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Abstract. Cholangiocarcinoma (CCA) is an aggressive type of
bile duct cancer that is characterized by a high mortality rate
due to its late diagnosis and ineffective treatment. The aim of
the present systematic review was to analyze the association
between Notch signaling and CCA in terms of its pathogen-
esis, progression and potential treatment targets. Relevant
information was gathered from the PubMed, ScienceDirect
and Scopus databases using the search terms ‘cholangiocar-
cinoma’ AND ‘Notch signaling’. Of the 90 articles identified,
28 fulfilled the eligibility criteria and were included in the
analysis. It was concluded that overexpression/upregulation
of Notch ligands, such as Jaggedl and Notch receptors
(Notchl, Notch2 and Notch3), as well as upregulation of the
upstream Notch signaling pathway, promoted CCA develop-
ment and progression. In addition, downregulation of Notchl
signaling through several possible interventions appears to be
a promising strategy for inhibition of CCA development and
progression. Therefore, the Notch signaling pathway may be
considered as a potential target for CCA control.

Introduction

Cholangiocarcinoma (CCA) is a bile duct cancer with a high
mortality rate. A significant proportion of the CCA cases and
resultant mortalities worldwide are reported in the north-
eastern region of Thailand, where the major risk factor is
infection by the liver fluke Opisthorchis viverrini through the
consumption of improperly cooked cyprinoid fish that contain
the parasite (1). There are currently no specific biomarkers for
early detection of early-stage CCA, and patients are usually
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diagnosed when the disease has already progressed to the
advanced stage, resulting in a poor prognosis. Liver resection is
the standard therapy, but is not suitable for all cases. The 5-year
survival rate following liver resection is <20%, depending on
the aggressiveness, metastatic propensity and invasiveness of
the tumors. Furthermore, CCA is resistant to chemotherapy
and radiation (2). Investigation of the molecular mechanisms
underlying the pathogenesis and progression of CCA has been
an ongoing research focus, and several signaling molecules
and pathways have been demonstrated to be involved in the
pathogenesis and progression of CCA (3).

The Notch signaling pathway has been proposed as a
conservative pathway that plays a key role in cell differentia-
tion, proliferation and apoptosis (4). This signaling pathway
is associated with several receptors and ligands. The four
identified receptors are Notchl, Notch2, Notch3 and Notch4.
The two families of ligands involved are the Delta-like family
(DLLI1, DLL3 and DLL4), and the Jagged family (Jaggedl
and Jagged?2). The activation of Notch signaling relies on two
proteolytic enzymes in the a disintegrin and metalloprotease
(ADAM) families and y-secretase enzyme, which cleaves
Notch receptors into two domains, i.e., Notch extracellular
domain (NECD) and Notch intracellular domain (NICD).
Following cleavage, NICD translocates to the nucleus and
binds to transcription factors to promote expression of target
genes, such as members of the hairy and enhancer of split
(Hes) and Hes-related to YRPW motif (Hey) families (5).

Overexpression of Notch signaling genes is associated
with the proliferation of certain cancers, including ovarian and
breast cancers and glioma (6-8). However, overexpression of
Notch signaling genes can also result in cancer cell apoptosis,
such as in cases of liver cancer, small cell lung cancer and
melanoma (9-11). The Notch signaling pathway in CCA cells is
summarized in Fig. 1. The objectives of the present systematic
review were to analyze the association of Notch signaling
with the pathogenesis and progression of CCA, and uncover
potential molecular targets for CCA control.

Materials and methods
The present systematic review was performed by combining

the search results from three databases, i.e., PubMed,
ScienceDirect and Scopus. The search terms applied were
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‘cholangiocarcinoma’ AND ‘Notch signaling’. All articles
were retrieved and downloaded to the EndNote X9 database
(Thomson Reuters Company, Canada) for further analysis. They
were initially screened by titles and abstracts to exclude irrel-
evant articles (those not involving CCA or the Notch signaling
pathway). Full-text articles included after the initial screening
were further evaluated by applying the predefined eligibility
criteria. The inclusion criteria were as follows: i) Articles
published between January 2004 and March 2020; ii) articles
available as full-text articles in English; and iii) articles with
in vitro/in vivo/ex vivo studies related to the Notch signaling
pathway in CCA alone or CCA and hepatocellular carcinoma
(HCC). The exclusion criteria were as follows: i) Articles
related to other diseases or types of cancer; ii) articles related
to pathways other than Notch signaling; iii) duplicated articles;
or iv) review articles, letters to the editor, editorials, systematic
analyses or meta-analyses.

