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Abstract: Neurotrophins (NTs) represent a group of growth factors with pleiotropic activities at the
central nervous system level. The prototype of these molecules is represented by the nerve growth
factor (NGF), but other factors with similar functions have been identified, including the brain de-
rived-growth factor (BDNF), the neurotrophin 3 (NT-3), and NT 4/5. These growth factors act by
binding specific low (P75) and high-affinity tyrosine kinase (TrkA, B, and C) receptors. More re-
cently, these growth factors have shown effects outside the nervous system in different organs, par-
ticularly in the lungs. These molecules are involved in the natural development of the lungs, and
their homeostasis. However, they are also important in different pathological conditions, including
lung cancer. The involvement of neurotrophins in lung cancer has been detailed most for non-small
cell lung cancer (NSCLC), in particular adenocarcinoma. This review aimed to extensively analyze
the current knowledge of NTs and lung cancer and clarify novel molecular mechanisms for diag-
nostic and therapeutic purposes. Several clinical trials on humans are ongoing using NT receptor
antagonists in different cancer cell types for further therapeutic applications. The pharmacological
intervention against NT signaling may be essential to directly counteract cancer cell biology, and
also indirectly modulate it in an inhibitory way by affecting neurogenesis and/or angiogenesis with
potential impacts on tumor growth and progression.
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1. Introduction

Lung cancer is the leading cause of death from cancer worldwide. There are two main
histopathological forms: non-small cell lung cancer (NSCLC) (adenocarcinoma -ADK-,
squamous cell carcinoma and large cell carcinoma) and small cell lung cancer (SCLC) dis-
playing neuro-endocrine features. The former represents about 80% of diagnosed cases.
In the past few years, the incidence of NSCLC continued to rise. The average survival after
five years is about 16%. Often, the delay in diagnosis precludes the possibility of a surgical
approach [1], and chemotherapy is the only possible therapeutic strategy in the most ad-
vanced stages. The ineffectiveness of traditional chemotherapy treatments highlights the
need to identify molecules that guide the growth, survival, and resistance to the treatment
of neoplastic cells. Recently, progress has occured in this area of research with the identi-
fication of target molecules with the development of target therapies.

ADK of the lung represents the most common type of lung cancer and comprises
about 40% of all lung cancers, regardless of smoking history or gender. It originates from
small airway epithelial, glandular, and/or type II alveolar cells. Advances in lung ADK
research have led to the dramatic modification of classical cancer treatment from standard
cytotoxic chemotherapy and/or radiotherapy to mutation-target therapies. Target thera-
pies often produce rapid tumor regression with few side effects, limiting the potential
therapeutic efficacy to sensitive cancer cells, since normal cells lack the tumorigenic mu-
tation. Identification of novel target mutations or molecules that can potentially control
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cell growth and that could be pharmacologically modulated is essential to overcome the
development of drug resistance and to have different therapeutic weapons to be used in
subsequent lines of treatment or as combination therapies.

Since the discovery of tyrosine kinase receptors (TRKs) in the 1960s, and their classi-
fication into different families, their relevant role in numerous aspects of cell biology has
been clarify. At the same time, it became evident how their dysfunction could play a de-
cisive role in different cellular biological activities, as well as the development of tumors,
conditioning their biological behavior from the early and throughout the advanced stages
of the disease. The discovery of TRKs mutations has allowed the development of new
drugs able to inhibit these receptors and their downstream pathways. It represents a ther-
apeutic innovation, a milestone in cancer therapy, able to impact mortality. Therefore,
many TRK receptor inhibitors are widely used in the treatment of different human malig-
nancies. Furthermore, molecular research is looking for new mutations and drugs for can-
cer treatment that can improve the patient quality of life and survival.

The development of neoplastic tissue is typically affected by local conditions that
guide its development and progression. Among these, metastasization is certainly the
most important event. Consequently, the interaction between neoplastic tissue and the
microenvironment is fundamental to favor these events [2]. In the 1970s, the concept of
neo-angiogenesis was defined as the ability of neoplastic tissue to produce new vessels nec-
essary to cover its needs [3]. As a result, the research sought to identify the biological
factors underlying this process and to counteract them [4,5].

Another important endothelial homeostatic mechanism essential for cell growth is
represented by neo-lymph angiogenesis [6]. Furthermore, the role of several lymphangio-
genic factors influencing metastatic disease has been demonstrated [7].

Impaired oxygen demand during solid tumor proliferating cells generates a hypoxic
intra-tumoral environment. This condition activated hypoxia-inducible factor (HIF) that
upregulates the expression of several pro-angiogenetic factors [8,9], therefore, HIF has a
critical role in neo-angiogenesis. Furthermore, hypoxia and BDNF induce HIF expression,
while HIF is a transcriptional activator of the TrkB NT receptor gene[10]. The expression
of the low-affinity NT receptor p75 increased the stabilization of HIF resulting in an in-
crease in migration, invasion, and stemness in response to hypoxia in some cancer cell
types [11].

In the same way as the neo-formation of blood and lymphatic vessels, there is the
possibility, for the correct tissue homeostasis, to promote the development of nerve end-
ings within the tumor. This condition has been defined neo neurogenesis [12].

Simplistically, the role of peri- and intra-tumoral neuronal innervation had been ex-
clusively considered mechanical. More recently, tumor innervation has been shown to
have a functionally relevant role. It appears to be essential in regulating the complex in-
terstitial network, the local immunological response, neo-vascularization, and the behav-
ior of tumor cells [13-17].

Nerve fibers development within the tumor mass could also serve to release media-
tors able to direct tumor cell behavior [15]. This condition favors beneficial mutual assis-
tance between the nervous system and neoplastic cells mediated by the release of media-
tors both from the nerve terminals and the tumor cells, with cancer neurotrophic and
axon-guidance activity. Perineural invasion, axonogenesis, chemoattractant, and survival
molecules secretion support this relationship. Furthermore, the presence of neuronal
markers has often been considered a prognostic factor in several human malignancies [18-
20].

Several lines of evidence support the hypothesis that cancer cell support neurogene-
sis by secreting different neurotrophic factors such as nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), and neurotrophin 3 (NT3). These mediators and the
expression of their receptors are sometimes associated with cancer prognosis [21].

This review aims to provide a comprehensive picture of the literature data and a
deeper insight into the possible role of neurotrophins (NTs) and NT receptors within lung
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adenocarcinoma cell biology. Moreover, we provide a clear view of the available data to
highlight novel molecular mechanisms useful for diagnostic but, above all, therapeutic
purposes and how they may be considered novel therapeutic targets. This is because
ADK, which represents the leading cause of cancer death worldwide, displays several
different gene mutations actually under investigation.

To identify relevant published data on NTs and NT receptors in lung adenocarci-
noma, we conducted a literature search on PubMed using the following keywords: neu-
rotrophins, NT receptors, nerve growth factor, Brain-Derived Neurotrophic Factor, NT-3,
lung adenocarcinoma, and human”. In Table 1, we reported the search strategy con-
ducted.

Inclusion criteria used to select manuscripts derived from the PICO (problem, inter-
vention, comparison, and outcome) and PIPOH (population, intervention (s), profession-
als, outcomes, and health care setting/context) structures. Therefore, the studies used are
all experimental and published in the last 20 years. Exclusion criteria are the studies pub-
lished in a language other than English and the use of a qualitative methodology. About
190 manuscripts were selected and evaluated for this review. The selected papers are
listed in the reference section.

Table 1. Search strategy conducted.

