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O R I G I N A L A R T I C L E

Upregulation of cadherin-11 contributes to cholestatic liver fibrosis
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ABSTRACT
Importance: Cadherin-11 (CDH11), a cell-to-cell adhesion molecule, is
implicated in the fibrotic process of several organs. Biliary atresia (BA) is a
common cholestatic liver disease featuring cholestasis and progressive liver
fibrosis in children. Cholestatic liver fibrosis may progress to liver cirrhosis
and lacks effective therapeutic strategies. Currently, the role of CDH11 in
cholestatic liver fibrosis remains unclear.
Objective: This study aimed to explore the functions of CDH11 in
cholestatic liver fibrosis.
Methods: The expression of CDH11 in BA livers was evaluated by database
analysis and immunostaining. Seven BA liver samples were used for
immunostaining. The wild type (Wt) and CDH11 knockout (CDH11–/–)
mice were subjected to bile duct ligation (BDL) to induce cholestatic liver
fibrosis. The serum biochemical analysis, liver histology, and western blot-
ting were used to assess the extent of liver injury and fibrosis as well as acti-
vation of transforming growth factor-β (TGF-β)/Smad pathway. The effect
of CDH11 on the activation of hepatic stellate cell line LX-2 cells was
investigated.
Results: Analysis of public RNA-seq datasets showed that CDH11 expres-
sion levels were significantly increased in livers of BA, and CDH11 was
correlated with liver fibrosis in BA. BDL-induced liver injury and liver
fibrosis were attenuated in CDH11–/– mice compared to Wt mice. The pro-
tein expression levels of phosphorylated Smad2/3 were decreased in livers
of CDH11–/– BDL mice compared to Wt BDL mice. CDH11 knockdown
inhibited the activation of LX-2 cells.
Interpretation: CDH11 plays an important role in cholestatic liver fibrosis
and may represent a potential therapeutic target for cholestatic liver disease,
such as BA.
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INTRODUCTION

Cadherins are a group of Ca2+-dependent transmembrane
proteins that are principally located in adherent junc-
tions and play roles in mediating homophilic cell-to-cell
adhesion.1–3 Cadherin-11 (CDH11) is an important mem-
ber of the cadherin superfamily.4 CDH11 is expressed
in many cell types, such as osteoblasts, smooth muscle
cells, mesenchymal stem cells, and fibroblasts.5 In addi-
tion to mediating homophilic cellular adhesion, CDH11
also can regulate other biological functions, including cell
proliferation, cell migration, cell differentiation, and tis-
sue morphogenesis.6,7 Dysregulated expression of CDH11
has been shown to be associated with several pathologic
processes, such as fibrosis, inflammation, and tumor.2,7,8

Moreover, CDH11 is expressed in many kinds of cells
involved in the development of fibrosis, including fibrob-
lasts, myofibroblasts, and macrophages.7 Recent studies
have shown that CDH11 plays crucial roles in pulmonary
fibrosis, intestinal fibrosis, atrial fibrosis, and liver fibro-
sis induced by carbon tetrachloride (CCl4).6,7,9–11 Impor-
tantly, it is reported that CDH11 can mediate the profi-
brotic response in activated hepatic stellate cells (HSCs).11

CDH11 is upregulated in transforming growth factor-β1
(TGF-β1) activated HSCs and contributes to the prolifer-
ation of HSCs.11 However, whether CDH11 is involved in
cholestatic liver fibrosis remains unclear.

Biliary atresia (BA) is a common cholestatic liver disease in
children. BA is primarily caused by obliteration of the intra-
hepatic and extrahepatic biliary duct featuring cholestasis
and progressive liver fibrosis.12,13 In BA, cholestatic liver
fibrosis may progress rapidly to liver cirrhosis and endan-
ger children’s life.14 Kasai portoenterostomy is regarded as
a first-line treatment choice for BA and it can rebuild bile
flow from the liver to the intestine.15 Although the Kasai
portoenterostomy has improved the prognosis of BA, BA is
still the major cause of liver transplantation in children.16,17

Liver fibrosis is a pathological scarring process of liver
damage.14 The process of liver fibrosis is initiated when
the growth factors, especially transforming growth factor-
β (TGF-β), are synthesized and secreted under the stimula-
tion of liver injury.18 TGF-β can activate some cell types,
including HSCs and portal fibroblasts (PFs), to produce
extracellular matrix (ECM) proteins and contribute to liver
fibrosis.18 To date, the effective intervention of progressive
liver fibrosis is still lacking. Finding effective therapeutic
targets for cholestatic liver fibrosis is particularly important
and urgent.