Two reviewers extracted data independently and dispari-
ties were resolved by discussion and suggestions from the third
reviewer. The information extracted for analysis included:
First author's name and year of publication, objective(s) of
the study, type of Notch receptor investigated, type of study
(invitro, in vivo and ex vivo), type of cell lines or animals used,
laboratory techniques used, and key results and conclusions.

Results

A total of 89 articles from PubMed, ScienceDirect and Scopus
databases were downloaded to the EndNote database. A total
of 54 articles were excluded, and further analysis of the titles
and abstracts of the remaining 36 articles led to the exclu-
sion of 8 articles (5 articles unrelated to CCA, and 3 articles
unrelated to the Notch signaling pathway in CCA). Finally,
27 articles were included in the analysis. The flow diagram
of the study selection process is presented in Fig. 2, and the
study summary is provided in Tables I and II. The associations
of Notchl and Notch2 signaling with CCA development and
progression were investigated in 6 articles each, while those
of Notch3 and Notch4 signaling were investigated in 3 and
1 article(s), respectively. The investigations involved in vitro
(n=8), in vivo (n=12) and ex vivo (n=8) studies. The effects of
modulators of Notch signaling as potential chemotherapeutic
targets for CCA were investigated in 10, 5, 3 and 3 articles
for Notchl, Notch2, Notch3 and Notch4 signaling pathways,
respectively. The investigated modulators included cinobu-
fagin, verteporfin-photodynamic therapy (PDT), y-secretase
inhibitor (GSI), y-secretase inhibitor IX, endocannabinoids,
corilagin, short hairpin (sh)RNA, and small-molecule inhibi-
tors (SMIs) of aspartate-f-hydroxylase, anti-Notch1,2,3 and
Jaggedl, microRNA (miRNA)-34a, PIK3-catalytic subunit
alpha (PIK3CA), PIK75, verteporfin, FLI-06, microfibrillar-
associated protein 5 (MFAPS), ALW-II-41-27, ephrin Al,
lymphotoxin f receptor (LTPR), xanthohumol and vy-secretase
inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-
S-phenylglycine t-butyl ester (DAPT) (Table II).

Discussion

A summary of the currently available information on the
association between Notch signaling and the pathogenesis

and progression of CCA, including modulators (inhibitors or
stimulators) of the signaling pathway as potential candidates
for CCA chemotherapeutics, is presented in Fig. 3.

Upregulation of Notch signaling has been proposed as
the mechanism associated with the transformation of mature
hepatocytes into CCA cells (12-14). Nevertheless, activation
of Notch signaling in hepatic progenitor cells, but not the
transformation of hepatocytes, is proposed as the mechanism
underlying CCA development (15). Increased expression of
Notchl has been linked to CCA development and progres-
sion (14,16-24). Notchl has also been associated with cyclin E,
the coordinate regulator protein in the G1 phase of the cell
cycle; additionally, cyclin E can induce DNA damage (15).
Increased NICDI1 expression has also been associated with
CCA development and progression through upregulation
of cyclin E-associated DNA damage (15,25). Furthermore,
Notchl and Notch2 signaling have been reported to play a
critical role in CCA formation (12-14,24,26-29), in which
Jaggedl is the specific ligand. Upregulation of PIK3CA, AKT,
and Jagged! directly activates Notch 2 signaling and induces
CCA development. Overexpression of Jaggedl enhances
Notch2 signaling (26), while anti-Jagged] treatment suppresses
Notch2 signaling (27,28,30,31). At this time, the information
on Notch3 and its role in CCA development and progression
arelimited (24,32). Notch4 signaling has also been reported to
promote the development of intrahepatic CCA (ICC) and is
associated with a poor survival rate (24).

