results highlight functional differences 
between TCF4 isoforms and suggest including all TCF4 isoforms in studies elucidating 
TCF4 participation and functions in health and disease. 

Subsequently, we continued to study the role of transcription factor TCF4 in HD.  
We report downregulated TCF4 in HD cell-based and animal models and in HD patients. 
We detected mainly decreased levels of specific TCF4 isoform-encoding transcripts in 
different brain regions of HD transgenic mouse model R6/1 compared to wt mice at four 
ages. Decreased levels were confirmed on protein level in R6/1 mice hippocampus and 
cortex and were further corroborated with decreased TCF4-B/C protein levels in 
postmortem HD patient CA1 region. In addition to TCF4, we determined mRNA levels of 
Bdnf and TCF4 dimerization partners with known functions in nervous system 
development. Bdnf mRNA levels were decreased in hippocampus, cortex and cerebellum 
of R6/1 mice and we hypothesize that this reduction may be TCF4-dependent in cortex 
and hippocampus as bindig of TCF4 to a enhancer of Bdnf has been reported recently. 
mRNAs of Ascl1 and Neurod1 were differentially expressed in specific brain regions of 
R6/1 mice. A tightly controlled amount of TCF4 is required for normal neurogenesis and 
devepolment as illustrated by the PTHS that is caused by haploinsuficiency of TCF4.  
Many class II bHLH proteins require dimerization with TCF4 for efficient DNA binding. 
Therefore, we can hypothesize that disruption of delicate balance of both TCF4 and its 
dimerization partners may lead to detrimental outcomes described in HD brain.  
Our results of decreased TCF4 levels in hippocampus may suggest a link between the 
following observations: a) cognitive impairments take place in pre-symptomatic and 
prodromal HD patients, b) TCF4 regulates neurogenesis in hippocampus, c) decreased 
levels of TCF4 have an effect on memory function. Our study is the first to report complex 
dysregulation of TCF4 in HD that may help to advance the neurodevelopmental hypothesis 
of HD. 

To conclude, we studied in depth two transcription factors found to be mislocalized in 
preliminary screen with panel of antibodies raised against more than 200 transcription 
factors in HD cells. Our results suggest a novel molecular mechanism responsible for 
upregulation of FOXO3 in HD and functional differences of TCF4 protein isoforms in 
health and in HD. 
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Lühikokkuvõte 
Huntingtoni tõve molekulaarsed mehhanismid 
Huntingtoni tõbi on pärilik neurodegeneratiivne haigus, mille all kannatab maailmas 
keskmiselt 3-5 inimest 100 000-st. Huntingtoni tõbe põhjustav geenimutatsioon tuvastati 
1993. aastal, kuid sellest hoolimata pole arstide ja teadlaste viimase ligemale 30 aasta 
pingutused vilja kandnud ning paraku pole turule toodud ühtegi Huntingtoni tõve 
ravimit, mis ei piirduks vaid sümptomite leevendamisega. Neuropatoloogiliselt 
iseloomustab Huntingtoni tõbe ajukoore ja juttkeha neuronite massiline suremine ja 
atroofia, seepärast on varasemad arvukad uuringud keskendunud eelkõige apoptoosi ja 
spetsiifiliste neuronite surmasignaalidele vastuvõtlikkuse uurimisele lootuses tuvastada 
faktorid, mis võimaldaksid vastu seista Huntingtoni tõvele iseloomulikele kahjustavatele 
mõjuritele. Kuna geneetilised testid võimaldavad nüüd haigust tuvastada aastaid  
enne klassikaliste sümptomite ilmnemist, siis on viimasel ajal hakatud uurima ka  
pre-sümptomaatilisi ja väga varajases sümptomite ilmnemise faasis Huntingtoni tõve 
patsiente, kellel on märgatud kognitiivsete võimete muutuseid, mälu- ning emotsioonide 
kontrollihäireid. Lisaks on kinnitust leidnud metsiktüüpi huntingtiini roll neurogeneesis 
ning katsed Huntingtoni tõve erinevates mudelites on kinnitanud vähenenud neuronite 
eellasrakkude hulka spetsiifilistes ajuosades, mis kokkuvõttes viitab sellele, et 
Huntingtoni tõbi võib olla lisaks neurodegeneratiivsele haigusele ka neuronaalse arengu 
häire. 

Mikrokiibi ja RNA sekveneerimise tehnoloogia abil tuvastati Huntingtoni tõves tõsised 
transkriptsiooni regulatsiooni häired ning hetkel on see laialdaselt aktsepteeritud 
molekulaarne mehhanism, mis mängib olulist rolli Huntingtoni tõve arengus. 
Transkriptsioonifaktorid on regulatoorsed valgud, mis täidavad oma funktsiooni raku 
tuumas. Sellele doktoritööle eelnevas uuringus märkasime ja selle doktoritöö käigus 
kinnitasime immuunotsüokeemilist meetodit kasutades transkriptsioonifaktorite FOXO3 
ja TCF4 muutunud rakusisese paiknemise ja/või tuumasisese valgutaseme muutuse HD 
mudelrakuliinis. Olulisemate funktsioonidena võib FOXO3 korral välja tuua rolli stressi- 
ja ellujäämissignaalide integraatori ja tasakaalustatud rakuvastuse tekitajana, samas 
TCF4 on tihedalt seotud neurogeneesi ja diferentseerumisega. Kõik need mainitud 
protsessid on häirunud Huntingtoni tõve korral.  

Järgmiseks uurisime FOXO3 mRNA ja valgutasemeid, mis mõlemad olid olulisel määral 
kõrgenenud Huntingtoni tõve korral nii kasutatud raku- ja loommudelites kui ka HD 
patsientides. Lisaks selgus, et FOXO3 valgu hulk on suurenenud nii tsütosooli kui ka 
tuuma fraktsioonis. FOXO3 lokalisatsioon, aktiivsus ja hulk on rangelt kontrollitud 
mitmesuguste post-translatoorsete modifikatsioonide abil ning neist olulisimaks on 
peetud proteiin kinaas B (PKB/Akt). Me ei tuvastanud muutusi PKB/Akt valgu tasemetes 
ega muutunud fosfo-aktiveeritud PKB/Akt osakaalu mutantsetes Hdh rakkudes ega ka 
oluliselt muutunud PKB/Akt poolt fosforüleeritud FOXO3 tasemeid. Seega ei seleta need 
tulemused FOXO3 muutunud asukohta Hdh rakkudes. Lisaks uurisime ERK1/2 kinaaside 
tasemeid ning kuigi üldtasemed olid võrreldavad metsiktüüpi ja mutantsetes Hdh 
rakkudes, siis fosfo-aktiveeritud ERK1/2 tasemed olid mutantsetes Hdh rakkudes 
märgatavalt langenud. Vähenenud fosfo-ERK ei pruugi FOXO3 piisavalt fosforüleerida, 
mis võib häirida FOXO3 lagundamist ja tema transporti tuumast mitokondrisse ning 
lõpptulemusena põhjustada FOXO3 kogunemise tuuma. Järgnevalt uurisime võimalust, 
et FOXO3 transkriptsioon on autoreguleeritud ning bioinformaatilisel analüüsil 
tuvastasime mitu võimalikku FOXO3 seondumisjärjestust ehk FHRE-d (ingl. fork head 
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response element) FOXO3 promootoris. Kromatiin-immunopretsipitatsiooni, lutsifreaasi 
reporter katsete ja mutageneesi abil kinnitasime FOXO3-sõltuva FHRE olemasolu FOXO3 
promootoris. Sellest lähtuvalt väidame, et FOXO3 tasemed on Huntingtoni tõves tõusnud 
positiivse auto-tagasisidestus mehhanismi tõttu, samas suurenenud FOXO3 kasulikkus 
või kahjulikkus Huntingtoni tõves vajab edasisi põhjalikumaid uuringuid. 

Huntingtoni tõve mudelrakkudes tuvastatud muutunud rakusisene paiknemine tõi 
TCF4 meie uurimisgrupi huviorbiiti ning sellest leiust sai alguse meie teadusgrupi TCF4 
uurimise teekond. Kuna TCF4 oli sel hetkel üsnagi vähetuntud, siis kirjeldasime 
esmakordselt inimese TCF4 geeni struktuuri ning näitasime, et TCF4 erinevad isovorme 
kodeerivad mRNAd luuakse kasutades alternatiivseid 5’ eksoneid ning sisemist 
splaissimist. Pöördtranskriptsiooniga kvantitatiivset polümeraasi ahelreaktsiooni 
meetodit (RT-qPCR) kasutades kirjeldasime TCF4 laialdase, kuid mitte samaväärse 
ekspressiooni paljudes inimese kudedes. Lisaks tuvastasime tuuma lokalisatsiooni 
signaaljärjestuse (ingl. NLS) ning uurisime TCF4 aktivatsioonidomäänide AD1 ja AD2 
efekti E-boks-sõltuva transkriptsiooni aktivatsioonile (E-boks on DNA järjestus, millele 
TCF4 seob) nii HEK293 rakkudes kui ka roti primaarsetes närvirakkudes. Järgnevalt 
leidsime, et TCF4-st sõltuv transkriptsioon on neuraalse aktiivsuse poolt reguleeritav ning 
see toimub tsüklilise adenosiinmonofosfaadi (ingl. cAMP) ja proteiin kinaas A (PKA) 
signaaliraja vahendusel, mille tulemusena fosforüleeritakse TCF4 valgu positsioonis 448 
asuv seriini jääk (S448). On teada, et sihtmärkgeeni promootoris asuvale regulatoorsele 
E-boks järjestusele seondumiseks on vajalik TCF4 dimeriseerumine ning TCF4 võib 
moodustada nii homodimeere (TCF4 isovormid paarduvad omavahel) kui heterodimeere 
aluselise heeliks-ling-heeliks (ingl. bHLH) klass II valkudega (bHLH klass V valkudega (ID 
ingl. inhibitors of differentiation) dimeriseerumine takistab DNA-le seondumist). Oma 
katsetes näitasime TCF4 ja ASCL1 omavahelist sünergiat transkriptsiooni aktivatsioonile 
GADD45G promootori ja kunstlikke µE5 E-boks järjestusi sisaldava promootori korral roti 
primaarsetes neuronites. Kuna TCF4 geenilt on võimalik lõpptulemusena ekspresseerida 
18 N-terminaalselt erinevat TCF4 isoformi, mis varieeruvad sisemiste eksonite ja nende 
poolt kodeeritavate funktsionaalsete domäänide poolest, siis tõstatus küsimus TCF4 
isovormide võimalikest erinevustest transkriptsiooni aktiveerida. Me näitasime, et TCF4 
erinevatel isovormidel on tõepoolest erinev transaktivatsiooniline võimekus ning lisaks 
leidsime, esineb erinevusi ka dimeriseerumispartneriga ko-opereerumisel nii neuraalselt 
aktiiveeritud kui aktiveerimata roti primaarsetes ajukoore ja hippokampuse 
närvirakkudes. Kokkuvõtvalt toovad meie tulemused esile, et TCF4 geeni keerukas 
struktuur on aluseks paljudele TCF4 valgu isovormidele, mis erinevad omavahel 
funktsionaalselt. Seetõttu on vaja uurida komplekselt kõiki TCF4 isovorme ja nende 
osalemist organismi normaalses funktsioneerimises ja ka haiguste kontekstis. 

Järgnevalt uurisimegi transkriptsioonifaktorit TCF4 Huntingtoni tõves. Lisaks varem 
mainitud lokalisatsiooni muutusele leidsime, et TCF4 tasemed on vähenenud nii 
Huntingtoni tõve mudelites kui ka patsientides. Me uurisime RT-qPCRi kasutades 
põhjalikult erinevaid TCF4 isovorme kodeerivaid mRNAsid Huntingtoni tõve transgeense 
hiire mudeli R6/1 erinevates ajuosades ja seda neljas erinevas vanusegrupis. Me 
tuvastasime ajuosa- ja TCF4 isovorm-spetsiifilised allaregulatsioonid võrreldes 
metsiktüüpi hiirtega. Vähenenud TCF4 isovorm-spetsiifilised mRNA tasemed leidsid 
kinnitust valgu tasemel hippokampuses ja ajukoores ning veelgi enam, TCF4-B/C valgu 
hulk on langenud ka Huntingtoni tõve patsientide post mortem hippokampuse CA1 
regioonis ja ajukoores. Lisaks TCF4-le määrasime RT-qPCR meetodil ka kahe 
närvisüsteemi arengus olulist rolli täitva TCF4 dimerisatsioonipartneri mRNA tasemed. 
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Transkriptsioonifaktorid Ascl1 ja Neurod1 olid erinevalt ekspresseeritud spetsiifilistes 
R6/1 hiire ajuosades ning need muutused ei olnud korrelatsioonis TCF4 muutustega. 
TCF4 valgu täpsed tasemed on vajalikud närvisüsteemi normaalseks arenguks. Seda 
illustreerib TCF4 haplopuudulikkusest tulenev Pitt-Hopkinsi sündroom (PTHS), mida 
iseloomustavad intellektipuue, alaareng ja hingamisraskused. Lisaks on teada, et paljud 
klass II bHLH valgud vajavad efektiivseks DNA-le seondumiseks dimeriseerumist TCF4-ga. 
Seetõttu võiks püsitada hüpoteesi, et õrna tasakaalu rikkumine nii TCF4 kui partnerite 
häiritud ekspressiooni tõttu võib viia kahjulike tagajärgedeni, mida on kirjaldatud 
Huntingtoni tõve mudelloomade ja patsientide ajus. Hiljuti on lisandunud veel andmeid 
TCF4 regulatsiooni osas hippokampuse neurogneesis ja mälu funktsioonides ning 
sarnased kognitiivsed ja mäluhäired on tuvastatud ka presümptomaatilistes Huntingtoni 
tõve patsientides. Kui lisada juurde käesoleva töö tulemused, milles näitasime, et TCF4 
on drastiliselt vähenenud hippokampuses, siis võibki see olla varem teadmata 
ühenduslüli, mis võiks aidata osaliselt seletada täheldatud häirete tekkimist. Meie uuring 
on esimene, milles näidatakse TCF4 keerukat regulatsioonihäiret Huntingtoni tõves ning 
need teadmised võivad aidata edasi liikuda Huntingtoni tõve neuro-arengulise hüpoteesi 
uurimisel. 

 Kokkuvõtteks, me uurisime põhjalikult kahte transkriptsioonifaktorit, mille 
tuvastasime rohkem kui 200 transkriptsioonifaktori vastase antikehaga tehtud 
eeluuringus kui häirunud paiknemisega valgud Huntingtoni tõve mudelrakkudes. Me 
leidsime molekulaarse mehhanismi, mis vastutab FOXO3 ülesreguleerimise eest 
Huntingtoni tõves ning laiendasime olulisel määral teadmisi TCF4 geeni ning TCF4 valgu 
isovormide funktsionaalsete erisuste kohta nii organismi normaalses arengus ja 
toimimises kui ka Huntingtoni tõves. 
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Appendix 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Mari Sepp, Kaja Kannike, Ave Eesmaa, Mari Urb and Tõnis Timmusk (2011). Functional 
Diversity of Human Basic Helix-Loop-Helix Transcription Factor TCF4 Isoforms  
Generated by Alternative 5′ Exon Usage and Splicing. PLoS ONE 6(7): e22138. doi: 
10.1371/journal.pone.0022138.  
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Publication II 
Kaja Kannike, Mari Sepp, Chiara Zuccato, Elena Cattaneo, and Tõnis Timmusk (2014). 
Forkhead Transcription Factor FOXO3a Levels Are Increased in Huntington Disease 
Because of Overactivated Positive Autofeedback Loop. J. Biol. Chem. 289: 32845–32857. 
doi: 10.1074/jbc.M114.612424.  
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��$�7���'������$�����%�!&�������������$�@AB)C�DENOPÀd-Q�0�/Q� 1!Q�6������3[�38�������'3Z�38�����36�3��S���3;�3	�����3#�3	�����&�����3��3[�p���36�39������3{�3[������3	�3�����38�o�3��$;����3��5���  a"<%����?���	�����p�����%���$�$�#���������
??��������
���������������
��������������7������������'���()**g+-Q !/=Ma!=�6�}�����&5������34�3>�$���b73>�3;������36�36���3j�3������$��38�>�3R��
3o�3[
3{�3>���3��[�39�7���34�5�3�������36�3����$734�36���73��3��$Z���3�����1MM ":x|x!������$�7��
������������������$������������
���'������$�'������
���$�������@AB)CDENOPA,X-01!a/01Q.!a������3��3�������73>�6�3;�����3	�3o����v35�3�
��'���3	�3���&������3����3	
���3	�4�3��$5����34�	��1M�1"9p�&�������������?:x|x!�7#65Z������������������?��$&?��p��$����$����'���

������������������������������������������

��������� ¡¢�£¤¥�¢�¦¥§¡¢§̈©ª¥«¬� ®̄°±²³́µ¶·̧±²¹³º»¼·½¾¿ÀÁÂÀÃÄÅÆÄÇÅÈ



����������������	��
����������������������������
� !��	"�
"	#$%�&&�'()��*	#"+
,-..�/0�1&�#	�$�	�234���$	��!�'�&�''�#!��!�'	���!	���#��5676��2&�182	�9�(	&*:	�29	4�2	�	���!	��''�&�'';�#	'�'	#$	���#1	��'�#'1��#(��;�8&�9�2�	���&+'�8#	�(�#8
<=�>�=������-.�?�-.-@��
A	2�	"B
C
"B182"D
"E�4�	#$"C
"E�#'��4"D
"F	��&	4"G
"	#$H����	*'"F
I
,-.�-/0�1&�:&������!�������'��:2�#����	#�����$	#��AEJ	''���(	��9��2�#2�3����#��5��6�	#1���	&�&	#'���	���#	#$	���!��4
K�L�M�=NO��P��QR���-��S��S
I�	#8"G
"H	#8"I
"51"I
"�1"T
"I��#8"E
"H�'�"%
"7�	#8"T
"B�#8"J
"E�1"U
"V	�"E
"W�&�$�#�#	"%
")&3�X"0
"U21"W
"W�**�&'"C
"J�	#"I
"U2	#8"I
"G�&�"W
"Y	#8"7
H
"%	*	'2�&�"C
T
")Z	"W
"G�&	#"%
E
"T1�2�(V	&��&"F
"G	&��#"A
"G	1$'��4"W
"G	��'�#"G
B
"V��2�9��X"F
E
"F�''"V
)
"E���X*	#"�
G
"C&	�#�"�
"	#$�1	#"H�,-.�-/0�1&�:&������!�&�����W�&���#*	**	��	#*�$��'��E1#��#8��#['$�'(�	'��2&�182	���!	���#��*1���:��W�&���	&8��'
L���<�\��]��@���@�?.
6;	*���"W
"B�1�	$�"G
)
"%	�	#��!	"G
"Y	�"�
"7�	"B
"̂2&#2��(��&"�
̂
"U	�$�"F
"V��*�#��")
"C	1�"G
"_&	2	*"F
C
"U2	#8"�
"D�#��#�V2�#"E
W
"%�#8"_
"E	4$�#"G
F
"	#$T�:��#"W
)
,-..S/A	�	#��3��9��#'4#	:���!�&'1'���&	'4#	:���0G�)&���:��&	���!(��4�#��1�#��'�#��1'��#'	#$#�1&��������4��*1�	#�21#��#8��#
L���<�\��̀��?.���?��?�
B�#�"̂
")*	*���"F
"U2�#8"T
"V	�a1�!��"G
"W	&&�	"I
V
"C#���"_
H
"	#$W�2#��$�&"A
T
,-.�?/5676�$���&*�#�'�2�	��1*1�	���#��	�(:2	('4#1����#	#$��#�&��'�2��	����$�:	*�#�&8��#�1&�#'�#�2�'13('�	#��	#�8&	
bMP�<=�c�d���QR��?�@��?@-?-
V	��	#��"̂
"U1��	��"V
"	#$%	&�	&�"G
,-..@/0�&*	�21#��#8��#�1#�(���#e	#	���&#	��!�	::&�	�2��E1#��#8��#['$�'�	'�
L��f�gL�M�=hO��i�S�S�S�.?�
A&�9#�"W
̂
"	#$A�	�"G
5
,-..�/6��$	��!�$	*	8��#E1#��#8��#['$�'�	'�:	�2�8�#�'�'
jd��=k�\�f�\=kl�md��]�-.���-.��??
�1$�;"E
"�	��	"W
F
"5&	#;�"%
5
"A�&#3	1*"G
I
"Y	�"F
"V��:�&"_
G
"W�8	�"F
)
"C	:�	#"�
F
"	#$_&��#3�&8"G
̂
,�SS�/F�81�	���#��#�1&�#	�'1&!�!	�34�2�'�&�#�(�2&��#�#�:&����#;�#	'�);�
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	�*#��22,- ĵklm�/-�$���2�1�2-�$c..�45�,$�	��
������"�
����
	�	 ��������������������
��
	��"V����������������������"	�X������
	�	 �6�h(�V'��������
!������
�n�#���������$��3.+,����	��"	�X�����
	�	 h(�V�_#̀	6���f�
����
��2���,
�����	��#�
�$�o&	�����"'()�'������ ��
	�*#2��,-��$���/-�$��c��1�2-�$.2.�4-�,$f�!��
���������'����h( 	���	 U
������"f��������	�����"������ 	�����
�6�6�����	��
����������
 
���
�	�
��	���	��
��	!���X�������
�8dV�23�����#�
�$�%,$'��
�����������"�
�������������������"�"�"�����#��'��,���	���	�����'�#�'�,
��������$�	�
������������6�	���
���
	��	 �
  �����'���	�������
	�	 �����"�����������	���
���
	�
�����	����������
!��"
�6
�
�����'������'��
�6��'�	#2p��p��
��	X"����	�
��,���V8+�������
!��"$S�6
�
�
	�	 �'�����	���'��
���� �����
�6�6�
����
	�	 ��������������������
��
	�
����	���
��������	��
����������	 �6���	�	������� 	������'Y	!���X������
	�#�
�$�b,$��	��6���	!�����������	�������6���
����
��!
��'�����V'
������� 	������������	���
����
	�
�������������������������
��
	�
���
���"����	��$(�!���6������	�6��U
������
����
���'�V2����V��	������	���"��	��$LMNOqOOrAD=FJD=FJ?QI>@CsPQ:;<>EsBJE@?APH@CD@J@FC?CGHI>@AJEJKLMNOPQECH?JE>I>B@ARA@Qf���X�
�!���
������6��6������
����������� 	��V'$�	�!�������6
������� 	����t4utvwx
�����	����XU
���������"���
��
����	���
�
�����d2��V'��_ �	������ ����

yz{|}~���������������������������������������������������������������������������� �������������¡������¢����������£�����¤��¥¦§̈©ª�����£�¤�����������¡���«¬���¢������������������������������������������¢�£�¤�¦̈®������̄°±���������������£�¤���²³́µ®����®¶Y���������£���¤�����������������������������������������������·¦̧¦®��¹��£�����¤��°̄±�®������������£�¤���º»¼½¾¾¿�������������������¡���ÀÁÂ_���¢����¡�����������������Ã������¡�������������������������¡���§�����Ä��Å������������������������������������������������������������¢�¢����������������������������������£�����¤���������������������������������������§��®����������������¢�����¡�������������������£�¤�Æ��¡�������¢����ÇÆ¦����¢������������������������¹����¢����£��������������������������������¤�Æ�������������������������¡�¡����������È������������������������������¢����������¢�����������§��®�����������������������������������������������¡�������������������¡���������ÉÊ0Ë�Ȩ̈ÌÉÉÊ0Ë�Ë́ÌÉÉÉÊ0Ë�ËË́Ì�¡�®¡��°ÃÍ²°�����¡����Î���������ÊÏÐÑÒÏÓ����������¢�������������������¢�������������������£���¤�����®¡��°ÃÍ²°�����¡����Å������Ô�ÊÏÐÑÒÏÓ����������¢��������¡����������������£���¤�Õ�Ö��������������������²³́µ®����®¶Y����������¹���������¥¦§®̈©ª����������������������¢�����������������£¦�Æ°¤������������·¦̧¦®��¹��½¼×½ÑØÏ����������²³́µ®����®¶Y�����������������°Å�°�����������¢���Ì°²�±³�����������¢�Ù���������¢����Ì̄ÎÆ�̄°±������������Ì¢���¢���¢�����¢����Ì ±Ú������������������������Ì�§����¢�����È��������¢�����

