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Living creatures possess long-conserved mechanisms to maintain homeostasis in response to various
stresses. However, chronic and continuous exposure to stress can result in the excessive production
of stress hormones, including catecholamines, which have harmful effects on health. Studies on the
relationship between the sympathetic nervous system (SNS) and cancer have been conducted based
on the traditional hypothesis that stress can promote cancer progression. Many preclinical and epi-
demiological studies have suggested that the regulation of B-adrenergic signaling, which mediates
SNS activity, can suppress the progression of solid tumors. SNS activation has highly pleiotropic ef-
fects on tumor biology, as it stimulates oncogenes, survival pathways, the epithelial - mesenchymal
transition, and invasion. Moreover, it inhibits DNA repair and programmed cell death and regulates
the tumor microenvironment, including immune cells, endothelial cells, the extracellular matrix, mes-
enchymal cells, and adipocytes. Although targeted therapies on the molecular basis of tumor pro-
liferation are currently receiving increased attention, they have clinical limitations, such as the com-
pensatory activation of other signaling pathways, emergence of drug resistance, and various side ef-
fects, which raise the need for pleiotropic cancer regulation. This review summarizes the effects of the
SNS on the development and progression of cancer and discusses the clinical perspectives of £
-blockade as a novel therapeutic strategy for this disease.

Key words : (-adrenergic signaling, cancer progression, catecholamines, stress, sympathetic nervous
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2 28 /14e B4, YYHOE BPARA 28 §
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Ae wEotsd s oledgae ¥ A 7
Hgolne 5o AAE AV m2osddde B4 4

=
Bxats AR S B A FE EulF o

7]l A A Al

T4 24E 935, ol=g g U e RALANM HFo
E FHlEY AN 2-o #odh. o5 AR & 24
of Bx3s oA T adrenergic receptor (AR)ol ]3]
ANBZE ADstE, o F BARS U dAZoA HdF
© A8 A uRNAA 2AE T YA AL F
2 Aol 53 TH30](Table 1)

B-adrenergic signaling pathway

B-ARe] =2otegdd &2 ol=d g} At Gas
5 A AA adenylyl cyclase (AC)E F3l cyclic AMP
(cAMP)E 43ttt cAMPE 2719 23 downstream ef-
fectorg &3 A1 E AE3t=H|, protein kinase A (PKA)%}
guanine exchange protein activated by adenylyl cyclase
(EPAC)7} o3 7]¢l| sl det. WA PKAE %2 9949 ser-
ine?} threonine 715 A4FSAA A2 FH), 23, ol &
T, wul, AFAD 5 oY BEe 2430 PKAY £
Az A oF 0% Dok U FAAE 2HITL Ly
Z 9+ cAMP-responsive element binding protein (CREB)
family 9} B-receptor signalings 724471 = B-AR kinase
(BARK)7} 1Th[101, 149]. BARKE Src/Ras/mitogen-acti-
vated protein kinase (MAPK) pathways 83271tk &
24 UTH93]. cAMPS] FHA 83 downstream effector
?l EPACE Ras-related protein-la (RaplA)/B-Raf/ERK
pathway S Z43HA7A AlZo e, o] 5%, &1 & =4
ghoh[41](Fig. 1).

Table 1. Five types of adrenergic receptor
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U, 27074 848 I UM 2=
TA A2y AEFA AEZET &9 (monocyte) U #H T
o dg 38k

Az ee BARANG[ES, 114, AT AzAE 2T

3t type 2 % type 17 helper T Al E oA $H 5 = cytokine
59 AAE 2HTFOEAN AZojs) HHRES (cellular im-
mune response)< %3HA 7] Al A A4 A HuES-(humoral
immune response) s 271 A 71 T}H[45, 78, 130]. 3t adrener-
gic signaling= &3 T, tf 4 Al & (macrophage), 2% 4
A A 3 (natural killer cell, NK cell)$t 22 innate immune cell
ol A pro-inflammatory cytokine®] HAME A 5} A 71 TH[45,
71, 114]. o] WA= R ZAAAE FF NEZHL L epithelial-
mesenchymal transition (EMT), “d o} % (fibroblast) 4]
3} 9 #4214 (angiogenesis)?t HAE FHA HALE 24
O 2ZM 4 A+ (wound-healing)oll &= #HeI 3Tty L&A 9l
TH18, 67, 136]. ol Zo] WA, WEH 2EG 2o oF
WHAAA B g 24718
SEA EP3 e &) AP BAgE FFE WA HA

o,

it

uAMAA S AME R L £H
WA L] B8 = SAM axisE T3l FAFEZRE

Sub-type Location Principle signaling pathway

d Smooth muscle Gaq 1n‘duct10n o‘f phospholipase C' .
- Activate calcium flux and protein kinase C
Gai inhibition of cAMP activity

a2 Smooth muscle, platelets, neurons = Suppress protein kinase A (PKA), guanine exchange protein
activated by adenylyl cyclase (EPAC), and MAPK

