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A high intratumoral nerve density is correlated with poor survival, high metastasis, and high recurrence across multiple solid tumor
types. Recent research has revealed that cancer cells release diverse neurotrophic factors and exosomes to promote tumor
innervation, in addition, infiltrating nerves can also mediate multiple tumor biological processes via exosomes and
neurotransmitters. In this review, through seminal studies establishing tumor innervation, we discuss the communication between
peripheral nerves and tumor cells in the tumor microenvironment (TME), and revealed the nerve-tumor regulation mechanisms on
oncogenic process, angiogenesis, lymphangiogenesis, and immunity. Finally, we discussed the promising directions of ‘old drugs
newly used’ to target TME communication and clarified a new line to prevent tumor malignant capacity.
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FACTS

® Innervation in some solid tumor is associated with poor
outcome.

® As a malignant factor, intratumoral nerve play an important
role in tumor progression, and its density determines tumor
malignant capacities.

® Nerves in tumors can regulate various biological process, such
as angiogenesis lymphangiogenesis, immunity and inflamma-
tion, Fibroblasts and the extracellular matrix, DNA repair, and
oncogene activation.

® Otherwise, tumor cells also involved in axonogenesis,
neurogenesis, and neural reprogramming process in tumor
microenvironment.

® Targeting innervation provides a huge research prospect for
tumor therapy.

OPEN QUESTIONS

® How to achieve clinical treatment through cutting off nerves
in solid tumors?

® How to target nerve-tumor communication to prevent tumor
prorgression?

® What is the major biomolecule in tumor microenvironment
mediating axonogenesis, neurogenesis, and neural repro-
gramming process?

® Whether clinical neurologic drugs can be a way to treat
tumors?

NERVES STEP INTO OUR VIEW

Cancer is a major health problem with an increasing impact on all
societies. In 2018, there were an estimated 18.1 million new cancer
cases and 9.6 million cancer-related deaths globally [1]. Solid
cancers develop through primary cancer cells that accumulate
genetic mutations as they grow, often acquiring aggressive/
metastatic characteristics. However, metastases can occur without
the formation of a primary tumor. In fact, the control mechanisms
of primary and secondary cancers (proliferation and invasion/
metastasis, respectively) are different, and at least partially
independent [2, 3]. Pathophysiology is extremely complex and
variablein space and time and includes various factors when
considering treatment. A large part of this complexity is due to the
epigenetic nature of cancers, which gives cancer the ability to
withstand constant changes [4]. In addition, cancer cells have a
considerable amount of “stemness”; in fact, many embryonic
genes, including splice variants for development regulation, are
expressed in cancer cells [5, 6]. Unfortunately, owing to the
emergence of drug resistance, the most commonly used cancer
treatments have significant limitations, including side effects such
as toxicity and damage to peripheral tissues, as well as high
treatment costs. From primary diagnosis to advanced treatments
in clinical management, the present needs have not been met.
Therefore, efforts are being made to identify functional markers
and cancer development mechanisms that will contribute to early
diagnosis and effective long-term treatment.

A growing body of evidence has suggested that cancer
prognosis is related to intratumoral nerve infiltration. This
phenomenon occurs in organs or tissues with high innervation,
especially in pancreatic cancers(PRC) (nearly 100%), 80% of head
and neck cancers, 75% of prostate cancers (PC), and 33% of
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Fig. 1 Tumor-mediated nerve neurogenesis, axonogenesis and
reprogramming in the TME. A During tumor progression, neuro-
genic factors, such as GDNF, BDNF, NGF, Artemin, Neuturin,
EphrinB1, and Netrin-1, are released by tumor cells, inducing the
axonal growth of nerves. Neurotrophin binding to its cognate
receptors on nerves affects axonogenesis. B Tumor cells can recruit
neural progenitors into the tumor stoma via the circulatory system,
where they are stimulated by TME factors to differentiate into
mature nerves. In addition, nerves also can directly regulate cancer
stem cells via multiple signals. C Prior research has suggested that
cancer-related extracellular vesicles play an important role in this
reprogramming process.

colorectal cancers (CRC) [7]. The density of infiltrated nerves is
positively associated with tumor metastasis, morbidity, and
mortality, and has been shown to be an independent risk factor
for survival prognosis in a variety of cancers, including PC [7-10],
gastric cancer(GC) [11, 12], biliary tract cancer [13], head and neck
cancer [14-16], and cervical cancer [17, 18]. In PRC [19, 20], PC [21],
GC [22], and CRC [23-26], the density of infiltrated nerves is a
factor that relates to recurrence risk. Furthermore, innervation of
cancers may play an important direct role in promoting
metastasis, as cancer-associated nerves may extend into the
central nervous system and activate the precursors of metastasis
[23, 27].

Driven by evidence from clinical studies, new translational
cancer therapy techniques are being developed to target the
interaction between nerves and the TME. In this review, we
summarized the role of cancer cells in regulating neurogenesis
and described how nerves modulate the TME to promote cancer
development and progression. Our overarching aim was to
thereby help clinicians and researchers gain a deeper under-
standing of the mechanisms of nerve-cancer interactions.

