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Agrin expression is correlated
with tumor development and
poor prognosis in
cholangiocarcinoma
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Abstract

Objective: This study examined the role of agrin in the development of cholangiocarcinoma

(CCA).

Methods: Western blotting was performed to detect the expression of target genes. The cor-

relation between agrin expression and prognosis was analyzed using the Kaplan–Meier method.

Proliferation, migration, invasion, and tumorigenesis were examined in CCA cells and tissues

using the Cell Counting Kit-8 assay, cell cycle analysis, transwell migration assay, and nude mouse

tumorigenicity assay in vivo, respectively.

Results: Agrin expression was significantly upregulated in CCA tissues compared with that in

adjacent non-tumor tissues, and agrin expression was correlated with poorer tumor character-

istics such as portal vein tumor thrombus, intrahepatic metastasis, and worse survival. Forced

agrin expression in CCA cells apparently promoted proliferation, colony formation, migration,

invasion, and cell cycle progression, but agrin depletion had the opposite effects. Furthermore,

agrin-depleted CCA cells developed fewer and smaller tumors than control cells in vivo.

Mechanistic analyses indicated that agrin activated the Hippo signaling pathway and induced

the translocation of YAP to the nucleus.

Conclusions: Agrin promoted CCA progression by activating the Hippo signaling pathway,

suggesting its promise as a target for CCA therapy.
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Introduction

Cholangiocarcinoma (CCA) is the most fre-
quent biliary adenocarcinoma, accounting
for 10% to 15% of primary liver cancers,
and it is associated with high malignancy
potential.1 According to its origination,
CCA is classified as intrahepatic or extra-
hepatic CCA, and the latter includes peri-
hilar and distal CCA. Most patients with
CCA are diagnosed at a median age of 65
years, but patients with primary sclerosing
cholangitis commonly present with CCA at
�40 years of age.2 The high incidence of
hepatolithiasis and high prevalence of hep-
atitis B virus may be the main causes of
CCA initiation in China.3 In recent deca-
des, there has been increasing concern
over the rising incidence and high tumor-
related death rates of CCA globally. For
patients with CCA, surgery is the only
potentially curative option. Unfortunately,
rapid preoperative tumor progression and
high postoperative tumor recurrence rates
significantly limit R0 resection rates and
long-term tumor-free survival (TFS).4

Recently, great advances have been made
in tumor management,5 and related immu-
notherapy has been developed, which
strongly suggests that further understand-
ing of the molecular mechanism underlying
tumor progression and recurrence would be
useful for improving prognosis.

Agrin is a 210-kDa basal lamina-related
heparan sulfate proteoglycan that exists as
either a shorter type II transmembrane pro-
tein or a secreted protein in the extracellular
matrix.6 Its two parts have been revealed to
have completely different functions.
Specifically, the carboxy-terminal end
exhibits synaptogenic activity and triggers

acetylcholine receptors (AChRs) by activat-
ing the low-density lipoprotein receptor-
related protein 4 (Lrp4) receptor and
muscle-specific kinase (MuSK), and the
amino-terminal end consists of a signal
sequence necessary for the secretory path-
way and an agrin domain that is required
for binding with basal lamina-associated
laminins.7 Most studies investigated the
essential role of agrin in the formation of
the vertebrate neuromuscular junction
during embryogenesis. For example,
Nitkin et al.8 and Jones et al.9 confirmed
that ectopic agrin expression could promote
the formation of postsynaptic specializa-
tions, such as the induction of endplate-
specific gene transcription of the e-subunit
of AChR in vivo and aggregates of several
important molecules on cultured myotubes
in vitro. Conversely, the inhibition of agrin
resulted in few pre- and postsynaptic spe-
cializations, as well as death at birth in
mice because of non-functional respiratory
musculature.10 In addition, several recent
studies verified that agrin is necessary for
tumor initiation and progression. Sayan
et al.11 demonstrated that agrin promoted
cellular proliferation, migration, and inva-
sion in hepatocellular carcinoma and acti-
vated the FAK signaling pathway through
formation of the agrin–Lrp4–MuSK signal-
ing complex. Rivera reported that agrin
depletion decreased malignant potential
and inhibited the phosphorylation of
FAK, ERK, and cyclin D1 in oral squa-
mous cell carcinoma cells.12 However, the
relationship between agrin and CCA devel-
opment has not yet been explored. Thus,
the present study examined the role of
agrin in regulating cell biofunction in CCA.
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Materials and methods