In the present study, we evaluated the expression of
CDH11 in livers of BA and examined the role of CDH11
in cholestatic liver fibrosis by using CDH11 knockout
(CDH11–/–) mice, bile duct ligation (BDL) mouse model,
and hepatic stellate cell line LX-2 cells. Our findings

indicate that CDH11 plays a critical role in promoting
cholestatic liver fibrosis and targeting CDH11 may act as
a potential therapeutic strategy for cholestatic liver disease,
such as BA.

METHODS

Ethical approval

The analysis of liver specimens was approved by the
Faculty of Medicine’s Ethics Committee of Xin Hua Hos-
pital, School of Medicine, Shanghai Jiao Tong University
(XHEC-D-2021-080). All patients’ guardians provided
informed consent. The experiments with mice were
approved by the Shanghai Jiao Tong University School
of Medicine affiliated Xin Hua Hospital Animal Care and
Use Committee (XHEC-F-2021-074). All procedures were
performed following institutional guidelines for ethical
animal studies and animal research laws.

Database analysis

For analysis of CDH11 expression in BA patients, the pub-
lic genomic dataset from Gene Expression Omnibus (GEO)
database was used. The dataset discussed in the current
study is derived from Bessho et al.19 and accessible through
GEO accession number GSE46995. The dataset includes
a comprehensive gene expression profile of human livers
from patients with BA (n = 64) and intrahepatic cholestasis
(serving as diseased controls, referred to as NHS, neonatal
hepatitis syndrome) (n = 14) and normal control subjects
(n = 7).

Human liver specimens

A total of seven liver samples were retrieved from BA
patients who underwent operations. These liver specimens
were analyzed by immunohistochemistry and immunoflu-
orescence to evaluate the expression of CDH11. Detailed
clinical information of the BA patients was listed in
Table S1.

BDL mouse model

CDH11–/– mice (Jackson Laboratory, Stock No: 023494)
and wild type (Wt) mice with C57/BL6 background were
housed under a 12-h light/dark cycle and fed standard food
and tap water. Both CDH11–/– and Wt mice (male and
female, equal sex ratio, 6–8 weeks, n = 6–8) were sub-
jected to BDL or sham operation as described previously.20

Briefly, the mice were anesthetized with an intraperitoneal
injection of pentobarbital sodium (1%) in a dosage of 7 μl/g
body weight. After midline laparotomy, the common bile
duct of mice was exposed and ligated with a 5–0 suture. The
sham mice underwent a similar laparotomy without BDL.
And the fascia was closed with a 6–0 suture, and the skin
was then sutured with a 5–0 suture. After 2 or 4 weeks, the
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mice were sacrificed for the next experiments. The serum
samples were separated by centrifuging at 3800 rpm for
20 min at room temperature (RT) and were stored in a
−80◦C freezer before being used for biochemical analysis.

Quantitative real-time polymerase chain reaction

The quantitative real-time polymerase chain reaction was
performed as previously described.13 Briefly, total RNA
was isolated from livers of mice using the RNeasy kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The High Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems, Foster City, CA) was used
to synthesize the cDNA. Then, we detected the mRNA
expression levels of targeted genes by real-time PCR using
PowerUp SYBR-Green Master Mix kit (Applied Biosys-
tems, Foster City, CA) on the ViiA 7 Real-Time PCR
System (Applied Biosystems). All samples were assayed
in triplicate, and the data were normalized to endogenous
control hypoxanthine phosphoribosyltransferase 1 (Hprt1).
And relative gene quantities were obtained using the com-
parative cycle threshold method. The primer sequences
were listed in Table S2.

