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Introduction 
Approximately 2% of the total human genome is responsible for the synthesis of proteins, 
indicating that majority of our genome consists of non-coding DNA. Within this 
non-coding DNA, enhancers – key regulatory elements – play a pivotal role in controlling 
the activation of genes. These elements are sensitive to the specific cellular context, 
developmental stages, and environmental stimuli. The current doctoral thesis explores 
the enhancer regions that regulate brain-derived neurotrophic factor (Bdnf) gene. 

BDNF, a member of the neurotrophin family, plays a crucial role in both developing 
and mature organism, contributing to neuronal survival, growth, and plasticity. Therefore, 
alterations in BDNF expression are linked to a wide range of neurodevelopmental, 
neuropsychiatric, and neurodegenerative disorders. Given its diverse roles in the nervous 
system, BDNF has great potential as a therapeutic agent. While the proximal regulatory 
regions of the Bdnf gene have been well studied, the location and function of enhancer 
regions have not been examined. This is a critical knowledge gap considering that 
enhancer regions refine the spatial, temporal, and stimulus-specific transcription and 
alterations in the enhancer regions are often linked to diseases. 

The studies underlying the current PhD thesis provide a detailed characterization 
of three novel enhancer regions that regulate the stimulus-specific transcription of 
Bdnf gene. These findings give new insights into the transcriptional regulation of 
BDNF and unveil potential molecular mechanisms that could be harnessed for 
therapeutic applications. 
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1 Review of literature 
Protein coding sequences make up a remarkably small part of our total DNA. Roughly 
98% of our genome consists of non-coding DNA, which does not contain information 
about protein production and was long considered as junk DNA (Dunham et al., 2012; 
Gregory, 2005). Nowadays the role of the non-coding DNA is increasingly recognized. 
In general, non-coding DNA includes intronic regions, long interspersed nuclear elements 
(LINEs), short interspersed nuclear elements (SINEs), long terminal repeat (LTR) 
retrotransposons, DNA transposons, segmental duplications, simple sequence repeats, 
miscellaneous heterochromatin and unique DNA sequences, Figure 1). Crucial components 
of the gene regulation are enhancers – non-coding DNA sequences that control the 
activation of genes according to cell type, developmental stage, and stimuli. It is estimated 
that while the human genome consists of ~25,000 protein-coding genes, there are 
hundreds of thousands enhancer regions (Alberts et al., 2015; Dunham et al., 2012; 
Kassouf et al., 2023; Mills et al., 2020; Shen et al., 2012). The target genes of most of the 
enhancers, and vice versa, are largely unknown. This also applies to one vital protein 
coding gene, brain-derived neurotrophic factor (BDNF). The upcoming chapters will 
provide a comprehensive overview of the regulatory and functional aspects of BDNF, 
enhancers and finally emphasize the current knowledge about the enhancers of BDNF. 

Figure 1. Percentage distribution of genomic elements in the human genome. Majority of the human 
genome consists of non-protein-coding DNA, which includes intronic regions, long interspersed 
nuclear elements (LINEs), short interspersed nuclear elements (SINEs), long terminal repeat (LTR) 
retrotransposons, DNA transposons, segmental duplications, simple sequence repeats, miscellaneous 
heterochromatin, and unique DNA sequences. Roughly 2% of the total human genome contains 
protein-coding sequences (modified from Alberts et al., 2015; Gregory, 2005)  

1.1 Neurotrophins 
The family of neurotrophins consists of four homologous proteins that have an essential 
and multifunctional role in the mammalian brain (Lu et al., 2005). The first neurotrophin, 
nerve growth factor, was discovered and extracted from mouse sarcoma tumor in the 
early 1950s (Cohen et al., 1954). This discovery marked the beginning of neurotrophin 
research and resulted in Rita Levi-Montalcini and Stanley Cohen receiving the Nobel Prize 
in Physiology or Medicine in 1986 (Levi-Montalcini, 1987). Another neurotrophin, BDNF, 
was discovered in the 1978 when Barde and his colleagues demonstrated that medium 
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conditioned by glioma cells promoted the survival of chicken embryonic sensory neurons 
(Barde et al., 1978). In 1982, BDNF was first purified from a brain of a pig (Barde et al., 
1982). Just before the 21st century, neurotrophin-3 and neurotrophin-4/5 were discovered 
based on structural homology and conservation with neurotrophins that had already 
been described (Hallböök et al., 1991; Maisonpierre et al., 1990). The non-mammalian 
neurotrophins, neurotrophin-6 and neurotrophin-7 have been described in different fish 
species (Gotz et al., 1994; Lai et al., 1998; Nilsson et al., 1998). 

1.2 Brain-derived neurotrophic factor 

1.2.1 Structure of the BDNF gene 
In 1993, Timmusk et al. provided the very first description of the Bdnf gene structure 
(Timmusk et al., 1993). In 2007, the structure and nomenclature of the Bdnf gene was 
revisited (Figure 2) (Aid et al., 2007). Accordingly, rodent Bdnf gene is divided into eight 
5’ non-coding exons (exons I to VIII) and one 3’ coding exon (exon IX). Each 5’ exon of the 
Bdnf gene is regulated by its distinct promoter, leading to Bdnf transcripts that are 
composed of one 5’ non-coding and the coding exon spliced together. Transcription can 
also start from the intron upstream of the coding exon, giving rise to a 5’ extended variant 
of the coding exon (exon IXa). The Bdnf exon II consists of three alternative splice-donor 
sites (A, B, C) that can result in exon II-containing Bdnf transcripts with different 5’ 
untranslated regions (UTR) (Aid et al., 2007). The coding exon has two possible 
polyadenylation sites that can generate Bdnf transcripts with either short (~1.6 kb) or 
long 3’ UTR (~4.2 kb). Although the roles of different 5’ and 3’ UTRs of Bdnf remains to 
be elucidated, it gives several opportunities to regulate the fate of mRNA, subcellular 
localisation, and translation efficiency (Fukuchi & Tsuda, 2010; Lekk et al., 2023; Timmusk 
et al., 1993). For example, the 5’ UTRs of Bdnf have shown repressive effects on 
translatability, while the 3’ UTRs show non-repressive role in brain but repress 
translation in lung and heart (Lekk et al., 2023). The alternative polyadenylation signals 
in Bdnf exon IX are conserved between mammals, and both short and long Bdnf mRNAs 
are found in neural and non-neural tissues, while the ratio depends on specific tissue and 
stage of development (An et al., 2008; Esvald et al., 2023). Moreover, the long 3’ UTR 
containing Bdnf transcripts are more stable and enriched in dendrites, while the Bdnf 
transcripts with short 3’ UTR are found in the soma of neurons (An et al., 2008). The Bdnf 
exon I contains an alternative translation start codon, which leads to 8 amino acid longer 
preproBDNF compared to the canonical protein and is used more efficiently than the start 
codon in exon IX (Koppel et al., 2015; Timmusk et al., 1993).  

The regulation of human BDNF is more complex because of additional 5’ non-coding 
exons (Vh and VIIIh) and alternative splicing mechanisms (Pruunsild et al., 2007). 
Interestingly, Pruunsild et al., 2007 showed the presence of human specific non-coding 
antisense RNAs that are transcribed from human antisense-BDNF gene consisting of  
10 exons and one promoter. The transcription start site of the antisense-BDNF is located 
200 kb downstream of the BDNF gene. It has been shown that the overlapping region of 
human BDNF and antisense-BDNF can form double-stranded RNA duplexes (Pruunsild  
et al., 2007). Thereby, antisense-BDNF may serve a regulatory role in the BDNF expression 
(Lipovich et al., 2012; Modarresi et al., 2012; Pruunsild et al., 2007). It has been suggested 
that antisense-BDNF has evolved during the evolution of primates (Aid et al., 2007;  
Q. R. Liu et al., 2006). 
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Figure 2. Structure of the rodent Bdnf gene. Introns are shown as dashed lines and exons as boxes, 
solid box stands for coding and white box for non-coding regions. Roman numerals above the boxes 
indicate the exons, arrows show transcription start sites. The transcripts of rodent Bdnf are 
generated by splicing one of the 5’ non-coding (I-VIII) exon together with the common coding (IX) 
exon. The coding exon has two polyadenylation sites (pA) that give rise to Bdnf transcripts with 
either short or long 3’ UTR. 

1.2.2 Transcription factors regulating BDNF expression 
The expression of BDNF is induced in response to various stimuli in both neuronal and 
non-neuronal cells. Different stimuli induce activation of distinct signalling cascades and 
binding of numerous transcription factors to the promoter regions of BDNF. In neurons 
the most studied and potent BDNF inducing stimuli is neuronal activity. This can be 
triggered, for example, due to physical activity, light stimulation, ischemia, and learning 
(West et al., 2014). In fact, in addition to immediate early genes (IEGs) like ARC and FOS, 
BDNF serves as a classical model of a neuronal activity-regulated gene (Yap & Greenberg, 
2018). Neuronal activity induces the expression of all BDNF transcripts, with transcription 
from BDNF promoters I and IV showing the highest induction (Pruunsild et al., 2011), and 
thus these promoters are the most studied BDNF promoters (West et al., 2014). Briefly, 
neuronal activity induced transcription of BDNF exon I is promoted by transcription 
factors like cAMP response element binding protein (CREB), which binds to CRE-site 
(Pruunsild et al., 2011; Tabuchi et al., 2002), upstream stimulatory factor 1 (USF1) and 
upstream stimulatory factor 2 (USF2) binding to USF binding site that overlaps with 
CRE-site (Tabuchi et al., 2002), aryl hydrocarbon receptor nuclear translocator 2 (ARNT2) 
and neuronal PAS domain protein 4 (NPAS4), which binds to the bHLH-PAS transcription 
factor response element (PasRE) (Lin et al., 2008; Pruunsild et al., 2011). Neuronal activity 
causes binding of neuron-restrictive silencing factor (NRSF), also known as repressor 
element 1 (RE-1) silencing transcription factor (REST), to neuron-restrictive silencing 
element (NRSE) within BDNF exon II (Hara et al., 2009; Timmusk et al., 1999). In general, 
NRSE recruits co-repressors and restricts the neuron-specific expression of genes in 
neuronal progenitor cells and non-neural tissues (Chong et al., 1995). However, NRSE is 
also associated with silencing of BDNF expression from promoter I and II in neurons (Hara 
et al., 2009; Timmusk et al., 1999). Activity-dependent transcription from BDNF promoter 
IV is mediated by USF1/2 binding to USF-site (W. G. Chen et al., 2003; Pruunsild et al., 
2011), CREB binding to CRE-site (Esvald et al., 2020; Hong et al., 2008; Pruunsild et al., 
2011; Shieh et al., 1998; Tao et al., 1998), ARNT2 and NPAS4 dimer binding to PasRE 
region (Lin et al., 2008; Pruunsild et al., 2011). In addition, BDNF promoter IV has two 
calcium-response elements (CaREs), which bind transcription factors like calcium-response 
factor (CaRF) (Tao et al., 2002) and myocyte enhancer factor 2 (MEF2) (Hong et al., 2008; 
M. R. Lyons et al., 2012). CREB and NPAS4-ARNT4 binding to partially overlapping CRE
and PasRE elements have been shown to regulate activity-dependent expression of
human BDNF from promoter IX (Pruunsild et al., 2011).
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In addition to neuronal activity, BDNF stimulates its own expression through a positive 
feedback loop. This occurs by activation of the tropomyosin-related kinase B (TrkB) 
signalling pathway, a mechanism evident both in vitro and in vivo (Cheng et al., 2011; 
Esvald et al., 2020; Nakajima et al., 2015; Tuvikene et al., 2016; Yasuda et al., 2007). 
Although less investigated than neuronal activity, BDNF-TrkB signalling induces the 
expression of all major BDNF transcripts and is mediated by AP1 and CREB family 
members (Esvald et al., 2020; Tuvikene et al., 2016). The AP1 family regulates BDNF exon 
I-, III- and VI-containing transcripts after TrkB-signalling, but direct effect of AP1 factors 
has only been observed through the two AP1 sites in BDNF promoter I (Tuvikene et al., 
2016). Similarly, while all BDNF transcripts are induced in CREB-dependent manner, 
the CRE-site in BDNF promoter IV and in human, but not rat, BDNF promoter IX plays a 
role (Esvald et al., 2020). These results suggest that other BDNF transcripts induced by 
BDNF-TrkB signalling might be regulated via distal regulatory regions or indirectly, i.e., 
interplay of CREB and AP1 factors with transcription factors that regulate BDNF expression. 