Bl THear Gas activation of cAMP activi

B2 Smooth muscle, immune cells, tumor cells 4s activation ot ¢ activity

B3 Adipose tissue

- Stimulate PKA, EPAC, and MAPK
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Fig. 1. B-adrenergic receptor signaling pathway in cancer.

F o= oju s THAA fightorflight HH&& =
StA g, o] A o] 1F F%Y(solid tumor)oll WA= FF ofA
HEstA gt YFH R F e FotW FA G TS W
TR SdHe] HAE dBHA Fon, o] o] A &
A EY &0 AR 2HEANE Y AR FA 5o
TH30, 90, 112]. B3 dubd oz Fof 24 Ul 2ol=gddl
o FA7L g L2oluggdoly ojrgdd FX 9 dF
HA % AR A glo] FtHFotnl Az o

TUHY 2HL TEES 5 2HRG Y FHY FAH
] Zof o3 &é%_l_ 7}”40] lﬂEH90 91] a1

o w7 2
A &A1l EAo] o] H o, 21_71] UP % Z}(oncogene) z4,
DNA repair ¥8 f44 24, do] #d F42 24, AX

AE P AE A4 282 UHE & A

% AR =7

B-adrenergic signaling®ll &3 ¢ FHdA 242 A F
7HA WO R o] Fozith A WA= Srcét HER29}F 22 A
T3¢ f A3t ok B-
adrenergic signaling< protein kinase A (PKA)E &3 Src9
Y419 residues 4HSIAA ZAFHH O tumor growth, mi-
gration, invasion 5& £338}m[5], AAAAQ signal trans-
ducer and activator of transcription 3 (STAT3)E 24 3 AIA

7 A} (cellular oncogene)<

HER2E encodingdt+ ERBB2 379 AALE FZ13tThal
G A ATH126]. F HAE FTEEA vlo] 2 2 (oncogenic vi-
rus)E 4347 Aolth d & S0l TMEAFFE o7
+© human herpesvirus 8 (HHV8)oll 7t € B HZ Tl A B-
adrenergic signaling®] €435 W PKAE &3 RTAS 22
Hrolg) 24 AAIAE HEd 52 BAFAA vl 24
S+ ZH(viral oncogene)®] AAHE RN 7| EE B §Z 79
GFETYS dodle ALE dEA AUtH22, 150].

DNA repair 8 FAx =4

[-adrenergic signaling DNA repairg& % Alste] &4 4|
o] BolAA L o7& oz ¢l Ao ke n A $ ¢
t}. 53] DNA repair9} apoptosisg H@ste T¥IA 4
7 ps3e 24T ¢ e, dE 0] Barrestin/ AKT path-
wayE &3l p53¢] E3 ubiquitin ligase$] murine double mi-
nute 2 (MDM2)E 2434417 p539] £ & £313t= A 5
th61]. ol 2] #A-E B-adrenergic antagonist$! propranolol
of ojaf dAsl AAH w61, 62], AAE oA EF
toma) ]l 4 propronolol p53 W@ < %9 topoisomerase in-
hibitor$] SN-38¢] W& 74 & wQthe E17t loH142].
a8 o} A7 A B-adrenergic signaling®ll 2] g DNA repair
Aafrto 2 qho] MAFTHE in vivo OB & §le AA 02
EFF A9V 283 FEoIH[30].