Æ��������ÛÃ�������°�������®Å�������� ��������������� Ü�Ã���������Í������̧̈�̈Ë́ÝÞªÝ£�ª¤ß́Ȩ̈́µà́Ȩ̈̈Ýáâãäåâ



��������	

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

����	��-���	����	��	�	��	�,./���*01�*21

�
��������	
	�����	���3	�	��������	�����	���������-
	
	4	
�����

	5�	��
��������*��+3	�	����������
�	����	��	�	��	�,���*�1��6!���278$2��	�	�	��
�����	���*�1���������
�	��������	�	����-	3		������)���*��+29	��-�	:�	�
���	�;	*����2)!<
��	�
2'�))�$���	������������
������	�������	���������	���,�	�(��+���(�&�����	���
*�1���	�2<���,�	�	�	���	���	����	�4	��������
�'�	��
	�'��������-�������(��+�
����	
	��,���	�!���27=$2���		����	3�	�	�(��+���>��(�&���	���������
�	�-�*�1?@A?BCD'3	��-���	���	��-���,�	�	���	�3���
����	����	���	5�,�
����������� !"#$����	�,���	������	����
	5E����	���������	�����-	��-�4	2������	�3���	9����	��'���������
����-�*�13���	4	�	
��	���	�3�	�(��+3�����	�'�
���
��	���	�3�	�(�&�3�����	�'����-�
���	������	�,�	���-
	����!���27F$2����������	���'������'(��+���	��G�����(�&���������	,�����������
����-�*�12"���������'���*�1��6�4	�	5��	��	�������������	

�3�������������	�����	�3���
����������� !"#$����
	��	�	5	��
��3���
��������*��+!���27H$'�	�����������������	����3��*�1'-��	�	��������������	���������
������	������-��
�	
��	:���	�,���	����������2��	
�����	3�	�	��	��	��,�	�*�1���������
������	���������	��4�
4	����	�-���	��	��
����������	����	����������,������	�	��	���������������	�����'3	�	�,���	��	���	�������������	���������,	�	�3�����������	�������9�'(��+1'(�&�1'��(��+1���(�&�1���-
	���������1#2������	�3��9������1#�4	�	5��	������'�	���������,��-�5������

	�
���,	���	���4�����	������	���
�	��	�3���	���	������,����
�3�	�(��+1

���	���-
	���������1#3��	5��	��	����	�����!���27IJ��	�3��1;KL1'����,	����M!�'��$N�2+�&'ON)2)�� 'P��N)27� '@N�$2����������	���(��+���	:���	�,��,�

���������,������	�	��	���������������	��
����	��	�����2Q@RBICD	
	�����������,��������	�	�
�-		��	�������	���	4	�	
��������	��
�����������������,���������
�	

���
��	��>��,�	���	���
��	,����
���	5!�*��$-����������
��	�����,����,	�	��	

�����	�����
����4����	�	��	�����	�!*��		�
2'�)� $2��	�3�	�	�(��+���	:���	�,���
	�����	�����-�����,��������
�	

�-�����?@A?AD'3	�4	�	5��	��	�9���(��+1�����1#���*���,��	�-����-�?@RBICD	
	����������2������	�3���4	�	5��	�������,%�*�
��	'��	5��	������,9������1#�	��
	����	,��������,�	

�
������	��	���
��	��>��*��'��	,,	���3���-�
���	�-�������(��+!���27S'TJ��	�3��1;KL1'����,	����M!�'�7$N727& 'ON)2)�77'P��N)2��&'@N 	5�	�,��%�*'3����3��@N�$21
��	�	�'�	�-�4	�����	��,�����(��+���*�1��-���	������4��		4��	��	,���	���������	�,(��+���	�	�����
����4����	�	��	��	��
�����,�������	���������
��	��3	
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Neurodegenerative disorder Huntington’s disease (HD) has been recognized as a disease with distinctive chorea already for centuries, and was medically first described in detail by physician George Huntington more than 100 years ago as an autosomal dominant hereditary progressive disease. HD is quite common in western populations, affecting 
3-5 persons in 100,000 according to conservative estimation, although its prevalence varies hugely between different geographical regions (Rawlins et al., 2016). The underlying gene huntingtin (Htt) was identified in 1993, which boosted the generation of genetic models of HD and search to discover the roles of this protein. For a long time, HD was neuropathologically characterized mainly with a progressive degeneration of striatum and cortex, although advancements in imaging and biotechnology have enabled detection of alterations also in other brain regions (McColgan and Tabrizi, 2018). Clinical onset of HD is confirmed by motor disturbances, albeit the cognitive and psychiatric functions have recently become more acknowledged and seem to be impaired already in the prodromal phase of the disease. Another aspect of HD that has gained attention lately is that although HD is a neurodegenerative disease and considerable neuronal death is reported, more recent studies have also revealed aberrant features of neurodevelopment and neurogenesis. At the molecular level the general dysregulation of gene expression in HD has been known already for decades. 

In this study, we focused on two transcription factors, FOXO3 and TCF4 that we found to be altered in HD model cells in a screen using antibodies raised against a panel of transcription factors. First, we studied the transcription factor FOXO3 that acts as cellular sensor and integrator of stress and survival signals. We found that the levels of FOXO3 mRNA and protein are increased in HD model cells and in HD patients’ cortex and caudate nucleus tissue. Furthermore, we described autoregulation of FOXO3 and post-translational modifications of effector kinases and their changes, potentially playing a role in balancing cell survival and apoptosis in the HD neurons. Second, we demonstrated that the basic helix-loop-helix (bHLH) transcription factor TCF4, a regulator of neurogenesis and neuronal differentiation, is downregulated in cellular models of HD. Given the limited systematic knowledge about the expression of TCF4 and its function in the regulation of gene expression, we described the complete structure of human and mouse TCF4 genes and characterized the alternative protein isoforms. We showed wide expression of TCF4 mRNA in human tissues, with the highest expression in the brain. Next, we reported neuronal activity-dependence of TCF4-mediated gene transcription and regulation of TCF4 transcriptional activity by protein kinase A (PKA). Then, we conducted extensive analysis of Tcf4 alternative transcripts’ expression in different brain regions of transgenic HD model mouse R6/1, with the most significant changes occurring in hippocampus and cerebral cortex. The findings of TCF4 downregulation in HD models were corroborated in the CA1 hippocampal region and cerebral cortex of HD patients. Interestingly, changes of specific TCF4-isoform encoding mRNAs were brain region-specific. Finally, we showed differences in transactivation of different TCF4 isoforms on dimerization with ASCL1 by reporter gene assay in rat primary cortical and hippocampal neurons. Furthermore, TCF4 isoforms differ also in activating gene transcription at basal and depolarization conditions and additional differences exist between cortical and hippocampal neurons. 

In conclusion, here we demonstrated altered FOXO3 and TCF4 levels in several in vitro and in vivo HD models and substantiated these findings in HD patients. Furthermore, we discovered that FOXO3 is regulated by a positive auto-feedback loop, imbalance of which could underlie the upregulation of FOXO3 levels in HD. Our study is the first linking TCF4 with HD and we suggest that dysregulated TCF4 may play a role in impaired neurocognitive functions in HD. Moreover, we described molecular mechanisms of TCF4 activation and shed light on the functional differences between TCF4 isoforms. The results of this study add pieces to the puzzle of HD pathogenesis, lending support to both neurodegenerative and neurodevelopmental theories of HD.                                 
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		Adeno-associated virus
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Huntington’s disease (HD) is devastating hereditary autosomal dominant neurodegenerative disease that is caused by increase of CAG trinucleotide repeats in exon 1 of huntingtin (HTT) gene (The Huntington’s Disease Collaborative Research Group, 1993). It is a rare genetic disorder affecting 5-10 individuals per 100,000 in Caucasian populations (Rawlins et al., 2016). In the non-HD population polymorphic polyglutamine stretch varies between 9-35 repeats, and repeats over 35 result in HD. Furthermore, CAG expansion of about 75 or more triplets is associated with juvenile onset (Kremer et al., 1994; Lee et al., 2012). Symptoms of HD differ between patients, although progressive motor, cognitive, and psychiatric symptoms are common (reviewed in Bates et al., 2015). Classically, in the mid-adulthood clear motor symptoms appear and all symptoms worsen gradually until the death of the patient (10-15 years from onset). The neuropathology of HD is characterized by neuronal death specifically in striatum and cerebral cortex, and definite subsets of neurons are more affected (GABAergic medium spiny neurons in the striatum) or spared (other interneurons). Both of these brain regions are highly degenerated at terminal stages of the disease. 

[bookmark: _Toc86658037]Huntingtin gene and protein

Human huntingtin (HTT) gene is localized in chromosome 4 p-arm. The HTT locus is large, spanning 180 kb and consisting of 67 exons. HTT gene encodes a 348 kDa protein that is conserved from flies to mammals. HTT mRNA is widely expressed across tissues and development, from embryonic stages to adulthood (Landwehrmeyer et al., 1995; Li et al., 1993; Strong et al., 1993; Thomson and Leavitt, 2018). Functions of wild type HTT have been extensively studied in parallel with mutant HTT. Loss of HTT in early embryos is lethal  and many functions of HTT have been described for developing as well as mature organism (Nasir et al., 1995; Saudou and Humbert, 2016; Zeitlin et al., 1995).

At the molecular level HTT operates in vesicle trafficking, coordinates cell division, regulates ciliogenesis, mediates endocytosis, vesicle recycling and endosomal trafficking, autophagy, and transcription, to name a few of its known functions (reviewed in (Saudou and Humbert, 2016). Besides being essential for embryonic development in general, HTT haploinsufficiency has been shown to result in defects in neuron precursors, imbalance between differentiation and proliferation, and impaired migration of newborn neurons and motile cilium biogenesis (Godin et al., 2010; Keryer et al., 2011; Reiner et al., 2001; White et al., 1997). Additionally, neurodevelopmental changes have been described in mouse and rat HD models, supporting the hypothesis of neurodevelopmental basis of HD (Siebzehnrübl et al., 2018). Together, these studies provide evidence for the importance of HTT in the formation of whole nervous system.

Compared to the loss-of-function effects of wild type HTT, more of the HD research has been concentrated on deciphering the cellular consequences of the expression of mutant HTT. Mainly gain-of-functions have been described for mutant HTT. The current knowledge on mechanisms of pathogenesis has been thoroughly reviewed by 
Jimenez-Sanchez and colleagues (Jimenez-Sanchez et al., 2017). In HD, mutant HTT is proteolytically cleaved, N-terminal fragments translocate into the nucleus and interfere with transcription leading to cell death, whereas C-terminal fragments dysregulate dynamin 1, a component of trafficking machinery (El‐Daher et al., 2015; Saudou et al., 1998; Sugars and Rubinsztein, 2003). Additionally, aggregation and inclusion formation 

of mutant HTT has been reported widely, however, contradictory conclusions have been drawn in whether the formed aggregates are toxic or a protective form of mutant HTT (reviewed in (Bates et al., 2015).

[bookmark: _Toc86658038]Huntington’s disease models

Huntington’s disease, characterized by choreiform movements, has been known for centuries. The characteristic of neurodegeneration in HD affecting certain brain regions was described thoroughly 50 years ago (Vonsattel et al., 1985). Based on these observations the first HD models were chemically induced to mimic those symptoms known to occur in HD patients at that time. The discovery of the disease-causing mutation in HTT gene enhanced possibilities to study HD in more relevant genetical settings and since then many model cell lines and animal models have been created. 

[bookmark: _Toc86658039]Chemical models of HD

The energy metabolism deficits in HD patients are characterized by mitochondrial defects, and decrease of succinate oxidation and ATP synthesis (Beal, 1992; Oliveira, 2010). This led to search and usage of chemical compounds to model HD. 

Malonate and 3-nitropropionic acid (3-NP) have been used to alter mitochondrial metabolism in non-genetic models of HD. Mitochondrial toxin 3-NP is an irreversible inhibitor of succinate dehydrogenase that was first reported to be responsible for motor alteration and neuronal death in caudate and putamen nuclei in poisoned cattle and children (Ludolph et al., 1991). Further studies have additionally described excitotoxic properties of 3-NP that lead to increased sensitivity to basal glutamate levels (Borlongan, 1997). Years of studies have revealed that 3-NP treated animals exhibit neurodegeneration, abnormal motor behaviour, exitotoxicity and energy deficit, therefore mimicking many of HD symptoms (Beal et al., 1993; Brouillet et al., 2005, 1995; Palfi et al., 1996; Túnez 
et al., 2010). Extensive comparisons of impairments reproduced by chemical 3-NP and genetic HD models have revealed differences in 3-NP effects between species, strains, sexes, and administration protocols (Brouillet et al., 2005; Ramaswamy et al., 2007). 
3-NP has been successfully utilized in neural cell cultures as well (Liot et al., 2009), although it has been suggested that in 3-NP models mechanisms of cell death are more accurately reproduced in cell heterologous (“contextual”) than cell autonomous (“intracellular”) context (Brouillet et al., 2005). Nevertheless, an integral pathological feature of HD, HTT inclusion formation, cannot be replicated in the chemical models of HD. Furthermore, cell death in toxin-treated model animals is immediate, compared to progressive neurodegeneration characteristic of HD, which depends also on the CAG repeat size (Andrew et al., 1993; Beal et al., 1993).

[bookmark: _Toc86658040]Genetically modified mouse models of HD

An exceptionally good and extensive guide of mouse models of HD has been compiled by The Jackson Laboratories in collaboration with privately-funded biomedical research organization of HD - CHDI Foundation (Menalled et al., 2014). Mouse models of HD can be divided into N-terminal and full-length transgenic, and knock-in model mice.

The first transgenic mouse models of HD were R6 lines, where the N-terminal human mHTT fragments (repeat formula (CAG)nCAACAG) are expressed in addition to endogenous mouse huntingtin (Htt) (Mangiarini et al., 1996). Originally, R6/1 had 115 and R6/2 150 polyQ repeats, respectively, although today many sub-lines exist with diverse repeat numbers and frequent testing of the repeat length is advised. The repeat size of R6/2 mice was found to vary from 43 to 600, and is probably a confounding factor for greatly diverged phenotypes of R6/2 mice (Cummings et al., 2012; Menalled et al., 2014). It has been shown that R6/2 transgene functions as a single copy integrant, whereas studies on R6/1 transgene copy number have remained inconclusive (Chiang 
et al., 2012; Mangiarini et al., 1996). Moreover, high throughput sequencing revealed 
5.4 kb deletion near the integration site of mHTT fragment in R6/2 mice, therefore demonstrating that transgenic insertions can be disruptive to mouse original chromosomal DNA sequence (Chiang et al., 2012). Although R6/2 line is widely used, 
it has very severe symptoms and therefore is thought to better mimic juvenile HD (Ramaswamy et al., 2007). R6/1 mice exhibit later onset of symptoms and slower disease progression, and are therefore more suitable for investigating development of a disease and could be used for observing long-term effects of different treatments. Later on many more N-terminal human HTT expressing mouse models have been created, including N171-82Q (Schilling, 1999) and HD190QG (Kotliarova et al., 2005).

Mouse models carrying full-length human HTT utilize a yeast or a bacterial artificial chromosome (YAC and BAC, respectively), that is integrated into a single locus of the mouse genome with low copy numbers, therefore HD phenotype develops progressively over time and mice display relatively normal survival (reviewed in Menalled et al., 2014). Advantage of these full-length models is that HTT is expressed within the context of its endogenous genomic regulatory elements, therefore being suitable for testing therapies precisely targeting human HTT gene and protein (Pouladi et al., 2013). On the other hand, unusual weight gain has been observed in these mice; therefore, these mice are unsuitable for studies of metabolic changes, and increased body weight can also confound evaluation of motor functions. Furthermore, the natural polyglutamine-encoding sequence of the human HTT gene is (CAG)nCAACAG, whereas in the BACHD and YAC128 mice the CAG repeat is interspersed with CAA triplets that may modify HTT RNA structure and its potential pathogenicity in cells. For instance, formation of small CAG-repeated RNAs with neurotoxic activity have been shown to cause somatic instability and reduce neuronal viability in HD and the severity of the toxic effect correlates with CAG expansion length (Bañez-Coronel et al., 2012). Recently it was demonstrated that other classes of small RNAs produced in the putamen of HD patients induce HD pathology in vivo in mice suggesting that multiple small RNA species contribute to striatal dysfunction in HD (Creus‐Muncunill et al., 2021).

The most accurate mouse models of HD from genetic standpoint are knock-in mice, where CAG repeat tracks are introduced into the endogenous context of one functional mouse Htt allele. This modification creates heterozygous animals where wild-type HTT levels are altered as well, accurately mimicking the HTT genetic status in most HD patients (Lee et al., 2012). Several allelic series of knock-in mice with various CAG repeat size in exon 1 in congenic C57BL/6J inbred backgrounds are available, therefore enabling to investigate the influence of CAG repeat length on HD (reviewed in Menalled et al., 2014). There are series of knock-in mice expressing mutant form of mouse Htt, although some other contain humanized exon 1 sequence resulting in chimeric mouse-human HTT. Nevertheless, none of them express full-length human HTT gene or protein that might be required for pre-clinical experiments (Menalled, 2005). Wheeler and MacDonald created and described the first series of such knock-in mice with 18, 48, 78, 90 and 109 CAG repeats in human exon 1 sequence engineered into mouse Htt gene (Wheeler, 1999). From this series the HdhQ111 mouse with 111 glutamines encoded by a (CAG)109CAACAG sequence is one of the most studied and the best described knock-in mouse of HD (Wheeler et al., 2000). The second group of HD knock-in mice were established by Lin and Detloff (Lin et al., 2001), and these mice express mouse Htt in mouse genetic context and do not contain any human sequences, and therefore these mice lack the proline-rich domain that has been shown to modify protein-protein interactions, aggregation and neuropathological phenotype (Saudou and Humbert, 2016; Zheng and Diamond, 2012). Levine and colleagues started z-series of mice, where both polyQ repeat mutation and the proline-rich stretch are humanized, whereas some of these lines unfortunately contain mutation of arginine in position 42 ), although this does not affect protein aggregation these mice are less studied (Levine et al., 1999; Menalled et al., 2000). The most used mouse lines of this series are zQ140 and zQ175 lines (no arginine mutation, but the latter has actually 190 CAG repeats (Menalled et al., 2003).

Compared to transgenic mice, disease progression is slower in the knock-in model mice. However, aggregation and behavioural disturbances caused by mutant huntingtin are more pronounced in the knock-in mice. Models with longer polyQ repeats are more widely used because the disease phenotype in mice with shorter repeat lengths is less apparent in mice. Although there are only few HD patients with homozygous mutant alleles (Lee et al., 2012), most of the research is done utilizing homozygous knock-in mice, as the phenotype is more robust and easier to measure. All these characteristics make knock-in mice models useful for more subtle HD phenotypes, as slowly progressing neuronal death, gliosis and myelin disruption or metabolic changes may not develop in short-lived transgenic mice (Ramaswamy et al., 2007; Zheng and Diamond, 2012).

In parallel with HD model mice, several cell lines were created that have facilitated studying HD. One of the first and most used series of cell lines was established from different Hdh knock-in mouse striatal precursor neurons (Zuccato et al., 2003). These lines are named Hdh7/7, Hdh7/109 and Hdh109/109, where the number shows CAG repeats in each allele of mouse huntingtin (Hdh, now denoted Htt) gene.  

HD patient brain tissue and specific types of neural cells are limited and difficult to obtain. Therefore, the cellular reprogramming has become a valuable tool in neurodegenerative disease research (Rivetti di Val Cervo et al., 2021). In principle, the patient-derived neural progenitor cells can be obtained via direct transdifferentiation (Vierbuchen et al., 2010) or induced pluripotency followed by differentiation (Park et al., 2008). The genomic instability and epigenetic changes or loss of epigenetic marks and thereby the somatic memory of the cell create a high degree of variability in these cells and eventually in study results (Rivetti di Val Cervo et al., 2021). Additional shortcomings of the studies with reprogrammed cells are multitude of protocols, limited number of samples/lines in each study, and insufficient clinical data on patients (Guhr et al., 2018; Rivetti di Val Cervo et al., 2021). There are no therapies using iPSC for HD as the concerns of tumorigenecity of iPSC have remained, but embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC) are found to be suitable for disease modelling (Geater et al., 2018). However, the full power of predictive modelling of disease progression and responsiveness to therapies require better integrative systems of in vitro iPSC and patient clinical data (Rivetti di Val Cervo et al., 2021). Three first ESC lines of HD were created from preimplantationally diagnosed IVF embryos in 2005 (Verlinsky et al., 2005). Although the HD iPSC Consortium has generated and made available several iPSC lines to overcome some problems indicated and to improve the quality of the HD research (The HD iPSC Consortium, 2012; The HD iPSC Consortium, 2017), many different cell lines exist, but the HD field is still missing an agreement on universal quality criteria for research and clinical grade iPSC cell lines that could path the way to more trustworthy research and cell-based therapy (Geater et al., 2018; Rivetti di Val Cervo et al., 2021).



[bookmark: _Toc86658041]Molecular mechanisms of Huntinton’s disease

Although extensively studied, a consensus about the causal mechanisms of Huntington’s disease has not been reached. The proposed mechanisms include aggregation of mutant huntingtin, collapse of proteostasis network, impaired vesicle and organelle transport, mitochondrial dysfunction, excitotoxicity and transcriptional dysregulation among others. Extensive reviews on various aspects of HD have been written, the most recent ones are from Jimenes-Sanchez et al. (Jimenez-Sanchez et al., 2017) and Bates et al. (Bates et al., 2015). This overview focuses solely on transcriptional dysfunction observed in HD. The gene expression changes in different HD models are similar, lending support to the hypothesis of disturbed transcription being an essential factor in the pathogenesis of HD (Cha, 2007).

