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Abstract

Cancer neurobiology is an emerging discipline that inevitably unfurls new perspectives in
oncology. The role that nerves play in cancer progression resonates with the long-reported
dependency of tumors on neuro-molecular mechanisms that remain insufficiently elucidated.
Whereas interactions between neurotrophic growth factors and receptors have been heavily studied
in the nervous system, their expression in cancers and their impact on tumor cell growth and
metastasis through their corresponding signaling pathways has been undervalued. Accumulating
evidence suggests that trophic factors released by nerves strongly influence tumor development
and that this neural contribution appears to not only play a stimulatory role but also function as an
essential part of the tumor’s microenvironment. This bidirectional communication between
proliferating cells and tumor-infiltrating nerves drives axonogenesis and tumor growth and
migration. Acquiring a better understanding of the trophic interactions between primary afferent
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neurons and invading tumors will guide clinically actionable strategies to prevent tumor-associated
axonogenesis, disrupting the chemical crosstalk between neurons and tumors and ultimately
decreasing tumor growth and spread.

Graphical Abstract
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INTRODUCTION

Cancer cells exploit the abundance of growth signals in their local microenvironment to
further their survival and spread. Although stromal fibroblasts and immune infiltrate have
gained much attention for their modulatory role in the tumor microenvironment, neurons are
becoming an increasingly appreciated actor in this local environment, providing
neurotransmitters (NTs), angiogenic signals, immunogenic compounds, and growth factors
that are co-opted for use by these cancer cells. Innervation is essential for the proper growth
and maintenance of stem cell niches and developing tissues [1-3]. In the same way,
innervation of tumor microenvironments drives the growth of various cancers, including
gastric [4-6], hematopoietic [7], oral [8], pancreatic [9], prostatic [10,11], and non-
melanoma skin [12,13] cancers. These neuro-cancer interactions provide evidence of
choreographed communication between tumor cells and their neural neighbors, resulting in
concerted neuritogenesis and tumor growth.

A growing number of solid tumor types have been found to interact with a wide array of
neuronal types, including autonomic and sensory neurons. Through transcriptional
alterations and other shared cellular mechanisms, cancerous cells form manipulative
relationships with local neurons, exploiting them toward a tumor-promoting state. The
microRNAs, secreted growth factors, membrane-bound receptors, and associated molecular
pathways that mediate this crosstalk illustrate previously unknown dependencies of tumors
on neural relationships. The blockage of such relationships may herald more efficacious
cancer-starving therapies.
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In this review, we discuss the roles that tumors, their microenvironments, local neurons, and
the signaling between them play in the molecular dance that drives neural-induced
tumorigenesis. Here, we focus on the relationship between primary afferent neurons and
invading tumors. Finally, we turn our attention to the clinical relevance of these neuron-
tumor associations, focusing on current and potential therapies.

LOCAL NEURONAL ACTIVITY ALTERS THE TUMOR IMMUNE
MICROENVIRONMENT

Neurons transmit messages over long distances via a combination of saltatory conduction
and chemical neurotransmission. These chemical transmitters include catecholamines,
acetylcholine, and neuropeptides, all of which can stimulate the growth of neurons.
However, these transmitters also play a trophic role within the tumor microenvironment,
driving tumor growth [10,14]. This tumor microenvironment often overlaps and coincides
with the perineural niche—a collection of immune cells and structural cells that support and
interact with neurons. The cells of the perineural niche are variable and dependent on the
nerve type and region of the body. However, endoneurial macrophages are commonly found
in this space. Since the majority of neuron-tumor trophic interactions occur between the
tumor microenvironment and the perineural space, it is the cells found within these regions
that constitute the main actors in this concerted dance between neurons and cancer [14].

