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Introduction

Brain-derived neurotrophic factor (BDNF) is an important signalling molecule that plays
a role in neuronal survival, differentiation, and synaptic plasticity, thereby influencing
various cognitive functions such as behaviour, learning, and memory. The regulation of
Bdnf gene expression during development and in response to different stimuli is a
complex and highly regulated process. Given the involvement of BDNF in many functions
of the nervous system, BDNF has great potential as a therapeutic tool for different
neurodevelopmental and neurodegenerative diseases. However, the complexity of Bdnf
gene regulation and BDNF-dependent signalling is still not completely understood.

In the present PhD thesis, we studied stimulus-dependent regulation of Bdnf
expression. First, we focused on the mechanisms of BDNF-TrkB signalling-dependent
Bdnf gene regulation in cultured cortical neurons. Next, we focused on brain region-specific
activity-dependent regulatory mechanisms of Bdnf, focusing on cortical and hippocampal
neurons. Finally, we studied distal regulatory regions of the Bdnf gene and revealed
the first cell type-specific enhancer region potentiating Bdnf expression in neurons.
The research underlying this thesis contributes to a comprehensive understanding of the
molecular mechanisms governing Bdnf expression and lays the foundation for potential
therapeutic interventions targeting neurodegenerative and neuropsychiatric disorders
associated with aberrant BDNF expression.



Abbreviations

AP1 Activating protein 1

ATF1 Activating transcription factor 1
BDNF Brain-derived neurotrophic factor
CBP CREB-binding protein

ChlP Chromatin immunoprecipitation
CRE cAMP-response element

CREB CRE-binding protein

CREM CRE-modulator

CRISPRa CRISPR activation

CRISPRi CRISPR interference

CRTC CREB-regulated transcription coactivator
CTX Cortex

DIV Days in vitro

E Embryonic day

GFP Green fluorescent protein

HC Hippocampus

NGF Nerve growth factor

NT Neurotrophin

p75NTR p75 neurotrophin receptor
RT-gPCR Reverse transcription quantitative polymerase chain reaction
TrkB Tropomyosin-related kinase B
UTR Untranslated region
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1 Review of literature

1.1 The family of neurotrophic factors

Neurotrophins are a family of secreted signalling molecules that support neuronal
survival, neurite growth, and neuronal maturation (Chao, 2003). NGF (nerve growth
factor) was the first discovered neurotrophin that, at the time as an unknown compound
in a tumour extract, stimulated neurite growth of different ganglia (Cohen et al., 1954;
Levi-Montalcini & Hamburger, 1951). This marked the beginning of a new era in
developmental neurobiology — the study of neurotrophic factors.

Almost 25 years after the discovery of NGF, it was discovered that a compound from
the glioma cell culture could keep chicken embryonic sensory neurons alive (Y. A. Barde
et al,, 1978; Y.-A. Barde et al., 1980). In the following years, the active compound was
purified from pig brain (Y. A. Barde et al., 1982) and shown to be a neuronal survival factor
(Y. A.Barde et al., 1982; Johnson et al., 1986; Rodriguez-Tébar et al., 1989). Next, nucleotide
sequence of the novel compound, named BDNF (brain-derived neurotrophic factor), was
determined and the protein sequence was shown to be highly similar to NGF (Leibrock
et al.,, 1989), starting the family of neurotrophic factors. Based on protein sequence
similarity, neurotrophin 3 (NT-3) (Ernfors et al., 1990; Hohn et al., 1990) and neurotrophin
4 (NT-4) (Berkemeier et al., 1991; Hallbook et al., 1991) soon followed as members of the
neurotrophic family. In fish, additional neurotrophins, NT-6 and NT-7, have been
described (Go6tz et al., 1994; Lai et al., 1998; Nilsson et al., 1998). Altogether, NGF, BDNF,
NT-3, and NT-4 form the family of neurotrophic factors in mammals (Chao, 2003).

1.2 BDNF gene structure

The Bdnf gene spans approximately 50 kbp and contains multiple promoters that direct
tissue-specific expression of Bdnf (Nakayama et al., 1994; Timmusk et al., 1993). Initially,
five exons were identified in the Bdnf gene (Timmusk et al., 1993), and further studies
discovered additional 5’ exons (Q.-R. Liu et al., 2005, 2006). Thus, the rodent Bdnf gene
consists of eight 5’ non-coding exons and one 3’ coding exon (Aid et al., 2007), while the
human BDNF gene contains ten 5’ exons and one 3’ coding exon (Figure 1) (Pruunsild
et al., 2007). BDNF exon llc contains three splice donor sites that could be used for
alternative splicing (Aid et al., 2007; Pruunsild et al., 2007). In humans also exons V, VII,
and VIl can undergo alternative splicing, and exons VIIl and VllIh can be used as internal
exons and spliced together with exon V, further increasing the complexity of the BDNF
gene (Pruunsild et al., 2007).

In humans an extra layer of regulation of BDNF mRNA levels is achieved by the
non-coding antisense BDNF transcript that partially overlaps with the BDNF gene.
Antisense BDNF has been shown to form duplexes with BDNF mRNA (Q.-R. Liu et al.,
2005; Pruunsild et al., 2007). Knockdown of antisense BDNF RNA results in increased
BDNF mRNA levels, indicating negative regulation of BDNF expression by the antisense
transcript (Modarresi et al., 2012).

1.2.1 BDNF 5’ exons

BDNF 5’ exons are generally non-coding, although exon | in both humans and rodents
(Aid et al., 2007; Pruunsild et al., 2007), and exons VIl and VIIl in humans contain an
in-frame translation initiation codon and could be used to initiate translation (Pruunsild
etal., 2007). Notably, the alternative in-frame AUG in Bdnf exon | is used more efficiently
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for translation initiation than the start codon in the coding exon (Koppel et al., 2015).
Furthermore, the exon I-containing transcripts are the most enriched Bdnf transcript in
synaptoneurosomes (Lekk et al., 2023). It has also been shown that all Bdnf 5’ UTRs
(untranslated regions) repress translation, with the UTR resulting from exon Il being the
most repressive (Lekk et al., 2023).

RODENT

| vV VI VI Vi IXa IX
'ar ATG  pA pA

SIS S S S L

BDNF coding region

HUMAN

| IV VVhVI VII Vil Villh [Xabcd X
ATG ATG ATG PpA pA

W B s

BDNF coding region

Figure 1. Schematical representation of rodent and human BDNF gene structure. BDNF exons are
shown with boxes with Roman numerals above the box indicating exon number. Dashed line
represents introns. BDNF coding sequence in exon IX is shown in black. Arrows above the boxes
indicate transcription start site, ATG indicates alternative translation start sites, and pA marks the
locations of alternative poly-adenylation signal sequences that result in BDNF transcripts with
either short or long 3’ UTR. (Adapted from (Esvald et al., 2023)).

The expression of the first cluster of BDNF exons (exons |, Il, and IIl) is mainly
brain-specific, whereas the second cluster (BDNF exons IV to VII) are expressed in both
neural and non-neural tissues (Aid et al., 2007; Pruunsild et al., 2007; Timmusk et al.,
1993). In the human brain, major BDNF transcripts contain exons |, lic, or IV, while in
rodents, Bdnf exon VI also remarkably contributes to the total Bdnf mRNA pool (Esvald
et al., 2023). Some brain regions in the human brain exhibit specific expression patterns
of different BDNF transcripts, e.g., exon I-containing transcripts contribute to total BDNF
levels more in the amygdala and thalamus, whereas exon llc-containing transcripts form
a remarkable proportion of total BDNF mRNA in the cerebellum (Esvald et al., 2023).
The usage of Bdnf transcripts varies between cell types, as majority of Bdnf transcripts in
cortical neurons contain exon IV, whereas the major Bdnf transcripts contain exon VI in
cortical astrocytes (Koppel et al., 2018).

Only certain cells, e.g., glutamatergic neurons, express Bdnf and are a major source of
BDNF in the brain (Andreska et al., 2014; Hartmann et al., 2001). In peripheral tissues,
for example, single-cell RNA sequencing data indicates that mesothelial cells in the lung
and smooth muscle cells in musculature, spleen and vasculature are primary cells
expressing Bdnf in these tissues (Esvald et al., 2023). It has been recently shown using
single molecule fluorescent in situ hybridization that the expression levels of Bdnf varies
between neurons (Maynard et al., 2020). Almost all neurons that express Bdnf exon | also
express exon |V, whereas only around half of neurons that express Bdnf exon IV also
express exon | transcripts at the same time (Maynard et al., 2020).

Membrane depolarization increases transport of Bdnf mRNA to dendrites (Tongiorgi
et al., 1997) via interaction with translin (Chiaruttini et al., 2009) for local translation of
Bdnf in the neurites (Baj et al., 2011). Translin participates in Bdnf trafficking after
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neuronal activity, but not after BDNF treatment (Y.-C. Wu et al.,, 2011), implying the
presence of several highly specific mechanisms governing Bdnf mRNA localization. It has
been reported that the main Bdnf transcripts in distal dendrites contain exons Il or VI,
whereas other Bdnf transcripts are mostly restricted to the cell soma (Baj et al., 2011,
2013; Chiaruttini et al., 2009). More specifically, transcripts containing Bdnf exon IV
remain in cell soma while exon VI-containing transcripts are localized in both soma and
dendrites (Baj et al., 2013; Chiaruttini et al., 2008, 2009; Pattabiraman et al., 2005; Singer
et al., 2018). Furthermore, specific localization of different Bdnf transcripts and local
translation has been confirmed using knock-in of cyan or yellow fluorescent protein-
encoding sequence to the Bdnf 5’ exons both in vitro and in vivo (Matt et al., 2018; Singer
et al.,, 2018). Although the exact mechanism of Bdnf mRNA compartmentalization
remains to be studied, it has been reported that different Bdnf transcripts have distinct
effects on dendrite complexity (Baj et al., 2011). In agreement with the localization and
potential local translation of the transcripts, knockout of BDNF protein from exon Il
reduces dendrite branching and loss of BDNF protein from exon VI transcripts reduces
spine morphology on apical dendrites (Maynard et al., 2017).

1.2.2 BDNF alternative polyadenylation signal

In addition to different 5’ UTRs, Bdnf coding exon contains several polyadenylation sites,
allowing for the formation of Bdnf transcripts with either short (~1.6 kbp) or long
(~4.2 kbp) 3" UTR (Fukuchi & Tsuda, 2010; Maisonpierre et al., 1991; Ohara et al., 1992;
Timmusk et al., 1993). Bdnf transcripts with short 3’ UTR are generally more stable
(Castrén et al., 1998) and more enriched to polysomes than transcripts with long 3" UTR
(Timmusk et al., 1994). Bdnf long 3’ UTR has been shown to decrease Bdnf mRNA stability
(Will et al., 2013) due to miRNA binding sites that decrease Bdnf mRNA levels (Mellios
et al., 2008; Varendi et al., 2014).

Different Bdnf 3’ UTRs have been reported to result in distinct Bdnf transcript
localisation patterns. The majority of Bdnf transcripts have a short 3’ UTR and are located
in the cell soma (An et al., 2008; Will et al., 2013), while transcripts with long 3’ UTR
localize in dendrites and promote maturation of dendritic spines (An et al., 2008).
Notably, Bdnf transcripts with short and long 3’ UTR have a slightly different role in
dendrite branching, as they promote the branching of secondary and primary dendrites,
respectively (O’Neill et al., 2018). Bdnf transcripts with different 3’ UTRs are differentially
transported to dendrites in response to various stimuli. For example, Bdnf transcripts
with both short and long 3’ UTR are transported to dendrites in response to membrane
depolarization, only transcripts with short 3" UTR are transported after NT-3 signalling,
and only transcripts with long 3’ UTR are transported after BDNF signalling (Vicario et al.,
2015).

The precise effect of Bdnf 3" UTR on translatability is still unclear. On one hand Bdnf
long 3’ UTR has been shown to repress translation at basal conditions, while neuronal
activity leads to greater enrichment of Bdnf transcripts with long 3" UTR in polysomes
compared to those with short 3’ UTR (Lau et al., 2010). Also, it has been proposed that
membrane depolarization increases the stability of Bdnf transcripts via formation of
secondary structures in the Bdnf 3’ UTR (Fukuchi & Tsuda, 2010). On the other hand,
it has been demonstrated that the Bdnf 5’ nor 3’ UTRs do not affect the translatability of
a reporter gene in response to membrane depolarization, but Bdnf long 3' UTR increases
de novo synthesis of a reporter gene in HEK293 cells (Lekk et al., 2023).
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The role of Bdnf 3’ UTR has also been elucidated in vivo. Knockout of Bdnf long 3’ UTR
in hypothalamus decreases dendritic Bdnf mRNA levels and increases food intake and
body weight (An et al., 2008). Decreasing the levels of Bdnf transcripts with long 3’ UTR
in cortex using shRNAs also results in lower dendritic Bdnf levels and more anxiety and
depressive-like behaviour (Oh et al., 2018). In vivo deletion of a substantial part of the
Bdnf 3’ UTR with CRISPR-Cas9 also decreases total Bdnf mRNA levels in mouse brain
(Matlik et al., 2023). Similarly, removal of the whole Bdnf 3’ UTR decreases the levels of
BDNF protein in all brain regions, but increases BDNF levels in peripheral tissues (Lekk
et al,, 2023), implying unknown differences in the regulation of BDNF between the brain
and peripheral tissues.

1.3 BDNF-regulated signalling pathways

1.3.1 Synthesis of BDNF protein

It has been proposed that genes encoding neurotrophins share a common ancestral
origin and have undergone evolutionary changes over time (Hallb6ok, 1999). Similar to
other neurotrophins, the BDNF protein consists of a signal peptide (pre region), pro
region, and the mature BDNF region with conserved cysteine residues that form
disulphide bridges (Hohn et al., 1990; Leibrock et al., 1989) (Figure 2). Notably, the amino
acid sequence of mature BDNF is highly conserved during evolution, while the pro-domain
has been under less selective pressure (Lucaci et al., 2022).

BDNF is synthesized as a prepro-precursor protein into the endoplasmic reticulum,
with the pre-region cleaved co-translationally, and processed to mature BDNF either
intracellularly in the Golgi complex by furin-like enzymes (Mowla et al., 1999, 2001) or
extracellularly by plasmin and matrix metalloproteinases (Lee et al., 2001; Mizoguchi
et al.,, 2011). In secretory vesicles, BDNF can be cleaved by pro-protein convertases
(Seidah et al., 1996). Additionally, proBDNF protein, but not mature BDNF, can undergo
N-glycosylation to increase stability (Mowla et al., 2001). As some Bdnf transcripts are
transported away from the cell soma, BDNF can be locally translated in dendrites after
neuronal activity, promoting spine maturation (Tanaka et al., 2008; Verpelli et al., 2010).

pre-proBDNF
[ |

proBDNF
l
pre pro-peptide mature BDNF
v I

t
V66M

N-glycosylation
site

Figure 2. Schematical representation of BDNF protein structure. Prepro-precursor BDNF is shown
with boxes and grey arrows mark cleavage sites that produce proBDNF and mature BDNF protein
from precursor protein. Val66Met substitution (V66M) and N-glycosylation site in the pro region
are shown with black arrows.

In neurons, BDNF is sorted within the Golgi complex into the regulated secretory
pathway via interaction with sortilin (Z.-Y. Chen et al., 2005) and can be secreted from
the cell in a neuronal activity-dependent manner (Mowla et al., 1999). Notably, a common
valine to methionine substitution (Val66Met) in the BDNF pro-region impairs packaging

14



of BDNF into secretory granules resulting in reduced activity-dependent secretion of
BDNF (Z.-Y. Chen et al.,, 2004; Egan et al.,, 2003). The prevalence of the Val66Met
substitution varies among populations, being nearly absent in certain African groups and
reaching up to 70% in specific Asian populations (Petryshen et al., 2010). The majority of
secreted BDNF is in the mature form (Matsumoto et al., 2008; Mowla et al., 1999).
Electron microscope studies using tissue sections and various BDNF antibodies suggest
that BDNF is cleaved into the mature form soon after synthesis, with mature BDNF
localized in presynaptic vesicles together with the BDNF pro-peptide (Dieni et al., 2012).
Since then, it has been reported that the BDNF pro-peptide itself acts as a signalling
molecule and has been associated with stress resilience (reviewed in Zanin et al., 2017)
and depression (reviewed in Kojima et al., 2019).

1.3.2 BDNF-dependent signalling pathways

BDNF forms non-covalently associated dimers and binds two types of receptors: the p75
neurotrophin receptor (p75NTR) (Fayard et al., 2005; Rodriguez-Tebar et al., 1990) and
the tropomyosin-related kinase B (TrkB) receptor (Klein et al., 1991; Squinto et al., 1991).
Preferentially proBDNF binds p75NTR and mature BDNF binds TrkB (Reichardt, 2006).
The outcomes of p75NTR and TrkB signalling are often opposing, e.g., p75NTR generally
promotes apoptosis, whereas Trk receptors support cell survival (reviewed in Lu et al.,
2005).

TrkB receptor is a member of the tropomyosin-related kinase family of tyrosine
kinases, and in addition to BDNF, TrkB can also bind NT-3 and NT-4 (Reichardt, 2006).
The binding of a neurotrophin dimer causes TrkB dimerization and trans-phosphorylation
(Reichardt, 2006). Consequently, various adaptor proteins and enzymes can bind to the
phosphorylated tyrosine residues in the TrkB intracellular domain and initiate different
signalling pathways. The main pathways activated by TrkB are Ras-MAPK, PI3K-Akt,
and PLCy1-IP3/DAG (Reichardt, 2006). Since BDNF-dependent signals must reach the
nucleus for long-term changes in the neuronal functions, the internalization and
formation of signalling endosome is an important part of TrkB signalling (Barford et al.,
2017; Moya-Alvarado et al., 2022). Recent findings have shown that TrkB dimerization
can occur after endocytosis and initiate the PI3K-Akt pathway, whereas monomeric TrkB
can activate the Ras-MAPK pathway already at the cell membrane (Zahavi et al., 2018).

TrkB is encoded by the Ntrk2 gene, and several TrkB isoforms are generated through
alternative splicing (Luberg et al., 2010; Stoilov et al., 2002). The most common TrkB
isoforms are the full-length and C-terminally truncated isoform TrkB-T1, which lacks the
intracellular kinase domain (Luberg et al., 2010; Stoilov et al., 2002). In different brain
regions, both full-length TrkB and TrkB-T1 are expressed, whereas in non-neural tissues
only TrkB-T1 is expressed (Esvald et al., 2023). In the brain, full-length TrkB is expressed
in neuronal cells, whereas TrkB-T1 is expressed in both neuronal and non-neuronal cells,
such as radial glia cells and oligodendrocytes (Pattwell et al., 2022). TrkB-T1 isoform often
functions as a dominant-negative by sequestering BDNF and full-length TrkB (Haapasalo
et al., 2002). However, TrkB-T1 has independent signalling roles (Baxter et al., 1997;
Tessarollo & Yanpallewar, 2022), such as mediating calcium release in astrocytes (Rose
et al., 2003) and cardiomyocytes (Fulgenzi et al., 2015).

The p75NTR, encoded by the Ngfr gene, belongs to the family of tumour necrosis
factor receptor superfamily and can bind all proneurotrophins (Rodriguez-Tébar et al.,
1992; Rydén et al., 1995). Lacking a catalytic domain, p75NTR initiates signalling pathways
by interacting with other proteins, e.g., intracellularly with TRAF6, and extracellularly
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with sortilin, Lingo-1, and Nogo-R as co-receptors (Kraemer et al., 2014). The binding of
proneurotrophins to p75NTR initiates NF-kB, RhoA, or Jun kinase pathways, which can
result in the promotion of apoptosis and the inhibition of axonal growth cones (Kraemer
et al., 2014; Reichardt, 2006). Conversely, when interacting with members of the Trk
family as co-receptors, p75NTR promotes cell survival instead (Kraemer et al., 2014;
Zanin et al., 2019).

1.4 Roles of BDNF

1.4.1 Bdnf haploinsufficiency in humans

In humans, haploinsufficiency of BDNF has only been reported in a few cases. A mother
and her 3-year-old child with BDNF deletion demonstrated delayed development and
obesity, along with higher levels of cholesterol, insulin, and sodium in the serum, and
displayed sedentary behavior (Harcourt et al., 2018). Haploinsufficiency of BDNF has
further been described in a subpopulation of WAGR syndrome patients, and is associated
with hyperphagia, obesity, lower 1Q, diminished adaptive behaviour, and social
impairments, as well as remarkably lower sensitivity to pain (Han et al., 2008, 2013; Sapio
et al., 2019). Furthermore, deletions of the 11p14 region (distinct from those seen in
WAGR syndrome patients), including BDNF among other genes, are associated with
numerous issues, such as obesity, developmental delay, lower IQ and learning
difficulties, attention deficiency disorder, and behavioural problems, including
aggressiveness and hyperactivity (Ernst et al., 2012; Shinawi et al., 2011). Additionally,
an 8-year old child with a de novo chromosomal inversion with a breaking point 850 kbp
upstream from BDNF locus resulted in decreased levels of BDNF in the blood, and the
child exhibited developmental delay, lower IQ, hyperphagia, obesity, extreme hyperactivity,
and impaired nociception (Gray et al., 2006). Although decrease in BDNF levels has
mainly been connected to obesity, low serum BDNF levels have also been associated with
anorexia (Nakazato et al., 2003). Interestingly, a case of BDNF duplication has also been
reported in an individual with developmental delay and dystonia (Ernst et al., 2012).
Collectively, these case reports emphasize the importance of proper BDNF levels and
suggest multiple roles, such as behavioural and metabolic control, for BDNF in humans.

1.4.2 Total Bdnf knockout animals

Mice with homozygous deletion of Bdnf coding exon show similar size and motor activity
to wild-type mice at birth but generally die within the following days (Jones et al., 1994).
Cardiac failure due to endothelial cell apoptosis leading to vascular hemorrage has been
suggested to be the main cause of early death (Donovan et al., 2000). A few Bdnf 7"
animals that survive are smaller than their littermates, experience movement difficulties,
and display alternating periods of hyperactivity and inactivity (Jones et al., 1994). Older
Bdnf - animals exhibit hunched posture, ataxia, and problems with breathing (Jones
etal., 1994). In contrast, Bdnf*/ animals are fertile and can survive for over a year (Jones
et al., 1994). Another research group described Bdnf ”* mice as smaller than wild-type
mice, with death occurring during the second postnatal week (Ernfors et al., 1994). These
mice also experience problems with movement and balance, and show periods of
hyperactivity that are followed by immobility (Ernfors et al., 1994). At the cellular level,
the absence of Bdnf leads to extensive death of sensory neurons (Ernfors et al., 1994;
Jones et al., 1994). Subsequent studies of Bdnf knockout mice also report early death
within two weeks after birth and extensive loss of sensory ganglia (Liebl et al., 1997).
In addition, Bdnf - mice have a typical wide-based stance that is partially caused by the
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dysfunction of cerebellum, as loss of Bdnf causes increased granule cell death, poor
arborization of Purkinje cells, disrupted cerebellar layer formation and abnormal
foliation (Schwartz et al., 1997).

Similar to humans, heterozygous Bdnf knockout rats display impaired sensitivity to
pain (Sapio et al., 2019). Furthermore, heterozygous Bdnf knockout mice are more
aggressive and impulsive, a phenomenon that can be relieved by the administration of
fluoxetine, implying acute effects rather than developmental problems in Bdnf */- animals
(W. E. Lyons et al., 1999). In addition, Bdnf *- mice, but not NT-3 *- mice, have hyperphagia,
higher insulin levels, and gradually become obese despite normal locomotor activity
(W. E. Lyons et al., 1999). However, another study focusing on Bdnf haploinsufficiency
reports the presence of two subgroups — fat and non-fat Bdnf heterozygous knockout
animals (Kernie et al., 2000). The subgroup of fat Bdnf knockout animals gradually gains
body weight and has adipose cell hypertrophy, higher body fat content, and higher levels
of leptin and insulin in serum (Kernie et al., 2000). Meanwhile, the subgroup of non-fat
Bdnf*- animals are similar to wild type mice, except their locomotor activity is increased
(Kernie et al., 2000). Notably, both increased body weight and food intake can
temporarily be reduced to levels comparable to wild-type mice through BDNF or NT-4
infusion to the third ventricle, again suggesting acute BDNF effects rather than improper
development of specific neuronal circuits (Kernie et al., 2000).

1.4.3 Conditional Bdnf knockout in neurons

Due to the low viability of Bdnf homozygous knockout animals, conditional knockout
animals have been widely used to address the functions of BDNF in the adult organism.
Mice with conditional embryonic Bdnf deletion in neocortex and hippocampus, driven by
Emx1-Cre, display shorter lifespan, poor fecundity, increased aggressiveness in males,
poor nesting behaviour in both males and females, impaired spatial learning, and
decreased activity compared to wild-type mice (Gorski, Balogh, et al., 2003). These
conditional Bdnf knockout mice are also slightly smaller than their wild-type littermates
at ayoung age, but become mildly obese by the fourth month (Gorski, Zeiler, et al., 2003).
Additionally, their cortex is thinner but with higher neuron density, smaller neuron soma
and reduced dendrite arborization (Gorski, Zeiler, et al.,, 2003). Another study using
Emx1-Cre recombinase-driven Bdnf knockout focusing on striatum reported smaller
striatum, reduced dendrite complexity of striatal medium spiny neurons, and eventual
loss of striatal neurons (Baquet et al., 2004).

Mice with conditional Bdnf knockout in postmitotic neurons driven by tau-dependent
Cre survive for at least 8 months after birth and are indistinguishable from wild-type
littermates despite lower BDNF protein levels in several brain regions (Rauskolb et al.,
2010). Interestingly, the young Bdnf knockout animals are slightly smaller than their
littermates and again exhibit periods of hyperactivity and inactivity in the first weeks of
life (Rauskolb et al., 2010). These animals also display a clasping phenotype and abnormal
exploratory behaviour (Rauskolb et al., 2010). Notably, by the sixth week after birth,
female but not male conditional Bdnf knockout animals become obese (Rauskolb et al.,
2010). At two months of age, these Bdnf knockout animals exhibit a reduction in brain
size, particularly in the striatum, and a decrease in dendrite number and length among
medium spiny neurons (Rauskolb et al., 2010). Interestingly, this conditional Bdnf
knockout has a more pronounced effect on striatal neurons compared to hippocampal
neurons (Rauskolb et al., 2010), suggesting a brain region-specific dependency on BDNF.
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Using CamKlI-driven Cre recombinase to postnatally knock out neuronal Bdnf, Rios
et al,, (2001) found reduced Bdnf mRNA levels at least in the cortex, hippocampus,
and hypothalamus, leading to a range of behavioural and physiological changes in these
mice. Specifically, these mice become hyperactive, aggressive, anxious, and eventually
develop obesity and infertility (likely a secondary effect of obesity) (Rios et al., 2001).
They also exhibit hyperphagia, elevated leptin, insulin, and glucose levels in serum,
as well as an abnormal molecular response to starvation (Rios et al., 2001). Interestingly,
treatment with fluoxetine alleviates hyperactivity phenotype in these Bdnf knockout
mice, but does not decrease food intake and body weight (Rios et al., 2001), which is in
contrast to total Bdnf knockout animals where food intake was partially suppressed
(W. E. Lyons et al., 1999).

Early prenatal and postnatal knockouts of Bdnf have been achieved using Nestin or
CamKlI-driven Cre, respectively (Chan et al., 2006). These knockout animals display
increased aggressiveness, anxiety, and depressive-like behaviour in various behavioural
tests, with a more pronounced phenotypes observed in animals where Bdnf knockout
occurred earlier in development (Chan et al., 2006). Using inducible Cre recombinase for
neuronal Bdnf knockout has further enabled researchers to study the developmental
roles of Bdnf (Monteggia et al., 2004). Early knockout of Bdnf during late embryogenesis
leads to increased hyperactivity, while knockout in adult animals only results in impaired
long-term potentiation and deficiencies in learning memory, without increased locomotor
activity or aggression (Monteggia et al., 2004). In another study, direct injection of
lentiviruses expressing Cre recombinase to knock out Bdnf in the hippocampus of young
adult Bdnfff°x animals impairs novel object recognition and spatial learning (Heldt et al.,
2007).

AAV-mediated Bdnf knockout in adult Bdnf o*/flx mice ventromedial and dorsomedial
hypothalamus causes hyperphagia, weight gain, and increased levels of leptin, insulin,
and glucose in serum (Unger et al., 2007), consistent with previous findings. Interestingly,
these Bdnf knockout mice do not exhibit anxious, aggressive, or depressive behaviour,
indicating that changes in complex neural circuits underlie these phenotypes (Unger et al.,
2007). Taken together, the results obtained from the variety of Bdnf knockout animals
suggest that the timing and brain region of Bdnf knockout are critical determinants of
the outcome.

1.4.4 Conditional Bdnf knockout in non-neural cells

Astrocytes are an important cell type in the brain known to produce (Hisaoka-Nakashima
et al., 2016; Jean et al., 2008, p. 200; Koppel et al., 2018; Zafra et al., 1992; Zhang et al.,
2014) and respond to BDNF (Alderson et al., 2000; Holt et al., 2019; Rose et al., 2003).
To investigate the role of astrocyte-derived BDNF, researchers have employed Bdnf
knockout with Gfap-driven Cre recombinase to show that BDNF is important in
myelination (Fulmer et al., 2014), oligodendrocyte maturation, and restoring myelin after
injury (Miyamoto et al., 2015). Co-cultures of wild-type neurons with Bdnf deficient
astrocytes have revealed that astrocytic BDNF also supports neuronal maturation (Pins
et al., 2019). Additionally, deficiency in astrocytic BDNF production causes higher
neuronal excitability in the hippocampus (Fernandez-Garcia et al., 2020).

In the heart, specific knockout of Bdnf using Myh6-Cre recombinase results in
cardiomyopathy with a reduced thickness of the posterior ventricle wall (Fulgenzi et al.,
2015). Detailed analysis of early knockout of heart-derived Bdnf shows cardiomyocyte
death, myocardium degeneration, cardiomyocyte hypertrophy, decreased cardiac function,
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increased inflammation, and metabolic disorders, ultimately leading to a shorter lifespan
(L. Li et al.,, 2022). At the cellular level, loss of cardiac Bdnf increases expression of
apoptosis-related genes (L. Li et al., 2022). Notably, heart-derived Bdnf knockout animals
develop two subgroups, similar to heterozygous Bdnf knockout mice, with roughly 40%
of animals developing edema (L. Li et al., 2022). The subgroup of animals with edema
exhibits a higher body weight, increased cardiac dysfunction, and die shortly after the
edema onset (L. Li et al., 2022).

Knockout of skeletal muscle-derived Bdnf using Actal-Cre recombinase results in mice
with higher body weight, more white adipose tissue, and impaired energy metabolism
(Yang et al., 2019). These findings were later confirmed and extended, showing that
animals with skeletal muscle-specific knockout of Bdnf have more dysfunctional
mitochondria and mitophagy (Ahuja et al., 2021). Using Myl/1-Cre recombinase, BDNF
was shown to be secreted from muscles and to participate in glucose and insulin
regulation in the pancreas (Fulgenzi et al., 2020).

1.4.5 Transcript-specific Bdnf knockout animals

Various Bdnf knockout animals have demonstrated the diverse roles of BDNF in an
organism during development and in acute situations but have not elucidated the
function of multiple promoters in the Bdnf gene. To expand upon the functional
understanding of the intricate Bdnf gene structure, several Bdnf transcript-specific
knockout animals have been generated. The first-generation of transcript-specific Bdnf
knockout animals had a Pgk-Neo cassette and GFP coding sequence (with stop codon)
inserted into Bdnf exon IV, resulting in normal transcription from Bdnf promoter IV but
producing GFP protein instead of BDNF (Sakata et al., 2009). These animals, with
disrupted Bdnf exon IV, exhibit a reduced number of interneurons, impaired GABAergic
inhibition, and compromised synaptic plasticity in the cortex (Sakata et al., 2009).
However, they display no significant effects on brain anatomy or dendrite morphology
(Sakata et al., 2009), as would be anticipated from the studies using Bdnf conditional
knockout animals. Additionally, disruption of Bdnf exon IV leads to impaired long-term
potentiation, reversal learning and memory extinction (Sakata et al., 2013), depression,
but not anxiety-like behaviour, defective response inhibition (Sakata et al., 2010) and
sleep cycles (Martinowich et al., 2011). Notably, these animals have lower levels of all
major Bdnf transcripts, at least in the cortex (Martinowich et al., 2011), and overall
reduced levels of Bdnf mRNA might have contributed to some of the seen phenotypes.

It has been reported that Pgk-Neo cassette can impede the expression of the gene in
the locus where it was inserted (Pham et al., 1996). Consistently, the Pgk-Neo cassette
in the Bdnf gene of the first-generation knockout animals decreased the expression of
other genes on the same chromosome (Maynard et al., 2016). Consequently, in the
second generation of transcript-specific Bdnf knockout animals the Pgk-Neo cassette was
removed and had only the GFP coding sequence in Bdnf exon |, Il, IV, or VI (Maynard et al.,
2016). All Bdnf transcript-specific knockout animals develop normally, with 2-week-old
animals exhibiting typical gross morphology of the cortex and hippocampus, normal body
weight, motor reflexes, and response to acoustic stimuli (Maynard et al., 2016).

In the second generation of Bdnf transcript-specific knockout animals, the expression
of Bdnf transcripts is not uniformly decreased; rather, developmental and brain-region
specific effects are observed. For instance, in young Bdnf exon | knockout animals,
the levels of other Bdnf transcripts are not much affected. However, in adult Bdnf exon |
knockout animals, all major Bdnf transcripts are diminished in the hypothalamus, only
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Bdnf exon IV levels are increased in the hippocampus, and only Bdnf exon Il and IV levels
are increased in the cortex (Maynard et al., 2016). These findings emphasize that the
regulation of Bdnf transcripts is subject to highly specific developmental and brain
region-specific control. Remarkably, only animals with disrupted Bdnf exons | and II, but
not exons IV or VI, exhibit aggression (Maynard et al., 2016, 2018), increased food intake,
greater adipose tissue, and obesity (McAllan et al., 2018), despite similar reductions of
BDNF protein levels in the hypothalamus of Bdnf exon | and IV knockout animals.
Additionally, knockout of Bdnf exon I, but not exon IV or VI, results in impaired
thermogenesis alongside obesity (You et al., 2020). Bdnf exon IV knockout animals
display compromised fear memory retrieval (Hallock et al., 2020), abnormal sleep cycles
and deficiencies in responding to sensory stimulus (Hill et al., 2016), in agreement with
the previous studies of different Bdnf knockout animals (see Sections 1.4.2 and 1.4.3).

1.4.6 Molecular functions of BDNF in the nervous system

BDNF plays various cellular roles depending on the context, including promoting survival,
maturation, and synaptic strength, and participates in forming neural circuits (Park &
Poo, 2013). Its most well-established role is as a survival factor for sensory neurons
during development (Ernfors et al., 1994; Hofer & Barde, 1988; Jones et al., 1994; Liebl
et al., 1997). Although cultured sensory neurons initially require target-derived signals for
survival, their dependency on BDNF decreases over time (Rodriguez-Tébar et al., 1989) and
mature sensory neurons survive through autocrine BDNF signalling (Acheson et al., 1995).

BDNF has been suggested to promote adult neurogenesis by supporting neuronal
precursor cell survival in the hippocampus (Sairanen et al.,, 2005) and forebrain
(Kirschenbaum & Goldman, 1995). Direct BDNF infusion into adult hippocampus
increases new-born granule cell numbers (Scharfman et al., 2005). However, adult Bdnf
heterozygous knockout mice exhibit normal hippocampal progenitor cell proliferation
and new cell survival but show compromised dendritic branching and migration (Chan
et al., 2008). Additionally, TrkB knockout in adult animals impairs neurogenesis, dendrite
arborization, spine density, and long-term potentiation in the hippocampus (Bergami
et al., 2008). Notably, impairing BDNF signalling by TrkB knockout in progenitor cells
reveals impaired neurogenesis and proliferation (Y. Li et al., 2008). In cultured cortical
neurons, BDNF-TrkB signalling is essential for survival, proliferation, and differentiation,
with outcomes determined by the specific TrkB-initiated pathway (Barnabé-Heider &
Miller, 2003).

In many cases, BDNF functions as a maturation factor, inducing dendrite growth and
branching in cortical neurons (McAllister et al., 1995; Singh et al., 2006). Through autocrine
signalling, BDNF particularly increases the number of dendrites near the cortical neuron
cell soma (Horch et al., 1999), and through paracrine signalling, it promotes dendrite
branching in nearby cortical neurons (Horch & Katz, 2002). Autocrine signalling of BDNF
also promotes the growth of hippocampal dendrites (L. Wang et al., 2015) and Bdnf
knockout animals display impaired dendrite branching and spine morphology in the
hippocampus (Maynard et al., 2017). BDNF can also promote axon initiation and
differentiation (Shelly et al., 2007) and guide axon development through autocrine
signalling (Cheng et al., 2011). In the postnatal hippocampus, BDNF knockout impairs
dendritic arborization, spine maturation, synapse formation, and learning and memory
(Gao et al., 2009). BDNF also has multiple roles in cerebellar granule neuron development,
such as promoting survival, maturation (Schwartz et al., 1997), and migration (Borghesani
etal., 2002).
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Secreted in an activity-dependent manner, BDNF has local effects on dendritic
structures and synapses (reviewed in Kuczewski et al., 2009), influencing long-term
potentiation (Korte et al., 1995; Patterson et al., 1996), synaptic consolidation (Messaoudi
et al., 2002; Wibrand et al., 2006), and proper formation of GABAergic networks (Bolton
et al., 2000; Chan et al., 2008; Hong et al., 2008; Sakata et al., 2009; Yamada et al., 2002).
Overall, BDNF promotes neurite differentiation, guidance, synapse formation, and neural
circuit development (reviewed in Park & Poo, 2013).

1.4.7 BDNF in non-neural tissues

In addition to its role in the central nervous system, BDNF has been demonstrated to
function in numerous peripheral tissues. For example, BDNF derived from cardio-myocytes
is important for heart development and function (L. Li et al., 2022), and BDNF-TrkB-T1
signalling contributes to cardiac muscle contraction (Fulgenzi et al., 2015) and energy
regulation (Yang et al., 2022). In addition, BDNF present in the blood promotes platelet
aggregation (Boukhatem et al.,, 2021). In muscles, BDNF participates in muscle
development (Delezie et al., 2019), regulates mitochondria (Ahuja et al., 2021), and
modulates metabolism in adult organism (Fulgenzi et al., 2020; Yang et al., 2019). BDNF
signalling also promotes repair mechanisms in the lungs following infection (Paris et al.,
2020), facilitates innervation of mechanosensory neurons in skin (Rutlin et al., 2014), and
regulates sensory innervation in mammary glands (Y. Liu et al., 2012; Sar Shalom et al.,
2019). Furthermore, BDNF signalling is important for proper kidney development
(Endlich et al., 2018; Garcia-Suarez et al., 2006). Finally, TrkB signalling is required for
oocyte survival (Dorfman et al., 2014), both p75NTR and TrkB signalling contribute to
follicular development (Kerr et al., 2009), and activation of TrkB enhances fertility and
offers potential treatment for ovarian failure (Qin et al., 2022).

1.4.8 BDNF in disease pathology and potential as therapy

BDNF has been associated with many neuropsychiatric diseases, such as depression,
bipolar disorder, schizophrenia, and addiction, as well as neurodevelopmental disorders
like Rett syndrome (Autry & Monteggia, 2012). BDNF-TrkB signalling underlies the effects
of certain psychiatric treatments (C. S. Wang et al.,, 2022) and is essential for
antidepressant effects (P.-Y. Lin et al., 2021; Saarelainen et al., 2003). It has even been
reported that antidepressants like serotonin selective reuptake inhibitors (e.g., fluoxetine),
and ketamine bind directly to TrkB and activate TrkB signalling (Casarotto et al., 2021).

BDNF has also been implicated in the pathogenesis of Huntington’s, Alzheimer’s, and
Parkinson’s disease, and increasing BDNF levels in the animal models of these diseases
as a therapy has yielded some positive results (reviewed in Zuccato & Cattaneo, 2009).
Furthermore, in Rett syndrome mouse models, Bdnf knockout worsened motor functions
and decreased survival rates, while genetically overexpressing Bdnf rescued decreased
synaptic activity and motor functions, and increased lifespan (Q. Chang et al., 2006).
Direct injection of BDNF-expressing viral vectors into the hypothalamus reduced body
weight and fat mass, and improved metabolism in Prader-Willi syndrome (Queen et al.,
2022). Recently, intranasal delivery of BDNF was successful in improving learning and
memory in mouse model of HIV/neuroAIDS (Vitaliano et al., 2022).

Haploinsufficiency of RAI1 (retinoic acid induced-1) leads to Smith-Magenis syndrome
(SMS), characterized by common craniofacial features and behaviours (Bi et al., 2004;
Slager et al., 2003). Rail homozygous knockout mice, serving as a model of SMS, exhibit
several problems, such as low viability, poor motor skills, clasping phenotype, and
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learning difficulties (Bi et al., 2007) — all of which are also present in Bdnf knockout mice.
SMS patients also commonly exhibit hyperphagia and become obese, with these
phenotypes in the mouse model attributed to reduced hypothalamic Bdnf levels (Burns
et al.,, 2010; Huang et al., 2016). In addition, point mutations in RAI1 cause autistic,
hyperactive, and aggressive behaviours, suggested to result from improper regulation of
Bdnf by RAI1 (Abad et al., 2018). As BDNF appears to be functionally relevant to SMS
disease pathology, BDNF could potentially serve as a therapy for SMS patients. A recent
study demonstrated that genetic overexpression of BDNF or acute BDNF injection
reverses obesity, metabolic changes, and improves sociability in Rail heterozygous
knockout mice (Javed et al., 2022).

BDNF holds great promise as a potential therapeutic, and various methods of
increasing BDNF in animal models have been tested, including genetically modified
grafts, BDNF protein infusion with osmotic minipumps, injections of Bdnf-expressing
adenoviruses, BDNF mimetics, low molecular weight compounds to increase Bdnf
expression, diet, and environmental enrichment (Géral et al., 2013; Miranda-Lourenco
et al.,, 2020; Zuccato & Cattaneo, 2009). However, ensuring safe and accurate
spatiotemporal expression of BDNF faces several challenges due to the short half-life of
BDNF protein and limited diffusion (Géral et al., 2013; Miranda-Lourenco et al., 2020).
Therefore, sophisticated approaches such as polymer carriers and nanoparticles (Géral
et al., 2013), and viral vectors encoding BDNF and TrkB for sustained BDNF signalling are
being developed (Osborne et al., 2018).

1.5 Regulation of Bdnf gene expression

1.5.1 Stimuli inducing Bdnf expression

Bdnf expression is highly responsive to a wide range of external signals. Various
environmental stimuli can either induce or repress Bdnf expression. Examples of stimuli
that promote Bdnf expression include physical exercise, light exposure, sensory stimuli,
insult, ischemia, and drug abuse, whereas stress generally decreases Bdnf levels
(reviewed in West, 2008; West et al., 2014). Seminal studies demonstrating stimuli that
induce Bdnf are listed in Table 1. Collectively, these findings provide evidence that Bdnf
expression is regulated in a neuronal activity-dependent manner to promote neuronal
functions.

Table 1. Different stimuli that induce Bdnf gene expression.

Stimulus Brain region or cell culture | Reference

KCl treatment; KA treatment

Cultured rat HC neurons

IP injection of KA

Rat HC in vivo

(zafra et al., 1990)

KA injection to dorsal HC

Rat HC in vivo

(Ballarin et al., 1991)

Kindling epileptogenesis

Rat HC and CTX in vivo

(Ernfors et al., 1991)

Lesion-induced seizures;
epileptiform afterdischarge

Rat HC, CTX, and amygdala
in vivo

(Isackson et al., 1991)

Bicuculline treatment

Cultured rat HC neurons

(Zafra et al., 1991)

LTP

l.v. injection of bicuculline Rat HC in vivo
Light exposure Rat visual cortex (Castrén et al., 1992)
Tetanization (HFS) induced Rat HC slices (Patterson et al., 1992)
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Stimulus Brain region or cell culture | Reference
FSK; KA; FSK with KA Cultured rat HC neurons (zafra et al., 1992)
treatment

FSK; norepinephrine;
norepinephrine with
glutamate; norepinephrine
with quisqualic acid;
epinephrine; dopamine
treatment

Cultured rat HC astrocytes

Quisqualic acid; KA; AMPA;
NMDA treatment

Cultured rat cerebellar
granule cells

(Bessho et al., 1993)

HFS-induced LTP

Rat HC in vivo

(Castrén et al., 1993)

Focal hippocampal injury

Rat HC in vivo

(Hughes et al., 1993)

Topical application of KCl to
frontal cortex

Rat CTX in vivo

(Kokaia et al., 1993)

IP injection of KA;
bicuculline; pilocarpine

Rat HC and CTX in vivo

(Metsis et al., 1993)

KCl; glutamate treatment

Cultured rat CTX neurons

(Ghosh et al., 1994)

GABA; KA treatment

Cultured rat immature HC
neurons

Bicuculline; KA treatment

Cultured rat mature HC
neurons

(Berninger et al., 1995)

Electroconvulsive seizures;
antidepressants

Rat HC and CTX in vivo

(Nibuya et al., 1995)

Immobilization stress

Rat HTH and pituitary in
vivo

(Smith et al., 1995)

Physical exercise

Rat HC, CTX, and
cerebellum in vivo

(Neeper et al., 1996)

Electrical stimulation
induced paroxysmal
discharge

Rat HC in vivo, HC slices

(Lauterborn et al.,
1996)

Circadian rhythm

Rat HC and CTX in vivo

(Bova et al., 1998)

Contextual learning

Rat HC in vivo

(Hall et al., 2000)

Glutamate

Cultured rat hypothalamic
neurons

(Marmigere et al.,
2001)

Fear conditioning

Rat amygdala

(Rattiner, Davis,
French, et al., 2004;
Rattiner, Davis, &
Ressler, 2004)

BDNF infusion-induced LTP

Rat HC in vivo

(Wibrand et al., 2006)

BDNF treatment

Cultured rat HC neurons

(Groth & Mermelstein,
2003)

Cultured rat CTX neurons

(Yasuda et al., 2007)

(zheng & Wang, 2009)
(Nakajima et al., 2015)
(Tuvikene et al., 2016)

Mouse maturing CGNs

(Ding et al., 2018)
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Stimulus Brain region or cell culture | Reference

NMDA treatment Cultured rat CTX neurons (zheng & Wang, 2009)

Bicuculline; FSK treatment Cultured mouse HC (Benito et al., 2011)
neurons

FSK treatment Cultured rat CTX neurons (Nakajima et al., 2015)

CGN — cerebellar granule neurons; CTX — cerebral cortex; HC — hippocampus; FSK — forskolin; HFS — high
frequency stimulation; HTH — hypothalamus; IP — intraperitoneal; i.v. — intravenous; KA — kainic acid; LTP — long
term potentiation.