The activation of upstream Notch signaling molecules,
including Yes-associated protein (YAP), AKT, mTOR,
SNAIL and PIK3CA, are key processes that stimulate
CCA formation through the transformation of mature
hepatocytes into CCA cells (12). AKT is the main upstream
Notch signaling molecule, which upregulates Notchl and
Notch2 (12-14,26,27,29,33). mTOR is another upstream
activator of the Notchl receptor (12,16). YAP is an upstream
signaling molecule for both AKT and mTOR (12), and
co-expression of YAP with AKT induces CCA development
through activating Notch signaling via the Notch2 receptor
and Jaggedl ligand (12,14,28,34), or with co-expression
of NICD and shp53 (shRNA of p53) (35). Co-expression of
AKT and Ras (the protein product of the oncogene KRAS?2),
on the other hand, induces tumorigenesis (21,27,29). MFAPS,
enhanced green fluorescent protein-positive cells, mMTOR and
AKT, activate Notch signaling by increasing Notchl expres-
sion, thereby enhancing CCA cell proliferation (12,16,17).
Modulation of mutant genes, such as p53 (inactivation), isoci-
trate dehydrogenasel (activation), or other pathways, such as
the Wnt (f-catenin) pathway (activation), and the Myc pathway
(activation) with co-expression of Notch signaling (activation)
has been reported to induce CCA development (14,25,33,36).
Upregulation of Notchl expression may also be caused by
additional factors, such as a high expression level of prese-
nilin 1 (37). Aspartate f-hydroxylase (ASPH) enhances
activation of Notch signaling and stimulates CCA cell prolif-
eration and migration. A high expression level of Notchl can
activate Ras-related C3 botulinum toxin substrate 1, which
promotes CCA cell invasion and migration. ephrin type-A
receptor 2 enhances the expression level of Notchl and
promotes CCA growth through the activation of AKT/RAS
and by promoting lymphatic metastasis in ICC (21).
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Figure 1. Notch signaling pathway in CCA cells. Notch ligands, such as members of the DLL or the JAG family, attach to the Notch receptors to activate
the ADAM and y-secretase enzymes. The ADAM cleaves NECD outside the cell membrane and the y-secretase enzyme cleaves the NICD inside of the cell
membrane. After being cleaved, the NICD translocates to the nucleus and interacts with the DNA-binding protein to promote expression of the target genes,
such as Hes and Hey, which are associated with proliferation, migration and, invasion of CCA cells. CCA, cholangiocarcinoma; Hes, hairy and enhancer of
split; Hey, Hes-related to YRPW motif; ADAM, a disintegrin and metalloprotease; NECD, Notch extracellular domain; NICD, Notch intracellular domain;
DLL, delta-like family; JAG, Jagged family.
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Figure 2. Flow diagram of study identification and selection process. A total of 90 articles were selected by the title and abstract by using the key words
‘cholangiocarcinoma’ AND ‘Notch signaling.” A total of 54 articles were excluded (duplication, review articles, or non-full-text articles). A total of 8 articles
were further excluded by the titles and abstracts, and 24 articles were finally included in the analysis.


https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499

VANAROIJ et al: ROLE OF NOTCH SIGNALING IN CHOLANGIOCARCINOMA: A SYSTEMATIC REVIEW

pa3dolg

:UOTIRWLIOJ UOISI] YI[-DDI PRAR[a(
:uawdooAdp Jown) padnpur
-SeY/LV- Aanoe reuondiiosuen