[bookmark: _Toc86658042]Transcriptional dysregulation

Hypothesis of transcriptional dysregulation in Huntington’s disease arose from early neurochemical measurements in postmortem HD patient brains with specific cell loss and atrophy. Glutamate was one of the first neurotransmitters shown to be misregulated in HD, and was suggested to induce selective neuronal sensitivity to excitotoxicity in medium spiny neurons (MSN) of caudate putamen (Beal et al., 1986).  Additionally, mRNA expression of N-methyl-D-aspartate (NMDA)-type glutamate receptor subunits, dopamine D1 and D2 receptors, glutamate transporter, neuronal nitric oxide synthase (nNOS) and proenkephaline and substance P among others were studied by in situ hybridization and were found mainly decreased in a cell-specific manner in HD postmortem brain tissue (reviewed in Cha, 2007). Decreased levels of neurotransmitter receptor mRNAs, neurotransmitters, and neurotransmitter metabolites were reported in HD, although it was under the debate whether these results might simply mirror the cell loss observed in the brain of HD patients. Whereas some of the results from that era may have been affected by the remarkable neural cell loss, the study by Augood and colleagues demonstrated decreased mRNA levels of neuropeptide enkephaline and substance P already in Vonsattel HD grade 0/1 HD brain without recognizable neuropathological abnormalities (Augood et al., 1996). Later, studies on transgenic HD mouse model R6/2 (Mangiarini et al. 1996) have established no widespread neuronal death in the otherwise fast-progressing HD disease model with altered neurotransmitter receptor expression similar to the pattern seen in human HD, therefore reinforcing transcriptional dysregulation as a separate feature of HD (Cha, 2007). Furthermore, many articles and reviews published to date still propose transcriptional dysregulation as one of the earliest features preceding neuronal death and therefore, possibly the most central mechanism in HD pathogenesis (Ament et al., 2018; Langfelder et al., 2016; Seredenina and Luthi-Carter, 2012; Sugars and Rubinsztein, 2003; Valor, 2015). 

Advancements in methodology enabled to encapsulate the whole transcriptomic profile of specific organs, regions or timepoints in HD patients or HD models. The first microarray study came from Luthi-Carter et al., where distinctive set of signalling genes involved in striatal neuron function were found to be reduced in R6/2 mice as well as in N171-Q82 mice (Luthi-Carter, 2000). Scientists in the Huntington’s Disease Array Group agreed on harmonizing array platforms and analysis tools, and on data sharing (Cha, 2007). Several studies on different HD models came to the conclusion that expression changes are similar between R6/2, R6/1, N171-82Q and HD190QG transgenic mice all expressing human HTT exon 1, and the affected genes were also in line with human HD microarray data (Desplats et al., 2006; Hodges et al., 2006; Luthi-Carter, 2002; Oyama 
et al., 2006; Thomas et al., 2011). However, despite the fact that gene expression alterations seem to be a common theme in HD, the ratio of up-and downregulated genes may vary drastically and contradicting results have been published even in the same model system (Crocker et al., 2006; Luthi-Carter, 2000). Furthermore, different full-length HTT HD models have (YAC128, Hdh(Q92/Q92), CHL2(Q150/Q150)) or have not (YAC72, HD46, HD100) recapitulated the findings in transgenic mouse model expressing truncated HTT, suggesting that the details of the genetic context of HTT gene and specific codons of polyQ (CAG versus mixed CAA-CAG) might be involved in gene expression alterations (Becanovic et al., 2010; Chan, 2002; Kuhn et al., 2007; Luthi-Carter, 2002). Reproducibility of microarray results is established as a general problem, partially caused by small sample sizes and limited range of sensitivity, but is further affected by differences between HD models. To overcome this limitation and to ease comprehension of huge gene lists, meta-analysis of archival gene expression dataset of HD postmortem human brain regions and R6/2 and HdhQ150 mice were utilized in weighted correlation network analysis (Neueder and Bates, 2014). In that study, transcriptional dysregulation was also uncovered in HD cerebellum with gene expression changes similar to caudate nucleus and prefrontal cortex (BA4 region) in human. Additionally, the authors concluded that apart from alterations in immune system, HD mouse models closely mimic most of the characteristics of HD in humans. Collectively, the main outcomes from numerous microarray experiments were establishment of neural and/or striatal specificity of downregulated genes, confirmation of reduced mRNA levels of neurotransmitters, their receptors, Ca2+, Na+ and K+ channels, genes involved in secondary messengers system, nuclear receptors, genes of homeostasis and regulators of metabolism and chromatin remodelling factors (reviewed in (Cha, 2007; Seredenina and Luthi-Carter, 2012). 

More recent RNA-seq, ChIP-seq and other sequencing and analysis methods have established more pathways involved in HD and major transcription factors responsible for transcriptional dysregulation in HD. The most thorough genomics and proteomics study to define huntingtin polyQ length-dependent gene networks in mice was published by Langerfelder and colleagues, and interactive online resource HDinHD.org was created that is maintained in collaboration with CHDI foundation to disseminate the data (Langfelder et al., 2016). Mutant HTT repeat length-dependent transcriptional signatures were clearly apparent in striatum, whereas the differences were smaller in cerebral cortex and liver (Langfelder et al., 2016). Their co-expression network analysis disclosed that top striatal modules contained medium spiny neuron identity genes, indicated by dysregulation of cyclic adenosine monophosphate (cAMP) signalling, cell death and protocadherin genes. Moreover, the authors validated 22 genes as modifiers of mutant HTT toxicity in vivo in a D. melanogaster HD model (Langfelder et al., 2016).

The heterogeneity of the complex manifestations of symptoms observed in HD patients are present also in mouse models (Gallardo-Orihuela et al., 2019). A study of transcriptional correlates of the motor and cognitive pathological phenotype traits revealed partial decrease of HD-associated genes (Pde10a, Drd1, Drd2, Ppp1r1b) in mice striatum that showed poor overall phenotypical score, whereas upregulation of transcripts (Nfya) associated with relatively better outcome were also observed (Gallardo-Orihuela et al., 2019). Of note, as authors discuss, the phenotype-transcription association cannot be explained by simple worsening of the transcriptional dysregulation in disease progression and an inherited and early-acquired epigenetic pattern may influence the manifestation of the disease in adulthood in otherwise isogenic mice. 

The main limitation of many studies involving HD patients is the low number of samples. This is especially problematic, as HD is a progressive disease with varying age of onset. Furthermore, postmortem interval of sample collection and limitations of proper control group formation are also problematic. The biggest sample size up to date was used to study gene expression in prefrontal cortex of HD patients and pathologically normal controls. The identified differentially expressed genes were enriched for immune response, neuroinflammation, and developmental genes (Labadorf et al., 2015). Unexpectedly, the biggest changes were identified for a set of homeotic genes that had not been widely implicated in HD earlier (Labadorf et al., 2015). This study was followed by addition of more frontal cortex BA9 region HD disease samples and caudate nucleus samples at prodromal stage HD, and these neuronal tissues showed highly similar differentially expressed gene (DEG) profiles suggesting a common response to disease (Agus et al., 2019). The latter study revealed that caudate nucleus is affected prior to HD symptom onset, although a very small sample size used in the study may affect the conclusion (Agus et al., 2019). Therefore, meta-analysis of several studies may present more accurate results. Machine learning and comprehensive network biology approach were utilized on publicly available DNase-seq and brain transcriptomic and proteomic data from HD mouse models to investigate the roles of core transcription factors that drive gene expression changes in HD (Ament et al., 2018). The created transcriptional regulatory network enabled identification of 48 differentially expressed transcription factor target gene modules that help to explain previously published gene co-expression modules altered in HD. Furthermore, thirteen of those identified transcription factor modules were relevant in four different datasets from HD patients’ striatum containing genes GLI3, IRF2, KLF16, NPAS2, PAX6, RARB, RFX2, RXRG, SMAD3, TCF12, TEF, UBP1, and VEZ1. Additionally, the authors noted that the targets of transcription factors in the downregulated sub-network were enriched for synaptic genes and seem to be essentially neuronal, whereas target genes of transcription factors from upregulated sub-network were enriched for stress response pathways including DNA damage repair and apoptosis (Ament et al., 2018). 

Availability of brain tissue samples from HD patients is limited, therefore, in conjunction with the notion of transcriptional dysregulation in HD before disease onset, the usability of blood as an easily accessible tissue has been extensively studied, however, leading to inconclusive results (Borovecki et al., 2005; Lovrecic et al., 2009a; Mastrokolias et al., 2015; Runne et al., 2007). Two ongoing studies, namely Track-HD and Leiden HD cohort, follow HD carriers through disease pre-manifest, manifest and developed disease stage and gather a multitude of metrics. The most recent RNA-seq gene set enrichment analysis of the whole blood collected in these studies compared it with published correlation network analysis modules from HD and control brain datasets (Hensman Moss et al., 2017). This analysis identified dysregulated gene sets in the blood, which correlated with disease severity and with the most significantly dysregulated clusters of genes in the caudate nucleus in HD patients. Upregulated pathways were related to immune response and lipid metabolism and clusters of genes related to ion channels were downregulated (Hensman Moss et al., 2017). Therefore, these results suggest that mutant HTT induces common transcription disruption profiles in HD brain and blood, whereas at the level of specific genes, the correlation is weak as reported also in earlier publications (Borovecki et al., 2005; Lovrecic et al., 2009b; Mastrokolias et al., 2015; Runne et al., 2007).

Finally, in the future, genome-wide transcriptional profiling and RNA-seq could enable the usage of genome wide gene expression profiles as indicators of effectiveness in HD therapies (Cha, 2007; Valor, 2015).

[bookmark: _Toc86658043]Mechanisms of transcription dysregulation

The polyglutamine-expanded form of HTT may have a direct role in aberrant gene expression in HD, and this theory is reinforced by the data of transcriptional dysregulation in other polyQ tract diseases (Luthi-Carter, 2002). Transcription factors found to be altered in HD can be grouped based on whether the impairment detected is related to decrease of wild type HTT or expression of aggregation-prone mutant HTT. Therefore, both loss-of-function and gain-of-function hypothesis of HD have been proposed. Normal HTT binds better CA150, CtBP, LRXalpha, NRSF/REST, PRC1L, SP1, while increased association with mutant HTT has been detected for BCL11B, POU3F2 (alias BRN2), CBP/EP300/pCAF, NCOR1, NFYA/NFYB/NFYC, PQBP1, polycomb repressor complex proteins EZH2 and SUZ12, GTF2F2 (alias RAP30), TAF4 (alias TAFII130) (Seredenina and Luthi-Carter, 2012; Sugars and Rubinsztein, 2003). This suggests that imbalanced gene expression in HD could potentially be caused by the decreased levels of wild-type HTT and also by ectopic expression of polyQ-extended HTT protein. However, some HTT binding proteins like SIN3A, p53 and SETD2 (alias HYPB) seem not to have a clear preference and bind wt and mutant HTT with equal affinity (Seredenina and Luthi-Carter, 2012; Sugars and Rubinsztein, 2003). Interestingly, only some of these 
HTT-interacting transcription factors are found in polyQ aggregates and inclusion, and there is no correlation with whether the transcription factors involved contain a polyQ domain themselves. Factors that have been shown to be sequestered into mutant HTT inclusions inlcude CBP, EP300, SIN3A, p53, SP1, TAF4 and TBP (extensive list can be found in Seredenina and Luthi-Carter, 2012).

Loss-of-function mechanisms impair specific pathways and processes where wild type HTT acts as a regulator. Participation of wild type HTT in gene expression regulation through neuron-restrictive silencing factor/ repressor element 1 silencing factor (REST /NRSF) was the first and is to date one of the most studied pathways altered in HD. Series of publications from Zuccato and colleagues have shown that wild-type HTT sequesters REST/NRSF in cytoplasm and thereby prevents inhibition of the neurotrophic factor BDNF gene (Zuccato, 2001; Zuccato et al., 2007, 2003). Their studies showed that this function is lost for mutant HTT. Moreover, many neuronal genes have been found to have REST/NRSF binding sites (RE-1/NRSE) and REST/NRSF also regulates expression of certain miRNAs relevant in nervous system (Bruce et al., 2004; Buckley et al., 2010; Conforti et al., 2013; Mortazavi et al., 2006; Rossbach, 2011). A negative feedback loop by mir-9/mir-9* regulates REST and CoREST (Packer et al., 2008). Therefore, increased concentration of REST/NRSF in cell nucleus in HD leads to altered expression of REST/NRSF-regulated genes, many of which are essential for neuronal development and maintenance. Additionally, it has been shown that wild type HTT binds directly mixed lineage kinase 2 (MLK2/MAP3K10) and through huntingtin associated protein 1 (HAP1) it binds NEUROD family members NeuroD1 and NeuroD2, and in sum, these bindings facilitate activation of NEUROD1 by phosphorylation (Marcora et al., 2003). Furthermore, it is plausible that HTT-HAP1 complex participates in the nuclear translocation of NeuroD (Saudou and Humbert, 2016) as it is shown for REST (Shimojo, 2008). 

Both wild type and mutant HTT have been shown to bind to DNA in R6/2 mice brain and HdhQ111 cells, whereas they display differential genomic distribution (Benn et al., 2008). Although the authors detected polyQ-dependent increased binding of mutant HTT to recognition elements of transcription factors whose function is altered in HD, these binding events did not correlate with changes in target gene mRNA levels (Benn et al., 2008). Therefore these results suggest that HTT mediates association of large protein complexes instead of being itself a transcription factor and the formed complexes might alter genomic DNA conformation and transcription factor binding (Benn et al., 2008; Seredenina and Luthi-Carter, 2012). HTT also has functions in the regulation of miRNAs by binding AGO2 protein (Argonaute RISC Catalytic Component 2) and participation in the formation and/or functioning of P-bodys, which are perturbed by mutant HTT (Savas et al., 2008). This needs to be taken into account during development of allele-selective miRNA therapeutics for HD as mHTT may compromise participation of AGO family members and thereby productive cleavage of miRNAs (Ciesiolka et al., 2020; Hu et al., 2012). Since dynamic composition of miRISC (miRNA-induced silencing complex) plays a role in neurogenesis, differentiation, synapse formation and plasticity (Nawalpuri et al., 2020) impaired functionality of AGO2 due to expression of mHTT might be of relevance when studying neurodevelopmental aspects of HD. 

Studying gain-of-functions of mHTT in the context of HD has have been more in focus than studying loss-of-functions. Direct gain-of-function mechanism of mutant HTT in transcriptional dysregulation arises from its ability to bind some transcription factors and components of the basal transcriptional machinery more avidly and sequester them into aggregates and inclusions. Specificity protein 1 (SP1)-dependent genes are especially impacted in R6/2 mice as reported in the first microarray analysis conducted to study HD (Luthi-Carter, 2000). Later, it was revealed that increased binding of SP1 to mutant HTT disrupted SP1 binding to TFIID subunit TAF4 (Dunah, 2002). Additional components of core transcriptional machinery adversely affected by mutant HTT are RNA polymerase II large subunit (RPB1) and subunits of TFIID (TBP, TAF4 and GTF2F2 (aliases TFIIF/RAP30)) (Dunah, 2002; Luthi-Carter, 2002; Zhai et al., 2005). Of note, despite the initial notions of  SP1-dependent misregulation many SP1-regulated genes are expressed at normal levels in HD and the hypothesis of general downregulation of RNA polymerase II-dependent transcription is in contradiction to studies indicating mRNA and miRNA upregulation in HD (Desplats et al., 2006; Luthi-Carter, 2000; Seredenina and Luthi-Carter, 2012). 

There has been a search for additional modifiers that could confer tissue specificity and/or affect disease progression in HD. Distinct epigenetic signatures of downregulated genes have been found to be partially responsible for the differences observed in different brain regions and patients. Transcriptionally repressed promoters are characterized by increased histone H3 lysine 4 trimethylation (H3K4me3) in R6/2 mice and human HD brain (Vashishtha et al., 2013). Reduction of demethylase levels effectively reversed down-regulation of key neuronal genes in R6/2, BACHD mice and 
D. melanogaster HD model (Vashishtha et al., 2013). Achour et al. studied R6/1 (with approx. 150Q repeats (officially R6/1 mice have 115Q repeats)) mice striatum and found reduced H3K27ac epigenetic marks at down-regulated genes in addition to decreased RNAPII occupancy. Moreover, they showed that striatal super-enhancers (regulating genes defining tissue identity and function) are characterized by temporally extended and high levels of H3K27ac, and that H3K27ac is reduced in these striatal enhancers in HD (Achour et al., 2015). Therefore, they proposed that these enhancers control genes (mainly) downregulated in R6/1 mice. Additionally, they showed that the level of 
CREB-binding protein (CBP) binding is higher at neuronal activity–regulated genes decreased in HD compared to activity–regulated genes increased in HD (Achour et al., 2015). In conclusion, the specific epigenetic signature of striatal genes downregulated in HD are characterized by high levels of H3K4me3, H3K4me1, H3K27ac and RNAPII occupancy along genes and further rely on super-enhancers topography (Achour et al., 2015; Steffan et al., 2001; Valor, 2015; Vashishtha et al., 2013).

CBP is one factor that is affected in HD and may amplify detrimental effects of mHTT. Co-activator protein CBP acts as a bridge between CREB and the basal transcriptional machinery and contains also a polyQ tract (Lonze and Ginty, 2002; Sugars and Rubinsztein, 2003). CBP has acetyltransferase activity and acetylation of histones by CBP results in more open chromatin structure (Steffan et al., 2001). CBP functions are affected in HD by different mechanisms. First, CBP is included in HTT aggregates in HD cell culture models, HD transgenic mice, and human HD postmortem brain, and this interferes with CBP-activated gene transcription (Nucifora Jr., 2001; Steffan et al., 2000; Sugars and Rubinsztein, 2003). Second, increased proteasomal degradation of CBP has been described in PC12 cells expressing mutant HTT exon 1 (Cong et al., 2005). For comparison, this selective degradation of CBP is absent in spinocerebellar ataxia 3 (SCA3) cells, although mutant ataxin-3 attracts CBP into aggregates similar to mHTT (Chai et al., 2001; Cong et al., 2005). Third, acetyltransferase activity of CBP is abolished by direct binding of mutant HTT to CBP acetyltransferase domain (Steffan et al., 2001). The role of CBP dysfunction in HD is further supported by the demonstration that overexpression of CBP abolishes neuronal toxicity in HD models (Nucifora Jr., 2001). Collectively, these impairments of CBP by mHTT have an effect on the transcription of CBP-dependent genes.

Both tumour suppressor protein p53 and HTT possess polyproline moiety that has been shown to be additional modifier of mutant HTT fibril formation and cellular toxicity (Falk et al., 2020).  Polyproline rich domain is essential for their interaction and it has been shown that mutant HTT binds p53 more efficiently, although contradictory outcomes of the binding have been reported (Bae et al., 2005; Steffan et al., 2000). 
At first, p53-dependent transcription was shown to be downregulated in HD (Steffan et al., 2000), whereas a later study revealed that mutant HTT disturbed interactions with the regulatory proteins of p53, thereby stabilizing p53, leading to upregulation of p53 and activation genes involved in cell-cycle control, apoptosis, cellular stress responses, and DNA repair (Bae et al., 2005). In addition to gain-of-function effect of mutant HTT on p53, a negative feed-back loop regulating HTT expression via p53 has been proposed (Feng et al., 2006). HTT gene itself contains multiple putative p53-response elements, and it has been shown that increased p53 levels induced HTT expression in human lung carcinoma cell line H1299/V138 and in mouse cerebral cortex and striatum (Feng et al., 2006). At the same time, studies on TP53-deficiency have provided inconsistent results, varying from beneficial changes like restoration of proenkephalin expression and aggregation of mutant HTT as a protective mechanism in HdhQ140 mice and mHTT overexpressing MEF cells (Ryan et al., 2006), to no effect on HTT levels in human HEK 293 cells (De Souza et al., 2018). Therefore, participation of p53 in the regulation of HTT gene expression is currently unclear. Cell fate specified by the activation of stress sensor p53 depending on cell-type, environment and nature of the stressor may still play a role in HD (Bigan et al., 2020; Thomson and Leavitt, 2018).

In conclusion, both loss- and gain-of-functions of HTT are established in the dysregulation of transcription in HD, illustrating the complex role of HTT in both health and disease.

[bookmark: _Toc86658044]Transcription Factor TCF4

Transcription factor TCF4 belongs to the large and diverse helix-loop-helix (HLH) transcription factor (TF) family. It has been proposed that genes encoding for HLH proteins arose in unicellular organisms over 600 million years ago and duplication and diversification from ancestral genes occurred with multicellularity across the metazoan and plant kingdoms (Murre, 2019). Hundreds of HLH proteins have been identified with diverse functions in a wide variety of cell types (Massari and Murre, 2000; Murre, 2019).

Gene programs controlled by basic HLH (bHLH) transcription factors are lineage specification and commitment, self-renewal, proliferation, differentiation, and homing. Moreover, they also regulate circadian clock, protect against hypoxic stress, promote antigen receptor locus assembly, and program transdifferentiation (Murre, 2019). Additionally, roles of bHLH proteins have been shown in depositing or erasing epigenetic marks, activating noncoding transcription, and dictating enhancer–promoter communication and somatic recombination (Murre, 2019). The whole bHLH transcription factor family has emerged as a key determinant of neural cell fate specifications and differentiation in both development and disease (Dennis et al., 2019). 

TCF4 is a member of the broadly expressed bHLH class I or E protein subfamily that binds Ephrussi box sequence (E-box) as homodimers or as heterodimers (Figure 1) with tissue specific class II bHLH proteins (Le Dréau et al., 2018; Murre, 2019). Additional members of E protein family are Transcription factor E2-alpha, also known as E12/E47 (encoded from TCF3 gene (historical name E2A)) and TCF12 (encoded from TCF12 gene (historical name HEB)). There is a single E protein in Drosophila, Daughterless (Da) and in C. elegans, hlh-2. DNA binding of TCF4 is inhibited through dimerization with HLH class V ID (Inhibitors of DNA-binding) proteins (Wang and Baker, 2015). TCF4 has been known by a multitude of names like ITF2, SEF2, ME2, E2-2, originating from the context of its discovery (Teixeira et al., 2021). Of note, the unfortunate parallel usage of the same name TCF4 for transcription factor 7-like 2 (TCF7L2) gene, a member of the TCF/LEF family of transcription factors, has created confusion and misinterpretation of numerous results in the scientific literature.
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Figure 1. DNA-binding of transcription factor TCF4. TCF4 belongs to TF family of bHLHs that bind DNA as dimers. TCF4 dimers bind to Ephrussi box (E-box) with consensus sequence of CANNTG. TCF4 homodimers can be formed with all TCF4 isoforms. Heterodimerization partners of TCF4 are mainly transcription-activating bHLH class II tissue specific transcription factors (yellow) or other E proteins (TCF3 or TCF12). Dimerization with DNA-binding domain-deficient ID proteins (bHLH class V) disrupts DNA-binding and target gene transcription activation. bHLH – basic helix-loop-helix; 
E-box – Ephrussi box; ID – inhibitor of DNA binding. Created with BioRender.