1.5.2 Transcriptional regulation of Bdnf

Numerous transcription factors and transcriptional coregulators have been identified as
regulators of Bdnf promoter activity (reviewed in West et al., 2014). Transcription factors
that have been demonstrated to directly bind Bdnf promoters (as evidenced by
chromatin immunoprecipitation (ChlIP) or electrophoretic mobility shift assay (EMSA))
and modulate Bdnf mRNA levels or Bdnf promoter activity are listed in Table 2.

Bdnf promoters contain several calcium-response elements that contribute to
activity-dependent Bdnf expression (Bishop et al., 1997; Tabuchi et al., 2002; Tao et al.,
1998; West et al., 2014). After neuronal activity the best described regulator of Bdnf is
cAMP-response element (CRE) binding protein (CREB) (Benito et al., 2011; Hong et al.,
2008; Palomer et al., 2016; Pruunsild et al., 2011; Shieh et al., 1998; Tabuchi et al., 2002;
Taietal., 2016; Tao et al., 1998). Functional CRE sequences are present in Bdnf promoters
I (Pruunsild et al., 2011; Tabuchi et al., 2002), IV (Hong et al., 2008; Pruunsild et al., 2011;
Shieh et al., 1998; Tao et al., 1998), and IX (Pruunsild et al., 2011). The CRE element in
Bdnf promoter IV has been shown to mediate the majority of neuronal activity-induced
Bdnf expression in vivo, and disruption of this element impairs the formation of
inhibitory neural circuits in the cortex (Hong et al., 2008). Additionally, important
activity-dependent regulatory elements in Bdnf promoters are upstream stimulatory
factor (USF)-binding element (UBE) in promoters | (Tabuchi et al., 2002) and IV (W. G. Chen,
West, et al., 2003), neuronal PAS domain protein 4 (NPAS4)-binding element bHLH-PAS
transcription factor response element (PasRE) in promoters |, IV and IX (Y. Lin et al., 2008;
Pruunsild et al., 2011), and nuclear factor kappa B (NFkB)-binding site in promoter IV
(Lipsky et al., 2001; Lubin et al., 2007). Furthermore, another calcium-response element
in Bdnf promoter IV is bound by calcium response factor (CaRF) (McDowell et al., 2010;
Tao et al., 1998) and myocyte enhancer factor 2 (MEF2) family (M. R. Lyons et al., 2012).
Transcription factors mediating Bdnf transcriptional autoregulation are activating
protein 1 (AP1) family members binding to Bdnf promoter | (Tuvikene et al., 2016),
CCAAT-enhancer binding protein g (C/EBPB) (Bambah-Mukku et al., 2014), nuclear factor
of activated T-cells isoform c4 (NFATc4), nuclear factor 1 (NFI) (Ding et al., 2018; Groth &
Mermelstein, 2003), and X-box binding protein 1 (XBP1) (Saito et al., 2018) binding to
Bdnf promoter IV.

Many of the functional cis-elements identified within Bdnf promoters have been
demonstrated to be capable of binding multiple transcription factors, suggesting a model
of competitive binding. Furthermore, several important cis-regulatory elements in Bdnf
promoters overlap. For instance, in Bdnf promoter | CRE, UBE, (Pruunsild et al., 2011;
Tabuchi et al., 2002), and NRF2-binding element (Yao et al., 2021) partially overlap;
in Bdnf promoter | AP1 family-binding site (Tuvikene et al., 2016) and NPAS4-binding site
(Pruunsild et al., 2011) overlap; and in Bdnf promoter IV CaRF and MEF2 family-binding
sites overlap (M. R. Lyons et al., 2012; Tao et al., 2002).
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Table 2. Transcription factors regulating Bdnf gene expression.

Promoter | | Brain region or cell Stimulus Reference
Transcription | culture
factor
AP1 Rat cortical neurons BDNF (Tuvikene et al., 2016)
CREB Rat cortical neurons KCl (Tabuchi et al., 2002)
Rat cortical neurons KCl (Pruunsild et al., 2011)
NFkB Rat hippocampus Kainic acid (Lubin et al., 2007)
NPAS4 Rat and mouse cortical KCl (Y. Lin et al., 2008)
pl neurons
NPAS4, | Rat cortical neurons KCl (Pruunsild et al., 2011)
ARNT2
NRF2 Mouse hippocampus SFN (Yao et al., 2021)
HEK293 cell line None
USF1/2 | Rat cortical neurons KCl (Tabuchi et al., 2002)
REST Mouse hippocampus Kainic acid (Timmusk et al., 1999)
oll Rat cortical neurons KCl (Hara et al., 2009)
SCIRR69 | Rat cortical neurons Mechanical (Y. Liu et al., 2013)
injury
B-actin SH-SY5Y cell line Forskolin (Neasta et al., 2016)
BHLHB2 | Rat hippocampal NMDA (Jiang et al., 2008)
neurons
CaRF Rat cortical neurons KCl (Tao et al., 2002)
Mouse cortex None (McDowell et al.,
Mouse cortical neurons KCl 2010)
C/EBPB | Rat hippocampus Inhibitory (Bambah-Mukku et
avoidance al., 2014)
training
CREB Rat cortical neurons KCl (Tao et al., 1998)
pIV Rat cortical neurons KCl (Shieh et al., 1998)
Differentiated NT2 cells DbcAMP (Fang et al., 2003)
Rat cortical neurons KCl (Pruunsild et al., 2011)
Mouse cortical neurons NMDA (Hong et al., 2008)
Mouse visual cortex Light exposure
CTCF Mouse cortical neurons KCl (J. Chang et al., 2010)
HSF1 Mouse hippocampus Kainic acid, (Franks et al., 2023)
foot shock,
Rat cortical neurons None
MeCP2 Rat cortical neurons KCl (W. G. Chen, Chang,
et al., 2003)
Mouse cortical neurons KCl (Martinowich et al.,
2003)
MEF2 Rat cortical neurons KCl (M. R. Lyons et al., 2012)
NFATc4 | Rat cortical neurons NMDA (Vashishta et al., 2009)
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Promoter | | Brain region or cell Stimulus Reference
Transcription | culture
factor
Mouse cerebellar BDNF (Ding et al., 2018)
granule neurons
Mouse cerebellum Development
NFI Mouse cerebellar BDNF (Ding et al., 2018)
granule neurons
Mouse cerebellum Development
NFkB Rat cerebellar granule cells | NMDA (Lipsky et al., 2001)
NPAS4 Rat and mouse cortical | KCI (Y. Lin et al., 2008)
neurons
NPAS4, | Rat cortical neurons KCl (Pruunsild et al., 2011)
ARNT2
PIV ["piTx3 Midbrain dopaminergic | None (Peng et al., 2011)
neurons, HEK293 cells
RACK1 SH-SY5Y cell line, rat | Forskolin (He et al., 2010)
hippocampal neurons
RAI1 HEK293T cell line None (Burns et al., 2010)
Mouse cortex and None (Huang et al., 2016)
hypothalamus
USF1/2 Rat cortical neurons KCl (W. G. Chen, West, et
al., 2003)
Rat cortical neurons KCl (Pruunsild et al., 2011)
XBP1 Mouse hippocampus, None (Martinez et al., 2016)
HEK293, Neuro2A cell lines
Mouse hippocampal Glutamate, (Saito et al., 2018)
neurons BDNF
C/EBPB | NG108-15 cells None (Takeuchi et al., 2002)
NR4A2 Rat cerebellar granule | NMDA (Barneda-Zahonero et
pVI
neurons al., 2012)
SP1 NG108-15 cells None (Takeuchi et al., 2002)
CREB Rat cortical neurons KCl (Pruunsild et al., 2011)
NPAS4, | Rat cortical neurons KCl (Pruunsild et al., 2011)
pIX | ARNT2
NRF2 Rat visual cortex None (Nair & Wong-Riley,
2016)

AP1 — activating protein 1 (AP1) transcription factor family; ARNT2 — aryl hydrocarbon receptor nuclear
translocator 2; BHLHB2 — basic helix-loop-helix domain containing, class B, 2; CaRF — calcium response factor;
C/EBPB — CCAAT-enhancer binding protein 8; CREB — CRE-binding protein; CTCF — CCCTC-binding factor; HSF1 —
heat shock factor 1, MeCP2 - Methyl-CpG Binding Protein 2; MEF2 — myocyte enhancer factor 2; NFATc4 —
nuclear factor of activated T-cells isoform c4; NFl — nuclear factor 1; NFkB — nuclear factor kappa B; NPAS4 —
neuronal PAS domain protein 4; NRF2 — nuclear factor-erythroid factor 2-related factor 2; NR4A2 — nuclear
receptor subfamily 4 group A member 2 (also known as NURR1); p — BDNF promoter I, Il, IV, VI, or IX; RACK1 —
receptor for activated C kinase 1; RAI1 — retinoic acid induced 1; REST — RE1 silencing transcription factor (also
known as NRSF); SFN — sulforaphane; SCIRR69 — spinal cord injury and regeneration-related gene #69; USF1/2
— upstream stimulatory factors 1 and 2; XBP1 — X-box binding protein 1.
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In addition to numerous activators, several repressors bind to Bdnf promoters, making
the balance between activators and repressors essential for Bdnf expression and
induction after stimuli. For example, deletions of parts of Bdnf promoter | results in
remarkable increase in basal activity and membrane depolarization-induced activity of
the promoter (Tabuchi et al., 2002). This implies that the loss of binding of unknown
repressors to Bdnf promoter | leads to promoter activation. Furthermore, repression of
Bdnf promoters can also occur from distal regions, such as RE1 silencing transcription
factor (REST, also known as NRSF) binding to Bdnf promoter |l suppresses membrane
depolarization-induced activity of both Bdnf promoters | and Il (Hara et al.,, 2009).
To alleviate the repression of Bdnf promoter IV, the binding of repressive transcription
factor might decrease, as has been shown for methyl-CpG binding protein 2 (MeCP2) (W.
G. Chen, Chang, et al., 2003; Martinowich et al., 2003), basic helix-loop-helix domain
containing, class B, 2 (BHLHB2) (Jiang et al., 2008), and NFATc4 (Ding et al., 2018).
Alternatively, external stimuli may trigger restructuring of repressive complexes present
at Bdnf promoters. For instance, stimulus-induced SUMOylation of MeCP2 derepresses
CREB and increases CREB binding on Bdnf promoter IV (Tai et al., 2016).

The cortex and hippocampus have been the primary focus in studies of Bdnf
regulation, and years of research has revealed some brain region-specific regulators of
Bdnf expression. For example, CaRF regulates Bdnf expression in the cortex but not in
the hippocampus (McDowell et al.,, 2010), the MEF2 family regulates Bdnf in the
hippocampus but not in the cortex (Flavell et al., 2008; M. R. Lyons et al., 2012), and
nuclear receptor subfamily 4 group A member 2 (NR4A2, also known as NURR1)
participates in Bdnf expression in midbrain neurons (Volpicelli et al., 2007), cerebellar
granule neurons (Barneda-Zahonero et al., 2012), and hippocampal neurons, but not in
cortical neurons (Abdollahi & Fahnestock, 2022). The specificity of these (and other)
regulators of Bdnf expression to one or multiple brain regions warrants further research.

In addition to several transcription factors, proteins regulating chromatin structure
bind to Bdnf promoters. For instance, a zinc finger transcription factor CCCTC-binding
factor (CTCF) together with cohesin complex structures chromatin to activate or repress
gene expression (Phillips & Corces, 2009). Following neuronal activity Bdnf gene forms
long-range loops (Beagan et al., 2020; Calderon et al., 2022) and deletion of CTCF or
cohesin complex decreases neuronal activity-induced Bdnf expression levels (Calderon
et al., 2022; J. Chang et al., 2010). In the Bdnf locus, CTCF binds to regions in the first
(exons I-1ll) and second cluster of exons (exons IV-VII) (J. Chang et al., 2010; Sams et al.,
2016). Moreover, receptor for activated C kinase 1 (RACK1) functions as a scaffolding
protein and participates in histone 4 acetylation and brings B-actin (Neasta et al., 2016)
and 14-3-3 proteins (Neasta et al., 2012) to Bdnf promoter IV. The purpose of the
scaffolding proteins in the regulation of Bdnf promoters is not yet fully understood.
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2 Aims of the Study

In the current thesis we aimed to study stimulus-induced Bdnf gene regulation to gain a
deeper understanding of how cells express Bdnf, which contributes to the development
and maintenance of the nervous system.

The specific aims of the current thesis were as follows:
e Study the mechanism of Bdnf transcriptional autoregulation in primary cortical
neurons.
e Investigate neuronal activity-induced Bdnf gene expression in cortical and
hippocampal neurons.
e Determine enhancer regions regulating Bdnf expression.

28



3 Materials and Methods

In this study the following methods were used:

Growing rat primary cell cultures (cortical and hippocampal neurons, cortical
astrocytes) — Publications I, 11, 11l

Growing mouse embryonic stem cells and differentiating them into neurons —
Publication 11l

Molecular cloning, production, and usage of viral vectors — Publications I, II, 11l
CRISPR genome and epigenome editing — Publications I, 11, llI

RNA extraction, cDNA synthesis and qPCR — Publications I, II, I

Transfection and luciferase reporter assay — Publications |, II, Il

Western Blot — Publications |, Il

Immunocytochemistry — Publication |

Chromatin immunoprecipitation — Publications I, II, Il

In vivo electrophysiology — Publication |

In vitro DNA pulldown and mass-spectrometry — Publications I, IlI

Analysis of RNA-sequencing and ATAC-sequencing data — Publications II, llI
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4 Results

The main results of the current thesis are as follows:

Publication |

Bdnf transcriptional autoregulation requires de novo protein synthesis.

The CREB family transcription factors are the main mediators of the early phase
of Bdnf transcriptional autoregulation in cortical neurons.

CREB is rapidly phosphorylated and binds to Bdnf promoter IV after BDNF-TrkB
signalling.

CREB coactivators CBP/P300 are essential for Bdnf transcriptional autoregulation,
while CRTCs are not.

The CRE element in rat Bdnf promoter IV is necessary for the activation of the
promoter after BDNF-TrkB signalling.

Regulation of Bdnf promoters | and IV by the CREB family is partially conserved
between rat and human.

Bdnf promoter IX contains a primate lineage-specific CRE sequence that conveys
the activation of the promoter after BDNF-TrkB signalling.

All major Bdnf transcripts are induced in the adult rat hippocampus in vivo after
BDNF infusion.

Publication Il

Total Bdnf mRNA and different Bdnf transcripts are more inducible in cortical
neurons than in hippocampal neurons following membrane depolarization.
Both proBDNF and mature BDNF protein levels show higher inducibility in
cortical neurons than in hippocampal neurons upon membrane depolarization.
Neuronal activity-induced Bdnf levels depend more on the CREB family and
coactivators CBP and CRTC1 in cortical than in hippocampal neurons.

CRTC1 knockdown increases both basal and induced levels of Bdnf exon |
transcripts.

CRTC1 knockdown decreases depolarization-induced proBDNF and mature
BDNF levels in cortical neurons but increases them in hippocampal neurons.
BDNF-TrkB signalling contributes to the late phase of membrane depolarization-
induced Bdnf expression in cortical neurons but not in hippocampal neurons.
The induction of CREM activator forms is similar in both cortical and
hippocampal neurons, whereas the induction of ICER is faster and stronger in
cortical neurons.

In vitro DNA pulldown identified both known and novel regulators of Bdnfin the
cortex and hippocampus.

Several transcription factors that bind Bdnf promoters in vitro are differentially
expressed in cultured cortical and hippocampal neurons, as well as in cortex and
hippocampus in vivo.

Transcription factors FOXP1, SATB2, RAI1, BCL11A regulate Bdnf expression in a
brain region-specific manner.
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Publication Il

The intronic region downstream of Bdnf exon Il (named Bdnf +3 kb region)
shows enhancer-associated characteristics in both mouse and human brain
tissue.

The +3 kb enhancer region is active in luciferase reporter assay in cultured
cortical neurons and astrocytes, independent of orientation.

The +3 kb enhancer region increases the activity of Bdnf promoters in a
heterologous context in cultured cortical neurons but not in astrocytes.

The +3 kb enhancer region regulates the expression of Bdnf transcripts starting
from the first cluster of exons in cortical neurons. The enhancer is inactive in
cortical astrocytes.

Deletion of the +3 kb enhancer region in mouse embryonic stem cell-derived
neurons decreases the basal and stimulus-induced levels of first cluster of Bdnf
exons.

The activity of the +3 kb enhancer region is regulated by CREB, AP1 family and
E-box-binding transcription factors.
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5 Discussion

5.1 Stimulus-dependent regulation of Bdnf expression

Here, we investigated Bdnf gene expression following BDNF-TrkB signalling (Publication
1) and after KClI treatment (Publication II), which is commonly used in vitro to study
neuronal activity-induced gene expression (reviewed in Rienecker et al., 2020). Our
findings reveal that the dynamics of Bdnf expression after these stimuli differ remarkably.
Bdnf expression following BDNF-TrkB signalling exhibits a bell-shaped curve with peak
induction occurring ~3 hours after stimulation (Publication I, Tuvikene et al., (2016)),
while Bdnf mRNA levels continuously increase even 8 hours after membrane
depolarization (Publication I, Pruunsild et al., (2011)). The bell-shaped dynamics could
potentially be explained by transient nature of BDNF-TrkB signalling due to TrkB
internalization (Barford et al., 2017; Moya-Alvarado et al., 2022), resulting in a decrease
in signal transduction over time. However, we acknowledge that global and prolonged
treatment may not accurately represent physiological in vivo conditions. For instance,
studies with KClI treatment have demonstrated that sustained global depolarization
initiates the expression of different set of genes than local short-term depolarization
(Tyssowski et al., 2018).

The question of whether Bdnf induction after neuronal activity requires de novo
protein synthesis has been a subject of investigation. Some studies suggest that Bdnf is
an immediate early gene and its induction does not depend on de novo protein synthesis
(Castrén et al., 1998; Hughes et al., 1993; Sano et al., 1996; Tao et al., 1998), while others,
including our work (Publication I) and Lauterborn et al., (1996) argue the opposite. This
apparent discrepancy may be attributed to varying conditions, such as the type and
duration of stimulus, cell type, timing of inhibited protein synthesis, and the use of
different inhibitors at different concentrations. For instance, Hughes et al., (1993) and
Tao et al., (1998) claim that protein synthesis is not involved in Bdnf induction. However,
their studies examine the necessity of protein synthesis only 1 hour after focal
hippocampal injury or KCI treatment, respectively, and both studies report maximum
induction of Bdnf at a later time point. In contrast, in vivo study in the hippocampus show
that the expression of Bdnf exons | and Il depend on protein synthesis, while exons IV
and VI do not after paroxysmal afterdischarge (Lauterborn et al., 1996). Our results
demonstrate that after BDNF-TrkB signalling in cortical neurons, all major Bdnf
transcripts need de novo protein synthesis 3 hours after the stimulus, when peak
induction of Bdnf is reached. Bdnf exon IV, which is slightly induced 1 hour after
treatment, maintains some inducibility despite impaired protein synthesis (Publication
1). As shown in Table 2, several constitutive and inducible transcription factors regulate
Bdnf, implying that de novo protein synthesis may be necessary or dispensable
depending on the stimulus, time point, and cell type. Constitutively expressed
transcription factors, such as CREB, could mediate basal and early induction of Bdnf,
while inducible transcription factors, like AP1 family and NPAS4, provide stimulus-induced
regulation of Bdnf expression.

Only AP1 family for Bdnf exon | (Tuvikene et al., 2016) and C/EBPB (Bambah-Mukku
et al., 2014), NFATc4, NFI (Ding et al., 2018), and XBP1 (Saito et al., 2018) for Bdnf exon
IV have been identified to participate in Bdnf transcriptional autoregulation. To further
elucidate the mechanism of Bdnf autoregulation, we examined the role of CREB, USF,
C/EBP, and NFAT families, which have been shown to regulate Bdnf induction after

32



membrane depolarization (see Table 2). Our findings indicate that among the studied
transcription factors, only the CREB family is involved in Bdnf transcriptional
autoregulation in cortical neurons (Publication 1). Previously, NFATc4 was shown to
regulate Bdnf in cerebellar granule neurons (Ding et al., 2018) and C/EBPP in the
hippocampus in vivo (Bambah-Mukku et al., 2014), suggesting that cell type could lead
to different mechanisms of Bdnf gene expression. Furthermore, given that BDNF-TrkB
signalling and neuronal activity induce somewhat different sets of genes and
transcription factors (lbarra et al., 2022), it is plausible that neuronal activity and TrkB
signalling-dependent sustained Bdnf expression are conveyed (at least partially) via
different inducible transcription factors, providing stimulus-specific regulation.
Supporting this theory, both KCl and BDNF treatment induce c-Fos expression, whereas
only KCl treatment induces NPAS4 expression (Y. Lin et al., 2008). An AP1 family-binding
sequence and NPAS4-binding element overlap in Bdnf promoter | and together with
stimulus-specific expression this results in AP1 family regulating the promoter after
BDNF-TrkB signalling (Tuvikene et al., 2016) and NPAS4 after membrane depolarization
(Pruunsild et al., 2011).

5.2 CREB family-regulated Bdnf gene expression

Our investigation of Bdnf expression led us to focus on CREB family. The CREB family of
transcription factors consists of three constitutively expressed basic leucine zipper
transcription factors — CRE-binding protein (CREB), activating transcription factor 1
(ATF1), and cAMP response element modulator (CREM) (Mayr & Montminy, 2001). CREB
family members bind to a DNA sequence named cAMP response element (CRE)
(Andrisani et al., 1987; Comb et al., 1986; Craig et al., 2001; Montminy et al., 1986;
Montminy & Bilezikjian, 1987; Schumacher et al., 2000; Short et al.,, 1986) and have
numerous target genes that vary depending on the stimulus and brain region (Benito et al.,
2011; Impey et al., 2004; Lesiak et al., 2013; Tanis et al., 2008). Our findings demonstrate
that neither Atfl, Crebl, nor activator forms of Crem are notably induced after BDNF
(Publication 1) nor KCI treatment (Publication IlI), in line with the general understanding
that these genes are constitutively expressed.

The CREM-encoding gene produces several CREM activator and repressor isoforms
(Foulkes et al., 1991; Laoide et al., 1993), with the inducible cAMP early repressor (ICER)
acting as an endogenous dominant negative protein for CREB family by competitively
binding to CRE sequences (Mioduszewska et al., 2003; Molina et al., 1993; Walker et al.,
1998). In contrast to activators of CREB family, Icer, is highly induced following
BDNF-TrkB signalling in cortical neurons (Publication 1) and after KCl treatment in both
cortical and hippocampal neurons (Publication Il). Interestingly, our results reveal that
the induction of Icer after membrane depolarization largely depends on CREB in cortical
neurons, but to a lesser extent in hippocampal neurons (Publication Il). The negative
autoregulatory loop formed by utilizing ICER serves as the foundation for transient
CREB-regulated gene expression (Sassone-Corsi, 1998), and differences in these
mechanisms warrant further investigation of CREB in different brain regions and cell
types. It has been shown that CREB target genes are partially different in different brain
regions (Tanis et al., 2008), and it is plausible that CREB family is more potent regulator
of gene expression in cortical neurons. Importantly, compensation within the CREB
family has been observed before (Hummler et al., 1994; Lemberger et al., 2008; Rafa-
Zabtocka et al., 2017) and the expression dynamics of different CREB family members could
contribute to brain region-specific CREB family-regulated gene expression. Lastly, our
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results confirm that CREB family members strive to maintain homeostasis, as all
members are induced after overexpressing A-CREB, dominant negative protein for the
CREB family, and Crem is induced by decreased levels of Crebl gene expression
(Publication 1, 11). Altogether, CREB-regulated gene expression is remarkably resilient to
disruptions and capable of employing both positive and negative feedback mechanisms
to preserve normal gene regulation.

In response to numerous stimuli, CREB family members are post-translationally
modified, primarily by phosphorylation (Johannessen et al., 2004), and can then form
stable interactions with coactivator CREB binding protein (CBP) (Campbell & Lumb, 2002;
Chrivia et al., 1993; Dahal, Kwan, et al., 2017; Dahal, Shammas, et al., 2017, Parker et al.,
1996; Radhakrishnan et al., 1997; Shaywitz et al., 2000; Thakur et al., 2014). CBP and its
paralogue P300 enhance CREB-regulated transcription via histone acetyltransferase
activity or interaction with transcriptional machinery (Bannister & Kouzarides, 1996; Kee
et al.,, 1996; Kwok et al., 1994; Ogryzko et al., 1996). Another type of coactivators,
CREB-regulated transcription coactivators (CRTCs) (Conkright et al., 2003; lourgenko
et al., 2003) are localized in the cytoplasm and are dephosphorylated and transported to
the nucleus in response to stimulus (Bittinger et al., 2004; Ch’ng et al., 2012; Kovacs
et al., 2007; Nonaka et al., 2014). CRTCs bind to the CREB leucine zipper domain (Luo
etal., 2012; Song et al., 2018) and stabilize CREB dimers and its interactions with general
transcription factors (Conkright et al., 2003).

Our results show that in cortical neurons, the combination of CREB family and CBP is
necessary for Bdnf gene expression following 1 hour and 3 hours of BDNF-TrkB signalling,
but these factors become dispensable for late induction at 6 hours of treatment
(Publication I). In contrast, CREB family along with coactivators CBP and CRTC1 are involved
in basal and late (6 hours) induction of Bdnf after membrane depolarization in cortical
neurons (Publication Il). These results could be explained, for example, by CREB-induced
transcription factors participating in late Bdnf gene regulation, or prolonged CREB activity
following membrane depolarization but not after BDNF-TrkB signalling. Although CREB is
mainly phosphorylated rapidly after membrane depolarization, it remains phosphorylated
through the slower MAPK pathway (G. Y. Wu et al., 2001), potentially allowing sustained
activity of CREB after neuronal activity. Regarding CREB family coactivators, CBP is
required after both BDNF-TrkB signalling and membrane depolarization, whereas CRTC1
localizes less to the nucleus after BDNF-TrkB signalling compared to membrane
depolarization, and thus CRTC1 does not participate in regulating Bdnf transcriptional
autoregulation (Publication 1). These findings show that different stimuli modulate CREB
activity through the recruitment of either CBP, CRTCs, or both, leading to different
regulation of Bdnf expression.

We also demonstrate that CREB with CBP is necessary for the early induction of Bdnf
exons IV and IXa following BDNF-TrkB signalling (Publication 1). Moreover, our ChIP-qPCR
analysis of CREB and CBP show binding on Bdnf promoter IV and suggest potential
binding on Bdnf promoters | and VI after BDNF-TrkB signalling (Publication I). Previous
research has also demonstrated CREB and CBP binding on Bdnf promoters |, II, IV, and VI
after NMDA treatment (Palomer et al., 2016). Functional CRE-like sequences have been
described in Bdnf promoters | (Pruunsild et al., 2011; Tabuchi et al., 2002), IV (Pruunsild
et al., 2011; Tao et al., 1998), and IX (Pruunsild et al., 2011). Our findings demonstrate
that the activity of these CRE sequences in Bdnf promoters | and IV is evolutionarily
conserved (Publication I). In contrast, we reveal that in primates, a mutation in promoter
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IX has resulted in a functional CRE sequence that is solely responsible for the inducibility
of Bdnf promoter IX following BDNF-TrkB signalling (Publication I).

Interestingly, mutating the CRE sequence in Bdnf promoter IV has stronger impact on
the activity of the promoter than impairing the function of CREB family by overexpressing
a dominant negative protein (Publication I). CREB binding to the CRE sequence in Bdnf
promoter IV has been proposed to function as a nucleating protein to form a multifactor
transcriptional complex required for proper activity-dependent induction of the
promoter (Hong et al., 2008). Our results support the idea that the CRE element in Bdnf
promoter IV is crucial; however, the CRE sequence may not be solely active through CREB
binding. For instance, the HSF1-binding sequences in Bdnf promoters |, IV, and IX contain
CRE sequences (Franks et al., 2023), and transcription factor XBP1 binds core sequence
of CRE element (Clauss et al., 1996), competing with CREB for binding to Bdnf promoter
IV (Martinez et al., 2016; Saito et al., 2018). Collectively, these findings suggest that the
CRE sequences are essential cis-elements in Bdnf promoters but possibly function
through various transcription factors, not only CREB. Further research is needed to
determine which CRE-binding transcription factors regulate Bdnf transcription during
development and in response to different stimuli.

Our results show potential binding of CREB and CBP on Bdnf promoter VI following
BDNF-TrkB signalling (Publication 1). However, a functional CRE element has not been
described in Bdnf promoter VI. Notably, our results indicate that impairing the function
of CREB family and reducing Creb1 gene expression increases basal and induced levels of
Bdnf exon VI after membrane depolarization (Publication II), but not after BDNF
treatment (Publication I). The reason why CREB family seems to negatively regulate Bdnf
exon VI after membrane depolarization remains unclear, but several possibilities could
explain this phenomenon. First, CREB might induce the expression of an unknown
repressor of Bdnf exon VI. Second, the expression of Bdnf exon VI might be hindered due
to transcriptional interference arising from high transcriptional activity of Bdnf promoter
IV. Supporting this hypothesis, deletion of the promoter IV or mutation of the CRE
element in Bdnf promoter IV, which decreases the activity-dependent induction of Bdnf
exon IV, both strongly upregulate depolarization-dependent induction of Bdnf exon VI
(Hong et al., 2008). However, similar effect was not seen upon NMDA treatment in older
cultures (Hong et al., 2008). A third possibility is that chromatin structure and various
enhancer regions contribute to the regulation of Bdnf exon VI, and competitive looping
determines which Bdnf transcript is expressed.

5.3 Brain region-specific regulation of Bdnf expression

BDNF has well-described roles in behaviour and memory processes (see section 1.4),
which are attributed to modulation of neuronal circuits in cortical and hippocampal brain
regions. However, gene expression in cortex and hippocampus differs significantly
(Collado-Torres et al., 2019). Here, we set out to investigate Bdnf gene expression in
cortical and hippocampal neurons, and our findings indicate that Bdnf is more inducible
in response to neuronal activity in cultured cortical neurons than in hippocampal neurons
(Publication 11). The higher inducibility in cortical neurons could be due to stronger
activation of CREB family transcription factors (as discussed above) or different
regulatory mechanisms of Bdnf expression in the cortex and hippocampus.

BDNF is secreted in response to neuronal activation and then signals in an autocrine
or paracrine manner (Cheng et al., 2011; Hartmann et al., 2001; Harward et al., 2016;
Leschik et al., 2019; L. Wang et al., 2015). An in vivo study has shown that BDNF-TrkB
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signalling contributes to Bdnf mRNA induction following kainic acid injection (Saarelainen
et al.,, 2001). Here, we studied whether TrkB signalling contributes to membrane
depolarization-dependent induction of Bdnf expression in cortical and hippocampal
neurons (Publication Il). Our findings reveal a TrkB signalling component in late Bdnf
induction in cortical neurons, but not in hippocampal neurons (Publication Il). It is
possible that synthesis, secretion, and autocrine signalling leading to higher Bdnf mRNA
levels take longer, and the contribution of BDNF-TrkB signalling would be even greater
at later time points. Interestingly, we could not detect the component of autoregulation
in hippocampal neurons (Publication Il), although it has been previously demonstrated
in vivo (Saarelainen et al., 2001). Together with difference in Bdnf inducibility between
cortical and hippocampal neurons, it is plausible that Bdnf gene expression is more active
in hippocampal neurons, resulting in higher basal levels of Bdnf and reduced effect of
TrkB signalling after membrane depolarization.

The involvement of CREB and its coactivators in Bdnf gene regulation after neuronal
activity is more pronounced in cortical neurons than in hippocampal neurons (Publication
I1). Additionally, CRTC1 is necessary for Bdnf induction, particularly for the late induction
of first cluster of Bdnf exons in cortical neurons but seems to impair the induction of Bdnf
exon | in hippocampal neurons (Publication Il). Our findings show that Crtc1 knockdown
using CRISPR interference increases Bdnf exon | mRNA levels and BDNF protein levels,
but not total Bdnf mRNA levels in the hippocampus (Publication Il). These results can be
explained by the use of an efficient translation initiation site in Bdnf exon | (Koppel et al.,
2015) which leads to higher BDNF protein levels. Considering that Bdnf exon | knockout
animals exhibit severe phenotypic effects (see section 1.4.5), Bdnf exon | mRNA levels
reach similar levels to Bdnf exon IV after membrane depolarization (Pruunsild et al.,
2011), and our results demonstrate that Bdnf exon | remarkably impacts BDNF protein
levels after membrane depolarization (Publication 1l), it is crucial to investigate the
regulation and levels of Bdnf exon | transcripts in future studies.

Considering the relatively modest participation of CREB in Bdnf gene regulation in
hippocampal neurons, we employed an in vitro DNA pulldown assay coupled with
mass-spectrometry to identify brain region-specific regulators of Bdnf (Publication Il). We
detected numerous known regulators of Bdnf, such as CREB, USF and AP1 family
members, ARNT2, MEF2, and MeCP2 (for references see Table 2). Additionally, we
discovered several novel regulators of Bdnf, including FOXP1, SATB2, BCL11A (also known
as CTIP1), and RAI1. Brain region-specific regulation of Bdnf could stem from differential
expression of the regulators across different brain regions. For instance, FOXP1, SATB2,
BCL11A, and TBR1 are expressed in specific cortical layers and are widely used as marker
genes for different cortical layers (Britanova et al., 2008; Fazel Darbandi et al., 2018; X.
Li et al., 2015; Wiegreffe et al., 2015; Woodworth et al., 2016). In contrast, PROX1
determines dentate granule cell identity in the hippocampus and serves as a marker gene
for hippocampal neurons (Ilwano et al., 2012). Notably, these marker genes are also
expressed in cultured neurons, exhibiting mostly non-overlapping expression pattern,
with only a few cells expressing more than one of these marker genes simultaneously
(Digilio et al., 2015). Our findings of the novel Bdnf regulators are intriguing, as it
demonstrates that in addition to ubiquitously expressed transcription factors, cell
type-specific transcription factors regulate Bdnf to possibly ensure specific expression of
Bdnf during development. Furthermore, many of the discovered novel regulators of Bdnf
are necessary for brain development and neuronal maturation (Braccioli et al., 2017; Dias
etal., 2016; Fazel Darbandi et al., 2018; lwano et al., 2012; Kaltezioti et al., 2020; Kennedy
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et al., 2016; H. Li et al., 2019; McKenna et al., 2015; Page et al., 2018; Wiegreffe et al.,
2015), functions similar to those of BDNF signalling. In summary, we propose that BDNF
is a crucial effector molecule that participates in brain development by conveying signal
from developmental transcription factors.

5.4 Distal regulatory regions governing Bdnf expression

Our findings using dominant-negatives for CREB family and CBP show decrease in the
expression of all major Bdnf transcripts during BDNF-TrkB signalling, even though we only
demonstrate direct binding of CREB to specific Bdnf promoters (Publication 1). In addition,
Bdnf proximal promoter regions are not as responsive in reporter assays as the mRNA
expression is in endogenous context following BDNF-TrkB signalling (Publication 1).
Therefore, we hypothesize the existence of a CREB family-dependent enhancer for Bdnf
that controls Bdnf transcriptional autoregulation. Furthermore, in astrocytes Bdnf
proximal promoters are not inducible upon stimuli in reporter assays but are in the
bacterial artificial chromosome context (Koppel et al., 2018). Additionally, CTCF binds to
the first and second cluster of Bdnf exons (J. Chang et al., 2010; Sams et al., 2016),
regulates chromatin structure in the Bdnf locus (Sams et al., 2016), and loss of CTCF or
cohesin complex reduces Bdnf expression levels (Calderon et al., 2022; J. Chang et al.,
2010). Given that CTCF together with cohesin complex remodel chromatin and form
promoter-enhancer loops (Phillips & Corces, 2009) and Bdnf gene has been described to
form long-range loops after neuronal activity (Beagan et al., 2020; Calderon et al., 2022),
this data collectively suggests the existence of distal regulatory regions — enhancers —
that participate in Bdnf gene regulation.

We began by searching for enhancer-associated chromatin marks and identified a
potential intronic region located downstream from Bdnf exon lll, referred to as +3 kb
enhancer (Publication 1ll). Our findings demonstrate that in both reporter assays and in
endogenous context, this intronic region can potentiate the expression of Bdnf
transcripts, particularly those originating from the first cluster of exons in cortical
neurons. In contrast, the +3 kb enhancer region is inactive in astrocytes (Publication lll).
Our results highlight two noteworthy points. Firstly, we present the first evidence of cell
type-specific enhancers of Bdnf. Secondly, our results provide evidence of an enhancer
region regulating only some of the promoters in a multi-promoter gene. It appears that
the regulation of Bdnf transcripts occurs via clusters and the +3 kb enhancer regulates
the expression of transcripts starting from exons | to Ill.

To date, two additional enhancers of Bdnf have been described. First, a MEF2-regulated
region located ~5 kbp upstream from the Bdnf exon | has been shown to potentiate the
activity of Bdnf promoter | in hippocampal neurons but not in cortical neurons (Flavell
etal., 2008; M. R. Lyons et al., 2012). The MEF2-dependent enhancer is the only currently
known brain region-specific enhancer of Bdnf. Second, an enhancer ~210 kbp
downstream from Bdnf exon | (and ~5 kbp upstream from Lin7c promoter; referred to as
+170 kbp enhancer by the authors) has been reported to regulate all Bdnf transcripts
during cortical neuron differentiation and following neuronal activity (Brookes et al.,
2023). This is the only reported enhancer involved in the developmental expression of
Bdnf. Furthermore, Bdnf locus has been shown to form neuronal activity-induced
long-range interactions with upstream ~840 kbp (Beagan et al., 2020; Nott et al., 2019)
and ~1.7 Mbp regions (Beagan et al., 2020; Calderon et al., 2022). These regions have not
been shown to functionally modulate Bdnf expression and have not been validated as
enhancer regions of Bdnf.
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An intriguing question for future research is the mechanism of these enhancers and
whether they function synergistically, competitively, or redundantly (mechanisms of
enhancers are reviewed in Long et al., 2016). Our current understanding suggests that at
least the ~5 kb upstream MEF2-dependent enhancer is not synergistic in cortical
neurons, as it does not function in cortical neurons like the other two described Bdnf
enhancers. Whether the +3 kbp or +210 kbp enhancer regions function in hippocampal
neurons remains to be studied. In contrast, +3 kbp and +210 kbp enhancers could be
either additive or competitive, as both function in cortical neurons during neuronal
maturation and following neuronal activity. How these enhancers precisely interact and
whether the 840 kbp and 1.7 Mbp regions also contribute to Bdnf gene regulation are
interesting questions for future research. Given that enhancers play a crucial role in
cell-type specific regulation of gene expression, we anticipate the discovery of more Bdnf
enhancers, regulating Bdnf expression at different developmental stages in various brain
regions and across different cell types.

We focused on the mechanism of regulation of the +3 kb enhancer region using
in vitro DNA pulldown coupled with mass-spectrometry and we determined several
E-box binding transcription factors, such as NeuroD family members, TCF4, USF family
members, and MAZ (Publication IIl). Of these, NeuroD family participates in neuronal
migration, maturation, signalling, and brain development (Bormuth et al., 2013; Guzelsoy
et al., 2019; Ince-Dunn et al., 2006; Tutukova et al., 2021; Wilke et al., 2012); TCF4
participates in neuronal migration, functioning, and brain development (Kennedy et al.,
2016; H. Li et al., 2019; Page et al., 2018; Schoof et al., 2020; Thaxton et al., 2018;
Wittmann et al., 2021); and USF1 participates in the regulation of dendrite length and
arborization (Sideromenos et al., 2022). Collectively, these transcription factors are
important for proper neuronal functions. As the expression of Bdnf first cluster of exons
is highly nervous-system specific (Aid et al., 2007; Esvald et al., 2023; Pruunsild et al.,
2007), the +3 kb enhancer region could provide the neuron-specific expression pattern
using these E-box binding transcription factors. Additionally, we determined several
stimulus-induced transcription factors, such as AP1 and EGR family members binding to
the +3 kb region (Publication IIl). As AP1 family members regulate the expression of Bdnf
exon | (Tuvikene et al., 2016), it is possible that the expression of this transcript is
potentiated by AP1 transcription factors also via the +3 kb enhancer region. Finally, we
describe CREB binding to +3 kb region in cortical neurons and CBP binding after
membrane depolarization. Although we did not study CREB binding after stimulus, +3 kb
enhancer region could be one of our hypothesized CREB-dependent enhancer regions,
participating in the regulation of the first cluster of Bdnf exons.

In conclusion, our results reveal that CREB family, along with its coactivators,
participates in Bdnf gene regulation after BDNF-TrkB signalling and membrane
depolarization through multiple promoters and an enhancer region. The presence of
multiple promoters, and the formation of different transcripts with specific sub-cellular
localizations and functional roles, raises the question why Bdnf gene regulation shows
great redundancy. Functional CRE elements are found in Bdnf promoters |, IV, and IX
(Pruunsild et al., 2011; Tabuchi et al., 2002; Tao et al., 1998), and CREB also binds the
+3 kbp enhancer region (Publication Ill). In addition to CRE sequences, there are
USF-binding elements in Bdnf promoters | and IV (W. G. Chen, West, et al., 2003;
Pruunsild et al., 2011; Tabuchi et al., 2002); NPAS4-binding elements in Bdnf promoters
I, IV, and IX (Pruunsild et al., 2011); NFkB-binding elements in Bdnf promoters | and IV
(Lipsky et al., 2001; Lubin et al., 2007), and AP1 family-binding elements in Bdnf promoter
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I and the +3 kbp enhancer region (Publication Ill, Tuvikene et al., (2016)). The reason of
this extreme redundancy remains a mystery, but several intriguing possibilities might
explain it. First, having the same regulatory elements in multiple Bdnf promoters might
provide means to produce Bdnf from several promoters concurrently using the same set
of transcription factors, thus amplifying the stimulus-dependent Bdnf expression levels.
Second, it is possible that Bdnf promoters have evolved from one ancestral DNA
sequence, explaining similar regulatory elements in multiple promoters. Third, different
Bdnf promoters with similar transcription factor-binding sites could have evolved to
ensure stable Bdnf expression in a variety of conditions.
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6 Conclusion

The present thesis provides novel insights into the complex regulation of Bdnf
expression. We show the role of various transcription factors, coactivators, and an
enhancer region in modulating Bdnf mRNA levels in response to specific stimuli. The main
findings of this study are the following:

CREB family transcription factors together with coactivator CBP play a central role
in Bdnf transcriptional autoregulation in cortical neurons (Publication I).

The regulation of Bdnf expression differs between cortical and hippocampal
neurons, with greater inducibility of Bdnf mRNA and protein levels after
membrane depolarization in cortical neurons (Publication II).

The involvement of CREB coactivators CBP and CRTC1 in the regulation of Bdnf
expression after neuronal activity varies between cortical and hippocampal
neurons, suggesting different regulatory mechanisms in different neuronal
populations (Publication I1).

FOXP1, SATB2, RAI1, and BCL11A are novel brain region-specific regulators of
Bdnf gene expression (Publication I1).

An intronic enhancer region downstream of Bdnf exon Il specifically regulates the
expression of Bdnf transcripts starting from the first cluster of exons in cortical
neurons but not in astrocytes (Publication 111).
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Abstract

Dissecting stimulus-dependent transcription of brain-derived
neurotrophic factor

Neurotrophins are secreted signalling molecules that participate in various neuronal
processes. One of the neurotrophins, brain-derived neurotrophic factor (BDNF), plays an
important role in the central nervous system, supporting neuronal survival,
differentiation, synapse formation and synaptic plasticity, thereby modulating both
behaviour and memory functions. Abnormal BDNF levels are associated with many
nervous system diseases, such as depression, and various neurodegenerative diseases,
including Huntington’s disease. Deeper understanding of Bdnf expression improves our
understanding of both brain development and functioning. Furthermore, to extend the
possibility of using BDNF in therapy, it is important to understand the mechanisms of
Bdnf regulation.