7Vv.1/dex jo 3unyoolq 1o Aemyjed Aesse uorewioy sisouagouroredojedoy
oddry oy jo uoneAndy (1t Kuoj0o “YDdb-1d UQALIP-SEY/ IV
UonRZI[ed0] Jeaponu 7y /dex 3unyo[q uIesoMm Qotw N/ A (11 ur (Kemyjed
0) SuIpe9[ ‘sI0WN) IAAT[ SBY/ LV ANSTWAYO0)STYOUNUIWT I-daH-3S oala uy (11 oddry-sirepn -1opeaes)
(82) ur pajeanoeu :Kemyred oddry (1 ‘A30[0ISTH ‘SLr-ONS (1 omaup (1 gydoN  Aemiped oddiyg jo ooy (8107) /v 42 Sueyyz
sorduwres
“VNYUS Aq paynqryur ‘Juawdo[aap JQAI] SNOIAOUBD
VIO (CYOI0N JO uoneandy (i K3o10181y ‘Aesse I, LIN -uou ‘so[dwes
Surreu3Is YojJoN Yim I0308] “90UQISIONJOUNUIWIT VDD uewny (11 [opow
uondrrosuen-o0o ¢ rgqy Suniqryur ANSTWAYO0)STYOUNUIWT Qo1 UQALIP 9PIUWIR}OROIY)
y3no1yy uorssargord/uonewioy ‘3uInorq uIe)som wESAdAARIDAIND oaraxy (1 3ursn y)D ur
(ze) VIO :YON Jo uoissardxardaQ (1 “40db-1y “Aexre ¥Dd e (1 oamnaur(t gUION Surfeudis ¢UOION  (910¢) I» 12 3sonD
-3urreusis
JdVIN/SEY Pue JOLW/ LIV uawdojaAdp
Jo juspuadapur Juswdo[aasp DO A3o10181Yy DD ut (dua3 jueinw
Sunenung :[ADIN Pue £Sdys ‘Surure)s par snLIg-0101d THAD JZETYTHAI
(Y9) *OTETITHAI Jo uonruIquo) ‘Ansruoyoolsryountuty oI N/dAd oaraur  JUY2ON Jo [enuaod oruagoduQ (9102) 1v 12 Suiq
‘uorssargoxd A3o10381Yy sordwres
Susawdoroasp DO Suronput ‘3urure;s poy snuIS-0I1d1g DDI uewny (111
‘surojoid [SOH pue uorssaidxe  ‘Iururels URUAWIA ‘3U1io[q ot N/gAd (T oara x37 (1
TUOION SUISBRIOUT {UOTIBATIOR wsom ‘YD Jb-1d 9ST-N oala uy (11 JDI
(L) L3V pue uoissardxa-0d [pad3er ‘Ansrwaydosiyountu] ‘1-LDONH (1 oapau (I TYNON ur [pag3ef Jo ooy (9102) 1 12 34D
*S[[90 SunenIuI-1adue)) K3o10381y
:s1100 Suronpoid-JgJv (1 ‘AnsTIIaYO0)STYOUNII
*S[[99 anisod-4,{OH Jo Joqunu NMOd-1Y ‘Aesse uonewioy
Suronpai 3urfeudis [YdoJON JO aroyds ‘Sururels gH sorduwes
uoneAnoe Suniquyuy (1dva (it ‘Kesse 1MoI3T [0 DDI uewny (11
‘uononpoid Juopuadopur-oeroyoue 1w
I yoI0N Sursearour {DIN ysnoIyy ‘Kesse uonerojrjold AIDS/AON (1 oaza x77 (11 S[[90
uoneAnoe [yojoN sunengardn [199 ‘Aesse 21N [0 A9 ‘S7-dSS oara uj (11 UIQ)S JOOUBD SE S[[QD
on dAV :s[199 2An1sod-g.40d (1 -o[3uts ‘Anowolkd> Mof] ‘ZOI-IDONH (T oapauf (1 [ydjoN  Suronpoid-gy jo o[oy (0102) 1 12 TIYsT
(s3oy) SUOISN[OUOD PUB S)NSAY sonbruyoay, pasn [ewiueg/[[2) adfy ad£y J1e3nsaAur 03 9ARAqO (1eak) JoUyINy
Apmg Apmg U9I0N

VDD Jo uorssar3oid pue sisoussoyjed pue JurfeusIs YoJoN 03 PAIR[aI SAIpmS ‘T 9[qe],



MOLECULAR AND CLINICAL ONCOLOGY 16: 66, 2022

8
a
)
:

PUBLICATIONS

S[[99
I[-wsse[qoreday Suronpuy
20AIN pUe JVA JO UOTIRATIOR-0)) (TA
DOH

opei3-ysry Suronpuy :JvA pue
AN LV JO uoneanoe-o) (A
VOO

peI3-mo[ Suronpuy KA/ LV (Al
VDD 9pei3-mo[ Juronpujy
‘uoneAnoe Jvx pue [V (1

vOD UOTJRUTWLI)IP
ope13-y3iy Suronpuy :7/TY9ION ardKjouayd pue
pue 9K £q uoneAnoe YV (11 Surure}s pax ssorduwres DO SISQUASLIOWIN] JOAT]
UONRNUIIIP SNLIIS-01014 ‘A30]0IS1Y uewny ‘so[dwes ur sAemuyyed oK
[199 Jo JueuTLINAp A3 ‘Ansruwayoolsryounuwt ODH uewny (It oaaxg (It TYNON pue dvA ‘LAV-M€ld (L102)
(T :uonieanoe Kemyred [YV-M<Id (1 ‘Kdoosoxotur “YDJb-1¥ Qotwr 19, 7g.LSD (1 oatauy (I “TYdI0N 9} JO suonORINUL D 32 OJOWRWERL
SONSST) JOAT]
Surpunoxns ‘sonssn
VDD uewny (11 yoroxdde onnoderoyy
QTN (11 ® SB uone[npow
DFGIN ‘SLT-NNS 95812109s-A ‘Juawagelue
‘LLIAM “"HONM J0ydedar yoroN
K3010381Y ‘AeLIROIOTW ‘961 1-NNS fyDD ur skemyed
anssn YD ‘UonE[AoW  ‘GHT-NNS ‘698-NNS Sureuds Jofew jo
VDOO-nue VN ‘sts&jeue bas-y Ny ‘DDDSA ‘80€-NNS SISAJeUR JI0M)OU pue
QAT :[IeI009 [SD (11 £90U9SAIONJOUNUIW] ‘A ‘Sg-dSS ot xi (111 s103daoa1 yojoN 2y} Jo
‘Kemyped yojoN Surouefequir  ‘Sunjoq urdsom YDJ-LI ‘6LOT-NNS oamauyr (1 ¢uyooN  sorwoyduosuen) ([SO-ued (0202)
(€2 ‘pasearour ApjueoyrusIS :JYoN (1 *ANSTWAYO0)STYOUNIUI| ‘I-1.DDnH (1 omauy (I ‘TYdION Jo Ayanoe yOD-Nuy P 32 INOY,0
uorssaxdxa ZyooN
pue SIdIeW AYI[-D)D] SUISLIIIp
“PmoIS DOH Suniqyuy :zqvHaLup
10 ZsieT Jo uoissardxaroaQ (1t
uone[NIAIUMOp uoIssardxa
ZyoloN :Aemyyed oddry (1
(syoy) SUOISN[OUOD PUB SINSAY sonbruyoay, pasn [ewirueg/[[9D) adKy adKy 91e3nsaAur 03 9A1AqO (1eak) J0UyINY
Apmg Apmg UoI0N

"panunuo) ‘1 9[qeL


https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499

VANAROIJ et al: ROLE OF NOTCH SIGNALING IN CHOLANGIOCARCINOMA: A SYSTEMATIC REVIEW

sIsauagLIown}

DI Sutkefop ‘Aemyjed SN[
‘1199 aanisod-gX S ‘uorssardxa
[yoIoN ‘uornjerdjrjoid own)
Suronpay :zyoloN 3uissaiddng
:uawdooAdp DD peonpuI-dvA
/LMV 10} [BNUSSSH :ZYdI0N (111
sisouagLown) )OI

Surke[o( 1 TYoION Jo uone[qy (it
(uoniquyur

Sureudrs yoloN yim) uornerajrjord

¥Ddb-1y ‘A3oj0is1y

QW 550y [ YOION
pue N/gAd ‘oot
sopxoyCUOION pue
N/GAA ‘01 N/gAd
‘o1 JIAH-92Y (1

UoneWIo} D USALIP

Jown) SUISLaIdap DT PIALIRP ANSTWAYO0)STYOUNUIUT SLP-NNS ‘677-NNS -dVA/IMV ut s103dodax
-9)K003edoy Suronpur (opeosed ‘3U1mo[q uIdIsaMm ‘“DTH ‘1-LDOH oa1a uj (11 1Y9I0N UOJON pue 3urjeusis
(€1 U2ION SuneAndy :dvA/LMV (1 ‘ooudosatonyounww ‘Y ‘€1T-IN-ANA (1 oapauy (I “TYNON UDION JO 9[0Y (8107) [v 12 Suepy
(Surpeudis yojoN pue Jupy Surogie) sonssn
suonenw dyroads-oFeaul] 03 VDD uewny
asuodsal s[[90 YD 10 DDH ot Kdoasoromwu ‘sanssn vOD-DDH
QIBNUAIJIP) S[[0 I[-Ioyuagord ‘Kesse uonewioj Auojod uewiny ‘soanssn
9AnIsod-urnsau 0juT UOTIBRTIUSIJJIP ‘voneyrdroardounwiar-0d DDH uewny (11
14001edoy arnyewr SuneyrIoe] ‘uoneydroardounuurwr 01w y/y
‘s100URD URWNY JO AJI0(ew unewoIyd ‘Aesse ¢cd arp-djy
oy) ur uoneINw/sso :¢cd (IT 9seISJION] ‘SUMIO[q UIASIM ‘oot /g gsd ‘oot
(uonenrut ‘9ouvdsaronpjounuuir N/9AA Qo1 40
Jowmn) 10J parmbar) unsou urojoid ‘Surouanbas yN( ‘Aerre -1930wo1d unsoN (1 oara x77 (1 UOJON VDD pue DDH ul
PIeIO0SSE-[[90 1031ua301d pue wals oxoru ‘30710181 “YDJ-LY 7-0deyg oamla uy (11 oyroads unsaN Sunengar #102)
t¢) Jo uorssaxdxo Sunen3oy :ged (1 ‘AnsTuwroydo)sryounuuw| ‘/-HnH ‘g¢-doH (1 o4 uj (1 JON ur ¢cd Jo 9[oy  Jv 12 yaue3Ieyeyos],
uorssaxdxo
IIeW VDD YIM PIAR[ALIOD
A[3uonsg :[oAd] YN YW TIVNS (111
‘yojoN pue deg jo uonen3ai via sonssn
sisouagouroreoojeday ur uone[n3ar Sumoiq urasom IOAI[ SUIpUNOLINS
adKyouayd oN1-vDD TIVNS (1 ‘90UQISIONPOUNWIWIT  SNOIOWN}-UOU “SINSST stsauaSouroresojedoy
UoNeWIO) VD YIM PIJBIOOSSE Jnq ‘3urure)s pal sNLIS-0I0I DDH uewny (1 oa1a x5 (111 ur SISejsejow
‘SISBISBIOW [)IM PIJRIOOSSE JON ANSIIAYO0)SIYOUNUILL ot N/g A (1 oala uj (11 pue LJAH Sunowoxd
(62) “TIVNS Jo uoissaidxaroaQ (1 ‘3010151 *Ad02so1oB A 6VPOANS ‘HTH (I outauf (1 TUANON ur TIVNS Jo 9[0y (6100) 1p 12 X
(s3oy) SUOISN[OUOD PUB S)NSAY sonbruyoay, pasn [ewiueg/[[2) adfy ad£y J1e3nsaAur 03 9ARAqO (1eak) JoUyINy
Apmg Apmg U9I0N