In non-neuronal cells, the molecular mechanism of BDNF transcriptional regulation 
has not been extensively investigated. With the exception of astrocytes, in which 
catecholamine signalling induces Bdnf expression, specifically Bdnf exon IV- and 
VI-containing transcripts, in CREB-dependent manner (Inoue et al., 1997; Jurič et al.,
2006; Koppel et al., 2018; Zafra et al., 1992). Interestingly, the well-studied CRE-site in
BDNF promoter IV is critical for stimulus-dependent expression of BDNF in neurons
(Esvald et al., 2020; Hong et al., 2008; Pruunsild et al., 2011; Shieh et al., 1998; Tao et al.,
1998), whereas it is not involved in catecholamine-dependent regulation of Bdnf in
astrocytes (Koppel et al., 2018).

1.2.3 Translation and signalling of BDNF 
Like all neurotrophins, BDNF is synthesized as a precursor protein (preproBDNF) into the 
endoplasmic reticulum (ER). The pre region stands for signal peptide important for 
translocating the BDNF to ER lumen, where it is removed co-translationally to form 
~32 kDa proBDNF (Lu et al., 2005). ProBDNF passes to trans-Golgi network (TGN), where 
it can be (1) secreted without further processing and signal via p75 neurotrophin 
receptor (p75NTR), (2) secreted following extracellular cleaving, or (3) intracellularly 
cleaved and secreted (Mowla et al., 1999, 2001). To form mature BDNF (~14 kDa), 
the pro-sequence is cleaved off intracellularly by furin and other protein convertases 
(Mowla et al., 1999), or extracellularly by plasmin and metalloproteinases (Lee et al., 
2001). The proBDNF is secreted either in constitutive (spontaneous release) or in most 
cases, in regulated pathway (i.e., upon stimuli). The regulated secretion pathway 
depends on the interaction between BDNF prodomain and sortilin, as well as the 
interaction of carboxypeptidase E with a sorting motif found in the mature BDNF 
(Z. Y. Chen et al., 2005; Lou et al., 2005). Correct sorting of BDNF is essential, illustrated 
by a common and widely studied SNP located in the prodomain of BDNF (rs6265, 
Val66Met), which disrupts sortilin binding with the prodomain of BDNF and thereby 
decreases the neuronal activity-dependent sorting and secretion of BDNF (Egan et al., 
2003). Both human and rodent models with Val66Met show crucial cognitive and 
structural abnormalities, e.g., impaired neurogenesis, synaptic plasticity and transmission, 
and tendency to neuropsychiatric disorders (S. J. Tsai, 2018).  

ProBDNF, when signalling through its high affinity receptor p75NTR, triggers NF-kB 
dependent cell survival, Jun kinase mediated activation of proapoptotic genes or Rho 
GTPase-controlled suppression of neurite outgrowth (Bamji et al., 1998; Reichardt, 2006; 
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Teng et al., 2005). An opposite cascade of cellular events is triggered by mature BDNF 
binding to its high affinity TrkB receptor. TrkB, a member of the receptor tyrosine kinase 
superfamily, characteristically dimerizes after ligand binding, induces autophosphorylation 
and activation of the intracellular tyrosine kinase domain. As a result, three different 
signalling pathways can be triggered: phospholipase Cγ1 (PLCγ1), phosphatidylinositol  
3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways (Reichardt, 
2006). Briefly, PLCγ1 cleaves the phosphatidylinositol-4,5-bisphosphate (PIP2) into 
diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). DAG activates protein  
kinase C (PKC) and IP3 increases the cytosolic concentration of calcium, thereby 
activating Ca2+-dependent cascades and promoting synaptic plasticity. The PI3K-Akt 
pathway promotes cell survival due to the activation of protein kinase B (PKB), which 
through phosphorylation inhibits the activation of proapoptotic genes. Finally, activation 
of MAPK pathway stimulates cell growth and differentiation by phosphorylating distinct 
kinases and transcription factors (Minichiello, 2009; Reichardt, 2006).  

Of note, mature BDNF can also signal via truncated TrkB receptor. The gene for  
TrkB, NTRK2, can encode either the full-length TrkB or, through alternative 3’ exon  
usage, produce C-terminally truncated TrkB isoforms (TrkB.T1 and TrkB.Shc), both of 
which are missing the intracellular tyrosine kinase domain (Luberg et al., 2010). While 
TrkB.T1 and TrkB.Shc have been described as a dominant-negative for BDNF and full 
length TrkB signalling, several studies argue against this hypothesis (Tessarollo & 
Yanpallewar, 2022).  

1.2.4 Expression pattern of BDNF 
All the distinct transcripts of BDNF code for identical BDNF protein. Multiple promoters 
enable separate regulation for different BDNF mRNAs, which in turn allows complex 
spatiotemporal expression of BDNF protein (You & Lu, 2023). It is important to notice 
that the mRNA levels of BDNF do not always correlate with the levels of protein,  
an indication for BDNF transport between different brain regions and translational 
regulation via 5’ and 3’ UTRs. For example, while the mRNA of BDNF in striatum is almost 
undetectable (Esvald et al., 2023; Timmusk et al., 1994), BDNF protein is transported 
from cerebral cortex to striatum and is necessary for the normal morphology of striatal 
neurons (Baquet et al., 2004). In brain, the expression levels of BDNF are low during 
embryogenesis, but start to rise just before the birth and peak during the first postnatal 
weeks (Aid et al., 2007; Esvald et al., 2023; Timmusk et al., 1994). The highest levels of 
BDNF are found in hippocampal, hypothalamic, and cortical areas, while in non-neural 
tissues the highest BDNF levels are in lung, heart, stomach, bladder and in spleen.  
In non-neural tissues the levels of BDNF are generally lower and the developmental 
expression of BDNF is not so uniform compared to the BDNF expression in brain.  
For example, in skeletal muscle the levels of BDNF peak at P0 and decrease during the 
postnatal development, while the BDNF levels in heart stay similar during the whole 
postnatal development (Esvald et al., 2023). 

1.2.5 Functions of BDNF 
Since its discovery more than 40 years ago, BDNF has been mainly associated and studied 
in neuronal development, survival, and functioning. Specifically, the first studies of BDNF 
proved its importance as a survival factor for various neuron populations (Barde et al., 
1980; Davies et al., 1986; Lindsay & Rohrer, 1985; Segal et al., 1992). Moreover, BDNF 
enhances the differentiation of new neurons from neural precursor cells (NPCs) (Ahmed 
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et al., 1995; Ito et al., 2003), and promotes neurogenesis in the adult hippocampus 
(Benraiss et al., 2001; Y. Li et al., 2008; Pencea et al., 2001; Scharfman et al., 2005; Taliaz 
et al., 2010). To illustrate, rodents who have been injected with BDNF to dentate gyrus 
or subventricular zone have elevated levels of adult-born neurons in these regions 
(Benraiss et al., 2001; Scharfman et al., 2005), and RNAi-mediated knockdown of BDNF 
in dentate gyrus inhibits neuronal differentiation (Taliaz et al., 2010). BDNF is also 
associated with neuroprotection, as BDNF administration prevents neuronal death and 
atrophy in rodent and primate Alzheimer’s disease models (Nagahara et al., 2009). 

It is evident that BDNF is important for the proper morphology of both dendrites and 
axons (Alonso et al., 2004; Horch & Katz, 2002; Jeanneteau et al., 2010; McAllister et al., 
1995). Moreover, BDNF is well known to promote the formation of synapses 
(synaptogenesis) by increasing the growth and remodelling of neurites (Wang et al., 
2022). In addition to synaptogenesis, BDNF also modulates synaptic plasticity, i.e., BDNF 
either increases or decreases the strength of synaptic transmission at already pre-existing 
synapses (Bramham & Messaoudi, 2005; Gibon & Barker, 2017; Korte et al., 1996). 
The role of BDNF in synaptic plasticity was illustrated already in the early BDNF knockout 
studies, where long term potentiation was reduced in hippocampus of BDNF knockout 
mice, an effect that was reversed with the administration of exogenous BDNF (Korte 
et al., 1996; Patterson et al., 1996).  

In addition, BDNF in the hypothalamus has been strongly associated with energy 
homeostasis and behaviour. It has been shown that knockdown of BDNF in the 
hypothalamic regions causes obesity (An et al., 2015; Unger et al., 2007), and that BDNF 
is a downstream target of the melanocortin-4 receptor signalling pathway in hypothalamus 
(Nicholson et al., 2007; Xu et al., 2003). In fact, melanocortin pathway is one of the main 
systems regulating appetite and energy balance (Baldini & Phelan, 2019). Moreover, 
hypothalamus-specific BDNF is required for proper thermoregulation (An et al., 2015; 
You et al., 2020). Nonetheless, the exact molecular mechanisms mediating BDNF 
function in all these processes remain of great interest. 

Although less studied, the importance of BDNF is becoming increasingly evident in 
non-neuronal cells. For example, BDNF derived from astrocytes, the most abundant glial 
cells in the brain, promotes the formation of oligodendrocytes and provides trophic 
support after demyelinating lesions (Fulmer et al., 2014; Miyamoto et al., 2015), 
modulates the morphology and survival of neurons (De Pins et al., 2019; Giralt et al., 
2010, 2011), and is crucial for memory retention (Vignoli et al., 2016). Astrocyte-specific 
deletion of TrkB.T1 results in immature and morphologically abnormal astrocytes (Holt 
et al., 2019). Moreover, BDNF and its signalling in cardiomyocytes, probably via TrkB.T1, 
ensures the normal development and contraction of the heart (Feng et al., 2015; Fulgenzi 
et al., 2015; L. Li et al., 2022). In kidney, BDNF acts as a survival factor for podocytes 
(Endlich et al., 2018; M. Li et al., 2015). Muscle-specific ablation of BDNF results in 
structural and functional remodelling of neuromuscular junctions, which leads to slower 
locomotion (Delezie et al., 2019).  

The expression levels of BDNF are changed within a variety of diseases. Decreased 
levels of BDNF are associated with drug addiction (Graham et al., 2007; Vargas-Perez 
et al., 2009) and neuropsychiatric disorders, such as depression and schizophrenia 
(Martinowich & Lu, 2008). Moreover, patients with different neurodevelopmental (e.g., 
Rett syndrome, autism) and neurodegenerative (e.g., Alzheimer’s, Parkinson, Huntington) 
diseases show decreased levels of BDNF (Autry & Monteggia, 2012; Miranda et al., 2019), 
while increased levels of BDNF have been detected in the hippocampus and cortex of 
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patients with temporal lobe epilepsy (Martínez-Levy et al., 2016, 2018). There is a lack of 
common understanding regarding whether the variable levels of BDNF are a cause or an 
effect of disease. 

1.2.6 BDNF knockout models 
To illustrate the importance and functions of BDNF more precisely, phenotypic and 
molecular studies of BDNF knockout animals have provided valuable insights. 
Homozygous BDNF knockout mice exhibit reduced number of sensory neurons, 
problems with locomotion, early postnatal lethality (die 2-4 week after birth) 
(Ernfors et al., 1994, 1995; Jones et al., 1994) and cardiovascular defects (Donovan 
et al., 2000). In contrast, heterozygous BDNF knockout mice have normal life span 
but show aggressive behaviour, obesity due to increased food intake (hyperphagia) 
and impairment of serotonergic system (Kernie et al., 2000; W. Lyons et al., 1999). 
Heterozygous BDNF animals also show reduced pain sensitivity (MacQueen et al., 
2001; Sapio et al., 2019). Furthermore, knockout of BDNF in specific tissues and cell 
types illustrates the pleiotropic roles of BDNF. For instance, forebrain specific BDNF 
knockout animals show impaired neuronal morphology, learning and fertility (Gorski, 
Balogh, et al., 2003; Gorski, Zeiler, et al., 2003). Central nervous system specific 
BDNF knockout mice live up to 8 months, but suffer from obesity, hyperactivity and 
have peculiarities in brain morphology, especially in the striatum (Rauskolb et al., 
2010). Post-mitotic neuron-specific ablation of BDNF causes obesity, aggressiveness 
and anxiety-related behaviour (Rios et al., 2001). Deletion of BDNF in astrocytes 
affects the myelination and maturation of oligodendrocytes (Fulmer et al., 2014; 
Miyamoto et al., 2015), neuronal maturation (De Pins et al., 2019), survival and 
excitability (Fernández-García et al., 2020). Cardiomyocyte-specific BDNF knockout 
mice exhibit crucial deficit in cardiac functions and have decreased survival rate 
(L. Li et al., 2022).  