Clinical materials and sample preparation

The present study was performed in accor-

dance with the principles of the Declaration

of Helsinki (as revised in 2013) and

approved by the Ethical Committee at the

Second Affiliated Hospital of Wenzhou

Medical University, Wenzhou University,

(No. LCKY2020-110). The requirement for

individual consent for this retrospective

analysis was waived. All clinical samples

used in the study were obtained from

patients with hepatocellular carcinoma at

the Second Affiliated Hospital of Wenzhou

Medical University, Wenzhou University

(Wenzhou, China) between 2017 and 2019.

Cell lines and cell transfection

Two human CCA cell lines (HUCCT-1 and

CCLP-1) were purchased from the

Institutes of Biological Sciences (Shanghai,

China) and cultured following the manufac-

turer’s instructions. HUCCT-1 and CCLP-

1 cells were incubated in RPMI 1640

complete medium (Thermo Fisher

Scientific, Inc., Waltham, MA, USA) sup-

plemented with 10% fetal bovine serum

(FBS, Gibco, Thermo Fisher Scientific)

and antibiotics (50 U/ml penicillin and 50

mg/ml streptomycin, both from Gibco) in a

5% CO2 incubator at 37�C. Lentivirus

encoding both a short hairpin RNA

(shRNA) (50-CAGGAGAAUGUCUUC

AAGATT-30) specifically targeting human

agrin and green fluorescent protein

(GeneCopoeia, Rockville, MD, USA), as

well as the pcDNA3.1 vector containing

the full-length cDNA of agrin

(GeneCopoeia), were used to infect the

cells. Lentivirus encoding a scramble

sequence (GeneCopoeia) was used as a con-

trol. Briefly, virus (multiplicity of

infection¼ 20) was added into cells at loga-

rithmic phase supplemented with 1 mL of

polybrene (MedChemExpress, Monmouth
Junction, NJ, USA). After incubation for
24 hours, medium including the virus was
removed. An immunofluorescence micro-
scope (Macklin, Shanghai, China) was
used to observe the intensity of virus
expression. Stably transfected cells were
selected using puromycin (Glpbio,
Montclair, CA, USA).

RNA extraction and reverse transcription
quantitative real-time polymerase chain
reaction (RT-qPCR)

The extraction of total RNA from tissues
and cells was performed using TRIZOL
reagent (Thermo Fisher Scientific) follow-
ing the manufacturer’s instructions. Then,
2 mg of RNA were subjected to a reverse
transcriptase reaction using a ReverTra
AceVR kit (Thermo Fisher Scientific, Inc.)
to synthesize cDNA. RT-qPCR was per-
formed using SYBR Premix Ex TaqTM

(Takara Bio, Inc., Kusatsu, Shiga, Japan)
and the Thermal Cycler Dice Detection
System (Takara Bio). The housekeeping
gene b-actin was selected as an endogenous
control. The 2���Ct method was used to
quantify the results. All reactions were per-
formed in triplicate. The following primers
were used to specially amplify the agrin
gene and b-actin: agrin forward, 50-ACA
CCGTCCTCAACCTGAAG-30; agrin
reverse, 50-CCAGGTTGTAGCTCAGTT
GC-30; b-actin forward, 50-AGAGCCTCG
CCTTTGCCGATCC-30; b-actin reverse,
50-CTGGGCCTCGTCGCCCACATA-30.

Cell cycle analysis

Cells transfected with agrin plasmid or
shRNA were subjected to serum starvation
for 24 hours to induce cell cycle synchroni-
zation and then seeded at a density of
10,000 cells per 6-cm plate. Monolayer
cells were harvested at approximately 70%
confluency as single-cell suspensions and
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fixed in 90% ethanol overnight. Following
washing twice with PBS, cells were incubat-
ed with 0.5 mL of DNA Prep Stain
(GeneCopeia) in the dark for 30 minutes
at room temperature, followed by flow
cytometric analysis. The percentage of the
cell population in each phase was calculated
using ModFit LT software (Verity Software
House, Topsham, ME, USA).