It has been long known that inflammation can drive tumor growth and dissemination,
making it possible for the neuroimmune interactions regulating inflammatory responses to
also regulate tumor growth and progression [7,15]. Cholinergic innervation to viscera from
the vagus nerve—connections that are well established in cancer progression and growth—
have been shown to regulate the cytokine-mediated inflammatory reflex by activation of
CREB and the JAK-STAT pathways within resident macrophages [16]. Similarly,
sympathetic innervation can activate endoneurial macrophage infiltration of the tumor
microenvironment, a process that is linked to metastasis in various types of cancer [17]. This
is visibly evident in the transition of healthy pancreatic tissue to pancreatic intraepithelial
neoplasia (PanIN) and in the subsequent transition to invasive pancreatic ductal
adenocarcinoma (PDAC), which is characterized by a progressive infiltration of
macrophages [18]. Although the initial invasion of the tumor microenvironment by these
immune cells may be a response to tumor presence, endoneurial macrophages induce the
release of a collection of factors, including IL-1, HIF-2a., MMP-9, uPA, NOS, FGF, HGF,
EGFR-ligands, PDGF, TGF-B, TNF-a, and VEGF, which the tumor uses to promote
angiogenesis, tumor cell invasion, and tumor growth and survival [19]. Furthermore, when
endoneurial macrophage recruitment to the tumor bed in mice was ablated via Ccr2
knockout, a marked decrease in prostate and PDAC cancer cell invasion of the perineural
niche was demonstrated [9,20]. Thus, endoneurial macrophages are important immune cells
of the perineural niche that clearly mediate neuron-cancer trophic interactions.

LOCAL NEURONAL ACTIVITY ALTERS TUMOR ANGIOGENESIS

Until recently, the mechanism linking tumor and microenvironment innervation to increased
growth and survival of the tumors remained unknown. Early reports implicated blood vessel
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growth as a method of increasing nutrient and growth factor delivery to the metabolically
hyperactive tumor cells. Subsequently, tumor cells were described as releasing angiogenic
growth factors, such as vascular endothelial growth factor (VEGF). However, therapeutic
strategies aimed at inhibiting these secreted growth factors have shown only limited effect,
suggesting that other factors are at play [21].

It is becoming increasingly recognized that the nerves infiltrating the tumor
microenvironment, rather than the tumors themselves, drive the observed angiogenesis.
These innervating neurons interact with the blood vessels that supply the tumor cells,
providing neuropilins, netrins, Slit family proteins, the receptors for these tumor
components, and other growth stimuli to these vessels, thus indirectly providing the tumor
with oxygen, metabolic substrates, and other factors necessary for survival, growth, and
spread. Indeed, it is widely known that sympathetic innervation is essential for the proper
growth and maintenance of blood vessels throughout the body [22].

Sympathetic nerves within the tumor microenvironment remodel resident endothelial cells
toward an angiogenic state, thereby driving tumorigenic angiogenesis. These infiltrating
adrenergic neurons increase noradrenaline release from local axons, and induce increased
beta 2 adrenergic receptor (ADRB2) expression in the local population of endothelial cells.
Continued stimulation of endothelial ADRB2s results in a metabolic switch from oxidative
phosphorylation to aerobic glycolysis in resident endothelial cells, which is necessary for
proper angiogenesis [23].

In this way, local neuronal activity manipulates macrophages and endothelial vasculature
cells within the tumor microenvironment to promote a tumorigenic state. However, cells of
the tumor microenvironment, in concert with nearby cancer cells, reciprocally manipulate
innervating neurons in elegant crosstalk to promote the growth of both neurons and tumors
alike.

