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ABSTRACT

As a result of a large number of in vitro as well as in vivo experiments with rodents,
brain-derived neurotrophic factor (BDNF) and its tyrosine kinase receptor TrkB are
now widely appreciated to play major roles in brain function. There is also a growing
appreciation that decreased BDNF signalling may be a significant component in a wide
range of brain dysfunction in humans based on the discovery of mutations and
polymorphisms in the corresponding genes. Yet still very little is known about BDNF
expression and TrkB activation in human neurons or the human brain. In order to begin
to address these questions, human embryonic stem cells (hRESCs) have been used to
generate large numbers of neurons suitable for biochemical experiments. In the work
reported in the following chapters, two different protocols have been used to grow and
differentiate hESCS. In the first, excitatory neurons were generated exhibiting
detectable levels of BDNF albeit at low levels and after well over 2 months of culture.
Detailed biochemical analyses that could significantly advance the field within a
manageable time frame were also hampered by uncontrolled cell division still
occurring in excitatory neurons even after extended culture periods. The use of a
second, recently published differentiation protocol led to the significantly faster, more
reproducible generation of large numbers of TrkB- expressing, mostly inhibitory
neurons. A key feature of this robust differentiation protocol was the high proportion of
BDNF-responsive cells allowing BDNF-induced phosphorylation to be studied with
regard to time course and dose response. This system also allowed comparisons to
be made between BDNF, the related factor neurotrophin-4 (NT4) and newly generated
TrkB-activating antibodies. These TrkB-activating ligands were compared by
extracting RNA from neurons treated for different time periods. One of the TrkB-
activating antibody (designated #85) turned out to activate human TrkB at
concentrations close to those of the natural ligands and with a strikingly similar pattern
of induced mRNA transcripts, especially at early time points. The main conclusion of
this work is that a test system based on the generation of BDNF-responsive neurons
can be used to develop new reagents able to meaningfully activate TrkB. This work
has been published in Merkouris et al 2018 in PNAS
(https://www.pnas.org/content/115/30/E7023.long)
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Real-time PCR analysis of BDNF-AS mRNA levels in cDNA extracted from DIV 80 human

neurons

Figure 3.10: Western blot analysis for BDNF using protein extracted from H7 and H9 neurons.

Figure 3.11: Western blot analysis for BDNF and synaptophysin using protein extracted from H7

Figure 4.1:

Figure 4.2:

neurons
H9 hESCs differentiated as a monolayer of neurons, 30 DIV

Immunocytochemistry quantification analysis of 4.1 C. & D
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Figure 4.3: Immunocytochemistry in 30 DIV neurons for Tbrl, Foxpl, Foxp2 and quantification
Figure 4.4: Western blot analysis of BDNF on protein extracted from H9 neurons at 37 DIV

Figure 4.5: Western blot analysis of TrkB phosphorylation on protein extracted from H9 neurons at 42
DIV that had been treated with BDNF or TrkB-activating antibodies.

Figure 4.6: Western blot analysis of pTrkB levels using lysates prepared from H9 neurons, 30 DIV
treated for different time-points with BDNF, #85 or NT4.

Figure 4.7: Western blot analysis of TrkB levels using lysates prepared from H9 neurons, 30 DIV,
treated for different time-points with BDNF, #85 or NT4

Figure 4.8: Quantification of the ratio pTrkB/TrkB described in figures 4.6 and 4.7

Figure 4.9: Western blot analysis of pTrkB levels using lysates prepared from H9 neurons, 30 DIV

treated with various concentrations of BDNF, #85 or NT4

Figure 4.10: Number of samples and hESC differentiation used to provide the data in figure 4.9 B for

each ligand and ligand concentration used

Figure 4.11: Immunocytochemistry analysis on day 30 H9 neurons for cFOS

Figure 4.12: Immunocytochemistry quantification of cFOS positive neurons in figure 4.11
Figure 5.1: Scheme describing the experimental setup of the RNA seq experiment
Figure 5.2: Quality control of RNA samples.

Figure 5.3: Log-CPM values normalisation

Figure 5.4: Boxplots of log-CPM values showing expression distributions for unnormalized data for

each sample.

Figure 5.5: Boxplots of log-CPM values showing expression distributions for normalized data for each

sample

Figure 5.6: MDS plots of loc-CPM values over dimensions 1 and 2 with samples coloured and labeled

by group (treatment and time point)
Figure 5.7: Scree plot
Figure 5.8: PCA on 30 DIV neurons treated with BDNF, NT4 and #85 for 4 different time points
Figure 5.9: Voom function with mean variance trend
Figure 5.10: Voom function final model
Figure 5.11: Top 20 upregulated genes after 30 minutes and 2 hours
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Figure 5.12: Top 20 upregulated genes after 12 hours and 24 hours
Figure 5.13: Top 20 downregulated genes after 30 minutes and 2 hours
Figure 5.14: Top 20 downregulated genes after 12 and 24 hours

Figure 5.15: Volcano plot (scatterplot) comparing the three TrkB ligands with untreated controls at 30

minutes

Figure 5.16: Volcano plot (scatterplot) comparing the three TrkB ligands with untreated controls at 2

hours

Figure 5.17: Volcano plot (scatterplot) comparing the three TrkB ligands with untreated controls at 12

hours

Figure 5.18: Volcano plot (scatterplot) comparing the three TrkB ligands with untreated controls at 24
hours

Figure 5.19: Interactive MD plot generated with the Glimma package of Bioconductor displaying all
genes that are differentially expressed between AB85 (A2) and Control (C2) at time-point

of 2 hours

Figure 5.20: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and NT4

(C) to each other at time-point 30 minutes

Figure 5.21: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and NT4

(C) to each other at time-point 2 hours

Figure 5.22: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and NT4
(C) to each other at time-point 12 hours

Figure 5.23: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and NT4

(C) to each other at time-point 24 hours

Figure 5.24: Interactive MD plot generated with the Glimma package of Bioconductor displaying all
genes that are differentially expressed between BDNF (B24) and AB85 (A24) at time-point
of 24 hours

Figure 5.25: Volcano plot (scatterplot) displaying pair-wise comparisons of cultures treated with BDNF

at 4 timepoints (30 minutes, 2 hours, 12 hours and 24 hours)

Figure 5.26: Volcano plot (scatterplot) displaying pair-wise comparisons of cultures treated with AB85

at 4 timepoints (30 minutes, 2 hours, 12 hours and 24 hours).

Figure 5.27: Volcano plot (scatterplot) displaying pair-wise comparisons of cultures treated with NT4 at

4 timepoints (30 minutes, 2 hours, 12 hours and 24 hours).
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Figure 5.28: Interactive MD plot generated with the Glimma package of Bioconductor displaying all
genes that are differentially expressed between cultures treated with NT4 for 2 (N2) and
12 hours (N12)

Figure 5.29: Heat map of hierarchical cluster analysis with GO annotation for the top 1000 differentially

expressed genes with absolute fold change >2 and p < 0.01

Figure 5.30: Venn diagrams illustrating the number of genes that are upregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this

illustration are selected based on fold change > 1.5

Figure 5.31: Venn diagrams illustrating the number of genes that are downregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this

illustration are selected based on fold change < -1.5

Figure 5.32: Venn diagrams illustrating the number of genes that are upregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this

illustration are selected based on fold change >2

Figure 5.33: Venn diagrams illustrating the number of genes that are downregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this
illustration are selected based on fold change < -2

Figure 5.34: Venn diagrams illustrating the number of genes that are upregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this
illustration are selected based on fold change > 4

Figure 5.35: Venn diagrams illustrating the number of genes that are downregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this
illustration are selected based on fold change < -4

Figure 5.36: Venn diagrams illustrating the number of genes that are upregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this

illustration are selected based on fold change > 10

Figure 5.37: Venn diagrams illustrating the number of genes that are downregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
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hours) in comparison to the untreated (control) cultures. The genes presented in this

illustration are selected based on fold change < -10

Figure 5.38: Figure 5.38 Venn diagrams illustrating the number of genes that are upregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours
and 24 hours) upon comparison of the three TrkB ligands with each other. The genes
presented in this illustration are selected based on adjusted p value < 0.01 and fold change
> 1.5 (A.), fold change > 2 (B.), fold change > 4 (C.)

Figure 5.39: Venn diagrams illustrating the number of genes that are downregulated in the 3 treatment
conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) upon comparison of the three TrkB ligands with each other. The genes presented
in this illustration are selected based on adjusted p value < 0.01 and fold change > 1.5
(A.), fold change > 2 (B.), fold change > 4 (C.).

Figure 5.40: Expression fold changes relative to the control of 7 genes obtained with RNA SEQ and
RT PCR
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CHAPTER 1: INTRODUCTION

1.1 Nerve growth factor and its discovery

The early discovery of nerve growth factor (NGF) by Rita Levi-Montalcini was a major
milestone in the history of biology as it was the first growth factor to have been
identified (Levi-Montalcini, 1987). In addition, the rapid exploitation of this discovery
allowed the early demonstration that a defined molecular entity is critical for the
development of specific populations of neurons (Cohen, 1960). The origin of this
discovery can be traced to manipulations of developing chick embryos consisting in
particular in the early extirpation of limb or wing buds followed by observation of the
developing spinal cord and dorsal root ganglia (Bueker, 1948). Initial experiments by
Marian Lilian Shorey (1909, not in Pubmed), later repeated by Viktor Hamburger
(1934) had suggested that peripheral tissues can somehow regulate the number of
developing neurons, including in particular spinal cord motoneurons destined to
innervated the limbs. In the absence of limb or wing buds, the observation was that
fewer motoneurons survived in the ventral spinal cord on the side of the embryos that
had been operated (Hamburger,1934 not in pubmed). ElImer D. Bueker, a PhD student
working with Hamburger tested then the possibility that any cell mass could substitute
for the missing limb and support the survival of neurons (Bueker, 1948). Amongst three
tumour cell lines tested, sarcoma 180 cells not only survived but also led to an increase
in the size of dorsal root ganglia and to sensory nerves invading the tumour tissue
(Bueker, 1948). By contrast, these sarcoma cells failed to rescue motoneurons.
Following the publication of these observations, Rita Levi-Montalcini joined the
laboratory of Viktor Hamburger at Washington University (St Louis, Missouri) to clarify
the interpretation of the limb ablation experiments on motoneuron development.
Indeed, using the chick she had performed similar limb ablation experiments in Turin
with Giuseppe Levi and whilst she obtained similar results, i.e., a loss of motoneurons
following limb ablation, she favoured the interpretation that it may be a loss of synaptic
contacts as opposed to a limb-derived factor favouring the division of motoneurons
that could best account for the loss of motoneurons (Levi and Levi-Montalcini, 1942).

During her stay in St. Louis, Levi-Montalcini became aware of Bueker’s findings and
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decided to replicate them, also using a second sarcoma, line 37. An important initial
result of the collaboration between Levi-Montalcini and Hamburger was also a well-
documented observation on the phenomenon of naturally occurring cell death in dorsal
root ganglia, as well as its attenuation by the removal of the corresponding limb-bud
(Hamburger and Levi-Montalcini, 1949). When Levi-Montalcini repeated the tumour
transplantation work initiated by Bueker, she noted a dramatic increase in the size of
sympathetic and sensory ganglia, as well as in the number of their axons (Levi-
Montalcini and Hamburger, 1951). As some of the hyper-innervated territories were
distant from the tumour, the important new conclusion was also reached that the
tumour cells may secrete a “diffusible agent” (Cohen et al., 1954)(Levi-Montalcini and
Hamburger 1953). The next crucial step was the design and use of an in vitro assay
using explanted dorsal root ganglia grown in a plasma clot (Levi-Montalcini et al.,
1954). Exposing this explant to tumour extracts led to massive axonal outgrowth
(designated as “halo”), which then became the assay used by Stanley Cohen to purify
what later became known as nerve growth factor NGF (Levi-Montalcini and
Hamburger, 1951, Cohen et al., 1954, Levi-Montalcini, 1952). NGF was ultimately
purified from the adult male mouse submandibular gland that turned out to contain
large amounts of NGF (Cohen, 1960). The combined efforts of Levi-Montalcini and
Cohen not only resulted in the characterization of NGF but also in the demonstration
of its biological relevance following the administration of antibodies blocking its
biological activity to new-born mice (Cohen, 1960, Levi-Montalcini and Booker, 1960).
These discoveries were awarded with the Nobel Prize in 1986 "for their discoveries of

growth factors".
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1.2 BDNF

1.2.1 BDNF: a member of the neurotrophin family

The characterization of NGF was facilitated by the identification of the adult male
mouse submandibular gland as a uniquely rich source of NGF, as well as of epidermal
growth factor (EGF (Cohen, 1964). There is still no satisfactory explanation for such
an enrichment in this particular organ in the mouse. The list of growth factors beyond
NGF and EGF grew slowly given the considerable technical difficulties in
characterising growth factors and cytokines typically present in minute amounts in
tissue. Whilst BDNF turns out to be the most widely expressed neurotrophin in the
adult central nervous system (CNS), the initial study reporting on its characterization
indicated that 2 ug could be purified from 3 kg of pig brain, thus suggesting thatitis a
protein of very low abundance (Barde et al.,, 1982). Indeed, it turned out to be
challenging to obtain reliable sequence information as the last step of the procedure
involved a two-dimensional gel electrophoresis and an exceedingly high purification
factor (Barde et al., 1982); Barde, personal communication). Reliable sequence
information could eventually be obtained following significant modifications of the initial
procedure and could be used to amplify the corresponding BDNF nucleotide
sequences from a pig genomic DNA template (Hofer and Barde, 1988, Leibrock et al.,
1989). When expressed in COS cells this cDNA directed the secretion of biological
activity allowing the survival of a population of sensory neurons complementary to
those supported by NGF (Leibrock et al., 1989). Whilst BDNF does not support the
survival of sympathetic neurons, it does act on placode-derived sensory neurons not
supported by NGF. Sequence analysis revealed that NGF and BDNF are structurally
related (Leibrock et al 1989) and the use of short, highly conserved sequences
between BDNF and NGF allowed the generation of primers amplifying not only NGF
and BDNF sequences, but also of neurotrophin-3 (Hohn et al., 1990, Jones and
Reichardt, 1990, Maisonpierre et al., 1990, Rosenthal et al., 1990) and neurotrophin-
4 (NT4) (Berkemeier et al., 1991, Hallbook et al., 1991, Ip et al., 1992).These 4
secreted factors, namely NGF, BDNF, NT3 and NT4 form the neurotrophin family.
They all bind to the same receptor, the neurotrophin receptor p75, a member of the

tumor necrosis factor receptor family, as well as to one of three tyrosine kinase
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receptors of the tropomyosin-related kinase (or Trk) family causing dimerization and
auto-phosphorylation of their tyrosine residues (Barbacid, 1995, Kaplan et al., 1991).

1.2.2 BDNF: Gene organisation and transcription

The organization of the BDNF gene is quite complex, more so than the 3 other
neurotrophins genes (West et al., 2014). It contains multiple 5’ noncoding exons and
one protein-coding exon. The human BDNF gene spans about 70 kb of chromosome
11pl14.1 and contains 11 exons that are spliced into 17 splicing variants. Eight exons
are conserved between humans, mice and rats and as many as nine promoters have
been identified (West et al., 2014).
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Figure 1.1 Human BDNF gene contains 11 exons, but only exon IX is coding for BDNF protein (top).
These exons are spliced into 17 splicing variants (bottom). The exons are shown as boxes and introns
as lines. Filed boxes correspond to the translated regions of the exons and open boxes correspond to
the untranslated regions of the exons. Exon numbers are shown are shown in Roman numerals. BDNF

exon 1V is divided into regions a,b,c,d. The figure is adapted from Pruunsild et al., 2007.
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Whilst the functional relevance of these numerous promoters is not yet fully
understood, the expression of BDNF in a range of different cells and tissues suggests
that gene expression is likely to be regulated by different mechanisms. The most
studied promoters are | and IV which are known to be particularly responsive to
neuronal activity. This involves mechanisms able to sense the levels of intracellular
calcium and regulate CREB activity (West et al., 2014). Thus, for example in the
mouse, promoter IV contains different calcium-response elements (caRESs) inside the
proximal Bdnf promoter, as well as cCAMP Response Element (CRE) where CaRF and
CREB bind and initiate transcription. At least eight different transcription factors have
been demonstrated to bind to CaREs in Bdnf promoter IV including the activity-
inducible transcription factor NPAS4, an immediate-early gene with minimum
expression in the absence of membrane depolarization. Following calcium influx,

NPAS4 levels increase rapidly and robustly (Lin et al., 2008).
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Figure 1.2 Promoter IV of BDNF is regulated by neuronal activity and more than eight different
transcription factors bind to its calcium-reponse elements. The Transcription Factors (TFs) that are
known to regulate activity-dependent Bdnf exon IV transcription are methyl-CpG binding protein
(MeCP2), CCCTC-binding factor (CTCF), Neuronal PAS Domain Protein 4, Aryl Hydrocarbon Receptor
Nuclear Translocator 2 (ARNT2), Myocyte Enhancer Factor 2A (MEF2), Calcium Responsive
Transcription Factor (CaRF), Upstream Transcription Factor 1&2 (USF1/2), CAMP Responsive Element
Binding Protein 1 (CREB) and CREB Binding Protein (CBP), Basic Helix-Loop-Helix Family Member
E40 (BHLHE40), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), Nuclear Factor
Of Activated T Cells 4 (NFATc4). The TFs that bind to cis-regulatory DNA elements in the promoters
are presented above the line that represents DNA, and the cis-elements are shown below the factors.
CTCF which is known to contribute to regulation, but its exact binding site is uknown, therefore it is
presented above the promoter. Transcription start site 4 (TSSs) is indicated with an arrow. Distance in

base pairs (bp) relative to TSS IV is presented below the line
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Intriguingly, a human natural antisense transcript (NAT) transcribed from the opposite
strand has been identified by RT-PCR in 22 different adult human tissues including
the brain, kidney, spinal cord and testes (Pruunsild et al., 2007). The gene encoding
the antisense transcript spans over 191 kb and consists of 10 exons. The transcription
seems to be directed by a single promoter. A total of sixteen splice variants have been
described with one exon common to all. No open reading frames have been identified
in any of them. Its 225 nucleotides are 100% complementary to all splice variants of
BDNF mRNA. As BDNF NATSs are expressed in the human brain, it is conceivable that
BDNF NATS may form RNA-RNA complexes in vivo with BDNF sense mRNAs. One
study indicates that such NATs may also exist in the mouse (Modarresi et al., 2012).
Despite differences in the structure of antisense mMRNAs between two species the 225-
bp overlapping region show 90% homology whereby the antisense levels were
reported to be present at 10- to 100-fold lower levels compared to the Bdnf sense
transcripts, with the exception of testes, kidney and heart. Moreover, knockdown of
BDNF NATS with short interfering RNA (siRNA) molecules in HEK293T cells have
been found to increase BDNF levels in vitro. As a further validation of a regulatory role
of BDNF-AS mRNA for the sense mRNA, mouse neuroblastoma N2a cells have been
treated with single-stranded DNA oligonucleotides (antagoNAT) to inhibit the activity
of the antisense transcript, resulting in an increase of the Bdnf mRNA levels
(Modarresi et al., 2012). However, the physiological relevance of the antisense
transcript is still unclear, as are the mechanisms potentially regulating the activity of
the antisense promoter.
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1.2.3 Roles of BDNF in the development of the nervous system

A physiological role for BDNF during development was first suggested by in vivo
experiments consisting of the addition of purified BDNF to developing quail embryos
(Hofer and Barde, 1988). These experiments revealed that normally occurring cell
death could be reduced in (neural crest-derived) dorsal root ganglia as well as in
(placode-derived) nodose ganglia (Hofer and Barde, 1988). The in vivo requirement
for BDNF for the survival of specific populations of sensory neurons was later
demonstrated using mice lacking functional BDNF expression (Ernfors et al., 1994,
Jones et al., 1994). This mutation is not compatible with long-term survival of the
animals with most of them dying during the first few weeks after birth. Later
experiments suggested that the absence of BDNF in hon-neuronal tissues is likely to
explain the loss of sensory neurons associated with blood pressure regulation, the
development of balance and feeding. Indeed, the conditional deletion of BDNF
specifically from the nervous system is compatible with long-term survival of the
animals (Rauskolb et al., 2010). With regard to peripheral sensory ganglia, a detailed
analysis of BDNF conditional knockout mice suggested that the movement and
balance abnormalities could be explained by a severe loss (up to 90%) of neurons in
the vestibular ganglia, whilst the number of neurons remained unchanged in the
cochlear ganglia. In the trigeminal ganglia, up to 40% of the neurons were lost, in
agreement with earlier in vitro experiments indicating that placode-derived neurons
are BDNF-responsive, whilst the neural crest-derived neurons respond to and need
NGF for survival (Davies and Lindsay, 1985). In the nodose-petrosal complex the
sensory ganglia are involved in the regulation of respiration, heart rate and blood
pressure, and the number of surviving neurons was reduced by 68% (Conover et al.,
1995), with most remaining neurons responding to NT-4 . The early death of animals
carrying germline deletion of both Bdnf alleles precluded for some time meaningful
analyses of the role of BDNF in the brain. This was particularly problematic as BDNF
levels, whilst still very low in the adult CNS (see above) increase by about 10-fold in
rodents during the first three post-natal weeks. A role for BDNF in the adult mouse
brain became evident following the use of floxed alleles of Bdnf selectively excised by
the Cre recombinase driven by the a-calcium/ calmodulin-dependent protein kinase |l
(CamKIl) promoter, which drives expression in postmitotic neurons (Minichiello et al.,
1999) leading to elimination of Bdnf mRNA expression after the second postnatal

week from hypothalamus, hippocampus and cortex (Rios et al., 2001). Consequently,
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this animal model can be used to study BDNF depletion in the adult brain. Another
animal model was designed using the Emx1 promoter expressed as early as E10.5 in
the developing cerebral cortex (Chan et al., 2006, Chan et al., 2008, Baquet et al.,
2004).The selective elimination of BDNF from the cortex led to a significant reduction
of the size of the striatum and single cell analysis of the medium spiny neurons (MSN)
revealed smaller cell somas, fewer branches on dendrites as well as reductions in
spine numbers (Baquet et al., 2004) . Analyses of these animals after 12 months
revealed a 35% decrease in the number of striatal neurons, suggesting that long term
deprivation of BDNF may affect the survival of these inhibitory neurons. Neuronal
shrinkage and dendritic retraction were also observed in the visual cortex of these
animals (Gorski et al., 2003). The work with these animals suffering from BDNF
deprivation in the striatum also fits well with previous work indicating that the striatum
receives its BDNF supply from the cerebral cortex by anterograde transport (Altar et
al., 1997). Indeed, there is minimal expression of the Bdnf gene in the striatum and
experiments interrupting the supply from the cortex by surgery had indicated that the
BDNF levels in the striatum are massively reduced upon surgery (Altar et al., 1997).
Using Cre-mediated excision of floxed Bdnf alleles and the Tau promoter that is active
in all neurons, later allowed the demonstration that BDNF is not essential for the
survival of most CNS neurons up to 2 months after birth (Rauskolb et al., 2010).
Detailed investigations in the hippocampus in particular revealed that the morphology
of the pyramidal cells is barely affected, whilst the phenotype of striatal neurons
caused by the interruption of the cortical supply of BDNF could be replicated (Rauskolb
et al., 2010; see above). It thus appears that the GABAergic, medium spiny neurons
that comprise the vast majority of the striatum require BDNF for their postnatal
dendritic growth and that this requirement is ensured by a BDNF supply from sources
external to the striatum, principally the cerebral cortex.

1.2.4 BDNF and synaptic plasticity
The availability of mice lacking normal levels of BDNF expression in the brain made it

also possible to explore its role in synaptic transmission in the hippocampus. The lack
of only one allele of Bdnf led to severe reduction in the ability of high frequency
stimulation of the Schaffer collaterals to cause long-term potentiation of synaptic
transmission in CA1l neurons (Korte et al., 1995). Conversely, the addition of

recombinant BDNF to hippocampal slice cultures potentiates synaptic transmission
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(Kang and Schuman, 1995) and can restore LTP in slice cultures from BDNF-deprived
animals (Patterson et al., 1996, Figurov et al., 1996). Furthermore, acute inhibition of
BDNF activity in adult hippocampus using BDNF scavenger TrkB-1gG reduced LTP
(Figurov et al., 1996).

LTP is widely viewed as a useful cellular model for long-term memory (LTM), and in
line with results indicating that decreased levels of BDNF compromise LTP, impaired
memory performance could be observed in mice lacking one allele of Bdnf, that were
tested in the Morris water maze (Linnarsson et al., 1997) as well as in contextual fear
conditioning (Liu et al., 2004). In addition, transgenic mice over-expressing truncated
TrkB in neurons display impaired long-term spatial memory (Saarelainen et al., 2000),
whereas over-expression of full length TrKB lead to enhanced learning and memory
as assessed by water maze, contextual fear conditioning, and conditioned taste

aversion tests (Koponen et al., 2004).

1.2.5 The Val66Met BDNF polymorphism

Following the identification of a single-nucleotide polymorphism (SNP) in the human
BDNF gene, tests of episodic memory were performed on homozygote carriers of this
polymorphism that leads to the substitution of valine (V) by methionine (M) at the
residue 66 (Val66Met) in the pro-domain of BDNF. In this study, it was shown that the
Val66Met carriers had impaired episodic memory (Egan et al., 2003). The results of
these studies later confirmed in a different cohort (Cathomas et al., 2010) generated
considerable interest even if the biochemical consequences of this amino acid
replacement in human pro-BDNF remain unclear. Reduced BDNF secretion and/or
altered interactions between BDNF and its pro-peptide have been suggested to
explain the functional consequences of this Val/Met polymorphism, but the results
remain open to criticism given that most have been obtained using overexpression
paradigms (Egan et al., 2003, Chiaruttini et al., 2009). Interestingly, a mouse model
has been generated in an attempt to mimic this polymorphism, but while memory was
not affected in these animals, they showed increased anxiety (Chen et al., 2006). Also,
the Met BDNF pro-peptide has been shown to cause growth cone collapse (Anastasia
et al., 2013)

In sum, the discovery of the Val/Met polymorphism represents an important

development and the link with memory is of great interest, not least because of the
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role of BDNF in LTP. However, the absence of reliable data regarding the biochemical
impact of the Val/Met substitution and the fact that the mouse model does not seem
to replicate the phenotype observed in humans are a source of concern, not least
because the incidence of the Val/Met polymorphism varies considerably when different
ethnic groups are compared. A study involving 58 different groups and 68 SNPs
spanning the BDNF genomic region indicated that the frequency of the Val/Met
polymorphism varies between 0% and 72% across the 58 global populations
(Petryshen et al., 2010). These results suggest a positive selection of an entire
genomic region during the course of evolution and caution is needed in order to
establish a direct causality between the single Val/Met polymorphism and memory

performance.

1.2.6 BDNF and the regulation of body weight

Energy balance and body weight are tightly controlled by interactions between the
brain and peripheral tissues and their dysregulation can lead to obesity or cachexia.
The first suggestion for BDNF involvement in the control of feeding behaviour came
from rodent studies demonstrating that the intra-ventricular delivery of BDNF can
reduce weight gain (Lapchak and Hefti, 1992). Bdnf*- mice were shown in later studies
to be hyperphagic and obese, suggesting that BDNF is involved in the regulation of
food intake (Lyons et al., 1999, Kernie et al., 2000). In line with this, mice expressing
25% of the normal levels of TrkB exhibit excessive feeding (Xu et al., 2003). A more
recent study indicated that low levels of BDNF correlate with decreased function of the
0a20-1 calcium channel subunit that is also a thrombospondin receptor in the
hypothalamus, a structure known to be critical for the regulation of food intake and
body weight regulation. Thus, inhibiting alpha2/delta-1 in wild-type animals causes
significant increase in food intake and weight gain whilst conversely, correcting the
alpha 2/delta-1 deficiency reduces overeating and weight gain (Cordeira et al., 2014).
Genetic studies in humans strongly support the role of BDNF/TrkB signalling in energy
balance regulation. Severe hyperphagia and obesity have been reported in young
patients carrying a de novo missense (Y722C) mutation in the TrkB gene that perturbs
MAP kinase activation (Yeo et al., 2004). Moreover, a more recent study of WAGR
syndrome (Wilms tumour, Aniridia, Genitourinary anomalies, and mental Retardation)
which is caused by the loss of one functional BDNF allele, found decreased adaptive

behaviour and cognitive function (Han et al., 2013). WAGR syndrome is caused by
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11p13 deletions of varying size near the BDNF locus and can be used as a model for
studying human BDNF haploinsufficiency. Interestingly 100% of WAGR patients that
are BDNF haploinsufficient are obese by 10 years of age whilst only 1 in 5 patients

become obese when BDNF gene is not affected by the deletion (Han et al., 2008).

1.2.7 BDNF and neurodegeneration

Given its role during development and in the adult rodent brain, numerous studies
have attempted to correlate the levels of BDNF with various conditions, including
Huntington’s, Alzheimer’s and Parkinson’s (HD, AD and PD) diseases. Whilst most of
the measurements of BDNF levels have been determined from human serum
samples, results are very difficult to interpret not least because of technical problems.
Indeed, there are difficulties in measuring BDNF levels accurately in human serum
with commercially available immunoassays. Whilst it has been known for several years
that human platelets store high levels of BDNF (Yamamoto and Gurney, 1990), it has
been recently argued that the accumulation of BDNF in platelets is unlikely to reflect
brain levels and that the platelet progenitors, bone marrow megakaryocytes are a
more likely source (Chacon-Fernandez et al., 2016). Indeed, these cells express the
BDNF gene at significant levels, which is not the case in the mouse. This correlates
with the absence of detectable levels of BDNF in mouse blood, including platelets
(Chacon-Fernandez et al., 2016). Given the demonstration that BDNF does not cross
the blood-brain barrier (Pardridge et al., 1994), correlations between BDNF levels in
the brain and neurodegenerative diseases can only be established post-mortem. Early
reports that the levels of BDNF mRNA are decreased in several brain areas in the
brain of AD patients (Phillips et al., 1991) were recently confirmed in the prefrontal
cortex (Buchman et al., 2016). Likewise decreased levels of BDNF mRNA have been
reported in the substantia nigra of PD patients (Howells et al., 2000). In HD the
plausibility of an involvement of BDNF is mostly supported by work in the mouse as
well as cell culture experiments. Huntingtin is a ubiquitous protein of unknown function
that is elongated by polyglutamine repeats in HD. The severity of the condition has
been correlated with the length of these repeats and the mutant protein is thought to
have a toxic effect on striatal neurons (Andrew et al., 1993, Li et al., 2000) . Whilst it
is conceivable that the death of the striatal neurons may be due to the loss of some
unknown beneficial activity of the wild-type protein or alternatively that these neurons

are particularly sensitive to the mutant forms of huntingtin, an involvement of BDNF is
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also possible and has been closely examined in rodent and cellular models. As noted
(see above), an anterograde supply of BDNF from cortical neurons seems to be
necessary for the post-natal development of striatal neurons (Baquet et al., 2004).
Additionally, the transcription of BDNF has been reported to be negatively affected by
mutant forms of huntingtin (Zuccato et al., 2001). In addition, post-mortem studies on
the brains of HD patients indicate that BDNF levels in the striatum are reduced, but
are unaffected in the cortex (Ferrer et al., 2000, Gauthier et al., 2004). It has also been
proposed that mutant forms of huntingtin interfere with the anterograde transport of

BDNF-containing vesicles (Gauthier et al., 2004).

1.2.8 Increasing BDNF levels

The studies summarised in the above have generated considerable interest in the
possibility of increasing the levels of BDNF in order to improve neurological conditions.
This notion is also supported by a considerable body of work indicating that physical
exercise may retard cognitive decline during ageing and in patients at risk for AD
(Ahlskog et al., 2011, Lautenschlager et al., 2008). Work in rodents has firmly
established that brain levels of BDNF increase as a function of activity (Berchtold et
al., 2010). Whilst in humans, the levels of BDNF also increase in serum after physical
exercise (Ferris et al., 2007), although the reasons for this increase are still not
understood. Because the increase in serum BDNF levels can often be observed after
short periods of time following exercise, they may indicate changes in platelet reactivity
and the possible impact of increased platelet-derived BDNF on brain function remains
a matter of speculation. As BDNF exerts its function through binding to TrkB receptor
it is important to ensure that TrkB expression is not significantly altered in patients.
BDNF cannot be administered peripherally as previous studies have indicated that
much of what is injected does not diffuse away significantly from the site of injection
and what does reach the blood circulation is rapidly eliminated by filtration through the
kidney with no relevant quantities reaching the brain (Pardridge et al., 1994). BDNF
has also been administered intrathecally in the context of a clinical trial that examined
the potential benefits of BDNF infusion in patients with amyotrophic lateral sclerosis
(Ochs et al., 2000). However, the premature termination of the trial made it difficult to
draw definitive conclusions as to the potential benefits of this therapy, which also
appears unlikely to be applicable on a large scale. Alternative strategies such as

delivery using lentivirus and other vectors are also being considered but so far have
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not reached a stage where they can be evaluated (Nagahara and Tuszynski, 2011).
Whether or not BDNF levels can be increased by increasing neuronal activity has also
been considered. Whilst initial attempts using excitatory neurotransmitter mimics such
as ampakines looked promising (Simmons et al., 2009) it remained unclear if positive
effects could be clearly dissociated from excitotoxicity. More recently, the sphingosine
analogues Fingolimod, a mild immunosuppressant used extensively in the context of
multiple sclerosis has been shown to increase brain BDNF levels in mice (Deogracias
et al., 2012) and to also improve the behaviour of mice lacking Mecp2 (Deogracias et

al., 2012), a gene mutated in most cases of Rett syndrome (Amir et al., 1999).

1.3 NEUROTROPHIN RECEPTORS

1.3.1 Introduction

The 4 mammalian neurotrophins are known to interact with 4 receptors, namely
p75NTR, TrkA, TrkB and TrkC (Bothwell, 1991). All 4 neurotrophins bind and activate
p75NTR both as pro-neurotrophins and as mature neurotrophins. Interestingly, pro-
neurotrophins have been reported to bind to p75NTR with a substantially higher affinity
than mature neurotrophins and to efficiently cause cell death (Lee et al., 2001). Mature
NGF preferentially binds to TrkA, NT3 to TrkC, but also activates significantly TrkA
and TrkB whilst BDNF and NT4 both bind to TrkB with similar affinities (Barbacid,
1995) (Figure 1.1). What is now known as p75NTR was the first neurotrophin receptor
to have been discovered and was initially named the NGF receptor. Indeed, NGF was
the only known neurotrophin to have been characterized at the time and it was used
to identify its first receptor by expression cloning using human and rat libraries
(Johnson et al., 1986, Radeke et al., 1987). This “NGF receptor” was also the founding
member of what turned out to be the large tumor necrosis factor receptor family
(Armitage, 1994). Following the characterization of BDNF, binding studies indicated
that BDNF also binds to the then NGF receptor (Rodriguez-Tebar et al., 1990), later
renamed p75NTR, or TNFSR16. The Trk receptors were discovered later whereby a
milestone was the discovery and characterization of an oncogene associated with
human colon carcinoma and the realization that it was a fusion protein consisting of
tropomyosine fused with the kinase domain of what later became known as TrkA
(Martin-Zanca et al., 1986, Martin-Zanca et al., 1989). The specific expression of TrkA

in neurons known to respond to NGF (revealed by in situ hybridization) was rapidly
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followed by the demonstration that NGF activates its kinase domain. TrkB and TrkC
were discovered based on their sequence homology to TrkA and as BDNF, NT3 and
NT4 had been identified in the meantime, their respective ability to bind and activate
their respective receptors could be rapidly confirmed (Kaplan et al., 1991, Klein et al.,
1991b, Hempstead et al., 1991, Klein et al., 1991a, Soppet et al., 1991, Squinto et al.,
1991, Berkemeier et al., 1991, Lamballe et al., 1991, Klein et al., 1992, Ip et al., 1992).
Like all TNFRS, p75NTR is devoid of enzymatic activity and needs to interact with
cytoplasmic proteins to transduce messages following ligand binding (Volonte et al.,
1993, Susen et al., 1999). This has greatly complicated the definition of the exact role
played by this receptor in the nervous system whereby a consensus has emerged that
p75NTR often mediates effects that counteracts those of Trk activation, in some cases
even cell death, like other TNFRS members (Dechant and Barde, 2002). The Trk
family of tyrosine kinase receptors are single-pass transmembrane proteins composed
of a heavily glycosylated extracellular domain containing three leucine-rich repeats,
two cysteine repeats and two immunoglobulin-like C2 motifs, a transmembrane
domain and a kinase domain. The tyrosine kinase domain faces the cytoplasm and is
highly related between the 3 Trk receptors and shares many structural features with
other tyrosine kinase receptors, such as the insulin receptor (Geetha et al., 2013). The
interaction of Trk with their corresponding ligands is mediated through the second Ig
domain (Ultsch et al., 1999, Wiesmann et al., 1999).
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Figure 1.3 All neurotrophins activate p75 receptor, while mature neutrophins bind and activate Trk
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1.3.2 Relevance of neurotrophin receptors in vivo

Like has been the case with neurotrophins, gene targeting experiments have been
informative in delineating the role of the 4 neurotrophin receptors in vivo. Most of the
trophic effects of the neurotrophins are mediated by the activation of one of the Trk
receptors and detailed analyses of mouse mutants lacking each of the Trk receptors
essentially confirmed what could be expected given the results of in vitro binding
specificities (Klein et al., 1993, Klein et al., 1994, Smeyne et al., 1994). However,
detailed analyses indicated that mutant mice lacking NT3 lose more neurons than
those lacking TrkC both in sensory and in sympathetic ganglia (Liebl et al., 1997). One
possible explanation for this observation could be that early in the development, when
p75NTR levels are low, NT3 signals not only through TrkC but also through TrkA and
TrkB. Indeed, TrkA expressing trigeminal neurons are lost by E13.5 and TrkB
expressing trigeminal neurons are lost by E11.5, when NT-3 knockout embryos had
been exposed to antisera specific for TrkA and TrkB respectively (Huang et al., 1999).
A further explanation could be found in the discovery that TrkC acts as a dependence
receptor, i.e. a receptor causing death in the absence of its cognate ligand (Tauszig-
Delamasure et al., 2007). Intriguingly, a recent study extended these findings to TrkA,
eventually explaining why TrkA-expressing neurons require NGF during development
as it is the expression of the NGF receptor that makes them dependent on NGF for
survival (Nikoletopoulou et al., 2010). Re-analysis of the corresponding mouse
mutants confirmed that the death of sympathetic and sensory neurons lacking TrkA is
delayed compared to wild-type animals. With regard to p75NTR, like is the case with
most TNFR members, the elimination of the gene does not cause the death of the
animals but does lead to changes in the innervation of target fields by sensory and
sympathetic neurons (Lee et al., 1992). Additionally, in vitro experiments indicated that
the lack of p75NTR increases the concentrations of neurotrophin needed for survival
(Lee et al., 1994), in line with binding experiments indicating that the expression of
p75NTR together with TrkA increases the binding affinity of NGF (Hempstead et al.,
1991).

1.3.3 BDNF and TrkB signalling
The BDNF/NT4 receptor TrkB is widely expressed throughout the CNS and the PNS.
TrkB isoforms with different extracellular domains can be generated through

differential mMRNA splicing, with some of these splice variants modulating the binding
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characteristics of ligands to TrkB. In particular, a short insert in the juxta-membrane
region of TrkB facilitates its activation by NT3 and NT4, whereas the absence of this
insert increases the specificity for BDNF (Strohmaier et al., 1996). Additionally, two
alternatively spliced truncated receptors designated TrkB-T1 and TrkB-T2 with
extracellular and transmembrane domains identical to full length TrkB lack the entire
kinase domain. The function of these two splice variants that are highly expressed by
glial cells in particular is not entirely clear though it has been proposed that they may
further limit the diffusion of BDNF from its sites of secretion (Biffo et al., 1995).
Conversely, when use as soluble, i.e., non-membrane bound reagents they facilitate
the diffusion of BDNF (Croll et al., 1998). Like all neurotrophins, the BDNF
homodimers cause TrkB activation by dimerization (Barbacid, 1995). Upon ligand
binding the intracellular tyrosine kinase domains are activated and the close proximity
brought about by dimerization causes tyrosine residues to be phosphorylated.
Tyrosine phosphorylation generates binding sites for adaptor proteins such as Src
homology 2 (SH2) domain- and phosphotyrosine binding (PTB) domain-containing
proteins. These proteins initiate signalling cascades including the activation of protein
kinases including mitogen-activated protein kinases (MAPKSs), phosphoinositide 3-
kinase (PI3K) and phospholipase Cy1 (PICy1) (Patapoutian and Reichardt, 2001,
Reichardt, 2006). The MAPK signalling pathway has been shown to enhance cell
survival by mechanisms including phosphorylation and inhibition of the pro-apoptotic
proteins such as BAD (Bonni et al., 1999) , as well as by increased expression of pro-
survival genes in a CREB-dependent manner. For example, the pro-survival gene
BCL-2 is a target of CREB in cerebellar granule neurons (Finkbeiner, 2000). The PI3K
pathway has also been suggested to exert a prominent pro-survival role upon
activation (Atwal et al., 2000). The downstream effector of PI3K activation is Akt (also
designated PKB), a serine/threonine kinase (Franke et al., 1997) and the PI3K/Akt
pathway is necessary for neurotrophin-dependent survival in CNS neurons (Brunet et
al., 2001). The PLCy pathway activation caused by phospho-TrkB also activates the
transient receptor potential cation channels (TRPC) (Li et al., 1999, Amaral and Pozzo-
Miller, 2007) . The resulting increase in intracellular calcium levels subsequently
positively regulates BDNF expression through a positive feed-back loop (Shieh et al.,
1998) as BDNF is synthesized and released in an activity-dependent manner
(Hartmann et al., 2001). As noted, (see above) the significance of TrkB during

development has been demonstrated in Trkb- mice which turned out to have a similar
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phenotype to Bdnf’- mice. Both mutants die in the first days or few weeks after birth
as a result of neuronal losses affecting primarily the peripheral nervous system (see
above). The loss of motor neurons that was initially reported in TrkB null- mutant mice
(Klein et al., 1993) could not be replicated in subsequent studies, not even in mice
mutants lacking both BDNF and NT4 (Liu et al., 1995). Up until now, it is unclear what
are the factors that may support the survival of spinal cord motoneurons during normal
development. Whilst a number of studies have indicated that the survival of
motoneurons is dramatically improved following the addition of BDNF to either cultured
spinal cord motoneurons or after axotomy in vivo (Sendtner et al., 1992), it is also
known that such manipulations also dramatically increase the levels of expression of
“death receptors” such as p75NTR (Ernfors et al., 1989). Although the expression of
TrkB ensures the survival of the neurons despite the expression of p75NTR,
expression of p75NTR after injury has been suggested to delay motor axonal
regeneration (Boyd and Gordon, 2001).
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Figure 1.4 BDNF-TrkB signalling cascade is initiated upon binding of BDNF to TrkB and subsequent
dimerization of the receptor. Subsequently the phosphorylation of specific tyrosine residues mediates
the downstream signalling by creating docking sites for the effector proteins that initiate the activation
of downstream instracellular pathways PLCy, ERK and PI3K. The three pathways lead to increase of

the transcription factor CREB that enhances transcription of several genes.
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1.3.4 TrkB as a drug target

Given the role of BDNF/TrkB signalling in dysfunction of the nervous system (see 1.2.7
for examples), the development of TrkB agonists is receiving considerable attention.
This included the identification of small molecules activating TrkB using in vitro
reporter assays. DMAQ-B1 was amongst the first to be identified by screening a library
for activators of the insulin receptor (Zhang et al., 1999) and has been reported to
activate TrkA, TrkB and TrkC (Wilkie et al., 2001). More recently, 7,8-DHF has
identified as a compound protecting against staurosporine-induced apoptosis in a
murine brain-derived cell line overexpressing TrkB (Jang et al., 2010). The compound
was shown to bind to the extracellular domain of TrkB, and reported to induce
phosphorylation of the receptor in rat primary cortical neuron cultures. In addition, a
compound, LM22A-4, was identified by in silico screening of a small molecule library
based on detailed structural analysis of BDNF and of specific sequences thought to
interact with TrkB (Massa et al., 2010). It was then shown to activate TrkB and
downstream components in mouse hippocampal neuron culture. Also, in vivo
administration of this compound in mouse models of Rett syndrome and Huntigton’s
disease were reported to improve motor and respiratory functions (Schmid et al., 2012,
Simmons et al., 2013). However, a more recent analysis of the efficacy of DAMQ-B1,
7,8-DHF and LM22A-4 on cultured rat cortical neurons and human cell lines
expressing TrkB showed that none of them were effective TrkB agonists (Boltaev et
al., 2017). In addition to small molecules, a number of antibodies have been reported
to activate TrkB (Bai et al., 2010, Cazorla et al., 2011) and one main objective of this
Thesis work was to characterize a novel TrkB antibody developed at the Scripps
Institute in a collaboration between the laboratories of Richard Lerner and Zebra
Biologics, a recently founded biotechnology company. Using a near-neighbour
antibody screening strategy, new TrkB activating antibodies have been selected
amongst a >10°-member combinatorial library. One of them designated #85 was

characterized in this work and compared to the natural TrkB ligands BDNF and NT4.

43



1.4 Embryonic stem cells as a research tool

1.4.1 Mouse pluripotent stem cells

Embryonic stem cells (ESCs) were isolated from the inner cell mass of blastocysts at
the pre-implantation stage of mouse embryos (Evans and Kaufman, 1981). This
cluster of 10-20 unspecialized cells have been characterized as being in a “ground
state” or of naive pluripotency. Crucially they can be cultured in vitro initially in the
presence of leukaemia inhibitor factor (LIF) (Niwa et al., 1998) . Furthermore, inhibition
of the differentiation inducing signalling from mitogen-activated protein kinase and
inhibition of the glycogen synthase kinase 3 is all that is required to isolate and
maintain mouse ESCs in a ground state (Ying et al., 2008). A further demonstration
of the pluripotent nature of the cultured ESCs was the possibility to generate mouse
chimeras and progeny from such mice, by contributing to all somatic lineages as well

as to the germline (Bradley et al., 1984, Evans et al., 1985).

1.4.2 Human pluripotent stem cells (hESCs)

As in the case with the mouse, human embryonic stem cells (hESCs) are also derived
from the inner cell mass of embryos and are characterised by their apparent ability to
self-renew while maintaining a significant degree of multipotency when exposed to
extrinsic signals (Thomson et al., 1998). However, given the impossibility to generate
a whole organism from hESCs there has been a great deal of work as well as
controversies to better define the exact nature of cultured hESCs (De Los Angeles et
al., 2012, Davidson et al., 2015, Rossant, 2015). From the outset it became clear that
there must be significant differences with mESCS if only because of the inability of LIF
to promote their survival and self-renewal (Daheron et al., 2004). More generally the
culture conditions needed to maintain and propagate hESCS are very different from
those established for mESCs (Lin and Talbot, 2011). Currently there seems to be a
consensus to consider the hESCs cultured under the protocols used by most
researchers as not really naive but “primed” stem cells, possibly unable to differentiate
into all somatic and germ cell lineages (Nichols and Smith, 2009) . Ongoing work is
aiming at further refining the culture conditions so as to obtain truly naive stem cells
able to generate any cell type, either as cells derived from very early human embryos
or else reprogrammed from somatic cells (Guo et al., 2016, Wang et al., 2018c) . A

new concept has recently emerged suggesting that there may be an intermediate state
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between the naive and primed state designated the “formative” state, possibly
preparing for the orderly and coordinated naive state during the early phase of human
development, which is clearly significantly longer than is the case in the mouse (Smith,
2017).

The better understanding and characterisation of pluripotency in mESCs including in
particular the detailed molecular characterisation of pluripotent cells laid the foundation
for the next significant development in stem cell biology with the discovery by
Takahashi and Yamanaka that the combination of 4 factors expressed in mESCs
allowed the reprogramming of mouse and soon after of human somatic cells.
Specifically, the expression of OCT3/4, SOX2, KLF4 and c-Myc (Takahashi and
Yamanaka, 2006, Takahashi et al., 2007) was sufficient to reprogram fibroblasts back
to the pluripotent state. In the mouse, it was possible to demonstrate that the
reprogramming of fibroblasts and other cells was so profound that animals could be
generated from these induced pluripotent stem cells (iPSCs) (Boland et al., 2012).
Work with human somatic cells also generate the same type of question as with
embryonic stem cells, namely the generation of primed as opposed to naive ES cells.
However, recent work suggests that the primed cells can be taken back to a more
primitive state, with characteristics similar to cells derived from the inner cell mass of
primates by procedures involving, for example, the inhibition of histone deacetylation
(Guo et al., 2017).

1.4.3 Neuronal differentiation of hESC

While the exact nature of hESCs continues to be a matter of debate, these cells offer
nonetheless a unigue way to recapitulate and study aspects of human embryonic
development that would otherwise remain inaccessible. In particular, a number of
different cell types can be generated in vitro allowing unprecedented opportunities to
define their biochemical and molecular biological characteristics, as well as their
response to extracellular signals such as growth factors or components of the
extracellular matrix (Vidarsson et al., 2010, Akiyama et al., 2018, Espuny-Camacho et
al., 2013). Using co-culture systems, cell-cell interactions can now also be studied
using human cells and determine the degree to which such interactions may differ from
what was determined with rodent systems (Lam et al.,, 2017). This is particularly
relevant in the context of drug development, as well as towards a better understanding

of conditions affecting human health, especially those where single genes have been

45



identified as being causally related to disease conditions. In this context, the possibility
of generating patient-specific IPSCs is likely to change our understanding of the
pathways leading to diseases of the nervous system in particular (Tamburini and Li,
2017).

Amongst other exciting developments, it also appears likely that the possibility to
generate organoids form cultured iPSCs may revolutionize our understanding of early
steps of organ formation. Whilst it is still not entirely clear whether the development of
large organs such as the brain can meaningfully be followed in the absence of a
functional vascular system, successes with smaller structures such as the eye in
particular are impressive and may open new possibilities to access complex processes
such as morphogenetic movements as well as multilayer formation (Nakano et al.,
2012). The impact of genes acting early during development of such structures is likely

to be much better understood using this type of approach.

The work at the core of this PhD thesis benefits from recent developments allowing
the generation of unlimited quantities of human neurons. It also illustrates both the
current problems as well as the successes that can be achieved using recent protocols
allowing the generation of human neurons from hESC. As detailed in the subsequent
chapters it still remains challenging to reproducibly generate monolayers of human

neurons of sufficient quality for detailed molecular, quantitative analyses.

