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The contribution of the nervous system in the cancer progression
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Cancer progression is driven by genetic mutations, environmen-
tal factors, and intricate interactions within the tumor micro-
environment (TME). The TME comprises of diverse cell types,
such as cancer cells, immune cells, stromal cells, and neuronal
cells. These cells mutually influence each other through vari-
ous factors, including cytokines, vascular perfusion, and matrix
stiffness. In the initial or developmental stage of cancer, neuro-
trophic factors such as nerve growth factor, brain-derived neuro-
trophic factor, and glial cell line-derived neurotrophic factor
are associated with poor prognosis of various cancers by com-
municating with cancer cells, immune cells, and peripheral
nerves within the TME. Over the past decade, research has been
conducted to prevent cancer growth by controlling the activa-
tion of neurotrophic factors within tumors, exhibiting a novel
attemt in cancer treatment with promising results. More recent-
ly, research focusing on controlling cancer growth through re-
gulation of the autonomic nervous system, including the sym-
pathetic and parasympathetic nervous systems, has gained sig-
nificant attention. Sympathetic signaling predominantly promotes
tumor progression, while the role of parasympathetic signaling
varies among different cancer types. Neurotransmitters released
from these signalings can directly or indirectly affect tumor cells
or immune cells within the TME. Additionally, sensory nerve
significantly promotes cancer progression. In the advanced stage
of cancer, cancer-associated cachexia occurs, characterized by
tissue wasting and reduced quality of life. This process invol-
ves the pathways via brainstem growth and differentiation factor
15-glial cell line-derived neurotrophic factor receptor alpha-like
signaling and hypothalamic proopiomelanocortin neurons. Our
review highlights the critical role of neurotrophic factors as
well as central nervous system on the progression of cancer,
offering promising avenues for targeted therapeutic strategies.
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INTRODUCTION

Cancer is a complex disease influenced by genetic mutation,
environment, and the interplay between tumor cells and their
microenvironment (1). The Tumor Microenvironment (TME),
composed of diverse cellular components such as tumor cells,
fibroblasts, endothelial cells, and immune cells and non-cellu-
lar components such as extracellular matrix, which crucially
regulate tumor initiation, progression, and treatment prognosis
(2). In the recent decade, emerging evidence have highlighted
the importance of neurotrophic factors and neural signals on
the tumor growth and interaction within the TME, suggesting
new avenues for therapeutic targets. Our review highlights the
latest knowledge regarding the contribution of neurotrophic
factors on the cancer cell growth and metastasis as well as the
critical impact of central nervous system (CNS) on tumor growth
through the autonomic or sensory nervous system. Lastly, we
have described the mechanism by which sympathetic activation
induced by cancer triggers cancer-associated cachexia (CAC).