In rodents, Bdnf gene consists of eight 5" non-coding exons and one 3’ coding exon.
The expression of different Bdnf transcripts is controlled by independent promoters that
provide tissue and stimulus-specific expression. Different Bdnf transcripts vary in their
subcellular localization, translatability, and participate in different physiological
processes. Although the regulation of Bdnf expression after neuronal activity has been
widely studied, little emphasis has been placed on brain region and cell type-specific
regulatory mechanisms. Moreover, the mechanisms of Bdnf transcriptional
autoregulation that amplifies and sustains BDNF-TrkB signalling are not well understood.

In the current thesis we studied the mechanisms of Bdnf transcriptional
autoregulation in cortical neurons and the regulation of Bdnf expression after neuronal
activity in cortical and hippocampal neurons. First, we focused on the cAMP-response
element binding protein (CREB) family of transcription factors and their coactivators and
show that CREB family together with the coactivator CREB-binding protein (CBP) are the
main mediators of Bdnf transcriptional autoregulation. Second, we show that CREB
family and its coactivators CBP and CREB-regulated transcription coactivator 1 (CRTC1)
participate in neuronal activity-induced Bdnf expression in cortical neurons but
contribute less to Bdnf induction in hippocampal neurons. To further study brain region-
specific regulation of Bdnf, we performed in vitro DNA pulldown, and propose novel
region-specific regulators of Bdnf, including FOXP1 and SATB2. Finally, we studied distal
regulatory regions of the Bdnf gene and determined an intronic enhancer region that
provides neuron-specific expression of the Bdnf transcripts starting from the first three
Bdnf promoters.

Collectively, the findings presented in the current thesis highlight differences in Bdnf
gene regulation after different stimuli and between cell populations. Our results shed
light on the molecular mechanisms that govern Bdnf expression, thus contribute to our
understanding of brain development and the maintenance of the nervous system. Our
results could lead to the development of potential therapeutic interventions targeting
neurodegenerative and neuropsychiatric diseases.
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Lihikokkuvote

Aju-paritolu neurotroofse teguri stiimulsoltuva
transkriptsiooni uuringud

Neurotrofiinid on sekreteeritavad signaalmolekulid, mis toetavad mitmeid neuronite
funktsioone. Uks neurotrofiinidest, aju-péritolu neurotroofne faktor (BDNF),
signaliseerib kesknarvislisteemis ja toetab neuronite ellujdgamist, diferentseerumist,
slinapside moodustumist ja slinaptilist plastilisust, mojutades kokkuvdéttes nii kditumist
kui ka Oppimist ja malu. BDNF-i tasemete halbimist on kirjeldatud paljude narvislisteemi
haiguste, naiteks depressiooni puhul, ja mitmesuguste neurodegeneratiivsete haiguste,
sealhulgas Huntingtoni tdve korral. Bdnf geeni avaldumise parem mdistmine suurendab
meie arusaamist aju arengust ja toimimisest. BDNF-i rakendamiseks ravivdimalusena on
oluline mdista Bdnf geeni avaldumise regulatsiooni mehhanisme neuronites.

Narilistes koosneb Bdnf geen kaheksast 5' mittekodeerivast eksonist ja thest 3'
kodeerivast eksonist. Erinevate Bdnf-i transkriptide avaldumist kontrollivad séltumatud
promootorid, mis tagavad koe- ja stiimulspetsiifilise transkriptide avaldumise. Bdnf-i
transkriptid erinevad oma lokalisatsiooni ja transleeritavuse poolest ning osalevad
erinevates fusioloogilistes protsessides. Kuigi Bdnf-i avaldumise regulatsiooni péarast
neuronaalset aktiivsust on laialdaselt uuritud, pole markimisvdarset réhku pddratud
erinevatele aju piirkondadele ega rakutiilipidele, kus vdivad esinevad spetsiifilised
regulatsioonimehhanismid. Veelgi enam, Bdnf-i transkriptsioonilist autoregulatsiooni,
mis vdimendab ja sdilitab BDNF-TrkB signaliseerimist, pole markimisvaarselt uuritud.

Kdesolevas vditekirjas uurisime Bdnf geeni transkriptsioonilise autoregulatsiooni
mehhanisme kortikaalsetes neuronites ja Bdnf-i avaldumise regulatsiooni pdrast
neuronaalset aktiivsust kortikaalsetes ja hipokampaalsetes neuronites. Esmalt
keskendusime cAMP vastuselementi siduva valgu (CREB) transkriptsioonifaktorite
perekonnale ja nende koaktivaatoritele. Me nditame, et CREB-i perekond koos
koaktivaatoriga CREB-siduva valguga (CBP) on Bdnf-i transkriptsioonilise
autoregulatsiooni peamised vahendajad. Teiseks naitame, et CREB-i perekond ja selle
koaktivaatorid CBP ja CREB-reguleeritud transkriptsiooni koaktivaator 1 (CRTC1)
osalevad neuronaalse aktiivsuse poolt indutseeritud Bdnf geeni avaldumises
kortikaalsetes neuronites, kuid osalevad markimisvaarselt vdhem hipokampaalsetes
neuronites. Selleks, et lahemalt uurida Bdnf-i spetsiifilist regulatsiooni erinevates aju
piirkondades, madrasime DNA-le in vitro siduvad valgud ja pakume selle pohjal vélja uued
ajuregiooni spetsiifilised regulaatorid, sealhulgas FOXP1 ja SATB2 transkriptsiooni-
faktorid. Viimaseks, uurisime Bdnf geeni distaalseid regulatoorseid alasid ehk
enhanseralasid ja tuvastasime introonse ala Bdnf geenis, mis kontrollib esimese kolme
Bdnf eksoni neuronspetsiifilist avaldumist.

Viitekirjas esitatud tulemused toovad esile erinevused Bdnf geeni regulatsioonis
pérast erinevaid stiimuleid ja erinevates rakupopulatsioonides. Kokkuvéttes avavad meie
tulemused Bdnf geeni ekspressiooni reguleerivaid molekulaarseid mehhanisme ning
aitavad seega kaasa aju arengu ja narvisiisteemi toimimise mdistmisele. Meie tulemused
vdivad viia uute neurodegeneratiivsete ja neuropsiihhiaatriliste haiguste ravimite
valjatdootamiseni.
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CREB Family Transcription Factors Are Major Mediators of
BDNF Transcriptional Autoregulation in Cortical Neurons
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BDNF signaling via its transmembrane receptor TrkB has an important role in neuronal survival, differentiation, and synaptic plasticity.
Remarkably, BDNF is capable of modulating its own expression levels in neurons, forming a transcriptional positive feedback loop. In the
current study, we have investigated this phenomenon in primary cultures of rat cortical neurons using overexpression of dominant-
negative forms of several transcription factors, including CREB, ATF2, C/EBP, USF, and NFAT. We show that CREB family transcription
factors, together with the coactivator CBP/p300, but not the CRTC family, are the main regulators of rat BDNF gene expression after TrkB
signaling. CREB family transcription factors are required for the early induction of all the major BDNF transcripts, whereas CREB itself
directly binds only to BDNF promoter IV, is phosphorylated in response to BDNF-TrkB signaling, and activates transcription from BDNF
promoter IV by recruiting CBP. Our complementary reporter assays with BDNF promoter constructs indicate that the regulation of BDNF
by CREB family after BDNF-TrkB signaling is generally conserved between rat and human. However, we demonstrate that a noncon-
served functional cAMP-responsive element in BDNF promoter IXa in humans renders the human promoter responsive to BDNF-TrkB-
CREB signaling, whereas the rat ortholog is unresponsive. Finally, we show that extensive BDNF transcriptional autoregulation,
encompassing all major BDNF transcripts, occurs also in vivo in the adult rat hippocampus during BDNF-induced LTP. Collectively, these
results improve the understanding of the intricate mechanism of BDNF transcriptional autoregulation.

Key words: BDNF; CBP; CREB; positive feedback loop; transcription; TrkB

~

Deeper understanding of stimulus-specific regulation of BDNF gene expression is essential to precisely adjust BDNF levels that are
dysregulated in various neurological disorders. Here, we have elucidated the molecular mechanisms behind TrkB signaling-
dependent BDNF mRNA induction and show that CREB family transcription factors are the main regulators of BDNF gene
expression after TrkB signaling. Our results suggest that BDNF-TrkB signaling may induce BDNF gene expression in a distinct
manner compared with neuronal activity. Moreover, our data suggest the existence of a stimulus-specific distal enhancer modu-
lating BDNF gene expression. /
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example, BDNF signaling is important for synaptic consolidation
(Wibrand et al., 2006; Panja et al., 2014) and memory consolida-
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in adult brain is involved in neurogenesis and dendrite formation
of hippocampal granule neurons (Wang et al., 2015; Vilar and
Mira, 2016).

BDNF gene expression is regulated in a sophisticated manner,
with the transcription of every 5" exon being controlled by a
separate promoter (Timmusk et al., 1993; Aid et al., 2007; Pruun-
sild et al., 2007) and by numerous transcription factors (e.g.,
NPAS4, USF family, MeCP2, NFAT family, and CREB) in re-
sponse to various stimuli (for review, see West et al., 2014). In-
terestingly, disruption of specific BDNF transcripts has proven
important roles for different BDNF promoters in the formation
of neural circuits underlying social behavior (Maynard et al.,
2016, 2018).

The cAMP-response element-binding (CREB) family of tran-
scription factors consists of three functionally redundant basic-
leucine zipper transcription factors, namely, CREB protein,
activating transcription factor 1 (ATF1), and cAMP-response el-
ement modulator (CREM) (Mayr and Montminy, 2001). The
role of CREB family in the CNS has been investigated thoroughly
(for review, see Barco and Marie, 2011), and CREB family has
been shown to support neuronal survival (Mantamadiotis et al.,
2002), regulate neuronal migration (Diaz-Ruiz et al., 2008),
modulate synaptogenesis (Aguado et al., 2009), and contribute to
the formation of LTP and long-term memory (Bourtchuladze et
al., 1994). The CREB family has two types of coactivators. First,
CREB binding protein (CBP) and its paralogue p300 (Lundblad
et al., 1995), which interact with Ser-133-phosphorylated CREB
and function via histone acetyl transferase activity (Bannister and
Kouzarides, 1996) or interaction with basal transcriptional ma-
chinery (Kwok et al., 1994; Kee et al., 1996). Second, the CREB-
regulated transcription coactivators (CRTC-s) that are localized
in the cytoplasm, but in response to increase in cytoplasmic
cAMP and Ca*" levels can be dephosphorylated and transported
to the nucleus (Bittinger et al., 2004) where they bind to the CREB
leucine zipper domain to stabilize the CREB dimer (Luo et al.,
2012; Song et al., 2018) and interact with general transcription
factors (Conkright et al., 2003). The use of different coactivators
allows for a differential activation of cAMP-responsive element
(CRE)-containing promoters in response to diverse stimuli in
different cell types.

BDNF can modulate its own mRNA expression via activation
of the TrkB receptor and downstream MAPK signaling (Yasuda
etal., 2007; Nakajima et al., 2015; Tuvikene et al., 2016). Further-
more, BDNF-TrkB signaling has been shown to induce the ex-
pression of all the BDNF transcripts in cultured rat cortical
neurons (Tuvikene et al., 2016) and BDNF exon IV-containing
transcripts in the rat hippocampus in vivo (Wibrand et al., 2006;
Bambah-Mukku et al., 2014). The induction of BDNF exon
I-containing transcripts is directly, while BDNF exon III- and
VI-containing transcripts are indirectly, regulated by AP-1 tran-
scription factors after BDNF-TrkB signaling (Tuvikene et al.,
2016). The induction of BDNF exon IV-containing transcripts is
mediated by C/EBP B after inhibitory avoidance training-induced
BDNE-TrkB signaling (Bambah-Mukku et al., 2014). Still, the
complete repertoire of transcription factors and cis-elements in-
volved in BDNF transcriptional autoregulation has not been de-
scribed. Here, we have investigated the molecular mechanism of
BDNF transcriptional autoregulation in rat cortical neurons and
show that CREB family transcription factors together with
coactivator CBP are the main regulators of TrkB signaling-
dependent induction of all the major BDNF transcripts.

Esvald, Tuvikene et al. @ CREB Family in BONF Transcriptional Autoregulation

Materials and Methods

Primary cultures of rat cortical neurons. All animal procedures were per-
formed in compliance with the local ethics committee. Primary cultures
of cortical neurons were generated from Sprague Dawley rat male and
female pups at embryonic day 20-21. Cerebral cortices together with
hippocampi were dissected and preserved in Leibovitz L15 media (PAA
Laboratories) until further processing. Cortices and hippocampi were
cut into small pieces and incubated in 1 ml 0.25% Trypsin-EDTA 1X
solution (Invitrogen) at 37°C for 10 min. Next, final concentrations of
0.5 mg/ml DNase I (Roche Diagnostics) and 12 mm MgSO,, were added,
and the mixture was again incubated at 37°C for 10 min. Then, 275 ul of
1% trypsin inhibitor (Invitrogen), 110 ul of 10% BSA (Pan-Biotech), and
50 wul DNase I (stock solution 5 mg/ml, Roche Diagnostics) were added
and tissue was triturated 5 times using 1 ml pipette tip. After trituration,
tissue suspension was diluted in 1X Hank’s buffered salt solution and
centrifuged at 200 X gfor 30 s. Supernatant was transferred to a new tube
and centrifuged again at 200 X g for 6 min. Finally, the supernatant was
removed, and precipitated cells were resuspended in growth medium
containing prewarmed Neurobasal A (PAA Laboratories or Invitrogen),
1X B27 Supplement (Invitrogen), 100 U/ml penicillin and 0.1 mg/ml
streptomycin (Invitrogen), or 100 ug/ml Primocin (InvivoGen), 1 mum
L-glutamine (Invitrogen). Cell suspension was distributed to plates pre-
viously coated with 0.2 mg/ml poly-1-lysine (Sigma Millipore) in 0.1 m
borate buffer overnight at 4°C or at least 1 h at room temperature. Cells
were grown at 37°C in 5% CO, atmosphere. At 2 DIV, half of the growth
medium, or the whole media when the neurons were transduced with
lentiviral particles, was changed and a final concentration of 10 uM mi-
totic inhibitor 5-fluoro-2'-deoxyuridine (Sigma Millipore) was added.

Neurons were transduced with lentiviral particles at 0 DIV, or with
adeno-associated viral (AAV) vectors at 2 DIV after medium change at
>3 multiplicity of infection. The cells were treated at 7—8 DIV with 50
ng/ml BDNF (Peprotech), 20 pg/ml cycloheximide (CHX, Tocris Biosci-
ence), or 5 um CBP-CREB interaction inhibitor (CCII, catalog #217505,
lot 2758191, Merck Millipore). Control cells were treated with respective
volume of vehicle (DMSO or water). For the lentivirus-mediated over-
expression of E1A, neurons were transduced at 5 DIV, 72 h before lysing
the cells after BDNF treatment, as prolonged overexpression of E1A led
to neuronal death.

Viral vectors. The plasmids containing dominant-negative inhibitory
protein coding sequences were obtained from Addgene: CMV500 A-CREB
(plasmid #33371), CMV500 A-C/EBP (plasmid #33352), CMV500 A-C/
EBPP (plasmid #33363), CMV500 A-ATF2 (plasmid #33362), CMV566
A-USF (plasmid #33360), and GFP-VIVIT (plasmid #11106). The re-
spective coding sequences were cloned to pAAV vector (AAV Helper-
Free System, Agilent Technologies) under the control of human
Synapsin I promoter. For A-USF, HA-tag was replaced with FLAG-tag.
The coding sequences used for overexpression are listed in Tuvikene,
2018. Production of AAV particles and estimation of viral titer were
performed as described previously (Koppel et al., 2015).

Lentivirus transfer plasmid pLV-hU6-sgRNA-hUbC-dCas9-KRAB-
T2A-GFP coding for repressive dCas9-KRAB was obtained from Add-
gene (plasmid #71237), from which the gRNA expression cassette was
removed using Pacl restriction enzyme (Thermo Fisher Scientific). Spe-
cific guide RNA (gRNA) targeting sequences (Tuvikene, 2018) were de-
signed using the Benchling Platform and cloned into pRRL-U6-gRNA-
hPGK-EGFP lentiviral plasmid, where the expression of gRNA is under
the control of U6 promoter and EGFP is under the control of human
PGK promoter. Cloned plasmids were transformed into STBL3 compe-
tent cells (Invitrogen) and purified from bacteria using PureLink HiPure
Plasmid Midiprep Kit (Invitrogen). Finally, all gRNA plasmids were ver-
ified by sequencing. For overexpressing EGFP, A-CREB, El1A, and
dominant-negative CRTC, the respective coding regions (Tuvikene,
2018) were cloned into pRRL vector under the control of human PGK
promoter, with A-CREB, E1A, and dominant-negative CRTC having an
N-terminal FLAG-tag. Production of lentiviral particles was performed
as described by Koppel et al. (2018). Relative titers of lentiviral particles
were estimated by measuring provirus incorporation using qPCR. For
further experiments, equal amounts of functional viral particles were
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used to transduce neurons, and >95% transduction efficiency was veri-
fied by EGFP expression.

RNA extraction and qRT-PCR. For RNA extraction, the neurons were
lysed at 7-8 DIV in RLT lysis buffer and RNA was purified using
RNeasy Mini Kit (QIAGEN) with on-column digestion of genomic
DNA using RNase-Free DNase Set (QIAGEN). Concentrations of the
purified RNAs were determined with BioSpec-nano spectrophotometer
(Shimadzu). An equal amount of RNA within an experiment was taken for
complementary DNA (cDNA) synthesis using SuperScript III Reverse
Transcriptase (Thermo Fisher Scientific) or SuperScript IV Reverse
Transcriptase (Thermo Fisher Scientific). gPCR was performed using
LightCycler 480 SYBR Green I Master kit (Roche Diagnostics) or HOT
FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne) and LightCycler 480
Instrument IT (Roche Diagnostics). Primers and annealing temperatures
are listed in Tuvikene, 2018. All mRNA expression levels were normal-
ized to HPRTI expression levels. Data were log-transformed, mean-
centered and autoscaled as suggested by Willems et al. (2008) before
statistical analysis.

Luciferase reporter assay. Plasmids containing different rat BDNF
(rBDNF) and human BDNF (hBDNF) promoters (p) have been de-
scribed previously as follows: pGL4.15 rBDNF pI (Pruunsild etal., 2011),
pGL4.15 rBDNF pIV and pGL4.15 rBDNF pIV CRE site mutant (Koppel
and Timmusk, 2013), pGL4.15 rBDNF plII and pGL4.15 rBDNF pVI
(Tuvikene et al., 2016); pGL4.15 hBDNEF pl 5', pGL4.15 hBDNF pIV,
pGL4.15 hBDNF pIXa, and respective CRE site mutants (Pruunsild et al.,
2011). pGL4.29 CRE reporter construct (Promega, #9PTE847) was used
as a positive control. rBDNF pI 5’ region was generated from pGL4.15
rBDNF pl plasmid. rBDNF plI and pIXa sequences were generated
from rat genomic DNA using Phusion Hot Start Il DNA Polymerase
(Thermo Fisher Scientific), and respective regions were cloned into
pGL4.15 vector (Promega) in front of Firefly luciferase coding se-
quence and verified by sequencing. CRE site mutagenesis in rBDNF pl
and pI 5" was performed as published by Pruunsild et al. (2011). The
genomic coordinates of BDNF proximal promoter regions and re-
spective CRE site mutations used in the reporter constructs are shown
in Tuvikene, 2018.

Cultured neurons were transfected at 6 DIV on 48-well plate in dupli-
cate wells using ratio of 1:2 of total DNA and Lipofectamine 2000 Reagent
(Invitrogen). Per well, 250 ng of effector plasmid (pAAV-hSynI-EGFP or
PAAV-hSynI-A-CREB), 250 ng (or 500 ng if no effector was used) of
Firefly luciferase reporter plasmid, and 20 ng of mouse PGK/pGL4.83
plasmid expressing Renilla luciferase for normalization were transfected.
At 7 or 8 DIV, as indicated in the figure legend, neurons were lysed in 1X
Passive lysis buffer (Promega). Luciferase signal was measured with
Dual-Glo Luciferase Assay System (Promega) using Genios Pro Multi-
function Microplate Reader (Tecan Group).

For data analysis, Firefly luciferase signal was background-corrected
and normalized to background-corrected Renilla luciferase signal. The
averages of duplicate wells were calculated, data were log-transformed,
and statistical analysis was performed. For CRE reporter experiments
using CRTCI knockdown and overexpression of dominant-negative
CRTC, log-transformed data were also mean-centered and autoscaled
before statistical analysis.

Western blot. Cultured neurons were lysed in 1X Laemmli buffer in-
cluding 5% B-mercaptoethanol. Proteins were separated using 10%
SDS-PAGE and transferred to PVDF membrane (Merck Millipore) in
Towbin buffer at 100 V for 100 min using Mini Trans-blot Cell system
(Bio-Rad). The membrane was blocked in 5% skimmed milk in TBST
buffer (1X Tris-buffered saline, pH 7.4, and 0.1% Tween 20; Amresco),
and then incubated with primary antibody a-CREB (1:1000, catalog #06-
863, lot 2446851, Merck Millipore) and with secondary antibody goat
anti-rabbit IgG conjugated with HRP (1:5000, Thermo Fisher Scientific)
in 2% skimmed milk (AppliChem) in TBST at 4°C overnight and at room
temperature for 1 h, respectively. After both incubations, the membrane
was washed 3 times with TBST for 5 min at room temperature. Chemi-
luminescence signal was produced with SuperSignal West Femto Maxi-
mum Sensitivity Substrate (Thermo Fisher Scientific), and the
membrane was exposed to imaging system ImageQuant Las 4000 (GE
Healthcare Life Sciences).
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For reprobing, the membrane was stripped with warm 0.1 m glycine
solution, pH 2.0, blocked again as described previously, and incubated
with primary antibody a-P-CREB (1:5000, catalog #9198, lot 0010, Cell
Signaling Technology) in 5% BSA (Naxo) in TBST at 4°C overnight.
Further procedure was performed as described previously. For loading
control, the membrane was stained with Coomassie solution (0.1% Coo-
massie Brilliant Blue R-250 Dye, 25% ethanol, 7% acetic acid) for 15 min,
followed by 2 washes with destaining solution (30% ethanol, 10% acetic
acid) for 5 min and rinsing with tap water. The membrane was imaged
using ImageQuant Las 4000 (GE Healthcare Life Sciences).

CREB and P-CREB signals and total protein staining were quantified
using densitometric analysis on ImageQuant TL software (GE Health-
care Life Sciences). CREB protein levels were normalized to total protein
levels, and P-CREB protein levels were normalized to CREB protein
levels. Data were log-transformed, mean-centered, and autoscaled; and
statistical analysis was performed.

Immunocytochemistry. Immunocytochemistry was performed as de-
scribed by Koppel et al. (2018) using CRTC1 antibody (1:1500, catalog
#2587, lot 3, Cell Signaling Technology) and goat anti-rabbit IgG conju-
gated with Alexa-488 (1:2000, Invitrogen) secondary antibody. Hoechst
33324 was used to visualize nuclei. Analysis was performed with LSM 510
META (Carl Zeiss). The specificity of the CRTC1 antibody in immuno-
cytochemistry was verified using CRTCI knockdown with CRISPR in-
terference in neurons (data not shown).

Chromatin immunoprecipitation (ChIP). Cultured neurons were
grown on 100 mm dishes; and at 7 DIV, the cell growth media was
reduced to 5 ml during BDNF treatment and proteins were crosslinked to
DNA by adding 500 ul crosslinking buffer (11% formaldehyde, 100 mm
NaCl, 0.5 mm EGTA, 50 mm HEPES, pH 8.0) and incubating at room
temperature for 10 min for CREB and P-CREB ChIP. Crosslinking was
stopped by adding final concentration of 0.12 m glycine and incubating at
room temperature for 10 min. Subsequently, the cells were washed twice
with 10 mlice-cold 1X PBS and lysed in 500 ul lysis solution (1% SDS, 10
muM EDTA, pH 8.0, 50 mm Tris-HCI, pH 8.0, 1X cOmplete protease
inhibitor cocktail, Roche Diagnostics; 1 X PhosSTOP phosphatase inhib-
itor cocktail, Roche Diagnostics) for 5 min on ice. Cells were collected
with cell scraper and transferred to an Eppendorf tube where lysates were
sonicated on ice using VCX-130 sonicator (Sonics) until an approximate
average fragment size of 250500 bp was obtained. Following sonication,
the lysates were centrifuged at 16 000 X g for 5 min at 4°C, and superna-
tant was transferred to a new tube.

Protein concentration was determined using Pierce BCA Protein As-
say Kit (Thermo Fisher Scientific); and where necessary, the concentra-
tions were equalized using lysis buffer. Equal amounts of protein were
diluted 9 times in dilution buffer (1% Triton X-100, 150 mm NaCl, 2 mm
EDTA, pH 8.0, 20 mm Tris-HCI, pH 8.0, 1 X cOmplete protease inhibitor
cocktail, Roche Diagnostics; 1 X PhosSTOP phosphatase inhibitor cock-
tail, Roche Diagnostics). A total of 5 ug of a-CREB (catalog #06-863, lot
2446851, Merck Millipore) or a-P-CREB (catalog #9198, lot 0010, Cell
Signaling Technology) was added to the diluted lysate and incubated
overnight at 4°C. In parallel, 50 ul Dynabeads Protein G (Invitrogen) per
immunoprecipitation reaction were washed twice with 1 ml dilution
buffer for 10 min at 4°C and blocked overnight at 4°C in 1 ml dilution and
lysis buffer solution (ratio of 9:1, respectively), containing 200 ug/ml
BSA and 10 pg/ml salmon sperm DNA. The next day, the beads were
washed twice with dilution buffer for 10 min at 4°C and finally diluted in
dilution and lysis buffer solution (ratio of 9:1, respectively), distributed
to samples, and incubated for ~5 h with rotation at 4°C. Then, the
beads-antibody complexes were washed 4 times in 1 ml wash buffer (1%
Triton X-100, 0.1% SDS, 150 mm NaCl, 2 mm EDTA, pH 8.0, 20 mm
Tris-HCI, pH 8.0, 1 X cOmplete protease inhibitor cocktail, Roche Diag-
nostics; 1 X PhosSTOP phosphatase inhibitor cocktail, Roche Diagnos-
tics) and once with final wash buffer (1% Triton X-100, 0.1% SDS, 500
mum NaCl, 2 mm EDTA, pH 8.0, 20 mm Tris-HCI, pH 8.0, 1X cOmplete
protease inhibitor cocktail, Roche Diagnostics; 1X PhosSTOP phospha-
tase inhibitor cocktail, Roche Diagnostics) for 10 min per wash while
rotating at 4°C. DNA-protein complexes were eluted from the beads 3
times with 50 ul elution buffer (1% SDS, 100 mm NaHCO5, 1 mm EDTA)
at 37°C for 10 min. The third elution was performed with an additional
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incubation at 65°C for 5 min before combining with other eluates. Input
samples were diluted with elution buffer to a final volume of 150 ul.
Crosslinking was reversed by adding final concentration of 250 mm NaCl
and incubating at 65°C overnight.

The next day, 125 pg/ml RNase A was added to the samples and
incubated at 37°C for at least 30 min. After that, final concentrations
of 6 mm EDTA and 240 pg/ml proteinase K were added and incubated
at 45°C for at least 30 min. Finally, genomic DNA was purified using
QIAquick PCR Purification Kit (QIAGEN), and DNA enrichment
was analyzed using qPCR. Primers and annealing temperatures are
listed in Tuvikene, 2018. The efficiencies of primer pairs were deter-
mined using serial dilutions of input DNA. DNA enrichment was
calculated relative to the respective DNA levels in input sample con-
sidering primer pair efficiency. For statistical analysis, data were
log-transformed.

CBP ChIP followed the described protocol, except for the following
modifications: crosslinking with formaldehyde was performed for 20
min; sonication was performed with BioRuptor Pico (Diagenode);
7.5-10 pg of a-CBP (catalog #7389, lot 5, Cell Signaling Technology)
antibody was used; phosphatase inhibitors were not used; washes with
ice-cold solutions were performed quickly without rotation. For CBP
ChIP, data were log-transformed and also mean-centered to account for
variations in enrichment between different experiments.

Electrophysiology and intrahippocampal infusion of BDNF. Intrahip-
pocampal BDNF infusion was performed as described previously (Ying
etal,, 2002; Messaoudi et al., 2007; Kuipers et al., 2016). All experiments
were performed according to the ethical standards approved by the Nor-
wegian Committee for Experiments on Animals. The experiments were
performed on adult male rats of the Sprague Dawley strain (Taconic),
weighing 250-350 g. Rats were anesthetized with urethane (1.5 g/kg,
i.p.), and positioned in a stereotaxic frame, while the body temperature
was maintained at 37°C using thermostatically controlled electric heating
pad. A concentric bipolar stimulating electrode (Tip separation 500 pwm;
SNEX 100; Rhodes Medical Instruments) was lowered into the angular
bundle for stimulation of the medial perforant path. Stereotaxic coordi-
nates for stimulation were as follows (in mm): 7.9 posterior to bregma,
4.2 lateral to the midline, and 2.5 below the dura.

A Teflon-coated tungsten wire recording electrode (outer diameter of
0.075 mm; A-M Systems #7960) was glued to the infusion cannula (30
gauge). The electrode was then cut so that it extended 800 wm from the
end of the cannula. Stereotaxic coordinates for recording in the dentate
hilus were as follows (in mm): 3.9 posterior to bregma, 2.3 lateral, and
2.8-3.1 below the dura. The recording electrode was slowly lowered into
the dorsal hippocampus until a positive-going fEPSP of maximum slope
was obtained in the dentate hilus. The tip of the infusion cannula was
located in the deep striatum lacunosum-moleculare of field CA1, 800 um
above the hilar recording site and 300—400 wm above the medial per-
forant synapses. The infusion cannula was connected via a polyethylene
(PE50) tube to a 10 ul Hamilton syringe and infusion pump. After base-
line recording for 20 min, the infusion of 2 ul of 1 ug/ul BDNF (Alo-
mone Labs) over 25 min at a rate of 0.08 ul/min followed. cytochrome C
(CytC; Sigma Millipore) was used as a control for BDNF infusion.
Evoked responses were recorded for 120 min after infusion.

Biphasic rectangular test pulses of 150 s duration were applied every
30 s throughout the experiment (0.033 Hz). Responses were allowed to
stabilize for 1 h at a stimulation intensity that produced a population
spike 30% of maximum. A stable 20 min baseline of evoked potentials
was recorded (pulse-width 0.15 ms, at 0.033 Hz) before intrahippocam-
pal drug infusion. Evoked responses were recorded for 120 min after
infusion. Signals from the dentate hilus were amplified, filtered (0.1 Hz to
10 kHz), and digitized (25 kHz). Acquisition and analysis of field poten-
tials were accomplished using DataWave Technologies. The maximum
slope of the fEPSP and the averages of four consecutive responses were
obtained. Changes in the fEPSP slope were expressed in percentage of
baseline (20 min preceding infusion). After recordings were completed,
the electrodes were removed, rats were decapitated, and dentate gyri
from both ipsilateral and contralateral hemisphere were dissected, im-
mediately frozen on dry ice, and stored at —80°C. RNA was purified

Esvald, Tuvikene et al. @ CREB Family in BONF Transcriptional Autoregulation

using RNeasy Lipid Tissue Mini Kit (QIAGEN), and qRT-PCR was per-
formed as stated previously.

Statistical analysis and graphical representation of the data. Statistical
analysis was performed on log-transformed, and where applicable,
mean-centered and autoscaled data from independent experiments:
neuron cultures obtained from different litters and prepared separately;
or independent animals for the in vivo experiments. Two-tailed paired or
unpaired f tests, as indicated at each figure, were performed using Mi-
crosoft Excel 365. All tested hypotheses were specified before conducting
the experiments. p values were adjusted for multiple comparisons with
Holm-Sidak family-wise error rate correction method using Prism 7.03
(GraphPad Software). For graphical representation, means and means *+
SEM of transformed data were calculated and data were back-
transformed to linear scale with error bars indicating upper and lower
limits of back-transformed mean = SEM.

Results

BDNEF transcriptional autoregulation requires

protein synthesis

Currently, only AP-1 and C/EBP transcription factors have
been shown to be involved in BDNF transcriptional autoregula-
tion in neurons. To extend the understanding of BDNF tran-
scriptional autoregulation, we decided to perform a thorough
analysis of additional transcription factors involved. We first
asked whether the transcription factors that regulate BDNF ex-
pression in primary cultures of cortical neurons are synthesized
in response to BDNF-TrkB signaling (like the AP-1 proteins) or
are present in the cell before activation of TrkB signaling. There-
fore, we treated cultured rat cortical neurons with the protein
synthesis inhibitor CHX before BDNF treatment and measured
the expression levels of different BDNF transcripts using qRT-
PCR (Fig. 1).

First, as a positive control of CHX treatment, we determined
the expression levels of c-Fos, as it is known that the induction of
c-Fos mRNA is largely independent of protein synthesis (Green-
berg et al., 1986; Hughes et al., 1993). In cells pretreated with
CHX, 1 h of BDNF treatment induced c¢-Fos expression level
~24-fold (p = 0.0006), and the expression levels remained high
for 3 h (~31-fold, p = 0.0056) and 6 h (~14-fold, p = 0.0116) of
BDNF treatment (Fig. 1). Next, we measured the induction of
BDNF mRNA levels after BDNF-TrkB signaling. Without dis-
rupting protein synthesis, the induction of total BDNF mRNA
was ~3.6-fold (p = 0.0737) after 1 h, ~13-fold (p = 0.0034) after
3 h and ~6.7-fold (p = 0.0152) after 6 h of BDNF-TrkB signal-
ing. Blocking protein synthesis reduced the induction of total
BDNF mRNA to ~1.8-fold (p = 0.0325) after 1 h, to ~1.6-fold
(p = 0.2899) after 3 h of BDNF treatment, and after 6 h of BDNF
treatment the expression levels were approximately similar to the
expression levels in cells not treated with BDNF. At different
transcript level, blocking protein synthesis completely abolished
the TrkB signaling-dependent induction of BDNF exon I-, I1I-,
and IXa-containing transcripts. In contrast, the early induction
of BDNF exon IV-containing transcripts remained after CHX
treatment, in which case after 1 h of BDNF treatment a ~2.8-fold
(p = 0.0035) induction was still observed, while the induction in
cells not treated with CHX at the respective time point was ~6.3-
fold (p = 0.0618). In CHX-treated cells, we also observed a minor
~1.4-fold (p = 0.0379) and ~1.3-fold (p = 0.0417) induction of
BDNF exon Ilc- and VI-containing transcripts, respectively, after
1 h of BDNF treatment, while the induction of these transcripts in
cells not treated with CHX at the same time point was ~1.6-fold
(p=10.2181) and ~1.8-fold (p = 0.0845), respectively. Together,
our results indicate that at least some transcription factors neces-
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BDNF transcriptional autoregulation requires protein synthesis. At 7 DIV, rat primary cortical neurons were treated with 20 tug/ml CHX for 30 min where indicated and subsequently

with 50 ng/ml BDNF for the indicated time periods. qRT-PCR was used to measure the levels of -Fos, total BONF (BDNF coding), and BDNF transcripts. The mRNA fold induction was calculated relative
to the respective mRNA level in cells not treated with BDNF and either not treated or treated with CHX, respectively. Average of three independent experiments (n = 3) is shown. Error bars indicate
SEM. Statistical significance relative to the respective transcript levels in cells not treated with BDNF: ***p << 0.001; **p << 0.01; *p << 0.05 (paired two-tailed t test, corrected for multiple

comparisons using Holm—Sidak method).

sary for the early induction of BDNF exon Ilc-, IV-, and VI-
containing transcripts after BDNF-TrkB signaling are already
present in the cell, while the transcription factors that participate
in later induction after BDNF-TrkB signaling or regulate other
BDNF transcripts are mostly synthesized in response to BDNF-
TrkB signaling.

CREB family of transcription factors is the main mediator of
the early phase of BDNF transcriptional autoregulation

To investigate which transcription factors, in addition to AP-1,
are involved in BDNF transcriptional autoregulation in cultured
rat cortical neurons, we used dominant-negative forms of several
transcription factor families to impair their potential regulatory
role. We focused on transcription factors that have been shown to
be involved in BDNF transcriptional regulation in other signaling
pathways, particularly on those that are present in the neurons

before TrkB signaling and are activated independent of transla-
tion. We created AAV vectors encoding the dominant-negative
forms of CREB, C/EBP« and 3, ATF2, USF, and NFAT families.
The dominant-negative proteins A-CREB, A-C/EBPa, A-C/
EBPf, A-ATF2, and A-USF mediate their dominant-negative ef-
fect through dimerization with the respective endogenous
transcription factors, thus preventing the transcription factor
from binding to DNA and mediating transcriptional regulation
(Krylov et al., 1995; Ahn et al., 1998; Qyang et al., 1999). To
interfere with NFAT-regulated gene expression, we used overex-
pression of the VIVIT protein sequence (MAGPHPVIVITG-
PHEE) that blocks NFAT dephosphorylation by calcineurin and
thus prevents NFAT translocation to the nucleus (Aramburu et
al., 1999). We verified the expression of the dominant-negative
proteins using immunocytochemistry and Western blot analysis
(data not shown). Next, we infected neurons with the mentioned
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Figure 2.  CREB family transcription factors are the main regulators of BDNF transcriptional autoregulation. Primary neurons were transduced at 2 DIV with AAV particles coding for indicated
dominant-negative transcription factors or EGFP. At8 DIV, neurons were treated with 50 ng/ml BDNF for the indicated time periods, and the expression levels of total BONF mRNA (BDNF coding) were
measured using qRT-PCR. The expression level of respective transcripts in cells transduced with EGFP-encoding AAV particles and not treated with BDNF was set as 1. Average of three independent
experiments (n = 3)is shown. Error bars indicate SEM. Statistical significance between the respective transcript levels in EGFP and respective dominant-negative-overexpressing cells at respective
time points: **p << 0.01; *p << 0.05 (paired two-tailed  test, corrected for multiple comparisons using Holm—Sidak method).
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Figure 3.  CREB family transcription factors are required for the early induction of all BDNF transcripts in response to BDNF-TrkB signaling. Primary neurons were transduced at 2 DIV with AAV
particles coding for EGFP or A-CREB, a dominant-negative form of CREB family transcription factors. At 8 DIV, neurons were treated with 50 ng/ml BDNF for the indicated time periods; and the
expression levels of different BONF transcripts, as indicated above each graph, were measured using gRT-PCR. The expression level of respective transcripts in cells transduced with EGFP-encoding
AAV particles and not treated with BDNF was set as 1. Average of three independent experiments (n = 3) is shown. Error bars indicate SEM. Statistical significance between the respective transcript
levels in EGFP and A-CREB-overexpressing cells at respective time points: *p << 0.05 (paired two-tailed t test, corrected for multiple comparisons using Holm—Sidak method).

AAV vectors at 2 DIV, treated the cells with BDNF at 8 DIV, and Notably, we did not observe a noteworthy effect of overexpressing
measured the expression levels of BDNF using qRT-PCR (Fig.2).  A-ATF2, A-USF, A-C/EBPa, A-C/EBP, or EGFP-VIVIT on the basal

The strongest effect on BDNF transcriptional autoregulation  levels of BDNF mRNA or on TrkB signaling-induced BDNF lev-
was seen in cells overexpressing A-CREB, where the basal expres- els, indicating that ATF2, USF, C/EBP, and NFAT family tran-

sion level of total BDNF mRNA was reduced to 0.69-fold (p =  scription factors do not significantly contribute to the BDNF
0.0266) compared with BDNF expression levels in neurons over-  autoregulatory loop in cortical neurons.
expressing EGFP. In BDNF-treated cells, the overexpression of As A-CREB had the most prominent effect on BDNF autoreg-

A-CREB decreased the induced levels of total BDNF mRNA from  ulation, we next investigated the effect of overexpressing A-CREB
5.2-fold to 0.56-fold (p = 0.0252) after 1 h of BDNF treatment  on the levels of different BDNF transcripts (Fig. 3). The induced
and from 16.8-fold to 6.0-fold (p = 0.0054) after 3 h of BDNF levels of exon I-containing BDNF transcripts showed a remark-
treatment. No significant difference between the induced levelsof ~ able decrease from 159-fold to 52-fold (p = 0.1082, uncorrected
BDNF in EGFP and A-CREB-overexpressing cells was seenat6h ~ p = 0.0282) at 3 h of BDNF treatment. A similar effect was seen
of BDNF treatment. for exon Ilc- and I1I-containing BDNF transcripts at 3 h of BDNF
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treatment, when the induced levels of these transcripts decreased
from 8.8-fold to 3.7-fold (p = 0.2775, uncorrected p = 0.15002)
and from 7.0-fold to 1.6-fold (p = 0.0776, uncorrected p =
0.0200), respectively.

Overexpression of A-CREB decreased the basal levels of only
BDNF exon IV-containing transcripts to 0.4-fold (p = 0.0575,
uncorrected p = 0.0292) compared with the respective levels in
neurons expressing EGFP. Remarkably, A-CREB also completely
abolished the induction of exon IV-containing transcripts at 1 h
(p = 0.0119) of BDNF-TrkB signaling and lowered the induced
levels at 3 h from 20-fold to 4.7-fold (p = 0.0119). A similar
tendency was observed for BDNF exon VI- and IXa-containing
transcripts, where A-CREB abolished the induction completely at
1 h time point (p = 0.1078, uncorrected p = 0.0281, and p =
0.0343, respectively). However, at 6 h of BDNF treatment, the
induced levels of all BDNF transcripts were mostly the same in
A-CREB and EGFP-overexpressing cells, indicating that other
transcription factors outside the CREB family mediate the late
induction of BDNF expression in response to TrkB signaling.

As the human Synapsin I promoter used in our AAV vectors is
slightly (~2-fold) upregulated in response to BDNF-TrkB signal-
ing (data not shown), we verified the results of A-CREB overex-
pression using lentiviral vectors expressing EGFP or A-CREB
under the control of human PGK promoter, which provides very
stable expression in response to BDNF treatment (data not
shown). The results obtained using lentivirus-mediated overex-
pression (n = 3, data not shown) were remarkably similar to
those obtained with AAV vectors, further strengthening the no-
tion that CREB family transcription factors are the main media-
tors of the early, but not late, induction of all BDNF transcripts
upon TrkB signaling.

P-CREB / CREB levels

e

Time (h) of BDNF treatment

BDNF-TrkB signaling induces CREB phosphorylation but does not influence total CREB protein levels. Primary neurons
were treated at 7 DIV with 50 ng/ml BDNF for the indicated time periods. A, CREBT mRNA levels, measured using qRT-PCR, are
represented as fold induction relative to CREBT mRNA levels in untreated cells. B, Western blot analysis determining CREB and
phospho-Ser-133 CREB (P-CREB) protein levels and Coomassie staining for loading control. , Quantification of total CREB protein
levels. CREB protein levels were normalized using Coomassie staining, and normalized CREB protein level in nontreated cells was
set as 1. D, Quantification of CREB phosphorylation levels. P-CREB protein levels were normalized to total CREB protein levels, and
the relative level of P-CREB protein in nontreated cells was set as 1.4, , D, Average of three independent experiments (n = 3) is
shown. Error bars indicate SEM. Statistical significance relative to respective mRNA (4) or protein (C, D) levels in untreated cells:
**%p < 0.001; *p < 0.05 (paired two-tailed t test, corrected for multiple comparisons using Holm—Sidak method).

133 CREB protein levels using Western
blot (Fig. 4).

BDNF treatment did not affect CREBI
mRNA expression level (Fig. 4A). Al-
h though a small downregulation of CREBI
mRNA level in response to BDNF-TrkB
signaling was consistently observed after 3
h of BDNF treatment, the minor changes
in CREBI mRNA levels were not reflected
in CREB protein levels, which remained
stable (Fig. 4B,C). In contrast, BDNEF-
TrkB signaling induced very rapid CREB
phosphorylation at Ser-133 (Fig. 4B,D),
as expected, considering that post-trans-
lational regulation of CREB is well estab-
lished (for review, see Johannessen et al.,
2004). P-CREB levels were ~6.5-fold
(p = 0.00004) higher after 0.5 h, ~5.0-
fold (p = 0.0105) higher after 1 h, and
stayed ~2-fold higher after 3 and 6 h of
BDNF treatment compared with P-CREB
levels in untreated cells. Together, our results indicate that the
activity of CREB after BDNF-TrkB signaling in our neuronal
cultures is largely regulated through post-translational means
and not by overall change in CREB protein levels.