Although the current understanding of numerous individual promoters of BDNF is not 
fully understood, exon-specific knockout mice provide great insight into the complex 
regulation of BDNF. Deletion of Bdnf transcripts transcribed from promoter I causes 
decreased maternal care and sexual receptivity in female mice (Maynard et al., 2018), 
also severe obesity and impaired thermoregulation (You et al., 2020). Knockout of Bdnf 
produced from promoters I and II causes male-mice specific aggression (Maynard et al., 
2016) and hyperphagia together with obesity (McAllan et al., 2018). Knockout of Bdnf 
exon IV-containing transcripts results in impaired synaptic transmission and plasticity 
(Sakata et al., 2009, 2013), GABAergic signalling (Martinowich et al., 2011; Maynard 
et al., 2016; Sakata et al., 2009), sleep (Hill et al., 2016; Martinowich et al., 2011) and 
depressive behaviour (Sakata et al., 2010). Finally, ablation of Bdnf promoter VI together 
with postnatal stress causes schizophrenia-like behaviour (Y. Chen et al., 2022). Taken 
together, the knowledge from different knockout models corroborates the diverse and 
vital roles of BDNF. 

1.2.7 BDNF and its potential in therapeutics 
The prevalence of BDNF in various diseases makes it a potential therapeutic target. 
However, currently there are no BDNF-based therapeutics, primarily due to its short 
half-life (<10 min), low penetration through the blood-brain barrier (BBB) and limited 
diffusion rate (Miranda-Lourenço et al., 2020; Wang et al., 2022; Wurzelmann et al., 
2017). Numerous studies have attempted to overcome these challenges by using strategies 
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such as drugs that enhance BDNF synthesis (Fukuchi et al., 2019), AAV-mediated 
gene-therapy (Kells et al., 2004; Queen et al., 2022), employing BDNF-producing cells 
(Rodrigues Hell et al., 2009) or providing the exogenous supply of BDNF through 
minipumps, injections, and intranasal delivery (Canals et al., 2004; Ma et al., 2016; 
Sansevero et al., 2019). Additionally, several small-molecule TrkB-agonists that mimic 
BDNF have been explored. The most known among them, 7,8-dihydroxyflavon, has been 
found to mimic the functions of BDNF, has longer half-life and penetrates through BBB 
(Devi & Ohno, 2012; C. Liu et al., 2016; Z. Zhang et al., 2014). However, studies have 
revealed controversial results, thereby raising questions about its functionality (Boltaev 
et al., 2017). Despite efforts, none of the BDNF-specific therapeutics have proven their 
efficiency in vivo. 

It is of great interest to a broad audience that regular exercise, social interactions and 
enriched environment are among the simplest methods for individuals to boost their 
BDNF levels (Hsiao et al., 2014; Miranda et al., 2019). To illustrate, Hsiao and colleagues 
showed that cohousing increases hippocampal levels of BDNF, leading to improved 
neurogenesis and memory recovery in animal models of Alzheimer’s disease (Hsiao et al., 
2014). Enriched environment (food hoppers, running wheels, tunnels, shelters, stairs, 
etc.) has similarly been associated with higher BDNF levels in the rodent hippocampus 
and cortex. This increase in BDNF has been associated with improved spatial memory 
and reduced depressive-like behaviour (Gutiérrez-Vera et al., 2022; Novkovic et al., 2015; 
Rossi et al., 2006; Shilpa et al., 2017). However, it has been proposed that the increased 
BDNF expression resulting from environmental enrichment might be due to the 
increased exercise (Kobilo et al., 2011). The link between heightened BDNF levels and 
various exercises has been well-established (Miranda et al., 2019). Voluntary free 
running-wheel exercise up to 30 days raises BDNF levels particularly in the hippocampus, 
enhancing adult neurogenesis and alleviating depression- and anxiety-like behaviours in 
rodents (Kobilo et al., 2011; Y. Li et al., 2008; Wrann et al., 2013). Specifically, running 
has been shown to boost the levels of Bdnf exon I- and II-containing transcripts in the 
mouse hippocampus, a process dependent on histone acetylases (Sleiman et al., 2016). 
In adult humans, a year of aerobic exercise has been demonstrated to increase 
hippocampal volume and enhance spatial memory, correlating with higher levels of 
serum BDNF (Erickson et al., 2011).  

1.3 Enhancer regions 
The expression of each gene represents a complex process, where enhancer regions have 
a crucial role (Hafner & Boettiger, 2023). Enhancers were discovered from viral genomes 
in the late 20th century, when Banerji and colleagues identified a small (72 bp) tandem 
repeat of simian virus 40 (SV40) DNA that enhanced the transcription of β-globin gene 
up to 200-fold (Banerji et al., 1981). Over the following decades, the understanding of 
enhancers has significantly evolved. Enhancers can be located upstream, downstream 
and inside of the target or unrelated genes, and are defined as non-coding DNA elements 
that orchestrate the spatiotemporal expression of target genes. Despite significant 
effort, the understanding of enhancers remains ambiguous  (Pennacchio et al., 2013; 
Schoenfelder & Fraser, 2019). 
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1.3.1 Mechanism of enhancers 
To regulate gene expression in cell-type, stimuli- and development-specific manner, 
enhancers switch their states. According to the functionality, enhancers can be divided 
into inactive, primed, poised or active state (Heinz et al., 2015). The inactive state 
enhancers are characterized with tightly condensed chromatin conformation and show 
no binding of transcription factors. The primed state is prior to active state, where 
enhancer regions contain repressive epigenetic marks (H3K4me1) but are bound by 
pioneer transcription factors that have triggered nucleosomal depletion. To become 
active, primed enhancers need stimuli to bind the whole transcriptional machinery  
(Calo & Wysocka, 2013; Zentner et al., 2011). The poised state is similar to primed state 
(in addition marked with H3K27me3), but characterizes developmental enhancers that 
are found in ESCs, bound by polycomb protein complexes and activated in cell-specific 
manner upon differentiation (Crispatzu et al., 2021; Rada-Iglesias et al., 2011). In addition 
to nucleosome-free core region (DNase I hypersensitivity sites), active state enhancers 
are characterized by open chromatin mark (H3K27Ac) and bind numerous transcription 
factors together with RNA polymerase II to facilitate the transcription of enhancer RNAs 
(eRNAs) (T. K. Kim et al., 2010; Perenthaler et al., 2019).  

To regulate genes, enhancer regions come to close physical proximity with their target 
promoter. The preferential interactions between a gene and its distal regulatory regions 
are restricted to topologically associated domain (TADs), up to mega base-sized 
compartments that separate regulatory hubs in the vertebrate genome (Dixon et al., 
2012; Nora et al., 2012; Sexton et al., 2012). Most likely, the folding of genome and 
establishment of regulatory domains is caused by loop-extrusion model, i.e., an interplay 
between CCCTC-binding factor (CTCF) and cohesin. CTCF, a DNA binding protein, exhibits 
enriched binding across regulatory regions and TAD boundaries (Davidson et al., 2023). 
Cohesin is an ATP-dependent protein-complex, which is loaded onto chromatin to 
extrude DNA bidirectionally until meeting CTCF-bound sites, the anchors for chromatin 
loops (Davidson et al., 2019; Fudenberg et al., 2016; Y. Kim et al., 2019). It is suggested 
that cohesin can also occupy the enhancer and core promoter sites in conjunction with 
mediator (Kagey et al., 2010). Mediator, a multiprotein complex, is recruited by 
transcription factors within enhancers. Through the enhancer-promoter loop, the 
mediator is loaded onto the target gene promoters to complete the preinitiation 
complex and activate RNA polymerase II (Richter et al., 2022) (Figure 3). 

If enhancer regions are found in large clusters (up to 50 kb), they are defined as 
super-enhancers. Super-enhancers are highly enriched with RNA polymerase II, various 
cofactors (e.g., CBP), chromatin regulators (e.g., cohesin, BRD4), and are especially 
important for genes that regulate cell identity (Hnisz et al., 2013; Whyte et al., 2013). 
Moreover, super-enhancers are frequently located near key oncogenes, as typical 
enhancers often transform into super-enhancers during the progression of tumor 
pathogenesis (Hnisz et al., 2013; Lovén et al., 2013).  
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Figure 3. A model for enhancer-promoter interaction. CTCF and cohesin facilitate the folding of 
topologically associated domains (TADs), where enhancer and promoter interactions are favoured. 
Active enhancer regions bind transcription factors and RNA polymerase II to transcribe enhancer 
RNAs (eRNAs). The mediator complex, transcription factors and chromatin modifiers constitute a 
multiprotein complex that acts as a bridge between the enhancer and promoter regions, thereby 
enhancing transcription from target genes. Figure was created using BioRender.com. 

1.3.2 Enhancer RNA 
The majority of active enhancers are known to facilitate bidirectional trancription 
of short (~500 bp), 5’ capped, non-polyadenylated and unspliced non-coding eRNAs 
(Andersson et al., 2014; Han & Li, 2022). In contrast, super-enhancers generate longer 
(up to 5 kb), polyadenylated and overall higher levels of eRNAs than typical enhancers 
(Alvarez-Dominguez et al., 2017; Hnisz et al., 2013; Xiang et al., 2014). The transcription 
of eRNAs might be different between enhancers. For instance, some eRNAs are 
transcribed in unidirectional manner (Kouno et al., 2019; W. Li et al., 2013; P. F. Tsai 
et al., 2018), while others are transcribed bidirectionally, but functional eRNA is 
produced only from one strand (Hsieh et al., 2014). In general, the transcription of eRNA 
is correlated with the activity of enhancer and usually precedes the transcription of the 
target gene (Arner et al., 2015; De Santa et al., 2010; T. K. Kim et al., 2010). Interestingly, 
based on eRNA expression, brain and blood cells have more cell type-specific than 
ubiquitously transcribed enhancers (Andersson et al., 2014).  

Research investigating the functional roles of eRNAs presents varying outcomes, but 
suggests that eRNAs are more than just transcriptional noise (Arnold et al., 2020). 
Moreover, instead of universally defined mechanism, the role of eRNAs seems to be 
specific for each enhancer-promoter connection. For example, eRNAs have been shown 
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to stabilize enhancer-promoter looping by (1) recruiting cohesin proteins to enhancers 
important for oestrogen-dependent transcriptional activation in human breast cancer 
cells (W. Li et al., 2013); or (2) forming complex with Mediator subunit in prostate cancer 
cells (Hsieh et al., 2014). In muscle cells the eRNAs transcribed from MYOD1 enhancers 
direct the chromatin-remodelling cascade and RNA polymerase occupancy at the MYOD1 
promoter (Mousavi et al., 2013). For IEGs, the knockdown of eRNA does not affect the 
enhancer-promoter looping in neurons. Instead, eRNAs associate with the RNA recognition 
subunit of negative elongation factor (NELF), thereby promoting release of NELF from 
promoters, elongation of transcription and induction of target gene expression 
(Schaukowitch et al., 2014). Taken together, it is widely accepted that transcription from 
enhancers is in strong correlation with the target gene mRNA levels (Arner et al., 2015), 
but whether the eRNA is important for enhancer-promoter loops, chromatin modifications 
or transcriptional machinery, must be elucidated separately for each enhancer-promoter 
interaction.  

1.3.3 Enhancer-associated diseases 
It is speculated that variations in protein non-coding regions (hereafter non-coding) 
might play a significant role in many genetic diseases. A rough estimation based on 
Genome-Wide Association Studies (GWAS) suggests that approximately 90% 
disease-related single nucleotide polymorphisms (SNPs) are found in the non-coding 
genome (Maurano et al., 2012). Of course, it is important to note that enhancers make 
up only a small portion of the non-coding genome. Yet, changes in enhancers are linked 
to a range of diseases, many of which are still undiscovered. For example, it is estimated 
that approximately 60% of the SNPs responsible for autoimmune diseases are in 
enhancer-like elements specific for immune cells (Farh et al., 2015). The conditions 
where misregulation of enhancers leads to pathogenic outcomes - enhanceropathies – 
are particularly prevalent in various forms of cancer and Mendelian disorders. Different 
types of alterations in enhancers have been described, including insertions and deletions, 
chromosomal rearrangements, and single nucleotide changes. These alterations can 
result in either a change in enhancer activity or cause rewiring of enhancer-promoter 
interactions (Smith & Shilatifard, 2014; Zaugg et al., 2022). To illustrate, a SNP in 
α-synuclein (SNCA) enhancer alters the binding of repressive transcription factors, 
increasing the risk of Parkinson’s disease (Soldner et al., 2016). A TAD disruption between 
MEF2C and its distal enhancer causes 5q14.3 microdeletion syndrome (Redin et al., 
2017). Mutations in an enhancer leads to the misregulation of SHH gene, resulting in 
abnormal digit development (preaxial polydactyly) (Lettice et al., 2002). Somatic 
duplications of super-enhancers have been implicated in the overexpression of MYC 
gene, a phenomenon prevalent in various types of carcinomas (X. Zhang et al., 2016). 
Finally, a hypoxia-inducible eRNA (HERNA1) promotes cardiac hypertrophy, a condition 
which was reversed in vivo by antisense oligonucleotides-mediated inactivation of the 
eRNAs (Mirtschink et al., 2019). 