INTERACTIONS BETWEEN CANCER CELLS AND
PERIPHERAL NERVE

Neurotrophic factors not only promote the growth, survival,
and differentiation of neurons but also play a crucial role in
the development and maintenance of the nervous system (3).
Expression of these factors, especially nerve growth factor (NGF)
(4-6), brain-derived neurotrophic factor (BDNF) (7-11), and glial
cell line-derived neurotrophic factor (GDNF) (12, 13) are asso-
ciated with poor prognosis in the various cancers (Fig. 1). Ac-
cording to Cancer single-cell expression map (CancerSCEM), a
single-cell RNA sequencing database encompassing 208
samples of 20 cancer types across 28 studies, which integrates
bulk RNA-seq data from 13 cancer projects sourced from The
Cancer Genome Atlas (TCGA), the analysis of manually curated
gene expression data has revealed detection of NGF, BDNF,
NTF4, and GDNF broadly across majority types of tumor (14).
NGF is a neurotrophic growth factor that controls neuronal
survival and neurite outgrowth mainly via its receptors, tropo-
myosin receptor kinase A (TrkA) with high affinity or p75 neu-
rotrophin receptor (p75NTR) with low affinity (15). Last decades,
numerous studies have been conducted to inhibit tumor growth
by regulating the NGF-TrkA signaling (16-18). In tumor tissues
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obtained from patients with breast cancer, significantly increased
NGF levels were observed in nerve fibers* breast carcinoma
compared to that in nerve fibers  breast carcinoma suggesting
an association between the growth of nerve-innervating tumor
and NGF expression (19). In a co-culture condition of breast
cancer cell-lines and neuronal-like PC12 cells, a higher concen-
tration of NGF was observed in the media derived from breast
cancer cell-lines that induced the neurite outgrowth of PC12
cells, compared to cancer cells that did not induce neurite
outgrowth (19). These results suggested that the NGF secreted
by cancer cells acts as drivers of nerve innervation, thereby
promoting the tumor growth. NGF not only induces nerve in-
nervation but also establishes a self-stimulating autocrine loop
that enhances the tumor cell proliferation. The culture condi-
tions of breast cancer cells, including MCF-7, T47D, MDA-MB-
231, and BT20, exhibited increased NGF expression and treat-
ment with an NGF-neutralizing antibody or K-252a, a Trk inhi-
bitor, significantly suppressed their growth (20). Moreover, de-
livery of NGF siRNA into pancreatic cancer cells using gold
nanoclusters showed reduced nerve innervation as well as
tumor cell growth and metastasis (21). Thus, NGF inhibition could
be a crucial therapeutic target for suppressing tumor growth.
Increased expression of BDNF has been observed in multi-
ple cancers such as breast cancer (22), glioblastoma (23), and
neuroblastoma (7), and its expression is associated with poor
prognosis (11, 24). Similar to NGF, BDNF can activate pathways
that increase cell survival and proliferation through TrkB re-
ceptor by activating a series of downstream pathways including
phosphoinositide-3-kinase (PI3K)/Akt, mitogen-activated protein
kinase (MAPK), phospholipase C-y (PLCy), and epidermal growth
factor receptor (EGFR). Through these pathways, BDNF-TrkB
signaling has strong tumorigenic effects by enhancing tumor
cell survival, proliferation, and migration (11). In the mouse
model injected with ovarian cancer cells, including SKOV3ip1
and HeyA8, the treatment of BDNF siRNA or TrkB siRNA
inhibited the reduced tumor growth accelerated by restraint
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Fig. 1. The image depicting the influen-
ce of neurotrophic factors such as NGF,
BDNF, NTF4, and GDNF on tumor
growth, specifically focusing on their
contribution to both tumor cells and
the tumor microenvironment (TME). NGF,
nerve growth factor; BDNF, brain derived
neurotrophic factor; NTF4, neurotrophin-4;
GDNF, glial cell line-derived neurotro-
phic factor.

stress (25). Additionally, the injection of BDNF-overexpressing
SKOV3ip1 cells showed significant increase in tumor sizes and
nerve counts (25). These findings align with clinical evidence
showing that patients with ovarian cancer exhibiting high BDNF
expression have larger nerve density and poorer survival rates
compared to patients with low BDNF expression (25). These
findings suggest the therapeutic usage of TrkB inhibitors such
as cyclotraxin-B and ANA-12 against cancer progression, al-
though targeting all Trk receptors appears to be more promising
application given the up-regulation of TrkA, TrkB, and TrkC in
various types of cancers (26).

GDNF have been primarily identified as a neurotrophic fac-
tor which promotes neuron survival and differentiation of do-
paminergic neurons. For these reasons, GDNF has been pursued
in neurodegenerative diseases including Parkinson’s diseases
(27). Evidence has shown that GDNF can induced cancer
progression in various types of cancers, such as pancreatic cancer
(28, 29), glioma (30, 31), and prostate cancer (32, 33) due to
its role on inducing cell proliferation, migration, and neural
invasion. DNA damage and instability are acknowledged as
significant tumor initiators (34). Agents causing DNA damage,
such as ionizing radiation and chemotherapy, lead to an in-
crease in GDNF expression (35). In this study, treatments, such
as Docetaxel, Mitoxantrone, or irradiation to prostate fibroblasts
(PSC27) used to induce DNA damage increased GDNF expres-
sion, and the association between GDNF-induced neurotrophic
activity and prostate cancer progression was highlighted (35).