THE TUMOR MICROENVIRONMENT SHAPES LOCAL NEURONAL ACTIVITY

Neural development of primary afferent neurons is characterized by meandering processes
that wind through the body in pursuit of semaphorins, netrins, Slits, and ephrins, which
serve as guidance molecules by binding receptors on the neural growth cone [24-26].
Although neurogenesis is restricted after childhood, neurons remain exquisitely sensitive to
signals in their surrounding tissues and continuously remodel distal processes to alter
innervation patterns in response to these signals. By subverting this neuronal sensitivity and
ability to remodel, tumor cells and other cells within the tumor microenvironment drive
transcriptional and morphological changes that increase intratumoral innervation thereby
driving tumor growth. In mouse models of p53-deficient oral cavity squamous cell
carcinoma (OCSCC), extensive adrenergic neurite outgrowth is observable within the tumor
microenvironment, which is recapitulated in p53-deficient OCSCC cells co-cultured with
dorsal root ganglia (DRGs). Similarly, in patient OCSCC samples from The Cancer Genome
Atlas, p53-mutated cancers demonstrate significantly increased neurite growth. In searching
for the signal that drives this contextual neuritogenesis, extracellular vesicles (EVs) isolated
from p53-deficient cell cultures were found to be sufficient to drive this increased DRG
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neurite growth. When microRNA miR-34a is added to these EVs derived from p53-deficient
cells, neuritogenesis is inhibited, thus identifying miR-34a as an important antineuritogenic
miRNA. However, introduction of miR-21 and miR-324, which are transported in these EVs,
is sufficient to drive the observed neuritogenesis in trigeminal neurons. Not only could these
tumor-generated miRNAs drive neuritogenesis, but they could also reprogram primary
afferent neurons into adrenergic neurons prior to this induced neurite growth. In agreement
with a body of work demonstrating adrenergic drive of tumor growth, these neoadrenergic
neurons increase p53-deficient cell survival and growth. Thus, p53-deficient OCSCC cells
transport specific miRNAs, including miR-21 and miR-324, to nearby primary afferent
neurons via EV release, resulting in the reprogramming of these tumor-associated sensory
neurons to adrenergic neurons that subsequently act to promote further tumor growth [8]
(Fig. 1). This striking example illustrates the power of the tumor microenvironment in
manipulating neurons for the benefit of the tumor.

Prostate tumors are another well studied cancer in which potent neuron-microenvironment
crosstalk alters the growth patterns of both tumors and their surrounding neurons. Within the
prostate tumor microenvironment, granulocyte colony-stimulated factor (G-CSF) and
proNGF (the precursor of nerve growth factor, or NGF) are two neurotrophic factors whose
expression drives aberrant neurite growth into these prostate tumors [27,28]. Similarly,
gastric cancers directly release NGF into their microenvironment, thus promoting nearby
neural growth through binding and activation of its cognate tyrosine kinase receptor (TrkA)
and the corresponding downstream pathway [4]. Breast cancers also directly release NGF,
and levels of microenvironmental NGF directly correlate with both the amount of tumor
innervation and the aggression of the cancer in human samples [29]. Pancreatic tumors
release NGF directly onto nearby neurons, thus promoting neuritogenesis. This neuronal
growth is bolstered by the concomitant release of brain-derived neurotrophic factor from
pancreatic tumor cells, which acts by binding its own cognate TrkB receptor. In
combination, these factors drive sympathetic nerve growth into pancreatic tumors, thereby
fueling growth of the tumor [30].

These examples illustrate the ability of tumors and their microenvironments to target
neuronal sensitivities to not only increase the growth of nearby neural tissue but also direct
the growth of these neurons to maximize the benefit of this growth toward their own
survival. SLIT/ROBO are neural developmental proteins that determine the direction of
neurite growth during development [24-26]. However, these proteins can also be hijacked to
direct neurite growth into tumoral or stromal tissue. Pancreatic tumors have been found to
redirect SLIT and ROBO expression for this purpose [31]. Thus, in concert with
microenvironmental cells and factors, tumors control neural growth and activity to maximize
tumor survival and growth [32]. This neuronal manipulation, however, is all based on the
striking ability of neuronal activity to directly drive tumor survival, growth, and spread.