The increasing prevalence of enhanceropathies raises important questions about 
the potential of enhancer-related therapies. Currently, research has focused on two 
different approaches (Claringbould & Zaugg, 2021). First, epigenetic modulators such as 
bromodomain and extra terminal domain (BET) inhibitors, which are class of small 
molecule drugs, mostly studied and shown to work as anticancer treatments. The exact 
molecular mechanism is still under debate, but BET inhibitors preferably target cancer 
cells and interact with bromodomains of BET proteins in super-enhancers, thus initiating 
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transcriptional repression programs (Claringbould & Zaugg, 2021; Sermer et al., 2019). 
An example of BET inhibitors is JQ1, a drug that displaces BRD4 from the super-enhancers, 
leads to the downregulation of oncogenes and inhibits the proliferation of tumour cells 
(B. Liu et al., 2022; Lovén et al., 2013).  

Second, recent achievements possess great potential to CRISPR-based therapies. 
Unlike epigenetic inhibitors, CRISPR-based tools could provide enhancer-specific 
treatment. For example, Matharu et al., 2019 showed that using CRISPR/dCas9 to 
activate the functional copy of a distant hypothalamic enhancer of Sim1 gene could 
successfully reverse the severe obesity phenotype that arises from Sim+/- 
haploinsufficiency (Matharu et al., 2019). The world’s first ever CRISPR/Cas-based gene 
therapy, Casgevy, was approved by FDA on December 8, 2023 (FDA, 2023). A breakthrough 
that, in fact, began with studying the enhancers of the BCL11A gene (Canver et al., 2015). 
Although it does not cure enhancer-related disease, Casgevy is used to treat sickle cell 
disease, a Mendelian-inherited blood disorder caused by mutations in both copies of the 
hemoglobin gene. In principle, the CRISPR/Cas9 system targets and disrupts the intronic 
enhancer of BCL11A gene. BCL11A encodes a transcriptional repressor that inhibits the 
expression of fetal hemoglobin in the adult organism. Consequently, this disruption leads 
to reinduction of fetal hemoglobin in an adult organism (Frati & Miccio, 2021; Mullard, 
2023). 

1.4 The enhancers of BDNF gene 
Although the proximal regulatory regions of the BDNF gene have been well studied 
(Esvald et al., 2022; Pruunsild et al., 2011; Tuvikene et al., 2016; West et al., 2014), only 
a limited number of studies have focused on the distal regulatory regions governing the 
expression of BDNF gene. One of the first papers of a Bdnf enhancer was published in 
2007, where a region 4.8 kb upstream of Bdnf promoter I was shown to bind myocyte 
enhancer factor-2 (MEF2) family transcription factor D (MEF2D) and enhance Bdnf 
promoter I activity in heterologous context in hippocampal neurons (Flavell et al., 2008). 
Few years later it was shown that the -4.8 kb region does not enhance Bdnf promoter I 
in cortical neurons in heterologous context (M. R. Lyons et al., 2012), indicating the  
-4.8 kb region to be a cell-specific enhancer of Bdnf gene. Recently an enhancer located
+237 kb downstream of Bdnf exon I was described in detail (Brookes et al., 2023).
The +237 kb enhancer is critical to ensure the expression of Bdnf during neuronal
development by affecting dendritogenesis and cortical development (Brookes et al.,
2023).

Recent genome-wide analyses have revealed several hints regarding the potential 
enhancers of BDNF: 

• Schmitt et al. data indicates that the TAD of BDNF runs ~1.7 Mb upstream and
~0.2 Mb downstream of BDNF exon I TSS in multiple human neuronal and
non-neuronal tissues (Schmitt et al., 2016).

• Brookes et al., have described a sub-TAD of Bdnf in NPCs and cortical neurons.
The sub-TAD is located in the 3’ end of the larger TAD, contains the Bdnf gene,
downstream intergenic region and Lin7c gene, and the boundaries of this
sub-TAD are CTCF and cohesin positive (Brookes et al., 2023).

• Genome folding maps around Bdnf gene show neuronal-activity dependent loops
with ~-840 kb (Beagan et al., 2020) and ~-1.7 Mb regions in mouse cortical
neurons (Beagan et al., 2020; Calderon et al., 2022).
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• The -840 kb region is predicted as an activity-dependent enhancer of Bdnf in rat
primary cortical neurons based on correlation analysis (Carullo et al., 2020).

• Protein crucial for connecting chromatin loops, CTCF, binds to the first and second
cluster of Bdnf promoters in both cortical (Beagan et al., 2020; Bonev et al., 2017;
Calderon et al., 2022; Chang et al., 2010) and hippocampal neurons (Sams et al.,
2016). Moreover, loss of the CTCF-cohesin based chromatin loops decreases the
expression of Bdnf (Calderon et al., 2022; Chang et al., 2010).

• A cell-specific PLAC-seq analysis in human post-mortem brain reveales BDNF
interactions with ~-405 kb, ~-840 kb and ~-952 kb regions in neurons (Nott et al.,
2019).

Moreover, several BDNF-related studies indicate the presence of yet unknown distal 
regulatory regions. In cortical astrocytes, neither Bdnf promoters IV nor VI are induced 
by catecholamines in luciferase reporter assays, however BAC-reporters containing the 
entire human or rat BDNF locus are induced by catecholamine treatments (Koppel et al., 
2018). In cortical neurons there are indications for CREB-dependent enhancer(s) in the 
autoregulation of Bdnf. CREB has been shown to bind Bdnf promoter IV after BDNF-TrkB 
signalling in cortical neurons, while overexpression of dominant-negative protein for 
CBP/p300 (CCII), CREB family (A-CREB) or CREB-CBP/p300 interaction inhibitor (CCII) 
decreased the BDNF-TrkB-induced levels of all measured Bdnf transcripts (Esvald et al., 
2020). In addition, the endogenous levels of all Bdnf transcripts are highly induced in 
response to TrkB signalling both in vitro and in vivo (Esvald et al., 2020; Tuvikene et al., 
2016), while the Bdnf promoters and BAC-reporters with entire human or rat BDNF locus 
are induced less after BDNF stimulation in cortical neurons (Esvald et al., 2020, 
unpublished data from prof. Timmusk lab). Finally, alterations in the -840 kb region have 
been shown to decrease the levels of BDNF and cause phenotypic changes in both 
humans (Sha et al., 2007) and mice (Gray et al., 2006). Taking into account all the 
information above and considering that current understanding indicates that one gene 
can be regulated by numerous enhancers (Mills et al., 2020), it is evident that there are 
still several enhancer regions of Bdnf yet to be discovered. All currently known functional 
and potential enhancers of BDNF are listed in Table 1. 



24 

Table 1. List of potential and functional BDNF enhancer regions 

FISH – Fluorescence in situ hybridization; SB – Southern Blot; ELISA – Enzyme-linked immunosorbent assay, KO – Knockout; 
MEF2D – Myocyte enhancer factor 2D; NB – Northern blot; WB – Western blot; RT-PCR – Quantitative real-time 
polymerase chain reaction; PLAC-seq – Proximity ligation-assisted chromatin immunoprecipitation sequencing; 5C-
seq – Chromosome-conformation-capture carbon-copy sequencing; ATAC-seq – Assay for transposase-accessible 
chromatin with sequencing; ChIP-seq  – Chromatin immunoprecipitation sequencing; 4C-seq – Chromosome conformation 
capture sequencing; CRISPRi – CRISPR interference; NPCs – Neural precursor cells

Distance from rat 
Bdnf  exon I TSS (rn6)

Methods Study system Stimulus Mechanism Reference

-405 kb

-840 kb
-952 kb

-840 kb

-1.7 Mb

-840 kb ATAC-seq, total RNA-seq
Rat primary cortical 

neurons
KCl

eRNA levels correlate with 
Bdnf  mRNA levels

Calderon et al., 2022-1.7 Mb
Looping with Bdnf  reduced 

in cohesin-deficient 
neurons

Mouse primary 
cortical neurons

KCl5C-seq, ChIP-seq

PLAC-seq
Human postnatal 

neurons
-

Loops with BDNF

Nott et al., 2019

Beagan et al., 2020

Carullo et al., 2020

Gray et al., 2006

Sha et al., 2007

-

Human patient with 
chromosomal 

inversion

Mice with transgene 
insertion

-4.8 kb
Binds MEF2D, regulates 

Bdnf  pI

-840 kb

FISH, SB, ELISA, 
phenotyping

Genotyping, NB, SB, WB,  
RT-PCR, phenotypyng

Disruption causes 
phenotype similar to BDNF 

KO mice 

Mouse NPCs and 
primary cortical 

cultures

Neuronal 
differentiation, 

KCl

Regulates Bdnf -dependent 
neuronal differntiation and 

cortical development
+237 kb Brookes et al., 2023

Flavell et al., 2008 KCl
Rat primary 

hippocampal 
Luciferase reporter assay

4C-seq, FISH, CRISPRi

5C-seq
Mouse primary 
cortical neurons

Bicuculline
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2 Aims of the study 
The aim of this doctoral thesis was to identify and describe enhancer regions responsible 
for the stimulus-dependent expression of Bdnf in neuronal and non-neuronal cells.  
The more specific aims of the study were as follows:  

 
• Determine the molecular mechanism of the +3 kb intronic enhancer in neurons 

and astrocytes 
• Identify and characterize the enhancer(s) regulating catecholamine-dependent 

regulation of Bdnf in astrocytes  
• Revisit the functionality of the MEF2-dependent -4.8 kb enhancer in cortical and 

hippocampal neurons 
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3 Materials and methods 
The following methods, described in more detail in the respective publications, were 
used in this study:  

• Growing of cell lines – Publications I, II, III
• Growing of primary neural cells (rat primary cortical and hippocampal neurons,

rat primary cortical astrocytes) – Publications I, II, III
• Growing and differentiation of mouse embryonic stem cells – Publication I, II
• Molecular cloning – Publications I, II, III
• CRISPR/Cas9-mediated deletion of enhancer region in mouse embryonic stem

cells – Publication I, II
• RNA extraction, cDNA synthesis, qPCR – Publications I, II, III
• Western blot analysis – Publications I
• Purification and use of lentivirus vectors – Publications I, II, III
• CRISPR activation and interference systems – Publication I, II
• RNA interference – Publication III
• Transfection, luciferase reporter assay – Publications I, II, III
• In vitro DNA pulldown coupled with mass-spectrometry – Publication I
• Chromatin immunoprecipitation – Publication I, II
• Immunocytochemistry – Publication II
• Confocal microscopy – Publication II
• Bioinformatic analysis – Publication I, II
• Site-directed mutagenesis – Publication II
• Chromosome conformation capture analysis – Publication II
• Intracerebroventricular injection of kainic acid – Publication III
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4 Results 

4.1 Results obtained in publication I 
• The +3 kb region shows enhancer-associated characteristics in rodent and human

neural tissues.
• The +3 kb region shows bidirectional transcription in heterologous context in

rat cortical neurons.
• The +3 kb region potentiates the activity of Bdnf promoters I and IV in

heterologous context in rat cortical neurons.
• The +3 kb region enhances the expression of Bdnf exon I-, IIc-, and III-containing

transcripts in the endogenous context in rat cortical neurons.
• The +3 kb enhancer is inactive in the endogenous context in rat cortical

astrocytes.
• Deletion of the +3 kb enhancer region in mESC-derived neurons decreases the

expression of Bdnf exon I-, IIc-, and III-containing transcripts.
• The activity of the +3 kb enhancer region is regulated by numerous transcription

factors, such as CREB, AP1 family and E-box-binding transcription factors,
including Transcription Factor 4 (TCF4).

4.2 Results obtained in publication II 
• Four candidate regions (-840 kb, -450 kb, -40 kb, +37 kb) were predicted as Bdnf

enhancers in astrocytes using GeneHancer database in GeneCards.
• Out of the four candidate enhancers, only the -840 kb region shows properties

of a catecholamine-dependent enhancer in astrocytes in heterologous context.
• The -840 kb region shows dopamine-dependent evolutionarily conserved

bidirectional transcription in heterologous context in cultured rat cortical
astrocytes.

• The -840 kb region potentiates dopamine-dependent transcription from Bdnf
promoters in heterologous context in cultured rat cortical astrocytes.

• The -840 kb region is enriched with active transcription mark (H3K27Ac), and
not with condesed chromatin mark (H3K27me3) in cultured rat cortical
astrocytes.

• The -840 kb region is in close physical proximity to Bdnf promoter VI upon
dopamine treatment in cultured rat cortical astrocytes as determined by
chromosome conformation capture analysis.

• The Bdnf promoter VI interacts with -790 kb region in DMSO-treated astrocytes,
with -990 kb and -2.65 Mb regions in dopamine-treated astrocytes.

• The Bdnf promoter VI interacts with -1.82 Mb region in both DMSO- and
dopmine-treated astrocytes.

