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Abstract

Background and Aims: Although the mechanisms underlying the formation of intestinal
fibrostrictures in Crohn’s disease [CD] are not fully understood, activation of fibroblasts and
excessive collagen deposition are supposed to contribute to the development of such complications.
Here, we investigated the role of cadherin-11 [CDH-11], a fibroblast-derived protein that induces
collagen production in various organs, in intestinal fibrosis.

Methods: CDH-11 expression was evaluated in inflammatory [I] and fibrostricturing [FS] CD
mucosal samples, ulcerative colitis [UC] mucosal samples, and ileal and colonic control samples,
by real-time polymerase chain reaction, western blotting, and immunohistochemistry. CDH-11
expression was evaluated in normal and in CD intestinal fibroblasts stimulated with inflammatory/
fibrogenic cytokines. FS CD fibroblasts were cultured either with a specific CDH-11 antisense
oligonucleotide [AS], or activating CDH-11 fusion protein and activation of RhoA/ROCK, and TGF-
pathways and collagen production were evaluated by western blotting. Finally, we assessed the
susceptibility of CDH-11-knockout [KO] mice to colitis-induced intestinal fibrosis.

Results: CDH-11 RNA and protein expression were increased in both CD and UC as compared
with controls. In CD, the greater expression of CDH-11 was seen in FS samples. Stimulation of
fibroblasts with TNF-a, interleukin [IL]-6, IFN-y, 113, and IL-1p enhanced CDH-11 expression.
Knockdown of CDH-11 in FS CD fibroblasts impaired RhoA/ROCK/TGF-$ signalling and reduced
collagen synthesis, whereas activation of CDH-11 increased collagen secretion. CDH-11 KO mice
were largely protected from intestinal fibrosis.

Conclusions: Data show that CDH-11 expression is up-regulated in inflammatory bowel disease
[IBD] and suggest a role for this protein in the control of intestinal fibrosis.
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1. Introduction and growth failure, debilitating abdominal pain, fatigue|, which are

. . . treated with conventional drugs [e.g. mesalamine, corticosteroids
Inflammatory bowel diseases [IBD], consisting of Crohn’s disease gs leg ’ I

[CD] and ulcerative colitis [UC], are chronic inflammatory conditions
affecting the gastrointestinal tract.! In both IBD, the disease is clinic-
ally marked by periods of flare-ups [e.g. bloody diarrhoea, weight loss

and/or immunosuppressors, and/or biologics.> However, pharmaco-
logical treatment is not sufficient to halt the tissue-damaging inflam-
matory process. In these cases, as well as in patients developing local
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complications, intestinal surgery may become mandatory.® Intestinal
fibrostrictures are the most common complications of CD, affecting
more than one-third of the patients within 10 years of disease onset,
and their development results in endoscopic or surgical treatment in
more than two-thirds of patients at least once during their lifetime.**
CD patients can also undergo multiple endoscopic or surgical treat-
ments for symptomatic fibrostrictures over their lifetime.®” Although
the pathogenesis of CD-associated fibrostrictures is not fully under-
stood, accumulating evidence suggests that fibrostrictures develop
in genetically predisposed patients as a result of chronic activity of
mucosal inflammatory cells, which stimulate excessive deposition
of extracellular matrix [ECM] proteins by fibroblasts.®’ In the late
stages of the disease, inflammation may be no longer required to
sustain fibrogenesis, since fibroblasts can secrete various cytokines
[e.g. TGF-f3, IL-1p, and IL-6], which target adjacent stromal cells and
activate multiple signalling pathways [e.g. Smad, activin receptor-
like kinases, and Stat3], with the downstream effect of increasing
further ECM deposition and perpetuating the fibrotic process.!*!?
To date no specific intestinal anti-fibrotic therapy exists, nor has any
immunosuppressive or biologic drug been shown to prevent stric-
ture formation. Therefore, the identification of molecules involved in
the development and progression of fibrostrictures could help design
novel antifibrotic drugs.

Cadherins are a family of adhesion molecules that mediate
homophilic, calcium-dependent cellular adhesion by binding a
cadherin of the same type on an adjacent cell.!*'* Cadherin-11 [CDH-

11], a type II cadherin, is expressed in osteoblasts,'®

mesenchymal
cells,'” and epithelial cells undergoing epithelial-mesenchymal transi-
tion.'®!"” Overexpression of CDH-11 has been documented in multiple
fibroblast subtypes in the derma and lung, and preliminary evidence
suggests the involvement of this protein in the development of fibrotic
tissue in systemic sclerosis, idiopathic pulmonary fibrosis, and liver
and kidney fibrosis.?*?” Furthermore, in rheumatoid arthritis [RA],
CDH-11 stimulates synovial fibroblasts to produce inflammatory
cytokines and matrix metalloproteinase and, in experimental models
of RA, neutralisation of CDH-11 function significantly reduces inflam-
mation.?®! Additional studies suggest that CDH-11 could contribute
to collagen deposition following injury, by triggering the RhoA/Rho/
Rho-associated coiled-coil forming protein kinase [ROCK] and TGF-
{ pathways, and consequent activation of transcription factors neces-
sary for collagen production, such as myocardin-related transcription
factor-A [MRTF-A] and myocardin [MYOCD].3233

Genome-wide expression analysis by microarray has previously
documented up-regulation of CDH-11 RNA in inflamed colonic bi-
opsies of IBD patients compared with healthy controls, even though
the functional relevance of such data remains unclear.’*** In the pre-
sent study, we investigated the expression and role of CDH-11 in
intestinal fibrosis.