Clinical trials targeting neurotrophic factors to overcome cancer
is emerging. In particular, inhibitors for Trk receptors (TrkA,
TrkB, and TrkC) such as entrectinib, larotrectinib, and cabozan-
tinib, have received Food and Drug Administration (FDA) ap-
proval and are currently prescribed to patients with cancer (11).
In the future, mechanistic studies are required to minimize
side effects, such as hyperphagia-induced weight gain, dizziness,
ataxia, and paresthesias, as well as to maximize efficacy through
combination with other types of anti-cancer agents (36).
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AUTONOMIC REGULATION OF TUMOR GROWTH

Recent research has been focusing on investigating neural
circuits between the central nervous system (CNS) and tumors
beyond the role of neurotrophoic factors around tumor cells.
Indeed, autonomic and sensory regulation have a significant
impact on the cancer progression, based on the clinical evi-
dence (Fig. 2) (37-40). Patients with myelopathy-induced para-
lysis have a lower prevalence of carcinoma of the prostate sug-
gesting the possible relationship between neural signal and the
progression of prostate cancer (37). Another clinical study using
quantitative magnetic resonance diffusion tensor imaging (DTI)
demonstrated that increased neuronal tract density is observed
in the prostates of patients with prostate cancer compared to
that in healthy individuals (39). Moreover, patients with spinal
cord injuries (SCls) showed reduced cancer incidence, prostate-
specific antigen, as well as prostate volume in prostate cancer
(38). Although the anti-neurogenic therapies require a careful
consideration due to its functional denervation, these results
demonstrate a neuronal dependence between prostate cancer
and the CNS, thereby suggesting the potential applications to
other types of cancers arising from peripheral tissues.

The neural circuitry communicating between the CNS and
the peripheral nervous system consists of the autonomic nervous
system, sympathetic nervous systems (SNS) and parasympathe-
tic nervous systems (PSNS), and sensory nerves (41). Through
a variety of neurotransmitters including norepinephrine (NE)
and acetylcholine, these autonomic nerves regulate whole-body
homeostasis: the sympathetic signals as “fight or flight” and the
parasympathetic signals as “rest and digest” (42). In addition,
sensory nerves transmit the information of external sensations
or harmful pathogens to the CNS (41). Over the last decade,
multiple in vivo approaches have been conducted to investi-
gate the role of these neural circuitries on the tumor progres-
sion by using genetic disruption or phamacological blockade.

Research on CNS-tumor interactions has gained attention
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since the findings reported in Science in 2013 (43). The authors
of this study investigated the distinct role of SNS and PSNS on
the tumor progression, based on their findings that tumor is
infiltrated by sympathetic and parasympathetic fibers. Using
mouse models including B2- and B3-adrenergic receptor knock-
out (KO) mouse (for SNS denervation) and muscarinic 1 choli-
nergic receptor KO mouse (for PSNS denervation) and drugs
including 6-hydroxydopamine, carbachol, or scopolamine, they
demonostrated that SNS contributes to the initial phases of
cancer development, while PSNS contributes to the tumor cell
migration and metastasis (43). Another study showed that block-
ade of catecholaminergic signaling using B-blockers such as
propranolol and ICI 118,551 prevented tumor growth by redu-
cing intratumor nerve density, neurotrophic factors in Kras-in-
duced pancreatic tumorigenesis (44). These findings align with
the previous clinical data showing improved survival rate in
patients with high-risk or metastatic prostate cancer recieving
B-blockers (40). Moreover, various clinical studies showed a
reduction in cancer growth and mortality rates by suppressing
the SNS signaling using B-blockers in breast cancer (45, 46),
and ovarian cancer (47). Thus, consistent findings from in vivo
and clinical studies have demonstrated that SNS signals pro-
mote tumor growth and dissemination.