Histology

The liver tissues from mice were fixed in 4% paraformalde-
hyde (Servicebio, Wuhan, China) for 24 h and went through
dehydration, clearing, and paraffin embedding. Liver sec-
tions were cut at 4 μm thick and then mounted on pos-
itively charged slides, baked at 65◦C for 1 h, and then
stored at RT for later use. The liver biopsy samples were
stained with hematoxylin and eosin, Masson’s trichrome,
and Sirius Red to evaluate the degree of liver fibrosis. The
quantification of the fibrotic area of Masson’s trichrome or
Sirius Red staining images were performed as described
previously.21 Image J software (version 1.51k; National
Institutes of Health, Bethesda, MD) was used to quantify
the areas with Masson’s trichrome or Sirius Red positive
staining using 40 different fields (high magnification) from
four animals of each group.

Immunohistochemistry analysis

Immunohistochemistry was performed using the
diaminobenzidine chromogen method as described
previously.13 Briefly, paraffin-embedded tissues were
deparaffinized by using xylol and descending concentra-
tions of ethanol. Then, 0.3% H2O2 was used to block
the endogenous peroxidases. After antigen retrieval with
Citrate buffer, blocking was performed by using 5% bovine
serum albumin (BSA). Then, incubation with primary
antibodies against CDH11 (ab151302; Abcam, Cambridge,
MA) was performed. The slides were rinsed in phosphate-
buffered saline (PBS), and the slides were incubated with
the secondary antibody (HRP conjugated goat antirab-

bit IgG, GB23303; Servicebio) for 1 h at RT. Antibody
binding was visualized by using a liquid DAB Substrate
Chromogen System (Dako, Glostrup, Denmark). The slides
were rinsed in PBS and then the slides were counterstained
with hematoxylin.

Immunofluorescence staining

The immunofluorescence assays were performed using
the methods described previously.13,22 Briefly, the liver
sections were incubated with xylol and descending con-
centrations of ethanol. The endogenous peroxidases were
removed by using 0.3% H2O2. After blocking with 5%
BSA, the CDH11, alpha-smooth muscle actin (α-SMA),
and phosphorylated small mothers against decapentaplegic
homolog 2 (p-Smad2) antibodies (CDH11, ab151302;
Abcam, α-SMA, ab7817; Cambridge, MA, p-Smad2,
18338; Cell Signaling Technology, Danvers, MA) was
applied overnight in a wet chamber. The secondary anti-
bodies were applied to the slides for 1 h after washing three
times with PBS at RT. The FITC conjugated goat antirab-
bit IgG (GB22303; Servicebio), Cy3 conjugated goat anti-
mouse IgG (GB21301; Servicebio), and Cy3 conjugated
goat antirabbit IgG (GB21303; Servicebio) were used as
secondary antibodies. Then, the nuclei were counterstained
with 4′, 6-diamidino-2-phenylindole (DAPI). The positive
staining signals were detected by fluorescent microscopy
(Nikon, Tokyo, Japan).

Biochemical analysis

To assess the hepatic function of the mice, the serum
alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), γ-glutamyl transferase (GGT), alkaline phos-
phatase (AKP), total bilirubin (TBil), and direct biliru-
bin (DBil) levels were measured as per the manufacturer’s
instruction. Alanine aminotransferase assay kit (C009-2-
1; Jiancheng, Nanjing, China), aspartate aminotransferase
assay kit (C010-2-1; Jiancheng), γ-Glutamyl transferase
assay kit (C017-2-1; Jiancheng), alkaline phosphatase
assay kit (A059-2; Jiancheng), direct bilirubin kit (C019-
2-1; Jiancheng) and total bilirubin kit (C019-1; Jiancheng)
were used here.