BRIEF DESCRIPTION OF NERVES IN CANCER PROGRESSION
Since the 16th century, nerves and blood vessels have been
observed to move at the same time, and both structures are
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necessary for maintaining organs [28]. Because cancers need these
blood vessels and nerves to grow and survive, it was inferred that
crosscutting of nerves could be used to control cancer progres-
sion. This hypothesis was first tested by surgeons who attempted
to treat lip cancers by crosscutting the trigeminal nerves and its
accessory blood vessels [28]. Although the transection of nerves
and blood vessels achieved symptom control (reducing ulcers and
pain), all four patients in the study eventually required surgical
removal of their pathological tissue. Despite this advancement,
the molecular mechanisms and roles of nerves in the TME remain
to be an unelucidated question until the last 10 years. Although
the role of denervation in reducing tumor growth has been
reported, the progression of cancer-nerve interaction is still slow
[29-32]. Unlike cancer perineural invasion, this phenomenon of
cancer-nerve tendency as observed in earlier studies is cancer cells
disseminate through lymphatic vessels within the perineural
space, it is a direct reciprocal process [33]. Intriguingly, several
studies had found that perineural space lacks lymphatic vessels
[34, 35]. This means that cancer cells in this circumstance spread in
the perineural space, itmay be a purely mechanical concept,
because along perineural sheath, cells can have the least amount
of resistance [36, 37].

CANCER-NERVE REGULATION

As tumor growth requires increased angiogenesis, increased vascular
density is one of the earliest histological changes observed in tumor
tissues. Previous study showed that as cancer progresses from
preneoplastic lesions to dominant cancers, nerve density can almost
double to the level seen in the non-neoplastic control group [38, 39].
Just as wires supply electricity to electrical circuits, nerves can be
thought of as providing information inputs to tissues. The
denervated mode stops this signaling mechanism and is thus
considered to be an effective way to treat tumors (Fig. 1).

Cancer-related axonogenesis

Co-culture experiments revealed that the dorsal root ganglia of
mice form bumps on prostate cancer cells, and promote the
differentiation of nerve cells to cancer cells (cancer cell migration
to the nerve was also observed), which reduces the caner-nerve
distance, thus promoting the formation of a cancer-nerve cross-
linking system [36]. Formation of axons in the organs and tissues
increase the nerve density. Through two-dimensional and three-
dimensional reconstruction of the prostate, Ayala et al. found that
the nerve density and size in the tissues of prostate cancer
patients increased significantly, and confirmed the formation of
cancer-related nerve axons. Axonogenesis has been observed in
preneoplastic lesions of the prostate and may be an early event or
a key factor supporting prostatic cancer initiation [38]. In addition,
the same study also found that the axon guidance molecule
semaphorins, which is the largest and most important family in
axonogenesis, in the study, semaphoring 4F was found highly
expressed in DU-145 cells and could be secreted by these cells
when co-cultured with PC-12 cells. It releases potential abilities
may via binding with PDZ (for PSD95, Discs-large, and ZO1)-
domain binding sequence of neuropilins (NPs) [40]. Compared to
the negative control group, S4F induced neurite sprouting and
increased neurite length by nearly three-fold. Another study
observed that small interfering RNA (siRNA) inhibitors of S4F
reduced neuronal overgrowth and neurite sprouting [38]. This was
the first time that cancer cells were shown to secrete a known
neurotropic molecule that promotes axonogenesis. Intriguingly,
CD72 and Tim2, which are the immune-related molecules that
were found to bind with semaphorins, although it has a low
affinity, it still promotes the activation and differentiation of T cells
[41, 42]. This noted that semaphorins possess multiple functions
not only in the axonogenesis but involve in immune system.
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Subsequent breast cancer studies also demonstrated that
breast cancer cells promoted axonogenesis. In the N-methyl-N-
nitrosourea (MNU)-induced breast cancer rat model, immuno-
fluorescence experiments showed that axons were generated in
breast cancer tissues with increased nerve density. Interestingly,
sensory and sympathetic nerves were detected in cancer tissues,
but parasympathetic nerves were not observed [43, 44]. The
distribution of sensory nerves and dysregulation of the
sympathetic-parasympathetic nerve are closely related to the
occurrence and progression of cancers. Head and neck squamous
cell carcinoma [45], pancreatic duct adenocarcinoma [46], cervical
carcinoma [47], and basal cell carcinoma [48] all show depen-
dence on sensory nerves. As mentioned earlier, prostate cancer
cells induce sympathetic axonogenesis, and as a reciprocal
process, sympathetic activation induces adrenergic receptor
activation, which in turn accelerates tumor growth, while
intratumoral sympathetic activation enhances cell resistance to
cytotoxic chemotherapeutic agents [49-51]. According to the
above studies, cancer-associated axonogenesis is mostly observed
for the sensory and sympathetic nerves, and the impact of cancer
cells on parasympathetic axonogenesis requires further study and
exploration. These studies also suggested that sympathetic
signaling may be a potential therapeutic target, and cancer-
related axonogenesis may also drive cancer progression. However,
the question of how to transfer information through the
interaction between them remains unanswered. An in-depth
study of exosomes may provide good results in this regard.