Whilst a large number of protocols leading to the generation of human neurons from
hESCs have been published (Espuny-Camacho et al., 2013, Arber et al., 2015), just
like has been previously the case with mESCs (Bibel et al., 2004, Wu et al., 2012),
only few are robust enough to be used on a routine basis. In addition to reproducibility,
the main problems are cellular heterogeneity and the difficulties of generating
monolayer cultures allowing meaningfully biochemical analyses following cell lysis. In
most cases, the proportion of cells responding to the addition of a particular agent —a
central aspect of the work presented here- has been exceedingly difficult to analyse.
Following many years of experimentation largely based on a better understanding of
neural induction in model systems such as Xenopus Laevis, many protocols including
those used here rely on inhibition of the mesoderm pathway, following early
suggestions that neural induction involves inhibition of extracellular signals (Sasai et
al., 1994, Smith and Harland, 1992) . In particular, inhibition of TGF[ signalling as well
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as of its downstream targets SMAD have been repeatedly shown to promote early
commitment of multipotent hESCs towards the neural lineage (Chambers et al., 2009).

Work with amphibian embryos in particular (Munoz-Sanjuan and Brivanlou, 2002) has
indicated that layer specification may rely on downstream effectors of the TGFf
superfamily, including SMADs. The SMADs are thought to block the BMP pathway
inducing mesoderm fates. Dual SMAD inhibition of hESCs was shown to generate
neural-tube structures like rosettes and neurons. A significant proportion of the
neurons generated by this type of protocol display some of the characteristics of
excitatory neurons populating the dorsal telencephalon. By contrast, exposure of the
cultures to sonic hedgehog leads to the generation of neuronal populations resembling
those found in the ventral part of the brain, the ganglionic eminence (Aubry et al.,
2008). Altering both the concentration and the timing of treatment with growth factors
and pathway inhibitors lead to populations resembling those found in various brain
regions including the hypothalamus or cortical interneurons, in addition to striatal
interneurons (Danjo et al., 2011, Germain et al., 2013, Ma et al., 2012). Furthermore,
the additional use of anterior and posterior regional patterning factors including
fibroblast growth factor 8 and 15 (FGF8 and FGF15) and activin can lead to different
subtypes of neurons (Lim et al., 2015, Kim et al., 2014, Arber et al., 2015).

As detailed in the following Chapters, a triple SMAD inhibition protocol modified from
the Vanderhaeghen group (Espuny-Camacho et al.,, 2013) was initially used to
generate excitatory, BDNF-expressing neurons. Subsequently, a dual SMAD inhibition
protocol, relying on the instructive role of Activin A, was used to generate TrkB-

expressing inhibitory neurons.

1.5 Aims and Hypothesis

As decades of basic research using animal models have established that BDNF and
TrkB signaling play essential roles in the nervous system, there is increasing interest
in understanding the biochemistry of BDNF in human neurons and in developing
reagents activating the BDNF signaling pathways in the human brain. The generation
of neurons from embryonic stem cells begins to make such goals achievable whereby
the emphasis of the work detailed in the subsequent chapters is on novel TrkB
activating antibodies that became available during the course of this PhD Thesis. The

goal of combatting neurodegeneration using antibodies begins to be a realistic option
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given the extensive use of antibodies in various conditions such as cancer (Scott et
al.,, 2012), wet macular degeneration (Volz and Pauly, 2015), multiple sclerosis
(Gajofatto and Turatti, 2018) and Alzheimer’s disease (AD) (Sevigny et al., 2016).
Even if targeting the amyloid precursor peptide or AR with antibodies turned out not
be successful thus far, the principle of using of antibody to treat conditions affecting
the function of the nervous system and to target antigen expressed by neurons has
already been tested in humans. The work detailed in the following chapters is divided

into four sections:

1) Generation of excitatory neurons from human embryonic stem cells to study
the regulation of BDNF expresison

2) Generation of TrkB-expressing inhibitory neurons from human embryonic stem
cells to study TrkB activation by novel agonists

3) Comparison of TrkB activation by natural and engineered ligands

4) Detailed comparison of gene expression using RNAseq following TrkB
activation by BDNF, NT4 and a novel TrkB-activating antibody
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CHAPTER 2: METHODS

2.1 Cell culture

All cell cultures were maintained at 37 °C and 5 % CO2 in a Heracell™ 150i incubator
(ThermoFisher Scientific). Cell work was performed under a laminar flow hood
(MAXISAFE 2020, ThermoFisher Scientific) under sterile conditions. Cells were grown
on plastic multi-well plates (ThermoFisher Scientific) or glass coverslips (VWR).

2.1.1 hESC culture

All experiments described in this Thesis were carried out using the H9 human
embryonic stem cell (hESC) line or the H7 hESC line (WiCell). Multi-well plates were
coated with hESC qualified Matrigel (Corning) diluted in Dulbecco’s Modified Eagle
Medium (DMEM)/F-12 (ThermoFisher Scientific) according to manufacturer’s
instructions, for 1 hour at 37 °C. H7 cells were maintained in mTSER1 media, and H9
were maintained in mMTSER1 supplemented with 10 ng/ml of basic fibroblast growth
factor (bFGF). Media was changed daily and stem cells were passaged when they
reached approximately 80 % confluency, as described below. Media was aspirated
and cells were washed once with D-Phosphate Buffered Saline (D-PBS; Gibco) and
0.02 % ethylenediaminetetraacetic acid (EDTA; Sigma) was added and cells were
incubated at 37 °C for 2 minutes. Subsequently EDTA was aspirated and 3 ml of
MTSER1 was added. Cells were then manually dissociated into small clusters with the
use of a 5 ml serological pipette. The resulting cell suspension was then centrifuged
at 1150 rpm for 3 minutes (5810 R centrifuge, Eppendorf) and the supernatant was
removed. The pellet was re-suspended in fresh media and cells were seeded ata 1:3

ratio.

2.1.2 hESC freezing and thawing
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Cryogenic vials with frozen hESCs were maintained in liquid nitrogen tanks for future
experiments. Cells were passaged as previously described (hESC culture) and re-
suspended in 1 mI mTSER1 medium containing 10 % dimethyl sulfoxide (DMSO). Cell
suspension from one well of a 6-well plate was transferred into a cryogenic vial and
kept inside a Mr. Frosty™ Freezing Container (Nalgene, ThermoFisher Scientific) in
order to slow down the rate of freezing upon storing at -80 °C. Frozen cells were
maintained at -80 °C overnight and transferred to liquid nitrogen the next day. Cell
thawing was performed by placing the frozen cryogenic vials directly at 37 °C. Upon
thawing, the cell suspension was added to 3 ml of pre-warmed mTSER1 and
centrifuged at 1150 rpm for 3 minutes. The cell pellet was re-suspended in 3 ml of

fresh mTSERL1 and plated into a single well

2.2 Neuronal differentiation

2.2.1 Cortical excitatory neurons

This protocol is based on a publication by Espuny Camacho and colleagues (Espuny-
Camacho et al., 2013) and subsequently modified by Li and colleagues (personal
communication). H7 and H9 hESCs were plated onto Matrigel (VWR) and maintained
in MTSER1 (Stem Cell Technologies). H7 and H9 hESC were passaged and plated
onto Matrigel-growth factor-reduced (VWR) 2 days prior to differentiation. Cells were
maintained for the first 6 days of differentiation in N2B27 media (2 parts DMEM-F12
to 1-part Neurobasal supplemented with 1:100 N2 and 1:200 B27; Life Technologies)
with triple smad inhibition: Stemolecule LDN-193189 (Stemgent, cat no 04-0074) at
final concentration of 100 nM, SB431542 (Tocris, cat no 1614) at a final concentration
of 10 uM and Dorsomorphin (Tocris cat no 3093), at a final concentration of 200 nM.
From days 6-12 progenitors were maintained in N2B27 media with dual smad
inhibition, LDN and Dorsomorphin. After day 12 the cells were maintained in plain
N2B27 media. At day 12 the first passage was performed the cells were washed with
D-PBS and then treated with 0.02% EDTA for 2 minutes at 37 °C. Subsequently EDTA
was removed and progenitors detached from the plate with gentle mechanical
dissociation. Progenitors were collected into a 15 ml conical tube (Sarstedt) and
centrifuged for 3 minutes at 1150 rpm. Then cells were plated in fibronectin-coated
wells (15 pug/ml). Cells from 2 wells of a 6-well plate were plated to 3 wells of a new 6-

well plate. At day 20 the second passage was performed with the use of EDTA and
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mechanical dissociation. In this case the dissociation step was harsher in order to
acquire all the progenitors attached to the plate. The splitting ratio in this passage was
1:5, although other ratios had been successfully tested. Neurons can be observed
about 3 to 4 days after the second passage and they can be maintained up to 110
days in culture (Figure 2.1) Due to the extended proliferation time observed with this
protocol it is possible to freeze the progenitors at different time points. Progenitors had
been frozen successfully in three time-points day 16, day 30, day 50 (data not shown).
In order to freeze the progenitors, media was removed and cells were washed once
with D-PBS. 1 ml of 0.02 % EDTA was then added and cells were incubated at 37 °C
for 2 minutes. Subsequently EDTA was removed and 1 ml of freezing media (90 %
N2B27, 10 % DMSO) was added to the well. Harsh mechanical dissociation was
performed with the use of 5 ml serological pipettes. Subsequently the cells were
transferred into cryovials and were left at -80 °C overnight inside a Mr. Frosty™

Freezing Container. Vials were transferred to liquid nitrogen the following day.
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Figure 2.1: Summary of the differentiation protocol used for the generation of hESCs-derived

neurons using triple Smad inhibition. At day -2, H7 & H9 hESCs are plated on Matrigel, and

passaged after 2 days onto growth factor-reduced Matrigel (Matrigel GFR). Triple Smad (LDN,
Dorsomorphin and SB431542) starts at day 0. At day 6, SB431542 is removed from the media.

Progenitors need to be passaged at day 12 and day 20 to ensure appropriate differentiation.

Subsequently the neurons can be maintained in vitro for more than 3 months.

52



2.2.2 LGE neurons

This protocol supports the differentiation of human induced pluripotent stem cells
(IPSC) and human embryonic stem cells (hESC) into neurons that express markers of
the lateral ganglionic eminence (LGE) (Telezhkin et al., 2016). H9 hESC stem cells
were maintained in mTSER1 medium with Matrigel used as a substrate. Four different
media were used upon differentiation (Figure 2.2). SLI medium, which was used for
the first 8 days, includes ADF (ADF-Base medium) (Advanced DMEM/F12 98%, Macs
Brew supplement without Retinoic Acid, Glutamax 1%, Penicillin/Streptomycin 5000
units/5000 ug), 1.5 uM IWR1 (Tocris) dual smad inhibition (10uM SB431542 (Abcam)
and 1 yM LDN193189 (Reinnervate). These two molecules are necessary for blocking
the mesoderm pathway and induction of neuronal differentiation (Chambers et al.,
2009). Furthermore, the use of IWR1, an inhibitor of Wnt signalling, was used in order
to block premature differentiation of forebrain progenitors into cortical neurons. Indeed,
Wnt3a has been described to be involved in this procedure (Munji et al., 2011). LIA
medium was used from day 16 to day 23 and was composed of ADF media, Macs
Brew supplement without Retinoic Acid (Miltenyi Biotec), 200 nM LDN193189
(Reinnervate), 1.5 yM IWR1 (Tocris) and 20 ng/mL Activin A (Peprotech). Activin A
seems to orchestrate the differentiation of human pluripotent stem cells into neurons
with the characteristics of striatal projection neurons, including expression of striatal
transcription factors CTIP2, GSX2, FOXP2 and the post-mitotic marker DARPP32+,
in addition to the expected electrophysiological properties (Arber et al., 2015).
SynaptoJuice A is used from day 16 to day 23 and was composed of ADF, Macs Brew
supplement with RA (20%), 20 uM PD0332991 (Tocris), 100 uM DAPT (Tocris), 30
MM CHIR 99021 (Tocris), 100 yM Forskolin (Tocris), 3 mM GABA (Tocris) and 2 mM
Ascorbic Acid (Sigma). SynaptoJuice B was used from day 23 to day 37 and it is
composed of ADF, Macs Brew supplement with RA (20%), Neurobasal A-Base
medium (Neurobasal A medium 98%, Glutamax 1%, Penicillin/Streptomycin (5000
Units/ 5000 pg), 20 uM PD0332991 (Tocris), 30 yM CHIR 99021 (Tocris) and 2 mM
ascorbic acid Sigma). PD0332991 is a Cdk 4/6 inhibitor (Finn et al., 2009), DAPT is
an inhibitor of y-secretase (Dovey et al., 2001), Forskolin is an activator of adenylyl
cyclase that induces neuronal differentiation (Kim et al., 2005)(Kim et al 2005),
CHIR99021 is a GSK-3 inhibitor (Ring et al., 2003) and ascorbic acid (Yan et al., 2001)

improves the yield of dopamine neurons in vitro.
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On day 0, mTSER was removed from the wells and cells were washed twice with 2 ml
of PBS, pH 7.4 (containing Ca2+ & Mg2+). Subsequently, prewarmed (37 °C) SLI
medium was added to the cultures. Media was replaced every day until day 7. On day
7, Matrigel plates for the passage at day 8 were prepared. Matrigel matrix (growth
factor-reduced) was diluted in DMEM F/12 according to manufacturer’s instructions.
Subsequently 1 ml of diluted Matrigel was used to coat each well of a 6 well plate, or
350 ul in each well of a 24 well plate, containing a coverslip. On day 8, the cultures
were incubated for 1 hour at 37 °C with 10 uM of the ROCK/RHO pathway inhibitor Y-
27632 (Abcam) in order to block apoptosis. Subsequently the media was aspirated
and cells were washed two times with D-PBS. 1 ml of pre-warmed Accutase (StemCell
Technologies) was then added and plates were incubated at 37 °C for 5 minutes. In
the next step, 2 ml of ADF media was added and cells were detached with the use of
a 1 ml pipette. The cell suspension was centrifuged at 740 rpm for 3 minutes and the
cell pellet was re-suspended in 3 ml of SLI differentiation medium containing 10 uM Y -
27632. The splitting ratio was 1:2 and full media changes with LIA differentiation
medium were performed daily until day 16. The second passage was then performed
with the same method. Cell number was quantified with the NucleoCounter
(Chemometec) and 2 million cells were plated per well of a 6-well plate or 350.000 per

well of a 24-well plate, containing coverslips.
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Figure 2.2: Summary of the differentiation protocol used for the generation of hESCs-derived

neurons using dual inhibition, Activin A and cell cycle inhibitors. At day 0, dual media was

replaced with SLI media containing dual smad inhibition and Wnt inhibitors. At day 8 progenitors were

passaged and media was replaced to LIA medium containing Activin A. Progenitors needed to be

passaged again at day 16 and the media was replaced with Synaptojuice A. After day 23, media was

replaced with Synaptojuice B. Subsequently the neurons could be maintained in vitro for more than

2 months.
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Media Component

SLI media ADF-Base medium (98%)

MACS Neurobrew-21
without RA (2%)

IWR1 (1.5 pM)

LDN193189 (1.0 pM)

SB431542 (10 uM)

LIA Media ADF-Base medium (98%)

MACS Neurobrew-21
without RA (2%)

Activin A (20 ng/mL)

IWR1 (1.5 pM)

LDN-193189 (200 nM)
Synaptoluice A ADF-Base medium (76%)

MACS NeuroBrew-21 with
RA (20%)

CHIR 99021 (30 pM)
DAPT (100 pM)

Forskolin (100 uM)

PD0332991 (20 uM)

GABA (3 mM)

Component Function
Base medium

supplement

Inhibit Wnt signalling, blocks premature
differentiation of forebrain progenitors
into cortical neurons.

Blocking mesoderm pathway, induction
of neuronal differentiation

Blocking mesoderm pathway, induction
of neuronal differentiation

Base medium

supplement

Promote differentiation into neurons
with characteristics of striatal projection
neurons

Inhibit Wnt signalling, blocks premature
differentiation of forebrain progenitors
into cortical neurons.

SMAD Inhibition
Base medium

Supplement

GSK-3 inhibitor
Inhibitor of y-secretase
Activator

of adenylyl cyclase that

induces neuronal differentiation
Cdk 4/6 inhibitor

neurotransmitter
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Ascorbic Acid (2 mM)
SynaptoJuice B ADF-Base medium (39%)

Neurobasal-base medium
(39%)

MACS NeuroBrew-21 with
RA (20%)

CHIR 99021 (30 uMm)
PD0332991 (20 uM)
Ascorbic Acid (2 mM)

Table 2.1 Composition of the media used for the LGE protocol.

Improves yield of neuronal cells
Base medium

Base medium

Supplement

GSK-3 inhibitor
Cdk 4/6 inhibitor

Improves yield of neuronal cells
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2.3 Western blot

2.3.1 Lysis

2.3.1.1 Standard procedure (cortical differentiation protocol)

Neurons were plated in 12-well plates or 35 mm dishes and were cultured for various
time points from 20 DIV to 80 DIV. Upon lysis the media was removed before adding
200 pl of RIPA lysis buffer which contained 50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1
mM EDTA, 1% Triton X-100, and 0.2 % Sodium deoxycholate, supplemented with
protease and phosphatase inhibitor cocktail mix (Sigma) containing 1:100 dilution of
Protease inhibitors, 1:100 dilution of Phosphatase inhibitors, 100 mM 1-10
Phenantroline, 100 mM 6-aminohexanoic acid, 10 mg/ml aprotinin and 0.1 % sodium
dodecyl sulphate (SDS). With the use of a cell scraper, neurons were detached from
the wells, collected into a 1.5 ml Eppendorf tube, and incubated on ice for 30 minutes.
Subsequently insoluble debris was removed from the samples by centrifugation of the
samples for 5 minutes at 14,000 rpm at 4 °C. Supernatants were then kept at -80 °C

until further analysis.

2.3.1.2 Procedure for phosphorylation experiments (LGE differentiation protocol)

Neurons were plated in 12-well plates and were culture for various time points from 37
to 60 DIV. Before lysis the cells were washed with PBS and Sodium Orthovanadate
NaO4V (2mM), and subsequently treated with 300 ul of 0.05 % Trypsin (ThermoFisher
Scientific) and NaO4V for 3 minutes. Following this 800 ul foetal calf serum (FCS)
(BioSera)-containing medium and NaO4V was added. Cells were then detached from
the dish by pipetting and the cell suspension was transferred to 1.5 ml Eppendorf
tubes. All the following steps were performed on ice. Cells were centrifuged for 5
minutes at 14,000 rpm at 4 °C. Then the supernatant was removed and cells were
washed with 700 pl PBS and NaO4V (2mM). Protein was extracted with 100 ul of RIPA
lysis buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.2 % sodium deoxycholate and 0.1 % SDS, supplemented with protease and
phosphatase inhibitor cocktail mix (Sigma-Aldrich) at 1:100 dilution, 100 mM 1-10
Phenantroline, 100 mM 6-aminohexanoic acid, 10 mg/ml aprotinin and 2 mM of

sodium orthovanadate.

2.3.2 Western blotting
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Lysates were combined with 2 of the total sample volume of 1x lithium dodecyl
sulphate (106 mM Tris HCL, 141 mM Tris base, 2% LDS, 10% glycerol, 0.51 mM
EDTA, 0.22 mM G250 Coomasie Blue, 0.175 m Phenol Red; Ph 8.5) sample loading
buffer and 50 mM DTT and then boiled at 70 °C for 10 minutes. Equal volumes of
lysate were loaded on a NUPAGETM NovexTM 4-12 % Bis-Tris gel (ThermoFisher
Scientific) and run at 120 V for 90 minutes in 2-(N-morpholino) ethanesulfonic acid
(MES) running buffer (50 mM MES, 125 mM Tris base, 0.1 % SDS, 1 mM EDTA, pH
7.3). The protein gel, the nitrocellulose membrane and the blotting papers were
immersed in transfer buffer (25 mM Bicine, 25 mM Bis-Tris, 1 mM EDTA, 20%
methanol). The gel and the membrane were placed between two blotting papers, and
transferred inside the semi-dry Bio-Rad Trans-Blot unit. Protein gels were transferred
to nitrocellulose membranes using the semi-dry technique, by applying 17 V for 90
minutes. After transfer the membrane was blocked in blocking solution for 1 hour. The
blocking solution used consisted of 3 % Amersham ECL Prime blocking reagent (GE
Healthcare) and 3 % BSA (Sigma) in TBS-T (24.7 mM Tris base, 137 mM NacCl, 2.6
mM KCI, 0.1 % Tween-20, pH 7.5). The primary antibodies were diluted in blocking
solution as described above. The concentrations of the primary antibodies used are
provided in Table 1. The membranes probed with all primary antibodies, except
synaptophysin, were incubated at 4 °C overnight. The membranes probed with
synaptophysin were probed for 1 hour at room temperature. After incubation with the
primary antibody, the membrane was washed three times for 20 minutes with TBS-T
and subsequently incubated with the secondary antibody for 1 hour at room
temperature. The secondary antibodies were donkey anti-Mouse HRP-conjugated and
donkey anti-Rabbit HPR-conjugated (Table 2). The membrane was subsequently
washed three times for 20 minutes each with TBS-T. The signal of the membrane was
developed using the membrane LumiGLO Reserve Chemiluminescent Substrate Kit
(KPL) and visualisation was achieved using the Image Lab software and the Universal
Hood Il camera system (Bio-Rad). The camera can detect the chemiluminescent
signal, whilst the software controls for saturation. Exposure times for each membrane
were adjusted in order to avoid saturation. Analysis of the acquired images was
performed as explained below (Densitometry analysis). As an additional measure to
control for equal loading, the membrane was stained with the Pierce Reversible
Protein Stain Kit (ThermoFisher Scientific). With this method one can detect all the

proteins present and ensure equal loading. Briefly, the membrane was washed 3 times
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for 5 minutes with TBS-T, before incubation for 5 minutes at room temperature with 1
ml of Pierce solution. Then, the membrane was washed three times for 5 minutes with

water and pictures were taken with GenoSmart2 (VWR).

2.3.3 Densitometry analysis

Western blot data from experiments with phosho-TrkB and TrkB were quantified by
the ImageJ software (https://imagej.nih.gov/ij/). A square was drawn manually around
each band ensuring that the entire band was inside the square. Subsequently one
peak was generated per band and the area below the peak was measured using
ImageJ tools. The values from pTrkB or TrkB western blots were divided with the

corresponding values of synaptophysin and internal normalisation was performed.
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Antibody Type
anti-BDNF mAb
anti-synaptophysin mAb
anti-pTrkB (Tyr706/7 mAb
anti-TrkB mAb
anti-PTrkB (Tyr516) pAb

Dilution
1t0 2.000
1to 10.000
1 to 2.000
1to 10.000
1to 1000

Species
mouse
mouse
rabbit
rabbit
rabbit

Table 2.2: Primary antibodies used in western blotting

Antibody Dilution

Species
anti-mouse HRP 1:75000.13 pg/ml goat
anti-rabbit HRP  1:75000.13 pg/ml goat

Table 2.3: Secondary antibodies used in western blotting

Provider

Icosagen 3C11

Sigma cat no S5768
Cell signaling (4621S)
Abcam 134155

Cell Signaling (9141)

Provider
Promega cat.no. W4021
Promega cat.no. W4011
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2.4 Real Time PCR

2.4.1 Principle

In real-time PCR or quantitative-PCR (gPCR), the rate of amplification of the target
DNA is measured by using fluorescent detection methods. The fluorescence
accumulation is directly proportional to DNA quantity and correlates with the amount
of DNA product present after each cycle. The exponential phase of the PCR reaction
is used for quantification, and quantitative analysis is based on the cycle number at
which fluorescence levels exceed a threshold level (Ct value). Ct value is determined
by the point at which the accumulation of fluorescent PCR products becomes

exponential.

The fluorescence detection method used here includes Tagman probes, or double dye
probes. The probe has a fluorescent dye (FAM) attached to the 5’ end and a quencher
dye (TAMRA) on the 3’ end. When the probe is still intact the energy is transferred
from the FAM to the TAMRA dye through fluorescence resonance energy transfer
(FRET). In the annealing step of the PCR, the sequence-specific probe binds to the
DNA template and Taq polymerase extends the primer sequence. It will then dislocate
the 5’ end of the probe, which will be degraded by the 5’-3’ exonuclease activity of the
Taq polymerase. When the reporter dye is separated from the quencher dye, FRET

cannot be induced, and fluorescence will be emitted (Bustin, 2000).

2.4.2 Real time PCR and conventional PCR.

Total RNA was extracted from human neurons using the RNeasy Mini kit (Qiagen,).
Cultures were washed with D-PBS and lysed with 350 pl of RLT RNA lysis buffer
containing 1 % B-mercaptoethanol (Sigma). Lysates were either frozen at -80 °C or
processed with the RNeasy Mini Kit according to the manufacturer’s instructions,

followed with a DNase treatment for 15 minutes at room temperature. RNA was
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guantified with a BioSpectrometer (Eppendorf) which also quantifies the 260/280 nm
absorbance ratio. This ratio is expected to be in the range of 1.8 to 2.0 in order to
exclude protein contamination. Subsequently 1200 ng of total RNA was reverse
transcribed using the Superscriptlll reverse transcriptase (ThermoFisher Scientific). In
the first step, 1 mM of dNTP MIX (Promega) and 0.5 pg of random hexamer primers
(Promega) were mixed with the RNA and diluted with RNAse-free H20 to a final
volume of 13 pl. Subsequently the mixture was heated at 65 °C for 5 minutes, while
the master mix for the second step of cDNA synthesis was prepared. The master mix
was composed of 4 pl 5x First-Strand Buffer (ThermoFisher Scientific), 1 uyl (0.1 M
DTT), 1 pl 40 U/ul RNAsin Ribonuclease Inhibitor (Promega) and 1 ul 200 U/ul
Superscript Ill reverse transcriptase. Then, 7 pl of master mix was added per tube
containing the RNA-dNTP-Random Primer mix and was incubated at 50 °C for 2
hours. Eventually the reaction was inactivated by heating the mixture to 70 °C for 15
minutes. The complementary DNA (cDNA) was used directly for gPCR analysis or
stored at -80 °C.

A master mix was also used for gPCR, containing per reaction, 12.5 pl of Tagman
polymerase (TagMan™ Universal PCR Master Mix, ThermoFisher Scientific), 1.25 pl
of 20 X MasterMix (ThermoFischer Scientific) containing forward, reverse primer and
probe sets, and made up to 23 upl with RNAse-free H20. Each TagMan Gene
Expression Assay tube contained: forward and reverse primers at a concentration of
900 nM, and one 6-FAM™ dye-labeled TagMan® MGB probe at a concentration of 5
MM. The master-mix was distributed into the wells of a 96-well plate (23 ul per well;
ThermoFisher Scientific) and 2 ul of cDNA (60 ng) from each sample was added to
triplicate wells. The StepOne plus software was used to run the Fast qPCR

programme: 40 cycles consisted of 1 second at 950C and 30 seconds at 720C.

gPCR was performed on the StepOne plus PCR system (Applied Biosystem,

Weterstadt, Germany), using TagMan probes and primers as presented in Table 2.4.

Conventional PCR for the different Bdnf transcripts was performed using primers and

annealing programme as described previously (Pruunsild et al., 2007).
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name of gene
VGF

SYNPO
PALD1

NPAS4

EGR2

EGR1

EGR3

catalogue number (ThermoFisher Scientific)
Hs00705044 s1

Hs00702468 s1

Hs01012869 m1

Hs00698866_m1

Hs00166165_m1

Hs00152928 m1

Hs00231780_m1

Eukaryotic 185 rRNA Hs03003631 gl

Table 2.4. Genes tested in Real Time PCR (Tagman gene expression assays, ThermoFisher

Scientific).
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2.5 RNA seq

2.5.1 Bioinformatics

RNA-sequencing was performed at the Genome Hub of Cardiff University by Angela
Marchbanck. At least 500 ng of RNA was sent for RNA sequencing and the RNA
integrity number (RIN) was above 9 as measured with Agilent Bioanalyser 2100
(Agilent Technologies, Inc). The TruSeq® Stranded mMRNA Sample Preparation Guide
and the high-throughput (HT) kit from Illlumina was used according to the
manufacturer’s instructions. RNA-sequencing was performed on an lllumina HiSeq
2500 sequencing system at a sequencing depth of 50 million 50 nucleotide single-pair
end reads using the Truseq stranded mRNA guidelines (HT protocol). The
transformation of the raw data to .txt files with the list of dysregulated genes was

performed by Dr Robert Andrews and Dr Katherine Tansey.

Briefly, RNAseq single-end fastq files were trimmed using trimmomatic (version 0.35)
(Bolger et al., 2014) with default parameters. Trimmed fastq files were mapped to
human assembly GRCh38 using STAR (version 2.5.1) (Dobin et al., 2013) and
GRCh38 version 87 GTF. Transcript counts were produced with FeatureCounts
(version 1.4.6) (Liao et al., 2014). Data were normalised using the Bioconductor
package, DESeq?2 (release 3.6) (Love et al., 2014) in R (version 3.4.1) (https://www.R-
project.org/ ) to obtain gene expression values as FPKM (Fragments per Kilobase
Million). Differential expression analysis was undertaken in DESeq2.

2.5.2 Data analysis

The Ingenuity Pathway Analysis program (IPA version, Ingenuity Systems Inc.,
www.ingenuity.com) was used to extract information about the significantly altered
canonical functions associated with the genes that were up/down regulated upon
addition of the TrkB ligands.

Hierachical clustered heatmap was generated with R software (https://www.r-
project.org) and GO enrichment analysis was performed with the help of Dr.Jia Xie
from Scripps Institute using GO enrichment analysis software provided by
Bioconductor (https://bioconductor.org). Genes with a fold change =2 and p adjusted

<0.05 were run for GO terms involved in neuronal processes.
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2.6 Immunocytochemistry

Stem cells (hESC H9) were cultured and differentiated as described above, onto glass
coverslips (VWR). These coverslips were treated chemically to create a rough surface
that enhances the attachment of the neurons. Initially the coverslips were pre-treated
with pure nitric acid overnight and then washed with ultrapure water. Then the water
was removed and the coverslips were washed again with ultrapure water until pH 7
was achieved and before washing for 1 hour with 100 % ethanol. Subsequently the
coverslips were dried on a filter paper and autoclaved. Prior to seeding of the cells,
the surface of the coverslips was coated with poly-L-lysine and laminin (Sigma)
(cortical protocol) or poly-L-lysine and Matrigel growth factor-reduced (LGE protocol).
Substrates were prepared as described previously (neuronal differentiation section).
For the cortical protocol, various seeding concentrations were tested ranging from
150.000 to 500.000 cells per 13 mm coverslip, while for the LGE protocol 300.000
cells per 10 mm coverslip were used for all the experiments described in the results
section. Neurons or progenitors cultured in vitro for different time points were washed
once with PBS and subsequently fixed with 4 % formaldehyde (PFA) for 30 minutes.
Cells were then washed again with PBS, before they were permeabilized for 15
minutes with 0.5 % Triton X-100 (Sigma) in PBS. Then cells were washed again 3
times for 5 minutes with PBS-T (PBS and 0.1 % Triton X-100) before blocking for 1
hour with PBS-T and 10 % donkey serum (Sigma Aldrich) (donkey serum was used to
maintain the same specificity as the secondary antibody used). Samples were then
incubated with primary antibody (Table 4) for 1 hour diluted in PBS-T and 10 % Donkey
serum and washed 3 times for 5 minutes each time with PBS-T. The next step was
incubation with secondary antibody (Table 5) in PBS-T and 10 % Donkey serum for 1
hour. Then cells were washed with PBS-T 3 times for 5 minutes. Nuclei were stained
with DAPI (4’6- diamidino-2-phenylindole dihydrochloride; cat.no D9542, Sigma)
1:10.000 in PBS, for 5 minutes and subsequently washed again with distilled water for
a further 5 minutes. Finally, samples were washed with distilled H20 and coverslips
were mounted with Dako mounting medium (Dako North America, USA). All

procedures mentioned above were carried out at room temperature.

Pictures were obtained with a Nikon microscope and data analysed with ImageJ

software.
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Antibody
anti-cFOS
anti-GAD65/67
anti-B-1ll tubulin
anti-Cux1
anti-Trbl
anti-Ctip2
anti-Foxpl
anti-Foxp2

Type
pAb
pAb
mAb
mAb
mAb
mAb
pAb
pAb

Dilution
1to 500
1to 1000
1to 1000
1to 500
1to 500
1to 500
1to 200
1to 250

Species
rabbit
rabbit
mouse
mouse
rabbit
rat
rabbit
rabbit

Provider

Santa Cruz sc-52
Abcam 11070
Abcam 78078
Abcam 54583
Abcam 183032
Abcam 18465
Abcam 16645
Abcam 16046

Table 2.5: Primary antibodies used in Immunocytochemistry

Antibody

anti-mouse Alexa 488 1:1000 2ug/ml
anti-rabbit Alexa 488 1:1000 2pug/ml

anti-rat Alexa 488

Dilution

1:1000 2pg/ml
anti-rabbit Alexa 555 1:1000 2pg/ml
anti-mouse Alexa 555 1:1000 2pg/ml

Species
donkey
donkey
donkey
donkey
donkey

Provider

Abcam 150109
Abcam 150073
Abcam 150153
Abcam 150074
Abcam 150106

Table 2.6: Secondary antibodies used in Immunocytochemistry
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Chapter 3: The use of human excitatory neurons to study the

of BDNF regulation

3.1 Introduction

Even though the levels of BDNF are very low in the brain, BDNF is the most abundant
and widely distributed neurotrophin in the central nervous system (Ernfors et al., 1990,
Hofer et al., 1990). The gene is primarily expressed in excitatory neurons in an activity-
dependent fashion and is known to play critical roles in development and diseases
(refer to 1.2.2, 1.2.3 and 1.2.7 of Introduction). However virtually nothing is known
about the mechanisms regulating BDNF expression in human neurons, hence the
attempt in the following study to investigate basic aspects of BDNF biochemistry and

molecular biology using neurons derived from human embryonic stem cells.

3.2 Results

3.2.1 Generating excitatory neurons from human embryonic stem cells

The hESC lines H7 and H9 were used in all experiments described below. Both of
them are XX (Allegrucci and Young, 2007) and display similar morphologies. However,
under the tissue culture conditions used, the rate of cell division was found to be

significantly different: the doubling time was 24 h for H7 and 48 h for H9.

In the first part of this work, a modified version of previously published protocols was
used with the aim of generating a significant proportion of BDNF-expressing,
glutamatergic neurons as opposed to GABA-ergic neurons (known to express the
gene at very low levels, see also below) (Chambers et al., 2009, Espuny-Camacho et
al., 2013)
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In these experiments, H7 and H9 embryonic stem cells were cultured on a Matrigel
substrate and in mMTSER medium (see Fig. 2.1 for a summary of the procedure). It was
found that progenitors undergo an extended period of proliferation and it did not
become clear when proliferation would actually stop. Numerous Nestin positive
progenitors were observed after 16 days in vitro (DIV) and the transcription factor Pax6
could be observed at 20 DIV (data not shown). The expression of these two markers
is an important indication of the appropriate differentiation of the progenitors, as Pax6
is confined in vivo to forebrain progenitors (Georgala et al., 2011) and Nestin is an
intermediate filament protein which is expressed in dividing cells during the early
stages of development in the CNS, in PNS and in other tissues. Elongated cells with
long filaments were observed about 3 days after the second passage and 23 days in
culture (Figure 3.1). After 80 DIV 3D structures composed of progenitors and neurons
are visible in all cultures. At this stage and by using higher magnification mature
neurons with thick soma and process could be observed. A major difficulty
encountered with this protocol is that the generation of neuronal progenitors is
intermingled with the generation of post-mitotic neurons, resulting in the formation of
3D structures that made immunofluorescence analysis and quantification difficult.
Passaging the culture for a third time partially overcame this obstacle. Indeed, the
cultures were dissociated and replated to multiple wells 3 weeks after the second
passage, at day 42. The post mitotic neurons would not have survived this procedure,
however the numerous progenitor cells already proliferated at day 50, 8 days after the
last passage. At these stage single neurons can be seen throughout the plate, and
they start to migrate together in what later would become big clusters (Fig 3.2 C. and
D.). Interestingly cultures of the same age (day 50) that have not been passaged for
a 3" time are much denser, while clusters of progenitors and neurons can already be
observed (Figure 3.2 A. and B.) Through phase contrast microscopy of these cultures,
it was observed that proliferation of progenitor cells continued in parallel with the
differentiation of other populations to neurons, leading to mixed cultures containing
both neurons and progenitors that keep dividing. In the case of cultures that have been
passaged only for 2 times 3D clusters occupy most of the dish after 70 days in culture,
and neurons can only be seen in few openings (Figure 3.3 A. and B.). Although
cultures that have been passaged for three times are somewhat less dense and
neurons can be seen in more openings, 3D clusters still occupy the largest part of the
dish (Figure 3.3 C. and D.).
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Figure 3.1: Phase contrast microscopy of culture of human embryonic stem cells and
neurons. A) H7 embryonic stem cells, B) day 23 progenitors, 3 days after the second passage, C)
and D) day 80 neurons, 60 days after the second passage. Scale bars are 100 um except in D) where

it is 20 um
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Figure 3.2: Phase contrast microscopy of cultures of day 50 neurons derived from human
embryonic stem cells. A. and B. cultures passaged two times, at day 12 and day 20. Large clumps
consisted of progenitor cells and neurons can be seen throughout the dish. C. and D. cultures passaged
for three times a day 12, day 20 and day 42. Single neurons can be seen throughout the dish 8 days
after the last passage. Scale bars are 100 um.
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Figure 3.3: Phase contrast microscopy of cultures of day 70 neurons derived from human
embryonic stem cells. A and B cultures passaged for 2 times at day 12 and day 20. Large clumps
occupy most of the dish, whereas neurons can be seen in few openings. C and D cultures passaged
for 3 times at day 12, day 20 and day 50. 20 days after the last passage many clumps appear through
the dish, albeit less than in A. and B. Scale bars are 100 um.
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In order to determine the identity of the neurons and of their progenitors, the cells were
fixed and stained at different time-points. The nature of the cultures that were largely
composed by clusters of cells that grow into 3D structures prohibit quantification of
these populations. Additionally, it was particularly difficult to acquire sufficient number
of pictures of decent quality, since cells grow in different layers. Therefore, it was only
possible to assess the expression of different transcription factors/markers in fixed
cultures in a non-quantitative manner. Many of these neurons expressed Thrl, a
transcription factor mostly expressed by neurons residing in deep pyramidal layer VI
during human development (Saito et al., 2011) . Thrl could be detected in 25 DIV
neurons (Figure 3.4 A) and its expression was still maintained after 68 DIV (Figure
3.4. B). Ctip2, another transcription factor mainly expressed by neurons of deep
pyramidal layer V during human development (Saito et al., 2011) was moderately
expressed at 25 DIV (Figure 3.4 C) and markedly upregulated after 68 DIV (Figure 3.4
D). Cux1, a transcription factor expressed by neurons of upper pyramidal layers II-1V
(Saito et al., 2011) is moderately expressed at 34 DIV and significantly upregulated
after 77 DIV (Figure 3.4 F). Taken together, these results suggest that the hESC-
derived neurons acquire some characteristics of cortical identity in a time-dependent
manner. These observations replicate what has been previously described (Espuny-
Camacho et al., 2013).
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Figure 3.4: Neurons derived from hESCs express the transcription factors Tbrl, Ctip2, and
Cuxl. A) & B) Immunofiluorescence analysis for Tbr1 (layer VI) and -1l tubulin on DIV 25 neurons
and DIV 68. C) & D) Immunofluorescence analysis for Ctip2 (layer V) and -1l tubulin on DIV 25 and
DIV 68 neurons. E) & F) Immunofluorescence analysis for Cux1 (layer Ill) and Tujl on DIV 34 and

DIV77. Dapi is used to stain the nuclei. Scale bar is 100 um in all pictures except B) where it is 50
um
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3.2.2 BDNF mRNA expression in neurons derived from H7 human embryonic stem
cells

The expression of the BDNF gene was tested at 33 and 82 DIV. RNA was extracted
as detailed in Materials & Methods. Subsequently cDNA was generated by reverse
transcription and the levels of coding transcripts were determined by reverse
transcription-polymerase chain reaction (RT-QPCR). In these experiments 18s
ribosomal RNA was used as a normalisation gene (internal control). 18S rRNA has
been identified as a reliable normalization gene for RT-PCR that remains unaltered
even upon viral treatment, when compared to other commonly used housekeeping
genes (Kuchipudi et al., 2012). The expression levels of 18S RNA have been tested
at various stages of differentiation and found to be similar. Additionally, the limited
amount of mRNA that was extracted from each well, in addition to the necessity for
technical triplicates limited the internal control to one gene instead of two or more. The
Tagman primers and probe were designed to amplify the coding exon IX. BDNF mRNA
could be detected already at day 33 and was significantly upregulated (more than 10-
fold, Mann-Whitney test, p<0.05, n=4) following an additional 50 days of culture
(Figure 3.5 A). This increase is not unexpected and may reflect the presence of an
increasing proportion of more mature neurons after almost 3 months in vitro. To test
whether the increase in BDNF mRNA levels may be due to increased synaptic activity,
the cultures were treated with 25 mM KCI to depolarise cell membranes, thereby
presumably also increasing synaptic transmission. Surprisingly, even after 2 months
of culture BDNF mRNA levels remain unchanged by treatment with 25 mM KCL
(Mann-Whitney test, p>0.05, compared to the corresponding control, n=7). In line with
this, exposing the cells to 1uM of the sodium channel blocker tetrodotoxin (TTX) failed
to change the levels of BDNF mRNA Mann-Whitney test, p>0.05, compared to the
corresponding control, n=7. (Figure 3.5 B) It thus appears that until 60 days, the levels
of BDNF mRNA are not regulated by neuronal activity or by membrane depolarisation.
This raises questions as to the identity of the cells expressing the BDNF gene in these

cultures (see Discussion).

By contrast, neurons that had been cultured for 82 days when treated with 25mM KCI
or 1uM TTX did change the levels of Bdnf mRNA. Thus, the addition of KClI led to an
approximate 2-fold increase (Unpaired t-test p<0.001, compared to the corresponding

control, n=7), whereas the addition of TTX led to a decrease by about 10-fold
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(Unpaired t-test p<0.001, compared to the corresponding control, n=6) (Figure 3.6 A)
and B).
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Figure 3.5: Real-time PCR analysis of BDNF mRNA levels in cDNA extracted from human
neurons. A) BDNF mRNA is already detected at DIV33 and significantly upregulated at DIV82
(Mann-Whitney test, *p<0.05, n=4). B) BDNF mRNA is not regulated upon treatment with 1 yM TTX
or 25 mM KCL treatment for 24 hours at DIV 60 (Mann-Whitney test, p>0.05, n=7. Data represent

mean +/- standard deviation.
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Figure 3.6: Real-time PCR analysis of BDNF mRNA levels in cDNA extracted from DIV 80 human
neurons. A) BDNF mRNA is significantly downregulated upon treatment with 1uM TTX for 24 hours
(unpaired t-test, ***p<0.001, n=6). B) BDNF mRNA is upregulated about 2-fold upon treatment with 25
mM KCL for 24 hours (unpaired t-test, **p<0.01, n=7). Data represent mean +/- standard deviation.
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Subsequently, conventional reverse transcription PCR (RT-PCR) experiments with
RNA extracted from 58 DIV neurons were performed, in order to explore which BDNF
transcripts may be expressed by hESCs-derived neurons. It turned out that most of
the transcripts expressed in human post-mortem cortex (Pruunsild et al., 2007) could
also be detected in cultured human neurons, including exon | and 1V, the primary
transcripts regulated by neuronal activity in rodent neurons (Figure 3.7).The most
striking difference between neurons derived from hESCs and post-mortem cortex is
the absence of exon Il in the former. This difference might be attributed to a lack of

mature neurons or a particular cell type that could express this particular transcript.
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Figure 3.7: Amplification products generated from cDNA derived from DIV 58 H7 neurons.
Most BDNF transcripts found in samples of human cortex (normal human brain, total RNA from
cerebral cortex, pooled from 4 males Asians, ages 26-41), can also be detected on neurons derived

from hESCs. H,O was used as a control, as H20 was added to the PCR mix in the absence of cDNA,

ensuring the absence of genomic contamination of the reagents.
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3.2.3 BDNF-AS mRNA expression in neurons derived from H7 embryonic stem
cells

A major objective of this work was to investigate the expression of the BDNF-AS
MRNA. Using RNA extracted from hESC-derived neurons, BDNF-AS mRNA could be
detected at the same time points as the BDNF sense mRNA, namely 33 DIV and 82
DIV (Figure 3.8 A), although no statistical difference between the expression levels at
these stages was found (Unpaired t-test p>0.05, n=4). However, the levels of BDNF-
AS mRNA turned out to be 10 to 15-fold lower than the levels of BDNF mRNA. Also,
and for reasons that remained unclear, the standard deviation turned out to be
particularly large. Similarly, to what is the case for Bdnf mMRNA, BDNF-AS mRNA levels
are not regulated by neuronal activity or by membrane depolarisation at day 60
(Unpaired t-test p>0.05, compared to the corresponding control, n=9) (Figure 3.8 B).
Interestingly, treatment of day 80 DIV neurons with 25 mM KCI for 24 hours resulted
in a reduction of BDNF-AS mRNA by about 50% (Mann-Whitney test, p<0.001,
compared to the corresponding control, n=7) (Figure 3.9 A). However, the addition of
1 UM TTX treatment failed to consistently increase the levels of BDNF-AS (Unpaired
t-test p>0.05, compared to the corresponding control, n=6) (Figure 3.9 B).
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Figure 3.8: Real-time PCR analysis of BDN-AS mRNA levels in cDNA extracted from human
neurons. A) BDNF-AS mRNA is already detected at DIV33 and no significant difference of the
expression levels can be detected at DIV82 (Unpaired t-test p>0.05, compared to the corresponding
control, n=4). B) BDNF-AS mRNA is not regulated upon treatment with 1 yM TTX or 25 mM KCL
treatment for 24 hours at DIV 60 (Unpaired t-test p>0.05, compared to the corresponding control, n=9).

Data represent mean +/- standard deviation.
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Figure 3.9: Real-time PCR analysis of BDNF-AS mRNA levels in cDNA extracted from DIV 80
human neurons. A) BDNF-AS mRNA levels are significantly downregulated upon treatment with 25
mM KCL for 24 hours (Mann-Whitney test, ***p<0.001, compared to the corresponding control, n=7) B)
BDNF-AS mRNA levels do not change significantly upon treatment with 1 yM TTX for 24 hours
(Unpaired t-test p>0.05, compared to the corresponding control, n=6) (Figure 3.9 B). Data represent
mean +/- standard deviation.
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The question was then asked whether BDNF protein could also be detected in neurons
derived from hESCs. After 23 days of differentiation very low, but detectable levels of
BDNF could be revealed by Western blot analysis. These low levels remained the
same at 40 DIV, but increased after 50 and 60 and 80 DIV (Fig. 3.10 A and B).
Interestingly an additional band was occasionally observed in DIV 80 neurons, at the
expected size of pro-BDNF (slightly above 30 kDa). It is not clear why this band was
not observed in earlier time points or in other samples from DIV80, but it could be
attributed to different levels of the enzymes that are responsible for the processing of
mature BDNF, which is most likely proprotein convertase convertase 7 (Wetsel et al.,
2013).

In an attempt to ensure that the band detected by the antibody was specific, extracts
from cells presumed not to express the protein at significant levels were used,
including (undifferentiated) H7 and H9 hESCs and SHSY5Y neuroblastoma cells,
either treated or not treated with retinoic acid to differentiate them (Figure 3.10 B).
Levels of BDNF did not seem to change upon treatment with TTX or KCL for 24 hours
in DIV8B0 neurons, while the protein levels varied between duplicate/triplicate wells
(Figure 3.11 A). This observation could be attributed to the presence of 3D cell clumps

that could not be dissolved completely.

As a marker of neuronal differentiation, synaptophysin antibodies were used.
Significant levels of this presynaptic markers were observed after 2 months of
differentiation, but not after 33 days, suggesting that the cultures require long periods
of time to significantly mature (Figure 3.11 B). Whilst no further increase of the
synaptophysin levels was observed by 70 DIV, the levels decreased after 80 DIV,
possibly caused by enhanced death of neurons after prolonged culture periods. The
notion that synaptophysin and therefore synaptic maturation is achieved at later time-
points of the differentiation further highlights the necessity of culturing neurons derived
from human embryonic stem cells for extended periods of time to begin to be able to
study the biochemistry and molecular biology of BDNF. Beyond the very long periods
of time needed to reach detectable levels of BDNF protein, the observation that the
levels of synaptophysin begin to decrease at later time points raised questions about
the suitability of the cell culture system used, and indeed about the feasibility of

successfully achieving the goals that were set out for this part of the project.
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Figure 3.10: Western blot analysis for BDNF using protein extracted from H7 and H9 neurons.
Panel A). Lysates (60 ug) prepared from neurons grown for the indicated length of time were
separated by SDS gel electrophoresis. Following transfer, the blot was incubated with the BDNF
antibody 3C11 (Icosagen) Panel B) Lysates (60 ug) prepared from the cells indicated were separated
by SDS gel electrophoresis as in A) and the blot was incubated with the BDNF antibody 3C11
(Icosagen). Recombinant BDNF (75 pg) was used as a control of the molecular size of the band
corresponding to BDNF.
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Figure 3.11: Western blot analysis for BDNF and synaptophysin using protein extracted from
H7 neurons. Panel A) Lysates (60 ug) prepared from DIV 80 neurons treated for 24 hours with either
1uM TTX or 25 mM KCL, were separated by SDS gel electrophoresis. Following transfer, the blot was
incubated with the BDNF antibody 3C11 (Icosagen). Panel B) Lysates (60 ug) prepared from neurons
grown for the indicated length of time were separated by SDS gel electrophoresis as in A) and the blot
was incubated with the synaptophysin antibody (Sigma). Recombinant BDNF (75 pg) was used as a
control of the molecular size of the band corresponding to BDNF.
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3.3 Discussion

Despite the implication of BDNF in numerous diseases, its mode of action and
especially the regulation of its expression in the human brain is still poorly understood.
Here human neurons differentiated from ESCs in vitro were shown to express BDNF
MRNA, which is significantly upregulated after 80 DIV. Interestingly BDNF mRNA did
not change in response to treatment with TTX or KCL before 80 DIV. These results
are in line with data from other studies, where multiple action potentials start to be
generated after 50 days of in vitro differentiation of human ESCs to neurons (Shi et
al., 2012). These results suggest that newly generated neurons may not be used to
study neuronal activity- dependent mechanisms such as BDNF transcription, and
mature neurons need to be obtained by culturing the neurons for long time periods.
Yet the levels of protein expression remained very low at 80 DIV and did not increase
upon treatment with KCL, as it would have been expected. Thus, although BDNF gene
was expressed in the cultures described above, its regulation cannot be meaningfully

modelled using this system.