Cell culture

The immortal human hepatic stellate cell line (LX-2)
was obtained from China Cell Culture Center (Shanghai,
China). The LX-2 cell line has been extensively used as a
highly suitable model of human hepatic fibrosis due to its
retaining key features of hepatic stellate cell and fibroge-
nesis. The LX-2 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) at 37◦C in an atmosphere
of 5% carbon dioxide. The DMEM was supplemented
with 10% fetal bovine serum (FBS). DMEM and FBS
were obtained from GIBCO (Los Angeles, CA). LX-2 cells
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were planted the day before infection and grew to 50%–
70% confluence. LX-2 cells were infected with lentivirus
vectors containing shRNA sequences targeting CDH11
(shCDH11) or control shRNA. The lentivirus shRNA vec-
tors (CDH11 shRNA, target against GCGTATACCAGAT-
GTCTGTGTCAGAA) were obtained from Genomeditech
(Shanghai, China).

5-Ethynyl-2′-deoxyuridine proliferative assay

For proliferative analysis, the 5-ethynyl-2′-deoxyuridine
(EdU) proliferative assay was performed on the LX-2
cells with or without CDH11 knockdown using the Cell-
Light EdU Apollo567 In Vitro Kit (C10310-1, RiboBio,
Guangzhou, China). Briefly, the cells were incubated with
50 μM EdU for 2 h. The cells were centrifuged and fixed
in 4% paraformaldehyde fixation, incubated with glycine,
washed with PBS, and then permeabilized with 0.5% Tri-
ton X-100. After PBS washing, the cells were incubated
with Apollo staining solution for 30 min. Then, the cells
were washed with PBS containing 0.5% Triton X-100 three
times, followed by incubation with Hoechst for 10 min.
Photographs of the cells were captured with a fluorescent
microscope (Nikon), and the positive cells were counted.

Western blot

The western blots were performed as previously
described.22,23 Briefly, total protein lysates were extracted
from the liver tissues or LX2 cells by using radioimmuno-
precipitation buffer (Servicebio) supplemented with a
protease inhibitor cocktail (Servicebio). The equal amounts
of protein were separated on NuPAGE 10% Bis-Tris gels
(Invitrogen, Carlsbad, CA). The protein was electrophoret-
ically transferred to polyvinylidene difluoride membranes.
After blocking the membranes in 5% nonfat milk for 1 h
at RT, the membranes were incubated with the primary
antibodies overnight at 4◦C. After washing three times
(10 min per time) with Tris-buffered saline containing
0.1% Tween-20, the membranes were incubated with
secondary antibodies for 1 h at RT. And the signals were
detected by using Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientific, Rockford, IL). The primary
antibodies (CDH11, ab151302; Abcam, dilution, 1:1000;
α-SMA, ab32575; Abcam, dilution, 1:1000; p-Smad2,
3108P; Cell Signaling Technology, dilution, 1:1000; p-
Smad3, 9520P, Cell Signaling Technology, Danvers, MA,
dilution, 1:1000; Smad2, 5339P, Cell Signaling Tech-
nology, Danvers, MA, dilution, 1:1000; Smad3, 9523P,
Cell Signaling Technology, Danvers, MA, dilution, 1:1000;
Collagen I; Abcam, dilution, 1:1000; CK19, GB11197, Ser-
vicebio, dilution, 1:1000; beta-actin, 4970S, Cell Signaling
Technology, Danvers, MA, dilution, 1:1500; GAPDH,
5174, Cell Signaling Technology, dilution, 1:1000) were
applied. The HRP-linked antirabbit IgG antibody (7074,

Cell Signaling Technology) and HRP-linked antimouse
IgG antibody (7076, Cell Signaling Technology) were used
as secondary antibodies. The relative protein levels were
quantified by using the Image Lab software (version 3.0;
Bio-Rad, Hercules, CA) according to the band gray value.

Statistical analysis

The results were analyzed by using GraphPad Prism (ver-
sion 8.0; GraphPad Software Inc., San Diego, CA). Nor-
mally distributed data were expressed as mean ± standard
deviation, and the statistical significance was determined
using unpaired Student’s t-test or one-way analysis of vari-
ance for comparisons of different groups. Non-normally
distributed data were expressed as median (interquartile
range), and statistical analysis was performed by using the
Mann-Whitney U test or Kruskal-Wallis test. The correla-
tion analysis was conducted by using Spearman correlation.
P-value less than 0.05 represented statistical significance.