Colony formation

Colony formation assay was performed by
seeding CCA cells in six-well plates. In
total, 1000 cells were seeded in 2 mL of
10% FBS-containing medium, which was
replaced every 3 days. After incubation
for 2 weeks, the colonies were fixed with
95% methanol, stained with 0.4% crystal
violet, photographed, and counted.

Cell Counting Kit-8 (CCK-8) assay

The effects of agrin on CCA cell viability
was detected using the CCK-8 assay
(Dojindo Molecular Technologies, Inc.,
Rockville, MD, USA) assay. Briefly, CCA
cells were seeded in a 96-well plate at a den-
sity of 1000 cells per well. Following culture
for 24, 48, 72, 96 and 120 hours, fresh
medium containing 10% CCK-8 was
added to the well, and the absorbance at a
wavelength of 450 nm was detected as an
indicator of cell viability.

Cell migration and invasion assays

Migration and invasion assays were con-
ducted using the transwell migration assay
(24-well insert, 8.0-lm pores, Corning,
Corning, NY, USA). CCA cells (1� 104/
well) were suspended in 100 lL of FBS-
free culture medium and placed into the
upper chamber. The upper chamber was
coated with Matrigel (Corning) for the
invasion assay, whereas no Matrigel was
used for the migration assay. Medium con-
taining 10% FBS was added into the

bottom chamber to drive cell translocation

at 500 lL per well. After 24, 48 and 72

hours, cells on the upper surface of the

chamber were cleaned with cotton swabs,

and those on the bottom surface were

reserved and fixed in 95% methanol for

20 minutes, stained with 0.4% crystal

violet, visualized, and counted using a

light microscope (�100 magnification).

Wound-healing assay

CCA cells with agrin depletion or overex-

pression were plated in six-well plates.

When monolayer CCA cells reached 80%

to 90% confluence, a scratch was made

using Culture-Insert (Ibidi, Gr€afelfing,
Germany). Following incubation for 24

and 48 hours, the migrated distances were

recorded as an indicator of migration.

Western blotting

Total protein was extracted from CCA cells

on ice using RIPA lysis buffer (Thermo

Fisher Scientific) supplemented with prote-

ase and phosphatase inhibitors (Thermo

Fisher Scientific). The total protein concen-

tration was measured using the BCA assay

(Pierce, Rockford, IL, USA). The electro-

phoretic separation of proteins was per-

formed in a 4% to 20% gradient sodium

dodecyl sulfate polyacrylamide gel

(GenScript, Piscataway, NJ, USA). The

protein on the gel was then transferred to

0.45-lm PVDF membranes

(MilliporeSigma, Burlington, MA, USA).

Following blocking with Tris-buffered

saline containing 5% non-fat milk and

0.1% Tween-20 for 1 hour, the membrane

was incubated with target primary antibod-

ies overnight at 4�C. After washing three

times with TBST, the membrane was incu-

bated with the secondary antibody for 1

hour at room temperature at a dilution of

1:5000. The membrane was visualized using

SuperSignal West Pico Chemiluminescent
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Substrate (Pierce) and analyzed using

Lab Image software (Bio-Rad, Hercules,

CA, USA).

Tumor xenograft experiment

A total of 1� 106 cells with agrin depletion

or overexpression suspended in 100 mL of

medium, as well as control cells, were sub-

cutaneously injected into the lateral flanks

of 6-week-old male BALB/c nude mice

(n¼ 5 per group). Tumor volume was mea-

sured weekly with a caliper according to the

following equation: tumor size¼
(width2� length)/2. Four weeks after the

injection, all mice were sacrificed, and

tumors were harvested.

Immunohistochemistry (IHC)

Tumor tissue sections (4 mm) were deparaffi-

nized, rehydrated, and subjected to heat-

induced epitope retrieval. Next, endogenous

peroxidase activity was quenched with 3%

hydrogen peroxide, and non-specific binding

was blocked with 5% FBS. After incubation

with primary antibodies overnight at 4�C,
the sections were further incubated with

the corresponding HRP-conjugated second-

ary antibodies at room temperature for 1

hour. The target protein expression was

visualized using 3,30-diaminobenzidine and

counterstaining with hematoxylin.