Another significant difficulty that occurred in this study was the presence of 3D cell
clumps, that were composed of a mixture of dividing progenitors and post-mitotic
neurons. As a result of the constant cell division even at late stages of the
differentiation a pure neuronal population could not be obtained, and the variability
between triplicate wells in each differentiation was high. The identification of particular
cell types based on the transcriptional factors that were expressed by the cultures was
proven not to be possible. Not only a monolayer was not achievable, but the presence
of 3D cell clumps made quantification of the proportion of cells expressing each
transcription factor not feasible. Especially after DIV50, neurons could only be
observed at the few open spaces between the clumps, thus decent representative
pictures could not be obtained. Overall, the uncontrolled differentiation of the
progenitors resulted in the inability to control cell numbers and identity between and
within differentiations excluding any meaningful quantitative analysis such as single
cell RNA-seq. Modifications of the protocol discussed above were deployed in order
to overcome the presence of the clumps. Initially a wide range of plating
concentrations were tested in an effort to achieve a monolayer of neurons. More

specifically plating densities close to the default ones at the second passage did not
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have an impact on the cultures, while lower (1:2 to 1:5 of the default) densities only
shifted 4-5 days the formation of the thick clumps, while much lower densities (1:7 to
1:10 of the default) led to cultures with very few neurons that expressed undetectable
amounts of BDNF. Another approach included 1 or 2 additional passages of the
cultures in an effort to further dilute them and enhance differentiation (section 3.2.1
and figures 3.2 and 3.3). Although monolayers of neurons were initially generated, a
few days after the passage clumps appeared and eventually occupied most of the
plate. Interestingly BDNF expression levels were about the same as when the cultures
have only been passaged for 2 times (data not shown). Freezing and thawing of the
progenitors was an alternative approach that was tested. Since the presence of
progenitors was evident until late stages of differentiation it was hypothesized that they
will be able to survive the freezing procedure, which will serve as a means of selecting
only the progenitor populations, leading therefore to a more homogeneous culture.
However monolayer of neurons were only maintained for the first week after the
thawing and subsequently clumps were generated due to the ongoing proliferation,
resulting in similar data as mentioned above. It was then tested whether embedding
the progenitors in thick Matrigel gels would enhance differentiation. These trials were
also proven to be unsuccessful as very low concentrations were needed in order to
avoid the generation of the clumps, while due to the presence of the extracellular
matrix from which Matrigel is composed, the extraction of proteins from the samples
was challenging. The last attempt focused on blocking cell division using an anti-
cancer drug Floxuridine (5-FDU). Cultures were treated with 5 ug/ml of 5-FDU every
3 days for a period of 6 days, but while cell division stopped the cultures faced
widespread cell death and 3-4 days after the end of treatment very few alive cells could
be observed. A single dosage or lower doses of the drug had no visible effect. Overall,
despite the various approaches that were deployed the derivation of monolayer of

neurons had not been possible.

Whilst it was interesting to detect the presence of the BDNF-AS mRNA and its
apparent downregulation by increased KCL levels, the decision was made not to
pursue these investigations further, in particular studies aiming at investigating the role
of the BDNF antisense transcript. While it is tempting to speculate that the
depolarization-induced downregulation of the levels of antisense transcripts, together

with the increase of the levels of sense transcripts could contribute to further enhance
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the levels of BDNF protein, causality could only be established by manipulating the
genome of the hESCs to eliminate the promoter driving the expression of the BDNF
antisense mMRNA. Not only is this promoter not described in sufficient details at this
time but in addition, the extended time periods needed to observe detectable levels of
BDNF protein and the heterogeneous character of the cultures indicate that the
objectives may not have been reached within a useful timeframe. Future studies would
characterise the promoter of BDNF-AS using bioinformatics analysis and luciferase
reporters and subsequently use an improved protocol to study the interaction of BDNF
MRNA with BDNF-AS and its effect on the levels of BDNF protein.

In order to be able to study the regulation of BDNF and BDNF-AS transcripts and
BDNF protein using human neurons derived from human embryonic stem cells a novel
protocol would be needed. The two key characteristics of this protocol would be the
fast and robust generation of monolayers of neurons that will express sufficient
amounts of BDNF. Under the standard procedure for the generation of excitatory
cortical neurons that was widely used in several publications, neuralisation was
achieved through the inhibition of BMP and TGF-f signalling, neurons are produced
slowly and begin to mature after many weeks in vitro. A recent publication combined
expression of neutralizing transcription factor NGN2 with inhibition of SMAD and WNT
to generate neurons of the upper layers that present neuronal activity after 42 DIV
(Nehme et al., 2018). Under this protocol populations of progenitor cells were also
present, therefore they used the expression of the CAMK2A::GFP reporter gene as a
marker for the more differentiated cells. The use of this novel protocol might be useful
for the study of BDNF gene regulation in a human in vitro model.
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Chapter 4. Comparing TrkB activation following the addition of
BDNF, NT4 and #85

4.1 Introduction

BDNF as well as NT4 (to which it is even more related than to NGF and NT3) exert
their trophic function through the activation of a tyrosine kinase receptor TrkB (see
Introduction and (Klein et al., 1993). Upon binging of a neurotrophin dimer at two TrkB
receptor molecules, the intracellular part of the receptor is autophosphorylated in
several tyrosine residues, that serve as docking sites for proteins like Shc, PLC-y that
activate the downstream signalling pathways that enhance survival, neurogenesis,
and synaptogenesis (Binder and Scharfman, 2004). TrkB is highly expressed in the
CNS and BDNF-TrkB signalling has been linked to neurodegenerative diseases in
studies using animal models, for example, TrkB has been implicated in Parkinson’s
disease. A study that used a TrkB hypomorphic mice mutant showed that the
significantly reduced TrkB expression delays the onset of the disease until 12 months
of age (Baydyuk et al., 2011). Additionally, genetic data strongly support the relevance
of this signalling system in humans. Humans that carry a SNP in the human BDNF
gene (Val66Met) have been reproducibly identified with impaired episodic memory
(Egan et al., 2003, Cathomas et al., 2010). BDNF mRNA levels are decreased in the
substancia nigra of PD patients (Howells et al., 2000) and BDNF levels are decreased
in the striatum of HD patients (Ferrer et al., 2000). Furthermore, the loss of one BDNF
allele in WAGR syndrome has been associated with severe cognitive impairment (Han
et al., 2013). Defects in TrkB also lead to early-onset obesity, hyperphagia and severe
developmental delay in humans (Yeo et al., 2004, Gray et al., 2007, Han et al., 2008,
Sonoyama et al., 2020). More specifically a de novo missense mutation of NTRK2 was
detected in an 8-year-old patient with severe obesity and developmental syndrome.
As he had normal karyotype, normal proinsulin levels and did not have mutations in
the genes of leptin, leptin receptor, POMC and MC4R, the mutation in the gene
encoding for TrkB was suggested as the cause for these symptoms (Yeo et al., 2004).
Additionally, a very recent study identified in humans one BDNF variant and 10 TrkB
variants that were linked with severe obesity, spectrum of learning difficulties, impaired

short-term memory and hyperactivity (Sonoyama et al., 2020). For the reasons
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mentioned above, BDNF is widely considered as a therapeutic target. However, BDNF
is not favoured for infusion, as the half-life of the protein in serum is very short (Poduslo
and Curran, 1996) and it is rapidly eliminated by filtration though the kidney with no

significant quantities reaching the brain (Pardridge et al., 1994).

Several alternative strategies have been used to increase BDNF/NT4/TrkB signalling,
for example the use of drugs penetrating the blood-brain barrier and increasing Bdnf
transcription such as the sphingosine-1 phosphate analogue Fingolimod (Deogracias
et al., 2012) or else directly activating TrkB (Wilkie et al., 2001). As an alternative to
small chemical entities activating TrkB, monoclonal antibodies that activate TrkB have
also been developed (Bai et al., 2010, Cazorla et al., 2011). Most of this research so
far has been performed in rodents. Therefore, the next objective of the Thesis was to
study BDNF-TrkB signalling using human neurons. Human embryonic stem cells were
differentiated to neurons using a previously described protocol that generates mainly
GABAergic neurons (Telezhkin et al., 2016). Under this differentiation protocol
neurons that express TrkB receptor are produced and BDNF, NT4, and a novel TrkB

agonistic antibody #85 were tested based on their ability to phosphorylate TrkB.

4.2 Generating inhibitory neurons from human embryonic stem cells

Following this differentiation protocol (detailed in Chapter 2), it was observed that
hESC undergo a much shorter proliferation period of only 16 days at which time many
rosettes were already formed. These rosettes represent typical clusters of neural
progenitors. At day 16 progenitors were dissociated and re-plated, to be kept in culture
for a period of two weeks. Young neurons can be observed already the next day after
the dissociation. Based on phase contrast microscopy, at day 30 all cultures consist
of a neuronal monolayer, with remarkably few cells of a non-neuronal morphology.
Although relatively high cell densities had to be used for biochemical experiments,
single neurons can nonetheless be observed under the microscope (Figure 4.1 A and
4.1 B). Day 16 progenitors were dissociated and plated into coverslips as detailed in
materials and methods. At day 30 neurons were fixed and immunohistochemistry
experiments were performed as described in Materials & Methods. The cell population
generated by day 30 consisted primarily of neurons as demonstrated by -1l tubulin
staining (Figure 4.1 D) and most of these neurons expressed GAD65/67, which is

expressed by GABAergic neurons (Figure 4.1 C). Indeed, about 75% of neurons were
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positive for GAD65/67 cells (Figure 4.2). More than 90% of the cells express B-llI
tubulin and no signal was detected for Olig2 which is considered as an oligodendrocyte
marker or GFAP which is used as an astrocyte marker (data not shown). Vglut, a
vesicular transporter expressed by glutamatergic neurons was also not detected (data

not shown).
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Figure 4.1 H9 hESCs differentiated as a monolayer of neurons, 30 DIV. A representative image
of day 30 neurons is shown in A and the area inside the red box is shown in B. Scale bar is 100um
in A and 20 um in B. C) and D) Immunocytochemistry experiment with day 30 neurons for GAD65/67
and B-1ll tubulin respectively. Dapi is used to stain the nuclei. Scale bar is 100 um.
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Figure 4.2 Immunocytochemistry quantification analysis of 4.1 C) and D) Number of total cells
was equal to the number of DAPI positive cells. Three independent differentiations were analyzed.

Data represent mean +/- standard deviation.
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Immunocytochemistry experiments also included various transcription factors
expressed by CNS neurons. Transcription factors characteristic of neurons with
cortical identity such as CTIP2 and Cux1 were found not expressed at all (data not
shown), whereas transcription factor Thrl is mildly expressed, in accordance to a
study that established the role Activin A in the generation of striatal projection neurons
from human ESCs (Arber et al., 2015). Foxpl and Foxp2 that are present in neurons
of the lateral ganglion eminence (Tamura et al., 2004, Takahashi et al., 2003) were
detected (Figure 4.3 A, B and C). Quantification of the immunocytochemistry results
was possible due to the absence of 3D structures that were developed in the protocol
discussed in Chapter 2. However, co-localization data were not obtained as the
antibodies for the markers mentioned above were generated using antibodies
belonging to same species (rabbit) and the major focus of the study was a comparison
of the efficacy of BDNF, NT4 and the TrkB activating antibodies in including TrkB
activation as it will be discussed in the next two chapters. In future studies double-
labeling experiments would be necessary to fully characterize the cultures and
determine whether some neurons are more responsive to BDNF than others. The
necessary comparisons would include Foxpl with Foxp2, Foxpl with GADG65/67,
Foxp2 with GADG65/67, Tbrl/GAD65/67, Foxpl/Tbrl and Foxp2/Tbrl. For this
purpose, antibodies of different species could be used, or alternatively the primary

antibodies could be coupled directly with different fluorophores.

Immunofluorescence experiment quantification of 2 independent experiments was
performed using 5 images per marker and differentiation and roughly 300 cells per
image. Foxpl is expressed by approximately 50% of the neurons, Tbrl by 24% and
Foxp2 by 32% (Figure 4.4)
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Figure 4.3 H9 hESCs differentiated as a monolayer at 30 DIV. Immunocytochemistry using A) Thrl
(green), B) Foxp1 (green) and C) Foxp2 (green). Blue is DAPI. Scale bar is 100 um D)
Immunocytochemistry quantification of Tbrl, Foxpl and Foxp2 positive neurons in figure 4.3. The
number of total cells was equal to the number of DAPI positive cells. Cells were counted manually using
ImageJ software. Two independent differentiations were analyzed. Data represent mean +/- standard

deviation.
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4.3 BDNF, NT4 and a novel TrkB agonist phosphorylate TrkB in a time-

and dose-dependent manner

Given the growing interest in TrkB-mediated signalling, especially in the context of
conditions affecting the function of the human brain, strategies have been developed
to activate TrkB using antibodies directed against this receptor. Through a
collaboration with Zebra Biologics and the group of Richard Lerner at the Scripps
Institute, we tested 4 TrkB-activating antibodies on neurons derived from the protocol
discussed above, to determine how their activity compared to natural TrkB ligands,
BDNF and NT4. These TrkB-activating antibodies have been generated using the near
neighbor library assay (Xie et al., 2013) which screens a phage library containing
about 1.0 x 10° members. The first step of this protocol involved the generation of a
TrkB reporter cell line by infecting a CHO cell line with a lentiviral vector encoding the
full-length human NTRK2 gene under the EFla promoter and with a lentiviral vector
encoding the B-lactamase protein regulated by an NFAT response element. Upon
binding to TrkB receptor the downstream signaling would be activated leading to the
activation of the NFAT response element and therefore the expression of the gene
Beta lactamase. The readout of this system is based on Forster resonance energy
transfer or fluorescence energy transfer (FRET) and it relies on the FRET-based
substrate termed CCF2-AM (or the alternative substrate CCF4-AM). CCF2-AM is
composed of a Hydroxycoumarin donor conjugated to a Fluorescein acceptor via a 3-
lactam ring. In the absence of B-lactamase, excitation at 409 nm results to Forster
resonance energy transfer (FRET) between the fluorescent donor and acceptor
molecules, leading to emission at 520 nm. Upon expression of B-lactamase, the [3-
lactam ring is cleaved by [B-lactamase, the two molecules are separated, FRET is
disrupted and a fluorescence shift from 520 nm to 447 nm is produced. The specificity
of this system was validated by flow cytometry, in which the reporter line was shown
to bind BDNF, but not NGF. The TrkB reporter line also bound NT3 and NT4 that also
bind TrkB receptor. In the second step of the agonist antibody selection a large (10%°)
combinatorial scFv antibody library was expressed in phage. The binding antibodies
that were identified (108) were cloned into a lentiviral vector and each unique scFv
sequence was encoded together with a transmembrane domain and an Ig Fc domain.

Thus, when expressed in individual cells each scFv protein is tethered to the
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extracellular side of the plasma membrane as an Fc-dimer. Subsequently a single
plate (1-2 x 107 cells) of the CHO-NFAT TrkB reporter cell line was infected with the
virus, turning each cell into an independent autocrine assay point. When an scFV
fragment binds and therefore activate the TrkB receptor a fluorescent signal is
generated as explained above, and the cells can be selected by FACS. Using this
method about 50 clones were selected for further analysis (Merkouris et al., 2018)

The 4 four most potent different monoclonal antibodies were compared to BDNF using
phosphorylation of TrkB as a readout. H9 derived neurons were differentiated and
maintained in vitro for a period of 7 weeks before treatment. Before testing the
phosphorylation levels induced by BDNF or TrkB agonists, the cultures were tested
for expression of BDNF in the absence of any stimuli, in order to determine whether
there is any background expression of BDNF. BDNF was added in one culture in order
to ensure that the protein is truly not detected in the system, and is not for example
stuck in the Matrigel substrate. GDNF (Glial cell line-derived neurotrophic factor) was
also tested in one culture to examine whether it could promote the expression of
BDNF. It was found that BDNF protein is not present in this system (Figure 4.4.) Some
wells were differentiated in the absence of activin A, in an effort to explore its necessity
in the generation of TrkB positive neurons. Activin A has been shown to direct the
differention of human ESCs towards neurons with characteristics of striatal projection
neurons (Arber et al., 2015). BDNF was tested at 0.895 nM and 1.79 nM, while the
four TrkB agonists were tested at 450 nM. All wells were treated for 15 minutes before
lysis. Cell lysates were processed as described in Materials & Methods and equal
amounts of proteins were loaded to NUPAGE gradient gel for western blot analysis.
Subsequently the membrane was incubated with PhosphoTrkB antibody
(Tyr706/707). The untreated samples did not show any signal, while in the samples
treated with BDNF a single band above 110 kDA was detected (figure 4.5 A.). The
intensity of the signal is higher in the neurons that were generated in the presence of
Activin A, and therefore Activin A was used in all the subsequent experiments.
Additionally, treatment with 1.79 nM of BDNF gives a stronger signal of pTrKB than
treatment with 0.895 nM. Initially two of the four TrKB activating antibodies, designated
#30 and #85 seem to activate TrkB to a similar level to BDNF at a concentration of
450 nM while treatment with antibodies #44 and #27 at the same concentration led to

a weak signal of TrkB phosphorylation (Figure 4.5A). The next step was to treat
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neurons that were cultured for 42 DIV with different concentrations of #30 and #85.
Based on preliminary data with mouse ES cell-derived neurons and rat primary
cultures (data not shown), four different concentrations had been selected: 45 nM, 90
nM, 225 nM and 450 nM. Antibody #85 was shown to saturate the P-TrkB response
already at 45 nM, while #30 potency was increased until 450 nM, indicating that
antibody #85 was more efficient than antibody #30. (Figure 4.5 B). Therefore #85 was

selected for a detailed comparison with BDNF and NT4.
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Figure 4.4 Western blot analysis of BDNF on protein extracted from H9 neurons at 37 DIV that
had been treated with 0.358 nM of GDNF, 0.358 nM of BDNF and controls. Recombinant pro
BDNF used is 4 pM and recombinant BDNF is 2 pM. Lysates (30 ug) prepared from neurons treated
for 24 hours with either BDNF or GDNF were separated by SDS gel electrophoresis. Following transfer,
the blot was incubated with the BDNF antibody 3C11 (Icosagen). Recombinant BDNF was used as a
control of the molecular size of the band corresponding to BDNF.

103



-Activin

#30BDNF__ #85#44#30 #27 BDNF_
kDa 450 1.79 C. 450 450 4504501.790.89 Con (nM)

pTrkB  [1°0— Y
10—
B
synaptophysin o ————
B.
#30 #85
kDa 45 90 225450 C. 45 90 225450 C. Con (nM)
160 — a
pTrkB P

synaptophysin [ 50 —

Figure 4.5 Western blot analysis of TrkB phosphorylation on protein extracted from H9
neurons at 42 DIV that had been treated with BDNF or TrkB-activating antibodies.

A) Comparison of 0.895 nM and 1.79 nm of BDNF with four different TrkB activating antibodies at
450 nM. B) Comparison of different concentrations of the TrkB activating antibodies #30 and #85.
Lysates (30 ug) prepared from the cells indicated were separated by SDS gel electrophoresis and
the blots were incubated with the PhosphoTrkB antibody (Tyr706/707) (Cell Signaling). The blots were

reprobed for a synaptophysin antibody in order to normalize for protein levels.
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Phosphorylation is known to be a reversible and relatively unstable protein post-
translational modification (Fischer, 2010). Thus, the ability of the three TrkB ligands
to phosphorylate TrkB receptor was tested over a period of 24 hours. Based on
experiments where neurons were treated with different concentrations of BDNF, NT4
and #85, concentrations that are well above saturation were selected for a time-point
experiment: BDNF at 1.79 nM, #85 at 45 nM and NT4 at 2.88 nM. The data were
normalized to synaptophysin protein levels, which was used as a control. Furthermore,
the densitometry values were transformed to 100% values. In all experiments the
value of treatment with 30 minutes for BDNF was set as 100% while the other
concentrations were calculated accordingly by the following type (value of x treatment/
value of 30 minutes BDNF * 100). These transformations were necessary in order to
make the data comparable, as the raw densitometry values did vary between
experiments due to exogenous factors and not caused by treatment, as will be
discussed in the Discussion section. TrkB receptor is N-glycosylated in 10 sites in the
extracellular domain and its molecular weight is 145 kDa (Haniu et al.,2005). The
upper band corresponds to this molecular weight, and in many western blots for pTrkB
a lower band at 110 kDa was observed. This lower band most likely corresponds to
non-glycosylated (unprocessed) TrkB (Perez et al.,2019), and it was included in the

area measured in densitometry analysis.

It was found that upon treatment of the neuronal cultures with either of BDNF, NT4
and #85 for 30 minutes the levels of TrkB phosphorylation are similar, while untreated
samples have undetectable levels of pTrkB (Figure 4.6 A) and B). After 2 hours of
treatment the level of TrkB phosphorylation is somewhat decreased, whereas it is
significantly decreased after 12 hours and further decreased after 24 hours of
treatment (Figure 4.6 A). When cultures were treated for 48 or 72 hours with BDNF,
NT4 and #85 no signal was detected (data not shown). Figure 4.6 B illustrates the
results of 4 independent differentiations, two of them performed in triplicates and one
in duplicates. No pTrkB signal was detected in any of the experiments where no TrkB
agonists were added. All values were normalized to synaptophysin levels and all
conditions were normalized to the samples that were treated with BDNF for 30
minutes, the value of which was set as 100%. The signal was highest after treatment
of the culture for 30 minutes. There was a tendency for the signal to be reduced after
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2 hours, while it was dramatically reduced when neurons were treated for 12 and 24

hours.

There is a significant difference between the 4 time-points for the cultures treated with
BDNF with p<0.00001 (Kruskal-Willis test). Especially significant differences are
located in 30min vs 2h (p<0.0001), 30min vs 12h (p<0.0001), 30min vs 24h
(p<0.0001), 2h vs 12h (p<0.0001) and 2h vs 24h (p<0.0001) (Mann-Whitney test). In
the case of 12h vs 24 h there is no significant difference detected (p=0.191).

There is a significant difference between the 4 time-points for the cultures treated with
#85 with p<0.0001 (Kruskal-Willis test). Especially significant differences are located
in 30min vs 2h (p=0.019), 30min vs 12h (p<0.0001), 30min vs 24h (p<0.0001), 2h vs
12h (p=0.001), 2h vs 24h (p<0.0001), and 12h vs 24h (p=0.007) (Mann-Whitney test).

There is a significant difference between 3 time-points for the cultures treated with
NT4 with p=0.013 (Kruskal-Willis test). Especially significant differences are located
in 2h vs 12h (p=0.004), 2h vs 24h (p=0.004) and 12h vs 24h (p=0.016) (Mann-Whitney
test). In the case of 30 min vs 2 h (0.278), 30 min vs 12 h (0.143) and 30 min vs 24 h
(0.056) there is no significant difference detected. Cultures have been treated with
NT4 for 30 minutes in only 2 out of 4 differentiations, which can explain why statistical
significance is not achieved. Finally, comparisons between time-points for the 3
different substances do not present significant differences (Mann-Whitney test): BDNF
with 30 min vs #85 with 30 min: no significant differences p=0.146, BDNF with 30 min
vs NT4 with 30 min: no significant differences p=0.998, 85 with 30 min vs NT4 with 30
min: no significant differences p=0.998, BDNF with 2 h vs #85 with 2 h: no significant
differences p=0.399, BDNF with 2 h vs NT4 with 2 h: no significant differences
p=0.311, #85 with 2h vs NT4 with 2 h: no significant differences p=0.362, BDNF with
12 h vs #85 with 12 h: no significant differences p=0.287, BDNF with 12 h vs NT4 with
12 h: no significant differences p=0.064, #85 with 12 h vs NT4 with 12 h: no significant
differences p=0.262 ,BDNF with 24 h vs #85 with 24 h: no significant differences
p=0.221, BDNF with 24 h vs NT4 with 24 h: no significant differences p=0.416, , #85
with 24 h vs NT4 with 24 h: no significant differences p=0.111.

Overall and while TrkB phosphorylation with BDNF, #85 and NT4 is reduced after 30
minutes, there is no statistically significant difference between the three TrkB ligands

in any time-point. The particularly high variability of standard error of the mean (s.e.m)
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between differentiations could be attributed to the variability between different western
blots. Indeed, triplicate or duplicate samples from four differentiations were run using
9 different gels and subsequent blots. It is likely that small but significant differences
in the efficiency of transfer in particular may explain the variability between

experiments.
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Figure 4.6 Western blot analysis of pTrkB levels using lysates prepared from H9 neurons, 30 DIV
treated for different time-points with BDNF, #85 or NT4. A) Representative immunoblot of the time
course of TrkB phosphorylation. Cultures were treated with BDNF at 1.79 nM, #85 at 45 nM and NT4
at 2.88 nM for 30 minutes, 2 hours, 12 hours and 24 hours. Cell lysates were subjected to Western blot
analysis for phosphor-TrkB or synaptophysin (used as loading control) B) Densitometric values
guantified from the blots of 4 independent differentiations experiments. Data represent mean +/-
standard error of the mean.
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In the 3 out of 4 independent experiments described above the expression of non-
phosphorylated TrkB was also tested (Figure 4.7). TrkB signal appears to be
somewhat increased in 30 minutes and 2 hours timepoints, when compared to the
control cultures, and subsequently decrease at 12- and 24-hours’ time-points (Figure
4.7 A). However, there is no significant difference between control samples and
samples treated with one of the three substances for any time-point. In more detalil
there is no significant differences detected between control samples and samples
treated with BDNF for 30 minutes (p=0.559), control vs #85 for 30 minutes (p=0.639),
control vs NT4 for 30 minutes (0.286), control vs BDNF for 2 hours (p=0.639), control
vs #85 for 2 hours (p=0.755), control vs NT4 for 2 hours (0.730), control vs BDNF for
12 hours (p=0.202), control vs #85 for 12 hours (p=0.149), control vs NT4 for 12 hours
(0.905), control vs BDNF for 24 hours (p=0.106), control vs #85 for 24 hours (p=0.134),
control vs NT4 for 24 hours (0.452) (Mann-Whitney test).

There is no significant difference between the 4 time-points for the cultures treated
with BDNF with p=0.096 (Kruskal-Willis test). Especially significant differences are
located 30min vs 12h (p=0.017). There is no significant difference for 30min vs 2h
(p=0.690), 30min vs 24h (p=0.180), 2h vs 12h (p=0.165), 2h vs 24h (p=0.073) (Mann-
Whitney test) and 12h vs 24 h (p=0.402).

There is a significant difference between the 4 time-points for the cultures treated with
#85 with p=0.046 (Kruskal-Willis test). Especially significant differences are located in
30min vs 12h (p=0.038), 30min vs 24h (p=0.038). There is no significant difference
for 30min vs 2h (p=0.710), 2h vs 12h (p=0.053),2h vs 24h (p=0.128), and 12h vs 24h
(p=0.451) (Mann-Whitney test).

There is no significant difference between 3 time-points for the cultures treated with
NT4 with p=0.258 (Kruskal-Willis test). There is no significant difference for 30 min vs
2 h (p=0.998), 30 min vs 12 h (p=0.2) and 30 min vs 24 h (p=0.2) ,2h vs 12h (p=0.343),
2h vs 24h (p=0.2) and 12h vs 24h (p=0.886) (Mann-Whitney test).

Finally, comparisons between time-points for the 3 different substances do not present
significant differences (Mann-Whitney test): BDNF with 30 min vs #85 with 30 min: no
significant differences p=0.180, BDNF with 30 min vs NT4 with 30 min: no significant
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differences p=0.073, 85 with 30 min vs NT4 with 30 min: no significant differences
p=0.788, BDNF with 2 h vs #85 with 2 h: no significant differences p=0.998, BDNF
with 2 h vs NT4 with 2 h: no significant differences p=0.527, #85 with 2h vs NT4 with
2 h: no significant differences p=0.648, BDNF with 12 h vs #85 with 12 h: no significant
differences p=0.998, BDNF with 12 h vs NT4 with 12 h: no significant differences
p=0.109, #85 with 12 h vs NT4 with 12 h: no significant differences p=0.230 ,BDNF
with 24 h vs #85 with 24 h: no significant differences p=0.402, BDNF with 24 h vs NT4
with 24 h: no significant differences p=0.115, , #85 with 24 h vs NT4 with 24 h: no
significant differences p=0.230. In conclusion there is no significant difference

between the three ligands in any time-point.
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Figure 4.7 Western blot analysis of TrkB levels using lysates prepared from H9 neurons, 30 DIV,
treated for different time-points with BDNF, #85 or NT4. A) Representative immunoblot of the time
course of TrkB expression. Cultures were treated with BDNF at 1.79 nM, #85 at 45 nM and NT4 at 2.88
nM for 30 minutes, 2 hours, 12 hours and 24 hours. Cell lysates were subjected to Western blot analysis
for TrkB or synaptophysin (used as loading control) B) Densitometric values quantified from the blots
of 3 independent differentiations experiments. Data represent mean +/- standard error of the mean.
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In order to investigate any potential correlation between phosphorylated pTrkB levels
and total TrkB levels the ratio of pTrkB/TrkB for the experiments mentioned above was

calculated (Figure 4.8)

There is no significant difference between the 4 time-points for the cultures treated
with BDNF with p=0.093 (Kruskal-Willis test). Especially there are no significant
differences for BDNF 30min vs 2h (p=0.106). 30min vs 12h (p=0.073), 30min vs 24h
(p=0.146), 2h vs 12h (p=0.234), 2h vs 24h (p=0.318) and 12h vs 24 h (p=0.418)
(Mann-Whitney test).

There is no significant difference between the 4 time-points for the cultures treated
with #85 with p=0.490 (Kruskal-Willis test). Especially there are no significant for 30min
vs 2h (p=0.805), 30min vs 12 (p=0.228), for 30min vs 24 h (p=0.259), 2h vs 12h
(p=0.620) ,2h vs 24h (p=0.259), and 12h vs 24h (p=0.456) (Mann-Whitney test).

There is no significant difference between 3 time-points for the cultures treated with
NT4 with p=0.702 (Kruskal-Willis test). There is no significant difference for 30 min vs
2 h (p=0.998), 30 min vs 12 h (p=0.143) and 30 min vs 24 h (p=0.486) ,2h vs 12h
(p=0.2), and 12h vs 24h (p=0.486) (Mann-Whitney test). There is significant difference
located in 2h vs 24h (p=0.029)

Finally, comparisons between time-points for the 3 different substances do not present
significant differences (Mann-Whitney test): BDNF with 30 min vs #85 with 30 min: no
significant differences p=0.146, BDNF with 30 min vs NT4 with 30 min: no significant
differences p=0.194, #85 with 30 min vs NT4 with 30 min: no significant differences
p=0.315, BDNF with 2 h vs #85 with 2 h: no significant differences p=0.710, BDNF
with 2 h vs NT4 with 2 h: no significant differences p=0.115, #85 with 2h vs NT4 with
2 h: no significant differences p=0.264, BDNF with 12 h vs #85 with 12 h: no significant
differences p=0.267, BDNF with 12 h vs NT4 with 12 h: no significant differences
p=0.305, #85 with 12 h vs NT4 with 12 h: no significant differences p=0.414 ,BDNF
with 24 h vs #85 with 24 h: no significant differences p=0.402, BDNF with 24 h vs NT4
with 24 h: no significant differences p=0.158, , #85 with 24 h vs NT4 with 24 h: no
significant differences p=0.324. In conclusion there is no significant difference

between the three ligands in any time-point.
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Figure 4.8 Quantification of the ratio pTrkB/TrkB described in figures 4.6 and 4.7. Densitometric

values quantified from the blots of 3 independent differentiations experiments. Data represent mean +/-
standard error of the mean.
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In order to determine the relative potency of each ligand, cultures were treated with
various concentrations of BDNF, NT4 and #85 for 30 minutes. A wide range of
concentrations was used in order to try and determine the EC50, which is the
concentration of ligand that achieves half maximal activation of TrkB. The
concentrations tested are presented in Figure 4.10. The data were normalised to
synaptophysin protein levels, which was used as a control. Furthermore, the
densitometry values were transformed to 100% values. In all experiments 1.79 nM of
BDNF was set as 100% while the other concentrations were calculated accordingly by
the following type (value of x concentration/ value of 1.79 nM BDNF * 100).
Interestingly, the lowest concentration tested for BDNF, which was 0.0358 nM did not
significantly induce phosphorylation of TrkB, although saturation was reached
between 0.179 nM and 1.79 nM. Higher concentrations up to 35.8 nM did not lead to
further increase of the signal. The relatively narrow gap between zero and full
response may suggest that the dimerization of TrkB receptor caused by the BDNF
dimer may be close to an all or none phenomenon. This may also be a consequence
of the relative homogeneity of the cultures in terms of TrkB expression and their degree
of maturation. Similarly, the antibody #85 did not significantly activate TrkB at 0.045
nM whilst full activation is reached between 0.45 nM and 45 nM. As is the case with
BDNF, higher concentrations do not seem to induce further phosphorylation of the
receptor. Interestingly, compared to BDNF, higher concentrations of NT4, were
required to achieve significant TrkB activation. Saturation of TrkB phosphorylation was
achieved between 0.76 and 2.89 nM (Figure 4.9 A). Figure 4.9 B illustrates the results
of 4 different experiments and like with the time course experiments (see above),
variability of the standard error of the mean (s.e.m) was quite high in all concentrations

tested.

Comparison between the values of the percentages under the 3 different substances

using the concentrations mentioned above, led to the following results:

There is a significant difference between the 5 concentrations tested for BDNF with
p=0.012 (Kruskal-Willis test). Especially significant differences are located in 0.0358
nM vs 0.179 nM (p=0.001), 0.0358 nM vs 0.895 nM (p=0.000291), 0.0358 nM vs 1.79
nM (p=0.000013), 0.0358 nM vs 35.8 nM (p=0.000031), 0.895 nM vs 1.79 nM
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(p=0.049) and 1.79 nM vs 35.8 nM (p=0.001). There are no significant differences
located in 0.179 nM vs 0.895 nM (p=0.075), 0.179 nM vs 1.79 nM (p=0.115), 0.179
nM vs 35.8 nM (p=0.076), and 0.895 nM vs 35.8 nM (p=0.239).

There is a significant difference between the 5 concentrations tested for #85 with
p<0.0001 (Kruskal-Willis test). Especially significant differences are located in 0.045
nM vs 0.225 nM (p=0.017), 0.045 nM vs 0.45 nM (p=0.011), 0.045 nM vs 9 nM
(p=0.0000001), 0.045 nM vs 45 nM (p=0.000001), 0.225 nM vs 0.45 nM (p=0.030),
0.225 nM vs 9 nM (p=0.000009), 0.225 nM vs 45 nM (p=0.000001). There are no
significant differences located in 0.45 nM vs 9 nM (p=0.116), 0.45 nM vs 45 nM
(0.063), 9 nM vs 45 nM (p=0.085) (Mann-Whitney test).

There is a significant difference between the 3 concentrations for NT4 with p=0.004
(Kruskal-Willis test). Especially significant differences are located in 0.76 nM vs 2.89
nM (p=0.004), 0.76 nM vs 14.42 nM (p=0.004). There is no significant difference
located in 2.89 nM vs 14.42 nM (p=0.949) (Mann-Whitney test).

Finally, comparisons between concentrations for the 3 different substances give us
the following results (Mann-Whitney test):: 0.0358 nM of BDNF vs # 0.045 nM of #85
no significant differences p=0.157, ), 0.179 nM of BDNF vs 0.225 nM of #85:
significant differences p=0.001, 0.895 nM of BDNF vs 0.45 nM of # 85: no significant
differences p=0.058, 35.8 nM of BDNF vs 45 nM of #85: no significant differences with
p=0.423), 0.895 nM of BDNF vs 0.76 nM of NT4: significant difference with p=0.001,
1.79 nM of BDNF vs 2.89 nM of NT4: no significant difference with p=0.117, 35.8 nM
of BDNF vs 14.42 nM of NT4 : no significant difference with p=0.123, 0.45 nM of #85
vs 0.76 nM of NT4 : significant differences with p=0.008, 45 nM of #85 vs 14.42 nM
of NT4: no significant differences with p=0.418. Overall, when similar concentrations
of BDNF and #85 are compared there are no significant differences observed, when
the concentrations tested are located at the threshold of the activation of TrkB ligand.
However, BDNF induced 4-fold higher phosphorylation of TrkB than #85 in
intermediate concentrations (0.179 and 0.895 nM BDNF compared to 0.225 and 0.45
nM #85, while there is no difference in the maximum concentrations tested, indicating
that #85 can reach the same plateau in TrkB phosphorylation as BDNF. Additionally,

similar intermediate concentrations of BDNF and #85 induces 26- fold and 11-fold
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higher levels of TrkB phosphorylation when compared to 0.76 nM NT4. NT4 can also
reach the same plateau in TrkB phosphorylation with BDNF and #85.

The concentrations tested here do not provide sufficient detail to accurately determine
the half maximal potency or the saturation of each ligand. Based on the graph in figure
4.6 B the EC50 of BDNF is achieved between 0.0358 and 0.179 nM and the EC50 of
#85 between 0.045 and 0.45 nM. In order to get a precise value more closely spaced
concentrations between the estimates for the EC50 values would be required.
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Figure 4.9 Western blot analysis of pTrkB levels using lysates prepared from H9 neurons, 30
DIV treated with various concentrations of BDNF, #85 or NT4 A) Representative immunoblot of
the different TrkB activating ligand concentrations tested. Cell lysates were subjected to Western blot
analysis for phosphorylated TrkB or synaptophysin (used as loading control) B) Densitometric values
guantified from the blots of 6 independent differentiations experiments. Data represent mean +/-

standard error of the mean.
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N(number of wells)

number of differentiations

BDNF 0.0358

nM 7 3
BDNF 0.179

nM 11 5
BDNF 0.895

nM 7 3
BDNF 1.79 nM 13 6
BDNF 35.8 nM 11 5
#85 0.045 nM 11 5
#85 0.225 nM 11 5
#85 0.45 nM 3 2
#859 nM 12 5
#85 45 nM 11 5
NT4 0.76 nM 7 3
NT4 2.89 nM 7 3
NT4 14.42 nM 7 3

Figure 4.10 Number of samples and hESC differentiation used to provide the datain figure 4.9

B for each ligand and ligand concentration used.
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The next question was to determine the percentage of neurons responding to the
addition of TrkB ligands as this was key to appreciate the suitability of the culture
system used to meaningfully perform complex experiments such as RNA-seq. To this
end 30 DIV neurons were plated on coverslips and treated with BDNF and #85 for 12
hours and subsequently fixed (Figure 4.11). Immunocytochemistry experiment used
cFOS as an indication of TrkB activation, since this is a known transcriptional target of
BDNF and a widely recognised marker of neuronal activity (Cohen et al., 2011, Bullitt,
1990). Importantly the activation of #85 by cFOS was only tested in one differentiation,
therefore no firm conclusions can be established, whereas the activation of BDNF by
cFOS was tested in two differentiations.

Immunofluorescence experiment quantification of each independent experiment was
performed using 5 images per marker and differentiation and roughly 300 cells per
image. These experiments revealed that 75% of the neurons treated with BDNF
expressed clearly detectable levels of cFOS in the nucleus (Figure 4.12). For reasons
that are unclear (but see below) the signal intensity was lower following treatments of
the culture with #85 (Figure 4.11).
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Figure 4.11 Immunocytochemistry analysis on day 30 H9 neurons. Green is cFOS and blue is
DAPI. A-C) untreated culture, D-F) treatment with BDNF for 12 hours and G-I) treatment with #85 for
12 hours. Scale bar is 50 um.
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Figure 4.12 Immunocytochemistry quantification of cFOS positive neurons in figure 4.11. The
number of total cells was equal to the number of DAPI positive cells. Cells were counted manually using
ImageJ software. Two independent differentiations were analyzed. Data represent mean +/- standard

deviation.
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4.4 Discussion

In this chapter it was shown that neurons differentiated from human embryonic stem
cells as described before (Telezhkin et al., 2016) express TrkB but not BDNF (see
Figure 4.4). In the human brain apart from the full-length receptor (TrkB-FL), two C-
terminal truncated receptors TrkB-T1 and TrkB-Sch are expressed, which lack the
tyrosine kinase domain (Klein et al., 1990, Stoilov et al., 2002). The antibody that was
used to detect TrkB was generated by immunizing rabbits with a synthetic peptide
within Human TrkB aa 100-200 (internal sequence). Therefore, it can recognize the
three main TrkB isoforms that are known to be expressed in the human brain. The
band with the stronger signal detected approximately at 150 kDa corresponds to the
full-length isoform, whereas two bands detected at 100 kDa and approximately 90 kDa
are also detected and correspond presumably at the TrkB-T-Sch and TrkB-T1 protein
isoforms respectively. A more recent study relying on in silico analysis has identified
novel alternative transcripts and 36 potential protein isoforms, which are generated by
alternative splicing in the exons encoding the extracellular and intracellular domain.
This study also identified 5 exon containing transcripts which create the N-terminally
truncated TrkB proteins that lack 156 N-terminal amino acids residues including the
signal sequence. These isoforms most likely cannot be transported to the cell
membrane (Luberg et al., 2010). Since many TrkB protein isoforms have similar sizes,
western blot analysis is not the optimal method for a detailed investigation of their
expression. Real Time PCR analysis of the different TrkB mRNA transcripts would
verify the presence of the TrkB isoforms expressed in neurons derived from hESCs.
Most of the neurons generated with the protocol discussed above, are GABAergic as
they express GAD65/67 and they also express some of the markers found in the
Lateral Ganglionic Eminence (LGE). BDNF and NT4 have been shown to activate
TrkB receptor by phosphorylation in a dose-dependent and time-dependent manner.
The same in vitro system was used to test the potential of four novel TrkB activating
antibody generated by Zebra Biologics and Richard Lerner group in Scripps. One of
these antibodies, designated #85 was found to be comparable to BDNF in its ability to
activate and phosphorylate TrkB, and was therefore selected for further testing. TrkB
activating antibody #85 was demonstrated to activate TrkB receptor in a dose-
dependent and time-dependent manner that was similar to the two neurotrophins.

Interestingly TrkB levels were found to be decreased upon treatment for 12 hours with
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BDNF and #85, but not with NT4. Down-regulation of TrkB upon prolonged treatment
with BDNF has been observed in other studies using neuronal cell lines and it was
largely prevented by addition of proteasome inhibitors (Sommerfeld et al., 2000),
whereas a recent study reported that treatment of cultured cortical neurons with BDNF
and NT4 resulted in differential endocytic sorting of TrkB receptors, as NT4 resulted
in reduced TrkB ubiquitination at endosomal pH. As a result, NT4 sustained the
downstream signalling pathways for longer time period (Proenca et al., 2016). The use
of surface biotinylation experiments and fluorescent microscopy using the in vitro
system discussed in this chapter could compare the kinetics of TrkB internalization
upon treatment with BDNF, NT4 and antibody #85. The investigation of ubiquitination
of TrkB upon treatment with the three ligands could potentially reveal differences that

may be particularly relevant in the context of future in vivo therapies.

The TrkB receptor has 3 phosphorylation sites; Tyr515 provides a docking site for Shc
and initiates the Ras/Raf/MAPK signalling cascade (Obermeier et al., 1993), Tyr 706
is located in the activation loop and initiates the TrkB auto- phosphorylation
(Cunningham et al., 1997) and Tyr816 is involved in the PLC —y1 pathway (Kaplan
and Miller, 2000). Forthe pTrkB experiments discussed in these chapters the antibody
that was used recognized the Tyr706/707 residues and this monoclonal antibody was
produced by immunizing rabbits with a synthetic phosphopeptide corresponding to
residues surround Tyr674/675 of human TrkA. The phosphorylation sites are
conserved between TrkA and TrkB and Tyr674/675 of TrkA corresponds to
Tyr706/707 of the human TrkB sequence (Huang and Reichardt, 2003). In one
preliminary experiment an antibody that recognized Tyr515 residue of TrkB was also
tested and BDNF and #85 were found to behave in a similar manner as with the
antibody recognizing residues Tyr706/707 (data not shown). This monoclonal antibody
was produced by immunizing rabbits with a synthetic phosphopeptide corresponding
to residues corresponding to residue Tyr490 and the analogous residue Tyr515 in
TrkB (Huang and Reichardt, 2003). It would be informative to compare the
phosphorylation levels of Tyr515 and Tyr818 residues of TrkB upon treatment with
BDNF, NT4 and antibody #85 in different time-points and compare these results with
the available data for Tyr706/707.

Although TrkB agonist antibody #85 had the same potency in terms of TrkB

phosphorylation, the Emax could not be accurately determined from the available data,
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as there is no significant difference between some of the concentrations tested. It was
found that full activation of #85 was reached between 0.45 nM and 45 nM, whereas
full activation of BDNF was reached between 0.179 nM and 1.79 nM. Similarly, the
EC50 values for the neurotrophins and #85 could not be accurately determined from
the available data, as more closely spaced concentrations would be needed. Based
on the experiments discussed above EC50 of BDNF is achieved between 0.0358 and
0.179 nM and the EC50 of #85 between 0.045 and 0.45 nM. In order to accurately
determine these values future studies would need to include additional concentrations
located between the range of the concentrations described above. For the reasons
discussed in the results it is also possible that western blot analysis is not the optimal

technique in order to analyse the EC50 values.

Importantly in this study it was shown that most of the neurons are responsive to
treatment with BDNF as measured by the early response gene cFOS, which is a
downstream target of BDNF and a well-studied marker for neuronal activity. In one
differentiation experiment the antibody #85 was also tested for cFOS activation and
many neurons were found to be positive for cFOS expression. However, the signal
intensity was lower than that of BDNF and in many areas the signal appeared to be
diffused over the area of the cytoplasm. Additional immunocytochemistry experiments
that will test cFOS staining upon treatment with BDNF, NT4 and #85 would be an
additional readout to compare the efficacy of the three TrkB ligands. Double staining
with GAD65/67 and the LGE markers would identify the subtypes of neurons that are
particularly responsive. The extensive characterisation of the cultures using
immunocytochemistry would address the question about the reproducibility of the
system in terms of TrkB activation. Although the GABAeric identity of these neurons
was firmly established, it remains elusive whether the percentage of neurons that
respond to cFOS are comparable between BDNF, NT4 and #85. It is possible that
significant variability in the expression of LGE markers, TrkB and cFOS between
differentiations could generate big fluctuation in the pTrkB data. The protein levels of
pTrkB, TrkB and synaptophysin have been found to vary between triplicates and
differentiations. These fluctuations could mask small differences of 20-30%. A first
step to examine the reproducibility of differentiations for TrkB and synaptophysin
would be RT-PCR. Subsequently samples from different experiments need to be

tested side by side in the same gel. Additionally, running these samples in multiple
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gels would exclude the possibility of variability occurring during the western blot

procedure.

A modified ELISA approach, the highly sensitive amplified luminescent proximity
homogeneous assay LISA (Alphalisa) format, could be used in order to study the TrkB
phosphorylation levels with enhanced accuracy. The principle of this assay relies on
the generation of signal when donor and acceptor beads are brought into close
proximity. The Alpha donor bead is coated with streptavidin which captures the
biotinylated anti-pTrkB antibody. The acceptor bead is coated with pTrkB specific
antibody. When TrkB is phosphorylated, the two coated beads are brought into
proximity through binding to tyrosine 706 (Tyr 706) of TrkB. After excitation by laser at
680 nm, the singlet oxygen released by alpha donor bead travels to the nearby
acceptor bead where it causes acceptor bead to emit fluorescence at 615 nm. The
increase of AlphaLISA signal is proportional to the concentrations of pTrkB (Traub et
al., 2017). The same technigue was successfully used for measuring phosphorylation
of ERK, AKT and CREB. In the Alphalisa format 384-well microplates are used offering
the possibility to use less biological material to investigate multiple concentrations in

one experimental set.

In order to further demonstrate that the TrkB agonist antibody #85 and NT4 are
comparable to BDNF, the canonical downstream signalling needs to be tested in future
studies. The downstream signalling cascades that are activated upon binding of BDNF
to TrkB are critical for neuronal survival, morphogenesis and plasticity. The various
intracellular signalling pathways include the mitogen-activated protein kinase/
extracellular signal-regulated protein kinase (MAPK/ERK), phospholipase Cy (PLCy)
and phosphoinositide 3-kinase (PI3K). It has already been shown in the recent
publication associated with this Thesis that the agonist-induced levels of PLCy, AKT
and ERK phosphorylation by #85 are almost identical to those of BDNF across two
time-points when CHO-NFAT TrkB reporter was treated for 5 minutes and 30 minutes.
In the same study antibody #85 was found to bind at, or very near, the BDNF agonist
site on TrkB receptor. More specifically treatment of HEK293-CRE-TrkB cell line with
4- and 12-fold molar excess of BDNF led to reduced binding of #85 to TrkB by 80%
and 89% respectively (Merkouris et al., 2018). The validation of these results using
as a model system the differentiation system described in this chapter would further

support the notion that antibody #85 is a full agonist of TrkB.
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Additional experiments would include dissection of the kinetics and the sensitivity of
downstream TrkB signalling pathways after stimulation with BDNF, NT4 and #85.
Using as a readout the Alphalisa format mentioned above different stimulation
schemes could be used to analyse how the three TrkB ligands regulate the
phosphorylation of TrkB, ERK, AKT and CREB kinetically. In the first scenario, the
restimulation efficacy is measured by applying each agonist for a short pulse period,
then the cultures are washed off and a second short pulse follows after few minutes.
In the second scenario, the single-pulse stimulation each agonist is administered for
a short pulse period, then washed off with no new addition of the agonists. The
phosphorylation levels are measured at different time-points. In the third scenario, the
continuous stimulation each agonist is administered for the whole time of the
experiment, and different time-points can be tested, for example 2 hours, 12 hours, 24

hours.

Therefore, and due to the results presented above, antibody #85 is now considered
as an interesting candidate for further validation in in vivo models of Huntigton’s
disease. This is due to the well-established role of BDNF in this neurodegenerative
disease. Indeed, BDNF has been demonstrated to enhance survival in striatal neurons
that die in HD (Bemelmans et al., 1999), therefore suggesting that reduced trophic
support by the neurotrophin could contribute to the disease onset and progression. In
line with this suggestion reduced BDNF levels have been reported in the cerebral
cortex and striatum of people with HD (Zuccato et al., 2001). Additionally, BDNF
withdrawal affects the viability of differentiated HD iPSC cultures in a CAG repeat-
dependent manner. The longer the repeat number, the greater was the effect of BDNF
withdrawal, whereas non-disease cell line with normal number of repeats was not
affected (Consortium, 2012). Future studies could test whether #85 and NT4 are able

to rescue differentiated HD iPSC cultures to the same extend as BDNF.
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Chapter 5: Global transcriptome analyses (RNA-seq) following
exposure of hESC-derived neurons to BDNF, #85 and NT4

5.1 Introduction
As described previously in Chapter 4 the addition of BDNF, NT4 and the antibody #85

to inhibitory neurons differentiated from hESC triggers TrkB phosphorylation in a time-
and dose- dependent fashion. TrkB activation is known to lead to transcriptional
changes (Zheng et al., 2009, Groth and Mermelstein, 2003, Maynard et al., 2018) and
one recent study has reported on some of the changes following BDNF addition as
well as an activating antibody (Traub et al., 2017) (see Discussion). No data are yet
available on changes following the addition of NT4. Using culture conditions allowing
a large proportion of cultured neurons to respond to TrkB activation by c-Fos
expression in the nucleus (see preceding Chapter), RNA sequencing (RNA-seq) was
used to characterize and compare the transcriptome changes following exposure of
human neurons to BDNF, NT4 and #85.