1 3 6

CREB coactivator CBP/p300 is necessary for the BDNF
transcriptional autoregulation
As the overexpression of A-CREB mostly decreased the early in-
duction, largely corresponding to the period where CREB is
phosphorylated, but not the late induction of different BDNF
transcripts in response to BDNF-TrkB signaling, we next inves-
tigated whether CREB coactivator CBP, which interacts with Ser-
133 phosphorylated CREB, is involved in regulating the
expression of BDNF transcripts after BDNF-TrkB signaling. For
that, we used CBP-CREB interaction inhibitor (CCII), which
binds to CBP’s KIX domain (Best et al., 2004; B. X. Li and Xiao,
2009) and therefore prevents CBP interaction with CREB family
members. As p300, a paralogue of CBP, has a highly similar KIX
domain, CCII also inhibits CREB-p300 interaction (Breen and
Mapp, 2018). We treated cultured rat neurons with CCII before
treating the cells with BDNF for different time periods and then
measured the levels of BDNF transcripts using qRT-PCR (Fig. 5).
First, we observed no remarkable effect of CCII on the expres-
sion of ¢-Fos mRNA in response to BDNF-TrkB signaling (Fig. 5).
On the contrary, disturbing CBP/p300 recruitment decreased
BDNF transcriptional autoregulation and affected the induced
levels of most of the BDNF transcripts, whereas the basal expres-
sion levels of BDNF transcripts did not change. The induced
levels of total BDNF mRNA were reduced from ~3.0-fold to
~2.0-fold (p = 0.2236, uncorrected p = 0.0809) after 1 h, and
from ~16-fold to ~8.0-fold (p = 0.0056) after 3 h of BDNF
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Time (h) of BDNF treatment

Early, but not late, phase of BDNF transcriptional autoregulation requires CREB-CBP/p300 interaction. At 8 DIV, primary neurons were treated with 5 um CBP-CREB interaction inhibitor

(CCll) orwith DMSO as a control for 1h before treating the cells with 50 ng/ml BDNF for the indicated time periods. qRT-PCR was used to measure ¢-Fos, total BDNF (BDNF coding), and BDNF transcript
levels. The expression level of respective transcripts in vehicle-treated cells not treated with BDNF was set as 1. Average of three independent experiments (n = 3)is shown. Error bars indicate SEM.
Statistical significance between respective transcript levels in DMSO and CCll-treated cells at respective time points: **p << 0.01; *p < 0.05 (paired two-tailed ¢ test, corrected for multiple

comparisons using Holm—Sidak method).

treatment in CCII-treated cells. In cells pretreated with CCII, the
induced levels of BDNF transcripts containing exon IV and IXa
were decreased from ~5.3-fold to ~3.2-fold (p = 0.2972) and
from ~8.4-fold to ~3.1-fold (p = 0.1486), respectively, after 1 h
of BDNF treatment, and from ~16-fold to ~9.9-fold (p =
0.0647) and from ~14-fold to ~8.6-fold (p = 0.1707), respec-
tively, after 3 h of BDNF treatment. The induced levels of BDNF
transcripts containing exon I, Ilc, and VI were decreased by ~2-
fold (p = 0.0072, p = 0.0402, and p = 0.0359, respectively) in
cells pretreated with CCII after 3 h of BDNF treatment. The ex-
pression levels of BDNF exon III-containing transcripts did not
depend on CBP/p300 recruitment. Interestingly, after 6 h of
BDNF treatment, there were no differences in the induced levels
of most BDNF transcripts, except for exon Ilc-containing tran-
scripts, in cells treated with DMSO or CCII, indicating that
CREB-CBP/p300 interaction is largely dispensable for the later
phases of BDNF transcriptional autoregulation.

To further elucidate the role of CBP/p300 in BDNF gene reg-
ulation, we overexpressed adenoviral EIA gene, which encodes
proteins that are known to function as dominant-negative for
CBP/p300 and impair CBP/p300-regulated transcription (Kalva-
kolanu et al., 1992; Lundblad et al., 1995; Nakajima et al., 1997).
First, we noted a (Fig. 6) statistically insignificant ~3.3-fold in-
crease (p = 0.2957, uncorrected p = 0.1227) in the basal expres-
sion level of c-Fos, and ~2-fold decrease (p = 0.1963,
uncorrected p = 0.0532) in the induced levels of c-Fos mRNA
after 1 h of BDNF treatment (Fig. 6). Notably, we also observed
that the basal expression of most BDNF transcripts, except for
transcripts containing BDNF exon VI, was upregulated 1.3-fold

to 1.8-fold, and even 4.7-fold (p = 0.1603, uncorrected p =
0.0786) for exon I-containing BDNF transcripts, by E1A overex-
pression (Fig. 6). In contrast, the basal levels of exon VI-
containing BDNF transcripts was decreased ~2-fold (p =
0.1980, uncorrected p = 0.1494) in E1A-expressing cells. The
TrkB signaling-induced levels of total BDNF mRNA were re-
duced from ~4.4-fold to ~1.7 fold (p = 0.0456) after 1 h, from
~9-fold to ~2.6-fold (p = 0.0458) after 3 h, and from ~4.2-fold
to ~2-fold (p = 0.0458) after 6 h of BDNF treatment. Corre-
spondingly, the induced levels of all BDNF transcripts after
BDNEF-TrkB signaling were diminished after E1A overexpres-
sion. Notably, the induced levels of BDNF transcripts containing
exon IV were reduced from ~6.9-fold to 2.1-fold (p = 0.0064)
after 1 h, from 8.0-fold to 1.8-fold (p = 0.0064) after 3 h, and
from 2.8-fold to 1.2-fold (p = 0.0843, uncorrected p = 0.0431)
after 6 h of BDNF treatment by E1A overexpression. Together,
our results show that CBP/p300 is absolutely required for the
regulation of BDNF transcription in response to BDNF-TrkB
signaling.

CREB coactivator CRTC does not participate in BDNF
transcriptional autoregulation

Next, to further elucidate the mechanism of CREB family-
regulated BDNF gene expression, we investigated whether other
CREB coactivators are required for the BDNF transcriptional
autoregulation. Three CRTCs have been described, but CRTCl is
the most abundantly expressed member of the CRTC family in
the CNS (Watts et al., 2011; Saura and Cardinaux, 2017). It has
also been shown that CRTCI KO mice have lower levels of differ-



Esvald, Tuvikene et al.  CREB Family in BONF Transcriptional Autoregulation

J. Neurosci., February 12, 2020 - 40(7):1405-1426 « 1413

c-Fos BDNF coding BDNF exon |
70 10 120
s —o—EGFP| & s
S 60 2 . 2 100
8 50 A EIA 8 g 80
g 40 S 6 I8
x x x
5} ) o 60
o 30 a o 4 o
220 2 R 2 40 3
Em § 2 I :E: 20 Ay
0 % T T T T T T 0 T T T T T T T 0
0o 1 2 3 4 5 6 0o 1 2 3 4 5 6 0o 1 2 3 4 5 6
Time (h) of BDNF treatment Time (h) of BDNF treatment Time (h) of BDNF treatment
BDNF exon llc BDNF exon llI BDNF exon IV
c c 6 < 10
o o o
] @ 5 )
7] ? @
< Q4 o
g g, 5 . g6
o o o
4 o n o 4
2 227K 2 “ ”
3 $ o g2 & °
0 T T T T T T T 0
o 1 2 3 4 5 6 0o 1 2 3 4 5 6 0o 1 2 3 4 5 6
Time (h) of BDNF treatment Time (h) of BDNF treatment Time (h) of BDNF treatment
BDNF exon VI BDNF exon IXa
c 3 c 20
'% 2.5 '%
8 815
g 2 g
o 15 @ 10
o o
2 1 I z . .
o] & = A « o
30514 A 3 p I A
0 0
0o 1 2 3 4 5 6 0o 1 2 3 4 5 6

Time (h) of BDNF treatment

Time (h) of BDNF treatment

Figure6.  Activity of CBP/p300is necessary for both the early and late induction of all BONF transcripts after BONF-TrkB signaling. Primary neurons were transduced at 5 DIV with lentiviral particles
encoding EGFP, as control, or E1A, a dominant-negative for (BP/p300. At 8 DIV, neurons were treated with 50 ng/ml BDNF for the time indicated. qRT-PCR was used to measure c-Fos, total BDNF
(BDNF coding), and BDNF transcript levels. The expression level of respective transcriptsin cells expressing EGFP not treated with BDNF was set as 1. Average of three independent experiments (n =
3)is shown. Error bars indicate SEM. Statistical significance between respective transcript levels in EGFP and ETA-expressing cells at respective time points: **p << 0.01; *p << 0.05 (paired two-tailed

ttest, corrected for multiple comparisons using Holm—Sidak method).

ent BDNF transcripts both in PFC and in hippocampus (Breuil-
laud et al., 2012), suggesting a possible role for CRTC1 in BDNF
gene regulation. Therefore, we first chose to investigate whether
CRTC1 localizes to the nucleus in response to BDNF-TrkB sig-
naling, as it has been established for various treatments (e.g.,
forskolin, membrane depolarization with KCl and NMDA)
(Bittinger et al., 2004; Zhou et al., 2006; S. Li et al., 2009; Ch’ng
etal., 2012; Fukuchi et al., 2014, 2015; Uchida et al., 2017). We
analyzed CRTCI localization in untreated neurons and neu-
rons treated with BDNF using immunocytochemistry. We
used KCI treatment as a positive control. Our results show
that, in unstimulated cortical neurons, CRTC1 is mainly lo-
calized in the cytoplasm, whereas after 1 h KCI treatment al-
most all of CRTCL is localized to the nucleus (Fig. 7). After
BDNF treatment, the nuclear localization of CRTC1 increases
in the majority of the cells; however, a detectable amount of
CRTCI also remains in the cytoplasm. Similar results were
also observed after 3 and 6 h treatments (data not shown).
Together, our data show that CRTC1 is translocated to the
nucleus after BDNF treatment, although with lower efficiency
than after membrane depolarization, and could possibly be
involved in BDNF autoregulation.

Next, to investigate whether CRTC1 regulates BDNF gene ex-
pression after BDNF-TrkB signaling, we suppressed CRTCI gene
expression using CRISPR interference with lentivirus-mediated
overexpression of dCas9 protein coupled with KRAB repressor
domain, and two gRNAs targeted to CRTCI promoter region.
We transduced cultured rat neurons with lentiviral particles at 0
DIV, treated neurons with BDNF at 8 DIV, and used luciferase
reporter assay to estimate CRE-reporter activity or qRT-PCR to

CRTCA1 Hoechst 33324 Merged

Figure 7. CRTC1 localizes to the nucleus after BDNF treatment. At 8 DIV, neurons were
treated with 25 mm KCl, as a positive control, or 50 ng/ml BDNF. Immunocytochemistry was
performed using anti-CRTC1 antibody (green). Hoechst 33324 was used to visualize nuclei
(blue).

1 h KCI untreated

1 h BDNF
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CREB coactivator CRTCT does not participate in the induction of BDNF gene expression after BONF-TrkB signaling. Primary neurons were transduced at 0 DIV with lentiviral particles

coding for dCas9-KRAB, and a combination of two CRTCT gRNAs or negative gRNA (neg gRNA). A, Transduced neurons were transfected with CRE-reporter at 6 DIV, and luciferase reporter activity was
measured at 8 DIV after BDNF treatment (n = 4). Luciferase activity in cells transduced with dCas9-KRAB and negative gRNA-encoding lentiviral particles and not treated with BONF was setas 1. B,
At8DIV, neurons were treated with 50 ng/ml BDNF for the indicated time periods, and the expression levels of CRTC1, total BDNF (BDNF coding), and different BDNF transcripts were measured using
QRT-PCR. The expression level of respective transcripts in cells transduced with dCas9-KRAB and negative gRNA-encoding lentiviral particles and not treated with BDNF was setas 1. Average of three
independent experiments (n = 3) is shown. Error bars indicate SEM. Statistical significance between the respective transcript levels in negative gRNA and CRTCT gRNA-overexpressing cells at
respective time points: ***p << 0.001; **p << 0.01; *p << 0.05 (paired two-tailed t test, corrected for multiple comparisons using Holm—Sidak method).

measure the expression levels of BDNF transcripts (Fig. 8). Using
such CRISPR interference system, we succeeded in repressing
CRTCI mRNA expression ~8-fold (p = 0.1304, uncorrected p =
0.0413) (Fig. 8B), which also resulted in ~2-fold to 3-fold de-
crease in the activation of CRE-reporter at different time points
after BDNF-TrkB signaling (Fig. 8A). For example, CRTCI
knockdown reduced CRE-reporter activation from 24-fold to
8-fold (p = 0.0006) at 8 h BDNF treatment. However, the reduc-
tion of CRTCI had no remarkable effect on the induction of any
BDNEF transcript after BDNF-TrkB signaling (Fig. 8B). Of note,
no compensatory increase in the expression of CRTC2 and
CRTC3 mRNA was detected in response to repressing the expres-
sion of CRTCI (data not shown).

Finally, we decided to take a wider approach in studying the
role of CRTC family of CREB coactivators by overexpressing a
dominant-negative protein for CRTC, which consists of the first
44 amino acids of CRTCl protein. This dominant-negative
CRTC binds to CREB and impairs the interaction of CREB with
the members of CRTC family (used by Bittinger et al., 2004; Zhou
etal., 2006; Kovécs et al., 2007; Uchida et al., 2017). As a positive
control, we first determined that overexpression of dominant-
negative CRTC reduces BDNF-TrkB signaling-induced CRE-
reporter activity ~2-fold at every measured time point, albeit
statistically insignificantly (Fig. 9A). Meanwhile, overexpression
of dominant-negative CRTC did not affect the basal expression
nor BDNF-TrkB signaling-induced levels of any BDNF transcript

(Fig. 9B). Together, our results show that CREB coactivators
from the CRTC family do not participate in BDNF transcrip-
tional autoregulation.

CRE element in rat BDNF promoter IV is required for the
activation of the promoter after BDNF-TrkB signaling

Next, to determine the role of CREB family transcription factors
in the activation of BDNF proximal promoter regions after
BDNEF-TrkB signaling, we used luciferase reporter assay. We
transfected cultured rat neurons with rat BDNF (rBDNF) pro-
moter I, IT, ITI, IV, VI, and IXa constructs, or CRE reporter as a
positive control, together with either EGFP or A-CREB overex-
pression vectors. In addition, we used a short version of rBDNF
promoter I that contains only the 5" transcription start site of the
promoter I, designated here as rBDNF promoter I 5, as it has
been shown to be more inducible than the full-length promoter I
after membrane depolarization (Pruunsild et al., 2011). Finally,
we treated neurons with BDNF and measured promoter activity
using luciferase assay (Fig. 10A).

First, we observed that overexpression of A-CREB reduced the
basal activity of CRE reporter in unstimulated cells ~3.4-fold
(p = 0.0022), and decreased the BDNF-TrkB signaling-induced
activity of the CRE reporter by ~11-fold (p = 0.0061) and by
~15-fold (p = 0.0114) after 4 and 8 h of BDNF treatment, re-
spectively (Fig. 10A), indicating the functionality of our reporter
assay. Overexpression of A-CREB had no significant effect on the
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Figure 9.

Time (h) of BDNF treatment

The CRTC family does not participate in the induction of BDNF transcripts after BDNF-TrkB signaling. Primary neurons were transduced at 0 DIV with lentiviral particles encoding EGFP,

as control, or CRTC dominant-negative protein (CRTC D-N). 4, Transduced neurons were transfected with CRE-reporter at 6 DIV, and luciferase reporter activity was measured at 8 DIV after BDNF
treatment for the time indicated (n = 4). Luciferase activity in cells transduced with EGFP-encoding lentiviral particles and not treated with BDNF was setas 1. B, At 8 DIV, transduced neurons were
treated with 50 ng/ml BDNF for the time indicated, and the levels of total BONF (BDNF coding) and different BDNF transcripts were measured using qRT-PCR. The expression level of respective
transcriptsin cells expressing EGFP not treated with BDNF was set as 1. Average of 3 independent experiments (n = 3) is shown. Statistical significance between respective transcript levels in EGFP
and CRTCD-N-expressing cells at respective time points: no statistically significant results (paired two-tailed t test, corrected for multiple comparisons using Holm—Sidak method). Error bars indicate

SEM.

basal activity of rBDNF promoters [, 15’, VI, and IXa. Notably, we
saw a ~1.5-fold decrease (p = 0.0366) in the basal activity of
rBDNF promoter IV in cells overexpressing A-CREB. Interest-
ingly, A-CREB overexpression slightly increased the basal activity
of rBDNF promoters II and IIT by ~1.3-fold (p = 0.0304) and
~1.1-fold (p = 0.0348), respectively.

Next, we determined that overexpression of A-CREB reduced
the TrkB signaling-dependent activation of rBDNF promoters I, I
5',and IV after 4 h of BDNF treatment from ~5.2-fold to ~4.0-
fold (p = 0.1937), from ~7.4-fold to ~4.9-fold (p = 0.0012),
and from ~2.4-fold to ~1.4-fold (p = 0.0829), respectively. Sim-
ilar tendencies were observed after 8 h of BDNF treatment when
overexpression of A-CREB reduced the BDNF-TrkB signaling-
induced activity of rBDNF promoter I from ~6.6-fold to ~5.1-
fold (p = 0.2022, uncorrected p = 0.1068), promoter I 5" from
~12-fold to ~8.6-fold (p = 0.0174), and promoter IV from
~3.0-fold to ~1.7-fold (p = 0.0303). Overexpression of A-CREB
enhanced the BDNF-induced activity of rBDNF promoter IT and
VI from ~2.6-fold to ~3.6-fold (p = 0.0033) and from ~1.4-
fold to ~1.7-fold (p = 0.0981, uncorrected p = 0.0473), respec-
tively, after 4 h, and from ~3.0-fold to ~4.3-fold (p = 0.0030)
and from ~1.6-fold to ~2.0-fold (p = 0.0981, uncorrected p =
0.0338), respectively, after 8 h of BDNF-TrkB signaling. The TrkB
signaling-induced activity of rBDNF promoter III was not
changed in response to overexpressing A-CREB. Notably, the
activity of rBDNF promoter IXa was not inducible in response to

BDNE-TrkB signaling, and we could not detect any effect of
A-CREB overexpression on the activity of this promoter region.

As it has been described that rat BDNF promoters I and IV
have a functional CRE element (Shieh et al., 1998; Tao et al., 1998;
Tabuchi et al., 2002), we next investigated the importance of
these CRE elements by overexpressing rBDNF promoter con-
structs where the respective CRE element was mutated (Fig. 10B).
Our results showed that mutating the CRE element slightly de-
creased the induction of rBDNF promoter I from ~7.4-fold to
~6.1-fold (p = 0.1845, uncorrected p = 0.0657) after 4 h, and
from ~8.5-fold to ~7.1-fold (p = 0.1331, uncorrected p =
0.0351) after 8 h of BDNF treatment in cells expressing EGFP
(Fig. 10B). In cells overexpressing A-CREB, the mutation in CRE
element reduced the induction of rBDNF promoter I from ~5.5-
fold to ~4.9-fold (p = 0.3463, uncorrected p = 0.2550) after 4 h,
and from ~6.7-fold to ~5.4-fold (p = 0.3463, uncorrected p =
0.1915) after 8 h of BDNF treatment. A similar effect was ob-
served for rBDNF promoter I 5, in which case the mutation in
CRE element slightly reduced the induction of the promoter ac-
tivity. In cells expressing EGFP, rBDNF promoter IV lost all of its
induction when CRE element was mutated, as promoter induc-
tion decreased from ~2.7-fold to ~1.2-fold (p = 0.0317) after
4 h, and from ~3.1-fold to ~0.84-fold (p = 0.0016) after 8 h of
BDNF treatment. Similarly, in cells overexpressing A-CREB, the
mutation in CRE site decreased the induction of rBDNF pro-
moter IV from ~1.8-fold to ~1.4-fold (p = 0.0317) after 4 h, and
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Figure 10.  CREB family transcription factors are involved in the activation of rat BNF promoters | and IV after BDNF-TrkB signaling. Primary neurons were transfected at 6 DIV with different rat

BDNF promoter constructs or CRE reporter (CRE rep) together with EGFP or A-CREB overexpression constructs (4) or with wild-type (WT) rat BDNF promoter (rBDNF p) constructs and respective rat
BDNF promoter constructs with mutated CRE site (CREm) together with EGFP or A-CREB overexpression constructs (B) as shown below the graph. At 7 DIV, neurons were treated with 50 ng/ml BDNF
for4h(n=3)or8h(n=4)(A)andfor4h(n=3)or8h(n = 3)(B)orleftuntreated, and promoter activity was measured using luciferase reporter assay. Promoter activity was calculated relative
tothe respective promoter activity in cells transfected with EGFP and not treated with BDNF (4) or as fold induction relative to the respective promoter activity in untreated cells transfected with EGFP
or A-CREB, respectively (B). Average of three or four independent experiments (n = 3 or 4) is shown. Error bars indicate SEM. Statistical significance between the activity of respective promoter
regions in EGFP and A-CREB-overexpressing cells at respective time points (4) or between the induction of respective WT and CREm promoter regions in cells overexpressing EGFP or A-CREB,
respectively, at respective time points (B). **p << 0.01; *p << 0.05 (paired two-tailed t test, corrected for multiple comparisons using Holm—Sidak method).

from ~2.3-fold to ~1.4-fold (p = 0.0420) after 8 h of BDNF
treatment.

Collectively, our results show that CREB family proteins and
the described CRE element in the BDNF promoter I region does
not contribute significantly to the activation of the promoter
after BDNF-TrkB signaling. In contrast, the induction of BDNF
promoter IV activity after BDNE-TrkB signaling is mainly medi-
ated by CREB family transcription factors through the CRE site in
the promoter region.

TrkB signaling-dependent regulation of BDNF promoters I
and IV, but not promoter IXa, by CREB family proteins is
partially conserved between rat and human

Functional CRE elements, which participate in neuronal activity-
dependent induction of the respective promoter activity, have
been described in human BDNF promoters I, IV, and IXa
(Pruunsild et al., 2011). We next decided to investigate whether
the role of CREB family transcription factors in the induction of
BDNF proximal promoter regions in response to BDNF-TrkB



Esvald, Tuvikene et al.  CREB Family in BONF Transcriptional Autoregulation

A B

BDNF promoter | CRE

GTGAGTCGGTCACGTAAACAGCGAGG

BDNF promoter IV CRE

ATATGACAGCGCACGTCAAGGCACCG

J. Neurosci., February 12, 2020 - 40(7):1405-1426 « 1417

(&

BDNF promoter IXa CRE

GTGTTTCTCGTGACAGCATGAGCAGA

D B0 h BDNF
D2 h BDNF
35 4 04 h BDNF
> 30 1 08 h BDNF
=
3
©
[}
2
o
]
ks
=2
o
=
s
Q
o
rBDNF pl 5' hBDNF pl 5'
3.5 -
> 3
Z 25
8
9 2
s 15
Q
5 1
° 0.5
% 0
[7)
o
rBDNF pIV hBDNF pIV
3 -
2 25
=
5 2
©
? 15
©
g 1
©
2 05
2
£ 0
[}
14
rBDNF plXa hBDNF plXa

Figure 11.

E @0 h BDNF
04 h BDNF
08 h BDNF

N}
o

SN
o o

o o

rBDNF pl 5' hBDNF pl 5'

Fold induction of luciferase activity
S

o

WT  |humCRE| CREm
rBDNF pIV

ratCRE | CREm
hBDNF plV

Fold induction of luciferase activity

hBDNF |hBDNF plXa 3' 112
plXa

Fold induction of luciferase activity

Regulation of BDNF promoters | and IV, but not promoter IXa, via CREB family after BDNF-TrkB signaling is partially conserved between rodents and humans. A-C, Graphical

representation of the conservation of previously described CRE elements in BDNF promoters |, 1V, and IXa. Light blue shading represents the core sequence of the CRE element. DI, Primary neurons
were transfected at 6 DIV with different rat and human BDNF promoter constructs (denoted as rBDNF and hBDNF, respectively) together with EGFP or A-CREB overexpression constructs (D, F, H) or
with wild-type (WT) BDNF promoter construct or respective CRE-mutated promoter constructs (E, G, I) as shown below the graph. At 7 DIV, neurons were treated with 50 ng/ml BDNF for different
time periods or left untreated as indicated, and promoter activity was measured using luciferase reporter assay. Promoter activity was calculated relative to the respective promoter activity in cells
transfected with EGFP and not treated with BDNF (D, F, H) or as fold induction relative to the respective promoter activity in untreated cells (E, G, I). Average of three or four independent experiments
(D, F, H:n = 4 E, G, I.n = 3) is shown. Error bars indicate SEM. Statistical significance between the inductions of respective promoter constructs in EGFP and A-CREB-overexpressing cells at
respective time points: ***p << 0.001; **p << 0.01; *p << 0.05 (paired two-tailed ¢ test, corrected for multiple comparisons using Holm—Sidak method).

signaling is similar between rat and human. For that, we used
luciferase reporter assay with reporter constructs containing hu-
man or rat respective promoter regions (Fig. 11).

While the core CRE element in BDNF promoter I is conserved
between rodents and human, its flanking region differs (Fig.
11A). Therefore, we first investigated the regulation of rat and
human BDNF promoter I 5" region in response to BDNF-TrkB
signaling (Fig. 11D). Overexpression of A-CREB reduced the
TrkB signaling-dependent activation of both rat and human
BDNF promoter I 5'. Notably, the effect of A-CREB was more
prominent on the activation of human BDNF promoter I 5, in
which case the activity of the promoter region decreased from

~15-fold to ~8.7-fold (p = 0.0165) after 4 h, and from ~26-fold
to ~12-fold (p = 0.0004) after 8 h BDNF-TrkB signaling. In
addition, we found that mutating the CRE site in the promoter I
5" only slightly decreased the TrkB-induced levels of promoter
activity of both human and rat BDNF promoter region (Fig. 11E).
Together, our data show that the activation of human BDNF
promoter I in response to BDNF-TrkB signaling is slightly more
dependent on CREB family transcription factors than the rat
ortholog, but not via CRE element located in the proximal
promoter.

Next, we examined the regulation of BDNF promoter IV. The
well-described CRE element in BDNF promoter IV has a murine
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linage-specific single nucleotide difference between rat and hu-
man (GCACGTCA vs TCACGTCA; Fig. 11B), which could affect
CREB family-dependent regulation of the promoter activity.
Overexpression of A-CREB reduced the basal activity of both rat
and human BDNF promoter IV ~1.3-fold (p = 0.0100) and
~1.5-fold (p = 0.0793), respectively (Fig. 11F). Interestingly, rat
BDNF promoter IV was more inducible than the human or-
tholog, as both at 4 and 8 h of BDNF treatment the induction of
rat BDNF promoter IV activity in EGFP-expressing cells was
~1.5-fold higher than its human counterpart. After BDNF-TrkB
signaling, the overexpression of A-CREB greatly reduced the ac-
tivity of rat BDNF promoter IV at all time points (Fig. 11F)
similarly to the previous experiment (Fig. 10A). Likewise, al-
though with a smaller effect, the activation of human BDNF pro-
moter IV in response to BDNF-TrkB signaling was reduced from
~1.2-fold to ~0.78-fold (p = 0.0103) after 2 h, from ~1.6-fold
to ~1.2-fold (p = 0.0295) after 4 h, and from ~1.9-fold to ~1.7-
fold (p = 0.3809) after 8 h BDNF treatment by A-CREB
overexpression.

To determine whether the difference in the activation of rat
and human BDNF promoter IV results from the single-
nucleotide difference in the CRE element, we made reporter
constructs where we introduced human CRE element into rat
BDNF promoter region and rat CRE element into human
BDNF promoter region (Fig. 11G). We found that the single
nucleotide variation in the CRE element did not significantly
contribute to the difference in the inducibility of the promoter
IV region. We also determined that mutating the CRE element
in both rat and human BDNF promoter IV completely abol-
ished the induction of the promoter in response to BDNF-
TrkB signaling. Collectively, stronger activation of BDNF
promoter IV in response to BDNF-TrkB signaling seems to be
mediated by CREB family transcription factors, but the differ-
ence in the activation of rat and human respective promoters
is not due to the single nucleotide difference in the CRE
element.

In human BDNF promoter IXa, a functional CRE element
responsible for neuronal activity-dependent induction of the
promoter has been described (Pruunsild et al., 2011). However,
there is a 2 nucleotide difference in the CRE element between rat
and human (TGACGGCG vs TGACAGCA; Fig. 11C). We stud-
ied the induction of BDNF promoter IXa, and we found that
while the rat promoter IXa region is not inducible in response to
BDNEF-TrkB signaling, the respective human promoter region is,
with up to ~2.3-fold increase in the promoter activity after 8 h of
BDNF treatment (Fig. 11H ). Notably, overexpression of A-CREB
decreased TrkB signaling-induced activity of the human BDNF
promoter IXa by ~1.2-fold to 1.4-fold. We next localized the
regulatory elements required for the induction of the human
BDNF promoter IXa to the 112 bp 3’ region of the promoter,
which showed similar activation in response to BDNF-TrkB sig-
naling as the full-length 908 bp promoter region (Fig. 11I). Re-
markably, mutating the CRE element completely abolished the
activation of the promoter, indicating that the CRE element is the
main mediator of TrkB signaling-dependent activation of human
BDNF promoter IXa. Collectively, we found remarkable differ-
ences in the regulation of BDNF promoter IXa between rat and
human, as the activity of the rat BDNF promoter IXa is not in-
ducible in response to BDNF-TrkB signaling, whereas the activity
of the human ortholog is through a primate lineage-specific CRE
element.
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CREB transcription factor mediates the early induction of
exon Ilc-, IV-, VI-, and IXa-containing BDNF transcripts after
BDNEF-TrkB signaling

Our results with overexpression of A-CREB and treatment with
CCII indicated that CREB family is involved in the BDNF tran-
scriptional autoregulation, but neither of the experiments was
specific to CREB. Since the dimerization of A-CREB is based on
CREB leucine zipper domain, it can form dimers with the tran-
scription factors that also dimerize with CREB (e.g., possibly with
all the members of the CREB family). Also, CBP/p300 can inter-
act with several transcription factors via KIX domain. Therefore,
we next wanted to determine the role of CREB in BDNF tran-
scriptional autoregulation. We suppressed CREBI mRNA ex-
pression using CRISPR interference, treated neurons with BDNF
at 8 DIV, and used qRT-PCR to measure the expression levels of
BDNF transcripts (Fig. 12).

First, we determined the efficiency of CREBI knockdown in
our cultured neurons (Fig. 12A). We found that dCas9-KRAB
targeted to the CREBI promoter region reduced CREBI mRNA
levels ~4.5-fold (p = 0.00005) (Fig. 12A), which also reflected in
significant reduction of CREB protein level (data not shown).
Next, we studied the influence of CREB knockdown on BDNF
transcriptional autoregulation. Interestingly, suppressing CREBI
expression abolished the early induction of total BDNF expres-
sion levels, as after 1 h of BDNF-TrkB signaling, the induced
levels of total BDNF mRNA reduced from ~2.9-fold to ~1.2-fold
(p = 0.0001) in CREBI knockdown cells. After 3 h of BDNF
treatment, the induction of total BDNF mRNA decreased from
~11-fold to ~9-fold (p = 0.0003), but no difference in the in-
duced levels was observed after 6 h of BDNF treatment. The
induced levels of BDNF transcripts containing exons I and III
were not significantly affected by the knockdown of CREBI. In
contrast, CREB knockdown reduced the induced levels of BDNF
transcripts containing exon IV and IXa from ~5.5-fold to ~1.5-
fold (p = 0.0002) and from ~8-fold to ~3.6-fold (p = 0.0035),
respectively, after 1 h of BDNF treatment. Also, CREBI knock-
down reduced the induced levels of BDNF transcripts containing
exon IV from ~13-fold to ~7.7-fold (p = 0.00008) after 3 h of
BDNF treatment. Furthermore, CREBI knockdown also slightly
decreased the induced levels of exon Ilc- and VI-containing
BDNF transcripts after 1 h of BDNF treatment: from ~1.4-fold to
~1.0-fold (p = 0.0007) and from ~1.8-fold to ~1.4-fold (p =
0.0013), respectively. Interestingly, we also observed a slight
~1.3-fold upregulation of the basal expression level of both exon
III- and exon VI-containing BDNF transcripts (p = 0.0256 and
p = 0.0327, respectively). Together, our results show that CREB
transcription factor is required for the early induction of exon
IlIc-, IV-, VI-, and IXa-containing BDNF transcripts, but only for
the later induction of exon IV-containing BDNF transcripts after
BDNEF-TrkB signaling.

In contrast to the specific effect of CREBI knockdown on
BDNF exon IV-containing transcripts and only on the early in-
duction of exon IIc, VI-, and IXa-containing transcripts, our re-
sults obtained with overexpression of A-CREB (Figs. 2, 3), and
using CCII and E1A overexpression (Figs. 5, 6) indicated the
involvement of CREB family in the regulation of most BDNF
transcripts at 3 h BDNF treatment. Notably, it has been shown
that the transcription factors within CREB family can compen-
sate for each other (Hummler et al., 1994; Mantamadiotis et al.,
2002; Diaz-Ruiz et al., 2008; Lemberger et al., 2008; Aguado et al.,
2009; Gundersen et al., 2013), so it is possible that other CREB
family members could have rescued the BDNF induction in
CREBI knockdown neurons. Therefore, to investigate how
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Figure 12.

Time (h) of BDNF treatment

Time (h) of BDNF treatment

CREB is necessary for the early induction of exon llc, IV-, VI-, and [Xa-containing BONF transcripts after BDNF-TrkB signaling. Primary neurons were transduced at 0 DIV with lentiviral

particles coding for dCas9-KRAB, and (REBT gRNA or negative gRNA (neg gRNA). At 8 DIV, neurons were treated with 50 ng/ml BDNF for the indicated time periods. Expression levels of CREBT, total
BDNF (BDNF coding), different BDNF transcripts (A) and other CREB family members (B) were measured using qRT-PCR. The expression level of respective transcripts in cells transduced with
dCas9-KRAB and negative gRNA-encoding lentiviral particles and not treated with BDNF was set as 1. Average of six independent experiments (n = 6) is shown. Error bars indicate SEM. Statistical
significance between the respective transcript levelsin cells overexpressing negative gRNA and (REBT gRNA at respective time points: ***p << 0.001;**p << 0.01; *p << 0.05 (paired two-tailed t test,

corrected for multiple comparisons using Holm—Sidak method).

BDNF-TrkB signaling and suppressing CREBI levels influence
the expression of ATFI and CREM, we measured their mRNA
levels using qRT-PCR (Fig. 12B).

We found that ATFI was slightly induced in response to
BDNE-TrkB signaling with maximal induction of ~1.5-fold after
6 h of BDNF treatment (Fig. 12B). Total CREM mRNA levels
peaked at ~10-fold induction after 3 h of BODNF-TrkB signaling
(Fig. 12B). In response to CREBI knockdown, the expression of
ATFI mRNA did not change remarkably. However, the basal
level of total CREM mRNA was ~5.2-fold (p = 2 X 10 ~°) higher
in CREB knockdown neurons. Due to alternative splicing, the
CREM gene produces several CREM protein isoforms, which can
be transcriptional activators or repressors (Foulkes et al., 1991;
Laoide et al., 1993). For example, ICER is a repressive CREM
isoform that competes with CREB and provides a mechanism for
downregulation of cAMP-dependent gene expression (Molina et
al., 1993; Walker et al., 1998; Mioduszewska et al., 2003). To
measure the levels of CREM activator forms, we used primers

specific for CREM transcripts that contain KID domain-
encoding sequence (denoted as CREM with KID in Fig. 12B) and
observed moderate induction in response to BDNF-TrkB signal-
ing, peaking at ~2.7-fold induction after 6 h of BDNF treatment.
We also saw ~8.1-fold (p = 0.00002) increase in the CREM
activator form mRNA levels in untreated CREB knockdown cells
(Fig. 12B).

As CREBI knockdown greatly induced the expression of
CREM activator forms, it is possible that the discrepancy between
the results obtained with CREBI knockdown and with A-CREB
and E1A overexpression and CCII treatment could originate
from CREM activator forms binding to CRE sites and thus regu-
lating CRE-dependent transcription in cells where CREBI is
knocked down. Therefore, we next decided to elucidate the role
of CREM in BDNF transcriptional autoregulation. For that, we
knocked down the expression of CREM using CRISPR interfer-
ence (Fig. 13). We determined that CREM mRNA expression
level was reduced ~1.8-fold (p = 0.0048) and that the expression
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Figure 13.

CREM is not involved in the induction of BDNF transcripts after BONF-TrkB signaling. Primary neurons were transduced at 0 DIV with lentiviral particles coding for dCas9-KRAB and a

combination of two CREM gRNAs or negative gRNA (neg gRNA). At 8 DIV, neurons were treated with 50 ng/ml BDNF for the indicated time periods. Expression levels of CREM with KID domain, CREBT
and ATF1 (), and total BDNF (BDNF coding) and different BDNF transcripts (B) were measured using qRT-PCR. The expression level of respective transcripts in cells transduced with dCas9-KRAB and
negative gRNA-encoding lentiviral particles and not treated with BDNF was set as 1. Average of five independent experiments (n = 5) is shown. Error bars indicate SEM. Statistical significance
between the respective transcript levels in cells overexpressing negative gRNA and CREM gRNAs at respective time points: **p << 0.01 (paired two-tailed ¢ test, corrected for multiple comparisons

using Holm—Sidak method).

level of CREBI and ATFI did not change in response to CREM
knockdown (Fig. 13A). Our data also showed that the induction
of BDNF transcripts was not affected by CREM knockdown (Fig.
13B).

Finally, we investigated possible compensatory mechanisms
between CREB and CREM by suppressing the expression of both
CREBI and CREM simultaneously. If CREM really compensated
for CREB in BDNF autoregulation after CREBI knockdown, one
should observe a stronger effect on BDNF autoregulation in cells
where both CREBI and CREM are knocked down. In contrast, we
observed similar results as was seen with only CREBI knock-
down; and no additional effect of CREM knockdown on BDNF
gene expression after BDNF-TrkB signaling was detected (data
not shown), indicating that CREM does not have compensatory
effect on BDNF autoregulation in CREBI knockdown cells. To-
gether, our data show that, while CREM does not participate in
BDNF transcriptional autoregulation, CREB is indispensable for
the early induction of BDNF exon Ilc, IV-, VI-, and IXa-
containing transcripts after BDNF-TrkB signaling.

Phosphorylated CREB binds to BDNF promoter IV after
BDNEF-TrkB signaling and recruits CBP
To determine whether CREB directly binds rat BDNF promoters
in our cultured neurons and whether CREB binding changes after
BDNEF-TrkB signaling, we treated neurons with BDNF for 1 hand
performed ChIP analysis with CREB and P-CREB antibodies. We
then determined promoter enrichment using qPCR (Fig. 14).
As a positive control for CREB binding, we used c-Fos pro-
moter, which showed ~0.31% (p = 0.0130) and ~0.16% (p =
0.0172) of input enrichment in untreated and BDNF-treated
cells, respectively (Fig. 11A). Rat BDNF promoters I, II, III, and
IXa showed no remarkable CREB binding compared with the
negative control rat BDNF 3" untranslated region. CREB binding
to rat BDNF promoter IV showed 0.025% (p = 0.2223, uncor-
rected p = 0.0410) of input enrichment in nontreated cells, and
0.022% (p = 0.2467, uncorrected p = 0.0461) of input enrich-
ment in BDNF-treated cells. Slight 0.019% (p = 0.4438, uncor-
rected p = 0.1364) and 0.015% of input enrichment (p = 0.3647,
uncorrected p = 0.2007) was also detected for the rat BDNF
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Figure 14.

CREB binds to BONF promoter IV, is phosphorylated after BONF-TrkB signaling, and recruits CBP. Primary neurons were treated at 7 DIV with 50 ng/ml BDNF for 1 h or left untreated

(CTRL) and then subjected to ChIP assay using CREB (A), phospho-Ser-133 CREB (P-CREB) (B), or (BP (€) antibodies (ab). DNA enrichment of c-Fos promoter, different rat BONF (rBDNF) promoter (p)
regions, and rat BDNF 3" untranslated region (rBDNF 3" UTR) was measured using qPCR. DNA enrichment is represented as percentage of input. Average of three or four (4, (,n = 4; B,n = 3)
independent experiments is shown. Error bars indicate SEM. No antibody controls depict the same dataset in A and B. Statistical significance is relative to the enrichment of rBDNF 3" UTR region in
respectively treated cells. Statistical analysis was not performed on no antibody controls. **p << 0.01; *p << 0.05 (paired two-tailed ¢ test, corrected for multiple comparisons using Holm—Sidak

method).

promoter VI in untreated cells and after BDNF treatment,
respectively.

Since we already established that CREB is phosphorylated af-
ter TrkB signaling (Fig. 4) we also investigated the binding of
phospho-Ser-133 CREB using ChIP analysis (Fig. 14B). In un-
treated and BDNF-treated neurons, we observed ~0.31% (p =
0.2553) and ~0.97% (p = 0.0063) of input enrichment, respec-
tively, at c-Fos promoter region for phospho-CREB. No remark-
able binding of phospho-CREB was detected to rat BDNF
promoters in nontreated cells. However, in response to BDNF-
TrkB signaling, phospho-CREB binding increased ~3-fold to

~4-fold at every region measured, including at the negative con-
trol region. As we did not detect CREB binding to rat BDNF
promoters I, II, III, and IXa, it is plausible that the observed
increase in phospho-CREB binding to these promoters in BDNF-
treated cells was an artifact due to overall higher phospho-CREB
protein levels in neurons, and not a functional recruitment of
phospho-CREB. In contrast, in BDNF-treated neurons, phospho-
CREB binding showed notable 0.13% (p = 0.1333, uncorrected
p = 0.0339) and 0.09% (p = 0.1392, uncorrected p = 0.0787) of
input enrichment at rat BDNF promoters IV and VI, respectively.
Together, our results indicate that CREB binds to BDNF pro-
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BDNF infusion into rat hippocampus elicits enhanced synaptic transmission and induces the expression of all BDNF transcripts in the hippocampal dentate gyrus region. A, Time course

plots of fEPSP slope recorded before and after BDNF or CytCinfusion (left) and sample field potential traces (right). A total of 2 ! (1 g/ wl) of BDNF or CytC was infused over 25 min into the dentate
gyrus over the period indicated by the gray bar. The evoked fEPSP slope change is expressed in percentage of baseline. Depicted values are mean = SEM of 6 independent animals (n = 6 for both
groups). B, The expression levels of different BDNF transcripts was measured from dentate gyri of both ipsilateral and contralateral hemisphere using qRT-PCR. The expression levels of BONF
transcripts were normalized to the HPRTT expression levels and are depicted as fold induction compared with the respective transcript expression levels in the contralateral hemisphere. Dots
represent data from all the experiments. Horizontal line indicates the geometric mean of 5 or 6 independent animals (n = 5 or 6). Dashed line indicates the level of respective transcripts in the
contralateral side and was set as 1 (no induction). Statistical significance between the respective transcript levels in dentate gyri of ipsilateral and contralateral hemispheres: ***p < 0.001 (paired

two-tailed t test, corrected for multiple comparisons using Holm—Sidak method).

moter IV and the binding of phosphorylated CREB increases
after BDNF-TrkB signaling.

To clarify whether the requirement for CBP/p300 (Figs. 5, 6) is
because of direct binding of CBP to BDNF proximal promoters,
we also performed CBP ChIP with an antibody that does not
cross-react with p300 and measured CBP binding to BDNF pro-
moters with qPCR (Fig. 14C). We determined that CBP enrich-
ment at c-Fos promoter was ~0.10% (p = 0.0354) of input in
untreated neurons and ~0.47% (p = 0.0377) of input in BDNF-
treated neurons. In untreated cells, CBP was not remarkably en-
riched at BDNF promoter regions compared with the enrichment
at the negative control region BDNF 3" UTR. However, after
BDNF treatment we saw CBP binding to BDNF promoters I, III,
and IV, and possibly to promoter VI, showing ~0.18% (p =
0.0377), ~0.14% (p = 0.0377), ~0.25% (p = 0.0343), and
~0.15% (p = 0.0587, uncorrected p = 0.0199) of input enrich-
ment, respectively. Since we did not detect such extensive binding
of P-CREB to BDNF promoters I and III (and possibly VI), it is
plausible that CBP is recruited to these BDNF promoters via
transcription factors other than CREB. Collectively, our results
show that CREB binds to BDNF promoter IV, is phosphorylated

after BDNF-TrkB signaling, and recruits CBP to increase BDNF
expression.

All BDNF transcripts are induced in the adult rat
hippocampus in vivo after BDNF-TrkB signaling
It has previously been shown that brief infusion of BDNF protein
into adult rat hippocampus results in transcription-dependent
LTP (Messaoudi et al., 2002), which requires MAPK pathway
activation leading to CREB phosphorylation (Ying et al., 2002).
Furthermore, infusion of BDNF into rat hippocampus induces
the expression of BDNF exon IV-containing transcripts (Wibrand et
al., 2006), whereas the expression of other BDNF transcripts has
not been studied. To determine whether the BDNF transcrip-
tional autoregulation pattern we have described here in cultured
neurons is also present in vivo, we infused BDNF protein into
adult rat hippocampus to elicit BDNF-LTP and measured the
expression levels of different BDNF transcripts in the dentate
gyrus region of the hippocampus using qRT-PCR (Fig. 15).
Local infusion of BDNF but not CytC into dentate gyrus elic-
ited an ~30% increase in the fEPSP slope (Fig. 15A), indicating
the functionality of our BDNF-induced LTP paradigm. In rats
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infused with CytC, we did not detect induction of any BDNF
transcripts 2 h after the infusion (Fig. 15). Likewise, 30 min after
BDNF infusion, the expression levels of different BDNF tran-
scripts were similar to the expression levels in the contralateral
hemisphere. Notably, 2 h after the infusion of BDNF protein, the
expression of all the BDNF transcripts was induced. Total BDNF
mRNA level increased ~9.3-fold (p = 5 X 10 ~7), and the stron-
gestinductions were seen for BDNF exon IV- and IXa-containing
transcripts, which were induced ~33.3-fold (p = 6:10 °) and
~22.4-fold (p = 4 X 10 °), respectively, after 2 h of BDNF
infusion. Moderate induction of ~8.8-fold (p = 9 X 10 ) and
~5.6-fold (p = 7 X 10 ®) was seen for BDNF exon I- and VI-
containing transcripts, respectively, and exon Ilc- and III-
containing BDNF transcripts showed slight but statistically
significant ~3.8-fold (p = 9 X 10 °) and ~2.3-fold (p = 3 X
10 ~°) induction, respectively. Collectively, our results indicate
that extensive BDNF transcriptional autoregulatory loop also oc-
curs in vivo, encompassing all the major BDNF transcripts.