(neuroblas-



Aol 24 FAA =4

B-adrenergic signalinge ¢F9 HolE 3 st= FHzk9
Tde 2AFo=R o WA B FF= ]
th 2otz gdd o] PKAE %3) Src (Y4191 CREBS
AR T, e B YA T HolE do
Adgs Aol Hagglon, ojef g @42 B-adrenergic an-
tagonistoll &3 52 o= A AT, 43, 84, 107]. =7
B-adrenergic signaling matrix metalloproteinases (MMPs)
o WHE o AR 39 240 A4AE AL 208
A s, STAT3E 53 MMP-29F MMP-99| 23 Z7}7}
o) & 2 0] T}[85, 133, 144]. ‘2ot deel o3 B-ARY &
Astes A2 EMTE #5% 5 ot o] W transforming
growth factor-B (TGF-)%} hypoxia-inducible factor 1-a (HIF-
1la) 5ol AAAAS Snaile] HdE S7HAZ 24 EMT %
= milshs 22 dBA SITh124, 148]. A2 7o) oh
2% B-adrenergic signaling YAl 7} o] F3t7] 918 AlE
Fol d87F A EolUE invadopodias F7HAZHOZH
T dolg HAF/E st ol HAES dHE
AP R HolE Fe AL oot 34].

AME AE D AE A4 =4

B-adrenergic signaling> A% A& 9 AHE3 fHH ohof
FAZHLHEE 28T 5 Aot o & S0, focal adhesion
o #& ¥ focal adhesion kinase (FAK)E ZH 3o 2R A
7} Aol & H3) extracellular matrix (ECM)ell A B oA 1}
& ) HZAES YO 7]E anoikis A4S A dTH134]. 1
2 2L BCL-2-associated agonist of cell death (BAD)Y p53 &
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< M T O EMN apoptosisd A 33t7] BE o B-AR antago-

nistS o] &3to] ¢HE 2| 3t3}e 2 W (chemotherapy)l T
3 AEAS =Y S QTH109, 117, 142]. =3 w2ol=gddl

4
< B-AR/cAMP/PKA signaling pathwayE &3 vascular
endothelial growth factor (VEGF), interleukin (IL)-8, IL-6Z
EEF AAAA] BEE Y 22N sunitinibd 2 ty-
rosine kinase inhibitorell & A4S 458 + o &

A4 ATH40].

TLAZHO SYuMEY £F

FYRABHE S BN GEH ol o] W)
A 5% AHUIAE, BGAL, A foALE TTE Y
@ 1AAES) AR el ADH FEAEOE ohe] 47
Aok HAGTh TFARA GA FFol QA Fae
oA AALEE B FYUABHE ARHOE 2HHAY
FUs) 92 "ol 24478 AR WHALE 3
A8l Y HA % dUek(Fig. 2)

EEEREL

FAZE BANEE 84

217} (chemotactic factor
< FAAY AAsts S dAE S0l A3}
M2 HiHAE, S IAAE
pressor cell, MDSC), 24 T A % (regulatory T cell, Treg)E
HEH O S FXote WAL sFstH, AL A
o} MEZA T A Z(cytotoxic T cell)= &< JAS = 4T
< 3051 2B AE o] 23 heterogenous immune cell
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Fig. 2. Regulation of sympathetic nervous system in the tumor microenvironment.
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+ B-adrenergic signalings %3l 32422k (colony-
stlmulatmg factor 1, CSF1)1} CCL29} 22 FIAUAE £
Hste] A2 SYErASE oz FATTe, 132]. 7+
H A E A B-ARS BESEE Badrenergic signaling
< %3l transforming growth factor-8 (TGF-8), VEGF, IL-
6, MMP-9, PTGS2 59| fr 41]' TS S7MIA T8l
Zok9] HolE F= gH4XA &4, ECM g 2dd, 9454
874 24, AAME o 2 ot uqom}o o =& 9ozl
T}H96, 132, 136]. CSF1¢]4 monocyte chemotactic protein 1
(MCP1) AA Ao o8) 2EH 24 & Hol7t #Fadte B
I FYCE ¥ M ET} B-adrenergic signaling©]
o ko] Ho] AAA YA AL & HHE BAET
o, 132].
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B-adrenergic signalinge A+ 4s Al 2o &4 &

[123] MEER T HZY A U £gozo HL
SHT}33, 73, 103]. =3 type I I interferon®] HAAHE
ato] A7) HARk-g-S A FrH29, 321 1HV WA
op-22 22l severe combined immunodeficiency disease
(SCID) v}-2u FE vfg-2o| T A A A 4 o3
ghe] doj7h £XE 4 Yoty Baugd g} ~Eg2E <
].01—/] 239 /\-]] o 7) Ui_l %- Z A o] 015—]:0 g $=
9loud WhEA] HA el 9= opd Ao WoltHed, 95, 136].

npAuto 2 g B2y aAAAE gt 55T
(neutrophil)9} 2& =74 HAHA LY 4=
] tumor-associated macrophage (TAM)E} %3
Ao w Ao FTYY HolE FEF F
HEE YA EZ S0 T2 "M E %Jﬂr AE37] HEA 2~
22 7L Fot & st Euler| e @
& Huse A5 AfAREA gHe
signaling©] & HHRHE-S 393l
A BAFE dolT.

