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Abstract

In the beginning - Trk was an oncogene. Yet Neurotrophin-Trk signaling came to pre-eminence in
the field of neurobiology. Now it is appreciated that Trks regulate important processes in non-
neuronal cells and, in addition to their impact on tumors of neural origin, may contribute to the
pathogenesis of carcinomas, myelomas, prostate and lymphoid tumors. While mutations and
rearrangements of Trk are only sporadically seen in human cancers such as medullary thryoid
carcinoma, a number of recent studies indicate that expression of TrkB contributes to tumor
pathology. In neuroblastoma TrkA expression marks good prognosis which TrkB and Brain-derived
neurotrophic factor (BDNF) expression marks poor prognosis. Activation of the BDNF/TrkB signal
transduction pathway also stimulates tumor cell survival and angiogenesis and contributes to
resistance to cytotoxic drugs and anoikis, enabling cells to acquire many of the characteristic features
required for tumorigenesis. Small molecule inihibitors such as Cephalon's CEP-701 are in Phase |
& Il clinical trials, and a series of AstraZeneca Trk inhibitors are poised to enter the clinic. As
monotherapy, inhibitors may only be effective in tumors with activating Trk mutations. Important
clinical follow-up will be the assessment of Trk inhibitors in combination with standard chemo- or
radiotherapy or other signal transduction pathway inhibitors.

Keywords

Trk; TrkB; Neuroblastoma; cancer; Prostate; Thryoid cancer Metastasis; Angiogenesis; Anoikis;
Chemotherapy

Background

Trk (tropomyosin receptor kinase) was first functionally identified as a gene capable of
transforming immortalized fibroblasts (1). Oncogenic Trk was composed of the 5’ region of
the tropomyosin gene fused to an unknown tyrosine kinase (TK) domain similar to those
frequently found in transmembrane receptors. The constitutive expression of Trk led to its
activation and transforming capability. Mutations and rearrangements of Trk were identified
in colon and thyroid cancers but at such a low frequency that oncologists turned their attention
to oncogenes such as ras that were mutated at a higher frequency in human cancers. Research
on Trks intensified among neurobiologists when it was recognized that the ligand-binding
domain of proto-Trk was the long sought after receptor for Nerve Growth Factor (NGF) (2).
Members of the Trk family are highly expressed in cells of neural origin. Activation of Trks
(TrkA, TrkB & TrkC) by their preferred neurotrophins (NTs) (NGF to TrkA, Brain-derived
neurotrophic Factor (BDNF) and NT4/5 to TrkB and NT3 to TrkC) mediates the survival and
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differentiation of neurons during development. Trk activation is also required throughout
adulthood to sustain the growth and function of neuronal synapses (3). BDNF activation of
TrkB is key for the enhancement of activity-stimulated excitation of neurons that is needed for
memory development and maintenance. Moreover, the NT/Trk signaling pathway functions
as an endogenous system that protects neurons after biochemical insults, transient ischemia or
physical injury (4).

Trk signaling has been delineated in the TrkA-expressing rat pheochromocytoma tumor cell
line PC12 and confirmed in primary cultures of normal sympathetic TrkA-expressing neurons.
Upon NGF treatment, PC12 cells stop proliferating and extend neuritic processes,
differentiating into sympathetic neurons almost indistinguishable from their normal
counterparts (5). NGF-induced dimerization of TrkA or BDNF-induced dimerization of TrkB
receptors leads to activation of the tyrosine kinase domain and reciprocal autophosphorylation
of tyrosines () in this catalytic domain as well as surrounding Y 454 and Y 7gs, which facilitates
binding of SHC and PTB domain protein adaptors and PLCy protein binding, respectively.
This leads to activation of the major growth factor-regulated signaling pathways: the Ras/
MAPK pathway, the PI3Kinase (PI13K)/ 3-phosphoinositide-dependent protein kinase-1
(PDK1)/Akt pathway and increases in Ca** release and activation of the PLCy pathway (Trk
signaling reviewed in 3-6) Fig. 1.

Activation of ras mediates neurotrophin-induced survival and differentiation. Neurons
containing constitutively active ras, either from introduction of mutant ras or from loss of a
negative regulator of ras such as neurons from NF1-/- mice, survive without neurotrophins.
Downstream of ras the PI-3 kinase pathway and to a lesser extent the raf/mek/erk pathway is
required for survival (7). Constitutive activation of ERKSs induces transcription factors
including CREB, fos, jun and Egr-1, which regulate a number of genes involved in regulating
neural differentiation and neurite outgrowth (8).