NEURONAL ACTIVITY DRIVES CANCER GROWTH AND METASTASIS

Neuronal activity drives cancer growth and metastasis, resulting in many cancers depending
on local neuronal signaling to facilitate or drive their growth. The signals that mediate
neurotrophic tumor growth are varied, as are the tumors in which these relationships are
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found. Indeed, this neural-driven cancer growth has been documented between primary
afferent neurons and breast [33], gastric [5], prostatic [10], and pancreatic cancers [34].
However, some of the most clearly defined mechanisms of neuron-tumor crosstalk were
discovered in tumors that invade the brain.

Metastatic breast cancers commonly spread to the brain, driven in large part by the
misexpression of N-methyl-D-aspartate receptor (NMDAR) components in breast cancer
cells. NMDAR binding by glutamate activates the cytoplasmic adaptor protein GKAP, which
in turn alters translational regulatory pathways via its downstream effectors FMRP and
HSF1 [35]. This broad regulatory change results in increased aggression and invasion into
glutamate-rich regions such as the brain. To increase their access to glutamate, invading
breast tumor cells form tripartite synapses with presynaptic and postsynaptic neurons [33].
These oncogenic pathways downstream of NMDAR activation also drive the trophic
interactions between neurons and peripheral tumors, evidenced by overexpression of
NMDAR in pancreatic tumors [35-37]. Moreover, increases in oxidative byproducts from
bone tumors, reflected by increased expression of the detoxification enzymes glutathione
peroxidase and superoxide dismutase, increase extracellular glutamate from intraosseal
sympathetic neurons. This increase in glutamate release drives tumor growth, thus
illustrating the dependence of peripheral bone tumors on glutamate release [38]. Whereas
these glutamate-driven trophic relationships are found throughout the periphery, primary
tumors of the brain serve as ideal models for uncovering mechanistic details that govern
neuron-tumor trophic interactions.

Tripartite synapses are most commonly shared between presynaptic neurons, postsynaptic
neurons, and glia, such as astrocytes [39]. Similarly, gliomas have been found to form
tripartite synapses in communication with neurons in their surrounding microenvironment.
However, more recently, human glioma samples have been shown to form bona fide
neuroglial synapses. These synapses are dependent on GPC3—a potent tumorigenic protein
[40]. These neurogliomal connections are functionally active and are driven by glutamate
release from neurons and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor activation in the glioma cells. The activation of this AMPAR axis drives both
invasion and growth of these gliomas /n vivo via calcium-dependent and tumor microtube-
related signaling pathways within the tumor. The mass effect of gliomas often manifests as
seizures in patients with progressed disease. In light of these new data, these episodes of
increased glutamatergic activity, believed to be caused by the tumor, are also driving the
growth of the tumor [41,42]. This potent and succinct example of neural manipulation by
tumor cells illustrates a powerful means of neuron-mediated growth for these cancers.

Neural activity has also been linked to glioma growth through signaling pathways activated
by the synaptic protein, neuroligin-3 (NLGN3). Expression and secretion of this mitogen
from neurons is increased in response to neural activity, and the presence of NLGN3 is
sufficient to drive tumor growth in patient-derived xenograft models and growth of /n vitro
glioma cells. The increased presence of NLGN3 activates and powers a feedforward loop
that increases NLGN3 expression in glioma cells. NLGN3 overexpression in glioma drives
further proliferation of the tumor cells, thus leading to growth and spread of the cancer.
Crucially, NLGN3 expression levels inversely correlate with survival in human patients with
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glioblastoma [43]. Thus, NLGN3 is one of many important trophic factors passed between
neurons and tumors that is responsible for the malignancy of certain tumors; in the future,
NLGN3 may be targeted to fight these cancers.

Peripheral tumors also demonstrate neuronally driven cancer growth. However, these
relationships appear to be more complicated. In pancreatic adenocarcinoma, ablation of
sensory neurons has resulted in inhibition of both the initiation and progression of tumor
growth. These data demonstrate that primary afferent visceral neurons are necessary for
pancreatic tumor survival and progression [34,44,45]. However, paradoxically, removal of
pancreatic projections from the vagus nerve, which is primarily made up of sensory
afferents, results in increased pancreatic tumor growth [30]. Thus, the neural regulation of
pancreatic tumors and their microenvironments is complicated, since these cancer tissues
appear to respond differently to the diversity of visceral sensory neurons.