((genomic OR gene) AND (profiling OR fusion OR rearrangement)) AND Lung AND
cancer NOT (review[ptyp])
NGF or BDNF or NT-3 AND Lung AND cancer
TrkA or TrkB or TrkC or p75 AND Lung AND cancer
((genomic OR gene) AND (profiling OR fusion OR rearrangement)) AND (,lung cancer”
OR ,lung adenocarcinoma”) NOT (review[ptyp])
((genomic OR gene) AND (profiling OR fusion OR rearrangement)) AND cancer NOT
(review[ptyp])
(TRK or NTRK or NTRK1 or NTRK2 or NTRKS3 or tropomyosin) AND (fusion or rear-
rangement) NOT (review|[ptyp]))

2. Neurotrophins and Neurotrophin Receptors in the Lung

NTs are a super-family of trophic growth factors that hold essential functions for the
development, survival, and health of the central and peripheral nervous systems. Moreo-
ver, NTs have an important role outside the nervous system. More than 60 years ago, the
prototype of NTs, the nerve growth factor (NGF) was discovered, and its function was
identified. The discovery of NGF laid the groundwork for the research of novel NTs. To-
day, the mammalian NT family comprises NGF, brain-derived neurotrophic factor
(BDNF), NT-3, and 4/5 [22]. NT-4 was only a specie variation of the NT-5, characterized
in vertebrates, and the terminology NT-4/5 was usually applied. Conversely, NTs 6 and 7
were identified in fish but not mammals [23]. They are closely related molecules with
about 50% of sequence identity with 90% homology among humans, mice and rats [24,25].
All NTs are synthesized as precursors with an N-terminal signal peptide and are further
cleaved into mature NTs [19,26]. Their activities are mediated by the binding to two types
of NT receptors: the low-affinity (p75) and the high-affinity tyrosine kinase NT receptors.
The ability of these factors and their receptors to control cell growth and differentiation
allows us to indicate a connection to cancer cell growth from a scientific and therapeutic
point of view.

NTs and NT receptors are widely present in the normal lung. NTs produced by target
cells (epithelium, smooth muscle cells, immune cells, etc.) not only regulate and address
nerve-ending development and homeostasis, but they may sustain cell behavior, survival,
development, or death in different physiological or pathophysiological conditions. Alt-
hough the epithelium of the lung constitutively expresses NGF, BDNF, and NT3 [27], less
information has been reported on NT receptor expression at this level. NGF, via the high-
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affinity TrkA receptor, seems to possess a survival effect on airway epithelial cells [28].
NGEF is an essential survival factor for bronchial epithelial cells during respiratory syncyt-
ial virus infection. On the other hand, BDNF and NT3 through TrkB and TrkC receptors
induce nitric oxide production via elevation of both intracellular Ca? concentration and
endothelial nitric oxide synthase phosphorylation [29].

3. Neurotrophins and Their Receptors in Cancer

NTs have been investigated in different human malignancies in which they are fre-
quently associated with cancer growth and progression. Overexpression of NTs and their
receptors was demonstrated to promote epithelial to mesenchymal transition (EMT), sym-
metric division, self-renewal and plasticity of cancer stem cells (CSC). CSC are a small
population of cancer cells that possess the capability of differentiation, tumorigenicity,
ability to generate metastasis, and resistance to treatment. Their clinical relevance has
been addressed. Therefore, targeting CSC may be a critical way to better understand the
mechanisms of tumorigenesis, counteract cancer growth and develop novel anti-cancer
strategies to improve patients’ outcomes. In this contest, NTs have demonstrated a signif-
icant role in promoting CSC clonal survival. Additionally, aberrant NT/NT receptor sig-
naling has been recognized as a driver of cancer progression[30,31].

Many studies have underlined the possible role of NTs and their receptors as poten-
tial factors able to drive neoplastic cell growth, progression, and metastasis in different
malignancies. In addition, their potential value as diagnostic and prognostic biomarkers
have been debated. In tumors of the gastrointestinal tract, elevated levels of BDNF and its
TrkB receptor are correlated with more severe disease and poor prognosis [32,33]. Con-
trarily, low BDNF plasma levels have been detected in colorectal cancer patients com-
pared with healthy subjects suggesting a role of this factor in this malignancy as a bi-
omarker [34] or as a marker of improved survival [35]. In prostate cancer, proNGF expres-
sion was correlated with the degree of malignancy (expressed as the Gleason score) and
the ability to promote neurogenesis in the tumor microenvironment [36]. In ovarian can-
cer the expression of NGF, TrkA, and P75 receptors is also increased, suggesting clinical
implications [37]. Similarly, the expression of proNGF is increased in thyroid tumors com-
pared to normal healthy thyroid tissues, this makes its assay useful as a possible bi-
omarker of malignancy [38]. Furthermore, in thyroid cancer the increased expression of
NT high-affinity TrkA receptor has been correlated with tumor progression and lymph
node invasion. P75 NT receptor expression is also increased in this malignancy [39]. More
recently, the increased expression of different NTs and their receptors have been demon-
strated in different lung cancer histological subtypes [40]. In addition, Trk fusion proteins
are also detected in NSCLC, emphasizing the potential of NT and the NT receptor as tar-
gets for further therapeutical applications[41].

The NTRK gene family contains three members, NTRK1, NTRK2, and NTRK3, which
produce TRKA, TRKB, and TRKC proteins. Intrachromosomal or interchromosomal rear-
rangement of these genes by the fusion of two genes together, may generate aberrant Trk
proteins which in turn may lead to uncontrolled cell growth. The Trk gene fusion gener-
ates fusion proteins with intact functional tyrosine kinase domain, which leads to a per-
sistent upregulation of downstream signal pathways. Trk gene fusion may be associated
with oncogenesis in different cancer cell types. Recently, inhibitors with potential tolera-
bility and efficacy are under investigation in specific clinical trials, in multiple cancer cell
types [42-44].

These fusions can be detected in a broad range of human solid tumors, and in about
5% of NSCLC by next-generation sequencing, immunohistochemistry, DNA fluorescence
in situ hybridization (FISH), and polymerase chain reaction (PCR). The primers used in
RT-PCR for each neurotrophin and receptor are listed in Table 2, while Table 3 lists the
antibodies to detect them via immunohistochemistry.
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Table 2. Primers used in RT-PCR [19].

RT-PCR Primers
NGF 5'CGCTCATCC-ATCCCATCCCATCTTC, 3'
CTTGACAAGGTGTGAGTCGTGGT
BDNE 5'AGGGTTCCGGCGCCACTCCTGACCCT, 3'
CTTCAGTTGGCCTTTGTGATACCAGG
NT-3 5'CGAAACGCGTATCGCAGGAGCATAAG, 3’
GTTTTTGACTCGGCCTGGCTTCTCIT
TrkA 5TCTTCACTGAGTTCCTGGAG,
3" TTCTCCACCGGGTCTCCAGA
TrkB-FL 5'TCTTCACTGAGTTCCTGGAG,
3'TTCTCCACCGGGTCTCCAGA
TrkB. [TR-] 5TAAAACCGGTCGGGAACATC,
3'ACCCATCCAGTGGGATCTTA
TrkC 5'CATCCATGTGGAATACTACC, 3
TGGGTCACAGTGATAGGAGG
P75 5'AGCCCAC-CAGACCGTGTGTG, 3’

TTGCAGCTGTTCCACCTCTT

Table 3. Antibodies often used for immunohistochemistry assays [19].

Immunohistochemistry Antibodies Company
rabbit anti-NGF polyclonal ¢-548; Santa Cruz Biotechnol-
NGF .
antibody ogy, Santa Cruz, CA
BDNF rabbit polyclonal antibody  sc-546; Santa Cruz Biotech-
anti-BDNF nology, Santa Cruz, CA
rabbit polyclonal antibody ¢-547; SantaCruz Biotechnol-
NT-3 .
anti NT-3 ogy, Santa Cruz, CA
rabbit polyclonal TrkA im-  sc-118; Santa Cruz Biotech-
TrkA .
munoglobulin nology, Santa Cruz, CA
rabbit polyclonal TrkB im-  sc-012; Santa Cruz Biotech-
TrkB-FL .
munoglobulin nology, Santa Cruz, CA
rabbit polyclonal TrkB[TK-] sc-119; Santa Cruz Biotech-
TrkB. [TR-] . .
immunoglobulin nology, Santa Cruz, CA
rabbit polyclonal TrkC im-  ¢-117; Santa Cruz, Biotech-
TrkC ,
munoglobulin nology, Santa Cruz, CA
P75 goat polyclonal antibody to sc-6188; Santa Cruz Biotech-
human p75 NT receptor nology, Santa Cruz, CA

Despite the low percentage of Trk gene fusion among lung cancer patients, the high
prevalence of this disease makes this option relevant, considering these oncogenes as pos-
sible targets in lung cancer [45].