2. Materials and Methods

2.1. Patients and samples

Biopsy samples were taken from inflamed mucosa of 23 patients with
active UC and 13 patients with active colonic CD, undergoing colon-
oscopy for a clinically active disease at the Gastrointestinal Unit of
Tor Vergata University Hospital [Rome, Italy]. Paired biopsies were
also taken from inflamed and uninflamed mucosa of 2 patients with
ileocolonic CD and 6 patients with UC. Seven patients [three colonic
CD and four UC] were taking no drug and biopsies were collected at
the time of initial diagnosis, whereas the remaining patients were re-
ceiving therapy [i.e. mesalamine, steroids, or immunosuppressives].

Additionally, surgical specimens were taken from 3 patients with UC
and 14 patients with inflammatory CD [I CD] undergoing surgery
for a chronic active disease poorly responsive to medical treatment,
and from 21 patients with fibrostricturing CD [FS CD] under-
going surgery for such a complication at Tor Vergata University
Hospital. Clinical characteristics of IBD patients are shown in Table
1. Controls [CTR] included biopsies taken from unaffected colonic
mucosa of 17 healthy subjects undergoing colonoscopy for colon
cancer screening. Additional CTR were mucosal specimens taken
from macroscopically and microscopically unaffected areas of colon
in 23 patients undergoing surgery for colon cancer. Each patient who
took part in the study gave written informed consent and the study
protocol was approved by the local Ethics Committee [Tor Vergata
University Hospital, Rome; protocol number:154/12].

2.2. Isolation and culture of intestinal fibroblasts

All the reagents were purchased from Sigma-Aldrich [Milan, Italy]
unless otherwise specified. Intestinal fibroblasts were isolated from
I CD, FS CD specimens and control mucosal samples, and were
phenotypically characterised as described elsewhere.>® Depending on
the studies, fibroblasts were used either freshly isolated [for assessing
CDH-11 expression in basal conditions] or between passages 3 and
8. Fibroblasts were maintained in 75 cm? plastic flasks and incu-
bated at 37°C in a humidified atmosphere of 5% CO, in DMEM
containing high glucose with ultra glutamine and supplemented with
10% fetal bovine serum [FBS], 1% of penicillin [100 U/ml], strepto-
mycin [100 pg/ml] solution, and 1% of non-essential amino acids
[all from Lonza, Verviers, Belgium]. To determine whether CDH-11
expression is regulated by inflammatory/fibrogenic cytokines, 5 x
10* normal, I CD, FS CD fibroblasts were plated into each well of
a 12-well plate, left to adhere for 24 h, then starved for 6 h, and
finally either left unstimulated or stimulated with TNF-a [20 ng/
ml, R&D Systems, Minneapolis, MN], IL-6 [50 ng/ml, Peprotech Ec
Ltd, London], IEN-y [100 ng/ml, Peprotech Ec Ltd,], IL-13 [20 ngml,

Table 1. Clinical characteristics of Crohn’s disease patients and ul-
cerative colitis patients.

CD ucC
n=>50 n=32
Gender, male: 7 [%] 27 [54] 20 [63]
Age: median [range] 38 [23-82] 49 [24-80]
CD location: 7 [%)]
Terminal ileum 17 [34]
Pre-anastomotic ileum 10 [20]
Tleocolon 10 [20]
Colon 13 [26]
UC extent: 7 [%]
Distal colitis 9[28.1]
Left-sided colitis 14 [43.7]
Extensive colitis 9[28.1]
Current therapy: 7 [%]
None 5110] 4[12.5]
Systemic CS 12 [24] 11 [34.4]
Mesalamine 13 [26] 13 [40.6]
ISS 7 [14] 0[0]
Anti-TNF 5 [10] 1[3.1]
CS + 1SS 48] 1[3.1]
CS + Anti-TNF 4 18] 2 [6.3]

CD, Crohn’s disease; UC, ulcerative colitis; CS, corticosteroids; ISS,

immunosuppressors; TNE, tumour necrosis factor.
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R&D Systems], IL-1f [20 ng/ml, Peprotech Ec Ltd], IL-34 [50 ng/
ml, R&D Systems], and TGF-f1 [2 ng/ml, R&D Systems], in fresh
medium containing 0.05% bovine serum albumin. After 24 h, cells
were collected and total proteins were extracted to analyse CDH-11
by western blotting. In additional experiments, 5 x 10* FS CD fibro-
blasts were plated into each well of a 12-well plate, left to adhere
for 24 h, starved for 6 h and then either left untreated or transfected
with a specific CDH-11 antisense oligonucleotide [AS] or scrambled
AS [Src AS] [both used 2 pg/ml, Exiqon, Woburn, USA, product code:
AS 300600, Src AS:300610] for 24-48 h, using Opti-MEM medium
and Lipofectamine 3000 reagent according to the manufacturer’s in-
structions [both from Life Technologies, Milan, Italy]. The efficiency
of the transfection was determined by western blotting. Cell-free
supernatants were analysed by Sircol Collagen Assay Kit for col-
lagen content after 48 h [Biocolor Ltd, Belfast, UK].