Cell apoptosis assay

To assay apoptosis, ICC cells with normal or

depleted agrin expression were cultured in

medium under conventional conditions for

24 hours. Then, a FITC-conjugated

Annexin-V and 7-AAD kit (eBioscience,

San Diego, CA, USA) was used according

to the manufacturer’s recommendations.

Cells located in quadrants Q2 and Q4 were

FITC-positive and 7-AAD–negative, respec-

tively. These cells were considered apoptotic.

Statistical analysis

All experiments were performed three times,
and related data are presented as the mean-
� standard deviation or frequency. The dif-
ference between experimental groups (CCA
vs. normal tissues, portal vein tumor throm-
bus [PVTT] vs. non-PVTT, tumor size � 5
cm vs. tumor size< 5 cm, multiple tumor
lesions vs. single tumor lesion) was statisti-
cally analyzed using Student’s t-test.
Frequency data were analyzed using
Fisher’s exact test. The CA199 level
exceeded 12,000 kU/L (the maximum value
of the clinical test) in some patients, and
thus, CA199 levels were analyzed using the
chi-squared test. Statistical analysis was con-
ducted using SPSS 19.0 software (IBM
Corp., Armonk, NY, USA), and P< 0.05
indicated a statistically significant difference.

Results

Pattern and significance of agrin
expression in patients with CCA

To explore the potential effects of agrin on
CCA, agrin mRNA expression was detected
using RT-qPCR in 162 paired CCA speci-
mens, revealing that agrin was significantly
upregulated in CCA tissues compared with
its expression in adjacent non-tumor tissues
(P< 0.001, Figure 1a). According to the
median agrin mRNA level, the patients
were divided into two groups. Differences
in clinicopathological factors and demo-
graphic characteristics between the two
groups are presented in Table 1. Kaplan–
Meier analysis revealed that patients with
high agrin expression had higher rates of
CCA recurrence and poorer tumor-free sur-
vival (TFS) following surgical resection
(Figure 1b). Furthermore, increased agrin
expression in patients with CCA was corre-
lated with PVTT (P< 0.001, Figure 1c),
tumor size (P¼ 0.012, Figure 1d), and the
number of tumors (P¼ 0.036, Figure 1e),
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Figure 1. In 162 paired specimens, agrin was significantly overexpressed in CCA tissues compared with its
levels adjacent non-CCA tissues according to RT-PCR (a). Furthermore, additional overexpression of agrin
was correlated with increases of mortality rates (b), PVTT (c) tumor size (d), and tumor number (e).
Immunohistochemistry also revealed that agrin protein expression was significantly higher in CCA tissues
than in normal tissues (f–g)
CCA, cholangiocarcinoma; PVTT, portal vein tumor thrombus.

Table 1. Correlation of agrin expression with clinicopathological features in patients with
cholangiocarcinoma.

Variables

Tumor agrin expression

PaLow High

Age 0.084

�50 years 35 47

>50 years 46 34

Sex <0.001

Male 33 56

Female 48 25

PVTT 11 42 <0.001

Tumor size <0.001

�5 cm 68 33

>5 cm 13 48

Tumor number 0.038

Single 27 41

Multiple 54 40

CA199> 37 kU/L 68 58 0.088

CEA> 5 ng/mL 37 34 0.751

GGT> 50 U/L 64 56 0.209

Histopathologic grade 0.090

Wellþmoderately differentiated 31 20

Poorly differentiated 50 61

aStatistical analyses were performed using the chi-squared test.

PVTT, portal vein tumor thrombus; CEA, carcinoembryonic antigen; GGT, gamma-glutamyltransferase.
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suggesting a stimulatory role of agrin in

CCA development. Moreover, IHC illustrat-

ed that agrin protein levels were substantial-

ly higher in CCA tissues than in normal

tissues (Figure 1f–g). The postoperative 3-

year overall survival rate was 49.5% in the

low agrin expression group, versus 13.7% in

the high agrin expression group. In addition,

agrin was identified via Cox proportional

hazards regression to be an independent

risk factor for CCA (hazard ratio¼ 2.47;

95% confidence interval¼ 1.63–3.75;

P< 0.001; Table 2). These results were also

verified in a CCA cohort from The Cancer

Genome Atlas (Figure S1).