Discussion

The early induction of total BDNF mRNA levels in response to
neuronal activity has been shown to be independent of protein
synthesis (Hughes et al., 1993; Castrén et al., 1998). Additionally,
the neuronal activity-dependent induction of BDNF exon IV-
containing transcripts has been shown to be protein synthesis-
independent (Lauterborn et al., 1996; Tao et al., 1998), while the
induction of BDNF transcripts containing exon I and II depends
on protein synthesis (Lauterborn et al., 1996). Here, we have
determined the requirement for protein synthesis in BDNF tran-
scriptional autoregulation. Our results show that the induction of
most BDNF transcripts upon BDNF-TrkB signaling depends on
protein synthesis, and only the early induction of BDNF exon
Ilc-, IV-, and VI-containing transcripts is partially protein
synthesis-independent. The de novo protein synthesis-inde-
pendent early induction of these BDNF transcripts could be ex-
plained by their regulation via CREB family proteins that are
constitutively expressed and whose activity is regulated through
post-translational mechanisms (for review, see Johannessen et
al.,2004). Notably, the requirement for protein synthesis suggests
that, in addition to constitutively expressed proteins, inducible
transcription factors are necessary for the BDNF transcriptional
autoregulation. For example, we have previously shown that
AP-1 transcription factors regulate BDNF gene expression after
TrkB signaling (Tuvikene et al., 2016).

It is well known that CREB transcription factor family regu-
lates the transcription of BDNF, especially the activation of BDNF
promoter IV (Shieh et al., 1998; Tao et al., 1998; Cha-Molstad et
al., 2004; Hong et al., 2008; Pruunsild et al., 2011; West et al.,
2014), but also BDNF promoter I (Tabuchi et al., 2002; Benito et
al., 2011) in response to neuronal activity. Here, we have discov-
ered that the CREB family is also a major regulator of BDNF gene
expression after TrkB signaling. We show that USF and NFAT
transcription factor families, which have previously been shown
to be involved in neuronal activity-regulated BDNF gene expres-
sion (Chen et al., 2003; Vashishta et al., 2009; Pruunsild et al.,
2011), do not significantly contribute to BDNF gene induction
after TrkB signaling. This implies that the mechanisms of BDNF
gene expression triggered by BDNF-TrkB signaling and neu-
ronal activity differ. Notably, none of the dominant-negative
proteins we used in our experiments completely abolished the
induction of BDNF transcription after TrkB signaling, indicat-
ing that there are other, yet to be determined transcription
factors involved in the BDNF autoregulation. Considering the
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profound effect of A-CREB overexpression on the expression
of all major BDNF transcripts, one could hypothesize that
important de novo synthesized transcription factors regulating
BDNF gene expression are indeed CREB target genes. It is also
plausible that CREB acts as a nucleating factor for other, de
novo synthesized transcription factors to bind the BDNF pro-
moters, as it has been proposed for BDNF promoter IV (Hong
et al., 2008).

It is important to note the possible TrkB signaling-dependent
component in the regulation of BDNF gene expression in para-
digms using membrane depolarization. It has been described that
neuronal activity induces BDNF secretion (for review, see Park
and Poo, 2013), which could consequently activate TrkB recep-
tors, possibly giving rise to the BDNF-TrkB autoregulatory loop.
In the light of our results, it is plausible that neuronal activity
induces BDNF expression and the subsequent BDNF-TrkB sig-
naling maintains the expression of BDNF via an autonomous
pathway. For example, the impairment of BDNF induction after
kainic acid infusion in TrkB.T1 overexpressing mice implies that
BDNE-TrkB signaling is required for proper BDNF expression in
the brain after neuronal activity (Saarelainen et al., 2001).

It has been reported that CREB-mediated regulation of gene
expression plays an important role in the proper development of
the nervous system and neurons (Lonze and Ginty, 2002). There-
fore, the effect of overexpressing dominan-negative CREB family
protein, A-CREB, on the development and maturation of neu-
rons in culture is an important question that should be kept in
mind when interpreting our results. Results of our experiments
with long-term overexpression of A-CREB are in good accor-
dance with the results of our experiments with acute treatment of
CREB-CBP interaction inhibitor (CCII), supporting the notion
that CREB family regulates BDNF transcriptional autoregulation
independent of potential developmental changes. Our results
also showed the requirement for CREB family and its interaction
with CBP/p300 for the early induction of BDNF gene after TrkB
signaling. Notably, at a later phase, after 6 h of BDNF treatment,
neither A-CREB nor CCII had an influence on BDNF gene induc-
tion. Furthermore, knockdown of CREBI expression also af-
fected only the early induction of BDNF exon Ilc-, IV-, VI-, and
IXa-containing transcripts. This indicates that, while the early
phase of TrkB signaling-dependent induction of BDNF in neu-
rons is regulated by CREB-CBP/p300 complex, the late phase of
induction is regulated in a CREB family-independent manner. In
contrast, inhibition of CBP/p300 by overexpressing E1A strongly
decreased both the early and late phase of BDNF gene induction
after TrkB signaling. This could be explained by the fact that
numerous other transcription factors in addition to CREB family
proteins recruit CBP/p300 to regulate gene expression (Bedford
etal., 2010). Furthermore, while we only noted CREB binding to
BDNF promoter IV and possibly VI, we saw CBP binding to
various BDNF promoters: promoter I, III, IV, and possibly VI.
This further suggests that, while CREB recruits CBP to BDNF
promoter IV and possibly to promoter VI, other transcription
factors recruit CBP to other BDNF promoters.

The CREB family has been associated with the regulation of
BDNF in both rodents and humans. Here, we found that, al-
though the general activation of BDNF promoters I and IV in
response to BDNF-TrkB signaling was conserved between hu-
man and rat, subtle differences existed in their regulation by
CREB family proteins. The activation of human BDNF promoter
I was slightly more dependent on CREB family transcription fac-
tors than the rat ortholog. Furthermore, we found that the hu-
man BDNF promoter IV region was less inducible than the
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respective rat counterpart, and our results indicate potential
CREB family-dependent differences in the regulation of this pro-
moter between rat and human. It is notable that the murine-
specific single nucleotide difference, which is absent in other
major mammalian clades in BDNF promoter IV CRE element,
does not remarkably change the activity of the promoter in cul-
tured rat neurons. On the contrary, the two-nucleotide difference
in the CRE element between human and rat BDNF promoter [Xa
seems to be responsible for the BDNF-TrkB signaling-dependent
activation of human promoter, which is absent for the rat or-
tholog. As we have found a profound difference in the regulation
of BDNF promoter IXa region in rat and human, the regulation
of the human BDNF promoter IXa after BDNF-TrkB signaling in
the endogenous context will need to be clarified in future
research.

Importantly, our data suggest the existence of distal enhancer
elements for BDNF gene regulation after TrkB signaling. First,
overexpression of A-CREB did not decrease the induction from
BDNF proximal promoters II, III, and VI in promoter assays,
whereas overexpression of A-CREB reduced the induction of all
these BDNF transcripts in the endogenous context. Second, the
expression of rat endogenous BDNF exon IXa-containing tran-
scripts is induced rapidly in response to BDNF-TrkB signaling,
whereas the BDNF proximal promoter IXa was not inducible in
our promoter activity assays. Third, functional CRE elements in
rodents have only been described in BDNF promoters I and 1V,
and we also discovered that the CRE element in BDNF promoter
IV was necessary for the activation of the proximal promoter
region. On the contrary, our results using overexpression of
A-CREB, treatment with CCII, and overexpression of E1A
showed a strong effect on the induction of all the investigated
BDNF transcripts. Moreover, CBP has been widely associated
with enhancer regions (Kim et al., 2010). Notably, it has been
reported that the binding of CREB coactivator CRTCI is prefer-
ential to promoters containing a TATA box (Parra-Damas et al.,
2017) for the interaction with general transcription factors
(Conkright et al., 2003). As we found in our work that neither
CRTCI nor other CRTC family coactivators are required, while
CBP is necessary for the BDNF transcriptional autoregulation, it
could imply that BDNF gene expression is regulated by a distal
enhancer region, not only by the proximal promoter regions.
Together, these contradictions imply that important regulatory
areas responsible for BDNF-TrkB signaling-dependent BDNF in-
duction are located outside of the proximal promoter regions,
possibly even outside the BDNF gene. As we noted an effect on all
measured BDNF transcripts with A-CREB, CCII, and EIA, it is
plausible that there is a locus control region affecting the expres-
sion of the whole BDNF gene, and the cis-elements in proximal
promoter regions provide fine-tuning of the expression of differ-
ent BDNF transcripts in response to TrkB signaling.

Dysregulation of BDNF expression in a brain region and cell
type-specific manner has been implicated in various neurological
and neurodevelopmental disorders and in various neurodegen-
erative diseases (Zuccato and Cattaneo, 2009; Autry and Monteg-
gia, 2012; Tejeda and Diaz-Guerra, 2017). Although modulating
BDNF levels could be successful in therapy, the challenge lies in
controlling BDNF expression in a precise spatiotemporal man-
ner. It has been shown that uniform overexpression of BDNF in
the excitatory neurons of the forebrain, including hippocampus
and amygdala, causes anxiety-like behavior (Govindarajan et al.,
2006). Additionally, increased levels of BDNF protein in PEC and
hippocampus impairs working memory and fear conditioning,
increases susceptibility to seizures, and also causes an anxiety-like
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phenotype (Papaleo et al., 2011). This has raised the need to
ultimately enhance the transcription of BDNF specifically in cells
that express BDNF under physiological conditions, to minimize
serious side effects. The knowledge of how BDNF promoters are
regulated in response to BDNF-TrkB signaling added by this
study could provide solutions to the challenges of precisely ad-
justing BDNF levels in both health and disease.

References

Aguado F, Diaz-Ruiz C, Parlato R, Martinez A, Carmona MA, Bleckmann S,
Urefia JM, Burgaya F, del Rio JA, Schiitz G, Soriano E (2009) The CREB/
CREM transcription factors negatively regulate early synaptogenesis and
spontaneous network activity. ] Neurosci 29:328-333.

Ahn S, Olive M, Aggarwal S, Krylov D, Ginty DD, Vinson C (1998) A
dominant-negative inhibitor of CREB reveals that it is a general mediator
of stimulus-dependent transcription of c-fos. Mol Cell Biol 18:967-977.

Aid T, Kazantseva A, Piirsoo M, Palm K, Timmusk T (2007) Mouse and
rat BDNF gene structure and expression revisited. ] Neurosci Res
85:525-535.

Aramburu J, Yaffe MB, Lopez-Rodriguez C, Cantley LC, Hogan PG, Rao A
(1999) Affinity-driven peptide selection of an NFAT inhibitor more se-
lective than cyclosporin A. Science 285:2129-2133.

Autry AE, Monteggia LM (2012) Brain-derived neurotrophic factor and
neuropsychiatric disorders. Pharmacol Rev 64:238-258.

Bambah-Mukku D, Travaglia A, Chen DY, Pollonini G, Alberini CM (2014)
A positive autoregulatory BDNF feedback loop via C/EBP mediates hip-
pocampal memory consolidation. ] Neurosci 34:12547-12559.

Bannister AJ, Kouzarides T (1996) The CBP co-activator is a histone acetyl-
transferase. Nature 384:641-643.

Barco A,Marie H (2011) Geneticapproaches to investigate the role of CREB
in neuronal plasticity and memory. Mol Neurobiol 44:330-349.

Bedford DC, Kasper LH, Fukuyama T, Brindle PK (2010) Target gene con-
text influences the transcriptional requirement for the KAT3 family of
CBP and p300 histone acetyltransferases. Epigenetics 5:9—-15.

Benito E, Valor LM, Jimenez-Minchan M, Huber W, Barco A (2011) cAMP
response element-binding protein is a primary hub of activity-driven
neuronal gene expression. ] Neurosci 31:18237-18250.

Best JL, Amezcua CA, Mayr B, Flechner L, Murawsky CM, Emerson B, Zor T,
Gardner KH, Montminy M (2004) Identification of small-molecule an-
tagonists that inhibit an activator:coactivator interaction. Proc Natl Acad
SciU S A101:17622-17627.

Bibel M, Barde YA (2000) Neurotrophins: key regulators of cell fate and cell
shape in the vertebrate nervous system. Genes Dev 14:2919-2937.

Bittinger MA, McWhinnie E, Meltzer J, Tourgenko V, Latario B, Liu X, Chen
CH, Song C, Garza D, Labow M (2004) Activation of cAMP response
element-mediated gene expression by regulated nuclear transport of
TORC proteins. Curr Biol 14:2156-2161.

Bourtchuladze R, Frenguelli B, Blendy J, Cioffi D, Schutz G, Silva A] (1994)
Deficient long-term memory in mice with a targeted mutation of the
cAMP-responsive element-binding protein. Cell 79:59-68.

Bramham CR, Messaoudi E (2005) BDNF function in adult synaptic plas-
ticity: the synaptic consolidation hypothesis. Prog Neurobiol 76:99-125.

Breen ME, Mapp AK (2018) Modulating the masters: chemical tools to dis-
sect CBP and p300 function. Curr Opin Chem Biol 45:195-203.

Breuillaud L, Rossetti C, Meylan EM, Mérinat C, Halfon O, Magistretti PJ,
Cardinaux JR (2012) Deletion of CREB-regulated transcription coacti-
vator 1 induces pathological aggression, depression-related behaviors,
and neuroplasticity genes dysregulation in mice. Biol Psychiatry 72:528 —
536.

Castrén E, Berninger B, Leingirtner A, Lindholm D (1998) Regulation of
brain-derived neurotrophic factor mRNA levels in hippocampus by neu-
ronal activity. Prog Brain Res 117:57—64.

Cha-Molstad H, Keller DM, Yochum GS, Impey S, Goodman RH (2004)
Cell-type-specific binding of the transcription factor CREB to the cAMP-
response element. Proc Natl Acad Sci U S A 101:13572-13577.

Chen WG, West AE, Tao X, Corfas G, Szentirmay MN, Sawadogo M, Vinson
C, Greenberg ME (2003) Upstream stimulatory factors are mediators of
Ca**-responsive transcription in neurons. J Neurosci 23:2572-2581.

Ch’ng TH, Uzgil B, Lin P, Avliyakulov NK, O’Dell TJ, Martin KC (2012)
Activity-dependent transport of the transcriptional coactivator CRTC1
from synapse to nucleus. Cell 150:207-221.



Esvald, Tuvikene et al. @ CREB Family in BONF Transcriptional Autoregulation

Conkright MD, Canettieri G, Screaton R, Guzman E, Miraglia L, Hogenesch
JB, Montminy M (2003) TORCs: transducers of regulated CREB activ-
ity. Mol Cell 12:413-423.

Diaz-Ruiz C, Parlato R, Aguado F, Urena JM, Burgaya F, Martinez A, Car-
mona MA, Kreiner G, Bleckmann S, Del Rio JA, Schiitz G, Soriano E
(2008) Regulation of neural migration by the CREB/CREM transcription
factors and altered Dab1 levels in CREB/CREM mutants. Mol Cell Neu-
rosci 39:519-528.

Finkbeiner S, Tavazoie SF, Maloratsky A, Jacobs KM, Harris KM, Greenberg
ME (1997) CREB: a major mediator of neuronal neurotrophin re-
sponses. Neuron 19:1031-1047.

Foulkes NS, Borrelli E, Sassone-Corsi P (1991) CREM gene: use of alterna-
tive DNA-binding domains generates multiple antagonists of cAMP-
induced transcription. Cell 64:739-749.

Fukuchi M, Kirikoshi Y, Mori A, Eda R, Thara D, Takasaki I, Tabuchi A, Tsuda
M (2014) Excitatory GABA induces BDNF transcription via CRTC1 and
phosphorylated CREB-related pathways in immature cortical cells. ] Neu-
rochem 131:134-146.

Fukuchi M, Tabuchi A, Kuwana Y, Watanabe S, Inoue M, Takasaki I, Izumi
H, Tanaka A, Inoue R, Mori H, Komatsu H, Takemori H, Okuno H, Bito
H, Tsuda M (2015) Neuromodulatory effect of Gas- or Gag-coupled
G-protein-coupled receptor on NMDA receptor selectively activates the
NMDA receptor/Ca**/calcineurin/cAMP response element-binding
protein-regulated transcriptional coactivator 1 pathway to effectively in-
duce brain-derived neurotrophic factor expression in neurons. J Neurosci
35:5606-5624.

Govindarajan A, Rao BS, Nair D, Trinh M, Mawjee N, Tonegawa S, Chattarji
S (2006) Transgenic brain-derived neurotrophic factor expression
causes both anxiogenic and antidepressant effects. Proc Natl Acad Sci
U S A103:13208-13213.

Greenberg ME, Hermanowski AL, Ziff EB (1986) Effect of protein synthesis
inhibitors on growth factor activation of c-fos, c-myc, and actin gene
transcription. Mol Cell Biol 6:1050-1057.

Gundersen BB, Briand LA, Onksen JL, Lelay J, Kaestner KH, Blendy JA
(2013) Increased hippocampal neurogenesis and accelerated response to
antidepressants in mice with specific deletion of CREB in the hippocam-
pus: role of cAMP response-element modulator 7. ] Neurosci 33:13673—
13685.

Hong EJ, McCord AE, Greenberg ME (2008) A biological function for the
neuronal activity-dependent component of BDNF transcription in the
development of cortical inhibition. Neuron 60:610—624.

Huang EJ, Reichardt LF (2001) Neurotrophins: roles in neuronal develop-
ment and function. Annu Rev Neurosci 24:677-736.

Hughes P, Beilharz E, Gluckman P, Dragunow M (1993) Brain-derived
neurotrophic factor is induced as an immediate early gene following
N-methyl-D-aspartate receptor activation. Neuroscience 57:319-328.

Hummler E, Cole TJ, Blendy JA, Ganss R, Aguzzi A, Schmid W, Beermann F,
Schiitz G (1994) Targeted mutation of the CREB gene: compensation
within the CREB/ATF family of transcription factors. Proc Natl Acad Sci
U S A 91:5647-5651.

Johannessen M, Delghandi MP, Moens U (2004) What turns CREB on? Cell
Signal 16:1211-1227.

Kalvakolanu DV, Liu J, Hanson RW, Harter ML, Sen GC (1992) Adenovirus
E1A represses the cyclic AMP-induced transcription of the gene for phos-
phoenolpyruvate carboxykinase (GTP) in hepatoma cells. ] Biol Chem
267:2530-2536.

Kee BL, Arias J, Montminy MR (1996) Adaptor-mediated recruitment of
RNA polymerase II to a signal-dependent activator. J Biol Chem 271:
2373-2375.

Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, Harmin DA,
Laptewicz M, Barbara-Haley K, Kuersten S, Markenscoff-Papadimitriou
E, Kuhl D, Bito H, Worley PF, Kreiman G, Greenberg ME (2010) Wide-
spread transcription at neuronal activity-regulated enhancers. Nature
465:182-187.

Koppel I, Timmusk T (2013) Differential regulation of BDNF expression in
cortical neurons by class-selective histone deacetylase inhibitors. Neuro-
pharmacology 75:106—-115.

Koppel I, Tuvikene J, Lekk I, Timmusk T (2015) Efficient use of a transla-
tion start codon in BDNF exon I. ] Neurochem 134:1015-1025.

Koppel I, Jaanson K, Klasche A, Tuvikene J, Tiirik T, Pdrn A, Timmusk T
(2018) Dopamine cross-reacts with adrenoreceptors in cortical astro-

J. Neurosci., February 12, 2020 - 40(7):1405-1426 « 1425

cytes to induce BDNF expression, CREB signaling and morphological
transformation. Glia 66:206-216.

Kovics KA, Steullet P, Steinmann M, Do KQ, Magistretti PJ, Halfon O, Car-
dinauxJR (2007) TORCI is a calcium- and cAMP-sensitive coincidence
detector involved in hippocampal long-term synaptic plasticity. Proc Natl
Acad Sci U S A 104:4700-4705.

Krylov D, Olive M, Vinson C (1995) Extending dimerization interfaces: the
bZIP basic region can form a coiled coil. EMBO J 14:5329-5337.

Kuipers SD, Trentani A, Tiron A, Mao X, Kuhl D, Bramham CR (2016)
BDNF-induced LTP is associated with rapid Arc/Arg3.1-dependent en-
hancement in adult hippocampal neurogenesis. Sci Rep 6:21222.

Kwok RP, Lundblad JR, Chrivia JC, Richards JP, Bichinger HP, Brennan RG,
Roberts SG, Green MR, Goodman RH (1994) Nuclear protein CBP is a
coactivator for the transcription factor CREB. Nature 370:223-226.

Laoide BM, Foulkes NS, Schlotter F, Sassone-Corsi P (1993) The functional
versatility of CREM is determined by its modular structure. EMBO J
12:1179-1191.

Lauterborn JC, Rivera S, Stinis CT, Hayes VY, Isackson PJ, Gall CM (1996)
Differential effects of protein synthesis inhibition on the activity-
dependent expression of BDNF transcripts: evidence for immediate-early
gene responses from specific promoters. ] Neurosci 16:7428 -7436.

Lemberger T, Parkitna JR, Chai M, Schiitz G, Engblom D (2008) CREB has
a context-dependent role in activity-regulated transcription and main-
tains neuronal cholesterol homeostasis. FASEB J 22:2872-2879.

Li BX, Xiao X (2009) Discovery of a small-molecule inhibitor of the KIX-
KID interaction. Chembiochem 10:2721-2724.

Li S, Zhang C, Takemori H, Zhou Y, Xiong ZQ (2009) TORCI regulates
activity-dependent CREB-target gene transcription and dendritic growth
of developing cortical neurons. ] Neurosci 29:2334-2343.

Lonze BE, Ginty DD (2002) Function and regulation of CREB family tran-
scription factors in the nervous system. Neuron 35:605-623.

Lu B, Nagappan G, Guan X, Nathan PJ, Wren P (2013) BDNEF-based synap-
tic repair as a disease-modifying strategy for neurodegenerative diseases.
Nat Rev Neurosci 14:401-416.

Lu B, Nagappan G, Lu Y (2014) BDNF and synaptic plasticity, cognitive
function, and dysfunction. Handb Exp Pharmacol 220:223-250.

Lundblad JR, Kwok RP, Laurance ME, Harter ML, Goodman RH (1995)
Adenoviral E1A-associated protein p300 as a functional homologue of the
transcriptional co-activator CBP. Nature 374:85—88.

Luo Q, Viste K, Urday-Zaa JC, Senthil Kumar G, Tsai WW, Talai A, Mayo KE,
Montminy M, Radhakrishnan I (2012) Mechanism of CREB recogni-
tion and coactivation by the CREB-regulated transcriptional coactivator
CRTC2. Proc Natl Acad Sci U S A 109:20865-20870.

Mantamadiotis T, Lemberger T, Bleckmann SC, Kern H, Kretz O, Martin
Villalba A, Tronche F, Kellendonk C, Gau D, Kapfhammer J, Otto C,
Schmid W, Schiitz G (2002) Disruption of CREB function in brain leads
to neurodegeneration. Nat Genet 31:47-54.

Maynard KR, Hill JL, Calcaterra NE, Palko ME, Kardian A, Paredes D, Suku-
mar M, Adler BD, Jimenez DV, Schloesser R], Tessarollo L, Lu B, Marti-
nowich K (2016) Functional role of BDNF production from unique
promoters in aggression and serotonin signaling. Neuropsychopharma-
cology 41:1943-1955.

Maynard KR, Hobbs JW, Phan BN, Gupta A, Rajpurohit S, Williams C,
Rajpurohit A, Shin JH, Jaffe AE, Martinowich K (2018) BDNF-TrkB
signaling in oxytocin neurons contributes to maternal behavior. eLife
7:€33676.

Mayr B, Montminy M (2001) Transcriptional regulation by the phos-
phorylation-dependent factor CREB. Nat Rev Mol Cell Biol 2:599-609.

Messaoudi E, Ying SW, Kanhema T, Croll SD, Bramham CR (2002) Brain-
derived neurotrophic factor triggers transcription-dependent, late phase
long-term potentiation in vivo. ] Neurosci 22:7453-7461.

Messaoudi E, Kanhema T, Soulé J, Tiron A, Dagyte G, da Silva B, Bramham
CR (2007) Sustained Arc/Arg3.1 synthesis controls long-term potentia-
tion consolidation through regulation of local actin polymerization in the
dentate gyrus in vivo. ] Neurosci 27:10445-10455.

MinichielloL (2009) TrkB signalling pathways in LTP and learning. Nat Rev
Neurosci 10:850—-860.

Mioduszewska B, Jaworski J, Kaczmarek L (2003) Inducible cAMP early
repressor (ICER) in the nervous system: a transcriptional regulator of
neuronal plasticity and programmed cell death. ] Neurochem 87:1313—
1320.

Molina CA, Foulkes NS, Lalli E, Sassone-Corsi P (1993) Inducibility and



1426 - ). Neurosci., February 12, 2020 - 40(7):1405-1426

negative autoregulation of CREM: an alternative promoter directs the
expression of ICER, an early response repressor. Cell 75:875-886.

Nakajima S, Numakawa T, Adachi N, Ooshima Y, Odaka H, Yoshimura A,
Kunugi H (2015) Self-amplified BDNF transcription is a regulatory sys-
tem for synaptic maturation in cultured cortical neurons. Neurochem Int
91:55-61.

Nakajima T, Uchida C, Anderson SF, Parvin JD, Montminy M (1997) Anal-
ysis of a cAMP-responsive activator reveals a two-component mechanism
for transcriptional induction via signal-dependent factors. Genes Dev
11:738-747.

Panja D, Kenney JW, D’Andrea L, Zalfa F, Vedeler A, Wibrand K, Fukunaga
R, Bagni C, Proud CG, Bramham CR (2014) Two-stage translational
control of dentate gyrus LTP consolidation is mediated by sustained
BDNEF-TrkB signaling to MNK. Cell Rep 9:1430-1445.

Papaleo F, Silverman JL, Aney J, Tian Q, Barkan CL, Chadman KK, Crawley
JN (2011) Working memory deficits, increased anxiety-like traits, and
seizure susceptibility in BDNF overexpressing mice. Learn Mem
18:534-544.

Park H, Poo MM (2013) Neurotrophin regulation of neural circuit devel-
opment and function. Nat Rev Neurosci 14:7-23.

Parra-Damas A, Rubié-Ferrarons L, Shen J, Saura CA (2017) CRTCI medi-
ates preferential transcription at neuronal activity-regulated CRE/TATA
promoters. Sci Rep 7:18004.

Pizzorusso T, Ratto GM, Putignano E, Maffei L (2000) Brain-derived neu-
rotrophic factor causes cAMP response element-binding protein phos-
phorylation in absence of calcium increases in slices and cultured neurons
from rat visual cortex. ] Neurosci 20:2809-2816.

Pruunsild P, Kazantseva A, Aid T, Palm K, Timmusk T (2007) Dissecting
the human BDNF locus: bidirectional transcription, complex splicing,
and multiple promoters. Genomics 90:397—406.

Pruunsild P, Sepp M, Orav E, Koppel I, Timmusk T (2011) Identification of
cis-elements and transcription factors regulating neuronal activity-
dependent transcription of human BDNF gene. ] Neurosci 31:3295-3308.

Qyang Y, Luo X, Lu T, Ismail PM, Krylov D, Vinson C, Sawadogo M (1999)
Cell-type-dependent activity of the ubiquitous transcription factor USF
in cellular proliferation and transcriptional activation. Mol Cell Biol
19:1508-1517.

Saarelainen T, Vaittinen S, Castrén E (2001) trkB-receptor activation con-
tributes to the kainate-induced increase in BDNF mRNA synthesis. Cell
Mol Neurobiol 21:429-435.

Saura CA, Cardinaux JR (2017) Emerging roles of CREB-regulated tran-
scription coactivators in brain physiology and pathology. Trends Neuro-
sci 40:720-733.

Shieh PB, Hu SC, Bobb K, Timmusk T, Ghosh A (1998) Identification of a
signaling pathway involved in calcium regulation of BDNF expression.
Neuron 20:727-740.

Song Y, Zhai L, Valencia Swain J, Chen Y, Wang P, Chen L, Liu Y, Xiang S
(2018) Structural insights into the CRTC2-CREB complex assembly on
CRE. ] Mol Biol 430:1926-1939.

Tabuchi A, Sakaya H, Kisukeda T, Fushiki H, TsudaM (2002) Involvement
of an upstream stimulatory factor as well as cCAMP-responsive element-
binding protein in the activation of brain-derived neurotrophic factor
gene promoter L. J Biol Chem 277:35920-35931.

Tao X, Finkbeiner S, Arnold DB, Shaywitz AJ, Greenberg ME (1998) Ca*"
influx regulates BDNF transcription by a CREB family transcription
factor-dependent mechanism. Neuron 20:709-726.

Esvald, Tuvikene et al. @ CREB Family in BONF Transcriptional Autoregulation

Tejeda GS, Diaz-Guerra M (2017) Integral characterization of defective
BDNF/TrkB signalling in neurological and psychiatric disorders leads the
way to new therapies. Int ] Mol Sci 18:268.

Timmusk T, Palm K, Metsis M, Reintam T, Paalme V, Saarma M, Persson H
(1993) Multiple promoters direct tissue-specific expression of the rat
BDNF gene. Neuron 10:475-489.

Tuvikene J, Pruunsild P, Orav E, Esvald EE, Timmusk T (2016) AP-1 tran-
scription factors mediate BDNF-positive feedback loop in cortical neu-
rons. ] Neurosci 36:1290-1305.

Tuvikene] (2018) CREB family transcription factors are major mediators of
BDNF transcriptional autoregulation in cortical neurons - additional ma-
terials. Available at http://osf.io/4s28y/.

Uchida S, Teubner BJ, Hevi C, Hara K, Kobayashi A, Dave RM, Shintaku T,
Jaikhan P, Yamagata H, Suzuki T, Watanabe Y, Zakharenko SS,
Shumyatsky GP (2017) CRTCI nuclear translocation following learn-
ing modulates memory strength via exchange of chromatin remodeling
complexes on the Fgfl gene. Cell Rep 18:352-366.

Vashishta A, Habas A, Pruunsild P, ZhengJJ, Timmusk T, Hetman M (2009)
Nuclear factor of activated T-cells isoform c4 (NFATc4/NFAT3) as a
mediator of antiapoptotic transcription in NMDA receptor-stimulated
cortical neurons. ] Neurosci 29:15331-15340.

Vilar M, Mira H (2016) Regulation of neurogenesis by neurotrophins dur-
ing adulthood: expected and unexpected roles. Front Neurosci 10:26.
Walker WH, Daniel PB, Habener JF (1998) Inducible cAMP early repressor
ICER down-regulation of CREB gene expression in sertoli cells. Mol Cell

Endocrinol 143:167-178.

WangL, Chang X, She L, Xu D, Huang W, Poo MM (2015) Autocrine action
of BDNF on dendrite development of adult-born hippocampal neurons.
J Neurosci 35:8384—8393.

Watts AG, Sanchez-Watts G, Liu Y, Aguilera G (2011) The distribution of
messenger RNAs encoding the three isoforms of the transducer of regu-
lated cCAMP responsive element binding protein activity in the rat fore-
brain. ] Neuroendocrinol 23:754-766.

West AE, Pruunsild P, Timmusk T (2014) Neurotrophins: transcription
and translation. Handb Exp Pharmacol 220:67-100.

‘Wibrand K, Messaoudi E, Havik B, Steenslid V, Lovlie R, Steen VM, Bram-
ham CR (2006) Identification of genes co-upregulated with arc during
BDNF-induced long-term potentiation in adult rat dentate gyrus in vivo.
Eur J Neurosci 23:1501-1511.

Willems E, Leyns L, Vandesompele J (2008) Standardization of real-time
PCR gene expression data from independent biological replicates. Anal
Biochem 379:127-129.

Yasuda M, Fukuchi M, Tabuchi A, Kawahara M, Tsuneki H, Azuma Y, Chiba
Y, Tsuda M (2007) Robust stimulation of TrkB induces delayed in-
creases in BDNF and arc mRNA expressions in cultured rat cortical neu-
rons via distinct mechanisms. ] Neurochem 103:626—636.

Ying SW, Futter M, Rosenblum K, Webber MJ, Hunt SP, Bliss TV, Bramham
CR (2002) Brain-derived neurotrophic factor induces long-term poten-
tiation in intact adult hippocampus: requirement for ERK activation cou-
pled to CREB and upregulation of arc synthesis. ] Neurosci 22:1532—-1540.

Zhou Y, Wu H, Li S, Chen Q, Cheng XW, Zheng J, Takemori H, Xiong ZQ
(2006) Requirement of TORCI for late-phase long-term potentiation in
the hippocampus. PLoS One 1:e16.

Zuccato C, Cattaneo E (2009) Brain-derived neurotrophic factor in neuro-
degenerative diseases. Nat Rev Neurol 5:311-322.



Publication Il

Esvald EE, Tuvikene J*, Moistus A*, Rannaste K, Kbomagi S, Timmusk T
Differential regulation of the BDNF gene in cortical and hippocampal neurons

J Neurosci. 2022 Dec 7;42(49):9110-9128. doi: 10.1523/JNEUROSCI.2535-21.2022. Epub
2022 Oct 31.

101






9110 - The Journal of Neuroscience, December 7, 2022 - 42(49):9110-9128

Cellular/Molecular

Differential Regulation of the BDNF Gene in Cortical and
Hippocampal Neurons

Eli-Eelika Esvald,'?
Tonis Timmusk!?
'Department of Chemistry and Biotechnology, Tallinn University of Technology, Tallinn 12618, Estonia, and “Protobios LLC, Tallinn 12618, Estonia

Jiirgen Tuvikene,"** Andra Moistus,'* Kithy Rannaste,' Susann Kéomdgi,' and

Brain-derived neurotrophic factor (BDNF) is a widely expressed neurotrophin that supports the survival, differentiation, and
signaling of various neuronal populations. Although it has been well described that expression of BDNF is strongly regulated
by neuronal activity, little is known whether regulation of BDNF expression is similar in different brain regions. Here, we
focused on this fundamental question using neuronal populations obtained from rat cerebral cortices and hippocampi of
both sexes. First, we thoroughly characterized the role of the best-described regulators of BDNF gene - cAMP response ele-
ment binding protein (CREB) family transcription factors, and show that activity-dependent BDNF expression depends more
on CREB and the coactivators CREB binding protein (CBP) and CREB-regulated transcriptional coactivator 1 (CRTCI) in
cortical than in hippocampal neurons. Our data also reveal an important role of CREB in the early induction of BDNF
mRNA expression after neuronal activity and only modest contribution after prolonged neuronal activity. We further corro-
borated our findings at BDNF protein level. To determine the transcription factors regulating BDNF expression in these rat
brain regions in addition to CREB family, we used in vitro DNA pulldown assay coupled with mass spectrometry, chromatin
immunoprecipitation (ChIP), and bioinformatics, and propose a number of neurodevelopmentally important transcription
factors, such as FOXP1, SATB2, RAIl, BCL11A, and TCF4 as brain region-specific regulators of BDNF expression. Together,
our data reveal complicated brain region-specific fine-tuning of BDNF expression.

Key words: BDNF cortex; CREB; hippocampus; neuronal activity

(s )

To date, majority of the research has focused on the regulation of brain-derived neurotrophic factor (BDNF) in the brain but
much less is known whether the regulation of BDNF expression is universal in different brain regions and neuronal popula-
tions. Here, we report that the best described regulators of BDNF gene from the cAMP-response element binding protein
(CREB) transcription factor family have a more profound role in the activity-dependent regulation of BDNF in cortex than in
hippocampus. Our results indicate a brain region-specific fine tuning of BDNF expression. Moreover, we have used unbiased
determination of novel regulators of the BDNF gene and report a number of neurodevelopmentally important transcription
factors as novel potential regulators of the BDNF expression.
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plasticity (Chao, 2003; Park and Poo, 2013). The expression of
BDNF gene, consisting of numerous 5" noncoding exons that are
spliced together with the common protein-coding 3" exon, is
controlled by distinct promoter regions (Timmusk et al., 1993;
Aid et al,, 2007; Pruunsild et al., 2007) that are used for stimul-
us-specific, cell type-specific and brain region-specific BDNF
expression. For example, in rodents BDNF transcripts containing
BDNF exon II or exon IXa are highly expressed in the hippocam-
pus, but at much lower levels in the cortex (Aid et al., 2007).
Transgenic mice encompassing the whole rat or human BDNF
locus revealed that the transgene could not recapitulate BDNF
expression in hippocampal dentate granule cells (Koppel et al.,
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2009, 2010), implying differences in BDNF expression between
cortex and hippocampus. The expression of different BDNF
transcripts is dysregulated in a brain region-specific manner in
patients with schizophrenia and in response to antidepressants
(Wong et al,, 2010), and in mice after chronic mild stress (P.
Huang et al., 2018). Overall, the expression of BDNF varies in
different brain regions in both health and disease.

It is acknowledged that BDNF has critical and distinguished roles
in the cortex and hippocampus (Bergami et al., 2008; Hong et al.,
2008; Sakata et al., 2009; Bambah-Mukku et al., 2014; Wang et al.,
2015; Ortiz-Lopez et al,, 2017; Mudd et al,, 2019). Understanding
cell type-specific and brain region-specific stimulus-dependent regu-
lation of BDNF expression serves as the basis for discerning how
BDNF affects brain development and function. Therefore, we set out
to compare the regulation of neuronal activity-dependent BDNF
expression in cortical and hippocampal neurons.

To date, a number of transcription factors, including cal-
cium-response factor (CaRF; Tao et al., 2002), Neuronal PAS
Domain Protein 4 (NPAS4; Lin et al., 2008; Pruunsild et al.,
2011), cAMP-response element binding protein (CREB; Shieh et
al,, 1998; Tao et al., 1998; Tabuchi et al., 2002; Hong et al., 2008;
Benito et al., 2011; Pruunsild et al., 2011; Palomer et al., 2016;
Tai et al., 2016), nuclear factor of activated T-cells (NFAT;
Vashishta et al., 2009), and myocyte enhancer factor 2 (MEF2;
Flavell et al, 2008; Lyons et al, 2012) families have been
described in regulating neuronal activity-dependent BDNEF
expression (for review, see West et al., 2014). Notably, CaRF has
been shown to regulate the levels of BDNF exon IV in cortex but
not in hippocampus (McDowell et al,, 2010) and MEF2 family
transcription factors have been suggested to participate in the regu-
lation of BDNF exon I levels in hippocampal but not in cortical
neurons (Flavell et al., 2008; Lyons et al., 2012). Among the tran-
scription factors that regulate activity-dependent BDNF expression,
CREB transcription factor family is the best described. Notably,
CREB binding to CRE-elements in the genome is cell-type specific
(Cha-Molstad et al., 2004), and CREB target genes vary in different
brain regions (Tanis et al., 2008). Although the role of CREB in the
regulation of BDNF gene expression is well-established in both cort-
ical and hippocampal neurons, it is not known whether the role of
CREB in activity-dependent expression of BDNF is the same in
both of these neuronal populations.

Here, focusing on the CREB transcription factor family we
describe that the regulation of BDNF transcription by these fac-
tors and their coactivators CBP and CRTCI1 is more prominent
in cortical than in hippocampal neurons. Furthermore, our
results indicate the role of CREB family in regulating the basal
and early induced levels of BDNF mRNA after neuronal activity,
whereas CREB family has a minor role in the late induction.
We also show that CREB and coactivators CBP and CRTCI1 are im-
portant for proper induction of BDNF protein expression after
membrane depolarization in cortical neurons. We describe the
component of BDNF-TrkB signaling in membrane-depolarization
induced expression of BDNF in cortical but not in hippocampal
neurons. Additionally, we used in vitro promoter pulldown
coupled with mass spectrometric detection of the bound tran-
scription factors and report novel regulators of BDNF, namely
FOXPI1, SATB2, RAIl, TCF4, BCL11A. Our results highlight
the brain region-specific fine-tuning of BDNF expression.

Materials and Methods

Rat primary neuron culture and treatments

All animal procedures were performed in compliance with the local
ethics committee. Cortical and hippocampal neuron cultures were
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generated from Sprague Dawley rat male and female pups of the same
litter at embryonic day 20-21 as described in Esvald et al. (2020). For
lentivirus-mediated overexpression, neurons were transduced at 0 days
in vitro (DIV). All lentiviruses encoding EGFP, A-CREB, negative guide
RNA (gRNA), CREB1 gRNA, CRTCI1 gRNAs, and dCas9-KRAB-T2A-
GFP were used as detailed by Esvald et al. (2020). At 2 DIV, half of the
growth medium (for experiments with low molecular-weight inhibitors)
or the whole media (in experiments where neurons were transduced
with lentiviral particles) was changed and a final concentration of 10 um
mitotic inhibitor 5-fluoro-2’-deoxyuridine (Sigma) was added. For the
Western blotting experiments, the neurons were plated in DMEM
(Invitrogen) and 10% FBS (Pan Biotech) and the media was changed to
supplemented NBA media after ~1.5 h. Half of the media was changed
at 2 DIV and 5 DIV. In all the experiments, at 7 DIV (~24 h before the
experiment), 1 uM tetrodotoxin (Tocris Bioscience) was added to the
media to inhibit spontaneous neuronal activity. For experiments with
low molecular-weight inhibitors, 5 um CBP-CREB interaction inhibi-
tor (CCIL; in DMSO, Merck Millipore, catalog #217505, lot 2758191)
or 25 nm Az23 (in DMSO, Axon Medchem) was added 1 h or 30 min,
respectively, before KCI treatment at 8 DIV. Control cells were treated
with the corresponding volume of DMSO. At 8 DIV, 25 mm KCl
(Applichem; with 5 um D-(2R)-amino-5-phosphonovaleric acid (D-
APV, Cayman Chemical Company) to reduce excitotoxicity) was
used to elicit membrane depolarization for 1, 3, or 6 h.

RNA extraction and RT-gPCR

After treatment, cultured neurons were lysed at 8 DIV in RLT lysis buffer
(containing 1% 3 -mercaptoethanol (VWR Life Sciences) in experiments
with lentivirus transduction) and RNA was purified with RNeasy Mini kit
(QIAGEN) according to the manufacturer’s recommendations with
on-column digestion of genomic DNA using RNase-Free DNase
set (QTAGEN). RNA concentration was measured with BioSpec-
Nano (Shimadzu) or with Nanodrop 2000c (Thermo Scientific)
spectrophomoteter.

To compare mRNA levels from cortical and hippocampal tissues, the
lysates were prepared from the same pup and biological replicates were
obtained from pups of different litters. The cortex and hippocampus of 8-
day-old Sprague Dawley rat pups were dissected and frozen in 80°C.
Tissue was weighed and homogenized in QIAzol lysis reagent (QIAGEN)
at a ratio of 1 ml/100 mg of tissue (but not <500 pl). The amount of cortex
was normalized to the amount of hippocampus by taking mass equivalent
of homogenous lysate for RNA purification. Next, Qiazol was added to all
lysates to achieve a volume of 1 ml and incubated for 5 min at room tem-
perature. Then, 200 pl of chloroform was added, the mixture was shaken
vigorously, and incubated at room temperature for 3 min. Finally, the sol-
utions were centrifuged at 12,000 x g at 4°C for 15 min and the aqueous
phase was transferred to a new tube. Lastly, equal volume of 70% ethanol
was added, vortexed, and transferred to a Mini Spin column (EconoSpin).
RNA purification was then performed as for cultured neurons using
RNeasy Mini kit (QTAGEN) solutions and on-column digestion of DNA.
The concentrations of RNA were measured with Nanodrop 2000c
(Thermo Scientific) spectrophomoteter.

Equal amounts of RNA were taken to synthesize complemen-
tary DNA (cDNA) using SuperScript IV Reverse Transcriptase
(Thermo Fisher Scientific) and oligo(dT),, primer. qPCR was per-
formed using HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne)
and LightCycler 480 Instrument II (Roche). Primers used in qPCR are
listed in Tuvikene, 2021. All mRNA expression levels were normalized
to HPRT1 expression levels.