2.3. CDH-11-Fc-stimulated fibroblasts

Non-tissue culture 12-well plates were coated with mouse anti-
human FCy-specific IgG1 [10 pg/ml, R&D Systems,] in attachment
buffer overnight at 4°C as described previously.’>*” Recombinant
human CDH-11-Fc¢ chimera [1 pg/cm?, R&D Systems] or human
control Fc [R&D Systems]| were then added in binding buffer for
1 h at 37°C. For these studies, we used 3 x 10* cells per well in
order to appreciate CDH-11 driven biological changes. After 2-48 h,
cells and cell-free supernatants were harvested. Cells were used for
protein and gene expression analysis, and cell-free supernatants
were analysed for collagen and matrix metalloproteinase [MMP]
expression.

2.4. Real-time polymerase chain reaction

A constant amount of RNA [0.5 pg/sample] was retrotranscribed
into complementary DNA [cDNA], and then 1 pl of cDNA/sample
was amplified using the following conditions: denaturation 1 min
at 95°C; annealing 30 s at 58°C for CDH-11 and MRTF-A, at
59°C for MYOCD, at 60°C for COL1A1, COL3A1, a-SMA and
(3-actin, followed by 30 s of extension at 72°C. Primer sequences:
CDH-11: forward, 5 -CAACCGAGATAACACAGCAG-3" and
reverse, S- ATGGGCAGAAGGTACAAGTC -3 MRTF-A:
forward, 5- GGAGCTGGTGGAGAAGAAC-3> and re-
verse, 5 -CTGTGGAGTCGGTGATGAG-3; MYOCD: for-
ward, 5"-CCTGTCCAACGGCTTCTAC-3 and reverse,
5-CGTGTGCTCCTGAGTTCTG-3", COL1A1: for-
ward, 5-GGACACAGAGGTTTCAGTGG-3, and re-
verse, 5-GGTGACTTTGGAGACACAGG-3’, COL3AT1:
forward, 5-GGAGAATGTTGTGCAGTTTGC-3" and re-
verse, S -CGTTTGACGTGTTGTAAGAGG-3" o-SMA: for-
ward, 5-TCTGGAGATGGTGTCACCCA-3* and  reverse,
3’-ACCCACTGTGGTAGAGGTCT-5% [-actin: forward,
5-AAGATGACCCAGATCATGTTTGAGACC-3> and  reverse,
5’-AGCCAGTCCAGACGCAGGAT-3’. mRNA expression was cal-
culated relative to the housekeeping B-actin gene on the base of the
AACt algorithm.

2.5. Total protein extraction and western blotting

Fibroblasts and human and murine colonic samples were lysed
on ice in buffer containing 10 mM HEPES [pH 7.9], 10 mM KCl,
0.1 mM EDTA, 0.2 mM EGTA, and 0.5% Nonidet P40 supple-
mented with 1 mM dithiothreitol, 10 mg/ml aprotinin, 10 mg/ml
leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4,
and 1 mM NaFE Lysates were clarified by centrifugation at 4°C

for 30 min, and separated on 10% sodium dodecyl sulphate-
poliacrilamide gel electrophoresis. CDH-11, COL1A1, COL3A1,
p-MYPT-1, MRTF-A, MYOCD, Smad7, and p-Smad3 were de-
tected using the following antibodies: mouse anti-human CDH-
11 [final dilution 1:500, ThermoFisher Scientific, Langenselbold,
Germany], rabbit anti-human COL1A1 [final dilution 1:1000,
Novus Biological Italy], rabbit anti-human COL3A1 [final dilution
1:1000, Novus Biological], rabbit anti-human/mouse p-MYPT-1
[final dilution 1:1000, Abcam Cambridge, UK], rabbit anti-human/
mouse MRTF-A [1:1000, Abcam Cambridge, UK], rabbit anti-
human/mouse MYOCD [final dilution 1:1000, Abcam Cambridge,
UK], rabbit anti-human/mouse p-Smad3 [final dilution 1:1000,
Abcam Cambridge, UK], and mouse anti-human/mouse Smad7
[final dilution 1:1000, R&D Systems], respectively, followed by
horseradish peroxidise-conjugated secondary IgG monoclonal anti-
bodies [all used at final dilution 1:20000, Dako, Milan, Italy]. The
reaction was detected with a sensitive enhanced chemiluminescence
kit [Pierce, Rockford, IL]. After the analysis, blots were stripped
and incubated with the following internal loading controls: rabbit
anti-human vinculin [final dilution 1:5000, Abcam], and mouse
anti-human-mouse f-actin [final dilution 1:5000, Sigma-Aldrich].
Computer-assisted scanning densitometry [Image-Lab 5.2.1, Bio-
Rad Laboratories, Milan, Italy] was used to analyse the intensity of
the immunoreactive bands.

MMP-1 and MMP-3 were evaluated in cell-free supernatants
of FS CD fibroblasts by western blotting using mouse anti-human
MMP-1 and anti-MMP-3 antibodies [1 mg/ml, R&D Systems].

2.6. Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed, paraffin-
embedded ileal sections of CTR, I CD patients, FS CD patients, and
UC colonic sections. The sections were deparaffinised and dehy-
drated through xylene and ethanol, and the antigen retrieval was
performed in Tris EDTA citrate buffer [pH 7.8] in a thermostatic
bath at 98°C [Dako] for 30 min. Immunohistochemical staining
was performed using a rabbit monoclonal antibody directed against
human CDH-11 [final dilution 1:60, Novus Biological] incubated
at room temperature [RT] for 1 h, followed by a biotin-free HRP-
polymer detection technology with 3,3’diaminobenzidine [DAB]
as a chromogen [MACH 4 Universal HRP-Polymer Kit, Biocare
Medical]. The sections were counterstained with haematoxylin, de-
hydrated, and mounted. Isotype control IgG-stained sections were
prepared under identical immunohistochemical conditions as de-
scribed above, replacing the primary antibody with a purified rabbit
normal IgG control antibody [R&D Systems].

