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INTRODUCTION

The tropomyosin-related kinase (Trk) family of transmembrane proteins acts
as receptors to neurotrophins (NTs). Trks are tyrosine kinases that are the starting
point of many intracellular signalling pathways. They have an important role in
the developmental guidance of neurons and neurites, and the delivery of pro-
survival signals to neurons, but their role extends beyond the limits of
development and the nervous system. For example, Trks are needed for the
development and function of some peripheral tissues, TrkA governs proper pain
sensation and TrkB is crucial for the development of long-term potentiation
(LTP), which is the molecular equivalent of memory. It is no surprise therefore,
that there are many diseases where Trk signalling plays a role in the induction,
pathophysiology and/or treatment: neurodegenerative and psychiatric diseases,
cancer, etc. For this reason, a considerable amount of effort by the international
scientific community has been dedicated to the development of Trk modulatory
drugs. However, to correctly understand the role of Trk receptors in these
conditions, it is important to discriminate between alternative protein isoforms,
as they have very different properties and physiological roles, due to specific
expression patterns and signalling abilities.

This study is dedicated to the characterization of human 77k4 and TrkB genes,
including the description of their expression pattern and alternative transcripts.
Also, characterization of novel putative Trk protein isoforms is given. Finally,
novel inhibitors of Trk kinases are described.
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REVIEW OF THE LITERATURE

1. Trk receptors

The infinitely intricate and, fascinatingly, conscious human brain has taken
up, among other tasks, the quest to uncover its own building blocks and working
mechanisms. One of the conclusions of the work done in molecular neurobiology
is that among a huge array of other factors, neurotrophins (NTs) and their
receptors represent proteins that are indispensable for the proper functioning of
the brain.

The name of NT receptors — tropomyosin-related kinase (Trk; also known as
tropomyosin receptor kinase) — reflects their discovery. An oncogene from
human colon carcinoma was found in 1986 by the research group of Mariano
Barbacid that was given the name #7k oncogene, because this product of a somatic
rearrangement was a fusion protein comprised of an extracellular part of N-
terminal portion of tropomyosin, and transmembrane and intracellular sequences
of an unknown kinase (Martin-Zanca et al., 1986). Three years later, the same
laboratory described 77kA gene, officially known now as neurotrophic receptor
tyrosine kinase 1 (Ntrkl) and formerly known as #rk proto-oncogene, that was the
source of trk oncogene tyrosine kinase-encoding sequences (Martin-Zanca et al.,
1989). Shortly after that, the same group also discovered 7rkB and TrkC genes,
based on high sequence similarity to 7rk4 (Klein et al., 1989; Lamballe et al.,
1991). At the protein level, Trk receptors are indeed very similar, with
approximately 70 % sequence similarity between TrkA and TrkB that reaches
88 % in their tyrosine kinase domain (Klein et al., 1989).

Trks are a small family of transmembrane kinases that act as receptors for
NTs — target-derived neurotrophic factors, and are the main mediators of NT-
induced pro-survival and pro-differentiation signals for neurons innervating those
targets (Klein et al., 1993; Smeyne et al., 1994). TrkA interacts mainly with nerve
growth factor (NGF), TrkB with both brain-derived neurotrophic factor (BDNF)
and NT4, and TrkC with NT3 (Ip et al., 1992; Klein et al., 1991a, 1991b, 1992;
Lambealle et al., 1991; Soppet et al., 1991). A weaker interaction also takes place
between NT3 and receptors TrkA and TrkB (Lamballe et al., 1991). In addition,
NTs also use a low affinity p75 NT receptor (p75™'®) which, using a co-receptor
sortilin, usually opposes Trk signals by inducing apoptosis and/or axon pruning
(Lee et al., 2001; Nykjaer et al., 2004; Singh et al., 2008). p75"™ binds all NTs
with higher affinity in their pro-form, which contain an N-terminal sequence that
is proteolytically removed from mature NTs.

Remarkably, the discovery of NGF by Rita Levi-Montalcini and Stanley
Cohen preceded the one of its receptors by more than three decades as it was one
of the first growth factors to be identified. By the time Trks were found, a vast
array of knowledge was already available on NGF protein and its functions in
developmental neurobiology, neuroscience in general and even in the immune
system (Levi-Montalcini, 1987). The second NT to be discovered was BDNF,
which was purified in 1982 (Barde et al., 1982).

12



The first report of 77kB gene also described the structure of TrkB receptor
which is very similar to other Trks. Namely, these proteins are approximately
800 aa long and are embedded in membrane. The extracellularly located N-
terminal half of Trks is heavily glycosylated. During translation, its terminus
contains a signal sequence which is cleaved from the protein in the endoplasmic
reticulum. A major part of the C-terminally located intracellular portion of Trk
receptors is a tyrosine kinase domain that ignites many intracellular signalling
pathways (Klein et al., 1989; Lamballe et al., 1991; Martin-Zanca et al., 1989;
Middlemas et al., 1991).

Genes encoding NTs and their receptors are evolutionally old, their
orthologues can be found in many invertebrates, including sea urchins and
molluscs (Bothwell, 2006). A lot of experiments studying Trk proteins are done
in rodents. Protein sequence identity between human and rodent Trk orthologues
is above 90 % (Nakagawara et al., 1995). This notion validates many results of
Trk studies obtained in rodents also for human Trks.

1.1. Physiological role of Trk receptors

As demonstrated by knock-out mice, both TrkA and TrkB are important for
the proper functioning and viability of mammals. Trk4 knock-out animals have
defects in the peripheral nervous system (PNS), that are manifested by a severe
neuron loss in dorsal root, trigeminal and sympathetic ganglia (Smeyne et al.,
1994). Approximately half of these animals die during first weeks after birth and
the remaining have self-inflicted injuries due to severe deficiencies in perceiving
pain and extreme temperatures. Adult animals have additionally a serious
reduction in cholinergic fibre projections in striatal and basal forebrain (Smeyne
et al., 1994).

TrkB knock-out mice die within the first postnatal week due to sensory deficits
that manifest among other abnormalities as inability to eat, and are attributable
mostly to neuron depletion in nodose and petrosal ganglia, but there is also a
reduction in the number of neurons in trigeminal, geniculate, vestibular and
dorsal root ganglia (DRG), and among motor neurons (Klein et al., 1993; Silos-
Santiago et al., 1997; and reviewed in Barbacid, 1994). Although there are no
gross abnormalities in the central nervous system (CNS) of 77kB knock-outs,
activation of TrkB receptor by BDNF is required for the postnatal survival and
maintenance of many types of neurons, e.g. cortical and hippocampal neurons
(Alcantara et al., 1997; Ghosh et al., 1994; Martinez et al., 1998; Silos-Santiago
etal., 1997; Xu et al., 2000).

In addition to regulating cell survival, NT-Trk signalling is also needed for
neuronal differentiation. This can be illustrated in many aspects. First, NTs have
chemotactic ability to promote and steer whole neuron or neurite growth cone
movement (Campenot, 1977; Paves and Saarma, 1997). This effect is dependent
on Trk receptors (Ming et al., 1999). For example, BDNF derived from
preganglionic neurons in the spinal cord activates TrkB signal during
development in sympathetic ganglia cells to guide the dorsal migration of these
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discrete ganglia from their primary location so that they would localize in a
correct pattern along both sides of the spinal cord (Kasemeier-Kulesa et al.,
2015). TrkB acts here as a sensor on the plasma membrane. Later, sympathetic
neuron cell bodies remain immobile, but their axons’ growth is guided by NGF
produced at the target organ, and the axon tip grows in the direction of higher NT
concentration in response to TrkA activation. This NGF-TrkA signal is also
needed to avoid the apoptosis of these neurons. However, there is not enough
NGF produced to sustain all neurons that have reached the target and only half
survive after initial competition (reviewed in Barford et al., 2016).

Second, Trk receptors influence synapse development and function on many
levels. For example, a postnatal TrkB knock-out in the mouse forebrain reduces
the level of dendritic spines — the postsynaptic storehouses (von Bohlen und
Halbach et al., 2006). Also, TrkB-null mice have impaired y-aminobutyric acid
(GABA)-mediated neurotransmission and abnormal intrinsic synchronous
activity in their hippocampi (Carmona et al., 2006), normal TrkB expression is
needed for proper muscle function as reduced levels of TrkB affect the structure
and functioning of neuromuscular synapse (Kulakowski et al., 2011), and NGF-
TrkA retrogradely controls synapse assembly between spinal cord and
sympathetic ganglia (Sharma et al., 2010).

Furthermore, a huge body of evidence indicates a highly important role of
BDNF-TrkB signalling in memory formation: hippocampus-dependent learning
and long-term potentiation (LTP), which are accompanied by structural
enlargement of the dendritic spine, are dependent on postsynaptic BDNF release
and TrkB activation (Harward et al., 2016; Kovalchuk et al., 2002; Minichiello et
al., 1999; Monteggia et al., 2004).

TrkB regulates the function of neurons also indirectly: in oligodendrocytes, it
promotes proper myelination, guaranteeing a suitable environment for electrical
impulse propagation in neurons (Wong et al., 2013a).

Additionally, Trk receptors have functions outside of the nervous system. For
example, they affect vascularization, bone growth and the development and/or
functioning of heart, kidney, lung and some types of immune cells (Coppola et
al., 2004; Feng et al., 2015; Garcia-Suarez et al., 2009; Hepburn et al., 2014;
Hutchison, 2013; Kermani et al., 2005; Sariola et al., 1991; and reviewed in
Bracci-Laudiero and De Stefano, 2016). BDNF-TrkB activity is even implicated
in the development of high blood pressure after chronic intake of very salty food
(Choe et al., 2015).

1.2. Signalling of Trk receptors

All functions of Trk receptors are dependent on their ability to ignite
downstream signalling pathways. The high-affinity interaction between two Trk
receptor molecules with one NT homodimer brings about receptor dimerization
and subsequent trans-auto-phosphorylation of receptor’s intracellular tyrosine
residues (Jing et al., 1992). The latter serve as docking sites and triggers for
downstream signalling cascades (Schlessinger and Ullrich, 1992). It has been
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postulated that a simultaneous interaction between NGF and both TrkA and
p75"™ is needed to create high-affinity binding sites for NGF (Esposito et al.,
2001). However, evidence in this direction is questionable and it has been
hypothesized that Trk and p75"™® interact indirectly through common
downstream pathways (Wehrman et al., 2007). Recently, however, a novel model
was proposed, which assumes that a dimer of NGF dimers is formed, establishing
a protein complex consisting of two TrkA, two p75™"® and four NGF molecules
(Covaceuszach et al., 2015).

Interestingly, TrkA and TrkB can be activated in the absence of neurotrophins,
for example by the neurosteroid dehydroepiandrosterone, or via G protein-
coupled receptors (GPCR), such as the receptors of neuropeptide pituitary
adenylate cyclase-activating polypeptide (PACAP), serotonin or adenosine (Kruk
et al., 2013; Lazaridis et al., 2011; Lee and Chao, 2001; Lee et al., 2002). It has
been proposed that this transactivation by GPCRs is non-specific to tyrosine
kinases, and occurs via phospholipase C-y (PLCy) and reactive oxygen species
(Kruk et al., 2013). TrkB is also activated by epidermal growth factor (EGF) via
its receptor (EGFR), a process that regulates the migration of mouse embryonic
cortical neurons (Puehringer et al., 2013). Other transactivating mechanisms of
Trks are triggered by zinc ions and low-density lipoprotein receptor-related
protein 1 (LRP1; Huang et al., 2008; Shi et al., 2009). These transactivation
events are often mediated via a Src proto-oncogene (Src) kinase. However, the
role of zinc as an agonist of Trk receptors has been disputed, because it does not
activate TrkB receptor in vivo (Helgager et al., 2014)

The main pathways activated by Trks (Figure 1) are typical to receptor
tyrosine kinases in general and involve monomeric GTPases Ras and Ras
homolog (Rho), phosphoinositide-3-kinase (PI3K) and PLCy (Sandhya et al.,
2013). Two tyrosines outside the kinase domain of Trks are the major sites for
incorporating downstream signalling molecules — phospho-Y496 (Trk numbering
here is based on TrkA) binds adaptor proteins SH2 domain containing adaptor
protein (Shc) and fibroblast growth factor receptor substrate 2 (Frs2), making it
the initiating point for Ras and PI3K pathways; and phospho-Y791 binds PLCy
(Meakin et al., 1999; Obermeier et al., 1993).

The interplay of different signalling pathways starting from Trk receptors is
elaborate, culminating in various outcomes. However, a simplified picture
highlighting only a few important components of these processes is the following.
PLCy activates the inositol phospholipid signalling pathway leading to activated
protein kinase C (PKC) and increased cytosolic Ca®* concentration. This way,
activity and/or expression of many proteins is controlled, guaranteeing e.g.
BDNF-TrkB induced synaptic plasticity (Minichiello et al., 2002). Ras, on the
other hand, is involved in relaying the NT signal to the nucleus to alter gene
expression so that it would favour survival and neuronal differentiation, or non-
neuronal proliferation. To do so, Ras activates the mitogen-activated protein
kinase (MAPK, originally called ERK, extracellular signal-regulated kinase)
cascade which in turn phosphorylates gene expression regulating proteins
(Marshall, 1995; Meakin et al., 1999). Trk signal reaches Rho GTPases through
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different proteins and leads to changes in the cytoskeleton, a requirement for
neurite extension (Lai et al., 2012; Miyamoto et al., 2006; Nakamura et al., 2002).
Finally, PI3K creates lipid docking sites for downstream signalling molecules,
such as the protein kinase B (PKB, also known as Akt), thus transmitting cell
survival and growth signals of NTs (Crowder and Freeman, 1998). These four
signal pathways are not separate, however, and often function in concert by
relaying signal from one to another (Sandhya et al., 2013).

[ S |
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cytoskeletal PLCy 5
changes ,; | MAPK
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e.g. synaptic plasticity

Figure 1. A simplified view of the signalling pathways initiated during the Trk-
NT interaction. One neurotrophin dimer causes two Trk receptors to dimerise and trans-
phosphorylate, creating docking sites for downstream signal transducers, which activate

intracellular signalling pathways.

A crucial difference between TrkA and TrkB signalling was proposed by
Yves-Alain Barde and co-workers. Namely, TrkA along with TrkC, but not TrkB
are dependence receptors: in the absence of their ligand NTs, TrkA and TrkC
transmits death signal via p75N® receptor (Nikoletopoulou et al., 2010).

Although this aspect of Trk biology is not very well studied, the kinases are
unsurprisingly modulated by protein tyrosine phosphatases (PTPs). The PTPs that
regulate either negatively or positively Trk-induced signalling are numerous, but
one study found that a PTP named PTPN12 is the most important for regulating
TrkB phosphorylation and, hence, signalling (Ambjern et al., 2013).

The location of Trk receptors inside the cell is crucial for signal ignition and
relay. Trk receptors are transported in an anterograde fashion from the cell soma
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inside neurites using the help of sortilin (Vaegter et al., 2011). Even in the tips of
neurites, Trks cannot be activated by NTs if the receptor is located in intracellular
vesicles and is not accessible from the plasma membrane. This property is
effectively used to regulate Trk signalling. For example, LTP induction is
dependent on the insertion of TrkB into the postsynaptic densities (PSD) in
response to neuron high-frequency stimulation. A sortilin related VPS10 domain
containing receptor 2 (SorCS2) has been shown to be responsible for recruiting
TrkB from intracellular stores into the activated synapse and thus guarantee its
activation and signalling potential (Glerup et al., 2016).

The properties of the activated kinase are also dependent on intracellular
logistics. It has been known already since the 1970s that NGF is internalized and
retrogradely transported inside the axons to the cell soma in membranous vesicles
(extensively reviewed in Thoenen and Barde, 1980). This effect was described in
more detail during the last decade of the 20" century using compartmented
chambers where axon terminals and cell bodies are grown in different conditions.
Namely, for nuclear responses of NTs to take place, that is the induction of
immediate-early genes, the NGF-TrkA or BDNF-TrkB receptor complex on the
tips of neurites must be rapidly translocated to the cell soma inside an endosome
along microtubules using retrograde vesicular transport (Riccio et al., 1997,
Watson et al., 1999). In line with this finding, NGF-TrkA complexes and many
associated downstream signalling proteins were detected in the retrograde
trafficking of endosomes in DRG neurons (Delcroix et al., 2003). It is also known
that dynein motor proteins are responsible for the relocation of endosomes
containing activated Trk kinases (Heerssen et al., 2004). As an example of the
importance of this process, one of the symptoms of Down syndrome — the loss of
sympathetic neurons, takes place because of impaired endocytosis of TrkA (Patel
etal., 2015).

TrkA endosomes of rat sympathetic neurons can escape lysosomal fusion and
degradation for up to 25 hours (Suo et al., 2014). This feat is achieved via
recycling of endocytic vesicles and is probably needed to guarantee a sufficiently
long signalling in the cell soma. However, the regulation of Trk receptor activity
also includes ubiquitination and proteolysis that is needed for proper protein
levels and hence, a correct level of signalling from Trks (Arévalo et al., 2006;
Geetha et al., 2005; Jadhav et al., 2008; Yu et al., 2014). In response to PKC
activation and NGF treatment, TrkA is also subject to endoproteolysis that
generates soluble ectodomain and membrane-bound kinase that is highly
phosphorylated (Cabrera et al., 1996).

Trks also signal locally, for example, inside the synapse to directly modulate
its activity. This can be achieved via changing the activity or localization of
various receptors, channels and neurotransmitters (Blum et al., 2002; Melo et al.,
2013; Narisawa-Saito et al., 2002).

Interestingly, TrkA endosomes are able to transition into retrograde-
competent endosomes only if TrkA is bound to NGF, but not in the case of NT3.
This is most probably because TrkA-NT3 complexes are more labile in the acidic
environment of the early endosomes, restricting TrkA-NT3 signalling to synapses
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(Harrington et al., 2011). It was uncovered recently that BDNF and NT4 also
activate TrkB endocytosis differently: BDNF induces TrkB phosphorylation,
ubiquitination and degradation more rapidly than NT4, while the latter guarantees
a longer duration of TrkB signalling (Proenca et al., 2016).

1.3. Organization of human 7rkA and TrkB genes

TrkA and TrkB genes are, at a first glance, very different — 7rkA that is located
on chromosome 1 spans 23 kb and has been described to contain 17 exons, while
TrkB stretches to 350 kb on chromosome 9 and contains, according to a detailed
investigation by Stoilov and co-workers, 24 exons (Nakagawara et al., 1995;
Stoilov et al., 2002; Valent et al., 1997). The divergence in size is mainly
attributable to large intron sizes in the case of 7rkB (Nakagawara et al., 1995).
Another difference between Trk4 and TrkB lies in their 5’ untranslated region
(UTR) which is contained in the first exon of 77kA4, but is produced using
alternative initiation sites and splicing of exons 1-5 in the case of 7rkB (Stoilov
et al., 2002). This long 5> UTR has been shown to fold into an internal ribosome
entry site (IRES) that provides cap-independent translation initiation (Dobson et
al., 2005). Also, the 3’ UTR of TrkB can reach a substantially greater length than
TrkA 3° UTR (Klein et al., 1989).

Protein-coding exons of TrkA and TrkB are much more similar between the
two genes (Figure 2). First, a signal sequence for membrane localization is
encoded after translation initiation site in both 7rk4 and 7TrkB sequences (Klein
et al., 1989; Martin-Zanca et al., 1989). Second, exons 1-5 of TrkA and 5-9 of
TrkB encode three leucine-rich repeats flanked by cysteine-rich clusters and these
amino acid residues together fold into a single physical domain (Wehrman et al.,
2007). Third, the extracellular portion of Trks has additionally two more distinct
domains, both of which are immunoglobulin (Ig)-like domains (Schneider and
Schweiger, 1991). The first Ig-like domain is encoded by two separate exons and
the second Ig-like domain by a single exon in the case of both 7rkA and TrkB
(Wehrman et al., 2007).

The biggest variation among protein-coding sequences between 7rkA and
TrkB is in the exons that encode the unstructured juxta-membrane parts of Trks,
that is exons 9-12 of 7rkA and 13-19 of 7rkB. The transmembrane portion is
encoded by exon 11 of 7rk4 and by exon 15 of TrkB. Exons 13-17 of TrkA and
20-24 of TrkB encode the tyrosine kinase domain (Klein et al., 1989; Martin-
Zanca et al., 1989).

Alternative splicing has been described for human 7rkA gene for cassette exon
9 that contains only 18 nucleotides, generating transcripts either without exon 9
that encode for TrkAl isoform, or transcripts with exon 9 from which TrkAll is
translated (Barker et al., 1993). Additionally, TrkAIIl isoform that was first found
in neuroblastomas, is produced from transcripts where exons 6, 7 and 9 are
spliced out (Tacconelli et al., 2004).

For human 77kB, a bigger variety of alternative transcripts is known: exons 13
and 17, which encode parts of juxta-membrane sequences, are cassette exons, and
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exons 16 and 19 serve as alternative 3° exons generating TrkB-T1 and TrkB-T-
She protein isoforms that lack the kinase domain (Hackett et al., 1998; Klein et
al., 1990a; Middlemas et al., 1991; Stoilov et al., 2002).
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Figure 2. Simplified schematic representation of TrkA and TrkB receptor
proteins, and transcripts of 7rkA and TrkB. (A) a general structure of a Trk kinase. N-
terminus is depicted on the left and C-terminus on the right. Shc and PLCy binding sites
are indicated. (B) and (C): known transcripts of 7rk4 (B) and 7rkB (C). Boxes represent
exons and are drawn to scale. Coloured boxes symbolize protein-encoding exons. Lines
indicate possible junctions between exons. ATG — translation start-site; * - translation
termination site; MSS — membrane signal sequence; C & L rich — cysteine and leucine
rich sequence; IG like — immunoglobulin-like domain; TM — transmembrane.

TrkA mRNA has two in-frame AUG codons in the 3’ part of exon 1, of which
the second has been shown to be the main translation-initiation site, although the
first can also be used (Martin-Zanca et al., 1989).

In other vertebrates, more alternative transcripts for both 7rkA and TrkB have
been described that encode alternative protein isoforms. This includes TrkB
proteins that don’t bind NTs, because they lack some or all of the leucine-rich
repeats; deletions and insertions in the juxta-membrane region; and different
truncated isoforms with unique intracellular tails (Garner et al., 1996; Middlemas
et al., 1991; Ninkina et al., 1997). For TrkA, evidence of isoforms without some
or all of the leucine-rich repeats in thymus has come from the detection of
transcripts lacking exons 2-3 or 2-4 (Dubus et al., 2000). There is also one
publication describing 7rkA transcripts with 5’ end inside exon § (Forrest et al.,
20006).

As a side note, it can be mentioned that similarly to 7rkB transcripts, TrkC
mRNAs have been detected which encode receptors with or without the kinase
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domain, but additionally some 7rkC transcripts contain insertions in the region
encoding the kinase domain (Lamballe et al., 1991; Tsoulfas et al., 1993;
Valenzuela et al., 1993).

1.4. TrkA and TrkB protein isoforms’ characteristics

The full-length TrkB (TrkB-FL), TrkAI and TrkAIl have a calculated
molecular weight of approximately 90 kDa, but due to glycosylation, the proteins
are detected mainly in a fully-glycosylated 140...145 kDa form and, to a lesser
extent, as partially-glycosylated 110 kDa protein (Klein et al., 1989; Martin-
Zanca et al., 1989).

As a common property, both TrkA and TrkB isoforms which lack the
extracellular juxta-membrane region encoded by exon 9 of 7rk4 and exon 13 of
TrkB, namely TrkAl and TrkBA13, are more specific for their main ligands —
NGF or BDNF, and give weaker responses to NT3 and NT4 than the full-length
receptors (Clary and Reichardt, 1994; Strohmaier et al., 1996). Thus, although
the main ligand-binding region of Trk receptors is the second Ig-like domain, the
proximally located juxta-membrane region also plays a role (Wiesmann et al.,
1999).

1.4.1. TrkA

The lab of Andrew Reay Mackay in Italy discovered TrkAIII and it has been
one of the few to study this protein isoform. Their results demonstrate some
specific functionalities that Trk isoforms can have. TrkAIll, lacking the first Ig-
like domain compared to TrkAl, has been shown to be incompletely glycosylated
and is expressed on internal membranes — it is not transported to the plasma
membrane, because it is continuously shuffled back from early Golgi network to
the endoplasmic reticulum, where it starts to accumulate (Farina et al., 2009,
2015). TrkAIII is thus unable to bind NGF, but it is auto-activated and signals
constitutively via PI3K but not via MAPK cascade, hence steering the cell away
from differentiated phenotype and leading to tumorigenicity (Tacconelli et al.,
2004).

Additional mechanisms contribute to TrkAlIll-induced malignancy. TrkAIII is
recruited to the centrosome, induces centrosome amplification and thus generates
genetic instability (Farina et al., 2009). Furthermore, TrkAIIl opposes
mitochondrial free-radical mediated death in neuroblastomas (Ruggeri et al.,
2014). In agreement with this, it has been shown that lab-generated TrkA mutants,
which lack either one or both Ig-like domains, are prone to auto-activation and
are tumorigenic in mouse models (Arevalo et al., 2000).

1.4.2. TrkB

TrkB isoform levels must be balanced to guarantee a normal number of
cortical and hippocampal neurons — excess of TrkB-T1 induces apoptosis and

20



restoration of physiological levels of TrkB-T1 rescues neuronal cell numbers
(Dorsey et al., 2006). On the other hand, TrkB-T1 knock-down animals have
neurite abnormalities and shorter dendrites in amygdala, and show increased
anxiety (Carim-Todd et al., 2009).

The exact mechanism of TrkB-T1 function has been a topic of hot discussion.
For a long time it was believed that TrkB-T1 only serves as a dominant negative
regulator of BDNF effects. This was because TrkB-T1 inhibits TrkB-FL
dimerization, thus hindering the activation of downstream signalling cascades
(Eide et al., 1996). Furthermore, TrkB-T1 expressed by non-neuronal cells
reduces the ability of nearby neurons to grow neurites in response to BDNF (Fryer
et al., 1997). This is probably due to BDNF sequestration by TrkB-T1, which is
internalized after BDNF binding, and thus limits BDNF effects spatially by
avoiding its diffusion (Biffo et al., 1995).

However, it was shown later that TrkB-T1 also has signalling properties.
Namely, TrkB-T1 in glial cells is capable of initiating Ca®" release from
intracellular stores, and to modulate Rho activity to regulate cell morphology
(Ohira et al., 2005; Rose et al., 2003). TrkB-T1 also induces neuronal dendrite
elongation that is distinguishable from TrkB-FL-dependent neurite growth
(Yacoubian and Lo, 2000). Furthermore, TrkB-T1 dictates cortical neural stem
cells to become glial cells via activating an intracellular signalling pathway that
includes PKC (Cheng et al., 2007).

TrkB-T1 has also been noted to regulate heart contraction force in a manner
that is independent of the nervous system. TrkB-T1 is expressed in
cardiomyocytes, and BDNF activates this receptor in an auto- or paracrine
manner and induces Ca*" signalling, leading to enhanced contraction force
(Fulgenzi et al., 2015).

A fascinating example of the relevance of TrkB isoforms can be seen in the
case of sexually dimorphic development of the mammary gland. More
specifically, in response to testosterone, a shift occurs in the alternative splicing
pattern of 7rkB transcripts inside the sensory neurons innervating the developing
mammary gland, leading to the production of TrkB-T1 proteins instead of TrkB
kinases. This, in turn, results in axon pruning and termination of the mammary
gland development in males as a response to the loss of innervation (Liu et al.,
2012).

TrkB-T-Shc isoform is much less characterized, but it is known that it
localizes to the plasma membrane, although it is not phosphorylated by TrkB-FL
(Stoilov et al., 2002). Its precise function is unknown.

1.5. Gene expression patterns in space and time
1.5.1. TrkA

TrkA was first described in mice as a specific marker for some types of sensory
ganglia, e.g. DRG and trigeminal ganglia (Martin-Zanca et al., 1990). Trk4 is
also expressed in high levels in sympathetic ganglia and in some parts of the CNS,
namely in cholinergic neurons of the basal forebrain, and in caudate-putamen
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(Holtzman et al., 1992; Schecterson and Bothwell, 1992). Some types of immune
system cells also express 7rkA (Ehrhard et al., 1993a, 1993b).

It was first described that 77kA expression in mouse coincides with major
developmental processes of the nervous system, beginning at embryonic day
number 9 (E9) and remaining stable after E13 (Martin-Zanca et al., 1990). It is
believed that this expression is first needed in a brief window of time to guarantee
the survival of neurons, and later to ensure proper pain functionalities.
Interestingly, TrkA is expressed also much earlier in mouse embryos at blastocyst
stage, although in human embryonic stem cells it is not (Moscatelli et al., 2009;
Pyle et al., 2006). NGF stimulates the growth of mouse embryonic stem cell lines
while retaining the expression of pluripotency markers, e.g. octamer-binding
transcription factor 4 (Oct4) and Nanog (Moscatelli et al., 2009).

In the nervous tissue, mainly transcripts encoding TrkAIl have been observed,
and TrkAlI-encoding transcripts have been detected in non-neuronal tissues, such
as the kidney (Barker et al., 1993). TrkAIIl mRNAs are produced in response to
hypoxia in neuroblastoma cells and are also present in undifferentiated early
neural progenitors, murine and human thymus and a subset of other neural crest-
derived tumours (Tacconelli et al., 2004, 2007).

1.5.2. TrkB

TrkB has a higher and spatially wider expression in rodents than 77kA4. In
mouse, 77kB mRNA was first detected mostly in many regions of the central and
peripheral nervous systems, but, to a lower level, also in lung, muscle, heart,
kidney, testis and ovary (Klein et al., 1989). TrkB expression starts in mouse
similarly to 77k4 from E9, when the major events of the nervous system
development take place (Klein et al., 1990b). However, these preliminary studies
used riboprobes against 7rkB mRNA regions that encode for the extracellular
domain of TrkB, thus combining information of both the full-length and truncated
receptors.

The same study that described the discovery of TrkB-T1 also made a first step
in characterizing the variation in mouse TrkB-FL and TrkB-T1 transcripts’
expression and concluded that the differences are major (Klein et al., 1990a). In
many animal species, TrkB-FL-encoding mRNA expression is mainly limited to
neurons, while TrkB-T1 mRNA is also expressed by non-neuronal cells (Biffo et
al., 1995; Frisén et al., 1993; Ylikoski et al., 1993). It has been observed in human
that transcripts encoding TrkB-FL and TrkB-T-Shc are primarily expressed in the
brain, while 77kB mRNAs containing exon 16, from which TrkB-T1 is produced,
are present at high levels at least in brain, pancreas, heart and kidney (Stoilov et
al., 2002). In human brain, TrkB-FL-encoding transcripts are the most abundant
in the cerebellum, the cerebral cortex and the hippocampus (Benisty et al., 1998;
Romanczyk et al., 2002). TrkB transcripts without exon 13 have been detected in
the human retinal pigmented epithelial cells (Hackett et al., 1998).

In rat, the expression of 77kB mRNAs encoding TrkB-FL peaks around birth
and decreases with age in many brain regions, including the hippocampus and the
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frontal cortex (Croll et al., 1998; Fryer et al., 1996). In contrast, TrkB-T1-
encoding transcripts are more abundant in the brains of aged rats as compared to
new-borns (Fryer et al., 1996; Silhol et al., 2005). TrkB expression pattern is more
complex in humans. TrkB-FL mRNAs decrease after human neonatal period both
in the hippocampus and in the temporal cortex, however, TrkB-T1-encoding
transcripts are expressed at the same level throughout the lifespan in human
temporal cortex and even decline in the hippocampus in higher age (Webster et
al., 2006). Human prefrontal cortex (PFC) displays an additional pattern: TrkB-
FL mRNA levels peak in early adulthood and decline in elderly, while no
statistically significant changes in TrkB-T1-encoding transcripts were detected
(Romanczyk et al., 2002). It is possible that the exceptionally late maturation of
human PFC requires a delayed expression of TrkB-FL (Johnson et al., 2009).

The same tendency as described for rat mRNAs was seen for rat proteins:
TrkB-FL is detectable in rat at E13 and its levels are the highest at or shortly after
birth and decrease slowly with age, while TrkB-T1 increases continuously (Fryer
et al., 1996; Fukumitsu et al., 1998; Silhol et al., 2005). Similarly, TrkB-FL levels
peak during intermediate foetal period in most CNS regions of macaque monkey
and stay relatively constant into adulthood, albeit TrkB-T1 levels reaching a
maximum much later, in postnatal period (Ohira et al., 1999).

2. Role of Trk receptors in disease

Trk receptors regulate a vast array of physiological and anatomical functions
in mammals, therefore, as can be expected, their dysregulation leads to multiple
types of diseases. For example, the loss of one allele of either BDNF or TrkB
leads to mental retardation, obesity and cognitive deficits (Gray et al., 2006; Yeo
et al., 2004). This chapter should be taken as a list of examples, which names only
some of the best known conditions that are connected to Trk expression and
function, and is by no means exhaustive in its depth. The main emphasis here is
on conditions where Trk agonist or antagonist implementation is currently
considered and/or which accidental induction as a side-effect of Trk-modulatory
compounds needs to be taken seriously into account before the start of the
treatment.

2.1. Pain, injury and inflammatory diseases

NGF-TrkA and BDNF-TrkB activity modulates pain perception and
inflammation in fascinatingly many ways that often intersect and, therefore, are
here discussed together.

First, nociceptors depend on TrkA expression. Almost all nociceptors are lost
in TrkA knock-out animals, leading to the lack of pain perception (Smeyne et al.,
1994). Similarly, in human, different mutations in 77k4 gene that affect the
functioning or expression of TrkA cause congenital insensitivity to pain with
anhidrosis (CIPA, also known as hereditary sensory and autonomic neuropathy
type IV, HSAN4), which is an autosomal recessive disorder (Shaikh et al., 2016;
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and reviewed in Indo, 2010). Unmyelinated and thinly myelinated peripheral
nociceptive fibres, and eccrine sweat glands are lost in CIPA patients. These
individuals have episodic fevers, are unable to sweat, fail to react to noxious
stimuli, have self-mutilating behaviour and, typically, are intellectually disabled
(reviewed in Indo, 2010). A closely related condition to HSAN4 is HSANS,
which is caused due to mutations in the NGF gene and has many common
symptoms with HSAN4 (Yozu et al., 2016). Therefore, the ability to sense pain
is crucially dependent on NGF-TrkA signalling.

Second, in response to injury or inflammation, many immune system cells are
able to produce NGF (Leon et al., 1994; Lindholm et al., 1987; Shutov et al.,
2016). In a murine model of asthma, NGF is upregulated in response to allergen
challenge, and NGF in return leads to increased levels of IgE and interleukins 4
and 5, thereby augmenting the local inflammatory response (Braun et al., 1998).
Also in human asthma patients, NGF levels are greatly increased (Bonini et al.,
1996). Furthermore, allergen provocation in allergic asthma patients caused
upregulation of all Trk receptors and the p75™™® receptor in eosinophils from the
lung but not in eosinophils from the peripheral blood — an effect which leads to
an NT-dependent increase in the survival and activation of these allergy-
promoting cells specifically in asthmatic lungs (Nassenstein et al., 2003).

Also, BDNF levels are increased in a mouse asthma model (Hahn et al., 2006).
BDNF-TrkB activity has been noted to be involved in asthma by contributing to
airway narrowing and limited airflow via promoting the proliferation of airway
smooth muscles (Aravamudan et al., 2012).

NGF is also increased in inflamed skin, and in return contributes to
inflammation (Donnerer et al., 1992). Thus, a vicious cycle of signal
amplification is formed in inflammation: NGF can activate e.g. mast cells which
start to produce pain mediators: serotonin, histamine and, again, NGF
(Kawamoto et al., 2002). However, a contradictory result was found recently:
NGF acting through TrkA reduces monocyte-mediated inflammation (Prencipe
et al., 2014). Therefore, the role of NGF-TrkA in inflammation is most probably
very complex.

Third, these elevated levels of NGF that are produced after injury or
inflammation, also augment pain. Intradermal or intramuscular administration of
NGF increases pain perception (Gerber et al., 2011; Rukwied et al., 2010). NGF-
activated TrkA signals through PLCy to induce nociceptor hypersensitivity by
lowering the opening threshold of the cation channel named transient receptor
potential cation channel subfamily V member 1 (TRPV1), that responds to
mechanical, thermal and chemical stimuli (Chuang et al., 2001). TrkA signalling
via different pathways enhances nociceptor firing also because it increases
TRPV1 expression and enhances its trafficking to the plasma membrane, and up-
regulates other genes that also lead to nociceptor sensitization (Ji et al., 2002;
Kerr et al., 2001; Lindsay and Harmar, 1989; Stein et al., 2006).

Fourth, NGF-TrkA can induce nerve sprouting in cancerous tissue and thus,
markedly increase cancer pain (Mantyh et al., 2010).
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Fifth, BDNF-TrkB axis is also involved in some pathological pain states, for
example, in neuropathic pain. This is a severe and debilitating chronic illness,
where injury, pathology or infection have caused lesions to the somatosensory
nervous system. Neuropathic pain is not simply a long-lasting acute pain warning
the organism of potentially threatening circumstances, but rather a pathological
condition with no benefits for survival. Neuropathic pain manifests because of a
shift in inhibitory and excitatory control into and from the spinal cord leading to
exaggerated and spontaneous pain that often doesn’t respond to currently
available treatments (reviewed in Beggs et al., 2012). Neuropathic pain arises
because damaged nerves activate microglia, which start to secrete BDNF, among
other factors (Inoue et al., 2007). BDNF from microglia activates TrkB in spinal
lamina I neurons and this decreases the levels of K-Cl cotransporter KCC2, a
process that causes an increase in intracellular Cl” concentration and hence leads
to weaker or even reversed GABA-elicited currents (Coull et al., 2003, 2005). In
this way, signals that are normally inhibitory, are weaker or even become
excitatory, causing aberrantly high pain perception. A similar mechanism is
taking place in inflammation-induced pain (Zhang et al., 2008), because
inflammation increases the levels of both BDNF and TrkB (Lin et al., 2011).

TrkB-T1 has also been implicated in the development of neuropathic pain.
Specifically, after spinal cord injury, TrkB-T1 is upregulated and via modulating
cell cycle pathways, it induces neuropathic pain (Wu et al., 2013).

2.2. Neurodegeneration

Taking into account that NT-Trk signalling contributes to the survival and
maintenance of many types of neurons, it is only logical to assume that decreased
strength of this signal would lead to reduced cellular viability. Indeed,
dysregulation of Trks has been implicated in many types of neurodegeneration,
of which Alzheimer’s disease (AD), Huntington’s disease (HD) and Parkinson’s
disease (PD) are here discussed in more detail.

The first of these, AD, is the most common form of dementia and has
symptoms such as severe memory loss, changes in mood, confusion, motor
problems and behavioural issues. Extensive loss of neurons and synapses is seen
in cerebral cortex and some other brain regions in AD patients (reviewed in
Bekris et al., 2010).

Cholinergic neurons form a dominant part of the forebrain circuitry involved
in short-term memory and cognition, or more specifically — attention (reviewed
in Everitt and Robbins, 1997; Parikh et al., 2007). NGF affects the survival,
differentiation and function of cholinergic neurons (Hartikka and Hefti, 1988).
TrkA, TrkB, TrkC and BDNF but not p75™'® levels are significantly reduced in
AD patients (Counts et al., 2004; Ginsberg et al., 2006; Peng et al., 2005).
Additionally, suppression of TrkA in cholinergic neurons of rats simulates
symptoms of AD: it leads to cognitive decline accompanied with a lower level of
acetylcholine release, and decreased density of cholinergic processes in the cortex
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of aged rats, even though the number and size of neurons is not affected (Parikh
etal., 2013).

AD is a somewhat cryptic disease and it has turned out to be difficult to
discriminate cause from effect. However, on the molecular level, two major types
of changes are apparent: accumulation of extracellular amyloid-p peptides (Ap)
into amyloid plaques and increased level of intracellular tangles of tau protein.
According to one popular view, extracellular Ap accumulation is the driving force
of the development of AD (Jack Jr et al., 2010; McLean et al., 1999; Néaslund J et
al., 2000). Elevated levels of AP and reduced signalling of BDNF through TrkB
both impair hippocampal LTP and learning, mimicking some aspects of AD
(Cleary et al., 2005; Korte et al., 1995; Minichiello et al., 1999; Patterson et al.,
1996; Walsh et al., 2002). Furthermore, AP oligomers decrease BDNF levels in
human SH-SY5Y neuroblastoma cell line, decrease TrkB-FL and increase
truncated TrkB levels, reduce the signal strength from TrkA and TrkB in response
to their ligands, and hinder the retrograde transport of Trk-NT complex by
disrupting the ubiquitination of Trk kinase (Garzon and Fahnestock, 2007;
Kemppainen et al., 2012; Poon et al., 2011, 2013; Tong et al., 2004; Zheng et al.,
2015). Also, BDNF was seen being accumulated around amyloid plaques, a
process that can sequester BDNF and make it less accessible to TrkB (Rantaméki
et al., 2013).

One of the competing hypotheses for AD inception is that the main culprit in
this disease is abnormally elevated level of intracellular tangles of microtubule-
associated protein tau (Gray et al., 1987). According to this view, a high level of
intracellular tangles leads to a gradual disintegration of microtubules and,
eventually, to the death of the affected cell (Goedert et al., 1991). Although
BDNF levels are not changed in tau transgenic mice who have AD-like tau-
pathology (Burnouf et al., 2012), synaptic plasticity evoked by exogenous BDNF
is lost in these animals (Burnouf et al., 2013). Apparently, tauopathy disturbs
BDNF-TrkB signalling, because of excessive TrkB accumulation in the cell soma
and in tau-affected dendrites (Mazzaro et al., 2016).