Classical E-box is defined as CANNTG and TCF4 binding preference is thought to be adjusted by its dimerization partners (Wang and Baker, 2015). The strongest binding of TCF4 has been observed for the motif CAGGTGGT (Khund-Sayeed et al., 2016). Additionally, DNA binding of TCF4 in the context of E-box motifs ACATGTG and ACACGTG is decreased in the presence of 5-methyl-cytosine and increased in the presence of 
5-hydroxymethyl-cytosine (modified cytosines are marked bold) (Khund-Sayeed et al., 2016). TCF4 DNA binding has also been studied in the context of an expanded consensus E-box 5′-0C(A/G)-1CA2NNTG-3′, with an added outer 0Cp(A/G) dinucleotide that can be methylated, successively oxidated and finally carboxylated (Yang et al., 2019). The study revealed that modification of the potential central E-box dinucleotide 2NN=2CG has very little effect, E-box dinucleotide 1CA modification has a negative effect, whereas modifications of expanded E-box dinucleotide 0CG, particularly carboxylation, has a strong positive impact on TCF4 binding to DNA (Yang et al., 2019). 

TCF4 haploinsuficiency causes Pitt-Hopkins syndrome (PTHS) (OMIM #610954) (Goodspeed et al., 2018; Sweatt, 2013; Zweier et al., 2007) and increased CTG trinucleotide repeat in intron 3 has been linked to Fuch’s endothelial corneal dystrophy (OMIM #613267) (Fautsch et al., 2020; Ong Tone et al., 2021). Several genome-wide association studies (GWAS) have associated TCF4 and SNPs in it with schizophrenia (SCZ) and other psychiatric conditions, although the direct mechanism has remained elusive (Doostparast Torshizi et al., 2019; Navarrete et al., 2013; Teixeira et al., 2021). 

[bookmark: _Toc86658045]TCF4 gene and protein structure and expression

TCF4 gene is located at 18q21.2 in human. TCF4 gene expands approximately 0.365 Mb, has a complex gene structure, and is highly conserved in rodents and human (Sepp et al., 2011). Daughterless (Da) is studied in D. melanogaster as the sole orthologue of E proteins with highest similarity to TCF4, although very high sequence conservation is demonstrated only for the bHLH region (Tamberg et al., 2015). 

Protein isoforms TCF4-B+ and TCF4-B–, TCF4-A, TCF4-D had been described before this study (Corneliussen et al., 1991; Liu et al., 1998; Skerjanc et al., 1996; Yoon and Chikaraishi, 1994). The calculated molecular weight of full length TCF4 protein (TCF4-B) is 71 kDa. This isoform contains three transactivation domains AD1, AD2 and AD3 (Chen et al., 2013; Massari et al., 1996; Quong et al., 1993). In TCF4 protein there are described also two repression domains – CE (Herbst and Kolligs, 2008) and Rep (Markus et al., 2002; Wong et al., 2008). Binding of DNA is facilitated by basic sequence (b) that precedes HLH domain and it coordinates dimerization (Tapscott et al., 1988). bHLH is followed by conserved C domain required for dimerization in vivo (Goldfarb et al., 1998). 
The illustrative schematic structure of TCF4 protein with functional domains including ADs, NLS, NES, Rep, CE and C is shown on Figure 2 (data from Forrest et al., 2014, Sepp et al., 2011 and Greb-Markiewicz et al., 2019). However, interaction between these domains and other proteins that regulate the activity and functions of TCF4 in vivo has remained elusive.
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Figure 2. Protein domains of transcription factor TCF4. TCF4-B is the full length isoform and TCF4-A is the best studied short isoform (altogether, 18 N-terminally different protein isoforms have been identified to date). Shown are known domains of TCF4 and activation arrows and inhibition lines indicate the effects of different domains on ADs. Known co-activators (green) of TCF4-dependent transcription are p300/CBP, STAGA complex and TAF4 subunit of general transcription factor II D (enhancing the formation of the RNA polymerase II preinitiation complex at target genes). Binding of repressor protein (red) RUNX1T1/ETO promotes DNA condensation through recruitment of histone deacetylases and this binding competes with p300/CBP for the same site. Additionally, 
Ca2+-dependent calmodulin and S100 proteins binding to basic residue (b) affect binding of TCF4 to DNA and dimerization mediated by HLH domain. AD – activation domain; b – basic residues; 
C – conserved domain; CE – conserved element/ conserved repressor; HLH – helix-loop-helix motif; NES – nuclear export signal; NLS – nuclear localization signal; p300/CBP – E1A binding protein p300/ CREB binding protein; Rep – conserved repression domain; RUNX1T1/ETO/MTG8 – runt-related transcription factor 1/Eight Twenty One protein/myeloid translocation gene on chromosome 8;  STAGA – SPT3-TAF(II)31-GCN5L acetylase; S100α/β – S100 Ca binding protein A/B; TAF4 – TATA-Box Binding Protein Associated Factor 4. Created with BioRender.



TCF4 is expressed in many human and murine tissues including heart, brain, lung, liver, placenta, skeletal muscle, kidney, pancreas, spleen and testis, and during murine embryonic development between gestational days 9.5 to 19.5 post coitum (Pscherer et al., 1996; Sepp et al., 2011; Skerjanc et al., 1996). Furthermore, high expression of Tcf4 has been observed throughout the nervous system of adult mouse and in the developing brain (Chiaramello et al., 1995; de Pontual et al., 2009; Soosaar et al., 1994; Uittenbogaard and Chiaramello, 2000). Specific TCF4 transcripts are upregulated in
 iPSC-derived human neural progenitor cells (NPCs) upon neural differentiation, although total TCF4 mRNA levels remain unchanged (Hennig et al., 2017). Additionally, TCF4 mRNA is expressed region-specifically in radial glia and stem cells of transient zones in both humans and mice embryos (H. Li et al., 2019). Recently, single cell RNA-seq was conducted to trace the transcriptional trajectories of successive generations of apical progenitors and their respective daughter neurons in mice from embryonic to early postnatal stages, and high expression of Tcf4 was observed throughout neuronal development (Telley et al., 2019). 

At protein level TCF4 is highly expressed in adult hippocampus, cerebellum, cerebral cortex, and nuclei in mouse and human amygdaloid complex (Jung et al., 2018), and in developing dorsal telencephalon in both human and mouse (Mesman et al., 2020). Generation of Tcf4 reporter mouse co-expressing GFP with TCF4 enabled to characterize high expression of TCF4 in most cortical and hippocampal cells, including excitatory and inhibitory neurons, as well as astrocytes and oligodendrocytes. The expression of TCF4 was restricted to interneurons and in cerebellum to granule neurons in striatum (Kim et al., 2020). 

Very little is known about the regulation and activation of TCF4 gene expression. Binding of transcription factors REST (NRSF), NFKB1, SPI1 (PU.1), and POU2F2 (previously known as OCT-2) to TCF4 locus has been shown experimentally with ChIP (ENCODE 
Chip-seq data) (Euskirchen et al., 2007; Robertson et al., 2007; Rozowsky et al., 2009). Some of these factors are well known to be important in neurogenesis and neuronal plasticity (Masgutova et al., 2019; Theodorou et al., 2009; Zuccato et al., 2003). Additionally, an evolutionally conserved site (hs376) in a TCF4 intron has been shown to induce reporter gene expression in the nervous system during mouse development (Navarrete et al., 2013). Pharmacological agents that alter the activity of the WNT signalling pathway regulate TCF4 mRNA and protein expression, and histone deacetylase (HDAC) inhibitors enhance TCF4 gene expression in human neuronal progenitor cells (Hennig et al., 2017). Furthermore, both WNT signalling activators and HDAC inhibitors upregulate TCF4 gene expression in PTHS patient-derived fibroblasts, suggesting that these signalling pathways can be manipulated to alter TCF4 gene expression in a therapeutically relevant manner (Hennig et al., 2017). Although the mechanism itself is not elusive, the therapy with HDAC inhibitors or HDAC knock-down has been beneficial in PTHS models (Kennedy et al., 2016). HDAC inhibitors normalize hippocampal long term potentiation (LTP) and memory recall. HDAC inhibitor vorinostat has been identified to modulate memory-associated genes dysregulated by TCF4 haploinsufficiency (Kennedy et al., 2016). Furthermore, Hdac2 isoform-selective knockdown is sufficient to rescue memory deficits in Tcf4(+/-) mice (Kennedy et al., 2016).

A conserved distal enhancer in TCF4 has been identified that binds TCF4 protein and mediates the exclusive upregulation of TCF4-B expression during plasmacytoid dendritic cell (pDC) lineage commitment, thus creating a positive feedback loop for TCF4 long isoforms (Grajkowska et al., 2017). This reveals the complex developmental regulation of E protein activity, which involves lineage-specific expression of E protein isoforms and feedback regulation through distal regulatory elements (Grajkowska et al., 2017). Recent research has demonstrated that TCF3 up-regulates TCF4 by binding to the specific E-box sequence in an intron of the TCF4 gene (H. Li et al., 2019). Tcf4 levels are significantly reduced in the telencephalon of Tcf3 knockout mice at embryonic day 12 (E12) but not at E14 or at birth, indicating that the regulation of Tcf4 expression by TCF3 in the dorsal telencephalon is limited to the early embryonic stage and restoration of Tcf4 expression at later stages depends on a mechanism yet to be discovered (H. Li et al., 2019).

[bookmark: _Toc86658046]Functions of TCF4 in the nervous system

The essentiality of TCF4 was first demonstrated by Zhuang et al showing that homozygous Tcf4 mutant mice are born at extremely low frequency and die within the first week after birth (Zhuang et al., 1996). However, heterozygous Tcf4 mutant mice appear normal and indistinguishable from wild type littermates (Zhuang et al., 1996). Loss of one copy of functional TCF4 in human results in Pitt-Hopkins Syndrome (PTHS) that is described by developmental delay, mild to severe intellectual disability, language impairment, breathing pattern abnormalities and recurrent seizures (Whalen et al., 2012). Alterations in TCF4 gene have been linked to schizophrenia, bipolar disorder and non-syndromic intellectual disabilities (NSID), and to be responsible for developmental delay (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013; Genetic Risk and Outcome in Psychosis (GROUP) et al., 2009; Kalscheuer et al., 2008; Kharbanda et al., 2016; The Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) Consortium, 2011). Recently, utilizing several CommonMind Consortium RNA-seq data of different tissues of schizophrenic patients the deconvolution of the regulatory processes mediating schizophrenia (SCZ) was done computationally, resulting in the identification of TCF4 as a master regulator in SCZ (Doostparast Torshizi et al., 2019). Furthermore, human-induced pluripotent stem cell (hiPSC)–derived neurons were used to empirically validate the role of TCF4 in orchestrating a schizophrenia-associated cellular transcriptional network (Doostparast Torshizi et al., 2019).  As a result, TCF4 was suggested to contribute to SCZ susceptibility at early stages of neurodevelopment. Additionally, based on TCF4 protein expression patterns and TCF4-linked pathologies Kim and colleagues predicted that the prefrontal cortex and hippocampus are the pathophysiological loci for TCF4-linked disorders (Kim et al., 2020). Cognitive dysfunction and impaired memory function seem to be the common theme in disorders caused by or associated with mutations and variations in TCF4 gene.

The tissue- and cell type-specific roles of the broadly expressed TCF4 are largely determined via its dimerization with different class II bHLH partners. TCF4 has been shown to participate in hematopoiesis, myogenesis, melanogenesis, osteogenesis and neurogenesis, and in the differentiation of endothelial, mammary gland, placental, and Sertoli cells (reviewed by Teixeira et al., 2021). Participation of various class II bHLH proteins in the maintenance of neural progenitor cells (NPC) and their differentiation into neurons, oligodendrocytes and astrocytes is well known (Imayoshi and Kageyama, 2014). Since expression of TCF4 in the nervous system peaks during prenatal development and relatively high levels persist through adulthood (Kim et al., 2020; Li et al., 2018; Quednow et al., 2014), it has been postulated that TCF4 is relevant in both developing and 
adult nervous system development and physiology. Although there is evidence for dimerization of TCF4 with the proneural bHLH factors, systemic data on direct engagement of TCF4 in proneural bHLH-dependent processes are scarce. The study by Flora et al. identified the interaction of TCF4 with proneural bHLH factor ATOH1 (MATH1), and demonstrated disrupted development of pontine nucleus of Tcf4-/- mice (of note, they did not observe embryonic lethality of null animals) (Flora et al., 2007). Furthermore, deletion of any of the additional E protein-encoding genes did not have detectable effects on ATOH1-dependent neurons, indicating a specific requirement of TCF4:ATOH1 heterodimers in this process (Flora et al., 2007). 

TCF4 has been shown to participate in neurogenesis in mouse postnatal forebrain and in developing and adult hippocampus (Fischer et al., 2014; Jung et al., 2018). Furthermore, knocking out long transcripts of Tcf4 in mice results in reduced cortical thickness and decreased dentate gyrus volume (Jung et al., 2018). 

TCF4 has roles in neuronal migration, laminar layer formation, and dendrite and synapse formation in the developing cortex. These functions are impaired in Tcf4 haploinsufficient mice (H. Li et al., 2019). Deletion of Tcf4 results in mis-specification of CTIP2- and SATB2-expressing neurons in the mouse cerebral cortex, leading to defective development of the corpus callosum, anterior commissure, and the hippocampus (Mesman et al., 2020). In addition, in utero overexpression of TCF4 in mouse cerebral cortex severely disrupts the columnar organization of medial prefrontal cortex (Page et al., 2018). This phenomenon was dependent on transcription and neuronal activity, and 
co-expression of TCF4 together with calmodulin and inwardly rectifying potassium channel Kir2.1 (that lowers the resting membrane potential and thereby reduces neuronal activity) rescues this morphological phenotype (Page et al., 2018). Besides migration and organization of neurons in the dorsal telencephalon, a role for TCF4 in the migration of the pontine nucleus neurons in anterior extramural migratory stream has also been described (Flora et al., 2007).

Enhanced hippocampal long term potentiation (LTP) has been described in several TCF4 haploinsufficiency syndrome PTHS model mice (Thaxton et al., 2018). This synaptic phenotype might be linked to cognitive dysfunctions reported in PTHS patients (Thaxton et al., 2018). Reduction of TCF4 in prefrontal cortex layer 2/3 in utero alters the intrinsic excitability of neurons in this layer via repression of ion channel genes Scn10a and Kcnq1 in rats (Rannals et al., 2016). 

Besides the functions of TCF4 in neurons, studies in PTHS mouse models have 
revealed a cell-autonomous reductions of oligodendrocytes and myelination pointing to independent roles of TCF4 in oligodendrocytes (Phan et al., 2020).

[bookmark: _Toc86658047]Target genes of TCF4 in the nervous system

TCF4 binds DNA and regulates expression of its target genes in the context of different hetreodimers, and this complicates identifying its direct target genes. Genome wide expression and chromatin binding profiling have been the main methods for TCF4 target gene analysis.

A few studies have analysed differentially expressed genes in human cell lines after knock-down of TCF4. Acute TCF4 knock-down in SH-SY5Y cells resulted in altered expression of genes involved in TGF-β signalling, epithelial to mesenchymal transition (EMT) and apoptosis (Forrest et al., 2013). More precisely, the most significant DEGs were EMT regulators, SNAI2 and DEC1 and the proneural genes, NEUROG2 and ASCL1 (Forrest et al., 2013). Reduced TCF4 in a neural progenitor cell line (derived from the developing human cerebral cortex) led to deregulation of genes involved in the cell cycle (Hill et al., 2017). 

Tcf4-deficient mice have been used to identify TCF4 target genes in vivo. Notably, Bmp7 is upregulated in Tcf4-deficient mice developing cerebral cortex and neuronal migration and deficits in these mice can be rescued via shRNA-mediated downregulation of Bmp7 (Chen et al., 2016). The effect of reduced levels of TCF4 in neural progenitor cell line derived from the developing human cerebral cortex was analysed with microarray technology and results showed enrichment of genes involved in the cell cycle and proliferation of progenitor cell (Hill et al., 2017). RNA-seq performed with hippocampal CA1 tissue from naive Tcf4(+/-) (PTHS model) mice identified over 400 differentially expressed genes associated with neuronal plasticity, including axon guidance, cell adhesion, calcium signalling, and most particularly with neurotransmitter receptors (Kennedy et al., 2016). The authors suggested that genes negatively regulated by TCF4 participate in the signalling of dopamine (Drd1a, Cckbr, and Chrm4), oxytocin (Oxtr), serotonin (Htr2c), glycine (Glra2 and Glra3), and neuromedin B (Nmbr), whereas NMDA receptor (NMDAR) subunit 2a (Grin2a), neuropeptide Y receptor (Npy2r), and a pair of lysophospholipid receptors (Lpar1 and S1pr5), that function in memory and learning, were positively regulated by TCF4 (Kennedy et al., 2016). This study additionally revealed DEGs dysregulated in Tcf4(+/-) hippocampus only after threat recognition training (experiential learning), suggesting the involvement of TCF4 in transcriptional response to learning (Kennedy et al., 2016). In the latest RNA-seq studies, murine TCF4 has been found to act as a transcriptional activator during cortical development and to regulate genes involved in neuronal differentiation and maturation (H. Li et al., 2019; Mesman 
et al., 2020). Mesman et al. compared the mice transcriptomes at E14.5 and P0 and concluded that TCF4 regulates some key genes of neural development like Neurod1, Lpl, Kcna1 and Id2  throughout neuronal development (Mesman et al., 2020). A mega-analysis of different adult TCF4+/mut mice prefrontal cortex, hemibrain and hippocampal CA1 tissues indicated enrichment for processes associated with forebrain development, neuron projection, axon development, excitatory synapses, and postsynaptic density, and also for processes associated with axon ensheathment, and myelination (Phan et al., 2020). Interestingly, their bioinformatics analyses suggested that upregulated genes are predominantly associated with neuronal function while downregulated genes are associated with oligodendrocytes and myelination (Phan et al., 2020). 

A cell type-specific analysis and deconvolution analysis of RNA-seq data determined a significant increase in the proportion of RNA coming from neurons and astrocytes and a significant decrease in myelinating oligodendrocytes in adult TCF4+/mut mice and the latter was corroborated by reduced number of oligodendrocytes and impaired myelination in PTHS model mice (Phan et al., 2020).

More complex comparative and bioinformatics analysis have also been conducted and genome-wide chromatin immunoprecipitation assays have been used to identify direct target genes of TCF4. Moen et al. described by mass spectrometry the first transcription factor interaction network for flag-tagged TCF4 in mouse neural system mental disorders and found enrichment of proteins associated with neurodevelopmental diseases like intellectual disability, autism spectrum disorders and SCZ (Moen et al., 2017). Furthermore, they identified dozens of TCF4 target genes, which were bound by flag-tagged TCF4 
and misregulated after Tcf4 knockdown, e.g. mental disorder-linked genes Foxp2, Shank3, Syngap1, Nrxn1, intellectual disability genes Gpr56, Tgfbr2 and Gli2, and microcephaly-associated genes Cenpj, Cdk5rap2, Mcph1 and Wdr62. Forrest et al, identified 10 604 TCF4 binding sites in the human SH-SY5Y neuroblastoma cells that were assigned to 5437 genes and, importantly, de novo motif enrichment showed that most TCF4 genomic binding sites contain at least one E-box (5′-CAtcTG) (Forrest et al., 2018). Furthermore, approximately 77% of TCF4 binding sites overlapped with the H3K27ac histone modification that is characteristic for active enhancers and regulatory sequences, and target genes enriched belonged to functional clusters for pathways including nervous system development, ion transport and signal transduction (Forrest et al., 2018). TCF4 has also been found to bind to genes involved in neuronal development and SCZ risk in ChIP-seq conducted in SH-SY5Y neuroblastoma cells (Xia et al., 2018). Of note, one fifth of the binding sites were suggested to be situated in enhancers (Xia et al., 2018).

Enhancers are clearly involved in the regulation of target gene expression by the bHLH family of transcription factors (Powell and Jarman, 2008). For example, co-location of different bHLH binding sites within enhancers provide the important molecular context for bHLH protein function and determines whether a particular target gene responds to bHLH factors in a particular cellular context as shown for ATOH1 and NEUROG2 (Powell and Jarman, 2008), both of which dimerize with TCF4. Moreover, recent research has shown that TCF4 binds to the mediator complex with high affinity (Quevedo et al., 2019). TCF4 binding co-localizes with the binding of mediator complex in super-enhancers that regulate neurogenic transcription factor genes, including TCF4 gene itself, and this positive feedback loop has been suggested to maintain the NPC pool (Quevedo et al., 2019). 

[bookmark: _Toc86658048]Dimerization partners of TCF4 

The molecular code of bHLH factors that determines both where and when the different types of neurons and glial cells are generated, has been proposed (Guillemot, 2007; Powell and Jarman, 2008). The notable mouse proneural bHLH factors are ASCL1 (MASH1), neurogenins 1-3 (NGN1-3/NEUROG1-3) and ATOH1 (MATH1) (Baker and Brown, 2018; Huang et al., 2014). bHLH factors involved in neuronal differentiation include NEUROD family (Miyata et al., 1999; Schwab et al., 2000; Tutukova et al., 
2021). In contrast, HLH proteins from ID and HES families have anti-proneural and 
anti-oligodendrogenic activity, and bHLH factor OLIG2 is one of the patterning proteins providing positional identity along the dorsoventral axis of the neural tube (Guillemot, 2007). 

It is generally thought that TCF4 and other E proteins act as obligatory binding partners of class II bHLH proteins (Massari and Murre, 2000; Murre, 2019; Wang and Baker, 2015). However, this notion has recently been challenged as new studies clearly show that homodimers of class II bHLH do form and may even be preferred and more active than heterodimers with E proteins (Le Dréau et al., 2018). Furthermore, neural cell reprogramming using ectopic expression of proneural and neural differentiation bHLH transcription factors without changing the levels of TCF4 or other E proteins have been shown (Dennis et al., 2019). However, one can speculate that E proteins are expressed in excess compared to class II bHLH factors and that could compensate for not being equally highly expressed.