2.7. Immunofluorescence

Immunofluorescence was performed on frozen sections of ileal mu-
cosal samples taken from, CTR, I CD, and FS CD patients. Samples
were embedded in a cryostat mounting medium [Neg-50 Frozen
Section Medium, Thermo Scientific], snap-frozen, and stored at
-80°C. Sections [6 pm thick] were mounted onto superfrost glass
slides and fixed in 4% paraformaldehyde [PFA] for 10 min at 4°C.
Slides were washed three times with PBS, treated with 0.1% Triton
X-100 for 20 min at RT. Blocking procedure was performed with
10% normal goat serum in PBS solution for 1 h at room temperature.
Slides were then incubated overnight at 4°C with mouse anti-human
CDH-11 [final diluition 1:50, ThermoFisher Scientific] and rabbit
anti human a-SMA [final dilution 1:50, ThermoFisher Scientific].
After washing three times with PBS, slides were incubated for 1 h
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at room temperature with specific secondary antibodies coupled
with Alexa Fluor Dyes [final dilution 1:2000, Invitrogen, Milan,
Italy]. Coverslips were mounted on glass slides using ProLong Gold
antifade reagent with DAPI [Invitrogen] to counterstain the DNA.
Samples were analysed with a Leica DMI 4000 B fluorescence micro-
scope [Leica, Wetzlar, Germany].

2.8. Acute trinitrobenzene-sulphonic acid [TNBS]-
driven colitis and TNBS-induced colitis-associated
colonic fibrosis

CDH-11 wild-type [WT] and CDH-11 knockout [KO] [CDH-
11tm1Mta/Hens]] mice [8 weeks of age] were purchased from the
Jackson Laboratory [Calco, Lecco, Italy] and hosted at the Plaisant
animal facility [Rome, Italy]. All animal experiments were approved
by the local Institutional Animal Care and Use Committee [author-
ization no.: 545/2016-PR, protocol no.: DE 15B.19 EXT 1] and in
compliance with European rules [2010/63/UE]. For induction of acute
colitis, mice were firstly pre-sensitised with trinitrobenzene-sulphonic
acid [TNBS] and, after 8 days, TNBS [6 mg in 50% ethanol, 150 pl/
mouse] was administered through a 3.5F catheter inserted into the
rectum under light anaesthesia, as previously described.’® Littermate
control mice received only the vehicle. Mice were sacrificed at Day
S after TNBS administration, to evaluate intestinal inflammation.
Colonic sections were stained with haematoxylin and eosin [H&E],
and the degree of inflammation was evaluated according the method
described elsewhere.*” In particular, the degree of intestinal inflamma-
tion was evaluated by summing the scores relative to epithelial damage
[0, normal; 1, focal loss of goblet cells; 2, diffuse loss of goblet cells;
3, focal loss of crypts; 4, diffuse loss of crypts] and immune infiltrate
[0, no immune infiltrate; 1, immune infiltrate around bases of crypts;
2, diffuse immune infiltrate along the layer of muscularis mucosae; 3,
immune infiltrate in the mucosal layer; 4, immune infiltrate in both
mucosal and submucosal layers].* Colitis-induced fibrosis was in-
duced in mice by weekly intrarectal administration of TNBS under
light anaesthesia, as previously described.*” Each mouse received an
incremental dose of TNBS over a period of 6 weeks. At Weeks 1 and
2, mice received 0.5 mg of TNBS in 30% ethanol; at Weeks 3 and
4, mice received 0.75 mg of TNBS in 45% ethanol; and at Weeks 5
and 6, mice received 1 mg of TNBS in 45% ethanol. Littermate con-
trol mice received only the vehicle. Animals were monitored daily and
examined for signs of colitis including body weight loss, diarrhoea,
and rectal bleeding and prolapse, and were killed 3 days after the
last TNBS administration. Moreover, colonic swiss-roll sections were
stained with Sirius Red Pricate and Masson’s trichrome with aniline
blue, according the manufacturer’s instructions [Bio-Optica, Milan,
Italy]. The degree of fibrosis on Masson’s trichrome-stained sections
was evaluated by a score system ranging from 0 to 3 on the basis of
density and extent of trichrome-positive connective tissue staining and
disruption of tissue architecture [0, normal; 1, mild; 2, moderate 3,
severe], as previously described.*

2.9 Sircol assay

Total collagen was measured in fibroblast supernatants and mouse
colonic samples by Sircol Collagen Assay Kit, in accordance with the
manufacturer’s instructions.

2.10 Statistical analysis
Differences between groups were compared using Student’s t test
and the Mann—Whitney U test. All the analyses were performed
using Graph-Pad 5 software.