In a study on the regulation of axonogenesis by tumor cells,
Paola et al. found that cancer cells with impaired exosome release
had less effect on nerves compared with the control group in vivo,
and that inhibition of exosome release also attenuated cancer
innervation [52]. EphrinB1 in exosomes significantly promoted
axonogenesis and cancer innervation in vitro and in vivo, whereas
loss of ephrinB1 did not cause this phenomenon [52]. Exosomes in
HPV-positive oral squamous cell carcinoma with higher ephrinB1
expression showed a greater capacity for axonogenesis, than HPV-
negative carcinoma exosomes. Similar results were observed in
colorectal cancer cell lines, melanoma cell lines, and breast cancer
cell lines (all three exosomes were labeled with CD9) [52].
EphrinB1 can active Eph receptor tyrosine kinases, and induce
the activation of MAPK signaling [53], but in axonogenesis
process, the sense of ephrinB1-related MAPK activation is a puzzle.

Taken together, these results suggest that CD9" exosomes
released by HPV-positive cancer cells have a greater ability to
promote cancer innervation in vivo [52]. Exosomes from other
cancer cell lines also showed evidence of promoting axonogenesis
in vitro, suggesting that in other solid cancers, cancer innervation
may be induced by cancer-released exosomes, thus providing
abundant blood supply through axonogenesis and promoting the
growth of cancers [52]. Consistent with this, ephrinB1 has been
found to exhibit angiogenic properties in several previous studies
[54, 55]. Studies have also found that nerves and blood vessels
exhibit a certain degree of distribution similarity [43]. In addition, a
recent study found that hypoxia induced erythropoietin (EPO)/
EPOR-related dendritic spine density, which is may function via
pre-transcriptional regulation because of the EPO and EPOR
transcripts in pyramidal neurons of the hippocampal CA1 region
[56]. It was mentioned that one of the hallmarks of tumors is that
it has lots of hypoxia regions in its microenvironment [57, 58],
therefore, hypoxia in TME to regulate axonogenesis is still unclear,
in combination with the foregoing, in some innervated tumors,
such as PC, CRC and so on, hypoxia may make great effect in
axonogenesis.

All these studies suggested a certain correlation between
nerves and axonogenesis; however, regardless of the combination
of relevant factors, interference with cancer exosome release or
blockage of the response ability of nerves to exosomes may prove
to be an effective cancer treatment strategy. Although this
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concept needs to be rigorously tested, if proven to be effective, it
has the potential to drive an important clinical transformation.

Cancer drives neurogenesis

In addition to research on axonogenesis, Ayala et al. proposed that
cancer cells could promote neurogenesis [38]. In prostate cancer,
an increase in the number of neurons in the ganglion indicates the
occurrence of a neurogenetic process underlying cancer devel-
opment and progression [38]. However, it is worth noting that this
process may be more cancer-specific. In healthy prostates,
sympathetic nerves can regenerate after injury; studies have
speculated that this may be a result of axonogenesis, with no
evidence of neurogenesis [59]. In prostate cancer, compared to
normal prostate tissues, the penetration of newly formed
autonomic nerves into the tumors contributes to the initiation
and progression of cancers through activation of beta-adrenergic
and toxicological cholinergic signaling, respectively [60, 61]. DCX is
a typical cellular marker of neural precursors located in the
developing central nervous system and adult neurogenic regions
[62-65]. The stroma of human prostatic primary cancers contain
DCX-positive cells, which also express specific markers of neural
progenitor cells, such as PSA-NCAM [66] and Internexin [67, 68].
Mauffrey et al. showed that neural progenitor cells migrate
through the bloodstream from the neurogenic region in the
subventricular region to cancerous and metastatic sites, where
they differentiate into a mature adrenergic neuro-phenotype [69].
Prostate cancer patients were divided into high-and low-risk
groups, in which the density of DCX-positive cells was strongly
associated with cancer invasion and recurrence, and DCX-positive
progenitor cells initiated neurogenesis and could differentiate into
adrenergic nerves, involved in the malignant progression of
cancers, but the specific mechanisms about how to recruit cells
and achieve differentiation is still a puzzle [37, 69]. This research
shed light on the interaction between the central nervous system
and prostate cancers and reveals the unique migration and
orientation of central nervous precursor cells that can differentiate
into adrenergic neurons, which promote the development and
metastasis of the primary tumor. Similarly, in lung adenocarci-
noma, this process can also increase the bone matrix activity
without provoking bone metastasis, and drives the bone
neutrophil response from a distance [70].

These studies illustrated how cancers communicate with distant
organs and tissues to recruit the cells that they need, and
highlight the importance of neurogenesis. However, it is worth
noting that cancers can deplete normal cells in the same manner;
indeed, several clinical oncology studies have clearly shown that
patients who receive chemotherapy are at a greater risk of
experiencing brain nerve progenitor cell damage and cognitive
decline; however, in patients who do not receive chemotherapy,
the depletion of neural progenitor cells by cancer cells may also
lead to cognitive impairment [69]. These results open a novel
avenue for diagnosing and monitoring the development of
cancers and suggest the therapeutic potential of inhibiting the
migration of neural progenitor cells to cancer cells and targeting
neural progenitor cells in the TME.