Regardless of whether dimerization with TCF4 (or other E proteins) is an absolute necessity or not for bHLH proteins, several dimerization combinations and respective functional consequences have been described. TCF4 interactome includes ASCL1 (achaetescute complex homolog 1, also known as HASH1 or MASH1), ATOH1 (atonal homolog 1, also known as MATH1), ID1–4 (inhibitor of DNA binding 1–4), NEUROD1 (neurogenic differentiation 1) and MYOD1 (myogenic differentiation 1), LYL1 (lymphoblastic leukemia derived sequence 1), MSC (musculin) and TAL1/2 (T-cell acute lymphocytic leukaemia 1 and 2) (Blake et al., 2010). In HeLa cells, ASCL1 binds TCF4 with higher affinity compared to other E proteins and no ASCL1 homodimers form (Persson et al., 2000). However, transactivation of E-box in MCK enhancer-dependent reporter was lower in the case of TCF4-containing heterodimers compared to heterodimers with E12 and E47 in human SH-SY5Y neuroblastoma cells (Persson et al., 2000). Overexpressed TCF4 and other E proteins dimerize with NEUROD2 in P19 embryonal carcinoma cells, and these heterodimers bind to CAGATG E-box, a preferred binding site of NEUROD2, in in vitro assays, whereas NEUROD2 and NEUROD1 homodimers failed to do so. Of note, NEUROD2 dimerization with specific E proteins was suggested to depend on differential temporal expression of E proteins (Ravanpay and Olson, 2008). 

Formation of homodimers of TCF4 has been demonstrated in many studies (Goldfarb and Lewandowska, 1995; Persson et al., 2000; Tanaka et al., 2008). Rep domain has been found to play a key role in maintaining E protein homodimers in an inactive state on myogenic enhancers (Markus et al., 2002). DNA binding of TCF4 homodimers is inhibited by calmodulin in increased Ca2+ environment, whereas heterodimers are not affected by Ca2+-calmodulin (Corneliussen et al., 1994; Saarikettu et al., 2004). To conclude, 
the formation of TCF4 hetero- and homodimers might occur simultaneously and most probably there is a mixture of different dimers of TCF4 at any given time in the cell.



[bookmark: _Toc86658049]Transcription Factor FOXO3 – a member of FOXO family

The transcription factor FOXO3 belongs to the transcription factor family of forkhead (FOX) proteins that is one of the largest classes of TFs in humans. FOX proteins participate in several cellular processes like development, differentiation, proliferation, metabolism, stress resistance and apoptosis (Golson and Kaestner, 2016). FOX family is named after its founding member the D. melanogaster fork head (fkh) gene product. FOX proteins are characterized by a conserved DNA-binding domain (DBD), also known as fork head box. This domain has helix-turn-helix motif that is made of three α-helices, two β-sheets and two large loops also called butterfly-like wings (Harel et al., 2021). Sequence homology of this DNA-binding domain among the 19 subfamilies/classes of FOX family (FOX A to S) is very high, whereas transactivation domains almost completely lack similarity. Studies of evolution of classical FOX protein binding core sequence RYAAAYA (R = purine, 
Y = pyrimidine) corroborate finding of helix 3 of DBD being highly conserved and sequence variability at the vicinity of the core sequence illustrates the recognition specificities among FOX proteins (Nakagawa et al., 2013; Schmitt-Ney, 2020). Binding of FOXNs and FOXO1 to less conserved (GACGC) consensus motifs has been reported, although the functional studies on the effects of this binding are lacking (Nakagawa et al., 2013).

In mammals, the Fox O box (FOXO) family contains FOXO1, FOXO3, FOXO4, and FOXO6, whereas there is only one member present in D. melanogaster and C. elegans – dFOXO and daf-16, respectively (Schmitt-Ney, 2020; Wang et al., 2009). FOXO proteins are ubiquitously expressed (Maiese, 2015). The DBD is nearly identical in FOXOs and they bind the same consensus sequence (5’-TTGTTTAC-3’). Therefore, in general it has been suggested that FOXOs can regulate genes redundantly and specificity might be obtained by specific expression pattern or isoform-specific posttranslational regulation (Tsai et al., 2007; Weigelt et al., 2001). However, disruption of FOXO genes separately in mice revealed a functional diversification, as Foxo1-null embryos die in embryonic day 10.5, while Foxo3- and Foxo4-null mice are viable (Hosaka et al., 2004). Furthermore, abnormal ovarian follicular development was identified in Foxo3-null mice, whereas no consistent abnormalities were found in Foxo4-null mice (Golson and Kaestner, 2016). These results suggest different physiological roles of FOXOs in mammals (Schmitt-Ney, 2020).

FOXO TFs regulate diverse gene expression programs directing cell cycle, cell survival and metabolism, stem cell maintenance and lifespan in model organisms. Furthermore, FOXOs are linked to age-related diseases like cancer and diabetes (Eijkelenboom and Burgering, 2013; Jiramongkol and Lam, 2020; van den Berg and Burgering, 2011; van der Horst and Burgering, 2007).

[bookmark: _Toc86658050]Post-translational regulation of FOXOs

The role of FOXOs is limited under normal conditions, the main role of FOXOs seems to be to integrate signals from several pathways during stress and to maintain tissue homeostasis via fine-tuned target gene regulation (Schmitt-Ney, 2020). Post-translational modifications (PTMs) affect shuttling between nucleus and cytoplasm, and  degradation of FOXOs (Burgering and Kops, 2002). Therefore, PTM of FOXOs has been extensively studied to dissect complex and tight control of FOXO activation (reviewed in Brown and Webb, 2018; Calnan and Brunet, 2008; Eijkelenboom and Burgering, 2013; Jiramongkol and Lam, 2020; van der Horst and Burgering, 2007). The current knowledge of PTM regulating FOXOs is depicted in Figure 3.
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Figure 3. Post-translational modifications and nuclear translocation of FOXO proteins. Activity of FOXO transcription factors is co-ordinated via different post-translational modifications (PTMs).  Effect of enzymes conveying inhibitory signals (are shown with red inhibitor lines) results in processes translocating FOXOs out from the nucleus and/or directing FOXOs to proteasomal degradation. Upon different stress signals several enzymes play a role in activation of FOXOs (shown with arrows) that is achieved via removing inhibitory PTM and enhacing nuclear translocation. Effect of enzymes with conflicting or limited evidence on activity of FOXOs is marked with dashed line. Kinases are coloured yellow, phosphatases are salad green, deacetylases are pink, acetylases are light pink, methyltransferase are blue, ubiquitin-ligases are ocean green, 
ubiquitin-specific protease is grey. Ac – acetylation; IGF – insulin-like growth factor; Me – methylation; P – phosphorylation; ROS – reactive oxygen species; Ub – ubiquitination. Created with BioRender.com



The first described and highly conserved pathway inactivating all FOXO family members is PI3K-PKB/AKT-directed phosphorylation that integrates insulin and growth factor signalling (Brunet et al., 1999; Burgering and Kops, 2002). Phosphorylation of FOXOs at three specific sites, namely T32, S253, and S315 in FOXO3, results in increased binding to shuttling protein 14-3-3 and translocation from nucleus to cytoplasm. Additionally, serum- and glycocorticoid-inducible kinases (SGKs) integrate insulin growth factor (IGF) survival signals similarly to PKB/AKT and phosphorylate FOXOs at the same serine and threonine residues, although with marked preference for S315 (Brunet et al., 2001). Recently, FOXO1 was found to be a direct target of PKA in endothelial and muscle cells, and the sites phosphorylated by PKA overlap with those phosphorylated by PKB/AKT (Lee et al., 2011; Silveira et al., 2020). In addition, glucagon-mediated 
PKA-specific phosphorylation at S276 of human FOXO1 in HepG2 cells increases its nuclear translocation and protein stability (Wu et al., 2018). In vivo function of this PKA phosphorylation site was established in knock-in PKA phosphorylation resistant mice FOXO1-S273A and FOXO1-S273D (corresponding to S276 in human) that display impaired blood glucose homeostasis, linking the control of FOXO1 by PKA to metabolic diseases including diabetes (Wu et al., 2018). 

Many other kinases have been shown to phosphorylate and inactivate FOXO family members. SGK and PKB/AKT phosphorylated FOXO1 at S319 functions as a docking site for casein kinase 1 (CK1), leading to the phosphorylation of additional serines, namely S322 and S325 (Rena, 2002). Additionally, dual-specificity tyrosine-phosphorylated and regulated kinase (DYRK1A) phosphorylates FOXO1 at S329. This phosphorylation appears to be constitutive, decreases the ability of FOXO1 to stimulate gene transactivation and reduces the proportion of FOXO1 present in the nucleus (Woods et al., 2001). Furthermore, mutation S329A led to the accumulation of FOXO1 in the nucleus and increased transactivation by FOXO1 in reporter assays (Woods et al., 2001). Next, phosphorylation by TAK1/NLK (transforming growth factor-β-activated kinase/Nemo-like kinase) inhibits transactivational activity of FOXO1 and directs its translocation from the nucleus (Kim et al., 2010). Fourth, IκB kinase (IKK) phosphorylates human and 
mouse FOXO3 at S644, leading to ubiquitin-dependent proteolysis of FOXO3 (in a 
PKB-independent manner, of note, PKB/Akt positively regulates IKK via direct phosphorylation) (Hu et al., 2004; Nidai Ozes et al., 1999). Fifth, phosphorylation of FOXO1 and FOXO3 at several serine residues by stress-activated MAP kinase/extracellular signal-regulated kinase (ERK) promotes E3 ubiquitin ligase 
MDM2-mediated poly-ubiquitination and proteasomal degradation of FOXOs (Asada 
et al., 2007; Yang et al., 2008).

Besides the above-mentioned kinases that inactivate FOXOs, several kinases have been shown to have opposing or more complex effects on FOXO activity. ER-stress induced kinase PERK (protein kinase RNA (PKR)-like ER kinase) has context-specific effects on FOXO activity (Zhang et al., 2013). ER-stress induced kinase PERK (protein kinase RNA (PKR)-like ER kinase) activates FOXOs and overrides insulin-induced suppression of FOXOs by PKB/Akt. However, incoherent feed-forward regulation motif has also been found, where indirect action of PERK via AKT can lower FOXO activity. Whereas glycogen synthase kinase 3 (GSK3) positively regulates transactivation of FOXOs. Activation of FOXOs by GSK3 phosphorylation induces the expression of type I insulin-like growth factor receptor (IGF-IR) that promotes hepatoma cell proliferation, whereas in the endotoxin-induced myocardial injury model GSK3β up-regulates FOXO3 levels that leads to apoptosis (Huo et al., 2014; Z. Li et al., 2019). 

The regulation of FOXOs by mitogen-activated protein kinase (MAPK) family, 
STE20-like protein kinase (MST1), CDK family and AMPK are further discussed below to illustrate the different mechanisms of how FOXO activity is controlled. Among 
mitogen-activated protein kinase (MAPK) family kinases c-Jun NH2-terminal kinase (JNK) and p38 phosphorylate FOXOs under cellular stress conditions, leading to their translocation to the cell nucleus, activation of FOXO target genes and cell death (reviewed in van der Horst and Burgering, 2007). JNK inhibits insulin signalling and 
JNK-mediated phosphorylation induces release of FOXO from the shuttling protein 
14-3-3. Several phospho-sites of p38 have been described in FOXO1 and FOXO3 that regulate translocation into the nucleus. Furthermore, these phospho-sites are involved in consequential FOXO-induced inhibition of cell proliferation and cell death (Asada et al., 2007; Ho et al., 2012; Marzi et al., 2016). In contrast, phosphorylation by ERK has an inactivating effect on FOXOs, indicating that the outcome of MAPK signalling on the activity of FOXOs is controlled by the duration and magnitude of the integrated signals of ERK, JNK and p38 (Jiramongkol and Lam, 2020). 

The mammalian ste20-like kinase 1 (MST1) is activated under conditions of oxidative stress and phosphorylates FOXO3 at S207 and FOXO1 at S212 (in forkhead domain) (Lehtinen et al., 2006). This induces FOXO proteins to release 14-3-3 and  translocate into the nucleus, although dephosphorylation of this phospho-site is needed for effective DNA-binding and target gene activation in the nucleus (Lehtinen et al., 2006). 
MST1-FOXO signalling is conserved from nematodes to mammals and plausibly plays a role in regulating longevity via mediating oxidative stress response (Brown and Webb, 2018; Lehtinen et al., 2006).

Phosphorylation of FOXOs by CDK family can have opposing effects. On the one hand, the DNA damage-activated G1/S-phase checkpoint regulator CDK2 phosphorylates FOXO1 at S249 resulting in cytoplasmic localization and inhibition of FOXO1. This provides a mechanism that coordinates apoptotic cell death after DNA damage (Huang et al., 2006). On the other hand, the outcome of FOXO1 phosphorylation at S249 by CDK1 (responsible for G2/M transition) is dependent on cell type, with FOXO activation described in postmitotic neurons and NIH 3T3 cells and FOXO inhibition in a prostate carcinoma cell line (Liu et al., 2008; Yuan et al., 2008). Thus, it is plausible that the same phospho-site can be recognized by different components of cellular machinery depending on a cell cycle phase, cell type and/or additional unknown factors. 

AMPK-induced phosphorylation of already nuclear FOXOs enhances binding of FOXOs to CBP/p300 and thereby increases FOXO transcriptional activity (Greer et al., 2007; Wang et al., 2012). Concurrent phosphorylation of FOXO3 by AMPK and MEK/ERK induces translocation of FOXO3 into the mitochondria to activate mitochondrial gene expression to sustain mitochondrial functionality in metabolic stress conditions (Celestini et al., 2018). Furthermore, starvation conditions activate AMPK that leads to phosphorylation of FOXO3 and up-regulation of autophagy genes (Greer et al., 2007).

A multitude of phospho-sites in FOXOs and explicit consequences on subcellular localization and transcriptional activity have led to the search for phosphatases that could enable dynamic integration of upstream signals. Several Ser/Thr phosphatases have been reported to dephosphorylate FOXOs. Phosphatase and tensin homolog (PTEN) was found to counteract phosphorylation by PKB in FOXOs (Nakamura et al., 2000). More recently protein phosphatase 2 (PP2A) was discovered to directly bind FOXOs and oppose PKB/AKT phosphorylation and the translocation of FOXOs by 14-3-3 (Singh et al., 2010; Yan et al., 2008). Furthermore, PP2A was also shown to regulate PBK/AKT and concerted action of PP2A on both FOXOs and PKB/Akt enhances FOXOs activity (Singh et al., 2010). 

While the above-mentioned mechanisms are well established, many other PTMs of FOXOs mediate more context-specific complex outcomes. One example here is the acetylation of FOXOs. CBP/p300 directly acetylate FOXOs thereby inhibiting their DNA binding capability (Fukuoka et al., 2003). However, the total effect of CBP/p300 on 
FOXO-mediated transcription is additionally dependent on histone acetylation and 
co-activator activities of CBP/p300 that lead to activation of FOXO target genes (van der Horst and Burgering, 2007). Both of these processes can potentially occur at the same time. Moreover, in oxidative conditions Cys disulphide bonds form between FOXO4 and CBP/p300, which increases interaction and potentially sequesters these co-activators from other transcription factors, therefore further affecting gene expression profile (Dansen et al., 2009). Furthermore, deacetylase SIRT1 and other HDACs have been shown to function similarly on FOXOs and CBP/p300 (van der Horst and Burgering, 2007). Therefore, both deacetylation and acetylation are not merely an ‘on’ or ‘off’ switches, but these processes orchestrate a complex regulatory mechanism that modifies transcriptional responses upon context (Brunet, 2004; Lin et al., 2018). 

FOXO proteins are also regulated by methylation. Arginine methylation has been linked to activation of FOXOs. Protein arginine N-methyltransferase 1 (PRMT1) methylates R248 and R250 (in FOXO1) both of which situate near PKB consensus sequence in FOXOs, abrogating phosphorylation of FOXOs in oxidative stress condition, thereby preventing its nuclear exclusion, polyubiquitination, and proteasomal degradation (Yamagata et al., 2008). Contrarily, lysine methylation has been shown to promote inactivation of FOXOs. K270 in FOXO3 is methylated by methyltransferase 
Set9, and this modification disrupts FOXO3 DNA-binding activity and prevents 
neuronal apoptosis (Xie et al., 2012). FOXO1 can also be methylated at K273 by 
histone methyltransferase G9a (euchromatic histone-lysine N-methyltransferase 2 (EHMET2/G9a)), which enhances binding to E3 ligase SKP2 followed by 
poly-ubiquitination and decreased FOXO1 protein stability (Chae et al., 2019).

Mono- and poly-ubiquitinations affect the functioning and protein stability of FOXOs (reviewed in Huang and Tindall, 2011). S-phase kinase-associated protein 2 (SKP2) mediates poly-ubiquitination and degradation of FOXO1 following phosphorylation by PKB/AKT and several other kinases (Huang et al., 2005). E3 ligase murine double minute 2 (MDM2) binds ERK-phosphorylated FOXO3 and this poly-ubiquitination leads to proteasomal degradation of FOXO3 (Fu et al., 2009; Yang et al., 2008). In contrast, 
mono-ubiquitination of FOXO4 at K199 and K211 by MDM2 in response to oxidative stress directs FOXO4 into the nucleus and thereby potentially activates 
FOXO4-dependent gene expression (van der Horst et al., 2006). De-ubiquitination of FOXO4 is mediated by ubiquitin-specific protease 7 (USP7/HAUSP) (van der Horst et al., 2006). However, this does not affect FOXO4 protein half-life, but instead negatively regulates FOXO4 transcriptional activity (van der Horst et al., 2006).

It is less clear whether FOXO proteins are modified by less common post-translational modifications like glutathionylation, glycosylation, SUMOylation, hydroxylation, neddylation, citrullination, prenylation, palmitoylation, myristoylation and s-nitrosylation, and what might be the functional consequences of these modifications (Buuh et al., 2018; Jia et al., 2019).

Participation of microRNAs (miRNAs) in the regulation of FOXO expression have been mainly studied in cancer. The effect of most miRNAs studied to date is induction of mRNA degradation and translation inhibition of FOXOs, although whether the outcome is beneficial or detrimental depends on the cancer type and specific FOXO (reviewed by (Jiramongkol and Lam, 2020). Interestingly, circular FOXO3 pseudogene mRNA have been reported to sequester FOXO3-regulating miRNAs and thereby upregulate FOXO3 expression (Yang et al., 2016). 

In conclusion, the activity of FOXOs is fine-tuned by the crosstalk between numerous PTMs indicating that FOXOs act as cellular integrators of different signals (Jiramongkol and Lam, 2020; van den Berg and Burgering, 2011; Wang et al., 2017).





[bookmark: _Toc86658051]Roles of FOXOs in Huntington’s disease

In general, FOXOs function as tightly controlled integrators of environmental fluctuations and signals and this gives them an essential role in the regulation of metabolic homeostasis, redox balance, and the stress response via precisely regulated target gene expression (van der Horst et al., 2006). Studies in C. elegans and D. melanogaster have demonstrated a role for daf-16/dFOXO in oxidative stress-induced heat shock protein (HSP) expression, maintenance of proteostasis and longevity (Donovan and Marr, 2016; Hwangbo et al., 2004; Kenyon et al., 1993; Riddle et al., 1981). Gene programs coordinated by FOXOs are diverse, covering DNA damage response, apoptosis, proliferation, oxidative stress, cell metabolism, cell cycle regulation, and autophagy in order to maintain cellular homeostasis in development, aging and in disease (Burgering and Kops, 2002; Eijkelenboom and Burgering, 2013; Golson and Kaestner, 2016; van der Horst and Burgering, 2007). FOXO factors have been implicated in a variety of diseases including tumorigenesis and neurodegenerative diseases (Hornsveld et al., 2018; 
Hu et al., 2019). The roles of FOXO3 have been studied in different cancer types, where it was initially thought to function mainly as a tumour suppressor (Hornsveld et al., 2018). However, depending on the context, FOXO3 can also support tumour growth, suggesting that FOXO3 can affect various aspects of tumorigenesis (reviewed by (Hornsveld et al., 2018; Jiramongkol and Lam, 2020; Liu et al., 2018)). Similarly, FOXOs are thought to exert both detrimental and protective effects in neurodevelopmental diseases, including Huntington’s disease (summarize in Figure 4) (Hu et al., 2019; Liu et al., 2017; Parker 
et al., 2012, 2005; Tourette et al., 2014).
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Figure 4. FOXO transcription factors in HD.  The prevailing idea is that nuclear localization of FOXOs activates genes that regulate processes that reduce negative effects of mutant HTT (mHTT) and other HD processes. Several pathways affect levels and location of FOXO proteins and transcription of its target genes in HD neurons (upper part). (1) Deficiency of unfolded protein response protein XBP1 increases FOXO1 levels and enhance beneficial macroautophagy. (2) Ectopic expression of FOXO4 rescues proteasome activity in differentiated HD iPSC. (3) Expression of mHTT increases levels of insulin-like growth factor (IGF) which activates via IRS2 phosphorylation cascade of PI3K-PKB/AKT leading to phosphorylation of FOXOs and their translocation from nucleus and degradation. 
(4) De-acetylation of FOXOs by SIRT enables binding of β-catenin which enhances transcriptional activity of FOXOs. (5) Expression of mHTT induces cleavage of Wnt receptor Ryk-ICD fragment that binds to FOXOs’ co-factor β-catenin and represses transcriptional activity of FOXOs reducing protection against cell death. (6) Autoregulation of FOXOs. (7) Several compounds showing promise as therapeutic agents in HD therapy have been shown to mediate beneficial effects via FOXO proteins. FOXO transcription factors have also functions in other cell types and processes found to be impaired in HD (lower part).  (8) Muscle wasting and progressive impaired gluconeogenesis are characteristic to HD and FOXO3 has roles in these processes in liver and muscle tissue. (9) Pathway downstream of TGFβ via FOXOs is responsible for oligodendrogenesis and myelinisation in oligodendrocytes, whereas in astrocytes the same pathway regulates NSC homeostasis and circadian rhythms. Ac – acetylated; CoA – co-activator; ICD – intracellular domain (fragment); IGF – insulin-like growth factor; IGF-1R – insulin-like growth factor 1 receptor; IRS2 – insulin receptor substrate 2; mHtt – mutant huntingtin protein; P – phosphorylated; Ryk – RTK subfamily with acronym from related to tyrosin kinase; SMAD3/4 – TGF- β signalling pathway proteins structurally similar to C. elegans Sma and D. melanogaster Mad proteins; TGF-β – transforming growth factor β;  XBP1 – X-box binding protein 1. Created with BioRender.com
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FOXO3/FOXO1 have been postulated to be mainly neuroprotective in HD and various mechanisms for this have been shown. Studies on HD modelled in C. elegans and mouse cell lines have demonstrated that FOXOs convey protective signals in the early phases of mHTT toxicity, an effect achieved via activation of FOXO/daf-16 by sirtuin Sir2 (in mammals SIRT) and additionally requiring FOXO partner protein bar-1/β-catenin (Parker et al., 2005) (Parker et al., 2012). Moreover, downregulation of FOXOs at early stages of HD in Q128 nematode HD model and in HD striatal cell line cells via non-canonical mechanism of Wnt receptor Ryk-ICD fragment binding to FOXO co-factor β-catenin, has been shown to be detrimental (Tourette et al., 2014).