"panupuo) 'J AqeL,



KAyranoearounuwl dpeI3-y3n
%8’ 6 Pue AJIA}0OBOIOUNWWT
9peI3-MO[ % ¥ ¢ :Ananisod

Surureysounwwi

%1€ PANQIYXS HYNON (Al
AyranoearounuIwut

opeIs-ysiy %6 pue
K)IATIOROIOUNWWI 9PRIZ-MO]

% 1'¥¢ ‘Aianisod Jururejsounuuwir
%6 PANIYXS €YNON (11
KyAnoeaIounwwl 9pe3-y3y % ¢ 62

m pue AJIA)OBAIOUNWIT PRIT-MO[

W_, 9897 :‘Aimanrsod Jururejsounuut

& %1°9S PANQIYXS TY2ION (11

m KyIAToRQIOUNWWI 9PRIZ-Y3IY %/ € PUOION

% pue AJIA1jOBAIOUNWIWI dPRI-MO[ sonss1) ‘CYII0N

3 %7 16 :Auanisod Surureisounwwr SNOJIOUR))-UOU UBWNY ‘TUOION D] ut s10ydadar

m ) %678 PANQIYXa TyaoN (1 AT)STIIYO0ISTYOUNIW] ‘sonssn DO uewny omau;  ‘TY0ON [oJON Jo uorssardxg #102) 1P 12 np
3 AT}STUISYO0)STYOUNTITIT

M uoneIsIw [[90 SunIqIUUI ¢ [ovy ¢90U92SsATONoUNUIWIL

m 1yo10N Sune[n3arumo( ;SO (Al ‘Kdoosororu

a uoneI3nu ‘Kesse uoneigru

Z pUB UOISBAUL [[90 Jown], : Jovy (111 ‘Ansrueydo)Aoounuur 0186-2D1

= uoneisru [[90 Sunowoid ‘Aesse uUonBAIOE OBy ‘A9 ‘6£6090 (11

m ‘Tovy Suneanoy :1yooN (I ‘sisATeue uonerodioour sanssn DDI ur uoneIsSrwu

m SQuI[ [[99/S9NSST) QUIPLINAXOJPOWOIq  SNOIJUBD-UOU UBNY oala uj (11 [[99 UI [ydJON JO

p= (L1) DDI :1YoIoN Jo uorssardxo ySryg (1 ‘Sumo[q widgsom ‘YDJ-I¥  ‘sonssn DDJ uewny (1 omauy (1 JYJION 9101 pue uorssardxg (€107) [v 12 noyyz,

so3ueyo [eor3ojoydiow -03s1y
jueoyIugis oN :s91ko03eday ut
TY2ION JO uoneandeur JYdIoN (A
SUOISI[ YI[-BWOUIPL
Iern[eoojeday 03 DDT WO
adKyouoyd Jowny Juryoims
{UOIIBATIORUI UOTIQ[OP ZUYOIION (Al

(syd) SUOISN[OUOD pUE S}NSAY sonbruyoqy, pasn [ewuR/[[9D adKy adAKy d1e31saAur 03 2A1q0 (18aK) J0yINYy
Apmg Apmg U2JON

&z
o>
23
MU
e

"panunuo) ' AqeL,



https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499
https://www.spandidos-publications.com/10.3892/mco.2022.2499

Table I. Continued.