5.2 Experimental setup of RNA seq

Day 30 neurons derived from H9 hESCs were treated with 1.79 nM of BDNF, 2.89 nM
of NT4 and 45 nM of #85. The time points selected were 30 minutes, 2 hours, 12 hours
and 24 hours. Three wells (triplicates) were treated per each condition and in each
time point three wells were untreated (controls) (Table 5.1). In total 48 wells from the
same differentiation were used in this experiment. In order to minimise transcription
differences attributed to time rather than treatment, the wells were treated as explained
in figure 5.1. Briefly, in the time point designated as T=0 3 wells were treated with
BDNF, 3 wells were treated with NT4 and 3 wells with antibody #85 and subsequently
lysed after 24 hours. In time point designated as T=6 hours 9 wells were treated for
12 hours, and in T=20 hours 9 wells were treated for 2 hours. Finally, in T=29.5 hours
9 wells were treated for 30 minutes. Under this configuration 36 of the samples were
lysed within 6 hours of each other and the remaining 12 samples were lysed 6 hours
later. After treatment with TrkB ligands neurons were lysed and RNA was extracted as

detailed in Materials & Method. Subsequently RNA quality was accessed by loading
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small amount of RNA in a polyacrylamide gel and measuring the RIN value, the ratio
of 28s to 18 s ribosomal subunit (Figure 5.2). The recommended threshold for RNA

seq analysis was 7, and all of the samples had a RIN value higher than 9.
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Timepoint BDNF ( 50 ng/ml) NT4 ( 100 ng/ml) #85 (5 pg/ml)
30 minutes triplicate triplicate triplicate
2 hours triplicate triplicate triplicate
12 hours triplicate triplicate triplicate
24 hours triplicate triplicate triplicate

Table 5.1 indicating the time points and conditions used in the RNA seq experiment. Each

condition was analysed in triplicates
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T=29.5 hours

T=0 T=6hours T= 20 hours treatment for 30
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3 per time
point
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Figure 5.1: Scheme describing the experimental setup of the RNA seq experiment. 12 wells

were treated and lysed at each time point, 9 were treated and 3 remained untreated (controls)
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Figure 5.2: Quality control of RNA samples. A) All 48 samples were run in acrylamide gels, and
11 of the samples are presented here. The RNA marker was loaded in the first lane from the left. B)
The bands separated in the acrylamide gels were automatically measured by Agilent Software. A
representative RNA sample is shown here. The RIN value was calculated by diving the 28s ribosomal
subunit to 18 s ribosomal subunit (red line).
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5.3 RAW DATA HANDLING AND ANALYSIS

5.3.1 R ANALYSIS OF THE DATA

The RNA-seq raw data obtained here were more than 120 GB and in order to efficiently
analyse them, edgeR and limma packages from the Bioconductor project were used.
Bioconductor is an R-based open-source software development project widely used
in genomics (Anders et al., 2013, Huber et al., 2015). R and Bioconductor could be

installed from the below links:

(https://lwww.R-project.orq) (https://www.bioconductor.orq)

The analysis also included Glimma package that generated interactive graphics,
allowing a detailed exploration of the data at both sample and gene-level, which was
not possible with the use of static R plots. The starting material was counts for the
genes expressed in the different samples. In this chapter, the RNA-sequencing data
in the form of gene-level counts were imported in R, organized, filtered and normalised
using edgeR package, then the limma package with its voom method used linear
modelling and empirical Bayes moderation to assess differential expression. The use
of Glimma package offers interactive exploration of the results, making possible the

examination of each sample and gene in a simple manner.
5.3.2 DATA PRE-PROCESSING

5.3.2.1TRANSFORMATION FROM THE RAW-SCALE

Raw counts are usually not used in differential expression analyses, as differences in
the library size during sequencing between samples will results in difference in the
number of counts. Therefore, raw counts are usually transformed into a scale that
takes into account the differences in the library sizes. Here raw counts were converted
to CPM (counts per million) and log-CPM values (logz-counts per million) using the
cpm function in edgeR. In this function log- transformations use a prior count of 0.25

to circumvent the calculation of the log of zero.
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5.3.2.2 REMOVING LOWLY EXPRESSED GENES
Since the data will include genes that are not expressed, or expressed at a very low

level a logical step is to filter them out as they do not offer any biologically meaningful
information. Upon examination of log-CPM it became apparent that a significant
fraction of the genes within all samples are not expressed or are minimally expressed
(Figure 5.3 A). A nominal value of 1 (equivalent to log-CPM value of 0) has been used,
thus if a gene in any sample was considered as expressed when it was over this
threshold, otherwise it was unexpressed. Genes expressed in at least one sample
(three triplicates) were maintained for downstream analysis. Using this standard, the
number of genes was reduced to approximately one third of the number that existed
initially, 20.184 genes from 58051 (Figure 5.3 B). The distributions of log-CPM values
were similar throughout all samples tested, with the exception of sample A4 (one of

the triplicates treated with AB85 for 2 hours), as will be discussed later.
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Figure 5.3. A) The density of log-CPM values for raw pre-filtered data and B) post-filtered data are
shown for each sample. C stands for control samples, A for samples treated with AB85, B for samples
treated with BDNF and N for samples treated with NT4. Samples labelled with 1-3 correspond to the
triplicates of time-point 30 minutes, samples labelled with 4-6 correspond to the triplicates of time-point
2 hours, samples labelled with 7-9 correspond to the triplicates of time-point 12 hours and samples
labelled with 10-12 correspond to the triplicates of time-point 24 hours.
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A. Example: Unnormalised data
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Figure 5.4.: Boxplots of log-CPM values showing expression distributions for unnormalized data for
each sample. C stands for control samples, A for samples treated with AB85, B for samples treated

with BDNF and N for samples treated with NT4. Samples labelled with 1-3 correspond to the triplicates

of time-point 30 minutes, samples labelled with 4-6 correspond to the triplicates of time-point 2 hours,

samples labelled with 7-9 correspond to the triplicates of time-point 12 hours and samples labelled with

10-12 correspond to the triplicates of time-point 24 hours.
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B. Example: Normalised data
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Figure 5.5: Boxplots of log-CPM values showing expression distributions for normalized data for each
sample. C stands for control samples, A for samples treated with AB85, B for samples treated with

BDNF and N for samples treated with NT4. Samples labelled with 1-3 correspond to the triplicates of

time-point 30 minutes, samples labelled with 4-6 correspond to the triplicates of time-point 2 hours,
samples labelled with 7-9 correspond to the triplicates of time-point 12 hours and samples labeled with

10-12 correspond to the triplicates of time-point 24 hours.
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5.3.2.3 NORMALISING GENE EXPRESSION DISTRIBUTIONS

It is possible that during the sample preparation or the sequencing process, non-
biological factors could influence the gene expression levels of individual samples. For
example, one batch of the experiment could be sequenced more deeply than samples
processed in another. Thus, normalisation is used in order to ensure that the
expression distributions of all samples are similar to each other. In this chapter the
normalisation method of trimmed mean of M-values (TMM) was used through the
calcNormFactors function in edgeR. As expected from the data mentioned above the
library sizes were similar for all samples before normalisation, with the exception of
sample A4, one of the triplicate cultures treated with AB85 for 2 hours (Figure 5.4).

The data after normalisation are presented in figure 5.5.

5.3.2.4 UNSUPERVISED CLUSTERING OF SAMPLES

The multidimensional scaling (MDS) plot is a useful preliminary plot for gene
expression analyses, that displays similarities and dissimilarities between samples in
an unsupervised manner. Thus, it is possible to examine the magnitude of differential
expression before the downstream analysis. In the ideal scenario the samples would
cluster according to the treatment condition and the technical triplicates would localise
very close to each other. The MDS plot was made using the plotMDS function of the
limma package. The first dimension corresponds to the leading-fold-change that
explains most of the variation in the data, while subsequent dimensions have a smaller
impact and they are orthogonal to the preceding dimension. In this experiment
dimension 1 and 2 were used in the MDS plot and samples cluster well within
experimental condition (Figure 5.6). Control samples from the 4 time-points cluster
very close together, and in a small distance the treated samples from time-point 30
minutes are located in another cluster. On the bottom right part of the plot there is a
cluster with the samples treated for 2 hours with the three TrkB ligands. The sample
A4 as expected is located further apart from its triplicates and the other samples. On
the top right part of the plot there are the samples treated for 12 and 24 hours. It is
clear that samples treated with BDNF and NT4 for 12 hours are located closer to each
other than to samples treated with AB85. Interestingly at time-point 24 hours the

samples treated with BDNF and NT4 cluster together, while the samples treated with
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ABB85 are located further apart. Additionally, the samples treated with BDNF for 12
hours are located very close to the cluster of the samples treated for 24 hours. It needs
to be emphasized that the biological triplicates, except sample A4 cluster well together.
The largest transcriptional differences between control samples and samples treated
for 2, 12 and 24 hours are observed over dimension 1, while the largest transcriptional
differences between control samples and samples treated for 30 minutes are observed
over dimension 2. The subsequent dimensions 3 to 8 account for only a small amount

of the transcription variation and were not further examined (Figure 5.7).
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MDS Plot: Dims 1 and 2
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Figure 5.6: MDS plots of loc-CPM values over dimensions 1 and 2 with samples coloured and labeled
by group (treatment and time point). The samples are labeled as follows: C (control), A (#85), B (BDNF)
and N (NT4). Numbers 1-3 correspond to time point 30 minutes, numbers 4-6 correspond to time point
2 hours, numbers 7-9 correspond to time point 12 hours and numbers 10-12 correspond to time point
24 hours. Distances on the plot correspond to the leading fold-change, which is the average (root-mean-
square) log.-fold change for the 500 genes most divergent between each pair of samples.
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Scree Plot: Variance Explained
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Figure 5.7: The scree plot visualizes which dimensions account for which fraction of total variance in
the data. The dimensions are listed by decreasing order of contribution to the total variance.
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5.4 RNA SEQ DATA ANALYSIS

5.4.1 Principal Components Analysis (PCA)

RNA seq analysis was performed as explained in Materials & Methods and raw data
were converted to FPKM (Fragments Per Kilobase Million) values and log2-fold values
with the help of Bioinformaticians Dr. Robert Andrews and Dr. Katherine Tansey
(College of Biomedical & Life Sciences - Cardiff University). The first step of the
bioinformatics analysis included clustering of the 48 samples based on whole
transcriptome changes. The genomatix software was used to create linear
combinations of the data and the first two components (PC1) and (PC2) described the
largest variability. Principal Component Analysis (PCA) converts a high-dimensional
dataset (where the number of dimensions equals the number of samples) into two or
three dimensions. It can also transform a large set of variables (the counts for each
individual transcript detected in each smaller) to a smaller set of orthogonal principal
components. The first principal component (PC1) specifies the direction with the
largest variability in gene expression, the second component (PC2) captures the
direction with the second largest variation in gene expression and so on. PCA
combines the read count from all genes multiplied with their influence on the Principal
Component variation to get a single value. For example, PC1 score= (read
count*influence) +... for all genes. The genes with the largest variation between
different conditions will have the most influence on the principal components, i.e.,
genes that are highly expressed in some conditions and not expressed in others will
have a lot of variation and influence on the PCs. The expression of the 4.703 genes
that are differentially expressed with adjusted p value < 0.01 in 48 different samples
and 16 conditions were included in the analysis. Each dot in the graph represents the
expression profile of one out of 48 samples. Different time points are presented with
different colours (under Time) and different treatment conditions are presented with

different symbols (Figure 5.8).

Principal-component analysis (PCA) separated controls and treated samples by
principal component 1 (PC1) and further separated different treatment conditions by
principal component 2 (PC2). This analysis revealed that all treated samples for 30

minutes clustered together (blue circle) together with the corresponding controls,
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indicating that there are no significant transcriptome changes at this early time point.
Interestingly all the untreated samples clustered together indicating that within a short
time period of 12 hours the transcription of neurons remained essentially unchanged.
The samples treated with BDNF, NT4 or #85 for 2 hours were also tightly clustered
together, with the exception of one triplicate treated with AB85 for 2 hours (A4 sample
mentioned earlier), indicating that the three TrkB ligands affected transcription to the
same extent and direction at this time point. The sample A4 was considered an outlier
and excluded from further analysis. At 12 hours the samples treated with BDNF or
NT4 clearly clustered together, whereas samples treated with #85 (for 12 hours as
indicated) clustered together with samples treated with BDNF or NT4 for 24 hours.
Finally, the triplicates treated with #85 for 24 hours cluster together but were located
far away from the samples treated with BDNF and NT4 for the same length of time.
With the exception of one sample treated with #85 for 2 hours, all other 47 samples
clustered together, based on treatment and time point and were used for downstream

bioinformatics analysis.
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Figure 5.8. PCA on 30 DIV neurons treated with BDNF, NT4 and #85 for 4 different time points.

Each scheme represents the gene expression profile of a well. Different time points are illustrated with
different colours and the 4 treatment conditions are presented with 4 schemes
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5.4.2 DIFFERENTIAL GENE EXPRESSION ANALYSIS WITH LIMMA-VOOM

The focus of this analysis was on the genes that are differentially expressed between
the cell cultures treated with BDNF, AB85 and NT4 and control samples at time-points
30 minutes, 2 hours, 12 hours and 24 hours. Towards this direction limma, which is a
R/Bioconductor package was used (Gentleman et al., 2004, Ritchie et al., 2015). The
software package offers a differential expression pipeline which involves linear
modeling for the analysis of complex experiments with multiple treatment factors and
empirical Bayes statistical methods (Law et al., 2016). Under this approach the mean-
variance relationship of the log-counts is estimated in a non-parametric way from the
log-counts per million (log-cpm) that are normalized for sequence depth. Under the
voom (variance modeling at the observational method) method the mean-variance
trend is incorporated into a precision weight for each individual normalized
observation. Since the same linear model is fitted to each gene it is possible to
moderate the residual variances by borrowing strength between genes using the
empirical Bayes method. The global variance estimate from this method can also
incorporate a mean-variance trend and the gene-wise variances are compressed
towards a mean-variance trend curve. The major advantage of the limma voom
pipeline is the accurate detection of type | error rate regardless of the number of RNA-

seq samples (Law et al., 2014).

A matrix of expression values was set up, where each row corresponds to the
expression of one gene measured in raw counts and each column belongs to an RNA
sample. Additionally, contrasts for pairwise comparisons between conditions were set
up using the makeContrasts function. Limma uses log-CPM values which are
assumed to be normally distributed, while the mean-variance relationship is calculated
empirically. Initially the gene-wise linear models are fitted to the normalized log-cpm
values considering each condition (treatment and timepoint). Thus, a residual standard
deviation for each gene is produced and subsequently the mean-variance trend is
fitted to the residual standard deviations in correlation to the average log-count
measurement of each gene. In Figure 5.9 the mean-variance relationship of log-CPM
values is displayed. The voom plot is characterized by a decreasing trend between the
means and variances that is attributed to the technical variation in the sequencing

experiment together with the biological variation among the triplicate samples from
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different conditions. The sharp decreasing trend that was observed in this analysis
showed that the biological variation was low and the major source of variation is due

to technical variation (Law et al., 2014).

Linear modelling in limma package deploys the ImFit and constrasts.fit functions which
can fit a separate model to the expression values for each gene. Subsequently
empirical Bayes moderation through eBayes function uses information from all genes
to get more accurate calculations for their variability. The residual variances obtained
from the model are plotted against average expression values in Figure 5.10. It can
be observed that upon the linear transformation the variance of the genes is

independent of the mean expression level.
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Figure 5.9: Means (x-axis) and variances (y-axis) of each gene detected in the RNA seq experiment
are plotted to describe the dependence between the two before voom is applied to the data. This plot
is created using the voom function of the limma package and it extracts residual variances from fitting
linear models to log-CPM transformed data. The variances are then transformed to the square-root of
standard deviations and plotted against the mean expression of each gene. The means are log.-
transformed mean-counts with an offset of 0.5. Each black dot represents a gene, while the mean-
variance trend is presented with a LOWESS (locally weighted regression) curve.
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Figure 5.10: The LOWESS trend (red line in figure 5.9) is removed after voom precision weights are
applied to the data. The plot is created using plotSA which plots square root of the residual standard
deviations against mean log-CPM values. The average square root of the residual standard deviations
is marked by a horizontal blue line. Each black dot represents a gene.
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5.4.3 Top 20 upregulated genes upon treatment with TrkB ligands

Amongst the thousands of genes found to be upregulated over time, a subset of 20
genes was selected based on the significance of the change in their transcription
levels throughout the 4 time points (adjusted p value <1.14E-88) and plotted in
Figures 5.11 (for time-points 30 minutes and 2 hours) and 5.12 (time-points 12 and 24
hours) . The list of these genes with the p adjusted values and the fold of change

across the 4 times points upon ANOVA test is shown at Table 5.2.

At the first timepoint, 30 minutes upon treatment the 20 most upregulated genes
through conditions and time-points were not yet upregulated more than 2 times with
the exception of GEM in cultures treated with NT4, which was upregulated 2.2 fold in
comparison to the control. (Figure 5.11 A-C). At the second timepoint tested, 2 hours
upon treatment the 20 genes were significantly upregulated with the exception of
STC1 (Figure 5.11 D-F). Interestingly 8 of these genes reached the peak of their
expression 2 hours after treatment. More specifically, FAM83G was upregulated 16.6
fold by BDNF, 14.9 fold by AB85 and 16.89 fold by NT4. GEM was the gene with the
highest upregulation, as it was upregulated 142 fold by BDNF, 96 fold by AB85 and
139 fold by NT4. SPRY4 was upregulated 21 fold by BDNF, 18 fold by AB85 and 23
fold by NT4. CD55 was upregulated 7 fold by BDNF and AB85 and 7.5 fold by NT4.
TACR1 was upregulated 19 fold by BDNF, 17 fold by AB85 and 19 fold by NT4. DLK1
was upregulated 16 fold by BDNF and NT4 and 15 fold by AB85. HS3ST1 was
upregulated 4 fold by BDNF and AB85 and 5 fold by NT4. TNFRS12A was upregulated
62 fold by BDNF, 65 fold by AB85 and 58 fold by NT4. At the third timepoint all 20
genes maintained high expression levels. Additionally 7 of these genes reached the
peak of their expression (Figure 5.12 A-C). In more detail, PALD1 was upregulated 55
fold by BDNF, 35 fold by AB85 and 38 fold by NT4. LOXHD1 was upregulated 36 fold
by BDNF, 23 fold by AB85 and 32 fold by NT4. MMP1 was upregulated 42 fold by
BDNF, 18 fold by AB85 and 108 fold by NT4. C3orf52 was upregulated 30 fold by
BDNF, 11 fold by AB85 and 93 fold by NT4. SYTL5 was upregulated 12 fold by BDNF,
7 fold by AB85 and 10 fold by NT4. SPATS2L was upregulated 5 fold by BDNF, 3 fold
by AB85 and 6 fold by NT4. ARHGAP36 was upregulated 7 fold by BDNF, 5 fold by
AB85 and NT4. At the last timepoint, 24 hours after treatment all 20 genes retained
high expression levels and 4 of them reached their maximum expression (Figure 5.12
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D-F). Indeed, SPOCD1 was upregulated 128 fold by BDNF, 40 fold by AB85 and 126
fold by NT4. PDYN was upregulated 15 fold by both BDNF and NT4 and 7 fold by
NT4. ETV5 was upregulated 16 fold by BDNF, 14 fold by AB85 and 17 fold by NT4.
STC1 was upregulated 6 fold by BDNF and NT4 and 3 fold by AB85.

Paladin or Paldl is a phosphatase-domain containing protein which is highly
expressed in endothelial cells during the early stages of embryonic development
(Wallgard et al., 2012). It was also detected in hematopoietic cells and neural crest
cells, while it was demonstrated that Paldl is essential for neural crest cell formation
and migration (Roffers-Agarwal et al., 2012). Since mutations of cysteines in the
putative phosphatase active motifs do not eliminate Paldl function and it does not
appear to have phosphatase activity in vitro (Huang et al., 2009), it was suggested
that Paldl is an antiphosphatase that controls the phosphorylation levels of the target
proteins during neural crest development . Interestingly Pald1l was also shown to be
necessary for lung development and adult lung function in females, as Pald1l knock-
out females showed increased endothelial apoptosis and reduced endothelial cell
number in the vascular compartment (Egana et al., 2017). Spocd1 ( Spen Paralog and
Ortholog C-terminal Domain containing 1) encodes a transcription factor of the TFIIS
family. It is known to interact with testis protein phoshatase 1 (PP1) which is an
important serine/threnonine-specific phoshatase implicated in cellular singaling
(Fardilha et al., 2011). It was also suggested that it is involved in developmental
regulation due to the SPOC domain being usually part of developmental signaling
(Ariyoshi and Schwabe, 2003). A recent study claimed that it also enhances
proliferation and metastasis of glioma cells via positive regulation of Pentracix 3
(PTX3), while knockdown of SPOCD1 with shRNA inhibited proliferation of glioma
cells both in vitro and in vivo (Liu et al., 2018). Another study found SPOCDL1 to be
expressed in tissues from osteosarcoma patients, while knockdown of SPOCD1 by
transfecting with shRNA human osteosarcoma cells blocked cell proliferation and
increased apoptosis. Interestingly SPOCD1 exerted its role in cell proliferation and
apoptosis via expression of VEGF-A and knockdown of VEGF-A had similar effect on
cell proliferation and apoptosis as knockdown of SPOCD1 (Liang et al., 2018).
LOXHD1 is a highly conserved protein composed of 15 PLAT
(polycystin/lipoxygenase/alpha-toxin) domains and it is involved in targeting proteins

to the plasma membrane (Aleem et al.,, 2008). A missense mutation (4025T>A) in
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Loxhdl1 caused hearing loss and degeneration of hair cells in animal models, while a
homozygous stop mutation in humans (2008C>T) led to progressive hearing loss in
humans and the onset of hairing loss occurred during childhood, accompanied by
balance disorders and vertigo (Grillet et al., 2009). Furthermore mutations in LOXHD1
had been associated with late-onset-FCD (Fuchs corneal dystrophy) and the corneas
of carriers of these mutations were found to display aggregate staining of LOXDH1. In
the same study it was hypothesized that increased transcription of LOXDH1
regardless of mutations could contribute to late-onset FCD (Riazuddin et al., 2012).
FAM38G (Family with Sequence Similarity 83 Member G) also known as PAWS1 (
Protein Associated With Smad 1) was discovered using a proteomic approach as a
novel regulator of non- canonical BMP pathway and a substrate of ALK3. It was shown
that it acts through formation of a macromolecular complex with SMAD1 and BMP-
induced phosphorylation of Fam38g controls the expression of BMP target genes
NEDD9 and ASNS (Vogt et al., 2014). Additionally experiments in Xenopus embryos
and human cells (U20S) showed that Fam38g is indispensable for Wnt signaling and
it acts through association with the a isoform of casein kinase 1 (CK1), although the
precise mechanism is still under investigation (Bozatzi et al., 2018). Gem is an
immediate early response gene (Maguire et al., 1994) and member of a group of small
GTP-binding proteins of the Ras superfamily, which is known as RGK (Rad, Gem, Kir)
family. Additionally it has been shown that Gem controls the reshaping of the actin
cytoskeleton through binding to Rho kinase (Ward et al., 2002). In the same study
Gem expression in N1E-115 neuroblastoma cells stimulated neurite extension through
binding to ROK. Additionally Gem binds to Calmodulin (Cam) in a Ca?* - dependent
manner in vitro and it acts as a substrate for calmodulin-dependent protein kinase 2
(CaMKIll), indicating that it Gem could be involved in Ca?* activated signaling cascades
and subsequent activation of serine/threonine kinases (Moyers et al., 1997). In line
with these evidence a study using mouse primary hippocampal cultures showed that
Rem 2, which is a GTP-binding protein identified based on its homology with Gem and
other members of the RGK family of Ras-related small GTP-binding proteins (Finlin et
al., 2000) is abundantly expressed in mouse primary neurons controls dendritic
branching and synapse formation through signal transduction pathways (Ghiretti and
Paradis, 2011). Spry4 has been described as a TrkA-induced gene that
downregulates Erk/MAPK pathway and inhibits Racl, albeit not Akt singalling upon
treatment of DRG and PC12 cells with NGF, through a negative feedbback loop.
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Interestingly Spry4 limits neurite outgrowth without influencing survival (Alsina et al.,
2012). Spry4 has also been shown to be downregulated during development of
hippocampal neurons both in vivo and in vitro during development. Additionally shRNA
against Spry4 led to elongative axong growth in hippocampal cultures suggesting that
this gene plays an important role in regulation of developmental axon growth (Hausott
et al., 2012). Lrrtm1 (Leucine rich repeat transmembrane neuronal proteins) is an
immediate early gene that binds to neurexin in a calcium-dependent manner (Siddiqui
et al., 2010) and its MRNA expression is increased upon increase of synaptic activity
in hippicampal neurons. This upregulation demands nuclear calcium signaling, the
activation of CaM kinases and CBP function (Hayer and Bading, 2015). The same
study suggested that nuclear calcium singaling may regulate neuronal network activity
through the Lrrtm1, which is a synaptic organizer. Additionally a study of a group of
siblings that were diagnosed with famililial schizophrenia found a strong linkage of
hypomethylation at the paternally inherited allele of the LRRTM1 promoter with
schizophrenia (Brucato et al., 2014). Interestingly Lrrtm1 knockout mice presented
reduction of the hippocampus size and impaired synaptic density and integrity
highlighting the role of the gene in these functions (Takashima et al., 2011). MMP1
(Matrix Metalloproteinase 1) is a zinc-dependent endopeptidase involved in different
stages of neuroplasticity and it has been shown that hippocampi derived from mice
overexpressing Mmpl had increased percentage of neural progenitor cells, which
display augmented differentiation to neurons. The same study showed that Mmp1 acts
through its substrate PAR- (protease-activated receptor-1) which is G-protein coupled
receptor (Valente et al., 2015). The pathway of MMP1/ PAR1 had also been shown to
orchestrate neuronal dendritic organisation and synaptic plasticity, while
overexpression of human MMP1 in vivo upregulated denditic spine density and
complexity in CA1 hippocampal neurons. Additionally the Hmmp-1 transgenic animals
presented behavior changes that are linked with synaptic plasticity, such as memory
and learning problems, decreased anxiety and sociability (Allen et al., 2016). Cd55
(Cromer Blood Group) also known as Decay Accelarting Factor for Complement
(DAF) is a ubiquitously expressed intrinsic complement regulatory protein which is
reduced upon severe hypoxia, while higher expression of Daf reduced the cerebral
damage upon traumatic brain injury (VanLandingham et al., 2007). Additionally Daf
has neuroprotective effects to chemical hypoxia through down regulation of Src and

caspases 3 and 9 (Wang et al.,, 2010). Interestingly another study showed that
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downgregulation of Cd55 was implicated in neuropathic pain (NPP) (Nie et al., 2015).
C30RF52 or TPA-induced transmembrane protein (TTMP) was found to be
upregulated upon treatment of the pancreatic cancer cell line CD18 and based on
silico analysis predicted that it is a single-pass transmembrane protein of 217 residues
targeting the endoplasmatic reticulum (Chan et al., 2005). The function of this gene is
unknown. Prodynorphin (Pdyn) is a precursor protein that produces upon cleavage
with proprotein convertase 2 (PC2), dynorphin opioiod neuropeptides a and B-
neoendorphin and dynoprhins A and B (Day et al., 1998) that act through k-opioid
receptor (Chavkin et al., 1982). Importantly the amygdalohippocampal area of patients
with major depression or bipolar disorder showed singificant reduction in prodynorhpin
levels (Hurd, 2002). Another study demonstrated the reduced mRNA expression in
postmortem periamydgaloid cortex (PAC) tissue in patiens with major depressive
dissorder (MDD) and heroin users (Anderson et al., 2013). Missense mutations in the
PDYN gene have been found to to lead to Spinocerebellar Ataxia Type 23 (SCA23),
which is a neurodegenerative disease characterized by a somewhat slowly developing
cerebellar ataxia (Bakalkin et al., 2010). Surprisingly treatment of striatal neurons with
ethanol had as a consequence the activation of TrkB and the subsequent activation of
MAPK signaling pathway which stimulated increase of PDYN. The same study
demonstrated that dynorphin receptor (Kor) was necessary for the decrease of ethanol
intake through BDNF. Therefore Pdyn is one of the downstream effectors of BDNF
(Logrip et al., 2008). A recent study discovered that peripheral blood mono-nuclear
cells from patients diagnosed with bipolar disorder type Il (BD-1l) had reduced mRNA
levels of PDYN and lower DNA methylation levels at the promoter of PDYN gene.
Additionally there was a positive correlation in promoter methylation of PDYN and
BDNF (D'Addario et al., 2018). Etv5 is a member of the polyomavirus
enhanceractivator 3 (PEA3)/Etv4-subfamily and a transcriptional activator of MAPK
signaling (Willardsen et al., 2014). Etv5 mRNA levels were found to be upregulated
upon treatment of different neuronal cells with NGF, while siRNA experiments
targeting Etv5 in rat sensory neurons inhibited neurite outgrowth, suggesting that Etv5
acts a a link between neurotrophin signaling and sensory neuron differentiation
(Fontanet et al., 2013). Another study provided supporting evidence to the role of Etvb
in neurite development, by showing that treatment of DRG with BDNF increased
MRNA levels of Etv5. Additionally overexpression of Etv5 mediated BDNF-induced

neurite outgrowth in DRG neurons (Liu et al., 2016). A recent study suggested that
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Etv5 is necessary in hippocampal dendrite development and plasticity, as shown by
both in vitro shRNA knockdown experiments for Etv5 in rat hippocampal neurons and
Etv5 conditional knockout mice. These experiments demonstrated that Etv5 deficient
neurons and mice had smaller dendritic arbor length and limited complexity.
Interestingly ETV5 mutant mice presented social and cognitive defects (Fontanet et
al., 2018). The tachykinin receptor 1 (TACR1) also mentioned as neurokinin 1 receptor
(NK1R) or substance P receptor (SPR) is a G protein coupled receptor located in the
central nervous system and the peripheral nervous system (Takeda et al., 1991, Pinto
et al., 2004). The endogenous ligand for this receptor is Substance P, which is a
neuropeptide, a neurotransmitter and neuromodulator (Harrison and Geppetti, 2001).
Spinal neurons that express this receptor are indispensable for sensing various types
of pain and deletion of the spinal neurons that express Tacrl resulted in analgesia
(ladarola et al., 2017). In line with this injection of rodents with BDNF prior to intrathecal
NMDA was found to induce TACR1 internalization during neuropathic pain, and
treatment with a BDNF scavenger limited the rate of TACRL1 internalization (Chen et
al., 2014a). Tacrl-/- female mice had higher body mass and fat content, indicating the
involvement of the receptor in body weight regulation in a sex dependent manner
(Pillidge et al., 2016) . On the opposite a study using iPSC-derived neurons from
human females suffering from anorexia nervosa discovered higher mMRNA and protein
levels of TACR1 (Negraes et al., 2017). Synaptotagmin-like protein 5 (Sytl5) is a
member of the carboxyl-terminal-type (C-type) tandem proteins and an effector of the
Ras-related protein Rab27A (Kuroda et al., 2002). Knockdown of SYTL5 with shRNA
in aSyn H4 neuroglial human lines was shown to enhance cell to cell transfer of aSyn
and decrease oligomerization (Goncalves et al.,, 2016). Furthermore, whole
transcriptome analysis of late-onset Alzheimer’s Disease patients revealed a 2 fold-
decrease of mMRNA levels of SYTL5 (Annese et al., 2018). Staniochallin 1 (Stcl) is
expressed in terminally differentiated brain neurons and it has been described as a
regulator of calcium homeostasis (Zhang et al., 1998, Gerritsen and Wagner, 2005).
It was upregulated in neurons upon ischemic episods in human and mouse brain and
its overexpression was shown to enhance survival of human neural-crest derived Paju
cells treated with thapsigargin (Zhang et al., 2000). Stcl expression is induced upon
activation of cAMP and ERK1/2 in rat primary cortical neurons and regulated by the
neuroprotective agent PACAP (pituitary adenylate cyclase-activating polypeptide)
(Holighaus et al., 2012). Delta-like 1 homolog (DLK1) is an EGF-like membrane-bound
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protein encoded by a maternally imprinted gene (Laborda, 2000). It is a Notch related
transmembrane protein that induces the generation of neurons from mouse and
human neural progenitors by forcing exit from cell cycle. DLK1 was found to suppress
the SMAD pathway and Hesl-mediated Notch singalling in hESC derived neural
progenitors (Surmacz et al., 2012). DIk1 has also been described as indispensable for
the promotion of a fast biophysical signature in motor neurons and necessary for motor
neuron type-specific gene expression (Muller et al., 2014). DLK1 was also suggested
to be a marker for hESC dopanimergic progenitor cells suitable for transplantation
(Kikuchi et al., 2017). Furthermore DIkl was shown to be necessary for proper
myogenesis and regeneration of myofibers (Waddell et al.,, 2010). SPATS2L
(Spermatogenesis Associated Serine Rich 2 Like) is a relatively unknown protein
which has been linked to Bronchodilator response (BDR) in asthmatic patients (Himes
et al.,, 2012). Heparan sulfate D-glucosaminyl 3-O-sulfotransferase 1 (HS3ST1) is
expressed on cerebellar cortex and primary visual cortex (Miller et al., 2014) and its
transcript levels were found to be decreased in AD brains (Desikan et al., 2015). In
line with this notion, the genomic region that contains the gene has been associated
with AD (Witoelar et al., 2018). TNFRSF12A also known as TWEAKR (TNF-related
weak inducer of apoptosis receptor) or fibroblast growth factor-inducible 14 (Fn14) has
been shown to be involved in tissue regeneration. More specifically TWEAK/TWEAKR
pathway is implicated in the proliferative and differentiating commitment of skeletal
muscle progenitor cells and it enhances muscle myoblast cell proliferation and
differentiation upon injury in vivo (Girgenrath et al.,, 2006). Additionally
TWEAK/TWEAKR signaling has shown to be indispensable for regeneration of adult
liver in mice that underwent partial hepatectomy (Karaca et al., 2014). Traumatic brain
injury or injection of a mini-osmotic pump in the rat brain led to an increase of about 2
fold of mMRNA levels of Tweakr (Malik et al., 2011). TWEAKR has also been suggested
to regulate different pathways of TWEAK-induced cell death in both human and mice
cell lines (Nakayama et al., 2003). Interestingly treatment of neuronal progenitor cells
from the SVZ with TWEAKR ligand, TWEAK induced the differentiation to neurons,
while Tweakr -/- adult mice had significantly fewer neuroblasts (Scholzke et al., 2011).
Additionally TWEAK was shown to promote astrocyte proliferation through TGF-
o/EGFR singaling (Rousselet et al., 2012). ARHGAP36 (Rho GTPase Activating

Protein 36) is a positive regulator of hedgehog and an inhibitor of protein kinase A
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(PKA) through binding to the catalytic subunit PKAC that blocks PKA activity and
promoting the ubiquitylation of PKAC (Eccles et al., 2016).
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gene symbol gene name

PALD1
SPOCD1
LOXHD1

FAMS83G

GEM
SPRY4

LRRTM1
MMP1
CD55
C3orf52
PDYN
ETV5
TACR1
SYTL5
STC1
DLK1

SPATS2L

HS3ST1

phosphatase domain containing, paladin
1

SPOC domain containing 1

lipoxygenase homology domains 1

family with sequence similarity 83
member G

GTP binding protein overexpressed in
skeletal muscle

sprouty RTK signaling antagonist 4

leucine rich repeat transmembrane
neuronal 1

matrix metallopeptidase 1

CD55 molecule (Cromer blood group)
chromosome 3 open reading frame 52
prodynorphin

ETS variant 5

tachykinin receptor 1

synaptotagmin like 5

stanniocalcin 1

delta like non-canonical Notch ligand 1
spermatogenesis associated serine rich 2
like

heparan sulfate-glucosamine 3-
sulfotransferase 1

TNFRSF12A  TNF receptor superfamily member 12A
ARHGAP36 Rho GTPase activating protein 36

Ensembl gene Fold Change pvalue

ENSG00000107719 35.22314214 5.1E-248
ENSG00000134668 35.53774981 3.7E-192
ENSG00000167210 26.55144698 2.6E-177

ENSG00000188522 4.079822467 4.6E-170

ENSG00000164949 14.86589484 7.9E-153
ENSG00000187678 11.64376143 9.2E-148

ENSG00000162951 5.978066232 1.3E-128
ENSG00000196611 23.84104635 1.5E-126
ENSG00000196352 5.162474878 3.1E-115
ENSG00000114529 19.74979022 2.9E-114
ENSG00000101327 5.181080434 6.7E-114
ENSG00000244405 10.3511701 7.5E-113
ENSG00000115353 7.830128849 3.4E-109
ENSG00000147041 6.100408916 1.7E-108
ENSG00000159167 4.56675838 2.5E-108
ENSG00000185559 3.669883341 1.5E-100

ENSG00000196141 3.675586589 3.43E-96

ENSG00000002587 3.38993868 2.85E-94
ENSG00000006327 11.26918606 1.14E-92
ENSG00000147256 6.322714151 1.14E-88

padj

1.2E-243
4.5E-188
2E-173

2.7E-166

3.1E-149
3.1E-144

3.5E-125
3.7E-123
6.7E-112
5.8E-111
1.1E-110
1.2E-109

5E-106
2.4E-105
3.3E-105

1.7E-97

3.73E-93

2.96E-91
1.13E-89
1.05E-85

Table 5.2 List of 20 most upregulated genes across the 3 treatments with BDNF, AB85 and NT4 and
the 4 time-points 30 minutes, 2 hours, 12 hours and 24 hours sorted by adjusted p value
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Figure 5.11 Top 20 upregulated genes after 30 minutes (A-C) and 2 hours (D-F), selected by the
statistical significance of the change in their transcription levels across the 4 time-points analyzed.

Log2FC in the X axis represent log2 fold of change.
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Figure 5.12 Top 20 upregulated genes after 12 hours (A-C) and 24 hours (D-F), selected by the
statistical significance of the change in their transcription levels across the 4 time-points analyzed.
Log2FC in the X axis represent log2 fold of change.
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5.4.4 Top 20 downregulated genes upon treatment with TrkB ligands

Amongst the thousands of genes found to be downregulated over time, a subset of 20
genes was selected based on the significance of the change in their transcription
levels throughout the 4 time points (adjusted p value <4.52E-51) and plotted in
Figures 5.13 (for time-points 30 minutes and 2 hours) and 5.14 (time-points 12 and 24
hours) . The list of these genes with the p adjusted values and the fold of change
across the 4 times points upon ANOVA test is shown at Table 5.3. At the time-point
30 minutes there was no gene of this subset overexpressed more than 2 fold (Figure
5.11 A-C).

At the first time-point, 30 minutes upon treatment the 20 most downregulated genes
through conditions and time-points did not display changes in expression of more than
2-fold with the exception of SOCS3 in cultures treated with NT4, which was
upregulated 2.2-fold in comparison to the control. (Figure 5.13 A-C). At the second
time-point, 2 hours upon treatment, 11 genes were significantly downregulated and 5
of them were downregulated more than in the other 3 time-points (Figure 5.13 D-F).
More specifically, KLF11 was downregulated by 4-fold by all three ligands, PDZRN3
was downregulated 7-fold by BDNF, 7.5-fold by AB85 and 6-fold by NT4. SIAH3 was
downregulated 3.6-fold by BDNF and NT4 and 3.7-fold by AB85. GALR1 was
downregulated 5-fold by BDNF and 4.4-fold by AB85 and NT4. CDH20 was
downregulated 8-fold by BDNF, 7-fold by AB85 and 7.5-fold by NT4. At the third time-
point, 12 hours upon treatment all 20 genes were significantly downregulated and 14
of them were downregulated more than in the other 3 time-points (Figure 5.14 A-C).
In more detail, STK32A was downregulated 4-fold by BDNF, 2.4-fold by AB85 and 6-
fold by NT4. WNT7B was downregulated 8.5-fold by BDNF, 3.8-fold by AB85 and 19-
fold by NT4. VSTM2A was downregulated 4-fold by BDNF, 2.5-fold by AB85 and 7-
fold by NT4. SOCS3 was downregulated 2.5-fold by BDNF, 2-fold by AB85 and 2.3-
fold by NT4. YPEL1 was downregulated 2.7-fold by BDNF, 2-fold by AB85 and 2.5-
fold by NT4. MAP2K6 was downregulated 5-fold by BDNF, 2-fold by AB85 and 5-fold
by NT4. PZD2 was downregulated 9-fold by BDNF, 5-fold by AB85 and 5-fold by NT4.
UNC5B was downregulated 6-fold by BDNF, 4-fold by AB85 and 6-fold by NTA4.
KLHL29 was downregulated 2.8-fold by BDNF, 2-fold by AB85 and 4-fold by NT4.
PCSK2 was downregulated 3-fold by BDNF, 2.2-fold by AB85 and 3.3-fold by NT4.
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GPR179 was downregulated 5.3-fold by BDNF, 3-fold by AB85 and 3.3-fold by NT4.
ROR1 was downregulated 3-fold by BDNF, 2-fold by AB85 and 4-fold by NT4. UST
was downregulated 5.3-fold by BDNF, 3-fold by AB85 and 3.8-fold by NT4. VSTM2A-
OT1 was downregulated 3.7-fold by BDNF, 2.3-fold by AB85 and 6.39-fold by NT4. At
the last time-point of 24 hours after treatment, 16 genes remained significantly
downregulated. The genes that were not significantly upregulated were SOCS3,
YPEL1, KLHL29, and UST (Figure 5.14 D-F). Additionally, HUNK was downregulated
more than in the other 3 time-points, 2.5-fold by BDNF, 1.5-fold by AB85 and 2.4-fold
by NT4.

Kruppel like factor 11 (KLF11) is a zinc finger transcription factor that binds to SP1-
like sequences in gene promoters leading to inhibition of cell growth and apoptosis
induction (Cook et al., 1998). Also, KIf1l1l was shown to regulate the expression of
neurotransmitter receptor Drd2 (Dopamine Receptor D2) in DRG and PC12 cells (Seo
et al.,, 2012). Dysregulation of DRD2 has been linked with several neurological
diseases including Parkinson’s disease (Paus et al., 2008). Its expression levels are
elevated in neurons and astrocytes in the prefrontal cortex of human brain (Udemgba
et al., 2014). The protein levels of KIfll are upregulated in the thalamus,
hypothalamus and amygdala following chronic exposure of rats to stress or alcohol,
leading to activation of signaling cascades responsible for cellular stress and
apoptosis (Duncan et al., 2015). Another study showed that KLF11 protein level was
significantly increased in the postmortem prefrontal cortex of humans with MDD (Major
Depressive Disorder) and this increase does not correlate with any other
characteristic. The same study found increased levels of KIf11 in a murine model of
MDD. Additionally, it was demonstrated that KIf11”- mice display considerably less

depressive-like behavior upon exposure to chronic stress (Harris et al., 2015).

The E3 ubiquitin ligase PDZ domain-containing protein RING finger protein 3
(PDZRNS3) is a ubiquitin ligase which has been shown to be involved in Wnt PCP
signaling and necessary for vascular morphogenesis (Sewduth et al., 2014). PDZRN3
also controls endothelial intercellular junction integrity and endothelial cell-specific
overexpression of this protein resulted to early embryonic death accompanied by
impaired organization of endothelial intercellular junctions. On the other hand specific
loss of Pdzrn3 in endothelial cells inhibited the vascular leakage in a mouse model of

transient ischemic stroke (Sewduth et al., 2017). Interestingly PDZRN3 has been
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characterized as a key player in synaptic growth and regulation in mammalian
neuromuscular junction (NMJ), through binding to muscle-specific receptor tyrosine
kinase (MuSK) which is a major organizer of postsynaptic development of NMJ (Lu et
al., 2007). It has to be noted that enhanced expression of Pdzrn3 by deletion of the
histone methyltransferase Prdm16 (Positive Regulatory Domain 16) limited the
capacity of newly generated neurons to migrate towards the upper layers of the
cerebral cortex (Baizabal et al., 2018). STK32A (Serine/Threonine Kinase 32A) or
YANK1 (Yet Another Novel Kinase) belongs to the superfamily of serine/threonine
protein kinases and it is composed of a catalytic domain and metal ion binding domain
and participates in the phosphorylation of serine and threonine residues on different
protein substrates (Strausberg et al., 2002). Additionally, STK32A has been
characterized as a novel target gene of Wnt/B-catenin pathway which is involved in

brain development and function and is disrupted in neurodegenerative disorders.

WNT7B (Wnt Family Member 7B) is a member of the WNT gene family and it has
been implicated in oncogenesis as it was shown to enhance Wnt signaling in
pancreatic cancer cell lines PDAC) and to augment cell growth (Arensman et al.,
2014). Additionally, WNT7B expression is necessary for the amplification of prostate
cancer cell lines and it promotes osteoblast differentiation in vitro through a cell-cell
interaction (Zheng et al., 2013). It also has to be noted that WNT7B plays a key role
in breast cancer and its progression. The deletion of the gene in myeloid cells
decreased the mass and volume of the tumors caused by the absence of angiogenic
switch (Yeo et al., 2014). WNT7B has also a role in brain development, as it regulates
dendritic development through a non-canonical pathway via its effect in Rho GTPases
and JNK (Rosso et al., 2005). A recent study demonstrated that the receptor of
WNT7B, the seven-transmembrane frizzled-7 (Fz7) and the scaffold protein Dvll
coactivate CAMKII and JNK leading to the formation of elaborate dendrites (Ferrari et
al., 2018). The VSTM2A (V-Set and Transmembrane Domain Containing 2A) protein
was found to be expressed and secreted by commited preadipocytes, while it controls
the determination of adipocytes through regulation of BMP signaling and activation of
PPARy2 (Secco et al., 2017). Furthermore, its overexpression is a biomarker for
mucinous tubular and spindle cell carcinoma (MTSCC) of the kidney (Wang et al.,
2018a).
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SOCS3 (Suppressor of Cytokine Signaling) or STAT-Induced Inhibitor 3 is a negative
regulator of cytokine signalling of the JAK/STAT3 pathway through binding to tyrosine
kinase receptors (Nicholson et al., 2000). The activation of the JAK/STAT3 signal
transduction pathway is initiated in the spinal cord upon peripheral nerve injure (CCl),
and its blockage by SOCS3 could lessen spinal cord neuroinflammation and the
subsequent neuropathic pain. On the other hand, overexpression of SOSC3 in T cells
decreased IL-17 levels and enhanced atherosclerosis, when in vivo treatment with
anti-sense oligodeoxynucleotides targeting SOCS3 augmented atherosclerotic effect
in ApoE-- mice (Taleb et al., 2009). Interestingly SOCS3 expression levels in the CNS
are increased in animal models of obesity (Bjorbaek et al., 1998) and SOCS3 binds to
the leptin receptor thus interfering with leptin functionality (Bjorbak et al., 2000). In line
with this haploinsufficiency of SOCS3 (Howard et al., 2004) or neural cell- specific
Socs3 conditional knockout mice (Mori et al., 2004) protected the animals from diet-
induced obesity and sustain Leptin activity. Intriguingly the levels of SOSC3 in the
brain tissues of patients with AD were found to be increased (Walker et al., 2015) and
they correlated with the deposition of AB (lwahara et al.,, 2017). Additionally,
accumulation of AB in postmortem human brains and rodent models of AD was
identified as the cause of deficiencies in insulin signaling (Bomfim et al., 2012).
Conditional deletion of Socs3 promotes cell survival and axon regeneration in retinal
ganglion cells upon optic nerve injury through a gp130-dependent pathway. It was
shown that in Socs3-deleted RGCs mTOR levels quickly increase upon injury in
contrast to the control cells, enhancing axonal growth (Smith et al., 2009)

YPEL1 (Yippee Like 1) belongs to the large family of YPEL genes and it has
subcellular localization in association with centrosome, therefore it had been proposed
that it is a component of cell division machinery (Hosono et al., 2004). Furthermore, in
humans YPEL1 is found at chromosome 22gl1.2, in a genome region that is
connected with various symptoms that comprise malformation of the craniofacial
complex. It is also expressed in the ventral half of early embryos and it is implicated in
face formation (Farlie et al., 2001). More recently Ypell expression was shown to be
controlled by BMP signaling and its overexpression leads to abnormal morphogenesis

due to enhanced apoptosis (Tan et al., 2015).

MAP2K6 (Mitogen-Activated Protein Kinase 6) or MKK6 (MAP kinase kinase 6)

belongs to the dual specificity protein kinase family and acts as a mitogen-activated
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protein (MAP) kinase kinase (Moriguchi et al., 1996, Raingeaud et al., 1996). It
activates p38 MAP kinase upon inflammatory cytokines or environmental stress (Han
etal., 1996). The p38 MAPK pathway was shown to be dysregulated in AD and it plays
an important role in disease pathogenesis. MAP2K6 was increased in hippocampal
and cortex tissue from AD patients, while phospho-MAP2K6 was specifically localized
in neurofibrillary tangles, senile plagues, neuropil threads and granual structures, i.e.
the pathological alterations (Zhu et al., 2001). Interestingly activation of p38 by
MAP2K6 cause phosphorylation of tau at particular sites and it co-immunoprecipitates
with phosphorylated tau in hippocampal extracts from AD patients. The model
proposed is that MAP2K6 and p38 are recruited to tau and together lead to the
phosphorylation of C-terminal tau epitopes that are a hallmark of AD (Peel et al., 2004).
On the same direction another study described that under high B-Amyloid levels
MAP2K6 led to increased ROS production and apoptotic cell death (Bashir et al.,
2014). Notably knockdown of MAPK11 which is activated by MAP2K6 significantly
reduced Htt mMRNA in mouse striatal HD cells and reduces disease-relevant behavioral

phenotypes in a knockin HD mouse model (Yu et al., 2017).

PDzD2 (PDZ domain-containing protein 2) contains PDZ domains that bind to the C-
termini of transmembrane receptors and ion channels. They can also bind to other
proteins that contain PDZ domains and are involved in intracellular signaling (Lee and
Zheng, 2010, Harris and Lim, 2001). Pdzd?2 is expressed in large and small diameter
sensory neurons and its binding to the sensory neuron-specific TTX-resistant sodium
channel Navl.8 is indispensable for the functional expression of Nav1.8 current in
DRG neurons (Shao et al., 2009).