In conclusion, many aspects of AD still remain to be discovered, yet it is clear
that functioning of Trk receptors is severely impaired in the development of AD.
For this reason, Trk-agonistic treatment has been proposed for AD (Rafii et al.,
2014). A recent finding supported this view from an interesting angle: apparently,
NGF acting through TrkA reduces the cleavage of amyloid precursor protein
(APP) and therefore, less AP is formed (Triaca et al., 2016). These results also
suggest that disruption of the NGF control over APP might be lost in AD, which
could have a causative role in the pathogenesis of this disease.

Also in HD, a severe inherited neurodegenerative disorder with a major loss
of striatal neurons, BDNF-TrkB signalling is attenuated. HD is a rare disease that
is caused by a dominant mutation in the gene Huntingtin and first manifests as
minor problems with mood and cognitive abilities. Later, coordination becomes
increasingly more difficult, until speaking becomes impossible. Decline in mental
abilities finally leads to dementia. No treatment for HD is available (reviewed in
Roos, 2010). The levels of BDNF and TrkB protein have been reported to be
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reduced in HD (Ginés et al., 2006; Zuccato et al., 2008). However, in the early
stages of a mouse model of HD, BDNF and TrkB levels are not changed, albeit
signalling of TrkB after BDNF treatment is compromised (Nguyen et al., 2016;
Plotkin et al., 2014). In older HD mice and patients, TrkB expression is
significantly reduced, accompanied with a marked increase in p75"'™® levels
(Brito et al., 2013). This elevated p75"™® expression has been reported to be
responsible for counteracting TrkB signalling and for inhibiting synaptic
potentiation in response to BDNF already in early stages of the disease in a mouse
model (Plotkin et al., 2014). Nevertheless, a recent report stated that p75™'™®
signals in early stages of HD to guarantee neuronal survival, and removing p75™™®
augments HD symptoms (Wehner et al., 2016). Problems with TrkB signalling in
HD are also underlined with a finding that the mutated Huntingtin impairs TrkB
retrograde transport, thus contributing to signal interference (Liot et al., 2013).

Neurodegeneration of the PD is also accompanied with reduced levels of
BDNF mRNA and protein in substantia nigra (Howells et al., 2000; Mogi et al.,
1999; Parain et al., 1999). The latter is the brain region producing dopamine
where a massive cellular death occurs in PD. The symptoms of PD mainly include
motor problems. In the beginning of the disease, slow, rigid and shaking
movements can be observed, in the later stages, cognitive decline often follows.
The cause of PD is unknown and there is no cure for this disease, even though
there are medications that can relieve the symptoms to some degree (Jankovic,
2008). The neurons that degenerate in PD are dependent on BDNF for survival,
furthermore, BDNF can counter dopaminergic cellular death induced by 1-
methyl-4-phenylpyridinium (MPP+) — a chemical used to generate animal models
of PD (Hyman et al., 1991).

2.3. Epilepsy and excitotoxicity

BDNF is upregulated in response to neuronal activity (Zafra et al., 1990).
Therefore, it is no surprise that epileptic seizures drive BDNF upregulation.
Indeed, after status epilepticus both BDNF levels and phosphorylated portion of
TrkB protein are elevated (Danelon et al., 2016; Liu et al., 2013; Nawa et al.,
1995). BDNF-TrkB signalling has been shown to be aggravating the effects of
epilepsy (Heinrich et al., 2011; Scharfman et al., 2002). In agreement with this, a
conditional knock-out of TrkB in mouse hippocampus hindered epileptogenesis,
i.e. normal brain becoming epileptic, in a kindling model (He et al., 2004).
Additionally, inhibiting TrkB kinase after status epilepticus prevented the
development of epilepsy, reduced anxiety-like behaviour and avoided excessive
cell death in the hippocampi of mice (Liu et al., 2013).

One possible mechanism by which BDNF-TrkB signalling augments epileptic
activity is downregulating K—CI cotransporter KCC2 in the hippocampus, which
manifests as a higher intracellular CI” concentration and leads to a reduced
GABA-mediated neuronal inhibition potential (Rivera et al., 2002, 2004).
Because this change in homeostasis puts neurons in a state where they are less
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prone to inhibition, this might lead to the induction of excess neuronal activity
and the establishment of epileptic status.

However, the involvement of BDNF-TrkB signalling in regulating
epileptogenesis is complex, as some studies have also observed that elevating
BDNF or TrkB-FL levels or downregulation of TrkB-T1 is protective against
epileptogenesis and against the cell loss accompanying it (Kuramoto et al., 2011;
Reibel et al., 2000; Vidaurre et al., 2012).

The latter effect is in accordance with recent findings about the fate of TrkB
proteins in neurodegeneration due to excitotoxicity. Namely, based on in vitro
experimental models, a number of papers have indicated that there might be a
common mechanism by which TrkB-FL receptor is downregulated and TrkB-T1
upregulated in response to excitotoxicity occurring during brain ischemia,
epileptiform discharges and A accumulation (Danelon et al., 2016; Gomes et al.,
2012; Jeronimo-Santos et al., 2014; Vidaurre et al., 2012; Xie et al., 2014). It is
apparent from these studies that this happens because of two reasons. First, 7rkB
mRNAs encoding TrkB-FL receptors are downregulated and mRNAs encoding
TrkB-T1 are upregulated. Second, TrkB-FL receptor is subject to calpain
proteolysis in these disease states and the cleavage produces a membrane-bound
ectodomain and intracellular soluble kinase domain.

Although some publications report that also in animal models of epilepsy
TrkB-FL is downregulated after status epilepticus, others disagree and see no
change in the levels of this receptor kinase (Unsain et al., 2008; versus Danzer et
al., 2004). It is possible, that these discrepancies are due to the use of different
types of epilepsy models, which impact neuronal viability in different degrees.
Possibly, higher level of post-seizure cell death correlates with more pronounced
decreases in TrkB-FL levels (Unsain et al., 2008).

2.4. Cancer

Abnormally high activity of Trk receptors has been shown to be involved in
the progression and maintenance of multiple types of cancerous states, including
neuroblastomas (Kaplan et al., 1993; Kogner et al., 1993; Nakagawara et al.,
1993, 1994), breast (Davidson et al., 2003; Descamps et al., 1998, 2001), prostate
(Djakiew et al., 1991) and pancreatic cancer (Sclabas et al., 2005). However,
there is no simple correlation of the expression level of Trk proteins and outcome
prognosis for cancer patients. For example, on the topic of breast cancer, some
reports conclude that TrkA is correlated with a good prognosis while others have
documented its high activity specifically in progressed and metastatic states
(Davidson et al., 2003; Descamps et al., 2001). This contradiction may be in part
due to different properties of alternative Trk isoforms — it has been shown in
neuroblastoma-derived cells that while TrkAl signal is responsible for
differentiation and growth arrest, TrkAIIl promotes tumorigenic cell behaviour
by rendering the kinase constitutively active and capable of signalling through
the PI3K/PKB pathway, but not via the Ras/MAPK signal transduction cascade
(Tacconelli et al., 2004). In case of Wilms’ tumour, the expression of TrkB-FL is
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associated with poor prognosis, but truncated isoforms lacking the kinase domain
suggest a better outcome (reviewed in Thiele et al., 2009). This notion seems to
agree with many other reports of different cancers, for the active kinase of TrkB
seems to confer malignant and multidrug-resistant phenotype, as illustrated in the
case of neuroblastomas (Matsumoto et al., 1995; Nakagawara et al., 1994),
ovarian cancer (Yu et al., 2008), nasopharyngeal carcinoma (Li et al., 2014), etc.
Nevertheless, there is a publication that announces the active role of TrkB-T1 in
pancreatic cancer metastasis through a RhoA-activating manner (Li et al., 2009).

The crucial role of TrkB kinase in tumour development is underlined by two
further aspects. First, its ability to suppress anoikis. This term refers to a type of
programmed cell death, specifically to the one which extracellular matrix-
detached cells undergo. Some cancer cells can resist anoikis and travel via
lymphatic or blood vessels to other regions of the body where they can reattach
and form metastases. It has been shown that TrkB is responsible for anoikis’s
suppression in at least some types of tumours with its kinase activity required for
cell survival and therefore promotes the establishment of metastases (Douma et
al., 2004; Geiger and Peeper, 2007; Yu et al., 2008). Second, the active kinase
domain of TrkB stimulates neovascularization and angiogenesis (Hu et al., 2007,
Kermani et al., 2005; Nakamura et al., 2006), processes essential for tumour and
metastasis growth.

Oncogenic TrkA rearrangements have been observed in a small subset of lung
cancer (Vaishnavi et al., 2013) and papillary thyroid tumours (reviewed in
Pierotti et al., 1996). These rearrangements produce proteins with a constitutively
active TrkA kinase domain. Indeed, TrkA was first characterized from human
colon carcinomas as a fusion of its transmembrane and kinase domains to
tropomyosin formed due to somatic rearrangement of the corresponding genes
(Martin-Zanca et al., 1986). However, the percentage of tumours containing Trk-
rearrangements is considered relatively low even in the abovementioned groups
(reviewed in Thiele et al., 2009).

2.5. Depression

Major depressive disorder is a debilitating and life-threatening disease, which
is a big public health problem with a high lifetime prevalence of 12-20 % in
western countries (Jacobi et al., 2005). Although the true cause and
developmental mechanisms of depression are unknown, it seems that neuronal
connectivity problems might be to blame. Research has pinpointed the BDNF-
TrkB signalling axis to be important in the development and especially in the
treatment of depression, most probably due to modulation of neuronal plasticity
(Castrén and Kojima, 2016; Rantaméki and Yalcin, 2016).

The conventional antidepressants used clinically promote the action of
serotonin or noradrenaline in the brain. In response to antidepressant use, the
levels of these monoamines rise rather quickly, however, the behavioural
antidepressant effect typically comes only after weeks of treatment (Trivedi et
al., 2006). For this reason, mechanisms downstream of monoamine
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neurotransmission are thought to exhibit the main effect in fighting depression.
One of the hypotheses in this field has been that the activation of TrkB signalling
is responsible for the true antidepressant effect, presumably via increasing
synaptic plasticity and/or affecting hippocampal neurogenesis. Evidence for this
conclusion comes from studies which show that BDNF and TrkB levels in the
serum, hippocampus and cortex of depressed patients are lower than in healthy
control subjects, but rise to normal levels after antidepressant treatment (Chen et
al., 2001; Gonul et al., 2005; and reviewed in Castrén and Kojima, 2016). Even
though the role of TrkB signalling as a cause of depression is controversial, it
seems to be imperative for antidepressant action. Namely, TrkB-T1
overexpression and full or partial knock-out of BDNF or TrkB does not seem to
be affecting the depression-related behaviour in rodents, it is critically obstructing
the function of antidepressants according to behavioural tests (Adachi et al.,
2008; Li et al., 2008; Monteggia et al., 2004; Saarelainen et al., 2003). This effect
is most probably caused by the induction of phosphorylation and activation of
TrkB by antidepressants in animal models (Saarelainen et al., 2003).

All classes of antidepressants have been shown to increase the levels of both
BDNF and TrkB mRNA (Nibuya et al., 1995). Antidepressants are also effective
in preventing stress-induced reduction in BDNF levels (Castrén, 2014). In
addition, all types of antidepressants have been shown to rapidly increase the
level of TrkB phosphorylation and activation of the PLCy signalling pathway.
However, this effect has been shown to be independent of BDNF and
monoamines (Rantamiki et al., 2007, 2011; Saarelainen et al., 2003). Which
molecular route activates TrkB in response to conventional antidepressants is
currently unclear.

Also, potential candidates for antidepressants increase TrkB activity (Ren et
al., 2016). Recently, a lot of excitement has risen from the discovery that
ketamine, a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist,
triggers antidepressant effects rapidly, in only 2 hours, even in patients who have
been unresponsive to conventional antidepressants (Berman et al., 2000;
DiazGranados et al., 2010; Zarate et al., 2006). Ketamine rapidly increases the
levels of BDNF and phosphorylation of TrkB in the hippocampus, and mice with
conditional TrkB or inducible BDNF knock-out respond poorly to ketamine
regarding the antidepressant effect (Autry et al., 2011).

Neuronal plasticity in the cortex and hippocampus evoked by TrkB signalling
is offered as an explanation for the role of TrkB in antidepressant actions. This
plasticity stimulated by antidepressants can be seen as enhanced neurogenesis in
the dentate gyrus of hippocampus, promoted neurite growth and sprouting,
changes in transcription of neuronal plasticity genes, and also elevated
synaptogenesis and increased synaptic strength (reviewed in Castrén and Kojima,
2016; Rantaméki and Yalcin, 2016). Thus, antidepressants increase neuronal
plasticity, which then leads to the rewiring of neuronal networks so that the
physiological outcomes would fit better with the environment.

In accordance with these findings, a direct infusion of BDNF into
hippocampus or posterior midbrain nuclei in rodents induces antidepressant-like
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effect, mediated by TrkB (Shirayama et al., 2002; Siuciak et al., 1997). Also, it
was recently discovered that a 7rkB knockdown in dorsal raphe nucleus (a
brainstem region that sends serotonergic input into the dentate gyrus of the
hippocampus) removes antidepressant effect (Adachi et al., 2016). In contrast,
opposite effects have been observed in the brain mesolimbic dopamine system,
also known as the reward pathway that is composed of ventral-tegmental area
(VTA) and nucleus accumbens (NAc). BDNF administration into VTA of rats
resulted in a depressive behaviour, while blocking BDNF signalling by TrkB-T1
overexpression in NAc, the brain area which receives dopaminergic input from
VTA induced antidepressant-like outcome (Eisch et al., 2003). Therefore, the
result of the BDNF-TrkB signalling cascade on depressive behaviour seems to be
dependent on a particular brain network.

As depression and anxiety are often co-occurring and antidepressants are
effectively used in the management of anxiety, it is possible that the underlying
molecular pathways are similar. Indeed, BDNF-TrkB signalling is also
implicated in anxiety (Castrén, 2014).

2.6. Schizophrenia

Schizophrenia is a neurological disorder that usually manifests in late
adolescence or early adulthood when psychosis, problems in cognition,
perception and emotional responsiveness lead to disconnection from reality and
disruptions in social behaviour (reviewed in Dimitrelis and Shankar, 2016).

As a clinical marker, peripheral BDNF levels are reduced in schizophrenia
(Green et al., 2011). Also in the brain, both BDNF and TrkB levels are altered in
this disease — for example, BDNF and TrkB-FL levels are reduced in the PFC,
while TrkB-T1 and TrkB-Shc levels are increased (Weickert et al., 2003, 2005;
Wong et al., 2013b). However, in some parts of the brain, rise in BDNF levels
has been noticed (Pandya et al., 2013). The exact mechanism of action of
schizophrenia is still unknown, and therefore also the role of BDNF-TrkB
signalling is hard to pinpoint. Still, modern antipsychotic drugs restore BDNF
levels, indicating a possibility that the shift in concentration of this important
neural function modulator might be partly responsible for the development and
sustenance of schizophrenia (Pandya et al., 2013).

2.7. Drug addiction

The stubbornly persistent effects of addiction that bring about careless
behaviour can be seen as the implementation of a type of memory, and drugs that
cause addiction do this by altering neuronal physiology in the brain (reviewed in
Hyman, 2005). As can be expected based on BDNF-TrkB signalling’s importance
in LTP, shifts in this molecular pathway are among the mechanisms behind the
changes in addiction pathology.

Levels of BDNF rise in the brain reward pathway after repeated cocaine
administration in a time-dependent fashion due to the epigenetic changes of bdnf’
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promoters (Grimm et al., 2003; White et al., 2016) and lead to the activation of
TrkB-mediated signalling (Graham et al., 2007). BDNF administered into VTA
or NAc of rats enhances cocaine seeking after withdrawal, and BDNF produced
in NAc is required for escalated cocaine self-administration (Graham et al., 2007,
Lu et al.,, 2004). However, a different effect was observed if BDNF was
administered into PFC, the brain region responsible for making decisions and
assigning goals, which is therefore important in addiction-related behaviour
(Hyman, 2005). In the PFC, BDNF suppressed cocaine seeking after withdrawal
of the drug (Berglind et al., 2007). In agreement with this, the reduction of BDNF
levels in the PFC leads to an increased demand for cocaine in rats who have been
trained to self-administer the drug (Sadri-Vakili et al., 2010). Thus, the effect of
BDNF on cocaine administration-dependent neuronal and behavioural plasticity
vary depending on the brain region. Nevertheless, it seems that BDNF is
responsible for changes in synaptic plasticity and diminished associative learning
following cocaine administration in a mouse model (Zhong et al., 2015).
Therefore, treating cocaine addiction with TrkB inhibitors has been proposed
(Verheij et al., 2016).

Fascinating observations have come from epigenetic inheritance of cocaine
addiction: male offspring of male rats who had been self-administering cocaine
were less addicted to the drug when compared to control animals. This effect was
shown to be mediated by histone acetylation in bdnf promoter regions in the
neurons of PFC that decreased in response to TrkB inhibitor ANA-12 (Vassoler
et al., 2013).

NT-Trk signalling effects have been noticed in the development of other
addictions as well, e.g. alcohol and methamphetamine (Briones and Woods,
2013; Ren et al., 2015).

2.8. Chagas disease

Chagas disease is prevalent in Latin America and is caused by a protozoan
Trypanosoma cruzi. Not only does the parasite use TrkA as a cell membrane
receptor to enter neurons, epithelial or phagocytic cells, it additionally activates
TrkA and its signalling pathways to promote host cell survival (Chuenkova and
PereiraPerrin, 2004; de Melo-Jorge and PereiraPerrin, 2007). T. cruzi infects also
cardiac fibroblasts via TrkA and triggers the production of NGF, rendering
cardiac myocytes that express TrkA resistant to oxidative stress in a paracrine
fashion (Aridgides et al., 2013).

3. Potential medical implementations of Trk kinase modulators

To summarise the previous paragraph, two types of diseases can be in theory
targeted by Trk modulators. Trk agonists can be useful in cases where the cause
of the disease lies in the reduced level of NTs or where additional activation of
Trks can lead to alleviated symptoms, e.g. neural damage, neurodegeneration or
depression. On the other hand, Trk antagonists or inhibitors are helpful in
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conditions with excess Trk kinase activity. Examples can be seen in pain,
inflammation or cancer.

NTs or artificial Trk agonists have been tested as therapeutics for AD,
amyotrophic lateral sclerosis and neuropathies, although with poor results or
limiting and negative side-effects (reviewed in Longo and Massa, 2013). Also in
Rett syndrome, where extensive decrease in BDNF levels occurs, agonists of
TrkB would give advantage to combating the symptoms (Chang et al., 2006).

On the top spot of promising Trk-inhibitor applications is their use in pain
management. The prevalence of chronic pain is above 15 % and yet, many
patients do not get relief of existing drugs due to low efficacy or serious side-
effects, and have to suffer a great impairment to their quality of life (reviewed in
McKelvey et al., 2013). For example, morphine use in chronic pain states is
limited, because it causes both mechanical hypersensitivity (thus amplifying
pain) and tolerance to morphine itself, in part due to augmenting the increase of
BDNF expression following trauma in the spinal cord (Sahbaie et al., 2016).
Therefore, novel pain remedies are badly needed. As a proof of principle,
blocking NGF with antibodies or with TrkA extracellular portions has shown
remarkable alleviation of irritant-caused pain in animal models (Mcmahon et al.,
1995; Woolf et al., 1994).

The idea to use Trk inhibitors in cancer treatment is meaningful only in the
context of personalized medicine, because overactive Trk signalling is implicated
in only some types of tumours, and in some, Trk signalling may even give a
favourable outcome.

In the case of neurodegeneration, depending on the specific disease, NT-
treatment or the use of Trk agonists might not have the desired results. This is
exemplified with HD, where processes downstream of TrkB activation are
severely disturbed, leaving little room for the effect of TrkB activity modulation
(Plotkin et al., 2014).

Drugs that adjust Trk activity need to pass a severe safety testing. Potential
concerns that may arise include induction of pain and/or epilepsy,
neurodegeneration, effects on mood and memory, improper reactions to injury,
and problems with wound healing. In the case of Trk inhibition, not only effects
of TrkA and TrkB have to be considered, but also pathways starting from TrkC,
as almost all current candidates of commercial Trk inhibitors are nonselective
among the Trk kinase family. While some of these potential side-effects can be
overcome by limiting the chemical’s bioavailability, e.g. restricting its access to
the CNS, there might be some that we can only acknowledge.

3.1. Trk agonists

Clinical trials conducted for the treatment of different neuropathies with NTs
were a big disappointment: biological responses failed to meet expectations, in
part because NTs have a poor blood-brain-barrier penetration ability and
extremely low half-life in serum (Poduslo and Curran, 1996; The BDNF Study
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Group, 1999). In the case of NGF, a marked increase in pain perception was a
major negative side-effect (Gerber et al., 2011; Rukwied et al., 2010).

Trk-activating antibodies have been a line of investigation and good results
have been obtained in this field (Todd et al., 2014). Also, small synthetic peptides
have been developed for Trk activation based on similarity to NT 3D structures
(reviewed in Longo and Massa, 2013). Nevertheless, small peptides are not as
active as NTs and Trk agonist antibodies, and all peptides have drawbacks in drug
development, including bioavailability and stability.

A tempting approach for many laboratories both in big pharma and
universities was for many years to generate low molecular weight chemicals that
would activate Trk receptors. These compounds would be easier and cheaper to
produce than activating antibodies. Indeed, there have been many papers
reporting such compounds, e.g. 7,8-dihydroxyflavone, N-acetylserotonin and
amitriptyline (Jang et al., 2009, 2010; Massa et al., 2010; Sompol et al., 2011;
and thoroughly reviewed in Longo and Massa, 2013).

Sadly, experiments trying to reproduce the Trk-agonistic properties of these
small molecules have failed (Todd et al., 2014, and my unpublished data). Even
though 7,8-dihydroxyflavone has been shown in a vast number of in vivo studies
as TrkB activator, most probably the phosphorylation of TrkB kinase induced by
7,8-dihydroxyflavone treatment in animal models is a secondary effect, which
may be driven from 7,8-dihydroxyflavone’s antioxidant activity (reviewed in
Longo and Massa, 2013). At the moment it seems that maybe it is not possible to
create allosteric changes for Trk kinase activation with low-molecular weight
compounds, and that a true Trk agonist has to be bivalent and big enough to bind
two receptor molecules to generate Trk trans-activation via proximity. Therefore,
activating antibodies might be the best choice. A potential possibility is also to
activate Trks via an indirect route — e.g. increasing the level of NT expression or
modulating the activity of some other protein that would consequently activate
Trk receptor without NTs.

Currently the safest method, however, to increase BDNF levels is physical
exercise. Exercise gives thus many favourable outcomes of TrkB activation, for
example, it offers antidepressant effects, improves memory, counters learning
impairment induced by brain inflammation, and increases synaptic plasticity and
recovery after spinal cord injury — all of that without the induction of negative
side effects, such as pain or hyperreflexia (Bechara et al., 2014; Heyman et al.,
2012; Kim et al., 2013; Ying et al., 2005; and reviewed in Weishaupt et al., 2012).

3.2. Trk inhibitors

Many anti-NGF monoclonal antibodies that neutralize NGF have been in
clinical trials. As an example, one of them, Tanezumab by Pfizer, has shown
alleviation of pain in all trials (Brown et al., 2012; Evans et al., 2011; Katz et al.,
2011; Schnitzer et al.,, 2011). Adverse effects were also recorded in low
incidence: ‘abnormal sensation’, e.g. paresthesia, was the most common type.
However, some patients in a phase III clinical trial for the management of
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osteoarthritis-related pain developed progressively worse osteoarthritis following
Tanezumab administration (Brown et al., 2012). For this reason, these clinical
trials were temporarily halted. There is also an anti-TrkA antibody currently in
clinical trials for the treatment of pain (Khan and Smith, 2015).

Additionally, there are peptide mimetics of NT surface motifs that bind Trk
receptors without induction of kinase activation, and thus disrupt the interaction
between NT and Trk receptor. An example of these is cyclotraxin-b that is an
antagonist of BDNF that inhibits TrkB in very low nanomolar concentrations
(Cazorla et al., 2010).

Small molecules of NT antagonists have also been generated. Examples are
depicted on Figure 3 and are named ALE-0540 and ANA-12 (Cazorlaetal., 2011,
Owolabi et al., 1999). These NT antagonists are highly specific and therefore,
especially ANA-12 has been used widely as a proof of principle tool to study the
effects of TrkB inhibition under different conditions. For example, ANA-12
treatment has shown moderate effects in preventing morphine-induced
hyperalgesia and analgesic tolerance (Sahbaie et al., 2016). However, as the
extracellular domains of Trks and NTs themselves are not very well druggable,
i.e. the protein surface is relatively “flat”, a high dose reaching micromolar
concentrations of such molecules is needed to achieve the inhibitory effect
(Buchwald, 2010). Negative side-effects are a big concern at these concentrations
when considering medical applications.
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Figure 3. Chemical structures of small molecules that antagonize the NT-Trk
interaction. (A) NGF antagonist ALE-0540 and (B) BDNF antagonist ANA-12.

An alternative effective strategy is to inhibit the Trk enzyme directly by
blocking the binding of ATP via targeting deep “clefts” or “pockets” within the
kinase domain that lie at or near the ATP-binding site. The druggability of these
sites is extremely good from both steric and kinase-modulatory aspects.
Therefore it is relatively easy to find and design compounds that bind into this
region and inhibit Trk enzymatic activity, but developing inhibitors that are
selective for a given kinase is more difficult, because this region is conserved
among kinases. This is important, as a wider field of protein targets leads
potentially to more numerous and severe side-effects.

In laboratory practice, a natural alkaloid K252a (Figure 4A) was used widely
for some time with many scientific studies using this as a Trk-specific inhibitor.
However, this assumption was false, as K252a has an extremely broad selection
of target kinases (Gao et al., 2013; Martin et al., 2011). Based on similarity to
K252a and a related natural compound, staurosporine, Cephalon designed
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chemicals CEP-751 and CEP-701, a.k.a. lestaurtinib (Figure 4B). Lestaurtinib has
shown promising results in preclinical studies and for this reason it has been
tested in clinical trials as anticancer agent, but similarly to K252a, it is a
multikinase inhibitor targeting e.g. Janus kinase 2 (Jak2) and Fms related tyrosine
kinase 3 (Flt-3) in addition to Trks (Minturn et al., 2011; Wang et al., 2009).
Possibly, the wide target field of lestaurtinib is responsible for the disappointing
results of these trials, although a mechanism of drug tolerance in tumour cells has
also been proposed, that relies on the signal induction from CD44 glycoprotein
by NGF-bound Trk in the absence of Trk kinase activity, contributing to tumour
aggressiveness (Aubert et al., 2015; Hexner et al., 2014).

Figure 4. Representations of K252a and lestaurtinib chemical structures. (A)
K252a and (B) lestaurtinib (CEP-701).

Creabilis has tested a Trk inhibitor CT327 topical applications in clinical trials
to treat chronic pruritus in psoriasis and atopic dermatitis (McCarthy and Walker,
2014). The results have not completely met expectations (Roblin et al., 2015).
Although the chemical structure of CT327 has not been reported, based on patents
filed it can be assumed that CT327 is a derivative of K252a (Traversa et al.,
2014). The selectivity of CT327 is also not reported, but it is likely that this
compound is, similarly to K252a, capable of inhibiting a rather wide array of
tyrosine kinases. Overall though, Trk kinase inhibitor design has developed in the
direction of increasing selectivity and the following discussion describes mainly
compounds for which good selectivity data is available.

In recent years, a new player named entrectinib (Figure 5A) has entered
clinical trials as anticancer compound of Ignyta because it has shown low
nanomolar inhibitory activity against Trks, Ros proto-oncogene 1 (Rosl) and
anaplastic lymphoma kinase (Alk) in preclinical studies (Rolfo et al., 2015). The
drug has given promising results and is relatively well tolerated. The main
adverse effects were temporary cognitive impairment and fatigue (Passiglia et al.,
2016). Entrectinib is currently in phase II trials. Entrectinib enters the CNS and
was therefore able to reduce metastases from the brain of a patient (Rolfo et al.,
2015). Resistance to entrectinib has emerged in clinical trials of a patient whose
colorectal tumour cells acquired two point mutations in 7rk4 gene (Russo et al.,
2016).
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Figure 5. 2D chemical structures of a selection of relatively Trk-selective potent
tyrosine Kkinase inhibitors. (A) entrectinib from Ignyta, (B) a Merck’s triazole
compound, (C) GNF-5835 from Novartis, (D) Pfizer’s compound 9, (E) Bristol-Myers
Squibb’s compound 20h, (F) PHA-848125AC by Nerviano Medical Sciences, (G) AZ-
23 from AstraZeneca, (H) Array Biopharma’s ARRY-470, and (I) ADDN-1351 from
Buck Institute for Research on Aging.

Other companies have also been developing Trk inhibitors for potential anti-
pain or anti-cancer treatment. For example, a triazole compound from Merck
(Figure 5B) inhibits TrkA in low nanomolar concentration and is Trk-selective
(Stachel et al.,, 2014); an oxindole GNF-5835 derivative (Figure 5C) and
imidazopyridazines by Novartis were validated in xenograft models as Trk-
selective inhibitors (Albaugh et al., 2012; Choi et al., 2015). Pfizer has filed many
patents claiming that e.g. pyrrolopyrimidine derivatives are potent TrkA
inhibitors. One of these compounds also reached clinical trials, where side-effects
from CNS penetration were obvious, commencing lead optimization to increase
active efflux from the brain and leading to the creation of Compound 9 that is
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depicted on Figure 5D (McCarthy and Walker, 2014). Bristol-Myers Squibb has
conducted the development of Trk inhibitors for quite a while with good results,
e.g. an aminothiazole-based compound 20h (Figure 5E) blocks TrkA in 1 nM
concentration (Kim et al., 2008; McCarthy and Walker, 2014; Wang et al., 2009).
Nerviano Medical Sciences has patented a compound named PHA-848125AC
(Figure 5F), that has been tested in phase I clinical trials for treating patients who
have advanced solid malignancies (Weiss et al.,, 2012). AstraZeneca has
developed mainly pyrazolylpyrimidines as Trk inhibitors (Wang et al., 2009).
One of these, a compound named AZ-23 (Figure 5G), is a potent and selective
Trk inhibitor that has been tested preclinically in a Trk-expressing xenograft
tumour model (Thress et al., 2009). However, a phase I clinical trial with AZ-23
was halted due to poor pharmacodynamics (Thiele et al., 2009). Recently, a novel
aminopyrazole from AstraZeneca named AZD6918 was tested in neuroblastoma
xenograft models (Li et al., 2015).

Array Biopharma has been developing Trk inhibitors with good results: e.g. a
compound named ARRY-470 (Figure 5H) has effectively attenuated bone cancer
pain and reduced abnormal nerve sprouting in a mouse model because it inhibits
selectively Trk kinases in low nanomolar concentration (Ghilardi et al., 2010).
The hydrogen sulfate salt of ARRY-470 is named LOXO-101 and it produced a
rapid tumor regression in a patient of a phase I clinical trial who had a LMNA-
TrkA gene fusion (Doebele et al., 2015). LOXO-101 is relatively well tolerated,
with the most common side-effects being fatigue, anemia, nausea and dizziness
(Passiglia et al., 2016). Interestingly, Array seems to be the only company or
institution currently developing allosteric TrkA kinase inhibitors, which bind to
a site on the kinase domain further from the ATP pocket, being thus highly
selective even among the Trk family of kinases. Of these compounds, AR786 is
highly TrkA-selective and has shown promising results in preclinical models of
arthritic pain and inflammation by alleviating the symptoms after oral dosing
(Ashraf et al., 2016; Nwosu et al., 2016). Array is not very keen on reporting
publicly the specific structures of their Trk inhibitors or binding sites on the
protein, but from the patents it has filed, it can be concluded that the allosteric
Trk inhibitors belong to a class of pyrrolidinyl(thio)ureas that is represented in
Figure 6 (McCarthy and Walker, 2014).
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Figure 6. Markush structure of patented chemicals by Array Biopharma. This
group represents the most probable candidate for allosteric TrkA inhibitors.
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Quite surprisingly, Buck Institute for Research on Aging claims that some of
the compounds they are developing are effective against AD because these are
inhibitors of TrkA (Zhang et al., 2014). This is not in agreement with most of the
research on AD, according to which active TrkA is protective against AD (see
above, paragraph 2.2 Neurodegeneration). These compounds belong to the group
of thiadiazoles and a representative, ADDN-1351 (Figure 5I) inhibits TrkA in
very high nanomolar concentrations (McCarthy and Walker, 2014).

There are many more compounds that have been reported of being Trk
inhibitors, but there is not much information available on these compounds. With
some, selectivity data or even chemical structure has not been presented.

In conclusion, recent years have seen a fast increase in the development of Trk
inhibitors with many clinical studies under way. The potential benefit of these
drugs is huge, although many potential adverse effects have to be taken under
strict consideration.
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AIMS OF THE STUDY

The main focus of this thesis is on 77k4 and TrkB genes and the proteins
encoded by them: TrkA and TrkB. Specifically, the aims were set as follows:
1) to characterize different 7rk4 and TrkB transcripts and their expression
patterns in human tissue samples,
2) to characterize putative Trk protein isoforms, which are predicted based
on transcriptome analysis,
3) to identify novel Trk kinase inhibitors.
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MATERIALS AND METHODS

Computer analysis and RT-PCR — publications I and 11

Quantitative PCR — publication I

Western blotting — publications I, I and III

Ribonuclease protection assay (RPA) — publication I

Cloning of DNA plasmids — publications I and 11

Immunofluorescence and confocal microscopy — publications I and II
Immunoprecipitation — publication I

5’ rapid amplification of cDNA ends (5’-RACE) — publication II

Live imaging microscopy — publication II

Determination of ICso of compounds in cellular context — publication III

Cell viability assessment — publication III
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RESULTS AND DISCUSSION

4. An update to TrkA and TrkB gene structures (publications I and
1)

By 2007, when we first started this project, the gene structures, main exons
and a few alternative transcripts of both 7rkA and TrkB were already known for
some time (Barker et al., 1993; Stoilov et al., 2002; Tacconelli et al., 2004).
However, a preliminary examination of the information available in public
databases indicated that this picture was not complete, because many ESTs
containing thus far undescribed exon sequences or splicing patterns had been
annotated. For this reason, the first part of my study and therefore, also of this
thesis, is dedicated to the characterization of 7rkA and TrkB transcripts, their
expression patterns in different human tissues, and thus, a better understanding
of these genes and their regulation can also be obtained.

Analysis of ESTs that map into 77kA4 and also our results of 5’-RACE analysis
of this gene revealed that 7rkA is intricately more complex than previously
thought (publication II). Firstly, the gene has at least 7 alternative and mutually
exclusive 5’ exons and, in addition to the conventional transcription initiation
exon, exon 1, these can be considered in three groups:

1) exon A that lies approximately 45 kb upstream of exon 1;

2) exons E and G that are located close to exon 1 (in a range of a few kb up-

or downstream of exon 1);
3) exons 8b, 8c, 10a, and 11a in a 1 kb region that maps between the 5’ ends
of exon 8 and 11.

Therefore, secondly, due to the existence of numerous exons upstream of exon
1, TrkA gene length is almost three times larger than was previously considered
(67 kb instead of 23 kb), it contains multiple promoters and engulfs another gene,
insulin receptor related receptor (/NSRR), which is transcribed in the opposite
direction from 7rkA. Of note, INSRR encodes another receptor tyrosine kinase,
which was for a long time considered an orphan receptor with unknown function.
Recently it was discovered that it senses pH and helps to regulate acid-base
balance (Petrenko et al., 2013). 7TrkA also partially overlaps one more gene,
namely SH2 domain containing 2A (SH2D2A4), which is in a head-to-head
orientation with 7rkA: exon A of TrkA lies within the second intron of SH2D2A4
gene. Although the relative physical localization of these three genes on the
chromosome is the same in human as compared to mouse and rat, we did not find
any evidence of 7rkA exon A in either of these rodents despite our efforts.

We also discovered that the splicing pattern of 7rkA exons 2-9 is highly
elaborate, generating a vast array of different transcripts. We did not observe any
alternative splicing among exons 11-17 or any use of different polyadenylation
signals, although the potential existence of alternative 3’ exons of 7rkA cannot be
ruled out, because we did not specifically look for these.

For TrkB we performed bioinformatic analysis of ESTs that map into the gene.
We didn’t perform 5’-RACE for TrkB, because Stoilov and co-workers had
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already made a similar analysis (Stoilov et al., 2002). We discovered that the
splicing pattern among 77kB 5’-UTR exons is more intricate than previously
thought (publication I). Furthermore, a novel 5’ exon, exon 5c, was identified in
the databases. It lies 1 kb downstream of exon 5. 7rkB exons 12 and 22 turned
out to be cassette exons, because in rare occasions these can be spliced out. Even
though transcripts where exon 13 is spliced out have been described (Hackett et
al., 1998), we did not observe such mRNAs. Lastly, exon 22 can be extended in
the 3’ direction and serve as an alternative 3 exon.

Thus, the structures of 7rkA and TrkB genes and their splicing patterns are
highly different, although they encode very similar kinases. First, TrkB gene is
more than 5 times larger than 7rk4 (350 kb versus 67 kb, respectively). Second,
the variability of 5° UTR regions arises mainly from the use of alternative splicing
in the case of TrkB, while for TrkA alternative 5’ exon usage from many distant
regions on the chromosome also plays an important role. Third, the production of
isoform diversity is achieved mainly by the use of multiple alternative 3’ exons
in the case of 7rkB, while TrkA appears to have only one single 3 exon. Fourth,
the elaborate alternative splicing pattern of human 7rkA exons encoding the
receptor’s extracellular domain is not paralleled in 77kB mRNAs. Therefore,
TrkB isoforms differ from each other mainly C-terminally, while TrkA isoforms
have alternative extracellular domains and potentially also different N-termini.

5. Expression pattern of 7rkA and TrkB mRNAs in human tissue
samples (publications I and IT)

We noticed very specific expression patterns for many of the novel exons of
TrkA among different human tissue samples (publication II). However, the
physiological relevance behind these differences is hard to predict, as many of
these alternative forms encode multiple upstream open reading frames (UORFs)
in addition to the main ORF and it is difficult to pinpoint which of these, if any,
are translated into functional proteins. The same problem arises in interpreting
the results which indicate multiple forms of alternative splicing among exons 2-
8, which often interrupts the ORF.

We confirmed the predominantly neural-tissue specific expression of human
TrkA transcripts with exon 9, while other tissues had 7rk4 mRNAs where this
exon is spliced out, as has already been shown before (Barker et al., 1993). It has
been postulated previously that TrkAI which is translated from mRNAs without
exon 9, is as effective in binding NGF as is TrkAll (the full-length receptor),
however, TrkAl is less sensitive to NT3 (Clary and Reichardt, 1994). It can be
hypothesized that in peripheral tissues, NT3 binding is less important for TrkA
functions than in the brain. Interestingly, even though the same expression pattern
of TrkAI- and TrkAll-encoding mRNAs was detected in rat, we observed a
different pattern in mouse, where all tested samples from both peripheral tissues
and the CNS had 7rkA transcripts that predominantly contained exon 9.

As can be expected from their chromosomal location relative to each other,
TrkA and INSRR expression is highly synchronized in rat (Reinhardt et al., 1994).
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These two genes do not overlap in rat (publication II), but their transcriptional
start-sites are in close proximity and therefore, these genes might share a common
bidirectional promoter. In human, there is additionally a partial overlap of TrkA
exon D and the coding region of INSRR gene, therefore some mutual expression
inhibition via RNA interference can occur. Nevertheless, it seems that these two
genes share a common expression pattern in human as well: for example, both
are expressed at relatively high levels in kidney and thymus, while in many other
regions of the body their expression level is very low (publication II and Mathi et
al., 1995). These findings are confirmed by modern RNA sequencing studies, for
example the Human Protein Atlas (HPA) transcriptome data (Fagerberg et al.,
2014). It is an interesting and unanswered question whether the simultaneous
expression of 7rk4 and INSRR kinases that have such different functions is
always needed or if at least in some tissues and under some conditions this
happens as superfluous expression. HPA RNA sequencing data indicates that the
expression pattern of SH2D2A4 gene, which overlaps only with a minor number
of TrkA transcripts and is further away from the rest of 7rkA exons, is more
different from both Trk4 and INSRR.

For TrkB transcripts, we confirmed previous findings that transcripts encoding
TrkB-FL and TrkB-T-Shc (with exons 24 and 19, respectively) are mainly
expressed in the nervous system and TrkB-T1-encoding mRNAs (with exon 16)
have a ubiquitous expression pattern (publication I and Stoilov et al., 2002). The
novel 5’ exon 5c¢ and 3 exon variant 22b were also mainly detected in neural
samples, with the highest expression seen for both in the cerebellum. However,
based on RPA, TrkB transcripts with exons 5c¢ and 22b are expressed in minute
amounts. The same is true for transcripts where exons 12 or 22 are spliced out. In
contrast, the cassette exon 17 is included in 77kB transcripts with a 50 %
probability, a result that is in agreement with previous findings (Stoilov et al.,
2002).