We also know that pancreatic cancers are simultaneously innervated by adrenergic
sympathetic and cholinergic parasympathetic neurons and by sensory afferents. Selective
removal of cholinergic receptors from pancreatic tumors stimulates pancreatic tumor growth,
mirroring the results found after removal of vagal innervation. Further work found that this
cholinergic signaling suppresses the pancreatic stem cell compartment via inhibition of the
MAPK/EGFR and PI3K/AKT pathways [30]. Alternatively, however, sympathetic
innervation of pancreatic stem cells drives tumor growth, matching data previously
discussed regarding sensory innervation of these cells [34,44—-46]. Thus, in total, it appears
that pancreatic stem cells lie in the balance between acetylcholine and other inhibitory
signals released by cholinergic parasympathetic neurons, and the stimulatory NTs and
growth factors released by sympathetic and sensory neurons. This neuronal balance lies at
the heart of pancreatic cancer growth dynamics [32].

This relationship, in which neuronal activity plays a vital role in cancer survival and growth,
is seen in a variety of cancers found throughout the body. Basal cell carcinoma is another
tumor type in which surgical removal of sensory afferent neurons results in complete
inhibition of tumor formation and growth [12]. Thus, it is evident that many tumor types
take advantage of common neuronal activity to drive their own growth through various
growth pathways (Fig. 2). Tumors also leverage pathways that allow them to turn neuronal
activity into means of spreading throughout the body.

NEURALLY RELEASED TROPHIC FACTORS DRIVE PERINEURAL INVASION

Traditionally, neuronal activity was understood to drive tumor metastasis via direct extension
of the tumor body, or passage along lymphatic or hematological pathways. However, an
important fourth method of spread that potently illustrates the tight trophic communications
between nerves and tumors is the dissemination of tumor cells along neurons. This
perineural invasion is dependent on the release of NTs, chemokines, and other growth
factors, as well as the expression of membrane-anchored signals by both the neurons and the
other cells within the perineural niche [14].

Neurosci Lett. Author manuscript; available in PMC 2022 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hunt et al.

Page 8

Neurotransmitter release is the primary mode of cell-to-cell communication for the majority
of peripheral nervous system neurons. Although neuron-to-neuron signaling is most often
discussed, NTs play an important role in stimulating the activity and growth of various cell
types including immune cells, fibroblasts, and endothelial cells. Thus, NTs are able to
modulate common players in the tumor microenvironment, which, combined with their
widespread presence, makes them an important target for tumor use [47].

As previously described, cholinergic signaling from parasympathetic neurons stimulates the
growth of certain cancers [32]. However, experiments in which cholinergic signaling is
blocked via disruption of the cholinergic muscarinic receptor CHRM1 have shown that
cholinergic signaling is also important in the perineural invasion of cholangiocarcinoma [48]
and prostate cancer [10]. Similarly, sympathetic innervation can drive perineural invasion.
This is supported by both /n vitro experiments in which PDAC cells are continuously
exposed to noradrenaline, as well as /7 vivo injections of noradrenaline into mouse PDAC
models. In these experiments, the PDAC cells demonstrated increased perineural invasion
into cultured DRGs and nearby nerves in vivo, delineating a clear link between this NT and
perineural invasion [49].