In addition to remote regulation, cancer can also form new
neurons from cancer stem cells. Lu et al. [71] obtained cancer stem
cells (CSCs) from patients with gastric cancer and colorectal cancer
tissues, and through subcutaneous injection and intraperitoneal
injection constructed the models, it were measured by immuno-
fluorescence, and the results showed the cells to be positive for
the nerve marker MAP in vivo, indicating that a subset of the
monoclonal CSC cells can be induced to differentiate into nerve
cells in vitro, partly differentiated sympathetic neuronal marker
tyrosine hydroxylase (TH) in colorectal and gastric CSCs, differ-
entiated gastric CSCs had cells that expressing the parasympa-
thetic marker vesicular acetylcholine transporter (VaChT) [71].
These data suggest that human gastric and colorectal CSCs can
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generate functional autonomic nerve cells, and that the emer-
gence of such new nerve cells is partly dependent on the
differentiation of CSCs. Weakening the ability of CSCs to produce
neurons can inhibit the growth of cancer to some extent. In
addition, the ability of CSCs to transdifferentiate into the vascular
endothelium may be one of the mechanisms underlying cancer
angiogenesis and drug resistance [72]. Therefore, it is necessary to
target the differentiation of CSCs into neurons and to interfere
with the differentiation of CSCs in other directions in order to
prevent cancer resistance to anti-neuro/vascular therapy.

Cancer induces neural reprogramming

Studies have found that exosome-induced neural reprogramming
is usually observed during cancer development, suggesting that
cancer-derived extracellular vesicle (EV) function in cancer-
associated axonogenesis. Exosomes of p53-depleted head and
neck cancer cells can carry multiple miRNAs to participate in
axonogenesis, while p53 knockout or mutation (p53<'"®" and
p53A1615) increases the number of nerve fibers [45]. RNA
sequencing analysis of exosome miRNAs revealed that the
differentially expressed genes were highly associated with
neuronal growth, morphogenesis, synaptogenesis, differentiation,
stemness, and synaptic transmission [45]. It obviously increased
the density of tyrosine hydroxylase (TH, adrenergic nerves)
positive fibers in TP53-Mut or deficient OCSCCs compared to
TP53-WT, while the density of vesicular acetylcholine transporter
(parasympathetic nerves) positive fibers was almost unchanged
[45]. The aggregation of adrenergic neurons is associated with
extracellular vesicles originating from p53-deficient cancer cells.
Furthermore, several in vivo studies have shown that norepi-
nephrine secretion can be detected after intratumoral injection of
p53-deficient EVs, suggesting that p53-deficient exosomes can
induce neural reprogramming, while knockout of Rab27A and
Rab27B inhibits the reprogramming process [45]. Rab27A and
Rab27B are key proteins in the EV release process [73, 74]; EVs can
participate in cell-to-cell communication and in the regulation of
TME; thus, interfering with these Rab proteins would compromise
the vesicle transport and selective loading process, and may
provide an effective way to prevent malignant manifestation of
cancers [75]. Sequencing and analysis of miRNAs in EVs revealed
that the expression of miR-34a and miR-141-5p in EVs of OCSCC
with p53 deletion was significantly reduced, and knockdown of
miR-34a and miR-141-5p in wild-type p53 cell EVs could lead to
similar results as those in the p53 deletion group. However, miR-
141-5p had only a weak effect, suggesting that miR-34a and miR-
141-5p in EVs are involved in the neural reprogramming process,
while miR-34a plays a major role [45]. Furthermore, reduced miR-
34a levels not only promoted neurogenesis of sensory nerves, but
also induced the trans-differentiation of nerves that can produce
norepinephrine [45].

Previous studies have shown that miR-34a plays an important
role in the differentiation of mesenchymal stem cells (MSCs) and
CSCs [76-78]. Intriguingly, miR-34a is highly expressed in the adult
mammalian brain and has been shown to be involved in a range
of neurodevelopmental and neuropathological processes. MiR-34a
regulates neural stem cell/progenitor cell differentiation and
neurogenesis [79]. These results suggest a novel potential
mechanism by which tumor cells reprogram the nerve cells in
the microenvironment.

Here, as an extension, we noted that knockdown of miR-34a not
only induced neural reprogramming, but also promoted sensory
neurogenesis. Based on a physiological nerve distribution feature,
the oral trigeminal nerve is widely distributed, and oral cancer-
related pain is the most frequent symptom [45, 80-82]. Therefore,
miR-34a may have some significance in alleviating cancer-related
pain in oral cancer patients based on the inhibition of nerve
infiltration; however, the difference in physiological characteristics
and other features between different types of cancers should be
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noted. For example, the autonomic nerve plays a dominant role in
TME of prostate cancer, pancreatic cancer, breast cancer, among
others, but its role is less well established in other cancers [28].