The phosphorylation of inositol-(3,4)-diphosphate to inositol-(3,4,5)-triphosphate by PI3K
recruits PH-containing proteins PDK1 and AKT to the cell membrane, where PDK1
phosphorylation of AKT activates the AKT kinase. Akt subsequently phosphorylates and
inactivates several proteins that inhibit a number of pro-apoptotic signaling pathways. Akt
phosphorylation of GSK3p inactivates its kinase activity and high GSK3p kinase activity has
been implicated in neurodegenerative diseases such as Alzheimer's disease and neurotoxic
signaling. Akt phophorylates BAD, thus diminishing its binding to and inactivation of the anti-
apoptotic protein, Bcl-XL (9). Akt phosphorylation of the Forkhead transcription factor
FKHRL1 prevents its translocation to the nucleus, decreasing transcription of pro-apoptotic
mediators, Bim and FASL (10). An alternative survival mechanism of increasing importance
is PDK1 activation of RSK1/2. This Akt-independent pathway may require Erk activation and
in some models leads to decreases in pro-apoptotic proteins such as Bim (11).

Activated TrkB is an important mediator of synaptic plasticity via increases in intracellular
Ca** and activation of the PLCy pathway. Since the growth cones of developing neurons and
the synapses of mature neurons may be located far from their cell bodies (where the majority
of protein synthesis occurs), local MRNA translation is important for the processes of axon
guidance, synapse formation and plasticity. Synaptic formation and plasticity are essential for
activity dependent learning (12). Neural activity stimulates expression and secretion of BDNF
at synaptic membranes (4). TrkB located at the pre- and post-synaptic membranes is activated
by BDNF, leading to increased PI3K/mTOR signaling and enhanced local translation of
mRNAs such as Ca** modulated proteins (13). Among these is CamKlla, which
phosphorylates the CREB transcription factor and enables its binding to cyclic AMP and
Ca** response elements in the promoters of target genes. Ca** fluxes modulate the subsequent
activation of CREB and transcription of target genes, one of which is BDNF. BDNF activation
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of TrkB also stimulates mobilization of neurotransmitter-containing synaptic vesicles via TrkB
binding to an actin/Myo6/GIPC1 motor complex (14). Thus BDNF activation of TrkB
amplifies neurotransmitter release, thereby stimulating and re-enforcing synaptic
communication.

There are a number of Trk splice variants. For example, NTRK2 (TrkB) has 3 major variants;
the p145kd catalytic tyrosine kinase receptor (TrkB.FL) and two others of p95kd (TrkB.T1
and TrkB.T2) that lack the tyrosine kinase domain yet have distinct intracellular regions (Fig.
1) (15,16). Under some conditions, TrkB.T1 or -T2 can function as dominant negatives,
attenuating the effect of ligands when co-expressed with TrkB.FL. The ligand-binding domain
of TrkB preferentially binds BNDF yet also to a lesser degree NT3 and NT4/5. Splice variants
of TrkB and TrkA containing extra sequences in the juxtamembrane region enhance binding
to non-preferred ligands.

Trk expression and activation status also can be influenced by a number of different receptor
systems co-expressed by cells. Steroids receptors, G-protein coupled receptors (GPCR) and
other receptor tyrosine kinases can also transactivate Trks and downstream PLCy and PI3K
paths in the absence of NTs (17,18). Intracellular accumulation of zinc (but not other divalent
cations) via voltage-dependent cation channels activates TrkB (but not TrkA or TrkC) via
inhibition of C-terminal Src kinase activating Src (also Yes and Fyn). Src kinase transactivates
TrkB but results only in activation of the Erk1/2, CREB and PLCy pathways (19). Activation
of Trks via these alternative mechanisms can qualitatively alter the signaling threshold for
downstream signaling intermediaries, resulting in distinct functional read-outs such as
proliferation versus differentiation.

Finally, one cannot discuss the function of Trks without mentioning p75/NGFR. Structurally,
p75 is in the Death Receptor Family yet binds all NTs and serves, in the presence of Trks, to
inhibit non-preferred NT binding, thereby enhancing preferred NT activation of Trks (4,5,18,
20). However, immature or unprocessed forms of NTs, pro-NTs, bind both p75 and sortilin (a
member of the VPS10p-domain receptor family), and this complex transmits a “death” signal
via the JNK kinase pathway (21). The VPS10p-domain receptors are involved in the process
of intracellular organelle protein trafficking, which is important in highly polarized cells such
as neurons. Another family member SORLA (sorting protein-related receptor with A-type
repeats) prevents the inappropriate processing of amyloid precursor protein to amyloid-p, a
neurotoxin which is found in the senile plagques of Alzheimer's disease patients (22).