Recently in lung cancer, two different gene fusions involving the NTRK1 gene were
observed with the synthesis of constitutive TrkA tyrosine kinase domain activation [44].
A small percentage of patients affected with NSCLC harbored this mutation. Furthermore,
23 newly NTRK1, NTRK2, and NTRK3 gene fusions were identified across different tu-
mor types, including lung adenocarcinomas. Thus, NTRK fusion represents a low-fre-
quency but pan-cancer event that may drive a significant number of patients who may
have benefited from anti-NTRK-inhibitors. Furthermore, the development of NTRK mu-
tations using NTRK inhibitors has been reported [44,46].
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Trk receptor activation resulting from the autophosphorylation of tyrosine residues
in their intracellular tails, triggers several downstream signaling pathways involving en-
zymes and adaptors such as extracellularly regulated kinases (ERK), the phosphatidyl in-
ositol kinase 3 (PI3K), and phospholipase C (PLC). All these pathways regulate cell pro-
liferation, differentiation, and survival in neuronal and non-neuronal cells. Differently,
signaling via p75 receptors leads to a c-jun N-terminal kinase (JNK) cascade depending
on the specific adaptor proteins bound to the receptor. Activation of p75 results, via JNK,
in p53 activation and expression of pro-apoptotic genes (Bcl-2). Furthermore, the p75 re-
ceptor, in combination with tumor necrosis factor TRAF6, promotes activation of nuclear
factor-kB (NF-kB) signaling with a pro-survival effect. The variability of activation signal-
ing promoted by NT receptors is a function of complexity that NT receptor exert outside
and within the central nervous system, as well as in different pathophysiological condi-
tions.

3.1. Low Affinity NT p75 Receptor in ADK of the Lung

The low affinity p75 receptor was the first member of the tumor necrosis factor (TNF)
receptor superfamily to be discovered. p75 is a glycosylated transmembrane receptor
whose activation elicits several biological functions by interacting with its cognate lig-
ands. p75 is an unusual member of TNF receptors for its ability to dimerize and its ability
to act as a tyrosine Kinase (TRK) co-receptor. Isoforms of p75 receptor have been identified
with truncated forms produced by alternative splicing and proteolysis. An example is a
P75 receptor variant lacking exon III generating a receptor unable to bind NTs. p75 recep-
tor may be activated by a constitutive metalloproteinase, resulting in a soluble extracellu-
lar domain able to bind neurotrophins, and a receptor fragment containing the intracellu-
lar domains. Its specific function is uncertain, however, the soluble form of p75 is pro-
duced at high levels during development and nerve injury [47-49].

Complex p75 crosstalk with TRK receptors has been documented. It attenuates TRKs
activation by non-preferred ligands. The relationship between p75 and TRKs is not one-
sided [50].

p75 receptor induces apoptosis in the developing nervous system in the synaptogenic
period. Furthermore, p75 can mediate a variety of biological functions that include cell
survival, migration, cell invasion and proliferation, as well as cell death [51].

Therefore, a precise p75 activity is contradictory. Its specific function, under physio-
logical condition, is uncertain and the role of the receptor activation still appears enig-
matic. However, its activation could carry out, in neoplastic cells, interesting and im-
portant effects both from a scientific and a therapeutic point of view. P75 signal transduc-
tion may be influenced by mutual interaction between p75 and TRK receptors, the appro-
priate concentration of neurotrophic factors at the binding site, the different cytoplasmic
receptor expression. Consequently, it is not possible to generalize the role of p75 in any
biological condition and thus, in cancer biology. Moreover, the p75 receptor is often absent
in many malignancies and its expression is not considered an indication of cancer pheno-
type, although it can be used as a marker in some clinical conditions. More recently, some
authors indicate cancer cells possessing p75 expression display some cancer stem cell
characteristics such as self-renewal and resistance to chemotherapy [26,48].

The data suggests, in gastric carcinomas, that the expression of p75 can inhibit me-
tastasis by down-regulating the expression of MMP9 and up-regulating TIMP1 through
NF-kB signal transduction pathway is not in line with these observations [52,53].

4. Neurotrophins and Their Cognate High Affinity TRK Receptors in ADK of the
Lungs

NTRK 1-3 genes encode the high affinity 140 kDa Tyrosine Kinase (TRK) receptors.
Different NTs preferentially bind to specific high-affinity TRK receptors: NGF preferen-
tially binds to the TRKA receptor; BDNF and NT-4 to TRKB; and NT-3 to the TRKC re-
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ceptor. Although the binding to cognate receptors is considered to occur with a high af-
finity, it is regulated by receptor dimerization, receptor structural changes, or association
with the low-affinity p75 receptor that is considered a co-receptor, enhancing the affinity
and specificity modulating the activity of the TRK receptors. Furthermore, the ratio in NT
receptor expression is essential in addressing the effect of NTs on cell activity and destiny.
Competitive or synergic activity may be displayed [40,54].

4.1. NGF/TrkA Receptor Signalling

TrkA expression has been considered a marker of favorable prognosis in neuroblas-
tomas [55]. On the contrary, in breast cancer, NGF/TrkA signaling contributes to cancer
progression via the activation of ERK, SRC, and AKT pathways similar to gastric and pan-
creatic cancer [56].

Although the anatomical distribution within cancer cells is still unclear, the expres-
sion of NGF and TrkA are high in NSCLC [40,56]. In lung adenocarcinomas, the expres-
sion and role of the NGF/TrkA system has been demonstrated [19]. The effect is mediated
by NGF binding to TrkA receptor via activation of the anti-apoptotic protein Akt, and it
is blocked by NT receptor inhibitor K252a. Furthermore, in a series of histologically dif-
ferent non-small cell lung cancers, the expression of TrkA and NGF was mainly docu-
mented in squamous cell carcinomas and to a lesser extent in adenocarcinomas [56].
Meanwhile, the overexpression of NGF and the increased release of hypoxia-inducible
factor-lalpha (HIF-1a) magnify tumor neo-angiogenesis, and this correlated with micro-
vascular density [5].

4.2. BDNF/TrkB Receptor Signalling

BDNF is a growth factor usually related to existing neuron survival, facilitating re-
generation and synapse plasticity. Its increased expression has often been described in
different cancer types. Squamous cell carcinoma and adenocarcinoma of the lung express
more elevated levels of BDNF at both protein and mRNA levels. Its activity is mediated
by the TrkB receptor and activates several downstream signaling such as PI3K/AKT,
RAS/ERK, Jak/STATPLC/PKC, and AMPK/ACC [57]. TrkB is essential to BDNF function
because TrkB deficiency in an ADK model reduces cancer’s ability to generate metastasis
[58]. Cooperation between TrkB and EGFR signaling has been reported that may favor
cancer cell dispersion and migration [59].

BDNF was produced and secreted by a percentage of lung tumors, with autocrine and/or
paracrine effects [58].

The role of the TrkB receptor has been characterized in neural tumors, such as neu-
roblastomas, where TrkB expression represents a sign of aggressive behavior. The TrkB
(also defined as NTRK2) receptor is fundamental for neuronal development but is an in-
dependent prognostic factor in different malignancies. High expression of TrkB correlates
with poor prognosis in non-neuronal tumors such as ovarian, pancreatic, prostate, and
gastroenteric tract cancers. Furthermore, TrkB overexpression has been documented in
metastatic cells, while TrkB detection in adenocarcinomas of the lung has been associated
with poor prognosis [20,57,60].

TrkB activation by its ligand, the BDNF, promote resistance to chemotherapy by
PI3K/AKT pathway. Moreover, in in vitro lung adenocarcinoma cell culture, BDNF stim-
ulates the pro-survival pathway via AKT suppressed by TrkB receptor inhibitor [19].

The TRKB receptor can be found expressed in different isoform. The active form of
the receptor requires the full-length status (TrkB-FL). The truncated TrkB isoforms T1 and
T2 do not have a clear biological function but, probably, under specific conditions, they
can act as dominant negatives [61].