THE ROLE OF THE NERVE IN TUMOR BIOLOGY

Thus far, we have summarized the regulation of cancer cells by
neighboring nerve cells, but the influence of nerves on cancers is
extensive and complex, and the initial research on the neurolo-
gical impact on cancer biology was inspired by clinical observa-
tions indicating a potential link between stress and cancer
progression [83-85]. People subjected to repeated stress are
susceptible to disease due to abnormalities in the peripheral stress
response system, including the hypothalamic-pituitary-adrenal
axis and glucocorticoids, as well as the sympathetic-adrenal axis
[86]. The sympathetic nervous system (SNS) regulates the function
of almost all human organs through the release of catecholamines
from the local SNS or adrenal system into the circulatory system
[86-89]. Recent pharmacoepidemiological data have shown a
reduction in adverse events in cancer patients administered beta-
adrenergic antagonists (also known as beta-blockers) prior to
diagnosis [90-93].

Experimental analyses of animal models in vivo have shown
that behavioral stress can accelerate the progression of various
cancers, including breast cancer, prostate cancer, ovarian cancer
[94-97], neuroblastoma [98, 99], melanoma [100, 101], pancreatic
cancer [102] and some hematopoietic system cancers (such as
leukemia) [103, 104]. The mechanisms of cancer progression are
also involved DNA repair, oncogene activation, angiogenesis,
lymphangiogenesis, immunity and inflammation, fibroblasts, the
extracellular matrix, among others (Fig. 2). Both the central
nervous system and the nervous cells in the TME can exert
significant impacts on cancers [105]. In this section, we discuss the
impact of nerves on the individual components of the TME.

Angiogenesis

Angiogenesis, the formation of new blood vessels from the
existing vascular system, is necessary for cancer growth [106]. In
tissue matrix composition, adrenergic nerves closely related to
blood vessels (mainly arterioles and capillaries) and nerve fiber
orderly distribution (side by side) in tissues, the connection
mechanism of nerve and vascular network seems to have some
deep similarities, and axon guidance molecules are involved in
this common regulation model [107, 108]. A recent study showed
that adrenergic neuro-derived norepinephrine activates the
endothelial B-adrenergic receptor signaling pathway in prostate
cancer and is a key factor in promoting the exponential
proliferation of cancer cells [39]. Deletion of ADRB2 (the gene
encoding the B2-adrenergic receptor) inhibits angiogenesis by
enhancing oxidative phosphorylation in endothelial cells. Codele-
tion of Adrb2 and Cox10, which encodes the cytochrome IV
oxidase assembly factor, can prevent the metabolic transforma-
tion caused by Adrb2 deletion, and thus rescue the progression of
prostate cancer [39]. Neurochemical factors, such as catechola-
mines help to active ADRB2, and activation of the endothelial cells
cyclic AMP (cAMP)-protein kinase A (PKA) signaling pathway [97],
which is a crucial promoter in angiogenesis via multiple pathways,
such as Notch and autophagy [109, 110]. This provides a novel
strategy that by targeting cAMP signal will make a prospective
way to prevent angiogenesis in TME. During tissue development
and cancer progression, endothelial cells often rely on glycolytic
metabolic procedures for directed cell migration, which is
necessary for angiogenesis [111, 112]. The fluorescent co-
localization of nerves (TH') and endothelial cells (CD31") was
significantly increased in tissues with high-grade prostate
intraepithelial neoplasia, suggesting that a shortened physical
distance between nerve cells and endothelial cells is associated
with an increased malignant capacity of prostate cancer.

Cell Death Discovery (2022)8:131



Lymph node

X. Li et al.

O Platelet

; B2-adrenergic receptor

}< Type I collagen @ Noradrenaline

Fig.2 Nerve cells drive tumor progression and extracellular matrix (ECM) remodeling. Nerves interact with multiple stromal and malignant
components that promote tumor growth and dissemination during tumor development. Signaling from adrenergic nerves stimulates
angiogenesis and lymphangiogenesis and activates tumor metastatic pathways. This signaling also activates T cells by inhibiting glucose
transporter (GLUT1) expression, which in turn results in a decrease in metabolic activation. In addition, adrenergic nerves help in maintaining
the immunosuppressive microenvironment by recruiting T helper 1 cells (Th1 cells) to tumors. Noradrenaline (NA) induce cancer-associated

fibroblasts (CAFs) to produce type | collagen that remodel ECM.

Interestingly, within the first 18 days of neoplasia, cancer tissues in
the control group and the Adrb2 receptor knockout group
showed no difference in size, vascular permeability, or hypoxia,
whereas after 18 days, the difference was significant [39].