UNC5B (UNC-5 Netrin Receptor B) is a member of the dependence receptor family.
It is a single pass transmembrane protein that is composed of an extracellular region,
a transmembrane region and a cytoplasmic region. UNC5B signaling is implicated in
a wide range of different functions (Bhat et al., 2019). It promotes cell death in the
absence of its ligand-Netrin-1 (NTN1) and the presence of its ligands leads to cell
survival (Llambi et al., 2001). NTN1 acts a survival cue during the development of the
nervous system through binding to UNC5B which initiates PI3K cascade which blocks
apoptosis (Tang et al., 2008). Notably overexpression of Unc5b in wild type (WT) MGE
interferes with the interneuron migration to the cortex, and reduction of Unc5b levels

rescue the migration deficit in Sipl (SMAD Interacting Protein) mutant interneurons
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(van den Berghe et al., 2013). KLHL29 (Kelch Like Family Member 29) is a protein
coding gene that belongs to the Kelch-like (KLHL) family with no known function. The
members of this family contain a BTP/POZ domain, a BACK domain and 5-6 Kelch
motifs (Dhanoa et al., 2013). The BTP/POZ domain is named after the amino acids
motifs that comprise it (Zollman et al., 1994, Bardwell and Treisman, 1994) and it is
known to facilitate protein binding (Albagli et al., 1995). Kelch-containing proteins are
involved in extracellular communication and cell morphology (Adams et al., 2000).
The BACK domain is a 130-residue region, whose mutations are known to cause

disease in humans (Bomont et al., 2000, Liang et al., 2004).

SIAH3 (Seven in Absentia Homolog 3) or Siah E3 Ubiquitin Protein Ligase Family
Member 3 is localized in mitochondria and it inhibits PINK1 (PTEN-induced kinase 1)

accumulation in damaged mitochondria (Hasson et al., 2013).

PCSK2 (Proprotein Convertase Subtisilin/Kexin Type 2) or Neuroendocrine
Convertase 2 (NEC2) is a member of the subtisilin-like proprotein convertase family
and upon cleavage of the proregion it generates PC2 (Muller and Lindberg, 1999). Pc2
is necessary for the first step of maturation of several neuroendocrine peptides from
their precursors , for example the conversion of proinsulin to insulin intermediates
(Smeekens et al., 1992) and the first step of glucagon biosynthesis (Rouille et al.,
1994). Interestingly the brain and stomach of genetically obese or diet-induced mice
were shown to contain significantly higher Pcsk2 mRNA than the controls, while Pcsk2-
I-'mice weighted less than the wild type and were resistant to diet-induced obesity.
Thus Pcsk2 is implicated in body mass gain via the different regulatory peptides that
it generates (Anini et al., 2010). In line with this a causal link between some SNPs of
PCSK2 in a Chinese cohort and diabetes was described (Chang et al., 2015).

GALR1 (Galanin Receptor 1) is one of the three-transmembrane proteins that bind the
neuropeptide galanin (Habert-Ortoli et al., 1994) which interact with G-protein coupled
receptors and has been implicated in various functions such as the regulation of sleep,
energy metabolism and as a growth factor in the pituitary glands (Mechenthaler, 2008).
(Mechenthaler, 2008). Galrl”- mice are viable but present lower circulating levels of
IGF-1 (insulin-like growth factor-1) and suffer from spontaneous tonic-clonic seizures
indicating a role of Galrl in neuroendocrine regulation (Jacoby et al., 2002). Both

Galanin and Galrl are expressed in the brain and highly expressed in the
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noradrenergic neurons of the locus coeruleus (LC) (Williams et al., 2001) and Galrl is
upregulated in a cyclic AMP-dependent manner (Hawes et al.,, 2005). Notably
inhibition of Galrl with siRNA injected in the bilateral Prefrontal Cortex (PFC) improves
the depressive-like behavior in postpartum depressed (PPD) rats and reversed the
downregulation of CREB-BDNF signaling and 5-HT levels in the PFC of PPD rats (Li
et al., 2018). In line with this Galrl mRNA levels were found to be increased in the
ventral periaqueductal gray (VPAG) of rats exposed to chronic mild stress (CMS), a
rodent model of depression and knocking down Galrl in the vVPAG eliminated the

depression-like behavior (Wang et al., 2016).

GPR179 (G Protein-Coupled Receptor 179) is a transmembrane protein with large
extracellular segments that contain an EGF-like Ca?* binding domain and a leucine
repeat sequence (Orlandi et al., 2012) and it has been involved in autosomal-recessive
complete congenital stationary night blindness (CSNB) as various mutations in
GPR179 in patients with CSNB were established as the cause of the disease.
Additionally, GPR179 was highly concentrated in horizontal cells and Muller cell
endfeet (Audo et al., 2012, Peachey et al., 2012). Another study found that Grp179 is
expressed in the inner nuclear layer of the retina and the protein is located at the
dendritic tips of ON-bipolar cells in the retina, while the CNSB phenotype occurs due
to the mislocalization of GPR179 (Orhan et al., 2013). The mechanism behind Gpr179
role in vision was unraveled by a publication which demonstrated that GPR179 forms
coimmunoprecipitates with mGIuR6 and TRRML1 in vivo, and the formation of these
macromolecular complexes are essential for the signal transduction of mGIluR6
singlaling cascade (Orlandi et al., 2013). A recent study established GPR179 as direct
binding partners of HSPGs (heparan sulfate proteoglycan) in the nervous system.
HSPGs are a family of extracellular matrix proteins that are present in the synaptic
cleft and are key players in the formation and maintenance of synaptic contacts.
Furthermore, Pikachurin a member of the HSPGs interact with GRP179 in
photoreceptor synapses and knockout of Pikachurin in mice impaired the post synaptic
targeting of GRP179 subsequently affecting the function of photoreceptor synapses
(Orlandi et al., 2018).

CDH20 (Cadherin 20) is a type Il cadherin belonging to the cadherin superfamily and
it is a calcium dependent cell-cell adhesion glycoprotein that contains five extracellular

cadherin (EC) repeats, a transmembrane region and a highly conserved cytoplasmatic
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tail (Kools et al., 2000). In rats cad20 mRNA was expressed in the anterior neural
region and rhombomere 2 in the early neural plate and later in the ventral cells of the
hindbrain (Takahashi and Osumi, 2008).

ROR1 (Receptor Tyrosine Kinase Like Orphan Receptor 1) or NTRKR1 (Neurotrophic
Tyrosine Kinase receptor related 1) contain one extracellular Frizzled-like cysteine-
rich domain and membrane proximal kringle domains and it was detected in the
anterior part of day E7.5 mice embryos (Matsuda et al., 2001). Interestingly, ROR1
and its ligand Wnt5a were shown to be highly expressed in neocortical neural
progenitor cells (NPCs) and siRNA suppression of Rorl or Wnt5a in NPCs isolated
from embryonic neocortex led to the reduction of Blll-tubulin-positive neurons that
were generated from NPCs and increased the proportion of GFAP-positive cells. The
same study demonstrated that Wnt5a-Rorl pathway act through DVL2
phosphorylation in a B-catenin independent manner in NPCs. Additionally, Rorl
expression in the NPCs within the neocortical VZ in vivo was shown to be
indispensable for the maintenance of the progenitors in the undifferentiated states, as
MiRNA against Rorl led to differentiation of progenitors to neurons, while forced
expression of Rorl increased the proportion of Pax6-positive NPCs. Therefore,
Wnt5a-Ror1l signaling pathway has a key role in maintaining proliferative NPCs during
neurogenesis of the developing neocortex (Endo et al., 2012). Notably expression of
Rorl was shown to be involved in glioblastoma stem cell maintenance and silencing
of Rorl led to down-regulation of EMT (epithelial-mesenchymal transition) and

reduced the migration and invasion in glioblastoma stem cells (Jung et al., 2016).

HUNK (Hormonally Up-Regulated Neu-Associated Kinase) is a protein kinase closely
related to the SNF1 family of serine/threonine kinases (Gardner et al., 2000). It has to
be noted that HUNK was found to promote cell survival in the mammary gland and
regulate myc expression in a kinase-dependent manner through Akt signaling and to
be required for PIEK-Akt-induced mammary tumorigenesis. Indeed, mammary tumor
development was significantly delayed in Hunk” mice (Yeh et al., 2013). In line with
this HUNK was shown to be overexpressed in aggressive subsets of human primary
cancers of the colon and ovary as well as breast cancer while its overexpression was

associated with metastasis of human breast cancers (Wertheim et al., 2009).
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UST (Uronyl 2-Sulfotransferase) transfers sulfate to the 2-position of uronyl residues
(Kobayashi et al., 1999) and it is involved in neuronal migration in the cerebral cortex.
Indeed, Ust knockdown using in utero electroporation caused impaired migration of
cortical neurons and accumulation of neurons in the lower intermediate zone (Ishii and
Maeda, 2008). Interestingly knockdown of UST in human melanoma cells impaired
melanoma cell migration and adhesion (Nikolovska et al., 2017). VSTM2A-OT1 is a

non-coding RNA of unknown function.
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gene symbol gene name

KLF11

PDZRN3
STK32A
WNT7B

VSTM2A
SOCS3
YPEL1

MAP2K6
PDZD2
UNC5B
KLHL29

SIAH3

PCSK2
GALR1
GPR179
CDH20

ROR1

HUNK
usT

VSTM2A-
OoT1

Kruppel like factor 11
PDZ domain containing ring finger 3
serine/threonine kinase 32A

Wnt family member 7B
V-set and transmembrane domain
containing 2A

suppressor of cytokine signaling 3
yippee like 1

mitogen-activated protein kinase
kinase 6

PDZ domain containing 2
unc-5 netrin receptor B

kelch like family member 29

siah E3 ubiquitin protein ligase family

member 3

proprotein convertase subtilisin/kexin

type 2

galanin receptor 1

G protein-coupled receptor 179
cadherin 20

receptor tyrosine kinase like orphan
receptor 1

hormonally up-regulated Neu-
associated kinase

uronyl 2-sulfotransferase

VSTM2A overlapping transcript 1

Ensembl gene

ENSG00000172059
ENSG00000121440
ENSG00000169302
ENSG00000188064

ENSG00000170419
ENSG00000184557
ENSG00000100027

ENSG00000108984
ENSG00000133401
ENSG00000107731
ENSG00000119771

ENSG00000215475

ENSG00000125851
ENSG00000166573
ENSG00000277399
ENSG00000101542

ENSG00000185483

ENSG00000142149
ENSG00000111962

ENSG00000224223

Fold Change pvalue
3.87E-114 7.11E-111

-3.497443754
-3.330307939
-3.411414215
-4.700267072

-2.255341956
-3.750942483
-2.343097042

-4.755504559
-9.874405461
-4.547108273
-2.103209552

-2.751365816

-2.609410639
-5.617233442
-5.114876928
-2.951167305

-4.330264632

-2.28361519
-5.121842753

-3.481258954

1.2E-101
4.54E-88
7.11E-87

1.89E-81
5.54E-77
4.13E-74

1.36E-70
3.45E-70
4.96E-64
4.07E-60

1.27E-56

1.76E-56
1.41E-55
6.19E-55
1.45E-53

1.9E-53

3.71E-52
1.48E-51

4.52E-51

Table 5.3 List of 20 most downregulated genes across the 3 treatments with BDNF, AB85 and NT4
and the 4 time-points 30 minutes, 2 hours, 12 hours and 24 hours sorted by adjusted p value
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padj

1.44E-98
3.88E-85
5.48E-84

1.29E-78
3.31E-74
2.29E-71

6.49E-68
1.59E-67
1.88E-61
1.39E-57

3.85E-54

5.21E-54
3.91E-53

1.7E-52
3.89E-51

5.05E-51

9.52E-50
3.69E-49

1.1E-48
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Figure 5.13 Top 20 downregulated genes after 30 minutes (A-C) and 2 hours (D-F), selected by the
statistical significance of the change in their transcription levels across the 4 time-points analyzed.
Log2FC in the X axis represent log2 fold of change.
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Figure 5.14 Top 20 downregulated genes after 12 hours (A-C) and 24 hours (D-F), selected by the
statistical significance of the change in their transcription levels across the 4 time-points analyzed
Log2FC in the X axis represent log2 fold of change.
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5.4.5 Volcano plots comparing differentially regulated genes between TrkB ligands

and controls

Volcano plots offer an informative way of visualizing the RNA-seq results. This type of
plot is used to visualize changes in large datasets. A volcano plot is a scatterplot that
has the —log 2 - fold change values for all genes on the horizontal (x) axis, and the —
log 10- transformed p- value on the vertical (y) axis. Each dot corresponds to one
gene. The scale of x and y axes is logarithmic in order to represent the whole
population within a smaller space. It is named after a volcano, because it resembles a
volcano that is erupting. The volcano plots presented in this Thesis were generated
using R studio and the function res.

In order to determine the genes that are of statistical significance the p adjusted value
was used instead of p value in order to avoid as much as possible the inclusion of
false positives, i.e., genes that appear to be differentially expressed when they are not
statistically significant. The threshold for the significant genes of interest was set to
padj-value<0.01 and |log2 fold change| >1 or [fold change > 2. These genes appear
as green dots. The non-significant genes are marked with three different colours. Black
color marks the genes with p adjusted value >0.01 and |log2foldchange|<1. Red color
marks the genes with p adjusted value <0.01 and |log2foldchange|<1. Orange color
marks the genes with p adjusted value > 0.01 and |log2foldchange|>1. Plotting genes
in this way results in two regions of interest in the plot: the top left and top right side,
where the dots corresponding to either significantly downregulated or upregulated

genes and low p-values are displayed.

Initially the control cultures have been compared to the cultures that were treated with
one of the three TrkB ligands. After 30 minutes of treatment only few genes are
differentially expressed after treatment with BDNF, AB85 or NT4. Interestingly the
expression pattern is quite similar with all ligands (Figure 5.15 A-C). Upon treatment
with BDNF 57 genes are upregulated and 4 genes are downregulated, whereas 59
genes are upregulated upon treatment with AB85 and 66 genes are upregulated upon
treatment with NT4. Most of the genes expressed by the neurons are below the
significance threshold for p-value and log2 fold change, whereas few genes are above

the significance threshold for p-value but are below the significance threshold for log2
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fold change and are colored with red. The genes that are above the significance
threshold for log2 fold change and below the significance threshold for p-value are
colored with orange (Figure 5.15 A-C). At the time-point of 2 hours many more genes
appear to be differentially expressed. There are 1011 that are upregulated upon
treatment with BDNF and 716 that are downregulated, 903 genes that are upregulated
upon treatment with AB85 and 778 genes that are downregulated, 1026 genes that
are upregulated upon treatment with NT4 and 663 genes are downregulated. It is also
clear that the gene expression patterns observed in the three volcano plots at this
time-point are very similar (Figure 5.16 A-C). After 12 hours the number of upregulated
genes is decreased for all three ligands, when compared to time-point 2 hours,
whereas the number of downregulated genes is increased for BDNF and NT4 (Figure
5.17 A-C). More specifically there are 684 genes that are upregulated upon treatment
with BDNF and 1052 that are downregulated, 458 genes that are upregulated upon
treatment with AB85 and 700 genes that are downregulated, 932 genes that are
upregulated upon treatment with NT4 and 1375 genes that are downregulated. The
volcano plots for the time-point of 24 hours indicate that treatment with BDNF and NT4
led to differential expression of about the same number of genes, whereas treatment
with AB85 changed the expression of smaller number of genes (Figure 5.18 A-C).
Additionally, after 24 hours the number of both upregulated and downregulated genes
is decreased in comparison to the time-point of 12 hours. In cultures treated with BDNF
for 24 hours the number of upregulated genes is slightly reduced to 615 whereas the
number of downregulated genes is reduced to about half (533 genes). The number of
genes upregulated by AB85 is reduced to 293 when compared to 12 hours, and it is
interesting that the number of downregulated genes is reduced to 109 from 700 genes
in 12 hours. Additionally, the number of genes upregulated by NT4 at 24 hours is 590
and the number of downregulated genes is sharply decreased to 440 from 1375 at

time-point 12 hours.
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Figure 5.15: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and NT4
(C) with untreated (control cultures) at time-point 30 minutes
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A.Volcano plot BDNF - Control 2 hours
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Figure 5.16: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and NT4
(C) with untreated (control cultures) at time-point 2 hours.

174



A. Volcano plot EDNF - Control 12 hours
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Figure 5.17: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and NT4
(C) with untreated (control cultures) at time-point 12 hours.
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A. Volcano plot BDNF - Control 24 hours
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Figure 5.18: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and NT4
(C) with untreated (control cultures) at time-point 24 hours.
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Figure 5.15-5.18: Volcano plot (scatterplot) comparing the three TrkB ligands BDNF (A), AB85 (B) and
NT4 (C) with untreated (control cultures) at time-points 30 minutes, 2hours, 12 hours and 24 hours. On
the horizontal (x) axis it has the log2foldchange values for all genes and on the vertical (y) axis it has
the —log10 transformed p-value. Each dot represents a gene. Black color marks the genes with p
adjusted value >0.01 and |log2foldchange|<1. Red color marks the genes with p adjusted value <0.01
and [log2foldchange|<l. Orange color marks the genes with p adjusted value > 0.01 and
[log2foldchange|>1. Green color marks the genes that are differentially expressed between the two
conditions that are compared, with p adjusted value <0.01 and |log2foldchange|>1.
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5.4.6 Interactive MD plots generated with Glimma package for pairwise
comparisons between TrkB ligands and controls

While volcano plot mentioned above summarize results visually it is a static plot that
could not offer information for single genes in cases where the total number of
differentially expressed genes is in the scale of hundreds or even thousands. Using
the Glimma package in R it is possible to extend the common static R plots generated
with the limma package and allow individual genes to be searched over multiple data
points. Glimma provides an interactive mean-different plot using the gIMDPIot
function. The output is an html page, with summarized results in the left panel (similar
to the output of a static MD plot), and the right panel displays the log-CPM values for
a selected gene from the different samples. A table of results is displayed below the
plots and it includes information about the genelD, symbol, gene name, log-CPM and
logFC values as well as the p-adjusted value for each observation. The interactive
display allows the user to select any dot that correspond to one gene or search for any
particular gene using the search function. The differentially expressed genes were
selected based on p adjusted value < 0.01 and fold change <-2 for downregulated
genes and fold change > 2 for upregulated genes. Grey color corresponds to genes
that were not found to be statistically significant, while red corresponds to genes that
were found to be upregulated and blue to genes that were found to be downregulated
(Figure 5.19). The example plot presented in this figure is a print screen from the
interactive plot from the pairwise comparison between cultures treated with AB85 for
2 hours versus the corresponding control. Here glimma plots for 12 pairwise
comparisons between TrkB ligands in the 4 time-points versus the corresponding

controls are presented.

The links below correspond to the interactive MD plot for the cultures treated with any
of the three TrkB ligands in comparison with the controls. In order for the MD plot to
be displayed the corresponding whole folder need to be downloaded and unzipped.
Then the HTML document will present the interactive MD plot for each pairwise

comparison.
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Cultures treated with BDNF for 30 minutes

https://www.dropbox.com/sh/bnprahgqarlrhOy/AAC8f7-OkP-JLVm23UxfuT8na?d|=0

Cultures treated with AB85 for 30 minutes

https://www.dropbox.com/sh/x4hyggab853f7lo/AACg1l1UyjOVjoH2UCkIXHx6wa?dI=0

Cultures treated with NT4 for 30 minutes

https://www.dropbox.com/sh/jjf23j729u6zxxm/AADEYL7XFBEGWX 9jhmp_ GTla?d|=0

Cultures treated with BDNF for 2 hours:

https://www.dropbox.com/sh/2w7jz1gogcjp67i/AADOWMnuPvYmMQtzshtCxGSja?dI=0

Cultures treated with AB85 for 2 hours:

https://www.dropbox.com/sh/gpo7hbbdds3glf4/AAAomrIPKmiMVT{UH4Zjr2b9a?d|=0

Cultures treated with NT4 for 2 hours:

https://www.dropbox.com/sh/7d3a6i5n998576q9/AABzswBtnl7YbTlhyLRHn Eya?dl=0

Cultures treated with BDNF for 12 hours

https://www.dropbox.com/sh/ljx32tkmsk96070/AACwW3NI_KOej4vT7ltswc tMa?dI=0

Cultures treated with AB85 for 12 hours

https://www.dropbox.com/sh/x8lsvioekxajb6a/AAALa9-tPV73km8JaV3QFFuga?dl=0

Cultures treated with NT4 for 12 hours

https://www.dropbox.com/sh/u335ysz3zko1r5e/AACXnRO-R08Uh2JrENf4SCdoa?d|=0

Cultures treated with BDNF for 24 hours

https://www.dropbox.com/sh/fe7qzqgkb6hqgl50/AAAZz5vVbIliDgGFggsbDWal ja?dl=0

Cultures treated with AB85 for 24 hours

https://www.dropbox.com/sh/st24w94clo9wlrp/AAA50YS6BAVhDPpdESINSEmMLPa?dI=0

Cultures treated with NT4 for 24 hours

https://www.dropbox.com/sh/ky77t8ge4ux3ju3/AAC2JwP7xl110al6UseCdOE44a?dI=0
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ENSG00000120738 EGR1 early growth response 1 1.78 6.755 1.414e-31
ENSGO0000188522  FAM83G family with sequence similarity 83 member G 5.278 3.974 2.701e-27
ENSGO0000171621  SPSB1 splA/ryanodine receptor domain and SOCS box containing 1 2.286 3.80 1.197e-25
ENSGO0000135750  KCNK1 potassium two pore doemain channel subfamily K member 1 2.521 4,471 1.221e-25
ENSG00000131831  RAIZ retinoic acid induced 2 4.445 2.529 4.332e-25

Figure 5.19: Interactive MD plot generated with the Glimma package of Bioconductor displaying
all genes that are differentially expressed between AB85 (A2) and Control (C2) at time-point of 2
hours. On the top left diagram, the genes are plotted against log 10-fold change and average log CPM,
On the y axis there is log fold change of gene expression and on the x axis there is average log CPM
(counts per million). Each dot corresponds to a single gene. Upregulated genes (fold change > 2 and
padj < 0.01) are colored with red and downregulated genes are colored with blue (fold change < -2 and
padj < 0.01), while genes that do not significantly change between the two conditions are colored with
grey (Jfold change| < 2 and padj > 0.01). By selecting a dot with the cursor a panel appears on the right
displaying the changes in the expression of the particular gene (y axis) across the different conditions
(x axis, group). It is also possible to search for any gene using the search function, which will return
information for the GenelD, symbol of the gene, gene name, logCPM values, logFC (log Fold Change)
and adj. P value.
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5.4.7 Volcano plots comparing differentially regulated genes between TrkB ligands

Subsequently volcano plots were used in order to compare the differential gene
expression between the three TrkB ligands, and detect possible genes whose
expression is uniquely (or preferentially) regulated by each of them. The threshold for
the significant genes of interest was set to padj-value<0.01 and [log2 fold change| >1
or [fold change > 2. The positive log2fold change in each comparison corresponds to
genes that are preferentially increased more than 2 fold by the ligand in the left side
of the pair, for example BDNF in the comparison BDNF-AB85, whereas the negative
log2fold change in each comparison corresponds to genes that are preferentially
downregulated more than 2 fold by the ligand in the left side of the pair. However,
some of the genes are selectively increased or downregulated only by one ligand and
not the others in comparison to the control cultures. More details on these genes can
be found in sections 5.4.15-5.4.18 and 5.4.21-5.4.24. The color code is the same as
mentioned in 5.4.5. Whereas at the time-point 30 minutes there are few genes that
are upregulated or downregulated with a [log2 fold change| more than 1, they are
located below the p-value threshold of 0.01 (orange color) and they are therefore not
significant. In the comparison of cultures treated with BDNF and ABS85 there are only
5 such genes, whereas in the comparison of BDNF to NT4 there are 102 (71
upregulated with BDNF and 31 genes upregulated with NT4) such genes, but only 1
have a padj-value less than 0.05, MALAT1. Furthermore 79 genes (67 upregulated
and 12 genes downregulated) with |fold change| > 2 and padj > 0.01 are present in
the comparison of AB85 and NT4, and none of them has a padj-value less than 0.05.
Overall, at the time-point 30 minutes there is no gene that is differentially expressed
based on the significance threshold of padj vaule <0.01 and |fold change|>2 (Figure
5.20)

Similarly, to time-point 30 minutes, at time-point 2 hours there are few genes that are
upregulated or downregulated more than 1, they are located below the p-value
threshold of 0.01 (orange color) and they are therefore not significant. In the
comparison of BDNF to AB85 there are 65 such genes (58 upregulated by BDNF and
7 upregulated with AB85), and there is also a gene with padj <0.01 but log2fold change

181



= 0.8 and it is colored with red, whereas in the comparison of BDNF to NT4 there are
22 such genes (12 upregulated with BDNF and 10 upregulated with NT4) and none of
them has a padj <0.05. Furthermore 88 genes (26 upregulated with AB85 and 62
genes upregulated with NT4) with |fold change| > 2 and padj > 0.01 are present in the
comparison of AB85 and NT4, and 40 of them has a padj-value less than 0.05. There
is also one gene with padj-value < 0.01 and log2fold change = -0.87 which is colored
with red (Figure 5.21).

At time-point 12 hours there are several genes that are differentially expressed and
statistically significant between the three TrkB ligands. Between BDNF and AB85 there
are 64 differentially expressed genes, 49 of them are upregulated with BDNF and 15
are upregulated with AB85. The number of differentially expressed genes between
AB85 and NT4 is much higher as 360 genes are upregulated with AB85 and 406 genes
are upregulated with NT4, a total of 766. Additionally, 1042 genes are differentially
expressed between AB85 and NT4, with 499 genes upregulated by AB85 and 543
genes upregulated by NT4 (Figure 5.22).

The number of differentially expressed genes between BDNF, AB85 and NT4 is
sharply decreased at time-point 24 hours. More specifically, between BDNF and AB85
there are 125 genes that are differentially expressed, with 114 genes upregulated with
BDNF and 11 genes upregulated with AB85. There are no statistically significant
genes that are differentially expressed between BDNF and NT4, but there are 40
genes with |log2 fold change| < 1 and p adj>0.01 colored with orange. Furthermore,
there are 122 genes that are differentially expressed between AB85 and NT4, with 10
genes upregulated by AB85 and 112 genes upregulated by NT4 (Figure 5.23).

Therefore, it has been shown that there are no differences at the genes that are
differentially expressed at the first two time-points upon treatment with any of the three
TrkB ligands, whereas at time-point 12 hours there are several genes that differ
between them. At time-point 24 hours the differences are located exclusively between
ABB85 and the other two TrkB ligands, as BDNF and NT4 express the same genes.
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A. Volcano plot BDNF - AB85 30 minutes
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Figure 5.20: Volcano plot (scatterplot) comparing the three TrkB ligands in pairwise comparisons,
BDNF vs AB85 A), BDNF vs NT4 B), AB85 vs NT4 C), at time-point 30 minutes
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A. Volcano plot BDNF - AB85 2 hours
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Figure 5.21: Volcano plot (scatterplot) comparing the three TrkB ligands in pairwise comparisons,
BDNF vs AB85 A), BDNF vs NT4 B), AB85 vs NT4 C), at time-point 2 hours

184



A. Volcano plot BDNF - AB85 12 hours
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Figure 5.22: Volcano plot (scatterplot) comparing the three TrkB ligands in pairwise comparisons,
BDNF vs AB85 A), BDNF vs NT4 B), AB85 vs NT4 C), at time-point 12 hours
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Figure 5.23: Volcano plot (scatterplot) comparing the three TrkB ligands in pairwise comparisons,
BDNF vs AB85 A), BDNF vs NT4 B), AB85 vs NT4 C), at time-point 24 hours

Figure 5.20-5.23: Volcano plot (scatterplot) displaying pair-wise comparisons of the three TrkB ligands
BDNF vs AB85 (A), AB85 (B) and NT4 (C) at time-points 30 minutes, 2hours, 12 hours and 24 hours.
On the horizontal (x) axis it has the log2foldchange values for all genes and on the vertical (y) axis it
has the —log10 transformed p-value. Each dot represents a gene. Black color marks the genes with p
adjusted value >0.01 and |log2foldchange|<1. Red color marks the genes with p adjusted value <0.01
and [log2foldchange|<l. Orange color marks the genes with p adjusted value > 0.01 and
[log2foldchange|>1. Green color marks the genes that are differentially expressed between the two
conditions that are compared, with p adjusted value <0.01 and |log2foldchange|>1. Positive
log2FoldChange values correspond to genes that are preferentially upregulated by the ligand in the left
part of the pair (for example BDNF in BDNF-AB85), but also genes that are upregulated selectively by
one ligand and not the other compared to the control cultures. Negative log2FoldChange values
correspond to genes that are preferentially downregulated by the ligand in the left part of the pair, but
also genes that are downregulated selectively by one ligand and not the other compared to the control
cultures.
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5.4.8 Interactive MD plots generated with Glimma package for pairwise
comparisons between TrkB ligands.

Glimma provides an interactive mean-different plot using the gIMDPIot function. The
output is an html page, with summarized results in the left panel (similar to the output
of a static MD plot), and the right panel displays the log-CPM values for a selected
gene from the different samples. A table of results is displayed below the plots and it
includes information about the genelD, symbol, gene name, log-CPM and logFC
values as well as the p-adjusted value for each observation. The interactive display
allows the user to select any dot that correspond to one gene or search for any
particular gene using the search function. The differentially expressed genes were
selected based on p adjusted value < 0.01 and fold change <-2 for genes that are
downregulated more (compared to control cultures) by BDNF compared to AB85 and
fold change > 2 for genes that are upregulated more (compared to control cultures) by
BDNF compared to AB85. Grey color corresponds to genes that were not found to be
statistically significant, while red corresponds to genes that were found to be
upregulated and blue to genes that were found to be downregulated (Figure 5.24). The
example plot presented in this figure is a print screen from the interactive plot from the
pairwise comparison between cultures treated with BDNF for 24 hours versus the
cultures treated with AB85 for 24 hours. As mentioned in the volcano plot section
above only few genes are shown to be differentially expressed. Here glimma plots for

12 pairwise comparisons between TrkB ligands in the 4 time-points are presented.

The links below correspond to the interactive MD plot for the cultures treated with any
of each of the TrkB ligands with the other TrkB ligands at each time point. In order for
the MD plot to be displayed the corresponding whole folder need to be downloaded
and unzipped. Then the HTML document will present the interactive MD plot for each

pairwise comparison.
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Cultures treated with BDNF versus cultures treated with AB85 for 30 minutes

https://www.dropbox.com/sh/oejfgldwlipjot9i/AABN25K-0lBa3344Fvz15Zm0a?dI=0

Cultures treated with BDNF versus cultures treated with NT4 for 30 minutes

https://www.dropbox.com/sh/xhyzbba7erpromg/AACE6F2DPIRdam6JYmlyNOQgAa?dI=0

Cultures treated with AB85 versus cultures treated with NT4 for 30 minutes

https://www.dropbox.com/sh/tf1xz8icci4gpa6/AADNt9Z6SR859t97d9j40gFLa?dI=0

Cultures treated with BDNF versus cultures treated with AB85 for 2 hours

https://www.dropbox.com/sh/1scqapgd703tcyi/AABypvSMdlbyoJbZMt1M0OXOaa?dI=0

Cultures treated with BDNF versus cultures treated with NT4 for 2 hours

https://www.dropbox.com/sh/ggrdyziaty4d9w0/AAAhVJuydnt6 UQffRgAL63Sra?dI=0

Cultures treated with AB85 versus cultures treated with NT4 for 2 hours

https://www.dropbox.com/sh/35kkiasmyr9x21a/AAASTCOdMO030yK-PiLziOLSta?dI=0

Cultures treated with BDNF versus cultures treated with AB85 for 12 hours

https://www.dropbox.com/sh/3b1d9fmtvij9aa4/AACK5gKu9WFEJsIBOXE hjSv5a?dI=0

Cultures treated with BDNF versus cultures treated with NT4 for 12 hours

https://www.dropbox.com/sh/wctdwiobzbsg7dw/AACKFGNyDww-ugP ZEIKPoQEa?dI=0

Cultures treated with AB85 versus cultures treated with NT4 for 12 hours

https://www.dropbox.com/sh/pz66jztwg33suty/AACYIQIuCiXMx7RO0OVKINxVRa?dI=0

Cultures treated with BDNF versus cultures treated with AB85 for 24 hours

https://www.dropbox.com/sh/v6expc5rjoxxhca/AACpg-WSfZk7c6S8xWxD4cDaa?d|=0

Cultures treated with BDNF versus cultures treated with NT4 for 24 hours

https://www.dropbox.com/sh/k7ysstowcbnpvul/AAAgSNRulLh9 utO7hss8ihea?dl=0

Cultures treated with AB85 versus cultures treated with NT4 for 24 hours

https://www.dropbox.com/sh/rbhu2gj7mag5Iiwpp/AABUL7jI2y5ILmgwwkL-TgUba?dI=0
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https://www.dropbox.com/sh/35kkiasmyr9x21a/AAASTCOdM030yK-PiLziOLSta?dl=0
https://www.dropbox.com/sh/3b1d9fmtvfj9aa4/AACk5qKu9WFJsI8OXE_hjSv5a?dl=0
https://www.dropbox.com/sh/wctdwiobzbsq7dw/AACKFGNyDww-ugP_ZElKPoQEa?dl=0
https://www.dropbox.com/sh/pz66jztwq33suty/AACYlQluCfxMx7RQ0VK9NxVRa?dl=0
https://www.dropbox.com/sh/v6expc5rj0xxhcq/AACpg-WSfZk7c6S8xWxD4cDaa?dl=0
https://www.dropbox.com/sh/k7ysstowcbnpvu1/AAAgSNRu1Lh9_utO7hss8ihea?dl=0
https://www.dropbox.com/sh/rbhu2gj7mg5lwpp/AABUL7jI2y5lLmgwwkL-TgUba?dl=0

MD Plot: B24-A24

EGR2

25 GenelD | ENSGO0000122877 5,000 .
. Symbol | EGR2 .
GeneName | early growth response 2 2,000
5] IogCPM | 2.815
logFG | 1.620 TR0
209 AdjPyalue | 0
s £,000
g 15 _E )
_5 1o =a,nnn—
= 2
S osq- & 4000
@ N w
£ oo 2,000
05 2,000
10
1,000 .,
15| . *
. o .. .-
T —— T T T T 1 — T T T T T T T T T T T T T T T
2 2 4 & H 10 12 €30 B30 A3 N30 €2 B2 Az N2 C12 B12 A12 N2 C24 B24 A24 N24
Average log CPM Group
Search:

GenelD Symbol GeneName logCPM logFC Adj.PValue *
ENSG00000120738 EGR1 early growth response 1 .78 1.428 2.001e-11
ENSGD0000164949  GEM GTP binding protein overexpressed in skeletal muscle 1.983 2.24 1.126e-10
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ENSGO0000107719  PALD1 phosphatase domain containing, paladin 1 1.862 1.55 2.349e-10

Figure 5.24: Interactive MD plot generated with the Glimma package of Bioconductor displaying
all genes that are differentially expressed between BDNF (B24) and AB85 (A24) at time-point of
24 hours. On the top left diagram, the genes are plotted against log 10-fold change and average log
CPM, On the y axis there is log fold change of gene expression and on the x axis there is average log
CPM (counts per million). Each dot corresponds to a single gene. Genes that are upregulated more
(compared to control cultures) by BDNF compared to AB85 (fold change > 2 and padj < 0.01) are
colored with red and genes that are upregulated more (compared to control cultures) by AB85 compared
to BDNF are colored with blue (fold change < -2 and padj < 0.01), while genes that do not significantly
change between the two conditions are colored with grey (|fold change| < 2 and padj > 0.01). By
selecting a dot with the cursor, a panel appears on the right displaying the changes in the expression
of the particular gene (y axis) across the different conditions (x axis, group). It is also possible to search
for any gene using the search function, which will return information for the GenelD, symbol of the gene,
gene name, logCPM values, logFC (log Fold Change) and adj. P value.
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5.4.9 Volcano plots comparing differentially regulated genes between TrkB ligands

Another point of the analysis included testing the genes that are differentially
expressed by each TrkB ligand at the 4 time-points. Volcano plots for BDNF, AB85
and NT4 were constructed and the comparisons included cultures treated with the
same TrkB ligand at successive time-points. In cultures treated with BDNF for 30
minutes or 2 hours important changes were noticed, as 1172 genes were found to be
upregulated at 30 minutes, and 1115 genes were found to be upregulated at 2 hours
(Figure 5.25 A). In cultures treated with BDNF for 2 hours or 12 hours 986 genes were
found to be upregulated at 2 hours and 514 genes to be upregulated at 12 hours
(Figure 5.25 B). Few changes were noticed in cultures treated with BDNF for 12 hours
or 24 hours as 37 genes were found to be upregulated at 12 hours and 96 genes to

be upregulated at 24 hours (Figure 5.25 C)

Similarly, to the cultures treated with BDNF, cultures treated with AB85 showed
important changes in the number of genes expressed between time-points 30 minutes,
2 hours and 12 hours and fewer changes between cultures treated for 12 hours and
24 hours. More specifically, between cultures treated with AB85 for 30 minutes and 2
hours 1525 genes were upregulated at 30 minutes and 1108 genes were upregulated
at 2 hours (Figure 5.26 A). Additionally, between cultures treated with AB85 for 2 hours
and 12 hours 1023 genes were upregulated at 2 hours and 875 genes were
upregulated at 12 hours (Figure 5.26 B). Between cultures treated with AB85 for 12
hours and 24 hours, 42 genes were upregulated at 12 hours and 65 genes were

upregulated at 24 hours (Figure 5.26 C)

In contrast to cultures treated with BDNF and AB85, cultures treated with NT4 show
changes in the number of genes differentially expressed between all 4 time-points.
More specifically, between cultures treated with NT4 at 30 minutes and 2 hours, 850
genes were upregulated at 30 minutes and 1135 genes were upregulated at 2 hours
(Figure 5.27 A). Additionally, between cultures treated with NT4 at 2 hours and 12
hours, 1194 genes were upregulated at 2 hours and 722 genes were upregulated at
12 hours (Figure 5.27 B). Between cultures treated with NT4 at 12 and 24 hours, 381
genes were upregulated at 12 hours and 607 genes were upregulated at 24 hours
(Figure 5.27 C).
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Figure 5.25: Volcano plot (scatterplot) displaying pair-wise comparisons of cultures treated with BDNF
at 4 timepoints (30 minutes, 2 hours, 12 hours and 24 hours).
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Figure 5.26: Volcano plot (scatterplot) displaying pair-wise comparisons of cultures treated with AB85
at 4 timepoints (30 minutes, 2 hours, 12 hours and 24 hours).
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Figure 5.27: Volcano plot (scatterplot) displaying pair-wise comparisons of cultures treated with NT4 at
4 timepoints (30 minutes, 2 hours, 12 hours and 24 hours).
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Figure 5.25-5.27: Volcano plot (scatterplot) displaying pair-wise comparisons of the time-points 30
minutes, 2hours, 12 hours and 24 hours for each one of the three TrkB ligands, BDNF, AB85 and NT4.
On the horizontal (x) axis it has the log2foldchange values for all genes and on the vertical (y) axis it
has the —log10 transformed p-value. Each dot represents a gene. Black color marks the genes with p
adjusted value >0.01 and |log2foldchange|<1. Red color marks the genes with p adjusted value <0.01
and [log2foldchange|<l. Orange color marks the genes with p adjusted value > 0.01 and
[log2foldchange|>1. Green color marks the genes that are differentially expressed between the two
conditions that are compared, with p adjusted value <0.01 and |log2foldchange|>1.
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5.4.10 Interactive MD plots generated with Glimma package for pairwise
comparisons between TrkB ligands at the four timepoints.

Glimma provides an interactive mean-different plot using the gIMDPIot function. The
output is an html page, with summarized results in the left panel (similar to the output
of a static MD plot), and the right panel displays the log-CPM values for a selected
gene from the different samples. A table of results is displayed below the plots and it
includes information about the genelD, symbol, gene name, log-CPM and logFC
values as well as the p-adjusted value for each observation. The interactive display
allows the user to select any dot that correspond to one gene or search for any
particular gene using the search function. The differentially expressed genes were
selected based on p adjusted value < 0.01 and fold change <-2 for downregulated
genes and fold change > 2 for upregulated genes. Grey color corresponds to genes
that were not found to be statistically significant, while red corresponds to genes that
were found to be upregulated and blue to genes that were found to be downregulated
(Figure 5.28). The example plot presented in this figure is a print screen from the
interactive plot from the pairwise comparison between cultures treated with NT4 for 2
hours versus the cultures treated with NT4 for 12 hours. As mentioned in the volcano
plot section above hundreds of genes are shown to differentially expressed. Here
glimma plots for 12 pairwise comparisons between TrkB ligands in the 4 time-points

versus the corresponding controls are presented.

The links below correspond to the interactive MD plot for the cultures treated with any
of the three TrkB ligands in comparison with the controls. In order for the MD plot to
be displayed the corresponding whole folder need to be downloaded and unzipped.
Then the HTML document will present the interactive MD plot for each pairwise

comparison.
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Cultures treated with BDNF for 30 minutes versus cultures treated with BDNF for 2 hours

https://www.dropbox.com/sh/bxxlwsy4lbzxefu/AAAluy2n0P9N5WA FLBuvNuRa?dl=0

Cultures treated with BDNF for 2 hours versus cultures treated with BDNF for 12 hours

https://www.dropbox.com/sh/vgQicglnwObywgk/AACW7FzEIIgQGZHOMKEdPGzUa?dI=0

Cultures treated with BDNF for 12 hours versus cultures treated with BDNF for 24 hours

https://www.dropbox.com/sh/m51u5novv7gjrsl/AAAJgVFIYyggSKArOgBsByxx _a?dl=0

Cultures treated with AB85 for 30 minutes versus cultures treated with AB85 for 2 hours

https://www.dropbox.com/sh/g0hxhgp2fmIim5b9/AAAehC-Y855kIJD-QI1iFA8lIa?dI=0

Cultures treated with AB85 for 2 hours versus cultures treated with AB85 for 12 hours

https://www.dropbox.com/sh/c86xh0aly6ci2ril AAAbwFKW U7no4lgbEKSLc-na?dl=0

Cultures treated with AB85 for 12 hours versus cultures treated with AB85 for 24 hours

https://www.dropbox.com/sh/ozpwhf352wxoevw/AADM7Dgh1S K9oib KQOv4cha?dl=0

Cultures treated with NT4 for 30 minutes versus cultures treated with NT4 for 2 hours

https://www.dropbox.com/sh/tpiweemfzxkwonx/AAC|60uaPYOQXkROzW5Z 2Tm6a?dl=0

Cultures treated with NT4 for 2 hours versus cultures treated with NT4 for 12 hours

https://www.dropbox.com/sh/tfl1628x02f7r9g9/AADBss-|Dd5GvAglsDpgpctBa?dI=0

Cultures treated with NT4 for 12 hours versus cultures treated with NT4 for 24 hours

https://www.dropbox.com/sh/6nk58mpny0qg3iyv/AACKRvvLgXgpdhF2N6nAREx-a?dl=0
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MD Plot: N2-N12 HOMER1
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GenelD Symbol GeneName logCPM logFC Adj.PValue
ENSG00000143858  SYT2 synaptotagmin 2 3.328 4.324 4.841e-26
ENSG00000131831  RAIZ retinoic acid induced 2 4.445 2.713 6.76e-26
ENSG00000152954 NRSN1 neurensin 1 5.405 -2.454 3.764e-25
ENSG00000149571  KIRREL3 kirre like nephrin family adhesion melecule 3 6.592 2.677 6.945e-25
ENSG00000144821  MYH15 myosin heawy chain 15 1.277 -3.998 3.052e-24

Figure 5.28: Interactive MD plot generated with the Glimma package of Bioconductor displaying
all genes that are differentially expressed between cultures treated with NT4 for 2 (N2) and 12
hours (N12). On the top left diagram, the genes are plotted against log 10-fold change and average
log CPM, On the y axis there is log fold change of gene expression and on the x axis there is average
log CPM (counts per million). Each dot corresponds to a single gene. Upregulated genes (fold change
> 2 and padj < 0.01) are colored with red and correspond to genes that are upregulated by NT4 at 2
hours compared to NT4 at 12 hours and downregulated genes are colored with blue and correspond to
genes that are downregulated by NT4 at 2 hours compared to NT4 at 12 hours (fold change < -2 and
padj < 0.01), while genes that do not significantly change between the two conditions are colored with
grey (|fold change| < 2 and padj > 0.01). By selecting a dot with the cursor, a panel appears on the right
displaying the changes in the expression of the particular gene (y axis) across the different conditions
(x axis, group). It is also possible to search for any gene using the search function, which will return
information for the GenelD, symbol of the gene, gene name, logCPM values, logFC (log Fold Change)
and adj. P value.
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5.4.11 Hierarchical clustered heatmap of the top 1000 differentially expressed

genes

An analysis of the top 1000 differentially expressed genes was performed using pair-
wise multiple comparisons between experimental conditions testing for differentially
expressed genes. All of the 1000 genes tested had an adjusted P value equal or lower
to 0.01 (p<0.01) and a |log2fold| value higher than 1 relative to control for at least one
experimental condition. A hierarchical clustering of the top 1000 differentially
expressed genes identified time point specific gene clusters and similarities in
genome-wide expression between the 12 different experimental sets (Figure 5.11).
Whilst at 30 minutes comparatively few changes were detected, at 2 h the changes
observed were strikingly similar following the addition of the three TrkB ligands. After
12 and 24-hour treatment, the transcriptional changes induced by BDNF and NT4
were similar, whilst the neurons treated with #85 for 12 and 24 hours showed fewer
genes differentially expressed compared to the corresponding controls. A Gene
Ontology analysis (GO) classified the observed changes in gene expression in 9
different categories. Among the most interesting groupings was the first “lon Channel,
Axon growth regulation, BDNF, MAPK, calcium signalling and shared RTK signalling
“. Interestingly most of the genes belonging to this category were upregulated already
at 2 hours. Whilst this was not unexpected it represents an important validation of the
method as well as an indication that #85 activates very similar pathways compared to
BDNF and NT4. The second category “Growth factors, calcium signalling, protein
glycosylation, cell adhesion, G protein regulators” included genes that were mainly
upregulated after 12 hours. The grouping “lon Channels, including hyperpolarization-
activated cyclic nucleotide-gated, sodium and potassium channels, TRP, PIEZO, and
channel-like proteins, transporters” contained subset of genes that were differentially
upregulated at 2- 12- and 24- hour time points. Although the number of the down-
regulated genes (463) were approximately equal to the number of the genes that were
up-regulated, those with increased expression were involved into a greater diversity
of biological processes. The genes that were mainly downregulated belonged to 3
groupings with the largest one being “Lipid signalling, TGF pathway, Potassium

channels and channel-like membrane proteins, taste receptors”.
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Figure 5.29. Heat map of hierarchical cluster analysis with GO annotation for the top 1000
differentially expressed genes with absolute fold change >2 and p < 0.01. The differentially
expressed genes were clustered by using a Gene Ontology analysis of expression in nine different

functional categories.
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5.4.12 Gene analysis and GO description of differentially requlated genes in the 4
time-points, comparing the TrkB agonists to control cultures

As a next step of the RNA seq analysis the number of shared genes upon treatment
with BDNF, #85 or NT4 was calculated for the 4 different time points using a threshold
with adjusted p value < 0.01 and absolute fold change >2. In order to better understand
the dynamics of gene expression in the time-points of 2 hours, 12 hours and 24 hours,

Gene Ontology (GO) analysis was performed using the shinyGO platform.

5.4.12. 1 TIMEPOINT 30 MINUTES
In the first time-point of 30 minutes the small number of genes that are expressed do

not allow reliable GO analysis. At this time-point 36 genes were found to be
upregulated more than 2-fold by all three TrkB ligands with p adjusted value <0.01
(table 5.4). Interestingly 23 of these genes belong to the family of immediate-early
response genes (IEGs). Immediate-early genes (IEGs) are activated and transcribed
within few minutes after stimulation, and do not require de novo protein synthesis. This
large group of genes is known to be activated upon mitogen stimulus. Interestingly,
NGF was shown to activate the transcription of IEGs (Curran and Morgan, 1985,
Angelastro et al., 2000). Importantly 8 genes were upregulated more than 10-fold by
all three TrkB ligands and all of them belong to the IEG family. The 4 members of the
EGR (early growth response) family of zing finger transcription factor proteins belong
to this subset of 8 genes and three EGR members are the top 3 upregulated genes at
the time-point of 30 minutes. EGR1, EGR2 and EGR3 were upregulated to a similar
extend by all three TrkB ligands but not EGR4. More specifically EGR2 was
upregulated more than 70-fold, EGR1 more than 30-fold, EGR3 more than 12-fold
while EGR4 is upregulated 44-fold by BDNF, 52-fold by AB85 and 78-fold by NT4. It
has to be noted that Egrl, Egr2 and Fos have been identified as transcriptional targets
of BDNF/TrkB signalling pathway and the BDNF mediated induction of these genes
through the transcription factors C/EBP and NeuroD is important for neuronal function
(Calella et al., 2007) Egr3 is upregulated in brain neurons upon neuronal activity
(Yamagata et al., 1994) and BDNF induces EGR3 expression via PKC/MAPK-
dependent pathway (Roberts et al., 2006). Furthermore, expression of EGR4 has been
shown to be increased upon treatment of immature hippocampal neurons with BDNF
in an ERK 1/2 dependent manner (Ludwig et al., 2011). Additionally, Arc is known to

be transcribed during LTP and learning and BDNF was shown to induce selective
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translation of Arc in synaptoneurosomal preparation (Wibrand et al., 2006, Yin et al.,
2002). FOSB is an inducible transcription factor and an inactivating mutation of this
gene renders the mice deficient in nurturing their offspring (Brown et al., 1996).
Interestingly a truncated version of FosB (AFosB) was found to be important in
hippocampus cellular morphology and hippocampus dependent learning and memory.
Upon silencing of its transcriptional activity in hippocampus learning and memory were
impaired (Eagle et al.,, 2015). Furthermore, FosB is important for hippocampus
development, as the hippocampus in FosB knock-out mice was malformed and the
hippocampal neurogenesis was reduced. Additionally, the adult animals suffered from
spontaneous epileptic seizures (Yutsudo et al., 2013) . It has to be noted that FosB is
also implicated in depression and addiction, as multiple FosB isoforms were found to
be downregulated in hippocampus of human patients with depression and cocaine
addiction, while the decreased levels have been linked with cognitive deficits linked
with chronic cocaine abuse and depression (Gajewski et al., 2016). The FOS gene (c-
FOS proto-oncogene) encodes a DNA-binding protein that binds to c-jun and forms a
heterodimeric transcriptional factor, activator protein-1 (AP-1) (Curran and Morgan,
1985)(Curran 1995). It is also used as a marker of neuronal activity (Dragunow and
Robertson, 1988, Sagar et al., 1988). It is implicated in transcription regulation and
potentiates the long-term effects of growth factors and membrane-depolarising signals
of neural activity (Sheng and Greenberg, 1990, Miyashita et al., 2018). Additionally,
BDNF was shown to be one of the upstreams signals for c-FOS expression and
activation of BDNF/c-FOS cascade in the retrosplenial cortex has been found to be

essential for memory persistence (Katche et al., 2010, Katche and Medina, 2017).