In transgenic R6/2 mice reduction of insulin receptor substrate 2 (IRS2) levels, (except in β cells to prevent diabetes) in order to downregulate insulin signalling, resulted in improved motor performance, neuropathology and survival (Sadagurski et al., 2011). Furthermore, this slower disease progression was associated with nuclear localization of FOXO1 and increased expression of FOXO1-dependent genes (e.g. Sod2 and Ppargc1a) affecting macroautophagy, mitochondrial function and oxidative stress resistance. Additionally, macroautophagy upregulated by unfolded protein response-related transcription factor XBP1-deficiency was associated with improved neuronal survival, motor performance, and drastic decrease in mHtt levels in cellular and animal models of HD, which was mechanistically linked to increased expression of FOXO1 (Vidal et al., 2012). In a follow-up study, FOXO3 functions were extended to regulating cellular senescence during neuronal differentiation in HD (Voisin et al., 2020). 

Another line of evidence for the neuroprotective role of FOXOs in HD comes from iPSCs derived from HD patients (Liu et al., 2017). First, compared to wt controls HD-iPSCs are characterized by increased protective proteasome activity and higher levels of FOXOs, which protect the cells from mHTT toxicity (Liu et al., 2017). Second, HD-iPSC-derived NPCs exhibit lower proteasome activity than wt NPCs, and ectopic expression of FOXO4 rescues this detrimental lowering of proteasome activity (Liu et al., 2017). Finally, 
HD-iPSC-derived differentiated DARPP32-positive striatal medium spiny neurons demonstrated reduced FOXO4 levels and decreased proteasome activity, and were vulnerable to oxidative stress (Liu et al., 2017). In differentiated HD medium spiny neurons increase in PKB/AKT kinase activity was found, and inhibition of PKB/AKT improved proteasome activity and induced FOXO4 levels (Liu et al., 2017). Therefore, based on these results FOXOs were proposed to be a valuable therapeutic target in HD (Liu et al., 2017). FOXOs´ role as a molecular target for therapy in HD gets further support from the study showing that daf-16/FOXO is essential for the effect of several therapeutic compounds (MAP4343, 17ßE2, isoquercitrin, resveratrol, GSK3 inhibitor lithium chloride, and AMPK activator metformin) that prolong the functioning of neurons in HD (Farina 
et al., 2017).

Although neuronal cell death is the main neuropathological sign of HD, glial cells are gaining increasing attention for their potential role in HD (Wilton and Stevens, 2020). 
In contrast to HD-induced loss of neurons, increase in oligodendrocyte abundance has been reported in low grade HD patients (Myers et al., 1991) mHtt expressed in oligodendrocytes directly affects myelinisation and hypomyelinisation is characteristic to HD (Huang et al., 2015; Osipovitch et al., 2019). SMAD3/4-FOXO1-Sp1 pathway downstream of TGFβ has shown to function in cell cycle exit of oligodendrocyte progenitors, therefore playing a role in oligodendrogenesis and postnatal CNS myelinisation (Palazuelos et al., 2014). Psychiatric and sleep changes manifest in the prodromal stages of HD, and gene network analysis on human caudate nucleus microarray data identified astrocyte-specific transcriptional network that was predicted to be regulated by FOXO3 (Scarpa et al., 2016). Moreover, this striatal astrocyte network correlates with sleep and stress traits described in (B6xA/J)F2 chronically stressed mice (Scarpa et al., 2016). Conserved TGFβ-FOXO3-dependent striatal astrocyte network has been identified, and there is evidence for its relationship to neural stem cell homeostasis (Scarpa et al., 2016). It has also been hypothesized that astrocytes are a primary contributor to HD pathogenesis (Scarpa et al., 2016). 

In addition to brain pathology, muscle wasting is apparent in symptomatic HD patients. No specific studies on FOXOs in HD muscles have been conducted, although it is known that FOXOs play a role in muscle atrophy in general by regulating proteasomal and autophagic pathways (Bondulich et al., 2017; Mammucari et al., 2007; Zhao et al., 2007). Similarly, body weight loss, liver dysfunction, and disturbances of metabolism and circadian clock are among additional alterations observed in HD (Morton, 2005; van der Burg et al., 2008). Supporting their involvement in HD, FOXOs are known to participate in the regulation of cell metabolism, hepatic gluconeogenesis and lipid metabolism, and circadian rhythms (Chaves et al., 2014; Kamagate et al., 2008; Nakae et al., 2001).

In conclusion, FOXOs have functions in many cellular processes that are disrupted in HD. Whether FOXOs are detrimental or protective in HD needs more thorough investigation. As FOXOs are integrators of numerous upstream signals they probably tip the balance very specifically depending on tissue type and disease stage, resulting in different outcomes. 

[bookmark: _Toc86658052]Aims of the study

Dysregulation of transcription factors has been long established in Huntington’s disease. Preliminary work of our research group with 200 unvalidated antibodies suggested alterations in subcellular localization of transcription factors FOXO3 and TCF4 in Huntington’s disease model cells. Therefore, the aims of this thesis were to:



	1. Validate localization disturbances of FOXO3 and TCF4 seen in an antibody     screen conducted in Huntington’s disease model cells;

	2. Characterise mRNA and protein levels of FOXO3 in HD models and patients;

	3. Elucidate the molecular mechanisms affecting FOXO3 in HD;

	4. Analyse TCF4 gene and protein expression in human tissues and regulation of TCF4 and TCF4-dependent transcription in neurons;

	5. Study mRNA and protein levels of different TCF4 isoforms in HD models and patients.



Altogether, this study addresses the roles of two transcription factors, FOXO3 and TCF4, in Huntington’s disease.

[bookmark: _Toc86658053]Material and methods

I used the following experimental methods that are described in more detail in the publications specified in parentheses:



· Bioinformatics analysis of gene, mRNA and protein sequences (I, II, III, IV)

· Molecular cloning (II, III)

· Site-directed mutagenesis (II)

· Culturing of immortalized mammalian cells and rat primary cortical neurons (II, III, IV)

· Transfection of mammalian cells (II, III)

· siRNA design and transfection (II)

· Immunocytochemistry (II, IV)

· Preparation of cell lysates and immunoblotting (II, IV)

· Subcellular fractionation (II, IV)

· In vitro translation (IV)

· Primer design and optimization (I, II, IV)

· RNA isolation and reverse transcription followed by quantitative polymerase chain reaction (RT-qPCR) (I, II, IV)

· Luciferase reporter assay (II, III)

· Chromatin immunoprecipitation assay (II)





[bookmark: _Toc86658054]Results 

Publication I

· Based on bioinformatics analysis, human TCF4 gene contains 21 mutually exclusive 5’ exons, generating transcripts that encode TCF4 protein isoforms with 18 different N-termini.

· Internal exons 8 and 15 have alternative splice acceptor sites that eventually lead to addition of glutamine and alanine to TCF4 protein sequence, respectively.

· In-frame alternative splicing of TCF4 utilizing alternative donor splice-sites in exon 18 creates + and - isoforms that contain or miss the amino acids RSRS. 
The + and – isoforms are expressed at roughly equal levels.

· Transcription is initiated at relatively similar levels from alternative transcription start sites within the TCF4 gene in cerebellum and skeletal muscle tissue.

· The majority of alternative TCF4 transcripts are expressed in most of the human tissues and brain regions, however, a few have a more limited expression pattern based on RT-PCR analysis.

· The expression of TCF4 is ubiquitous, although the expression levels vary considerably between human tissues. The highest TCF4 mRNA levels are found in fetal brain, cerebellum and cerebral cortex.

· TCF4 mRNA expression in the human hippocampus is detected in neurons of DG, CA1-CA3 subfields and subiculum, and in the cerebellum in cerebellar granule neurons, as assessed by in situ hybridization. 

· Several TCF4 protein isoforms are expressed in human tissues as determined by Western blot analysis. 

· All TCF4 protein isoforms that contain region coded by exons 8 and 9, display exclusively nuclear distribution.

· TCF4 contains a functional NLS sequence.

· All TCF4 isoforms can be transported to the nucleus by piggy-back mechanism through heterodimerization with NLS-containing bHLH partners (e.g. NEUROD2). TCF4 isoforms missing NLS can be exported from nucleus via heterodimerization with NES-containing partner proteins (e.g. ID2).

· TCF4 signal in immunohistochemical staining is mainly in neuronal nuclei, but also in the cytoplasm of neurons in CA3, DG and hilus regions of hippocampus and in the granule cell layer of the cerebellum in human brain.

· All TCF4 isoforms are capable of activating reporter gene transcription controlled by µE5 E-boxes in HEK293 cells, although to a different extent. Transcriptional activity of TCF4 correlates with the presence of AD1, however, there is no significant correlation between isoform’s ability to activate transcription and the presence of NLS, the presence of partial AD1 domain or the extra amino acids in the + isoforms. 

· In HEK293 cells, the activation domains AD1 and AD2 mediate transactivation to a similar extent. However, the presence of both ADs in a single protein has a synergistic effect on transcriptional activity.









Publication II

· Immunocytochemical signal of FOXO3 differs between mouse striatal progenitor cell-derived wt Hdh7/7 cells and mutant Hdh7/109 and Hdh109/109 cells. 

· FOXO3 protein levels are elevated in total cell lysates of mutant Hdh cells and both in the nuclear and cytosolic fractions.

· The levels and the phosphorylation of PKB/AKT and phosphorylation of FOXO3 at PKB/AKT phosphorylation site S253 are not changed in mutant Hdh cells.

· Levels of ERK1/2 are not changed in mutant Hdh cells, whereas a reduction of activated ERK1/2 is apparent in mutant Hdh cells.

· 3-NP treatment, a chemical model of HD, induces nuclear localization of overexpressed EGFP-FOXO3 and endogenous FOXO3 in rat cultured cortical neurons.

· 16 and 24 h 3-NP treatment increases levels of FOXO3 protein in rat cultured cortical neurons.

· Foxo3 and FOXO3 target gene FasL mRNA levels are increased in both HD cellular models, namely mutant Hdh cells and in 3-NP treated neurons.

· Foxo3 mRNA levels are increased in the cortex of R6/2 HD model mice and in the cortex and caudate nucleus tissue of HD patients.

· FOXO3 promoter region contains four FHRE sequences based on bioinformatics analysis.

· Endogenous FOXO3 protein binds to its own promoter in Hdh7/7, Hdh109/109 and in rat primary cortical neurons based on chromatin immunoprecipitation assay.

· FHRE 3 (TAACA) is to a large extent responsible for the transcriptional autoregulation of FOXO3 in Hdh7/7, Hdh109/109 cells and in rat primary cortical neurons.



Publication III

· TCF4-dependent transcription is regulated by neural activity in neurons. 

· TCF4 protein isoforms induce E-box-dependent reporter gene expression in rat primary neurons upon membrane depolarization with KCl to mimic neuronal activity. 

· Membrane depolarization-induced rise in TCF4-mediated transcription requires Ca2+ influx through L-type voltage-gated Ca2+ channels (VGCCs). 

· Increase in excitatory synaptic activity by bicuculline/4-AP treatment also results in upregulation of TCF4-regulated transcription through both NMDARs and L-type VGCCs.

· Endogenous and overexpressed TCF4 proteins localize in the nucleus of primary neurons. Overexpressed TCF4 isoforms lacking NLS localize both to the nucleus and cytoplasm. 

· The region between AD2 and bHLH is essential for neuronal-activity-dependent regulation of TCF4 functions

· TCF4-mediated transactivation in neurons requires AD2, although AD2 is not sufficient for neural activity-dependent regulation of TCF4 activity.

· bHLH domain together with the TCF4 region between amino acids M430 and P498 is essential for activity-dependent regulation of TCF4 in neurons

· Signalling via sAC and PKA regulates neuronal activity-dependent functions of TCF4

· KCl-induced E-box-dependent reporter gene expression is reduced by Calcium/calmodulin dependent protein kinase II (CAMK2) inhibitor 
KN-62 and the PKA inhibitor H89, but not by treatment with Calcium/calmodulin-dependent protein kinase kinase (CAMKK) inhibitor STO-609, Ca2+-dependent PKC isoform inhibitor Go6976 and unrelated casein kinase (CK) inhibitor TBB. 

· Overexpression of constitutively active forms of PKA-Cα and PKCα, and treatment with PKA activator dbcAMP, but not PKC activator PDBu, activate TCF4-dependent transcription in reporter assay.

· Co-expression of the dominant negative (DN) PKA-regulative 
subunit R1 and not DN PKCα reduces TCF4-dependent transcription in 
KCl-treated neurons.

· Inhibition of soluble adenylyl cyclase (sAC) by KH7 interferes with the induction of TCF4-dependent transcription upon membrane depolarization.

· TCF4 S448 is phosphorylated by PKA upon neuronal activity and this phosphorylation is needed for full induction of TCF4-dependent transcription in neurons.

· In vivo overexpression of wt TCF4-A– but not TCF4-A– mutant S448A by in utero electroporation results in formation of cellular aggregates in rat layer 2/3 the medial prefrontal cortex (mPFC).

· TCF4 participates in activating GADD45G transcription following membrane depolarization 

· Overexpressed TCF4-A– and ASCL1 co-operatively induce transcription from GADD45G promoter in membrane-depolarized neurons in reporter assay.

· Silencing TCF4 with siRNAs reduces ASCL1-mediated transcription from GADD45G promoter in rat primary neurons. 

· GADD45G promoter contains two potential E-box sequences based on in silico analysis. Mutating the E-box sequences proximal to the transcription start site in GADD45G promoter abolishes reporter induction in depolarized neurons.

· Based on chromatin immunoprecipitation assay, TCF4 binds to endogenous Gadd45g promoter in rat neurons.

· TCF4 regulates the expression of endogenous Gadd45g gene in rat primary neurons

· Overexpression of VP16-TCF4-I– increases both basal and depolarization-induced levels of endogenous Gadd45g.

· Silencing of Tcf4 via AAV-mediated Tcf4 shRNA expression decreases Gadd45g transcription only in depolarized neurons.

· TCF4 missense variations P299S and G428V identified in SCZ patients alter the transcriptional activity of TCF4-B– in unstimulated or both in unstimulated and depolarized neurons, respectively. 







Publication IV

· Immunoreactive signal of polyclonal TCF4 antibodies is changed in HD model mutant Hdh cells, suggesting altered subcellular localization and/or nuclear levels of the protein.

· Based on data mining from publicly available databases, the gene structure of mouse Tcf4 is similar to human TCF4, encoding multiple protein isoforms mostly conserved in both species.

· Both low (probably TCF4-D/A/H/I) and high (probably TCF4-B/C) molecular weight TCF4 protein isoforms are reduced in mutant Hdh cells, in total cell lysates and also in both cytosolic and nuclear fractions.

· Different sets of TCF4 isoforms are expressed in cytoplasmic and nuclear fraction of Hdh cells.

· Levels of Tcf4 transcripts encoding TCF4-B, -C, and -A are reduced in Hdh109/109 cells.

· 3-NP treatment decreases the levels of Tcf4 transcripts encoding TCF4-B, -C, -D and -A in rat primary cortical neurons.

· Specific Tcf4 transcripts are changed in R6/1 mice brain tissues 

· The transcript levels of Tcf4-D (8c-II), Tcf4-A and Tcf4-I are reduced and TCF4-D (7b-I) is increased in R6/1 mice cortex compared to wt mice.

· The levels of Tcf4-I are decreased in R6/1 mice striatum.

· The total level of Tcf4 mRNA are decreased in hippocampus of R6/1 mice compared to wt mice. More precisely, the transcript levels of Tcf4-B/C, Tcf4-B, Tcf4-D (8c-II), Tcf4-A and Tcf4-I are decreased, whereas mRNA levels of Tcf4-D (7b-I) are increased. 

· Tcf4 mRNA levels in R6/1 cerebellum are not changed compared to wt mice.

· Protein levels of specific TCF4 isoforms are changed in R6/1 mice brain tissues 

· TCF4-A isoform levels are lower in R6/1 mice cortex compared to wt mice.

· There is no significant change in R6/1 striatum compared to wt mice.

· TCF4-B/C and TCF4-D isoforms are decreased in R6/1 mice hippocampus.

· TCF4-B/C protein isoform levels are decreased in the CA1 region of hippocampus and cerebral cortex in HD patients compared to health controls.

· Bdnf mRNA levels are decreased in cortex, hippocampus and cerebellum of R6/1 mice.

· mRNA levels of TCF4 binding partners Neurod1 and Ascl1 are changed in R6/1 mice brain tissue

· Neurod1 mRNA levels are upregulated and Ascl1 levels downregulated in cortex of R6/1 mice. 

· Neurod1 mRNA levels are unchanged and Ascl1 mRNA levels were increased in striatum of R6/1 compared to wt mice.

· No change in mRNA levels of Neurod1 and Ascl1 were detected in hippocampus.

· Neurod1 levels are reduced in cerebellum of R6/1 mice, whereas levels of Ascl1 mRNA are unchanged.

· TCF4 and ASCL1 activate E-box-dependent gene transcription synergistically in rat cortical and hippocampal neurons.

· Different TCF4 isoforms induce E-box-dependent reporter gene transcription to relatively same extent, except TCF4-I– which shows lower induction. 

· TCF4- and E-box-dependent reporter gene transcription is enhanced by membrane depolarization and the induction is essentially similar for all major TCF4 isoforms.

· The total induction of the reporter gene transcription is higher in cortical neurons than in hippocampal neurons overexpressing TCF4. 

· TCF4 isoforms show different activation of the reporter gene transcription when co-expressed with ASCL1. The induction is minimal for co-expression of TCF4-B– and ASCL1 and the highest for TCF4-I– and ASCL1. 

· Membrane depolarization further increases the co-expression induced transcription activation in both cortical and hippocampal neurons.

· There is synergy between TCF4 and ASCL1, both in unstimulated and in depolarized neurons, however, the extent of the synergy varies considerably depending on the TCF4 isoform.

· The synergy between TCF4 and ASCL1 upon membrane depolarization is greater in hippocampal neurons than in cortical neurons.



[bookmark: _Toc86658055]Discussion

[bookmark: _Toc86658056]Identification of transcription factors with altered subcellular localization and/or expression in Huntington’s disease

The global dysregulation of gene expression has been long noted in Huntington’s disease (Sugars and Rubinsztein, 2003; Valor, 2015; Xiang et al., 2018). Results of our immunocytochemical assays indicated that the nuclear localization of forkhead transcription factor family member FOXO3 is increased in genetic and 3-NP-treatment HD model cells. The immunocytochemical signal observed with the antibodies targeting the bHLH transcription factor TCF4 was also altered in mutant HTT expressing cells, but given the of the limited specificity of the used antibodies we were not able to differentiate between changes in TCF4 subcellular localization and expression level in these assays. Nevertheless, our results, together with previous studies on mislocalized transcription factors in HD (Valenza, 2005; Zuccato et al., 2003) suggest that changes in the subcellular distribution of transcription factors is among the mechanisms that underlie dysregulation of gene expression in HD. It would be of interest in future studies to elucidate whether these changes could be attributable to impaired nucleocytoplasmic transport or dysregulated functioning of nucleoporins described in several HD models and patients (Grima et al., 2017).  

[bookmark: _Toc86658057]FOXO3 in Huntington’s disease

The observed change in the subcellular localization of FOXO3 in HD cells led us to further study FOXO3 and its regulation in HD. We observed increased levels of FOXO3 protein in cell-based HD models. Furthermore, subcellular fractionation revealed parallel increase in FOXO3 levels in both nuclear and cytosolic fractions of mutant Hdh cells. FOXOs are vital integrators of survival and stress signals and their cellular distribution, activation and degradation is under stringent control that is achieved via complex post-translational modifications (PTMs) (Brown and Webb, 2018; Calnan and Brunet, 2008; Eijkelenboom and Burgering, 2013; Fasano et al., 2019; van der Horst and Burgering, 2007). PKB/AKT is one of the best described kinases regulating subcellular localization and degradation of FOXO3 (Brunet et al., 1999; Burgering and Kops, 2002). There are a number of studies showing conflicting results of PKB/AKT activity in various HD models and tissues (Ahmed et al., 2015; Colin et al., 2005; Gines et al., 2003; Ginés et al., 2010; Gratuze et al., 2015; Martín-Flores et al., 2020). Here we show that PKB/AKT signalling is not compromised in mutant Hdh cells, therefore increased levels of FOXO3 in the nucleus of mutant Hdh cells could not be explained by deranged PKB/AKT signalling. However, a possibility exists that the amount of PKB/AKT in HD cells is not sufficient for regulating increased amount of FOXO3 protein. In addition to PKB/AKT, MAPK kinases ERK 1/2 are known to phosphorylate and thereby promote degradation of FOXOs (Yang et al., 2008). We did not detect significant changes in the total levels of ERK 1/2, but we observed a drastic reduction in the levels of phosphorylation activated ERK 1/2 in mutant Hdh cells. This decrease might be dependent on the dose of mHtt since in homozygous Hdh109/109 cells the reduction is greater than in Hdh7/109 cells. To elucidate whether and how the reduced activity of ERK1/2 is linked to the increased levels of FOXO3 in HD cells, further studies on ERK 1/2 specific phosphorylation of FOXO3 in HD are warranted. Compromised ERK 1/2 signalling in HD has been shown to affect the resilience of the cells to oxidative stress (Ginés et al., 2010) and FOXO3 is one of the key factors regulating the response to various types of stress (Eijkelenboom and Burgering, 2013). ERK signalling pathway is considered neuroprotective in HD as compounds upregulating decreased ERK rescue from cell death in HD models (Bodai and Marsh, 2012; Maher et al., 2011; Sarantos et al., 2012; Szlachcic et al., 2015; Yusuf et al., 2018). However, few publications state the contrary and show that increased levels of phosphorylated ERK 1/2 is related to neuronal vulnerability (Fusco et al., 2012) or exemplify the complexity and contrasting effects of ERK functions in neurodegenerative diseases (Blum et al., 2015; Rai et al., 2019). Phosphorylation of additional serine-residues by CK1 and SGK kinases aid the export of FOXO3 from the nucleus by 14-3-3 that induces its proteolysis (Brunet et al., 2001; Rena, 2002). Furthermore, PTM are not limited to phosphorylation and there exists a term “the FOXO code” to illustrate the whole complexity of modifications (Brown and Webb, 2018; Calnan and Brunet, 2008). Therefore, further elucidation of PTM of FOXO3 in HD context is needed to understand which roles of FOXO3 could be affected.