NTs are synthesized by different organs throughout the body and are essential for appropriate
innervations of target organs. Trks are important during the normal development of kidney,
prostate (23), B-lymphocytes (24), eosinophils (25) and bone marrow derived-endothelial
precursor cells (26) and impact heart (27), muscle (28) and ovarian (29) differentiation.
Moreover, embryonic stem cells express TrkB and TrkC, and their survival and clonability is
largely dependent on the expression of their cognate ligands in the surrounding milieu (5).

Activation of the Trk signal transduction pathways is influenced by the concentration and type
of NTs expressed in the local environment and by the cellular co-expression of Trk splice

variants, p75 receptor, accessory receptors and the activation of G-coupled protein receptors.
The ultimate signal transduced after NT activation of Trk signaling is the consequence of the
integration of a number of distinct receptor signaling as well as biologic processing pathways.

Trks in Cancer

Trks may play either a good or bad role in oncogenesis. The first clinical association of Trks
and cancer came with the findings of activating mutations caused by chromosomal
rearrangements or mutations in NTRKZ1 (TrkA) in papillary and medullary thyroid carcinoma,
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respectively (30). However, even in these tumor types the frequency of genetic alterations in
Trk genes is low, and such alterations have not been consistently identified in other tumors.
Over the years a number of studies have detailed Trk expression in different tumor types,
correlating expression with prognosis or tumor stage. However, there is no clear pattern of
association of a particular Trk isoform with prognosis. In neuroblastoma (NB), patients whose
tumors have elevated levels of TrkA (31) or TrkC (32) expression have a better prognosis,
while those whose tumors express elevated levels of TrkB and BDNF have a poor prognosis
(33,34). Elevated TrkC expression also is associated with a better prognosis in
medulloblastoma (35). In medullary thyroid cancer, TrkB is expressed in hyperplastic C-cells
while TrkC is more highly expressed in the late stages of disease (36).

Different splice variants of the same isoform may also have variable patterns of expression.
For example, high expression of TrkB.FL in Wilm's tumor is a poor prognostic marker while
high expression of the TrkB.T1 or T2 forms is associated with a better prognosis (37). Recently,
a splice variant of TrkA (TrkAlll) was identified and found to be more highly expressed in
tumors of neuroblastoma patients with a poor prognosis (38). These studies indicate that
different Trk isoforms function as prognostic markers in different tumor types as well as within
a single tumor type. The differential Trk or Trk isoform expression in tumor cells may reflect
regulatory programs operant during development and/or different environmental conditions
(such as hypoxia).

Clinical-Translational Advances

In cases where Trks are not translocated or mutated, questions remain; do they function as
developmental markers or tumor markers, or do they have a pathophysiologic role in the
biology of tumor cells? Since NT activation of Trk mediates survival signals and stimulates
neuritogenesis and migration in normal neurons (39), these same processes could be exploited
by tumor cells to survive cytotoxic insults or metastasize. TrkB-expressing neuroblastoma
tumor cells treated with BDNF are less sensitive to cytotoxic drugs (40,41), survive under
conditions of limiting growth factors (33,42,43), and display enhanced invasiveness (42) and
increased VEGF production (44). Neuroblastoma cells that survive repeated exposures to
cytotoxic agents express increasing levels of BDNF, suggesting that the NT-Trk signal
transduction pathway contributes to a multi-drug resistant phenotype (42). The recent finding
that hypoxia induces increases in TrkB (45) may contribute to a phenomenon in the tumor
microenvironment whereby the autocrine activation of the BDNF/TrkB signal transduction
pathway enables survival of residual tumor cells after repeated rounds of chemotherapy. In
fact, even though many aggressive, poor prognosis neuroblastoma tumors are initially sensitive
to cytotoxic drugs, the majority relapse.

Elevated expression of TrkA in neuroblastoma tumor specimens is associated with a good
prognosis. Consistent with this observation, high TrkA expression in neuroblastoma cell lines
is associated with decreased invasiveness (42), tumor cell growth (46) and low expression of
angiogenic growth factors (47). TrkA and TrkB are differentially regulated in neuroblastoma
tumor cells (48) and, consistent with the differences in functional effects, the transcriptome
regulated by NGF activation of TrkA is markedly different from the transcriptome regulated
by BDNF activation of TrkB (49).