Chemokines (or chemoatactic cytokines) are a group of signaling molecules used to attract
white blood cells and other immune cells to a site of interest. Neurons release chemokines to
support a perineural inflammatory response in various settings, and this release may also
drive perineural invasion. Tumor cells expressing the chemokine (C-X-C motif) receptor 5
(CXCR5) respond to stimulation by the stromally released ligand, CXCL13, thus increasing
cancer cell invasion into the stroma during /n vitro experiments [50]. In addition, CXCR5
overexpression is found in prostate and colorectal cancer cells associated with perineural
invasion, further linking this chemokinetic release to perineural invasion [51,52]. Similarly,
the release of C-X3-C motif chemokine ligand 1 (CX3CL1) from neurons induces migration
of PDAC cells that express the corresponding receptor, CX3CR1. During /in vivo
experiments, PDAC xenografts expressing CX3CR1 are found to robustly invade nearby
neurons. However, PDAC xenografts lacking CX3CR1 expression never demonstrate
perineural invasion. Thus, neuronally released chemokines such as CX3CL1 may be
necessary for certain perineural invasion events [53].

Other soluble neural growth factors that are released into the perineural space can be co-
opted for use by the tumor. These include glial cell-derived neurotrophic factor (GDNF),
which binds to the GDNF family receptor (GFRa 1), thereby activating its cognate tyrosine
kinase, RET [14]. Expression levels and concentration of RET and GDNF positively
correlate with the magnitude of perineural invasion in several cancers, including breast
cancer [54], cholangiocarcinoma [55], and pancreatic cancer [56]. Interestingly, damage to
neurons, which may result from local tumor invasion, induces the release of soluble GFRa.1
from these neurons, which, when taken up by nearby tumors, is able to drive perineural
invasion by both GFRa 1-positive and GFRa.1-negative tumors [57]. Inhibiting RET activity
through injections of the RET inhibitor pyrazolopyrimidine (PP1) is able to abate perineural
invasion in mouse models of pancreatic cancer, thus decreasing neural symptoms in these
mice [56].
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NGF is another secreted neurogenic molecule that is co-opted by neurotrophic tumors. The
perineural niche surrounding these tumors often expresses high amounts of NGF receptors,
NGFR, and neurotrophic receptor tyrosine kinase 1 (NTRK1), which mediate the role of
NGF in driving neurite outgrowth and perineural invasion [58,59]. During /n vitro studies,
inhibiting NGF activity with use of the small-molecule inhibitor Ro 08-2750 results in a
dramatic decrease in cancer cell invasion of DRGs [60]. Thus, these experiments illustrate
how these particular secreted factors, along with other secreted and membrane-bound
factors, are important regulators of both the initiation and progression of perineural invasion.

In contrast to secreted factors, neurons and tumors express a multitude of membrane-bound
factors that when activated, facilitate perineural invasion of tumor cells. The L1 cell
adhesion molecule (LICAM) is a widely expressed transmembrane neuronal glycoprotein of
the immunoglobulin superfamily that regulates axonogenesis. Tumors and stromal tissue
often overexpress LICAM, and this overexpression is associated with both perineural
invasion in human PDAC tumors, as well as poor outcomes in patients [61]. Inhibiting
L1CAM activity with monoclonal antibodies is sufficient to markedly reduce neural invasion
of pancreatic tumors both /in vitroand in vivo [62]. These and additional data identify
L1CAM as a potent regulator of neuronal axonogenesis and perineural invasion of tumor
cells [14]. Although LLCAM serves as only one example, these data illustrate the important
role that membrane-bound proteins serve in neuron-tumor trophic interactions. In
combination with the growing literature on secreted growth factors, chemokines, and NTs,
these results help us understand the chemical signaling that allows for perineural invasion.
Furthermore, these data allow us to identify potential therapeutic targets that sever cancer-
supporting trophic interactions between neurons and tumors, thereby preventing the growth
and spread of cancers.

EMERGING DEVELOPMENTS AND THERAPEUTICS

Recent publications have revolutionized our understanding of the trophic relationships
between tumors and the body, uncovering novel factors and pathways that serve as potential
therapeutic targets. Therapeutic efforts are complicated by the tendency of tumors to hijack
essential neuronal pathways to stimulate their own growth, thus making it difficult to remove
the neuronally released stimulus without affecting the healthy neurons and surrounding
tissue. However, because tumors are dependent on these neurotrophic relationships for
survival, growth, and spread, specifically interrupting the interactions between tumors and
neurons remains a promising therapeutic option, since this interruption would leave tumors
vulnerable to endogenous and exogenous anticancer responses.