Agrin promotes CCA cell proliferation

Recombinant pcDNA3.1-agrin containing

the agrin gene was transfected into CCLP

and HUCCT cells to induce agrin expres-

sion. After verifying the effectiveness of the

agrin plasmid, CCK-8 and colony forma-

tion assays were performed to explore the

effects of agrin on CCA cell proliferation.

Compared with the effects of empty plas-

mid transfection, agrin-overexpressing

CCA cells exhibited higher viability

(Figure 2a–b). By contrast, agrin depletion

via shRNA lentiviral vector transfection

significantly suppressed CCA cell growth

and colony formation (both P< 0.001,

Figure 2c–d). In cell cycle analysis, agrin

overexpression facilitated the G1-S/G2 cell

cycle transition in CCA cells, whereas this

transition was prevented by agrin depletion

(Figure 2e–f).

Agrin depletion induces apoptosis in CCA

cell lines

Flow cytometry was performed to clarify

the role of agrin depletion on apoptosis in

CCA cells. Agrin depletion induced

apoptosis in HUCCT and CCLP cells, as

determined by FITC/7AAD staining.

Agrin-depleted CCLP cells exhibited a

higher percentage of apoptotic cells

Table 2. Agrin expression is an independent predictive factor for prognosis.

Variables

Cumulative recurrence Overall survival

HR (95% CI) Pa HR (95% CI) Pa

Age (years)

�50 vs. <50 0.63 (0.42–0.95) 0.028 0.84 (0.54–1.31) 0.436

Sex

Male vs. female 1.42 (0.98–2.07) 0.065 1.06 (0.87–1.29) 0.543

PVTT

Present vs. absent 0.98 (0.68–1.41) 0.895

Tumor number

Multiple vs. single 0.84 (0.51–1.36) 0.476

Histopathologic grade

Wellþmoderately differentiated

vs. poorly differentiated

1.66 (1.07–2.59) 0.025 1.18 (0.73–1.92) 0.491

Tumor size

>5 cm vs. �5 cm 0.88 (0.59–1.33) 0.567

Agrin expression

High vs. low 2.65 (1.79–3.89) <0.001 2.47 (1.63–3.75) <0.001

aCox proportional hazards regression. PVTT, portal vein tumor thrombus; HR, hazard ratio; CI, confidence interval.
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(11.13� 0.76%) than negative control cells

(5.12� 0.45%, P< 0.05), and the similar

trend was observed in HUCCT cells

(12.45� 0.68% vs. 3.6479� 0.34%,

P< 0.05, Figure 3).

Agrin enhances CCA metastasis in vitro

Transwell and wound-healing assays were

used to evaluate the effects of agrin on the

migration and invasion of CCA cells in

vitro. Agrin shRNA-transfected cells were

less likely to migrate to the upper chamber

than control cells, and this effect was

blocked by ectopic agrin expression (all

P< 0.05, Figure 4a–f). Moreover, the

wound-healing rate at 24 hours was

significantly lower in agrin-depleted CCA

cells (P< 0.001, Figure 4g–i). These results

suggested that agrin enhanced CCA cell

migration and invasion.

Agrin increases CCA cell

tumorigenesis in vivo

We investigated the role of agrin in tumor

growth in nude mice. Agrin shRNA-

transfected and negative-control CCLP

cells were subcutaneously injected into

nude mice (n¼ 5 per group). Compared

with the control findings, mice injected

with agrin-depleted cells displayed apparent

decreases in tumor size and weight (both

P< 0.05, Figure 5).

Figure 2. Compared with the findings in control cells, agrin overexpression increased cell viability but agrin
depletion reversed this effect in CCLP (a) and HUCCT cells (b). Agrin suppression decreased the number of
colonies (c–d). Agrin overexpression facilitated the G1-S/G2 cell cycle transition, but agrin depletion pro-
moted cell cycle arrest (e). (f) The percentage of cells in each cycle phase.
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Figure 3. Flow cytometry illustrated that agrin-depleted cholangiocarcinoma cells exhibited a higher per-
centage of apoptotic cells. (a–b) CCLP cells, 11.13� 0.76% vs. 5.12� 0.45%, P< 0.05. (c–d) HUCCT cells,
12.45� 0.68% vs. 3.6479 � 0.34%. (e) The percentage of apoptotic cells.