It has been known before that there is a very complex splicing pattern among
TrkB 5’ exons that form an IRES (Dobson et al., 2005; Stoilov et al., 2002). It has
also been shown that the translation of dendritically localized mRNAs is, in
addition to cap-dependent initiation, induced via IRES (Pinkstaff et al., 2001).
The advantages of having an IRES are not completely understood, but it might
increase translation efficiency specifically in neurites as compared to soma
(Pinkstaff et al., 2001). For 7rkB mRNAs, Dobson and co-workers demonstrated
that some regions of the 5° UTR can augment while others promote the
translational capacity of 7rkB mRNAs (Dobson et al., 2005). Considering all this,
we hypothesised that alternative splicing in this region could account for the
distinct regulation of 7rkB expression in different tissues. However, the
expression pattern among 77kB exons 1-5 was essentially the same in all tissue
samples studied (publication II), indicating that this mechanism is probably not
used to regulate the level of TrkB proteins in different tissues. Thus, it remains a
mystery why the alternative splicing among 7rkB 5° UTR exons is this complex.
It is one possibility that the IRES is required for 7rkB expression independent of
cellular conditions, including stress, inflammation and hypoxia, and perhaps the
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cell generates TrkB mRNAs with so many different 5° UTRs to guarantee that at
least some of these are effective independent of external stimuli and
environmental conditions.

It is not known if 77kB mRNAs that start with exon 5c fold into an IRES. If
not, it would mean that these transcripts can be translated under different
conditions as compared to mRNAs with conventional translation start-site in exon
5.

No IRES elements have been described for 77k4, even though TrkA kinase
requires expression in neurites similarly to TrkB kinase. The 5° UTR of TrkA
exon 1 is much shorter than the 5> UTR of TrkB: the difference is approximately
10 fold (up to 120 nt in the case of Trk4 and up to 1100 nt for 7rkB; publications
I and II). This suggests that most of the transcripts of 77k4 starting with exon 1
don’t have 5° UTR that would be long enough to accommodate an IRES.

6. Developmental regulation of the levels of 7rkB transcripts and
TrkB proteins in human PFC (publication I)

The importance of PFC in regulating many aspects of human social behaviour,
higher-order cognition and short-term memory is well known. Human PFC
matures unusually late — only after early twenties (Johnson et al., 2009). TrkB is
expressed in high levels in human cortex (Fagerberg et al., 2014), and TrkB
kinase activity is important for the maturation, maintenance and function of
cortical neurons (see paragraph 1.1 Physiological role). Decreased levels of
TrkB-FL and transcripts encoding this kinase have been detected in the PFC of
both suicide victims and schizophrenia patients (Dwivedi et al., 2003; Hashimoto
et al., 2005). TrkB functioning in the PFC also plays a role in drug addiction (see
paragraph 2.7. Drug addiction). For this reason, it was of interest to determine the
temporal expression pattern of different 77kB transcripts and TrkB isoforms to
find out if there are any age-related differences in the levels of these mRNAs
and/or proteins.

We used 50 post-mortem samples from individuals of various age groups to
detect 7rkB mRNA and TrkB protein isoform levels. Our results indicated that
the expression of TrkB-FL kinase-encoding 7rkB mRNAs (containing exon 24)
drops significantly in adults, as compared to toddler samples, where the
expression level of these transcripts is the highest. The levels of transcripts with
exon 16 that encode the TrkB-T1 protein isoform, however, are the lowest in
toddler and school age children, and rise back to neonate levels in adulthood. One
previous work has used in situ hybridization to describe the expression of these
same mRNA isoforms in human PFC throughout the lifespan (Romanczyk et al.,
2002). No statistically significant changes were detected in the expression levels
of transcripts with exon 16 as the 3’-terminus, but mRNAs with exon 24 in
cortical layer III were described to be considerably more abundant in young adult
age group as compared to infants. The expression of these TrkB-FL-encoding
transcripts plummeted in aged subjects’ samples to approximately half of the
level seen in young adults (Romanczyk et al., 2002).
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Clearly, there are discrepancies between our results and the results obtained
by Romanczyk et al. However, a common characteristic is a statistically
significant reduction of the mRNAs that encode full-length TrkB kinase in older
as compared to younger people. The same mRNAs have also been observed to be
decrease in the cortex of schizophrenia patients (Hashimoto et al., 2005; Weickert
et al., 2005). As another similarity in PFC between aging and schizophrenia
symptoms, the levels of TrkB transcripts with exons 16 (encoding TrkB-T1)
increase significantly (publication I and Wong et al., 2013b). The latter study also
found that the same effect can be seen at protein level: there is a reduction of
TrkB-FL and an increase in TrkB-T1 quantity in schizophrenia patients as
compared to healthy controls. Interestingly, it has been demonstrated, using
magnetic resonance imaging (MRI), that the brains of schizophrenia patients age
more rapidly than those of control individuals (Schnack et al., 2016). The authors
found that among other changes, big reductions of grey matter density in the
frontal lobe appear in schizophrenia. Thus, the reduction of TrkB-FL-encoding
mRNA levels seen in schizophrenia patients is probably linked to the general
aging of the brain in this disease.

Cognitive decline often accompanies aging and this is thought to be caused in
part by decreased neuroplasticity. In fact, many genes, which products are
involved in neurotrophic actions and synaptic integrity (including BDNF and
NGF), are expressed at reduced levels in the PFC of aged humans (Primiani et
al., 2014). TrkB-FL also fits into this category. In spite of that, it is not clear what
the causative relationship of brain aging and reductions in the levels of NTs and
TrkB-FL (or its transcripts) is. Still, if the PFC contains less TrkB kinase and
more truncated forms of TrkB, signal transduction from TrkB-FL is hindered,
because TrkB-T1 acts dominant negatively by forming a heterocomplex with the
TrkB receptor kinase. TrkB-T1 dimers on the surface of either neurons or
accompanying cells can also sequester BDNF, further reducing the possibility of
kinase activation. Moreover, a decline of BDNF’s and its mRNA levels has been
repeatedly detected in human PFC in association with both aging and
schizophrenia (Hashimoto et al., 2005; Primiani et al., 2014; Weickert et al.,
2003; Wong et al., 2009). The lower levels of activating ligand must additionally
augment TrkB-FL signalling deficiencies in both of these cohorts.

Our results of TrkB protein levels did not coincide with the experiments using
mRNAs, even though an increase in TrkB-T1 protein’s expression level with age
was clearly evident. Specifically, we detected a significant rise of TrkB-FL levels
in infants as compared to neonates, but there was no drop of TrkB-FL levels in
adults. It is possible that this discrepancy (the lack of observed reduction of TrkB-
FL expression level in the PFC of older subjects) was due to the small size of our
cohort used for TrkB protein analysis, but alternatively, it is possible that TrkB
kinase expression is regulated post-transcriptionally so that its levels do not
coincide with mRNA levels. Therefore, it would be of interest to compare our
results with some other study. Sadly, I have found no reliable reports that use
good quality antibodies to detect TrkB kinase levels in human PFC dependent on
age. It is possible instead to draw a parallel from our close relative: TrkB-FL is
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expressed in the PFC of the macaque monkey at the highest levels in young
animals (postnatal day number 60, P60) and displays a slight reduction in adults,
while TrkB-T1 levels increase sharply in P60 from very low levels of newborns
and rise even further in adults (Ohira et al., 1999). Therefore, at least in macaque
monkey, the shift from higher levels of TrkB-FL to lower in adults can be seen.
Further studies are needed to confirm or invalidate the result that in human PFC
the level of TrkB-FL does not decrease in high age.

Our analysis of the differences in the expression levels of TrkB protein
isoforms in different age groups of subjects was hindered by the lack of efficient
and selective antibodies that would recognize all TrkB isoforms at low
endogenous level. The antibody that we used did not recognize TrkB proteins
with a putative alternative N terminus (named as TrkB-N and encoded by mRNAs
starting with exon 5c). We registered a weak signal from presumably TrkB-T-
She, which did not have age-dependent significant fluctuations.

Among other 7rkB mRNAs that we tested, the transcripts with cassette exon
17 showed significantly higher levels in school age children as compared to
neonates. Thus, the expression seems to have an opposite trend to mRNAs with
TrkB exon 16. Indeed, we detected a statistically significant negative correlation
of the expression levels between these two types of transcripts in our samples.
We did not detect any statistically significant differences in the age-related
fluctuation of the expression levels of transcripts with exon 5 (where the
conventional start-codon lies), exon 5c (encoding TrkB proteins with unique N-
termini), exon 19 (encoding TrkB-T-Shc) or exon 22b (encoding TrkB-T-TK),
and transcripts lacking exon 17. It is possible that our sample size was too small
to detect more subtle changes, because the individual differences between
subjects were considerable.

7. Properties of N- or C-terminally truncated Trk proteins
(publications I and II)

One of the results of our studies with 77kA4 and TrkB transcripts was a hint that
there might be many more alternative protein isoforms of both TrkA and TrkB
than was known. Even though we failed to demonstrate the existence of these
protein isoforms at endogenous level due to technical difficulties, we decided to
study the properties of a selection of these proteins, because under certain
conditions these isoforms might play an important role, as demonstrated for
TrkAIll (Farina et al., 2009). This is of importance, because while TrkB-T1 and
TrkAIIl have been a focus of research for some time, other TrkB and TrkA
alternative isoforms, including TrkB-T-Shc have been overlooked.

We noticed that when overexpressed in cells, none of the TrkA and TrkB
isoforms with novel N-termini is localized in the plasma membrane, even though
a membrane signal sequence was predicted for one TrkA isoform, named as
TrkAyII (publication II). This isoform is not glycosylated even though it contains
the same regions that are glycosylated in TrkAIl. Therefore, this predicted signal
sequence is not functional, omitting TrkAylII from the endoplasmic reticulum and
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Golgi network, where it could be glycosylated and later transported to the plasma
membrane. Surprisingly, we discovered that an isoform named TrkAClII acts
similarly to TrkAIIl, in the aspect that it is glycosylated, but is not transported to
the plasma membrane. Both TrkAZIl and TrkAIII lack the first Ig-like domain.
This underlines the importance of Trk domains in the extracellular part that are
not specifically required for NT binding, but guarantee proper glycosylation and
protein transport and insertion into the plasma membrane.

Our preliminary examination did not reveal any differences between TrkB
receptors with or without the amino acid sequences encoded by exon 17
(publication I). However, there might still be some crucial differences in, for
example, the induction of alternative signal cascades, the kinetics of kinase
activation, or the endocytosis of the receptor following activation. Further studies
are needed to determine these aspects.

Quite surprisingly, we discovered that the shortest TrkA isoform tested,
TrkAx, localizes to both the cell soma and the nucleus (publication II). TrkAk
consists of only the intracellular part of the conventional TrkAIl receptor, which
is mainly the kinase domain. Because there have been reports according to which
TrkB-FL can be proteolytically cleaved by calpain to produce a fragment that is
similar to TrkAk (Jeronimo-Santos et al., 2014), we also tested if this TrkB
protein fragment could enter the nucleus, and the results of immunocytochemistry
indicated that it can (data not shown). The physiological role and functions of Trk
kinases in the cell nucleus are at the moment unknown.

We also discovered that the TrkB-T-TK isoform, which has a truncated kinase
domain, can be phosphorylated by TrkB-FL, even though it itself lacks the kinase
activity (publication I). This is in contrast to TrkB-T-Shc, which is not
phosphorylated by TrkB-FL (Stoilov et al., 2002).

The levels of auto-activated overexpressed TrkA isoforms were very variable:
being the lowest for Trk Al (the full-length receptor) and TrkAx, but significantly
higher for TrkA proteins that contain some domains of the extracellular region,
but have a cytosolic localization (publication II). This indicates that there might
be other isoforms of TrkA besides TrkAIII that can become aberrantly active in
cancer.

8. Identification and analysis of novel potent and selective Trk
inhibitors (publication IIT)

Overexpression and/or activation of Trk kinases has been associated with
many diseases, such as some types of cancer and neuropathic pain (see paragraph
2. Role of Trk receptors in disease). Even though many Trk inhibitors have been
developed, none have reached patient bedside (see paragraph 3.2. Trk inhibitors).
Therefore, it was our goal to design novel Trk inhibitors that could be further
developed as painkillers or anti-cancer agents.

Using computer calculations and predictions based on known Trk inhibitors,
we identified novel inhibitors of Trk kinases from the group of 2-oxindoles. Of
these, (Z2)-3-((5-methoxy-1-methyl-1H-indol-3-yl)methylene)-N-methyl-2-
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oxindole-5-sulfonamide (compound 4a22) had the lowest 1Csy against TrkA in
both biochemical and cellular assays, 3.7nM and 10.0 nM, respectively.
Unsurprisingly, these compounds have similar profiles inhibiting all members of
the Trk family, because they dock inside the kinase pocket, which is identical
among this group of kinases. Representatives of these compounds also effectively
inhibit the activation of downstream signalling cascades by Trks, as shown by
MAPK (Erk) and PKB (Akt) phosphorylation levels.

These novel Trk inhibitors have a good selectivity: from a panel of 48 kinases,
which represent a wide range of human kinases, a 50 % or greater inhibition by
100 nM 4a22 can be seen for only one kinase besides Trks. At 1 uM concentration
of 4a22, the number of off-target kinases rose to 4.

Therefore, these compounds can be considered as potential therapeutics for
the treatment of pain or some cancer states, where Trk over-activation is the
driving force behind malignancy. Nevertheless, preclinical studies involving
pharmacokinetics, pharmacodynamics and disease model studies are needed
before considering these compounds as candidates for clinical trials.
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CONCLUSIONS

e Human 77kA gene is much larger than previously thought and it overlaps with
two genes.

e Mouse and rat orthologues are shorter and have less complicated splicing
patterns compared to human 77kA.

e Transcript diversity of 7rkA is generated via usage of alternative promoters
and an intricate splicing pattern among exons encoding the extracellular
domain of TrkA.

e For TrkB, physiologically the most important variability among mRNAs is
produced using alternative 3’ exons, although alternative splicing of a few
exons and the usage of one novel 5’ exon also plays a part.

e There is a good agreement between data published before our study and our
results about the expression pattern in different human tissue samples of the
major transcripts of both 7rkA and TrkB, namely mRNAs encoding proteins
TrkAl, TrkAIl, TrkB-FL, TrkB-T1 and TrkB-T-Shc.

e TrkB transcripts with novel 5 and 3’ exons (5c¢ and 22b) are mainly expressed
in neural tissues and potentially encode novel protein isoforms with a
truncated N-terminus and alternative C-terminus, respectively.

e TrkB-FL-encoding transcripts are expressed at lower levels in aged human
PFC, as compared to younger age groups — a finding that correlates with a
previous study.

e mRNAs encoding TrkB-T1 have the lowest levels in the PFC of toddler and
school age children.

e TrkB-FL and TrkB-T1 protein levels in the PFC did not correlate with the
expression level of mRNAs that encode these proteins: TrkB-T1 levels
display a continuous rise from neonates to teenagers, and TrkB-FL levels rise
in infants as compared to neonates, but do not decrease in older people.

e A preliminary characterization of putative novel Trk protein isoforms
revealed that:

1) there were no functional differences detected between TrkB isoforms
with or without amino acids encoded by exon 17,

2) TrkB-T-TK isoform, which lacks a part of the kinase domain, can be
phosphorylated by TrkB-FL,

3) all the tested TrkA and TrkB isoforms with alternative N-termini, as
compared to the N-terminus of the conventional protein isoforms, are
omitted from the plasma membrane, but often have very high level of
auto-phosphorylation,

4) Trk isoforms or proteolysis products that consist of only the
intracellular part of the full-length receptor are able to localize in the
cell nucleus.

e We identified novel highly selective Trk inhibitors among 2-oxindoles, with
low nanomolar inhibitory activity against Trk family of kinases.
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ABSTRACT

The complex structure and physiology of the nervous system develops using
intricate mechanisms where cell survival and migration, neurite growth or
pruning, and adjusting the synaptic strength are precisely regulated. For many
neural cell types, tropomyosin-related kinases (Trks) are involved in the
modulation of all these regulatory levels, because these proteins are the
transmembrane receptors of neurotrophins (NTs). The intracellular signal
cascades starting from Trks are plentiful and lead to various outcomes that range
from fast local effects to long-lasting changes resulting from influencing the
transcription level of many genes. The outcome of NT signal is determined by
the isoform of the Trk receptor it activates. Previously, many isoforms of Trks
have been known. Some of those, such as TrkAIll, TrkB-T1 and TrkB-T-Shc,
have very different signalling capabilities compared to the full-length receptors.
Also, a distinct expression pattern has been described for different Trk protein
isoforms and mRNAs encoding them.

This thesis focuses on TrkA, a receptor of nerve growth factor (NGF), and
TrkB, a receptor for both brain-derived neurotrophic factor (BDNF) and NT-4. A
characterization of the variability of 7rkA and TrkB transcripts is given. This leads
to a more precise overview of TrkA and TrkB gene structures and also of putative
protein isoforms. Many novel transcription start-sites and splice forms are
described for TrkA. For TrkB, one novel 5’ exon and one novel 3’ exon were
identified. A thorough examination of the expression level of both 7rkA4 and TrkB
alternative transcripts in different human tissues was also performed, including
the analysis of the expression of 77kB in the prefrontal cortex (PFC) throughout
the human lifespan. In addition, the characteristics of some of the previously
unknown putative protein isoforms is presented. However, the in vivo existence
of these proteins still needs verification.

Both TrkA and TrkB have also been known to be actively contributing to the
development and progression of many disease states. For example, both of these
kinases are overactive in chronic pain and some types of cancers. For this reason,
one of the aims of this work was to find new inhibitors for Trk kinases. Novel
potent and selective pan-Trk kinase inhibitors were identified from the group of
2-oxindoles that could potentially be used for further development of therapeutics
against pain and/or cancer.
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KOKKUVOTE

Naérvisiisteemi keeruline struktuur ja fiisioloogia tekivad tépselt reguleeritud
mehhanismide tulemusel, mis mdjutavad rakkude ellujddmist ja migratsiooni,
neuriitide kasvu v&i kérpimist ning siinapsi tugevust. Paljude néarvirakkude
alamtiiiipide puhul on kdikidel nendel regulatoorsetel tasanditel olulisel kohal
tropomtiiosiini-seoseliste kinaaside (Trk) perekond, sest selle litkmed on
neurotrofiinide (NT) plasmamembraani ldbivad retseptorid. Trk retseptoritelt
lahtuvaid rakusiseseid signaaliradu on palju ning nende tulemid on véga
mitmekesised, ulatudes kiiretest kohalikest efektidest pikaajaliste muutusteni,
mis on tingitud mitmete geenide transkriptsioonitaseme mojutamisest. NT
signaali mdju rakule méédrab NT-ga seondunud Trk valgu isovorm. Varasemalt
on teada mitmeid erinevaid Trk retseptorite isovorme. Neist mone, néiteks
TrkAIll, TrkB-T1 ja TrkB-T-Shc, signaliseerimine erineb oluliselt tdispika
retseptorkinaasi omast. Uhtlasi on erinevate valguisovormide ning ka neid
kodeerivate mRNA-de avaldumismustrites leitud olulisi erinevusi.

Kéesolev t66 keskendub TrkA-le, mis on néarvikasvufaktori (NGF) retseptor,
ning TrkB-le, ajust pirineva neurotroofse teguri (BDNF) ja NT-4 retseptorile.
TrkA ja TrkB transkriptide mitmekesisus on pohjalikult iseloomustatud. Selle
analiiiisi tulemusel tekib tdpsem iilevaade nende geenide struktuurist ning {ihtlasi
ka TrkA ja TrkB voimalikest valguisovormidest. 7rk4 puhul leiti palju
senitundmatuid transktiptsiooni alguskohti ning splaissvorme, samas kui 7rkB
geenil tuvastati tiks uudne 5’ ekson ja iiks uudne 3’ ekson. T66 raames teostati ka
pohjalik ekspressioonitasemete analiiiis inimese erinevates kudedes nii 7rkA kui
ka TrkB transkriptidele, mis hdlmas 7rkB ekspressiooni analiilisimist inimese
prefrontaalses ajukoores erinevate vanuseriihmade 16ikes. Lisaks sellele kirjeldati
moningaid voimalikke TrkA ja TrkB valguisovorme, kuigi nende in vivo
avaldumine ning fiisioloogiline roll vajab veel kinnitamist.

Nii TrkA kui ka TrkB on olulised mitmete haiguste kujunemisel, nditeks on
molemad kinaasid iileaktiveeritud kroonilise valu ning mdningate véhitiiiipide
puhul. Sellel pohjusel oli iiheks kdesoleva t66 eesmargiks leida uusi Trk kinaaside
inhibiitoreid. Uudsed inhibiitorid, mis toimivad Trk kinaasidele madalas
nanomolaarses kontsentratsioonis ja on selektiivsed, identifitseeriti 2-
oksindoolide grupist. Edasised katsed néitavad, kas neid iihendeid on vdimalik
arendada valuvaigistava ning véhivastase toimega ravimiteks.
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Abstract

Brain-derived neurotrophic factor and neurotrophin-4 high-
affinity receptor tropomyosine related kinase (Trk) B is re-
quired for the differentiation and maintenance of specific
neuron populations. Misregulation of TrkB has been reported
in many human diseases, including cancer, obesity and neu-
rological and psychiatric disorders. Alternative splicing that
generates receptor isoforms with different functional proper-
ties also regulates TrkB function. Here, we describe numerous
novel isoforms of TrkB proteins, including isoforms generated
by alternative splicing of cassette exons in the regions
encoding both the extracellular and intracellular domain and
also N-terminally truncated isoforms encoded by novel 5
exon-containing transcripts. We also characterize the intra-
cellular localization and phosphorylation potential of novel

Tropomyosin related kinase B (TrkB; official name —
NTRK?2) is a receptor for neurotrophins brain-derived
neurotrophic factor, neurotrophin (NT) 4 and, in a lower
affinity, NT-3 (Squinto et al. 1991; Klein et al. 1992). TrkB
is closely related to TrkA and TrkC, which are receptors for
neurotrophins nerve-growth factor and NT-3, respectively
(Lewin and Barde 1996). TrkB is an essential modulator of
neural differentiation and cell survival. Dysregulation of
TrkB has been associated with various neurological diseases,
diverse type of cancers, obesity and eating disorders (Desmet
and Peeper 2006; Farooqi and O’Rahilly 2006; Altar et al.
2009).

Interaction with two TrkB receptor molecules by one
neurotrophin homodimer triggers the intrinsic tyrosine kinase
activity of the TrkB intracellular portion leading to auto-

© 2010 The Authors

TrkB isoforms and find that these proteins have unique
properties. In addition, we describe the expression profiles of
all the known human TrkB transcripts in adult tissues and also
during postnatal development in the human prefrontal cortex.
We show that transcripts encoding the full-length TrkB
receptor and the C-terminally truncated TrkB-T1 have differ-
ent expression profiles as compared to the proteins they en-
code. ldentification of 36 potential TrkB protein isoforms
suggests high complexity in the synthesis, regulation and
function of this important neurotrophin receptor emphasizing
the need for further study of these novel TrkB variants.
Keywords: alternative splicing, brain-derived neurotrophic
factor, expression analysis, phosphorylation, transcription,
TrkB.

J. Neurochem. (2010) 113, 952-964.

phosphorylation at multiple tyrosine residues in the cyto-
plasmic domain of the receptor. These phosphotyrosines
serve as docking sites for proteins such as Shc and
phospholipase C-y (PLC-v), which are activated by tyrosine
phosphorylation and link TrkB to downstream signaling
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pathways (Reichardt 2006). The signals transmitted by
activated TrkB promote survival, neurogenesis and synapto-
genesis in neurons (Binder and Scharfman 2004), and
cellular proliferation, invasivity and resistance to anoikis
and chemotherapy in cancer cells accompanied by poor
prognosis for cancer patients (Nakagawara er al. 1994;
Eggert et al. 2001; Douma et al. 2004; Yu et al. 2008; Au
et al. 2009; Li et al. 2009b). Brain-derived neurotrophic
factor-activated TrkB is a mediator of many other functions,
including activity-dependent synaptic plasticity (Kang et al.
1997; Yamada and Nabeshima 2003) and angiogenesis
(Kermani et al. 2005; Kermani and Hempstead 2007). In
addition, changes in TrkB signaling accompany and can lead
to various nervous system disorders, including mood and
anxiety disorders and neurodegenerative diseases, which
make TrkB an important target for drug development (Allen
et al. 1999; Pillai 2008; Rantamaki and Castren 2008; Altar
et al. 2009).

The TrkB gene is relatively large (Fig. 1), spanning more
than 350 kbp, and is located on chromosome 9 (Nakagawara
et al. 1995). A thorough examination of the TrkB gene and
its transcripts conducted by Stoilov and coworkers revealed
the existence of 24 exons in the TrkB gene with the first five
exons serving as alternative transcription start-sites and
displaying intricate patterns of splicing (Stoilov et al. 2002).
It has been shown that these five exons form an internal
ribosome entry site (IRES) guiding the ribosome to the
translational start site which is located in exon 5 (Dobson
et al. 2005). Exons 5-14 encode the extracellular portion of
the TrkB receptor which contains a signal sequence for
membrane localization, post-translationally glycosylated cys-
teine and leucine rich regions, and two immunoglobulin-like
(IG-like) domains (Schneider and Schweiger 1991; Shelton
et al. 1995). Exon 12 encodes the second IG-like domain that
has been postulated to be the region responsible for binding
neurotrophins (Urfer et al. 1995). The transmembrane
domain of TrkB is encoded by exon 15 and the intracellular
tyrosine kinase domain is encoded by exons 20-24 (Mid-
dlemas et al. 1991).

Additional to the full-length TrkB receptor, the human
TrkB gene is known to encode C-terminal truncated receptors
TrkB-T1 and TrkB-T-She, which are generated by the usage
of exon 16 or exon 19, respectively. Exons 16 and 19 contain
alternative polyadenylation signals and translational stop-
codons (Klein et al. 1990; Stoilov et al. 2002). Both TrkB-
T1 and TrkB-T-Shc may act as dominant negative inhibitors
of the full-length receptor by preventing ligand-induced
phosphorylation (Brodeur ef al. 2009). In addition, it has
been suggested that TrkB-T1 may have signaling properties
that are different from the signal pathways activated by the
full-length TrkB, such as evoking calcium signaling and
mediating Rho GDP dissociation inhibitor 1 functions (Rose
et al. 2003; Ohira et al. 2005). It has been found that TrkB-
T1 can induce liver metastasis of pancreatic cancer cells by

© 2010 The Authors
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promoting RhoA activation (Li et al. 2009a). Interestingly, a
recent study showed a decrease in the expression level of
TrkB-T1 in the frontal region of the brain in 10 of 28 suicide
completers (Ernst et al. 2009).

The intracellular juxtamembrane region-encoding exon 17
of TrkB has been shown to be a cassette exon (Stoilov ez al.
2002). An isoform of TrkB which lacks the extracellular
juxtamembrane region encoded by exon 13 has been shown
to exist in the human retinal pigmented epithelial cells
(Hackett et al. 1998). Additional splice variants have been
described in mouse (C-terminal truncated isoforms and
isoforms lacking leucine-rich regions), rat (C-terminal trun-
cated isoforms) and chicken (isoforms with deletions in
the extracellular and intracellular juxtamembrane regions;
Middlemas et al. 1991; Garner et al. 1996; Strohmaier
et al. 1996; Ninkina et al. 1997; Kumanogoh et al. 2008).

Temporal fluctuations in the expression level of mRNAs
encoding the full-length TrkB and truncated TrkB-T1
receptors have been described in the dorsolateral prefrontal
cortex (DLPFC), temporal cortex and hippocampus using in
situ hybridization (Romanczyk et al. 2002; Webster et al.
2006). The DLPFC is important for higher level cognitive
processing and working memory in humans. The maturation
process of the DLPFC is protracted extending up to the first
two decades of life making the DLPFC a good system for
characterizing developmentally-regulated events (Bourgeois
1997). In the DLPFC, the expression levels of the full-length
TrkB receptor-encoding mRNAs were highest in the young
adult age group and lowest in the aged, whereas the level of
the mRNAs encoding the TrkB-T1 isoform showed only
minor increases over the postnatal life span.

As the TrkB gene has many functions in different tissues
during development and in adulthood, both in health and
disease, detailed knowledge of its structure, alternatively
spliced mRNAs and protein isoforms is very important. In
this study we have re-examined the human TrkB gene
structure, identified novel isoforms of human TrkB tran-
scripts that encode novel proteins and characterized tissue-
specific expression patterns of alternative TrkB mRNAs. In
addition, we have characterized age-related expression
patterns of alternative TrkB mRNAs in the human DLPFC.

Materials and methods

Computer analysis and RT-PCR were performed as described
previously (Koppel et al. 2009). Primers used for the analysis of
TrkB mRNA expression and for cloning of TrkB riboprobes and
full-length TrkB transcripts for protein expression are shown in
Table S1. Quantitative PCR and western blotting were performed as
described in Wong et al. (2009); and RNAse protection assay as
detailed in Timmusk et al. (1993).

HEK293 cells were grown in Dulbecco’s Modified Eagle’s
Medium (Invitrogen, Carlsbad, CA, USA) containing 10% fetal
bovine serum and transfected with PEI reagent (InBio, Tallinn,
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Estonia). For immunofluorescence, the cells were grown on cover
slips, fixed with 4% paraformaldehyde (Scharlau, Barcelona, Spain),
blocked with 2% bovine serum albumine (Sigma, St Louis, MO,
USA) and stained with Alexa Fluor 488-conjugated concanavalin
A (Invitrogen), primary anti-V5 antibody (Sigma, V8137) and
secondary Alexa Fluor 568-conjugated goat anti-rabbit antibody
(Invitrogen). Cover slips were mounted using ProLong Gold
reagent with 4’,6-diamidino-2-phenylindole (DAPI;
Invitrogen). Labeled cells were analyzed using the LSM 510
(Zeiss, Oberkochen, Germany) confocal microscopy system.

For immunoprecipitation, cells were lysed with radioimmuno-
precipitation buffer. 0.5 mg of a 1 mg/mL total protein extract was
immunoprecipitated with 1.8 pg mouse anti-V5 antibody (Invitro-
gen) or anti-TrkB antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA, SC-8316). Precipitated proteins were analysed with
western blotting using mouse anti-phosphotyrosine (Millipore
Corporation, Bedford, MA, USA, 4G10) or mouse anti-V5 antibody.

Detailed information of materials and methods can be found in
Appendix SI.

antifade

Results

Structure and alternative transcripts of the human TrkB
gene

The human TrkB gene structure and expression profiles of its
alternative transcripts were analyzed by bioinformatics and
RT-PCR. For this purpose, we first used the Blat application
to align human TrkB mRNAs and expressed sequence tags
(ESTs) from GenBank to the genome in order to determine
the exon/intron sites of transcripts that have been entered into
the public databases. Expression of alternative splice variants
in different tissues was verified by RT-PCR and sequencing
of PCR products. The gene structure arising from this
analysis is depicted on Fig. 1. In most part, this study uses
the nomenclature described by Stoilov ef al. (2002). In
addition, we identified the existence of a novel exon, exon
Sc, which is located approximately 1200 bp downstream of
exon 5. Exon 5c comprises a new transcription start site.
Finally, we identified novel splice variants of the human
TrkB transcripts that are described in detail below.

Exons 1, 2, 3, 4 and the majority of exon 5 constitute the
conventional 5" untranslated region (UTR) of the human
TrkB gene. All of these exons can serve as transcription start
sites (Stoilov et al. 2002). In GenBank, there are more than
200 ESTs covering the region corresponding to the TrkB
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gene. A majority of these were identified in a study
characterizing alternative promoters of human genes (Kimura
et al. 2006). According to Stoilov and coworkers and the
alignment of the TrkB ESTs, the alternative splicing pattern
of TrkB exons 1-5 is rather complex, arising from exon
skipping (exons 2 and 3) and the usage of alternative 5" and
3’ exon splice sites for exons 2, 3 and 4 (Fig. 1b). It has been
shown that the G/C rich exons 1-5 exhibit internal initiation
entry site (IRES) activity that functions to guide and enhance
the translation initiation from exon 5 (Dobson et al. 2005).
The IRES was localized to the exon 5 and at least six sub-
regions were shown to either promote or inhibit the IRES
activity. Therefore, we hypothesised that the intricate splicing
pattern of the TrkB 5" UTR might be tissue-specific with
variable translation initiation regulation capabilities in
different tissues. However, RT-PCR experiments did not
support this hypothesis, as all the tissues studied showed
highly similar patterns of expression and splicing of exons 1—
5 (Fig. Sla). Thus, the functional meaning of this intricate
splicing still remains to be determined.

To date, all TrkB isoforms have been considered to include
exon 5 which also contains the start codon for protein
translation. Here, we describe a novel exon that we named
Sc, which is located approximately 1200 bp downstream of
exon 5 (Fig. la—). None of the ESTs or the mRNA in
GenBank containing exon 5c includes exons 1-5. Therefore,
we hypothesized that exon 5c serves as an alternative
transcription start-site for TrkB mRNAs. This assumption
was supported by RT-PCR which did not render any products
with primers specific for TrkB exons 1 and 5c, 2 and 5S¢, 3
and Sc, 4 and S5c or 5 and 5c (data not shown). RT-PCR
analysis of TrkB transcripts containing exon 5¢ showed that
these mRNAs were expressed mainly in the nervous system
with the highest expression in the cerebellum (Fig. 2). The
novel exon 5c is not specific to humans as we detected TrkB
transcripts containing exon Sc in the mouse brain (Fig. S1b
and c). In silico analysis showed that protein translation of
human TrkB transcripts containing exon Sc are likely to start
from exon 9 (Fig. 1c). This creates N-terminally truncated
TrkB proteins that lack 156 N-terminal amino acid residues
encoding the signal sequence, leucine-rich repeats and most
of the cysteine-rich repeats compared to the full-length
protein. We have named the novel protein isoforms TrkB-N,
TrkB-N-T-TK, TrkB-N-T-Shc and TrkB-N-T1 according to

Fig. 1 Structure of the human TrkB gene and predicted TrkB protein
isoforms. Exons are shown as boxes and introns are shown as lines.
Exons and introns are drawn to scale (in a and b). (a) Schematic
representation of all TrkB exons (numbers are shown above exons)
and introns. (b) Alternative 5 exons of TrkB transcripts; (c) TrkB
transcripts grouped by the type of protein isoforms they encode.
Names of alternative protein isoforms are shown on the left. 5" and 3’
UTR regions are shown as empty boxes, sequences encoding protein

© 2010 The Authors

are shown as filled boxes and numbered. Shown are locations of
tyrosine residues important for Shc-binding (Shc) and PLC-y binding
(PLC-y). ATG, translation initiation codon; *Translation stop codon. (d)
Schematic representation of TrkB protein domains. C, cysteine rich
region; Leu rich, leucine rich region; IG like, immunoglobulin like-do-
main. (e) Amino acid sequences of the C-termini of TrkB, TrkB-T-TK
and TrkB-A22 protein isoforms. Isoform-specific unique amino acids
are shown in bold.
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the C-termini of these proteins that are encoded by exons 24,
22b, 19 and 16, respectively. Because of the lack of N-
terminal signal sequence, it is highly unlikely that these
protein isoforms could be transported to the cell membrane,
although they contain the region that functions as a
transmembrane domain in the full-length TrkB receptor.

We observed exon skipping in the case of three exons
outside the 5" UTR: for exons 12, 17 and 22 (Figs lc and 2).
Skipping of exon 17 has been described before (Stoilov et al.
2002), however, the possible tissue-specificity and the
function of the proteins (named as TrkB-A17, TrkB-T-TK-
A17, TrkB-T-She-A17, TrkB-N-A17, TrkB-N-T-TK-A17 and
TrkB-N-T-Shc-A17) encoded by these transcripts has not
been studied so far. Interestingly, the splice donor site of
exon 17 is present in the genome sequence of all mammals
analyzed by us but is lost in mouse (Fig. S1d). Alternative
splicing of human TrkB exon 12 and 22 is first described in
this study. Skipping of exons 12 or 17 does not lead to a
frame-shift in the encoded protein. Exon 12 encodes for 101
amino acids in the extracellular domain and exon 17 for 16
amino acids in the intracellular juxtamembrane domain of the
TrkB protein. Skipping of exon 12 leads to production of
protein isoforms without the neurotrophin-binding domain
(TrkB-A12, TrkB-T-TK-A12, TrkB-T-She-A12, TrkB-T1-
Al12, TtkB-N-A12, TrkB-N-T-TK-A12, TrkB-N-T-Shc-A12
and TrkB-N-T1-A12; Fig. Ic), suggesting that these protein
isoforms may be phosphorylated ligand-independently.
Although skipping of exon 22 causes a frame-shift, the first
translational stop-codon remains in exon 24, the most 3’
exon, and thus, these mRNAs will most probably not be
subject to non-sense-mediated decay. The resulting protein
(named TrkB-A22) is 139 amino acids shorter than the full
length TrkB protein, lacks the PLC-y binding site and part of
the tyrosine kinase domain, and has 53 different amino acids

© 2010 The Authors
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syltransferase (HPRT) was used as the
housekeeping control.

in its C-terminus as compared to the full length TrkB protein
(Fig. 1c—e). Sequence analysis showed that the unique C-
terminus of mouse putative TrkB isoform TrkB-A22 has the
same length as human TrkB-A22 and that the regions
covering the 53 C-terminal amino acids of mouse and human
TrkB-A22 are 76% homologous (data not shown). According
to our RT-PCR studies, skipping of exon 17 was a relatively
frequent event in all tissues studied, with approximately 50%
of transcripts lacking exon 17. In contrast, skipping of exons
12 and 22 was a rare event. Skipping of exon 12 was
observed in the heart and skeletal muscle, and at lower levels
also in the brain, and skipping of exon 22 was noticed at
extremely low levels in the frontal cerebral cortex and left
cerebellum.

Additional diversity among TrkB protein isoforms is
achieved by the use of alternative 3’ exons in the TrkB
mRNAs. Our results showed that TrkB transcripts contain-
ing exon 16 were expressed in all tissues studied, and
transcripts with exon 19 or 24 were expressed mainly in
neural tissues (Fig. 2), as described earlier (Shelton et al.
1995; Stoilov ef al. 2002). In addition, we identified a new
transcript of the human TrkB gene that encodes a novel
truncated isoform of the TrkB protein. This transcript
includes an extended version of exon 22 as the 3" exon, that
we named 22b, which contains a translational stop-codon.
Proteins encoded by these mRNAs (named TrkB-T-TK) lack
the 114 C-terminal amino acids of the full-length TrkB
encoding part of the tyrosine kinase and the PLC-y binding
site and have unique 27 amino acids in their C-termini
(Fig. 1c and e). We found that TrkB mRNAs containing
exon 22b were predominantly expressed in the nervous
system (Fig. 2). The region covering the 27 C-terminal
amino acids of the human TrkB-T-TK is not conserved
among other mammals, as the mouse putative TrkB-T-TK
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isoform has only six unique C-terminal amino acids, with
the first four amino acids being identical with the human
homologue (data not shown).

Next, the relative quantities of alternative TrkB transcripts
were studied. RT-PCR analysis showed that the frequency of
exon 17 skipping was approximately 50%, whereas the
skipping of exons 12 or 22 was a very rare event (less than
1%). For the determination of relative quantities of alterna-
tive 5" and 3" exons we used the RNAse protection assay.

Quantification of mRNAs containing exon Sc compared to
mRNAs with the conventional TrkB 5" UTR (containing
exon 5; Fig. 3) showed that the levels of transcripts with
exon 5¢ were much lower than transcripts with exon 5. In the
cerebellum, 5.7% of all TrkB mRNAs started with exon 5S¢
and 94.3% lacked exon S5c and thus started with the
conventional 5° UTR. In the frontal cerebral cortex, 0.2%
TrkB transcripts included exon 5¢ and 99.8% used exon 5.

Comparison of transcripts with alternative 3’ exons
revealed that TrkB mRNAs containing exons 24 and 16
were the most abundant. Approximately 60% of all the TrkB
transcripts in both cerebellum and frontal cerebral cortex
incorporated exon 24. In the frontal cerebral cortex, 32% of
TrkB transcripts contained exon 16, and 8.2% contained
exon 19. Extremely low levels of transcripts with the
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extended form of the exon 22 (22b) were detected using
this method in the cerebral cortex. However, in the
cerebellum, 11.7% of TrkB transcripts contained exon 22b.
Of all the TrkB mRNAs in the cerebellum only 16.4%
contained exon 16 and only 6.6% contained exon 19.
Taken together, in silico translation of novel TrkB mRNA
alternative transcripts revealed the potential existence of
many TrkB protein isoforms (Fig. 1c) that have not been
described to date: protein isoforms with truncated N-terminal
domain lacking sequences encoded by exons 5-8; protein
isoforms lacking sequences encoded by exon 12, protein
isoforms lacking sequences encoded by exon 22 and having
unique C-termini encoded by exons 23 and 24 in an
unconventional reading frame; protein isoforms with trun-
cated C-terminal domain encoded by exon 22b. We were able
to confirm the existence of all the alternative full-length
transcripts of TrkB in the human brain, including the novel
transcripts described in this study, by using RT-PCR analysis
with primers targeting alternative translation initiation and
stop codons (Fig. Sle). However, we did not detect previ-
ously described TrkB mRNA isoforms without exon 13
(Hackett et al. 1998), possibly because they are in low
abundance or because tissues where these isoforms are
expressed were not included in our study. Together, our
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present findings in accordance with reports previously
published suggest that at least 36 different protein isoforms
are encoded by the human TrkB gene (Fig. 1c).

Regulation of TrkB mRNA and protein expression in the
human prefrontal cerebral cortex during postnatal
development

Next, we determined the expression profiles of the major
known and novel TrkB transcripts identified in this study
during postnatal development of the human prefrontal
cortex. We investigated the expression profiles of TrkB
transcripts containing alternative 5" exons 5 and 5c, alterna-
tive 3" exons 16, 19, 22b and 24, as well as transcripts with
and without exon 17. For this purpose, we isolated RNA
from a set of 52 postmortem prefrontal cerebral cortices and
performed RT-qPCR studies using primers specific for
alternative TrkB transcripts. The subjects were divided into
seven pre-defined groups based on their age. The data were
normalized to the geometric mean of the expression levels
of four control (housekeeping) genes including cyclophillin
A, glucuronidase beta, ubiquitin C and porphobilinogen
deaminase.