As previously described, sympathetic innervation of tumors drives growth in a variety of
tumor types. In line with this, beta-adrenergic receptor blockers have shown promise for
inhibiting tumor growth and spread in many cancers. These drugs are currently approved to
treat cardiovascular diseases and anxiety disorders. However, they have also been found
effective in treating breast [63], ovarian [64], pancreatic [30], and prostate [65] cancers. It is
likely that these drugs interrupt adrenergic signaling from tumor-infiltrating sympathetic
neurons, thus inhibiting the angiogenic and tumorigenic effects of sympathetic stimulation.
Several open clinical trials are testing the efficacy of this class of drugs in treating various
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cancers (NCT02596867, NCT01308944, NCT03838029, NCT00502684, NCT01847001).
The results of these trials will guide decisions to repurpose beta-blockers as an anticancer
therapy.

Similar to the effects of pharmacological inhibition of autonomic innervation, surgical and
chemical denervation of the prostate gland, which removes both adrenergic sympathetic and
cholinergic parasympathetic signaling, results in complete inhibition of prostate cancer
growth and dissemination. These findings are bolstered by knockout experiments of ADRB2,
ADRp3, and CHRM1 receptors, in which stromal and prostate cancer cell growth is
inhibited. These data thereby point to surgical, chemical, and potentially radiation-based
interventions that aim to denervate the tumor bed as a means of severing neuron-tumor
trophic interactions [10,66].

Neurons are sensitive to a number of compounds that may be used in chemically denervating
cancer tissue. These might be effective in functionally decreasing tumorigenic signaling
from these innervating neurons. One such compound that might prove useful is botulinum
toxin, which inhibits release of acetylcholine from cholinergic neurons that bind and take up
the toxin. Targeting tumor-innervating neurons with botulinum toxin has been used
successfully in abating gastric cancer growth and enhancing survival in mice [5]. In addition,
at least one clinical trial has successfully used botulinum toxin to decrease innervation of
prostate cancers, thus driving apoptosis of tumor cells [67].

Ablating or modifying neural activity, however, may have off-target side effects, since these
approaches indiscriminately alter pathogenic, as well as healthy, neural function. Thus,
another possible therapeutic option is to target factors that are selectively neuritogenic or
tumorigenic. Many of these signals, including growth factors, neuron guidance molecules,
and miRNAs, are necessary during development but are not necessary for the maintenance
of mature tissue. Anti-NGF antibodies have been effective in inhibiting the feedforward loop
between gastric cancers and innervating cholinergic neurons, thereby stemming
tumorigenesis in mice [4]. A similar approach used anti-NGF siRNA-coated gold
nanoparticles to inhibit pancreatic tumor growth in mice [68].

In the microenvironment of p53-deficient OCSCCs, increased miR-34a expression decreases
peritumoral neuritogenesis. Conversely, decreased expression of miR-21 and miR-324
results in decreased peritumoral neuritogenesis. Together, these findings indicate that
regulating expression of these miRNAs may decrease aggression of this form of cancer [8].
Increased expression of miR-744 can be used to inhibit both proliferation and invasion of
gastric cancers by regulation of brain-derived neurotrophic factor, thus demonstrating the
therapeutic potential of this miRNA [69]. Reflecting the tumorigenic activity of Trk [70],
inhibitors of Trk signaling, including entrectinib, merestinib, and larotrectinib, have proven
to be effective in promoting regression and apoptosis in several cancer types [71].