• The -840 kb region enhances catecholamine-dependent transcription of Bdnf
in endogenous context in cultured rat cortical astrocytes.

• Deletion of the -840 kb region decreases catecholamine-dependent
transcription of Bdnf in mESC-derived astrocytes.
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• CREB and AP1 family transcription factors regulate the transcription of -840 kb
enhancer RNA and Bdnf mRNA in cultured rat cortical astrocytes.
 CREB and AP1 family transcription factors bind to the -840 kb enhancer

region in cultured rat cortical astrocytes.
 Mutations in CRE and AP1 sites in the -840 region decrease the

trancriptional activity of the enhancer in heterologous context in
cultured rat cortical astrocytes.

4.3 Results obtained in publication III 
• The -4.8 kb enhancer potentiates activity from Bdnf promoter I in heterologous 

context in hippocampal and to a lesser extent in cortical neurons.
• The -4.8 kb enhancer exhibits enhancer-related characteristics in both rat and

human hippocampus (e.g., open chromatin, kainic-acid induced transcription
in vivo).

• The -4.8 kb region enhances KCl-dependent expression of the first cluster of
Bdnf transcripts (exon I, IIc- and III-containing transcripts) in hippocampal
neurons.

• MEF2D represses the activity of the -4.8 kb enhancer in cortical and
hippocampal neurons, and MEF2C acts as a transcriptional activator of the
-4.8 kb enhancer in KCl-treated hippocampal neurons.

• MEF2C and MEF2D are crucial regulators of the expression of all the major Bdnf
transcripts in cortical and hippocampal neurons.
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5 Discussion 

5.1 Enhancers are crucial for stimulus-dependent expression of BDNF 
While the proximal regulatory regions of BDNF have been well described (West et al., 
2014), only a few studies have investigated the functional role of enhancers regulating 
BDNF expression (mentioned in 1.4, Table 1). This represents a critical knowledge gap, 
given that enhancers refine the spatiotemporal transcriptional regulation and alterations 
in enhancer regions are increasingly associated with diseases (mentioned in 1.3.3).  
The studies underlying current PhD thesis describe functionality of three new Bdnf 
enhancer regions, therefore providing valuable insight into the transcriptional regulation 
of this crucial neurotrophin. 

The BDNF gene has two distinct cluster of 5’ exons. The expression of the first cluster 
of BDNF exons (I, II and III) is commonly known as neuron specific, while the second 
cluster of BDNF exons (IV, V, VI and VII) is more universal and is expressed both in 
neuronal and non-neuronal cells (Aid et al., 2007; Esvald et al., 2023; Pruunsild et al., 
2007; Timmusk et al., 1993). As the promoters situated in the first and second cluster of 
BDNF are in proximity (fit into ~2 kb region within cluster), it is tempting to speculate a 
coregulation of promoters in one cluster. The CTCF and cohesin have been shown to bind 
nearby of the first and second cluster of Bdnf 5’ exons (Brookes et al., 2023; Chang et al., 
2010; Sams et al., 2016), possibly pointing to the formation of local contact domain near 
each of the Bdnf cluster (Rinzema et al., 2022). The enhancer located downstream of the 
Bdnf cluster I (+3 kb enhancer, publication I) could partially mediate its effect on Bdnf 
gene expression by regulating the higher-order chromatin structure in the Bdnf gene 
locus by bringing together specific distal enhancer regions and Bdnf promoters from the 
first cluster of exons. Moreover, it is plausible that the -4.8 kb (Publication III) and +3 kb 
enhancer (Publication I) regions synergistically facilitate the neuronal activity dependent 
expression of the first cluster of Bdnf exons in the hippocampal neurons.  

The transcriptional regulation of BDNF gene exhibits mysterious redundancy from 
various perspectives. For instance, different individual promoters drive the expression of 
identical BDNF protein, and several transcription factor binding sites are repeated within 
the proximal and distal regulatory regions (e.g., CREB, AP1 and MEF2 family transcription 
factors). For instance, functional CRE-sites can be found in BDNF promoters I, IV, IX 
(mentioned in 1.2.2), -840 kb enhancer (publication II) and potentially also in +3 kb Bdnf 
enhancer (cis-element not tested, binding of CREB has been shown, publication I). Given 
the numerous long-range chromatin interactions detected in our CAPTURE-3C-sequencing 
experiment in astrocytes (Publication II), it is plausible that the enhancers of Bdnf  
also display strong redundant effects, i.e., multiple enhancers ensure Bdnf expression 
simultaneously. According to our results, dopamine-dependent regulation of Bdnf 
promoter VI in astrocytes needs the proximity of -840 kb, -990 kb and -2.65 Mb regions, 
while interaction with only -790 kb region was observed in DMSO-treated cells, and  
-1.82 Mb region showed stimulus-independent interaction (interaction in both DMSO- 
and dopamine-treated astrocytes). It must be noted that the endogenous functionality 
of the -790, -990 kb, -1.82 Mb and -2.65 Mb regions needs to be confirmed in the  
future studies. Moreover, results from Koppel et al. (2018) suggest that that at least  
some enhancers regulating the catecholamine-induced levels of Bdnf in cortical 
astrocytes are located within or near the Bdnf gene (Koppel et al., 2018). It is important 
to note that our CAPTURE-3C-sequencing might lack the resolution and statistical power 
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to detect the possible short-range interactions within the Bdnf locus. The redundancy of 
enhancers has been shown to be a widespread feature of mammalian genomes, 
serving as a robust backup mechanism to ensure stable expression even if one of the 
regulatory regions is disrupted (Osterwalder et al., 2018). The overlapping effects 
observed in the regulation of the Bdnf gene, involving multiple promoters, enhancers 
and cis-elements, are yet to be fully understood. However, they likely contribute to the 
consistent expression of BDNF, which is essential for maintaining the normal functioning 
of the organism.  

Two previous studies (Gray et al., 2006; Sha et al., 2007) have indicated the existence 
of a regulatory region ~840 kb upstream of the BDNF gene. In Gray et al., 2006, a de novo 
chromosomal inversion breakpoint situated 840 kb upstream of the BDNF gene was 
observed in an 8-year-old girl. This patient suffered from hyperphagia, severe obesity, 
impaired cognitive functions, and hyperactivity. Notably, despite no alteration in the 
BDNF gene itself, the patient’s serum showed decreased levels of BDNF (Gray et al., 
2006). In Sha et al., 2007, a mouse line with a transgene insertion near a conserved region 
approximately 840 kb upstream of the Bdnf gene displayed a similar phenotype and 
reduced lifespan. The disruption of the -840 kb region reduced BDNF levels in the brain 
during postnatal development starting from postnatal day 28, the first time point 
analysed, particularly in the hypothalamus and hippocampus. Additionally, the study 
observed decreased Bdnf mRNA levels in the heart and lower protein levels in the serum 
of adult mice (Sha et al., 2007). We have identified and characterized the -840 kb region 
as a catecholamine-dependent enhancer in cortical astrocytes (Publication II). Based on 
the phenotypic peculiarities described above, it is more than evident that the -840 kb 
region serves as an enhancer of BDNF in various other brain regions beyond cerebral 
cortex. Furthermore, there is high likelihood that the -840 kb region plays a role in the 
transcriptional regulation of BDNF in cell types other than astrocytes. For instance, 
analysis of two recent studies shows that BDNF looping with -840 kb region is evident 
also in human (Nott et al., 2019) and mouse neurons (Beagan et al., 2020). Moreover, 
the -840 kb region is predicted as an activity-dependent transcriptional enhancer of Bdnf 
in rat cortical neurons (Carullo et al., 2020). As the study conducted by Sha and colleagues 
observed Bdnf mRNA expression changes in heart, the -840 kb region might also regulate 
Bdnf expression in heart. The fascinating storyline regarding -840 kb enhancer (Table 1, 
publication II) points it to be a master regulator of BDNF. Further research is necessary 
to elucidate the widespread function of the -840 kb enhancer region across different cell 
and tissue types. 

BDNF is known to be expressed in various regions of the hypothalamus, where it plays 
a critical role in controlling food intake and thereby regulates the overall energy balance 
of the organism (discussed in 1.2.5, 1.2.6) (Rios et al., 2001). It is plausible that BDNF 
expression in the hypothalamus is involved in the age-dependent regulation of the 
organism’s overall energy-balance, and that the -840 kb enhancer might play a significant 
role in this process. This hypothesis is supported by following aspects: (1) the obesity 
phenotype of BDNF+/- mice becomes apparent from 2 to 4 months after birth (W. Lyons 
et al., 1999); (2) an 8-year-old patient with a chromosomal inversion began to rapidly 
gain weight around 4 months after birth (Gray et al., 2006); and (3) mice with the 
homozygous disruption in the -840 kb region exhibited a considerable decrease in BDNF, 
specifically in the hypothalamus, and showed a statistically significant weight increase 
from 7 to 8 weeks post-birth, along with insulin resistance and type 2 diabetes (Sha et al., 
2007). These findings suggest that the -840 kb region, in addition to possibly functioning 
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as an enhancer of BDNF in various tissues and cell types (discussed in previous paragraph), 
may exhibit activity dependent on the developmental stage, e.g., regulating BDNF 
expression in the hypothalamus only during the postnatal period. 

5.2 The mechanism of Bdnf enhancers 
Stimulus-dependent gene regulation resembles a domino effect, where triggering of one 
event leads to a series of interconnected and precisely timed reactions, each influencing 
the subsequent one. For example, neuronal activity is known to trigger the activation of 
hundreds of genes. Among these, IEGs such as Fos respond rapidly, while secondary 
response genes like Bdnf require de novo protein synthesis and are typically activated in 
hours (Flavell et al., 2008; Tyssowski et al., 2018). In each of our enhancer studies 
(Publication I-III) we have consistently measured the eRNA levels concurrently with Bdnf 
mRNA, i.e., at the same treatment point as we used to measure Bdnf mRNA levels. We 
have seen that the eRNA levels of +3 kb, -840 kb and -4.8 kb enhancer peak and correlate 
with Bdnf mRNA levels regardless of cell type (astrocytes or neurons) and stimuli (KCl, 
BDNF or catecholamine treatment). This finding is particularly intriguing because it is 
commonly believed that eRNA transcription precedes mRNA transcription (mentioned 
in 1.3.2) (Arner et al., 2015). Our observations challenge the concept of universal 
enhancer-related kinetics and supports the idea that each gene has distinct enhancer 
dynamics. This implies that the relatively slower enhancer kinetics for Bdnf might be a 
contributing factor to its delayed expression. This is in good agreement with Beagan 
et al., 2020 showing that loops surrounding IEGs peak in signal strength ~20 min after 
the induction of neuronal activity, which is prior to the peak in mRNA levels. In contrast, 
the neuronal activity-dependent expression of eRNA and loops associated with Bdnf 
gain strength in parallel with Bdnf mRNA levels, indicating a significant delay in enhancer 
dynamics for Bdnf compared to IEGs. Additionally, loops connected with Bdnf gene 
are substantially longer and more complex than those associated with IEGs (Beagan 
et al., 2020), further emphasizing the unique nature of each enhancer-promoter 
interaction.  

An open question concerns the role of eRNA in the transcriptional regulation of Bdnf. 
There is growing evidence, as highlighted in various studies (mentioned in 1.3.2), that 
eRNAs can differently (directly, indirectly or not having role) influence gene regulation. 
So far, all the described enhancers of Bdnf exhibit transcription of eRNAs, which 
modulation is in correlation with Bdnf levels (Brookes et al., 2023, publication I-III), 
possibly indicating the importance of eRNA in Bdnf regulation per se. Moreover, eRNAs 
transcribed from the +237 kb enhancer are important for BDNF-mediated neuronal 
migration and cortical development (Brookes et al., 2023). Previously it has been shown 
that in cortical neurons the CTCF and cohesin proteins are essential for the transcription 
of Bdnf – the absence of these proteins results in inactive chromatin at the Bdnf locus 
and consequently decreases the levels of Bdnf (Chang et al., 2010). Furthermore, 
in cohesin-deficient cortical neurons the activity-dependent expression of Bdnf is 
reduced. This is in contrast with other genes like Fos and Arc, whose enhancer-promoter 
loops are not dependent on cohesin (Calderon et al., 2022). Although the precise 
mechanism by which the eRNAs of Bdnf function remains unclear and is a subject for 
future research, we can hypothesize that based on our (Publication I-III) and other 
studies (Brookes et al., 2023; Calderon et al., 2022; Chang et al., 2010) the transcription 
of eRNAs from the enhancers of Bdnf is important and that these eRNAs might interact 
with cohesin to ensure the regulation of Bdnf. A similar mechanism has been observed 
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for the regulation of Myogenin gene, where the transcription of eRNAs is essential for 
directing the correct loading and maintenance of cohesin at the gene locus, ensuring the 
proper transcription of Myogenin (P. F. Tsai et al., 2018).  