To determine the most significant changes occurring in
postnatal brain development, we statistically analyzed age
groups with the highest and lowest change in mRNA
expression for all the alternative TrkB transcripts. Expression
levels of TrkB mRNAs with exon 24, encoding the full
length TrkB receptor containing the tyrosine kinase domain,
did not change from neonates to infants (Fig. 4a). Interest-
ingly, expression levels peaked in the toddler stage,
decreased slightly during school age, remained relatively
unchanged up to the young adult stage and decreased
significantly in adulthood as compared to neonates (¢ = 2.60,
df =12, p =0.02). In contrast, expression levels of TrkB
mRNAs containing exon 16, encoding the TrkB-T1 receptor
lacking the tyrosine kinase domain, were relatively similar
between neonates and infants, but decreased in toddlers and
in the school age group where it reached significance
compared to neonates (¢ = 3.76, df = 9, p = 0.004; Fig. 4b).
Expression levels of TrkB-T1 mRNA then increased to the
level of neonates in the young adult and adult age groups.
While TrkB mRNAs containing exon 19 encoding the TrkB-
T-She protein isoform were low in the neonatal cortex,
transcript levels increased by 5-fold during infancy but this
did not reach statistical significance (= —1.47, df = 14,
p =0.16). This is likely because of the variability in the
infant group. Expression then decreased gradually during
later postnatal development with a 40% reduction in adults
(compared to infants; Fig. 4c).

Next, we examined the expression levels of TrkB
transcripts with and without exon 17. Interestingly, alterna-
tive splicing of exon 17 was developmentally regulated:
expression of transcripts with and without exon 17 was
lowest in neonates but differed thereafter (Fig. 4d). Expres-
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sion of transcripts containing exon 17 increased gradually
from neonates up to school age where the levels were
significantly higher than in neonates (1= -2.27, df=9,
p = 0.049). Expression then decreased gradually during later
postnatal development. In contrast, the levels of transcripts
lacking exon 17 were not significantly changed across
postnatal development. Although expression levels during
infancy was increased 2-fold from neonates, this remained
relatively stable into adulthood (Fig. 4d).

We next examined the changes in mRNA expression of
TrkB transcripts containing exons 5 and 5c. Expression
levels of TrkB mRNAs containing exon 5 were not
significantly changed across postnatal development (Fig. 4e).
Expression of TrkB mRNAs with exon 5S¢ increased during
postnatal development reaching their highest level in young
adults as compared to neonates, although this did not reach
statistical significance (1= —1.52, df =10, p =0.17). No
further change was observed in adulthood (Fig. 4e).

We next determined the changes in TrkB transcripts
containing exon 22b across postnatal development. The
expression levels of transcripts containing exon 22b were
variable. Transcript expression was lower in infants as
compared to neonates, increased in toddlers and decreased
again in school age (Fig. 4f). Thereafter, expression levels
remained unchanged and decreased again in adulthood
(neonate to adults: = 1.89, df = 10, p = 0.09). However,
changes in expression were not statistically significant.

To determine whether TrkB mRNA levels coincide with
the levels of corresponding TrkB protein isoforms, lysates
from the human prefrontal cerebral cortex were analysed
using western blotting. Considering that the number of
potential TrkB protein isoforms is as high as 36 (Fig. 1c) and
that many TrkB protein isoforms have similar sizes, we chose
the anti-TrkB antibody that does not recognize the minor N-
terminally truncated TrkB-N isoforms to make the interpre-
tation of results easier. The results (Fig. 5a) indicated that
there are many different isoforms of TrkB proteins expressed,
most of which cannot be identified using this method. The
two most highly expressed protein isoforms are probably
TrkB-T1 (molecular weight ~ 90 kDa) and the full-length
TrkB protein (molecular weight ~ 140 kDa). We detected
significant differences in the expression level of these
isoforms in the human prefrontal cortex throughout the
human lifespan (Fig. 5b and c). Namely, the expression level
of full-length TrkB was significantly higher in infants as
compared to neonates (1= —2.25, df =18, p =0.04) and
decreasing in older age groups. The expression level of the
truncated TrkB-T1 isoform, however, rose steadily from
neonates to teenagers (¢t = —3.94, df = 13, p = 0.002) and
decreased slightly in older age groups. We also quantified
signals from an isoform of approximately 100 kDa corre-
sponding most probably to TrkB-T-She. The expression level
of this isoform did not show significant changes (Fig. S1f).
Thus, our data suggest that the expression patterns of the full-
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Fig. 4 Regulation of TrkB mRNA expression in the human prefrontal
cerebral cortex during postnatal development. Expression of TrkB
transcripts encoding: (a) full length TrkB (exon 24), (b) truncated TrkB-
T1 (exon 16), (c) TrkB-T-Shc (exon 19), (d) juxtamebrane region [with
and without exon 17 (A17)], (e) N-terminal region (exon 5 and exon 5c)

length TrkB and TrkB-T1 protein isoforms differ from the
expression patterns of the transcripts encoding these proteins
during the postnatal development of human cerebral cortex.

Intracellular localization and phosphorylation of novel
protein isoforms of TrkB

Bioinformatic analysis did not predict a signal sequence for
membrane localization in the novel N-terminal truncated
isoforms of the TrkB receptor encoded by transcripts with
exon 5c. Because of this, we were interested in the
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relative to the adult age group as AACT and presented as mean +
SEM. *Significance p < 0.05; **p < 0.005; #Trends toward signifi-
cance.

intracellular localization of these proteins. Considering that
approximately 50% of TrkB transcripts in humans do not
contain exon 17 (Fig. 2), and because exon 17 is not used in
mouse TrkB transcripts because of the loss of the splice
donor site of exon 17 (Fig. S1d), TrkB-N-A17 was chosen
for the analysis as a representative of N-terminal truncated
isoforms. In addition, the novel C-terminal truncated TrkB-T-
TK-A17 isoform (encoded by the exon 22b) and the full-
length TrkB and TrkB-Al7 receptor isoforms with intact
tyrosine kinase domains, were studied for their intracellular
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Fig. 5 Expression of TrkB protein isoforms in the human prefrontal
cerebral cortex during postnatal development. (a) Representative
western blot analysis of TrkB expression in the human prefrontal
cerebral cortex during postnatal development. N, neonate; |, infant; T,
toddler; SA, school age; YA, young adult; A, adult; (i) full-length TrkB;
(i) TrkB-T-Shc; (i) TrkB-T1. (b and c) Quantification of the expression
levels of the full-length TrkB (b) and TrkB-T1 (c) isoforms. Data are
expressed relative to the adult age group as AACT and presented as
mean + SEM. *Significance p < 0.05; **p < 0.005.

localization pattern. DNA sequences encoding these protein
isoforms were cloned into expression vector encoding
C-terminal V5-His tagged TrkB fusion proteins, transfected
into HEK293 cells and intracellular localization of tagged
proteins was studied. Our results (Fig. 6) showed that all
tested TrkB isoforms localized to the cell membrane and to
the cytoplasm, with the exception of TrkB-N-A17 which
lacks a membrane-localization signal sequence and was
found only in the cytoplasm.

The TrkB-T-TK protein isoforms encoded by TrkB
mRNAs with exon 22b lack a part of the intracellular
tyrosine kinase (Fig. 1c). To study if these protein isoforms
contain intrinsic tyrosine kinase activity, we expressed a
representative of this type of human TrkB protein isoforms,
TrkB-T-TK-A17, in HEK293 cells and compared the
autophosphorylation levels of this isoform with the levels
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. 6 Intracellular localization of different TrkB protein isoforms.
Over-expression of TrkB isoforms in HEK293 cells. Red — TrkB; green
— concanavalin A; blue — DAPI.
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of autophosphorylation of TrkB, TrkB-A17 and TrkB-N-A17.
Our results (Fig. 7a) showed that in contrast to all other TrkB
protein isoforms tested, the TrkB-T-TK-A17 protein was not
autophosphorylated.

We next studied whether the TrkB-T-TK-A17 isoform
could be phosphorylated in trans by other TrkB isoforms that
are enzymatically active. This aspect is especially interesting,
as the TrkB-T-TK-A17 isoform contains the tyrosine residue
used by the full-length receptor for Shc protein binding.
Therefore, we co-expressed E2 tagged TrkB and V5-His
tagged TrkB fusion proteins in HEK293 cells to determine if
the E2-tagged full-length TrkB receptor is capable of
phosphorylating the V5-His tagged TrkB-T-TK-A17 protein.
We detected two different sub-populations of TrkB isoforms,
probably because of different levels of post-translational
modifications of the over-expressed proteins. TrkB-T-TK-
A17-V5-His proteins had molecular weights of approxi-
mately 120 kDa and 100 kDa, whereas TrkB-E2 proteins
had molecular weights of approximately 140 and 120 kDa.
Although the TrkB-E2 protein co-immunoprecipitated with
the V5-His-tagged TrkB isoforms and despite the fact that
signals from TrkB-E2 partially overlapped with signals from
TrkB-T-TK-A17-V5-His, we could detect a TrkB-T-TK-A17-
V5-His-specific signal corresponding to the 100 kDa isoform
of TrkB-T-TK-A17-V5-His proteins using the anti-phosp-
hotyrosine antibody (Fig. 7b). This result indicates that
similarly to other tested isoforms of TrkB, TrkB-T-TK-A17
can be phosphorylated in frans by the full-length kinase
domain-containing TrkB-E2 isoform. This would suggest
that the novel C-terminal truncated isoforms encoded by
TrkB transcripts with exon 22b could act as functional
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Fig. 7 Auto-phosphorylation and in trans phosphorylation potential of
different TrkB protein isoforms. (a) HEK293 cells were transfected with
expression constructs encoding V5-His tagged TrkB, TrkB-A17, TrkB-
N-A17 and TrkB-T-TK-A17 proteins. The cells were lysed and
subjected to immunoprecipitation with anti-V5 antibody 48 h post-
transfection. Precipitated proteins were analysed with anti-phospho-
tyrosine (anti-pY) and anti-V5 antibodies using SDS-PAGE and

signaling receptors that can be activated by the full-length
TrkB which can then transfer the signal to Shc.

Discussion

In this study, we have re-examined the structure, alternative
splicing pattern and spatio-temporal expression profile of the
human TrkB gene. The 5 UTR of the gene is known to be
complex, however, we have shown an even more diversified
structure of the region formed by the use of alternative
promoters and alternative splicing generating at least 16
different 5° UTRs. The 5" UTR of the TrkB gene has
previously been shown to possess an IRES that contains sub-
regions of translation activation or inhibition (Dobson et al.
2005). Thus, the 5" UTR is likely to regulate the expression
of TrkB proteins at the level of translation. This would
explain the rationale behind the existence of so many
alternative 5” UTRs. Because of this, we were interested to
know whether there was a tissue-specific regulation of
transcription initiation and splicing of the TrkB 5" UTR. As
our results indicated, all the tissues studied showed highly
similar patterns of expression of TrkB exons 1-5, suggesting
that the tissue-specific expression of TrkB receptors is not
affected by the use of alternative 5" UTRs. It is still possible,
however, that tissue-specific factors such as 5" UTR binding
proteins could differentially affect the spatial regulation of
translation efficiency in different tissues.

Interestingly, we have described a novel 5” exon named 5c,
which gives rise to novel N-terminal truncated TrkB proteins.
All other TrkB 5" UTRs are linked to transcripts encoding

© 2010 The Authors

western blotting techniques. (b) HEK293 cells were co-transfected
with V5-His tagged expression plasmids encoding TrkB, TrkB-A17,
TrkB-N-A17 and E2 tagged TrkB. The cells were lysed and subjected
to immunoprecipitation with anti-V5 or anti-TrkB antibodies 48 h post-
transfection. Precipitated proteins were analysed with anti-phospho-
tyrosine (anti-pY) and anti-V5 antibodies using SDS-PAGE and
western blotting techniques.

proteins with identical N-termini. The new exon 5c was
expressed mainly in the nervous system with the highest
levels observed in the cerebellum, where approximately 6%
of all TrkB transcripts start with exon Sc. There are many
different protein isoforms that are encoded by transcripts
starting with exon 5c, depending on the 3’ exons and
alternative splicing, but all of them lack the signal sequence
for intra-membrane localization, the whole leucine-rich
domain and one cysteine-rich domain. We studied in detail
the isoform TrkB-N-A17 that encodes a tyrosine kinase
domain, and showed that, as predicted, this isoform is not
localized to the cell plasma membrane, but is instead
cytosolic. In addition, TrkB-N-A17 becomes phosphorylated
if over-expressed in HEK293 cells, which suggests a unique
function for these proteins — activated TrkB-N-A17 isoforms
can potentially phosphorylate other, yet unidentified proteins
in the cytosol and hence, take part in signaling cascades.
Because of spatial restrictions, TrkB-N-A17 isoforms are
unlikely to be activated by neurotrophins — from translation
to secretion, neurotrophins are kept stored in membraneous
compartments, such as the endoplasmic reticulum (ER),
Golgi complex and extracellular space, and thus, cannot
come into contact with the cytosolic TrkB-N-A17 isoform. It
is possible that the novel TrkB isoforms can be activated
independently of neurotrophins by other cytosolic proteins.
For example, it has been shown that TrkB receptor can be
transactivated in the cytosol independently of neurotrophins
by G-protein-coupled receptors, including adenosine 2A
receptor, pituitary adenylate cyclase-activating polypeptide
receptors and dopamine D, receptor (Lee and Chao 2001;
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Lee et al. 2002; Rajagopal et al. 2004; Iwakura et al. 2008),
or Src family kinases activated by zinc ions (Huang et al.
2008). The same proteins could be responsible for activating
the novel N-terminally truncated TrkB isoforms. In addition,
under certain conditions, the expression level of TrkB-N
isoforms can rise and at higher intracellular concentrations
the proteins can be autophosphorylated, as we have demon-
strated by TrkB-N-A17 over-expression studies.

In this study, we have also characterized a novel 3" exon of
TrkB transcripts — an extended form of exon 22, named 22b.
Similar to transcripts with exon 5c, exon 19 or exon 24, TrkB
mRNAs with exon 22b present a highly specific spatial
expression pattern — they are mainly expressed in neural
tissues. Remarkably, transcripts with exon 22b account for
approximately 10% of all TrkB-encoding transcripts in the
cerebellum — an expression level that is higher than that of
previously described TrkB-T-Shc isoform-encoding tran-
scripts. No statistically significant age-related differences in
the expression level of TrkB mRNAs with exon 22b could be
detected in the DLPFC, however it is possible that these
transcripts are temporally regulated in some other brain
region, for example, in the cerebellum, where these mRNAs
are expressed at a higher level, and thus, seem to have a more
important function. A representative of the proteins encoded
by transcripts with exon 22b, named TrkB-T-TK-A17, was
localized to the cell plasma membrane when over-expressed
and although it cannot get autophosphorylated because of a
disruption in the tyrosine kinase domain, it can be phos-
phorylated by the full-length TrkB receptor. Phosphorylated
TrkB-T-TK-A17 protein could function as an important
signaling molecule — for example, it contains a docking site
for She protein binding and can, thus, actuate signaling
cascades leading to survival and differentiation of the cell.
On the other hand, the TrkB-T-TK-A17 protein does not
contain a docking site for PLC-y and therefore, cannot
activate the signaling cascades involving this signaling
molecule. Hence, it can be concluded that TrkB-T-TK-A17
exerts different effects compared to the full length TrkB
receptor. It is also possible, that the unique C-terminal
sequence of 27 amino acids of TrkB-T-TK-A17 contains
additional binding sites for yet unidentified proteins.

It is of interest to note that unlike the TrkB-T-TK-A17
isoform, another C-terminal truncated isoform of TrkB,
named TrkB-T-She, which also contains a binding site for
She protein and is expressed mainly in the nervous system,
cannot be phosphorylated by the full-length receptor (Stoilov
et al. 2002). Therefore, it can be concluded that these
structurally similar truncated isoforms of TrkB receptor most
probably have very distinct functions.

Exon 17 of the TrkB gene has been described to be a
cassette exon (Stoilov et al. 2002), but thus far, no functional
relevance has been connected to the alternative splicing of
this exon. We have shown here that proteins with or without
sequences encoded by exon 17 showed identical localization
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patterns and phosphorylation capabilities. However, the
mRNAs encoding them displayed different expression pat-
terns in the DLPFC — no statistically significant fluctuation
was seen in the expression level of transcripts without exon
17. This is in contrast to transcripts with exon 17, which
showed a relatively low expression level in neonates,
peaking in school age, and after which the expression level
started to descend gradually. This finding indicates that the
presence of exon 17 is likely to have functional significance.
It is possible, for example, that the presence or absence of
protein sequences encoded by exon 17 is influencing the
receptor’s ability to transfer signals to downstream signaling
molecules.

In this study, we confirmed the spatial expression patterns
of full-length TrkB and C-terminal truncated TrkB-T1-
encoding transcripts described previously (Shelton et al.
1995; Stoilov et al. 2002) — nervous system specific versus
ubiquitous expression pattern, respectively. In contrast, the
temporal regulation of expression of these isoforms did not
compare with previous data (Romanczyk et al. 2002). As
was described previously using in situ hybridization in the
DLPFC, the expression level of mRNAs encoding the full-
length TrkB peaked in young adults while the levels of TrkB-
T1 isoform-encoding transcripts did not show remarkable
change throughout the lifespan (Romanczyk et al. 2002). On
the other hand, using qPCR, we showed in this study that
full-length TrkB-encoding transcripts are expressed at their
highest level in the toddler age group but fall remarkably in
adults. For TrkB-T1-encoding mRNAs, we found a relatively
high expression level in the neonate, infant, young adult and
adult age groups, and a lower expression level in toddlers and
school aged children. This difference could be the result of
either different quantification methods used or the result of
analysing different cohorts. Interestingly, the expression
patterns of the full-length TrkB and TrkB-T1 proteins
differed from the expression patterns of the transcripts
encoding these proteins during the postnatal development
of human cerebral cortex. We have observed a similar
phenomenon for TrkC transcripts and protein isoforms
(Beltaifa et al. 2005). These results suggest that in addition
to transcriptional control, post-transcriptional mechanisms
are involved in the regulation of the expression of neurotro-
phin receptors.

We also detected minor quantities of TrkB mRNAs with
the exclusion of exon 12 in heart and skeletal muscle.
Proteins encoded by these mRNAs (TrkB-A12) lack the
second IG-like domain, which is important for binding
neurotrophins, and are similar to a variant of TrkA receptor
(ATrkA) that has been found in acute myeloid leukemia cells
(Reuther et al. 2000). ATrkA lacks part of the second 1G-like
domain and was shown to be constitutively active in
promoting cell growth and resistance to apoptosis (Reuther
et al. 2000). It would be of interest to determine whether the
functional properties of TrkB-A12 and ATrkA are similar or

Journal Compilation © 2010 International Society for Neurochemistry, J. Neurochem. (2010) 113, 952-964



whether the TrkB-A12 protein is activated by some ligand
molecules.

Taken together, we have performed a detailed analysis of
the human TrkB gene structure, expression profile of
alternatively spliced transcripts, and protein isoforms encoded
by alternatively spliced transcripts. Our findings emphasize
the structural and functional variability of alternative TrkB
receptor isoforms and suggest a diversified role of the receptor
in the functioning of the human nervous system.
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Supplementary Materials and Methods

Computer analysis and RT-PCR

The human TrkB gene structure and transcripts in the public databases were identified by
analyzing genomic, mRNA, and expressed sequence tag (EST) databases using the Blat

algorithm (http://genome.ucsc.edu). Based on this analysis, primers were designed to analyze

the expression of TrkB mRNAs and to construct plasmids for TrkB riboprobe design and
cloning of TrkB isoforms (Supplementary Table 1). Reverse transcription and PCR for
spatially regulated TrkB expression analyses was performed as described previously (Koppel
et al. 2009). PCR with primers specific for the ubiquitously expressed hypoxanthine guanine
phosphoribosyltransferase (HPRT) was performed as a control to determine the amount of

human template cDNA in different PCRs.

Quantitative PCR

Analysis of cohort demographics, RNA extraction, reverse transcription and
normalization of qPCR results for the study of temporally regulated expression of alternative
TrkB transcripts in the human DLPFC were performed as described by Wong et al 2009.
Levels of transcripts encoding the full-length TrkB and C-terminal truncated TrkB-T1
receptors were measured by gPCR using an ABI Prism 7900 sequence detection system with a
384-well format. Control probes or housekeeping genes used to calculate the geometric mean
were chosen from Applied Biosystems (Assays-on-Demand, Applied Biosystems, Foster City,

CA) and included cyclophillin A (Cat # hs99999904-m1), GUSB (glucuronidase, beta Cat #



hs99999908-m1), UBC (ubiquitin C Cat # hs00824723-m1), and PBGD (porphobilinogen
deaminase Cat # hs00609297-m1). ABI probes used for amplification of the two major TrkB
transcripts were: full length TrkB (Cat # hs01093098-m1) and TrkB-T1 (Cat # hs01093110-
ml). Each 10 pl PCR reaction contained 3 pl of cDNA, 0.5 pl of 20X primer/probe mixture, 5
pl of RT-PCR Mastermix Plus (Eurogentec, Seraing, Belgium) containing Hot Goldstar DNA
Polymerase, dNTPs with dUTP, uracil-N-glycosylase, passive reference, and optimized buffer
components; and 1.5 ul DEPC deionized water. For TrkB transcripts, 3 ng/ul of cDNA was
used for the amplification. Samples were run with an 8 point standard curve using serial
dilutions of pooled cDNA derived from RNA obtained from brain tissue (pooled from all
cases). Several no template controls were also included which produced no signal. PCR
cycling conditions were: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for 15
seconds and 59°C or 60°C for 1 minute. PCR data were obtained with the Sequence Detector
Software (SDS version 2.0, Applied Biosystems). SDS software plotted real-time fluorescence
intensity. The threshold was set within the linear phase of the amplicon profiles.
Measurements for all samples were performed in triplicates. The geometric mean of the four
housekeeping genes used was calculated as previously described (Vandesompele et al. 2002).
None of the housekeeping genes varied across development (ANOVA p>0.05 for all
housekeeping genes and geometric mean). The 2-AACT method was used for the analysis of
gene expression (Livak & Schmittgen, 2001) where the adult group was set as the control
group to which other developmental groups were normalized. To identify other TrkB
transcript isoforms, reactions were conducted in 10 pl reactions with 40 ng of cDNA as
template and using the qPCR Kit for SYBR® Green I, No ROX (Eurogentec), primers and

reaction conditions are detailed in Supplementary Table 1, and LightCycler 2.0 (Roche).



Western blotting

To measure the protein expression levels of full length TrkB and TrkB-T1, ~40 mg of
frozen tissue from the DLPFC was homogenized as previously described (Wong et al. 2009).
Protein concentrations were determined using the Bradford protein assay (Sigma-Aldrich).
Samples of equal protein (10 pug) were assayed by western blotting in blinded and randomized
order and the entire cohort was run in duplicate as previously described (Wong et al. 2009).
Samples of equal protein (20 pg) were assayed by western blotting by SDS-PAGE on 12%
Bis-Tris gels (BioRad). Proteins were transferred onto nitrocellulose membranes and
incubated with blocking solution (5 % w/v non-fat milk, 0.1 % v/v Tween-20 in PBS (PBST);
RT; 1 h). Membranes were incubated with a primary antibody for human TrkB (TrkB antibody
diluted 1:3000 in 5% BSA-PBST; 4 °C; overnight; TrkB: Cell Signaling Technology Cat #
4603) or B-actin (diluted 1:10,000 in blocking solution; 4 °C; overnight; Millipore Cat #
MABI1501). Membranes were washed 3 x 10 minutes with PBST and incubated with
peroxidase-conjugated affinity purified secondary antibodies, anti-rabbit (diluted 1:1000 in
5% BSA-PBST for TrkB) or anti-mouse (diluted 1:5000 in blocking solution for B-actin)
(Millipore) at RT for 1 h. After further washing, bound antibodies were incubated with
enhanced chemiluminescence reagent (Millipore) and visualized by chemiluminescence on a
Chemidoc Imaging System (BioRad). Bands were quantitated by densitometry using the
Quantity One 1-D Analysis Software v4.6.5 (BioRad). The geometric mean of the duplicate
western runs were calculated and used as the average for statistical analysis. Population

outliers were removed when calculated data points for each sample were greater than two



standard deviations from the mean for that age group. No population outliers were detected
for full length TrkB and TrkB-T1. Statistical analyses were conducted using Statistica 7
(StatSoft Inc., 2000, STATISTICA for Windows). Two-tail unpaired t-tests were conducted to
assess significance of changes in full length TrkB and TrkB-T1 protein between the highest

and lowest expressing age groups. A p<0.05 was considered statistically significant.

Ribonuclease protection assay (RPA)

For construction of plasmids for riboprobe synthesis, DNA fragments specific for the
alternative TrkB transcripts were amplified from c¢cDNA template from the human left
cerebellum using a mix of FirePol (Solis Biodyne) and Pfu (Fermentas) enzymes, and primers
(detailed in Supplemental material Table 1). PCR products were cloned into EcoRV-linearized
pBluescript IT KS+ vector (Fermentas) and verified by sequencing. For riboprobe production,
the plasmids were linearized and antisense RNA was synthesized using Ambion MAXI Script
T7/T3 kit according to the manufacturer’s instructions using **P-UTP. RPA was performed as

described previously using the RPA kit from Ambion (Timmusk et al. 1993).

Cloning of TrkB isoforms

To clone the TrkB isoforms, PCR was conducted using Expand Long Template PCR
System (Roche) according to manufacturer’s instructions using cDNA from the left
cerebellum as template and primers: TrkB_SF Kozak and TrkB 24R nonstop

(Supplementary Table 1). PCR products were cloned into pcDNA3.1/V5-His-TOPO vector



(Invitrogen) to obtain the pcDNA3.1/TrkB-A17-V5-His construct encoding C-terminal V5-
His tagged TrkB-A17. Subsequent PCRs were conducted using a mix of FirePol (Solis
Biodyne) and Pfu (Fermentas) enzymes to obtain constructs pcDNA3.1/TrkB-V5-His,
pcDNA3.1/TrkB-N-A17-V5-His and pcDNA3.1/TrkB-T-TK-A17-V5-His encoding C-
terminal V5-His tagged TrkB, TrkB-N-A17 and TrkB-T-TK-Al7, respectively (for primers
used see Supplementary Table 1). These PCR products were first cloned into pTZ57R vector
(Fermentas) and subcloned into the pcDNA3.1/TrkB-A17-V5-His vector using the following
restriction enzymes: Eco471Il and Scal (to obtain pcDNA3.1/TrkB-V5-His), BamHI and
Eco47III (for pcDNA3.1/TrkB-N-A17-V5-His), Xbal and Scal (for pcDNA3.1/TrkB-T-TK-
A17-V5-His). The pQM/TrkB-E2 construct was obtained by excising and ligating the TrkB
coding region of the pcDNA3.1/TrkB-V5-His vector (cut with BamHI and EcoRV) into the
pQM-CMV-E2Tag-C-A vector (Abcam; cut with Smal and BamHI; all restriction enzymes

were purchased from Fermentas). Constructs were verified by sequencing.

Immunofluorescence and confocal microscopy

50 % confluent HEK293 cells grown in Dulbecco’s Modified Eagle’s Medium (DMEM,;
Gibco Invitrogen) containing 10% fetal bovine serum on cover slips were transfected with
PEI reagent (InBio) according to the manufacturer’s instructions. 48 h post transfection, the
cells were fixed with 4 % paraformaldehyde (PFA; Scharlau) in PBS for 15 minutes and
blocked with 2 % bovine serum albumine (BSA; Sigma) in PBS for 20 minutes. Alexa Fluor
488-conjugated concanavalin A (Invitrogen) was used in 30 pg/ml concentration in 0.2 %

BSA in PBS for 10 minutes to stain the cell membrane. Stained cells were fixed again with 4



% PFA in PBS for 15 minutes, permeabilized with 0.1 % Triton X-100 (Amresco) in PBS for
1 minute and blocked overnight with 2 % BSA in PBS. Between treatments with different
agents, the cover slips were washed with PBS. Staining of TrkB isoforms were conducted
using a primary anti-V5 antibody (Sigma, V8137) in 1:1500 dilution in 0.2 % BSA in PBS for
1 h, followed by washes with PBS, and secondary Alexa Fluor 568-conjugated goat anti-
rabbit antibody (Invitrogen) in 1:2000 dilution in 0.2 % BSA in PBS. Cover slips were rinsed
and mounted using ProLong Gold antifade reagent with DAPI (Invitrogen). Labeled cells

were analyzed using the LSM 510 (Zeiss) confocal microscopy system.

Immunoprecipitation

70 % confluent HEK293 cells grown in DMEM containing 10 % fetal bovine serum on
60 mm plates were transfected with PEI reagent according to the manufacturer’s instructions
and lysed with 200 pl radioimmunoprecipitation buffer [RIPA: 50 mM TrisHCI, pH 8; 150
mM NaCl; 1% NP-40; 0.5 % sodium deoxycholate; 0.5 % SDS, 1 mM DTT; Complete
Protease Inhibitor Cocktail (Roche) and PhosSTOP Phosphatase Inhibitor Cocktail (Roche)].
0.5 mg of a 1 mg/ml total protein extract was immunoprecipitated with 1.8 pg mouse anti-V5
antibody (Invitrogen) or anti-TrkB antibody (Santa Cruz, SC-8316) overnight in the presence
of 25 pul of GammaBind Plus Sepharose beads (GE Healthcare). The beads were then washed
2 x with PBS and heated for 2 min at 85 °C with 30 pl of 1 x Laemmli buffer. 10 ul of
precipitated proteins were separated on 6 % SDS-PAGE and transferred onto PVDF
membranes using a conventional semi-dry method. Membranes were blocked with 5 % BSA

in PBS-Tween (PBS and 0.05 % Tween 20) overnight and incubated with primary antibodies



(1:2000 mouse anti-phosphotyrosine (Millipore, 4G10) or 1:6000 mouse anti-V5) in 2 % BSA
in PBS-Tween for 1 h. Subsequently, the membranes were washed with PBS-Tween and
incubated with secondary goat HRP-conjugated anti-mouse antibody (Pierce) in 1:6000
dilution in 2 % BSA in PBS-Tween for 1 h. The signal was detected using SuperSignal West
Femto Maximum Sensitivity Substrate (Pierce) and with the ImageQuant 400 Imager system

(GE Healthcare) according to manufacturers’ instructions.
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Supplementary Figure 1. A — Semiquantitative analysis of expression levels of the
conventional 5 UTR region of alternative TrkB transcripts in different human tissues.
Numbers of amplified TrkB exons are shown on the right. Asterisk indicates a PCR artefact.
Hypoxanthine guanine phosphoribosyltransferase (HPRT) was used as the hosekeeping
control. B — RT-PCR analysis of mouse TrkB transcripts encoding exons 5¢, 6, 7 and 8. C and
D — sequence alignment of human, orangutan, dog, horse, rat and mouse genomic sequences
encoding the (putative) TrkB exon 5¢ (C) and exon 17 (D), and the flanking areas. Capital
letters indicate exons and lower case introns. Differences from the human sequence are in
bold. E — nested RT-PCR of the full-length transcripts of TrkB in human cerebellum. Exons
amplified during the first round of PCR are shown above. No product was detected in the
negative control PCR reactions without cDNA for each primer combination (data not shown).
Exons amplified during the second round of PCR are shown on the right. PCR products from
the first round of PCR were used as templates for the second round of PCR. Neg — negative
control: for the first round of PCR, the reaction was performed with ¢cDNA and without
primers; for the second round of PCR, the reaction was performed with cDNA and primers.
All amplicons were verified by sequencing. F — Quantification of the expression level of
TrkB-T-Shc protein isoform in the human prefrontal cerebral cortex during postnatal
development. Data is expressed relative to the adult age group as AACT and presented as

mean + SEM.



Supplementary Table 1.

Primers and cycling conditions used for PCR analyses of the expression of TrkB gene in
different human tissues:

Aplified Primers (5> ->3’) Amplicon | PCR Primer PCR

TrkB length cycles | annealing product

exons (bp) temperature | extension

(°C) time (s)

1..5 trkB_1F CACCCTAGCACACATGAACAC 409; 374; 38 52 35

trkB_5R2 GCGCAGATTCCTTGTTAGATG 339; 287;
200; 165;
78

2a/b/c...5 | trkB_2F CGGAGGAACGGTTCATCTTAG 282; 244; 38 52 35
trkB_5R2 GCGCAGATTCCTTGTTAGATG 73

3a/b/c/d/e/f | trkB_3F GGTAGCAGGAGCCTGGAC 237; 160 38 52 35

.5 trkB_SR2 GCGCAGATTCCTTGTTAGATG

4..5 trkB_4F CGAAGAGAGAGTGGGCAC 103 38 52 35
trkB_SR2 GCGCAGATTCCTTGTTAGATG

5/5b ... 11 trkB_5F ACTGGCTGCTAGGGATGTC 863 38 52 60
trkB_11R GCACAGTGAGGTTGACAGAATC

Sc...11 trkB_5cF AACGTAGTTGACCAAGATAACCTG 670 38 52 60
trkB_11R GCACAGTGAGGTTGACAGAATC

11...15 trkB_11F CACAGGGCTCCTTAAGGATAAC 657; 350 38 61 60
trkB_15R TCATGCCAAACTTGGAGTGTCT

15...16 trkB_15F TCTATGCTGTGGTGGTGATTG 209 38 52 45
trkB_16R GAGTCCAGCTTACATGGCAG

15...19 trkB_15F TCTATGCTGTGGTGGTGATTG 449; 401 38 52 45
trkB-shc antisense
AGAACTCTTCTCCTCCATCAG

15..20 trkB_15F TCTATGCTGTGGTGGTGATTG 459; 409 38 52 60
trkB_20R GCCACCAAGATCTTGTCCTG

18...22b trkB_18F CCCAGCCTCCGTTATCAG 868 38 52 60
trkB_22bR CTCCAGAGCCATGAGAAACAC

21..24 trkB_21F TTCTATGGCGTCTGCGTG 551; 316 38 60 45
trkB_24R CATCAGCTCATACACCTCCTG

HPRT hmrHPRTIs GATGATGAACCAGGTTATGAC 470 29 57 30
hmrHPRTas GTCCTTTTCACCAGCAAGCTTG

Primers and cycling conditions used for PCR analyses of the temporally regulated

expression of trkB gene in human prefrontal cerebral cortex :

Aplified Primers (5> ->3’) Amplicon | Primer PCR product
TrkB length annealing extension time
exons (bp) temperature (s)
(W]
5/5b...6 | trkB_SF ACTGGCTGCTAGGGATGTC 302 60 15
trkB_6R2 CAGATTTCTCAGTCCCACATAAG
5¢...6 trkB_5c¢F AACGTAGTTGACCAAGATAACCTG 106 58 10
trkB_6R2 CAGATTTCTCAGTCCCACATAAG
18..19 trkB_18F CCCAGCCTCCGTTATCAG 301 62 15
trkB-shc antisense AGAACTCTTCTCCTCCATCAG
21..22b | trkB_21F TTCTATGGCGTCTGCGTG 339 61 15
trkB_22bR2 CTGATCTGCACAGCTACTCA
17...18 trkB_17F CTCATGGTTTGGATTTGGGAAAG 227 61 10
trkB_18R CTGGCTTGAGCTGACTGTTG
15+18 trkB_15_18F CAAGTTTGGCATGAAAGGCCCA 200 61 10
(A17) trkB_18R CTGGCTTGAGCTGACTGTTG




Primers and cycling conditions used for the design of RPA riboprobes:

Aplified Primers (5°->3’) Amplicon | PCR Primer PCR

TrkB length cycles | annealing product

exons (bp) temperature | extension

(°C) time (s)

5¢..8 trkB_5cF AACGTAGTTGACCAAGATAACCTG 326 43 55 30
mrTrkB_8R CAAGTCAAGGTGGCGGAAATG

15..16 trkB_15F TCTATGCTGTGGTGGTGATTG 209 43 55 30
trkB_16R GAGTCCAGCTTACATGGCAG

18..19 trkB_18F CCCAGCCTCCGTTATCAG 301 43 55 30
trkB-shc antisense AGAACTCTTCTCCTCCATCAG

21..22b | trkB_21F TTCTATGGCGTCTGCGTG 460 43 55 30
trkB_22bR CTCCAGAGCCATGAGAAACAC

Primers and cycling conditions used for amplifying TrkB coding region for cloning:

Aplified Primers (5> ->3’) Amplicon | PCR Primer PCR
TrkB length cycles | annealing product
exons (bp) temperature | extension
(°C) time (s)
5..24 trkB_5F_Kozak CACCATGTCGTCCTGGATAAGGT 2518 41 55 150
trkB_24R_nonstop GCCTAGAATGTCCAGGTAGAC
9..12 trkB_9F_Kozak 567 44 55 70
CACCATGTGGATCAAGACTCTCCAAG
trkB_12R GAGGCAGCCGTGGTACTC
11...22b | trkB_11F CACAGGGCTCCTTAAGGATAAC 1457 46 55 80
trkB_22bR2 CTGATCTGCACAGCTACTCA
18...22b | trkB_18F CCCAGCCTCCGTTATCAG 811 46 55 80
trkB22bR_nstop
TGACAGCCTCAGCAAACAAATAC
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Abstract

been described.

the nucleus.

Background: Tropomyosin-related kinase A (TRKA) is a nerve growth factor (NGF) receptor that belongs to the tyros-
ine kinase receptor family. It is critical for the correct development of many types of neurons including pain-mediat-
ing sensory neurons and also controls proliferation, differentiation and survival of many neuronal and non-neuronal
cells. TRKA (also known as NTRKT) gene is a target of alternative splicing which can result in several different protein
isoforms. Presently, three human isoforms (TRKAI, TRKAIl and TRKAIII) and two rat isoforms (TRKA LO and TRKA L1) have

Results: We show here that human TRKA gene is overlapped by two genes and spans 67 kb—almost three times
the size that has been previously described. Numerous transcription initiation sites from eight different 5" exons

and a sophisticated splicing pattern among exons encoding the extracellular part of TRKA receptor indicate that
there might be a large variety of alternative protein isoforms. TrkA genes in rat and mouse appear to be consider-
ably shorter, are not overlapped by other genes and display more straightforward splicing patterns. We describe

the expression profile of alternatively spliced TRKA transcripts in different tissues of human, rat and mouse, as well

as analyze putative endogenous TRKA protein isoforms in human SH-SY5Y and rat PC12 cells. We also characterize a
selection of novel putative protein isoforms by portraying their phosphorylation, glycosylation and intracellular locali-
zation patterns. Our findings show that an isoform comprising mainly of TRKA kinase domain is capable of entering

Conclusions: Results obtained in this study refer to the existence of a multitude of TRKA mRNA and protein isoforms,
with some putative proteins possessing very distinct properties.

Keywords: TRKA, NTRK1, 5/ RACE, Glycosylation, Nuclear localization, Isoforms, Alternative splicing

Background

Tropomyosin-related kinase A (TRKA, official name neu-
rotrophic tyrosine kinase, receptor, type 1, or NTRKI) gene
encodes the high affinity receptor for a neurotrophin nerve
growth factor (NGF). TRKA with the highly similar recep-
tors TRKB and TRKC belongs to the group of tyrosine
kinase receptors. TRKB binds neurotrophins brain-derived
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neurotrophic factor (BDNF) and neurotrophin-4 (NT-4)
while TRKC is the predominant receptor for neurotrophin
NT-3, although TRKA and TRKB can also be activated by
NT-3 [1]. Signaling initiated by the NGF-TRKA complex is
crucial for the development of pain-mediating sensory neu-
rons [2], postganglionic sympathetic neurons [3] and basal
forebrain cholinergic neurons [4]. NGF also affects cells of
non-neuronal tissues, such as epithelial and smooth muscle
cells, and is very important in thymic tissues [5].
Neurotrophin binding to the TRK extracellular domain
leads to receptor’s dimerization, activation of its intrinsic
kinase activity and autophosphorylation. Subsequently,
the signaling pathways similar for all the TRK receptors

© 2015 Luberg et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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are activated. These include the rat sarcoma/mitogen-
activated protein kinase (Ras-MAPK), phosphatidyl-ino-
sitol 3 kinase (PI3K) and phospholipase C-yl (PLC-y1)
pathways to promote survival and differentiation, and
adjust synaptic plasticity [6—8].

In addition, several neurotrophin independent signal-
ing events have been described, including transactivation
of receptor tyrosine kinases by adenosine 2A receptors
[9, 10], pituitary adenylate cyclase-activating polypeptide
receptor [11], low-density lipoprotein receptor-related
protein 1 [12], epidermal growth factor receptor [13] and
antidepressants [14].

Human TRKA gene is located on chromosome 1 and
has been described to span 23 kb. Seventeen exons
(named 1...17; Fig. 1), that are relatively well conserved
in rat and mouse as compared to human TRKA gene,
[the basic local alignment search tool (BLAST) algorithm
gives 85 % of similarity in both cases] have been charac-
terized [15-17].

The extracellular portion of TRKA receptor, coded by
exons 1-10, is responsible for ligand binding and is sub-
jected to post-translational glycosylation. A sequence
coded by exon 1 directs the receptor to the cell mem-
brane. The predominant part of the extracellular region
constitutes of the first and second immunoglobulin-like
(Ig-like) domains coded by exons 6...8, of which the sec-
ond is directly in contact with NGF [18]. The transmem-
brane domain of TRKA is encoded by exon 11 and the
intracellular tyrosine kinase domain by exons 13...17 [19,
20].