Unlike SNS, the contribution of PSNS on tumor growth varies
in breast cancer (48), pancreatic ductal adenocarcinoma
(PDAQC) (49), and gastric cancer (50, 51). A study reported that
the activation of PSNS within tumor tissue inhibited tumor
growth. The authors have used AAV-ChAT-NaChBac to activate
the PSNS, and demonstrated that PSNS activation not only
reduced the expression of immune checkpoint molecules such
as PD-1 and FOXP3 on CD4" tumor-infiltrating lymphocytes
(TILs) and PD-L1 on CD8" TILs but also increased the ex-
pression of interferon gamma (IFNy) on CD4" and CD8" TlLs
in breast cancer xenograft mouse model (48). In the study,
tumor specimens from patients with breast cancer recurrence
exhibited a correlation between increased expression of PD-1
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and PD-L1, along with enhanced SNS fiber density and redu-
ced PSNS fiber densities (48). Another study showed that PSNS
signaling prevented tumorigenesis and restored the normal
phenotypes in mice with PDAC using LSL-Kras *'“"*; Pdx 1-Cre
mice (49). They demonstrated that cholinergic signal not only
reduced putative cancer stem cell populations (CD44"CD133"
and CD44"CD24"EPCAM" cells) but also prevented hepatic
metastasis, suggesting that PSNS inhibits tumor growth (49).

On the other hand, there are opposing arguments regarding
the role of PSNS on tumor progression. A study using mice
with gastric cancer (INS-GAS) demonstrated that cholinergic
signaling triggers tumor incidence and progression through
Wht-dependent pathway in gastric cancer (50). Activation of
neurons isolated from murine spinal cord or the enteric ner-
vous system stimulates Wnt signaling in gastric stem cell
through the muscarinic Ms receptor (M3R). Of note that vagoto-
mized mice showed reduced expression of the Wnt signaling
by reducing the expression of Wnt target genes such as Cyclin
D1, Axin2, Myc, Lgr5, and CD44 in N-nitroso-N-methylurea
(MNU)-induced gastric cancer mouse model (50). These results
were similarly observed in gastric organoid culture and patients
with gastric cancer (50). In another study, carbachol-induced
cholinergic stimulation triggered NGF overexpression within
enteric nerves and promotes carcinogenesis, and parasympa-
thetic ablation using vagotomized mice or gastric epithelium-
specific Chrm3 KO mice (Tff2-Cre;Chrm3™ mice) displayed
reduced tumorigenesis (51).

These findings appear contradictory to the evidence presented
in the previous paragraph regarding the anti-tumorigenic effects
of cholinergic signaling. Hence, further investigation is required
to understand the contribution of the PSNS to tumor growth,
considering the different cancer types, distinct stages, and spe-
cific neuronal population associated with PSNS. Thus, defini-
tive conclusions on how PSNS impacts cancer growth cannot
be drawn owing to limited research findings. Additional studies
with in-depth analysis of various cancers and TME are neces-
sary in the future to elucidate the influence of the PSNS on
cancer growth.

A study investigated the possible involvement of sensory
nerves in the progression of basal cell carcinoma (BCC) (52),
which is one of the common types of skin cancer (53). The
increased sonic hedgehog (Shh) signaling, identified as a hall-
mark of BCC, is associated with loss of Patched1 (Ptch1) (54).
The authors demonstrated that Ptch1 deletion in hair follicle
compartments developed BCC-like tumor. Based on their
finding that sensory nerves highly express Shh, surgical dener-
vation of sensory nerves significantly prevented BCC tumori-
genesis (52). Another study revealed that sensory neurons con-
tribute to the development of PDAC by engaging bidirectional
communication with pancreas during the early stage of tumor
(55). Ablation of sensory neurons using capsaicin not only
preveneted spinal cord inflammation but also delayed PDAC
formation and increased survival rate. In high-grade serous
ovarian cancer and head and neck squamous cell carcinoma, a
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significant increase in nerve puncta has been confirmed, and
the authors found that substance P expressed from wheat germ
agglutinin (WGA)™ nerve fibers stimulates the proliferation and
migration of tumor cells through the neurokinin (NK)-1 recep-
tor. In this model, blockade of neural signaling through the
deletion of TRPV1* sensory nerve or pharmacological inhibi-
tion of these signaling using fosaprepitant or lidocaine prevented
tumor growth and metastasis (56). These results indicate that
sensory nervous system is a strong contributor to cancer pro-
gression rather than being a bystander (55). To date, the pre-
cise mechanism by which sensory nerves contribute to tumori-
genesis remains unclear, further research may unveil the mole-
cular mechanism which can be used as potential therapeutic
target against cancer.