However, several studies reported a role of the T1 isoform in tumorigenesis [61]. Its
overexpression induces liver metastasis via activation of RhoA signaling [62]. Moreover,
expression of the full-length TrkB receptor in lung ADK cells seems to be associated with
the increased risk of developing brain metastasis [63].
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The role of BDNF/TrkB signaling has been assessed in cancer stem cell cultures de-
rived from ADK cells of the lungs. TrkB was highly-expressed in these cells, where it was
able to affect spheroid morphology and efficiency. The TrkB inhibition via pharmacolog-
ical or siRNA against TrkB causes loss of transcription factors linked to epithelial to mes-
enchymal transition (EMT), suggesting that TrkB is involved in the full acquisition of EMT
in cancer cells [60].

In the opposite direction, the results show a reduction of TrkB expression in adeno-
carcinomas, with a better prognosis. These data suggest a role as a suppressor gene for
TrkB. This effect could be associated with DNA hypermethylation in lung adenocarci-
noma [64].

4.3. NT3/TRKC

NT3 is related to the maintenance of the central nervous system in adults and the
development of neurons in the embryo. Knockdown of NT3 in mice results in a severe
deficiency in limb movement [65].

NT3 behaves differently depending on the presence or absence of TrkC (NT3’s main
receptor). For example, in neuroblastomas, overexpression of NT3 alone is related to a
better prognosis, while the overexpression of both NT3 and TrkC leads to a poorer out-
come. This is based on the hypothesis that TrkC acts like a proto-oncogene only when it
is in the presence of a ligand (in fact, in the absence of a ligand, TrkC promotes cellular
apoptosis) [66]. This highlights how fundamental the NT3/TrkC complex is in cancer de-
velopment.

TrkC overexpression has been reported in patients with different cancer cell types
from mesenchymal and epithelial cell lineage. Its aberrant activation and presence in
NTRKS3 fusion proteins induces the epithelial to mesenchymal transition program, in-
creases the cancer cell growth rate and oncogenic capacity activating different pathways
associated with tumor development and progression [64,67].

A consistent number of mutations in the kinase domain of the TrkC receptor have
been demonstrated that imply the possible constitutive activation of the TrkC receptor
with acquired resistance to Trk-inhibitors [68].

5. Therapy in NTRK Positive Solid Tumors

Nowadays, only two drugs are approved for NTRK+ lung cancer: Entrectinib and
Larotrectinib.

Entrectinib is approved for solid tumors with NTRK gene fusion and NSCLC with
ROS1 mutation (first line of therapy), administered at the dosage of 600 mg daily in adults
and 300 mg/m? daily in children > 12 years old [69]. It is generally well tolerated, however
the most common adverse effects (in most cases grade 1-2) are dysgeusia, fatigue, consti-
pation, diarrhea, edema peripheral, dizziness, nausea or vomiting, paresthesia, increasing
levels of creatinine or transaminases, myalgia, anemia, and increased body weight [70].
Cases of developing drug resistance have also been described [71].

Larotrectinib has been approved only for solid tumors with NTRK gene fusion, the
dosage for an adult is 100 mg twice/day and in children >12 years old it is 100 mg/m?
twice/day. It can cross the blood-brain barrier, so it is effective against central nervous
system metastasis [72]. Adverse effects are similar to those of Entrectinib, with the addi-
tion of a possible reduction in neutrophil count [73].

Other drugs under investigation for Lung Cancer with NTRK mutations are Selitrec-
tinib (ClinicalTrials.gov Identifier: NCT04275960), Repotrectinib (ClinicalTrials.gov Iden-
tifier: NCT04094610), Taletrectinib (ClinicalTrials.gov Identifier: NCT02675491), Beliza-
tinib (ClinicalTrials.gov Identifier: NCT02048488), Altiratinib (ClinicalTrials.gov Identi-
fier: NCT02228811). In Table 4, we reported TRK inhibitors clinical trials in NTRK fusion-
positive solid tumors, including NSCLC.
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Table 4. TRK inhibitors clinical trials in NTRK fusion-positive solid tumors, including non-small
cell lung cancer (NSCLC).

Population with NTRK-Fusion

Study Name Phase Inhibitors Positive Solid Tumors Enrollment (n)
NAVIGATE . . .
(NCT02576431) I Larotrectinib Adults and children 320 patients
(I\SIE?(I;;I;I;;) I Entrectinib NTRK-, ROS1- and ALK-fusion positive 300 patients
TRK fusi ET or AXL -
NCT01639508 I Cabozantinib 1Kk fusion, or MET or AXL overex 68 patients
pression, amplification, or mutation
NCT03215511 I/ Selitrectinib Adult and pediatric 93 patients
(ngl,g;)l;; 1_ i 6) I/ Repotrectinib NTRK-, ROS1- and ALK-fusion positive 450 patients
NCT02675491 I DS-6051b NTRK- or ROS1-fusion positive s 15 patients
NCT01804530 i PLX7486 NTRK-fusion positive 59 patients-dis-
continued
. NTRK-fusion positive or MET-mutation .
NCT02920996 II Merestinib NSCLC 25 patients
NCT03556228 I VMD-928 NTRK1 alteratlonsf 1.nc1ud1ng fusions, 54 patients
positive
NCT02219711 I Sitravatinib NTRK-fusion positive NSCLC 260 patients

6. Conclusions and Perspectives

Great effort in lung cancer research has focused on transformed cancer cells. This led
to the identification of important pathways and specific genes involved in oncogenesis,
such as EGFR, KRAS, AKT, and ROS1 [74]. However, less attention has been given to the
role of the tumor microenvironment and the factors able to influence it, orienting tumor
behavior, the ability to generate metastases and resistance to therapy. NTs could directly
interact with tumor cells, expressing NT receptors. Indirect interactions of NTs and tumor
cells could also occur, resulting from the interplay between malignant cells and tumor
microenvironment, orienting phenomena such as neo-angiogenesis, neo lymph angiogen-
esis or neo neurogenesis, essential for tumor growth. In this context, the relationship be-
tween NTs and HIF-1a or VEGF-c the key regulators of tumor lymphangiogenesis and
metastasis, are known [22,75]. In addition, NTs may modulate the immune system in-
volved in the fight against neoplastic development. Data from the literature support the
hypothesis that NTs signaling counteracts anti-tumor immunity and immunotherapy re-
sponse [76]. Moreover, NGF participates in tumor immune surveillance, modulating both
innate and adaptative immune responses [77,78]. These observations, yielding new per-
spectives and a basis for understanding some mechanisms that regulate tumor cell behav-
ior, suggest the possibility of considering these growth factors as potential therapeutic
target molecules. From this point of view, in different adult and pediatric tumors, NTRK
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gene fusions are identified as oncogenic drivers [79-81]. In NSCLC, the prevalence is be-
low 5%. In Tables 5 and 6 we showed different NTRK gene fusions and their reported
frequency of in NSCLC. Trk fusion is not linked to specific clinical features but is mutually
exclusive with other mutations. Trk inhibitors, such as larotrectinib and entrectinib, dis-
play efficacy and a safe profile and they are approved for the treatment of NT Trk fusion-
positive tumors. Furthermore, next-generation NT Trk inhibitors, selitrectinib, repotrec-
tinib, and taletrectinib, are generated to overcome acquired resistance. Much is still un-
known about the complex NT mechanisms that control cancer cell survival and cell
growth. The current idea is that NTs participate, in parallel with other different factors, in
lung cancer cell control. Cancer is a pathologic process that results from a variety of causes
and molecular events. Within the next few years, further research and understanding will
direct the assessment and treatment of lung cancer. ADK have had the biggest expansion
in this regard. Although the percentage of ADK that express NTs and NT high and low-
affinity receptors are rare and the prevalence of NT gene fusion account for approximately
5% of cases, collectively they affect a considerable number of patients. Analysis of this
system could be routinely considered for possible target therapies. Considering the diffi-
culty in treating advanced lung ADK that is not surgically resectable, and burdened by a
high mortality rate, alternative therapies need to be established. Cancer can be treated by
ongoing extended therapies that can control the disease for months or years. The emerg-
ing new paradigm is that small molecules and biologics will become important tools to
favor the transition to chronicity in advanced cancer. This could happen by better under-
standing the pathophysiological mechanisms of the disease, and the possibility of combi-
nation therapies based on molecular targets. In this context, it is important to consider the
NTs system as avenue for treating lung cancer.