Due to the tight link between the magnitude of tumor innervation and tumor aggression,
innervation of the tumor and the microenvironment can be used as a diagnostic or predictive
factor for outcome in cancer patients [29]. By extension, neurotrophic factors, including
proNGF and NGF, might be detectable in the blood, thus potentially serving as valuable
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biomarkers of tumor innervation [71]. In addition, exosomes are easily isolated from
multiple bodily fluids (including blood, saliva, urine, semen, sputum, breast milk, and
cerebrospinal fluid) [72] and are increasingly recognized as an important messaging medium
in neuron-tumor relationships [8]. Thus, it is possible that sampling exosomes and their
contents from peripheral tissue could provide a source of disease biomarkers as well [73].

These therapies show promise for future use in stemming the growth and spread of cancers.
Their efficacy and widespread use will depend on future work dissecting their mechanisms
and describing their underlying role in mediating neuron-cancer trophic relationships.

CONCLUSIONS

Continued investigations into the trophic interactions between neurons and tumors have
found that these collections of cells not only speak, but use their communicative ability to
negotiate, fight, and manipulate each other toward their own benefit. In the past several
decades, we have witnessed a surge of information about the signaling molecules, NTs,
miRNAs, growth factors, and corresponding pathways that govern trophic interactions
between neurons, tumors, and their microenvironments. This work has also uncovered the
role of vascular endothelial cells, macrophages, and other immune cells within the perineural
niche and tumor microenvironments. The pattern emerging from these interactions is that
communication between neurons, tumors, and their microenvironment is shared in all
directions. Future experimentation is needed to further untangle this complex web of cell-to-
cell interactions, while exploring the mechanisms behind neuron-tumor relationships. These
studies are also necessary for the development of novel therapies that can control these
trophic interactions for the benefit of the patient.
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Highlights

. Neurons alter members of the tumor microenvironment, including immune
cells and vascular cells, to promote tumorigenesis.

. Tumors use microRNAs and small molecule messengers to transform
surrounding neurons.

. Altered neuronal activity results in increased perineural invasion of tumor
cells.
. Methods of disrupting neuron-cancer communication provide clinical benefit.
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Fig. 1. Tumors alter neuronal activity to drive tumor growth and spread.
Depiction of a p53-deficient OCSCC tumor releasing EVs onto nearby trigeminal sensory

neuron. These EVs carry pro-neuritogenic miRNAs, including miR-21 and miR-324. Along
with driving neuritogenesis, these miRNAS also drive a sensory-to-sympathetic transition in
these neurons. Sympathetic innervation of tumors and tumor microenvironments drives
growth and spread of the tumor. Sympathetic release (adrenaline, noradrenaline) directly
stimulates growth in certain tumors. In addition, sympathetic release stimulates endoneurial
macrophages, which facilitate tumor growth and angiogenesis. In concert, sympathetic
release stimulates ADRP2 receptors, thereby driving a glycolytic switch in endothelial cells
to spur angiogenesis.
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Fig 2. Fast NTs drive tumor growth and aggression.
Tumor cells express NT receptors on their cell surface, thereby taking advantage of the

abundance of these signals in the tumor microenvironment. Activation of NT receptors
induces downstream regulatory pathways, resulting in transcriptional and translational
changes that drive increased tumor growth and aggression. All four fast NTs depicted here
typically come from different neuron types. The relationships between NT receptors and
regulatory pathways differ in different tumor types.

Neurosci Lett. Author manuscript; available in PMC 2022 February 16.



	Abstract
	Graphical Abstract
	INTRODUCTION
	LOCAL NEURONAL ACTIVITY ALTERS THE TUMOR IMMUNE MICROENVIRONMENT
	LOCAL NEURONAL ACTIVITY ALTERS TUMOR ANGIOGENESIS
	THE TUMOR MICROENVIRONMENT SHAPES LOCAL NEURONAL ACTIVITY
	NEURONAL ACTIVITY DRIVES CANCER GROWTH AND METASTASIS
	NEURALLY RELEASED TROPHIC FACTORS DRIVE PERINEURAL INVASION
	EMERGING DEVELOPMENTS AND THERAPEUTICS
	CONCLUSIONS
	References
	Fig. 1.
	Fig 2.