A3 =

B-adrenergic signaling< VEGFY IL-69} Z-& a4 %<l
o] EHIE 38t tumord] A& HolE FETH2, 88,
105, 136, 144, 145]. VEGF 844 VEGFR A#|A A2 = g
AAE dARE v 2EH2E QA3 4o A% F Ho|st
AAETE Bie U BA Ao o ¢ 8o i
Aol AAAR d&E & R ZETH136].
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growth factor (NGF), brain-derived growth factor (BDNF),
semaphorins ¥ netrinsS X3¢k A A A AR} FAHh
=40l o] FAE vfdTL LA A7, 60, 137]. TVIF
A% ol QASS AFH FET obet GAE AEH
ARE S| = Ao A S0 NGFe #4893 494
o A ‘“ﬂﬂfﬂ, A9 apoptosis®t HANY S 24
=8, NGF Asfo osf o 4 41734+
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24 Ras/MEK/MAPK 425 2435t goat go) &
Z4& FEU17, 98, 106]. F2 EA < netrin A
3?_9] apoptosisE AL AN ER FAH S Fst=T[4,
, 87], EH A AA VEGF} AAA o] g%

< e 1:13[44]9} Tz A FHo] EHlshE
endothelins W} AFAIAEF71 &3
tEo] 2484 Ay de] 435 DA dHH U+
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B—adrenerglc signaling & A °
A5 ¢ Ade 2L d¢os tiFs1 ok @A d74d
A adrenergic antagonist= W& AAASS A5t e &
Ao g A5l YthH(Table 2). B-adrenergic signaling¥ ¢
Ho] #de EAstes 7T oz 2EH 29 o 4
Arolol Ad#Aol sle Agte 7he A WEd AREUAT2,
4, 23] =3 FH o FE-HT Eﬂ o|Elo| A B-adrenergic antag-
onist’b o] BAE Hete Has 94 0S FEEIY
[9, 31, 39, 42, 57, 58, 99, 113, 138] TE RN P57
ZEH 27 7, AHAY, A, AoFAE, o &
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AF, A4Y 2 2Ad & HEFAL F Yol AT
[46, 55, 63, 64, 70, 76, 82, 94, 107, 109, 132, 136, 142]. ©| & &
@742 B-adrenergic antagonistol] <] 3) o] & A= 3o,
B 2 B-adrenergic agonistell ©J3 2E# 2 ¢lo] mimic &
ATH31].

AAA HolE & nig o g 3 okg)dtd BAo w2y wit
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NETH19, 25, 80, 136]. 2E AU} AT A a-adrenergic
antagonist®] 42|24 & 2SN oY Ade dAHA Fe
o83, 135]. 98T A3 J A a-adrenergic antagonist’} ¢
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Table 2. Pharmacological characteristics of [3-blockers

Name

Major current therapeutic indications

Non-selective [B-blocking agents

Hypertension, congestive heart failure, acute myocardiac Infarction, and open-angle

Alprenolol Angina pectoris
Oxprenolol Angina, hypertension and cardiac arrhythmias
Pindolol Angina pectoris and hypertension
Propronolol Hypertension, angina and hemangiomas
Timolol

glaucoma
Sotalol Cardiac arrhythmias and ventricular arrhythmias
Nadolol Hypertension and angina pectoris
Carteolol Hypertension and reduce intraocular pressure
Bupranolol Hypertension, tachycardia and glaucoma
Penbutolol Hypertension

Selective [-blocking agents

Practolol Cardiac arrhythmias
Metoprolol Hypertension, angina pectoris, tachycardia, heart failure, vasovagal syncope
Atenolol Hypertension, coronary heart disease, arrhythmias and angina pectoris
Acebutolol Hypertension, cardiac arrhythmias, acute myocardial infarction
Betaxolol Hypertension, angina pectoris and glaucoma
Bisoprolol Hypertension
Celiprolol Hypertsnsion and angina
Esmolol Tachycardia
Nebivolol Hypertension
a and B blocking agents
Labetalol Hypertension
Carvedilol Hypertension, congestive heart failure
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