The observed nuclear localization of FOXO3 with concurrent increased FOXO3 protein levels led us to study Foxo3 mRNA levels in HD model cells. Utilizing RT-qPCR we detected nearly 2-fold upregulation of FOXO3 mRNA in cell-based HD models and a small increase in transgenic R6/2 mice and postmortem HD patient brain tissue. However, an integrated genomics and proteomics study on different HD knock-in mice with varying repeat size did not find significantly changed FOXO3 levels (Langfelder et al., 2016). This discrepancy might be due to different HD model animals used, small effect size and stringent false discovery rate (FDR) cut-off applied. Nevertheless, our study additionally revealed increased mRNA levels of FOXO3 target gene FasL in Hdh cells and in 3-NP treated primary neurons. However, Fas receptor and FasL levels are decreased in postmortem HD patient caudate and putamen (Ferrer et al., 2000), contradicting our results obtained in cellular HD model, whereas FAS receptor levels are increased in inducible HD cell-line (Sipione, 2002) that together may suggest dependence on disease stage. We additionally observed a difference in upregulation dynamics of FasL and Foxo3 mRNA in response to 3-NP treatment. We hypothesise that fast up-regulation of FasL may rely on nuclear translocation of already synthesized FOXO3, whereas, slower up-regulation of Foxo3 suggests an autoregulation or more complex process requiring additional factors. We demonstrated in chromatin immunoprecipitation (ChIP) experiments that FOXO3 binds to its own promoter and identified a Forkhead Response Element (FHRE) site that is to a large extent responsible for autoregulation of Foxo3. This is in line with previous studies showing the ability of FOXO factors to directly activate Foxo1 and Foxo4 transcription (Essaghir et al., 2009; Mubarak et al., 2009). Our work is also in agreement with study of Lützner et al. suggesting positive feedback mechanism in the regulation of Foxo3 expression (Lützner et al., 2012). Of the potential FHREs analyzed by Lützner et al. by electrophoretic mobility shift assay, the highest affinity of FOXO3 was shown for site 
1–2 FHREs (according to our numbering), and the site 3 FHRE, found to be functional in our study, was also bound by FOXO3 in vitro. However, the functionality of these sites in cells was not demonstrated in their study. In conclusion, we show that FOXO3 levels are increased in HD as a result of an overactivated positive autofeedback loop and together with previous studies suggest that this kind of loop might be characteristic for all FOXO family members and helps to sustain the stress response of FOXOs.

The outcome of elevated FOXO3 levels most probably depends on accompanying cellular signals and factors. Upon growth factor deprivation and oxidative stress activation of FOXOs induces apoptosis in neurons (Hu et al., 2019; Neri, 2012). Decreased BDNF levels and increased oxidative stress have been reported in HD (Browne and Beal, 2006; Zuccato, 2001) and we further detected increased levels of apoptosis-triggering FasL mRNA levels and up-regulated FOXO3 levels, that were previously suggested to induce motor neuron death (Barthélémy et al., 2004). Therefore, increased levels of FOXO3 may be detrimental to cortical and striatal neurons in HD. Furthermore, it has been noted that HD-related skeletal muscle atrophy is accompanied with increased FOXO3 levels (Mielcarek et al., 2015). On the other hand, there are publications suggesting participation of FOXOs in vital signalling pathways that protect from mutant Htt toxicity (Parker et al., 2012; Tourette 
et al., 2014; Vidal et al., 2012). Tourette et al. showed that Hdh7/7 cells are resistant to changes in Foxo3 levels, whereas reduced Foxo3 levels increase and overexpression decrease cell death in mutant Hdh109/109 cells (Tourette et al., 2014). More recent data indicate that FOXO3 is needed to prolong the functioning of the neurons in HD (Farina 
et al., 2017). Additionally, FOXO3 may antagonize the progression of cellular senescence in HD patient-derived neural stem cells (NSCs) and differentiated medium spiny neurons (MSNs), and reducing FOXO3 expression strongly potentiates the mortality of HD NSCs (Voisin et al., 2020). Proteins containing coiled-coil structure with extended polyQ tracts interact with nuclear FOXOs and that was suggested to impair the functions of FOXOs leading to transcriptional dysregulation of dendrite morphogenesis and behavioural defects in D. melanogaster expressing polyQ proteins (Kwon et al., 2018). Therefore, increased levels of FOXO3 could be beneficial for rescuing this adverse interaction.

In addition to neurons, other neural cell types have gained attention in the context of HD. The RNA-seq-based computed astrocyte-specific transcriptional network was found to be the most relevant to HD pathology in the caudate nucleus (Scarpa et al., 2016). Furthermore, this HD-astrocyte-specific transcriptional network was shown to be regulated by FOXO3. A recent study revealed that white matter failure and hypomyelination are characteristic of HD in human (Osipovitch et al., 2019). This might be a result of a 
cell-autonomous defect in the terminal glial differentiation of mHTT-expressing human glial progenitor cells (hGPCs (bipotential oligodendrocyte-astrocytes)), instead of being secondary to neuronal loss as initially hypothesized, and may be central to the pathogenesis and neurological manifestations of HD. The role of FOXO1 in myelination has been previously established (Palazuelos et al., 2014). However, a direct link between FOXOs and oligodendrocytes has not been made yet in the context of HD. We studied immortalized striatal progenitor cells, cultured primary cortical neurons and brain tissues of R6/2 and postmortem HD patients. None of them enabled dissecting FOXO3 levels in the different HD-relevant cell populations, a task that could be achieved in the future with single-cell RNA-seq analysis of brain tissue. 

Lastly, the participation of FOXO3 and other FOXOs in HD has been substantiated in a ChIP-seq study by HD Consortium, where FOXO binding sequences were among the top 10 motifs found under H3K27ac peaks enriched in HD versus non-disease samples 
(The HD iPSC Consortium, 2017). To conclude, the current knowledge on the involvement of FOXOs in HD suggests that activated FOXOs decrease progression of HD via suppressing the expression of mHtt, induction of autophagy and upregulation of genes encoding ROS scavengers and master regulators of mitochondrial biogenesis (Hu et al., 2019). Nevertheless, conflicting results have been published and the exact role of FOXO3 in HD and other neurodegenerative diseases and whether it’s up-regulation is beneficial or detrimental is under continuous debate. Most probably it is dependent on multiple factors like cell type, disease state, age of onset and concurrent additional stressors, 
and therefore requires further investigation.

[bookmark: _Toc86658058]TCF4 in health 

Little was known about the TCF4 at the time of our initial observation of TCF4 as a potentially misregulated transcription factor in HD model cells. Therefore, we first described the complex human TCF4 gene structure with numerous alternative 5’ exons and subsequently also characterized the mouse Tcf4 gene. In general, the TCF4 gene structure and internal exons are highly conserved between species, however, there are fewer transcripts and TCF4 isoforms in mice than in humans. By immunocytochemical assays we demonstrated mainly nuclear localization of longer TCF4-encoded isoforms and a more equal distribution between subcellular compartments of shorter 
TCF4-encoding isoforms. This nuclear translocation of the long isoforms relies on NLS sequence we identified. Functional bHLH domain is required for efficient 
nucleo-cytoplasmic redistribution of TCF4 short isoforms, which is achieved by 
binding with heterodimerization partners with NLS or NES sequences. Greb-Markiewicz et al. suggested additional highly conserved potential NLS and NES signal sequences in TCF4 bHLH domain (Greb-Markiewicz et al., 2019). However, we find that high conservation reported may arise from the fact that these sequences reside in canonical bHLH domain, moreover, the context used to study these signals do not able dimerization (only part of bHLH was included) that potentially cause unnatural conformation of the domain, therefore may conceivably lead to misinterpretation of the results. 

Thorough studies by Jung et al. on developing and adult mice brain and by Kim et al. on mice brain at the level of neural cell types have extended the knowledge of the 
spatio-temporal and cell type-specific expression patterns of TCF4 in the brain (Jung 
et al., 2018; Kim et al., 2020). Knowing that multitude of alternative TCF4 isoforms can be produced, we first demonstrated that the various TCF4 isoforms with different molecular weight are expressed in human cortex, hippocampus, cerebellum and other tissues by western blotting. However, it might be technically problematic to distinguish all isoforms or even the major isoforms TCF4-B and TCF4-A; of note, many commercial TCF4 antibodies are not properly validated. We validated TCF4 antibodies used and compared tissue bands with the bands of overexpressed TCF4 isoforms or in vitro translated TCF4 isoforms (including +/- isoforms). Nevertheless, this method of analysis is circumferential and creating TCF4 isoform-specific knock-out models may help to clarify this matter in the future.

The existence of a number of different TCF4 protein isoforms raised an intriguing question whether the isoforms have functional differences in target gene activation. 
This issue has not been addressed thoroughly (Liu et al., 1998; Skerjanc et al., 1996; Sobrado et al., 2009; Yoon and Chikaraishi, 1994). Our studies demonstrated that while all TCF4 isoforms can activate E-box-controlled reporter gene transcription, there is a disparity between TCF4 isoforms. Furthermore, functional differences of short and long TCF4 isoforms have been shown recently in oligodendrocyte differentiation and in plasmacytoid dendritic cell development (Grajkowska et al., 2017; Wedel et al., 2020). Additionally, we revealed that TCF4-controlled transcription is regulated by neural activity in neurons. While both AD1 and AD2 were able to mediate transcriptional activation and function synergistically in non-neural HEK293 cells, only transactivation domain AD2, and not AD1 separately, activated reporter gene transcription in neurons. Additionally, essentiality of AD2 has been noted in the developing prefrontal cortex 
in vivo (Page et al., 2018). Intriguingly, we found AD2 not to be involved in 
neuronal-activity-dependent regulation of TCF4 that is mediated by the region between AD2 and bHLH instead. This suggests that neural activity-dependent activation of 
TCF4-mediated transcription might not be essential during the development of the nervous system, but rather in the later phases and for neuronal plasticity. These findings reveal fundamental differences between TCF4 isoforms as AD1 domain exists only in long isoforms, whereas AD2 and bHLH domains are universal to all TCF4 isoforms. In addition to AD1 and AD2, there is also AD3 (Chen et al., 2013) that is present in almost all TCF4 isoforms, and only TCF4-I— misses the 6 initial amino acid residues of this domain. TAF4 binds to AD3 as a co-activator to facilitate TFIID complex binding potentially enhancing transcription initiation this way (Chen et al., 2013).  Furthermore, this domain functions synergistically with AD1 and AD2 in E proteins HEB and E2A (Chen et al., 2013). However, proper analysis of TCF4 AD3 in different cellular contexts remains to be done.  

We showed that TCF4 is regulated by neuronal activity predominantly via cAMP-PKA pathway, more precisely by phosphorylation of S448 by PKA. Increased expression of TCF4 severely disrupts the distribution of pyramidal cells in the mPFC (Page et al., 2018) and we showed that mutation S448A in TCF4-A– rescues this phenotype of rat cortical 2/3 layer pyramidal neurons overexpressing TCF4-A– in vivo. The significance of 
cAMP-PKA pathway was substantiated by our finding that soluble adenylyl cyclase (sAC) and not transmembrane AC (tmAC) is required for depolarization-induced TCF4-dependent transcription in neurons. Phosphorylation of bHLH proteins has been shown to affect their stability (Jo et al., 2011; Lin and Lee, 2012), dimerization specificity (Lluís et al., 2005) and temporal dynamics of their expression (Quan et al., 2016). However, the exact mechanism how phosphorylation of TCF4 by PKA regulates TCF4 transactivational capacity remains elusive. Neural activity initiates Ca2+ influx through voltage gated calcium channels and N-methyl D-aspartate receptors in neurons, which, in addition to PKA, activates also Ca2+/calmodulin-dependent protein kinase II  (CAMKII) and protein kinase C (PKC) (Hagenston and Bading, 2011). Although we did not find the involvement of CAMKII and PKC in our experiments, their role cannot be completely ruled out in the regulation of activity-dependent TCF4 activation. Of note, binding of calmodulin to 
E protein dimers in the presence of Ca2+ restricts heterodimer formation with other bHLH proteins, inhibits the DNA-binding activity of E protein homodimers and therefore directly affects E protein-mediated transcription (Corneliussen et al., 1994; Hauser et al., 2008; Onions et al., 2000; Saarikettu et al., 2004). These post-translational regulatory mechanisms and Ca2+-affected formation of dimers likely enable signal-responsive regulation of target genes by specific bHLH dimers.

The effect of TCF4 gene is dosage-dependent as illustrated by TCF4-associated diseases. Heterozygous mutations in TCF4 lead to the haploinsufficiency of TCF4 causing a neurodevelopmental Pitt-Hopkins syndrome (PTHS) (Amiel et al., 2007; de Pontual 
et al., 2009; Sepp et al., 2012; Zweier et al., 2007), while partial deletions affecting only long isoforms of TCF4 lead to mild intellectual disability (Kharbanda et al., 2016). Several common variations in TCF4 are linked to schizophrenia (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013; Genetic Risk and Outcome in Psychosis (GROUP) et al., 2009; The Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) Consortium, 2011). The causal relationship of TCF4 genetic variants and schizophrenia has not been established, nevertheless, TCF4 is strongly related with gating endophenotypes of schizophrenia and is susceptible to environmental impacts and in sum the role of TCF4 would be in line with neurodevelopmental hypothesis of schizophrenia and models like repeated-hit model and Gene X Environment model (Quednow et al., 2014). TCF4 has been suggested to be the master regulator of schizophrenia (Doostparast Torshizi et al., 2019). We tested the ability of TCF4 missense variants found in patients with SCZ to activate E-box-controlled gene transcription in neurons as one possible mean of an effect of otherwise seemingly unharmful mutations. Small, yet significant increase in reporter gene expression was shown with variants P299S and G428V in untreated neurons and higher activity compared to wt was also detected in depolarized neurons. There is more research done on PTHS mutations that decrease TCF4 protein levels or its transcriptional activity (de Pontual et al., 2009; Sepp et al., 2012; Zweier et al., 2007), whereas accumulating evidence suggest that increased levels of TCF4 might be detrimental as well (Page et al., 2018; Talkowski et al., 2012; Ye et al., 2012). Comparative study of mice slightly over-expressing TCF4 and mice with decreased expression of long TCF4 isoforms described unchanged basic neurotransmission, 
but revealed Tcf4 gene-dose mediated impact to increase LTD and LTP, respectively, 
in hippocampal neural networks (Badowska et al., 2020). It was suggested that disturbed synaptic plasticity has profound impact on higher order cognition of these TCF4 mutant models. We hypothesize that impaired synaptic plasticity can be partially caused by aberrant TCF4-dependent transcriptional response to neuronal activity affecting neuronal connectivity and/or excitatory-inhibitory balance. Future work will further elucidate the role of TCF4 in the pathophysiology of schizophrenia. 

Dimerization of TCF4 and ASCL1 has been shown previously (Persson et al., 2000), and synergism between ASCL1 and TCF4-B– was proposed by de Pontual et al. in reporter gene assay with DeltaM promoter E-box constructs (de Pontual et al., 2009). Here we show that endogenous TCF4 binds to neuronal activity-regulated Gadd45g-promoter in rat primary cortical neurons. Furthermore, reporter assay with GADD45G-promoter constructs revealed synergistic effect of overexpressed TCF4-A– and ASCL1 both in resting and depolarized neurons, and downregulation of Tcf4 reduces endogenous Gadd45g mRNA levels. We then set out to determine transcriptional capacity of all TCF4 isoforms alone and when dimerized with ASCL1, and to elucidate the effect of neuronal activity on these dimers in neurons. Our results of reporter gene assays in rat primary cortical and hippocampal neurons showed that there is a synergistic effect between all studied TCF4 protein isoforms and ASCL1, although the extent varies several times depending on TCF4 protein isoform. However, no known domain or regulatory sequence seems to be responsible for that. In addition, membrane depolarization by KCl-treatment further increased the reporter gene transcription by these heterodimers. Hypothetically, this effect can be mediated by increased affinity of calmodulin to TCF4 dimers at high Ca2+ concentrations that inhibits homodimer binding and enables binding of heterodimers to DNA that has been shown with MyoD and E12 (Hauser et al., 2008). Our results demonstrate that low transactivation capability of a TCF4 isoform (homodimers) can be compensated when heterodimerized with ASCL1, whereas highly active full length TCF4-B– showed limited synergism with ASCL1 in neurons. Parallel experiments in cortical and hippocampal neurons revealed interesting differences, as the synergy between TCF4 and ASCL1 increases only in hippocampal neurons upon membrane depolarization, 
TCF4-dependent transcription is in general higher in cortical neurons compared to hippocampal. This suggests differences of these neurons and brain regions that need to be considered for example for the development of gene therapies for PTHS. We have studied TCF4 partnership with ASCL1, but the E proteins (and TCF4 as one of them) have been considered to be the obliged dimerization partners to many other bHLH proteins for DNA binding (Massari and Murre, 2000). Therefore, based on our data, we can hypothesize that levels of TCF4 and specific TCF4 isoforms may have differential effects on target gene activation by dimerizing with various bHLH proteins, and thereby influence neural development, potentially play a role in different disorders and diseases and have a potential in regenerative medicine as co-factors for cell reprogramming (Dennis et al., 2019; Le Dréau et al., 2018; Wang and Baker, 2015).

[bookmark: _Toc86658059]TCF4 in Huntington’s disease

To follow up on our initial observations on the altered immunocytochemical signal of TCF4 in HD cells, we studied TCF4 in different cell and mouse HD models and in postmortem tissue from HD patients, and revealed misregulated TCF4 expression in HD. Regulation at transcriptional level was suggested by our RT-qPCR data, where the expression of various Tcf4 transcripts was reduced in Hdh cells and in the brain of R6/1 mouse model of HD. However, we observed differences in Tcf4 expression between the studied brain areas that included cerebral cortex, hippocampus, striatum and cerebellum. The levels of specific Tcf4 transcripts as well as total Tcf4 mRNA were reduced in R6/1 hippocampus, while almost unchanged total Tcf4 mRNA levels hided significant reduction of specific transcripts in cortex (Tcf4-D, -A and -I) and striatum 
(Tcf4-I) of R6/1 mice. Although TCF4-I might be a marginal isoform, as could be extrapolated from a recent splice-site junction-based analysis of RNA-seq data from Fuchs’ corneal dystrophy patient and control corneas, however, cornea is a very specialized tissue and may not replicate TCF4 isoform-encoding transcript ratios in different regions of the brain (Sirp et al., 2020). On the other hand, we showed that transcriptional activity of TCF4-I– isoform is very high in neural activity induced neurons.

Although nuclear levels of TCF4 seemed to be decreased in mutant Hdh cells, the antibodies used in the immunocytochemical analysis did not enable us to elucidate whether the affected TCF4 isoforms were NLS-containing long isoforms, which preferentially reside in the nucleus, or smaller isoforms, which rely on NLS-containing binding partners for their nuclear import (Sepp et al., 2017, 2011). By Western blot analysis of total lysates and cellular fractions from striatal progenitor-derived Hdh cells we demonstrated that both high and lower molecular weight TCF4 isoforms are reduced in the nucleus and cytoplasm of mutant Hdh cells. However, the isoform-specific expression of TCF4 is more complex in different brain tissues of R6/1 HD model mice at various ages. The most prominent reduction of TCF4 protein was detected in the hippocampus (TCF4-B/C and TCF4-D), and in the cortex (TCF4) of R6/1 mice. The finding of decreased TCF4-B/C protein isoforms was recapitulated in HD patient CA1 region of the hippocampus and cerebral cortex. Our RT-qPCR results showed decline of respective mRNA transcripts in R6/1 suggesting that misregulation of Tcf4 gene expression is the underlying cause of reduced TCF4 protein levels. Although, we have validated the TCF4 antibodies used in this study and made effort to annotate several TCF4-like bands by comparing them to in vitro translated TCF4 isoform bands, some uncertainty for this annotation remains since a) not all TCF4 isoforms are expressed at comparable levels in different brain regions as highlighted in our experiments with R6/1 mice (e.g. TCF4 isoforms in cortex vs striatum); b) +/- isoforms progress differently in gel; c) the expression patterns are divergent also between mouse and human hippocampus. Nevertheless, our results confidently show that TCF4 is downregulated in HD. Future studies are warranted to elucidate the causal mechanisms of this downregulation in different brain regions and in the context of alternative TCF4 isoforms. 

TCF4 can bind DNA as a homodimer (Blake et al., 2010) but its transcriptional capacity is higher in the context of heterodimers with bHLH proteins from other classes (Nurm 
et al., 2021; Persson et al., 2000; Sepp et al., 2017). Here we measured mRNA levels of Neurod1 and Ascl1 in different brain regions of wt and R6/1 mice and found a) no change in hippocampus (coupled with decreased TCF4 mRNA and protein levels); b) significant up-regulation of Neurod1 and down-regulation of Ascl1 mRNA in cerebral cortex (coupled with decreased TCF4-A transcripts); c) down-regulation of Neurod1 in cerebellum (coupled with unchanged levels of Tcf4 mRNA). Previously, reduced levels of NEUROD1 in the hippocampus of R6/2 and in HD patient iPSC lines have been reported in conjunction with impaired neurogenesis (Fedele et al., 2011; The HD iPSC Consortium, 2017). NEUROD1 is essential for the survival and maturation of adult-born neurons in hippocampus (Gao et al., 2009). Furthermore, wild type HTT mediates activation of NEUROD1 leading to phosphorylation of NEUROD1 via forming a scaffold to enable complex forming of HAP1, kinase MLK2 and NEUROD1 (Marcora et al., 2003). This activation may be altered by the expression of mHTT, and, although it has not been directly studied, it may add an extra layer to misregulation of bHLH transcription factors in HD. A RNA-seq study in HD patient-derived iPSCs identified NEUROD1 as a hub in the HD network and several other genes in this network encode proteins that regulate NEUROD1 expression, such as ASCL1, NEUROG2, POU4F and REST/NRSF (The HD iPSC Consortium, 2017). Therefore, in addition to TCF4 itself, TCF4 dimerization partners also seem to be dysregulated in HD and potentially further affect TCF4-dependent transcription. Furthermore, our results from reporter assays about differential synergy of TCF4 isoforms with ASCL1 in rat cortical and hippocampal neurons illustrate the interplay between the bHLH proteins and emphasize the importance of considering all TCF4 isoforms when elucidating the functions and effects of TCF4 in heath and disease.

In addition to downregulated TCF4 expression in HD, activation of transcription by TCF4 may be further impaired because of misregulated co-activators (Seredenina and Luthi-Carter, 2012). The aggregation prone mHtt sequesters CBP and TAF4/TAFII130 into aggregates, decreasing their availability (Dunah, 2002; Nucifora Jr., 2001) and CBP and TAF4/TAFII130 have been shown to bind AD1 and AD2 or AD3 in TCF4, respectively (Bayly et al., 2004; Chen et al., 2013). TAF4 is required for TFIID binding to TCF4-regulated promoters, enabling formation of RNAPol II complex. Additionally, TAF4 binds transcription factor SP1 to this complex, and enhanced aggregation of SP1 with mHTT has been shown to inhibit this binding (Chen et al., 2013; Dunah, 2002). Together, these observations illustrate the complexity and vulnerability of transcription activation in HD.