RESULTS

CDH11 was correlated with liver fibrosis in BA patients

Analysis of publicly available dataset (GSE46995 for
human liver tissue) showed that CDH11 expression levels
were significantly increased in liver tissues from patients
with BA compared to liver tissues from patients with
NHS and normal liver tissues (Figure 1A).19 Correla-
tion analysis demonstrated that hepatic CDH11 expres-
sion levels were positively correlated with expression lev-
els of hepatic collagen type I alpha 1 (COL1A1; r =

0.80; P < 0.0001) and actin alpha 2, smooth muscle
(ACTA2; r = 0.66; P < 0.0001) (Figure 1B).19 We per-
formed immunohistochemistry and immunofluorescence
staining to further investigate the expression of CDH11 in
livers of BA patients. The immunohistochemistry results
showed that CDH11 was expressed in PFs in livers of
BA patients (Figure 1C). Additionally, the results showed
that CDH11 was detected in the fibrotic area where col-
lagen I deposition and α-SMA expression were prominent
in BA patients’ livers (Figure 1D). Moreover, the results
of immunofluorescence staining showed that CDH11 was
detected in p-Smad2-positive cells in livers of BA patients
(Figure 1D).

CDH11 knockout ameliorated BDL-induced liver
injury in mice

The immunofluorescence analysis showed that the expres-
sion levels of CDH11 were increased in liver tissues
from BDL mice compared to Sham mice (Figure S1A).
Then we used CDH11 knockout mice to further inves-
tigate the role of CDH11 in vivo. After 4-week BDL,
the gross appearances of the livers or serum were more
yellowish in Wt mice than CDH11–/– mice (Figure 2A).
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FIGURE 1 CDH11 was closely correlated with liver fibrosis in BA. (A) Data for CDH11 mRNA expression extracted from the GEO database, comparing
livers from patients with BA (n = 64) and NHS (n = 14) and normal control subjects (n = 7) (GSE46995). (B) Correlation analysis of CDH11 expression
level with COL1A1 and ACTA2. Data extracted from the GEO database (GSE46995). (C) Representative immunohistochemistry images of CDH11
in livers of BA patients (n = 4). Scale bars: 100μm. Black arrows indicate portal fibroblasts. (D) Representative images of immunofluorescence co-
staining for CDH11 and COL1A1, CDH11 and α-SMA, CDH11 and p-Smad2 in livers of BA patients (n = 3). Scale bars: 50 μm. Arrows indicate
CDH11/COL1A1 double-positive areas, arrowheads indicate CDH11/α-SMA double-positive myofibroblasts, and double-arrowheads indicate CDH11/p-
Smad2 double-positive cells. Statistical significance: **P < 0.01, ***P < 0.001. BA, biliary atresia; NHS, neonatal hepatitis syndrome; NC, normal
controls; COL1A1, collagen type I alpha 1; α-SMA, alpha-smooth muscle actin; ACTA2, actin alpha 2, smooth muscle; p-Smad2, phosphorylated small
mothers against decapentaplegic homolog 2.
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FIGURE 2 Cdh11 deficiency reduced BDL-induced liver damage in mice. (A) The gross appearances of the livers and serum from Sham Wt, Sham
Cdh11–/–, BDL Wt, and BDL Cdh11–/– mice. Each group contains eight mice. (B) Representative images of Hematoxylin-eosin staining for livers of Sham
Wt, Sham Cdh11–/–, BDL Wt, and BDL Cdh11–/– mice. Scale bars: 200μm. Images are representative of four mice from each group. (C) Measurement
of serum ALT, AST, GGT, AKP, TBil, and DBil levels in Sham Wt, Sham Cdh11–/–, BDL Wt, and BDL Cdh11–/– mice. Each group contains 6–8
mice. Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. The mice were subjected to a 4-week BDL or sham operation.
Cdh11, cadherin-11; Wt, wild type; BDL, bile duct ligation; Sham, sham-operated; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
GGT, γ-glutamyl transferase; AKP, alkaline phosphatase; TBil, total bilirubin; DBil, direct bilirubin.