Figure 4. Ectopic agrin expression promoted migration and invasion (a) but agrin depletion apparently
decreased migration and invasion in CCLP cells (b). (c) Mean number of cells per field. (d) Ectopic agrin
expression promoted migration and invasion in HUCCT cells. (e) Agrin depletion apparently decreased
migration and invasion in HUCCT cells. (f) Mean number of cells per field. The wound-healing rate over 24
hours was significantly inhibited following agrin depletion in CCLP (g) and HUCCT cells (h). (i) Percent
migration distance.
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Agrin promotes YAP and TAZ expression

Previous data disclosed that agrin activated
Lrp4/MuSK receptor-mediated signaling
pathways to maintain the integrity of cellu-
lar focal adhesion,13 a critical mediator of
the Hippo signaling pathway.14 We there-
fore analyzed the role of agrin in regulating
the Hippo signaling pathway. Western blot-
ting demonstrated that the upregulation of
agrin slightly increased the phosphorylation
of MOB1 in CCA cells (Figure 6a–b),
whereas it promoted YAP phosphorylation
in CCLP cells (Figure 6a) but not in
HUCCT cells (Figure 6b). However,
agrin-overexpressing CCA cells exhibited
apparent increases in YAP and TAZ
expression. As expected, agrin depletion
noticeably inhibited the expression of
YAP and TAZ in CCLP (Figure 6c)
and HUCCT cells (Figure 6d). These
data further confirmed the effect of
agrin on promoting Hippo–YAP signaling
activation.

Discussion

CCA is a malignant cancer with high inci-
dence rates globally, but its underlying
molecular mechanism has yet to be clari-
fied. Great advances have been made in
understanding CCA, but the tumor recur-
rence rate for CCA remains high after sur-
gery. Therefore, the need for a potentially
effective approach against CCA is urgent.
Recently, multiple lines of evidence indicat-
ed that agrin plays an oncogenic role in pro-
moting tumorigenesis.15 In this study, the
function of agrin in CCA-related processes
was investigated for the first time. The
results demonstrated that ectopic agrin
expression promoted proliferation, colony
formation, migration, invasion, and tumor-
igenesis in CCA cells. The frequently
increased expression of agrin in clinical
CCA specimens and its correlation with
poorer tumor characteristics and higher
postoperative tumor recurrence rates were
also verified. Because cytomembrane

Figure 5. Compared with the control findings, agrin-depleted CCLP cells exhibited apparently
decreased tumorigenesis. (a) Tumors in mice. (b) Tumors excised from mice. (c) Tumor volume. (d) Tumor
weight.
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proteins are the most well-known therapeu-
tic targets in multiple types of malignancies,
the present results suggested that targeting

agrin may be a promising treatment strate-
gy for CCA.

The underlying molecular mechanism of
the function of agrin was first defined in cul-
tured myotubes. Wallace et al.16 reported the

important role of agrin in promoting AChR
aggregation by inducing tyrosine phosphor-
ylation of the AChR b-subunit. Several pro-
teins act as agrin receptors, including the

receptor tyrosine kinase MuSK, which can
form a primary structural scaffold for
recruiting synaptic components. In addition,

agrin activated MuSK with a Z-site consist-
ing of 8, 11, or 19 amino acids to promote
the organization of AChRs and other neu-

romuscular junction components.17 Another
study demonstrated that agrin could poten-
tially treat myasthenia gravis and other neu-

romuscular disorders by increasing the
number of AChRs and enhancing the
signal transduction of the neuromuscular

junction.18 These results provided solid evi-
dence that agrin induces the activation of the
AChR signaling pathway. Recent studies

revealed a close relationship between
AChRs and tumor development. Following
AChR agonist treatment, multiple cancer
cells underwent epithelial–mesenchymal

transition (EMT), and the metastatic ability
of the cells was increased through the acti-
vation of M2 muscarinic receptors (M2Rs);

however, blockade of M2R signaling
reversed this phenomenon.19,20 EMT is nec-
essary for cancer cells to breach the under-

lying basement membrane and extracellular
matrix. However, Chakraborty et al.
revealed that the molecular mechanism
underlying the regulation of EMT by agrin

does not involve AChRs. The study also
demonstrated that agrin promoted invado-
podia formation and activated the integrin–