Western blotting

The neurons were grown on 24-well plates, treated at 8 DIV with KCI,
and lysed in 1x Laemmli buffer (without bromophenol blue and -
mercaptoethanol) followed by heating at 95°C for 5 min. The protein con-
centration was measured with Pierce BCA Protein Assay kit (Thermo
Scientific) according to the manufacturer’s protocol. After measuring the
concentration, bromophenol blue and B -mercaptoethanol (VWR Life
Sciences, 5% final concentration) were added, lysates were heated at 95°C
for 5 min, and centrifuged at 16,000 x g for 1 min.
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Equal amount of total protein (16-20 ug) per experiment was loaded
along with 100-200 pg of recombinant mature BDNF protein (Icosagen,
catalog #P-105-100) and separated on 15% gel using SDS-PAGE. The
proteins were transferred to a PVDF membrane using Trans-Blot Turbo
Transfer system (Bio-Rad) high MW program (constant 1.3 A, 10 min).
Next, the membranes were blocked for at least 1 h at room temperature
in 5% skimmed milk in TBST buffer (1x Tris-buffered saline (pH 7.4)
and 0.1% Tween 20), incubated overnight at 4°C with primary anti-
BDNF antibody (Icosagen, catalog #327-100, clone 3Cl11, 1mg/ml,
1:1000) in 2% milk in TBST, and then overnight at 4°C with secondary
antibody anti-mouse IgG conjugated with horseradish peroxidase (HRP;
Thermo Scientific, 1:5000) in 2% milk. After both incubations the mem-
brane was washed three times with TBST for 5 min at room temperature.
Chemiluminescence signal was produced with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) or SuperSignal West
Atto Maximum Sensitivity Substrate (Thermo Scientific). The signal was
measured using ImageQuant Las 4000 (GE Healthcare Life Sciences)
imaging system.

To measure CREB protein levels, the anti-mouse IgG-HRP signal
was quenched with 30% H,O, for 20 min at 37°C, followed by three
washes with TBST buffer. The membrane was blocked again for at least
1 h at room temperature in 5% skimmed milk in TBST buffer. Anti-
CREB antibody (Cell Signaling, D76D11, rabbit mAb #4820, 1:2500) was
incubated overnight at 4°C in 2% milk in TBST and secondary antibody
anti-rabbit IgG-HRP (Thermo Scientific, 1:5000) in 2% milk for at least
1 h at room temperature. To measure FLAG-A-CREB levels, the previ-
ous signal was again quenched with H,O,, the membrane was washed
and blocked as described above, and then reprobed with mouse mono-
clonal anti-FLAG M2-HRP antibody (Sigma-Aldrich, #A8592, 1:5000)
overnight at 4°C in 2% milk.

CRTCI protein levels were analyzed from a separate 10% gel. The
proteins were transferred to PVDF membrane using Trans-Blot Turbo
Transfer system (Bio-Rad) with modified high MW program (constant
1.3 A, 15min). The membrane was blocked and washed as described for
other membranes. Primary anti-CRTC1 antibody (Cell Signaling, C71D11,
rabbit mAb #2587, 1:1000) was incubated overnight at 4°C in 2% milk and
secondary antibody anti-rabbit IgG-HRP (Thermo Scientific, 1:5000) in 2%
milk for at least 1 h at room temperature.

For loading control, the membranes were stained with Coomassie so-
lution (0.1% Coomassie Brilliant Blue R-250 Dye, 25% ethanol, 7% acetic
acid), followed by washes with destaining solution (30% ethanol, 10%
acetic acid) and rinsing with tap water. The membranes were imaged
using ImageQuant Las 4000 (GE Healthcare Life Sciences) system.

BDNF, CREB, CRTC1, and FLAG-A-CREB protein levels were quanti-
fied using densitometric analysis with ImageQuant TL software (GE
Healthcare Life Sciences, version 7.0). A marginally small constant number
was added to each densitometric value (to account for undetectable signal
of pro-BDNF in untreated cortical neurons in some experiments), and the
specific protein levels were then normalized using Coomassie staining val-
ues. Statistical analysis was performed as described below (Experimental
design and statistical analysis).

In vitro DNA pulldown and mass spectrometry

Rat BDNF promoter I and BDNF promoter IV regions were amplified by
PCR from luciferase reporter plasmids (published in Esvald et al., 2020).
The primers used are listed in Tuvikene, 2021. The biotinylated PCR
products were purified using DNA Clean and Concentrator-100 kit
(Zymo Research).

Nine hippocampi and three cortices from 8-day-old Sprague Dawley
rat pups of both sexes were dissected and snap-frozen in liquid nitrogen.
Nuclear lysates were prepared and in vitro DNA pulldown was per-
formed as described previously (Tuvikene et al, 2021). Here, 350 ug
of nuclear proteins were bound to 75 pmol of biotinylated DNA in the
pulldown assay. The subsequent mass spectrometric analysis and custom
R-script are also described previously (Tuvikene et al., 2021). At least a
1.5-fold enrichment to one promoter respective to the other was consid-
ered as specific binding and tissue-specificity was calculated only for
transcription factors passing the specific binding criteria. All proteins
detected in mass spectrometry are listed in Extended Data Figure 7-1.
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Analysis of RNA-sequencing (RNA-seq) data

Raw RNA-seq data of previously published RNA-seq experiments [SRA
accession numbers ERP016406 (Dias et al., 2016), SRP049264 (Araujo et
al., 2015), SRP058362 (McKenna et al., 2015), SRP068801 (Jaitner et al.,
2016), SRP074487 (W.H. Huang et al., 2016), SRP102696 (Araujo et al.,
2017), SRP166779 (Garay et al., 2020), SRP261474 (Carullo et al., 2020)]
were downloaded directly as fastq files from European Nucleotide Archive
with the assistance of SRA-explorer (www.sra-explorer.info). Adapter and
quality trimming was done using BBDuk (part of bbmap version 38.79)
using the following parameters: ktrim = r k=23 mink =11 hdist=1 tbo
qtrim = Ir trimq = 10, and minlen =50 (for SRP261474), minlen =45 (for
ERP016406, SRP102696), minlen =30 (for SRP049264), minlen =25 (for
SRP166779, SRP068801, SRP058362) or minlen=65 (for SRP074487).
Reads were mapped to rn6 (annotation from ENSEMBL, release 101, for
SRP261474), hgl9 genome (annotation from Gencode release 34, for
SRP049264), or mm10 (annotation from Gencode M25 primary assembly,
for the rest of the datasets) using STAR aligner (version 2.7.3a). Detected
splice junctions were combined, junctions on mitochondrial DNA and
junctions with noncanonical intron motifs were removed. Novel splice
sites with at least 10 reads (for ERP016406, SRP261474 and SRP074487),
or at least five reads (for the rest of the datasets) in the whole dataset were
added for 2nd pass alignment using STAR. Aligned reads were assigned to
genes (to determine total BDNF expression levels) or exons (to determine
the expression levels of BDNF exon I and exon IV) using FeatureCounts
(version 2.0.0), with additional -B -C arguments for paired-end reads.
Counts were normalized using DESeq2 R package (version 1.28.1) and
visualized using ggplot2 R package (version 3.3.2). Statistical analysis was
performed on log-transformed normalized counts using two-tailed equal
variance ¢ test in Microsoft Excel 365.

Chromatin immunoprecipitation (ChIP) assay

For ChIP assay from tissue, 10-12 hippocampi and six cortices from 8-
day-old Sprague Dawley rat pups of both sexes from the same litter were
dissected and snap-frozen in liquid nitrogen. Pups from different litters
were considered biological replicates. Tissue pieces were weighed and
homogenized in 1% formaldehyde (Cell Signaling, catalog #12606,
diluted in PBS; the volume of the fixing solution was 20x the mass of
the tissue) with Dounce tissue grinder (Wheaton) using loose pestle 20
times. After that, the homogenate was transferred to a 15-ml tube and
incubated for 10 min at room temperature with rotation. Final concen-
tration of 0.125 M glycine was added to quench formaldehyde and the
mixture was rotated for another 10 min at room temperature. Next, the
mixture was centrifuged at 2600 x g at 4°C for 5min and the pellet was
washed two times with ice-cold PBS (20 volume of the tissue weight).
A protocol to obtain nuclear lysates was developed based on Vierbuchen
et al. (2017). Briefly, the pellet was resuspended in 20x volume of ice-cold
L1 [50 mm HEPES (pH 7.5), 140 mum NaCl, 1 mm EDTA, 1 mm EGTA,
0.25% Triton X-100, 0.5% NP-40, 10% glycerol, 1x cOmplete protease in-
hibitor cocktail (Roche)], rotated for 10min at 4°C and centrifuged at
2600 x g at 4°C for 5min. The pellet was next resuspended in L2 [10 mm
Tris-HCI (pH 8.0), 200 mm NaCl, 1x cOmplete protease inhibitor cocktail
(Roche)] in a volume of 20 the weight of the initial tissue piece, rotated
for 10 min at 4°C and centrifuged at 2600 x g at 4°C for 5min. Finally,
the nuclear pellet was resuspended in 10x volume of L3 [10 mm Tris-HCI
(pH 8.0), 100 mm NaCl, 1 mm EDTA, 0.5 mm EGTA, 0.1% sodium deoxy-
cholate, 0.5% N-lauroylsarcosine, 1x cOmplete protease inhibitor cocktail
(Roche)], incubated on ice for a couple of minutes, and transferred to
Diagenode 15 ml tubes onto prewashed sonication beads (0.2 g of beads
per 0.5 ml of nuclear lysate was prepared by washing three times with 1 ml
PBS, vortexing and spinning the beads down). After transferring the nuclear
lysates onto the beads, the mixture was vortexed vigorously to improve soni-
cation efficiency. Chromatin was sonicated using the BioRuptor Pico device
(Diagenode) for five cycles 30 s on and 30 s off, vortexed vigorously and
sonicated for another five cycles. Next, the lysate was transferred to a new
tube, final concentration of 1% Triton X-100 was added, and centrifuged at
4500 x g at 8°C for 5min in a swing-out rotor. The protein concentration
was measured with BCA kit, and 200-275 g of nuclear protein was used
per IP; 10 pg of CREB (Cell Signaling, D76D11, rabbit mAb #4820) or
TCF4 (CeMines) antibody or 4.8 g of BCLI1A (Developmental Studies
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Figure 1. Schematical depiction of the tools used in the current study to elucidate the role of CREB family in BDNF gene
regulation. A, CREB regulates transcription of the target genes together with coactivators (BP (or P300) and CRTCs. B,
Overexpression of a dominant-negative form of CREB, named A-CREB, which dimerizes with CREB family members based on
their basic leucine zipper domain (bZip) and inhibits binding to the DNA, therefore inhibiting CREB family-requlated transcrip-
tion. €, CRISPR interference (CRISPRI) system targeting dCas9-KRAB to the CREB1 gene promoter impairs the transcription of
CREB1 gene, reducing the levels of CREB. D, A low molecular weight compound CCll binds to the c-Myb-site on CBP and pre-
vents (BP binding to CREB family members. E, CRISPRi system targeting dCas9-KRAB to the CRTC1 gene promoter impairs the
transcription of CRTCT, reducing the levels of CRTC1. Schematics were created with BioRender.com.

J. Neurosci., December 7, 2022 - 42(49):9110-9128 - 9113

transformed, mean-centered and autoscaled
data (where applicable). For data in Figures 3
and 5 that show the direct comparison of the
role of the effector in different cultures, the
data were only log-transformed. All tested
hypotheses were specified before conducting
the experiments. Two-tailed paired ¢ tests were
performed using R 4.1.1 programming lan-
guage or Microsoft Excel 365 and p-values
were adjusted for multiple comparisons with
Holm or Holm-Sidék family-wise error rate
correction method using R p.adjust function or
GraphPad Prism 7.03 (GraphPad Software),
respectively. Exact p-values are shown in
extended data files. All experiments were
performed using three or four independent
biological replicates (cultures obtained from
different litters, n =3-4). For graphical rep-
resentation, transformed and scaled means
and mean = SEM were back-transformed to
linear scale with error bars representing
upper and lower limits of back-transformed
mean * SEM. For RNA-seq data from
(Carullo et al., 2020), statistical analysis was
performed using DESeq2 package in R.

Results

Activity-dependent BDNF gene
regulation by CREB family
transcription factors

The expression of BDNF is induced in
response to various stimuli, of which
induction by neuronal activity is one of
the most well-studied (for review, see
West et al.,, 2014). We cultured rat corti-

Hybridoma Bank, PCRP-BCL11A-1G10) antibody was used for overnight
incubation at 4°C. At the same time, 50 pl Dynabeads Protein G
(Invitrogen) per IP were prewashed 2 times with 0.02% Tween 20-PBS
and blocked overnight with 200 pg/ml BSA (Thermo Scientific) at 4°C.

The next day, the Dynabeads were washed twice with 0.02% Tween
20-PBS and diluted in L3, containing Triton X-100 and protease inhibitor
solution. Dynabeads were added to the lysates and incubated on a rotator
for 5-7 h at 4°C. Finally, the beads were washed four times in 1 ml wash
buffer [1% Triton X-100, 0.1% SDS, 150 mm NaCl, 2 mm EDTA, 20 mm
Tris-HCI (pH 8.0), 1x cOmplete protease inhibitor cocktail (Roche)] and
once with final wash buffer [1% Triton X-100, 0.1% SDS, 500 mm NaCl, 2
mM EDTA, 20 mum Tris-HCI (pH 8.0), 1x cOmplete protease inhibitor
cocktail (Roche)]. DNA-protein complexes were eluted with 50 ul elution
buffer (1% SDS, 100 mm NaHCOs, 1 mm EDTA) at 37°C for 10 min for
three times with the final elution performed at additional 65°C for 5 min. At
the same time, 10% of input samples were also diluted with elution buffer to
a final volume of 150 ul. Final concentration of 250 mm NaCl was added to
IP and input samples and samples were decrosslinked overnight at 65°C.

Next day, 125 ug/ml RNase A (PanReac Applichem) was added and
incubated at 37°C for 1-2 h. Then, final concentrations of 6 mm EDTA
and 240 ug/ml proteinase K (Fisher Bioreagent) were added and incubated
at 45°C for 2 h. The genomic DNA was purified using QIAquick PCR
Purification kit (QITAGEN).

DNA enrichment was measured with qPCR using primers listed in
Tuvikene, 2021 and LightCycler 480 SYBR Green I Master kit (Roche). The
DNA enrichment was calculated as percent of input relative to the levels of
unrelated region (URR).

Experimental design and statistical analysis
Sample size estimation was not performed, and randomization and
blinding were not used. Statistical analysis was performed on log-

cal and hippocampal neurons from pups

of the same litter to reduce the role of
biological variability and ensure the comparability of the two
neuronal populations, and investigated the role of CREB fam-
ily transcription factors in membrane depolarization-induced
BDNF gene expression (Fig. 1A). CREB family consists of
three basic-leucine zipper transcription factors - activating
transcription factor 1 (ATF1), cAMP-response element-bind-
ing protein (CREB), and cAMP response element modulator
(CREM; Mayr and Montminy, 2001). To investigate the
involvement of CREB family transcription factors in mem-
brane depolarization-dependent BDNF induction, we overex-
pressed a dominant-negative form of CREB, named A-CREB.
The mechanism of function for A-CREB is based on dimeri-
zation with CREB basic leucine zipper (bZip) domain (Ahn et
al., 1998). Since the bZip domain in ATF1, CREB, and CREM
is highly similar, A-CREB can impair the DNA binding of all
the CREB family members (Fig. 1B).

CREB family transcription factors have two main types of coac-
tivators that potentiate CREB-regulated transcription: CREB-bind-
ing protein (CBP) and P300 (for review, see Mayr and Montminy,
2001) and CREB-regulated transcriptional coactivators or CRTCs
(for review, see Saura and Cardinaux, 2017). Of these, CBP interacts
with phosphorylated kinase-inducible domain (KID; Parker et al,
1996; Radhakrishnan et al., 1997; Shaywitz et al., 2000; Dahal et al,,
2017a,b) and CRTCs bind the bZip domain of CREB family mem-
bers (Luo et al., 2012; Y. Song et al., 2018). To determine the rele-
vance of interaction between CREB family and its coactivator CBP,
we used a low molecular weight CBP-CREB interaction inhibitor
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(CCIL Best et al., 2004; Li and Xiao, 2009; Fig. 1D). To further eluci-
date the specific role of CREB transcription factor and CREB family
coactivator CRTCI in BDNF gene regulation, we silenced their
expression with CRISPR interference (Fig. 1C,D, respectively).

Finally, we have previously described a BDNF-TrkB signal-
ing-dependent positive feedback loop in rat cortical neurons
where BDNF-TrkB signaling induces the expression of all major
BDNF transcripts in a CREB-family and CBP-dependent man-
ner (Esvald et al, 2020). As membrane depolarization induces
both BDNF expression and BDNF secretion (for review, see Sasi
et al, 2017; M. Song et al., 2017), it is plausible that at least part
of the induction of BDNF expression after membrane depolari-
zation depends on TrkB signaling. Therefore, to determine
whether the BDNF-TrkB signaling component participates in
depolarization-dependent BDNF gene regulation, we treated the
cells with Trk receptor inhibitor Az23 (Thress et al., 2009) before
KCI treatment. We measured the expression levels of total
BDNF, major BDNF transcripts (exon I, Ilc, III, IV, VI, IXa),
and CREB family members using RT-qPCR to elucidate gene
expression regulation after membrane depolarization in cortical
and hippocampal neurons.

First, we determined the extent and dynamics of neuronal ac-
tivity-dependent BDNF induction. Our results collectively showed
that total BDNF expression is more inducible in response to mem-
brane depolarization in cortical neurons than in hippocampal neu-
rons (Figs. 2A, 3A). Our data also showed that all major BDNF
transcripts are induced faster in cortical neurons than in hippo-
campal neurons as the inductions in cortical neurons after 1 h
treatment were higher than in hippocampal neurons (Figs. 24,
3A). Similarly, after prolonged depolarization all major transcripts
except BDNF exon I transcripts showed higher inducibility in
cortical neurons than in hippocampal neurons, whereas BDNF
exon I transcripts showed similar induction between the two cul-
tures (Figs. 24, 3A).

Next, we focused on the role of CREB family in the regula-
tion of BDNF gene expression. In cortical neurons, overex-
pression of a dominant-negative form of the CREB family,
A-CREB, decreased the basal expression and both the early
and late induction of the major BDNF transcripts (Figs. 2B,
3B). Meanwhile, in hippocampal neurons overexpression of
A-CREB diminished mainly basal expression and early induc-
tion of the major BDNF transcripts, while the late induction was
largely unaffected (Figs. 2B, 3B). In contrast to other BDNF tran-
scripts, the levels of BDNF exon VI transcripts were increased in
response to A-CREB overexpression both in unstimulated neurons
and after depolarization in both cortical and hippocampal neurons
(Figs. 2B, 3B). Collectively our results show that the neuronal activ-
ity-induced levels of BDNF are decreased by A-CREB overexpres-
sion more in cortical than in hippocampal neurons (Fig. 3B).

The specific knock-down of CREB1 gene expression (knock-
down ~7- to 8-fold in both cortical and hippocampal untreated
neurons, see Fig. 4C) revealed that CREB transcription factor
participates in the early induction of BDNF exon I and exon IV
transcripts in cortical neurons (Figs. 2C, 3C). In contrast, knock-
down of CREBI had only mild effect on BDNF expression in
hippocampal neurons with the strongest effect on the early
induction of BDNF exon IV (Figs. 2C, 3C). Notably, in both neu-
ronal cultures we again detected increase in the expression of
BDNF exon VI transcripts (Figs. 2C, 3C), showing an opposite
regulation compared with other BDNF transcripts by CREB
transcription factor.

Next, we focused on the coactivators of CREB family in the reg-
ulation of BDNF expression. Disrupting the interaction between

Esvald etal. e BDNF Regulation in Cortex and Hippocampus

coactivator CBP and CREB with low molecular weight inhibitor,
CCII, showed that the late induction of BDNF exon I containing
transcripts depends on CBP in both cortical and hippocampal neu-
rons (Figs. 2D, 3D). Interestingly, in cortical neurons impairing
CBP recruitment decreased both the early and late induction of
BDNF exon IV and exon VI transcripts, whereas in hippocampal
neurons the late induction of both transcripts was increased (Figs.
2D, 3D).

Knock-down of the coactivator CRTCI in cortical neurons
reduced CRTCI levels ~7-fold (see Fig. 4E) and mostly de-
creased the early induction of major BDNF transcripts (Figs. 2E,
3E). In hippocampal neurons the CRTCI knock-down was
slightly more efficient and reduced the CRTCI levels ~13-fold
(see Fig. 4E) and this increased both the basal expression of
BDNF transcripts of the first cluster of exons (exons I, Ilc, and
I1I) and induced levels of exon I and III transcripts (Figs. 2E, 3E).
In contrast to the opposite effect on BDNF exon I transcripts in
cortical and hippocampal neurons (Fig. 3E), CRTCI knock-
down decreased the induction of BDNF exon IV transcripts in
both neuron cultures, although the effect was more prominent in
hippocampal neurons (Figs. 2E, 3E). CRTCI knock-down also
decreased the early induction of BDNF exon VI transcripts in
cortical neurons, whereas such effect was not seen in hippocam-
pal neurons (Figs. 2E, 3E).

Lastly, we found that BDNF-TrkB signaling slightly contrib-
uted to the membrane depolarization-induced BDNF expression
at later time points in cortical neurons, whereas no effect of in-
hibiting BDNF-TrkB signaling was seen in hippocampal neurons
(Figs. 2F, 3F). The difference between cultures was consistently
seen for all transcripts after prolonged membrane depolarization,
although the difference was mostly not statistically significant
(Fig. 3F).

Collectively our results show that BDNF exon I and IV
transcripts, the most inducible BDNF transcripts, were con-
sistently dependent on CREB family and their coactivators
both in cortical and hippocampal neurons. Our results indi-
cate that the induction of BDNF exon I in cortical neurons
depends on CREB, CBP, and CRTCI, with CRTC1 being im-
portant throughout the measured timepoints of depolariza-
tion and CBP rather at later timepoints. The induction of
BDNF exon IV in cortical neurons was also regulated by
CREB, CBP, and CRTCI, whereas the induction in hippo-
campal neurons was regulated by CREB and CRTC1. The op-
posite effect of CRTCI knock-down on BDNF exon I levels
in cortical and hippocampal neurons and the opposite regula-
tion of BDNF exon VI compared with other BDNF transcripts
need further investigation. Overall, our results suggest that the
activity-dependent regulation of BDNF transcripts in cortical
neurons relies more on the CREB family and coactivators than
in hippocampal neurons. Our results also suggest that the faster
inducibility of BDNF in cortical neurons could be a result of
the increased regulation by CREB family.

Activity-dependent expression and regulation of CREB
family members

To further elucidate the mechanism of CREB family-depend-
ent gene expression in different neuronal populations, we
measured the activity-dependent expression levels of all the
CREB family members, CREB1, ATF1, and CREM, in cortical
and hippocampal neurons. CREBI is known to be a constitu-
tively expressed gene and CREB protein activity is mainly
regulated by posttranslational mechanisms (for review, see
Johannessen et al., 2004), as phosphorylation of CREB in the
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Figure 2.  Regulation of activity-dependent BDNF gene expression by CREB family transcription factors and their coactivators in cortical and hippocampal neurons. Cultured rat cortical (CTX)
or hippocampal (HC) neurons were left untreated (0 h) or treated with 25 mm KCl at 8 DIV for the indicated time (1, 3, or 6 h). Total BDNF levels (Coding) or different BDNF transcripts (indi-
cated by the respective 5 exon name) were measured using RT-qPCR. A, Induction of BDNF in response to membrane depolarization with KCl. Regulation of activity-dependent BDNF expres-
sion by various effectors: (B) overexpression of dominant-negative for the CREB family (A-CREB), (€) knock-down of CREB1 gene expression using CRISPRi, (D) disruption of the interaction
between CBP and CREB (CCIl), (E) knock-down of coactivator CRTCT with CRISPRi, and (F) inhibition of Trk receptor signaling with Az23. Data are shown relative to the transcripts’ levels in
untreated cells in the respective culture (A) or in the control cells [expressing EGFP, or negative guide RNA (gRNA) and dCas9-KRAB, or treated with DMSO] at the indicated time point in the re-
spective culture (B—F). The bar graphs show the average fold changes for n =18 (4, 3 independent experiments plus the combined data from all control cells shown on panels B—F) or n =3
(B~F) independent biological experiments. All data points are shown as dots, and each biological replicate (i.e., cultures derived from animals of different litters) is denoted with the same
color. Error bars represent mean == SEM. Statistical significance is shown compared with the expression levels in untreated cells in the respective culture (A) or in control cells at the respective
time point of KCI treatment in the respective culture (B—F). Group averages and exact p-values are shown in Extended Data Figure 2-1. #p << 0.1, *p < 0.05, **p < 0.01, ***p < 0.001,
paired two tailed  test, corrected for multiple comparisons using Holm method.

kinase-inducible domain (KID) stabilizes its interaction with ~ both cortical and hippocampal neurons (Fig. 4A). However, in
the transcriptional coactivator CBP (Dahal et al,, 2017a, b).  hippocampal but not in cortical neurons there was a slight but
Our results showed that membrane depolarization slightly = consistent upregulation of both CREBI1 and ATF1 mRNA lev-
decreases CREBI levels after 3 h membrane depolarization in els at the 6-h time point (Figs. 44, 5A).
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Figure 3. Comparison of the effect of impairing CREB family and coactivators in cortical and hippocampal neurons on activity-dependent BDNF gene expression. Cultured rat cortical (CTX) or

hippocampal (HC) neurons were left untreated (0 h) or treated with 25 mum KCl at 8 DIV for the indicated time (1, 3, or 6 h). Total BDNF levels (Coding) or different BDNF transcripts (indicated
by the respective 5" exon name) were measured using RT-qPCR. Data from Figure 2 are shown relative to the transcripts’ levels in the control cells [cells expressing EGFP, or negative guide
RNA (gRNA) and dCas9-KRAB, or treated with DMSO] at the respective treatment time point. The bar graphs show the average fold changes of the effector, all data points are shown as dots,
and each biological replicate [i.e., cultures derived from animals of different litters, n = 18 (A) or n =3 (B-F)] is denoted with the same color. Error bars represent mean == SEM. Statistical sig-
nificance is shown compared with the effector fold change between cortical and hippocampal neurons at the respective time point of Kl treatment. Group averages and exact p-values are
shown in Extended Data Figure 3-1. #p << 0.1, *p << 0.05, **p << 0.01, ***p << 0.001, paired two tailed t test, corrected for multiple comparisons using Holm method.

Next, we focused on the expression of CREM and inducible
cAMP early repressor (ICER). The expression of ICER inside the
CREM gene is controlled by an intronic promoter with four tan-
demly placed CRE elements, making it highly inducible by CREB
family transcription factors (Molina et al., 1993). ICER contains
only the CREM DNA binding domain and competes with the
CREB family members in binding to DNA, therefore attenuating
CREB family-regulated gene expression (Molina et al, 1993;
Walker et al., 1998; Mioduszewska et al., 2003). Since CREM gene
can also produce various repressor and activator forms of CREM
via alternative splicing and exon shuffling (Foulkes et al., 1991;
Laoide et al., 1993), we specifically measured the expression levels
of CREM activator forms that contain the KID domain. Our data
showed that the levels of the activator forms of CREM were slightly
and the negative regulator ICER were remarkably increased in
response to membrane depolarization (Fig. 4A). Notably, while the
induction of CREM activator forms was relatively similar in both
cortical and hippocampal neurons, the induction of ICER was
faster and reached a higher induced level in cortical neurons than
in hippocampal neurons (Figs. 44, 5A).

Next, we analyzed the expression of CREB family members
after overexpression of A-CREB, knock-down of CREBI and
CRTCI1 and inhibition of CBP recruitment by CCIL Notably,
overexpression of A-CREB strongly induced the expression of
CREB1 and CREM, with the effect being stronger in cortical neu-
rons, and also slightly induced ATF1 expression in both cultures
(Figs. 4B, 5B), indicating that CREB family members try to nor-
malize their functional levels in response to impairing CREB
family-dependent transcription. In agreement with Esvald et al.
(2020), knock-down of CREBI expression remarkably induced
the expression of CREM in both neuronal cultures (Fig. 4C), but
more strongly in cortical neurons (Fig. 5C), indicating the exis-
tence of a compensatory mechanism between CREB and CREM,
and also providing a possible explanation why A-CREB, which
inhibits all the members of the CREB family, tends to have a
more profound effect on BDNF gene expression than specific
silencing of CREBI. Neither inhibition of CBP recruitment nor
knock-down of CRTCL1 affected the expression of CREBI and
ATF1 in cortical neurons (Fig. 4D, E). Interestingly, the late
induction of CREBI in hippocampal neurons seems to slightly
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Figure 4.  Regulation of ATF1, CREB1, and CREM by CREB family transcription factors and their

coactivators in cortical and hippocampal neurons. Cultured rat cortical (CTX) or hippocampal (HC)
neurons were left untreated (0 h) or treated with 25 mm KCl at 8 DIV for the indicated time (1, 3,
or 6 h). Levels of different CREB family members (ATF1, CREBT, and CREM activator forms contain-
ing the KID domain (CREM) or CREM negative requlator ICER) were measured using RT-qPCR. A,
Regulation of CREB family members in response to membrane depolarization with KCI. Regulation
of activity-dependent CREB family expression by various effectors: (B) overexpression of dominant-
negative for the CREB family (A-CREB), (€) knock-down of CREB1 gene expression using CRISPRi,
(D) disruption of the interaction between (BP and CREB (CCll), (E) knock-down of coactivator
CRTCT with CRISPRI. Data are shown relative to the transcripts’ levels in untreated cells in the re-
spective culture (A) or in the control cells [expressing EGFP, or negative guide RNA (gRNA) and
dCas9-KRAB, or treated with DMSQ] at the indicated time point in the respective culture (B-E).
The bar graphs show the average fold changes for n =12 (A, combined data from all control cells
shown on panels B—E) or n=3 (B-F) independent biological experiments. All data points are
shown as dots, and each biological replicate (i.e., cultures derived from animals of different litters) is
denoted with the same color. Emor bars represent mean == SEM. Statistical significance is shown
compared with the expression levels in untreated cells in the respective culture (4) or in control cells
at the respective time point of KCI treatment in respective culture (B—E). Group averages and exact
p-values are shown in Extended Data Figure 4-1. #p << 0.1, *p << 0.05, **p << 0.01, **p < 0.001,
paired two tailed ¢ test, corrected for multiple comparisons using Holm method.
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Figure 5. Comparison of impairing CREB family and coactivators in cortical and hippocam-
pal neurons on the gene expression of CREB family members. Cultured rat cortical (CTX) or
hippocampal (HC) neurons were left untreated (0 h) or treated with 25 mm KCl at 8 DIV for
the indicated time (1, 3, or 6 h). Levels of different CREB family members [CREB1, ATF1,
CREM activator forms containing the KID domain (CREM) or CREM negative regulator ICER]
were measured using RT-gPCR. Data from Figure 4 are shown relative to the transcripts’ lev-
els in the control cells [expressing EGFP, or negative guide RNA (gRNA) and dCas9-KRAB, or
treated with DMSO] at the respective treatment time point. The bar graphs show the average
fold changes of the effector, all data points are shown as dots and each biological replicate
[i.e., cultures derived from animals of different litters, n = 12 (A) or n=3 (B—E)] is denoted
with the same color. Error bars represent mean = SEM. Statistical significance is shown
compared with the effector fold change between cortical and hippocampal neurons at the re-
spective time point of KCI treatment. Group averages and exact p-values are shown in
Extended Data Figure 5-1. #p << 0.1, *p << 0.05, **p << 0.01, ***p << 0.001, paired two
tailed t test, corrected for multiple comparisons using Holm method.

depend on CBP and CRTC1 (Fig. 4D, E). The late induction of
CREM was increased upon CRTCI knock-down similarly in
both cultures (Figs. 4E, 5E).

The regulation of ICER by CREB family members was
different in cortical and hippocampal neurons. The expres-
sion of ICER was more inducible in cortical neurons (Figs.
4A, 5A) and this activity-dependent induction of ICER was
impaired by CREBI knock-down in cortical neurons but
not in hippocampal neurons (Figs. 4C, 5C). The knock-
down of CRTCI decreased the induced levels of ICER in
both cultures (Fig. 4E), but the effect on ICER levels was
stronger and also apparent earlier after membrane depolari-
zation in cortical neurons compared with hippocampal
neurons (Fig. 5E). It appears that the induction of ICER is
lower and less dependent on CREB in hippocampal neu-
rons, suggesting that the ICER-dependent CREB family
negative feedback loop is also less potent in hippocampal
neurons than in cortical neurons.
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Activity-dependent regulation of BDNF protein levels

Next, we investigated whether BDNF protein levels are also
affected by impairing CREB family transcription factors and
coactivators. For that we used the same tools as for qPCR analy-
sis (Fig. 1), treated cortical and hippocampal neurons at 8 DIV
with KClI and analyzed the protein levels using Western blotting.
To detect BDNF we used a highly sensitive BDNF antibody that
has been validated on BDNF knock-out animal brain tissue
(Wosnitzka et al., 2020) and can detect even 15 pg of recombi-
nant BDNF in Western blotting (our unpublished data).

In agreement with the BDNF mRNA levels, our data show
that both pro-BDNF and mature BDNF protein levels are more
inducible in cortical neurons than in hippocampal neurons (Fig.
6A-D). Our results also indicate that the BDNF protein induc-
tion is faster in cortical than in hippocampal neurons, and that
an increase in pro-BDNF levels can be detected before mature
BDNF levels rise (Fig. 6A-D). The overexpression of A-CREB
abolished the activity-dependent expression of mature BDNF
protein in cortical neurons, while in hippocampal neurons only a
minor effect on mature BDNF protein levels was seen (Fig. 6A).
Similarly, the overexpression of A-CREB almost completely abol-
ished the induction of pro-BDNF in cortical neurons, and
decreased the induction in hippocampal neurons (Fig. 6A). In
accordance with the CREBI mRNA levels, the overexpression of
A-CREB increased CREB protein levels in both cortical and hip-
pocampal neurons, but the effect on protein levels was more
prominent in hippocampal neurons (Fig. 6A).

We next focused on the specific role of CREB transcription
factor. The knock-down of CREB1 gene decreased CREB protein
levels 5- to 8-fold in both cortical and hippocampal neurons, and
decreased the protein induction of mature BDNF in cortical neu-
rons at both 3 and 6 h of KCI treatment, and in hippocampal
neurons only at the 6 h time point (Fig. 6B). A decrease in the
levels of pro-BDNF was detected in both cortical and hippocam-
pal neurons, with the effect being smaller in hippocampal neu-
rons (Fig. 6B).

Next, we focused on the coactivators CBP and CRTC1 in the
regulation of BDNF expression levels. By impairing CBP recruit-
ment the induction of pro-BDNF and mature BDNF induction
was greatly inhibited in cortical neurons, and was again mostly
evident in hippocampal neurons only at the 6 h time point (Fig.
6C). Interestingly, CCII treatment slightly increased CREB pro-
tein levels in cortical neurons (Fig. 6C), although we did not
detect any effect on the CREB1 mRNA levels (Fig. 4D).

Finally, CRTC1 knock-down decreased CRTC1 protein levels
~7-and ~15-fold in cortical and hippocampal neurons, respec-
tively (Fig. 6D). We also detected depolarization-dependent de-
phosphorylation of CRTCI as a shift in the mobility in Western
blot analysis. Interestingly, CRTC1 knock-down had an opposing
effect on the BDNF protein levels in cortical and hippocampal
neurons — CRTC1 knock-down decreased the depolarization-
induced levels of pro-BDNF and mature BDNF in cortical neu-
rons but increased their levels in hippocampal neurons (Fig. 6D).
Although the CRTC1 knock-down did not increase total BDNF
mRNA levels, it increased BDNF exon I mRNA levels in hippo-
campal neurons (Fig. 2E), and thus the increased BDNF protein
levels in hippocampal neurons could be explained by more effi-
cient translation of BDNF exon I-containing transcripts as shown
previously (Koppel et al., 2015). The lower levels of CRTC1 did
not affect the CREB protein levels (Fig. 6D).

Collectively, our data show that CREB family and coactivators
CBP and CRTC1 are the main regulators of activity-dependent
induction of BDNF in cortical neurons, whereas they play a less
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prominent role in the induction of BDNF levels in hippocampal
neurons.

Identification of tissue-specific transcription factors binding
to BDNF promoters I and IV in vitro

Since, to our surprise, the role of CREB family in BDNF gene
regulation was smaller than we expected, especially for the late
induction and in the hippocampus, we next aimed to decipher
which transcription factors additionally regulate BDNF gene
expression in the cortex and hippocampus. For that we employed
in vitro DNA pulldown assay with promoter I and IV fragments
using 8-day-old rat cortical and hippocampal tissue nuclear
lysates and identified the bound proteins using label-free liquid
chromatography-coupled mass spectrometry (LC-MS; Fig. 7A).
A similar approach has previously been used to determine tran-
scription factors that bind to an obesity-related SNP region
within the BDNF gene (Mou et al., 2015) and to an intronic
enhancer region inside the BDNF gene (Tuvikene et al., 2021).
Here, we selected transcription factors from mass spectrometric
analysis according to Gene Ontology classification and compared
their signal between pulldowns using either BDNF promoter I or
IV. We set a ratio of 1.5 as a threshold for specific binding
between the two promoter regions and then determined the
brain region preference of the identified promoter-specific tran-
scription factors (Fig. 7B).

For BDNF promoter I, we detected binding of several factors
that are widely acknowledged to regulate the activity of the pro-
moter, ie., cAMP-response element binding protein (CREB;
Tabuchi et al., 2002; Pruunsild et al., 2011), aryl hydrocarbon re-
ceptor nuclear translocator 2 (ARNT2; Pruunsild et al., 2011;
Bloodgood et al., 2013) and activator protein 1 (AP1) family
transcription factors JunB and JunD (Tuvikene et al.,, 2016). For
BDNF promoter IV, our assay also revealed numerous transcrip-
tion factors previously reported to regulate the activity of the
promoter (Fig. 7B), including myocyte enhancer factor 2 (MEF2)
family members MEF2a and MEF2c (Flavell et al., 2008; Lyons et
al., 2012; Chen et al., 2020), USF1 and USF2, the members of
upstream stimulatory factor (USF) family of basic helix-loop-he-
lix leucine zipper proteins (Chen et al., 2003b; Pruunsild et al.,
2011), and methyl CpG binding protein 2 (MeCP2; Chen et al,,
2003a; Martinowich et al,, 2003; Yazdani et al., 2012; Tai et al,,
2016). Moreover, several of the factors have a predicted binding
site (Fig. 7B) according to Jaspar in silico prediction (Fornes et
al., 2020). Based on the rediscovery of many known regulators of
BDNF, we conclude that our in vitro pulldown assay is reliable
and could therefore possibly also determine novel regulators of
BDNF. We discovered numerous potential regulators of BDNF
promoter I that might confer brain region-specific expression.
For example, nuclear factor 1 protein NFIA, homeobox protein
PROX1, and zinc finger proteins ZFP37 and KLF12 showed
enriched binding to BDNF promoter I in the hippocampal lysate
and zinc finger protein BCL11A and T-box family transcription
factor TBRI in the cortical lysate (Fig. 7B). Meanwhile, homeo-
box proteins SATB1 and SATB2, and forkhead box protein
FOXP1, identified by us as novel regulators of BDNF promoter
IV, showed cortex-specific binding and zinc finger protein RAI1
and helix-loop-helix protein TCF4 showed hippocampus-specific
binding to BDNF promoter IV (Fig. 7B).

Differential expression of the in vitro bound factors in
different neuronal populations

Next, we asked whether the transcription factors that showed
brain region-preference in the in vitro promoter pulldown assay
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Figure 6.  Regulation of activity-dependent BDNF protein levels by CREB family transcription factors and coactivators in cortical and hippocampal neurons. Cultured rat cortical (CTX) or hippo-
campal (HC) neurons were left untreated (0 h) or treated with 25 mm KCl at 8 DIV for the indicated time (1, 3, or 6 h). Regulation of activity-dependent BDNF protein expression was analyzed
using lentiviruses encoding EGFP- or A-CREB (A), dCas9-KRAB along with negative control guide RNA (neg gRNA) or gRNA targeting CREB1 promoter (CREBT gRNA; B), or preteated with CBP-
CREB interaction inhibitor (CCll; €), or with dCas9-KRAB along with gRNA targeting CRTC1 promoter (CRTCT gRNA; D). A-CREB, CREB, CRTCT, pro-BDNF, and mature BDNF (mBDNF) protein levels
were measured using Western blotting and representative Western blotting images in cortical and hippocampal neurons are shown on the left, with Coomassie staining as a loading
control. The pro-BDNF and mature BDNF levels were measured from the same membrane and their protein levels are shown using the same exposition time. The bar graphs on the right show
densitometric analysis of the expression levels of CREB, CRTC1, pro-BDNF, and mature BDNF normalized with Coomassie signal. The protein levels in untreated control neurons (EGFP- or neg
gRNA-expressing neurons or neurons treated with DMS0) were taken as 1. Error bars represent mean = SEM of four biological replicates (n =4), and individual data points of each biological
replicate are shown with dots. Statistical significance is shown relative to the respective protein levels in control cells at the respective time point of KCl treatment in respective culture. Group
averages and exact p-values are shown in Extended Data Figure 6-1. #p << 0.1, *p << 0.05, **p << 0.01, ***p < 0.001, paired two tailed ¢ test, corrected for multiple comparisons using Holm
method.
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Figure 7.

Numerous novel and previously reported transcription factors bind to BDNF promoters | and IV in vitro. A, Schematic of the setup of the in vitro DNA pulldown experiment (sche-

matics created with BioRender). Cortical and hippocampal tissues were isolated from 8-day-old Sprague Dawley rat pups, nondenaturing nuclear lysates were prepared and subjected to in vitro
promoter pulldown. Transcription factors bound to BDNF promoters | and IV were determined by LC-MS/MS. All peptides, proteins and transcription factors detected in mass spectrometry are

listed in Extended Data Figure 7-1. B, Transcription factors showing promoter-specific binding to

BDNF promoters | (upper panel) and IV (lower panel). Specific binding was determined as

>1.5 ratio of binding signal to one promoter relative to the other promoter in the respective tissue sample. The figure depicts only transcription factors that were found to bind specifically to
the respective promoter in either cortical or hippocampal sample. List of transcription factors with semicolons between gene names mark uncertainty in assigning the detected peptides to pro-

teins. The red lines represent zero (no tissue-specific difference) and borders of 2-fold difference in

label free quantification (LFQ) intensity between the two tissues. Colors indicate the maximal

LFQ signal intensity for the indicated transcription factor in either cortical or hippocampal samples. The red asterisks mark transcription factors that have a binding site in the respective pro-

moter according to Jaspar database (Fornes et al., 2020).

2-fold difference in expression levels between cultured cortical
and hippocampal neurons (Fig. 8B; Extended Data Fig. 8-1). Of
the novel factors that showed specific binding to BDNF pro-
moter I, Prox1 has remarkably higher expression levels in hippo-
campal neurons, and Tbrl is more highly expressed in cortical

neurons (Fig. 8B), in agreement with our in vitro pulldown assay.
Foxpl, Mef2c, Satbl, Satb2, and the high-mobility group (HMG)
domain-containing Sox5, which showed preferential binding to
BDNEF promoter IV in cortical lysates, also have higher expression
levels in cortical neurons than in hippocampal neurons (Fig. 8B).
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Figure 8.  Various transcription factors that bind BDNF promoters in vitro are differentially expressed in cortical and hippocampal neurons and in cortex and hippocampus in vivo. A, B, RNA-
sequencing (RNA-seq) data from embryonic day 18-derived rat cultured cortical (CTX) or hippocampal (HC) neurons treated with 10 mum KCI or vehicle for 1 h at 11 DIV (from Carullo et al.,
2020) was used to analyze the expression levels of BDNF (4) and the transcription factors that we determined as specifically bound to BDNF promoter regions in the in vitro promoter pulldown
experiment (B). Only transcription factors showing at least 2-fold expression difference between cultured cortical and hippocampal neurons in either untreated or KCl-treated neurons are
shown. RNA-seq counts were normalized with DESeq2 and are shown as box plots, where the hinges show 25% and 75% quartiles, the horizontal line shows the median value, the upper
whisker extends from the hinge to the largest value no further than 1.5 interquartile range from the hinge, the lower whisker extends from the hinge to the smallest value at most 1.5x
interquartile range of the hinge. All data points are shown with dots. Expression data and statistical analysis for all the transcription factors detected to bind BDNF promoters in the in vitro pull-
down assay are listed in Extended Data Figure 8-1. C, mRNA levels of the selected transcription factors in cortex and hippocampus of P8 Sprague Dawley pups shown as relative to the expres-
sion levels in cortex measured by RT-qPCR (group averages and exact p-values are listed in Extended Data Fig. 8-2). The expression levels of the determined transcription factors in the human
cortex based on the GTEx portal are shown in Extended Data Figure 8-3. Error bars represent upper and lower limits of back-transformed mean = SEM of three different litters (n = 3).
Statistigal significance is shown compared with the expression levels in cortex. *p <<0.05, **p << 0.01, ***p < 0.001, paired two tailed ¢ test, corrected for multiple comparisons using
Holm-Siddk method.