Recent studies have focused research focusing on neuron-
specific contributions to cancer growth. A study showed that
depletion of hypothalamic oxytocin (OXT) neurons using Oxt™;
DTA (diphtheria toxin subunit A) mice showed promotes coli-
tis-associated cancer progression, while chemogenetic activa-
tion OXT neurons suppressed it (57). The activation of OXT
neurons reduced SNS signals by lowering the activity of celiac-
superior mesenteric ganglion (CG-SMG), which innervates the
colon and rectum. The inhibitory effect on the cancer progres-
sion was replicated by the removal of the CG-SMG (57). Ano-
ther recent study showed the mechanism by which cancer-
induced anxiety promotes the tumor growth in 4T1 cell-trans-
planted breast cancer mouse model (58). Corticotropin-relea-
sing hormone (CRH) neurons in the central medial amygdala
(CeM) is closely associated with the anxiety behavior (59).
Optogenetic or chemogenetic activation of CRH neurons in
CeM promotes breast cancer growth through the sympathetic
CeM-LPGi circuitry. Ablation or chemogenetic inhibition of
these neurons prevented cancer-induced anxiety and 4T1 tumor
progression (58). This report is noteworthy since the investi-
gation showed the influence of CRH neurons in CeM but not
in the hypothalamus, given the evidence that hypothalamic
CRH neurons contribute to stress-induced cancer progression
(60). Taken together, these studies reveal the strong association
between tumor growth and signals from the CNS, indicating
the necessity to further research on the interconnections with
various neural circuitries for therapeutic approaches targeting
this link.

INTERACTION BETWEEN AUTONOMIC REGULATION
AND IMMUNE SYSTEM

It is widely accepted that inflammation is intricately involved
at every stage of tumor growth. Although both pro-tumorigenic
and anti-tumorigenic inflammation can occur within tumors,
multiple external factors such as infection, dietary challenges,
alcohol, and radiation act on the TME that lead to dominate
one over the other (61, 62). In recent years, emerging eviden-
ce has revealed the involvement of autonomic signals in re-
gulating the peripheral immune system through neuro-immune
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axis lightning new potential avenue for therapeutic interven-
tion in immune-related diseases (63, 64). Both catecholaminer-
gic and cholinergic signals have immune regulatory function
by suppressing pro-inflammatory cytokine production (65, 66).
Catecholamines such as norepinephrine (NE), secreted from
sympathetic nerve terminals, activate neighboring T lymphocytes
via f2-adrenergic receptor (AR), that leads to the T lymphocyte
(choline acetyltransferase [ChAT] ™ T cells [T-ChAT cells)) to sec-
rete acetylcholine (66). Acetylcholine secreted by T-ChAT cells
subsequently elicit anti-inflammatory effect by inhibiting the
nuclear translocation of nuclear factor kB (nuclear factor kB)
and activation of JAK2-STAT3 pathway through the a.7-nicoti-
nic acetylcholine receptor (a7nAChR) expressed in macrophages
(67-69). The parasympathetic vagus nerve secretes acetylcholine
within tissues and possesses anti-inflammatory effects through
the similar mechanisms as above (70). This evidence suggests
that autonomic signals from the CNS have an immunoregula-
tory role despite their functional differences.

Several gain-of-function or loss-of-function studies have been
conducted to modulate the neuro-immune axis in cancer (50,
71). A study showed that mice with vagotomy displayed re-
duced gastric cancer progression by suppressing the number of
CD44" T cells, which are related to Wht-associated tumori-
genesis. In this study, pharmacological antagonism using botu-
linum toxin type A (vagus nerve inhibition) or darifenacin (M3;R
antagonism) and surgical denervation or MR depletion markdly
reduced CD44" T cell number, tumor progression and increased
survival rate (50). Another study demonstrated that vagotomized
mice showed increased CD8"* T cell, Th1/Th2 ratio, and re-
duced mortality in mice model with PDAC while pharmaco-
logical stimulation of acetylcholine using carbachol showed
increased tumor sizes by reducing the percentage of IFNy-ex-
pressing CD4* T cells and CD8" T cells (71). However, in
another study, vagotomy increased tumor size although pro-in-
flammatory tumor necrosis factor-o. (TNFo) level was increased
in pancreatic cancer tissue (72). This result implies a parado-
xical impact of TNFo on tumor growth, distinct from the anti-
inflammatory role of the automonic nervous system, which is
well-described in the previous review paper (73).