Lymphangiogenesis

The lymphatic system plays an important role in immune function
and can thus influence the course of the disease. Physiologically,
the lymphatic system maintains internal environmental stability
by guiding cells and solutes from the surrounding interstitial fluid
to the lymph nodes via the lymphatic vessels, where they perform
immune examinations [113, 114]. In addition, the lymphatic
system helps eliminate inflammation by transporting immune
cells away from the site of infection [115]. In cancers, the
lymphatic system promotes disease progression by providing
pathways for the escape of cancer cells, and is also a rich source of
chemokines that promote the aggressive properties of cancer cells
[114, 116, 117]. The lymphatic system is similar to the vascular
system, which is highly innervated by adrenergic nerves and SNS
fibers [118]. Acute SNS activity has been shown to increase
lymphatic contraction [119, 120] and lymphocyte output to the
lymphatic circulation [121]. In situ and transgenic models of breast
cancer, stress promotes the release of norepinephrine in the
nervous system and activates the release of cancer-derived VEGFC
to promote lymphangiogenesis and remodeling, and it also
increased the expression of VEGFR3(FLT4) in stoma cells [122]. In
addition, B-adrenergic receptor signaling promotes the macro-
phage expression of COX2 and increases the secretion of PGE2,
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which thereby activates the release of cancer-derived VEGFC to
facilitate metastasis [122]. It notes that in lymphangiogenesis
process, nerves-derived catecholamines may play positive role
through inflammation signal and VEGFC/FLT4. Similar to its effect
on angiogenesis, sympathetic denervation has been shown to
reduce lymphatic vessel formation, which is associated with
reduced cancer aggression [123]. The deep exploration found
beta-blockers reduced the risk of lymph node and distant
metastasis [122], which provide a clinical treatment direction to
decrease the lymph node and distant metastasis.

Immunity and inflammation

Lymphocyte activation and infiltration of cancers are key
components of the host's anticancer immune response [124].
Stress increases the activation of lymphocytes and produces pro-
inflammatory cytokines such as interleukin-6 (IL-6) [125]. The
expression levels of norepinephrine and IL-6 in ovarian cancer
tissues of stressed patients were significantly increased compared
to those in non-stressed patients (matched for age and disease
stage) [126]. In vitro studies have shown that norepinephrine
promotes the release of the pro-inflammatory cytokines IL-6 and
IL-8 from ovarian cancer cells by acting on the {32-adrenergic
receptor signaling pathway [126, 127]. However, highly innervated
tissues exhibit low levels of activated T helper cells [124, 128, 129].
Activation of 32-adrenergic receptors can inhibit GLUT1 expres-
sion to reduce glucose uptake by CD8™ T cells, thereby inhibiting
its activation, leading to immune escape via immunosuppression,
in addition, adrenergic signaling activation impairs CD8% T-cell
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mitochondrial function and mass [130]. It means that adrenergic
signaling tightly links to the T cell metabolism, and related to
immune activation. Besides that, increasing of TNF in the TME
contributes to cancer-associated macrophage recruitment, and
stress induced adrenergic nerve activation led to a significant
increase in intratumoral TAM in a xenograft model of breast
cancer [96]. Interestingly, regardless of TAMs, tumor-infiltrating
lymphocytes (TILs), or myeloid-derived suppressor cells (MDSCs)
expressed (2-adrenergic receptors, cancer growth was slowed,
and plasma immunosuppressive molecules were reduced after
knockout of the MDSC ADRB2 gene in breast cancer transgenic
mice [131]. Therefore, this still needs to be further explored the
mechanisms of nervous signalings in immune system in TME. In a
word, denervation or cancelation of adrenergic signaling may
provide novel approaches to improve the immunotherapeutic
response in highly innervated cancers.

Fibroblasts and the extracellular matrix

Changes in the three-dimensional structure and composition of
the TME greatly affect cancer progression and metastasis [132-
134]. For example, in many cancers, dense extracellular matrix
(ECM) deposition is a part of the promotive connective tissue
response, which acts as a physical and chemical barrier against
immune cell infiltration, creating an immune-privileged environ-
ment [133]. Simultaneously, the composition of the ECM changes
to a type | collagen-rich environment, forming an angiogenic
super-polymer that assists in the migration of new blood vessels
and nerves [135-138]. Furthermore, although an increase in ECM
density helps to block immune cell entry in the early stages of
cancers, ECM degradation by matrix metalloproteinases (MMPs)
during the late metastatic phase of disease progression allows
cancer cells to migrate and spread [139]. Collagen remodeling is
key to the spread of cancer in the later stages of the disease. In an
in situ mouse model of PDAC, stress induced adrenergic signaling
increased MMP expression in the stromal compartment more than
100 fold and further increased metastasis, while inhibition of the
B-adrenergic receptor with propranolol suppressed this pheno-
type [102]. Similarly, in an in situ mouse model of breast cancer,
adrenergic signaling in the stroma increased collagen remodeling
through adrenergic receptors, thereby enhancing metastasis,
while a decrease in norepinephrine inhibited this process [140].