3. Results

3.1. CDH-11 expression is increased in the gut of
patients with inflammatory bowel disease

To investigate whether CDH-11 expression is increased in IBD,
RNA transcripts for CDH-11 were evaluated in colonic biopsies of
IBD patients and CTR by real-time PCR. CDH-11 RNA transcripts
were increased in inflamed colon of both UC patients and CD pa-
tients as compared with CTR [Figure 1A]. Analysis of CDH-11 in
paired biopsies taken from involved and uninvolved areas of IBD pa-
tients showed that CDH-11 RNA expression was more pronounced
in areas with active inflammation [Figure 1B]. Moreover, in IBD,
CDH-11 RNA expression did not differ between patients receiving
no therapy and those receiving drugs [Figure 1C]. Analysis of total
proteins extracted from colonic mucosal samples by western blot-
ting confirmed overexpression of CDH-11 in both IBD [Figure 1D].
Next, we assessed CDH-11 RNA transcripts and protein expression
in ileal mucosal samples of CTR, I CD patients, and FS CD patients.
In line with the above results, CDH-11 RNA and protein expres-
sion was significantly increased in I CD samples as compared with
CTR [Figure 1E, F]. Notably, FS CD samples exhibited a more pro-
nounced expression of CDH-11 RNA and protein as compared with
I CD and ileal CTR samples [Figure 1E, F]. Immunohistochemical
analysis confirmed the enhanced expression of CDH-11 in IBD and
showed that, in FS CD, stromal cell expressed CDH-11 [Figure 1G].
By immunofluorescence, we also showed that CDH-11 co-localised
with a-SMA in FS and I CD samples [Supplementary Figures 1 and 2,
available as Supplementary data at ECCO-JCC online] even though
staining was faint in I CD samples. In contrast, both CDH-11 and o-
SMA were barely detectable in ileal control samples [Supplementary
Figure 2]. In line with the above data, enhanced CDH-11 RNA ex-
pression was seen in fibroblasts isolated from ileal samples of FS CD
patients as compared with control fibroblasts [Figure 1H].

3.2 CDH-11 expression is induced by fibrogenic
cytokines in normal fibroblasts

The fact that CDH-11 is strongly expressed in FS CD samples
prompted us to examine whether its production by stromal cells is
regulated by inflammatory/fibrogenic cytokines.*'~*¢ Normal fibro-
blasts were stimulated with TNF-a, IL-6, IFN-v, IL-13, IL-1p, IL-34,
and TGF-f1, and CDH-11 protein was analysed by western blotting.
CDH-11 production was enhanced by TNF-a, IL-6, IFN-y, IL-13,
and IL-1p, whereas IL-34 and TGF-$1 did not alter CDH-11 expres-
sion [Figure 2]. Similar results were seen when fibroblasts isolated
from I CD and FS CD samples were stimulated with the above cyto-
kines [Supplementary Figure 3, available as Supplementary data at
ECCO-JCC online].

3.3. CDH-11 activates RhoA/ROCK and TGF-

B signalling pathways and induces collagen

production in Crohn’s disease fibroblasts

The demonstration that CDH-11 is mainly expressed in FS CD
samples, and that stromal cells are major producers of CDH-11,*
prompted us to investigate whether CDH-11 regulates collagen pro-
duction in the gut. To this end, CD fibroblasts isolated from fibrotic
specimens were treated with a specific CDH-11 AS. Knockdown of
CDH-11 [Figure 3A] led to a significant reduction of COL1A1 and
COL3A1 RNA transcripts without affecting a-SMA RNA expres-
sion [Figure 3B-D]. Consistently, CDH-11 AS decreased COL1A1
and COL3A1 protein expression [Figure 3E]. Quantification of
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Figure 1. Cadherin [CDH]-11 RNA transcripts and protein are increased in inflammatory bowel disease [IBD]. A. Cadherin-11 [CDH-11] mRNA expression was
evaluated in colonic biopsies taken from 17 controls [Colonic CTR], 23 patients with active ulcerative colitis [UC] and 13 patients with active colonic Crohn’s
disease [Colonic CD] by real-time PCR and levels were normalized to f3-actin. B. Paired biopsies taken from the involved and uninvolved mucosa of 8 IBD patients
were analyzed for CDH-11 RNA expression by real-time PCR. Levels are normalized to -actin and data indicate mean + SEM of all samples. C. CDH-11 RNA
transcripts were assessed in biopsies taken from 7 IBD patients [4UC, 3 CD] receiving no therapy and 29 IBD patients [19 UC, 10 CD] on therapy by real-time PCR.
Levels are normalized to f-actin and date indicate mean + SEM of all samples. D. Representative Western blots showing CDH-11 and B-actin in total proteins
extracted from mucosal samples of 3 colonic CTR, 3 UC patients and 3 colonic CD patients. Right panel shows the quantitative analysis of CDH-11/B-actin ratio
in mucosal samples taken from 6 colonic CTR, 6 UC patients and 6 colonic CD patients as measured by densitometry scanning of Western blots. Values are
expressed in arbitrary units [a.u.] and indicate mean + SEM of all samples. E. CDH-11 mRNA expression was evaluated in ileal mucosal samples taken from 4
controls [lleal CTR], 5 patients with inflammatory CD [l CD] and 5 patients with fibrostricturing CD [FS CD] by real-time PCR. Levels are normalized to B-actin
and date indicate mean + SEM of all samples. F. Representative Western blots showing CDH-11 and f-actin in total proteins extracted from mucosal samples of
3ileal CTR, 31 CD patients and 3 FS CD patients. Right panel shows the quantitative analysis of CDH-11/3-actin ratio in mucosal samples taken from 6 leal CTR,
6 1 CD patients and 6 FS CD patients as measured by densitometry scanning of Western blots. Values are expressed in arbitrary units [a.u.] and indicate mean
+ SEM of all samples. G. Representative photomicrographs [100X original magnification] of CDH-11-stained paraffin-embedded sections of surgical samples
taken from 1 ileal CTR, 1 patient with | CD, 1 patient with FS CD and 1 patient with UC. The figure is representative of separate experiments in which sections
taken from 4 ileal CTR, 3 patients with ileal | CD, 5 patients with FS CD and 3 patients with UC were analyzed for CDH-11. Isotype control antibody-stained FS CD
sections is also shown. Inserts show higher magnification [400X] images. H. CDH-11 mRNA expression was evaluated in fibroblasts isolated from ileal mucosal
samples of 4 CTR and 4 patients with FS CD by real-time PCR. Levels are normalized to f-actin and data indicate mean + SEM of all samples. PCR, polymerase
chain reaction; SEM, standard error of the mean.
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Figure 2. CDH-11 expression is induced by profibrogenic cytokines in normal
fibroblasts. Representative western blots showing CDH-11 and vinculin in
total proteins extracted from control fibroblasts isolated and treated with or
without [unstimulated = Unst] cytokines for 24 h. Bottom panel shows the
quantitative analysis of CDH-11/vinculin ratio in fibroblast protein extracts.
Values are expressed in arbitrary units [a.u.] and indicate mean + standard
error of the mean [SEM] of six independent experiments.