Hematoxylin-eosin (H&E) staining showed that BDL
induced increased inflammatory cell infiltration in livers of
Wt BDL mice, but BDL had much less impact in CDH11–/–

BDL mice (Figure 2B). The results of the biochemical anal-

ysis showed that serum ALT, AST, GGT, AKP, TBil, and
DBil levels were significantly increased in Wt BDL mice
compared to Wt Sham mice, but decreased in CDH11–/–

BDL mice compared to Wt BDL mice (Figure 2C).
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CDH11 deficiency attenuated BDL-induced liver
fibrosis in mice

After 2-week BDL, co-immunofluorescent staining of
CDH11 (green) and α-SMA (red) showed that there were
some dual staining CDH11+/α-SMA+ myofibroblasts in
livers of BDL mice (Figure S1B). Moreover, the results
showed that there was a less fibrotic area in livers of
CDH11–/– BDL mice than Wt BDL mice (Figure S2A). The
mRNA levels of transforming growth factor-beta 1 (Tgfb1)
and cyclin D1 (Ccnd1) were significantly decreased in liv-
ers of CDH11–/– BDL mice relative to that of Wt BDL
mice (Figure S2B). In addition, the mRNA levels of fibu-
lin (Fbln), mesothelin (Msln), thymus cell antigen 1 (Thy1),
ACTA2, COL1A1, and tissue inhibitor of metalloproteinases
1 (Timp1) were also decreased in CDH11–/– BDL mice,
but these were not statistically significant (Figure S2B).
After 4-week BDL or sham operation, the results of Sir-
ius Red staining and Masson’s trichrome staining indicated
that BDL significantly induced liver fibrosis in Wt mice, but
had much less effects on CDH11–/– mice (Figure 3A–C).
At a molecular level, the expression levels of collagen I,
α-SMA, and cytokeratin 19 (CK19) were decreased in liv-
ers of CDH11–/– BDL mice compared to Wt BDL mice, as
shown by western blot analysis (Figure 3D–E).

CDH11 depletion attenuated the TGF‑β/Smad pathway
in cholestatic livers

A TGF-β/Smad signaling pathway is identified as a cru-
cial pathogenic pathway in tissue fibrosis.24 In this study,
the results of co-immunofluorescent staining showed that
CDH11 was detected in p-Smad2-positive cells in livers
of BDL mice (Figure S1B). Moreover, we evaluated the
expression of several key proteins in the TGF-β/Smad sig-
naling pathway in livers of Wt and CDH11–/– mice that
underwent BDL or sham operation by western blotting. The
results showed that after 4-week BDL or sham operation,
the protein levels of phosphorylated small mothers against
decapentaplegic homolog 2/3 (p-Smad2, p-Smad3) were
significantly increased in Wt BDL mice compared with Wt
Sham mice, while these proteins were reduced in CDH11–/–

BDL mice compared to Wt BDL mice (Figure 3D–E).

CDH11 knockdown inhibited the activation of HSCs in
vitro

Next, we further investigated the effect of CDH11 on
the activation of the hepatic stellate cell line LX-2 cells.
The expression of CDH11 was markedly downregulated
in LX-2 cells infected with lentivirus vectors containing
shCDH11, as shown by western blot analysis (Figure 4C).
The results of the EdU proliferative assay showed that
infection with lentivirus vectors containing shCDH11
inhibited the proliferation of LX-2 cells compared to con-
trols (Figure 4A–B). Moreover, knocking down CDH11

expression significantly suppressed the expression of α-
SMA in LX-2 cells compared to controls (Figure 4C).

DISCUSSION

Liver fibrosis in cholestatic liver diseases, such as BA, may
rapidly advance to liver cirrhosis, which often leads to liver
failure and requires liver transplantation.25,26 It is signif-
icant to explore the mechanisms and search for effective
therapies for cholestatic liver fibrosis. CDH11, an impor-
tant adhesion molecule, is implicated in several fibrotic dis-
eases, including dermal fibrosis, pulmonary fibrosis, and
CCl4-induced liver fibrosis, but we don’t know if CDH11
has any effect on cholestatic liver fibrosis.1,6,7,11 In this
study, we focused on the expression of CDH11 in livers of
BA and the functions of CDH11 in cholestatic liver fibrosis.
We found that CDH11 was correlated with liver fibrosis in
BA, and upregulation of CDH11 contributed to cholestatic
liver fibrosis.