Table 5. Reported frequency of NTRK gene fusions in NSCLC.

Fusi
Study. Histopathology Frequency NTRK Parlilil:rl:s) Detection
NTRKI SQSTM1,TPR, DNA NGS,
Farago, 2018[53] NSCLC 0.23% NTRES IRF2BP2, TM3, RNA NGS or
MPRIP, ETV6 FISH
ADK with, i DNA
Vaishnavi, 2013 [50] without oncogenic 3.3% NTRK1 MPRIP, CD74 NANGS or
drivers FISH
RNA se-
Stranniki, 2014 [54] ADK 0.19% NTRK2 TRIM24 NA se
quencmg
RT-PCR
Miyamoto, 2019 [36] Non-SqCC NSCLC 0.05% NTRK3 Not reported NCG Sand
DNA and
TPM3, SQSTMI,
Gatalica, 2018 [55] ADK 0.1% NTRK1-3 Q RNA NGS &
ETV6
HC
IRF2BP2, TP
Ou, 2019 [56] NSCLC 0.1% NTRKI-3 - TPMS, DNA NGS
and others
CD74, IRF2BP2,
LMNA, PHF20
Xia, 2019 [57] NSCLC 0.056% NTRKI SOSTML TPMS, DNA NGS
TRP

NTRK, neurotrophic receptor tyrosine kinase; RT-PCR, reverse transcriptase polymerase chain re-
action; NGS, next generation sequencing.
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Table 6. Neurotrophic receptor tyrosine kinase (NTRK) gene fusion in lung cancer detected using

NGS at DNA and RNA levels.
Histology DNA Rearrangement RNA Fusion
C14o0rf2-NTRK1 (intergenic: intron 11) KIF5B-RET (exon 15—exon 12)
RRNAD1-NTRK1 (UTR3-exon 15) TPM3-NTRK1(exon 8—exon 10)
NTRKI-NBPF25P (intron 8-intergenic) TPM3-NTRK1(exon 8—exon 10)
ADK NTRK1-ARHGEF11 (exon 17: intron 1) SQSTM1-NTRK?2 (exon 4—exon 15)
NTRKI-FMN?2 (intron 11: intron 16) KIF5B-NTRK?2 (exon 24—exon 15)

TPM3-NTRK1 (intron 8: exon 9)
TPM3-NTRK1 (intron 8: intron 9)

Author Contributions: Conceptualization, methodology, resources, writing—original draft prepa-
ration, writing—review and editing, A.R.; Writing, draft preparation, review and editing: C.S., S.C,,
A.C, C.d.V. and M.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funds by Progetto Ateneo 2018. grant number RM11816422218F91.

Institutional Review Board Statement: This study did not require ethical approval as it did not
involve humans or animals.

Data Availability Statement: Not applicable.
Acknowledgments: This study was aided by the Progetto Ateneo 2018.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2020. CA Cancer ]. Clin. 2020, 70, 7-30. https://doi.org/10.3322/caac.21590.

2. Wang, ].-].; Lei, K.-F.; Han, F. Tumor Microenvironment: Recent Advances in Various Cancer Treatments. Eur. Rev. Med. Phar-
macol. Sci. 2018, 22, 3855-3864. https://doi.org/10.26355/eurrev_201806_15270.

3. Li, T, Kang, G.; Wang, T.; Huang, H. Tumor Angiogenesis and Anti-Angiogenic Gene Therapy for Cancer. Oncol. Lett. 2018, 16,
687-702. https://doi.org/10.3892/01.2018.8733.

4. Lugano, R,; Ramachandran, M.; Dimberg, A. Tumor Angiogenesis: Causes, Consequences, Challenges and Opportunities. Cell.
Mol. Life Sci. 2020, 77, 1745-1770. https://doi.org/10.1007/s00018-019-03351-7.

5. Bremnes, RM.; Camps, C,; Sirera, R. Angiogenesis in Non-Small Cell Lung Cancer: The Prognostic Impact of Neoangiogenesis
and the Cytokines VEGF and BFGF in Tumours and Blood. Lung Cancer 2006, 51, 143-158. https://doi.org/10.1016/j.lung-
can.2005.09.005.

6.  Stacker, S.A.; Williams, S.P.; Karnezis, T.; Shayan, R.; Fox, 5.B.; Achen, M.G. Lymphangiogenesis and Lymphatic Vessel Remod-
elling in Cancer. Nat. Rev. Cancer 2014, 14, 159-172. https://doi.org/10.1038/nrc3677.

7. Wang, C.-A,; Tsai, S.-J. Regulation of Lymphangiogenesis by Extracellular Vesicles in Cancer Metastasis. Exp. Biol. Med. 2021,
246, 2048-2056. https://doi.org/10.1177/15353702211021022.

8. Rankin, E.B.; Giaccia, A.J. The Role of Hypoxia-Inducible Factors in Tumorigenesis. Cell Death Differ. 2008, 15, 678-685.
https://doi.org/10.1038/cdd.2008.21.

9. Gao, Y, Jing, M,; Ge, R.; Lang, L. Induction of Hypoxia-Inducible Factor-la by BDNF Protects Retinoblastoma Cells against
Chemotherapy-Induced Apoptosis. Mol. Cell. Biochem. 2016, 414, 77-84. https://doi.org/10.1007/s11010-016-2660-y.

10. Martens, L.K; Kirschner, K.M.; Warnecke, C.; Scholz, H. Hypoxia-Inducible Factor-1 (HIF-1) Is a Transcriptional Activator of
the TrkB Neurotrophin Receptor Gene. |. Biol. Chem. 2007, 282, 14379-14388. https://doi.org/10.1074/jbc.M609857200.

11. Tong, B.; Pantazopoulou, V.; Johansson, E.; Pietras, A. The P75 Neurotrophin Receptor Enhances HIF-Dependent Signaling in
Glioma. Exp. Cell Res. 2018, 371, 122-129. https://doi.org/10.1016/j.yexcr.2018.08.002.

12. Mancino, M.; Ametller, E.; Gascén, P.; Almendro, V. The Neuronal Influence on Tumor Progression. Biochim. Biophys. Acta 2011,
1816, 105-118. https://doi.org/10.1016/j.bbcan.2011.04.005.

13.  Erin, N.; Shurin, G.V.; Baraldi, ].H.; Shurin, M.R. Regulation of Carcinogenesis by Sensory Neurons and Neuromediators. Can-
cers 2022, 14, 2333. https://doi.org/10.3390/cancers14092333.

14. Godbout, J.P.; Glaser, R. Stress-Induced Immune Dysregulation: Implications for Wound Healing, Infectious Disease and Can-
cer. ]. Neuroimmun. Pharmacol. 2006, 1, 421-427. https://doi.org/10.1007/s11481-006-9036-0.

15.  Cherubini, E.; Di Napoli, A.; Noto, A.; Osman, G.A.; Esposito, M.C.; Mariotta, S.; Sellitri, R.; Ruco, L.; Cardillo, G.; Ciliberto, G.;

et al. Genetic and Functional Analysis of Polymorphisms in the Human Dopamine Receptor and Transporter Genes in Small
Cell Lung Cancer. ]. Cell. Physiol. 2016, 231, 345-356. https://doi.org/10.1002/jcp.25079.



Biomedicines 2022, 10, 2531 12 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.

33.

34.

35.

36.

37.

38.

39.

Entschladen, F.; Drell, T.L.; Lang, K.; Joseph, J.; Zaenker, K.S. Tumour-Cell Migration, Invasion, and Metastasis: Navigation by
Neurotransmitters. Lancet Oncol. 2004, 5, 254-258. https://doi.org/10.1016/S1470-2045(04)01431-7.