9122 - J. Neurosci., December 7, 2022 - 42(49):9110-9128

Esvald etal. e BDNF Regulation in Cortex and Hippocampus

A = ar B =or C 5 D = an E =Nl F B3 shctrl G 2w Ny
] Foxpl cKO =1 FOXP1 ] Satb2 KO =] Satb2 ckO 3 Rail ckO =3 shRail =3 Bdlla
*x% *% 1504 *** * # *
] . ]
500 & 500 4 &5 800 4 &
750 = ;;H
. 1500
° 3 400 " 4 1000 - 5 400 - * 9 "
sl o le 0 FalE 3™ L3 R Lk
= | |
| 5 501 1. 3 3 3 3 3 1000 -
] ] g ] g g i g
= N N N N N N 400 N
Sl 8 ‘T 200 T T 500 T 200 5= s =
2| € E E 507 =% E 1 3 £
5 250 7 5 s 5 s S 500 4 %'Elﬁ S 500
=z =z 100 4 =z =z 100 =z =z
-~
0 A 0 A 04 04 0 1 04 0 A
X HC NPC [ar% HC CTX  HTH TIX vehicle BIC X HC
# 25 - * *
8 - . 1.00
6 - B 60 - -
15 04 52
w 8 ] 2 n 2 8 8
- £ °] £07 £ - £ £ 204
< <] - o o 4 5] o 154 ] i o
2l s S % 5 107 ° < S
2 E 4 g 0% 1 E E £ I g
Z| s = = = 5 10 = T i
ol £ 3 E 24 3 £ 3 ] E 10
@ 5 5] Q 5 025 s 5 5 s s 20 EFF S
=z =z =z =z =z 5 4 =z =z
.
0 A ! I o—E;] 04 0 1 04 0 0 A
X HC NPC [ar% HC CTX  HTH TIX vehicle BIC X HC
* * * # 60 4
81 p +$ 60 - %l
6 - 30 4
o s 6l 2 104 o o 157 o -
=| g < < s H s S ol TS a0
sl 8 3 8 g 04 8 g 8
o ’ .
5| & IR Z z S I 3
sl = k] 5 54 s s k] s
&l € 3 13 3 £ E 204 ¢| E 201
2l & 21 S P ] s 104 5 5 S S
P-4 z P4 =z P-4 $ z 4
&
0 1 0 A 04 04 0 1 o4 0 A
X HC NPC X HC CTX  HTH TTX vehicle BIC X HC

Figure 9.

Transcription factors FOXP1, SATB2, RAIT, BCL11A regulate BDNF expression in a brain region-specific manner. Total BDNF levels (upper panels), levels of BDNF exon | (middle pan-

els), and BDNF exon IV (lower panels) were analyzed from previously published RNA-seq experiments: (A) postnatal day 47 adult male mice cortex (CTX) and hippocampus (HC) in pyramidal
neuron-specific Foxp1 conditional knock-out (cKO) animals using Emx1-Cre driver (Araujo et al., 2017); (B) human neural progenitor cells (NPC) overexpressing GFP or FOXP1 (Araujo et al.,
2015); (€) postnatal day 0 CTX of Sath2 knock-out animals (McKenna et al., 2015); (D) adult mice HC CA1 region in Sath2 conditional knock-out in adult neurons using Camk2a-Cre driver
(Jaitner et al., 2016); (E) three-week-old Rai1 flox/flox (Ctrl) and Rai1 cKO using Nestin-Cre driver in CTX and eight-week-old Rai1 cKO using Vglut2-Cre driver in hypothalamus (HTH; W.H.
Huang et al., 2016); (F) Bru-seq to determine nascent transcripts in cultured cortical and hippocampal neurons derived from embryonic day 18 mice, grown 17 DIV and infected with lentiviruses
expressing shRNA against Rai1 (shRai1) and treated with either tetrodotoxin (TTX), vehicle, or bicuculline (BIC) for 4 h (Garay et al., 2020); (G) CTX and HC of 16-week-old male wild-type (WT)
or Bd11a heterozygous knock-out mice (Dias et al., 2016). RNA-seq counts were normalized with DESeq2 and are shown as box plots, where the hinges show 25% and 75% quartiles, the hori-
zontal line shows the median value, the upper whisker extends from the hinge to the largest value no further than 1.5 interquartile range from the hinge, the lower whisker extends from
the hinge to the smallest value at most 1.5 interquartile range of the hinge. All data points are shown with dots. Statistical analysis was performed on log-transformed data. #p << 0.1,

*p << 0.05, **p < 0.01, ***p << 0.001, unpaired equal variance two tailed t test.

Next, we decided to validate the expression levels of a selec-
tion of transcription factors found in our in vitro pulldown assay
in the cerebral cortex and hippocampus of 8-day-old rat pups
using RT-qPCR (Fig. 8C; Extended Data Fig. 8-2). Interestingly,
we discovered that in vivo, both BDNF exon I and exon IV-con-
taining transcripts are substantially more expressed in the hippo-
campus than in the cortex (Fig. 8C). Of the transcription factors,
we determined that Prox1 was markedly more expressed in the
hippocampus and Satb2 and Tbrl were more expressed in the
cortex (Fig. 8C), which is in agreement with the preference
shown in the pulldown assay. Meanwhile, in agreement with no
preference in binding in the pulldown assay, the expression of
Crebl was similar in both brain regions. Interestingly, Rail and
Tcf4, that showed a strong preference in the in vitro pulldown
assay, did not show remarkable differences in their expression
levels between different brain regions. Finally, we verified the
expression of the identified transcription factors in the human
cortex and hippocampus using the data from the Genotype-
Tissue Expression (GTEx) portal (Extended Data Fig. 8-3).
Collectively, we determined that many of the novel region-

specific transcription factors binding to BDNF promoter regions,
e.g., TBR1, FOXP1, SATBI, SATB2, and PROX1, are differen-
tially expressed, possibly explaining their brain region-specific
binding to BDNF promoters and suggesting their potential role
in tissue-specific regulation of BDNF expression.

Validation of brain region-specific regulators of BDNF
promoters I and IV

Next, to study whether the determined transcription factors
identified by us are brain region-specific regulators of BDNF, we
searched Gene Expression Omnibus (GEO) database for previ-
ously published RNA-seq datasets investigating the factors that
were determined by us to bind BDNF promoters in the in vitro
pulldown assay. First, in Foxpl conditional knock-out (cKO)
animals (Araujo et al, 2017), total BDNF levels were slightly
increased in the cortex but not in hippocampus (Fig. 9A). When
analyzing BDNF expression at a transcript level, we determined
no change in the levels of BDNF exon I-containing tran-
scripts, however, in agreement with our in vitro DNA pull-
down experiment, we determined a slight increase of BDNF
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exon IV-containing transcripts in the FOXP1 cKO animals in
cortex but not in hippocampus. Furthermore, overexpressing
FOXP1 in human neural progenitor cells (Araujo et al., 2015)
increased the levels of both total and BDNF exon IV-containing
transcripts, whereas the levels of BDNF exon I-containing tran-
scripts were undetectable in both control and FOXP1 overex-
pressing cells (Fig. 9B). These results suggest that FOXP1 is a
novel regulator of BDNF exon IV-containing transcripts, with the
exact outcome depending on the brain region and/or cell type.

Second, we investigated the role of Satb family transcription
factors in the regulation of tissue-specific BDNF expression. It
has been reported that total BDNF mRNA levels are lower in
Satbl knock-out mice and that SATBI binds to the BDNF
locus in vivo in cerebral cortex (Balamotis et al., 2012). Here,
we found that in the cortex of postnatal day 0 Satb2 knock-out
mice (McKenna et al., 2015), total BDNF levels were strongly
increased (Fig. 9C). Similarly, the levels of BDNF exon I and
exon IV-containing transcripts were both increased (Fig. 9C).
In contrast, in the hippocampus of adult conditional knock-
out of Satb2 mice (Jaitner et al., 2016) the BDNF expression
levels were the same as in wild type (Fig. 9D). While these
results are in agreement with our in vitro pulldown assay (Fig.
7B) and higher Satb2 expression levels in cortex (Fig. 8B,C),
we acknowledge that different effects in different brain regions
could also be because of the use of different genetic models of
Satb2 knock-out or because of the difference in the age of the
animals at the time of the analysis. Additional experiments are
needed to confirm the role of SATB2 as a tissue-specific regu-
lator of BDNF expression.

Third, we focused on RAII, which showed binding to BDNF
promoter IV preferably in the hippocampus in our in vitro
pulldown experiment (Fig. 7B), and which has previously
been shown to regulate BDNF expression in the hypothala-
mus (Burns et al., 2010; W.H. Huang et al., 2016). To deci-
pher the role of RAI1 in the regulation of BDNF, we analyzed
BDNF expression levels in various Rail conditional knock-
out (cKO) animals (W.H. Huang et al., 2016). Our results
indicate that cKO of Rail had minor or no effect on total
BDNF expression in cortex of three-week-old animals, whereas a
strong decrease in the levels of total BDNF, exon I and exon IV-
containing transcripts was observed in the hypothalamus of
eight-week-old animals (Fig. 9E). Although no data were avail-
able on the effect of Rail knock-out in the hippocampus, these
results indicate that RAII regulates BDNF expression in a brain
region-specific manner, although it is not possible to rule out de-
velopmental stage-specific effects. As RAI1 has been described to
regulate activity-dependent gene expression (Garay et al., 2020),
we also analyzed BDNF expression levels in cultured neurons
where the expression of Rail was silenced (Garay et al., 2020),
and noted a slight decrease in the BDNF expression levels in
bicuculline-treated neurons on silencing Rail expression (Fig.
9F). However, this effect was similar for total BDNF levels and
BDNF exon I and exon IV-containing transcripts (Fig. 9F). Our
results suggest that RAI1 could be a stimulus-specific regulator
of BDNF gene expression.

Finally, we investigated the role of BCL11A (also known as
CTIP1) that bound to BDNF promoter I and showed stronger
binding in the cortex in our promoter pulldown assay (Fig. 7B).
In the heterozygous Bcllla knock-out mice (Dias et al., 2016)
total BDNF levels were increased in the hippocampus, but
remained the same in the cortex (Fig. 9G). At the transcript level,
Bcll1a knock-out slightly reduced BDNF exon I levels in the cor-
tex, but increased the levels in the hippocampus (Fig. 9G).
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However, the levels of BDNF exon IV were increased in both
cortex and hippocampus of Bcllla knock-out mice (Fig. 9G).
Collectively, these results indicate that BCL11A has different
effect on BDNF gene expression in different brain regions, how-
ever, the exact mechanism needs further clarification.

Finally, we focused on the promising candidates of region-
specific regulators of BDNF and investigated whether they bind
in vivo to BDNF promoters using ChIP assay. We focused on the
binding of CREB, BCL11A, and TCF4 and our results show that
all these factors bind in vivo to a BDNF intronic enhancer that is
located 3 kb downstream from BDNF promoter I (Fig. 10) as was
previously described for CREB and TCF4 in cultured neurons
(Tuvikene et al., 2021). Furthermore, all the factors bind to
BDNF promoters, however, not as efficiently as to the BDNF
+3 kb enhancer region (Fig. 10). First, while BCL11A does bind
to BDNF promoters, it only displays brain region-preference for
the +3-kb region. Next, CREB binding to both BDNF promoters
(and +3kb region) was very stable in both cortex and hippocam-
pus, indicating a lack of brain region-dependent binding specificity
that is in agreement with our in vitro pulldown assay. Finally,
TCF4 showed a slight preference in binding to BDNF promoter I
and strong binding to the +3-kb enhancer region. Unfortunately,
as we could not find antibodies suitable for ChIP assay for FOXP1,
SATB2, and RAIl, we could not analyze their binding in vivo.
Collectively, our ChIP experiment suggests that BCL11A, CREB,
and TCF4 bind to BDNF promoters in vivo, however, with no no-
table differences in binding between cortex and hippocampus.

Discussion
In this study, we investigated comparatively BDNF gene expres-
sion in response to neuronal signaling in cortical and hippocam-
pal neurons and compared the role of CREB transcription factor
family. Our results show that, as expected, CREB family tran-
scription factors and specifically CREB in combination with its
coactivators CBP and CRTCI regulate the early induction of
BDNF exon I and IV transcripts after neuronal signaling in corti-
cal neurons. To our surprise, impairing the activity of CREB
family or its coactivators had remarkably smaller effects on
BDNF mRNA levels after prolonged stimulation than during the
early time points of membrane depolarization. The rapid activa-
tion of CREB via posttranslational mechanisms and the lower levels
of ICER, the endogenous negative regulator of the CREB family,
could explain the faster inducibility of BDNF mRNA in cortical
neurons. Although the early induction of BDNF mRNA seems to
be strongly regulated by CREB family, the much higher expression
levels of BDNF that are reached after prolonged neuronal signaling,
seem to be mediated by other potent transcription factors that are
synthesized as a second wave in response to neuronal activity.
Notably, the involvement of CREB family in the regulation of
BDNF gene expression in hippocampal neurons appears to be
complex. We made several observations on the regulation of
BDNF exon I transcripts in hippocampal neurons: (1) overex-
pression of dominant-negative CREB and CREB knock-down
had opposing effects on the basal levels of BDNF exon I tran-
scripts, (2) inhibiting CBP recruitment had a profound effect on
the late induction of BDNF exon I transcript, although neither
overexpression of A-CREB nor CREB knock-down had such
strong effect, and (3) expression of BDNF exon I transcripts was
increased after CREB or CRTC1 knock-down, indicating their
potential (probably indirect) repressor activities. Notably, the
effect of CRTCI knock-down on increased BDNF exon I mRNA
levels also seems to result in higher BDNF protein levels in
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Figure 10.

BCL11A, CREB, and TCF4 bind to BDNF promoters in vivo. ChIP-qPCR analysis of BCL11A, CREB, and TCF4 hinding to BDNF intronic enhancer located +3 kb downstream of BDNF

promoter | (+3 kb enhancer), BDNF promoters | (pl) and IV (plV) in the cortex and hippocampus of 8-d-old Sprague Dawley pups. Data are shown as percent of input relative to the binding
of respective factor to unrelated region (URR). All data points are shown as dots, and each biological replicate (i.e., animals from different litters) is denoted with the same color. Error bars rep-
resent mean == SEM of two or three different litters (n = 2-3). Statistical significance is shown compared with the hinding of the respective factor to URR in the respective brain region.
*p < 0,05, **p < 001, ***p < 0.001, paired two tailed t test, corrected for multiple comparisons using Holm—Sidak method.

hippocampal neurons. Compared with cortical neurons where
both CRTCI and CBP participated in the induction of BDNF
exon IV transcripts, CRTCI was clearly the dominant coactivator
in hippocampal cells. Collectively, this data show that in cortical
and hippocampal neurons BDNF gene regulation is different at
the level of CREB transcription factor family.

An interesting implication of our results is that the feedback
loop regulating CREB family-dependent gene expression is dif-
ferent between cortical and hippocampal neurons. While the reg-
ulation of CREM activator forms by CREB family transcription
factors was similar in both cortical and hippocampal neurons,
we noted differences in the regulation of the endogenous nega-
tive regulator of CREB family, ICER, between the two neuronal
populations. Namely, in cortical neurons neuronal activity-de-
pendent induction of ICER was stronger and CREB knock-down
had a more profound effect on its neuronal activity-dependent
expression than in hippocampal neurons. Furthermore, knock-
down of CRTC1 had stronger effect on the induction of ICER in
cortical than in hippocampal neurons although the knock-down
itself was stronger in hippocampal neurons. It would be of inter-
est to investigate how the differences in the CREB family nega-
tive feedback loop affect CREB-dependent signaling.

Our results indicate that CREB family is a positive regulator
of the expression of BDNF exon IV, but is a negative regulator of
BDNF exon VI in neurons after membrane depolarization. In
contrast, CREB family is a positive regulator of both transcripts
after BDNF-TrkB signaling (Esvald et al, 2020). It could be
explained by suppression of the expression of BDNF exon VI by
transcriptional interference arising from transcription starting
from BDNF promoter IV. Also, as CBP is highly associated with
enhancer regions and impairing CBP recruitment decreased the
induced levels of BDNF exon VI, it is also plausible that BDNF
gene expression relies on a specific 3D chromatin structure
and enhancer region(s) that are regulated by CBP recruit-
ment. Competitive looping between specific promoter and
enhancer regions would explain the opposite effects seen on
BDNF exon IV and VI expression levels. We have previ-
ously shown that an intronic enhancer region governs the
regulation of first cluster of BDNF exons, but not exons IV
or VI (Tuvikene et al., 2021), showing that enhancers could
potentiate only specific BDNF promoter regions. Further
work will delineate the opposite effects of CREB family on
BDNF exon IV and VI levels.

Neuronal signaling is known to cause BDNF secretion (Sasi et
al.,, 2017; M. Song et al., 2017) and the released BDNF can signal
the cells in an autocrine or paracrine manner by binding to TrkB
receptor to induce BDNF mRNA production (Tuvikene et al.,
2016; Esvald et al., 2020). Previous reports have shown that infu-
sion of BDNF to the adult rat hippocampus can elicit the expres-
sion of different BDNF transcripts (Wibrand et al., 2006; Esvald
et al,, 2020), implying that BDNF-TrkB signaling is also rele-
vant for BDNF expression in the hippocampus. Our previous
work has suggested that BDNF transcriptional autoregula-
tion and membrane depolarization-induced expression of
BDNF are regulated via distinct mechanisms in cortical neu-
rons (Esvald et al., 2020). Here, we note that TrkB signaling
slightly contributes to neuronal activity-dependent expres-
sion of BDNF in cortical neurons, but not in hippocampal
neurons. Further work is necessary to understand why the
TrkB signaling participates in cortical but not in hippocam-
pal neurons in activity-regulated expression of BDNF, and
what is the biological implication of this difference.

Finally, we focused on deciphering brain region-specific
regulators of BDNF and determined numerous transcrip-
tion factors that are involved in BDNF transcriptional regu-
lation. Interestingly, we detected transcription factors from
all the transcriptional waves of neuronal maturation during
cortical neurogenesis (Telley et al., 2016) and many of the
determined transcription factors are important for neuro-
nal differentiation and formation of specific brain regions.
For example, FOXPI1 is needed for the differentiation of
neural stem cells (Braccioli et al., 2017), SATB2 for the dif-
ferentiation of subcerebral projection neurons (McKenna et
al., 2015), BCL11A for brain development (Dias et al., 2016)
and the migration and formation of polarity of cortical neu-
rons (Wiegreffe et al., 2015), TCF4 for neuronal migration
and cortical layering (Page et al., 2018; Li et al., 2019;
Wittmann et al., 2021) and other processes of brain development
(Kennedy et al., 2016; Thaxton et al., 2018; Phan et al., 2020; Schoof
et al, 2020), TBR1 for synapse formation in cortical layer 6
(Fazel Darbandi et al., 2018), and PROX1 for suppression of
neurite outgrowth (Kaltezioti et al., 2020) and determining
granular cell identity in the dentate gyrus (Iwano et al,
2012). Collectively, this array of different transcription fac-
tors implies that BDNF has a complex spatiotemporal regu-
lation depending on the developmental stage and brain
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region. In support of this, it has also been shown that NURR1
transcription factor regulates BDNF expression in midbrain
(Volpicelli et al., 2007) but not in cortical neurons (Abdollahi
and Fahnestock, 2022). It is plausible that BDNF is an effector
molecule guiding the development of the nervous system and
formation of neuronal circuits. Moreover, many of the tran-
scription factors we identified as novel regulators of BDNF
gene expression have been linked to various neurodevelopmen-
tal diseases. For example, in humans mutations in Foxpl gene
cause severe forms of autism spectrum disorder and intellectual
disability (Hamdan et al., 2010; Horn et al., 2010) and in mice
FOXP1 regulates genes implicated in autism (Araujo et al., 2015)
and Foxpl deletion causes anxiety-like behavior, impaired social
communication and spatial learning (Bacon and Rappold, 2012;
Araujo et al., 2017), alterations of Satb2 gene cause SATB2-associ-
ated syndrome characterized by delayed development and intellec-
tual disability (Zarate and Fish, 2017), mutations of Bcllla gene
lead to intellectual disability and autism spectrum disorders
(Simon et al., 2020), TCF4 haploinsufficiency causes syndromal
mental retardation — Pitt-Hopkins syndrome (Amiel et al., 2007;
Brockschmidt et al., 2007; Zweier et al., 2007), Tbrl is one of the
highly associated genes in autism (O’Roak et al., 2012) and its
knock-out causes increased anxiety and aggression in adult mice
(Fazel Darbandi et al., 2018) as well as behavioral abnormalities
that resemble autism (T.N. Huang et al., 2014). Notably, many of
the phenotypes caused by defects in these transcription factors
resemble those obtained with altered levels of BDNF, e.g., hyperac-
tivity, aggressiveness, obesity, memory problems, lower intellect,
and autism (Chao, 2003; Gray et al., 2006; Han et al., 2013; Zheng
et al.,, 2016; Skogstrand et al., 2019). It is tempting to speculate that
some of the phenotypes observed when these transcription factors
are perturbed could arise from the insufficiency of BDNF. For
example, haploinsufficiency of RAI1, which is required for motor
functions and learning (Bi et al,, 2007; W.H. Huang et al., 2016),
causes Smith-Magenis syndrome (SMS; Slager et al., 2003; Bi et al.,
2004). Some phenotypic effects of SMS, including obesity, have
been explained by decreased levels of BDNF in the hypothalamus
(Burns et al,, 2010; W.H. Huang et al., 2016) and overexpression
of BDNF has been shown to be an effective therapeutic approach
for SMS (Javed et al., 2021). However, further work is needed to
confirm this hypothesis for other novel BDNF regulators.

Our results deepen the understanding of BDNF gene expres-
sion, highlighting the complex regulation of BDNF in different
brain regions. This data could give insight for understanding var-
ious neurodevelopmental disorders but also for developing ther-
apeutics to modulate the expression of BDNF in a brain region
and cell type-specific manner. However, a substantial amount of
work is still required to understand the exact mechanisms that
govern BDNF gene expression, including chromatin conforma-
tion, the set of transcription factors expressed in a given cell,
their posttranslational modifications and the different participat-
ing signaling pathways in different neuronal populations.
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Abstract Brain-derived neurotrophic factor (BDNF) controls the survival, growth, and function of
neurons both during the development and in the adult nervous system. Bdnf is transcribed from
several distinct promoters generating transcripts with alternative 5’ exons. Bdnf transcripts
initiated at the first cluster of exons have been associated with the regulation of body weight and
various aspects of social behavior, but the mechanisms driving the expression of these transcripts
have remained poorly understood. Here, we identify an evolutionarily conserved intronic enhancer
region inside the Bdnf gene that regulates both basal and stimulus-dependent expression of the
Bdnf transcripts starting from the first cluster of 5’ exons in mouse and rat neurons. We further
uncover a functional E-box element in the enhancer region, linking the expression of Bdnf and
various pro-neural basic helix-loop-helix transcription factors. Collectively, our results shed new
light on the cell-type- and stimulus-specific regulation of the important neurotrophic factor BDNF.

Introduction

Brain-derived neurotrophic factor (BDNF) is a secreted protein of the neurotrophin family (Park and
Poo, 2013). During the development, BDNF promotes the survival of various sensory neuron popu-
lations (Ernfors et al., 1994; Jones et al., 1994). In the adult organism, BDNF is also required for
the proper maturation of synaptic connections and regulation of synaptic plasticity (Korte et al.,
1995, Park and Poo, 2013). Defects in BDNF expression and signaling have been implicated in vari-
ous neuropsychiatric and neurodegenerative diseases, including major depression, schizophrenia,
Alzheimer's disease, and Huntington's disease (Autry and Monteggia, 2012; Burbach et al., 2004,
Jiang and Salton, 2013; Murray et al., 1994; Ray et al., 2014; Wong et al., 2010; Zuccato et al.,
2001; Zuccato and Cattaneo, 2009).

Rodent Bdnf gene contains eight independently regulated non-coding 5’ exons (exons I-VIII) fol-
lowed by a single protein-coding 3’ exon (exon IX). Splicing of one of the alternative exons I-VIII
with the constitutive exon IX gives rise to different Bdnf transcripts (Aid et al., 2007). Additionally,
transcription can start from an intronic position upstream of the coding exon producing an unspliced
5" extended variant of the coding exon (exon IXa-containing transcript) (Aid et al., 2007). The usage
of multiple promoters enables complex cell-type- and stimulus-specific Bdnf expression (reviewed in
West et al., 2014). For instance, Bdnf exon |-, ll-, and Ill-containing transcripts show mainly nervous
system-specific expression patterns, whereas Bdnf exon IV- and Vl-containing transcripts are
expressed in both neural and non-neural tissues (Aid et al., 2007, Timmusk et al., 1993). Similar
expression patterns for different BDNF transcripts are also observed in humans (Pruunsild et al.,
2007). Notably, different Bdnf transcripts have distinct contribution to various aspects of neural
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circuit functions and behavior (Hallock et al., 2019; Hill et al., 2016; Maynard et al., 2016,
Maynard et al., 2018; McAllan et al., 2018; Sakata et al., 2009).

In addition to proximal promoter regions, the complex regulation of gene expression is often
controlled by distal regulatory elements called enhancers (reviewed in Buecker and Wysocka,
2012). Enhancers are usually active in a tissue- and cell-type-specific manner (reviewed in
Heinz et al., 2015; Wu et al., 2014), and can be located inside or outside, upstream or downstream
of the target gene, within another gene or even on a different chromosome (Banerji et al., 1981,
Lettice et al., 2003; reviewed in Ong and Corces, 2011). Many enhancers are activated only after
specific stimuli, which cause enrichment of active enhancer-associated histone modifications and
increased chromatin accessibility (Su et al., 2017). Genome-wide analysis has proposed approxi-
mately 12,000 neuronal activity-regulated enhancers in cortical neurons (Kim et al., 2010). Impor-
tantly, dysregulation of enhancers or mutations in proteins that participate in the formation of
enhancer-promoter complexes is associated with a variety of disorders, including neurodegenerative
diseases (reviewed in Carullo and Day, 2019).

Previous studies from our laboratory have suggested that the expression of the Bdnf gene is also
regulated via distal regulatory regions. Notably, the induction of Bdnf mRNA after BDNF-TrkB sig-
naling in neurons seems to depend on unknown distal regulatory regions (Esvald et al., 2020). Fur-
thermore, dopamine-induced expression of Bdnf in astrocytes is controlled by an unknown
regulatory region within the Bdnf gene locus (Koppel et al., 2018). Here, we identify a novel
enhancer region in the Bdnf gene located downstream of the Bdnf exon Ill and show that this regula-
tory element selectively activates basal and stimulus-dependent expression of the exon I-, Il-, and Ill-
containing Bdnf transcripts in neurons.

Results

The Bdnf +3 kb region shows enhancer-associated characteristics in
mouse and human brain tissue

To uncover novel enhancer regions regulating Bdnf expression in the central nervous system, we
started with bioinformatic analysis of the enhancer-associated characteristics. Active enhancers are
characterized by nucleosome-free DNA that is accessible to transcription factors and other DNA
binding proteins. Chromatin at active enhancer regions typically has distinct histone modifications —
H3K4me1, a hallmark of enhancer regions, and H3K27ac, usually associated with active regulatory
regions. Active enhancers also bind RNA polymerase Il and are bidirectionally transcribed from the
regions marked by enhancer-associated histone modifications giving rise to non-coding enhancer
RNAs (eRNAs) (Nord and West, 2020). Based on the mouse brain tissue chromatin
immunoprecipitation sequencing (ChIP-seq) data from the ENCODE project and transcription start
site (TSS) data from the FANTOMS5 project, a region ~3 kb downstream of Bdnf exon | TSS has
prominent enhancer-associated features (Figure 1A). First, the +3 kb region is hypersensitive to
DNasel, indicative of an open chromatin structure. Second, ChlP-seq data shows that this region is
enriched for H3K4me1, H3K4me3, and H3K27ac modifications. Third, the +3 kb region interacts with
RNA polymerase II, with a strong evidence for bidirectional transcription according to the FANTOM5
CAGE database. Finally, the region is conserved between mammals, pointing at its possible func-
tional importance.

We next used H3K27ac ChlP-seq data from Nord et al., 2013 to determine the activity of the
potential enhancer region in different tissues throughout the mouse development. We found that
the +3 kb region shows H3K27ac mark in the mouse forebrain, with the highest signal from embry-
onic day 14 to postnatal day 7, but not in the heart or liver (Figure 1—figure supplement 1). This
suggests that the +3 kb enhancer region might be active mainly in neural tissues in late prenatal and
early postnatal life.

To investigate whether the +3 kb region might also function as an enhancer in rat, we analyzed
published ATAC-seq and RNA-seq data for rat cortical and hippocampal neurons (Carullo et al.,
2020). The ATAC-seq analysis was consistent with open chromatin structure of the +3 kb region,
and the RNA-seq revealed possible eRNA transcription from the antisense strand (Figure 1—figure
supplement 2). Unfortunately, the expression of the sense-strand eRNA could not be assessed since
the Bdnf pre-mRNA is transcribed in the same direction, masking the sense-strand eRNA signal.
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Figure 1. Region downstream of Bdnf exon Il shows enhancer-associated characteristics in mouse and human neural tissues. UCSC Genome browser
was used to visualize (A) DNasel hypersensitivity sites and ChIP-seq data from the ENCODE project in mouse brain tissue, CAGE data of transcription
start sites from the FANTOMS project (all tissues and cell types), and (B) open chromatin (ATAC-seq) and ChIP-seq in different human brain cell types

Figure 1 continued on next page
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Figure 1 continued

by Nott et al., 2019. E indicates embryonic day, P postnatal day. Signal clipping outside the visualization range is indicated with purple color. The +3
kb region, a potential enhancer of the Bdnf gene, and +11 kb intronic region, a negative control region used in the present study, were converted from
rat genome to mouse or human genome using UCSC Liftover tool and are shown as light blue. The names of the regions represent the distance of the
respective region from rat Bdnf exon | transcription start site. (C, D) +3 kb enhancer region (chr11:27693843-27694020, hg19 genome build)

enhancer RNA (eRNA) expression levels based on CAGE sequencing data from the FANTOMS project obtained from the Slidebase tool

(lenasescu et al., 2016, http://slidebase.binf.ku.dk). eRNA expression levels were grouped by different tissue types (C) or cell types (D). Only tissue and
cell types with non-zero eRNA expression are shown.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. The +3 kb enhancer region shows brain-specific H3K27ac histone modification.
Figure supplement 2. The +3 kb enhancer region shows open chromatin structure and enhancer RNA (eRNA) expression in rat cultured neurons.

Together, open chromatin and possible eRNA expression suggest that the +3 kb region could be an
enhancer in rat neurons.

To further investigate which cell types the +3 kb region could be active in human in vivo, we used
data from a recently published human brain cell-type-specific ATAC-seq and ChlIP-seq experiments
(Nott et al., 2019) (Figure 1B). We found that the +3 kb region shows remarkable neuron specific-
ity, as evident from open chromatin identified using ATAC-seq, and H3K27ac histone mark, which
are missing in microglia, oligodendrocytes, and astrocytes. To further elucidate which human tissues
and cell types the +3 kb region could be active in, we used the Slidebase tool (lenasescu et al.,
2016) that gathers data of TSSs from FANTOMS project and summarizes eRNA transcription levels
based on various tissue and cell types. We found that in humans the +3 kb region shows the stron-
gest eRNA expression in the brain, spinal cord, and olfactory region (Figure 1C). When grouped by
cell type, the strongest expression of +3 kb eRNAs is in hair follicle cells, neurons, and trabecular
meshwork cells (Figure 1D).

Collectively, this data suggests that the +3 kb region is an evolutionarily conserved nervous sys-
tem-specific enhancer that is active mostly in neural tissues and predominantly in neurons but not in
other major brain cell types.

The +3 kb enhancer region shows bidirectional transcription in
luciferase reporter assay in rat cultured cortical neurons and astrocytes
Based on the enhancer-associated characteristics of the +3 kb enhancer region, we hypothesized
that the region could function as an enhancer region for Bdnf gene in neural cells. It is well known
that enhancer regions can initiate RNA polymerase Il-dependent bidirectional transcription of eRNAs
(Kim and Shiekhattar, 2015; Nord and West, 2020; Sartorelli and Lauberth, 2020) and that the
expression of these eRNAs is correlated with the expression of nearby genes, indicating that the
transcription from an enhancer region is a proxy to enhancer’s activity (Kim et al., 2010). Therefore,
we first investigated whether the +3 kb enhancer region shows bidirectional transcription in rat cul-
tured cortical neurons and astrocytes, the two major cell types in the brain, in a heterologous con-
text using reporter assays. We cloned an ~1.4 kb fragment of the +3 kb enhancer and a similarly
sized control (+11 kb) intronic sequence lacking enhancer-associated characteristics in either forward
or reverse orientation upstream of the firefly luciferase gene (Figure 2A) and performed luciferase
reporter assays.

In rat cortical neurons, the +3 kb enhancer region showed very strong transcriptional activity
(~300-fold higher compared to the promoterless luciferase reporter vector) that was independent of
the orientation of the +3 kb region (Figure 2B). As expected, the +11 kb negative control reporter
showed very low luciferase activity in cortical neurons. To determine whether the enhancer region is
responsive to different stimuli in neurons and could be involved in stimulus-dependent regulation of
the Bdnf gene, we used two treatments shown to induce Bdnf gene expression — KCI treatment to
chronically depolarize the cells and mimic neuronal activity (Ghosh et al., 1994; Pruunsild et al.,
2011), and BDNF treatment to activate TrkB signaling and mimic BDNF autoregulation
(Esvald et al., 2020; Tuvikene et al., 2016; Yasuda et al., 2007). Our results indicate that the activ-
ity of the +3 kb region is upregulated ~2-3-fold in response to both stimuli, suggesting that the
region could be a stimulus-dependent enhancer in neurons.
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Figure 2. The +3 kb enhancer region shows bidirectional transcription in luciferase reporter assay in rat cultured
cortical neurons and astrocytes. (A) Reporter constructs used in the luciferase reporter assay where the +3 kb
enhancer region and the +11 kb control region were cloned in either forward or reverse orientation (respective to
the rat Bdnf gene) in front of the luciferase expression cassette. (B, C) Rat cortical neurons (B) or astrocytes (C)
were transfected with the indicated reporter constructs at 6 and 13 DIV, respectively. Two days post-transfection,
neurons were left untreated (CTRL) or treated with 25 mM KCI (with 5 uM D-APV) or 50 ng/ml brain-derived
neurotrophic factor (BDNF) for the indicated time (B); astrocytes were treated with 150 uM dopamine (DA) or
respective volume of vehicle (CTRL) for the indicated time (C), after which luciferase activity was measured.
Luciferase activity in cells transfected with a vector containing no promoter and treated with vehicle or left
untreated was set as 1. The average luciferase activity of independent experiments is depicted above the columns.
Error bars indicate SEM (n = 7 [B, +3 kb enhancer constructs and no promoter construct], n = 3 [B, intron
constructs], and n = 4 [C] independent experiments). Asterisks above the columns indicate statistical significance
relative to luciferase activity in untreated cells transfected with the reporter vector containing no promoter, or
between indicated groups. NS: not significant. *p<0.05, **p<0.01, ***p<0.001 (paired two-tailed t-test).

In rat cultured cortical astrocytes, the +3 kb enhancer construct showed modest transcriptional
activity (depending on the orientation ~6-23-fold higher compared to the promoterless vector con-
trol, Figure 2C). We have previously shown that in cultured cortical astrocytes Bdnf is induced in
response to dopamine treatment, and the induction is regulated by an unknown enhancer region
within Bdnf gene locus (Koppel et al., 2018). However, dopamine treatment had no significant
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effect on the activity of the +3 kb construct in cultured cortical astrocytes, suggesting that this
region is not a dopamine-activated enhancer in astrocytes.

The +3 kb enhancer region potentiates the activity of Bdnf promoters |
and IV in luciferase reporter assay in rat cultured cortical neurons

To find out whether the newly identified +3 kb enhancer could control the activity of Bdnf promoters
in a heterologous context, we cloned the +3 kb region or the +11 kb negative control sequence in
forward or reverse orientation (respective to the rat Bdnf gene) downstream of Bdnf promoter-
driven luciferase expression cassette (Figure 3A).

First, we transfected rat cultured cortical neurons with constructs containing Bdnf promoter | or
IV as these promoters are the most widely studied in neurons (West et al., 2014). We treated neu-
rons with either KCl or BDNF and used luciferase reporter assay to measure the activity of the Bdnf
promoter region. For Bdnf promoter | (Figure 3B), the addition of the +3 kb enhancer region slightly
increased the basal activity of the promoter region (~1.5-2-fold). The +3 kb enhancer region also
potentiated the KCl- and BDNF-induced activity of this promoter approximately threefold in an ori-
entation-independent manner. Similar effects were observed for Bdnf promoter IV (Figure 3C),
where the addition of the +3 kb enhancer region potentiated the basal activity of the
promoter approximately threefold and KCI- and BDNF-induced activity
levels approximately twofold. The +11 kb intronic region failed to potentiate the activity of Bdnf pro-
moters | and IV.

Cortical astrocytes preferentially express Bdnf transcripts containing 5 exons IV and VI
(Koppel et al., 2018). Notably, the +3 kb enhancer failed to increase the activity of Bdnf promoters
IV and VI in unstimulated astrocytes and had little effect on the response of these promoters to
dopamine (Figure 3D, E).

Overall, we found that in the heterologous context the +3 kb enhancer region could potentiate
transcription from Bdnf promoters in cultured cortical neurons but not in cortical astrocytes. These
results imply that the +3 kb enhancer could be important for Bdnf gene expression in neurons but
not in astrocytes.

The +3 kb enhancer region is a positive regulator of the first cluster of
Bdnf transcripts in rat cortical neurons but is in an inactive state in rat
cortical astrocytes

To investigate the functionality of the +3 kb region in its endogenous context, we used CRISPR inter-
ference (CRISPRI) and activator (CRISPRa) systems. Our system comprised catalytically inactive Cas9
(dCas9) fused with Kriippel-associated box domain (dCas9-KRAB, CRISPRi), or 8 copies of VP16 acti-
vator domain (VP64-dCas9-VP64, CRISPRa) to repress or activate the target region, respectively.
dCas9 without effector domains was used to control for potential steric effects (Qi et al., 2013) on
Bdnf transcription when targeting CRISPR complex inside the Bdnf gene. To direct the dCas9 and its
variants to the desired location, we used four different gRNAs per region targeting either the +3 kb
enhancer region or the +11 kb intronic control region, with all gRNAs targeting the template strand
to minimize the potential inhibitory effect of dCas9 binding on transcription elongation (as sug-
gested by Qi et al.,, 2013). The +11 kb intronic control was used to rule out the possibility of
CRISPRi- and CRISPRa-induced passive spreading of chromatin modifications within the Bdnf gene
locus. As a negative control, we used a gRNA not corresponding to any sequence in the rat
genome.

We first examined the functionality of the +3 kb enhancer region in cultured cortical neurons. Tar-
geting the +3 kb enhancer or +11 kb intronic region with dCas9 without an effector domain had no
major effect on the expression of any of the Bdnf transcripts, indicating that targeting CRISPR com-
plex to an intragenic region in Bdnf gene does not itself notably affect Bdnf gene expression (Fig-
ure 4, left panel). Repressing the +3 kb enhancer region using CRISPRi decreased the basal
expression levels of Bdnf exon |-, llc-, and lll-containing transcripts by 2.2-, 11-, and 2.4-fold, respec-
tively, although these effects were not statistically significant (Figure 4A-C, middle panel). In con-
trast, no notable effect was seen for basal levels of Bdnf exon IV-, VI-, and [Xa-containing transcripts
(Figure 4D-F, middle panel). Repressing the +3 kb enhancer region also decreased the KCI and
BDNF-induced levels of transcripts starting from the first three 5’ exons ~4-7-fold, but not of other
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Figure 3. The +3 kb enhancer region potentiates the activity of Bdnf promoters in luciferase reporter assay in rat cortical neurons but not in astrocytes.
(A) A diagram of the luciferase reporter constructs used in this experiment, with a Bdnf promoter in front of the firefly luciferase coding sequence and
the +3 kb enhancer or +11 kb intronic region in either forward or reverse orientation (respective to the rat Bdnf gene) downstream of the luciferase
expression cassette. Rat cortical neurons (B, C) or astrocytes (D, E) were transfected with the indicated reporter constructs at 6 and 13 DIV, respectively.
Two days post transfection, neurons were left untreated (CTRL) or treated with 25 mM KCI (with 5 uM D-APV) or 50 ng/ml brain-derived neurotrophic
factor (BDNF) for 8 hr (B, C); astrocytes were treated with 150 uM dopamine (DA) or respective volume of vehicle (CTRL) for 8 hr (D, E), followed by
luciferase activity assay. Luciferase activity is depicted relative to the luciferase activity in untreated or vehicle-treated (CTRL) cells transfected with
respective Bdnf promoter construct without an enhancer region. The average luciferase activity of independent experiments is shown above the
columns. Error bars represent SEM (n = 6 [B, +3 kb enhancer-containing constructs and no enhancer construct], n = 3 [B, + 11 kb intron constructs],

n = 4[C], and n = 3 [D-E] independent experiments). Statistical significance was calculated compared to the activity of the respective Bdnf promoter
regions without the enhancer region after the respective treatment. NS: not significant. *p<0.05, **p<0.01, ***p<0.001 (paired two-tailed t-test).

Bdnf transcripts (Figure 4A-F, middle panel). These effects correlated with subtle changes in total
Bdnf expression levels (Figure 4G, middle panel). Targeting CRISPRi to the +11 kb intronic region
had no notable effect on any of the Bdnf transcripts (Figure 4A-F, middle panel).

Activating the +3 kb enhancer region with CRISPRa in cultured cortical neurons increased the
expression levels of Bdnf transcripts of the first cluster (Figure 4A-C, right panel) both in unstimu-
lated neurons (~3-5-fold) and after KCI or BDNF treatment (~2-fold). Slight effect of the activation
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Figure 4. The +3 kb enhancer is a positive regulator of Bdnf exon I, llc-, and lll-containing transcripts in rat cortical neurons. Rat cultured cortical
neurons were transduced at 0 DIV with lentiviral particles encoding either catalytically inactive Cas9 (dCas9, left panel, green), dCas9 fused with
Krippel-associated box domain (dCas9-KRAB, middle panel, blue), or 8 copies of VP16 activator domain (VPé4-dCas9-VPé4, right panel, orange),

Figure 4 continued on next page
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Figure 4 continued

together with lentiviruses encoding either guide RNA that has no corresponding target sequence in the rat genome (neg gRNA), a mixture of four
gRNAs directed to the putative +3 kb Bdnf enhancer (+3 kb enh gRNA), or a mixture of four gRNAs directed to +11 kb intronic region (+11 kb int
gRNA). Transduced neurons were left untreated (CTRL) or treated with 50 ng/ml brain-derived neurotrophic factor (BDNF) or 25 mM KCI (with 5 uM
D-APV) for 3 hr at 8 DIV. Expression levels of different Bdnf transcripts (A-F) or total Bdnf (G) were measured with RT-gPCR. mRNA expression levels are
depicted relative to the expression of the respective transcript in untreated (CTRL) neurons transduced with negative guide RNA within each set
(dCas9, dCas9-KRAB, or VP64-dCas?-VP64). The average mRNA expression of independent experiments is depicted above the columns. Error bars
represent SEM (n = 3 independent experiments). Statistical significance was calculated between the respective mRNA expression levels in respectively
treated neurons transduced with neg gRNA within each set (dCas9, Cas9-KRAB, or VP64-dCas?-VP64). NS: not significant. *p<0.05, **p<0.01,
***5<0.001 (paired two-tailed t-test).

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. The +3 kb enhancer shows stimulus-dependent enhancer RNA (eRNA) transcription in neurons.

Figure supplement 2. The +3 kb enhancer shows membrane depolarization-induced enhancer RNA (eRNA) transcription in rat cultured cortical and
hippocampal neurons.

was also seen for Bdnf exon IV- and IXa-containing transcripts (Figure 4D, F, right panel). Total Bdnf
basal levels also increased ~2-fold with CRISPR activation of the +3 kb enhancer region, whereas a
slightly weaker effect was seen in stimulated neurons. As with CRISPRI, targeting CRISPRa to the
+11 kb intronic region had no dramatic effect on the expression of any of the Bdnf transcripts,
despite some minor changes reaching statistical significance (Figure 4A-F, right panel).

Next, we carried out CRISPRi and CRISPRa experiments in cultured cortical astrocytes. Targeting
dCas9 to the Bdnf locus did not affect the expression of most Bdnf transcripts (Figure 5A and C-F,
left panel), although a slight decrease could be seen for exon llc-containing transcripts in cells
treated with dopamine (Figure 5B). Targeting CRISPRi to the +3 kb enhancer region in astrocytes
did not decrease the basal expression levels of any Bdnf transcript (Figure 5, middle panel). In cells
treated with dopamine, repressing +3 kb enhancer region completely abolished the induction of
exon llc-containing transcripts (Figure 5B, middle panel), but did not affect the expression of any
other transcripts. In contrast, activating the +3 kb region with CRISPRa greatly increased both basal
and dopamine-induced levels of all measured Bdnf transcripts (Figure 5A-F, right panel). Targeting
CRISPRi or CRISPRa to the +11 kb intronic control region did not have a noteworthy effect on any of
the measured Bdnf transcripts.