soluble forms of collagen in the supernatants of fibroblast cultures
confirmed that CDH-11 knockdown was associated with significant
reduction of collagen synthesis [Figure 3F].

Studies in CDH-11 deficient mice have recently shown that
CDH-11 controls mechanical strength and collagen and elastin con-
tent in smooth muscle- and myofibroblast-containing tissues, such
as aorta, bladder, and skin.?? Analysis of the basic mechanisms by
which CDH-11 regulates stromal cell function showed that CDH-
11 activates the TGF-f and RhoA/ROCK pathways, thus leading
to the induction of MRTF-A and MYOCD, two transcription fac-
tors that up-regulate collagen synthesis.’>33474 Therefore, we next
examined whether CDH-11 AS-mediated collagen production inhib-
ition was paralleled by changes in RhoA/ROCK and TGF-f path-
ways. Treatment of FS CD fibroblasts with CDH-11 AS associated
with reduced phosphorylation of MYPT-1, a downstream event in
the RhoA/ROCK pathway activation,” and Smad3, a protein in-
volved in the TGF-f-driven signalling®® [Figure 4A]. CDH-11 AS in-
creased Smad7, a negative regulator of TGF-f/Smad3 signalling.*°
Consistently, cells treated with CDH-11 AS exhibited reduced RNA
and protein expression of MRTF-A and MYOCD [Figure 4B, C].
To further confirm the inducing effect of CDH-11 on collagen syn-
thesis, we treated CD fibroblasts with recombinant human CDH-
11-Fc in order to trigger CDH-11 mediated signalling. Since both
p-MYPT-1 and p-Smad3 are highly expressed in unstimulated cells,
the subsequent western blotting studies were conducted using re-
duced amounts of proteins, in order to appreciate any up-regulation
following CDH-11 activation. As shown in Figure 5A, engagement
of CDH-11 increased phosphorylation of MYPT-1 and Smad3. In
line with this, CDH-11 activation increased expression of MRTF-A,
MYOCD, COL1A1, COL3A1 RNA, protein expression, and soluble
forms of collagen without affecting a-SMA RNA expression [Figure
5B-G|]. However, in contrast to previous studies,’*> CDH-11

activation in FS CD fibroblasts did not alter production of MMP-1
and MMP-3 [Supplementary Figure 4, available as Supplementary
data at ECCO-JCC online], two enzymes involved in the control of
ECM deposition.’>¥

3.4. Intestinal fibrosis is decreased in CDH-11

knockout mice

To translate the iz vitro data to in vivo, we used a murine model of
colitis-associated fibrosis induced by repeated rectal administration
of low doses of TNBS.* Histological analysis of colonic swiss-roll
sections and histological score analysis showed that both WT and
CDH-11 KO mice developed colitis following TNBS administration,
with no significant difference between the groups [Supplementary
Figure $, available as Supplementary data at ECCO-JCC online].
Similar results were seen when TNBS-driven acute colitis was in-
duced in WT and CDH-11 mice [Supplementary Figure 6, available
as Supplementary data at ECCO-JCC online|. Masson’s trichrome
staining and the histological fibrotic score revealed that both WT
and CDH-11 KO mice developed intestinal fibrosis following TNBS
administration, but a reduced amount of collagen deposition in the
subepithelial and serosal areas was seen in CDH-11 KO mice as
compared with WT mice after TNBS administration [Figure 6A].
These data were confirmed by Sirius Red Picrate staining [Figure
6B]. Moreover, analysis of soluble forms of collagen in mouse colon
explants confirmed that CDH-11 KO mice have a significant re-
duction of intestinal collagen production compared with WT mice
after TNBS administration [Figure 6C]. Western blotting analysis
of total proteins extracted from colonic tissue samples of wild-type
and CDH-11 KO mice following TNBS treatment showed a reduc-
tion expression of p-MYPT-1, p-Smad3, MRTF-A, and MYOCD in
CDH-11 KO mice [Figure 7]. In contrast to the finding documented
in FS CD fibroblasts following CDH-11 knockdown showing
up-regulation of Smad7, Smad7 expression did not differ between
CDH-11 KO and WT mice [Figure 7]. This finding could rely on the
fact that, in inflamed intestine, Smad7 is over-produced by multiple
mucosal cell types other than fibroblasts, and CDH-11 deficiency did
not affect the course of colitis [Supplementary Figures 3, 6].