5.3 Transcription factors in the enhancer-dependent regulation of Bdnf 
There are substantial differences in the regulation of Bdnf gene between different cell 
types and brain regions, even when the same transcription factor families are involved. 
For example, the best-described regulators of Bdnf – CREB family transcription factors – 
show more important role in the regulation of Bdnf in cortical than in hippocampal 
neurons (Esvald et al., 2022). Similarly, the well-known CRE element in Bdnf promoter IV 
does not participate in the catecholamine-dependent regulation of Bdnf in astrocytes 
(Koppel et al., 2018), but is essential for stimulus-dependent expression of Bdnf in 
neurons (mentioned in 1.2.2) (Esvald et al., 2020; Hong et al., 2008; Pruunsild et al., 
2011). Our work (Publication I-III) provides additional insight into the transcription 
factors involved in the enhancer-dependent regulation of Bdnf.  

I. We show for the first time that various basic helix–loop–helix (bHLH) transcription
factors, such as TCF4 and its heterodimerization partners (NeuroD2, NeuroD6),
regulate stimulus-specific expression of Bdnf expression in neurons via +3 kb
intronic enhancer. Additionally, known Bdnf regulators like CREB, AP1, USF, EGR
family transcription factors bind the +3 kb enhancer region (Publication I).

II. We expand the knowledge about transcriptional regulation of Bdnf in astrocytes
(Publication II). Catecholamines have been shown to induce Bdnf gene expression
in astrocytes via CREB-dependent signalling (Jurič et al., 2008; Koppel et al.,
2018).  We show for the first time that AP1 family transcription factors regulate
the catecholamine-dependent expression of Bdnf in astrocytes by binding to the
AP1 cis-element within the -840 kb enhancer (Publication II).

III. The results from our research (Publication III) reveal that MEF2 transcription
factors play a more significant role in regulating Bdnf expression than previously
understood.

The silencing of MEF2 family members showed diverse effects to all major Bdnf 
transcripts in both hippocampal and cortical neurons (Publication III). For instance, 
silencing of Mef2d led to enormous increase in the mRNA levels of Bdnf in cortical 
neurons, while silencing of Mef2c reduced the levels of the -4.8 kb eRNA and overall 
expression of Bdnf especially in the hippocampal neurons. The diverse roles of MEF2 
transcription factors to their target genes has been previously described (Shalizi & Bonni, 
2005). However, the comprehensive role of MEF2 family transcription factors in the 
regulation of Bdnf remains mysterious, and the exact role is yet to be discovered. Several 
possibilities could explain the intriguing results from Publication III. For example, 
the binding of MEF2 transcription factors to unknown distal regulatory regions of Bdnf, 
and to the regulatory regions of transcription factors regulating Bdnf. Furthermore, 
previous genome-wide studies have shown that strong redundancy and compensation 
among MEF2 family members complicate the studies of these factors (Akhtar et al., 
2012; Estrella et al., 2015; Flavell et al., 2008). This might suggest that silencing 
one of the MEF2 family factors can disrupt the balance of MEF2 family members in a cell 
and lead to artefactual results. Nevertheless, our findings (Publication III) confirm that 
MEF2 transcription factors are important regulators of Bdnf in both cortical and 
hippocampal neurons. 
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5.4 Future directions 
Based on a very rough estimation, each enhancer is associated with an average of 
2 genes, while each gene is linked to several enhancers (Mills et al., 2020). Moreover, 
GeneHancer database in Genecards (used and described in publication II) predicts the 
human BDNF to have in total of ~80 enhancer regions (accessed on 17th of January 2024). 
This number should be treated with significant caution, as GeneHancer predicts the 
genomic regulatory elements based on different human genome-wide analysis and some 
of the regions are categorized as BDNF enhancers based on a very low score. Currently, 
there are in total four enhancer regions which endogenous functionality is linked with 
Bdnf. Three of the enhancers (-840 kb, -4.8 kb, +3 kb enhancer) underlie current PhD 
thesis studies, and one enhancer (+237 kb) has been described in detail by Brookes et al., 
2023. In addition to mapping the yet unknown enhancers of Bdnf, a crucial and intriguing 
next step would be to verify the in vitro confirmed enhancers in vivo. This could involve 
transgenic mice in which one or a combination of enhancers is deleted, followed by 
assessing the resultant phenotypes, conducting morphological studies, and employing 
high-throughput sequencing techniques. Altogether, there is still a lot to discover 
regarding the physiological roles of the enhancers of Bdnf.  

The CRISPR-based strategies possess great potential in the field of gene therapy. 
To illustrate, Casgevy, the first ever CRISPR-therapy curing sickle-cell disease was recently 
approved by FDA (FDA, 2023). Moreover, an obese phenotype in mice caused by SIM1 
haploinsufficiency was rescued using CRISPR-activation system targeting the functional 
copy of the SIM1 enhancer (mentioned in 1.3.3) (Matharu et al., 2019). Regarding the 
enhancer regions studied here, one of them has been associated with strong phenotypic 
peculiarities. As mentioned above, disruption of the -840 kb region causes downregulation 
of BDNF expression in humans and mice (Gray et al., 2006; Sha et al., 2007), resulting in 
phenotypic abnormalities similar to those of BDNF knockout animals (mentioned in 
1.2.6). This refers to an enhanceropathy, a condition caused by a dysregulation of an 
enhancer in a functionally important gene regulation (mentioned in 1.3.3) (Claringbould 
& Zaugg, 2021; Smith & Shilatifard, 2014). As the transcripts of BDNF start independently 
and by distinct regulatory mechanism from promoters in front of each BDNF 5’ exon 
(Aid et al., 2007; Pruunsild et al., 2011; Timmusk et al., 1993), promoter-targeted 
activation of BDNF upregulates only specific transcript. As a proof of concept, our results 
show that targeting the CRISPR/dCas9 activator system to enhancer regions significantly 
upregulates the mRNA levels of total Bdnf and major Bdnf transcripts (Publication I-III). 
Therefore, enhancer-targeted gene activation allows to increase the levels of all Bdnf 
transcripts or activate Bdnf promoters within one cluster, which raises new therapeutic 
potential to BDNF-dysregulated diseases. Whether the knowledge gained from the 
research underpinning this doctoral thesis is applicable for therapeutic uses remains a 
question for the future.   
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6 Conclusions 
The studies underlying current PhD thesis have identified and characterized the 
endogenous function of three distinct Bdnf enhancer regions (Figure 4), specifically: 

+3 kb enhancer – an evolutionarily conserved intronic enhancer region that regulates
basal, neuronal activity and BDNF-TrkB-dependent expression of exon I-, II-, and 
III-containing Bdnf transcripts in both mouse and rat neurons. This regulatory
mechanism is orchestrated by various transcription factors, including CREB, AP1, and
bHLH family transcription factors.

-840 kb enhancer – the first described non-neuronal enhancer of Bdnf that regulates
catecholamine-dependent expression of Bdnf in rodent astrocytes, a mechanism 
mediated by CREB and AP1 family transcription factors.  

-4.8 kb enhancer – a MEF2-dependent enhancer that regulates the neuronal
activity-dependent expression of the first cluster of Bdnf transcripts in hippocampal 
neurons. In addition, MEF2 family of transcription factors exerts multifaceted control 
over the expression of Bdnf via both proximal and distal regulatory regions, a regulation 
dependent on stimuli and brain region. 

Figure 4. Illustration of enhancers discovered and characterized in studies underlying current 
doctoral thesis. All enhancer regions (red boxes) are named based on their location from rat Bdnf 
exon I TSS. Indicated transcription factors have shown to regulate the activity of respective 
enhancer. All studied enhancer regions facilitate the transcription of enhancer RNA (indicated as  
-840 kb, +3 kb, -4.8 kb eRNA). Figure was created using BioRender.com. DA – dopamine; 
NE – norepinephrine 
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Abstract 

The Role of Enhancers in the Regulation of Brain-Derived 
Neurotrophic Factor Transcription 
Genes make up a remarkably small part of our total DNA – about 2% of our genome is 
responsible for protein production. Rough estimates based on GWAS studies suggest that 
approximately 90% of disease-related SNPs are found in the non-coding genome. 
Enhancer regions, elements within the non-coding DNA, control gene activation 
according to the cell type, developmental stage and stimuli. It is estimated that there are 
hundreds of thousands of enhancers in the genome, but so far, the target genes of most 
enhancers, and vice versa, remain unknown. This also applies to brain-derived 
neurotrophic factor (BDNF), a neurotrophin that plays a fundamental role in the 
developing and adult nervous system, contributing to neuronal survival, differentiation, 
and synaptic plasticity. 

The expression of Bdnf gene is a result of a complex transcriptional regulation: each 
of the 5’ exon has a distinct promoter, regulation of which is dependent on various 
stimuli and transcription factors. While the proximal regulatory regions of the Bdnf gene 
have been well described, only few studies have investigated the functional role of 
enhancers regulating Bdnf expression. This is a critical knowledge gap considering that 
alterations in enhancer regions are increasingly associated with diseases. Additionally, 
studies from our and other laboratories suggest that the stimulus-dependent expression 
of the Bdnf gene is regulated by several yet undescribed enhancers. Accordingly, the aim 
of the current thesis was to discover and characterize distal regulatory regions that 
participate in the stimulus-dependent expression of Bdnf in both neuronal and  
non-neuronal cells. As a result, the studies underlying current thesis have described the 
endogenous function of three distinct enhancer regions of Bdnf gene. Specifically:  

I. We studied an evolutionarily conserved intronic enhancer region located 3 kb 
downstream of Bdnf that regulates the basal, neuronal activity and BDNF-TrkB-
dependent expression of exon I-, II-, and III-containing Bdnf transcripts in rodent 
neurons. The +3 kb enhancer binds numerous transcription factors, and the activity 
of the enhancer is regulated by CREB, AP1, and bHLH family transcription factors. 

II. We described the first non-neuronal enhancer of Bdnf gene. A region 840 kb 
upstream of Bdnf regulates the catecholamine-dependent expression of Bdnf in 
rodent astrocytes. This regulatory mechanism is orchestrated by CREB and AP1 
family transcription factors. Importantly, disruption of the -840 kb region has 
been previously described to cause downregulation of BDNF expression in 
humans and mice, resulting in phenotypic abnormalities similar to those of 
BDNF knockout animals.  

III. We revisited the previously described MEF2-binding enhancer of Bdnf. We show 
for the first time that the enhancer 4.8 kb upstream of Bdnf is important for the 
endogenous expression of Bdnf in hippocampal neurons. The -4.8 kb enhancer 
regulates the first cluster of Bdnf transcripts after neuronal activity in hippocampal 
neurons. Additionally, we demonstrate that MEF2 transcription factors exert 
multifaceted control over the expression of Bdnf via both proximal and distal 
regulatory regions – a regulation dependent on stimuli and brain region.  

Collectively, our results elucidate the regulation of the Bdnf gene and could provide 
valuable insights into the development of BDNF-related therapeutic applications. 
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Lühikokkuvõte 

Enhanseralade roll aju-päritolu neurotroofse teguri 
transkriptsiooni regulatsioonis 
Geenid moodustavad märkimisväärselt väikese osa kogu meie DNA-st – umbes 2% meie 
genoomist vastutab valkude tootmise eest. Ülegenoomilised uuringud näitavad, et 
ligikaudu 90% haigus-seoselistest ühe nukleotiidi muutustest leidub just mittekodeerivas 
genoomis. Enhanseralad, mittekodeeriva DNA elemendid, kontrollivad geenide 
aktiveerimist vastavalt rakutüübile, arengufaasile ja stiimulile. Hinnanguliselt on genoomis 
sadu tuhandeid enhanseralasid, kuid seni on enamiku enhanserite sihtmärkgeenid, ja ka 
vastupidiselt, teadmata. See kehtib ka käesoleva töö keskmes oleva geeni, aju-päritolu 
neurotroofse teguri (Bdnf), kohta. BDNF on neurotrofiinide perekonda kuuluv valk, mis 
mängib olulist rolli arenevas ja täiskasvanud närvisüsteemis, aidates kaasa neuronite 
ellujäämisele, diferentseerumisele ja sünaptilisele plastilisusele. 