B-cell translocation gene 2 (BTG2), a member of the BTG/TOB gene family was
characterized as a gene upregulated within few minutes upon treatment with growth
factors and mitogens (Bradbury et al., 1991). The transcription of BTG2 is controlled

by miRNAs, and the 3’ untranslated region contains 17 binding sites (Fei et al., 2014).

Importantly BTG2 has an important role in cell cycle progression and possess
antiproliferative effect through downregulation of cyclin D1 that leads to inhibition of
retinoblastoma (Rb) phosphorylation and G1 arrest (Guardavaccaro et al., 2000,
Montagnoli et al., 1996). It has also been shown that BTG2 could induce a G2/M arrest
without the involvement of p53, while its expression could promote cellular

senescence in fibroblasts. Notably BTG2 expression was shown to promote cellular
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senescence in normal fibroblasts by interfering with the cell-cycle regulator Pinl
(Wheaton, Muir, Ma, & Benchimol, 2010). Interestingly it has been shown that a key
element of drug-induced cellular senescence in human tumor cell lines is the
upregulation of BTG1 and BTG2 (Chang et al., 2002). Remarkably, BTG2 is important
in neurogenesis during adulthood, as its expression level is upregulated during
neurogenesis and the inhibition of its expression results in programmed cell death of
differentiated neurons in vitro (el-Ghissassi et al., 2002). In vivo data demonstrated
that mice with impaired expression of Btg2 display accretion of undifferentiated
neurons and impaired contextual memory (Farioli-Vecchioli et al., 2009). BTG2 has
been shown to control neurite outgrowth through regulation of arginine methylation in
the nucleus (Miyata et al., 2008). Additionally, BTG2 is an effector of the transcription
factor CREB and is essential in neuroprotection (Tan et al., 2012). Most importantly
reduced expression of BTG2 in solid tumors correlates with poor outcome. In breast
carcinoma BTG2 downregulation increases cyclin D expression and enhanced AKT
phosphorylation. Therefore, low level of BTG2 in breast tumor links to disease
progression and decreased survival (Kawakubo et al., 2004, Kawakubo et al., 2006,
Takahashi et al., 2011). In liver cancer reduced amount of BTG2 results to increased
amount of cyclin D1/ cyclin E which cause increased tumor grade (Zhang et al., 2011)
In prostate cancer. BTG2 is downregulated by miR-32 and miR-21, and its
downregulation leads to disease onset and progression, therapy resistance and
eventually metastasis (Coppola et al., 2013, Jalava et al., 2012). In vivo studies of
knockout and overexpression of Btg2 in mice models established the function of this

gene as a tumor suppressor in medulloblastoma.

GPR50 also known as melatonin-related receptor is coded by an X-linked gene and
an orphan receptor with high sequence homology with melatonin receptors (Dufourny
et al., 2008). It has been suggested that GPR50 interacts with human melatonin
receptor MT1 via its transmembrane domain, leading to inhibition of MT1 receptor
signalling (Levoye et al., 2006). The large carboxyl terminal tail (C-tail) of the receptor
serves as a scaffold for interacting partners (Grunewald et al., 2009). A common
sequence variant that lacks four amino acids (GPR50A4) correlates with mental
disorders (Thomson et al., 2005) and impaired lipid metabolism (Bhattacharyya et al.,
2006). Type 1 TGFp receptor (TBR1) forms a molecular complex with GPR50 which

activates Smad2/3 and non-canonical pathways. Reduced GPR50 levels are related
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to poor survival prognosis in human breast cancer, while in vivo GPR50 protects
against tumour development in animal models (Wojciech et al., 2018). It has also been
suggested that GPR50 is a genetic rick factor for major depressive disorder and
bipolar affective disorder, which are linked to abnormality of cortical development in
females (Macintyre et al., 2010, Gogtay et al., 2007, Thomson et al., 2005).
Additionally, GPR50 promoter methylation level was found to be significantly
downregulated in Alzheimer’s disease male patients in comparison to healthy male
volunteers (Chen et al., 2019b).

GPR50 was found to be expressed in NPCs in the ventricular zone of E14 mouse
brain, which is enriched with NPCs. The same study demonstrated that knockdown of
GPRS50 with siRNA impaired self-renewal and neuronal differentiation of NPCs, while
overexpression of GPR50 upregulated neuronal differentiation of NPCs (Ma et al.,
2015). Interestingly yeast-two hybrid studies found that neurite outgrowth inhibitor
NOGO-A interacts with GPR50, and both of them are located in the synapse in the
adult mouse brain. Additionally, overexpression of GPR50 increased neurite length

and filopodia-like structures in differentiated Neuroscreen-1 cells.

NPAS4 is an activity-dependent transcription factor and its expression is regulated by
activity-dependent Ca2+ signalling (Choy et al., 2015) and PI3K-Akt signalling (Ooe et
al., 2009). In terms of posttranslational level regulation, it was described that MAPK
directly phosphorylates NPAS4. This transcription factor regulates inhibitory synapse
number and function in cortical and hippocampal neurons of mice and rats through
regulation of activity-dependent genes, which mediate the formation of GABA-
releasing synapses on excitatory neurons. Interestingly BDNF mediates at least a part
of the effect of NPAS4 on inhibitory synapse number, as siRNA against BDNF reduced
the potential of NPAS4 to increase GABAergic synapses. Furthermore, BDNF
expression was shown to be downregulated by approximately two-fold in cultures
expressing Npas4-RNAi, while cultures from Npas4’ mice also displayed a decrease
in depolarization-induced BDNF expression (Lin et al., 2008). Another study from the
same group described three binding sites of NPAS4 within the the Bdnf gene, and
demonstrated that in Npas4”’- mice the transcription of several Bdnf isoforms is
reduced. NPAS4 expression in mouse hippocampus is upregulated upon sensory
stimuli and NPAS4 is responsible for the redistribution of inhibitory synapses in CA1

pyramidal neurons, which is partly mediated by BDNF which specifically regulates
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somatic but not dendritic inhibition (Bloodgood et al., 2013). Notably Npas4 and Bdnf
expression was reduced upon overexpression of Histone deacetyase-3 (HDAC3)

which promotes degeneration (Louis Sam Titus et al., 2019).

Npas4 has also a role in memory, as it regulates the number of functional synaptic
contacts between CA3 contacts between CA3 pyramidal neurons and mossy fibers,
that are necessary for learning-induced modification of MF-CA3 synapses during
contextual memory formation. Npas4 deletion blocks learning-induced strengthening
of MF inputs (Weng et al., 2018). It is also remarkable that reduced Npas4 expression
within paravalbumin interneurons lead to deficits in short-term memory, and suggest
that Npas4 could be a major contributor to PV+ neurons dysfunction in
neurodevelopmental disorders such as schizophrenia (Shepard et al., 2019). In line
with this observation, Npas4’ mice display behavioural deficits such as hyperactivity
and long-term memory and cognitive deficits that were suggested to replicate
schizophrenia-related symptomatology. The same study described upregulation of
Npas4 expression in the hippocampus of wt mice after a social encounter, together
with Npas4 dependent upregulation of c-Fos in the CAl1 and CA3 regions of

hippocampus after cognitive tasks (Coutellier et al., 2012).

NR4A2 belongs to the nuclear receptor subfamily 4A (NR4A) and it has described as
necessary for the normal development and maintenance of midbrain dopaminergic
(mDA) neurons (Kadkhodaei et al., 2009). Two mutations in this gene (-291Tdel and -
245T-->G) led to decrease in NR4A2 mRNA levels in transfected cell lines and
lymphocytes of carriers, and impaired transcription of TH. Therefore, these two
mutations have been correlated with dopaminergic dysfunction and Parkinson disease
(Le et al., 2003). Additionally, loss-of-function mutations of NR4A2 have been linked
with early-onset dopa-responsive dystonia parkinsionism (Wirth et al., 2020). It has
also been involved in various brain functions such as neuroprotection and cognitive
functions. Interestingly, NR4A2 expression in glutamatergic neurons was markedly
reduced in 5XFAD mice, an animal model of AD, in an age-dependent manner. The
same study described reduced expression of NR4A2 expression in post-mortem
human AD brains (Moon et al., 2019).

NR4A1 also belongs to the nuclear receptor subfamily 4A (NR4A) and it is crucial for

the development of striatal striosomal compartment, and impairment of this gene
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expression decrease the expression of striosome markers in vivo and in vitro (Cirnaru
et al., 2019). It is an orphan receptor which is induced by various stimuli like growth
factors, cytokines and miRNA and it is implicated in glucose homeostasis, lipid
metabolism and energy balance (Zhang et al., 2018). Nr4al has also shown to
regulate the density and distribution of CA1 pyramidal neurons and knockdown of
Nrd4al in hippocampal slice cultures lessend synaptic potentiation stimulated by

chronic hyperactivity (Chen et al., 2014b).

IER2 is an immediate early response gene that has been linked to the regulation of
tumor progression and metastasis, and its ectopic expression in metastatic pancreatic
tumor cells induces their metastatis in vivo and increases their motility in culture (Chen
etal., 2014b). In a mouse model of ALS (Hur deficient) ler2 mRNA levels were reduced
in brain tissues (Sun et al., 2018a) and in line with this result IER2 mMRNA levels were

also reduced in the brain and spinal cord of ALS patients (Dangond et al., 2004).

JunB is a member of the Jun family and it is a component of AP-1 transciption factor.
JunB was shown to increase upon BDNF treatment of primary cortical neurons for 2
hours (Tuvikene et al., 2016). Neuronal activation of rat hippocampal neurons
increased JunB expression (Rylski et al., 2009). Transgenic mice ovexpressing JunB
displayed enhanced survival of neurons of the substancia nigra pars comacta (SNC)
through inhibition of axotomy induced c-Jun (Winter et al., 2002). Interestingly,
knockout of Pten and JunB in adult prostate epithelial cells led to invasive tumor
formation, while high-grade and metastatic tumors from patients with prostate cancer
were lacking JUNB (Birner et al., 2015).

CYRG61 is a secreted extracellular matrix (ECM) associated signalling protein of the
CCN family. It regulates various cellular activities such as cell adhesion, migration,
proliferation, differentiation, apoptosis, senescence via interaction with cell surface
integrin receptors and heparan sulfate proteoglycans (Lau, 2011, Jun and Lau, 2011).
linterestingly, Cyr61 was described as a regulator of dendritic growth, sufficient to
induce dendritic growth in both developing and mature neurons (Malik et al., 2013).
Moreover, Cyr61 was found to be secreted by GDNF stimulated Muller glial cells and
to enhance survival of photoreceptor (PR) cells (Kucharska et al., 2014) .

Activating transcription factor 3 (ATF3) is a member of the ATF/CREB family of

transcription factors. Upon stress stimuli it forms dimers to activate or repress gene
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expression. It is also implicated in immune response, atherogenesis, cell cycle and
glucose homeostasis. It is a repressor of inflammation and it has been suggested that
it may be an oncogene or tumor suppressor depending in different tissues (Jadhav
and Zhang, 2017). Upon normal conditions ATF3 mRNA and protein levels are low in
neurons and glia cells but their levels are swiftly upregulated after injury. ATF3
expression correlates with survival and regeneration after axotomy, and in peripheral
nerves it associates with the generation of Schwann cell phenotype which is a marker

of axonal regeneration (Hunt et al., 2012).
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Symbol GeneName BDNF-FC AB85-FC NT4-FC adj.P.val
EGR2 early growth response 2 72,1185469 | 70,3245081 | 73,5341166 2,36E-45
EGR4 early growth response 4 44,7126339 | 52,3646874 | 78,3719692 4,63E-80
EGR1 early growth response 1 31,1077328 | 31,1757203 | 35,2426075 2,94E-07
ARC activity regulated cytoskeleton associated protein 14,0176504 | 15,4976945 | 20,2149105 3,6E-17
FOSB FosB proto-oncogene, AP-1 transcription factor subunit 13,4909032 | 12,8654052 | 14,7294194 1,28E-140
FOS Fos proto-oncogene, AP-1 transcription factor subunit 11,7325264 | 11,5877185 | 13,2934918 2,35E-07
EGR3 early growth response 3 12,9465541 | 14,1280421 | 15,6785581 1,15E-88
BTG2 BTG anti-proliferation factor 2 10,8167655 | 10,9859712 | 12,3211849 3,05E-157
GPR50 G protein-coupled receptor 50 11,0145881 | 10,2430034 | 8,58831833 0,0000162
NPAS4 neuronal PAS domain protein 4 10,3980684 | 8,45380157 | 10,0750095 7,72E-39
AF003625.3 lincRNA 9,5823978 | 9,61762547 | 10,8475078 5,74E-08
RP11-459E5.1 lincRNA 5,9674406 | 7,43555702 | 9,75842205 7,39E-23
CTC-250114.6 lincRNA 4,65156863 | 5,51683972 | 8,07249386 1,19E-07
NR4A2 nuclear receptor subfamily 4 group A member 2 6,73698408 | 6,31443717 | 7,33908533 5,31E-76
NR4A1 nuclear receptor subfamily 4 group A member 1 6,23031243 | 6,08398117 | 7,30333483 1,62E-83
IER2 immediate early response 2 5,26634539 | 5,57864969 | 7,81151174 6,58E-10
JUNB JunB proto-oncogene, AP-1 transcription factor subunit 4,66467037 | 5,47654226 | 7,65581548 2,37E-14
RP11-1100L3.8 | lincRNA 5,47291621 | 5,29564862 | 7,30392299 3,92E-32
CYR61 cysteine rich angiogenic inducer 61 5,45012204 | 5,30055202 | 6,64112545 6,78E-20
ATF3 activating transcription factor 3 5,31838406 | 5,16300149 | 5,63269228 8,07E-85
RP11-667K14.3 | lincRNA 4,90681276 | 4,50341591 | 3,93838569 3,75E-17
ASCL1 achaete-scute family bHLH transcription factor 1 3,41383356 | 3,30599596 | 3,93272385 8,62E-23
FOSL1 FOS like 1, AP-1 transcription factor subunit 3,46300853 | 3,34213968 | 3,63772464 | 0,0000102
NR4A3 nuclear receptor subfamily 4 group A member 3 3,05695477 | 3,24160421 | 3,37622936 1,59E-58
AC003104.1 lincRNA 3,26027882 | 3,24130771 | 3,18089282 6,76E-07
JUN Jun proto-oncogene, AP-1 transcription factor subunit 2,93401289 | 3,21673771 | 3,71855984 2,2E-47
DUSP5 dual specificity phosphatase 5 2,94892618 | 3,02639549 | 3,44891312 | 0,00883764
EPOP elonginBC polycomb repressive complex2 assoc. protein 2,78879785 2,6604148 | 3,31391206 1,34E-24
SNORA48 small nucleolar RNA, H/ACA box 48 3,14651064 | 2,5719308 | 2,29977217 | 0,00255887
LAG3 lymphocyte activating 3 3,00468123 | 2,65141245 | 2,60647003 1,94E-09
MAFF MAF bZIP transcription factor F 2,42154292 | 2,59646826 | 2,90389964 | 0,00124467
RP11-

867G23.10 lincRNA 2,18615429 | 2,03590434 | 2,35303673 | 0,00000119
MCL1 MCL1, BCL2 family apoptosis regulator 2,50269193 | 2,62105717 | 2,77694135 0,0018128
TIPARP TCDD inducible poly (ADP-ribose) polymerase 2,27136019 | 2,28904268 | 2,26230846 | 0,00866926
DUSP1 dual specificity phosphatase 1 2,09298187 | 2,23707687 | 2,47983891 3,69E-49
FOSL2 FOS like 2, AP-1 transcription factor subunit 2,19914207 | 2,24583129 | 2,24497284 1,92E-09

Table 5.4 list with the genes upregulated by all three TrkB ligands in the timepoint 30 minutes with
adjusted p value <0.01 and fold change > 1.5
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5.4.12.2 TIMEPOINT 2 HOURS

At the time-point 2 hours 1199 genes are upregulated more than 2-fold in a statistically
significant manner (p adjusted value p <0.01) (Table 5.5). Many GO categories
relevant to BDNF-TrkB signalling are detected, such as MAPK cascade, signal
transduction by protein phosphorylation, regulation of MAPK cascade. Additionally,
several genes belonging to the regulation of protein phosphorylation, cell-cell
signalling, regulation of intracellular signal transduction, regulation of cell signalling
are upregulated. Additionally,1844 downregulated genes are detected at the same
time-point, no significant enrichment for GO was detected.

5.4.12.3 TIMEPOINT 12 HOURS

At the time-point 12 hours 1103 genes are upregulated more than 2-fold in comparison
to the control cultures and in a statistically significant manner (p adjusted value p
<0.01) (Table 5.6). Many GO categories are relevant to synapses such as synaptic
signaling, trans-synaptic signaling, chemical synaptic transmission, regulation of
trans-synaptic signaling, implying that at this time-point the machinery for synaptic
transmission is activated. The categories “regulation of cell communication” and
‘regulation of signaling” are also present with 268 and 270 genes respectively. The
category positive regulation of phosphorus metabolic process with 102 genes is also
detected. This category is linked with DNA synthesis, ATP synthesis, membrane

synthesis, and protein phosphorylation.

Furthermore 1844 genes are downregulated more than 2-fold in comparison to the
control cultures and in a statistically significant manner (p adjusted value p <0.01)
(Table 5.7). Many GO categories detected are relevant to neurons such as neuron
projection guidance, axon guidance, axonogenesis, neuron differentiation, regulation
of nervous system development, neuron projection development, generation of

neurons.

5.4.12.4 TIMEPOINT 24 HOURS

At the time-point 24 hours 671 genes are upregulated more than 2-fold in comparison
to the control cultures and in a statistically significant manner (p adjusted value p

<0.01) (Table 5.8). GO categories relevant to synapses are detected, such as synaptic
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signaling, trans-synaptic signaling, anterograde trans-synaptic signaling, regulation of
trans-synaptic signaling and modulation of chemical synaptic transmission.
Additionally, more than one fourth of these genes belong to the categories “regulation
of cell communication” and “regulation of cell-cell signaling”. Although 614 genes are

downregulated at this time-point, no significant enrichment was detected.
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Enrichment FDR Genesinlist | Total genes | Functional Category
7,37E+01 272 3382 | Regulation of multicellular organismal process
8,43E+04 75 603 | Regulation of system process
1,88E+05 287 3903 | Regulation of cell communication
1,88E+05 290 3952 | Regulation of signaling
3,57E+05 108 1077 | Circulatory system development
6,87E+04 216 2763 | Regulation of developmental process
4,93E+06 84 793 | Regulation of MAPK cascade
6,11E+06 149 1756 | Regulation of cell proliferation
7,79E+05 212 2785 | Anatomical structure morphogenesis
7,79E+05 132 1503 | Regulation of protein phosphorylation
1,06E+07 141 1653 | Regulation of phosphorylation
1,30E+07 157 1911 | Positive regulation of multicellular organismal process
1,36E+07 171 2138 | Regulation of multicellular organismal development
1,50E+07 254 3529 | Regulation of signal transduction
2,06E+07 147 1774 | Cell-cell signaling
2,06E+07 153 1870 | Regulation of phosphate metabolic process
2,06E+07 76 723 | Regulation of ion transport
2,06E+07 125 1433 | Positive regulation of developmental process
2,06E+07 153 1872 | Regulation of phosphorus metabolic process
2,06E+07 115 1286 | Negative regulation of multicellular organismal process
2,06E+07 76 724 | Cardiovascular system development
2,07E+07 125 1440 | Negative regulation of cell communication
2,07E+07 96 1007 | MAPK cascade
2,19E+07 162 2027 | Regulation of intracellular signal transduction
2,19E+07 73 687 | Blood vessel development
2,19E+07 75 715 | Vasculature development
2,19E+07 125 1444 | Negative regulation of signaling
2,91E+07 96 1018 | Signal transduction by protein phosphorylation
3,43E+07 96 1022 | Positive regulation of cell proliferation
3,58E+07 66 603 | Blood vessel morphogenesis

Table 5.5 GO biological process for the 1199 upregulated genes that are upregulated upon treatment
with all three TrkB ligands (BDNF, AB85 and NT4) at time-point 2 hours.
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Enrichment FDR Genesinlist | Total genes | Functional Category
7,40E+03 86 762 | Synaptic signaling
7,40E+03 86 756 | Trans-synaptic signaling
7,40E+03 83 723 | Regulation of ion transport
7,61E+02 84 746 | Anterograde trans-synaptic signaling
7,61E+02 153 1774 | Cell-cell signaling
7,61E+02 84 746 | Chemical synaptic transmission
1,76E+05 61 485 | Regulation of ion transmembrane transport
2,11E+05 67 566 | Regulation of transmembrane transport
7,63E+05 268 3903 | Regulation of cell communication
9,69E+04 270 3952 | Regulation of signaling
3,34E+06 46 336 | Regulation of cation transmembrane transport
5,29E+05 56 467 | Modulation of chemical synaptic transmission
5,30E+05 56 468 | Regulation of trans-synaptic signaling
5,40E+06 40 273 | Regulation of transporter activity
5,40E+06 208 2905 | Regulation of localization
5,71E+06 139 1725 | Response to oxygen-containing compound
8,62E+05 91 975 | Response to organic cyclic compound
1,47E+07 30 173 | Regulation of cation channel activity
2,17E+07 37 253 | Regulation of ion transmembrane transporter activity
3,15E+07 77 793 | Regulation of MAPK cascade
4,29E+07 102 1183 | Positive regulation of phosphorus metabolic process
4,29E+07 102 1183 | Positive regulation of phosphate metabolic process
4,31E+07 37 261 | Regulation of transmembrane transporter activity
5,91E+07 95 1082 | Response to drug
7,58E+07 93 1057 | Positive regulation of protein phosphorylation
8,93E+07 94 1077 | Circulatory system development
9,10E+06 18 73 | Regulation of neurotransmitter receptor activity
1,26E+08 194 2785 | Anatomical structure morphogenesis
1,95E+08 89 1018 | Positive regulation of cell differentiation
2,57E+08 61 603 | Regulation of system process

Table 5.6 GO biological process for the 1103 upregulated genes that are upregulated upon treatment
with all three TrkB ligands (BDNF, AB85 and NT4) at time-point 12 hours.
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Enrichment FDR Genesinlist | Total genes | Functional Category

0.000687616472926894 47 275 | Neuron projection guidance
0.000687616472926894 47 274 | Axon guidance

0.00252719920373112 67 474 | Axonogenesis

0.00270348373423844 71 517 | Axon development

0.0108767578733426 13 42 | Negative chemotaxis

0.0172468732716724 89 746 | Anterograde trans-synaptic signaling
0.0172468732716724 90 756 | Trans-synaptic signaling

0.0172468732716724 83 680 | Plasma membrane bounded cell projection morphogenesis
0.0172468732716724 89 746 | Chemical synaptic transmission
0.0172468732716724 82 666 | Neuron projection morphogenesis
0.0172468732716724 83 682 | Cell projection morphogenesis
0.0199508072560614 90 762 | Synaptic signaling

0.0199508072560614 74 598 | Cell morphogenesis involved in neuron differentiation
0.0244415678383175 118 1067 | Cell morphogenesis

0.0275302823427436 149 1412 | Neuron differentiation

0.027658089923378 83 701 | Cell part morphogenesis

0.0352563052365394 241 2474 | Nervous system development
0.0352563052365394 106 953 | Regulation of nervous system development
0.0426949720179953 87 756 | Cell morphogenesis involved in differentiation
0.046933986403829 21 115 | Regulation of calcium ion-dependent exocytosis
0.046933986403829 110 1008 | Neuron projection development
0.046933986403829 161 1575 | Generation of neurons

Table 5.7 GO biological process for the 1844 downpregulated genes that are downregulated upon
treatment with all three TrkB ligands (BDNF, AB85 and NT4) at time-point 12 hours.
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Enrichment FDR Genesinlist | Total genes | Functional Category
2,36E+04 62 762 | Synaptic signaling
2,36E+04 62 756 | Trans-synaptic signaling
3,96E+04 60 746 | Anterograde trans-synaptic signaling
3,96E+04 60 746 | Chemical synaptic transmission
3,96E+04 184 3903 | Regulation of cell communication
4,93E+04 185 3952 | Regulation of signaling
1,55E+04 103 1774 | Cell-cell signaling
3,26E+05 100 1725 | Response to oxygen-containing compound
1,69E+06 55 723 | Regulation of ion transport
1,69E+06 71 1077 | Circulatory system development
4,79E+06 163 3547 | Response to organic substance
5,74E+06 41 468 | Regulation of trans-synaptic signaling
5,74E+06 67 1019 | Response to organonitrogen compound
5,74E+06 46 566 | Regulation of transmembrane transport
5,74E+06 41 467 | Modulation of chemical synaptic transmission
7,31E+06 156 3382 | Regulation of multicellular organismal process
1,16E+07 64 975 | Response to organic cyclic compound
1,19E+07 29 263 | G protein-coupled receptor signaling pathway, coupled to cyclic nucleotide second messenger
1,27E+07 138 2905 | Regulation of localization
1,27E+07 41 485 | Regulation of ion transmembrane transport
1,62E+07 68 1082 | Response to drug
1,72E+07 93 1704 | Response to endogenous stimulus
1,83E+07 159 3529 | Regulation of signal transduction
2,13E+07 29 273 | Regulation of transporter activity
2,53E+07 46 603 | Regulation of system process
2,79E+07 69 1126 | Response to nitrogen compound
3,89E+07 17 99 | Response to cAMP
5,23E+07 131 2785 | Anatomical structure morphogenesis
5,71E+07 49 687 | Blood vessel development
5,71E+07 27 253 | Regulation of ion transmembrane transporter activity

Table 5.8 GO biological process for the 671 upregulated genes that are upregulated upon treatment
with all three TrkB ligands (BDNF, AB85 and NT4) at time-point 24 hours.
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5.4.13 Venn diagram analysis of the genes upregulated between BDNF, AB85,
NT4 and control cultures

In the data presented below the differences in the transcriptome of the untreated
neurons versus neurons treated with either BDNF, AB85 or NT4 are examined using
pairwise comparisons. In order to examine the number of genes that are differentially
expressed by a particular TrkB agonist, venn diagram illustrations have been used.
Venn diagram comparisons also illustrate the overlap of expressed genes among
cultures treated with BDNF, AB85 and NT4. Initially untreated cultures (controls) were
compared to cultures treated with one of three TrkB agonists and the comparisons
were made using 3 levels of statistical significance (p- adjusted values, 0.05, 0.01 and
0.001) and 4 levels of change (fold change, 1.5, 2, 4 and 10). Upregulated and
downregulated genes compared to corresponding control were examined separately.
Overall few dozens of genes change their expression at the first 30 minutes, whereas
the maximum number of differentially expressed genes is observed at 2 hours.

Subsequently fewer genes are altered at 12 and 24 hours.

5.4.13.1 UPREGULATED GENES AT TIME-POINT 30 MINUTES
At the first time point examined, 30 minutes after treatment 85 genes are upregulated

by BDNF, AB85 and NT4 more than 1.5-fold with a p-adjusted value of 0.05.
Additionally, 27 genes are differentially expressed by BDNF, 13 genes by AB85 and
22 by NT4. Upon shifting the p-adjusted value to 0.01 the number of genes shared
between the three TrkB ligands is decreased to 77, and the number of genes
upregulated by each of the three TrkB ligands is also decreased to 12 genes by BDNF,
7 genes by AB85 and 17 genes by NT4. The number of shared upregulated genes in
cultures treated with the three TrkB ligands versus untreated samples is further
decreased by shifting further the p-adjusted value to 0.001 to 64. The number of genes
upregulated by each of the three TrkB ligands is also decreased to 6 genes by BDNF,
2 genes by AB85 and 14 genes by NT4. When the level of change is set to 2-fold and
the p-adjusted value to 0.05, 49 genes are found to be upregulated by the three TrkB
ligands, and this number is slightly decreased to 46 upon sifting the p-adjusted value
to 0.01 and further decreased to 38 upon shifting the p-adjusted value to 0.001. The
number of differentially upregulated genes by BDNF and AB85 by more than 2-fold is
reduced when the p-adjusted value is shifted to 0.01 and 0.001, but the number of
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genes differentially upregulated by NT4 is only reduced by 1. Additionally, 24 genes
are upregulated by the three TrkB ligands more than 4-fold when the p adjusted value
was set to 0.05 or 0.01 and 23 when it was set to 0.001. However very few genes are
differentially increased by any of the three TrkB ligands more than 4-fold. More
specifically 2 genes were upregulated by BDNF, 1 gene was upregulated by NT4 and
no gene was upregulated by AB85 with p adjusted value 0.001. Interestingly 11 genes
are upregulated more than 10-fold by BDNF, AB85 and NT4 and this observation is
significant in the three p-adjusted values tested. Also, no gene is differentially

increased more than 10-fold by any single TrkB agonist.

5.4.13.2 UPREGULATED GENES AT TIME-POINT 2 HOURS
Interestingly after 2 hours 1387 genes are upregulated more than 1.5-fold by all TrkB

ligands with a p-adjusted value 0.05, while 1255 genes are upregulated by more than
1.5-fold when the p-adjusted value is shifted to 0.01 (90% of the genes upregulated
with p-adj at 0.05). By shifting the p-adjusted value to 0.001 1096 genes are found to
be upregulated by more than 1.5-fold with all ligands (79% of the genes upregulated
with p-adj at 0.001). Notably there are many more genes (523) upregulated more than
1.5-fold selectively by AB85 with a p-adjusted value of 0.05 in comparison to the genes
upregulated by BDNF (158) and NT4 (195), but this number is reduced by 50% when
the p-adjusted value is shifted to 0.001. Only 20% of the genes (113 genes) are
upregulated more than 1.5-fold with AB85 are detected when the level of change is
shifted to 2, therefore the other 80% of the genes is upregulated between 1.5 and 2-
fold. On the other hand, about 50% of the genes upregulated by BDNF or NT4 more
than 1.5-fold are also upregulated more than 2-fold, 57 and 79 genes respectively.
The number of shared genes expressed more than 2-fold with p-adjusted value 0.05
is 780, and this number does not change much when the threshold of p-adjusted value
is shifted to 0.01 and 0.001, 759 and 705 genes respectively. The number of genes
selectively upregulated more than 2-fold by BDNF or NT4 is also quite consistent
between the three levels of p-adjusted value, whereas the number of genes selectively
expressed by AB85 at p-adjusted 0.001 is 63 compared to 113 at p-adjusted 0.05. By
shifting the level of increase at 4-fold and p-adjusted at 0.05, 291 genes or 37% of the
genes increased at 2-fold and p-adjusted 0.05, are increased upon treatment with the
three ligands. This number remains essentially unchanged upon shifting the p-

adjusted value at 0.01 and 0. 001. Only 12, 6 and 13 genes are respectively selectively
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upregulated by BDNF, AB85 and NT4 with p-adjusted value at 0.05. These numbers
do not change significantly upon application of p-adjusted value to 0.1 or 0.001,
highlighting the significance of this observation. Additionally, the level of increase was
set to fold change 10 and the number of genes (104) upregulated by three TrkB ligands
was the same in three different p adjusted values. Interestingly only 2 genes were
selectively upregulated more than 10-fold by any of the three TrkB ligands across the

three significance levels.

5.4.13.3 UPREGULATED GENES AT TIME-POINT 12 HOURS
At time point 12 hours the number of genes upregulated by BDNF, AB85 and NT4

more than 1.5-fold with a p-adjusted value 0.05 is 738. This number equals to 53% of
the genes upregulated at 2 hours with the same p-adjusted value, and upon shifting
the p adjusted value to 0.01 and 0.001 this number is reduced to 648 and 515 genes
respectively. Interestingly the number of genes selectively upregulated more than 1.5-
fold by NT4 with p-adjusted value 0.01 is much larger than the genes selectively
upregulated by BDNF (799 versus 315), and very few genes are selectively
upregulated by AB85 (36). By shifting the level of increase to 2-fold and keeping the
p-adjusted value at 0.01 the number of shared genes by the three ligands is 366 or
56% of those shared at the level of increase at 1.5-fold. Therefore 282 genes shared
between BDNF, AB85 and NT4 are upregulated between 1.5 and 2-fold in comparison
to the control. Also 91 genes are selectively upregulated more than 2-fold by BDNF,
18 by AB85 and 392 by NT4. Subsequently 224 genes are selectively upregulated
between 1.5 and 2-fold by BDNF, 18 genes by AB85 and 407 by NT4. When the level
of increase is shifted to 4 and the p-adjusted value is maintained to 0.01, 138 genes
are found to be increased by the three ligands. Hence 228 genes shared between
BDNF, AB85 and NT4 are increased between 2 and 4-fold. Moreover 36 genes are
selectively upregulated more than 4-fold by BDNF, 2 by AB85 and 147 genes by NT4.
Thus 55 genes are selectively upregulated between 2 and 4-fold by BDNF, 16 genes
by AB85 and 245 genes by NT4. Furthermore 43 genes were increased more than 10-
fold by the three TrkB ligands and 19 genes were selectively upregulated by BDNF, 1
gene by AB85 and 50 genes by NT4. Thus 17 genes are selectively upregulated
between 4 and 10-fold by BDNF, 1 gene by AB85 and 97 genes by NT4. It has to be

noticed that not only NT4 selectively upregulates many more genes than AB85 and
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NT4, but 18% of these genes are upregulated more than 4-fold and 6% of these genes
more than 10-fold.

5.4.13.4 UPREGULATED GENES AT TIME-POINT 24 HOURS

At time point 24 hours the number of genes upregulated by BDNF, AB85 and NT4
more than 1.5-fold with a p-adjusted value 0.05 is 610. This number equals to 44% of
the genes upregulated at 2 hours and 82% of the genes upregulated at 12 hours, and
upon shifting the p adjusted value to 0.01 and 0.001 this number is reduced to 483
and 374 genes respectively. Interestingly the number of genes selectively upregulated
more than 1.5-fold by BDNF with p-adjusted value at 0.01 is similar to the number
selectively upregulated by NT4 (162 versus 172), whereas very few genes are
selectively upregulated by AB85 (23). By shifting the level of increase to 2-fold and
keeping the p-adjusted value at 0.01 the number of shared genes by the three ligands
is 279 or 58% of those shared at the level of increase of 1.5-fold. Therefore 204 genes
shared between BDNF, AB85 and NT4 are upregulated between 1.5 and 2-fold in
comparison to the control. Also 70 genes are selectively upregulated more than 2-fold
by BDNF, 11 by AB85 and 45 by NT4. Subsequently 92 genes are selectively
upregulated between 1.5 and 2-fold by BDNF, 12 genes by AB85 and 127 genes by
NT4. When the level of increase is shifted to 4 and the p-adjusted value is maintained
to 0.01, 108 genes are found to be increased by the three ligands. Hence 171 genes
shared between BDNF, AB85 and NT4 are increased between 2 and 4-fold. Moreover
14 genes are selectively upregulated more than 4-fold by BDNF, O by AB85 and 8
genes by NT4. Thus 56 genes are selectively upregulated between 2 and 4-fold by
BDNF, 11 genes by AB85 and 37 genes by NT4. Furthermore 28 genes were
increased more than 10-fold by the three TrkB ligands and 80 genes were upregulated
by the three TrkB ligands between 4 and 10-fold in comparison to the control.
Additionally, 8 genes are selectively upregulated more than 10-fold by BDNF, O by
AB85 and 1 by NT4. Thus 6 genes are selectively upregulated between 4 and 10-fold
by BDNF, 0 genes by AB85 and 7 genes by NT4. It has to be noticed that although
BDNF and NT4 selectively upregulate several genes less than 9% and 5% of these

genes respectively are upregulated more than 4-fold.
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5.4.13.5 DOWNREGULATED GENES AT TIME-POINT 30 MINUTES
At the first time point examined, 30 minutes after treatment there are no genes that

are downregulated by all three TrkB ligands more than 1.5-fold with a p-adjusted value
of 0.05. However, 31 genes were differentially decreased by BDNF, 1 gene by AB85
and 2 genes by NT4. By shifting the p-adjusted value to 0.01 only 6 genes were
differentially decreased by BDNF, O genes by AB85 and 1 gene by NT4. Similarly,
when the p-adjusted value was shifted to 0.001 only 1 gene was differentially
decreased by BDNF, 0 genes by AB85 and only 1 gene by NT4. Interestingly 13 genes
were differentially downregulated more than 2-fold by BDNF, 0 genes by AB85 and 1
gene by NT4 and p-adjusted value at 0.05. However, no gene is decreased more than
2-fold compared to the control, when the p-adjusted is shifted at 0.01. Additionally,
only 1 gene is selectively downregulated more than 4-fold by BDNF with p adjusted
value of 0.05 and 1 genes with NT4, while no gene is selectively downregulated by
ABS85. Upon shifting the p-adjusted value to 0.01 there was no gene detected that was

downregulated more than 4-fold.

5.4.13.6 DOWNREGULATED GENES AT TIME-POINT 2 HOURS
Interestingly after 2 hours 1221 genes are downregulated more than 1.5-fold by all

TrkB ligands with a p-adjusted value 0.05, while 1048 genes are downregulated by
more than 1.5-fold when the p-adjusted value is shifted to 0.01 or 85% of the genes
downregulated at p-adjusted 0.05. By shifting the p-adjusted value to 0.001, 831 genes
are found to be downregulated by more than 1.5-fold with all ligands or 68% of the
genes downregulated at p-adjusted 0.05. Notably there are many more genes (707)
downregulated more than 1.5-fold selectively by AB85 with a p-adjusted value of 0.05
in comparison to the genes downregulated by BDNF (200) and NT4 (255). Upon
shifting the p-adjusted value at 0.01 less genes were selectively downregulated more
than 1.5-fold by BDNF (157), AB85 (488) and NT4 (198). When the p-adjusted value
was set to 0.001 even less genes were selectively downregulated by BDNF (108),
AB85 (324) and NT4 (163).

When the level of decrease was set to 2-fold it was noticed that there were small
differences in the number of genes downregulated by all three TrkB ligands between
the three p-adjusted values. It was observed that 432 genes were downregulated by
BDNF, AB85 and NT4 at p adjusted value 0.01 or 41% of the genes downregulated

more than 1.5-fold. Thus 616 genes were downregulated between 1.5 and 2-fold.
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Additionally, 92 genes were selectively downregulated more than 2-fold with p-
adjusted value 0.01 by BDNF, 240 by AB85 and 90 by NT4. Therefore 65 genes were
selectively downregulated by BDNF between 1.5 and 2-fold, 248 genes were
selectively downregulated by AB85 between 1.5 and 2-fold and 108 genes were
selectively downregulated by NT4. Upon shifting the level of decrease to 4-fold and
the p adjusted value to 0.01 the number of genes downregulated by the three ligands
was significantly lower than the number of genes downregulated more than 2-fold.
More specifically only 63 genes were downregulated more than 4-fold by the three
TrkB ligands, consequently 369 genes were downregulated between 2 and 4-fold by
BDNF, AB85 and NT4. Additionally, 8 genes were selectively downregulated by
BDNF, 34 genes were selectively downregulated by AB85 and 6 genes were
specifically downregulated by NT4. Subsequently 84 genes were selectively
downregulated by BDNF between 2 and 4-fold, 206 genes were selectively
downregulated by AB85 between 2 and 4-fold and 84 genes were selectively
downregulated by NT4. It has to be noted that almost no genes were found to be
downregulated more than 10-fold by the three TrkB ligands. Indeed 1 gene was
downregulated more than 10-fold with p-adjusted value=0.01 by the three ligands, thus
62 genes were downregulated between 4 and 10-fold. Additionally, 1 gene was
selectively downregulated by BDNF, 2 genes by AB85 and no gene was selectively
downregulated by NT4. Therefore 7 genes were selectively upregulated by BDNF
between 4 and 10-fold, 32 genes by AB85 and 6 genes by NT4.

5.4.13.7 DOWNREGULATED GENES AT TIME-POINT 12 HOURS
Notably 12 hours after treatment 1287 genes are downregulated more than 1.5-fold

by all TrkB ligands with a p-adjusted value 0.05, while 991 genes are downregulated
by more than 1.5-fold when the p-adjusted value is shifted to 0.01 or 77% of the genes
downregulated at p-adjusted 0.05. By shifting the p-adjusted value to 0.001, 657 genes
are found to be downregulated by more than 1.5-fold with all ligands or 51% of the
genes downregulated at p-adjusted 0.05. Notably there are many more genes (1118)
downregulated more than 1.5-fold selectively by NT4 with a p-adjusted value of 0.05
in comparison to the genes downregulated by BDNF (536) and AB85 (240). Upon
shifting the p-adjusted value at 0.01 less genes were selectively expressed by BDNF
(438), AB85 (208) and NT4 (1020). When the p-adjusted value was set to 0.001 even
less genes were selectively expressed by BDNF (315), AB85 (118) and NT4 (868).
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The difference in the proportion of downregulated genes between the three TrkB
ligands is maintained in the three p-adjusted thresholds, highlighting its significance.

When the level of decrease was set to 2-fold it was noticed that there were some
differences in the number of genes downregulated by all three TrkB ligands between
the three p-adjusted values. The number of the genes downregulated was decreased
as the p-adjusted threshold was becoming stricter, and the most severe difference
relied between AB85 at p-adjusted values 0.01 and 0.001 where only 50% of the
genes downregulated with 0.01 are also downregulated with the latter. It was also
observed that 384 genes were downregulated more than 2-fold by BDNF, AB85 and
NT4 at p adjusted value 0.01 or 38% of the genes downregulated more than 1.5-fold.
Thus 607 genes were downregulated between 1.5 and 2-fold. Additionally, 243 genes
were selectively downregulated more than 2-fold with p-adjusted value 0.01 by BDNF,
142 by AB85 and 644 by NT4. Therefore 195 genes were selectively downregulated
by BDNF between 1.5 and 2-fold, 66 genes were selectively downregulated by AB85
between 1.5 and 2-fold and 376 genes were selectively downregulated by NT4. Upon
shifting the level of decrease to 4-fold and the p adjusted value to 0.01 the number of
genes downregulated by the three ligands was much less than the number of genes
downregulated more than 2-fold. More specifically only 19 genes were downregulated
more than 4-fold by the three TrkB ligands, consequently 365 genes were
downregulated between 2 and 4-fold by BDNF, AB85 and NT4. Additionally, 34 genes
were selectively downregulated by BDNF, 4 genes were selectively downregulated by
AB85 and 172 genes were specifically downregulated by NT4. Subsequently 209
genes were selectively downregulated by BDNF between 2 and 4-fold, 138 genes
were selectively downregulated by AB85 between 2 and 4-fold and 472 genes were
selectively downregulated by NT4. It has to be noted that no genes were found to be
downregulated more than 10-fold by the three TrkB ligands, thus 19 genes were
downregulated between 4 and 10-fold. Additionally, 3 genes were selectively
downregulated by BDNF, 0 genes by AB85 and 24 genes were selectively
downregulated by NT4. Therefore 31 genes were selectively downregulated by BDNF
between 4 and 10-fold, 4 genes by AB85 and 148 genes by NT4.
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5.4.13.8 DOWNREGULATED GENES AT TIME-POINT 24 HOURS

Finally, 24 hours after treatment 531 genes are downregulated more than 1.5-fold by
all TrkB ligands with a p-adjusted value 0.05, while 293 genes are downregulated by
more than 1.5-fold when the p-adjusted value is shifted to 0.01 or 55% of the genes
downregulated at p-adjusted 0.05. By shifting the p-adjusted value to 0.001, 160 genes
are found to be downregulated by more than 1.5-fold with all ligands or 54% of the
genes downregulated at p-adjusted 0.01. Interestingly there are far less genes (55)
downregulated more than 1.5-fold selectively by AB85 with a p-adjusted value of 0.05
in comparison to the genes downregulated by BDNF (403) and AB85 (242). Upon
shifting the p-adjusted value at 0.01 less genes were selectively expressed by BDNF
(321), AB85 (29) and NT4 (160). When the p-adjusted value was set to 0.001 even
less genes were selectively downregulated by BDNF (199), AB85 (10) and NT4 (97).

When the level of decrease was set to 2-fold it was noticed that there were differences
in the number of genes downregulated by all three TrkB ligands between the three p-
adjusted values. The number of the genes downregulated was decreased as the p-
adjusted threshold was becoming stricter. It was also observed that 84 genes were
downregulated by BDNF, AB85 and NT4 at p adjusted value 0.01 or 28% of the genes
downregulated more than 1.5-fold. Thus 209 genes were downregulated between 1.5
and 2-fold. Additionally, 155 genes were selectively downregulated more than 2-fold
with p-adjusted value 0.01 by BDNF, 9 by AB85 and 71 by NT4. Therefore 166 genes
were selectively downregulated by BDNF between 1.5 and 2-fold, 20 genes were
selectively downregulated by AB85 between 1.5 and 2-fold and 89 genes were
selectively downregulated by NT4. Upon shifting the level of decrease to 4-fold and
the p adjusted value to 0.01 the number of genes downregulated by the three ligands
was zero. More specifically no genes were found to be downregulated more than 4-
fold by the three TrkB ligands, consequently 84 genes were downregulated between
2 and 4-fold by BDNF, AB85 and NT4. Additionally, 13 genes were selectively
downregulated by BDNF, 0 genes were selectively downregulated by AB85 and 8
genes were specifically downregulated by NT4. Subsequently 142 genes were
selectively downregulated by BDNF between 2 and 4-fold, 9 genes were selectively

downregulated by AB85 between 2 and 4-fold and 63 genes were selectively
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downregulated by NT4. It has to be noted that no genes were found to be
downregulated more than 10-fold by any of the three TrkB ligands.
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Figure 5.30 Venn diagrams illustrating the number of genes that are upregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this illustration
are selected based on fold change > 1.5 and adjusted p value < 0.05 (A.), adjusted p value <0.01 (B.),
adjusted p value < 0.001 (C.).
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Figure 5.31 Venn diagrams illustrating the number of genes that are downregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this illustration
are selected based on fold change < -1.5 and adjusted p value < 0.05 (A.), adjusted p value <0.01 (B.),
adjusted p value < 0.001 (C.).
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Figure 5.32. Venn diagrams illustrating the number of genes that are upregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this illustration
are selected based on fold change > 2 and adjusted p value < 0.05 (A.), adjusted p value <0.01 (B.),
adjusted p value < 0.001 (C.).
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Figure 5.33 Venn diagrams illustrating the number of genes that are downregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this illustration
are selected based on fold change < -2 and adjusted p value < 0.05 (A.), adjusted p value <0.01 (B.),
adjusted p value < 0.001 (C.).
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Figure 5.34 Venn diagrams illustrating the number of genes that are upregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this illustration
are selected based on fold change > 4 and adjusted p value < 0.05 (A.), adjusted p value <0.01 (B.),
adjusted p value < 0.001 (C.).
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Figure 5.35 Venn diagrams illustrating the number of genes that are downregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this illustration
are selected based on fold change < -4 and adjusted p value < 0.05 (A.), adjusted p value <0.01 (B.),
adjusted p value < 0.001 (C.).
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Figure 5.36 Venn diagrams illustrating the number of genes that are upregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this illustration
are selected based on fold change > 10 and adjusted p value < 0.05 (A.), adjusted p value <0.01 (B.),
adjusted p value < 0.001 (C.).
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Figure 5.37 Venn diagrams illustrating the number of genes that are downregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) in comparison to the untreated (control) cultures. The genes presented in this illustration
are selected based on fold change < -10 and adjusted p value < 0.05 (A.), adjusted p value <0.01 (B.),
adjusted p value < 0.001 (C.).
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5.4.14 Venn diagram analysis of the genes upregulated between BDNF, AB85,

NT4 in pairwise comparisons

So far, the cultures treated with one of the TrkB ligands have been compared to
untreated cultures (controls). However, in this way it is not feasible to identify the
number of genes that are differentially expressed in a significant manner between the
TrkB ligands. For example, if gene A at 2 hours is upregulated by BDNF 0.9-fold
compared to the control, 0.85-fold by AB85 and 1.2-fold by NT4, it will appear that this
gene is uniquely upregulated by NT4, although the difference in the expression levels
between the TrkB ligands are not more than 1.5 or 2-fold. In order to identify the genes
that are truly differently regulated by each of the three TrkB ligands, limma voom
comparisons were used in order to directly compare the cultures treated with BDNF,
AB85 and NT4. The pair-wise comparisons of cultures treated with BDNF-ABS85,
BDNF-NT4, and AB85-NT4 were used to generate venn diagrams. Based on the
literature and publications on RNA seq the p-adjusted value for these comparisons
were set to 0.01. This value secures that there will be low number of false positives
and it is not very strict that would result with false discard of positive results.
Additionally, 3 levels of increase or decrease were applied, 1.5-fold, 2-fold and 4 -fold.
At time-points 30 minutes and 2 hours no gene was found to be differentially
upregulated between any of the pair-wise comparisons more than 1.5-fold with p-
adjusted value 0.01. Therefore, there was no gene specifically increased by any of the

three TrkB ligands at the first two time-points.

5.4.14.1 UPREGULATED GENES IN PAIRWISE COMPARISONS AT TIME-POINT 12 HOURS
On the contrary several hundred genes were found to be upregulated in the pair-wise

comparisons at time-point 12 hours. Interestingly the number of genes that are shared
between the three TrkB ligands increased upon increasing the threshold of change.
More specifically 2578 genes were shared between BDNF, AB85 and NT4 at 12 hours
when the fold change was set to 1.5, while 3250 genes were shared at fold change 2
and 3756 genes were shared at fold change 4. Interestingly when the fold change was
set to 1.5 there are far more genes increased by NT4 (604) than with BDNF (34) or
AB85 (44). Upon shifting the threshold of change at 2-fold the number of genes

specifically increased by any of the three TrkB ligands was reduced. Indeed, 9 genes
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were upregulated more than 2-fold by BDNF, 12 were upregulated more than 2 -fold
by AB85 and 327 were upregulated more than 4-fold by NT4. Subsequently 25 genes
were upregulated by BDNF between 1.5 and 2-fold, 32 genes were upregulated by
ABB85 between 1.5 and 2-fold and 277 genes were upregulated by NT4 between 1.5
and 2-fold. No genes are found to be upregulated more than 4-fold by BDNF or AB85,
and 61 genes are upregulated more than 4-fold by NT4. Thus 9 genes are increased
by BDNF between 2 and 4-fold, 12 genes are increased by AB85 between 2 and 4-
fold and 266 genes are increased by NT4 between 2 and 4-fold.