Using a regulated-TrkB expression model (43), the level of TrkB expression as well as the
concentration of BDNF increase the survival of cells in a toxic environment (40). As in normal
neurons, the survival of neuroblastoma tumor cells exposed to cytotoxic drugs is mediated in
part by activation of the Trk-TK, via PI-3kinase (41) activation of Akt (50) and inactivation
of GSK3p (51). These studies demonstrated that the effects of chemotherapeutic agents are
attenuated even if a tumor cell with high levels of TrkB expression is in an environment with
low levels of BDNF. More importantly, even if tumor cells expressed low levels of TrkB
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receptor, if cells were in a BDNF-rich environment, the effects of cytotoxic agents were
decreased. This indicates that sites of relatively high levels of TrkB ligands (BDNF, NT-4)
may serve as sanctuary sites for TrkB-expressing tumor cells. An example of this is the finding
that bone marrow (BM) stroma produces BDNF capable of stimulating the survival and growth
of TrkB-expressing multiple myeloma tumor cells. The BM-derived BDNF activation of TrkB
via activation of the PI-3kinase/Akt pathway desensitizes myeloma tumor cells to the drugs
clinically used to treat multiple myeloma (52).

TrkB has been shown to play a key role in metastasis of tumor cells. BDNF stimulates tumor
cell disaggregation and increases the ability of TrkB-expressing neuroblastoma tumor cells to
degrade and invade through extracellular matrix proteins (58). Elegant studies identified that
TrkB expression by epithelial cells enabled them to resist anoikis (anchorage-dependent cell
death) and metastasize (53). Subsequent studies have extended this to ovarian (54,55),
pancreatic (56) and prostate tumor cells (57) as well hepatocellular (58), gastric (59) and head
and neck squamous cell carcinomas (60). These findings indicate that TrkB-mediated
resistance to anoikis may be a general property of epithelial-derived tumor cells. The
importance of TrkB in survival has been extensively studied in neuroblastoma tumors (31,
40-3,50,51), yet there are reports of a role for TrkB in the survival of cells derived from
malignant B cells (52,61), prostate (62), lung (63) breast cancer cells (64) and head and neck
tumors (65). A provocative study indicates that the TrkB-mediated invasiveness in
neuroblastoma cells is achieved via upregulation of Hepatocyte Growth Factor (Scatter Factor)
and c-met. The siRNA-mediated silencing of c-met or antibodies to HGF diminish BDNF/
TrkB-induced invasiveness (66). Whether this is the generalized mechanism by which TrkB
mediates motility/invasiveness awaits evaluation in other model systems.

BDNF has been found to stimulate neovascularization via recruitment of TrkB-expressing
endothelial progenitor cells (67), raising the possibility that tumor cells secreting TrkB ligands
are able to induce angiogenesis. In neuroblastoma, angiogenesis may be more directly
influenced by increases in VEGF that are mediated by the BDNF/TrkB-induced increases in
HIF-1a (47,52). Moreover, hypoxia induces increases in NTRK2 (TrkB) gene expression that
are mediated by HIF-1a binding to a hypoxia response element in the NTRK2 promoter region
(48). Hypoxia-associated increases in neuroblastoma cell invasiveness can be blocked by
inhibition of the Trk-TK(48), bringing full circle the degree of TrkB's involvement in the
process of angiogenesis and metastasis. As hypoxia is a hallmark of many aggressive tumors,
hypoxia-induced increases in TrkB may be the reason that so many different tumor types have
elevated TrkB levels. Where studied, most reports have pointed to the importance the Trk-TK/
PI1-3 kinase/Akt pathway in mediating invasiveness, resistance to anoikis and production of
VEGF.