Study
(Refs.)

Study

Notch

Results and conclusions

Techniques

Cell/animal used

type

type

Objective to investigate

Author (year)

VANAROIJ et al: ROLE OF NOTCH SIGNALING IN CHOLANGIOCARCINOMA: A SYSTEMATIC REVIEW

v) Notchl and Notch4 were

upregulated in ICC cells compared

with non-tumor cells

vi) Notchl was expressed in tumors

sized >5 cm

vii) Notch4 was expressed in cases
with serum carbohydrate antigen

125 >35 U/ml and was correlated

with poor survival rate

AFP, o-fetoprotein; CCA, cholangiocarcinoma; dnTEAD, double-negative TEA domain; EGFP, enhanced green fluorescent protein; EMT, epithelial-mesenchymal transition; HCC, hepatocellular

carcinoma; ICC, intrahepatic CCA; IDHI1, isocitrate dehydrogenase 1; LATSs, large tumor suppressor; NICD, Notch intracellular domain; Pan-GSI, Pan y-secretase inhibitor; PDAC, pancreatic ductal

adenocarcinoma; PIK3CA, PIK3 catalytic subunit alpha; RT-qPCR, reverse transcription-quantitative PCR; RBPJ, recombination signal binding protein for immunoglobulin kappa J region; SNAIL, snail

family transcriptional repressor 1; YAP, Yes-associated protein.

The role of Notch signaling in cancer pathogenesis and
progression has also been demonstrated in several other
types of cancer, including embryonal carcinoma (38),
glioblastoma (39), melanoma (40), ependymoma (41), breast
cancer (42), HCC (34), ovarian cancer (43), endometrial carci-
noma (44), esophageal squamous cell carcinoma, gonadotroph
pituitary adenomas (42), rhabdomyosarcoma (45), colon
cancer (46), gastric cancer (47), gastrointestinal stromal
tumors (48), anaplastic thyroid cancer (49), medullary thyroid
cancer (50), pancreatic cancer (51), glioblastoma multi-
forme (52) and neuroendocrine neoplasms (53). The signaling
molecules and pathways involved vary according to the type
of cancer. Notch3, in addition to Notchl, appears to play an
important role in breast cancer development and progression
through its activation of cartilage oligomeric matrix protein
expression (54).