The glycosylation of the receptor’s extracellular seg-
ment plays an important role in signaling and localiza-
tion of the protein. There are four N-glycosylation sites
that are highly conserved within the TRK family and at
least five more variable sites that are used in TRKA. The
lack of glycosylation results in autophosphorylation and
constitutive kinase activity of the core protein as well as
incapability to be directed to the cell membrane [21, 22].

TRKA gene is a target of alternative splicing which
can result in several different protein isoforms. At the
moment, only three human isoforms (TRKAI, TRKAII
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and TRKAIII) and two additional rat isoforms (TRKA
L0 and TRKA L1) have been described. TRKAII is the
full-length isoform. In mRNA encoding TRKAI an 18 bp
exon 9 has been spliced out resulting in a protein lacking
6 aa in the juxtamembrane region of the TRKA receptor.
The full-length TRKAII is mainly expressed in neuronal
tissues and TRKAI in non-neuronal tissues. They appear
to have no relevant difference in binding to NGF [23].
In contrast, binding to N'T-3 is significantly stronger in
the case of TRKAII compared to TRKAI [24]. The third
alternatively spliced transcript TRKAIII is lacking exons
6, 7 and 9. This results in the absence of the first immu-
noglobulin-like domain and several N-glycosylation sites.
As a consequence, TRKAIII is not able to bind NGF and
is instead constantly autophosphorylated and activated.
Alternative splicing of TRKA mRNA to generate the
isoform TRKAIII is upregulated by hypoxia. TRKAIII
is expressed in undifferentiated early neural progeni-
tors, in a subset of neural crest-derived tumors (nota-
bly in neuroblastomas) and in thymus, a physiologically
hypoxic organ [25, 26]. Unlike TRKAI/II, this isoform is
not inserted in the plasma membrane, but is retained in
endoplasmatic reticulum (ER) and Golgi complex and
promotes genetic instability [27]. In rats, similarly to
humans, exon nine can be spliced out [23]. In addition,
rat splice variants termed TRKAL1 and TRKALO lack
respectively either two of the leucine-rich motifs or all
three [28]. Isoforms of TRKA in mouse have not yet been
described.

A genetic disorder congenital insensitivity to pain with
anhidrosis (CIPA), also called hereditary sensory and
autonomic neuropathy type IV, has various symptoms
such as absence of reaction to noxious stimuli (insensitiv-
ity to pain), anhidrosis (inability to sweat), self-mutilat-
ing behavior and mental retardation. CIPA is caused by
non-functional or absent TRKA receptor due to muta-
tions in TRKA gene [29]. On the other hand, excessive
NGEF-TRKA signaling hypersensitizes pain-mediating
neurons resulting in chronic pain [30] or causes aller-
gic skin inflammation [29], hyper-responsiveness of air-
way epithelial cells and/or aberrant activation of sensory

-
(See figure on next page.)

Fig. 1 Human TRKA gene locus and predicted protein isoforms of human, rat and mouse TRKA. Exons are illustrated as boxes and introns as lines.
Exons are drawn to scale in a-f and introns in a. a Chromosomal organization of the human TRKA gene. Also shown are two genes encoded from
the opposite strand and partially (SH2D2A) or entirely (INSRR) overlapping the TRKA gene. b All human TRKA exons with size in bp-s shown in dark
pink. Representational scheme of TRKA alternative transcripts and putative protein isoforms of human (e and d), mouse (e) and rat (f) origin, based on
the results of 5/ RACE, RT-PCR study and in silico analysis. The names of encoded proteins are noted on the right. Alternative N-termini as compared
to the conventional TRKAIl isoform are labeled as a, B, y, 6, €, ¢, n, 6, k, A, prand & Only one ORF per transcript has been marked with start site (blue
arrowhead) and stop codon (red asterisk). Roman numerals designate protein isoforms missing various parts of the extracellular region as illustrated
for TRKAL...TRKAIX d. Exons 10a and 9a can either serve as 5/ exons or be the products of intron retention (due to this, the block of exons upstream
of exons 10a and 9a is illustrated in gray). ARF alternative reading-frame. The L0 isoform of rat TRKA is produced from transcripts that do not include
exons 2-4 and L1 from mRNAs missing exons 2 and 3. g the protein domains of TRKAIl (MSS membrane signal sequence, Cys and Leu rich region
Lcysteine and leucine rich region, /G like immunoglobulin-like domain, TM transmembrane)
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neurons, implicated in acute conditions such as asthma
[31].

Alterations in TRKA expression or mutations in the
gene have been detected in several tumors. TRKA was
discovered as an oncogene in colon carcinoma fused
with tropomyosin gene [32]. Genomic DNA rearrange-
ments of TRK genes can influence carcinogenic progres-
sion in non-neuronal tissues such as breast cancer [33],
papillary thyroid carcinoma [34] and medullary thyroid
carcinoma [35]. In neuroblastomas, TRKA upregulation
is seen in tumors with good prognosis, while TRKB is
up-regulated in unfavorable and aggressive tumors [36].
However, TRKA can also be involved in the late stages of
cancer progression by promoting stress-resistance and
neovascularization—for example in neuroblastomas by
TRKAIII isoform [37]. During the progression of Alz-
heimer’s disease, all TRK receptors are down-regulated
in cholinergic neurons of nucleus basalis, a brain region
which dysfunction is associated with cognitive decline
in Alzheimer’s disease [38]. The cholinergic neurons
depend on NGF which is synthesized by the target cells
within the hippocampus and cortex. TRKA expression
is also decreased in the parietal cortex of patients with
Alzheimer’s disease [39, 40]. Moreover, the withdrawal of
NGF in differentiated rat pheochromocytoma PC12 cells
initiates the accumulation of beta-amyloid protein and is
followed by apoptotic death [41].

In this study, we show that the TRKA gene in rat,
mouse and especially human is more complex than previ-
ously thought. We also show that the human TRKA has
multiple 5’ terminal exons and an intricate splicing pat-
tern involving exons that encode the extracellular part of
TRKA protein. It can be theorized that these novel TRKA
transcripts encode numerous TRKA protein isoforms
which have not yet been characterized.

Results

An elaborate arrangement of the human TRKA gene
revealed by novel transcription initiation sites

In silico analysis of the human TRKA gene structure
using UCSC genome browser [42] to align the TRKA
mRNAs and expressed sequence tags (ESTs) from Gen-
Bank to the genomic sequence indicated a higher level of
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variability among TRKA transcripts and a longer span of
the gene than previously described in the literature. For
this reason, we performed reverse transcription polymer-
ase chain reaction (RT-PCR) and rapid amplification of 5
complementary DNA ends (5’ RACE) analyses to better
describe TRKA gene and its transcripts. In the RT-PCR
study, we used a selection of adult and fetal tissues and
different regions of the nervous system. Also included
were neuroblastoma cell-lines SH-SY-5Y and SK-NMC
which are known to express TRKA. Total RNA from SH-
SY-5Y neuroblastoma cells and thalamus were used in
5" RACE experiments as these tissues showed relatively
high levels of TRKA expression in our preliminary exper-
iments. From the information obtained of mRNAs, we
predicted potential TRKA protein isoforms and named
them in this study as follows: isoforms with different
N-termini from the conventional TRKAII are named as
a, B, v, 8, ¢ (, n, 6 and k (Fig. 1c), isoforms which lack
different parts in their extracellular portion are distin-
guished with roman numerals I...IX (Fig. 1d; protein
sequences are listed in Additional file 1).

We detected multiple transcription start-sites in exon
1, most of which are located upstream of the conven-
tional translation start-site in the position 156860935 nt
of the GRCh38 human genome assembly (Fig. 2). How-
ever, there is an additional in-frame ATG in the position
156860857 nt that was included in some forms of exon 1
(named in this study as 1a). If this AUG is sterically acces-
sible for the ribosome, an N-terminally elongated protein
(named here as TRKA«) compared to the conventional
TRKAII would be produced. On the other hand, some
transcripts had a shorter exon 1 (exon 1b) with no in-
frame AUG codons. Translation from mRNAs with exon
1b probably starts from the next in-frame AUG which is
in exon 5 (in genomic position 156868231 nt) creating
TRKAe. The online transmembrane topology and signal
peptide predictor Phobius [43] predicts no membrane
signal sequences for TRKAa or TRKAe.

Analysis of GenBank sequences [GenBank:DA013446,
GenBank:DB265639, GenBank:AK126428] revealed the
presence of a novel 5 terminus of TRKA mRNAs formed
by alternative transcription initiation and usage of four
novel exons that are in this study termed as A, B, C and D

-~
(See figure on next page.)

Fig. 2 The human TRKA gene has numerous transcription start sites producing more alternative 5" exons than mouse and rat TrkA genes. Results of
the 5/ RACE analysis of TRKA mRNA of human (combined results of extracts from thalamus and SH-SY-5Y cell line), mouse (brain at embryonic day 13)
and rat (PC12 cell line). Novel transcription start-sites are indicated in blue bold letters and marked with a blue arrow head. Transcription initiation sites
deduced from GenBank sequences of previously described mRNAs and ESTs that are obtained with 5" RACE analysis are displayed in bold underlined
letters and designated with black asterisks with the corresponding GenBank accession numbers shown. Red and bold letters indicate alternative puta-
tive translation start sites with the conventional translation initiation site (producing TRKAIl protein isoform) underlined. The translational start site
from alternative reading frame that is used if exons 2...9 are spliced out in human tissues between exons 1 and 10 is indicated in pink bold letters.
Exons are marked with grey background. The numbering is based on the human genome assembly GRCh38 (hg38), the mouse genome assembly

\GRCmSS (mm?10) or the rat genome assembly RGSC6.0 (6)
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HUMAN
Exon A

156815483

AGGGAGGGCT
CAGAGTGCAG
AAGGAGGTAC

GCTCTAGGAG

TACTTCATAR
ATGCCTGCTT
TCCTCATTTT

GGGCGGGAAA

TATGAGGGAC
CTGGGACTCA
CGTTCTCTCT

GGCAGCACAG CCTTCCAGAT

CAGAGTC

DAD13446 *
TGACCTAGTT CGCAGGGAAA
ATGCACTGCA CCCTGGTCAT
CTCTGTGCCC CAGCCCGTTG

ATTATTGACT
CTGCGGACTC
GCAGACCCGG

>
ATTCCCTGGC

GGGCAGGAGA
AGCCTGAGCT
ATCATTCCTG

CTGGAGGATG

GAAGGACTGA
TCCAGAGGGC

AAGAAACATG ATGCAGGAAG TCACCCTAGA
* AK126428, DB265639
GACGGGAATG TGGAATGCAC TGGGCAAATG

GGCCAGAATG

GTCACTGACA

CCTTCTCTTG

CTAGGAGCAG T: TG AGTGGGCAAC
GAGTGGCCTT TGTCCATCTG CAAGTCCTTC

TCGGCGCATG
156815942

Exon E

156859168

CCTAAACAGA

TTGGTTCGCA

>
GGGACCTTTC CGTTCTCTCC

ACCCCTCCCG

CCAAGTCRAA

ATATTTAGCC

TGACAACTGA GGGGAGGACA GGTCTGTTGG 156859267

Exon 1

156860798

>
CGCCTGAGCG

GGCGCCGCAC

CGGGGGCCGC

AGGCGGGCGC

CCTGCCCCGA

423102

TGGCTCCELCC

BC144239,
BC136554
s

-
CTTTCCTGGC GGCTGGGICT

BC062580

- ox
CGCCGCGATG

TGCCTGCTGC

TGAGTGTCCG

GCGGGCGGTG

GGGGCG

CTGCGAGGCG GACGGCGCGG

CCCCACGGCT CCTCGGGACT
GGGACAGGCA GGCATTGCAG

DA607648

TTAACACCGC

GCAGCTTGGC

* DA311327
GCGATGCACC
TGCCCCGAGG

-
CCAGCGCACA

TGGCACAGCT

CGGGATGGGG
GCGCGGACTC

TGTCGGGGGA

GGGCTGCGGG

CCCTGGATAG
GCTGCTTGTT

AK290759, DA613984, DR610389,
DA751346, DA482617
DB044219, DB259868
* * DR4B2636
GGCCTGGCAG CTGCAGCTGG GAGCGCACAG ACGGCTGCCC

-
GCCGGGCAGC CTGCTGGCTT GGCTGATACT GGCATCTGCG

CCTCCACCAC CTGCCCGGCG CAGAGAACCT GACTGAGCTG
TGCTGGTCAG GCAGGACGAG CACGGCGGAA 156861257

Exon G (Ga: 156863406-156863581; Gb: 156863422-156863437; Gc: 156863422-156863549; Gd: 156863464-156863549)

156863328

CTCTTTCAGT GTCTCTGTTT CACTCTCTCT TTGTTTTTCT GCCCGTCTGC CCCCACCCTC CTCGTTGAGC

EXON Ga b
CTTTCCATCT TTCTGTCTCT CTCTETCICT CTCTTGCTGT

» EXON G
GTAAGTCAGC CAGTCTGTGC CTCTTCTCCC CTCCTCGACA CTCTGACTGC CTCCTCTCAT TGCTCCTCTC CTCTTTCCTG
CTTGCTTGAT CTGCTGARRA GATGGTAGGG GAGGTTTCGG TGGAGTAGGG GTTGCTGCTT GGGTGTGRAG AGGGGCCAGA

GGTCCCTCCT TGGGGTCCCT AACTGATAGC CTGTAAGACT
GGCTATGGGG GTGCAGAGAT GTTTGTGTGT 156863667

EXons 8 (156873633-156873959), 9 (156874383-156874400), 9a (156873633-156874400), 10 (156874571-156874626) and 10a (156873633-156874626)

156873583
CTGTGGATGG
>

GGTGTCTGCG
AGTTCAACCC

TGCCTGGTTC
GAGGAGACAG

>
AGAGTAGGCA
AGGTGGAGGG

GTGTCAAGGC

TC
GCAGCCGGCA

CCTCAACCAG
CGAGGACCCC

GGGACAGARA
CCATGCAGCA

GGGGACTCAC
CAGGTTCTGC

TCACCCCTCC

TCCAGC T

CGCCCT
CCGTCTCTGC

CCCACCCACG
ATCCCTGGTG

GGAGTCTGGA
GGGCATCCTG

TGCTTTCCTC
CTGGTCTCTG

TGCCCTGTGT

CCTCCTGCTG TTGCTCTTTC
GCTGGCTCTT CAATGGCTCC
>

TCARACAACGG CAACTACACG
CGAGGGCCAT CCTGAACCCT

GTCCTGGTGT CCCGCTGTTC
GCCCAGCTGG AAAAGGGTCA

TGGCCCACAG
GTGCTCAATG
>

CTGCTGGCTG
GCCCCCACTC

TGGCCTCCTT
CATGCATCTT

CTCCCTCTGA CTGCTTTCTC
GAGCTGAGGC TGGGGCAGAG

10
CCCTACAGAC ACTAACAGCA

TCCTCCCTCT
GGTACAGCTG

>
CATCTGGAGA

EXON 8
TCCCGGCCAG
AGACCAGCTT

CCAACCCCTT
CTGGGCTCCT

ACCCTCTCCC
CTTCCTTGAG

GACTGCTTTC
AACTGATCCC

CCCGGTGGAG

TGTGCAGCTG
CATCTTCACT
>

CGGCCAGGCC
CCTGGGTTAC

CRAGCCAGGA
GCCCAGCAGC

CACACGGCGG
GAGTTCCTGG

TGGAGATGCA CCACTGGTGC
AGCCGGCAGC CAATGAGACC

ATCCCCTTCT
GTGCGGCACG

>
AARCCCTTTCG
GAAATTGGAG

TCCGCCTCCA
AGCCAACTTC

TCATGGCTGC CTTCATGGAC
CTGCTATAGC CCTGACCCCA
* DA569409
CCTGAGCTAT TCCGTCCTTG
CCCCCCTCGT CCCATGAAGG
EXON 9

CTCCTGAACT
CCACCTCCAT

TCGGCTGGCT
AATGAGTCCC

TCTCCTCCCT
TGAGAGACCA

AAGAAGGACG

CCTGCTGCAG
GCTGGGGCCA

GAGTAGCCCA
GCTACAGTGT

TCTCCTTCTC GCCGGTGGGT
GGGTTGGGGG GTTACTGGAG
AAACACCTTT

MEEEGTGAGA TAGGAAGTAG 156874642

Exon 1la

156874711

CAGGGAGATC

>
ACTACCATCT

GGCCTGAGCT CTGACGGCCA

CCCGCACAGC

CACTGCAGGG

GTCCCCAGGG

GAGGATGAGG CAGGTCTGGA TGCAGGATGA 156874810

MOUSE
Exon1

87795257
GCGATGCTGC

TCCTGGTGGC
GAGGCCAGCG

S
TAGTCTTTAA

CACCGCCCCG CGCACGTGTC

GCGCGAGGCC

TCGGGCAG

TGCTGTCCC!

TGGGCCCCTC

GGCTGC!

CTGGGCTGGC
TGCACCAGGG

ATCGCCCGGC
CAGGGTCCCT

CGCGGGGCT
GGATACCCTC

GGGCGGCGGC
GGCAGTCTGA
CGCGGCCTGC

AGCTAGGAGC

AK0B1588, BY728467 *

GCACGGACGG CTGCGCGGCC CGAGCAAGGC GGGCGCCGCC

TGACTTCGTT
GGGGCGCCGG

GATGCTGGC!
GAACCTGACG

TGTGCCTCCG CCGCATCCTG
GAGCTGTGAG TGTGTGTCGT

TCGCGAGGTC
87794918

Exon 8

87784057
CCCCTTCTCG

CATGCGGCAC
CAACCCTTTT

TTCCCTGGAT
GTGGACGGGC

GGCTGCCTGC
GAGTTCAACC

TCCGTCCAGC
AGCCAGCACC

GCCTCAATCA
CTGAGGACCC

CRGTTGCCCA CTTCCTGTCA

CATGCTTTCT

GTCTCTGCGC TGGTTGTT

ACGGCTCTGT

* BK148691

GCCCACGCAT
CATCCCTGGT

GTCAACAACG
GTGAGAGCTA

GGRACTACAC
CCCCGAACCC

TCCCGTAGTC
GCTCAACGAG

CCTGCTGGCG
TGCCCTGCTC

CCAGCCAGTG
ACCAGTTTCA

GCCAACCCCT
CCGGGAGGAC

S
ATTGGTGCAT
CTAATGAGAC

TGCACCTGGG
TCTTCACTCA

CCTAGCGGTG GAGCAGCATC
GTTCTTGGAG TCTGCGCTGA

ACGGCCAGGC
ctgggtggag

TGCCGCCTCC GTCATGGCTG
atccagcaat ccagggaggt

CTTTTATGGA
87783598

Exon 10

>
87783149 TGTGCCCCGT GTCCCCACAG ACGGTAACAG CACATCAAGR GACCCAGTGG AGAAGAAAGA TGAAACCCCT TTTGGGGTGA GTGTGGGGTA TGGAAGCTGA 87783050

RAT
Exon 1

187160464
>
CACGGACGGC

ATGCTGGCTT
AACCTGACGG

CGGCAGGCGG
CGCGCGGCCC

GTGCTTGCGC
AGCTGTGAGT

CGGGGC
GAGCTAGGCG

CGCATCCTGT
GTGTGTGTCG

GGCCGTGGGT GCCGCCCTCT

>
GGCGCCGCCG CGATGCTGCG

CCTGGTGGCT

AGGCCAGCGG

>
AGICTTTAAC

CACGGGCAGC
>

CGTGAGACCT GCTGTCCCGT

GCGCGGGGTC

GGGCCCCTCH
AG

GGGTTGCGCT
AGCCCTTCCC

ACCGCCCCGC

GCACGTGTC GCGCGAGGCCG GGCGGCGGCA GCCAGGAGCG

TGGGTTG

GCACCAGGGC
CGAGGGCGCG

TCGCCCGGCC GCGGGGCTAG GCGGTCTGGT GACTTCGTTG

AGGGACCCTG
CACTCACCTC

AATACCCTCC
TGGCTTGAGG

GCGGCCTGCG
GGCCAGGCTT

GGGCGCCGGG
187160005

Exon 8

187149370
CTGTGGACGG

>
ATGGCTGCCT
TTGAGTTCAA

TCCTTCCCCC
>
GCAGCCAGCA

TCGCCTCAAC
CCCTGAGGAC

CCCCAGTTGC
CCGTCCCTGC

>
CAGCCCACGC
CCCATCCCTG

CCACTTCCTG TCACCTGCTT

GCTGGTTCTT CAACGGCTCT

ATGTCAACAA
GTGTGAGAGC

CGGGAACTAC
TACCCTGAAC

TCTCCCATAG

GTGCTCAATG

ACCCTGCTGG
CCTGCCCTGT

TCCCAGCCAG

AGACCAGCTT

CTGCCAACCC
TCCTGGGAGG

TGTGCATCTG

CATCTTCACT

CTATGGCCAG
GCCTGGGTGG

GGCARAGCCG TGGRACAGCA TCACTGGTGC ATTCCCTTCT

CAGTTCTTGG AGTCAGCGCT GACCAATGAG ACCATGCGGC

GCTGCTGCCT
AGATCCAGCA

CCATCATGGC
ATCCAGGGAG

TGCCTTTATG
GTCTGGCCTC

GACAACCCTT
187148911
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(Fig. 1). We confirmed with 5" RACE using mRNAs from
adult human thalamus that exon A serves as a transcrip-
tional start-site (Fig. 2). Exon A is located approximately
45 kb upstream of exon 1 and therefore the size of TRKA
gene is 67 kb—almost three times bigger than previ-
ously thought. It is of interest to note that exon A is in
the intron between the second and the third exon of sar-
coma protein homology 2 domain protein 2A (SH2D2A)
gene that is encoded on the complementary strand from
TRKA. The transcription start sites of these genes are in a
head-to-head orientation and lie less than 1 kb apart. On
the same strand and upstream from SH2D2A gene, there
is insulin receptor-related protein (INSRR) gene which
is completely embedded into TRKA gene (Fig. 1a). Thus,
TRKA is overlapped by two genes and that is rather unu-
sual according to Veeramachaneni and associates, who
identified only 18 overlapping gene trios in the human
genome [44]. Transcription start sites of TRKA exon 1
and INSRR gene are in a nearby head-to-head orientation
and are less than 2 kb apart. TRKA exon D and a coding
exon in INSRR gene overlap by more than 80 bp.

Translation of transcripts with exons A and D fol-
lowed by exons 2, 3, etc., starts most probably from an
AUG near the end of exon A (from the genomic posi-
tion 156815830 nt) producing TRKAy. Besides this major
OREF, these transcripts also have many small upstream
ORFs (uORFs) in different reading-frames that are
no bigger than 111 nt. For mRNAs with exons A-C-D
or A-B-C-D, the primary ORF starts in exon D (from
genomic position 156842144 nt) generating TRKAS.
uORFs of these transcripts are longer, reaching 336 nt.
Phobius predicts membrane signal sequence for TRKAy
but not for TRKAS.

Using 5’ RACE analysis, we also identified novel exons
E, G and 11a as alternative TRKA 5’ exons (Fig. 2). Exon
E is located 1.5 kb upstream of exon 1 and may be fol-
lowed by novel exon F which has three alternative 3’ ter-
mini (generating Fa, Fb and Fc exon variants). Exon E is
even closer to the INSRR gene than exon 1, but does not
overlap with it. RT-PCR also revealed two novel exons
located downstream of exon 3 that are named in this
study as 3a and 3b that can be spliced into mRNAs with
5" exons E and Fa (Figs. 1b, 3). Exon G is located between
exons 1 and 2, specifically 2.3 kb downstream of exon 1,
and has alternative versions Ga, Gb, Gc and Gd that dif-
fer from each other in both 5 and 3’ splice sites (Fig. 2).
Using RT-PCR we also detected intron retention between
exons G and 2 generating an extended exon that is here
named as 2a. The major ORF of mRNAs with exons E, F,
G and 2a is located to exons 5...17 and encodes TRKAe.
All of these mRNAs have 1...3 uORFs in alternative read-
ing frames that are less than 168 nt, with the exception of
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transcripts that start with exon 2a in which case there are
18 uORFs with a maximum length of 321 nt.

The 5’ exon 11a is located 95 bp downstream of exon 10
and transcripts with this exon encode for TRKA® which
has no predicted membrane signal sequence. The first
ATG is located near the 3’ end of exon 1la at genomic
position 156874785 nt. There are no uORFs on these
mRNAs.

The exon complexes A...D and E-F and exons 1, G, 2a
and 1la are all mutually exclusive as we didn’t observe
any transcripts with different combinations of these 5’
exons or exon complexes.

Surprisingly, we also detected transcription initiation
from exon 10 and from many different nucleotides within
exon 8 (Fig. 2). Most of the mRNAs that have exon 8 as
the 5’ exon contain in-frame AUG codons present near
the 3’ end of exon 8 (this variant of the exon is named
in here as 8b). Assuming that the first of these codons
(at genomic position 156873905 nt) serves as a transla-
tional start-site, the protein produced is TRKAn. These
transcripts have no uORFs. TRKA transcripts that start
with exon 8c that is shorter than 8b, which contains no
in-frame AUG codons, or with 10b have a major ORF
situated in exons 12...17 with the first ATG in genomic
position 156875555 nt and encoding TRKA«k protein iso-
form. 2 uORFs with a maximum length of 171 nt are also
present.

According to one EST and our 5" RACE results, tran-
scription can also start in the intron between exons 8
and 9, from exon 10a which contains exons 9 and 10 and
the intron between them (Fig. 2). With RT-PCR we also
detected the presence of exon 9a that is similar to exon
10a, but its 3’ end coincides with the one in exon 9 (the
intron between exons 9 and 10 is spliced out in this case).
With RT-PCR (data not shown) we detected the presence
of exons 9a and 10a in transcripts that have additional
exons in 5’ direction and in that case exons 9a and 10a
are the products of intron retention as they span from the
5" end of exon 8 to the 3’ end of exon 9 or 10, respec-
tively. In either case, there are multiple ORFs in these
transcripts, but the ORF that extends into the 3’ exons
and which translation would salvage these mRNAs from
nonsense mediated decay (NMD), encodes for TRKAk
protein isoform. However, the true functionality of these
transcripts is presently unknown.

Human TRKA exons 2...9 encoding the extracellular
domain are all cassette exons with an intricate splicing
pattern

Several exons of the human TRKA gene can be spliced
out. All of these encode parts of the extracellular domain
of TRKA protein. The splicing of cassette exon 9 has been
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Fig. 3 Semi-quantitative analysis of TRKA transcripts by RT-PCR in different human, mouse and rat tissues, in human neuroblastoma SH-SY5Y and
SK-NMC cells and in rat pheochromocytoma PC12 cells. The exons present in the PCR products are marked on the left. Hypoxanthine guanine phos-
phoribosyltransferase (HPRT) gene specific primers were used for the housekeeping control. £13 samples from brain at embryonic day 13, P1, P7, P9,
P14, P21 and P60 samples from brain at postnatal days 1, 7,9, 14, 21 and 60, respectively

described and the protein isoform encoded by exons and 9 from TRKA mRNA has also been reported, giv-
1...17 is known as TRKAII and the exclusion of amino ing rise to a protein isoform TRKAIII [25]. We detected
acids encoded by exon 9 leads to the production TRKAI  alternative splicing of all exons encoding the extracellular
protein isoform [23]. Formerly, exclusion of exons 6, 7  domain, with the only exception of exon 10 (Figs. 1c, d,
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3). Additionally to the mRNA isoforms described previ-
ously, alternative splicing that does not disturb the read-
ing frame of transcripts was detected as the exclusion
of exon complexes 6-7 (producing TRKAIV), 6-7-8-9
(TRKAYV), 8-9 (TRKAVI) and 2-3-4-5. In the latter case,
alternative splice sites are used for exons 1 and 6 result-
ing in exons 1lc (20 nt shorter from the conventional exon
1 from the 3’ end) and 6¢ (113 nt shorter from exon 6
from the 5’ end). The protein encoded by transcripts
with exons 1c-6¢-7...17 is TRKAVIL Theoretically, the
same splicing patterns can also be present in transcripts
with other 5’ termini and thus, the putative protein iso-
forms of human TRKA also include TRKA«al, TRKA«II,
TRKAYI, etc.

Moreover, there are many splice forms that produce a
frame-shift. This includes transcripts with exons 6a-10
and 6a-9-10 and lacking exons 7 and 8 (and 9 in the for-
mer case; Fig. 1c) as identified with 5 RACE analysis.
Exon 6a is a shorter version of exon 6 with 17 nt missing
from the 5’ end as compared to exon 6. The sequence of
exon 6a is read in an alternative reading frame, produc-
ing isoforms TRKAVIII and TRKAIX, respectively. Alter-
native reading-frame of exon 1 is most probably used
with transcripts which are missing the complex of exons
2...9, generating TRKAP which lacks membrane signal
sequence according to Phobius program. Translational
start-site most probably used in this case is located 100 nt
from the 3’ end of exon 1 (at genomic position 156861047
nt). One uORF of 294 nt is present in that mRNA.

One of the many types of human TRKA transcripts
identified with RT-PCR contained exons 1d-6b-7-8a with
exons 2...5 spliced out. Exon 1d is 122 nt shorter from
exon 1 from the 3’ terminus, exon 6b is 83 nt shorter
from exon 6 from the 5’ end, and 8a is an extended form
of exon 8 with additional 137 nt in its 5’ terminus. This
mRNA most probably encodes for TRKACII with the
translational initiation site in exon 8 (at genomic position
156873668 nt) although it has 4 uORFs with the maxi-
mum length of 297 nt. TRKAUII possesses no predicted
membrane signal sequences.

With RT-PCR we identified the exclusion of exon 7 or
exon complexes 2...6, 2...7, 5-6, 5...7, and 7...9 that also
produce frame-shifts. To escape the NMD pathway, the
ORF expressed from these transcripts should encode
TRKAK (in case exons 7-8-9 are spliced out) or TRKA{I/
TRKAUII (in case of other splice-combinations). How-
ever, all these mRNAs contain uORFs that are in some
cases rather large. Therefore, the exact function (if any) of
these transcripts is uncertain.

With primers located in TRKA exons C and 5 two PCR
products with similar lengths (cDNA from frontal cer-
ebral cortex, Fig. 3) were identified with sequencing. It
appeared that the longer product contained an extended
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form of exon 2 with additional 22 bp in its 3’ end (that we
named 2b) compared to the normal exon 2. This induces
a frameshift and results in a premature stop codon. To
escape the NMD pathway, the protein translated from
that transcript should be TRKAg, regardless of multiple
uORFs with maximum length of 189 nt.

TrkA alternative transcripts lacking exons 2...3
(TrkALI) or exons 2...4 (TrkALO) have been found in
Wistar rats [28]. However, we did not detect such tran-
scripts of human TRKA gene, suggesting that these tran-
scripts might be rodent-specific.

Expression pattern of TRKA transcripts in human tissues
and cell-lines

Next, we wanted to elucidate the expression pattern of
TRKA transcripts in different tissues. To this purpose,
we examined TRKA transcript expression with RT-PCR
analysis in a selection of human tissues, brain regions and
two neuroblastoma cell-lines. The results (Fig. 3) indi-
cated that transcripts with 5’ exons A-D were expressed
in most examined tissues, except in adult testis and fron-
tal cerebral cortex as well as fetal frontal lobe. Expres-
sion of this transcript was also seen in neuroblastoma
SH-SY5Y cells, but not in neuroblastoma SK-NMC cells.
Transcripts with exons A-C-D were widely expressed
in different tissues apart from adult testis, fetal dien-
cephalon, cerebellum and lung, and SK-NMC cells. The
rare splice variant with exons A-B-C-D was expressed
at very low levels in several tissues, more significantly in
adult frontal lobe, corpus callosum, and spleen as well as
in fetal spinal cord. The expression of exon 2b was even
rarer, as we detected it only in frontal cerebral cortex.

The transcript including exons D and 8, and exclud-
ing exons 2...7 had a wide expression pattern with the
exception of adult parietal lobe and with relatively higher
expression in SH-SY-5Y cells and adult prostate and thy-
mus. The expression of mRNAs with exons D-7-8 with an
absence of exons 2...6 was not unanimous and displayed
higher levels in adult corpus callosum, muscle, heart, tes-
tis and colon, fetal cerebellum, heart and spinal cord, and
SH-SY-5Y cell line. Human TRKA transcripts with exons
D-2-3-4-5-6-8 (missing exon 7) and D-2-3-4-8 (missing
exons 5-6-7) were expressed in low levels in all studied
tissues except adult parietal lobe and the SK-NMC cell
line. We did not observe mRNAs with exons D-2-3-4-5-
6-7-8 in adult cerebellum, testis and spleen, fetal lung and
SK-NMC cells. The highest expression of these mRNAs
was found in adult amygdala, thalamus, muscle and
thymus.

Exon complex 1...8 was detected in mRNAs from all tis-
sues studied, with especially high levels in adult amygdala,
thalamus, prostate, kidney and thymus, fetal diencephalon,
heart and spinal cord and SH-SY-5Y cells. mRNAs with
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exons lc-6¢-7-8 were detected in low levels in adult fron-
tal and parietal lobe, amygdala, muscle, testis and colon
and neuroblastomas. Relatively low levels of transcripts
with exons 1-2-3-4-5-6-8 (with exon 7 spliced out), 1-2-3-
4-7-8, 1-2-3-4-8 and/or 1d-6b-7-8a that are all encoding
the TRKA { isoform, were observed in all tissues analyzed
with the exception of adult parietal lobe, frontal cerebral
cortex and cerebellum. The expression of transcripts with
exon 1 and 8 (missing the cassette of exons 2...7) was high-
est in SK-NMC cells, testis and fetal cerebellum, and below
detection limit in adult occipital lobe, cerebellum, muscle,
prostate, pancreas, kidney and spleen.

Novel 5" exons E, F and G were expressed in many
tissues with the highest levels in cerebellum, neuro-
blastomas, testis, colon, thymus and fetal frontal lobe,
diencephalon, lung, muscle and spinal cord. Adult frontal
cerebral cortex, corpus callosum, pancreas and fetal heart
were the tissues where expression of these exons was
below the detection limit. Exon 2a was expressed in only
a small selection of tissues, most notably in frontal lobe,
cerebellum and kidney.

Splicing in the region of exons 6...8 was a rare event
with the highest prevalence of transcripts lacking exon 7
or exons 7...9. Splice forms where exons 8-9, 6-7-8-9 or
6-7 are spliced out appeared to be neuroblastoma spe-
cific, as they were detected only in the samples from SH-
SY5Y and SK-NMC cells. These mRNAs encode TRKA
proteins without one or two Ig-like domains.

The transcript containing exon 9 is predominately
expressed in neural tissues while the exclusion of exon 9
has been observed in peripheral tissues [23, 24]. In that
respect, the results of this study are in accordance with
previous findings. In some tissues, such as adult prostate,
fetal diencephalon and heart as well as in neuroblastoma
SH-SY5Y, both of the transcripts were detected.

Transcripts with exon 10a were detected in many tis-
sues with the exceptions of SK-NMC cells, adult heart,
pancreas and spleen. The novel exon 9a was expressed
at minute levels in frontal lobe, occipital lobe, amygdala,
thalamus, muscle, testis, fetal diencephalon and spinal
cord and neuroblastoma cells.

We failed to design PCR primers with which it would
be possible to amplify TRKA sequences with exon 11a.
Most probably the expression level of these transcripts is
very low.

All analyzed TRKA transcript variants shared com-
mon 3’ exons as we did not detect any alternative splicing
after exon 11. Therefore, the expression pattern of exons
12...17 corresponded to TRKA mRNA overall levels and
was the highest in adult amygdala, thalamus, testis, neu-
roblastomas and in fetal diencephalon and spinal cord
according to PCR results with primers targeting exon 12
and 17 (Fig. 3).
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Mouse and rat TrkA mRNAs display smaller variability

than human TRKA transcripts

To examine whether the complex splicing pattern seen
in human tissues is conserved in other mammals, mouse
and rat samples were also analyzed. Rat and mouse tis-
sues to be examined were chosen according to previ-
ous results in human and taking into consideration the
tissue and/or mRNA availability. Rat PC12 cell line was
included in the rat expression panel as it has been shown
to express high levels of TrkA and has been the major
tool to perform research on TRKA receptor, including
this study [45].

Total RNA isolated from mouse brain E13 tissue and
rat PC12 cells was used in 5’ RACE experiments as these
tissues showed relatively high levels of TrkA expres-
sion. Our 5 RACE results and a few mouse sequences
in public databases indicated that most often transcrip-
tion is initiated from exon 1 upstream of the conven-
tional translation-start site at position 87795144 of the
GRCm38 mouse genome assembly and at 187160312 of
the RGSC6.0 rat genome assembly (Fig. 2). However, we
detected rat TrkA mRNAs that have 5’ end in exon 1, but
downstream of this AUG. This variant of exon 1 is named
here as 1b and the major ORF of rat TrkA transcripts con-
taining exon 1b starts from exon 6 at genomic position
187153794 and encodes TRKAp protein (Fig. 1f). Three
small uORFs with length up to 63 nt are also present.

A sequence in GenBank [GenBank:AK148691], that
has been obtained by 5’ RACE, and also sequences from
our 5’ RACE results additionally characterize both mouse
and rat TrkAs with 5 termini inside exon 8 (named in this
case as 8d or 8b, for longer and shorter versions, respec-
tively). These transcripts encode TRKAN and TRKAn
proteins, both of which have translation-initiation sites
in exon 8: TRKAN at genomic position 87783826 (mouse)
or 187149147 (rat), and TRKAn at position 87783724
(mouse) or 187149045 (rat). Mouse and rat transcripts
with 5’ exons 8d and 8b have uORFs up to 282 nt, with
the exception of mouse mRNAs with exon 8b, which
have no uORFs.

Similarly to human mRNA, we also identified tran-
scription initiation from within 7rkA exon 10 (named in
that case as 10b) in mouse mRNA, but not in rat mRNA.
Translation from mouse TrkA mRNAs with 10b as 5’ ter-
minus most probably starts from exon 12 (at genomic
position 87782262) producing TRKAk protein, similarly
to the human orthologue. 3 uORFs up to 114 nt are also
present.

We did not observe 5’ exons of rat or mouse TrkA alter-
native to exon 1, 8 or 10 and PCR with primers designed
based on sequence similarities with human exons A and
D did not give any results in samples from either mouse
or rat tissues. TrkA genes of mouse and rat therefore
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do not overlap with either SH2D2A or INSRR genes,
although the latter one is very close to TrkA exon 1 in
case of both species.

Analysis of TrkA transcripts in mouse and rat revealed
that both express exons 9a and 10a and therefore, poten-
tially also TRKAK (Fig. 1e, f). As we did not detect exons
9a or 10a in 5" RACE experiments using mouse or rat
samples, it can be concluded that these exons are pro-
duced in these animals only by intron retention and not
by alternative transcription initiation mechanism seen
in human. In case of rat transcripts with exon 10a, the
potential translational start-site is most probably located
in the intron between exons 9 and 10 and TRKAE protein
is generated (Fig. 1f). However, mouse and rat mRNAs
with exons 9a or 10a have many uORFs, some of which
are very large.

Furthermore, exon 9 is a cassette exon in both mouse
and rat and exon 11 can be spliced out in mouse. While
the splice variants lacking exons 2 and 3 or exons 2...4
have been described in literature, we identified only the
latter one [28].

A membrane signal sequence was not detected by
Phobius prediction tool for any novel putative TRKA
isoforms in rat or mouse with N-termini other than the
conventional Met of TRKAI/TRKAIL

Expression of TrkA mRNAs in mouse tissues

The expression of TrkA mRNA was studied in a selec-
tion of adult neuronal and non-neuronal tissues as well
as in developmental samples from mouse brain at ges-
tation day 13 (E13) and at postnatal days 1, 9, 14 and
60 (P1, P9, P14 and P60, respectively; Fig. 3). Accord-
ing to the expression level of exons 12...17, common to
all possible splice forms, the samples examined showed
relatively similar overall TrkA expression levels with
the exception of muscle tissue, where TrkA mRNA was
almost undetectable. The 5’ region of transcripts from
heart sample was identified only when the number of
PCR cycles was increased (data not shown). The devel-
opmental tissues analyzed had a fairly higher expression
level of TrkA.

In human and rat TRKA transcripts, exon 9 was
spliced out in non-neuronal tissues and included in neu-
ronal tissues. In mouse, this rule seems not to apply,
as TrkA mRNAs without exon 9 were observed only in
testes as a minor product in addition to the major form
with exon 9.

Interestingly, PCR with primers amplifying exons 10a
and 9a predominately gave rise to products with exon 9a
not with 10a, which is in contrast to our results in human
and rat tissues. It can be concluded that the regulation of
splicing in the region around exon 9 of the TrkA mRNA
in mouse is different from that in rat and human.
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Furthermore, a splice form lacking exon 11 was
detected in mouse testis sample only when exon 9a was
included in the transcript.

Analysis of mouse samples provided evidence that
alternative transcription initiation and splicing of TrkA
gene is less complex in mouse than in human. How-
ever, a novel splice form, lacking exon 11 and not seen
in human, was identified. TrkA expression in muscle was
almost undetectable in mouse while the overall level of
TRKA in human muscle tissue was not significantly lower
than in other tissues.

Expression of TrkA mRNAs in rat tissues

TrkA expression was detected in all rat tissues analyzed
(Fig. 3). The overall mRNA levels were higher in develop-
mental brain samples [embryonic day (E) 13, postanatal
day (P) 7 and P21], in adult whole brain and sympathetic
ganglia and in PC12 cell line, and lowest in heart.