5.4.14.2 UPREGULATED GENES IN PAIRWISE COMPARISONS AT TIME-POINT 24 HOURS

At the last time-point 24 hours the number of genes differentially upregulated by the
three TrkB ligands is greatly reduced compared to the corresponding number in the
time-point of 12 hours. Additionally, there is almost no difference in the number of
genes specifically by BDNF, AB85 or NT4. More specifically no gene is upregulated
by BDNF or NT4 more than 1.5-fold and 50 genes are upregulated more than 1.5-fold
by AB85 compared to BDNF and NT4. Upon shifting the threshold of change to 2, only
4 genes are upregulated more than 2-fold by AB85. Thus 46 genes were upregulated
by AB85 between 1.5 and 2-fold. No gene is upregulated more than 4-fold by any of
the three TrkB agonists.
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Figure 5.38 Venn diagrams illustrating the number of genes that are upregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) upon comparison of the three TrkB ligands with each other. The genes presented in this
illustration are selected based on adjusted p value < 0.01 and fold change > 1.5 (A.), fold change > 2
(B.), fold change > 4 (C.).
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5.4.15 Genes upregulated more than 2-fold by BDNF in pairwise comparisons with
AB85 and NT4 at time-point 12 hours

9 genes were upregulated more than 2-fold by BDNF in pairwise comparisons with
AB85 and NT4 at time-point 12 hours (Table 5.9). EGR1 is an immediate early
response gene and was discussed above. It is upregulated more than 51-fold by
BDNF, about 20-fold by NT4 and about 19-fold by AB85. EGR2 is also an immediate
early response gene discussed above and it is upregulated more than 16-fold by
BDNF, 6-fold by AB85 and 5-fold by NT4. XIPR1 (xin-actin-binding repeat containing
1) is a striated muscle-specific protein located at the myotendinous junction in skeletal
muscle and it is a marker of muscle damage and it is found upregulated in myopathies
(Nilsson et al., 2013). XIPR1 has an important role in cardial conduction and rare
variants of the gene were linked with sudden unexplained nocturnal death (Huang et
al., 2018). NPY2R is a member of the neuropeptide Y receptor family of G-protein
coupled receptors. SNPs in NPY2R have been associated with alcohol dependence,
alcohol and cocaine dependence, alcohol withdrawal and cocaine dependence in a
study with a sample of 1,923 people (Wetherill et al., 2008). Notably an SNP in NPY2R
promoter has been associated with later onset of HD disease in humans, and
activation of the receptor in PC12 mutant htt cells had neuroprotective effect (Kloster
et al., 2014). LRRC70 (Leucine Rich Repeat Containing 70) also known as synleurin
is a single span transmembrane leucine-rich repeat protein with involvement in
cytokine stimulation (Wang et al., 2003). AMIGO2 or amphoterin induced gene is a
downstream target of calcium-dependent signals and enhances neuronal survival.
AMIGO2 mRNA was located in the CA2/CA3 hippocampal region in mouse brain and
it had a similar localization pattern with growth factors and proteins linked to neuronal
survival signaling (Laeremans et al., 2013). Another study found that AMIGO?2 is
expressed by starbust amacrine cells (SACs) and rod bipolar cells, two retinal
interneurons and controls their dendritic arborization (Laeremans et al., 2013).
CMKLR1 (Chemerin receptor chemokine-like Receptor 1) is a G protein-coupled
receptor expressed by dorsal root ganglion and spinal cord neuronal cells. It is also a
functional receptor of AB42 and it is implicated in microglia-mediated AR degradation
and clearance (Haque et al., 2018). ApB42 promoted CMKLR1- dependent cell migration
via activation of ERK1/2, PKA and Akt pathways (Peng et al., 2015). Rac2 (Ras-
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related C3 botulinum toxin substrate 2) is a member of the Rac subfamily of the family
of Rho family of GTPases. It is mainly expressed in the hematopoietic system and
Rac2 - mice are viable and fertile but present defects in the hematopoietic system
(Pedersen and Brakebusch, 2012). CD82 (Cluster of Differentiation 82) is a
glycoprotein transmembrane protein and a suppressor of metastasis in various solid
tumors (Pehkonen et al., 2018). In human metastatic cancer CD82 was downregulated
and CD82+ positive tumors of the lung had good prognosis (Dong et al., 1996, Adachi
et al, 1996). CD82 was found to be coexpressed with CC1 and olig2 and
overexpression of CD82 in immature cells of the neonatal forebrain SVZ forced them
into differentiation to CC1* and MBP* myeninating oligodentrocytes. In line with this
result, shRNA against CD82 targeting CD82 in SVZ cells in vivo diminished their

differentiation potential into myelinating oligodendrocytes (Mela and Goldman, 2009).
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GenelD Symbol GeneName adj.P.vVal B/A | adj.P.Val B/N FCBDNF 12h | FCAB8512 h FCNT412h

ENSG00000120738 | EGR1 early growth response 1 5,27433E-11 4,05478E-13 | 51,07560598 | 20,58720655 | 19,30685181

ENSG00000122877 | EGR2 early growth response 2 2,83163E-05 2,43418E-07 16,8715902 6,020746771 | 5,034896775
xin actin binding repeat

ENSG00000168334 | XIRP1 containing 1 9,19142E-05 0,000183801 | 21,83217662 7,863949235 | 9,886994565
neuropeptide Y receptor

ENSG00000185149 | NPY2R Y2 0,000193461 1,90815E-08 | 9,096754292 2,809270715 | 1,379722653
leucine rich repeat

ENSG00000186105 | LRRC70 | containing 70 0,002086024 8,37447E-05 | 6,929508627 | 2,628316514 | 2,336066682
adhesion molecule with

ENSG00000139211 | AMIGO?2 | Iglike domain 2 0,002215848 1,03992E-07 | 1,269866476 | -1,585684719 | -2,78345446
chemerin chemokine-like

ENSG00000174600 | CMKLR1 | receptor 1 0,002665341 1,87839E-05 | 3,444182464 1,723527806 | 1,392577146

ENSG00000128340 | RAC2 Rac family small GTPase 2 | 0,004231045 6,21586E-08 | 8,540941671 3,058653522 | 1,241644264

ENSG00000085117 | CD82 CD82 molecule 0,007047963 3,39293E-05 | 3,089259875 1,449610088 | 1,286319909

TABLE 5.9 Table with genes preferentially upregulated only by BDNF at time point 12 hours with

adjusted p value <0.01 and fold change > 2.
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5.4.16 Genes preferentially downregulated more than 2-fold by BDNF and NT4
together in pairwise comparisons with AB85 at time-point 12 hours

Next the genes selectively upregulated more than 2-fold by AB85 compared to BDNF
and NT4 at the time-point of 12 hours were examined. 12 genes were detected and
all of them were down-regulated by all three TrkB ligands in comparison with the
control cultures, and these genes were downregulated more than 2-fold (padj<0.01)
by both BDNF and NT4 compared to AB85. MAP2K6 (dual specificity mitogen-
activated protein kinase kinase 6) is a member of the dual specificity protein kinase
family and its expression in cultured cells led to increase in p38 MAP kinase activity
and enhanced gene expression controlled by the transcription factors ATF2 and Elk-
1 (Raingeaud et al., 1996). It was also shown to act as a upstream regulator of Rho
family GTPases (Kim et al., 2010). WNT7B (Wnt Family Member 7B) is expressed in
the hippocampus during dendritogenesis and it is involved in denditric arborization
(Rosso et al., 2005) , which is achieved through phosphorylation of CAMKII and JNK
proteins (Ferrari et al., 2018) SMPDL3B (Sphingomyelin Phosphodiesterase Acid Like
3B) is a lipid-modulating phosphodiesterase expressed on macrophages and it is
involved in membrane lipid composition and fluidity (Heinz et al., 2015). SCML4 (Scm
Polycomb Group Protein Like 4) is a putative polycomb group (PcG) protein. PcC
proteins are known to compose multiprotein complexes that are necessary for the
preservation of the transcriptionally repressive state of homeotic genes in
development (Heinz et al., 2015). SHH (Sonic Hedgehog Signaling) is a protein with
key role in early embryo patterning. It is the major signal for the patterning of the ventral
neural tube, the anterior-posterior limb axis and it interacts with several pathways such
as Wnt/ B-catenin and BMP. It is also involved in neural regeneration upon injury of
facial motor neurons upon facial nerve axotomy (Belgacem et al., 2016). FREM 2
(FRAS1-related extracellular matrix protein 2) is an extracellular matrix protein that is
indispensable for the preservation of skin epithelium in utero and for the maintenance
of renal epithelium structure in adult mice. A missense mutation in this gene was also
linked to Fraser syndrome, a recessive multisystem disorder of syndactyly and renal
defects (Jadeja et al., 2005) . DACT2 (Dishevelled Binding Antagonist Of Beta Catenin
2) is described as a tumor suppressor, and DACT2 methylation was observed in colon

cancer tissues and was correlated with decrease in overall survival (Wang et al.,
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2015). Five long non-coding RNA are also included in the 12 genes that are
differentially upregulated more than 2-fold by AB85 compared to BDNF and NT4, with

unknown function.
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GenelD Symbol GeneName adj.P.val A/B | adj.P.Val A/N FCBDNF 12 h FC AB85 12h FCNT412h
mitogen-activated
protein kinase
ENSG00000108984 | MAP2K6 kinase 6 8,52431E-07 4,81473E-08 -5,047673327 -2,05915691 -4,93675946
Whnt family
ENSG00000188064 | WNT7B member 7B 8,60147E-06 1,37417E-12 -8,565552361 -3,86627269 -19,4977187
sphingomyelin
phosphodiesterase
ENSG00000130768 | SMPDL3B acid like 3B 1,81325E-05 6,70615E-05 -6,632223486 -2,86767349 -6,42949805
RP1-
ENSG00000267194 | 193H18.2 lincRNA 3,0291E-05 1,10809E-06 -5,996531886 -2,28432605 -6,28039402
Scm polycomb
group protein like
ENSG00000146285 | SCML4 4 5,24251E-05 1,34415E-11 -5,086182543 -2,4136207 -11,0837836
ENSG00000164690 | SHH sonic hedgehog 0,000781075 1,17953E-07 -6,419559642 -3,08565053 -8,56844733
RP11-
ENSG00000227050 | 460113.2 lincRNA 0,001887875 0,003635514 -4,380579244 -2,18389087 -4,75645833
CTD-
ENSG00000278934 | 2006M22.2 | lincRNA 0,00229416 5,09077E-09 -4,035210047 -1,96547738 -8,24083028
RP11-
ENSG00000255402 | 696P8.2 lincRNA 0,00399965 0,000144634 -3,713119568 -1,63470841 -3,92669751
FRASI related
extracellular
ENSG00000150893 | FREM2 matrix protein 2 0,005154274 1,5906E-05 -3,592067852 -1,45563126 -5,36721065
RP11-
ENSG00000253878 | 347C18.3 lincRNA 0,005154274 1,82107E-06 -2,455527954 -1,20679021 -3,21880387
dishevelled
binding antagonist
ENSG00000164488 | DACT2 of beta catenin 2 0,008294565 0,002596425 -4,873958862 -2,40821484 -4,95859849

TABLE 5.10 Table with genes preferentially downregulated by BDNF and NT4 in comparison to AB85
at time point 12 hours with adjusted p value <0.01 and fold change > 2.
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5.4.17 Genes upregulated more than 2-fold by NT4 in pairwise comparisons with
BDNF and ABS85 at time-point 12 hours

Next, the genes upregulated more than 2-fold by NT4 at time-point of 12 hours were
examined. Since 327 genes were detected, the best approach to characterise this
result was GO analysis (Table 5.11). 80 genes were classified as relevant to animal
organ development, 62 genes to anatomical structure morphogenesis, 27 to tube
development, and 27 to embryo development. Interestingly, 65 genes belong to the

cell surface receptor signalling pathway.
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Enrichment FDR Genesinlist | Total genes | Functional Category

2,28E+09 80 3779 | Animal organ development
0.000162567239951614 62 2785 | Anatomical structure morphogenesis
0.00167140306459228 65 3287 | Cell surface receptor signaling pathway
0.00167140306459228 31 1099 | Animal organ morphogenesis
0.00167140306459228 49 2168 | Tissue development
0.00167140306459228 32 1164 | Anatomical structure formation involved in morphogenesis
0.00184423940471473 66 3382 | Regulation of multicellular organismal process
0.0027921352256556 10 152 | Response to purine-containing compound
0.00306185165536494 16 392 | Extracellular matrix organization
0.00522717179484694 46 2165 | Cell proliferation
0.00522717179484694 17 460 | Extracellular structure organization
0.00522717179484694 9 137 | Response to organophosphorus
0.00747108587421049 11 218 | Osteoblast differentiation
0.00885666425738474 13 307 | Renal system development
0.00924991778702818 35 1541 | Cell adhesion
0.00924991778702818 27 1054 | Embryo development
0.00924991778702818 33 1412 | Neuron differentiation
0.00924991778702818 41 1911 | Positive regulation of multicellular organismal process
0.00924991778702818 31 1286 | Negative regulation of multicellular organismal process
0.00948599802829298 35 1548 | Biological adhesion
0.00948599802829298 27 1062 | Tube development
0.00949294976232595 18 565 | Sensory organ development
0.0115915376980393 35 1575 | Generation of neurons
0.0118372650196076 10 205 | Muscle cell proliferation
0.0123245304991082 7 99 | Response to cAMP
0.0123762993684236 23 860 | Tube morphogenesis
0.0123762993684236 13 339 | Cell chemotaxis
0.0138944579851198 63 3547 | Response to organic substance
0.0140746017196578 13 346 | Urogenital system development
0.0149091368487253 36 1683 | Neurogenesis

TABLE 5.11 GO analysis of 327 genes preferentially upregulated by NT4 compared to BDNF and AB85

at time-point 12 hours
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5.4.18 Genes upregulated more than 4-fold by NT4 in pairwise comparisons with
BDNF and ABS85 at time-point 12 hours

Next the genes selectively upregulated more than 4-fold in the pairwise comparisons
of the TrkB ligands between each other were examined. No genes are upregulated
more than 4-fold by BDNF or AB85 in these pairwise comparisons. 42 genes are
upregulated more than 4-fold by NT4 in comparison to BDNF and AB85 and they are
listed in table 5.12. Amongst them are 10 lincRNA genes and 1 pseudogene. The gene
with the highest difference in the mRNA expression levels between the three TrkB
ligands in this subset of genes is PMCH (Pro-Melanin Concentrating Hormone) which
is expressed 25.8- fold more in NT4 treated cultures, than BDNF treated cultures, and
42.9- fold more in NT4 treated cultures than AB85 treated cultures. Upon cleavage,
MCH neuropeptide (Melanin-concentrating hormone) is produced, and it is expressed
in CNS and PNS with involvement in the regulation of energy metabolism and feeding
behaviors (An et al., 2001). The next gene in terms of the magnitude of expression
preferentially induced by NT4 treatment compared to BDNF and AB85 treatment is
RP11-472120.3, which is expressed 26.4- fold more in NT4 than in BDNF treated
cultures, and 22.6- fold more in NT4 than in AB85 treated cultures. The function of this
IncRNA is unknown. MYH15 (Myosin Heavy Chain 15) is classified as a genetic risk
factor for ALS, and it was found to control the toxicity of dipeptides produced from
expanded G4C: repeat (Kim et al., 2019). It is expressed 12.8- fold more in NT4 than
in BDNF treated cultures, and 16.3-fold more in NT4 than in AB85 treated cultures.
WBSCR17 is a N-acetylgalactosaminyltransferase and it is located in the genomic
area that is deleted in the Williams-Beuren syndrome (WBS), a developmental
disorder. TSHR (thyrotropin receptor) is a member of the G protein-coupled receptor
superfamily and it is the receptor for the thyroid-stimulating hormone and it enhances
the stimulation of thyroxine (T4) and thriodothyronine (T3) (Szkudlinski et al., 2002).
PARPBP (PARP1 Binding Protein) is a replisome associated protein, which is
necessary for the suppression of replication stress in proliferating undifferentiated cells
and PARI knockout led to stochastic chromosome instability in mouse ES cells but not
in fibroblasts(Mochizuki et al., 2017). GABRQ is the theta subunit of the GABA A

receptor, which is the major inhibitory neurotransmitter in the CNS (Watanabe et al.,
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2002). ANXA3 (Annexin A3) is known to bind to membrane phospholipids in a Ca?*
dependent manner and participate in cell differentiation and migration (Gerke et al.,
2005). Overexpression of this gene promotes tumor proliferation and metastasis in
lung, liver, ovarian carcinoma, and knockdown in in vivo and vitro blocked breast
cancer cell invasion (Du et al., 2018) GLSTN2 (Calsyntenin 2) is mainly expressed in
motorneurons and in the late stages of cerebellar development it is expressed in a
subset of Purkinje cells (de Ramon Francas et al., 2017). Furthermore, Clstn2 - mice
were hyperactive and had deficits in spatial learning and memory (Lipina et al., 2016)
In line with this results, CLSTN2 alleles in humans were related with delayed word
recall (Papassotiropoulos et al., 2006, Jacobsen et al., 2009). MCUB (Mitochondrial
Calcium Uniporter Dominant Negative Subunit Beta) is involved in calcium
homeostasis, through regulation of the activity of the mitochondrial inner membrane
calcium uniporter (MCU) by modulation of the calcium uptake into the mitochondria
(Jacobsen et al., 2009). NDRG1 (N-myc downstream regulated gene 1) is an
intracellular protein with a role in cell differentiation. The overexpression of this protein
was associated with enhanced cell proliferation, migration and invasion in bladder
cancer. DHRS9 (Dehydrogenase/Reductase 9) is identified as a specific marker for in
vitro generated regulatory Macrophages (Mregs) (Riquelme et al.,, 2017). It is
upregulated 18.7-fold in NT4 treated cultures compared to BDNF treated cultures, and
21-fold compared to AB85 treated cultures. GNAS-AS1 (GNAS Antisense RNA 1)
was found to be involved in proliferation, migration and cell invasion of nasopharyngeal
cancer cells in vitro and it acts through Wnt/B-catenin pathway (Wang et al., 2020b).
PLPP4 (Phospholipid Phosphatase 4) is a phoshatidate phosphatase expressed in the
brain, kidney and testis (Takeuchi et al., 2007) and higher levels of this protein have
been described in lung carcinoma cells (Zhang et al., 2017). KRT75 (Keratin 75)
belongs to the keratin family and is important in hair and nair formation, as mice
expressing a mutant form of the gene developed hair and nail defects (Chen et al.,
2008). It is upregulated 15.3-fold in NT4 treated cultures compared to BDNF treated
cultures, and 15,4-fold in AB85 treated cultures. GPAT3 (Glycerol-3-Phosphate
Acyltransferase 3) is an enzyme that is essential in adipogenesis and lipid formation
(Yu et al., 2018). HSPB3 Heat Shock Protein Family B (Small) Member 3 is important
in myogenic differentiation (Sugiyama et al., 2000) and it was discovered that it
enhances survival of motoneurons in chick embryo upon lesion-induced degeneration

(Sugiyama et al., 2000). GPC6 (Glypican Proteoglycan 6) belongs to the family of

244



glycosylphosphatidylinositol-anchored heparan sulfate proteoglycans and it is
involved in skeletal growth, as mutations in this gene cause omodysplasia (Campos-
Xavier et al., 2009) CHST3 (Carbohydrate Sulfotransferase 3) is an enzyme that
catalyzes the sulfation of chondroitin, a proteoglycan of the extracellular matrix and
mutations in this gene were linked with spondyloepiphyseal dysplasia and hearing loss
in humans (Waryah et al., 2016). MET codes for a receptor tyrosine-kinase c-MET that
binds hepatocyte growth factor (HGF) and upon binding activates downstream
signaling pathways involved in cell migration, profileration and angiogenesis. MET is
a proto-oncogene with high expression in various cancers, such as non-small cell lung
cancer (NSCLC), gastrointestinal (Gl) cancer, and hepatocellular carcinoma (HCC)
(Mo and Liu, 2017).NR5A2 (Nuclear Receptor Subfamily 5 Group A Member 2)
controls glucose and lipid metabolism but is also necessary for T cell maturation (Seitz
et al., 2019). GCSAM (Germinal Center Associated Signaling And Motility) is
expressed in lung cell carcinoma, and hypomethylation of this gene is linked with
longer survival (Li et al., 2019). IL1R1 (Interleukin 1 Receptor Type 1) is a cytokine
receptor that is part of immune and inflammatory responses and it mediates celastrol
metabolism. 1l1r1”- mice had lower levels of phosphorylated p38 and phosphorylated
Erkl and Erk2 compared to wild-type mice and were obese (Feng et al.,,
2019).TMEM233 (Transmembrane Protein 233) is a protein coding gene with
unknown function. CDCP1 (CUB Domain Containing Protein 1) is a transmembrane
protein which is expressed in highly aggressive triple-negative breast cancer cells
(Turdo et al., 2016). CNGA3 (Cyclic Nucleotide Gated Channel Subunit Alpha 3) is a
member of the cyclic nucleotide-gated cation channel protein family and it is
indispensable for normal vision and olfactory signal transduction. Mutations of this
gene are correlated with achromatopsia (Zobor et al., 2017). PMP22 (Peripheral
Myelin Protein 22) is a transmembrane glycoprotein and an important component of
myelin in the peripheral nervous system. It is dysregulated in several neuropathies,
including Charcot—Marie—Tooth type 1A (CMT1A), Dejerine—Sottas disease, and
Hereditary Neuropathy with Liability to Pressure Palsy (HNPP)(Li et al., 2013). RGS20
(Regulator of G Protein Signaling 20) belongs to the family of regulator of G protein
signaling (RGS) proteins, it selectively binds to G(z)-alpha and G(alpha)-i2 subunits,
and controls their downstream signaling (Wang et al., 2002). TFPI2 (Tissue Factor
Pathway Inhibitor 2) is a member of the Kunitz-type serine proteinase inhibitor family

and it is a tumor suppressor gene, which is commonly silenced in gastric cancer
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(Takada et al., 2010). MIR431 (MicroRNA 431) is a microRNA with unknown function.
SLC16A6 (Solute Carrier Family 16 Member 6) transports monocarboxylic acids in
various tissues and is linked with height regulation in humans (Karanth and Schlegel,
2018). SERTM2 (Serine Rich and Transmembrane Domain Containing 2) is a protein
coding gene with unknown function. MMP12 (Matrix Metallopeptidase 12) is a
peptidase of the family of matrix metalloproteinases, which is involved in macrophage
migration and is also known to regulate inflammation though cleavage of IFNy, that
makes the cytokine unable to transfer the signal via its receptor (Dufour et al., 2018).
APCDDI1L (APC Down-Regulated 1 Like) is a protein coding gene with unknown

function.
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GenelD Symbol adj.P.val N/B adj.P.vVal N/A FCBDNF 12 h FC AB85 12 FCNT4 12 h

ENSG00000144821 | MYH15 1,62272E-23 3,33013E-24 1,504926667 1,184307343 | 19,40739392
ENSG00000185274 | WBSCR17 5,69849E-22 2,24606E-21 -1,883984017 -1,717782888 | 2,671552868
ENSG00000165409 | TSHR 9,97903E-18 1,33668E-18 1,993856083 1,508781068 | 18,80645284
ENSG00000185480 | PARPBP 3,14153E-15 2,84132E-16 1,291687977 -1,139728472 | 13,15001448
ENSG00000268089 | GABRQ 1,68543E-14 1,04987E-15 -1,131286652 -1,391765577 5,11599736
ENSG00000183395 | PMCH 3,29041E-14 1,62953E-14 1,806785933 1,086507325 | 46,68856098
ENSG00000138772 | ANXA3 3,8556E-13 2,85929E-14 2,251372507 1,859752943 | 10,36558689
ENSG00000158258 | CLSTN2 4,05478E-13 1,11504E-13 1,154218747 1,104789738 | 4,876898166
ENSG00000005059 | MCUB 4,4473E-13 1,04346E-14 5,246594236 3,914778718 21,9670988
ENSG00000104419 | NDRG1 1,75138E-12 4,71659E-14 1,211045414 -1,083862459 | 5,405293686

RP11-

ENSG00000283217 | 472120.3 1,87697E-12 1,06493E-12 -1,800704456 -1,539558636 | 14,68801285
ENSG00000073737 | DHRS9 3,42061E-12 1,73703E-12 1,584255128 1,410459189 | 29,67598546
ENSG00000235590 | GNAS-AS1 6,87671E-12 3,33845E-12 2,223360476 2,206895595 | 19,09858485
ENSG00000203805 | PLPP4 1,20153E-11 9,58657E-12 1,226241512 1,286860207 | 6,179255308
ENSG00000171889 | MIR31HG 2,02565E-11 1,88768E-14 2,050345062 1,080521671 22,2666625
ENSG00000170454 | KRT75 3,5975E-11 1,85983E-11 1,08673156 1,083929793 | 16,72130349
ENSG00000138678 | GPAT3 4,11875E-11 6,84007E-14 5,676700006 2,473885066 | 26,61713742
ENSG00000169271 | HSPB3 2,27817E-10 1,48472E-10 1,674295076 1,6165929 9,32248826
ENSG00000183098 | GPC6 5,17151E-10 1,03433E-10 1,716688063 1,583863601 | 6,969432049
ENSG00000238271 | IFNWP19 6,42679E-10 7,38516E-14 1,809469206 1 | 15,14048108
ENSG00000122863 | CHST3 4,92478E-09 1,8649E-09 2,111301614 2,029886956 | 9,464469737
ENSG00000105976 | MET 1,94656E-08 6,26378E-10 1,743812955 1,145527335 | 9,464390356
ENSG00000116833 | NR5A2 1,97924E-08 1,88594E-09 1,638267657 1,278315524 | 7,889180728
ENSG00000174500 | GCSAM 2,86471E-08 1,98697E-10 9,10571047 5,430641233 38,1009076
ENSG00000115594 | IL1R1 3,00301E-08 6,50917E-12 3,56779635 1,078567785 | 16,32312831
ENSG00000253161 | LINC01605 3,16105E-08 1,15305E-08 1,530949687 1,291120315 | 20,06510237
ENSG00000224982 | TMEM233 3,54466E-08 1,19523E-08 1,003222028 1,042991776 | 7,167634825
ENSG00000282849 1R2P11P112.1 3,54466E-08 1,50606E-09 1,488315041 -1,000451028 | 23,32697907
ENSG00000163814 | CDCP1 4,41958E-08 1,63874E-08 1,352086558 1,255136611 7,15933004
ENSG00000144191 | CNGA3 1,83379E-07 2,94715E-08 -1,089926497 -1,252958894 6,0066998
ENSG00000109099 | PMP22 1,91885E-07 6,34559E-08 1,415572244 1,218688171 | 11,93649243
ENSG00000147509 | RGS20 2,52806E-07 1,3213E-07 1,266748351 1,170303093 | 9,017503342
ENSG00000239218 | RPS20P22 3,36908E-07 4,75352E-08 1,644398021 1,375222788 | 7,297850228
ENSG00000105825 | TFPI2 4,60469E-07 4,90374E-08 4,271378276 3,233258157 | 24,72313709
ENSG00000260186 | LINC02137 5,81134E-07 4,00914E-09 1,176762229 -1,370723093 4,75341366
ENSG00000208001 | MIR431 7,57924E-07 1,14544E-09 3,718855689 1,834816327 | 15,06870977
ENSG00000125148 | MT2A 5,24911E-06 1,40073E-06 1,035216024 -1,064760924 | 5,163700951
ENSG00000108932 | SLC16A6 7,14355E-06 8,23887E-06 -1,318874583 -1,207931699 | 3,504149938
ENSG00000260802 | SERTM2 9,86854E-06 2,28556E-07 2,257130117 1,448936766 10,4337861
ENSG00000262406 | MMP12 1,22466E-05 2,47161E-07 2,184062379 1,626068134 | 8,940005547
ENSG00000198768 | APCDDIL 1,76614E-05 1,25587E-05 1,137965408 1,133967316 | 6,886097831
ENSG00000105989 | WNT2 9,43112E-05 2,8803E-06 1,104381949 -1,300821625 | 4,583053947
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TABLE 5.12 Table with genes preferentially upregulated by NT4 at time point 12 hours with adjusted p
value <0.01 and fold change > 4.
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GenelD Symbol GeneName
ENSG00000144821 | MYH15 myosin heavy chain 15
ENSG00000185274 | WBSCR17 polypeptide N-acetylgalactosaminyltransferase 17
ENSG00000165409 | TSHR thyroid stimulating hormone receptor
ENSG00000185480 | PARPBP PARP1 binding protein
ENSG00000268089 | GABRQ gamma-aminobutyric acid type A receptor theta subunit
ENSG00000183395 | PMCH pro-melanin concentrating hormone
ENSG00000138772 | ANXA3 annexin A3
ENSG00000158258 | CLSTN2 calsyntenin 2
mitochondrial calcium uniporter dominant negative

ENSG00000005059 | MCUB beta
ENSG00000104419 | NDRG1 N-myc downstream regulated 1

RP11-
ENSG00000283217 | 472120.3 IncRNAs
ENSG00000073737 | DHRS9 dehydrogenase/reductase 9
ENSG00000235590 | GNAS-AS1 GNAS antisense RNA 1
ENSG00000203805 | PLPP4 phospholipid phosphatase 4
ENSG00000171889 | MIR31HG MIR31HG
ENSG00000170454 | KRT75 keratin 75
ENSG00000138678 | GPAT3 glycerol-3-phosphate acyltransferase 3
ENSG00000169271 | HSPB3 heat shock protein family B (small) member 3
ENSG00000183098 | GPC6 glypican 6
ENSG00000238271 | IFNWP19 Interferon Omega 1 Pseudogene 19,
ENSG00000122863 | CHST3 carbohydrate sulfotransferase 3
ENSG00000105976 | MET MET proto-oncogene, receptor tyrosine kinase
ENSG00000116833 | NR5A2 nuclear receptor subfamily 5 group A member 2
ENSG00000174500 | GCSAM germinal center associated signaling and motility
ENSG00000115594 | IL1R1 interleukin 1 receptor type 1
ENSG00000253161 | LINCO1605 IncRNAs
ENSG00000224982 | TMEM233 transmembrane protein 233

RP11-
ENSG00000282849 | 121P12.1 IncRNAs
ENSG00000163814 | CDCP1 CUB domain containing protein 1
ENSG00000144191 | CNGA3 cyclic nucleotide gated channel alpha 3
ENSG00000109099 | PMP22 peripheral myelin protein 22
ENSG00000147509 | RGS20 regulator of G protein signaling 20
ENSG00000239218 | RPS20P22 Ribosomal Protein S20 Pseudogene 22
ENSG00000105825 | TFPI2 tissue factor pathway inhibitor 2
ENSG00000260186 | LINC02137 IncRNAs
ENSG00000208001 | MIR431 microRNA 431
ENSG00000125148 | MT2A metallothionein 2A
ENSG00000108932 | SLC16A6 solute carrier family 16 member 6
ENSG00000260802 | SERTM?2 serine rich and transmembrane domain containing 2
ENSG00000262406 | MMP12 matrix metallopeptidase 12
ENSG00000198768 | APCDD1L APC down-regulated 1 like
ENSG00000105989 | WNT2 Wnt family member 2
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TABLE 5.13 Table with gene names and description for genes that are preferentially upregulated by
NT4 at time point 12 hours with adjusted p value <0.01 and fold change > 4.
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5.4.19 Genes upregulated more than 2-fold by AB85 in pairwise comparisons with
BDNF and NT4 at time-point 24 hours

Next the genes selectively upregulated more than 2-fold and p adjusted value <0.01
by BDNF, AB85 and NT4 in pairwise comparisons at 24 hrs were examined. There is
no gene selectively upregulated by BDNF and NT4 under these criteria. However, 4
genes were upregulated by AB85 compared to BDNF and NT4, MAP2K6, NWD2, SHH
and SERTM1. MAP2K6 and SERTM1 were also upregulated more than 2-fold by
AB85 compared to BDNF and NT4 in the time-point of 12 hours. In cultures treated
with AB85 MAP2K6 is upregulated 2.41-fold compared to BDNF and 2.46-fold
compared to AB85. SHH is upregulated 2.16-fold by ABB85 compared to BDNF and
2.17-fold compared to NT4. NWD2 is upregulated 2.3-fold by AB85 compared to
BDNF and 2.3-fold compared to NT4. NWD2 (NACHT And WD Repeat Domain
Containing 2) is a protein coding gene with unknown function. SERTML1 (Serine Rich
and Transmembrane Domain Containing 1) is a protein coding gene with unknown

function.
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5.4.20 Venn diagram analysis of the genes downregulated between BDNF, AB85,
NT4 in pairwise comparisons

At time-points 30 minutes and 2 hours no gene is differentially downregulated by a
specific ligand more than 1.5-fold with a p-adjusted value of 0.01 in any of the pair-
wise comparisons between ligands. Therefore, there were no genes whose expression
was preferentially decreased by any of the three TrkB ligands at the first two time-
points. On the contrary several hundred genes are differentially downregulated in the
pair-wise comparisons at time-point 12 hours. Interestingly the number of genes that
are shared between the three TrkB ligands increased upon increasing the threshold
of change. More specifically 2580 genes were shared between BDNF, AB85 and NT4
at 12 hours when the fold change was set to 1.5, while 3248 genes were shared at
fold change 2 and 3814 genes were shared between the 3 TrkB ligands at fold change
4. Interestingly when the fold change was set to 1.5 there are far more genes whose
expression was preferentially decreased by NT4 (569) than with BDNF (10) or AB85
(82). Upon shifting the threshold of change at 2-fold the number of genes whose
expression was preferentially decreased by any of the three TrkB ligands was
reduced. Indeed, 1 gene is downregulated more than 2 -fold by BDNF, 32 are
downregulated more than 2-fold by AB85 and 252 are downregulated more than 4-
fold by NT4. Subsequently 9 genes are downregulated by BDNF between 1.5 and 2-
fold, 50 genes are downregulated by AB85 between 1.5 and 2-fold and 317 genes are
downregulated by NT4 between 1.5 and 2-fold. Noticeably, few genes are differentially
expressed by any of the three TrkB ligands more than 4-fold. In particular, no genes
are selectively decreased by BDNF more than 4-fold, 6 by AB85 and 39 by NT4. Thus,
no gene is decreased by BDNF between 2 and 4-fold, 26 genes were decreased by
AB85 and 213 genes by NT4.

At the last time-point 24 hours the number of genes differentially downregulated by
1.5-fold by either of the three TrkB ligands is greatly reduced compared to the
corresponding number in the time-point of 12 hours. Additionally, there are no genes
whose expression is preferentially downregulated by BDNF or NT4 compared to the
other two TrkB ligands, but 190 genes are preferentially downregulated compared by
AB85 compared to BDNF and NT4. Upon shifting the threshold of change to 2 only 93

genes are preferentially downregulated by AB85. Thus 97 genes are downregulated
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by AB85 between 1.5 and 2-fold. Additionally, only 9 genes are downregulated by
AB85 more than 4-fold in comparison to BDNF and NT4. Subsequently 84 genes are
downregulated by AB85 between 2 and 4-fold.
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30 min 2h 12 h 24 h

(O BDNF ~ AB85 O NT4

Figure 5.39 Venn diagrams illustrating the number of genes that are downregulated in the 3
treatment conditions (BDNF, AB85 and NT4) and 4 time points (30 min, 2 hours, 12 hours and 24
hours) upon comparison of the three TrkB ligands with each other. The genes presented in this
illustration are selected based on adjusted p value < 0.01 and fold change > 1.5 (A.), fold change > 2
(B.), fold change > 4 (C.).
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5.4.21 Genes downregulated more than 2-fold in pairwise comparisons of the three

TrkB ligands with each other at time-point 12 hours

No genes are differentially expressed in the three pairwise comparisons of the three
TrkB ligands with each other at the time-points of 30 minutes and 2 hours with p
adjusted value <0.01. At 12 hours, 10 genes are downregulated more than 1.5-fold by
BDNF compared to AB85 and NT4, 82 genes are downregulated more than 1.5-fold
by AB85 compared to BDNF and NT4 and 569 genes are downregulated more than
1.5-fold by NT4 compared to BDNF and AB85. 1 gene is downregulated more than 2-
fold by BDNF compared to AB85 and NT4. This gene is PNMAGF and it is
downregulated 2.12-fold by BDNF compared to AB85 and 2.04-fold compared to NT4.
26 genes are downregulated more than 2-fold with padj<0.01 by AB-85 compared to
BDNF and NT4 (table 5.14). All these genes, except MIR222HG which is
downregulated in AB85 compared to control cultures, are upregulated by the three
TrkB ligands, but are less upregulated by AB85. Additionally, 252 genes are
downregulated more than 2-fold with padj<0.01 by NT4 compared to BDNF and AB85.
These 252 genes were analyzed using GO analysis (Table 5.16)
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GenelD Symbol adj.P.vVal A/B adj.P.val A/N FCBDNF 12 h FCAB8512h FCNT412h

ENSG00000164949 | GEM 1,45728E-10 5,81811E-17 56,655211 15,80152598 103,209963
ENSG00000114529 | C3orf52 1,30315E-08 4,83821E-20 30,53251472 11,21835608 92,9050822
ENSG00000112773 | FAM46A 1,79314E-08 1,16477E-13 9,446930365 3,85335083 12,7256668
ENSG00000135750 | KCNK1 2,56412E-08 2,53813E-17 8,563406229 4,102993438 15,9602244
ENSG00000006327 | TNFRSF12A 7,19071E-06 4,39048E-06 24,74837599 9,614510123 21,8840539
ENSG00000168685 | IL7R 8,41803E-06 4,12647E-10 24,03898541 7,983621449 34,5266944
ENSG00000150961 | SEC24D 1,03957E-05 2,39003E-09 5,755707081 2,719269652 7,11154069
ENSG00000106366 | SERPINE1 2,28229E-05 3,42292E-09 15,08960152 5,389431284 21,0364083
ENSG00000269993 | AF003625.3 2,58539E-05 0,000116833 34,1113283 13,40071166 27,8373211
ENSG00000156804 | FBXO32 2,64394E-05 5,91495E-09 6,444473421 2,723587866 8,30925081
ENSG00000142627 | EPHA2 0,000195929 9,35573E-12 6,383344463 2,668688223 13,9423128
ENSG00000134853 | PDGFRA 0,000224049 4,05689E-09 4,190315318 1,828931722 6,38117281
ENSG00000138271 | GPR87 0,00039612 2,21236E-07 8,812667746 2,232337183 14,0865971
ENSG00000115594 | IL1R1 0,000531272 6,50917E-12 3,56779635 1,078567785 16,3231283
ENSG00000196611 | MMP1 0,00055191 2,75557E-12 41,96432623 18,28553759 107,709617
ENSG00000102195 | GPR50 0,000697198 1,72117E-05 31,23770036 14,50597765 33,388376
ENSG00000197261 | C6orfl41 0,00075482 7,08406E-13 14,15991518 5,313259599 48,2886487
ENSG00000261488 3??218.5 0,001272757 4,41851E-14 15,46369595 6,242890163 61,5968215
ENSG00000254656 | RTL1 0,002356178 3,88234E-14 15,09559973 6,816643335 60,2019341
ENSG00000118785 | SPP1 0,002597282 0,000409886 9,856499775 4,649161746 9,64153523
ENSG00000138678 | GPAT3 0,004143297 6,84007E-14 5,676700006 2,473885066 26,6171374
ENSG00000158270 | COLEC12 0,004240774 8,03393E-12 2,697452468 1,225973318 7,50245601
ENSG00000099860 | GADD45B 0,004603222 1,5682E-10 4,871163639 2,434778334 10,721238
ENSG00000122641 | INHBA 0,005154274 1,84403E-07 9,790383734 4,57342879 15,6610007
ENSG00000019991 | HGF 0,006391868 9,36795E-08 3,633458067 1,431671731 9,23115852
ENSG00000270069 | MIR222HG 0,006748443 0,00402067 2,509184132 | -1,270130082 2,21859891

TABLE 5.14 Table with genes preferentially upregulated by both BDNF and NT4 compared to AB85 at
time point 12 hours with adjusted p value <0.01 and fold change > 2.
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GenelD Symbol GeneName
ENSG00000164949 | GEM GTP binding protein overexpressed in skeletal muscle
ENSG00000114529 | C3orf52 chromosome 3 open reading frame 52
ENSG00000112773 | FAM46A family with sequence similarity 46 member A
ENSG00000135750 | KCNK1 potassium two pore domain channel subfamily K member 1
ENSG00000006327 | TNFRSF12A TNF receptor superfamily member 12A
ENSG00000168685 | IL7R interleukin 7 receptor
ENSG00000150961 | SEC24D SEC24 homolog D, COPII coat complex component
ENSG00000106366 | SERPINE1 serpin family E member 1
ENSG00000269993 | AF003625.3 | lincRNA
ENSG00000156804 | FBXO32 F-box protein 32
ENSG00000142627 | EPHA2 EPH receptor A2
ENSG00000134853 | PDGFRA platelet derived growth factor receptor alpha
ENSG00000138271 | GPR87 G protein-coupled receptor 87
ENSG00000115594 | IL1R1 interleukin 1 receptor type 1
ENSG00000196611 | MMP1 matrix metallopeptidase 1
ENSG00000102195 | GPR50 G protein-coupled receptor 50
ENSG00000197261 | Céorfl4l chromosome 6 open reading frame 141

RP11-
ENSG00000261488 | 757F18.5 lincRNA
ENSG00000254656 | RTL1 retrotransposon Gag like 1
ENSG00000118785 | SPP1 secreted phosphoprotein 1
ENSG00000138678 | GPAT3 glycerol-3-phosphate acyltransferase 3
ENSG00000158270 | COLEC12 collectin subfamily member 12
ENSG00000099860 | GADD45B growth arrest and DNA damage inducible beta
ENSG00000122641 | INHBA inhibin beta A subunit
ENSG00000019991 | HGF hepatocyte growth factor
ENSG00000270069 | MIR222HG lincRNA

TABLE 5.15 Table with gene names preferentially downregulated by AB85 at time point 12 hours with
adjusted p value <0.01 and fold change > 2.
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Total

Enrichment FDR Genes in list | genes Functional Category
1,33E+01 36 746 | Anterograde trans-synaptic signaling
1,33E+01 36 762 | Synaptic signaling
1,33E+01 36 756 | Trans-synaptic signaling
1,33E+01 36 746 | Chemical synaptic transmission
1,32E+05 48 1774 | Cell-cell signaling
2,83E+05 13 103 | Synaptic transmission, glutamatergic
9,68E+05 23 468 | Regulation of trans-synaptic signaling
9,68E+05 56 2474 | Nervous system development
9,68E+05 23 467 | Modulation of chemical synaptic transmission
1,85E+06 26 627 | Behavior
1,93E+07 38 1412 | Neuron differentiation
1,95E+07 42 1683 | Neurogenesis
2,90E+07 40 1575 | Generation of neurons
2,90E+07 10 79 | Regulation of synaptic transmission, glutamatergic
2,90E+07 75 4319 | Regulation of biological quality
1,44E+07 38 1541 | Cell adhesion
1,46E+08 38 1548 | Biological adhesion
1,46E+08 32 1154 | Neuron development
3,24E+08 29 1008 | Neuron projection development
6,81E+08 53 2785 | Anatomical structure morphogenesis
7,61E+08 29 1054 | Central nervous system development
1,45E+09 23 723 | Regulation of ion transport
2,90E+08 9 102 | Glutamate receptor signaling pathway
2,97E+08 28 1067 | Cell morphogenesis
3,37E+09 17 434 | Synapse organization
3,59E+09 26 953 | Regulation of nervous system development
5,15E+09 17 450 | Regulation of membrane potential
0.000106031584785064 51 2905 | Regulation of localization
0.000106031584785064 14 325 | Cognition
0.00011179848968806 13 282 | Cell-cell adhesion via plasma-membrane adhesion molecules

TABLE 5.16 Table with GO analysis for the 252 genes preferentially downregulated by NT4 at time point
12 hours compared to BDNF and AB85 with adjusted p value <0.01 and fold change > 2.
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5.4.22 Genes downregulated more than 4-fold in pairwise comparisons of the three
TrkB ligands with each other at time-point 12 hours

No genes are downregulated more than 4-fold by BDNF compared to AB85 and NT4.
6 genes are downregulated more than 4-fold by AB85 compared to BDNF and NT4
with a p adjusted value <0.01. GPR87 (G Protein-Coupled Receptor 87) is G-protein
coupled receptor and overexpression of this gene has been shown to enhance
pancreatic cancer aggressiveness through activation of NF-kB signaling pathway
(Wang et al., 2017). It is downregulated 5.45-fold by AB85 compared to BDNF and
8.77 compared to NT4. IL1R1 was described above, as it was upregulated more than
4-fold by NT4. It is also downregulated 5.3-fold by AB85 compared to BDNF and
26.25-fold compared to NT4. IFNWP19 (Interferon Omega 1 Pseudogene 19) is a
pseudogene. It is downregulated 6.87-fold by AB85 compared to BDNF and 94-fold
compared to NT4. MIR31HG is a long-non coding RNA that is implicated in head and
neck squamous cell carcinoma, through interaction with HIF1A (Hypoxia-inducible
factor 1-alpha) (Wang et al., 2018b). Additionally, overexpression of MIR31HG is a
poor prognostic factor for this cancer. It is downregulated 5.11-fold by AB85 compared
to BDNF and 6.36-fold compared to NT4. HGF (Hepatocyte Growth Factor) is a
paracrine morphogenic factor that promotes cancer cell migration and invasion (Xiang
etal., 2017). Interestingly cancer -associated fibroblasts expressing HGF are resistant
to anti-cancer therapy through activation of pro-survival signaling pathways such as
ERK and AKT (Owusu et al., 2017). Interestingly HGF is involved in the
pathophysiology of IR (Insulin Resistance), with high expression levels in various IR
conditions such as obesity. It is downregulated 5.11-fold by AB85 compared to BDNF
and 14.82-fold compared to NT4. MIR222HG is a long-non coding RNA that binds to
Argonaute-mediated RNA-induced silencing complex and its increase is linked with
the progression of hormone-sensitive prostate cancer (PCa) (HSPC) to castration-
resistant PCa (CRPC) (Sun et al.,, 2018b). It is downregulated 2.76-fold by AB85
compared to BDNF and 5.42-fold compared to NT4.