NEUROTROPHIC FACTORS AND NEURAL
SIGNALS REGULATING TUMOR VASCULARIZATION
AND GROWTH

Over the past several decades, numerous studies have been
conducted on the control of blood vessels to prevent tumor
growth (74). The nervous and vascular systems are aligned an-
atomically parallelly and shared the pattern regulating path-
ways (75). As endothelial cells and lymphatic endothelial cells
constitute the TME, the correlation between the nervous system
and vascular system is poised to become an important research
topic. Indeed, NGF has been demonstrated to induce vascular
endothelial growth factor A (VEGF-A) expression in breast cancer
and endothelial cells. Studies using NGF-mixed matrigel plugs
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in mice with breast cancer showed increased angiogenesis
while neutralization of VEGF-A reduced NGF-induced invasion
of human umbilical vein endothelial cells (76). Moreoever,
BDNEF triggers lymphangiogenesis by inducing VEGF-C through
MEK/ERK/mTOR pathway in a mouse model of chondrosar-
coma (77). These findings demonstrate the significant impact
of neurotrophic factors on the vascular and lymphatic system
within TME.

Neurotransmitters produced from peripheral nerves have a
significant role in promoting tumor growth by supporting vas-
cular system. In prostate cancer, inhibiting $-adrenergic signal-
ing using B2-adrenergic (Adrb) 2 and Adrb3 KO mice resulted
in reduced vascular density as well as delayed tumor growth
(78). Moreoever, preventing the B-adrenergic signaling using
propranolol reduced stress-induced tumor metastasis by suppres-
sing VEGF-C-driven lymphangiogenesis (79). These results sup-
port the positive anticipation for the clinical advantages of
B-blockers in future cancer treatment. While these in vivo re-
sults need to be reproduced clinically, subsequent studies
focusing on the interaction between neurotrophic factors or
neurotransmitters and tumor cells and the TME are crucial.

CONTRIBUTION OF CNS ON THE DEVELOPMENT OF
CANCER-ASSOCIATED CACHEXIA

CAC is a debilitating syndrome that is characterized by reduced
appetite, physical performance, and adipose and muscle wasting
(80, 81). CAC mainly occurs in advanced stages of cancer,
which leads to decreased survival rate and quality of life, and
tolerance to anti-cancer therapy (82, 83). The growth and di-
fferentiation factor 15 (GDF15)-glial cell line-derived neurotro-
phic factor receptor alpha-like (GFRAL) signaling pathway had
been well-introduced not only for its role in suppressing obe-
sity (84) but also as a key pathway in CAC progression (85).
GDF15 is expressed in various cells, such as adipocytes, ma-
crophages, endothelial cells, and hepatocytes, but the expres-
sion is barely detectable in normal condition. In contrast, its
expression increases in various cancers including prostate, breast,
pancreatic, ovarian, and lung cancers as well as multiple dis-
eases, including cardiovascular diseases, rheumatoid arthritis,
renal failure, and chronic liver diseases (86-89). Although the
detailed molecular mechanism of GDF15 is not well-documented,
the metabolic effects of GDF15 originating from cancer cells
have been extensively demonstrated in many pre-clinical and
clinical studies (90, 91).

In mouse model with GDF15 deletion, increased fat mass,
food intake, and decreased energy expenditure were observed
compared to wild-type mice (92). GFRAL is an orphan recep-
tor that is expressed in area postrema of the brainstem. GFRAL
is known to bind with GDF15, which promotes appetite sup-
pression and energy metabolism (84). Similar to a GDF15 KO
mice, GFRAL KO mice exhibited increased body weight and
appetite in diet-induced obese mice (93). However, GFRAL KO
mice showed no changes under normal diet conditions and
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displayed an increase in both fat and lean masses in high-fat
diet condition unlike GDF15 KO mice (93). These differences
underscore the requirement for further molecular mechanism
studies regarding the GDF15-GFRAL signaling pathway.