BA is an important cholestatic liver disorder and the major
indication for pediatric liver transplantation.27 Cholestatic
liver fibrosis is regarded as a prominent feature of BA.
Using a public dataset, we showed that significantly higher
expression levels of CDH11 were observed in livers of
BA patients compared to the control subjects, and CDH11
expression levels were positively correlated with expression
levels of liver fibrotic marker genes, including COL1A1 and
ACTA2. These findings indicated that CDH11 was corre-
lated with liver fibrosis in BA. It is reported that PFs are an
important source of hepatic myofibroblasts and contribute
to cholestatic liver fibrosis.28 In our study, we showed that
CDH11 was expressed in PFs and fibrotic areas of BA liv-
ers. Moreover, CDH11 was expressed in p-Smad2-positive
cells in livers of BA patients. From the above results, we
infer that CDH11 may play important roles in liver fibrosis
in BA.

BDL is a widely used experimental model to induce
cholestatic liver fibrosis.20 In the current study, we used
CDH11 knockout mice and the BDL mouse model to fur-
ther explore the role of CDH11 in cholestatic liver fibrosis.
As expected, our results demonstrated that BDL markedly
induced liver fibrosis in Wt mice, but BDL had much
less induction in CDH11–/– mice. And CDH11 knock-
out significantly decreased the expression levels of hep-
atic fibrosis-related proteins, including collagen I, α-SMA,
and CK19, in livers of BDL mice. These results indi-
cated that the knockout of CDH11 could ameliorate BDL-
induced liver fibrosis. Similarly, Pedroza et al.10 have
reported that CDH11 deficiency can reduce liver fibrosis
induced by CCl4. These findings suggest that CDH11 may
be an important mediator of hepatic fibrosis. Liver fibro-
sis is an abnormal wound healing process and is charac-
terized by excessive accumulation of ECM proteins.25,29

Activation of HSCs has been shown to be the essential

https://wileyonlinelibrary.com/journal/ped4


Pediatr Investig 2022 Jun; 6(2): 100–110 107

FIGURE 3 Cdh11 knockout suppressed BDL-induced liver fibrosis in mice. (A) Representative images of Sirius Red staining and Masson’s trichrome
staining of Sham Wt, Sham Cdh11–/–, BDL Wt, and BDL Cdh11–/– mice. Scale bars: 200μm. (B, C) Quantification of the fibrotic area of Sirius Red
staining images and Masson’s trichrome staining images. Sham Wt (n = 4), Sham Cdh11–/– (n = 4), BDL Wt (n = 4), BDL Cdh11–/– (n = 4) mice.
40 fields (high magnification) were randomly selected from four mice of each group for quantification. (D) Western blot analysis for Coll I, α-SMA,
CK19, p-Smad2, Smad2, p-Smad3, and Smad3 in livers of Sham Wt, Sham Cdh11–/–, BDL Wt and BDL Cdh11–/– mice. Each group contains three
mice. (E) Quantification of the panel (D). Statistical significance: *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. The mice were subjected to a
4-week BDL or sham operation. Cdh11, cadherin-11; Wt, wild type; BDL, bile duct ligation; Sham, sham-operated; Coll I, collagen type I; α-SMA, alpha-
smooth muscle actin; CK19, cytokeratin 19; Smad2, small mothers against decapentaplegic homolog 2; Smad3, small mothers against decapentaplegic
homolog 3; p-Smad2, phosphorylated small mothers against decapentaplegic homolog 2; p-Smad3, phosphorylated small mothers against decapentaplegic
homolog 3.
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FIGURE 4 Knockdown of CDH11 inhibited LX-2 cell activation. (A) The
proliferation of LX-2 cells infected with lentivirus vectors containing
shCDH11 and controls was evaluated by EdU proliferative assay. Scale
bars: 50 μm. Arrows indicate EdU-positive cells. (B) The percentage of
EdU-positive cells was counted in LX-2 cells infected with lentivirus vec-
tors containing shCDH11 and controls. (C) Protein expression levels of
CDH11 and α-SMA in LX-2 cells infected with lentivirus vectors con-
taining shCDH11 and controls were determined by western blot analysis.
Statistical significance: ***P < 0.001. CDH11, cadherin-11; shCDH11,
shRNA sequences targeting CDH11; α-SMA, alpha-smooth muscle actin;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; EdU, 5-Ethynyl-
2′-deoxyuridine.