As bioinformatic analysis showed bidirectional transcription from the +3 kb enhancer (Figure 1)
and our luciferase reporter assays also indicated this (Figure 2), we next decided to directly measure
eRNAs from the +3 kb enhancer region in our cultured cortical neurons and astrocytes. Since the
sense eRNA is transcribed in the same direction as Bdnf pre-mRNA, we could only reliably measure
eRNAs from the antisense orientation from the +3 kb enhancer region using antisense eRNA-specific
cDNA priming followed by gPCR (Figure 4—figure supplement 1). We found that the +3 kb
enhancer antisense eRNA was expressed in cultured neurons and the expression level of the eRNA
was induced ~3.5- and ~6-fold upon BDNF and KCl treatment, respectively. Furthermore, repressing
the +3 kb enhancer region using CRISPRi decreased the expression of the eRNA ~3-fold. However,
activating the +3 kb enhancer region using CRISPRa did not change the expression level of the
eRNA. We also analyzed RNA-seq data from Carullo et al., 2020 and confirmed the membrane
depolarization-dependent induction of +3 kb antisense eRNA expression in rat cultured cortical and
hippocampal neurons (Figure 1—figure supplement 2, Figure 4—figure supplement 2). When
comparing +3 kb enhancer eRNA expression levels in neurons and astrocytes, the astrocytes
showed ~6-fold lower eRNA transcription from the +3 kb enhancer region than neurons (Figure 5—
figure supplement 1), also indicating that the +3 kb region is in a more active state in our cultured
neurons than in astrocytes.

The main findings of the CRISPRi and CRISPRa experiments are summarized in Figure 6. Taken
together, our results suggest that the +3 kb enhancer region is an active enhancer of the Bdnf gene
in rat cultured cortical neurons and regulates the basal and stimulus-induced expression of Bdnf tran-
scripts of the first cluster of exons (exons |, II, and Ill). In contrast, the +3 kb region is mostly inactive
in rat cultured cortical astrocytes.
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Figure 5. The +3 kb enhancer region is mainly inactive in rat cortical astrocytes. Rat cultured cortical astrocytes were transduced at 7 DIV with lentiviral
particles encoding either catalytically inactive Cas? (dCas?, left panel, green), dCas9 fused with Kriippel-associated box domain (dCas9-KRAB, middle
panel, blue), or 8 copies of VP16 activator domain (VP64-dCas9-VP64, right panel, orange), together with lentiviruses encoding either guide RNA that
has no corresponding target sequence in the rat genome (neg gRNA), a mixture of four gRNAs directed to the putative +3 kb Bdnf enhancer (+3 kb
enh gRNA), or a mixture of four guide RNAs directed to the + 11 kb intronic region (+11 kb int gRNA). Transduced astrocytes were treated with vehicle
(CTRL) or with 150 uM dopamine (DA) for 3 hr at 15 DIV. Expression levels of different Bdnf transcripts (A-E) or total Bdnf (F) were measured with RT-
gPCR. The levels of Bdnf exon Ill-containing transcripts were too low to measure reliably. mRNA expression levels are depicted relative to the
expression of the respective transcript in astrocytes treated with vehicle (CTRL) transduced with negative guide RNA within each set (dCas9, dCas%-
KRAB, or VP64-dCas9-VPé4). The average mRNA expression of independent experiments is depicted above the columns. Error bars represent SEM

(n = 3 independent experiments). Statistical significance was calculated between respective mRNA expression levels in respectively treated astrocytes
Figure 5 continued on next page
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transduced with neg gRNA within each set (dCas9, Cas9-KRAB, or VP64-dCas9-VP64). NS: not significant. *p<0.05, **p<0.01, ***p<0.001 (paired two-

tailed t-test).

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. The +3 kb enhancer shows lower enhancer RNA (eRNA) expression in astrocytes than in neurons.

Deletion of the +3 kb enhancer region in mouse embryonic stem cell-
derived neurons decreases the expression of Bdnf transcripts starting
from the first cluster of exons

To test the regulatory function of the +3 kb enhancer directly and address biological significance of
its interspecies conservation, we used CRISPR/Cas9 system to delete the conserved core sequence
of the enhancer region in mouse embryonic stem cells (MESC) engineered to express the pro-neural
transcription factor Neurogenin2 from a doxycycline-inducible promoter. We selected single-cell
clones containing the desired deletion (Figure 7—figure supplement 1), differentiated them into
neurons (Figure 7—figure supplement 2, Ho et al., 2016, Thoma et al., 2012; Zhang et al., 2013)
by the addition of doxycycline, treated the stem cell-derived neurons with BDNF or KCl, and mea-
sured the expression of different Bdnf transcripts using RT-qPCR (Figure 7).

The deletion of the +3 kb enhancer region strongly decreased both the basal and stimulus-
dependent expression levels of Bdnf exon |-, llc-, and Ill-containing transcripts (Figure 7A-C). Nota-
bly, the effect was more prominent in clones containing homozygous deletion compared to hetero-
zygous clones. We also noted a slight, albeit not statistically significant decrease in the expression of

basal levels 2-11x +
induced levels 4-7x + no noteworthy effect transcript not measured

>

III IX
(dCas9)
+3kb

basal levels 3-5x basal levels <2x t
induced levels 2x t induced levels <2x t

Rat cultured cortical neurons
3 h KCI or BDNF treatment

+3 kb

DA induction no noteworthy effect

completely abolished
| Il
F (dCas9)
+3kb

basal levels 6-62x t basal levels 9-20x t
induced levels 8-30x t induced levels 4-8x t

Rat cultured cortical astrocytes
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Figure 6. Summary of the CRISPRi and CRISPRa experiments with Bdnf +3 kb enhancer region in rat cultured
cortical neurons and astrocytes. Graphical representation of the main results shown in Figures 4 (A) and 5 (B).
Different Bdnf exons are shown with boxes, and red box in exon IX indicates Bdnf coding region. Bdnf transcripts
that were not measured or that had too low levels to measure reliably are indicated with a gray box around the
respective 5’ exon.
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Figure 7. The deletion of the +3 kb enhancer region decreases the expression of Bdnf exon |-, llc-, and lll-containing transcripts in mouse embryonic
stem cell (MESC)-derived neurons. CRISPR/Cas? system was used to generate mESC cell lines with ~300-500 bp deletions of the conserved core region
of the +3 kb Bdnf enhancer. The obtained clonal cell lines containing intact +3 kb enhancer region (+/+), heterozygous deletion (+/-), or homozygous
deletion (/=) of the +3 kb enhancer region were differentiated into neurons using overexpression of Neurogenin2. After 12 days of differentiation, the
cells were treated with vehicle (CTRL), 50 ng/ml brain-derived neurotrophic factor (BDNF) or 25 mM KCl together with 25 uM D-APV for 3 hr. The
expression levels of different Bdnf transcripts (A-E) or total Bdnf (F) were measured using RT-qPCR. The levels of respective Bdnf transcripts measured
in the parental cell line (also included as a data point in the +/+ group) were set as 1. All data points (obtained from independent cell clones and
parental cell line) are depicted with circles. Box plot shows 25% and 75% quartiles, and the horizontal line shows the median value. N = 3-4
independent cell clones for each group. Statistical significance was calculated compared to the expression level of the respective transcript in the +/+
genotype group at respective treatment. NS: not significant. *p<0.05, **p<0.01, ***p<0.001 (equal variance unpaired t-test).

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Verification of the deletion of the +3 kb enhancer region in mouse embryonic stem cell (mESC) clones.
Figure supplement 2. Characterization of mouse embryonic stem cell (mESC) differentiation into neurons.

Bdnf exon IV- and Vl-containing transcripts in cells, where the +3 kb enhancer region was deleted
(Figure 7D-E). This could be attributed to impaired BDNF autoregulatory loop caused by the defi-
ciency of transcripts from the first cluster of exons. It is also possible that the +3 kb enhancer partici-
pates in the regulation of the transcripts from the second cluster of exons, but the effect is only very
subtle, which could explain why it was not detected in our CRISPRi and CRISPRa experiments in cul-
tured neurons. The levels of Bdnf exon [Xa-containing transcripts were too low to measure reliably
(data not shown). The deletion of the +3 kb enhancer region decreased the total levels of Bdnf simi-
larly to the first cluster of Bdnf transcripts (Figure 7F). These results confirm the essential role of the
+3 kb enhancer region in regulating the expression of Bdnf exon |-, lic-, and lll-containing transcripts
in rodent neurons.
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The activity of the +3 kb enhancer region is regulated by CREB, AP-1
family and E-box-binding transcription factors

To investigate the molecular mechanisms that control the activity of the +3 kb enhancer region, we
used in vitro DNA pulldown assay with 8-day-old rat cortical nuclear lysates coupled with
mass spectrometric analysis to determine the transcription factors that bind to the +3 kb enhancer
region (Figure 8A). Collectively, we determined 21 transcription factors that showed specific in vitro
binding to the +3 kb enhancer region compared to the +11 kb intronic region in two independent
experiments (Figure 8B). Of note, we found numerous E-box-binding proteins, including USFs,
TCF4 and the pro-neural transcription factors NeuroD2 and NeuroDé, possibly providing the neu-
ron-specific activity of the +3 kb enhancer region. We also detected binding of JunD, a member of
the AP-1 transcription factor family.

Next, we used various ChIP-seq experiments in different human cell lines from the ENCODE proj-
ect and determined numerous transcription factors that bind to the +3 kb enhancer region, including
CREB, CEBPB, EGR1, and JunD (Figure 8—figure supplement 1). We further used publicly available
ChlIP-seq data (see ‘Materials and methods’ section for references) to visualize the binding of differ-
ent transcription factors to the +3 kb enhancer region in mouse neural cells and tissues (Figure 8C).
This data shows neuronal activity-dependent binding of NPAS4, c-Fos, and coactivator CBP to the
enhancer region. In agreement with our in vitro pulldown results, ChlP-seq analysis also revealed
binding of EGR1, NeuroD2, and TCF4 to the +3 kb enhancer region in the endogenous chromatin
context.

Considering the CREB binding in ENCODE data (Figure 8—figure supplement 1) and CBP bind-
ing in cultured cortical neurons (Figure 8C), we first investigated whether CREB binds Bdnf +3 kb
enhancer region in our rat cortical neurons. We performed ChIP-gPCR and determined that in cul-
tured cortical neurons CREB binds to the +3 kb enhancer region, whereas we found no significant
CREB binding to the +21 kb negative control region, located directly downstream of Bdnf exon VIl
(Figure 8D). Of note, the binding of CREB to the +3 kb enhancer region was ~2.6 times stronger
than binding to Bdnf promoter IV, which contains the well-described CRE element (Hong et al.,
2008; Tao et al., 1998). Next, we focused on the various E-box-binding proteins as many E-box-
binding proteins are pro-neural and could therefore confer the neural specificity of the +3 kb
enhancer region. As transcription factors from the NeuroD family need dimerization partner from
the class | helix-loop-helix proteins, for example, TCF4, to bind DNA (Massari and Murre, 2000,
Ravanpay and Olson, 2008), we verified the binding of TCF4 to the +3 kb region in our cultured
neurons using TCF4 ChIP-qPCR (Figure 8D).

To determine functionally important transcription factors that regulate Bdnf +3 kb enhancer
region, we first screened a panel of dominant-negative transcription factors in luciferase reporter
assay where the expression of luciferase was under control of the +3 kb enhancer region
(Figure 8E). In agreement with the in vitro pulldown assay, ChIP-seq and ChIP-gPCR results, we
found the strongest inhibitory effect using dominant negative versions of CREB (named A-CREB),
ATF2 (named A-ATF2), and AP-1 family (named A-FOS). The effect of different dominant negative
proteins was slightly lower when the +3 kb enhancer region was in the reverse orientation. Our data
suggests the role of CREB, AP-1 family proteins, and ATF2 in regulating the neuronal activity-depen-
dent activation of the +3 kb enhancer region, whereas we found no notable evidence of USF family
transcription factors and CEBPB regulating the activity of the +3 kb enhancer region.

Finally, we elucidated the role of E-box-binding proteins in the regulation of the +3 kb enhancer
region. Using luciferase reporter assays, we found that silencing TCF4 expression with TCF4 shRNA-
expressing plasmid decreased the activity of the +3 kb enhancer region in both unstimulated and
KCI- and BDNF-stimulated neurons. However, the effects were slightly smaller when the enhancer
region was in the reverse orientation (Figure 8F). Based on the TCF4 and NeuroD2 ChIP-seq data
(Figure 8C), we identified a putative E-box binding sequence in the +3 kb enhancer region
(CAGATG). To determine the relevance of this E-box element, we generated +3 kb enhancer-con-
taining reporter constructs where this E-box motif was mutated (CAGAAC). We determined that this
motif participates in regulating both the basal activity and BDNF- and KCl-induced activity of the
enhancer region (Figure 8G). Importantly, mutating the E-box decreased the ability of the +3 kb
enhancer region to potentiate transcription from Bdnf promoter | in reporter assays (Figure 8H).
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Figure 8. Various transcription factors, including CREB, AP-1 proteins, and E-box-binding transcription factors, regulate the activity of the +3 kb
enhancer region. (A) Schematic overview of the in vitro DNA pulldown assay to determine transcription factors binding to the +3 kb enhancer region.
The illustration was created with BioRender.com. (B) Gene names of the transcription factors identified in the in vitro DNA pulldown assay in two
biological replicates of postnatal day 8 (P8) rat cortices. Semicolon between gene names indicates uncertainty in the peptide to protein assignment
between the genes separated by the semicolons. (C) Previously published ChIP-seq experiments showing binding of different transcription factors to
the +3 kb enhancer region. (D) ChIP-qPCR assay in cultured cortical neurons at 8 DIV with anti-CREB or anti-TCF4 antibody. Enrichment is shown
relative to the enrichment of unrelated region (URR) with the respective antibody. The +21 kb region (downstream of the Bdnf exon VII) was used as a
Figure 8 continued on next page
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negative control. plV indicates Bdnf promoter IV region. (E-H) Rat cortical neurons were transfected at 5 DIV (F) or 6 DIV (E-H) with reporter constructs
where the +3 kb enhancer region was cloned in front of the luciferase coding sequence (E-G, see also Figure 2A), or with reporter constructs where
the +3 kb enhancer region was cloned downstream of the Bdnf promoter |-controlled firefly luciferase expression cassette (H, see Figure 3A).
Schematic representations of the used reporter constructs are shown above the graphs, with Luc designating luciferase coding sequence and pA
polyadenylation sequence. At 8 DIV, neurons were left untreated (CTRL) or treated with 25 mM KCI (with 5 uM D-APV) or 50 ng/ml brain-derived
neurotrophic factor (BDNF) for the indicated time, after which luciferase activity was measured. Luciferase activity is depicted relative to the luciferase
activity in respectively treated cells transfected with enhanced green fluorescent protein (EGFP)-encoding plasmid and the respective +3 kb enhancer
construct (E), relative to the luciferase activity in untreated cells co-transfected with control shRNA (scr) and the respective +3 kb enhancer construct (F),
relative to the luciferase activity in untreated cells transfected with the respective wild-type (wt) +3 kb enhancer construct (G), or relative to the
luciferase activity in untreated cells transfected with rat Bdnf promoter | construct containing no enhancer region (H). Eboxmut indicates mutation of a
putative E-box element in the +3 kb enhancer region. Numbers above the columns indicate average, error bars represent SEM (n = 4 [D,

CREB antibody], n = 3 [D, TCF4 antibody], n = 5-6 [E], n = 4-5 [F], n = 4 [G], and n = 7 [H] independent experiments). Statistical significance was
calculated compared to the ChIP enrichment of DNA at the URR region using respective antibody (D), compared to the luciferase activity in respectively
treated cells transfected with the respective +3 kb enhancer construct and EGFP (E), scr shRNA (F), or the respective wt +3 kb enhancer construct (G,
H). NS: not significant. *p<0.05, **p<0.01, ***p<0.001 (paired two-tailed t-test).

The online version of this article includes the following figure supplement(s) for figure 8:

Figure supplement 1. The +3 kb enhancer region binds various transcription factors in human cell lines.

Collectively, we have identified numerous transcription factors that potentially regulate the activ-
ity of the +3 kb enhancer region and further discovered a functional E-box element in the enhancer,
possibly conferring neuron-specific activity of the +3 kb enhancer region.

Discussion

Bdnf promoters |, Il, and Ill are located within a relatively compact (~2 kb) region in the genome,
making it possible that their activity is controlled by a common mechanism. Spatial clustering of
Bdnf exons seems to be conserved in vertebrates (Keifer, 2021), with a similar genomic organization
observed in frog (Kidane et al., 2009), chicken (Yu et al., 2009), zebrafish (Heinrich and Pagtakhan,
2004), rodents (Aid et al., 2007), and human (Pruunsild et al., 2007). It has previously been sug-
gested that Bdnf promoters | and Il could be co-regulated as one functional unit (Hara et al., 2009;
Timmusk et al., 1999; West et al., 2014). Here, we show that the promoters of Bdnf exons |, Il, and
Il are co-regulated as a neuron-specific unit through a conserved enhancer region located down-
stream of exon Il

We have previously reported that exon I-containing Bdnf transcripts contain in-frame alternative
translation start codon that is used more efficiently for translation initiation than the canonical start
codon in exon IX (Koppel et al., 2015). As the Bdnf exon I-containing transcripts are highly inducible
in response to different stimuli, they could make a substantial contribution to the overall production
of BDNF protein in neurons, despite the low basal expression levels of this transcript. Remarkably,
the Bdnf transcripts from the first cluster of exons have been shown to regulate important aspects of
behavior. In female mice, Bdnf exon I-containing transcripts are important for proper sexual and
maternal behavior (Maynard et al., 2018), whereas in male mice the Bdnf exon I- and exon Il-con-
taining transcripts regulate serotonin signaling and control aggressive behavior (Maynard et al.,
2016). Furthermore, it has been shown that Bdnf exon I-containing transcripts in the hypothalamus
participate in energy metabolism and thermoregulation (You et al., 2020). The +3 kb enhancer iden-
tified in our work might therefore be an important regulator of Bdnf gene expression in the forma-
tion of the neural circuits regulating both social behavior and energy metabolism. Further work will
address this possibility experimentally.

The data from Nord et al., 2013 indicates that the highest H3K27ac modification, a hallmark of
active regulatory region, at the +3 kb enhancer region in development occurs a week before and a
week after birth in mice — coinciding with the period of late neurogenesis, neuronal migration, syn-
aptogenesis, and maturation of neurons (Reemst et al., 2016). It appears that the +3 kb enhancer
region is mostly active in early life and participates in the development of the central nervous system
via regulating Bdnf expression. However, it is also possible that the decline in H3K27ac mark in
rodent brain tissue during postnatal development is due to the increased amount of non-neuronal
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cells in the brain compared to neurons. Although the activity of the +3 kb enhancer seems to
decrease with age, it is plausible that it remains active also in later postnatal life and upregulates
Bdnf expression, thereby regulating synaptic plasticity in the adult organism.

Based on the induction of eRNA expression from the +3 kb enhancer region upon depolarization
and BDNF-TrkB signaling in both luciferase reporter assays and in the endogenous context, and
binding of various activity-dependent transcription factors to the +3 kb region, our data indicates
that, in addition to conferring neuron specificity, the +3 kb enhancer region also participates in
BDNF-TrkB signaling- and neuronal activity-induced expression of the first cluster of Bdnf transcripts.
Furthermore, repressing or activating the +3 kb enhancer region with CRISPRi or CRISPRa, respec-
tively, also affected the stimulus-induced levels of these transcripts. Notably, the part of the Bdnf
gene containing the +3 kb enhancer has previously been implicated in the Reelin-mediated induction
of Bdnf expression (Telese et al., 2015), indicating that the +3 kb enhancer could respond to other
stimuli in addition to membrane depolarization and TrkB signaling.

Recently, it has been shown that other distal enhancer regions form chromatin loops with the
Bdnf first cluster of exons and the +3 kb enhancer region (Beagan et al., 2020). Similarly, long-dis-
tance interactions with the +3 kb enhancer region have been reported in neurons isolated from the
human brain (Nott et al., 2019). Furthermore, CTCF and RAD21, both important regulators of the
chromatin 3D structure (Rowley and Corces, 2018), seem to bind near the +3 kb enhancer region
(Figure 8—figure supplement 1). Therefore, it is possible that the +3 kb enhancer could partially
mediate its effect on Bdnf gene expression by regulating the higher-order chromatin structure in the
Bdnf gene locus by bringing together distal enhancer regions and Bdnf promoters from the first clus-
ter of exons. Further work is necessary to determine the role of the +3 kb enhancer region in the
regulation of higher order chromatin structure.

We also investigated the possibility that the +3 kb enhancer contributes to the catecholamine-
induced expression of Bdnf transcripts in rat cultured cortical astrocytes (Koppel et al., 2018) and
noted that even though the activation of the +3 kb enhancer increased the basal and stimulus-
induced expression of all Bdnf transcripts, repression of the +3 kb enhancer had almost no effect on
Bdnf expression. Furthermore, the transcriptional activity of the +3 kb enhancer was not induced by
dopamine treatment in luciferase reporter assay, further indicating that the +3 kb region is not the
enhancer responsible for catecholamine-dependent induction of Bdnf expression. Interestingly, the
dopamine-dependent induction of Bdnf exon llc-containing transcripts was abolished when the +3
kb enhancer was repressed using CRISPRI, suggesting that the +3 kb enhancer region might control
the activity of stimulus-specific expression of Bdnf promoter Il in astrocytes. Since the activity of
Bdnf promoter Il is regulated by neuron-restrictive silencer factor (NRSF) (Timmusk et al., 1999), it is
possible that the drastic decrease in the dopamine-dependent induction of Bdnf exon llc-containing
transcripts was due to the cooperative effect between NRSF and the +3 kb enhancer region. Further
investigation is needed to determine whether this hypothesis is true and whether such cooperation
between the +3 kb enhancer region and NRSF binding to Bdnf exon Il also happens in neurons.
Although we have not tested it directly, our data does not support the notion that the +3 kb region
is an active repressor in non-neuronal cells, for example, astrocytes. Instead, it seems that the +3 kb
enhancer is a positive regulator of Bdnf gene operating specifically in neurons. We conclude that the
+3 kb enhancer region is largely inactive in rat cultured cortical astrocytes and it is distinct from the
distal cis-regulatory region controlling the catecholamine-induced activities of Bdnf promoters IV
and VI.

Our results indicate that the +3 kb enhancer can receive regulatory inputs from various basic
helix-loop-helix transcription factors, including TCF4 and its pro-neural heterodimerization partners
NeuroD2 and NeuroDé. Single-cell RNA-seq analysis in the mouse cortex and hippocampus has indi-
cated that mRNAs of NeuroD transcription factors are expressed mainly in excitatory neurons, simi-
lar to Bdnf (Tasic et al., 2016). It has been reported that NeuroD2 preferentially binds to E-boxes
CAGCTG or CAGATG (Fong et al., 2012), which is in agreement with the functional E-box CAGATG
sequence found in the +3 kb enhancer. Furthermore, it has been previously shown that NeuroD2
knock-out animals exhibit decreased Bdnf mRNA and protein levels in the cerebellum (Olson et al.,
2001). However, Olson et al. found no change in Bdnf levels in the cerebral cortex of these knock-
out animals. It is possible that different NeuroD family transcription factors regulate Bdnf expression
in different brain areas and developmental stages, or that a compensatory mechanism between Neu-
roD2 and NeuroD6, both binding the +3 kb enhancer region in our in vitro DNA pulldown assay,

Tuvikene et al. eLife 2021;10:e65161. DOI: https://doi.org/10.7554/eLife.65161 16 of 28



ELlfe Research article

Chromosomes and Gene Expression | Neuroscience

exists in cortical neurons of NeuroD2 knock-out animals. It has been well described that NeuroD
transcription factors regulate neuronal differentiation (Massari and Murre, 2000), axonogenesis
(Bormuth et al., 2013), neuronal migration (Guzelsoy et al., 2019), and proper synapse formation
(Ince-Dunn et al., 2006; Wilke et al., 2012). As BDNF also has a role in the aforementioned pro-
cesses (Park and Poo, 2013), it is plausible that at least some of the effects carried out by NeuroD
family result from increasing Bdnf expression. Further work is needed to clarify the exact role of
TCF4 and NeuroD transcription factors in Bdnf expression.

In conclusion, we have identified a novel intronic enhancer region governing the expression of
neuron-specific Bdnf transcripts starting from the first cluster of exons — exons |, II, and Ill - in mam-
mals. Exciting questions for further work are whether the +3 kb enhancer region is active in all neu-
rons or in specific neuronal subtypes, and whether the activity of this enhancer element underlies in
vivo contributions of BDNF to brain development and function.

Materials and methods

Cultures of rat primary cortical neurons

All animal procedures were performed in compliance with the local ethics committee. Cultures of
cortical neurons from embryonic day (E) 21 Sprague Dawley rat embryos of both sexes were pre-
pared as described previously (Esvald et al., 2020). The cells were grown in Neurobasal A (NBA)
medium (Gibco, Waltham, MA) containing 1x B27 supplement (Gibco, Waltham, MA), 1 mM L-gluta-
mine (Gibco, Waltham, MA), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Gibco, Waltham, MA)
or 100 pg/ml Primocin (Invivogen, San Diego, CA) instead of penicillin/streptomycin at 37°C in 5%
CO; environment. At 2 days in vitro (DIV), half of the medium was replaced with fresh supplemented
NBA or the whole medium was replaced for cells transduced with lentiviruses. To inhibit the prolifer-
ation of non-neuronal cells, a mitotic inhibitor 5-fluoro-2’-deoxyuridine (final concentration 10 uM,
Sigma-Aldrich, Saint Louis, MO) was added with the change of the medium.

Cultures of rat primary cortical astrocytes

Cultures of cortical astrocytes were prepared from E21 Sprague Dawley rat embryos of both sexes
as described previously (Koppel et al., 2018). The cells were grown in 75 cm? tissue culture flasks in
Dulbecco’s Modified Eagle Medium (DMEM with high glucose, PAN Biotech, Aidenbach, Germany)
supplemented with 10% fetal bovine serum (PAN Biotech, Aidenbach, Germany) and 100 U/ml peni-
cillin and 0.1 mg/ml streptomycin (Gibco, Waltham, MA) at 37°C in 5% CO, environment. At 1 DIV,
the medium was replaced with fresh growth medium to remove loose tissue clumps. At 6 DIV, the
flasks were placed into a temperature-controlled shaker Certomat BS-1 (Sartorius
Group, Goettingen, Germany) for 17-20 hr and shaken at 180 rpm at 37°C to detach non-astroglial
cells from the flask. After overnight shaking, the medium was removed along with unattached non-
astrocytic cells, and astrocytes were washed three times with 1x phosphate-buffered saline (PBS).
Astrocytes were detached from the flask with trypsin-EDTA solution (0.25% Trypsin-EDTA [1x],
Gibco, Waltham, MA) diluted four times with 1x PBS at 37°C for 3-5 min. Trypsinized astrocytes
were collected in supplemented DMEM and centrifuged at 200 x g for 6 min. The supernatant was
removed, astrocytes were resuspended in supplemented DMEM and seeded on cell culture plates
previously coated with 0.2 mg/ml poly-L-lysine (Sigma-Aldrich, Saint Louis, MO) in Milli-Q. At 9 DIV,
the whole medium was replaced with fresh supplemented DMEM.

Drug treatments
At 7 DIV, cultured neurons were pre-treated with 1 UM tetrodotoxin (Tocris, Bristol, UK) until the
end of the experiment to inhibit spontaneous neuronal activity. At 8 DIV, neurons were treated with
50 ng/ml human recombinant BDNF (Peprotech, London, UK) or with a mixture of 25 mM KCl and 5
UM N-Methyl-D-aspartate receptor antagonist D-2-amino-5-phosphopentanoic acid (D-APV, Cayman
Chemical Company, Ann Arbor, MI) to study BDNF autoregulation or neuronal activity-dependent
expression of the Bdnf gene, respectively.

Cultured cortical astrocytes were treated at 15 DIV with 150 uM dopamine (Tocris, Bristol, UK) to
study the regulation of the Bdnf gene by catecholamines or 0.15% dimethyl sulfoxide (Sigma-
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Aldrich, Saint Louis, MO) as a vehicle control in fresh serum-free and antibiotics-free DMEM (DMEM
with high glucose, PAN Biotech, Aidenbach, Germany).

Transfection of cultured cells and luciferase reporter assay

Rat +3 kb enhancer (chr3:100771267-100772697, ré genome assembly) or +11 kb intron
(chr3:100778398-100779836, rn6 genome assembly) regions were amplified from rat Bdnf BAC con-
struct (Koppel et al., 2018) using Phusion Hot Start Il DNA Polymerase (Thermo Fisher
Scientific, Waltham, MA) and cloned into pGL4.15 vector (Promega, Madison, WI) in front of the
Firefly luciferase coding sequence. To generate reporter constructs containing both Bdnf promoter
and enhancer region, the hygromycin expression cassette downstream of firefly luciferase expression
cassette in pGL4.15 vector was replaced with a new multiple cloning site, into which the +3 kb
enhancer or +11 kb intron regions were cloned in either forward or reverse orientation (respective
to the rat Bdnf gene). The Bdnf promoter regions were obtained from rat Bdnf promoter constructs
(Esvald et al., 2020) and cloned in front of the firefly luciferase coding sequence. Plasmids encoding
control and TCF4 shRNA have been published previously (Sepp et al., 2017). Coding regions of dif-
ferent dominant negative transcription factors were subcloned from AAV plasmids (Esvald et al.,
2020) into pRRL vector backbone under the control of human PGK promoter.

For transfection and luciferase reporter assays, rat cortical neurons or astrocytes were grown on
48-well cell culture plates. Transfections were carried out in duplicate wells.

Cultured cortical neurons were transfected as described previously (Jaanson et al., 2019) with
minor modifications. Transfection was carried out in unsupplemented NBA using 500 ng of the lucif-
erase reporter construct and 20 ng of a normalizer plasmid pGL4.83-mPGK-hRLuc at 5-6 DIV using
Lipofectamine 2000 (Thermo Scientific) with DNA to Lipofectamine ratio of 1:2. Transfection was ter-
minated by replacing the medium with conditioned medium, which was collected from the cells
before transfection.

Cultured cortical astrocytes were transfected as described previously (Koppel et al., 2018) using
190 ng of luciferase reporter construct and 10 ng of normalizer plasmid pGL4.83-SRo-hRLuc at 13
DIV using Lipofectamine 2000 (Thermo Scientific) with DNA to Lipofectamine ratio of 1:3.

The cells were lysed with Passive Lysis Buffer (Promega, Madison, WI) and luciferase signals were
measured with Dual-Glo Luciferase assay kit (Promega, Madison, WI) using GENios pro plate reader
(Tecan). Background-corrected firefly luciferase signals were normalized to background-corrected
Renilla luciferase signals, and the averages of duplicate wells were calculated. Data were log-trans-
formed for statistical analysis, mean and standard error of the mean (SEM) were calculated, and data
were back-transformed for graphical representation.

CRISPR interference and activator systems, RT-qPCR
pLV-hUbC-dCas9-KRAB-T2A-GFP plasmid used for CRISPR interference has been described previ-
ously (Esvald et al., 2020), and pLV-hUbC-VP64-dCas9-VP64-T2A-GFP plasmid used for CRISPR
activation was obtained from Addgene (plasmid #59791). Lentiviral particles were produced as
described previously (Koppel et al., 2018). Relative viral titers were estimated from provirus incor-
poration rate measured by qPCR, and equal amounts of functional viral particles were used for trans-
duction in the following experiments. The efficiency of viral transduction was at least 90-95% based
on EGFP expression in transduced cells.

Rat cortical neurons were transduced at 0 DIV, whereas cortical astrocytes were transduced after
sub-culturing at 7 DIV. After treatments at 8 DIV for neurons or at 14 DIV for astrocytes, the cells
were lysed and RNA was extracted with RNeasy Mini Kit (Qiagen, Hilden, Germany) using on-column
DNA removal with RNase-Free DNase Set (Qiagen, Hilden, Germany). RNA concentration was mea-
sured with BioSpec-nano spectrophotometer (Shimadzu Biotech, Kyoto, Japan). cDNA was synthe-
sized from equal amounts of RNA with Superscript Il or Superscript IV reverse transcriptase
(Invitrogen, Waltham, MA, USA) using oligo(dT), or a mixture of oligo(dT),o and random hexamer
primer (ratio 1:1, Microsynth, Balgach, Switzerland). To measure +3 kb enhancer eRNAs, cDNA was
synthesized using a mixture of antisense eRNA-specific primer and Hprt1 primer (1:1 ratio). The pri-
mers used for cDNA synthesis are listed in Supplementary file 1.

All gPCR reactions were performed in 10 ul volume in triplicates with 1x HOT FIREpol EvaGreen
gPCR Mix Plus (Solis Biodyne, Tartu, Estonia) and primers listed in Supplementary file 1 on
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LightCycler 480 PCR instrument Il (Roche, Basel, Switzerland). Gene expression levels were normal-
ized to Hprt1T mRNA levels in neurons and cyclophilin B mRNA levels in astrocytes. Data were log-
transformed and autoscaled (as described in Vandesompele et al., 2002) for statistical analysis,
mean and SEM were calculated, and data were back-transformed for graphical representation.

Bioinformatic analysis

RNA-seq and ATAC-seq data from Carullo et al., 2020 was obtained from Sequence Read Archive
(accession numbers SRP261474 and SRP261642) and processed as described in Sirp et al., 2020
with minor modifications. Trimming was performed with BBDuk using the following parameters:
ktrim=r k=23 mink=11 hdist=1 tbo gtrim=Ir trimgq=10 minlen=50.

For RNA-seq data, STAR aligner (version 2.7.3a, Dobin et al., 2013) was used to map the reads
to the Rné genome. Featurecounts (version 2.0.0, Liao et al., 2014) was used to assign reads to
genes (annotation from Ensembl, release 101), and a custom-made SAF file was used to count reads
mapping to +3 kb antisense eRNA (coordinates chr3:100771209-100772077). Counts were normal-
ized using DESeq2 R package (version 1.28.1, Love et al., 2014) and visualized using ggplot2 R
package (version 3.3.2, Wickham, 2016).

For ATAC-seq data, reads were mapped to the Rné genome with Bowtie2 (version
2.3.5.1, Langmead and Salzberg, 2012) using the following parameters: --local --very-sensi-
tive-local -X 3000. The resultant SAM files were converted to BAM, sorted and indexed using
Samtools (version 1.9, Li et al., 2009).

For both RNA-seq and ATAC-seq, aligned reads of biological replicates were merged using Sam-
tools, converted to bigWig format using bamCoverage (version 3.3.0, Ramirez et al., 2016) with
CPM normalization, and visualized using Integrative Genomics Viewer (Robinson et al., 2011).

Mouse embryonic stem cells
A2Lox mESCs were a kind gift from Michael Kyba. The cells were authenticated based on their abil-
ity to form stable G418-resistant colonies after transfecting doxycycline-treated cultures with the
p2Lox plasmid (Addgene plasmid #34635, lacovino et al., 2011). The cells were tested negative for
mycoplasma using PCR Mycoplasma Test Kit I/C (PromoCell, Heidelberg, Germany). A2Lox mESC
line containing doxycycline-inducible Neurogenin2 transgene (Zhuravskaya et al., in preparation) was
generated using recombination-mediated cassette exchange procedure (lacovino et al., 2011).
mESCs were grown in 2i media as described in lacovino et al., 2011 and Kainov and Makeyev,
2020. To delete the +3 kb enhancer region, 3 + 3 gRNAs targeting either side of the +3 kb
enhancer core region (targeting sequences listed in Supplementary file 2) were cloned into pX330
vector (Addgene plasmid #42230). A2Lox-Neurogenin2 mESCs were co-transfected with a mixture
of all 6 CRISPR plasmids and a plasmid containing a blasticidin expression cassette for selection.
One day post transfection, 8 pg/ml blasticidin (Sigma-Aldrich, Saint Louis, MO) was added to the
media for 3 days after which selection was ended, and cells were grown for an additional 11 days.
Finally, single colonies were picked and passaged. The deletion of the +3 kb enhancer region was
assessed from genomic DNA with PCR using primers flanking the desired deletion area. To rule out
larger genomic deletions, qPCR-based copy number analysis was carried out with primers targeting
the desired deletion area, and either side of the +3 kb region outside of the desired deletion area.
gPCR results were normalized to the levels of the Sox2 genomic locus, and the copy number of each
region in wild-type cells was set as 2. Normalized copy numbers in recombinant clones were
rounded to the nearest integer. All primers used for genotyping are listed in Supplementary file 1.
Cell clones containing no deletion, heterozygous or homozygous deletion of the core conserved
enhancer region, together with intact distal flanking regions, were used for subsequent analysis.
Selected mESC clones were differentiated into neurons as follows. Cells were plated on 12-well
plates coated with Matrigel (Gibco, Waltham, MA) at a density of ~25,000 cells per well in N2B27
media (1:1 DMEM F12-HAM and Neurobasal mixture, 1x N2, 1x B27 with retinoic acid, 1x penicil-
lin-streptomycin, 1 ug/ml laminin, 20 pg/ml insulin, 50 uM L-glutamine) supplemented with 0.1 M B-
mercaptoethanol (Sigma-Aldrich, Saint Louis, MO) and 2 pg/ml doxycycline (Sigma-Aldrich, Saint
Louis, MO). After 2 days, the whole media was changed to N2B27 media containing 200 uM ascor-
bic acid (Sigma-Aldrich, Saint Louis, MO) and 1 ug/ml doxycycline. Next, half of the media was
replaced every 2 days with new N2B27 media containing 200 uM ascorbic acid but no doxycycline.
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On the 12th day of differentiation, cells were treated with Milli-Q, BDNF (Peprotech, London, UK),
or KCI for 3 hr. All treatments were added together with 25 uM D-APV (Alfa Aesar, Kandel, Ger-
many). After treatment, the cells were lysed and RNA was extracted using EZ-10 DNAaway RNA
Mini-Prep Kit (Bio Basic inc, Markham, Canada). cDNA was synthesized using Superscript IV (Thermo
Fischer, Waltham, MA), and gPCR was performed with HOT FIREPol EvaGreen qPCR Mix Plus (Solis
Biodyne, Tartu, Estonia) or gPCRBIO SyGreen Mix Lo-ROX (PCR Biosystems Ltd, London, UK) on
LightCycler 96 (Roche, Basel, Switzerland). The levels of Cnot4 mRNA expression were used for nor-
malization. RT-qPCR was also used to characterize differentiation of A2Lox-Neurogenin2 parental
cells into neurons (Figure 7—figure supplement 2). All primers used in the RT-gPCR are listed in
Supplementary file 1.

In vitro DNA pulldown mass spectrometry

The 855 bp region of the +3 kb enhancer and +11 kb intronic region were amplified with PCR using
HotFirePol polymerase (Solis Biodyne, Tartu, Estonia) and primers listed in Supplementary file 1,
with the reverse primers having a 5' biotin modification (Microsynth, Balgach, Switzerland). PCR
products were purified using DNA Clean and Concentrator—100 kit (Zymo Research, Irvine, CA)
using a 1:5 ratio of PCR solution and DNA binding buffer. The concentration of the DNA was deter-
mined with Nanodrop 2000 spectrophotometer (Thermo Scientific).

The preparation of nuclear lysates was performed as follows. Cortices from 8-day-old Sprague
Dawley rat pups of both sexes were dissected and snap-frozen in liquid nitrogen. Nuclear lysates
were prepared with high salt extraction as in Wu, 2006 and Lahiri and Ge, 2000 with minor modifi-
cations. Briefly, cortices were weighed and transferred to pre-cooled Dounce tissue grinder
(Wheaton). Also, 2 ml of ice-cold cytoplasmic lysis buffer (10 mM HEPES, pH 7.9 [adjusted with
NaOH], 10 mM KCI, 1.5 mM MgCl,, 0.5% NP-40, 300 mM sucrose, 1x cOmplete Protease Inhibitor
Cocktail [Roche, Basel, Switzerland], and phosphatase inhibitors as follows: 5 mM NaF [Fisher
Chemical, Pittsburgh, PA], 1T mM beta-glycerophosphate [Acros Organics, Pittsburgh, PA], 1 mM
Na3VO, [ChemCruz, Dallas, TX], and 1 mM Na4P,0O; [Fisher Chemical, Pittsburgh, PA]) was added,
and tissue was homogenized 10 times with tight pestle. Next, the lysate was transferred to a 15 ml
tube and cytoplasmic lysis buffer was added to a total volume of 1 ml per 0.1 g of tissue. The lysate
was incubated on ice for 10 min with occasional inverting. Next, the lysate was transferred to a 100
um nylon cell strainer (VWR) to remove tissue debris and the flow-through was centrifuged at 2600
x g at 4°C for 1 min to pellet nuclei. The supernatant (cytoplasmic fraction) was discarded and the
nuclear pellet was resuspended in 1 ml per 1 g of tissue ice-cold nuclear lysis buffer (20 mM HEPES,
pH 7.9, 420 mM NaCl, 1.5 mM MgCl,, 0.1 mM EDTA, 2.5% glycerol, 1x cOmplete Protease Inhibitor
Cocktail [Roche, Basel, Switzerland], and phosphatase inhibitors) and transferred to a new Eppendorf
tube. To extract nuclear proteins, the pellet was rotated at 4°C for 30 min and finally centrifuged at
11,000 x g at 4°C for 10 min. The supernatant was collected as nuclear fraction, and protein concen-
tration was measured with BCA Protein Assay Kit (Pierce).

In vitro DNA pulldown was performed as follows. Two biological replicates were performed using
nuclear lysates of cortices from pups of different litters. Pierce Streptavidin Magnetic Beads (50 pl
per pulldown reaction) were washed 2 times with 1x binding buffer (BB, 5 mM Tris-HCI, pH 7.5, 0.5
mM EDTA, 1 M NaCl, 0.05% Tween-20), resuspended in 2x BB, and an equal volume of 50 pmol
biotinylated DNA (in 10 mM Tris-HCI, pH 8.5, 0.1 mM EDTA) was added and incubated at room tem-
perature for 30 min with rotation. To remove the unbound probe, the beads were washed three
times with 1x BB. Finally, 400 ng of nuclear proteins (adjusted to a concentration of 1.6 mg/ml with
nuclear lysis buffer) and an equal volume of buffer D (20 mM HEPES, pH 7.9, 100 mM KCI, 0.2 mM
EDTA, 8% glycerol, 1x cOmplete Protease Inhibitor Cocktail [Roche, Basel, Switzerland], and phos-
phatase inhibitors) were added and incubated with rotation at 4°C overnight. The next day the beads
were washed three times with 1x PBS, once with 100 mM NaCl and once with 200 mM NaCl. Bound
DNA and proteins were eluted with 16 mM biotin (Sigma-Aldrich, Saint Louis, MO) in water (at pH
7.0) at 80°C for 5 min, and the eluate was transferred to a new tube and snap-frozen in liquid
nitrogen.

Mass-spectrometric analysis of the eluates was performed with nano-LC-MS/MS using Q Exactive
Plus (Thermo Scientific) at Proteomics core facility at the University of Tartu, Estonia, as described
previously (Mutso et al., 2018) using label-free quantification instead of SILAC and Rattus norvegi-
cus reference proteome for analysis. The full lists of proteins obtained from mass-spectrometric
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analysis are shown in Supplementary file 3. Custom R script (available at Tuvikene, 2021) was used
to keep only transcription factors based on gene symbols of mammalian genes from gene ontology
categories ‘RNA polymerase |l cis-regulatory region sequence-specific DNA binding’ and ‘DNA-
binding transcription factor activity’ from http://geneontology.org/ (obtained March 16, 2020). At
least 1.45-fold enrichment to the +3 kb enhancer probe compared to the +11 kb intronic probe was
used as a cutoff for specific binding. The obtained lists were manually curated to generate Venn dia-
gram illustration of the experiment.

Chromatin immunoprecipitation

ChlIP assay was performed as described previously (Esvald et al., 2020) using 10 min fixation with
1% formaldehyde. 5 pg of CREB antibody (catalog #06-863, lot 2446851, Merck
Millipore, Burlington, MA) or TCF4 antibody (CeMines, Golden, CO) was used per immunoprecipita-
tion (IP). DNA enrichment was measured using gPCR. All gPCR reactions were performed in 10 ul
volume in triplicates with 1x LightCycler 480 SYBR Green | Master kit (Roche, Basel, Switzerland)
and primers listed in Supplementary file 1 on LightCycler 480 PCR instrument Il (Roche, Basel, Swit-
zerland). Primer efficiencies were determined by serial dilutions of input samples and were used for
analyzing the results. Percentage of input enrichments was calculated for each region and IP, and
data were log-transformed before statistical analysis.

ENCODE data of different ChIP-seq experiments were visualized using UCSC Genome Browser
track ‘Transcription Factor ChIP-seq Peaks (340 factors in 129 cell types) from ENCODE 3 Data ver-
sion: ENCODE 3 Nov 2018'. Data of previously published ChIP-seq experiments were obtained from
Gene Expression Omnibus with accession numbers GSM530173, GSM530174, GSM530182,
GSM530183 (Kim et al., 2010), GSM1467429, GSM1467434 (Malik et al., 2014), GSM1820990
(Moen et al., 2017), GSM1647867 (Sun et al., 2019), GSM1649148 (Bayam et al., 2015), and visual-
ized using Integrative Genomics Viewer version 2.8.0 (Robinson et al., 2011).

Statistical analysis

Sample size estimation was not performed, and randomization and blinding were not used. Statisti-
cal analysis was performed on data obtained from independent biological replicates — cultured pri-
mary cells obtained from pups of different litters, or different clones of mESCs. All statistical tests
and tested hypotheses were decided before performing the experiments. As ANOVA's requirement
of homoscedasticity was not met, two-tailed paired or unpaired equal variance t-test, as reported at
each figure, was used for statistical analysis using Excel 365 (Microsoft). To preserve statistical
power, p-values were not corrected for multiple comparisons as recommended by Feise, 2002,
Rothman, 1990, and Streiner and Norman, 2011.
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