BDNFi ekspressioon on keerulise transkriptsioonilise regulatsiooni tulemus: igal  
5’ eksonil on eraldiseisev promootor, mille aktiveerimine sõltub erinevatest stiimulitest 
ja transkriptsiooniteguritest. Kuigi Bdnf geeni promootoreid ja nende regulatsiooni on 
palju uuritud, on vähesed uuringud keskendunud Bdnf geeni enhanseralade kirjeldamisele. 
Seda on aga äärmiselt oluline uurida, sest enhanserid vastutavad geenide ajalis-ruumilise 
ekspressiooni eest ning on üha enam seostatud haigustega. Lisaks näitavad meie ja teiste 
laborite uuringud, et Bdnf geeni stiimul-sõltuvat ekspressiooni reguleerivad potentsiaalselt 
mitmed veel kirjeldamata enhaseralad. Seeläbi oli käesoleva doktoritöö eesmärk leida ja 
kirjeldada enhanseralad, mis osalevad Bdnf geeni stiimul-sõltuvas ekspressioonis nii 
neuronaalsetes kui ka mitte-neuronaalsetes rakkudes. Tulemusena kirjeldab käesolev 
doktoritöö kolme uue Bdnf geeni enhanserala asukoha ja endogeense funktsiooni:  

I. Kirjeldasime Bdnf geenist 3 kb allavoolu asuva evolutsiooniliselt konserveerunud 
introonse enhanserala, mis reguleerib Bdnf eksonite I, II ja III sisaldavate 
transkriptide baas-, neuronaalset aktiivsust ja BDNF-TrkB-sõltuvat ekspressiooni 
näriliste neuronites. Näitasime, et +3 kb enhanserala seob mitmeid erinevaid 
transkriptsioonitegureid ning ala aktiivsust reguleerivad CREB, AP1 ja bHLH 
perekonna transkriptsioonitegurid. 

II. Kirjeldasime esimese Bdnf geeni enhanserala mitteneuronaalses rakkudes. Bdnf 
geenist 840 kb ülavoolu asuv piirkond reguleerib katehhoolamiinidest sõltuvat 
Bdnf geeni ekspressiooni näriliste astrotsüütides. Seda mehhanismi vahendavad 
CREB ja AP1 perekonna transkriptsioonitegurid. Varasemalt on kirjeldatud, et  
-840 kb enhanserala muutused põhjustavad nii inimestel kui ka hiirtel BDNF 
tasemete langust, mille tulemuseks on BDNF knockout loomadele sarnased 
fenotüübilised iseärasused. 

III. Uuendasime Bdnf geenist 4.8 kb ülavoolu asuva ja MEF2 transkriptsioonitegureid 
siduva enhanserala kirjeldust. Näitasime, et -4.8 kb enhanser reguleerib 
neuronaalsest aktiivsusest sõltuvat Bdnf geeni ekspressiooni hipokampaalsetes 
neuronites. Lisaks kirjeldasime, et MEF2 transkriptsioonitegurid kontrollivad Bdnf 
geeni ekspressiooni nii promootorite kui ka enhanserite kaudu – regulatsioon, 
mis sõltub nii stiimulitest kui ka ajupiirkonnast. 

Kokkuvõtvalt, meie tulemused selgitavad nii Bdnf geeni reguleerimist kui ka pakuvad 
väärtuslikke teadmisi BDNF-ga seotud terapeutiliste rakenduste arendamiseks. 



55 

Appendix 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication I 
 
Tuvikene J, Esvald EE*, Rähni A*, Uustalu K*, Zhuravskaya A, Avarlaid A, Makeyev EV, 
Timmusk T  
Intronic enhancer region governs transcript-specific Bdnf expression in rodent neurons  
Elife. 2021;10:e65161. doi:10.7554/eLife.65161.   
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���
��	�����	����	���	�	�����������
�������������
�����������������J����	�����	���
����	���	�����	8�����
8�N)�ef�	
����
���8	
����	8��������������	��	���
	��
�����	�����	�L�����8�g�h�0#%.�01&'('()�I���������	��	��������	��
�
�A��BA)�������i����*j
���
�*kA)����
�����elB�m�����������i����*j
���
�*kA)*e�kn�����
������i����*j
���
�*kA)*eoopq������������*
��o�e��q����	�����8����i����*j
���
�*kA)�	eoor�q��s	���������L�L����*f
������*JA)�����
������������q��	�����8���
�QmtJ��uvJw���L�	�������A���
8���L��	����x)*�
������������
�	���
�������	����������������BA�	���������������
�	���
����	������	
����������������L�	�����I������������	����	�
������������	��
������*
���������������	u����	���y�����8�	��������
��������	
����eork*f���
�A��	���*f
���n����*kw)�
�
�������������
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Publication II 
 
Avarlaid A, Esvald EE, Koppel I, Parkman A, Zhuravskaja A, Makeyev EV, Tuvikene J#, 
Timmusk T#   
An 840 kb distant upstream enhancer is a crucial regulator of catecholamine-dependent 
expression of the Bdnf gene in astrocytes   
Glia. 2024;72(1):90-110. doi:10.1002/glia.24463 
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9M9=19><�(91' WX YZ[\]ZẐ_̀Ya[ab̀YZ̀YcdefgdhijiYkldmYnoopqrssdfgtfjgtulhlvwetgjvwxdmsidtsZ[wZ[[asygthwabb_̂YuvYzdxnlhfjY{qodfth̀Y|tgjvY}fgtfjY~tulhlvYdfY�aas[bsa[ab�wY�jjYonjY�jlmqYhfiYzdfitotdfqY�noopqrssdfgtfjgtulhlvwetgjvwxdmsojlmq�hfi�xdfitotdfq�YdfY|tgjvY}fgtfjY~tulhlvYkdlYl�gjqYdkY�qj�Y}�YhlotxgjqYhljYyd�jlfjiYuvYonjYhppgtxhugjYzljhot�jYzdmmdfqY~txjfqj



���� � �����	��
������	�	������������������������������������������������������� ������!�������"���#$��������%&���%�����������'����� �����'���"'���!�%��(���������#)��'"��"���'����� ����!�'�������'��������� ��������������"��������������������#)���(������������%����'���*����+����"���'���������������������'������������+��"��'���'�����#)����������'������&�����������������������!�����*�����������'�����������"���'����#��������'����!����'��'����'��'"�����"���!���*��������������"�������,*�����������'��������!"����!��������-*+��"������'����'�������"������'�������������%.���*/����0���%��"���!1����2#3#456���%1����������7#)��!���%�'������������������������ �'0������������������� �������'���"�������������������� �'0����������������8�9:#; � <=�>?@�;�� � ����
��A�ABCD����E���F��
�GG�H�A�	ABIJKLH������	�GA
��	M%���%��'����!������NOPQ%�+���� �����"���������*��"�����'����#R�������������+��"�������'%�����"�!��"��"!!�����%��'���*'%�����������"'� NOPQ�(�������� �%��"!% �&��"����'�� ����%��'����!���5�7��'����'�������'&���5S���������#�TU4V7#R�����'%����%������ ����%��'������%�NWXY!������"����%�6���.��'���" ��'�������%�6���'�������� ���#6���.��'��!��%��������������� �"�!�����'��!"�����&���������������������%"��� !�����*���� ����&��� ����+�� ���� �"����"� ����"��5)��%���+�'%����#�TU4Z7#$���!��%��TT�����������!�����������*��'�����NWXY��%��'����!���� �������%�����!���������������+�������� ����5�"����������&����47#[�����'�����"��"����+���%��'����!����5M� ��4�\V]U�\]3U�\]U�̂ _Z0 7 �������%���������!'�������̀547%�!%NWXY!���*��%��'���'�����%�'%����'�����%���0���%��������!��� ���!����%��'�����%�NWXY!���a5T7�%���!����������'������'�������%��'���������'&���a5_7%�!%'��*���+��������������a5]7������+��"��&��"������������������%��'��'��������5M"+�0�������#�TUT47a���537�����'�������%�������������!���������%��!���#$���%�����'����"����+���%��'����!�������������������%��������(�����������'������%����NOPQ�(��RM��#M%������'����%�6���.��'������ ���������'�� �����%���!�����M� ��4#;�� � bc����B�
���A�AB�F�G�H�A�defghDC	�G��iABIJKL�	�CD����E�cAC�i���jG�HD����cIJKL��F��
�G��
AG��
���	�GA
��	S�� ����#5TU4U7���'�� �� �����'�����������'����������%�����%��'��*kl$�5�kl$�7�����'��+���%��'����!��������%�����%���kl$�(����������+������'������������%�%��(�������������*!��!�����������!�%���%������'���������������%��'����!���'��  � "��� �� ��������� �%� �'��+��& �� �� ��%��'��

5S������#�TU4U7#)�������"����"'�������������������&���+��"����%��%�������'�������'������������%��"����+���%��'����!����"��� ����"��#[� '����� �%� ����'��� ��������������%��'����!����5\V]U�\]3U�\]U�̂_Z0 �)�!"��4�� 7���������������������%��"'���������������!���5���%�"���������������������7�����%�������������+���������������#M%�'�������%��'��'�����"'�������������'����������'����'�������'&���#M�����%��%���%�����%��'���������������������!�'����"������������'&�����������*������%����������m:�n ���+�%�'��'���������V%#M%�\V]U0 ��!����%�����%�%�!%��������������*��������������"'*���������������� �����������������5op*����75)�!"��4 7#$��%�"!%�%�\]U0 ��!����%�����%�%�!%��� �����'����������*�'��������� ����'���������5)�!"���T7��%�\]3U�\]U��� _̂Z0 ��!�����������%�� ��������*������������"'����5)�!"��4 7�����&��!�%���%�����!������������������*�����������%��'����!�����������'&���#)"�'�������&�����������!"�����&��!�������'�"���!��%��'�������0������ ��+��"��������&'�����+��5m�'0������#�TU4Va1����''%������#�TU4_7#$��%�\V]U0 ��!����%�����%������!��������'����������'��+�����"�������"���"����%��'������'��������������(����������%�%�!%�&'�����+��o3UU ����!'�����q"��'����%�\V]U0 ��!�������������"����%"���"����������"'����*��� '����!��q"��'��� ���%��������� ����+���������������5)�!"��4'7#R�"�����"����������'&������"�����%"���'�����%��'����!����"���!"������"'��������(��������"���op*����5)�!"��4'7#k� "��"���!"���������������'����'�������'&���5)�!"��4'7��%�����V%����������������������!�&5o4]r3p*����7���"'���%��(�����������%���������!����������������\V]U0 ��%��'�� '��� ��!����#M%��� ���"��� ����������� �%�� �%�\V]U0 ��!��� �(%� ��� �+��"��������& '�����+�� ��������*����������'��+��&��'����'�������'&���#l�(������+����!�����%��%���%����\V]U0 ��!���'�"�������������%��'��+��&��NOPQ������������%�������!�"�'����(�#)����+����!��������'%���NOPQ���������Rs���sR �'�"��NOPQ�(��Rs*����(��sR*'��������!�kl$��%���%�%�!%��� �������'���'%�������*���"'���(������������!NOPQ�����'�������'����'�������'&���5S���������#�TU4V7#M%����������'��������NOPQ���*������Rs��sR����������%��"'�������'����!��q"��'�������\V]U0 ��%��'����!����������������+�������������������*������ ���%����&����&��������!���51��&$7���%������������#$����������%�\V]U0 ��!��������������������%��'��+��&��NOPQ��������Rs��sR5)�!"��4�7��"�����"�����'����� "������!�&��'�������%�����"�"�*����������'��+��&o3rp���o_r]*����������'��+��&5)�!"��4�7#t����'��+��&��"����"����%�� �%���%�\V]U0 ��!���������������%���������*����������'��+��&��NOPQ��������������'����'�������'&���#)�����&�����"�&�%��%���%�\V]U0 ��!��������'��+���%��'����!���������!���"�'����(�����������!�����%�'%����*�����������%���!��������'"��"��������'&���#)���%��������*������t%R1*q1tk����&�������+����!����%�������'���._STZ$'��%������0���'��+���!"�����&��!��������._STZ��_�����0��������������'��������'%���������!����5t��&!%�������#�TU4Uau%"����#�TU4_7#$���&������%�\V]U0 ��!����%�����o]*����

vw $s$kx$Rm9M$x# yz{|}zz~��y�{���yz�y����������y����y������������������������������������z{�z{{�����������~y��y��������y��������y�����y������y�������y��y����{���{�� �y¡��y���y¢����y���y����������y£�������������������������������������¤���¤����������¥y��y�����y������y�������y���y�¦���y��y¦��§y�̈y��������y���y��©�����y��y���y����������y������©�y�������y�������



��������	
�	��
��������
����
�

�
�������
���	
����

�
���
�����
�	�����

	�
�
�
 ����	��

���
�
�	
�!����"
�

	��	���#
$%& '(()*' *+)(,-(-.'