Splice variant lacking exons 2 and 3 was detected in
minor quantities in PC12 cells. TrkA transcript, where
exon 9 has been spliced out, was observed in kidney, tes-
tis, muscle, heart—the analyzed non-neuronal tissues,
and also in the PC12 cells. In the rest of the samples and
also in testis and PC12 cells, the major transcript con-
tained exon 9. The splicing pattern of TrkA exon 9 in dif-
ferent rat tissues was similar to human, but different from
mouse.

Similarly to human, transcripts with exon 10a were
more frequent than transcripts with exon 9a, with the
exception of adult whole brain and sympathetic ganglia.
In cortex and in P21 brain, neither was detected. Yet in
most of the other neuronal tissues and in PC12 cells,
both transcript variants were observed. Interestingly, the
expression levels of transcripts with exons 10a and 9a
were fluctuating during the development: in embryonic
brain from gestation day 13, a relatively high level of tran-
scripts with 10a exon was observed as well as relatively
low levels of 9a variant. Thereafter, the level of these
mRNAs started to decrease, as P7 brain had lower lev-
els of these splice variants and at P21 the signal of TrkA
mRNAs with exons 10a or 9a was not detected. However,
the transcript with exon 9a was observed again in the
adult whole brain.

Interestingly, the expression of TRKA in human and rat
muscle tissues followed a similar pattern while in mouse
it was undetectable. Heart displayed contrary expression
profiles by having relatively low TRKA transcription lev-
els in human and rat and higher levels in mouse.

Endogenous TRKA protein isoforms in PC12 and SH-SY5Y
cells

To examine the expression of TrkA on protein level, PC12
cell line from rat was chosen for the experiments as it has
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been used widely for research on TRKA. Of TRK recep-
tors, it is known to express predominantly TRKA and
to be NGF responsive [45]. The SH-SY5Y cell line was
added to analyses as it showed the highest levels of TRKA
mRNA expression among human samples in the RT-PCR
studies.

We tested many antibodies and according to results
obtained with siRNA treated PC12 cell lysates, the most
effective antibody to detect the low levels of endogenous
TRKA was an anti-TRKA rabbit polyclonal antibody by
Millipore (#06-574, see also “Methods”). The epitope
of this antibody localizes to the extracellular region of
TRKA protein, consequently it would not be able to rec-
ognize several putative isoforms excluding this region.
Another promising antibody was an anti-TRK rabbit
monoclonal antibody by Cell Signaling (#4609, see also
Methods), which recognizes all three TRK receptors
and has its epitope around Y785 of TRKA C-terminus.
Lastly, we also used an anti-pTRKA antibody from Cell
Signaling (#9141, see also “Methods”) that only recog-
nizes phosphorylated TRK proteins. 5 min NGF treat-
ment before the lysis of the cells was used to activate the
intrinsic phosphorylation ability of TRKA proteins. Both
anti-TRK and anti-pTRKA antibodies are therefore pre-
sumably capable of distinguishing all putative TRKA iso-
forms that contain the kinase domain.

In PC12 cells the full-length TRKAI/TRKAII protein of
~100 kDa and it’s glycosylated forms ~120 and 140 kDa
were detected by both anti-TRK (#4609) and anti-TRKA
(#06-574) antibodies (Fig. 4a). Using anti-TRK (#4609)
antibody the signal from smaller proteins than 100 kDa
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was not observed. Similarly, the anti-pTRKA (#9141)
antibody detected only the full-length pTRKAI/pTRKAII
in its glycosylated form (=140 kDa; Fig. 4b) which is the
type of TRKA expressed on the cell surface and is there-
fore accessible to extracellular NGF. In our current study
we were not able to distinguish with the given antibodies
in PC12 cells the predicted novel TRKA isoforms. This
could be caused by the poor ability of antibodies to rec-
ognize low levels of endogenous TRKA.

In SH-SY5Y cells the signals corresponding to 120 and
140 kDa probably represent the differently glycosylated
TRKA proteins. The anti-pTRKA antibody did not detect
signals from SH-SY5Y cell lysates even if the cells had
been previously treated with NGF (data not shown) sug-
gesting that TRKA receptors are not functional in prolif-
erating SH-SY5Y cells used for analysis.

Interestingly, by all three antibodies used a ~180 kDa
signal was detected, which identity remains to be eluci-
dated. If this is indeed TRKA, e.g., a very stable hyper-
glycosylated form, it appears to be a type that does not
respond to NGF treatment (Fig. 4b).

TRKAII putative isoforms differ in autocatalysis rate

We were next interested in describing novel putative
TRKA isoforms in more detail. Most of the detected
human TRKA transcripts have out of frame uORFs
relative to the ORF that is depicted in Fig. 1c. None of
these uORFs reach the 3’ exons of TRKA. Due to this, if
the longest ORF is not translated, the mRNA would be
subjected to NMD, a process which promotes the deg-
radation of mRNAs undergoing premature translation

PC12 PC12
SH-SY5Y neg  siScr SiTRKA SH-SY5Y neg siScr siTRKA
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bttt b Sl
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35 w—
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Fig. 4 Detection of endogenous TRKA protein in human SH-SY5Y and rat PC12 cell line. a 50 pg of lysates of PC12 cells transfected (48 h) with
siRNAs and SH-SY5Y cells was separated on SDS-PAGE. Western blot analysis was performed using Cell Signaling anti-TRK [epitope in the intracel-
lular region (ICD) of TRK proteins; #4609] and Millipore anti-TRKA [epitope in the extracellular region (ECD); #06-574] antibodies. b PC12 cells were
transfected (48 h) with siRNAs and treated for 5 min with NGF. Mock-treated cells were used as control. 60 pg of lysates was subjected to SDS-PAGE
and western blotting with antibody against phosphorylated TRKA (Cell Signaling anti-pTRKA; #9141). GAPDH was used to validate the loading
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termination. We hypothesized that these transcripts
might undergo leaky scanning or reinitiation that would
exclude them from NMD as the uORF sequences start
with AUG surrounded with weak Kozak sequences [46].

TRKA isoforms with different N-termini can each
have several splice forms (except TRKAP, TRKA6 and
TRKAKk); however, the functional implications of the
exclusion of six amino acids encoded by exon 9 (resulting
in TRKAI, TRKAal, TRKAYI, etc.) have been described
before [23, 24]. Also, transcripts encoding TRKA iso-
forms other than type I and II showed relatively low level
of expression. Accordingly, TRKA isoforms of type I,
IIL, IV, V, VI, VII, VIII and IX were omitted from further
analysis for simplicity.

To determine whether N-terminal differences of puta-
tive TRKA isoforms influence autophosphorylation
capacity, a selection of potential TRKA isoforms was
cloned and the expression constructs of TRKAII-V5-His,
TRKAyII-V5-His, TRKASII-V5-His, TRKAell-V5-His,
TRKAC(II-V5-His and TRKAk-V5-His were transfected
into human embryonic kidney 293 cells (HEK293), fol-
lowed by lysis and V5-tag-aimed immunoprecipitation
to eliminate endogenous phospho-tyrosine (pY)-proteins
from Western blot analysis. Total precipitated protein
was visualized with an antibody against V5-tag and phos-
phorylated subportion with anti-pY antibody. All iso-
forms were expressed efficiently (Fig. 5a, left panel) and
displayed catalytic activity (Fig. 5a, right panel). It was
repeatedly observed that TRKAk-V5-His immunopre-
cipitate contained pY-proteins besides TRKAk-V5-His.
These proteins were of higher molecular weight than the
expected ~40 kD TRKAk-V5-His protein and were not
present in precipitates containing other TRKA isoforms.
If this was a result of co-precipitation, it can be assumed
that these protein interactions are so strong as to with-
hold the harsh detergent conditions of radioimmuno-
precipitation assay (RIPA) lysis buffer. Phosphorylated
proteins of unknown origin were not seen with other
overexpressed TRKA proteins.

Isoforms seemed to vary in the extent of autophospho-
rylation. To better characterize this variation, Western
blot signals were quantified with densitometric analysis.
Data was converted into an anti-pY to anti-V5 signal ratio
(pY/V5) for each isoform and presented as a fold change
relative to the pY/V5 ratio of TRKAIL Significance of dif-
ferences of these ratios over three independent experi-
ments was determined with Repeated Measures ANOVA
and with a post hoc multiple comparisons test (Tukey—
Kramer). The results are shown in Fig. 5b.

When protein expression level is very high, such as in
cancer, even those kinase receptors exhibit autocatalysis
that under normal physiological conditions are repressed.
In the current experiment, the amount of protein
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monomer was not the sole determinant of autophospho-
rylation, since for every isoform the strength of V5 signal
does not correlate with the strength of pY signal. Most
notably, TRKAyII-V5-His and TRKASII-V5-His were
sixteen times more phosphorylated relative to TRKAII-
V5-His. pY/V5 ratio difference between TRKAyII-V5-His
and TRKASII-V5-His was not statistically significant,
as likely there are no biologically significant differences
concerning autophosphorylation rate of these isoforms,
since these proteins vary only by the presence or absence
of a predicted signal peptide. TRKAelII-V5-His displayed
two-fold smaller rate of simultaneous kinase activation
as compared to TRKAyII and TRKASII. This difference
might have biological relevance, since TRKAell pro-
tein almost entirely lacks cysteine-flanked leucine-rich
motifs that could stimulate dimerisation in TRKAyII
and TRKASII. TRKA«k-V5-His, a protein corresponding
to the intracellular domain of TRKAII had an autoacti-
vation capacity comparable to TRKAII, possibly because
TRKAK lacks extracellular domains which could facilitate
dimerisation and subsequent autophosphorylation as
seen for other putative TRKAII isoforms.

TRKAUII is a glycoprotein residing in intracellular
compartments

We noticed that TRKAII-V5-His and TRKACII-V5-His
lysates showed signals from larger proteins than can be
estimated (Fig. 5a). Based on an analogy to immunoblot
pattern observed for TRKAII-V5-His it was assumed that
TRKACII-V5-His could also be glycosylated similarly to
TRKAIL To clarify this issue, HEK293 cells were trans-
fected with expression constructs of TRKAII-V5-His,
TRKAyII-V5-His and TRKACII-V5-His, followed by treat-
ment with tunicamycin, an inhibitor of N-linked glyco-
sylation. Lysates were analyzed with an anti-V5 antibody.
Tunicamycin inhibition was effective as tunicamycin-
treated cells transiently expressing TRKAII-V5-His con-
tained only the unmodified form of the receptor (Fig. 6a).
TRKAyII-V5-His was included because it was the only
novel putative TRKA isoform for which the Phobius pre-
diction tool estimated a membrane signal sequence and
thus it could be directed to the ER-Golgi route where it
can be glycosylated. However, since the predicted size of
the protein without glycosylation coincided with the Mw
of the protein seen on SDS-gel (Fig. 5a), it seemed that the
signal sequence of TRKAyII is nonfunctional. In accord-
ance with this finding, tunicamycin did not change the
electrophoretic mobility of TRKAyII and the intracellular
localization of TRKAyII-V5-His appeared to be cytosolic
(Fig. 6b). On the other hand, the disappearance of signal
from the protein with bigger Mw in case of TRKACII-
V5-His-transfected and tunicamycin-treated cells is a
clear indication that this isoform is modified at least on
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Fig. 5 Autophosphorylation potential of a selection of TRKA protein isoforms. HEK293 cells were transfected with constructs encoding different
putative TRKA isoforms. Untransfected cells were used as a negative control (neg). Isoforms were precipitated from lysates using rabbit antibody
against V5-tag. a Equal amounts of immunoprecipitate were analyzed with SDS-PAGE and Western blot using mouse V5-antibody and mouse phos-
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one of the five consensus N-glycosylation sites (N-X-S/T
sequons) it has. This finding seems to place TRKA{II-V5-
His to the ER-Golgi route, where N-glycosyltransferases
reside. However, as opposed to the full-length TRKAII,
TRKAUII did not reach plasma membrane in HEK293
cells transiently transfected with TRKA{II-V5-His expres-
sion plasmid (Fig. 6b).

Usually, proteins are targeted to the ER when nascent
signal peptide is revealed during the first translational
round [47]. Signal peptides are not conserved among
secretory and integral proteins, but generally consist of
20-30 residues with positively charged aa residues in the
N-terminus followed by a hydrophobic core of at least
six residues. However, yet undefined structural features
seem to be also important [48]. Phobius prediction tool
for signal peptides estimated that TRKAyII could be
directed to plasma membrane while TRKACII cannot.
Although TRKAYII has a longer stretch of hydrophobic
amino acids in the N-terminus compared to TRKAII,
this hydrophobic core is preceded by a lysine and gluta-
mate, whereas TRKAUII has two histidines in the N-ter-
minus (Fig. 6¢). Only about 10 % of histidine residues are
in a positively charged state at physiological pH, however,

apparently this serves to be a recognizable signal peptide,
whereas TRKAyII's N-terminus does not.

TRKAK localizes to the cytoplasm and the nucleus

Initial experiments with putative TRKA protein isoforms
in HEK293 cells revealed that additionally to cytosolic dis-
tribution, TRKAk-V5-His is also present in the nucleus. To
confirm this finding, immunocytochemical analysis was
carried out in HEK293 cells and primary rat cortical neu-
rons transfected with the expression construct encoding
TRKAxk-V5-His or TRKAII-V5-His as a control. Although
TRKAII-V5-His was restrained to the cytoplasm and the
plasma membrane, the ability of TRKAk-V5-His to local-
ize to the nucleus of neuronal cells was confirmed, how-
ever, various types of localization were observed (Fig. 7a).
Therefore, this effect is not cell-type specific.

Since fixation and permeabilization procedures pre-
ceding immunocytochemistry can alter protein locali-
zation pattern, the nuclear translocation of TRKAk was
verified in HEK293 cells with live imaging of EGFP-
tagged protein by directly observing the fluorescence of
EGFP. Moreover, TRKAk-EGFP has a significantly bigger
molecular weight (70 kDa) than TRKAk-V5-His (42 kDa)
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Fig. 6 TRKA(II-V5-His is a glycoprotein not targeted to the plasma
membrane. HEK293 cells were transfected with plasmids encoding
proteins TRKAII-V5-His, TRKAYII-V5-His and TRKACII-V5-His. The proteins
were detected using western blotting and an antibody against the
V5-tag. a TRKACII-V5-His is a glycoprotein. Cells were cultured with (+)
or without (—) tunicamycin (Tm, 2 ug/ml), the inhibitor of N-linked
glycosylation. Untransfected cells were used as a negative control
(neg). b Intracellular localization pattern of tagged TRKA isoforms
detected with immunocytochemical analysis. DNA was stained with
DAPI, plasma membrane was visualized with Alexa Fluor 488-conju-
gated concanavalin A. Scale bar 5 um. € The first 52 N-terminal amino
acid residues of TRKAII, TRKAyll and TRKACII. Amino acids that are
considered to be more hydrophobic are in green, less hydrophobic
are grey, amino acid residues with positive charges are underlined
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and cannot diffuse to the nucleus passively. The control
EGFP displayed a uniform localization pattern, while in
some cells the signal of TRKAk-EGFP was clearly accu-
mulated in the cell nucleus (Fig. 7b).

To better describe this phenomenon, we used immu-
nocytochemistry to quantify the intracellular localiza-
tion of overexpressed TRKA«k-V5-His and TRKAk-EGFP
in HEK293 cells. While the control TRKAII-V5-His was
restricted to cytosol and plasma membrane, as expected,
TRKAk with the same tag entered nucleus in more than
80 % of cells and 3 % of cells expressing TRKA«k-V5-His
displayed signal that was predominantly in the nucleus
(Fig. 7c). On the other hand, EGFP protein was uniformly
distributed between cytosol and nucleus in all cells exam-
ined. When TRKAk was linked to EGFP, then the level of
signal from cell nucleus exceeded that from the cytosol in
25 % of cells (Fig. 7c). Therefore, our experiments clearly
indicate that TRKAK is able to enter cell nucleus.

There is no conventional nuclear localization signal
(NLS) present in TRKA. Nevertheless, in the proximity of
N-terminus of TRKAKk a signal sequence SPT that has been
shown to mediate the recognition by Importin-7 (Imp7)
was identified. There is numerous evidence of Imp7 trans-
locating a variety of proteins such as Smads, extracellular
signal-regulated kinase 2 (Erk2) and early growth response
protein 1 and glucocorticoid receptor (Egr-1) to the nucleus
[49-52]. A hypothesis of the translocation of TRKAK to the
nucleus by Imp7 via the SPT sequence was proposed. Cel-
lular localization of TRKAk-SPT-EGEFP (lacking the puta-
tive signal sequence) bared no significant difference with
TRKAK-EGFP (data not shown). Therefore, it can be con-
cluded that the sequence eliminated was not responsible
for the accumulation of the TRKA intracellular fragment to
the nucleus and Imp7 was most probably not involved in
the transportation of TRKAK to the nucleus.

Discussion

TRKA gene organization and expression in human, mouse
and rat

As more and more mRNA sequence information
becomes available, it is becoming evident that overlap-
ping genes are more common than previously thought
[53, 54]. Even so, gene trios seem to be relatively rare [44].

(See figure on next page.)

Fig. 7 TRKAK isoform’s localization into the nucleus. a immunocytochemical analysis revealing TRKAk-V5-His and TRKAII-V5-His localization in
primary rat neurons and HEK293 cells. DNA was stained with DAPI. To mark glycoproteins embedded in the plasma membrane, Alexa Fluor
488-conjugated concanavalin A (con A) was used, and TRKA-V5-His proteins were visualized with anti-V5-tag antibodies and secondary Alexa Fluor
568-conjugated antibodies. Scale bar 5 um. b Nuclear accumulation of EGFP-fused TRKAk in HEK293 cells. Cells were transfected with constructs
encoding TRKAK-EGFP or EGFP, and mCherry-NLS (the marker for nucleus). Live cells were imaged with a confocal microscope. Scale bar 5 um. ¢
HEK293 were fixed and subjected to immunocytochemistry 24 h p.t. of expression constructs encoding TRKAII-V5-His, TRKAK-V5-His, TRKAK-EGFP or
EGFP. The cells were visualized with confocal microscopy and counted by determining the localization of given protein of interest in n number of
cells. The graph shows pooled results of two independent experiments. C = N, the signal was observed uniformly in cytosol and nucleus; C > N, the
signal was greater in cytosol than in nucleus; C < N, the signal was greater in nucleus than in cytosol
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In this study we describe TRKA gene, which in human is
overlapped by two genes of the opposite strand—INSRR
and SH2D2A. More specifically, these genes are over-
lapped by novel TRKA 57 exons A...D with the transcrip-
tion-initiation site in exon A. Despite our efforts, we
were unable to identify these exons in mouse or rat. As
the transcription-initiation sites of human TRKA exon A
and SH2D2A are less than 1 kb apart, it can be speculated
that the unidirectional promoter of SH2D2A has become
bidirectional at one point in the evolutionary history of
human, therefore giving rise to this novel 5’ terminus of
TRKA. There is probably a complex interaction between
the expression of these three genes, as they might influ-
ence each other in synergistic or competitive way during
and after transcription. For example, the close proxim-
ity of INSRR and TRKA promoters might render the
genomic region accessible to transcriptional machinery
simultaneously for both genes. In accordance with this,
it has been shown that TRKA and INSRR expression pat-
terns are highly similar [55]. On the other hand, TRKA
exon D overlaps an exon of INSRR gene by more than
80 bp and this might result in partly double-stranded
mRNAs and gene silencing as the respective regions in
mRNA transcripts are complementary.

It should be noted that while we did not identify novel
5’ exons of rodent TrkA, no previous 5" RACE analyses
of rat TrkA were recorded in literature to our knowledge.
We identified numerous additional transcription-initiation
sites and alternative splicing patterns of human TRKA
which indicate the possible existence of many protein iso-
forms. Overall—all of the tissues under study expressed
many types of 5 TRKA exons. The translatability of many
of these proteins could be debated as most of these mRNAs
contain uORFs. However, according to bioinformatics
studies, approximately half of mammalian protein-coding
transcripts contain uORFs [56]. It has been shown that
even when a strong Kozak sequence surrounds the AUG in
uORF or when up to four uORFs precede the main ORF,
nearly 10 % of ribosomes are capable of leaky scanning or
reinitiation up to five times [46]. The alternative transcripts
carrying several uORFs could also use these sequences as
a regulatory element for adjusting the specific protein lev-
els to match the necessities of the cell. Also, some of the
uORFs may be inaccessible for ribosomes due to RNA
secondary structure. It remains to be determined which of
these novel transcripts represent functional TRKA mRNAs
and which can be considered as transcriptional noise.

Characteristics of putative novel TRKA protein isoforms

In TRK proteins, a kinase monomer is kept in an inac-
tive conformation through autoinhibition mechanism
(the projection of one tyrosine residue into the active
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site). However, since kinase domain structure allows the
movement of its parts to some degree, every monomer
is occasionally freed from inhibited state and is able to
phosphorylate in trans [57]. This spontaneous activity is
deterred by the properties of the extracellular domain,
such as the presence of glycan side chains [21, 22]. In
accordance to this, the autocatalysis rates of potential
TRKA isoforms tested in this study were very different
with the highest levels seen for TRKAyII, TRKASII and
TRKAEeIL. All these isoforms contain part of the extra-
cellular domain of the prototypic TRKAII and are not
glycosylated, as indicated by protein mobility pattern on
SDS-PAGE and the lack of functional membrane signal
sequences which renders them inaccessible to N-glyco-
syltransferases that are located in the Golgi apparatus.
Phosphorylation of TRKAyII and TRKASII could also be
enhanced by the presence of unique amino acid residue
stretch encoded by exons A and D.

We identified a putative TRKA isoform TRKACII which
was glycosylated in the ER-Golgi route and must there-
fore possess a functional membrane-signal sequence.
However, when overexpressed, this protein was not trans-
ported to the plasma membrane, but got stalled intracel-
lularly. Similarly, TRKAIII is also known to be retained
intracellularly with a highly autoactivated TRKAIII-pool
residing in the ER/Golgi intermediate compartment [27].
It has been suggested that TRKAIII is not directed to the
plasma membrane, because it lacks a site for the addition
of a glycan moiety acting as a signal for further translo-
cation. On the basis of current study, TRKA{II-V5-His
seems to be confined to intracellular compartments simi-
larly to TRKAIII. TRKACII protein contains the juxtam-
embrane region that is omitted in TRKAIII but just as
TRKAIII it does not have the first Ig-like domain. Thus,
the first Ig-like domain could serve an important regula-
tory function in the trafficking of TRKA protein.

Among several alternative TRKA variants, an interest-
ing putative isoform, termed TRKAKk, emerged from our
study. The protein constitutes primarily of the receptor’s
tyrosine kinase domain. There are several reasons why
this variant drew our attention. First, it is noteworthy
that while the alternative splicing pattern observed in rat
and mouse bares little similarities to the complexity seen
in humans, the expression of transcripts with exons 9a
and 10a that contribute to TRKA«k-encoding mRNAs was
detected in all species examined. Second, these mRNAs
have a distinct expression pattern in different tissues,
leaving room for further speculation about the possible
importance of this isoform in diverse cellular frame-
works. The rationale for further investigations of this
protein includes also the possibility that proteolysis may
generate a TRKAk-like fragment, as under excitotoxic
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conditions or in response to amyloid-p peptide the highly
similar TRKB receptor has been recently shown to be
subjected to proteolytic cleavage, resulting in a kinase-
domain containing soluble protein fragment [58—60].
This type of process has also been detected for another
receptor tyrosine kinase called erythroblastic leukemia
viral oncogene homolog-4 (ErbB-4). The ectodomain of
ErbB-4 is cut by metalloprotease and the intracellular
domain that is cleaved by y-secretase is thereafter trans-
located to nucleus [61]. Cleavage of the TRKA extracel-
lular domain producing an ectodomain fragment and
membrane-bound truncated TRKA fragments with
intracellular kinase domain has been demonstrated, but
no soluble fraction of TRKA kinase domain has yet been
discovered [62].

The most intriguing property of TRKAx is undoubt-
edly its intracellular localization which varies from cyto-
solic to nuclear. Under physiological conditions passive
flux through nuclear pore complex is very restricted
for molecules bigger than 30 kDa [63]. Thus, a TRKAk-
like protein (35 kDa) especially when it's EGFP-tagged
(X ~ 70 kDa) would only gain access to the nucleus
with the aid of active transport or facilitated diffusion.
Appearance of distribution patterns where TRKAk-V5-
His or TRKAk-EGFP signal was more strongly detected
in the cytosol or the nucleus could suggest that the move-
ment of TRKAK to the nucleus is regulated, since active
transport of TRKA«k might be dependent on the availabil-
ity of adapter proteins that are only expressed in a cer-
tain time frame during cell-cycle or under certain cellular
physiological states. Alternatively, TRKAk could shift
towards passive nuclear accumulation when high-affinity
nuclear anchoring proteins in the nucleus do not allow its
export and/or impede its free diffusion.

Previously, by using the method of immunocytochem-
istry, TRKA has been detected in the nuclei of various
cells, such as melanocytic tumors [64], ovarian carcinoma
[65], human glioma cell line U251 [66], rat pheochromo-
cytoma cell line PC12 and cultured hepatic stellate cells
[67]. In liver cells TRKA nuclear immunoreactivity was
observed when antibody against C-terminus was used,
whereas antibody against N-terminus did not reveal
TRKA. Overall, it is not clear whether nuclear TRKA
seen in those studies represents the whole receptor, its
proteolytic fragment, an alternative isoform or non-
specific staining. Our current study implies that neither
HEK293 cells nor rat primary neurons contain transport-
ing machinery necessary for whole receptor translocation
into the nucleus, although this could possibly be other-
wise in different cell types. However, our results estab-
lished that TRKAKk tagged to V5-His or EGFP is definitely
present in the nucleus whether it is encoded by specific
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mRNAs or proteolytically generated from the full-length
receptor.

As compared to many other TRKA isoforms, TRKAk
displayed relatively low autocatalysis rate which is par-
ticularly interesting in the light of the finding that TRKA«k
was bound to other pY-proteins, while for more highly
phosphorylated isoforms of TRKA it was not possible to
detect interactions of this intensity. Presumably only the
small p-TRKAKk fraction was capable of interacting with
these proteins, since they were tyrosine-phosphorylated
and it can be assumed that this modification was medi-
ated by the kinase activity of p-TRKAk. Alternatively,
the situation may be reversed as some of these proteins
may be tyrosine kinases phosphorylating TRKAk. How-
ever, given that this was the only TRKA isoform display-
ing nuclear localization, it can be suggested that there are
high-affinity substrates for TRKA that may reside inside
the nucleus.

Identical protein to TRKAk was characterized by Cou-
lier and coworkers when different deletion-mutants of
TRKA were assessed on the ability to transform NIH
3T3 cells [68]. They found that this protein is a func-
tional kinase, but has no transforming ability just as
the full-length receptor. Interestingly, in melanomas,
nuclear expression of phosphorylated TRKA was more
pronounced in primary tumors relative to metastases
[64]; however, in ovarian carcinoma nuclear expression
was not more characteristic to any stage of cancer pro-
gression [65]. Thus, it is unclear whether TRKA nuclear
activity contributes to malignant phenotype or aids to
maintain a stable state.

The novel cytoplasmic and nuclear isoforms of TRKA
cannot be activated by NGF or NT-3 because neurotro-
phins are directed to membrane-bound ER-lumen and
to the vesicles of the Golgi complex already during their
synthesis. Therefore, their interaction with those TRKA
isoforms is sterically impossible. However, these TRKA
proteins can undergo spontaneous autoactivation or,
alternatively, there might be some other activating factors
within the cell which are yet unidentified.

Conclusions
TRK receptors have crucial roles in processes with vari-
ous outcomes such as proliferation, survival and differ-
entiation. Thus, the activity of these receptors has to be
regulated for the correct cellular fate. Control at mRNA
level through alternative splicing and several alterna-
tive transcription initiation sites provides mechanisms
to diversify the pool of TRK proteins with different
properties.

In this study, TRKA transcripts were studied in sil-
ico, by 5" RACE and by semiquantitative analyses. The



Luberg et al. BMC Neurosci (2015) 16:78

expression patterns of alternative TRKA transcripts were
analyzed in different human brain regions and periph-
eral human, mouse and rat tissues. Many novel alterna-
tive transcript variants were detected in human tissues
and the presence of a large number of TRKA protein iso-
forms was predicted that differ in N-termini and protein
sequences of the extracellular domain encoded by alter-
natively spliced exons. In rat and mouse tissues the splic-
ing observed was less intricate. Our experiments showed
that soluble TRKA isoforms, which contain parts of ung-
lycosylated extracellular domain, are highly autocatalytic
in comparison to plasma membrane-embedded glyco-
sylated TRKAII receptor. One of the putative isoforms,
TRKAUIL is a glycoprotein residing in intracellular com-
partments similarly to isoform TRKAIIL Therefore, it can
be inferred that the first Ig-like domain in TRKAI/II that
is missing in both TRKAIII and TRKACII, is necessary for
the translocation of receptor to the plasma membrane.
One of the putative isoforms that is composed mainly
of the kinase domain, named TRKAK, displayed a rela-
tively low level of autocatalysis rate. Interestingly, TRKAxk
was detected in the nucleus and cytoplasm of transiently
transfected fixed as well as live cells.

These findings lay ground to future studies in the field
of alternative TRKA isoforms, as there seems to be an
immensely larger variability among TRKA proteins with
different properties than is presently known.

Methods

All experiments with human postmortem tissues were
approved by the ethics committee of medical studies at
National Institute for Health Development of Estonia
(Permit Number: 402). The protocols involving animals
were approved by the ethics committee of animal experi-
ments at Ministry of Agriculture of Estonia (Permit Num-
ber: 45). Human RNAs used in this study were acquired
from BD Biosciences (thymus, muscle, heart, prostate,
testis, pancreas, kidney and colon samples), from Bio-
Chain Inc. (human spleen and fetal tissues), or were
extracted from frozen adult human postmortem brain
regions obtained from North Estonian Regional Hospital,
Tallinn. Rat tissues were obtained from Sprague—Dawley
rats and mouse tissues from NMRI mice housed under a
12 h light/dark cycle in local animal facility with ad libi-
tum access to water and food.

RT-PCR and 5’ RACE

In silico analysis of the TRKA gene structure and tran-
scripts, reverse transcription and PCR methodology
have been described before [69]. 5 RACE experiments
were conveyed with GeneRacer Kit (Invitrogen) accord-
ing to the manufacturer’s protocol (Invitrogen). For PCR,
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HotFire polymerase from Solis Biodyne was used. All
primers used in this study are listed in Additional file 2,
TRKA ESTs identified with sequencing have been sub-
mitted and the corresponding GenBank accession num-
bers can be found in Additional file 3.

Generation of expression constructs

To generate the V5-His-tagged TRKAII isoform, PCR
was conducted to amplify the coding region from human
frontal cerebral cortex cDNA and cloned into pcDNA3.1
(Invitrogen). Sequences encoding N-terminal parts of
different TRKA isoforms were amplified from human
frontal lobe or muscle cDNA and ligated with plasmid
pTZ57R/T of InsTAclone™ PCR Cloning Kit (Fermentas).
Verified sequences were subcloned into the pcDNA3.1/
TRKAII-V5-His vector using the following restriction
enzymes: HindIll and Narl (for pcDNA3.1/TRKAyII-V5-
His), Xbal and Eco47111 (for pcDNA3.1/TRKASII-V5-
His), HindIll and Ball (for pcDNA3.1/TRKAelI-V5-His),
HindIlI and Pagl (for pcDNA3.1/TRKAC{II-V5-His), Xbal
and Ncol (for pcDNA3.1/TRKA«k-V5-His).

EGFP-tagged TRKAk was generated by excising
the V5-His tag-coding sequence from the pcDNA3.1/
TRKAk-V5-His plasmid and substituting it with EGFP-
coding sequence from pEGFP-N2 (Clontech). For this,
Cfr42I (in case of pcDNA3.1/TRKA«k-V5-His) and Notl
(for pEGFP-N2) restriction enzymes were used, fol-
lowed by DNA-blunting with T4 DNA polymerase in the
presence of dANTPs and a final restriction with BamHI
enzyme. Restriction products of interest were ligated. All
restriction enzymes were purchased from Fermentas and
all DNA constructs were verified by sequencing.

Cell culture and transfection

HEK293 cells were grown in Minimum Essential Medium
(MEM) with Earle’s salts and L-Glutamine containing
10 % fetal bovine serum (FBS) and 1 % penicillin/strep-
tomycin. LipoD293™ DNA In Vitro Transfection Reagent
(SignaGen) was used in HEK293 cell transfections. PC12
cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 6 % FBS, 6 % horse serum
(HS) and 1 % penicillin/streptomycin. SH-SY5Y cells
were grown in DMEM/Ham’s F12 in 1:1 ratio, contain-
ing 10 % FBS and 1 % penicillin/streptomycin. For NGF
treatments, growth medium with 50 ng/ml of NGF (Pep-
roTech) was added 5 min prior to harvesting the cell cul-
ture. All growth media components were purchased from
PAA Laboratories GmbH.

Cerebral cortex was dissected from Sprague—Dawley
rat embryos at embryonic day 21. Cells were dissoci-
ated with 0.25 % trypsin (Invitrogen), followed by treat-
ment with 0.05 % DNase I (Roche). Cells were grown
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on poly-L-lysine-coated cover slips in Neurobasal A
medium (Invitrogen) with B27 supplement (Invitrogen),
1 % penicillin/streptomycin, and 1 mM L-glutamine
(PAA Laboratories GmbH). Mitotic inhibitor 5-fluoro-2’-
deoxyuridine (Sigma) was added to the medium (10 pm)
at 2 days in vitro (DIV). Primary neurons were trans-
fected at 7 DIV using Lipofectamine 2000 transfection
reagent (Invitrogen) as advised by the manufacturer.

The Silencer Select small interfering RNA (siRNA),
with nucleotide sequence GUACUUCAGUGAUAC-
CUGUtt, targeting rat 7rkA and negative unspecific
siRNA (#1) were from Ambion (Life Technologies). SiR-
NAs were transfected to PC12 cells with Lipofectamine
RNAiMax Transfection Reagent (Invitrogen) with final
10 nM siRNA concentration, according to the manufac-
turer’s instructions. Cells were harvested 24-48 h after
transfection.

Western blotting

Western blotting has been described previously [70].
Antibodies used included: rabbit anti-TRKA (#06-574;
1:1000) and mouse anti-pY (#05-1050; 1:2000) from
Millipore; rabbit anti-TRK (#4609; 1:500) and rabbit
anti-phospho-TRKA (#9141; 1:1000) from Cell Sign-
aling; mouse anti-V5 (#R960-25; 1:5000) from Invit-
rogen; mouse anti-GAPDH (#G8795; 1:5000) from
Sigma-Aldrich.

N-linked glycosylation was inhibited from 6 h after
transfection by adding tunicamycin (2 pg/ml; Appli-
Chem) and cells were lysed 9 h later in RIPA buffer.

Immunoprecipitation, immunofluorescence and confo-
cal microscopy were done as described previously [70].

Live imaging

All live imaging experiments were done at 37 °C, in a
chamber supplied with 5 % CO,. Zeiss LSM 5 DUO
confocal laser scanning microscope with Zeiss confocal
scan software was used for imaging. Coverslips contain-
ing cultured HEK293 cells were transferred into a metal
chamber. For all experiments a 63x glycine immersion
fluorescence objective (LSI Plan-Neofluar 63x/1,3 Imm
Korr DIC M27) was used.

Additional files

Additional file 1: Sequences of putative TRKA protein isoforms. Red
indicates sequences that are not found in TRKAIl isoform. (A) Isoforms
with different N-termini compared to TRKAII. (B) Exclusion of parts of
the extracellular domain as exemplified in the case of isoforms with the
conventional N-terminus.

Additional file 2: Primers and cycling conditions used in this study.