4. Discussion

Up-regulation of CDH-11 gene expression has been recently docu-
mented in IBD tissue through genome-wide studies** but the role of
this protein in the pathogenesis of these disorders remains unknown.
Here we assessed the expression and role of CDH-11 in IBD. By
using several molecular techniques, we initially showed that CDH-
11 expression was enhanced in inflamed colon of patients with UC
and patients with CD as compared with normal controls, and this
occurred at both RNA and protein levels. In IBD, CDH-11 was pro-
duced at greater level in inflamed areas, and such production was not
influenced by current therapy, suggesting that induction of CDH-11
is secondary to the ongoing mucosal inflammation. When CD pa-
tients were stratified taking into account their phenotype, a more
pronounced expression of CDH-11 was seen in FS samples. These
data confirm and expand on results of previous studies documenting
enhanced induction of CDH-11 in fibrotic tissues in many organs,
including lung, liver, and kidney.?’?***3! By immunostaining, we
were also able to document marked positivity of CDH-11 in the
stromal compartment of FS CD samples. Consistently, CDH-11 ex-
pression was increased in fibroblasts isolated from FS CD samples as
compared with control cells.
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Figure 3. Knockdown of CDH-11 reduces collagen production in fibrostricturing CD fibroblasts. A. Fibrostricturing CD [FS CD] fibroblasts were transfected with
scrambled negative control oligonucleotide [SCR AS] or CDH-11 antisense oligonucleotide [CDH11AS] for 24 h. CDH-11 and vinculin were analysed by western
blotting. One of five independent experiments is shown. Bottom panel shows the quantitative analysis of CDH-11/vinculin ratio in FS CD fibroblast protein
extracts as measured by densitometry scanning of western blots. Values are expressed in arbitrary units [a.u.] and indicate mean + SEM of all experiments.
B-D. FS CD fibroblasts were transfected with either SCR AS or CDH11AS for 24 h, and COL1A1 [B], COL3A1 [C], and a-ASMA [D] RNA transcripts were analysed
by real-time PCR. Levels are normalised to f-actin. Data indicate mean + SEM of five independent experiments. E. FS CD fibroblasts were transfected with
either SCR AS or CDH11AS for 24 h, and CDH-11, COL1A1, COL3A1, and vinculin were analysed by western blotting. Two of five independent experiments are
shown. Right panels show the quantitative analysis of the COL1A1/vinculin ratio and COL3A1/vinculin ratio in FS CD fibroblast protein extracts as measured
by densitometry scanning of western blots. Values are expressed in arbitrary units [a.u.] and indicate mean + SEM of all experiments. F FS CD fibroblasts were
transfected with either SCR AS or CDH11AS for 24 h, and total content of collagen was analysed by a colorimetric assay in supernatants. Data indicate mean +

SEM of three independent experiments. CD, Crohn’s disease; PCR, polymerase chain reaction; SEM, standard error of the mean.

Circumstantial evidence indicates that, during intestinal
fibrogenesis, fibroblast function is tightly controlled by both auto-
crine and paracrine mechanisms. In particular, many immune cells
infiltrating the inflamed gut produce cytokines that stimulate ad-
jacent fibroblasts to make collagen and other mediators of the
fibrogenetic process.!® Therefore, we investigated whether inflam-
matory/fibrogenic cytokines, which are produced in excess in IBD,
enhanced CDH-11 expression in normal, I CD, and FS CD intestinal
fibroblasts. Among the cytokines evaluated, both antigen-presenting
cell-derived cytokines, such as TNF-a, IL-6, and IL-1f3, and T cell-
derived cytokines, such as IFN-y and IL-13, increased CDH-11 ex-
pression, whereas no significant change in CDH-11 protein synthesis
was seen when cells were stimulated with IL-34 or TGF-31. Studies
are now ongoing to assess the basic mechanism by which the above
cytokines regulate CDH-11. Nonetheless, these results suggest the
hypothesis that the local inflammatory milieu is crucial for inducing
CDH-11 in intestine, as reported in rheumatoid arthritis.?®3!