DNA repair

The B-adrenergic signaling pathway can inhibit DNA damage
repair and p53-related apoptotic processes [99, 141-143],
suggesting that increased SNS activity may promote tumor
initiation or chromosomal instability. Long-term activation of
adrenergic signaling can lead to ARRB1/AKT-mediated MDM?2
activation [141]. As an E3 ligase, MDM2 promotes the rapid
degradation of p53 via interaction with p53, and suppresses its
transcription [144]. Adrenergic signaling activates MDM2 to
promote the rapid degradation of p53 in the thymus and testis,
resulting in the accumulation of damaged DNA, and increasing
the probability of chromosomal aberration in tissues; administra-
tion of the B-receptor antagonist propranolol blocked this process
[141]. Similar results were found in breast cancer, where
propranolol effectively increased the expression of p53 and
inhibited the growth of cancer cells [145]. However, it is worth
noting that neural distribution differs significantly according to
the physiological conditions of different tissues and cells, and the
distribution of adrenergic receptors in different cancer cells also
has its own characteristics [28].

Oncogene activation

The -adrenergic signaling pathway stimulates several oncogenic
signaling pathways, including those of Src and HER2 (encoded by
ERBB2) [146]. In HER2-positive cells, the beta-adrenergic receptor
activates signal transducer and activator of transcription 3 (STAT3),
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which in turn activates the ERBB2 promoter to stimulate gene
transcription [147, 148]. The release of norepinephrine induced by
beta-adrenergic receptors phosphorylates SCR S17 through the
ADRB/cAMP/PKA axis, and further activates Y419 phosphorylation,
leading to tumor growth [28]. Interestingly, in breast cancer,
another study found that HER2 overexpression or continuous
activation of ERK signaling can lead to epinephrine secretion in
breast cancer cells, thereby upregulating the expression of the (32
receptor. The activation of B2 receptors can in turn promote the
expression of HER2 mRNA and enhance its promoter activity [147].
This positive feedback pathway is crucial for the proliferation and
migration of breast cancer cells.

An interesting study found that nervous stress induced the
secretion of catecholamines, which are involved in the viral-
related carcinogenic process [149]. In B-cell lymphoma and
Kaposi's sarcoma, B-adrenergic signaling induces PKA/cAMP
response element binding protein (CREB) signaling and activates
the Kaposi's sarcoma-associated human herpesvirus 8 (HHV8)
genome. The viral genome upregulates the expression of Rta, a
major regulator of HHV8 [149]. This provides understanding of the
molecular mechanism by which viruses can cause cancer.

TARGETING TUMOR INNERVATION

Since the last century, researchers have attempted to cut nerves
surgically to block tumor growth and metastasis (Table 1)
[48, 50, 61, 94, 96-99, 102, 104, 150-155]. The use of surgical or
chemical methods to cut off sympathetic adrenergic nerves can
inhibit the occurrence of prostate cancer, and the blocking of
parasympathetic cholinergic nerve signals can reduce the spread
of prostate cancer cells [61]. Similarly, vagotomy or dermal sensory
nerve ablation impairs the development of gastric or skin cancers
(non-melanoma forms), respectively [48, 155]. Other methods,
such as 6- hydroxydopamine (6HODA) and electrical stimulation,
are also used to block neural input [28, 156]. However, these
techniques have some shortcomings, that is, different tumor
tissues have different innervation modes, such as stomach,
pancreas, breast, and other secretory gland tumors, and the
degree of innervation differs [122, 157, 158] thus, targeting neural
input signals offers a promising approach in some specific tumors,
but further exploration is needed in others.

Many questions remain to be clarified regarding the regulation
of the autonomic nervous system in tumor biology, especially in
the parasympathetic nervous system. In the era of targeted
therapies, radiation and chemotherapy combined with adjuvant
therapeutic strategies, such as B-blocking, can provide a highly
synergistic approach to control cancer progression (Table 2) [159-
173]. In addition, the influence of psychosocial factors on tumors
should not be underestimated. It has long been suspected that
biological behaviors such as stress, depression, and social support
can influence the development of cancer and disease progression,
and the molecular mechanisms of these effects are now being
explored [83]. Recent findings in laboratory models have
suggested that biological behavior can directly influence the
functional activity of cancer cells through the neuroendocrine
system [97]. In a large-scale study investigating the relationship
between psychological factors and tumorigenesis in 4825 subjects,
chronic psychological stress was found to be associated with a
high risk of tumorigenesis [174]. Stressful personalities, poor
coping styles, negative emotional responses, and poorer quality of
life are associated with higher cancer incidence, poor survival, and
higher cancer mortality [85]. Chronic and acute stress are also
predictors of recurrence in patients with cancer [175]. Interest-
ingly, plasma epinephrine and norepinephrine levels fluctuate
significantly during chronic and acute stress [176]. Similarly, in
mouse models of prostate and ovarian cancers, stress and anxiety
induced an increase in tissue catecholamines, which activated
ADRB2/cAMP/PKA signaling and increased tumor growth and
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Table 1. Beta-blockers mediate the tumor development in vivo.