Scuteri, A.; Miloso, M.; Foudah, D.; Orciani, M.; Cavaletti, G.; Tredici, G. Mesenchymal Stem Cells Neuronal Differentiation
Ability: A Real Perspective for Nervous System Repair? Curr. Stem Cell Res. Ther. 2011, 6, 82-92.
https://doi.org/10.2174/157488811795495486.

Park, H.T,; Wu, J; Rao, Y. Molecular Control of Neuronal Migration. Bioessays 2002, 24, 821-827.
https://doi.org/10.1002/bies.10141.

Ricci, A.; Greco, S.; Mariotta, S.; Felici, L.; Bronzetti, E.; Cavazzana, A.; Cardillo, G.; Amenta, F.; Bisetti, A.; Barbolini, G. Neuro-
trophins and Neurotrophin Receptors in Human Lung Cancer. Am. ]. Respir. Cell Mol. Biol. 2001, 25, 439-446.
https://doi.org/10.1165/ajrcmb.25.4.4470.

Meng, L, Liu, B.; Ji, R; Jiang, X.; Yan, X,; Xin, Y. Targeting the BDNF/TrkB Pathway for the Treatment of Tumors. Oncol. Lett.
2019, 17, 2031-2039. https://doi.org/10.3892/01.2018.9854.

Chao, M.V. Neurotrophins and Their Receptors: A Convergence Point for Many Signalling Pathways. Nat. Rev. Neurosci. 2003,
4, 299-309. https://doi.org/10.1038/nrn1078.

Ozono, K.; Ohishi, Y.; Onishi, H.; Nakamura, K.; Motoshita, J.; Kato, M.; Nakanishi, R.; Nakamura, M.; Oda, Y. Brain-Derived
Neurotrophic Factor/Tropomyosin-Related Kinase B Signaling Pathway Contributes to the Aggressive Behavior of Lung Squa-
mous Cell Carcinoma. Lab. Investig. 2017, 97, 1332-1342. https://doi.org/10.1038/labinvest.2017.45.

Bradshaw, R.A.; Murray-Rust, J.; Ibafiez, C.F.; McDonald, N.Q.; Lapatto, R.; Blundell, T.L. Nerve Growth Factor: Structure/Func-
tion Relationships. Protein Sci. 1994, 3, 1901-1913. https://doi.org/10.1002/pro.5560031102.

Wiesmann, C.; de Vos, AM. Nerve Growth Factor: Structure and Function. Cell. Mol. Life Sci. 2001, 58, 748-759.
https://doi.org/10.1007/pl00000898.

Halban, P.A.; Irminger, J.C. Sorting and Processing of Secretory Proteins. Biochem. ]. 1994, 299, 1-18.
https://doi.org/10.1042/bj2990001.

Kojima, M.; Ishii, C.; Sano, Y.; Mizui, T.; Furuichi, T. Journey of Brain-Derived Neurotrophic Factor: From Intracellular Traffick-
ing to Secretion. Cell Tissue Res. 2020, 382, 125-134. https://doi.org/10.1007/s00441-020-03274-x.

Chakraborty, S.; Castranova, V.; Perez, M.K,; Piedimonte, G. Nanoparticles Increase Human Bronchial Epithelial Cell Suscepti-
bility to Respiratory Syncytial Virus Infection via Nerve Growth Factor-Induced Autophagy. Physiol. Rep. 2017, 5, e13344.
https://doi.org/10.14814/phy2.13344.

Prakash, Y.; Thompson, M.A.; Meuchel, L.; Pabelick, C.M.; Mantilla, C.B.; Zaidi, S.; Martin, R.J. Neurotrophins in Lung Health
and Disease. Expert Rev. Respir. Med. 2010, 4, 395-411. https://doi.org/10.1586/ers.10.29.

Descamps, B.; Saif, ].; Benest, A.V.; Biglino, G.; Bates, D.O.; Chamorro-Jorganes, A.; Emanueli, C. BDNF (Brain-Derived Neu-
rotrophic Factor) Promotes Embryonic Stem Cells Differentiation to Endothelial Cells Via a Molecular Pathway, Including Mi-
croRNA-214, EZH?2 (Enhancer of Zeste Homolog 2), and ENOS (Endothelial Nitric Oxide Synthase). Arterioscler. Thromb. Vasc.
Biol. 2018, 38, 2117-2125. https://doi.org/10.1161/ATVBAHA.118.311400.

Griffin, N.; Faulkner, S.; Jobling, P.; Hondermarck, H. Targeting Neurotrophin Signaling in Cancer: The Renaissance. Pharmacol.
Res. 2018, 135, 12-17. https://doi.org/10.1016/j.phrs.2018.07.019.

Comprehensive Molecular Profiling of Lung Adenocarcinoma. Nature 2014, 511, 543-550. https://doi.org/10.1038/nature13385.
Okugawa, Y.; Tanaka, K.; Inoue, Y.; Kawamura, M.; Kawamoto, A.; Hiro, J.; Saigusa, S.; Toiyama, Y.; Ohi, M.; Uchida, K,; et al.
Brain-Derived Neurotrophic Factor/Tropomyosin-Related Kinase B Pathway in Gastric Cancer. Br. ]. Cancer 2013, 108, 121-130.
https://doi.org/10.1038/bjc.2012.499.

Tanaka, K.; Okugawa, Y.; Toiyama, Y.; Inoue, Y.; Saigusa, S.; Kawamura, M.; Araki, T.; Uchida, K.; Mohri, Y.; Kusunoki, M.
Brain-Derived Neurotrophic Factor (BDNF)-Induced Tropomyosin-Related Kinase B (Trk B) Signaling Is a Potential Therapeu-
tic Target for Peritoneal Carcinomatosis Arising from Colorectal Cancer. PLoS ONE 2014, 9, e96410. https://doi.org/10.1371/jour-
nal.pone.0096410.

Brierley, G.V.; Priebe, LK.; Purins, L.; Fung, K.Y.C,; Tabor, B.; Lockett, T.; Nice, E.; Gibbs, P.; Tie, J.; McMurrick, P.; et al. Serum
Concentrations of Brain-Derived Neurotrophic Factor (BDNF) Are Decreased in Colorectal Cancer Patients. Cancer Biomark.
2013, 13, 67-73. https://doi.org/10.3233/CBM-130345.

Sarabi, M.; Perraud, A.; Mazouffre, C.; Nouaille, M.; Jauberteau, M.-O.; Mathonnet, M. Psychoactive Drugs Influence Brain-
Derived Neurotrophic Factor and Neurotrophin 4/5 Levels in the Serum of Colorectal Cancer Patients. Biomed. Rep. 2017, 6, 89—
94. https://doi.org/10.3892/br.2016.801.

Pundavela, J.; Demont, Y.; Jobling, P.; Lincz, L.F.; Roselli, S.; Thorne, R.F.; Bond, D.; Bradshaw, R.A.; Walker, M.M.; Honder-
marck, H. ProNGF Correlates with Gleason Score and Is a Potential Driver of Nerve Infiltration in Prostate Cancer. Am. J. Pathol.
2014, 184, 3156-3162. https://doi.org/10.1016/j.ajpath.2014.08.009.

Yu, X,; Liu, Z.; Hou, R.; Nie, Y.; Chen, R. Nerve Growth Factor and Its Receptors on Onset and Diagnosis of Ovarian Cancer.
Oncol. Lett. 2017, 14, 2864-2868. https://doi.org/10.3892/01.2017.6527.

S F;SR;Y,D;],P;G C;P L;C 0O,;], A; Mm, W.; H, H. ProNGF Is a Potential Diagnostic Biomarker for Thyroid Cancer.
Oncotarget 2016, 7, doi:10.18632/oncotarget.8652.

Faulkner, S.; Jobling, P.; Rowe, C.W.; Oliveira, S.M.R.; Roselli, S.; Thorne, R.F.; Oldmeadow, C.; Attia, J.; Jiang, C.C.; Zhang, X.D.;
et al. Neurotrophin Receptors TrkA, P75NTR, and Sortilin Are Increased and Targetable in Thyroid Cancer. Am. J. Pathol. 2018,
188, 229-241. https://doi.org/10.1016/j.ajpath.2017.09.008.