Here, we also showed that TCF4-dependent transcription is induced by neuronal activity that increases intracellular Ca2+ levels. Widespread dysregulation of genes involved in Ca2+ signalling pathways has been described in HD, including genes for several subunits of the voltage gated Ca2+ channel CACNA1 and the plasma membrane 
Ca2+-ATPases, and downstream effectors CAMKII, CALM (calmodulin) and CREB (The HD iPSC Consortium, 2017). Functionally, it has been shown that mHTT binds both calmodulin and transglutaminase TG2 with higher affinity than wt HTT and mHTT increases interaction between calmodulin and TG2, which has a role in mHTT aggregate stabilisation (Zainelli, 2004). Moreover, interruption of binding between calmodulin and mHTT is protective in the context of HD (Dai et al., 2009; Dudek et al., 2008). 
As mentioned above, increased intracellular Ca2+ can inhibit E protein-dependent transcriptional activation by preferable binding of calmodulin to E protein homodimers (Hauser et al., 2008; Hermann et al., 1998; Saarikettu et al., 2004). The total effect of these misregulations on TCF4, its heterodimerization partners and consequential target gene activation needs to be elucidated in the future.

Studies have revealed that prodromal HD patients have poorer performance in many neurocognitive functions (Stout et al., 2011) such as learning and memory that rely on neuronal plasticity and neurogenesis in the hippocampus among others (Aimone et al., 2009, 2006; Chambers et al., 2004; Eriksson et al., 1998; reviewed in Gonçalves et al., 2016). However, the hippocampus remains relatively unaffected from neurodegeneration in HD patients (Ramirez‐Garcia et al., 2019). On the other hand, reduced hippocampal adult neurogenesis in subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus has been reported in R6/2, R6/1 and YAC128 transgenic HD model mice (Gil et al., 2005; Lazic et al., 2004; Simpson et al., 2011). Furthermore, impaired synaptic vesicle functions have been identified in several brain regions of HD patients and hippocampal synaptic plasticity deficits have been thoroughly studied in mouse models of HD (Neueder and Bates, 2014; Quirion and Parsons, 2019). Developmental basis for HD has been proposed based on the critical functions of huntingtin in the developing nervous system and reinforced by the decline of cognitive functions and emergence of psychiatric disturbances at early stages of HD preceding the classical motor symptoms by many years (Bates et al., 2015; Zuccato and Cattaneo, 2014). Recently, it has been shown that slight downregulation of Tcf4 expression levels does not alter basic neurotransmission, but increases long-term potentiation and thereby shapes long-term plasticity in hippocampal neuronal networks (Badowska et al., 2020). Furthermore, Tcf4 conditional KO mice display abnormal migration of neural progenitor cells, which leads to disruption of integrity and hypoplasia in the dentate gyrus and impairs the social memory, therefore revealing a critical role for TCF4 in regulating DG development (Wang et al., 2020). Additionally, BDNF is one of the master regulators of synaptic plasticity (Park and Poo, 2013). Misregulation of BDNF and its downstream signalling pathways are 
well-described in HD (Smith‐Dijak et al., 2019), and enhancing BDNF signalling restores synaptic plasticity and memory in HD mice (Anglada-Huguet et al., 2016; Lynch et al., 2007). Here we showed that decreased TCF4 in R6/1 mice hippocampus and cortex coincide with reduced levels of Bdnf in these tissues. A recent study shows that TCF4 directly binds an enhancer of Bdnf suggesting that the expression of Bdnf is potentially regulated by TCF4 (Tuvikene et al., 2021). This could provide a complementary mechanism of BDNF dysregulation in addition to downregulation of BDNF as a result of the inability of mHTT to regulate REST/NRSF activity (Gauthier et al., 2004; Zuccato, 2001; Zuccato et al., 2003).

The role of neuronal activity in the process of axon myelination and its role in plasticity, cognitive functions and learning has been established (Choi et al., 2019; Fields, 2008; Nickel and Gu, 2018). TCF4 is a critical partner for OLIG2 in oligodendrocytes in curating terminal differentiation and myelination process (Wedel et al., 2020). Furthermore, studies in PTHS mice models linked myelin-related transcriptomic profile and reduced number of oligodendrocytes and myelination deficits functionally with TCF4 (Phan et al., 2020). Therefore, TCF4 might be a vital player in neural plasticity and cognitive functions via participation in neurogenesis, migration and myelination among other process. 

Collectively, altered expression of TCF4 and its binding partners in HD, especially in hippocampus, opens the possibility that misregulation of TCF4-dependent transcription could contribute to the decline of cognitive function in HD.

[bookmark: _Toc86658060]Conclusions

The main findings of this thesis are as follows:



· Transcription factor FOXO3 is overactivated in Huntington’s disease via a positive auto-feedback loop.

· bHLH transcription factor TCF4 is expressed in various tissues in human but not at equal levels. TCF4 isoforms are generated by alternative 5’ exons usage and splicing; some TCF4 protein isoforms have functional NLS motif.

· TCF4 is a neuronal activity-regulated transcription factor and its activation is mediated by soluble adenylyl cyclase and protein kinase A.

· TCF4 isoforms differ in their capacity to activate gene transcription.

· There is transactivational synergy between TCF4 and ASCL1, although the effect size is different for specific TCF4 isoforms and this synergy is further affected by neural activity in hippocampal neurons. 

· The levels of different TCF4 isoforms are reduced in cell-based and in animal HD models and in postmortem HD patient brain. The most drastical decrease occurs in HD patient hippocampus tissue.
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Molecular mechanisms of Huntington’s disease

Huntington’s disease is a devastating hereditary neurodegenerative disease affecting 
3-5 persons in 100 000 worldwide. Despite the efforts of 30 last years since the initial discovery of the mutation in huntingtin gene as the molecular cause for HD in 1993, there is still no effective cure for this disease. From the fundamental neuropathological findings of atrophic striatum and cortex at the onset of HD, numerous studies on susceptibility to apoptosis and neuronal cell death occurring in these brain regions and discovering balancing factors counteracting it have been conducted. However, recent research on pre-symptomatic and prodromal HD patients have revealed impaired cognition and memory, disturbances in specific sets of neuron precursors and realization that wt HTT is playing a role in neurogenesis has led to recognition of HD as potentially neurodevelopmental disease. 

Dysregulation of transcription is well studied in HD models and in HD patients utilizing microarray and RNA-seq techniques and is a widely accepted molecular mechanism having an effect in HD. Transcription factors exert their function in nucleus and here we showed subcellular misregulation and/or expression level change of two transcription factors FOXO3 and TCF4. FOXO3 has known functions in balancing stress signals and regulating cell survival or apoptosis pathways and TCF4 plays a role in neurogenesis and neuronal differentiation. Both of these processes have been implicated in HD. Therefore, both TF have potential to modulate the progress of HD. By immunocytochemical staining we confirmed increased nuclear localization of FOXO3 in HD cells, whereas levels of nuclear TCF4 were decreased in a cell-based HD model. 

Next, we showed that in addition to the change in FOXO3 localization, FOXO3 mRNA and protein levels were increased in HD. Furthermore, we detected increased levels of FOXO3 in both nuclear and cytosolic fractions. FOXO3 localization and activation is tightly controlled by post-translational modifications and phosphorylation by protein kinase B (PKB/Akt) is considered the most influential. We report unaffected total and activated PKB/Akt protein levels in mutant Hdh cells and unchanged levels of phosphorylated pFOXO3-S253 as a PKB/Akt target. Therefore, results of Akt-mediated phosphorylation are not coupled with FOXO3 shuttling from cytoplasm to nucleus. In contrast, levels of phosphorylated ERK1/2 kinases were significantly reduced in HD model cells. Furthermore, we detected binding of FOXO3 to its own promoter and described a forkhead response element (FHRE) essential to elicit FOXO3-dependent transcription of Foxo3. In sum, we propose an over-activated positive feedback loop for FOXO3 in HD, although the scientific debate is still ongoing whether increased levels of FOXO3 is beneficial or detrimental in HD.

The finding of subcellular mislocalization of TCF4 was the starting point to our quest to find the roles and regulation of this relatively unknown bHLH TF at that time. Therefore, first we described the human TCF4 gene structure and showed that TCF4 isoforms are generated by alternative 5’ exons usage and splicing. Then we determined that bHLH transcription factor TCF4 was ubiquitously, but not equally expressed in human tissues. We discovered an NLS sequence in TCF4 and studied functionality of activation domains AD1 and AD2 on gene transcription activation in HEK293 and in rat primary neurons. Subsequently, we found that TCF4 is neuronal activity regulated transcription factor and that this activity-dependence is mediated by cAMP-PKA pathway and phosphorylation of S448 in TCF4. Dimerization of TCF4 is required for E-box binding on target gene promoter (as is for all bHLH TF) and functional DNA-binding homo- and heterodimers with class II bHLH proteins can be formed (dimerization with class V bHLH (ID) protein impairs DNA binding). First, we showed synergy between TCF4 isoform A- and ASCL1 on GADD45G promoter and µE5 E-box promoter construct in rat primary neurons. However, in total 18 N-terminally different TCF4 isoforms with varying internal exon and functional domain composition could be expressed that raised the question of their potentially different capacity on target gene transcription. Here we report differential transactivational capacity of five TCF4 isoforms and revealed also differences in co-operation with dimerization partner ASCL1 in resting and in depolarized rat primary cortical and hippocampal neurons. Therefore, our results highlight functional differences between TCF4 isoforms and suggest including all TCF4 isoforms in studies elucidating TCF4 participation and functions in health and disease.

Subsequently, we continued to study the role of transcription factor TCF4 in HD. 
We report downregulated TCF4 in HD cell-based and animal models and in HD patients. We detected mainly decreased levels of specific TCF4 isoform-encoding transcripts in different brain regions of HD transgenic mouse model R6/1 compared to wt mice at four ages. Decreased levels were confirmed on protein level in R6/1 mice hippocampus and cortex and were further corroborated with decreased TCF4-B/C protein levels in postmortem HD patient CA1 region. In addition to TCF4, we determined mRNA levels of Bdnf and TCF4 dimerization partners with known functions in nervous system development. Bdnf mRNA levels were decreased in hippocampus, cortex and cerebellum of R6/1 mice and we hypothesize that this reduction may be TCF4-dependent in cortex and hippocampus as bindig of TCF4 to a enhancer of Bdnf has been reported recently. mRNAs of Ascl1 and Neurod1 were differentially expressed in specific brain regions of R6/1 mice. A tightly controlled amount of TCF4 is required for normal neurogenesis and devepolment as illustrated by the PTHS that is caused by haploinsuficiency of TCF4. 
Many class II bHLH proteins require dimerization with TCF4 for efficient DNA binding. Therefore, we can hypothesize that disruption of delicate balance of both TCF4 and its dimerization partners may lead to detrimental outcomes described in HD brain. 
Our results of decreased TCF4 levels in hippocampus may suggest a link between the following observations: a) cognitive impairments take place in pre-symptomatic and prodromal HD patients, b) TCF4 regulates neurogenesis in hippocampus, c) decreased levels of TCF4 have an effect on memory function. Our study is the first to report complex dysregulation of TCF4 in HD that may help to advance the neurodevelopmental hypothesis of HD.

To conclude, we studied in depth two transcription factors found to be mislocalized in preliminary screen with panel of antibodies raised against more than 200 transcription factors in HD cells. Our results suggest a novel molecular mechanism responsible for upregulation of FOXO3 in HD and functional differences of TCF4 protein isoforms in health and in HD.
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Huntingtoni tõve molekulaarsed mehhanismid

Huntingtoni tõbi on pärilik neurodegeneratiivne haigus, mille all kannatab maailmas keskmiselt 3-5 inimest 100 000-st. Huntingtoni tõbe põhjustav geenimutatsioon tuvastati 1993. aastal, kuid sellest hoolimata pole arstide ja teadlaste viimase ligemale 30 aasta pingutused vilja kandnud ning paraku pole turule toodud ühtegi Huntingtoni tõve ravimit, mis ei piirduks vaid sümptomite leevendamisega. Neuropatoloogiliselt iseloomustab Huntingtoni tõbe ajukoore ja juttkeha neuronite massiline suremine ja atroofia, seepärast on varasemad arvukad uuringud keskendunud eelkõige apoptoosi ja spetsiifiliste neuronite surmasignaalidele vastuvõtlikkuse uurimisele lootuses tuvastada faktorid, mis võimaldaksid vastu seista Huntingtoni tõvele iseloomulikele kahjustavatele mõjuritele. Kuna geneetilised testid võimaldavad nüüd haigust tuvastada aastaid 
enne klassikaliste sümptomite ilmnemist, siis on viimasel ajal hakatud uurima ka 
pre-sümptomaatilisi ja väga varajases sümptomite ilmnemise faasis Huntingtoni tõve patsiente, kellel on märgatud kognitiivsete võimete muutuseid, mälu- ning emotsioonide kontrollihäireid. Lisaks on kinnitust leidnud metsiktüüpi huntingtiini roll neurogeneesis ning katsed Huntingtoni tõve erinevates mudelites on kinnitanud vähenenud neuronite eellasrakkude hulka spetsiifilistes ajuosades, mis kokkuvõttes viitab sellele, et Huntingtoni tõbi võib olla lisaks neurodegeneratiivsele haigusele ka neuronaalse arengu häire.

Mikrokiibi ja RNA sekveneerimise tehnoloogia abil tuvastati Huntingtoni tõves tõsised transkriptsiooni regulatsiooni häired ning hetkel on see laialdaselt aktsepteeritud molekulaarne mehhanism, mis mängib olulist rolli Huntingtoni tõve arengus. Transkriptsioonifaktorid on regulatoorsed valgud, mis täidavad oma funktsiooni raku tuumas. Sellele doktoritööle eelnevas uuringus märkasime ja selle doktoritöö käigus kinnitasime immuunotsüokeemilist meetodit kasutades transkriptsioonifaktorite FOXO3 ja TCF4 muutunud rakusisese paiknemise ja/või tuumasisese valgutaseme muutuse HD mudelrakuliinis. Olulisemate funktsioonidena võib FOXO3 korral välja tuua rolli stressi- ja ellujäämissignaalide integraatori ja tasakaalustatud rakuvastuse tekitajana, samas TCF4 on tihedalt seotud neurogeneesi ja diferentseerumisega. Kõik need mainitud protsessid on häirunud Huntingtoni tõve korral. 

Järgmiseks uurisime FOXO3 mRNA ja valgutasemeid, mis mõlemad olid olulisel määral kõrgenenud Huntingtoni tõve korral nii kasutatud raku- ja loommudelites kui ka HD patsientides. Lisaks selgus, et FOXO3 valgu hulk on suurenenud nii tsütosooli kui ka tuuma fraktsioonis. FOXO3 lokalisatsioon, aktiivsus ja hulk on rangelt kontrollitud mitmesuguste post-translatoorsete modifikatsioonide abil ning neist olulisimaks on peetud proteiin kinaas B (PKB/Akt). Me ei tuvastanud muutusi PKB/Akt valgu tasemetes ega muutunud fosfo-aktiveeritud PKB/Akt osakaalu mutantsetes Hdh rakkudes ega ka oluliselt muutunud PKB/Akt poolt fosforüleeritud FOXO3 tasemeid. Seega ei seleta need tulemused FOXO3 muutunud asukohta Hdh rakkudes. Lisaks uurisime ERK1/2 kinaaside tasemeid ning kuigi üldtasemed olid võrreldavad metsiktüüpi ja mutantsetes Hdh rakkudes, siis fosfo-aktiveeritud ERK1/2 tasemed olid mutantsetes Hdh rakkudes märgatavalt langenud. Vähenenud fosfo-ERK ei pruugi FOXO3 piisavalt fosforüleerida, mis võib häirida FOXO3 lagundamist ja tema transporti tuumast mitokondrisse ning lõpptulemusena põhjustada FOXO3 kogunemise tuuma. Järgnevalt uurisime võimalust, et FOXO3 transkriptsioon on autoreguleeritud ning bioinformaatilisel analüüsil tuvastasime mitu võimalikku FOXO3 seondumisjärjestust ehk FHRE-d (ingl. fork head response element) FOXO3 promootoris. Kromatiin-immunopretsipitatsiooni, lutsifreaasi reporter katsete ja mutageneesi abil kinnitasime FOXO3-sõltuva FHRE olemasolu FOXO3 promootoris. Sellest lähtuvalt väidame, et FOXO3 tasemed on Huntingtoni tõves tõusnud positiivse auto-tagasisidestus mehhanismi tõttu, samas suurenenud FOXO3 kasulikkus või kahjulikkus Huntingtoni tõves vajab edasisi põhjalikumaid uuringuid.

Huntingtoni tõve mudelrakkudes tuvastatud muutunud rakusisene paiknemine tõi TCF4 meie uurimisgrupi huviorbiiti ning sellest leiust sai alguse meie teadusgrupi TCF4 uurimise teekond. Kuna TCF4 oli sel hetkel üsnagi vähetuntud, siis kirjeldasime esmakordselt inimese TCF4 geeni struktuuri ning näitasime, et TCF4 erinevad isovorme kodeerivad mRNAd luuakse kasutades alternatiivseid 5’ eksoneid ning sisemist splaissimist. Pöördtranskriptsiooniga kvantitatiivset polümeraasi ahelreaktsiooni meetodit (RT-qPCR) kasutades kirjeldasime TCF4 laialdase, kuid mitte samaväärse ekspressiooni paljudes inimese kudedes. Lisaks tuvastasime tuuma lokalisatsiooni signaaljärjestuse (ingl. NLS) ning uurisime TCF4 aktivatsioonidomäänide AD1 ja AD2 efekti E-boks-sõltuva transkriptsiooni aktivatsioonile (E-boks on DNA järjestus, millele TCF4 seob) nii HEK293 rakkudes kui ka roti primaarsetes närvirakkudes. Järgnevalt leidsime, et TCF4-st sõltuv transkriptsioon on neuraalse aktiivsuse poolt reguleeritav ning see toimub tsüklilise adenosiinmonofosfaadi (ingl. cAMP) ja proteiin kinaas A (PKA) signaaliraja vahendusel, mille tulemusena fosforüleeritakse TCF4 valgu positsioonis 448 asuv seriini jääk (S448). On teada, et sihtmärkgeeni promootoris asuvale regulatoorsele E-boks järjestusele seondumiseks on vajalik TCF4 dimeriseerumine ning TCF4 võib moodustada nii homodimeere (TCF4 isovormid paarduvad omavahel) kui heterodimeere aluselise heeliks-ling-heeliks (ingl. bHLH) klass II valkudega (bHLH klass V valkudega (ID ingl. inhibitors of differentiation) dimeriseerumine takistab DNA-le seondumist). Oma katsetes näitasime TCF4 ja ASCL1 omavahelist sünergiat transkriptsiooni aktivatsioonile GADD45G promootori ja kunstlikke µE5 E-boks järjestusi sisaldava promootori korral roti primaarsetes neuronites. Kuna TCF4 geenilt on võimalik lõpptulemusena ekspresseerida 18 N-terminaalselt erinevat TCF4 isoformi, mis varieeruvad sisemiste eksonite ja nende poolt kodeeritavate funktsionaalsete domäänide poolest, siis tõstatus küsimus TCF4 isovormide võimalikest erinevustest transkriptsiooni aktiveerida. Me näitasime, et TCF4 erinevatel isovormidel on tõepoolest erinev transaktivatsiooniline võimekus ning lisaks leidsime, esineb erinevusi ka dimeriseerumispartneriga ko-opereerumisel nii neuraalselt aktiiveeritud kui aktiveerimata roti primaarsetes ajukoore ja hippokampuse närvirakkudes. Kokkuvõtvalt toovad meie tulemused esile, et TCF4 geeni keerukas struktuur on aluseks paljudele TCF4 valgu isovormidele, mis erinevad omavahel funktsionaalselt. Seetõttu on vaja uurida komplekselt kõiki TCF4 isovorme ja nende osalemist organismi normaalses funktsioneerimises ja ka haiguste kontekstis.

Järgnevalt uurisimegi transkriptsioonifaktorit TCF4 Huntingtoni tõves. Lisaks varem mainitud lokalisatsiooni muutusele leidsime, et TCF4 tasemed on vähenenud nii Huntingtoni tõve mudelites kui ka patsientides. Me uurisime RT-qPCRi kasutades põhjalikult erinevaid TCF4 isovorme kodeerivaid mRNAsid Huntingtoni tõve transgeense hiire mudeli R6/1 erinevates ajuosades ja seda neljas erinevas vanusegrupis. Me tuvastasime ajuosa- ja TCF4 isovorm-spetsiifilised allaregulatsioonid võrreldes metsiktüüpi hiirtega. Vähenenud TCF4 isovorm-spetsiifilised mRNA tasemed leidsid kinnitust valgu tasemel hippokampuses ja ajukoores ning veelgi enam, TCF4-B/C valgu hulk on langenud ka Huntingtoni tõve patsientide post mortem hippokampuse CA1 regioonis ja ajukoores. Lisaks TCF4-le määrasime RT-qPCR meetodil ka kahe närvisüsteemi arengus olulist rolli täitva TCF4 dimerisatsioonipartneri mRNA tasemed. Transkriptsioonifaktorid Ascl1 ja Neurod1 olid erinevalt ekspresseeritud spetsiifilistes R6/1 hiire ajuosades ning need muutused ei olnud korrelatsioonis TCF4 muutustega. TCF4 valgu täpsed tasemed on vajalikud närvisüsteemi normaalseks arenguks. Seda illustreerib TCF4 haplopuudulikkusest tulenev Pitt-Hopkinsi sündroom (PTHS), mida iseloomustavad intellektipuue, alaareng ja hingamisraskused. Lisaks on teada, et paljud klass II bHLH valgud vajavad efektiivseks DNA-le seondumiseks dimeriseerumist TCF4-ga. Seetõttu võiks püsitada hüpoteesi, et õrna tasakaalu rikkumine nii TCF4 kui partnerite häiritud ekspressiooni tõttu võib viia kahjulike tagajärgedeni, mida on kirjaldatud Huntingtoni tõve mudelloomade ja patsientide ajus. Hiljuti on lisandunud veel andmeid TCF4 regulatsiooni osas hippokampuse neurogneesis ja mälu funktsioonides ning sarnased kognitiivsed ja mäluhäired on tuvastatud ka presümptomaatilistes Huntingtoni tõve patsientides. Kui lisada juurde käesoleva töö tulemused, milles näitasime, et TCF4 on drastiliselt vähenenud hippokampuses, siis võibki see olla varem teadmata ühenduslüli, mis võiks aidata osaliselt seletada täheldatud häirete tekkimist. Meie uuring on esimene, milles näidatakse TCF4 keerukat regulatsioonihäiret Huntingtoni tõves ning need teadmised võivad aidata edasi liikuda Huntingtoni tõve neuro-arengulise hüpoteesi uurimisel.

 Kokkuvõtteks, me uurisime põhjalikult kahte transkriptsioonifaktorit, mille tuvastasime rohkem kui 200 transkriptsioonifaktori vastase antikehaga tehtud eeluuringus kui häirunud paiknemisega valgud Huntingtoni tõve mudelrakkudes. Me leidsime molekulaarse mehhanismi, mis vastutab FOXO3 ülesreguleerimise eest Huntingtoni tõves ning laiendasime olulisel määral teadmisi TCF4 geeni ning TCF4 valgu isovormide funktsionaalsete erisuste kohta nii organismi normaalses arengus ja toimimises kui ka Huntingtoni tõves.
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