event in liver fibrogenesis.25,29,30 Indeed, it is reported that
HSCs are the main contributors to cholestatic liver fibrosis
and the major source of myofibroblasts in cholestatic liver
fibrosis.31,32 Ruan et al.11 reported that CDH11 could pro-
mote the proliferation of LX-2 cells via the plate cloning
experiments and CCK-8 assay. In this study, according to
the results of western blot and EdU proliferative assay,
we found that knocking down CDH11 inhibited the acti-
vation of HSCs. These results indicated that CDH11 played
important roles in the activation of HSCs. From the above
findings, we could infer that CDH11 could promote the
process of cholestatic liver fibrosis. It was reported that
CDH11 blocking with a functional blocking antibody
(SYN0012) reduced inflammation-driven fibrotic remodel-
ing after myocardial infarction.33 We believe that inhibitors
or blocking antibodies of CDH11 are beneficial to liver
fibrotic intervention in patients with cholestatic liver dis-
eases, such as BA.

At the molecular level, the process of liver fibrosis is
involved in the complex modulation of intracellular sig-

nal transduction. A TGF-β/Smad signaling pathway is
regarded as a key profibrogenic pathway that can pro-
mote HSC activation as well as ECM production and
plays crucial roles in liver fibrosis.34,35 In this pathway,
TGF-β ligand binds to TGF-β type II receptor (TβRII),
and then TβRII forms a heterodimer with TGF-β type I
receptor (TβRI), activating TβRI to phosphorylate Smad2
and Smad3 proteins.36,37 The phosphorylated Smad2 and
Smad3 form a complex with Smad4 protein, and the com-
plex translocates to the nucleus to regulate the expres-
sion of profibrotic genes.36–38 Recent studies indicated that
CDH11 could enhance the activation of TGF-β/Smad sig-
naling pathway in Angiotensin II-activated atrial fibroblasts
and facilitate atrial fibrosis.6 In addition, CDH11 knock-
out reduced TGF-β signaling and dermal fibrosis in the
mouse model of bleomycin-induced dermal fibrosis.1 The
current study demonstrated that CDH11 was expressed in
p-Smad2-positive cells in livers of BDL mice, suggesting
that CDH11 might be related to the TGF-β/Smad signal-
ing in livers of BDL mice. Then, we found that knock-
out of CDH11 significantly attenuated the expression lev-
els of Tgfb1 in livers of BDL mice, indicating that CDH11
may act as an upstream regulator of TGF-β1. Furthermore,
we showed that activated Smad2/3 protein levels were
markedly increased in livers under cholestatic conditions in
Wt BDL mice, while they were reduced in CDH11–/– BDL
mice. These results suggested that CDH11 might contribute
to BDL-induced liver fibrosis by promoting the activation
of the TGF-β/Smad signaling pathway.

In conclusion, this study demonstrates that there is
a close relationship between CDH11 and cholestatic liver
fibrosis. We propose that CDH11 plays important roles
in cholestatic liver fibrosis may via regulating the TGF-
β/Smad signaling pathway under cholestatic conditions.
Our results suggest that CDH11 may act as a potential
target to attenuate liver fibrosis in cholestatic liver dis-
eases, such as BA. Still, there is a lot we don’t know
and much work that should be done. For example, the
effects of CDH11 on HSCs and PFs and the specific mech-
anism in cholestatic liver fibrosis need further study in the
future.
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