Additional file 3: GenBank accession numbers of ESTs identified in this
study.
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RWEEEGLGGVPEQKLQCHGQGPLAHMPNASCGVPTLKVQVPNASVDVGDDVLLRCQVEGRGLEQAGWI LTELEQSATVMK
RWEEEGLGGVPEQKLQCHGQGPLAHMPNASCGVPTLKVQVPNASVDVGDDVLLRCQVEGRGLEQAGWI LTELEQSATVMK
RWEEEGLGGVPEQKLQCHGQGPLARMPNAS Cmmm === = = = = — m m m o o o oo
RWEEEGLGGVPEQKLQCHGQGPLARMPNAS Cmm === = = = = = — m m o o oo o
RWEEEGLGGVPEQKLOCHGQGPLAHMPNAS = == = = = = = = = = = = = o o
RWEEEGLGGVPEQKLOCHGQGPLAHMPNASCGVPTLKVQVPNASVDVGDDVLLRCOVEGRGLEQAGWI LTELEQSATVMK
————————————————————————————————————————————————————————————————————— TELEQSATVMK
RWEEEGLGGVPEQKLQCHGQGPLAEMPNASCGPGAQCLGGCGGRRAAAVPGGGAGPGAGRLDPHRAGAVSHGD
RWEEEGLGGVPEQKLQCHGQGPLAHMPNASCGPGAQCLGGCGGRRAAAVPGGGAGPGAGRLDPHRAGAVSHGD

614

249
584

429
319
234
200
151

694
720
329
664

509
399

280
231

774
800
409

720
589
479

360
311



TrkAI
TrkAII
TrkAIII
TrkAIV
TrkAV
TrkAVI
TrkAVII
TrkAVIII
TrkAIX

TrkATI
TrkAIT
TrkAIII
TrkAIV
TrkAV
TrkAVI
TrkAVII
TrkAVIII
TrkAIX

TrkAI
TrkAII
TrkAIII
TrkAIV
TrkAV
TrkAVI
TrkAVII
TrkAVIII
TrkAIX

TrkAI
TrkAII
TrkAIII
TrkAIV
TrkAV
TrkAVI
TrkAVII
TrkAVIII
TrkAIX

TrkAI
TrkAITI
TrkAIII
TrkAIV
TrkAV
TrkAVI
TrkAVII
TrkAVIIT
TrkAIX

TrkAI
TrkAII
TrkAIII
TrkAIV
TrkAV
TrkAVI
TrkAVII
TrkAVIII
TrkAIX

TrkAI
TrkAIT
TrkAIII
TrkAIV
TrkAV
TrkAVI
TrkAVII
TrkAVIII
TrkAIX

241

192
192

241
77

321
321
229
229
192

156
234
234

395
401

309
194
286
236
236
242

475
481

389
274
366

316
322

555
561

469
354
446

396
402

715
721
623

514
606
556

562

SGGLPSLGLTLANVTSDLNRKNVTCWAENDVGRAEVSVQVNVSFPASVQLHTAVEMHHWCIPEFSVDGQPAPSLRWLENGS
SGGLPSLGLTLANVTSDLNRKNVTCWAENDVGRAEVSVQVNVSFPASVQLHTAVEMHHWCIPFSVDGQPAPSLRWLENGS
——————————————————————————————————————————— VPASVQLHTAVEMHHWCIPFSVDGQPAPSLRWLENGS
——————————————————————————————————————————— VPASVQLHTAVEMHHWCIPFSVDGQPAPSLRWLENGS
SGGLPSLGLTLANVTSDLNRKNVTCWAENDVGRAEVSVQVNVSY - === === ———— - ——m—mmm—m——m—m—mmm
SGGLPSLGLTLANVTSDLNRKNVTCWAENDVGRAEVSVQVNVSFPASVQLHTAVEMHHWCIPFSVDGQPAPSLRWLENGS

VLNETSFIFTEFLEPAANETVRHGCLRLNQPTHVNNGNYTLLAANPFGQASASIMAAFMDNPFEFNPEDPIP-----— DT
VLNETSFIFTEFLEPAANETVRHGCLRLNQPTHVNNGNYTLLAANPFGQASASIMAAFMDNPFEFNPEDPIPVSFSPVDT
VLNETSFIFTEFLEPAANETVRHGCLRLNQPTHVNNGNYTLLAANPFGOASASIMAAFMDNPFEFNPEDPIP-—-—-—— DT
VLNETSFIFTEFLEPAANETVRHGCLRLNQPTHVNNGNYTLLAANPFGQASASIMAAFMDNPFEFNPEDPIPVSFSPVDT

NSTSGDPVEKKDETPFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE
NSTSGDPVEKKDETPFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE
NSTSGDPVEKKDETPFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE
NSTSGDPVEKKDETPEFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE
NSTSGDPVEKKDETPFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE
NSTSGDPVEKKDETPFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE
NSTSGDPVEKKDETPFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE
NSTSGDPVEKKDETPFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE
NSTSGDPVEKKDETPFGVSVAVGLAVFACLFLSTLLLVLNKCGRRNKFGINRPAVLAPEDGLAMSLHFMTLGGSSLSPTE

GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQRE
GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQRE
GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQRE
GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQRE
GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQORE
GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQORE
GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQRE
GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQRE
GKGSGLQGHIIENPQYFSDACVHHIKRRDIVLKWELGEGAFGKVFLAECHNLLPEQDKMLVAVKALKEASESARQDFQRE
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AELLTMLQHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDVAPGPLGLGQLLAVASQVAAGMVY
AELLTMLQHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDVAPGPLGLGQLLAVASQVAAGMVY
AELLTMLQHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDVAPGPLGLGQLLAVASQVAAGMVY
AELLTMLOHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDVAPGPLGLGQLLAVASQVAAGMVY
AELLTMLOHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDVAPGPLGLGQLLAVASQVAAGMVY
AELLTMLOQHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDVAPGPLGLGQLLAVASQVAAGMVY
AELLTMLQHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDVAPGPLGLGQLLAVASQVAAGMVY
AELLTMLOHQHIVRFFGVCTEGRPLLMVFEYMRHGDLNRFLRSHGPDAKLLAGGEDVAPGPLGLGQLLAVASQVAAGMVY

LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSEFGVVLWET
LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSEFGVVLWET
LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSFGVVLWEI
LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSFGVVLWE I
LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSFGVVLWET
LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSFGVVLWEI
LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSFGVVLWE T
LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSFGVVLWE T
LAGLHFVHRDLATRNCLVGQGLVVKIGDFGMSRDIYSTDYYRVGGRTMLPIRWMPPESILYRKFTTESDVWSFGVVLWE I

FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 790
FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 796
FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 698
FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 704
FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 589
FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 681
FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQORHSIKDVHARLQALAQAPPVYLDVLG 631
FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQORHSIKDVHARLQALAQAPPVYLDVLG 631
FTYGKQPWYQLSNTEAIDCITQGRELERPRACPPEVYAIMRGCWQREPQQRHSIKDVHARLQALAQAPPVYLDVLG 637

320
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228

284
155

394

302
308
193
285
235
235
241

474
480

388
273
365
315
315
321

554
560

468
353
445

395
401

714
720
622

513
605

555
561



Primers and cycling conditions

Additional file 2

RT-PCR analysis
Human tissues

. . s o Location Annealing Synthesis| Nrof . .
Primer Primer sequence (5'—3’) (exon) |temperature (°C)| time (s) | cycles Amplicon size
Forward[CAACTCGGCGCATGAAGGAG A . . 934
Reverse| CGCAGGGCACAAGAACAGTG 5 59 35 42 727 (A-B-C-D-2-3-4-5); 531 (A-C-D-2-3-4-5); 391 (A-D-2-3-4-5)
Forward| CTTGGTTGGACATCTAAGACCTG c ) o
Reverse| CGCAGGGCACAAGAACAGTG 5 o1 o 4 416 (C-D-26-3-4-5): 394 (C-D-2-345)
Forward[CTAGATCTCGGTGCACAAACTTG D 62 20 46 896 (D-2-3-4-5-6-7-8); 763 (D-2-3-4-5-6-8); 474 (D-2-3-4-8); 391 (D-7-8);
Reverse| GTTGCCGTTGTTGACGTGGGTG 8 258 (D-8)
Forward[CTGACAACTGAGGGGAGGAC E 61 30 40 610 (E-Fc-2-3-4-5); 562 (E-Fb-2-3-4-5); 515 (E-Fa-2-3-3b-4-5); 473 (E-Fa-
Reverse| CGCAGGGCACAAGAACAGTG 5 2-3-3a-4-5); 408 (E-2-3-3b-4-5); 387 (E-Fa-2-3-4-5); 280 (E-2-3-4-5)
Forward| GCTTGGCTGATACTGGCATCTG 1 62 50 42 1005 (1-2-3-4-5-6-7-8); 872 (1-2-3-4-5-6-8); 716 (1-2-3-4-7-8); 583 (1-2-3-
Reverse| GTTGCCGTTGTTGACGTGGGTG 8 4-8); 575 (1d-6b-7-8a); 510 (1c-6¢-7-8); 367 (1-8)
Forward|[CTCTCTCTCTCICTCTTGCTGT, G - -
Reverse|GTTCAGGCACTCCGCCCAGTC 5 61 30 40 424 (Ga-2-3-4-5); 392 (Gc-2-3-4-5); 274 (Gb-2-3-4-5)
Forward|CTCATTGCTCCTCTCCTCTTTC 2a
Reverse|GTTCAGGCACTCCGCCCAGTC 5 61 30 39 1119 (22-3-4-5)
Forward| GGCGGAGTGCCTGAACAGAAG 5 60 70 35 924 (5-6-7-8-9-10-11-12); 791 (5-6-8-9-10-11-12); 648 (5-8-9-10-11-12);
Reverse| GGAGCTGCCACCCAATGTCATG 12 579 (5-6-7-10-11-12); 446 (5-6-10-11-12); 303 (5-10-11-12)
Forward [AGTTCAACCCCGAGGACCCCATC 8 .
Reverse| GGAGCTGCCACCCAATGTCATG 12 5 30 3 275 (8-6-10-11-12); 257 (8-10-11-12)
Forward[GCTTTCTCTCCTCCCTCCTGCTG 10a .
Reverse| GGAGCTGCCACCCAATGTCATG 12 o1 %0 * 444 (10a-11-12); 274 (9a-10-11-12)
Forward| GCAAAGGCTCTGGGCTCCAAG 12
Reverse] CTTGATGCTGTGGCGTTGCTG 17 o 8 34 884 (12-1314-15-16-17)
Mouse tissues

. . oy Location Annealing Synthesis| Nrof . .
Primer Primer sequence (5'—3’) (exon) |temperature (°C)| time (s) | cycles Amplicon size
Forward[ACTTCGTTGATGCTGGCCTGTG 1
Reverse| AGTTCCCGTTGTTGACATGCGTG 8 o1 s % 1018 (1-2-3-4-56-7-8)
Forward| GCATTGTTCCTGTGCCCTGTTC 5
Reverse| AAAGAGAACTGCCACCCAGTGTC 12 5 . * 989 (5-6-7-8-9-10-11-12)
Forward[AGTTCCCGTTGTTGACATGCGTG 8 .
Reverse| AAAGAGAACTGCCACCCAGTGTC 12 % 45 3 279 (8-6-10-11-12); 261 (8-10-11-12)
Forward| CTATCCCATAAAGGATCATCCTG 10a : § 10
Reverse| AMAGAGAACTGCCACCCAGTGTC 12 57 35 38 496 (10a-11-12); 339 (9a-10-11-12); 236 (9a-10-12)
Forward| CTGGGTGGCAGTTCTCTTTC 12
Reverse] CGTGCACATCCTTCATGCTGAG 17 5 . 32 925 (12-1314-1516-17)
Rat tissues

. . s o Location Annealing Synthesis| Nrof . L
Primer Primer sequence (5'—3’) (exon) |temperature (°C)| time (s) cycles Amplicon size
Forward| GACTTCGTTGATGCTGGCTTGTG 1 . N
Reverse| CACAATAGGGCACAGGAACAGTG 5 5 . % 405 (1-2-3-4-5), 258 (1-4-5)
Forward [AGCAGGAGGATTTGTGTGGTGTG 5
Reverse| AAAGAGAACTGCCACCCAGTGTC 12 o i % 951 (5-6-7-8-9-10-11-12)
Forward[AGTTCCCGTTGTTGACATGCGTG 8 .
Reverse[AAAGAGAACTGCCACCCAGTGTC 12 % * % 279 (8-9-10-11-12); 261 (8-10-11-12)
Forward| GTCTGGCCTCTGCTTGCTATGAC 10a X
Reverse| AAAGAGAACTGCCACCCAGTGTC 12 5 48 40 707 (10a-11-12); 550 (9a-10-11-12)
Forward| AGTTCAACCCTGAGGACCCCATC 8
Reverse] CGTGCACATCCTTCATGCTGAG 17 5 " 3 1185 (8-9-10-11-12-13-14-15-16-17)
HPRT (human, mouse, rat)

. . s o Annealing Synthesis| Nrof
Primer Primer sequence (5'—3’) temperature (°C)| time (s) eycles
Forward| GATGATGAACCAGGTTATGAC 57 30 30
Reverse| GTCCTTTTCACCAGCAAGCTTG
5' RACE analysis
Human tissues
1. round of PCR

. . y o Location Annealing Synthesis| Nrof
Primer Primer sequence (5'-3') (exon) |temperature (°C)| time (s) | cycles
Forward [CGACTGGAGCACGAGGACACTGA . i 1)5;2)5;
Reverse| CCACGAAACGGAGACCACTCTTC 3 1)72;2)70; 3) 66 30 3)25
Forward [CGACTGGAGCACGAGGACACTGA . i 1)4;2)4;
Reverse| GGAGCTGCCACCCAATGTCATG 12 1)72:2)70;3) 64 S 3)30
2. round of PCR

. . , oy Location Annealing Synthesis| Nrof
Primer Primer sequence (5'-3') (exon) |temperature (°C)| time (s) | cycles
Forward [GGACACTGACATGGACTGAAGGAGTA 67 30 34
Reverse] CCCCTCAGATCACGGAGCTCCAGA [ 2
Forward | GGACACTGACATGGACTGAAGGAGTA 67 30 34
Reverse|CGGGTCTCCAGATGTGCTGTTAGT | 10
Forward | GGACACTGACATGGACTGAAGGAGTA 65 30 45
Reverse| GCACCGAGATCTAGCAGCCCGCAAJ D
2. round of PCR (with Phusion polymerase from New England Bi )
Primer Primer sequence (5'>3') Location Annealing Synthesis| Nrof

a (exon) |temperature (°C)| time (s) | cycles

Forward | GGACACTGACATGGACTGAAGGAGTA 72 20 33

Reverse

11

AGAAAGGAAGAGGCAGGCAAAGAC |




Mouse and rat tissues

1. round of PCR

. . y o Location Annealing Synthesis| Nrof
Primer Primer sequence (5'—3') (exon) |temperature (°C)[ time (s) | cycles
Forward [CGACTGGAGCACGAGGACACTGA 1)4;2)4;

1) 72;2) 70; 3) 64| 60

Reverse| GTGACTGAGCCGAGGGGTGA 3 )72:2)70:3) 3) 30
Forward [CGACTGGAGCACGAGGACACTGA . . 1)4;2)4;
Reverse| GAAGTGTAGGGACATGGCCAGC 12 1)72:2)70;3) 64 60 3) 30
2. round of PCR

. . y oy Location Annealing Synthesis| Nrof
Primer Primer sequence (5'-3') (exon) |[temperature (°C)| time (s) | cycles
Forward | GGACACTGACATGGACTGAAGGAGTA 65 60 25
Reverse| CACAAAGCGGAGGCCACTCTTCACG] 3
Forward [GGACACTGACATGGACTGAAGGAGTA 65 60 25
Reverse] CCCAGGCCCTGCAGGTCCTCAAAC | 2
Forward [GGACACTGACATGGACTGAAGGAGTA 65 60 25
Reverse]| GCCAGGGCGGTTGATCCCAAATTTG | 12
Forward | GGACACTGACATGGACTGAAGGAGTA 65 60 25
Reverse| CTCCACTGGGTCTCTTGATGTGCTG [ 10
Cloning of TrkA protein isoform-encoding sequences
Primer Primer sequence (5'3") Location Annealing Synthesis| Nrof

q (exon) |[temperature (°C)| time (s) | cycles

Forward | CACCATGCTGCGAGGCGGAC 1 . .
Reverse|CTGCTGGGAGCTATGGGGGATG 17 1)54:2)87 150 |19:2)33
Forward |CACCATGAAGGAGGCCGCCCTC A X .
Reverse| CGCAGGGCACAAGAACAGTG 5 1)86:2) 89 7o 1 4:2)40
Forward [CACCATGCAGTTGCGGGCTGCTAG D X .
Reverse| GTTCAGGCACTCCGCCCAGTC 5 1)56:2)59 o 1)4:2)40
Forward | CACCATGCCCAATGCCAGCTGTG 5 3 .
Reverse| G TTGCCGTTGTTGACGTGGGTG 8 1)56:2)59 0 1)4:2)40
Forward | CACCATGCACCACTGGTGCATC 8 ) .
Reverse| GCCCAGGACATCCAGGTAGACAG 17 1)56:2)59 o D42)24
Forward [CACCATGTCCCTGCATTTCATGAC 12 i i
Reverse| CAGTCCCTGGCCCACTAGACAG 15 1)96:2)59 o 14:2)40
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The virtual screening for new scaffolds for TrkA receptor antagonists resulted in potential low molecular
weight drug candidates for the treatment of neuropathic pain and cancer. In particular, the compound
(Z)-3-((5-methoxy-1H-indol-3-yl)methylene)-2-oxindole and its derivatives were assessed for their
inhibitory activity against Trk receptors. The ICsq values were computationally predicted in combination
of molecular and fragment-based QSAR. Thereafter, based on the structure-activity relationships (SAR), a
series of new compounds were designed and synthesized. Among the final selection of 13 compounds,
(2)-3-((5-methoxy-1-methyl-1H-indol-3-yl)methylene)-N-methyl-2-oxindole-5-sulfonamide ~ showed

Ke ds:

Tﬁ{xmr g the best TrkA inhibitory activity using both biochemical and cellular assays and (Z)-3-((5-methoxy-1-
TrkB methyl-1H-indol-3-yl)methylene)-2-oxindole-5-sulfonamide was the most potent inhibitor of TrkB
Antagonist and TrkC.

Fragment-based QSAR © 2016 Published by Elsevier Masson SAS.
2-Oxindole

1. Introduction

The tropomyosin receptor kinase (Trk) family includes three
homologous receptor tyrosine kinases: TrkA, TrkB, and TrkC, that
specifically bind the neurotrophins nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), and neurotrophin 4
(NT4) and neurotrophin 3 (NT3), respectively. Activation of Trk
receptors by the neurotrophins plays an important role in diverse
biological responses, including differentiation, proliferation, sur-
vival, and other functional regulation of cells [1].

Neurotrophins are proteins that modulate the growth, mainte-
nance, and survival of neurons [2]. In addition, NGF and BDNF
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function as key contributors in chronic neuropathic pain as well as
hyperalgesia related to diverse pain states [3,4]. Hereditary sensory
and autonomic neuropathy type V (HSANV) is caused by mutations
in NGF gene, leading to the loss of ability to perceive deep pain [5].
Mutations in its receptor TrkA result in HSANIV, which is charac-
terized by congenital insensitivity to pain, anhidrosis, and mental
retardation [6].

Neurotrophin receptors have also been found to play an
important role in the development and progression of tumor cells
[7,8]. Alterations in Trk receptor expression, genomic rearrange-
ments or mutations in the gene have been reported in different
human cancers, e.g. pancreatic [9—12], prostate [13—15], breast
[16—18], ovarian carcinoma [19,20], malignant melanomas [21],
thyroid [22], and neuroblastoma [23,24]. Interestingly, TrkB re-
ceptor has been described to act as a suppressor of anoikis, a type of
apoptosis important in prevention of metastasis [25], highlighting
the importance of Trk receptor activity in tumor progression and
formulating Trk receptors as potent targets of cancer therapy.

Changes in BDNF and its receptor expression are important in
several central nervous system disorders, most notably the
enhanced signaling in epilepsy and decreased or increased
(depending on the brain region) levels in depression [26—28]. For
this reason, inhibition of TrkB has been proposed as a candidate
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therapy for epilepsy. In a mouse model, inhibition of TrkB pre-
vented recurrent seizures and alleviated anxiety-like behavior
accompanied with a lower level of destructed hippocampal neu-
rons [29].

Neurotrophins and their receptors have also been implicated to
be important in age-related changes in cognition and Alzheimer’s
disease (AD). Although reports in this field are conflicting with
some describing elevated levels of NGF in AD, the prevalent opinion
seems to be that increasing the level of NGF or the activity of TrkA is
therapeutic for AD [30,31]. Therefore, all inhibitors of Trk receptors
might inflict unwanted side-effects if they are able to cross the
blood-brain barrier.

In recent studies, several small molecule TrkA inhibitors have
been shown to be effective in neuropathic and inflammatory pain
models, able to attenuate cancer-induced pain as well as to block
the development of some tumor cells [6,8,32]. Still, more potent
and more Trk-selective inhibitors are searched for a therapeutic
treatment of pain, cancer, and/or epilepsy.

The aim of the current study was to identify and characterize
new low molecular weight antagonists of Trk receptors as drug
candidates for the treatment of pain and cancer, using methods of
computational modeling (molecular QSAR [33] and fragment-
based QSAR [34]), chemical synthesis, and testing the compounds
biochemically as well as in cellular assays. Several potent and
highly Trk-selective inhibitors were identified. Future studies will
determine if the compounds are able to penetrate the blood-brain
barrier and if so, further drug development will be undertaken to
render the inhibitors more specific for peripheral organs and less
capable of inducing any unwanted side-effects due to Trk inhibition
in the central nervous system.

This study was concentrated on indole-like Trk inhibitors. Some
oxindoles and aza-oxindoles have been reported as selective TrkA
inhibitors [35], a series of new 7-azaindole derivatives have
demonstrated anticancer and antiangiogenic effects in human
breast cancer cells [36], and oxindole amides and ureas have been
investigated to elucidate the role of Trk receptors in cancer biology
and other disease areas [37]. The indoles described in this study are
targeting the ATP-binding pocket of the kinase domain, which is
highly similar in the Trk family. Therefore, while TrkA was chosen
as a representative for computational predictions and for the ma-
jority of the assays, the compounds are prevalently pan-Trk
inhibitors.

2. Results and discussion
2.1. Model development

The data set obtained consisted of 47 indoles (Fig. 1 and Table S1
in Supplementary material). Using the QSARModel program [33],
several multiple linear regression (MLR) models [38] were
developed:

P= P+ aD (1)

Equation (1) correlates the studied property/activity P (Pp -
intercept) (in our case loglCsp) with a certain number n of molec-
ular descriptors D; weighted by the regression coefficients a;. Up to
seven-parameters models were composed. As the compounds
belong to three different structural classes and the corresponding
biochemical assays differ from each other [35—37], the data set was
investigated for outliers. Models based on four, five, and six de-
scriptors with the best correlation were tested. The outliers
mentioned below are rather related to the eventually selected
model. At first 4 outliers (compounds 38, 40, 43, and 46 in Table S1),

thereafter 3 outliers (compounds 7, 31, and 47 in Table S1) were
identified by modified leverage analyses, i.e. compounds with large
deviations from the model s* were removed:

2
(loglCSO(predicted) - lOgICSO(obsen/ed)) >52 (2)

The final best MLR model of four descriptors possessed statis-
tical characteristics is shown in Table 1. The coefficient of deter-
mination (Pearson’s squared correlation coefficient) is R? = 0.770
for the data set of 40 compounds.

An ABC validation test [39] was applied to estimate the pre-
dictivity of Equation (1), taking into account the property data
distribution. The ABC method consists of sorting the data in an
ascending order according to the observed (experimental) values
and three subsets (A, B, C) are formed: the 1st, 4th, 7th, etc. data
points comprised the first subset (A), the 2nd, 5th, 8th, etc.
comprised the second subset (B), and the 3rd, 6th, 9th, etc.
comprised the third subset (C). Then three training sets were pre-
pared as the combinations of any two subsets. Subsequently, the
tested MLR model was rebuilt for each of the training sets, (AB, AC,
and BC), with the same descriptors but with optimized regression
coefficients. Further, these three models AB, AC, and BC were used
to predict the property values for the C, B, and A subsets, respec-
tively. The prediction was assessed based on the coefficient of
determination R? between the predicted and observed property
values. The final result was estimated by the averaged squared
correlation coefficient by the three “external” sets C, B, and A. As
regarding this ABC validation, the averaged R? is close to the R? of
model, which is good for prediction purposes. In addition to the
ABC validation, the standard leave-one-out cross-validation (R%w)
for the QSAR model resulted in R%., = 0.708.

The descriptors appearing in the QSAR model (Table 1) are
related to the stability, energy partition, and shape of the molecules
[38]. The quantum-chemical descriptors, the lowest atomic state
energy (AM1) for C atoms and the lowest atomic state energy
(AM1) for H atoms are related to the ground states of these atoms in
the molecule. The lower is the energy, the more stable is the atomic
system and, thus, the more stable is the molecule with large C and
H content. Besides, atomic state energies in QSAR models can be
related to the change in the ligand electronic structure, steric hin-
drance, and the corresponding energetic effects in binding to the
receptor. The quantum-chemical descriptor, the maximum elec-
trophilic reactivity index (AM1) for C atoms comes from the LUMO
coefficients and estimates the relative reactivity of the atoms
within the molecule for a given series of compounds and is related
to the activation energy of the corresponding chemical reaction.
Since most atoms are the C atoms in the present investigation, this
descriptor can be responsible for the reactivity of compounds. The
quantum-chemical descriptors related to the frontier molecular
orbitals such as various reactivity indices indirectly account also for
the short-range intermolecular interactions, due to partial overlap
of these orbitals. The molecular volume/XYZ box (AM1) is the
geometrical descriptor that describes the bulk related properties
and, by normalizing the descriptor with a unit box, shows how
compact the molecule is.

2.2. Generation of a stable cell-line to monitor TrkA activity

A stably transfected cell line was generated in order to assess the
capability of the compounds to inhibit the activation of TrkA re-
ceptor in the cellular context. Once the endogenous TrkA of the PC-
12/luc/Elk1 cell line becomes activated, the downstream events will
result in phosphorylation of Elk1, the GAL4-dbd fused to Elk1 binds
then to GAL4 UAS and activates the transcription of luciferase
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Fig. 1. Structures of compounds in the data set. (A) oxindoles and aza-oxindoles, (B) 3,5-disubstituted 7-azaindoles, (C) oxindole amides and ureas.

Table 1
Best MLR QSAR model, its statistics and validation.”

Statistics

N =40n = 4°R? = 0.770 R%, = 0.708 F = 29.316 s> = 0.225

Equation and descriptors

logICsp = 71.968 + 0.618 x D1+ 0.648 x D2 — 54.116 x D3 — 2.291 x D4

D1 — Lowest atomic state energy (AM1) for C atoms

D2 — Lowest atomic state energy (AM1) for H atoms

D3 — Max electrophilic reactivity index (AM1) for C atoms
D4 — Molecular volume/XYZ box (AM1)

3)

Validation

ABC Cross-validation results
AB: R? = 0.780; R, = 0.696
BC: R? = 0.720; R?, = 0.436
AC: R? = 0.822; R%, = 0.735
R%g = 0.744; R%y_avg = 0.622

2 N — number of compounds in the training set; n — number of descriptors; R> — Pearson’s squared correlation coefficient, R%., — squared correlation coefficient for leave-

one-out validation, F — Fisher statistics, s> — squared standard deviation of the model.

" The four-parameter model was selected due to the breaking point in the graph n vs. R?, R%.

(Fig. 2). To address the suitability of the generated system for
screening application, the Z'-factor was determined [40] (see also
Experimental section). The Z'-factor for this assay based on the
negative control NGF and the known TrkA inhibitor AZ-23 [41] as
the positive control was measured to be 0.647 after 6 h, 0.765 after
18 h, and 0.652 after 24 h of treatment (Fig. 3). Z'-factor value above
0.5 is considered an indication of a high quality assay [40]. The
timeframe of 18 h with the highest Z’'-factor value was chosen for
subsequent experiments.

NGF
Elk1
® ® > > > ®' -
® TrkA ® GAL4-dbd GAL4 UAS|TATATA| Luciferase

Fig. 2. Mechanism of luciferase induction in PC-12/luc/EIk1 cell line. Upon binding
of NGF to TrkA the Elk1 portion of expressed Elk1/GAL4-dbd protein will become
phosphorylated. Thereafter, the fusion protein will bind on GAL4 UAS and the tran-
scription of Luciferase gene is activated.

2.3. Characterization of new potent TrkA inhibitors

TrkA was selected as a representative of Trk receptors for virtual
screening of compounds targeting the ATP-binding pocket. At first,
virtual screening for new scaffolds using Tanimoto similarity was
made by search in ZINC [42], MolPort [43], and ChEMBL [44] da-
tabases. According to the obtained results, measurements by
cellular assays were carried out for four compounds. In the next
step, (Z)-3-((5-methoxy-1H-indol-3-yl)methylene)-2-oxindole (2;
code numbers used are based on our virtual screening) and its 47
derivatives were found as potential TrkA inhibitors (see Scheme 1).
The respective descriptors obtained by the FQSARModel program
[34] (see Experimental section) were used in the full-molecular
QSAR model (Fig. 4A, red points) to predict their ICs5o values ac-
cording to Equation (3) (see Table 1).

Commercially available compounds were purchased (Table S2)
and measured for the inhibitory activity using cellular and
biochemical assays (Table 2; detailed data of cellular assays is
presented in Table S3). The best experimental result from the first
series (2-2a42) was obtained for compound 2a22. According to the
structure-activity relationships (SAR), the sulfonamide has the
strongest influence on the inhibitory activity among the pharma-
cophores. Compounds without this functionality show somewhat
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Fig. 3. Z'-factor of assay system using PC-12/luc/EIk1 cell line at different treat-
ment times. PC-12/luc/Elk1 cells on 96-well plate were treated for 6 h, 18 h or 24 h
with either 50 ng/mL of NGF or 50 ng/mL of NGF together with 5 nM of AZ-23. Each
graph point represents luciferase induction of one test well.

less activity (2, 2a31, 2a42) or are mostly inactive (2a33, 2a41).

Since the discovery of Prontosil prodrug against bacterial
infection, sulfonamides have been widely exploited in pharmacy.
Apart from the bacterial infections, sulfonamides are used for
numerous other clinical indications. Typically, they have been
applied as thiazide and loop diuretics [45]. The sulfonamide COX-1/
COX-2 and COX-2 inhibitors such as Celecoxib, SC-558, Rofecoxib,
and DuP-697 have been prescribed against inflammation [46,47],
pain [48,49], and cancers [50,51]. Another area of sulfonamide
drugs includes HIV protease [52] and reverse transcriptase in-
hibitors [53].

Therefore, sulfonamides are a well-studied class of compounds
in medicinal chemistry, with ample data available on their phar-
macokinetic, pharmacodynamics, and ADME/Tox properties [54].
Some sulfonamides are characterized by rapid oral absorption and
their metabolic pathways are well understood [55]. The available
large data enables robust optimization of the compound’s structure
to find the best drug-like properties.

Hence, our interest was turned to possible sulfonamide de-
rivatives of indoles. Based on compound 2a22, five compounds
were synthesized (2a23, 2a25, 3a23, 3a25, 4a22), combining the
substitutions at the indole and/or oxindole rings. The cellular and
biochemical assays showed contradictory results (see Table 2), thus,
the following discussion is based on the biochemical assays as more
directly related to TrkA kinase activity. Besides, due to the modeling
data set [35—37], the predicted ICso values correspond to the
biochemical assays. The substitution of methoxy group by hydroxyl
group in indole (Ry) increased the activity (2a23 and 2a25 vs. 3a23
and 3a25, respectively) but N-methylation in indole (Ry) and N,N-
dimethylation in sulfonamide of oxindole (R3) reduced the TrkA
inhibiting effect (2a25 and 3a25 vs. 2a23 and 3a23). Nevertheless,
the biochemically measured ICsg values were similar for these four
compounds. The N-methylation in compounds has insignificant
effect on their inhibitory activity. Among the studied compounds,

the best TrkA inhibitor according to both the cellular (10.0 nM) and
biochemical (3.7 nM) assays was 4a22 that has N-methylated
indole and N-methylated sulfonamide functionalities. Still, its ac-
tivity was comparable to compound 2a22 that has only indole N-
methylated. Thus, N-methylation in indole could have somewhat
stronger effect (2a21 vs. 2a27).

In addition, the strongest inhibitor 4a22 was selected to identify
its binding mode and interactions in the ATP-binding site of TrkA.
The molecular docking study is described in Supplementary
material.

In general, the IC5p values obtained with biochemical assays
were lower compared to cellular assays. However, the relative ac-
tivity remained similar with the strongest inhibitors being 2a22
and 4a22 and the IC5¢’s above the measurement range for 2a33 and
2a41. The differences in measurements of cellular and biochemical
assays could have resulted from the solubility of the compounds.
However, the aqueous solubility at room temperature of com-
pounds 2a22, 2a25, and 4a22 did not differ significantly, it was
determined as 9.7 + 0.3, 7.8 + 0.2, and 3.3 + 0.3 uM (i.e. 3.7 + 0.1,
32 + 0.1, and 1.3 + 0.1 pg/mL), respectively, showing that all
compounds were soluble at the tested concentrations. It is also
possible that the differences in the ICsg values measured by cellular
and biochemical assays could yield from other reasons, for example
specificity among intracellular interaction partners and cell
permeability properties of the compounds. In addition, six com-
pounds with the highest inhibition rates against TrkA were char-
acterized biochemically against TrkB and TrkC. The results show
that these compounds exhibit no significant selectivity of TrkA over
TrkB and TrkC (Table 2). The tendency of correlation between
functional groups and compound activity to inhibit TrkB and TrkC is
similar to the correlation previously described for TrkA
measurements.

2.4. Comparison of biochemical and predicted ICsp values

In this study, the training set was constructed using the
modeling data set and included 40 compounds from the final QSAR
model. The external test set was based on compound 2 and its 10
derivatives with measured biochemical values. The correlation
between biochemically measured and predicted ICsg’s for the both
sets is rather satisfactory (R*> = 0.770 and 0.751, respectively;
Fig. 4A).

Williams graph (Fig. 4B) illustrates which points deviate
because of descriptors and which points because of experimental
values. According to leverage value h of descriptors, one compound
(entry 9 in Table S1) deviates significantly because of its extreme
values of descriptors D2 and D3 (entry 8 in Table S4). Other com-
pounds stay within the critical area determined by a vertical line at
0.375. Compounds of the external test set belong to the applica-
bility domain, i.e. they are structurally similar to the training set.
According to the standardized residual ' for biochemically
measured data, all compounds deviate more than 2.5 units from the
correlation line are considered to be strong deviations. One com-
pound (entry 18 and 17 in Tables S1 and S4, respectively) from the
training set is quite close to this critical point. In case of the external
test set, the results are somewhat underestimated, which is prob-
ably due to the different method to predict ICs¢’s for the training set
(obtained directly by the QSARModel) and the external test set
(descriptors obtained by FQSARModel were used in the full-
molecular best MLR QSAR model).

2.5. Compounds 2a22, 2a25, and 4a22 are potent inhibitors of both
TrkA and TrkB in cellular context

According to experimental results with the PC-12/luc/Elk1 cell
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Scheme 1. The flowchart of the development of low-nanomolar TrkA inhibitors (ICso’s are measured by cellular assays).

line, three compounds — 2a22, 2a25, and 4a22 were selected for
further testing by western blot using antibodies specific for phos-
phorylated TrkA, TrkB, and their downstream kinases. Compounds
2a22 and 4a22 were two of the most efficient new inhibitors tested.
Compound 2a25 was chosen, as it has been shown not to suppress
Syk activity, whereas 2a21, 2a22, 4a22 as well as 2a23 were re-
ported as Syk inhibitors [56]. The compounds were tested on PC-12
and MG87/TrkB/luc/Elk1 cells that express TrkA and TrkB,

respectively. The cells were treated concurrently with NGF or BDNF
and the compounds at three different concentrations. The levels of
phosphorylated kinases were assessed using respective antibodies
and further quantification of western blot signals. The phosphor-
ylation of TrkA and TrkB was effectively inhibited by all of the tested
compounds with statistically significant reduction in activity at
concentration of 1 uM. The phosphorylation of downstream kinases
Akt and Erk1/2 was observed to be diminished likewise compared
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Table 2

Observed and predicted ICso values for (Z)-3-((5-methoxy-1H-indol-3-yl)methylene)-2-oxindole (2) and its derivatives.

Comp. (Isomer) Ry Ry R3 R4 ICsp (nM) ICs50 (NM) ICs0 (nM)
Cellular assays Biochemical assays Predicted?
TrkA TrkB TrkA TrkB TrkC TrkA
2(2) H OCH3 H H 887 - 27.21 - - 13.45
2a21 (2) CH3 H SO,NH, H 36.7 - 4.17 7.62 6.86 5.34
2a22 (2) CH3 OCH3; SO,NH, H 13.1 110.95 3.78 3.92 4.10 459
2a27 (Z) H H SO,NH, H 342 - 11.14 - - 7.03
2a31 (E) H H H H 2760 - 46.34 - - 24.04
2a33 (2) H H H CHs N/A - >1-10°M - - 23.65
2a41 (E) H H H cl N/A - >1-107° M - - 28.86
2a42 (2) CH3 H H H 998 - 25.7 - - 21.35
2a23 (2) H OCH; SO,NH, H 103 8.49 8,53 8.82 425
2a25 (2) CH3 OCH3 SO2N(CH3)2 H 46.0 141.83 10.09 15.25 11.67 4.83
3a23 (2) H OH SO2NH H 366 - 5.22 - - 6.85
3a25 (2) CH3 OH SO,N(CH3)2 H 92.8 - 9.17 13.45 9.72 4.65
4a22 (7) CH3 OCHj; SO,NH(CHs) H 10.0 41.07 3.66 452 425 459

2 2D structures (above) were converted into 3D structures and preoptimized by molecular mechanics MM+ field using HyperChem 8.0. To keep the corresponding isomers,
no conformational search by FQSARModel was carried out. Descriptors obtained by FQSARModel were used in the best MLR QSAR model.

to the positive control NGF or BDNF (Fig. 5). These results are
consistent with the biochemical ICsq results obtained for the Trk
family kinases, which showed no selectivity of these compounds in
inhibiting TrkA over TrkB and TrkC (Table 2). However, luciferase
assays performed with PC-12/luc/Elk1 and MG87/TrkB/luc/Elk1 cell
lines indicate that the given compounds are more potent inhibitors
of TrkA than of TrkB in given cellular contexts (Table 2). This is most
probably caused by the use of different cell lines to assay the in-
hibition of TrkA (PC-12/luc/Elk1) and TrkB (MG87/TrkB/luc/Elk1)
that possibly can have different off-target proteins for the tested
compounds, as well as slightly dissimilar membrane properties that
can affect the influx of these chemicals. Additionally, in these two

distinct cellular systems the activity of the Trk proteins may be
incomparable due to their different concentration or interaction
partners that can affect their behavior. For this reason, most
probably there is no big selectivity of these compounds for the Trk
kinases which is expected, as the ATP-binding pockets of Trk pro-
teins are highly similar.

2.6. Compounds 2a22, 2a25, and 4a22 do not affect the viability of
cortical neurons or MG87/TrkB/luc/Elk1 cells

Activation of Trk kinases by neurotrophins has been implicated
to be involved in the survival of neuronal cells [1]. For this reason,
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Fig. 5. Compounds 2a22, 2a25, and 4a22 inhibit phosphorylation of TrkA and TrkB and activation of their downstream intracellular targets. (A) PC-12 or MG87/TrkB/luc/Elk1
cells were treated with 2a22, 2a25, and 4a22 at different concentrations concurrently with 50 ng/mL of neurotrophins NGF (for PC-12 cells) or BDNF (for MG87/TrkB/luc/Elk1 cells)
for 5 min. Equal amount of lysates were analyzed using western blotting and the indicated antibodies. Neurotrophin alone was used as a negative control, 5 nM of AZ-23 as a
positive control and “mock” corresponds to DMSO-treated cells. Representative blots of three independent experiments are shown. (B) Quantified western blot signal ratios of
phospho-Trk to total Trk were log-transformed, mean-centered, and autoscaled for ANOVA analysis. For graphical representation, the data was back-transformed and normalized to
neurotrophin-treated cell lysate signals. Mean + SEM data is shown and asterisks indicate statistical significance according to Dunnett's post-hoc test comparing means with

neurotrophin-treated cell lysate data mean (n = 3, p < 0.05).

we tested if Trk inhibitors 2a22, 2a25, and 4a22 can attenuate the
viability of neurons. Rat cortical cells were treated with these
compounds at different concentrations for 24 h. No reduction in the
number of viable neurons even at 1 uM concentration was observed
(Fig. 6A).

To test the effect of these compounds on the viability of rapidly
dividing cells, 2a22, 2a25, and 4a22 were applied at different
concentrations to the growth medium of TrkB-expressing MG87/
TrkB/luc/Elk1 cells for 24 h, after which the cellular ATP content
was quantified. Similarly to the experiment with cortical neurons,
no effect of these compounds on cell viability was seen (Fig. 6B).

2.7. Kinase profiling of 6 potent compounds

A selection of 48 kinases representing the human kinome
(Fig. S3) was used for in vitro kinase profiling to determine the
activity of 6 potent TrkA inhibitors that were selected based on the
PC-12/luc/Elk1 luciferase assay results (ICs¢’s around 100 nM or
lower). The compounds used were 2a21, 2a22, 2a23, 2a25, 3a25,
and 4a22 at 100 nM and 1 uM concentrations (Table 3). According
to the results, at concentration of 100 nM all compounds were
relatively TrkA specific inhibiting only up to 3 off-target kinases,
while reducing the activity of TrkA by at least 82% at 100 nM con-
centration and 94% at 1 uM concentration. At 100 nM, 2a25 was
able to inhibit only TrkA. 2a23, 3a25, and 4a22 were reducing the
activity at least by 50% of only one kinase in addition to the Trk
kinases at 100 nM. Kinases that were inhibited by most of the
compounds at 1 pM concentration included Aurora-B, CAMKK2,
CHK2, IRAK4, LCK, and MAP3K11.

As compounds 2a21, 2a22, 4a22, and 2a23 have been described
as Syk inhibitors [56], it was initially a surprise that these com-
pounds failed to inhibit Syk at significant levels in our experiments.
However, a recent extensive analysis of kinase inhibitors, which
also addressed some Syk inhibitors, including the compound
named here as 2a21, concluded that three of the tested “Syk

inhibitors” had extremely different selectivity among a wide range
of kinases and only one of these three compounds was a potent Syk
inhibitor [57]. It is noteworthy that our results highly correlate with
the results of this study — at 1 uM concentration of 2a21 Gao et al.
reported 38% residual activity of Syk and 1% residual activity of
TrkA, compared to our results of 47% and 2%, respectively. Thus,
2a21 together with some other compounds described here by us
(especially 2a22 and 4a22) are potent and selective Trk inhibitors
with no significant effect on Syk.

3. Conclusions

Based on our virtual screening for new scaffolds, (2)-3-((5-
methoxy-1H-indol-3-yl)methylene)-2-oxindole (2) was identified
as a potential TrkA receptor antagonist by means of the combina-
tion of full-molecular QSAR and fragment-based QSAR, which were
used to predict ICsg values. Subsequently, several derivatives of 2
were searched from databases, designed according to SAR (3a23,
3a25), synthesized (2a23, 2a25, 3a23, 3a25, 4a22), and final 13
compounds were tested in cellular assays as well as in vitro using
biochemical methods. Compounds 2a22 and 4a22 were two of the
most efficient new inhibitors tested. Six compounds (2a21, 2a22,
2a23, 2a25, 3a25, 4a22) with the highest inhibition rates against
TrkA were also characterized biochemically for TrkB and TrkC in-
hibition. No significant selectivity of TrkA over TrkB and TrkC was
exhibited by any of the compounds tested. Compounds 2a22, 2a25,
and 4a22 did not influence the viability of cortical neurons or
dividing MG87/TrkB/luc/Elk1 cells and are therefore good candi-
dates for testing in animal models of neuropathic pain.

4. Experimental section
4.1. Data set and methodology

The data on known indole-like TrkA inhibitors were collected
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Fig. 6. Compounds 2a22, 2a25, and 4a22 do not have effect on cell viability. (A) Primary cortical neurons were treated with 2a22, 2a25, and 4a22 at different concentrations for
24 h, after which the number of survived neurons were counted. The average of different measurements + SEM is shown (n = 2 with 4—6 technical replicates). (B) MG87/TrkB/luc/
Elk1 cells were treated with 2a22, 2a25, and 4a22 at different concentrations for 24 h and the cellular ATP content was quantified using CellTiter-Glo® Luminescent Cell Viability
Assay. The average of different measurements + SEM is shown (n = 2 with 4—6 technical replicates).

from ChEMBL database [44], using keywords “Nerve growth factor
receptor TrkA, Homo sapiens, Homologous protein/Protein, Assay
Type B (i.e. biochemical assays)”. The data set consisted of 11
oxindoles and aza-oxindoles [35], 24 3,5-disubstituted 7-
azaindoles [36], and 14 oxindole amides and ureas [37] (Fig. 1
and Table S1) but one oxindole and one 7-azaindole were dis-
carded because of too high ICso values (4700 and 3167 nM,
respectively). The ICsg’s of other compounds were in the range
1.67—160 nM. In the further treatment, the ICsy values were
transformed into logICsg units.

The two-dimensional molecular structures of the aforemen-
tioned compounds were converted into the three-dimensional
structures and preoptimized by built-in minimizer using Maestro
9.3 [58]. Conformational search was carried out by the CMol3D
program of QSARModel [33] (version 5.0) for the known indole-like
compounds, where random conformations were constructed by
means of Stochastic Proximity Embedding algorithm [59] followed
by optimization based on MMFF94s force field [60] to improve their
quality. Thereafter, all geometries were optimized as random vac-
uum conformer with the minimum potential energy using MOPAC
6.0 [61]. The quantum-mechanical semiempirical calculation in the
form of the AM1 [62] energy minimization was subsequently
applied, using the Polak-Ribiere Conjugate Gradient (PRCG) opti-
mization method with a gradient 0.01 kcal/A as a stop criterion. The
following keywords were used for the optimization procedure:
AM1 VECTORS BONDS PI POLAR PRECISE ENPART EF MMOK
NOINTER GRAPH GNORM = 0.05 XYZ.

The essence of the FQSARModel program is an efficient and

rapid generation of totally new compounds from a training set
(compounds are fragmentized into linearly connected structural
fragments) and automatic prediction of a studied property [34]. In
case of the series of compound 2, FQSARModel (version 1.0) was
used for the prediction of ICsq values. As conformational search was
not carried out by CMol3D program to keep the corresponding
isomers, a somewhat better correlation was obtained when the
three-dimensional structures of compound 2 and its derivatives
were preoptimized by molecular mechanics MM+ field using
HyperChem 8.0 [63]. Methodology of the geometry optimization in
FQSARModel is the same as in the QSARModel. The final step in the
FQSAR algorithm is the calculation of descriptors to obtain a
descriptor-compounds matrix. The corresponding descriptors were
used in the best MLR QSAR model (Equation (3) in Table 1) to
calculate the ICsg values for the series of compound 2.