FAK pathway to regulate extracellular
matrix degradation and drive EMT, suggest-
ing that the biofunction of agrin is not lim-

ited to the neuromuscular junction.13

Furthermore, Dasgupta et al.21 defined

the role of agrin in increasing intracellular
Ca2þ concentrations after KCl or caffeine
therapy to promote the development of exci-

tation–contraction coupling and myotube
maturation. Pirkmajer et al.22 revealed that
neural agrin increased both the expression

and activity of Naþ/Kþ-ATPase to regulate
skeletal muscle function in response to
extrinsic stimuli. Moll et al.23 demonstrated

that agrin binds to a-dystroglycan and pro-
motes the stabilization of the laminin a5
chain to attenuate dystrophic symptoms.
These findings suggested that the mechanism

Figure 6. Western blotting revealed that agrin upregulation significantly increased TAZ and YAP protein
expression in CCLP (a) and HUCCT cells (b). Conversely, agrin depletion inhibited TAZ and YAP expression
in CCLP (c) and HUCCT cells (d).
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of action of agrin is far from being clarified.
Membrane a-dystroglycan serves as a
mechanical bridge between the cytoskeleton
and extracellular matrix, and it binds dystro-
phin with other associated proteins, thereby
forming the dystrophin–glycoprotein com-
plex24 and promoting cardiomyocyte differ-
entiation and regeneration.25 The genes of
the dystrophin–glycoprotein complex were
recently disclosed to be targets of the
Hippo signaling pathway, and inhibition of
the link between the dystrophin–glycopro-
tein complex and the musculoskeletal
system reduced Hippo signaling26 and
matrix rigidity.27 This evidence hinted at a
close correlation between Hippo signaling
and agrin. Therefore, in the present study,
we investigated whether the effects of agrin
on tumorigenesis depend on the Hippo sig-
naling pathway. After upregulating agrin,
increased YAP phosphorylation and
decreased YAP phosphorylation were
observed in CCA cells, and these changes
were blocked by agrin-shRNA transfection.
Consistent with these findings, Chakraborty
et al.28 reported that agrin relied on the
Hippo pathway to enhance oncogenic
activities.

The nuclear complex YAP/TAZ com-
bines multiple transcription factors to pro-
mote a series of oncogenic transcriptions
and increase the malignant ability of
tumors.14 Its function and expression are
tightly regulated by two major upstream
kinases (Mst1/2 and LATS1/2), which act
as converging effectors of the Hippo path-
way.29,30 The mechanism by which agrin
regulates YAP activity is considered the
relay of mechanosignaling from the extra-
cellular matrix to intracellular YAP/TAZ
because agrin is secreted and enriched in
the basement membrane. Previous data ver-
ified that extracellular matrix stiffness is
one of the main stimulants of the transloca-
tion of YAP to the nucleus, which facilitates
the transcription of target genes.31

Chakraborty and colleagues built a model

in which extracellular matrix stiffness was

manipulated by enhancing collagen matrix

concentrations. Using this model, this

group observed agrin inhibition in cells cul-

tured in stiff extracellular matrix resulted in

reduced YAP nuclear localization and tran-

scriptional activity, thereby weakening the

local extracellular matrix and providing

considerable contractile strength to the

cancer cells.32 The other potential mecha-

nism through which agrin regulates YAP

activity is increasing cell spreading and

cytoskeletal tension by manipulating F-

actin distributional changes.33

Notably, this study had several inevita-

ble limitations. First, this was a single-

center study with a small number of

samples, and additional validation with

more samples is needed. In addition, the

molecular mechanism is derived from a lit-

erature review and speculation, and verifi-

cation via by gene microarray has not been

performed. Hence, the basic contributing

mechanisms require further assessment.
In conclusion, the present study demon-

strated that agrin is an important promoter

of the activation and coordination of pro-

liferation, migration, and invasion in CCA

cells, and agrin overexpression might be a

prognostic marker. Additional therapeutic

strategies against CCA could be developed

by targeting agrin in the future.
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