Downregulation of Notchl signaling by several inter-
ventions has been demonstrated to be a promising strategy
for inhibition of CCA growth. These interventions include
administration of cinobufagin (a traditional Chinese medicine
extracted from parotid and skin glands of Chinese Toad) (21),
xanthohumol (55), verteporfin-PDT (30), DAPT (23), PIK75
(PIK3CA-specific inhibitor), verteporfin, anti-Notch1 anti-
body (27), miRNA-34a (31) and small interfering (si)RNA
LTPR (22). The downregulation of Notchl siRNA expression
reduces Notchl levels, which results in inhibition of Notch
signaling, suppression of cell proliferation, and promo-
tion of apoptosis (20,22,27,30,31,55). Verteporfin-PDT
downregulates the mRNA expression of Notchl, Notch2
and Jaggedl (30); additionally, verteporfin can reduce YAP
levels, decrease cell proliferation and induce apoptosis (14).
Inhibition of MFAPS using the y-secretase inhibitor FLI-06
also suppressed Notchl expression in CCA (20). Inhibition
of Notch?2 signaling using anti-Notch2 or anti-Jaggedl
antibodies also suppressed Notch2 signaling (27) and
miRNA-34a expression (31). Direct inhibition of Notch2
using miRNA-34a, PDT, anti-Notch2 or anti-Jagged1, and the
Hippo pathway cascade decreases Notch2 levels, promotes
apoptosis and inhibits cell proliferation. However, Notch1 and
Notch?2 signaling have been demonstrated to interact antago-
nistically with each other (27,36). Antagonists of Notchl
signaling can enhance Notch2 signaling, while Notch2
depletion can increase the levels of various components of
the Notchl signaling pathway, such as the endocannabinoids
anandamide (AEA) and 2-arachidonylglycerol (2-AG), or
anti-Notchl and anti-Notch2 antibodies (27,34). AEA and
2-AG have been shown to exert different effects on Notch
signaling. AEA, which has antiproliferative activity, upregu-
lates Notchl signaling via increasing the level of presenilinl,
a catalytic subunit of y-secretase. On the other hand, 2-AG,
which has growth-promoting activity, upregulates Notch2
signaling via increasing the expression of presenilin 2,
another catalytic subunit of y-secretase. 2-AG activates
Notch?2 and enhances CCA cell proliferation (36). There have
only been a limited number of studies related to Notch3 and
its role in CCA, although is has been shown that using gene
knockout or shRNA and SMIs to decrease Notch3 levels
suppresses CCA growth (32). Both shRNA and SMIs inhibit
ASPH and Notch signaling to suppress CCA cell proliferation
and migration (56).
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Figure 3. Notch signaling and ist association with the pathogenesis, progression and chemotherapeutic targets in CCA. Notch receptors, such as Notchl,
Notch2, Notch3 and Notch4, activate the Notch signaling pathway and promote CCA formation via NICD. The upstream signals of Notch, such as mTOR,
PI3KCA, AKT, YAP and SNAIL, can promote the effects of the Notch signaling pathway by increasing Notch receptor expression levels. A direct ligand of
Notch2, such as JAGI, can also upregulate Notch2 expression and can be upregulated by YAP. Notch1 can be induced by MFAPS and is found in EGFP* cells.
Moreover, Notchl can activate RAC1 to promote CCA formation, or induce NICD to increase cyclin E expression to promote CCA formation. Several inter-
ventions downregulate the expression of Notch receptors and suppress Notch signaling, including anti-LTfR, verteporfin, corilagin, XN, PDT, cinobufagin,
PIK73, siRNA, shRNA/SMIs, DAPT, miRNA-34a and FLI-06. In addition, some modulators can inhibit certain Notch receptors but promote different Notch
receptors, such as AEA, 2-AG, anti-Notchl antibody, anti-Notch2 antibody and anti-JAGI1 antibody. Some pathways, including the Hippo pathway, decrease
Notch receptor expression levels, while others, such as the Wnt pathway, can promote CCA formation. CCA, cholangiocarcinoma; NICD, Notch intracellular
domain; YAP, Yes-associated protein; PI3KCA, PIK3-catalytic subunit alpha; MFAPS, microfibrillar-associated protein 5; EGFP, enhanced green fluorescent
protein-positive; RACI, Ras-related C3 botulinum toxin substrate 1; LTBR, lymphotoxin f receptor; PDT, photodynamic therapy; siRNA, small inhibitory
RNA; shRNA, short hairpin RNA; SMIs, small-molecule inhibitors; DAPT, y-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester; miRNA, microRNA; AEA, anandamide; 2-AG, 2-arachidonylglycerol; XN, xanthohumol.

The potential of the aforementioned interventions for  xanthohumol for hepatocarcinoma (58), FLI-06 for tongue
the control of other types of cancer has also been demon-  cancer (59), GSI for glioblastoma cancer stem cells (60), T-cell
strated. These include cinobufagin for osteosarcoma (57), for acute lymphoblastic leukemia (61), osteosarcoma (62) and
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triple-negative breast cancer (63), and DAPT for glioma (64),
colorectal cancer (65), cervical cancer (66), gastric cancer (67),
head/neck squamous cell carcinoma (68), osteosarcoma (69),
choriocarcinoma (70) and ovarian cancer (71). In addition,
miRNA-34a has also been reported to inhibit the progression
of pancreatic cancer and medulloblastoma (72,73), and siRNA
interference has been reported to inhibit cell proliferation in
glioblastoma multiforme (74).

In summary, overexpression/upregulation of the expression
of Notch ligands (e.g., Jaggedl) and Notch receptors (Notchl,
Notch2, Notch3 and Notch4), as well as upregulation of the
expression of upstream Notch signaling molecules, promotes
CCA development and progression. Therefore, downregula-
tion of Notchl signaling through several interventions is
a promising strategy for inhibition of CCA development
and progression. However, further studies focusing on the
application of these modulators of Notch signaling in a clinical
setting must be performed in the future.
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