Animal Dose Growth Metastasis Angiogenesis Overall survival
BALB/c nude mice 1 pmol/100 g Y Y / /
BALB/c nude mice 100-800 mg Y Y / /
BALB/c nude mice 25 pM, 30 pl Y / / /
BALB/c nude mice 0.5mg / Y / /
BALB/c nude mice 0.5g/L Y Y / /
Athymic nude mice 2mg/kg/d Y / Y /
BALB/c nude mice 10 mg/kg Y / Y /
SCID mice 10 mg/kg Y / / /
Organoid 25uM Y / / Y
Organoid 25uM Y / / Y
Kras + /LSL-G12D;Pdx1-Cre (KC) mice / Y / / Y
BALB/c-Foxn1nu nude athymic mice 10 mg/kg/day Y / / /
Athymic BALB/c nude mice 5mg/kg Y / / /
BALB/c nude mice 10 mg/kg Y / Y /
NOD/SCID mice 2 mg/kg/day Y / / /
SCID mice 2 mg/kg/day Y / / /
INS-GAS mice / Y / / Y
INS-GAS mice 100U Y / / Y
Gli1; Ptch1 mice / Y / / /
"Y: It has therapeutic effect; /: Not mentioned.
Table 2. Clinical application of targeting innervation.
Overall Survival Incidence Mortality Metastasis Recurrence
Prostate cancer / N N and Y(ADT) / /
/ / Y / /
/ / N / /
/ / N / /
N / N / /
Breast cancer / / / Y Y
/ N Y Y /
N / Y / /
/ Y Y Y Y
Lung cancer Y / / Y /
Y / / / /
Ovarian cancer Y / / / /
Y / / / /
Melanoma / / / / Y
Y N / / /
Y / Y / Y

Note: Y, it has therapeutic effect; N, it has no therapeutic effect; /, Not mentioned.

angiogenesis [94, 97]. However, it should be noted that, in
addition to neuroendocrine hormones, peripheral nerves also play
an important role. Researchers have found that some cancer
tissues are highly innerved, and nerve cells in these tumors can
release signaling factors in the form of exosomes to promote
tumor growth [45].

Whether the use of antipsychotic drugs can prevent neural
stress signals and thus inhibit tumor growth still needs to be
further explored. Because fluoxetine is an antidepressant, it has
anticancer effects in mice [177], but in some cases, it can also act
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directly on tumor cells to promote tumor cell proliferation [178]. It
is worth mentioning that hyperglycemia, hyperlipidemia,
advanced age, social support, stress, and depression can all alter
the activity of the neuroendocrine system [83]. In addition to the
direct activation of catecholamines, recent studies have reported
that high-fat diet feeding and palmitic acid can increase the
expression of B2AR via Sp1 in tumor tissues of CRC mice, and
activation of cAMP/PKA increased the phosphorylation of
hormone-sensitive lipase (HSL), a lipase that activates FFA, which
is used as a fuel to provide energy for cancer growth, at $552
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[179, 180]. Preclinical pharmacological studies are presently laying
the groundwork for the translation of (-blockers as a novel
adjuvant in clinical oncology to existing therapeutic strategies
[181]. However, it is well-known that $-AR antagonists can exert
severe side effects, including heart failure, bradycardia, prolonged
hypoglycemia, bronchospasm, intermittent claudication, heart
block, Raynaud’'s phenomenon, and neurological reactions,
including depression, fatigue, and nightmares [182, 183]. HSL
inhibitors could be a viable alternative to BAR antagonists for CRC
patients who experience psychological stress, are on a diet with
high-fat content, or have other complications such as diabetes
mellitus [180].

CONCLUSIONS AND REMARKS

Neural signaling has emerged as a therapeutic target after its role
in cancer initiation and progression has been further understood
[184, 185]. With advances in surgical techniques and a greater
understanding of autonomic neuroanatomy, more precise dener-
vation procedures have been developed.

Chemical denervation in pancreatic cancer has been effective at
reducing clinically uncontrollable cancer pain, but as the authors
state, this denervation is not permanent [186]. Repeated
botulinum toxin injections are effective for the treatment of
prostate cancer in mice [187]; however, this research did not
translate into clinical success in humans (NCT01520441); thus, the
frequency, dosage, and duration of denervation therapy need to
be studied further. In the clinical treatment of gastric cancer,
patients who underwent vagotomy combined with gastrectomy
had a lower recurrence rate of gastric cancer than patients who
underwent gastrectomy alone [155]. This suggests that denerva-
tion can be used as an adjuvant therapy to improve the success
rate of surgical treatment.

In this review, we present evidence that activation of
reprogramming signals and regenerative pathways to recruit
nerve cells are important factors in the establishment and
progression of cancers. The roles of the autonomic and sensory
nerve groups in different tumor tissues may vary depending on
the type of native tissue as well as the pattern of innervation of
the native nerve. With recent advances in genetic engineering
and imaging technologies, the role of nerve cells in the TME has
progressed; however, many questions remain to be answered.
For example; What factors are involved in neurogenesis and
axonogenesis at different stages of tumorigenesis? How can we
target tumor-specific pathways without affecting the estab-
lished neural circuits elsewhere in the body? Will the nervous
system mediate tumor initiation and development as feedback?
Emerging technologies, such as electroceuticals, may help
bridge this gap and provide minimally invasive tools [188-190].
Taken together, these data suggest that nerve aggregation is a
novel feature of cancer, and that multiple surgical, pharmaco-
logical, and other approaches to interfere with nerve signaling
in the TME represent a promising new strategy for cancer
treatment.
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