(/-& +0-(*+1+-&2(3
'(/-& 4/)&-2(3'(/-& 4)%&/-4

5678 9-(-:-(3'(/-& 4/)&-
;)*'< 4/)&-;== 0+4*'(/- >?@A=+B- >?@A

;&'(4/&+C*+)( 1'/*)& @+(0+(94+*-4 D+*3+( -(3'(/-&,-(- *'&9-*4 1)&-(3'(/-&E))&0
+('*-4

FGHI���JJ�K
LHMNMJ#L

O��
���JJ#J
JG#GLFLL#H

M#GNLPQ�
G�
�
����GRJ

KKSTKUSMNUVJKKSTKWSUK
LX��MY

���LRJKNSHJKSNKUVJKNS
HJJSMJG X��JKY

OZ [\O
���JJRLHSMNGSWGKVLHSM

NUSLMHX��J NY
VUKI� ��JJ�K

LHHWGK#M
OZ [\OJJ

M#M]GL#G
J#GMPQ�

G�
�
����GRJ
KKSHLHSMGWVJKKSHLTSLU

NX��MY
���LRJKNSMLMSHWMVJKNS

MLHSGMM X��JKY ���JJRLHSHHWSUHKVLHSH
HMSJLJX��J NY

]TUK I���JJ�K
LTWMWJ#G

Q̂ZP[_WJK#J
JG#JG]TUU#M

L#LJNPQ�
G�
�
����GRN

NSNGLSLKMVNNSNGGSKWU
X��MY

O��
���
���LRJKTSTLHSLUNVJKTS

TLTSJKM X��J KY ���JJRLTSWTHSTMLVLTSW
TTSTHWX��J NY

OZ [\O
]UWKI���JJ�K

LTJUWK#N
O��
���W#N

W#GJ]ULU#L
J#LJGPQ�

G�
�
����GRJ
KKSGLJSWJTVJKKSGLLSWW

WX��MY
���LRJKNSLUJSWMLVJKNS

LULSMLM X��JKY
OZ [\O

���JJRLTSJMHSGUNVLTSJ
MTSUHWX��J NY

�̀abR�
 �
���
���
�
	�!�
������c�
	�!��

	�

����
��
������
	�
�
�
���
��	�

�
#O����
�����
�
��
���
�	�
��I
�������!	

�
�
�����
����
��
��
���
�����	
��	


��	!�����!!
�
�	
�	��
 �S�����
�
V


����
�����
�
!�
�	�
	�
�����	����
	d



������
�

e��
����
���	�
�	�"�	��!�


����
�S��	�	����
�
��	�
���	�����	����

!�
�
V
����
���
�
���
�����
�#

O����
������
��
���
	�	�
	�	�	������	

	�
�
������
����

�#Pff���	��
XI�Y���

d�	�
���	��
!���	�

��������
e��gP

ff	�	�
�������	�!

����
�S����	�"
"��
�

�	��!���
�����
��d��	�
 ��!	�
���

�
e��gPff���
�	�
"
"��
����d���	�


��
�����#�
�
	��
	�
!��
����
����d�	�


����
��!�������
	��

	�
�
�#P�
	��
���

���"��
�	�
��!���	��
���	�
��h
�!

	�

�� ��
��
�����S�
���
���!	�������	���

!�	���XPQ�Y	�	�"
�


����d�	�����	�



����
��� �g�V�
c

e�
���
�	�S��	�
���

����	
��!	�
�
�����
������
S�	�����

��
���
�
���
���	
�#[� ����		���	

I
���	������		�
�
��	��
"��	�����
	d



��	�������
��
�
������
���	�


�	�
���
#
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��� Ô OZ[OP=<O[� ��������� �¡�¡¢ �� �£¤¥¦§¤̈©ª©�«¬¤�®̄̄°±²³³¤¦§́¦ª§́µ¬̈¬¶·¥́§ª¶·̧¤³©¤́³��·���¡³¹§́̈·¡¢¢���µ¶�º¤̧®¬̈¦ª�»±̄¤¦́̈ �¼§́ª¶�½¦§́¦ª�¾́µ¬̈¬¶�¤¦�¿¡¡³�¢³¡�¡¢À·�Áªª�̄®ª�Âª¬±�̈¦©�º¤¦©́̄¤́¦±�Ã®̄̄°±²³³¤¦§́¦ª§́µ¬̈¬¶·¥́§ª¶·̧¤³̄ª¬±Ä̈¦©Ä̧¤¦©́̄¤́¦±Å�¤¦�¼§́ª¶�½¦§́¦ª�¾́µ¬̈¬¶�«¤¬�¬Æ§ª±�¤«�Æ±ªÇ�½È�̈¬̄́§̧ª±�̈¬ª�¹¤Éª¬¦ª©�µ¶�̄®ª�̈°°§̧́µ̈§ª�º¬ª̈¯́Éª�º¤¤¦±�¾́ª̧¦±ª





109 

Appendix 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication III 
 
Avarlaid A, Falkenberg K*, Lehe K*, Mudò G, Belluardo N†, Di Liberto V, Frinchi M, 
Tuvikene J#, Timmusk T# 
An upstream enhancer and MEF2 transcription factors fine-tune the regulation of Bdnf 
gene in cortical and hippocampal neurons 
J Biol Chem. 2024;300(6): 107411. doi: 10.1016/j.jbc.2024.107411 
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®̄ °±²³́ µ¶·̧ µ́¹́º»¼·̧¶½¾½¿ÀÁÂÃ

ÄÅÆÇÈÉÊÆËÌÍÎÆÏÐÑÐÒÓÔÑÑÏÕÓÖÑ×ÒÖÖ



��������	
	�������������
��������
������
���������	����
������������������� �	������	
����!���
�	�"����#$���
��
������ %���� &����� '�����	������������������	��������!��������� �	������������
�
���	���	�����	��
()�"��*+��"���	�����!!��	�!	�	
�������	�
����
�#��� %	
���� &����������
�������	������
������,-��.-/������
��0���#1�2	
�34�����
��
������ '������
�
���	���	
����	���������	�
����
��	�����������	�����������
��
5-��6-/��������
����� '����0���#134#��7����������������������89�:"����
��
��
;<#,�������7!������
0���#1�2	
�34#=
()�"���	�����!!�"�	�!	�
����
������
��
������ &�����	�������������;<#,������>:#5"��������������
��
������ '�
���	���;<#,������������>:"����0���#124#$��!����
��������
��
������ '�
���	���;<#,������ ������>?"�����
*+��"���	���������	�
����
�����������
��
����������� �	�������"�����	�
��������
����������;<#,��������
���	���������	�
����
�0���#134#@������������
���	����	�89�:+��!���������;<#,���
�	
����
������	�	
���!!��	�!	�
����
��	
���	�89�:)	���	�	��	
����!���
	�	����	����������
�	
����
()�"���	�����!!��	�!	�
����
�#$���
��
������ %�	�	��
��
���������	����������������	�3'A�	
�	�����	��3'A���	
����!���
�
���	���	
�*+��"���	�����!!��	�!	�
����
�0���#124����������
��
������ %���
���	��	
��������
�����������3'A������
������	�
����
�0���#134#$���
��
������ &�����	�������7!������
��3'A��
�
���	����()�"	
�*+��"���	�����!!��	�!	�
����
���������������������	���>?"6"��������
���3'A��7�
="��
�	�
�
������
�
���	���	
�()�"���	���
����
�0���#124#������������
��
������ &�
���	���������������������������3'A���	
����!���
()�"���	���������	�
����
������7!������
���������������
����������3'A���	
����!��	
����	�3'A����������	���0���#134#$�
��3'A��7�
=B"��
�	�
�
���	
����!��	������	C����������3'A������
���������	�
����
�0<-4������	���
���	���
�����	
����!�������7�
���������!����	�����������
���
D��
�����
���	
���������	�3'A�����������#$���
��
������ '�	����������	������������
����7!������
��3'A�#=
��!!��	�!	�
����
����3'A��7�
="��
�	�
�
���	
����!�������!�����	���>?"����	����()�"���	���
�	
�3'A��7�
=B"��
�	�
�
���	
����!���������
�����	������	�����������	���
�0���#124#=
������	�
����
��������
��
������ '��������
���	
��!�����	���
��3'A��7!������
�����
�
���	���	
�*+��"���	�������
���
()�"���	���
����
�0���#134#)���������������������
����	�	��
����89�:�	��������	
����!���
 �	������89�:) 	
�89�:+ !���	���������
����7!������
��3'A��
������!!��	�!	�	
�������	�
����
�#�����������	

�����
�������	�����	�
�������������������������������
��
�	�����������
"�����������
��
������
������������	����89�:�	������	
����!���
�	������	��	!�������!�������
������!��7�����	���
��3'A���
��	���
������������!��7��	�	
�����	������	���������
��
�����
���	���
������	�	
���!!��	�!	�
����
�#

EFGHIGGFJK=
�����������������������	������89�:��	
����!���
�	������7����������	�������
������������7!������
������	������
�3'A�L@��������	���
�
�����������
������	
�����!��	��
��
���!�
�����������
��������	
���	�
�����
�#M����!�����������	����	�����
���;<#,�������
���
�	
��3'A�!�������=�
��������������
��7�0?�N-4�����
��
����������������������	��
�
����
�����
��7����;<#,���
�	
��������	���3'A��
��!!��	�!	�
����
�#���	������!�����������
�������;<#,���
�	
���	��������
����
��OAPOPQ	
������������;<#,���
�	
����
	
�!�
�����	��
��
����	���
�
���	
��!!��	�!	�
��"��
�#��
	�������������
���	�	��������
��
����89�:�	������������89�:)	
�89�:+�	������������
��"�	
���!	���
�����	
����!���
	������	���
��3'A��
��������������!!��	�!	�	
�������	�
����
�#����������������������������������
����	���
���!�	�������
89�:�	������	
����!���
�	������
��������	���
��*+���7!������
#M�����
���	����	����;<#,���
�	
��������	�������������������3'A���	
����!�����
�	�
�
�3'A��7�
�=�==��	
�===�	����
����
	�	��������
��!!��	�!	�
����
�#@���������������3'A��7�
����
��
���7�����	������
����
"�!������7!������
!	����
	
�����������������������	���	�	��
������������!��������0N,R:N4#M��	��!������������������	
�
���
���
�	
��������
���	������
����	������3'A��7�
===0S1���
�	
���4�����!�	��	�����	������
*+��"@��*���
	��
�"	
�
����
	�	�������"�
������7!���"���
������������������3'A���	
����!���

����
�0:54#����������������������	��
��������������
����!���������!�
��
���	����
������!�	��������	����;<#,��	
�S1���
�	
��������
��������
��������	����	�����	�����
����
	�	�������"��!�
��
��7!������
������������������3'A��7�
��
��!!��	�!	�
����
�#@���	���
��������������!�������!��!�����
@�����
��T%UL:-:N0:54���������
���	����S1���
�	
�����
����
�	�	
	
����������������	��
�
"���	����
�������
���3'A�0!��������=�==�==4	
�������!�������
�	
����#@����!!��	�!��	
�������	������7	�������	�
�����
������*+�����������7!������0N,R:-4#=
	������
����	
����!���
�	������
�������
3'A������	���
�
�����������	�
�����
�0�LVL�)�9*��W�$<4�
���������	
����!���
�	����������	���
������	�!����������3'A���!�
��
��
�����	�
�����
0N?�:N4#��������	��3'A���	
����!���
��������	��!�����
������
��
��	���	
����!�"�!����������	���
��3'A��	�����������
��	����
����	��	��	���	
�!��
�"��!��0<N�<:4#����7	�!����
�����!!��	�!������!����"�	���
��3'A��7�
="��
�	�
�
���	
����!���
���	���������!��7�������
�������!�
����!�������������!�����	���
��3'A��7�
=B"��
�	�
�
���	
����!�����������	��7!������
0<:4#=
��
��	������	���
��
3'A�!�������=B��!	�����
����
	�	�������"��!�
��
��7!������
��*+����!���	
�������!��!��������!��
����
����������
	!����
�����"����	������70N54#��������
��	��
�	����
����
�	
�����"���
������ �
�������������
�����!��!�����
 ��3'A���	
����!���
������	�	
���!!��	�!	�
����
�#�������
�������89�:"��!�
��
�;<#,���
�	
��������!�
�����������

XYZ[\]̂ _̀ab̂_ĉdefab̀ghgijklm
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QTVaC K����������������	�������	���������	�������
����CP�����������	���
���������
���LBJAJLM��[������R�EDT�[ZLZ���M��	R�E�J���������Ee�����		��������������
	L]����R���
CD�J�AMAZ���  ̂PR J�
����������������������	��������	������������
���������CP��������� Y���������������	�	������������
��
�����	����������
��PQDDg���Q������PUV��
���	������������	c�����
��������D PQd� ���������
���
�\����
�c����LJ����R EFy��������Z���
h��������	M���c������	�������LK��R��	�

�
����
�����
������������������	���������������
��������������������D̂DDg���E����PUV h�����������������	������	�	���
�
�����	������������
	�����LM[ZR������ Y�
����������������������������	�����	�������	�����������
����
��������
�������	������	�	��DB̀n K�̂ B̀n�D E��F��BN�	��LW����R����ED�JJ�ZaPLZ����R��	�

�
��������	��
��������
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