4.2. Biological assays and methods

4.2.1. Generation of stable cell line with a sensitive reporter-gene
system to monitor TrkA activity

PC-12 (rat adrenal pheochromocytoma cell line) cells were
transfected using LipoD293™ DNA In Vitro Transfection Reagent
(SignaGen) with 1 pg of pFA2-Elk1 plasmid and 4 pg of pFR-LUC
plasmid (PathDetect Elk1 trans-Reporting System; Agilent Tech-
nologies). pFA2-Elk1 plasmid codes for the fusion protein consist-
ing of GAL4-dbd (DNA-binding domain) followed by Elk1
transcription factor and contains Geneticin G418 resistance gene
neomycin. pFR-LUC plasmid codes for GAL4 upstream activation
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Table 3

Biochemical profiling of 6 compounds at two concentrations, each against 48 protein kinases, average of duplicate measurements. Results are presented as percentage of

residual activity.

Residual activity < 50%

Comp. 2a21 2a22 2a23 2a25 3a25 4a22
Assay conc. (uM) 0.1 1 0.1 1 0.1 1 0.1 1 0.1 1 0.1 1
AKT1 aal06-480 92 97 92 96 115 101 101 93 104 105 93 98
AMPK-alphal aal-550 83 56 94 89 01 72 98 91 103 87 104 88
Aurora-B 59 42 79 50 95 48 85 71 43 11 74 76
BTK 111 119 117 107 100 91 89 89 95 107 97 73
CAMKI1D 106 90 84 97 97 94 99 94 100 103 90 80
CAMKK2 62 25 53 19 83 31 76 30 73 25 56 50
CHK2 9 5 35 39 59 12 100 99 94 92 93 75
CK1-delta 88 82 87 84 92 79 89 86 88 87 89 91
CK2-alphal 102 96 101 94 90 84 98 90 97 89 105 100
DYRKI1A 122 114 101 99 105 96 98 94 101 101 89 95
EEF2K 99 103 101 102 107 112 99 86 97 106 103 92
EPHA2 99 90 98 89 110 98 106 89 111 98 100 84
ERBB4 94 101 101 87 94 60 103 85 110 95 98 42
GSK3-beta 104 92 93 83 103 79 98 97 99 92 90 90
HIPK2 112103 108 81 124 84 109 85 120 96 106 102
IGF1-R 105 107 105 100 98 97 94 79 102 95 96 60
IRAK4 (untagged) 6 3 12 20 45 9 91 83 68 52 59 37
JAK2 85 67 90 86 91 67 88 72 78 55 89 87
JNK1 121 94 110 95 103 87 103 100 105 97 103 112
LCK 64 50 65 32 72 61 81 64 62 33 45 41
MAP3K11 36 12 34 38 66 25 84 37 80 51 76 55
MAP3K7/MAP3K7IP1 85 63 93 89 93 64 106 88 101 92 104 95
MARK3 93 88 96 90 101 93 93 97 103 96 100 87
MEK1 wt 67 59 82 71 87 72 104 97 107 98 104 93
MST2 91 62 86 84 101 64 101 104 98 83 95 77
MYLK 97 90 94 90 94 83 94 91 91 84 92 90
NEK6 111 109 106 98 117 108 100 100 104 103 99 97
p38-alpha 107 104 106 100 102 93 95 97 97 96 102 99
PAK4 74 78 77 68 93 82 96 99 95 90 84 91
PDK1 90 70 93 75 98 66 99 84 94 83 92 123
PIM1 105 93 96 88 103 79 104 97 102 95 94 88
PKA 94 87 91 91 88 84 91 98 94 103 91 83
PKC-alpha 106 94 91 102 104 87 93 95 96 103 101 103
PKC-mu 95 91 90 91 95 72 89 92 99 89 92 93
PLK1 102 91 93 93 93 95 83 93 93 91 92 87
PRK2 94 78 98 89 96 81 108 94 91 89 90 86
RIPK2 102 84 100 97 96 48 104 95 94 89 108 100
ROCK2 76 55 99 87 101 61 92 89 79 69 94 79
RPS6KAS 99 93 103 95 93 95 105 108 106 107 96 88
S6K 90 81 92 92 88 70 87 85 87 92 96 83
SGK1 81 55 80 75 85 49 90 80 87 81 94 81
SRC (GST-HIS-tag) 124 108 113 91 107 74 93 70 79 68 92 73
SRPK1 116 101 106 99 114 93 111 95 109 94 105 101
SYK aal-635 69 47 75 69 86 35 102 91 107 91 95 56
TBK1 75 58 79 55 96 62 100 79 96 81 97 93
TRK-A 3 2 3 1 6 0 18 6 10 2 4 3
TTK 104 8 109 96 101 80 102 106 104 96 99 86
VEGF-R1 82 81 94 85 96 76 96 93 100 93 91 59

sequence (UAS) followed by luciferase reporter gene. A puromycin
resistance gene was introduced to the pFR-LUC plasmid using
Bst11071 and Ndel restrictases from pGL4.22[luc2CP/Puro] (Prom-
ega). The selection of transfected cells was initiated two days after
the transfection with addition of 300 pg/mL of G418 (Sigma) and
0.75 pg/mL of puromycin (Sigma-Aldrich) and continued for about
one and a half months until distinct cell colonies could be picked,
plated, and tested for responsiveness to NGF. Generated cell line,
called hereafter PC-12/luc/Elk1, was maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM; PAA Laboratories), containing
6% fetal bovine serum (FBS; PAA Laboratories), 6% horse serum (HS;
PAA Laboratories), 1% penicillin/streptomycin (PS; Gibco), 300 pg/
mL of Geneticin G418, and 0.75 pg/mL of puromycin. MG87/TrkB/

luc/Elk1 and MG87/par/luc/Elk1 [64] were maintained in Minimum
Essential Media (MEM; PAA Laboratories), including 10% FBS, 1% PS,
2 pg/mL Blasticidin (PAA Laboratories), and 500 pg/mL G418. PC-
12 cells were maintained in DMEM, containing 6% FBS, 6% HS, and
1% PS.

4.2.2. Determination of the Z'-factor of the PC-12/luc/Elk1 cell-line
PC-12/luc/EIKk1 cells were plated one day before the assay on 96-
well plates in 25,000 cell per well. Next day the growth media was
changed to 50 ng/mL of NGF (Peprotech) together with 0.1%
dimethyl sulfoxide (DMSO; Sigma-Aldrich; negative control) or to
50 ng/mL of NGF together with 5 nM of a known TrkA inhibitor AZ-
23 [41] (Axon Medchem; positive control) in 100 pL of DMEM,
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containing 6% HS, 6% FBS, and 1% PS. Three time points were chosen
to be tested (24 h, 18 h, and 6 h) with 16 wells per effector per time
point. After 24 h, 18 h or 6 h the growth media was removed and
20 pL of Steady Glo Assay Reagent (Promega) was added to each
well. The plate was subjected to 10 min of shaking and, thereafter,
analyzed using TECAN plate reader. The results were used to
calculate the Z'-factor with the Equation (4)

(304 +30-)

Z=1-
[ty —p_]

(4)

where ¢, and ¢_ are the standard deviations of the positive and
negative control, and u, and p_ their means [40].

4.2.3. Determination of ICsp of compounds in cellular context

Based on our virtual screening for new scaffolds, one potential
compound (2)-3-((5-methoxy-1H-indol-3-yl)methylene)-2-
oxindole (2) was selected for further research. Compound 2 and
its seven derivatives were purchased, five new predicted active
compounds were synthesized by us (Table S2). The ICso’s of the
compounds were determined using cellular and biochemical as-
says. In the cellular assays, using PC-12/luc/Elk1 and MG87/TrkB/
luc/EIKk1 cells, the compounds were assessed in gradual dilutions of
the compounds in triplets together with NGF or BDNF (Peprotech),
respectively. TrkA inhibition was determined using same method-
ology as for measuring the Z’-factor with 18 h treatment time. The
MG87/TrkB/luc/Elk1 cells were plated one day prior to the experi-
ment, 15,000 cells per well on a 96-well plate. BDNF (50 ng/mL)
together with 0.1% DMSO was used as the negative control and
BDNF with 5 nM of AZ-23 [41] as the positive control in 100 pL of
MEM, containing 10% FBS and 1% PS. Thereafter, the assay was
conducted likewise as with PC-12/luc/Elk1 cells.

Based on cellular assays, the statistical calculations for deter-
mining ICsq values were performed using R statistical programming
software. Percent inhibition values for each compound together
with log transformed drug concentrations were fitted to 4 param-
eter non-linear logistic model, which was used to calculate ICsq
values for each compound. The formula used for calculation of
percent inhibition for treatments was

Xmax — Xi

Xmax

(5)

where X; — luciferase signal in the presence of compound together
with NGF or BDNF (inhibitory activity), Xmax — luciferase signal in
DMSO and NGF or BDNF treated cells (normal activity).

The biochemical kinase assays were custom ordered from Pro-
Qinase, Germany.

4.2.4. Western blotting

The PC-12 and MG87/TrkB/luc/Elk1 cells were plated on 6-well
plates one day prior to the assay. Cells were treated for 5 min with
compounds and simultaneously with 50 ng/mL of NGF (PC-12 cells)
or BDNF (MG87/TrkB/luc/Elk1 cells). 0.1% of DMSO was used to
determine the base level, 0.1% of DMSO concurrently with 50 ng/mL
of NGF or BDNF served as a negative control and 0.1% of DMSO
concurrently with 5 nM of AZ-23 as a positive control. Thereafter,
western blotting was performed as described previously [65]. An-
tibodies used included: rabbit anti-TrkA (#06-574; 1:1000) from
Millipore, rabbit anti phospho-TrkA (#9141; 1:1000), rabbit anti
phospho-TrkA/TrkB (#4619; 1:1000), rabbit anti-TrkB (#4603;
1:1000), and rabbit anti phospho-Akt (#4058; 1:3000) from Cell
Signaling; mouse anti phospho-Erk1/2 (#sc-7383; 1:1000) from
Santa Cruz and anti-tubulinf clone E7 (1:1000) from Prof. Michael
Klymkovsky.

Western blot signals were quantified using ImageQuant TL
software from GE Healthcare Life Sciences. Phospho-Trk to total Trk
ratios were log-transformed, mean-centered, and autoscaled.
ANOVA analysis and Dunnett’s test of this data was performed
using Prism (GraphPad).

4.2.5. Cell viability assessment

Primary cultures of rat cortical cells were prepared from
neonatal Wistar rats as described earlier [66]. Neurons were grown
in Neurobasal™A medium supplemented with B27 with phenol
red on poly-L-lysine-coated 35-mm glass-bottomed dishes. Culture
media and supplements were obtained from Invitrogen. For
viability measurements neurons were first transfected with
neuronal marker, pAAV-hSyn-DsRedExpress obtained from Addg-
ene (Cambridge, MA) allowing better to assess the morphology of
individual neurons. Briefly, the conditioned medium was replaced
with 100 pL Opti-MEM I medium, containing 2% Lipofectamine
2000 and 1-2 pg of total DNA. Neurons were incubated for 3—4 h,
after which fresh medium was added. 3 days later the neurons were
treated with 2a22, 2a25, and 4a22 at different concentrations for
24 h, after which the neuronal number was counted from 8 to 12
dishes per treatment group (at least 50 randomly chosen fields
from each dish).

For measurement of ATP content, the MG87/TrkB/luc/Elk1 cells
were grown on 96-well white plates, treated with 2a22, 2a25, and
4a22 at different concentrations for 24 h and the cellular ATP
content was quantified using CellTiter-Glo® Luminescent Cell
Viability Assay (Promega, Sweden) according to manufacturer’s
recommendations. ATP was measured at least from 8 different
wells per each treatment condition.

4.3. Preparation procedure

All reactions were carried out based on a literature procedure
[67]. Full assignment of 'H chemical shifts is based on the 1D and
2D FT NMR spectra on a 400 MHz instrument. The HR mass spectra
were recorded by using Agilent Technologies 6540 UHD Accurate-
Mass Q-TOF LC/MS spectrometer by using ESI ionization.

4.3.1. Synthesis of (Z)-3-((5-methoxy-1H-indol-3-yl)methylene)-2-
oxindole-5-sulfonamide (2a23)

2-oxindole-5-sulfonamide (47 mg, 0.22 mmol) and 5-methoxy-
1H-indole-3-carbaldehyde (42 mg, 0.24 mmol) were suspended in
absolute ethanol (0.44 mL) and piperidine (6.5 pL, 0.066 mmol) was
added. Mixture was heated to 70 °C for 2 h. Additional amount of
ethanol (0.44 mL) was added and mixture heated for further 3 h.
Reaction was allowed to cool to ambient temperature and product
that precipitated was filtered out as yellow-brown solid (74 mg,
91%) (d.r = 7.5:1 (Z/E)). 'H NMR (400 MHz, DMSO-dg) 6 12.03 (s, 1H),
10.90 (s, 1H), 9.48 (s, 1H), 8.35(d,J = 1.8 Hz, 1H), 8.28 (s, 1H), 7.75 (d,
J =2.4Hz, 1H), 7.63 (dd, ] = 8.2, 1.8 Hz, 1H), 7.42 (d, ] = 8.7 Hz, 1H),
7.15 (s, 2H), 6.97 (d,] = 8.1 Hz, 1H), 6.88 (dd, ] = 8.7, 2.4 Hz, 1H), 3.89
(s, 3H). HRMS (ESI): calcd. for [M+H]™ (C1sH16N304S)™ requires m/z
370.0856, found 370.0857; [M+Na]* 392.0675, found 392.0672.

4.3.2. Synthesis of (Z)-3-((5-hydroxy-1H-indol-3-yl)methylene)-2-
oxindole-5-sulfonamide (3a23)

2-oxindole-5-sulfonamide (47 mg, 0.22 mmol) and 5-hydroxy-
1H-indole-3-carbaldehyde (39 mg, 0.24 mmol) were suspended in
absolute ethanol (0.88 mL) and piperidine (6.5 pL, 0.066 mmol) was
added. Mixture was heated to 70 °C for 3 h and then allowed to cool
to ambient temperature. Product precipitated as brown solid and
was filtered out and dried in vacuum (65 mg, 83%) (d.r = 6:1 (Z/E)).
TH NMR (400 MHz, DMSO-dg) 6 11.95 (s, 1H), 10.87 (s, 1H), 9.38 (s,
1H), 9.04 (s,1H), 8.26 (d,J = 1.8 Hz, 1H), 8.11 (s, 1H), 7.60 (dd, ] = 8.1,
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1.8 Hz, 1H), 7.46 (d, ] = 2.2 Hz, 1H), 733 (d, ] = 8.5 Hz, 1H), 713 (s,
2H), 6.96 (d, ] = 8.2 Hz, 1H), 6.77 (dd, ] = 8.6, 2.3 Hz, 1H). HRMS
(ESI): caled. for [M+H]" (C17H14N304S)" requires m/z 356.0700,
found 356.0702; [M+Na]" 378.0519, found 378.0511.

4.3.3. Synthesis of (Z)-3-((5-methoxy-1-methyl-1H-indol-3-yl)
methylene)-N,N-dimethyl-2-oxindole-5-sulfonamide (2a25)

N,N-dimethyl-2-oxindole-5-sulfonamide (48 mg, 0.20 mmol)
and 5-methoxy-1-methyl-1H-indole-3-carbaldehyde (42 mg,
0.22 mmol) were suspended in absolute ethanol (0.8 mL) and
piperidine (6 pL, 0.060 mmol) was added. Mixture was heated to
70 °C for 4 h and then cooled to ambient temperature. Product
precipitated and was filtered out and dried in vacuum to yield
71 mg of product (86%) as yellow solid (d.r = 20:1 (Z/E)). '"H NMR
(400 MHz, DMSO-ds) 6 11.01 (s, 1H), 9.49 (s, 1H), 8.39 (s, 1H), 8.32 (d,
J = 1.8 Hz, 1H), 7.90 (d, J = 2.4 Hz, 1H), 7.60—7.46 (m, 2H), 7.05 (d,
J=82Hz,1H),6.98 (dd, ] = 8.8, 2.4 Hz, 1H), 3.94 (s, 3H), 3.91 (s, 3H),
2.65 (s, 6H). HRMS (ESI): calcd. for [M+H]* (Co1H22N304S)* re-
quires m/z 412.1326, found 412.1322; [M+Na]t 434.1145, found
434.1141.

4.3.4. Synthesis of (Z)-3-((5-hydroxy-1-methyl-1H-indol-3-yl)
methylene)-N,N-dimethyl-2-oxindole-5-sulfonamide (3a25)

N,N-dimethyl-2-oxindole-5-sulfonamide (48 mg, 0.20 mmol)
and 5-hydroxy-1-methyl-1H-indole-3-carbaldehyde (39 mg,
0.22 mmol) were suspended in absolute ethanol (0.8 mL) and
piperidine (6 pL, 0.06 mmol) was added. Mixture was heated to
70 °C for 4 h and then cooled to ambient temperature. Product
precipitated and was filtered out and dried in vacuum to yield
51 mg of product (64%) as yellow solid (d.r = 20:1 (Z/E)). "H NMR
(400 MHz, DMSO-dg) 6 10.96 (s, 1H), 9.38 (s, 1H), 9.10 (s, 1H),
8.36—8.24 (m, 2H), 7.67 (d, ] = 2.3 Hz, 1H), 7.50 (dd, J = 8.2, 1.8 Hz,
1H), 7.38 (d,J = 8.8 Hz, 1H), 7.02 (d, ] = 8.1 Hz, 1H), 6.83 (dd, ] = 8.7,
2.3 Hz, 1H), 3.89 (s, 3H), 2.63 (s, 6H). HRMS (ESI): calcd. for [M+H]*"
(C20H20N304S)" requires my/z 398.1169, found 398.1165; [M+Na]*"
420.0988, found 420.09897.

4.3.5. Synthesis of (Z)-3-((5-methoxy-1-methyl-1H-indol-3-yl)
methylene)-N-methyl-2-oxindole-5-sulfonamide (4a22)

N-methyl-2-oxindole-5-sulfonamide (36 mg, 0.16 mmol) and 5-
methoxy-1-methyl-1H-indole-3-carbaldehyde (33 mg, 0.18 mmol)
were suspended in absolute ethanol (0.64 mL) and piperidine
(4.8 uL, 0.05 mmol) was added. Mixture was heated to 70 °C for4 h
and then cooled to ambient temperature. Product precipitated and
was filtered out and dried in vacuum to yield 47 mg of product
(74%) as yellow solid (d.r = 20:1 (Z/E)). '"H NMR (400 MHz, DMSO-
dg) 0 10.95 (s, 1H), 9.45 (s, 1H), 8.31 (d, J = 2.9 Hz, 2H), 7.83 (d,
J=2.4Hz, 1H), 7.56 (dd, ] = 8.2, 1.8 Hz, 1H), 7.50 (d, ] = 8.8 Hz, 1H),
717 (q, ] = 5.1 Hz, 1H), 7.00 (d, J = 8.1 Hz, 1H), 6.95 (dd, J = 8.9,
2.4 Hz, 1H), 3.92 (s, 3H), 3.90 (s, 3H), 2.44 (d, ] = 5.0 Hz, 3H). HRMS
(ESI): calcd. for [M+H]" (CooH20N304S)" requires m/z 398.1169,
found 398.1165; [M+Na]" 420.0988, found 420.0988.

4.4. Solubility measurements

The solubility of three compounds, such as 2a22, 2a25, and
4a22, was studied using Agilent 1200 Series LC system equipped
with a diode array detector (DAD) and Kinetex C18 (2.6 pm,
2.1 x 100 mm) column. The mobile phase comprised of acetoni-
trile/water and the separation was performed with gradient elution
(30/70) with 10 min, at flow rate of 0.2 mL/min and at 30 °C. Ab-
sorbances of compounds were measured at 210 nm and peak areas
were used for the quantitative analysis. Standard samples for cali-
bration curve were prepared as follows: each compound was dis-
solved in methanol (at conc. 30 pg/mL) for 60 min using ultrasonic

bath and diluted as required for the analysis. Calibration curves
were performed in the range of 3—30 pg/mL for each compound.
Saturated aqueous solutions of above mentioned compounds were
prepared as follows: 30 pg/mL of each compound was dissolved in
deionized water using ultrasonic bath for 60 min, centrifuged for
3 min using Starstedt MC 6 centrifuge (6000 rpm), and used for
quantitative analysis by RP-HPLC-DAD. All HPLC measurements
were performed triplicate and the average relative uncertainty was
3.2%.
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1. Molecular data set

Table S1
Molecular data set (47 compounds) and the corresponding ICsy (in units nM) and logICs, values.
No. ChEMBL ID Structure ICsy" | logICs | Ref.
1 CHEMBL2152288 1.67 0.223 [1]
2 | CHEMBLI76544 2.00 | 0301 | [2]
3 | CHEMBL2152287 297 | 0473 | [1]
F
F
F
NH
NH
4 | CHEMBL2037213 7N 3.00 | 0477 | [3]
\ NH NH o Q
o
OH
ch\/?i (g:
5 | CHEMBL2037221 W o A . p 4.00 | 0.602 | [3]
4 U :
HN /N
N N
6 | CHEMBL2152286 Y 462 | 0665 | [1]
&
— NH,

S3




7b

CHEMBL2152289

5.41

0.733

CHEMBLI175321

6.00

0.778

(2]

CHEMBL1794058

6.00

0.778

(2]

10

CHEMBL2037208

7.00

0.845

11

CHEMBL2037209

7.00

0.845

(3]

12

CHEMBL2037211

7.00

0.845

13

CHEMBL2037224

7.00

0.845

(3]

14

CHEMBL1794057

7.00

0.845

[2]

sS4




F F
N
15 | cuemBL2037226 | \ [ " °>\_N§H "] 800 | 0903 | [3]
o NH HyC NH
16 | CHEMBLI176857 8.00 | 0903 | [2]
(¢]
HN

HN

17 | CHEMBLI794056 = \Q\“/N\ﬁ 8.00 | 0.903 | [2]
\—y
HN /Nl
X 0\/\N
18 | CHEMBL2152283 O 836 | 0922 | [1]
N °
—_ NH2
19 | CHEMBL2037222 9.00 | 0954 | [3]
20 | CHEMBL2037225 9.00 | 0954 | [3]
o]
NN

21 | CHEMBLI1276446 _ /©/ ° N\' 9.00 | 0954 | [2]

N

H
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22 CHEMBL2152285 9.40 0.973 [1]
23 CHEMBL172179 12.00 1.079 [2]
24 | CHEMBL2152282 13.63 1.134 [1]
CH,
NH
"
S "
25 CHEMBL2037210 - N J 16.00 1.204 [3]
o
N
HN /N
N
26 | CHEMBL2152280 18.60 1.270 [1]
JoN
N O\CH3
HN /N |
N\
27 CHEMBL2152277 22.20 1.346 [1]
/ N CH,
N NH,
HN /N
N
28 CHEMBL2152272 22.70 1.356 [1]
JoN
N oL
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29

CHEMBL2152274

25.02

1.398

(1]

30

CHEMBL2152271

26.47

1.423

(1]

31°

CHEMBL2037212

27.00

1.431

32

CHEMBL2152270

31.40

1.497

(1]

33

CHEMBL2152275

33.20

1.521

34

CHEMBL2152284

33.75

1.528

35

CHEMBL2152273

zT

34.30

1.535

(1]

36

CHEMBL2152264

42.70

1.630

(1]
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37 | CHEMBL2152279 47.00 | 1.672 | [1]
38" | CHEMBL2037217 49.00 | 1.690 | [3]
HN /N
N
39 | CHEMBL2152276 53.70 | 1.730 | [1]
/ N ]
— NH,
[e]
NH
/ ~<N
40° | CHEMBL369490 \ 61.00 | 1.785 | [2]
Br
(o]
0 A\ 1
41 | CHEMBLI794059 0=% = 63.00 | 1.799 | [2]
s,
HN /N
Y
42 | CHEMBL2152281 /\ 64.70 | 1.811 [1
[e) N
)
F
43" | CHEMBL2037214 68.00 | 1.833 | [3]
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44 | CHEMBL2152269 69.60 | 1.843 | [1]
45 | CHEMBL2152278 88.60 | 1.947 | [1]
46" | CHEMBL2152290 11030 | 2.043 | [1]
47° | CHEMBL2037194 NH 160.00 | 2.204 | [3]

? 1Csq’s were determined in biochemical assays.
® Identified outliers from the final QSAR model.
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2. Experimental technology

Table S2

Experimentally tested compounds.

Concentrations used to

Concentrations used to
determine the ICs, of

Compound Provider (catalogue ID) determine the ICs of TrkB signaling

(ChEMBL ID) TrkA signaling (PC- (MG87/TrkB/luc/Elk1
12/luc/Elk1 cells) cells)

AZ-23 Axon Medchem (1610) 5nM; 2.5 nM; 1 nM; 0.5

(CHEMBLA457614) nM; 0.1 nM

2 Key Organics (1X-0886) | 5 uM; 1 uM; 500 nM; 5

(CHEMBL1214654) nM; 2.5 nM

2a21 Millipore (574711) 500 nM; 50 nM; 25 nM; 5

(CHEMBL104279) nM; 2.5 nM; 1 nM

2a41 Millipore (217695) -

(CHEMBL261425)

2a31 Molport (002-894-472) 50 uM; 5 uM; 2.5 uM; 1

(CHEMBL190134) uM; 500 nM; 50 nM

2a33 Molport (001-807-694) -

(CHEMBL382707)

2a42 Molport (005-910-302) 5 uM; 2.5 uM; 1 uM; 500

(CHEMBLA471375) nM; 250 nM; 50 nM

2a27 Santa Cruz (sc-206507) 1 uM; 500 nM; 250 nM;

(CHEMBL321955) 50 nM; 5 nM; 1 nM

2a22 Otava (7070707050) 50 nM; 25 nM; 5nM; 2.5 | 1 uM; 300 nM; 100 nM;

(CHEMBL104333) nM 30 nM; 10 nM; 3 nM

2a23 In-house synthesis 5 uM; 1 puM; 100 nM; 10

(CHEMBL106226) nM; 5 nM; 1 nM

2a25 In-house synthesis S5uM; 1 uM; 100 nM; 10 | 1 uM; 300 nM; 100 nM;

(CHEMBL322153) nM; 5 nM; 1 nM 30 nM; 10 nM; 3 nM

3a23 In-house synthesis 5 uM; 1 uM; 100 nM; 10

) nM; 5 nM; 1 nM

3a25 In-house synthesis 5 uM; 1 uM; 100 nM; 10

) nM; 5 nM; 1 nM

4a22 In-house synthesis S uM; 1 uM; 100 nM; 50 | 300 nM; 100 nM; 30 nM;

(CHEMBL104519) nM; 10 nM; 5 nM; 1 nM 10 nM; 3 nM; 1 nM
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Table S3

Calculated ICsg values on TrkA signaling measured in PC-12/luc/Elk1 cells.

Gompoxnd | Count Geom Icséf::r\n/[) Geom L =
(isomer) mean sp+ | SD N Mean SD Mean SD
AZ-23 1 0.26 - - -0.585 - 9.585 -
2(2) 1 886.53 - - 2.948 - 6.052 -
2a21 (2) 2 36.70 8.33 6.79 1.565 0.089 7.435 0.089
2a22 (2) 6 13.07 1.33 1.20 1.116 0.042 7.884 0.042
2a27 (Z2) 1 341.76 - - 2.534 - 6.466 -
2a31 (E) 1 2760.22 - - 3.441 - 5.559 -
2242 (7) 1| 998.49 ; - 2.999 - 6.001 -
2a23 (2) 2 102.57 0.18 0.18 2.011 0.001 6.989 0.001
2a25 (2) 4 45.99 7.09 6.14 1.663 0.062 7.337 0.062
3a23 (Z) 1 365.69 - - 2.563 - 6.437 -
3a25 (2) 2 92.82 3.79 3.65 1.968 0.017 7.032 0.017
4a22 (2) 4 9.98 3.94 2.82 0.999 0.144 8.001 0.144

a . . .
After several months, a mixture of isomers was detected in a repeated measurement.

S11




CIs

¢0-36C°8 88C°0- 6/0'T 1640 6LC°T- 980°0 91€'0 6¢0°0 VeL L o' e0T- 1 (44
¢0-3/8°¢ 691°0 €46°0 (44" ¢SL°0 €¢C0 eco LT0°0 ovy'L- 91Sv0T- 1 | X4
¥0-345°9 9¢0°0- 7560 8¢6°0 1% (4440 9€C’0 €200 EIv'L- cov'v0T- 1 07
€0-364°T 00 756°0 9660 98170 0900 €10 8¢0°0 808°L- Sy eot- 1 61
€0-3€C9 6L0°0- ¥56°0 S/8°0 TG€°0- 8600 06T°0 T€00 ve6'L- L0V €E0T- 1 8I
T0-3€9°¢ €190 [44N0) SEV'T 08¢’¢ S80°0 SSC°0 6100 66L°L- LSY'E0T- 1 L1
C0-3v6°'T 6€T°0- €06°0 9.0 619°0- S8¢°0 12340 0¢0'0 T6v'L- 0S0°v0T- 1 91
€0-3LV'S vL0°0- €06°0 6¢80 6¢€°0- L¥00 o 6¢0°0 ves'L- 695°€0T- 1 SI
€0-3L¢€°¢€ 850°0- €06°0 Sv8°0 89¢C°0- 900 o 1€0°0 L9L°L- Sev'ent- 1 4!
¢0-36S°T 9¢T’0 Sv8°0 14670 1950 9€T'0 TOE0 €00 00S°ZL- TST'€0T- 1 €l
¢0-39T'v v0C'0 Sv8°0 6v0'T £L06°0 9.0°0 1820 0€00 Svv'L- 9¢v'e0T- 1 (4t
€0-3€T'T €00 Sv8°0 6/8°0 6vT0 6600 98T0 T€00 ve6'L- 9¢ve0T- 1 I
€0-349°8 €60°0- S¥8°0 ¢SL0 Tiv'0- TET0 LST0 €00 89L°L- 9€9°€0T- 1 (1]
¢0-3¢S'T €CT0 Sv¥8°0 896°0 8v5°0 800 o ce00 99v’L- €Cr'e0T- 1 6
S0-3G4°¢ S00°0 8LL°0 €8L°0 €200 0680 89€°0 ¥00°0 88'6- LyT'€0T- 1 8
€0-389°'S SL0°0- 8LL°0 €0L°0 SEE0- 1SC°0 LIV'0 8¢0°0 0v9°L- 0¥ €0T- 1 L
¢0-3ST°€ LLT°0 §599°0 80 68L°0 L0T°0 L6C°0 L10°0 vell- £L0S¥0T- 1 9
¢0-39¢°S CECO ¢09°0 €80 6¢0'T 8vT°0 8vT°0 T€0°0 Tv6'L- SrS'e0T- 1 S
T0-3¢v'T LLE°0 LLYO 7580 SL9°T €500 £LSC0 6¢0°0 06L°L- EVy e0T- 1 L4
¢0-3T1'6 £0€°0- €LV0 9970 €9¢€°T- S8C°0 €CC0 S€0°0 8er’L- 06Sv0T- 1 €
T0-30L°'T €Iv'0 TOE0 v1L0 veES'T 85¢°0 STv0 8¢0°0 6TL'L- €9C°€0T- 1 [4
€0-3T0'S 1400 €¢C0 v6C°0 vieo 4140 S0¢'0 €€0°0 SSv'L- S6S10T- 1 !

S ‘Ha 'Sq0 ‘Paid ol U ra £d a 1a 198 Bje(q al

"((,5) uonEIAdD pIEPUE)S (JFIJ) SAN[EA PIAISSO PUE PAJOIPaId JO AIURIRHIP V)30 ('SqQ) PIAIdSqO pue (paid) paIoIpaid () [enplsar paziprepuels ()
anjea 93eIOAJ[) [opow A 0] s1ojowered pue (([JNV) X0q ZAX / SWN[OA JB[NI[O - {( ‘Swole D 10] ([INV) Xopur A)1anoeal d1ydonod[o XeA - ¢ ‘swole
H 10} (1INV) A310u0 93€)s O1uoje 3somo] - 7 ‘swoie D) 10} ([NV) £310uU0 9)e)s O1uoje 3S9MOT - [() S103d110sop ‘(3593 [euIdIxXd — g ‘Fururen — 1) 39S vleq

ySolqelL

ydeas swel[IpA 10J ejeq ‘€



€TS

¢0-3¢T°8
€0-39€°6
€0-36¥°9
¢0-310'Y
T0-3¢0°'T
¢0-30£'8
¢0-300°6
C0-36€°T
¢0-3ST°T
€0-3€0°L
€0-3€9°6
T0-35€°'T
T10-3LCT
¢0-388'9
C0-IvL'T
C0-Irv't
T0-IvC'T
90-391°L
€0-368'6
€0-3€6'T
C0-3€€°T
¢0-30S5°'T
€0-36.4'8
¢0-3¢S°'T
€0-3¢8'S
€0-364°C
¢0-318T'v
TO-3€T'T
¢0-38T°9

S8¢°0-
90€°0-
180°0-
00¢0-
0ce0-
S6¢C°0-
00€°0-
8TT°0
LOT°0
¥80°0
8600
89¢°0-
9G€°0-
90
CeET'0
0ctT°0-
¢SE0-
€00°0-
660°0-
¥v0'0
91T°0-
(44N
¥60°0-
€CT0
9400
€500
¥0C0
9€€’0-
6vC’0

99917
SEV'T
oTv'T
(V0T
v00°'T
960
6¢6°0
8TL°0
0¢9°0
L/S°0
€99°0
Lv6'T
EV8'T
T18'T
66L'T
0€L'T
¢/9T
0€9°'T
SEST
8¢S'T
T¢ST
L6V'T
et
86¢'T
96€'T
el
0LCT
v0C'tT
VET'T

I8€'T
6CT'T
6¢ET
LV8°0
¥89°0
£99°0
6¢9°0
9€8°0
LeL0
T99°0
2990
6/S°T
L(8V'T
6vS'T
T€6'T
0191
0ce'T
L2917
9EV'T
¢LST
Sov'tT
SLE'T
6CE'T
T¢ST
(437"
66€'T
IZA7A"
8980
€8€'T

99¢'T-
6SE'T-
8G€E°0-
688°0-
0cr'T-
T1€'T-
€CE'T-
¢S o
9LY'0
€L€°0
9eV’0
VeE9'T-
€89°T-
99T'T-
9850
€€S°0-
999°'T-
¢10°0-
[444%
S6T'0
€15°0-
vvS0-
LTIV°0-
8150
6€€0
S€CO
806°0
e6r'T-
SOT'T

VET'0
¥90°0
(440
L0T°0
99¢°0
85C°0
LYvT0
414"
LETO
09¢°0
L9T°0
TET0
€ST°0
6¢T°0
LLT0
6ST°0
690°0
9G8T1°0
S80°0
0S¢0
LL0°0
TL0°0
990°0
10
800
180°0
960°0
8600
080°0

oveo
1444Y
€ET0
(43N0
€ET0
8ET'0
124%Y
LvT°0
10
SET0
€ET0
LETO
eo
STAA0
6LC°0
TO€0
v0€0
L6C°0
99¢°0
LLT0
60
8L¢C°0
86¢C°0
T€E0
89¢°0
£L0€0
0S¢0
88T°0
¢sco

9¢0°0
£20°0
6200
9200
S¢00
S¢00
9¢0°0
9¢0°0
S¢0°0
9200
S¢0°0
8100
6100
6100
STO00
6100
8100
8100
0¢0'0
1700
8100
6100
6100
6100
6100
8100
6100
1€0°0
6100

€LV L-
9SL’L-
Ll
06v°L-
LEYL-
LEYL-
8¢8'L-
Sev'L-
0€L°L-
8¢8L-
€98°/-
TLL L
Tev'L-
9SL’L-
Sev'L-
LTVl
6v6°L-
SLY'L-
9¢9’L-
eav'L-
0€8°L-
888°L-
VvL8'L-
viv'L-
0T8°L-
908°L-
L18'L-
816'L-
Sv6'L-

SLT°E0T-
€9C°€0T-
TLT°€0T-
6¢v'v0T-
eV v0T-
EEVVOT-
VeV vOT-
SEV'vOT-
LTV V0T~
0EV'vOT-
6¢v 0T~
8rE€0T-
TLEE0T-
6vEE0T-
ceeent-
0G€E°€0T-
0S€E"€0T-
TSEE0T-
T0S'€0T-
9T v0T-
TSEE0T-
0S€°€0T-
¢SE'E0T-
TSEE0T-
6vE€0T-
0S€'€0T-
89€°¢0T-
ey eot-
CLEEOT-

FFFFFFRFRFRFRFRFRFRRFRFRRFRRFRFPFWWLWLWWWWWWW W

1€8T

wet
LTeT
ster
steg
[XAL4
£ee
1cet
(4444
(4444
or
6€
8¢
LE
9¢
S¢
143
€€
(4%
1€
0€
6T
8T
LT
97
ST
144
1 X4



4. Molecular docking

A conformational search of 4a22 for Z isomers was carried out with MacroModel of
Maestro version 9.3 [4], using MMFFs force field in water solution [5]. Geometry
optimizations of the obtained conformers in the gas phase were performed with Gaussian 09
program package [6], using CAM B3LYP [7] functional and 6-31+G* basis set. Frequency
analysis was used to confirm whether the structure is a minimum (NImag = 0).

The crystal structure of TrkA was downloaded from Protein Data Bank (ID: 4A0J) with
resolution 2.75 A measured by X-ray diffraction. The protein consisted of a homotrimer of
Chain A, Chain B, and Chain C, thus, only Chain A was used. Water molecules were not
removed.

AutoDock 4.2.1 [8] was used for the docking studies. All hydrogens were added to the
protein. The potential binding partner groups for 4a22 to the TrkA receptor were taken from a
previous study [9] and are shown in Table S5. The calculated grid maps had dimensions of
41x41x41 points with spacing of 0.375 A. Number of Genetic Algorithm was set to 50 runs,
other docking parameters were default settings. Genetic Algorithm with Local Search, i.e.

Lamarckian GA was used as the docking algorithm.

Table S5
Studied binding partner groups in the TrkA receptor.

Binding site in TrkA  x-coordinate  y-coordinate  z-coordinate

Phe589 O 89.268 60.592 29.925
Glu590 O 91.100 57.741 29.914
Met592 NH 94.271 56.489 30.879
Met592 CB 94.621 54.173 30.106
Met592 O 96.815 55.675 29.636
Asp596 NH 98.905 52.333 24.858
Asp596 O 100.215 49.964 24.769
Arg599 O 105.214 48.998 24.434
Gly667 NH 90.110 50.125 24.146

All obtained conformers of 4a22 were used in the docking procedure. The most preferable
binding partner was carbonyl oxygen of Met592 for Z isomer. The best corresponding
docking score (i.e. AutoDock estimated binding energy) was -9.59 kcal/mol (estimated
inhibition constant K; = 92.84 nM) in case of not the lowest-energy conformer, embedded in

the pocket (Fig. S1) used in the previous study with AZ-23 [9].
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Fig. S1. Side-view with ligands sandwiched in the pocket (4a22 is shown in cyan and AZ-23
in pink). Protein is in surface representation.

Compound 4a22 binds through the oxindole motif, forming hydrogen bonds to the
backbone atoms of residues Glu590 (carbonyl oxygen), Tyr591 (amide NH), and Met592
(amide NH). The sulfonamide group has electrostatic interactions with zwitterion of Lys544
and carbonyl oxygen of Gly667. Indole moiety interacts with the carbonyl oxygen of Leu516
and amine group (NH,) of Arg599. Besides, the hydrogens in methoxy substituent form
additional hydrogen bonds with the backbone carbonyl oxygen of Leu516, hydroxyl group of
Tyr591, and carbonyl oxygen of Arg593. All corresponding hydrogen bond (HB) lengths and

electrostatic interactions are given in Table S6 and shown in Fig. S2.

S15



Table S6
Proposed binding partners for 4a22 (Z) in the TrkA ATP-binding site.

Length, A Interaction between atoms Type of interaction [10]
2.7 oxindole, NH...O, Glu590 moderate HB

33 oxindole, NH...NH, Tyr591 weak HB

2.0 oxindole, HN...HN, Met592 strong HB

2.7 oxindole, O...HN, Met592 moderate HB

3.6 sulfonamide, NH...NH;", Lys544 weak HB

2.5 sulfonamide, O...0, Gly667 mostly electrostatic
29 sulfonamide, O...0, Gly667 mostly electrostatic
3.1 sulfonamide, S...O, Gly667 mostly electrostatic
3.1 indole, H;C-N...O, Leu516 mostly electrostatic
35 indole, H;C-N...H,N, Arg599 weak HB

2.9 indole, N-CH;...0, Leu516 moderate HB

32 indole, O-CH;...OH, Tyr591 moderate HB

3.0 indole, O-CHj;...0, Arg593 moderate HB

2.5 indole, H;C-O...0, Arg593 mostly electrostatic

Fig. S2. Calculated binding mode of 4a22 in the ATP-binding site of TrkA (PDB ID: 4A0J).
Hydrogen bonds and electrostatic interactions with corresponding lengths in A are shown
with dashed lines.
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5. Kinase profiling

Free software of Cell Signaling Technology, Inc. [11] was used to portray the position on
the human kinase tree, and inhibition rate by compound 4a22, of 48 kinases used in vitro
kinase profiling experiment. Fig. S3 illustrates how effective is the compound 4a22 at 100 nM
concentration to inhibit the tested kinases. Similar results were obtained for compounds 2a21,
2a22, 2a23, 2a25, and 3a25 (see Table 3). As a wide spectrum of human kinases is

represented, it can be concluded that these compounds are relatively specific for TrkA.

Legend:
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Fig. S3. Enzymes used for kinase profiling represent a wide spectrum of human kinases. Red
circles highlight the positions of tested proteins in the human kinase tree. The size of the
circle depicts the level of inhibition by 4a22 at 100 nM concentration. Illustration reproduced
courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com).
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