Biomedicines 2022, 10, 2531 13 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Gao, F.; Griffin, N.; Faulkner, S.; Rowe, CW.; Williams, L.; Roselli, S.; Thorne, R.F.; Ferdoushi, A.; Jobling, P.; Walker, M.M.; et
al. The Neurotrophic Tyrosine Kinase Receptor TrkA and Its Ligand NGF Are Increased in Squamous Cell Carcinomas of the
Lung. Sci. Rep. 2018, 8, 8135. https://doi.org/10.1038/s41598-018-26408-2.

Vaishnavi, A.; Capelletti, M.; Le, A.T.; Kako, S.; Butaney, M.; Ercan, D.; Mahale, S.; Davies, K.D.; Aisner, D.L.; Pilling, A.B.; et
al. Oncogenic and Drug-Sensitive NTRKI Rearrangements in Lung Cancer. Nat. Med. 2013, 19, 1469-1472.
https://doi.org/10.1038/nm.3352.

Cocco, E.; Scaltriti, M.; Drilon, A. NTRK Fusion-Positive Cancers and TRK Inhibitor Therapy. Nat. Rev. Clin. Oncol. 2018, 15,
731-747. https://doi.org/10.1038/s41571-018-0113-0.

Bailey, J.J.; Schirrmacher, R.; Farrell, K.; Bernard-Gauthier, V. Tropomyosin Receptor Kinase Inhibitors: An Updated Patent
Review for 2010-2016 —Part II. Expert Opin. Ther. Pat. 2017, 27, 831-849. https://doi.org/10.1080/13543776.2017.1297797.

Bailey, J.J.; Jaworski, C.; Tung, D.; Wangler, C.; Wangler, B.; Schirrmacher, R. Tropomyosin Receptor Kinase Inhibitors: An
Updated Patent Review for 2016-2019. Expert. Opin. Ther. Pat. 2020, 30, 325-339. https://doi.org/10.1080/13543776.2020.1737011.
Jiang, Q.; Li, M,; Li, H.; Chen, L. Entrectinib, a New Multi-Target Inhibitor for Cancer Therapy. Biomed. Pharmacother. 2022, 150,
112974. https://doi.org/10.1016/j.biopha.2022.112974.

Manea, C.A.; Badiu, D.C.; Ploscaru, I.C.; Zgura, A.; Bacinschi, X.; Smarandache, C.G.; Serban, D.; Popescu, C.G.; Grigorean, V.T;
Botnarciuc, V. A Review of NTRK Fusions in Cancer. Ann. Med. Surg. 2022, 79, 103893.
https://doi.org/10.1016/j.amsu.2022.103893.

Skaper, S.D. Neurotrophic Factors: An Overview. Method. Mol. Biol. 2018, 1727, 1-17. https://doi.org/10.1007/978-1-4939-7571-
6_1.

Gentry, ].J.; Barker, P.A.; Carter, B.D. The P75 Neurotrophin Receptor: Multiple Interactors and Numerous Functions. Prog.
Brain Res. 2004, 146, 25-39. https://doi.org/10.1016/50079-6123(03)46002-0.

Malik, S.C.; Sozmen, E.G.; Baeza-Raja, B.; Le Moan, N.; Akassoglou, K.; Schachtrup, C. In Vivo Functions of P7SNTR: Challenges
and Opportunities for an Emerging Therapeutic Target. Trends Pharmacol. Sci. 2021, 42, 772-788.
https://doi.org/10.1016/j.tips.2021.06.006.

Roux, P.P.; Barker, P.A. Neurotrophin Signaling through the P75 Neurotrophin Receptor. Prog. Neurobiol. 2002, 67, 203-233.
https://doi.org/10.1016/s0301-0082(02)00016-3.

Goncharuk, S.A.; Artemieva, L.E.; Nadezhdin, K.D.; Arseniev, A.S.; Mineev, K.S. Revising the Mechanism of P7ZS5NTR Activation:
Intrinsically Monomeric State of Death Domains Invokes the “Helper” Hypothesis. Sci. Rep. 2020, 10, 13686.
https://doi.org/10.1038/s41598-020-70721-8.

De la Cruz-Morcillo, M.A.; Berger, ].; Sanchez-Prieto, R.; Saada, S.; Naves, T.; Guillaudeau, A.; Perraud, A.; Sindou, P.; Lacroix,
A.; Descazeaud, A.; et al. P75 Neurotrophin Receptor and Pro-BDNF Promote Cell Survival and Migration in Clear Cell Renal
Cell Carcinoma. Oncotarget 2016, 7, 34480-34497. https://doi.org/10.18632/oncotarget.8911.

Jin, H,; Pan, Y.; He, L.; Zhai, H,; Li, X.; Zhao, L.; Sun, L,; Liu, J.; Hong, L.; Song, J.; et al. P75 Neurotrophin Receptor Inhibits
Invasion and Metastasis of Gastric Cancer. Mol. Cancer Res. 2007, 5, 423-433. https://doi.org/10.1158/1541-7786.MCR-06-0407.
Franco, M.L.; Nadezhdin, K.D.; Light, T.P.; Goncharuk, S.A.; Soler-Lopez, A.; Ahmed, F.; Mineev, K.S; Hristova, K.; Arseniev,
A.S.; Vilar, M. Interaction between the Transmembrane Domains of Neurotrophin Receptors P75 and TrkA Mediates Their
Reciprocal Activation. J. Biol. Chem. 2021, 297, 100926. https://doi.org/10.1016/j.jbc.2021.100926.

Schramm, A.; Schulte, ].H.; Astrahantseff, K.; Apostolov, O.; van Limpt, V.; Sieverts, H.; Kuhfittig-Kulle, S.; Pfeiffer, P.; Versteeg,
R.; Eggert, A. Biological Effects of TrkA and TrkB Receptor Signaling in Neuroblastoma. Cancer Lett. 2005, 228, 143-153.
https://doi.org/10.1016/j.canlet.2005.02.051.

Perez-Pinera, P.; Hernandez, T.; Garcia-Sudrez, O.; de Carlos, F.; Germana, A.; Del Valle, M.; Astudillo, A.; Vega, ]J.A. The Trk
Tyrosine Kinase Inhibitor K2 Regulates Growth of Lung Adenocarcinomas. Mol. Cell. Biochem. 2007, 295, 19-26.
https://doi.org/10.1007/s11010-006-9267-7.

Sinkevicius, KW.; Kriegel, C.; Bellaria, K.J.; Lee, J.; Lau, A.N.; Leeman, K.T.; Zhou, P.; Beede, A.M.; Fillmore, C.M.; Caswell, D.;
et al. Neurotrophin Receptor TrkB Promotes Lung Adenocarcinoma Metastasis. Proc. Natl. Acad. Sci. USA 2014, 111, 10299-
10304. https://doi.org/10.1073/pnas.1404399111.

Zhang, Z.X.; Yong, Y.; Tan, W.C,; Shen, L.; Ng, H.S.; Fong, K.Y. Prognostic Factors for Mortality Due to Pneumonia among
Adults from Different Age Groups in Singapore and Mortality Predictions Based on PSI and CURB-65. Singap. Med. . 2018, 59,
190-198. https://doi.org/10.11622/smed;j.2017079.

Qiu, L.; Zhou, C,; Sun, Y.; Di, W.; Scheffler, E.; Healey, S.; Kouttab, N.; Chu, W.; Wan, Y. Crosstalk between EGFR and TrkB
Enhances Ovarian Cancer Cell Migration and Proliferation. Int. J. Oncol. 2006, 29, 1003-1011.

Ricci, A.; De Vitis, C.; Noto, A.; Fattore, L.; Mariotta, S.; Cherubini, E.; Roscilli, G.; Liguori, G.; Scognamiglio, G.; Rocco, G.; et al.
TrkB Is Responsible for EMT Transition in Malignant Pleural Effusions Derived Cultures from Adenocarcinoma of the Lung.
Cell Cycle 2013, 12, 1696-1703. https://doi.org/10.4161/cc.24759.