16 genes were downregulated more than 4-fold by NT4 compared to BDNF and AB85

and 21 genes were preferentially downregulated more than 4-fold by NT4 compared
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to the two other TrkB ligands. 9 of the genes included in the table are lincRNAs. The
highest difference is observed in ACKR3 (Atypical Chemokine Receptor 3) which is as
member of the G-protein coupled receptor family and it is acts as a co-receptor for
HIV-1 and HIV-2 entry in vitro (D'Huys et al., 2018). Glioblastoma tumors with high
expression of ACKR3 are linked with poor prognosis and a monoclonal antibody
against it increased survival in mice models of glioblastoma (Salazar et al., 2018). Itis
downregulated 9.9-fold in NT4 treated cultures in comparison to BDNF and 11.69-fold
in AB85 treated cultures. NTNG1 (Netrin G1) is involved in axon growth during
neuronal development, and mutations in this gene have been linked with Rett
Syndrome (Archer et al., 2006). It is downregulated 4.2-fold in NT4 treated cultures
compared to BDNF and 5.2-fold compared to AB85 treated cultures. BRINP2
(BMP/Retinoic Acid Inducible Neural Specific 2) is expressed in the mammalian CNS
during development, and mutations in this gene has been linked with ADHD in
humans, while Brinp27- mice are hyperactive (Berkowicz et al.,, 2016) . NRP2
(Neuropilin 2) is a prognostic marker for reduced survival in bladder cancer (Schulz et
al., 2019). MATN2 (Matrilin 2) is a component of extracellular flamentous networks
and it is a member of the von Willebrand factor A domain containing protein family
(Piecha et al., 2002). PCSK5 (Proprotein Convertase Subtilisin/Kexin Type 5) is a
protease that is indispensable for early cranio-cardiac mesoderm formation and
appropriate heart development (Szumska et al., 2017). ISM1 (Isthmin 1) suppressed
in tumor growth and angiogenesis in mice by inhibiting VEGF (Xiang et al., 2011).
NMBR (Neuromedin B Receptor) is a transmembrane G protein-coupled receptor that
binds neuromedin B and variants of this gene is implicated in schizophrenia (Porcelli
et al., 2016). MITF (Melanocyte Inducing Transcription Factor) is a transcription factor
that is involved in melanin synthesis and its dysregulation is known to affect eye
function (Garcia-Llorca et al., 2019). C6 (complement C6) is part of the complement
system that is important for innate and adaptive immune system and heterozygous
mutations in this gene have been linked to recurrent infections of meningococcal
disease (Westra et al., 2014). FAM198B (Family With Sequence Similarity 198,
Member B) is a predicted to be a membrane-bound glycoprotein localized on Golgi
apparatus and is a downstream signal of FGF receptor pathway. High expression of
this gene is linked with prolonged survival in lung cancer patients (Hsu et al., 2018).
LDB2 (LDB?2) is involved in cell migration (Storbeck et al., 2009) . NMBR-ASL1 is the
antisense transcript of NMBR. FAM198B-AS1 is the antisense transcript of FAM198B.
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SST (somatostatin) is expressed in the whole body and it blocks the secretion of
pituitary hormones, and is therefore an important regulator of the endocrine system. It
also controls the rate of neurotransmission in the CNS (Eigler and Ben-Shlomo, 2014).
Clorfll5 is a protein coding gene with unknown function. SPRY1 (Sprouty,
Drosophila, Homolog Of, 1) plays an important role in cancer progression, as it is
markedly expressed in triple-negative breast cancer, while suppression of this gene
led to slower growth of cancer cells and fewer lung metastases (He et al., 2016).
PIEZO2 (Piezo Type Mechanosensitive lon Channel Component 2) is a protein with
several transmembrane domains that act as mechanically-activated cation channels,
which controls sensitivity to mechanical pain in mice (Murthy et al., 2018). VSIG2 (V-
Set And Immunoglobulin Domain Containing 2) is a protein with no clear function.
ESAM (Endothelial Cell Adhesion Molecule) is a maker of hematopoietic stem cells
(HSCs) and its deficiency has an impact in adult-type hemoglobin synthesis (Ueda et
al.,, 2019). EMCN (endomucin) is a marker for hematopoietic stem cells during
development (Matsubara et al., 2005).ERBB4 (Erb-B2 Receptor Tyrosine Kinase 4) is
a member of the Tyr protein kinase family and the subfamily EGF receptor subfamily
which is activated by neuregulins, and it defines the timing of astrogenesis in the
developing brain (Sardi et al., 2006). SOSTDC1 (Sclerostin Domain Containing 1) is a
N-glycosylated secreted protein that acts a BMP antagonist, which is reduced in breast
cancer. High levels of its mRNA are linked to increased patient survival (Clausen et
al., 2011). PDE1A (Phosphodiesterase 1A) is implicated in signal transduction and it
is increased upon traumatic brain injury (Oliva et al., 2012). NCR2 (Natural Cytotoxicity
Triggering Receptor 2) is involved in endosomal transport of cholesterol and mutations
in this gene are associated with Niemann-Pick type C (NP-C) disease, a fatal
autosomal recessive neurodegenerative disorder (Vanier and Millat, 2003).CHST9
(Carbohydrate Sulfotransferase 9) is located at the golgi membrane and catalyzes the
transfer of sulfate to position 4 of non-reducing N-acetylgalactosamine (GalNAc)
residues in N-glycans and O-glycans. A frameshift mutation of this gene is associated
with schizophrenia (Chen et al., 2019a). CKK (Cholecystokinin) is a regulated peptide
expressed in human gut and brain tissues, but also expressed in primary human
tumors, such as renal, neuronal and myogenic stem cell tumors (Chen et al., 2019a).
WNT9B (Wnt Family Member 9B) regulates progenitor cell expansion and
differentiation in mesenchymal progenitor cell population (Karner et al., 2011). PRTN3

(Proteinase 3) is necessary for the synthesis and degradation of collagen in the tumor
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microenvironment and high expression of the gene correlates with poor survival in

patients with pancreatic cancer (Hu et al., 2019).
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GenelD Symbol adj.P.Val N/A adj.P.val N/B FCBDNF12h | FCAB8512h FCNT4 12 h

ENSG00000144476 | ACKR3 2,40376E-24 1,62272E-23 | 1,143046212 1,340560877 -8,7239493
ENSG00000162631 | NTNG1 2,91841E-23 2,47586E-21 | 1,184236074 1,449307707 -3,593667223
ENSG00000198797 | BRINP2 2,42626E-21 9,97903E-18 | -2,721182576 | -1,803551333 -11,79058159
ENSG00000118257 | NRP2 2,36228E-20 9,97903E-18 | -1,069529911 1,266739552 -5,261398162
ENSG00000132561 | MATN2 3,37495E-18 1,7651E-17 | 1,441635128 1,47440185 -6,45841141
ENSG00000099139 | PCSK5 7,09958E-18 1,33489E-14 | -2,026967349 | -1,386153782 -8,792247156
ENSG00000101230 | ISM1 1,20065E-14 1,63425E-14 | 2,083992417 2,000715745 -2,347752126
ENSG00000135577 | NMBR 1,28859E-13 5,98445E-13 | -1,172456837 | -1,035021287 -5,197667212
ENSG00000187098 | MITF 3,27342E-13 1,38147E-12 | -2,864753982 | -1,835264484 -12,71097344
ENSG00000039537 | C6 4,26748E-13 2,20466E-12 | -1,778489083 | -1,710350949 -7,349722677
ENSG00000164125 | FAM198B 5,41327E-13 3,4287E-12 | 1,613398029 1,886305014 -3,749115061
ENSG00000169744 | LDB2 7,19745E-13 8,76384E-12 | -3,073504718 | -2,234223089 -13,14046518
ENSG00000236822 | NMBR-AS1 5,45425E-12 9,96456E-11 -1,32272205 | -1,029592003 -5,317472825
ENSG00000248429 | FAM198B-AS1 8,34831E-12 1,5564E-10 | 1,123100387 1,610558185 -4,784827514
ENSG00000157005 | SST 1,13142E-11 1,66323E-10 | 3,408231018 2,996098487 -1,968817223
ENSG00000162817 | Clorfll5 2,08604E-11 2,29338E-10 | 1,032279484 | -1,248845758 -5,820151276
ENSG00000164056 | SPRY1 2,84841E-11 2,69127E-10 | 1,245913261 1,450077092 -3,306515767
ENSG00000225216 | AC007362.3 3,46401E-11 8,11086E-10 | -1,157190471 1,344213206 -4,698806292
ENSG00000154864 | PIEZO2 5,9257E-11 8,36191E-10 | 3,785625954 3,889625133 -1,249309397
ENSG00000019102 | VSIG2 7,24487E-11 1,40036E-09 | 1,014212639 1,033428381 -5,594647241
ENSG00000149564 | ESAM 3,42446E-10 7,99715E-09 | -1,046689996 | -1,138761742 -4,752387548
ENSG00000164035 | EMCN 5,18019E-10 1,16276E-08 -2,5256582 | -1,495823638 -11,05480276
ENSG00000178568 | ERBB4 8,02665E-10 2,50553E-08 | -1,225795065 1,138660268 -4,976994209
ENSG00000265533 | RP11-638L3.1 1,96045E-09 6,07122E-08 2,72377846 3,004872093 -1,734053089
ENSG00000171243 | SOSTDC1 3,86029E-09 6,21586E-08 | -1,108154121 1,002157144 -5,126658192
ENSG00000115252 | PDE1A 1,58754E-08 1,46904E-07 | 1,233307868 1,169537412 -3,467152983
ENSG00000264843 | RP11-856M7.2 1,92659E-06 2,30786E-07 | 2,443901643 2,985595905 -1,649942614
ENSG00000096264 | NCR2 1,16674E-05 1,29811E-06 | -1,331699134 1,022863979 -5,447072107
ENSG00000280135 | RP1-47M23.3 1,71498E-05 9,21267E-06 -4,56291603 | -3,416879955 -21,77284493
ENSG00000154080 | CHST9 1,9456E-05 1,36938E-05 | -1,765926456 | -1,460380021 -7,348762788
ENSG00000075429 | CACNG5 6,93635E-05 0,000122672 -1,04828524 | -1,019392916 -4,461699505
ENSG00000249484 | LINC01470 0,000156613 0,000125472 | 3,366355873 2,664976264 -1,510866593
ENSG00000158955 | WNT9B 0,000332841 0,000172651 | -1,483338579 | -1,703927613 -7,022047415
ENSG00000254746 | RP11-958J22.1 0,001265106 0,000614047 | -3,140062699 -2,63195331 -13,33086289
ENSG00000196415 | PRTN3 0,001548371 0,000697718 | -1,401083658 | -1,381107601 -5,721831042
ENSG00000259937 | RP11-438D14.2 0,004110059 0,004096158 | 2,024428791 1,34269685 -3,255057878
ENSG00000144015 | TRIMA43 0,009960514 0,004115394 | 4,030419504 1,768771528 -2,544130471

TABLE 5.17 Table with genes downregulated and preferentially downregulated by NT4 at time point 12
hours with adjusted p value <0.01 and fold change > 4.
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GenelD Symbol GeneName
ENSG00000144476 | ACKR3 atypical chemokine receptor 3
ENSG00000162631 | NTNG1 netrin G1
ENSG00000198797 | BRINP2 BMP/retinoic acid inducible neural specific 2
ENSG00000118257 | NRP2 neuropilin 2
ENSG00000132561 | MATN2 matrilin 2
ENSG00000099139 | PCSK5 proprotein convertase subtilisin/kexin type 5
ENSG00000101230 | ISM1 isthmin 1
ENSG00000135577 | NMBR neuromedin B receptor
ENSG00000187098 | MITF melanogenesis associated transcription factor
ENSG00000039537 | C6 complement C6
ENSG00000164125 | FAM198B family with sequence similarity 198 member B
ENSG00000169744 | LDB2 LIM domain binding 2
ENSG00000236822 | NMBR-AS1 NMBR antisense RNA 1

FAM198B-
ENSG00000248429 | AS1 FAM198B antisense RNA 1
ENSG00000157005 | SST somatostatin
ENSG00000162817 | Clorfll5 chromosome 1 open reading frame 115
ENSG00000164056 | SPRY1 sprouty RTK signaling antagonist 1
ENSG00000225216 | AC007362.3 | lincRNA
ENSG00000154864 | PIEZO2 piezo type mechanosensitive ion channel component 2
ENSG00000019102 | VSIG2 V-set and immunoglobulin domain containing 2
ENSG00000149564 | ESAM endothelial cell adhesion molecule
ENSG00000164035 | EMCN endomucin
ENSG00000178568 | ERBB4 erb-b2 receptor tyrosine kinase 4

RP11-
ENSG00000265533 | 638L3.1 uncharacterized LOC643542
ENSG00000171243 | SOSTDC1 sclerostin domain containing 1
ENSG00000115252 | PDE1A phosphodiesterase 1A

RP11-
ENSG00000264843 | 856M7.2 lincRNA
ENSG00000096264 | NCR2 natural cytotoxicity triggering receptor 2

RP1-
ENSG00000280135 | 47M23.3 lincRNA
ENSG00000154080 | CHST9 carbohydrate sulfotransferase 9

calcium voltage-gated channel auxiliary subunit gamma

ENSG00000075429 | CACNG5 5
ENSG00000249484 | LINC01470 long intergenic non-protein coding RNA 1470
ENSG00000158955 | WNT9B Wnt family member 9B

RP11-
ENSG00000254746 | 958J22.1 lincRNA
ENSG00000196415 | PRTN3 proteinase 3

RP11-
ENSG00000259937 | 438D14.2 lincRNA
ENSG00000144015 | TRIMA43 tripartite motif containing 43

TABLE 5.18 Table with the names of genes preferentially downregulated by NT4 at time point 12 hours
with adjusted p value <0.01 and fold change > 4.
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5.4.23 Genes downregulated more than 2-fold in pairwise comparisons of the three

TrkB ligands with each other at time-point 24 hours

No genes were preferentially downregulated more than 2-fold by BDNF or NT4 at the
time-point of 24 hours. However, 93 genes were downregulated more than 2-fold by
AB85 compared to BDNF and NT4 and the GO analysis is presented in Table 5.19.
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Enrichment FDR Genesinlist | Total genes | Functional Category

0.000714770555465559 13 746 | Anterograde trans-synaptic signaling
0.000714770555465559 13 762 | Synaptic signaling

0.000714770555465559 13 756 | Trans-synaptic signaling
0.000714770555465559 13 746 | Chemical synaptic transmission
0.000714770555465559 26 2785 | Anatomical structure morphogenesis
0.000714770555465559 16 1099 | Animal organ morphogenesis
0.000716879004229936 20 1774 | Cell-cell signaling

0.00105333735501281 15 1077 | Circulatory system development
0.0013955410012756 7 207 | Locomotory behavior

0.00192677902118897 4 42 | Regulation of sensory perception of pain
0.00192677902118897 4 43 | Regulation of sensory perception
0.00212057685553913 4 45 | Rhythmic behavior

0.00326289498005502 2 3 | Embryonic genitalia morphogenesis
0.00326289498005502 29 3779 | Animal organ development
0.00337850494462474 9 468 | Regulation of trans-synaptic signaling
0.00337850494462474 5 108 | Neuropeptide signaling pathway
0.00337850494462474 5 107 | Sensory perception of pain
0.00337850494462474 9 467 | Modulation of chemical synaptic transmission
0.00417345080470299 26 3287 | Cell surface receptor signaling pathway
0.00417345080470299 29 3903 | Regulation of cell communication
0.00477791153929467 29 3952 | Regulation of signaling
0.00477791153929467 27 3536 | Cellular response to chemical stimulus
0.00578298819487744 26 3382 | Regulation of multicellular organismal process
0.0060240841893931 16 1541 | Cell adhesion

0.00609503813312836 16 1548 | Biological adhesion

0.00734710122374839 4 75 | Inositol phosphate metabolic process
0.00792798314906789 10 687 | Blood vessel development
0.00792798314906789 2 6 | Positive regulation of dopamine secretion
0.00792798314906789 2 6 | Positive regulation of glomerular mesangial cell proliferation
0.00832969233826649 3 32 | Positive regulation of smooth muscle contraction

TABLE 5.19 Table with GO analysis for the 93 genes preferentially downregulated by AB85 at time point
24 hours compared to BDNF and NT4 with adjusted p value <0.01 and fold change > 2.
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5.4.24 Genes downregulated more than 4-fold in pairwise comparisons of the three
TrkB ligands with each other at time-point 24 hours

At the time-point of 24 hours no genes were downregulated selectively by BDNF or
NT4. 2 genes were downregulated more than 4-fold by AB85 compared to BDNF and
ABB85 with padj<0.01 and 7 genes were upregulated by all three TrkB, but they were
upregulated more than 4-fold by both BDNF and NT4 compared to AB85 with
padj<0.01 (table 5.20). GEM is an immediate early response gene that is upregulated
at the 30-minute time-point and it is the most highly expressed gene at this point.
MIR431 is a lincRNA with unknown function. GCSAM (Germinal Center Associated
Signaling And Maoatility) is expressed in lung cell carcinoma, and hypomethylation of
this gene is linked with longer survival (Li et al., 2019). HAPLN3 (Hyaluronan And
Proteoglycan Link Protein 3) is expressed in a glia-dependent manner (Li et al., 2019).
AQP3 (Aquaporin 3) is a glycerol channel (Dzyubenko et al., 2016). GPR87 (G
Protein-Coupled Receptor 87) is G-protein coupled receptor and overexpression of
this gene has been shown to enhance pancreatic cancer aggressiveness through
activation of NF-kB signaling pathway (Wang et al., 2017). ITK (IL2 Inducible T Cell
Kinase)_functions downstream of the T-cell receptor to control phospholipase C-

gamma.
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GenelD Symbol adj.P.valA/B | adj.P.valA/N | FCBDNF24h | FCAB8524h | FCNT424h

ENSG00000164949 | GEM 1,13E-10 1,06E-09 | 40,78135158 | 9,311376994 | 36,0352772
ENSG00000261488 | lincRNA 3,40E-05 | 0,00012919 | 7,082565448 | 1,618057219 | 6,39678276
ENSG00000128340 | RAC2 9,21E-05 2,90E-05 | 8,897851257 | 2,179803303 | 10,0161903
ENSG00000208001 | MIR431 9,53E-05 6,76E-05 | 4,764156798 | 1,150830957 | 5,0884748
ENSG00000174500 | GCSAM 0,000128617 | 0,00156082 | 7,066091785 | 1,353983627 | 5,66404786
ENSG00000140511 | HAPLN3 0,000135317 |  0,00018004 | 6,958700984 | 1,620053527 | 6,90567313
ENSG00000165272 | AQP3 0,000166777 0,0006633 | 4,511854197 | 1,012332233 | 4,01605283
ENSG00000138271 | GPR87 0,00022097 |  0,00024985 | 3,977665042 | _122991491 | 4,03987056
ENSG00000113263 | ITK 0,001222504 |  0,00173085 | 4,494619076 | -108144356 | 4,12429798

TABLE 5.20 Table with genes upregulated by both BDNF and NT4 compared to AB85 at time point 24
hours with adjusted p value <0.01 and fold change > 4.
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5.4.25 Verification of selected genes with RT-gPCR

In order to verify the results obtained with RNA-seq 7 genes were selected to be
verified by RT-gPCR. The genes were selected based on the knowledge from
literature that they are regulated by BDNF and the availabillity of commercialy
available primers. A separate differentiation experiment was performed with the same
set up of the RNA-seq experiment and three triplicate wells were used per each
condition. Day 30 neurons were lysed and RNA was extracted as detailed in the
Materials and Methods. The genes tested included 4 immediate early response genes
EGR1, EGR2, EGR3 and NPAS4 , as well as VGF, SYNPO, and PALD1. VGF or VGF
nerve growth factor inducible codes for a secreted neuropeptide precursor and is
known to be induced by NGF, CREB and BDNF (Mandolesi et al., 2002). SYNPO or
Synaptopodin has been found to be essential for the formation of spine apparatuses
(Mundel et al., 1997). VGF is found to be increased in a much greater extent in RT-
gPCR across time-points and treatments, with the exception of cultures treated with
NT4 for 24 hours. SYNPO expression patterns are more complex, but the differences
in the fold of increase between the two expreriments are more moderate. EGR1, EGR2
and EGRS3 are expressed to a much greater extent in the first time-point of 30 minutes
in the RT-gPCR experiment, but at the later time-points EGR1 and EGR2 are
increased to a much greater extent in the RNA seq experiment. On the other hand
EGR3 is expressed at similar levels at the later time-points Although the fold of change
of gene transcription was different between RNA seq and RT-PCR the direction of the
increase was replicated. The divergence between the level of increase between the
two methods could be attributed to the higher sensitivity of the RT-PCR when single
genes are tested. Alternatively the transcript detected by RT-PCR may not reflect the

total amount of MRNA produced by a gene (Figure 5.40)
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Figure 5.40 Expression fold changes relative to the control of 7 genes obtained with RNA SEQ

and RT PCR. Green colour indicates higher level of increase and bright yellow indicates intermediate

level of change. The numbers presented in this figure correspond to increase/decrease in comparison

to the control cultures. For the RT-gPCR experiment 18s RNA was used as a control
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5.5 Discussion

As it was described in chapter 4, a novel monoclonal antibody, AB85, was found to
act as an efficient TrkB agonist in terms of phosphorylation of pTrkB and some
components of the downstream signalling such as c-FOS. In order to provide an in-
depth comparison of the efficiency of AB85 to BDNF and NT4, cultures of human
neurons were treated with either BDNF, AB85 and NT4 at 4 different time-points. At
the first time-point of 30 minutes 43 genes were upregulated more than 2-fold and with
a p-adjusted value <0.01, and most of them are immediate early response genes and
transcription factors that initiate the signalling cascades downstream of TrkB pathway.
A global and unbiased transcriptome analysis identified 1199 genes that are
upregulated after 2-hour treatment of day 30 neurons with either BDNF, NT4 or AB85,
whereas 1103 and 671 genes remain upregulated after 12 and 24 hours of treatment
respectively. Furthermore, 1065 genes are downregulated after 2 hours of treatment
with either one of the TrkB agonists, 1844 genes are downregulated after 12 hours of
treatment and 614 are downregulated after 24 hours of treatment. These genes were
analysed with Gene Ontology analysis (GO) and relevant gene categories were
discovered. Additonally, PCA analysis of differentially expressed genes revealed that
samples clustered according to experimental condition and time of treatment. This
finding highlights the reproducibility of the differentiation protocol used across different
wells. A great number of these differentially regulated genes are shared between the
three ligands and hierarchical clustering with gene ontology placed them in relevant
categories. One of the most intriguing categories of upregulated genes was calcium
signalling. Interestingly, calcium signalling and increased BDNF expression are linked

in striatal neurons (Hasbi et al., 2009).

A large cluster that contains genes coding for sodium and potassium channels was
found to be upregulated mainly at the 12-hour time-point and are subsequently
downregulated at the 24-hour time-point. Interestingly BDNF has been shown to
negatively regulate the G protein-activated inwardly rectifying potassium channels
(Rogalski et al., 2000). Another gene cluster that was found to be downregulated
includes protein kinases and protein stability regulators such as the proto-oncogene
JUN, the zing finger transcription factor KLF11 and the mitogen-activated protein
(MAP) kinase kinase MAP2K6. Notably treatment with BDNF, NT4 and to a lesser

extend #85 were found to decrease transcription of genes belonging to the lipid
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metabolism cluster. This finding fits well with the notion that chronic administration of
BDNF in obese db/db mice leads to significant reductions in serum concentrations of
free fatty acid, total cholesterol and phospholipids (Tsuchida et al., 2002). It is notable
that all three ligands increased the transcription of immediate early response genes
that have been extensively reported to be upregulated upon BDNF treatment. Indeed,
cFOS which is an indirect marker of neuronal activity was upregulated 11.73-fold by
BDNF, 11.58-fold by AB85 and 13.29-fold by NT4 at the time-point 30 minutes and the
activity dependent transcription factor NPAS4, was increased 10.3-fold by BDNF,
8,45-fold by AB85 and 10-fold by NT4. Arc which is also known to be regulated by
BDNF was increased more than 11-fold by BDNF, 15.49-fold by AB85 and 20.2-fold
by AB85. It has to be mentioned that various genes were found to be differentially
regulated specifically by NT4 after treatment for 12 hours. The atypical chemokine
receptor 3 (ACKR3) was the most significantly downregulated gene of this category
and was decreased by 8.72-fold, whereas the Pro-Melanin Concentrating Hormone
(PMCH) was the most significantly upregulated gene and was increased by 46.68-
fold.

The great number of genes that are detected in this experiment and the multiple
parameters examined prohibits extensive in-depth analysis of the data obtained.
Therefore, the Glimma package of the Bioconductor package that generates
interactive graphs was used. Using this package several pairwise comparisons have
been made. Each one of the three TrkB ligands is compared to itself over the 4 time-
points, to the other 2 TrkB ligands in each time-point and to control cultures over the
4 time-points. In this way it is possible to examine any gene expressed in this setup in
every possible combination. A basic goal of this experiment was to identify which
genes are specifically regulated by any of the three TrkB ligands. In the previous
version of this Thesis, p adjusted value and Fold-change values from an ANOVA
analysis on the 48 different samples have been used. However, in these comparisons,
each sample was compared to the control culture in the appropriate time-point. In this
case several genes were classified as differentially regulated even though this was not
necessarily the case. For example, when the threshold was set at 2-fold change, a
gene expressed 1.8-fold by BDNF, 1.7-fold by AB85 and 2.2-fold by NT4 would be
counted as a gene upregulated by NT4 more than 2-fold. Now, limma package of the

Bioconductor was used to circumvent this problem. This package uses empirical
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statistical methods in a linear model for the analysis of complex experiments with
multiple treatment factors. Using these scripts it was found that no genes are
differentially regulated by any of the three TrkB ligands in a statistically significant
manner (p.adjusted <0.01) at the time-points 12 and 24 hours. After 12 hours of
treatment the main difference in the pairwise comparisons between the ligands is
located on the number of genes upregulated by NT4. 604 genes are upregulated more
than 1.5-fold by NT4 in comparison to the other TrkB ligands, 327 genes were
upregulated more than 2-fold and 61 are upregulated more than 4-fold. After 24 hours
no genes are differentially regulated by BDNF or NT4 and 50 genes are upregulated
by AB85 more than 1.5-fold in comparison to the other TrkB ligands. 4 of these genes
are also upregulated more than 4-fold. It is observed that most of the genes
upregulated in a statistically significant manner are upregulated between 1.5 and 2-
fold. However, the consensus in the scientific literature of RNA-seq is that the
threshold is widely used in 2-fold. Interestingly, there are no genes downregulated
specifically by only one of the three TrkB ligands. After 12 hours of treatment the main
difference is located again in the genes downregulated selectively by NT4. 569 genes
are downregulated more than 1.5-fold in comparison to the other TrkB ligands, 252
genes are downregulated more than 2-fold and 39 genes are downregulated more
than 4-fold. Notably, after 24 hours of treatment there are no genes downregulated
by either BDNF or NT4. However, 190 genes are downregulated more than 1.5-fold
by AB85 in comparison to the other TrkB ligands, 93 genes are downregulated more
than 2-fold and 9 genes are downregulated more than 4-fold. It is also observed that
the majority of the genes with altered expression that were examined remain
significant in the three degrees of significance examined here. This is a further support
for the validity of results presented here. It is worth emphasizing that AB85 is found to
do downregulate more than 4-fold, compared to other TrkB ligands, 4 genes that are
markedly upregulated in various cancers. This finding needs to be verified by RT-
gPCR and animal models for potential therapeutic significance. Interestingly a number
of genes are found to be preferentially upregulated or downregulated by NT4. There
are 5 genes upregulated more than 4-fold by NT4 alone (WBSCR17, GABRQ, PR11-
472120.3, CNGA3, SLC16A6) and 37 genes are upregulated by the three TrkB ligands
but are preferentially upregulated more than 4-fold compared to the other TrkB ligands
by NT4. These genes include genes involved in neurodegenerative diseases such as
MYH15 that is a risk factor for ALS, WBSR17 which is deleted in Williams syndrome,

273



CHST3 which is impaired in skeletal dysplasia and hearing loss in humans, PMP22
that is downregulated in several neuropathies. Another gene that is preferentially
upregulated by NT4 is CLSTN2 which is expressed in motor neurons and is proposed
to have an impact on human memory and more specific word recall. ANXAS is another
gene preferentially upregulated by NT4 and it has been shown to be involved in cellular
growth and signal transduction. Two genes that are important in hunger regulation,
homeostasis and sleep, were also upregulated significantly more by NT4 than BDNF
and AB85, PNOC and PMCH. Intriguingly, TSHR, the thyrotropin receptor that
responds to thyroid-stimulating hormone was found to be increased. Interestingly a
study has found reduced levels of BDNF and NT4 in mice with hypothyroidism,
suggesting a link between the neurotrophins and thyroid regulation (Bhroz et al.,2017).
Genes that are upregulated to a greater extent by NT4 compared to BDNF and AB85
include genes involved in different cancers, such as CDCP1 which is increased in triple
negative cancer cells and MIR136, which is downregulated in the same type of cancer
and is correlated with poor prognosis. MET, a proto onco-gene is also upregulated by
a significantly greater amount by NT4 compared to BDNF and AB85, as is the case
for PLPP4 which is increased in lung carcinoma. The results relevant to cancer would
be meaningful to be replicated in a more appropriate model, such as cancer cell lines.
There are 16 genes selectively downregulated more than 4-fold by NT4 compared to
control cultures at 12 hours and 21 genes downregulated more than 4-fold by NT4
compared to BDNF and AB85 including interesting genes such as ACK3 which is
expressed in glioma cells and linked to MEK/ERK resistance to apoptosis and is a
poor prognosis marker, NTNG1 which mediates axon growth and in implicated in Rett
syndrome, BRINP2 which plays an important role in behaviour, as BRINP2 - mice
have increased anxiety and SST a hormone of endocrine system which is involved in
neurotransmission. Two markers of hematopoietic stem cells, ESAM and EMSN were
also downregulated by NT4, as is the case for PDEA1 which is increased after
traumatic brain injury and NCR2 which is mutated in fatal neurodegenerative disease.
CHST9, another gene downregulated by NT4 has been deleted in some schizophrenia
cases. Some of the downregulated genes by NT4 compared to BDNF and AB85 are

involved in cancer, such as SOSTDC1 which is reduced in breast cancer.

RT-gPCR was used to test 7 of the genes upregulated with RNA-seq as a first-step

validation. One differentiation experiment was used in triplicate wells for the RT-gPCR,
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and therefore it was not possible to examine more than 7 genes at once. This is due
to the fact that from each well of neurons about 400-700 ng of RNA is extracted, while
a RT-gPCR reaction needs 50 ng. The differences observed between the RT-gPCR
and the RNA seq data could be attributed to various reasons, such as the potential
different specificity of the techniques or also some variability between differentiations.
Future experiments could address this point by repeating RT-qPCR experiments from
the same stage of numerous differentiations for a number of key genes. Different
differentiation experiments could also be used to extract proteins from the same stage

of the differentiation and examine the same genes in the protein level.

Overall, the two neurotrophins and the TrkB activating antibody have been found here
to activate transcription of neurons in a similar manner, in particular at early time points
(Merkouris et al 2018). Transcriptional changed induced by BDNF and NT4 remain
similar at later time points but diverge from the changes induced by antibody #85. This
divergence could be attributed to small differences in the first minutes of treatment that
are subsequently amplified, or due to different kinetics of the antibody compared to

the two neurotrophins.

Further experiments would shed light on the exact identity of the neurons used in this
Thesis, with the use of immunostaining and RT-qPCR. Co-localisation of c-FOS with
transcription factors expressed by a particular cell type could identify the cells that
mediate BDNF-TrkB signaling. It would also be valuable to examine TrkB
internalisation upon treatment with BDNF, AB85 and NT4 and examine any
differences that will arise between the three TrkB ligands. RNA-seq experiments could
be performed in single-pulse experiments, two or three-pulses with treatment for
shorter and longer time-points in order to explore whether BDNF, AB85 and NT4 have
major transcriptional differences in these conditions. A further confirmatory experiment
for the existing similarities between BDNF, NT4 and AB85 would be X-ray
crystallography studies to detect the binding point of AB85 to TrkB.

Some straightforward experiments that will offer new insights building on the data
presented here could include the use of human iPSCs derived from Huntigton patients
from the HD consortium, that have been differentiated from Nick Allen lab under the
same protocol and found to be reliant on BDNF for their survival. It would be intriguing

to perform RNA-seq experiments on control cultures together with cultures treated with
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BDNF, AB85 and NT4 to compare the similarities between these TrkB ligands in the
downstream survival signals. It would be important to examine whether AB85 has a
survival effect on these neurons, and whether this effect is similar to BDNF. NT4 would
also be used in this experiment, as it appears to act very similar to BDNF based on
the RNA-seq experiment described above. A profound experimental strategy would
include treatment of a mouse model of Huntigton’s disease with AB85, as reduction of
cortical BDNF mRNA levels has been shown to correlate with the progression of
disease in amouse model of HD (Zuccato et al., 2005) . Another possibility is treatment
of a mouse model of Alzheimer Disease, as BDNF delivery from astrocytes has been

shown to rescue memory deficit in such models.
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Chapter 6: Discussion

The main results of this study are that a large proportion of inhibitory neurons
generated from human ESCs respond to the addition of BDNF, NT4 and of a novel
TrkB activating monoclonal antibody by phosphorylating TrkB in a time- and dose-
dependent manner. Comparative RNA-seq analyses of the whole transcriptome
indicated striking similarities at early time points between the changes observed
following the addition of all 3 TrkB ligands. These findings were published in PNAS
(Merkouris et al.2018). The difficulties encountered when exploring the biochemistry

of BDNF in neurons derived from human embryonic stem cells are also discussed.

6.1 Modulation of BDNF/TrkB signaling as a theurapeutic strategy for

brain disorders

BDNF and its main receptor, TrkB are key components in neuroplasticity during
development and remain important in the adult nervous system. TrkB activation upon
BDNF binding promotes neurogenesis, synaptogenesis and synaptic plasticity, with a
direct impact in memory and cognition (Lu et al., 2014). Gene targeting experiments
in the mouse have convincingly established that TrkB is essential to prevent the death
of BDNF and NT4-responsive sensory neurons during development (Klein et al., 1993)
as well as for functional synaptic plasticity (Minichiello et al., 1999). Given this
background and the widely recognised roles of especially BDNF, but also NT4 during
development as well as in the adult brain, attention initially focussed on the use of
BDNF itself as potential therapeutic agent for neurological and neurodegenerative
disease (reviewed in (Lu et al., 2013, Gupta et al., 2013). Rodent models of brain
disorders have been used to demonstrate the possible therapeutic benefits of targeting
BDNF signalling. Direct delivery of BDNF into the striatum diminished the symptoms

in animal models of Huntigton’s disease (Zuccato and Cattaneo, 2014)

In line with this result overexpression of BDNF in the forebrain under the control of the
promoter for a subunit of Ca2+/calmodulin-dependent protein kinase Il increased to a
great extent the protein levels in cerebral cortex and striatum and prohibited cell death

of striatal neurons and motor dysfunction (Xie et al., 2010).
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Interestingly BDNF levels were low in parietal cortices and hippocampi in post-mortem
brains of Alzheimer’'s disease patients (Hock et al., 2000). Engineered astrocytes
expressing BDNF under GFAP promoter were used to treat a mouse model that
recapitulate some of AD hallmarks resulting in an increase in dendritic spine density
and morphology and rescue of memory deficits (de Pins et al., 2019). Another paper
showed that amyloid- peptide promotes truncation of TrkB and subsequent reduction

of TrkB signaling (Jeronimo-Santos et al., 2015).

However, BDNF has very short half-life in the blood in the range of few minutes, and
the physicochemical properties of BDNF (isoelectric point, pl approximately 10) makes
it difficult to diffuse, and as such unsuitable for use as a drug. In addition, it does not
penetrate the blood-brain barrier (Pardridge et al., 1994). Several alternative, indirect
strategies have then been used to try and circumvent these problems and increase
BDNF/NT4/TrkB signalling by using drugs penetrating the blood-brain barrier and
increasing Bdnf transcription such as the sphingosine-1 phosphate analogue
Fingolimod (Deogracias et al., 2012) or else directly activating TrkB. Fingolimod is
extensively used in the context of multiple sclerosis (Kappos et al., 2010) and acts to
prevent the exit of T lymphocytes from the lymph nodes. Whether or not this will limit
its use in the context of neurodegenerative diseases is unclear at this point. Several
TrkB agonists have been suggested to mimic BDNF, and at the end of 2017 over 200
papers were found through PubMed search. With regard to drugs activating TrkB
directly, a number of reports have indicated that small molecules may activate TrkB
such as 7,8-dihydroxyflavone or LM22A-4 (a small molecule designed to mimic part of
BDNF’s structure). However, a recent survey of such molecules testing their potential
as TrkB agonists using multiplex quantitative assays measuring TrkB phosphorylation
and downstream pathways failed to confirm that these drugs may activate TrkB in a
manner analogous to BDNF(Boltaev et al., 2017). As an alternative to small chemical
entities activating TrkB, monoclonal antibodies (generated by the traditional route
involving immunising animals) have been developed and shown to activate TrkB. As
immunoglobulins or fragments thereof are now widely used in humans, much is known
about the tolerability of these reagents as well as their pharmaco-kinetic properties.
These reagents have been convincingly shown to activate TrkB in either reporter
systems or in neurons (Bai et al., 2010, Cazorla et al., 2011) and in one case even in

neurons derived from induced-pluripotent cells (Traub et al., 2017). A very recent
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study described a TrkB agonistic antibody (AS86) that promoted neurite outgrowth
and prevented AB-induced cell death in mice hippocampal primary neurons, while it
facilitated LTP in hippocampal slices. It was also shown to rescue spatial memory
deficits in a 11-month but not in a 14-month-old AD mouse model (Wang et al., 2020a).
Interestingly another recent study generated novel TrkB agonists using the NFAT
assay described a TrkB antibody (Ab4B19) that induces a slower decline in plasma
membrane expression of TrkB than BDNF, significantly increased length of neurites in
mouse cortical neurons and rescued PC12 cells expressing human TrkB. This
antibody was still detected after 3 days in the blood and 5 days in brain tissues and
prevented motorneurons cell death in culture after serum deprivation. This study also
used the spinal root avulsion model as a model of in vivo motorneuron damage, where
BDNF and Ab4B19 largely prevented motorneuron degeneration. The TrkB antibody
was found to be even more effective than BDNF (Guo et al., 2019) Excitingly, the same
antibody has been tested in neurons derived from human embryonic stem cells
expressing midbrain and hindbrain neuronal subtypes, where BDNF was shown to
phosphorylate TrkB. Ab4b19 was also shown to phosphorylate TrkB, albeit to a much
lower extent. However, the TrkB antibody had the same survival effect with BDNF in
terms of pro-survival effect in human neurons under oxygen/glucose deprivation (Han
et al., 2019). Future experiments could test Ab4B19 and AB85 side by side, together
with BDNF both in vitro and in vivo models that are mentioned above in order to

determine the potential utility of AB85 as a theurapeutic agent.

6.2 Studying TrkB signalling using human neurons

Most of the data presented in this thesis was derived from experiments using human
embryonic stem cell-derived neurons that widely expressed the inhibitory neuron
GABAergic marker, GAD65/67. Previous in vitro and in vivo work with rodents has
indicated that such neurons typically express TrkB, depend on TrkB signalling during
development and express the Bdnf gene at barely detectable levels, unlike excitatory
neurons (Baquet et al., 2004; Rauskolb et al., 2010). It had been previously reported
that hESCs and hiPSCs can differentiate to GABAergic medium-sized spiny neurons
(MSNSs), which are the principal projection neurons of the striatum (Arber et al., 2015).
Indeed, Activin A was shown to promote what can be described as a “lateral ganglionic

eminence identity” as evidenced by the expression of the transcription factors CTIP2,
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GSX2 and FOXP2 typically expressed by basal ganglia neurons (Arber et al., 2015).
The introduction of defined media containing small molecules regulating cell cycle exit
and interfering with the notch, CREB and WNT pathways allowed the generation within
about 37 days of neurons expressing the synaptic markers synaptophysin and PSD-
95 (Telezhkin et al., 2016). In the studies within this thesis, using a combination of
protocols, inhibitory neurons could be generated from H9 hESCs after a period of 30
days. Whilst similar results could be obtained with H7 hESCs, H9 cells were used in
most experiments because H9 ESCs differentiate to neurons slightly faster than H7
ESCs. Beyond the efficient and reproducible generation of inhibitory neurons within
an acceptable time frame it is the high proportion of neurons responding to TrkB

ligands that made this system attractive for RNA seq analyses.

6.3 Comparing TrkB activation following the addition of BDNF, NT4 and
#85

Preliminary studies indicated that 4 different TrkB agonistic antibodies selected using
the procedure described in Material and Methods were able to phosphorylate TrkB.
The antibody designated #85 was selected based on its ability to rapidly phosphorylate
TrkB at relatively low concentrations. Detailed investigations with this antibody as well
as with the natural ligands BDNF and NT4 indicated that whilst TrkB was
phosphorylated in a dose-dependent manner, the range in ligand concentrations
between levels of BDNF or NT4 that produce no detectable TrkB phosphorylation to
levels of BDNF and NT-4 that led to maximal TrkB phosphorylation was remarkably
narrow, being of the order of 3- to 4-fold. Moreover, increasing the levels of BDNF or
NT4 greatly above those needed to maximally phosphorylate TrkB did not lead to a
decrease in TrkB phosphorylation. As variability between experiments made accurate
determinations of EC50 values difficult, these could only be roughly estimated to
correspond to about 0.19 nM for BDNF, 0.45 nM for #85 and 1.92 nM for NT4. The
reasons for the observed variability did not become entirely clear and were observed
even when all samples were analysed on the same gels or originated from the same
multiwell plates. It is conceivable that the slight differences in the density of the

neurons between different wells or in the identity of the cultures could have a bigger
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impact on the expression of TrkB. The use of AlphaLisa assay makes it possible to
test several conditions in the same plate, and would be therefore more appropriate for
EC50 determination using several more closely spaced concentrations. With regard
to the time course of phosphorylation following ligand addition, 4 different times were
analysed, with similar results following the addition of any of the 3 ligands: maximal
levels of phosphorylation were detected after 30 minutes, followed by a decrease of
signal intensity already after 2 hours followed by even stronger decrease by 12 and
24 hours. Previous experiments with rat cortical have provided strong evidenced for
downregulation of cell surface TrkB by mechanisms involving proteasome-mediated
degradation of TrkB (Sommerfeld et al., 2000, Proenca et al., 2016). The latter study
with rodent neurons also indicates that both BDNF and NT4 induce a rapid loss of cell
surface TrkB, but that in these neurons BDNF induce a more rapid downregulation
than NT4. Whilst the down-regulation of TrkB has not been directly addressed here,
and decreased phosphorylation of TrkB may not necessarily mean disappearance of
TrkB from the cell surface, the detailed mechanisms could readily be addressed in
future studies using the system described here. In particular, biotinylation of cell
surface-exposed molecules followed by immunoprecipitation would shed light into the
mechanisms leading to the marked decrease of the pTrkB signal with time. Such
studies would be important in the context of the findings reported by Proenca and
colleagues as the differences they observe between BDNF and NT4 with regard to the
kinetics of cell surface reduction of TrkB levels may have important functional
implications. Indeed, these authors suggested that NT4 may initiate a more long-
lasting signalling cascade. However, it should be noted that the RNAseq data (see
below) do not suggest tremendous differences between BDNF and NT4 with regard

to transcriptional changes, even 24h after ligand addition.

Whilst the major goal of the study was to compare natural ligands with #85 using
human neurons (given that #85 had been selected using human TrkB, see Material
and Methods), it is interesting to note that using rodent systems, #85 seems to be less
potent then BDNF in terms of the degree of TrkB phosphorylation (Merkouris et al
2018) . Whilst the extracellular domain of human and rat or mouse TrkB are more than
90% conserved these results suggest that small sequence differences may matter.

Also, it should be noted that the extracellular domain of TrkB is heavily glycosylated
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whereby nothing is known about possible differences between the glycosylation
patterns of rodent versus human TrkB.

An intriguing question is if TrkB is re-exposed and re-activated at the cell surface
following exposure to its ligand. Preliminary attempts indicated that upon treatment
with BDNF, or NT4 or #85 for 12, 24, 48 and 72 hours followed by removal of the
ligand for 5 minutes, TrkB phosphorylation could not be achieved by re-exposing the
neurons to any of the three ligands for a period of 15 minutes. However, this
experiment was done once and the media was not fully removed due to the fragile
nature of the cultures. Since the neurons do not die in the absence of ligand it will be
interesting in future experiments to delineate the duration of ligand deprivation
required for TrkB to be again activated at the cell surface. A recent study using human
neurons addressed a similar question (Traub et al., 2017). One of the two antibodies
tested (designated AB20) was found to be again able to re-phosphorylate TrkB
following 2 initial exposures of the cells to antibody for only 15 minutes. However, this
effect was not seen with BDNF (see also below for further discussion of the Traub et

al study).

6.4 Global transcriptome analyses following exposure of hESC-derived
neurons to BDNF, #85 and NT4

Given the relative homogeneity of the cultures as well as the number of cells
responding to the addition of TrkB ligands, it was of interest to explore at different time
point the transcriptional changes downstream of TrkB activation. In order to minimise
possible transcriptional changes due to neuronal maturation during the 24h time
period, neurons were treated for periods of time that were as short as possible and as
close as possible to the untreated controls. In addition, triplicate controls were used at
4 different times during the experiments (see Fig.5.2 for a summary of the treatment
scheme). The results of all 48 samples were entered into a Principal Component
Analysis (PCA) that was used to compare genome wide changes. One important result
emerging from this analysis is that all controls, i.e., untreated samples grouped
together in one cluster indicating that no significant global transcription changes occur
during the experimental time period. The 30-min treated samples also grouped in the

control cluster, indicating that there are too few significant changes at this early time
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point to affect this type of global analysis. Remarkably, immaterial of the ligand used
to activate TrkB, all data points neatly grouped at 2h following TrkB activation, with the
single exception of one outlier that was subsequently left out of the analysis. These
considerations also mean that the analysis encompassed in the end 47 samples out
of 48. This PCA method represents a straightforward and comprehensive way to
illustrate that with increasing time following ligand addition, BDNF and NT4 clearly
segregate together whilst the #85 cluster increasingly distinguished itself from the
natural TrkB ligand, and even more so at 24h than at 12 h. One possible explanation
for this progressive segregation is that for example small differences in the activation
of early transcription factors are progressively amplified over time by the secondary

activation of other elements of the transcription machinery.

Out of the 48 samples used in the RNA seq analysis one triplicate culture that was
treated with AB85 for 12 hours was an extreme outlies with many more differential
regulated genes than the rest 47 cultures and was excluded from further analysis. This
RNA seq analysis revealed that upon treatment for 2, 12 or 24 hours several hundreds
of genes are differentially expressed compared with untreated neurons. Whilst this
may not seem too surprising, it is interesting to note that during the course of this work,
a highly relevant study came out that shares important similarities with the RNA seq
analysis reported here, as well as the intent of the experiment overall (Traub et al.,
2017). Briefly, this study compared the ability of BDNF and of two proprietary
monoclonal antibodies activating TrkB and designated AB2 and AB20 originally raised
in the mouse and subsequently humanized (Traub et al.,, 2017). Unlike here
phosphorylation of TrkB was measured by an enzyme-linked immunoassay and
EC50s were defined as 25, 67 and 530 pM for BDNF, AB2 and AB20 respectively,
whilst efficacy only reached about 50% for both antibodies (compared with BDNF set
at 100%). One difference is that neurons derived from hIPSCs were used as opposed
to hESCs here but more importantly, the number of TrkB-responsive genes was far
lower compared what has been observed in chapter five of this thesis using a related,
but different differentiation protocol. Notably, the study by Traub and colleagues
identified only 42 genes to be differentially expressed following the addition of either
BDNF or 2 related monoclonal antibodies activating TrkB for a time-point of 6 hours.
Thirty of these genes were also found to be upregulated in this study, but to a far larger

extend than in the the Traub study. Only 2 genes showed similar changes whilst 10
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genes were pseudogenes that were not taken into consideration in the analysis of
RNA seq data in Chapter 5. Specifically, VGF, or nerve growth factor induced VGF
was induced by more than 10-fold upon 2 hour or 12-hour treatment with all three
ligands in the present study, whilst the increase was only about 4.5-fold in the Traub
et al. study. VGF is a secreted protein and neuropeptide precursor with a role in
metabolism (Hahm et al.,, 1999) and synaptic plasticity and Vgf mRNA levels are
increased in cultured hippocampal neurons upon treatment with BDNF for 3 hours
(Alder et al., 2003). The second most upregulated gene (4-fold) in the Traub study was
GPR50, a G-protein coupled receptor 1 family member previously shown to inhibit
melatonin receptor 1A function through hetero-dimerization. Following the addition of
TrkB ligands, it was upregulated by more than 60-fold after 2 h and 14-fold after 12 h.
In the work presented here more than 50 genes were found to be increased by more
than 50-fold. Still, a close scrutiny of the data revealed that few genes are differentially
regulated selectively upon treatment with NT4 for 12 h.

The most downregulated gene that was selectively regulated by NT4 only was atypical
chemokine receptor 3 (ACKR3) which encodes a member of the G-protein coupled
receptor family which was downregulated by 10-fold. It is an orphan receptor, as its
endogenous ligands has not been identified yet and it acts as co-receptor for human
immunodeficiency virus (HIV) (Balabanian et al., 2005). The most highly upregulated
gene by NT4 at the 12-hour time point was the Pro-Melanin Concentrating Hormone
(PMCH) which was upregulated by 45-fold. This gene encodes for a preprotein which
upon proteolytical processing leads to Melanin-concentrating hormone, a short
neuropeptide of 19 amino acids that stimulates hunger (Marsh et al., 2002). TSHR
which encodes for thyrotrophin and thyrostimulin was also found to be increased by

18-fold upon stimulation with NT4.

Unfortunately, it has not been possible to directly compared antibodies AB2 and AB20
with #85 but based on the results obtained with BDNF in both studies it appears likely
that the differences between the 2 sets of data may originate from the culture system
used. Specifically, Traub et al. also used a protocol involving SMAD inhibition but also
an inhibitor of the GSK3 pathway, phorbol ester and BMP4 as described previously
(Reinhardt et al., 2013). This protocol gives rise to cultures that typically do not grow
as monolayer and as a result it is exceedingly difficult to obtain reliable data on the

proportion of TrkB-expressing and —responding neurons. It is thus conceivable that in
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the study by Traub et al., the proportion of neurons responding to TrkB activation may
be lower, thus explaining why the number of gene changes following ligand addition
may be lower. With regard to the important question of the relative merits of the three
antibodies in question (#85, AB2 and AB20) direct comparisons should be made using
one and the same cellular assay and similar measurements methods so as to reach

useful conclusions.

6.5. Use of human excitatory neurons to study BDNF regulation

In spite of the wealth of information regarding the role of BDNF not only in rodents but
also in humans (see Introduction), most of the data related to the biochemistry and
molecular biology of BDNF originate from mouse work, with the notable exception of
those related to the organisation of the BDNF gene in humans (reviewed in West et
al., 2014). It was therefore of interest to explore novel aspects of BDNF’s biochemistry
using neurons derived from human pluripotent cells, not least because of the
description of the human antisense mRNA (West et al., 2014). Using a differentiation
system based on triple SMAD imbibition, large number of excitatory neurons could be
generated, with an unclear proportion of these neurons expressing some of the
transcription factors expected to be expressed by cortical pyramidal neurons and
therefore likely to express the BDNF gene. Indeed, most of the BDNF transcript
variants described in the human cortex could be shown to be also present in hESC-
derived neurons (see Fig 3.5). The levels of BDNF transcripts were found to increase
about 10- fold between 33 and 82 DIV, suggesting that the increase in the expression
of BDNF mRNA may follow the development of synaptic connectivity as reflected by
a parallel increase in the levels of synaptophysin. As expected, the levels of BDNF
MRNA levels were found to increase following depolarisation with elevated levels of
KCI (see Fig 3.4). Whilst the long non-coding BDNF antisense transcript was found to
be expressed in RNA extracted from these cultures, its levels remained unchanged
throughout the differentiation procedure (see Fig 3.5). Interestingly, the levels of this
antisense were also found to be regulated upon depolarization elicited by increased
KCI levels whereby unlike sense transcripts, the antisense transcript was down-
regulated (see Fig 3.5). This opens the possibility that this antisense transcript may
have a role in regulating BDNF expression and that potentially, one of the explanations
for the increased BDNF protein levels typically seen after depolarization may be a

decrease of the antisense transcript. Further investigations will be needed to
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understand the functional connections, if any, between BDNF sense and BDNF-
antisense mRNA levels and their respective regulation. However, the extended culture
times needed to achieve a reasonable degree of maturation of the neurons under the
experimental conditions used turned out to be a major problem. Also, the
heterogeneity of the cells generated as well as the formation of aggregates over time
represented very significant obstacles, unlikely to be overcome during a reasonable

time frame.

At this point very little is known about the potential role of the BDNF antisense
transcript, perhaps unsurprisingly in view of the difficulties in reproducibly generating
monolayer cultures of human neurons expressing significant levels of BDNF (see
above). Interestingly, the same antisense transcript is also found in primate brain
tissue (Pruunsild et al., 2007) and one study suggests that mouse cells also express
a (significantly shorter) BDNF antisense transcript (Modarresi et al., 2012). The same
study tested the impact of BDNF-AS on BDNF by using shRNA against BDNF-AS
HEK293T cells that endogenously expressed BDNF. Modaressi and colleagues
described that BDNF-AS knockdown has been found to increase BDNF protein levels

in vitro.

Despite the differences in the length of these antisense mMRNAs between mouse and
human, the 225-bp overlapping region is 90% homologous. However, attempts to
detect BDNF antisense transcripts failed during the course of the experiments detailed
in this thesis failed, both in mouse neurons derived from embryonic stem cells or in
RNA extracted from the mouse hippocampus (data not shown). The absence of
BDNF-AS in rodents suggests a primate specific function, which could be investigated

further by analysing RNA from other primates than human.

Despite progress in the development of differentiation protocols based on human
pluripotent cells, it seems that the degree of neuronal maturation remains problematic.
For example, recent, still unpublished experiments by Mariah Lelos (Brain Repair
Group, Cardiff University) revealed that human foetal tissue generate more rapidly
functionally relevant neurons when replacing dopaminergic neurons than cells derived
from pluripotent human stem cells, even many months after transplantation in the
striatum on the side ipsilateral to the lesion of Parkinsonian rats (unpublished data). It

thus seems that the maturation of human neurons generated from pluripotent cells
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may still represent a significant challenge, not just in the context of studying questions
related to the biochemistry and molecular biology of BDNF.

6.6 Conclusions

Using neurons derived from hESCs grown under conditions favouring the
development of neurons that express functional TrkB and respond to TrkB ligands, the
experiments reported here indicate striking similarities in the changes caused by
exposure of the neurons to two different physiological ligands of TrkB compared with
a novel monoclonal antibody activating TrkB. These similarities were particularly
striking at early time points and suggest that this novel antibody may be a useful tool
to use in functional assays. Such assays are now needed to further delineate the
potential of this new reagent in activating TrkB in vitro and in vivo, using animal models
of disease that have previously suggested that the activation of TrkB may be
potentially be therapeutically beneficial. In particular, the Huntington Disease (HD)
consortium has generated iPSC lines from HD patients and demonstrated that the
lines containing longer CAG repeats were the most vulnerable to BDNF withdrawal
(Consortium, 2012). Whether or not #85 could substitute for BDNF would be an
interesting first step. Furthermore, BDNF overexpression in the forebrain of mice
engineered to express the HUNTINGTIN gene with CAG repeats has been shown to
improve symptoms such as cognitive deficits and the loss of striatal neurons (Xie et
al., 2010). Intra-striatal injections of reagents such as #85 into such mouse models
would be an important next step in further delineating the therapeutic potential of this
reagent.
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