Activation of GDF15-GFRAL signaling stimulates SNS through
the activation of B-adrenergic signaling in immune cell, adi-
pose tissues, as well as hypothalamic-pituitary-adrenal gland
axis in muscle (94, 95). A study demonstrated that by using
3P10, a neutralizing antibody against GDF15 signaling, and
sympathectomy, CAC was prevented by reducing excessive
B-oxidation in the adipose tissue, without causing severe ap-
petite suppression (96). Another recent study demonstrated that
treatment of mAB2, an anti-GDF15 antibody exhibited improved
physical performance and restored muscle wasting in mice
inoculated with TOC21G (ovarian cancer cell) (97). Likewise,
several intensive studies on preventing CAC using GDF15-GFRAL
signaling have been conducted (96, 97).

The hypothalamic proopiomelanocortin (POMC) neurons play
a crucial role in appetite suppression and activation of energy
metabolism through SNS activation (98). Various studies have
been conducted over the last decades to combat obesity and
metabolic disorders by enhancing the activity of POMC
neurons (98-100). Indeed, a-melanocyte stimulating hormone
(MSH), one of derivatives of POMC precursor, significantly
enhance the symapthetic activity by binding to and activating
MC-4 receptor in paraventricular hypothalamus (101). Central
administration of B-endorphin, one of the derivatives of POMC
precursor, enhanced energy expeiditure and lipolysis through
SNS activation (98). This evidence elicited the prediction that
hypothalamic POMC signaling may play a role in the CAC de-
velopment. Pharmacological studies have shown that administra-
tion of MC4 receptor antagonists such as TCMCB07, SHU9119,
and ML00253764 increased appetite, fat mass, and prevented
adipose and muscle wasting in the animal models of CAC
(102-104). These results are consistent with the previous report
that mice deleted with MC4 receptor were resistant to cancer-
associated weight loss without affecting tumor volume (105).
Moreover, knockdown of POMC expression using lentivirus
(106) or siRNA (107) showed LPS-induced muscle wasting. These
findings indicate a close association between POMC-induced
SNS activation and the progression of cachexia.

CONCLUSIONS

Research on the impact of neural signals on tumor growth is
still in its early stages, but recent evidence being reported
strongly demonstrates the significance of cancer neuroscience
field. In this review, we have highlighted the influence of the
nervous system on cancer progression. We firstly described
the contribution of neurotrophic factors such as NGF, BDNF,
NTF4, and GDNF on tumor growth from the early stages.
During tumorigenesis, neurotrophic factors released from cancer
cells not only affect tumor cell itself but also drive axonoge-
nesis, neurogenesis, and angiogenesis. We have also showed
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evidence demonstrating the impact of the CNS such as auto-
nomic or sensory nervous systems on the regulation of tumor
growth. Notably, activation of the sympathetic or sensory ner-
vous systems showed positive correlation with tumor growth
whereas the PSNS showed context-dependent results depending
on the mouse model used or the stage of cancers. Moreover,
neurotrophic factors and neurotransmitters originating from
peripheral nerves intricately regulate tumor growth by orche-
strating both angiogenesis and lymphangiogenesis. We have
also provided the information regarding the neuronal contribu-
tion to CAC, one of the symptoms associated with the advan-
ced stage of cancer.

According to various preclinical or clinical evidences described
here, increased nerve innervation density is positively correlated
with cancer growth, attributed to the secretion of neurotrans-
mitters promoting cancer cell proliferation, immune modula-
tion, and regulation of the vascular and lymphatic systems (25,
39, 44). However, research on ‘why’ the nervous system is
recruited remains elusive, unlike angiogenesis, which occurs
for the clear purpose of nutrient and oxygen supply. This as-
pect needs to be elucidated through future studies on sophi-
sticated communications between the nervous system and
cancer tissue.

In this review, we have summarized the latest knowledges
regarding the critical contribution of neurotrophic factors to
cancer progression and the intricate interconnections between
nervous system and tumor growth, encompassing changes in
immune responses and vascular structure.
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