Tessarollo, L.; Yanpallewar, S. TrkB Truncated Isoform Receptors as Transducers and Determinants of BDNF Functions. Front.
Neurosci. 2022, 16, 847572.

Li, Z.; Chang, Z.; Chiao, L.J.; Kang, Y.; Xia, Q.; Zhu, C.; Fleming, ].B.; Evans, D.B.; Chiao, P.J. TrkBT1 Induces Liver Metastasis
of Pancreatic Cancer Cells by Sequestering Rho GDP Dissociation Inhibitor and Promoting RhoA Activation. Cancer Res. 2009,
69, 7851-7859. https://doi.org/10.1158/0008-5472.C AN-08-4002.



Biomedicines 2022, 10, 2531 14 of 14

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Lombardi, M.; D’ Ascanio, M.; Scarpino, S.; Scozzi, D.; Giordano, M.; Costarelli, L.; Raj, E.R.; Mancini, R.; Cardillo, G.; Cardaci,
V.; et al. Full-Length TrkB Variant in NSCLC Is Associated with Brain Metastasis. Biomed. Res. Int. 2020, 2020, 4193541.
https://doi.org/10.1155/2020/4193541.

Wang, X.; Xu, Z.; Chen, X.; Ren, X.; Wei, J.; Zhou, S.; Yang, X.; Zeng, S.; Qian, L.; Wu, G.; et al. A Tropomyosin Receptor Kinase
Family Protein, NTRK2 Is a Potential Predictive Biomarker for Lung Adenocarcinoma. Peer] 2019, 7, e7125.
https://doi.org/10.7717/peerj.7125.

NTF3 Neurotrophin 3 [Homo Sapiens (Human)] —Gene—NCBIL Available online:
https://www .ncbi.nlm.nih.gov/gene?Db=gene&Cmd=ShowDetail View&TermToSearch=4908 (accessed on 19 September 2022).
Seo, E.; Kim, J.-5.; Ma, Y.E.; Cho, HW.; Ju, H.Y,; Lee, S.H.; Lee, J.W.; Yoo, KH.; Sung, KW.; Koo, H.H. Differential Clinical
Significance of Neurotrophin-3 Expression According to MYCN Amplification and TrkC Expression in Neuroblastoma. J. Ko-
rean Med. Sci. 2019, 34, e254. https://doi.org/10.3346/jkms.2019.34.e254.

Soda, M.; Choi, Y.L.; Enomoto, M.; Takada, S.; Yamashita, Y.; Ishikawa, S.; Fujiwara, S.; Watanabe, H.; Kurashina, K.; Hatanaka,
H.; et al. Identification of the Transforming EML4-ALK Fusion Gene in Non-Small-Cell Lung Cancer. Nature 2007, 448, 561-566.
https://doi.org/10.1038/nature05945.

Niu, Y.; Lin, A.; Luo, P.; Zhu, W.; Wei, T,; Tang, R.; Guo, L.; Zhang, J. Prognosis of Lung Adenocarcinoma Patients With NTRK3
Mutations to Immune Checkpoint Inhibitors. Front. Pharmacol. 2020, 11, 1213. https://doi.org/10.3389/fphar.2020.01213.
Delgado, ].; Pean, E.; Melchiorri, D.; Migali, C.; Josephson, F.; Enzmann, H.; Pignatti, F. The European Medicines Agency Review
of Entrectinib for the Treatment of Adult or Paediatric Patients with Solid Tumours Who Have a Neurotrophic Tyrosine Recep-
tor Kinase Gene Fusions and Adult Patients with Non-Small-Cell Lung Cancer Harbouring ROS1 Rearrangements. ESMO Open
2021, 6, 100087. https://doi.org/10.1016/j.esmoop.2021.100087.

Doebele, R.C.; Drilon, A.; Paz-Ares, L.; Siena, S.; Shaw, A.T.; Farago, A.F.; Blakely, C.M.; Seto, T.; Cho, B.C.; Tosi, D.; et al.
Entrectinib in Patients with Advanced or Metastatic NTRK Fusion-Positive Solid Tumours: Integrated Analysis of Three Phase
1-2 Trials. Lancet Oncol. 2020, 21, 271-282. https://doi.org/10.1016/51470-2045(19)30691-6.

Frampton, ].E. Entrectinib: A Review in NTRK + Solid Tumours and ROS1 + NSCLC. Drugs 2021, 81, 697-708.
https://doi.org/10.1007/s40265-021-01503-3.

Drilon, A.; Laetsch, T.W.; Kummar, S.; DuBois, S.G.; Lassen, U.N.; Demetri, G.D.; Nathenson, M.; Doebele, R.C.; Farago, A.F.;
Pappo, A.S.; et al. Efficacy of Larotrectinib in TRK Fusion—Positive Cancers in Adults and Children. N. Engl. ]. Med. 2018, 378,
731-739. https://doi.org/10.1056/NEJMoal714448.

Hong, D.S.; DuBois, S.G.; Kummar, S.; Farago, A.F.; Albert, C.M.; Rohrberg, K.S.; van Tilburg, C.M.; Nagasubramanian, R.;
Berlin, ].D.; Federman, N; et al. Larotrectinib in Patients with TRK Fusion-Positive Solid Tumours: A Pooled Analysis of Three
Phase 1/2 Clinical Trials. Lancet Oncol. 2020, 21, 531-540. https://doi.org/10.1016/51470-2045(19)30856-3.

Desai, A.; Menon, S.P.; Dy, G.K. Alterations in Genes Other than EGFR/ALK/ROS1 in Non-Small Cell Lung Cancer: Trials and
Treatment Options. Cancer Biol. Med. 2016, 13, 77-86. https://doi.org/10.28092/;.issn.2095-3941.2016.0008.

Gentles, AJ.; Hui, AB.-Y; Feng, W.; Azizi, A.; Nair, R.V,; Bouchard, G.; Knowles, D.A.; Yu, A.; Jeong, Y.; Bejnood, A.; et al. A
Human Lung Tumor Microenvironment Interactome Identifies Clinically Relevant Cell-Type Cross-Talk. Genome Biol. 2020, 21,
107. https://doi.org/10.1186/s13059-020-02019-x.

Feng, Q.; Song, D.; Wang, X. Pan-Cancer Analysis Reveals That Neurotrophin Signaling Correlates Positively with Anti-Tumor
Immunity, Clinical Outcomes, and Response to Targeted Therapies and Immunotherapies in Cancer. Life Sci. 2021, 282, 119848.
https://doi.org/10.1016/j.1fs.2021.119848.

Triaca, V.; Carito, V.; Fico, E.; Rosso, P.; Fiore, M.; Ralli, M.; Lambiase, A.; Greco, A.; Tirassa, P. Cancer Stem Cells-Driven Tumor
Growth and Immune Escape: The Janus Face of Neurotrophins. Aging 2019, 11, 11770-11792. https://doi.org/10.18632/ag-
ing.102499.

Zhu, Y.; Zhang, C.; Zhao, D.; Li, W.; Zhao, Z.; Yao, S.; Zhao, D. BDNF Acts as a Prognostic Factor Associated with Tumor-
Infiltrating Th2 Cells in Pancreatic Adenocarcinoma. Dis. Mark. 2021, 2021, 7842035. https://doi.org/10.1155/2021/7842035.
Amatu, A.; Sartore-Bianchi, A.; Siena, S. NTRK Gene Fusions as Novel Targets of Cancer Therapy across Multiple Tumour
Types. ESMO Open 2016, 1, e000023. https://doi.org/10.1136/esmoopen-2015-000023.

Harada, G.; Gongora, A.B.L.; da Costa, C.M.; Santini, F.C. TRK Inhibitors in Non-Small Cell Lung Cancer. Curr. Treat. Options
Oncol. 2020, 21, 39. https://doi.org/10.1007/s11864-020-00741-z.

Liu, F.; Wei, Y.; Zhang, H.; Jiang, J.; Zhang, P.; Chu, Q. NTRK Fusion in Non-Small Cell Lung Cancer: Diagnosis, Therapy, and
TRK Inhibitor Resistance. Front. Oncol. 2022, 12, 864666. https://doi.org/10.3389/fonc.2022.864666.