After the discovery of the involvement of Trks in the biology of cancer, it was appreciated that
inhibition of Trk activity might be beneficial in the clinical oncology setting (68,69). Most
strategies have been aimed at targeting the Trk TK domain. Since there is a high degree of
homology among Trk TK domains, there are currently no reported inhibitors that selectively
block TrkA or TrkB kinase activity. The earliest Trk inhibitors to reach clinical trials were
Cephalon's CEP-751 and CEP-701(lestaurtinib). These compounds were modeled on the
indolocarbazole K252a from Nocardiopsis sp. and were relatively non-selective in inhibiting
Trks, FIt3 and protein kinase C (PKC). CEP-751 and CEP-701 reduced tumor burden in
xenograft models of prostate (68), pancreatic (70), neuroblastoma and medulloblastoma tumors
(71), medullary thyroid carcinoma (72) and acute myeloid leukemia cells (73). A Phase | study
of CEP-701 established the maximum tolerated dose and identified that toxicities such as
nausea, gastrointestinal events and dyspepsia were relatively well-tolerated (74). CEP-701
Phase I studies are in progress. Given the important role Trk signaling plays in normal neurons,
it is encouraging that neural toxicity has not been a dose-limiting toxicity. In pediatrics, the
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New Agents in Neuroblastoma Therapy (NANT) consortium has an open trial N2001-03: A
Phase | study of CEP-701 in Patients with Refractory Neuroblastoma?.

Another series of Trk inhibitors came from the optimization of 4-aminopyrazolylpyrimidines
from AstraZeneca, Inc. One such compound, AZ-23, inhibits TrkA/B in the nanomolar range
and had reasonable pharmacodynamics and oral bioavailability in toxicology studies. Phase |
testing in adults was initiated (75) but recently halted due to poor pharmacodynamic properties.
Other congeners of 4-aminopyrazolylpyrimidines remain poised for clinical development.

Since mutations in Trk TK are rare, it is unclear how successful Trk kinase inhibitors as single
agents will be. To date, small molecule inhibitors targeted to kinase domains have been most
successful in cases where the targeted kinases contain activating mutations. In fact, CEP-701's
activity as asingle agent has been seen primarily in acute myeloid leukemias (AML) containing
mutations in the FIt3 receptor (76). However, as the capability to perform high-density
sequence analysis of tumors increases and the cost of “personalized” medicine decreases, it
may be possible to specifically identify patients whose tumors contain Trk mutations and who
therefore would be candidates for a Trk-targeted kinase inhibitor as part of their therapeutic
regimen.

Another strategy suggested by preclinical modeling is to use TrkB kinase inhibitors in
combination with standard chemotherapy (57-65). In a pre-clinical NB xenograft model,
CEP-701 (or the active precursor CEP-751) significantly enhanced the activity of
cyclophosphamide, as well as other cytotoxic drug combinations currently used in the treatment
of high-risk NB (71 and personal communication, GM Brodeur). A clinical trial of CEP-701
with gemcitabine was undertaken to assess drug interactions in patients with advanced
pancreatic cancer. The combination was well tolerated with no unexpected toxicities, but as
the trial was limited and not designed to assess efficacy, further studies are planned (77).

Additional therapeutic options can be developed by moving downstream to the key intracellular
mediators of activated TrkB's pro-survival and pro-metastatic signals, PI3K and Akt.
Pharmacologic inhibitors of these kinases have been extensively pursued. Inhibitors of Akt
enhance the efficacy of low-dose etoposide and cause regression of TrkB-expressing NB
tumors in a xenograft model (Z. Li and C. Thiele, unpublished data). Such strategies may offer
a broader spectrum of inhibitory activity than Trk kinase targeted agents and may also be useful
when the seemingly inevitable resistance to targeted agents arises.
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Figure 1.

Schematic representation of Trk receptor tyrosine kinases and major signal transduction
pathways. The trk receptors have an extracellular ligand binding domain, a singular
transmembrane region and an intracellular region of variable length. The round green filled
circles represent the cysteine rich regions, which are separated by fibronectin type Il repeats
(jagged line). The open green circles represent the 1g-like domains that bind the dimeric BDNF
monomers leading to dimerization of the TrkB receptors and activation of the intracellular
TrkB-tyrosine kinase (TK) domain (rectangle filled with circles). Activation of the TrkB-TK
leads to phosphorylation (P) of a number of tyrosines (Y) in the TK domain as well as the
juxtamembrane domain. These PY residues serve as docking sites for cytoplamic proteins such
as Shc, PLCy whose recruitment in turn leads to activation of downstream mediators of the
MAPK, PLCy and PI-3 kinase pathways. Ultimately these signals are transduced to the nucleus
to mediate transcriptional programs that regulate cellular functions such as synaptic plasticity,
differentiation, growth and survival and motility. Other members of the Trk family, TrkA and
TrkC are depicted to illustrate the structural conservation of this gene family. P75 is a pan
neurotrophin (NT) receptor which is structurally in the “Death Receptor” family of membrane
bound receptors.
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