To mechanistically prove the contribution of CDH-11 in intestinal
fibrosis, we inhibited CDH-11 in FS CD fibroblasts with a specific AS.
Knockdown of CDH-11 was accompanied by a significant reduction
of collagen transcripts and protein. Analysis of signalling pathways,
which are known to mediate the CDH11-inducing effect of collagen,
revealed that CDH-11 knockdown associated with disruption of
RhoA/ROCK and TGF-f signalling pathways.** This was evidenced
by reduced phosphorylation of MYPT-1 and Smad3 and diminished
expression of MRTF-A and MYOCD, two transcription factors that
interact with serum response factor [SRF] and bind on CArGbox
regulatory elements, with the down-stream effect of inducing the tran-
scription of SRF-responsive genes involved in fibrosis.”=** The above
data were confirmed by CDH-11 engagement experiments showing
that CDH-11 activation in FS CD fibroblasts enhanced collagen syn-
thesis without affecting expression of a-SMA, a marker of activation
of myofibroblasts. This finding did not come as a surprise for us, as
previous studies showed that CDH-11 regulates collagen production
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Figure 4. Knockdown of CDH-11 reduces phosphorylation of both MYPT-1 and Smad3 in fibrostricturing CD fibroblasts. A. Fibrostricturing CD [FS CD] fibroblasts
were transfected with either SCR AS or CDH11AS for 24 h, and CDH-11, p-MYPT-1, p-Smad3, Smad7, and vinculin were analysed by western blotting. Two of three
independent experiments are shown. Right panels show the quantitative analysis of the p-MYPT-1/vinculin ratio, p-Smad3/vinculin ratio, and Smad7/vinculin
ratio in FS CD fibroblast protein extracts as measured by densitometry scanning of western blots. Values are expressed in arbitrary units [a.u.] and indicate mean
+ SEM of all experiments. B. FS CD fibroblasts were transfected with either SCR AS or CDH-11AS as described above, and MRTF-A and MYOCD RNA transcripts
were analysed by real-time PCR. Levels are normalised to f-actin. Data indicate mean + SEM of five independent experiments. C. FS CD fibroblasts were
transfected with either SCR AS or CDH11AS as described above, and MRTF-A, MYOCD, and vinculin were analysed by western blotting. Two of three independent
experiments are shown. Right panels show the quantitative analysis of the MRTF-A/vinculin ratio and MYOCD/vinculin ratio in FS CD fibroblast protein extracts
as measured by densitometry scanning of estern blots. Values are expressed in arbitrary units [a.u.] and indicate mean + SEM of all experiments. CD, Crohn’s

disease; PCR, polymerase chain reaction; SEM, standard error of the mean.

but not a-SMA expression in other systems. For instance, Lodyga
et al. showed that engagement of CDH-11 on myofibroblasts by the
human CDH-11 fusion protein did not affect a-SMA amounts.?”
In this context, it is also noteworthy that a-SMA is an inconsistent
marker of collagen-producing fibroblasts in experimental models of
organ fibrosis®* and, therefore, it was logical to expect reduction of
collagen but not of a-SMA following CDH-11 inhibition.

The CDH11-mediated positive regulation of collagen production
in the intestine was then supported by i vivo studies, which demon-
strated that CDH-11 KO mice produced less collagen and developed
a decreased colitis-driven intestinal fibrosis as compared with con-
trols. Altogether, our findings are in agreement with those generated

in murine models of skin, lung, and liver fibrosis, in which CDH-11
deficiency was associated with a significant decrease of collagen de-
position and fibrosis.?**** Loss of CDH-11 did not affect the de-
velopment of TNBS-induced colitis, supporting further the direct
effect of CDH-11 on intestinal fibrosis. These later results conflict
with those generated in the K/BxN serum transfer mouse model of
arthritis, in which CDH-11 deficient mice developed approximately
50% less joint inflammation compared with wild-type mice and were
almost completely protected from cartilage erosions, despite ongoing
bone erosion.* It is thus tempting to speculate that, depending on the
context analysed, CDH-11 can promote activation of signals that ul-
timately propagate tissue-damaging inflammatory responses.
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Figure 5. CDH-11 activation induces collagen production. A. Fibrostricturing [FS] CD fibroblasts were plated on CDH-11-Fc [CDH11Fc]- or IgG-Fc [IgGFc]-coated
culture plates for 2 h, and p-MYPT-1, p-Smad3, and vinculin were analysed by western blotting. One of three independent experiments is shown. Right panels
show the quantitative analysis of the p-MYPT-1/vinculin ratio and p-Smad3/vinculin ratio in FS CD fibroblast protein extracts as measured by densitometry
scanning of western blots. Values are expressed in arbitrary units [a.u.] and indicate mean + SEM of all experiments. B. FS CD fibroblasts were treated as described
above for 24 h, and MRTF-A, MYOCD, and vinculin were analysed by western blotting. One of three independent experiments is shown. Right panels show the
quantitative analysis of the MRTF-A/vinculin ratio and MYOCD/vinculin ratio in FS CD fibroblast protein extracts as measured by densitometry scanning of western
blots. Values are expressed in arbitrary units [a.u.] and indicate mean + SEM of all experiments. C-E. FS CD fibroblasts were treated as described above for 24 h,
and COL1A1 [C], COL3A1 [D], and a-SMA [E] RNA transcripts were analysed by real-time PCR. Levels are normalised to $-actin. Data indicate mean + SEM of
three independent experiments. F FS CD fibroblasts were treated as described above for 24 h, and COL1A1, COL3A1, and vinculin were analysed by western
blotting. One of three independent experiments is shown. Right panels show the quantitative analysis of the COL1A1/vinculin ratio and COL3A1/vinculin ratio
in FS CD fibroblast protein extracts as measured by densitometry scanning of western blots. Values are expressed in arbitrary units [a.u.] and indicate mean +
SEM of all experiments. G. Total content of collagen in supernatants of FS CD fibroblasts, treated as above described for 48 h, was analysed by a colorimetric
assay. Data indicate mean + SEM of three independent experiments. CD, Crohn'’s disease; PCR, polymerase chain reaction; SEM, standard error of the mean.
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Figure 6. TNBS-induced intestinal fibrosis is reduced in CDH-11 knockout mice. A. Representative photomicrographs [40x original magnification] of colonic swiss-
roll sections taken from ETOH- or TNBS-treated CDH-11 wild-type [WT] mice or CDH-11 knockout [KO] mice and stained with Masson'’s trichrome. Right panel
shows the quantitative analysis of fibrotic score of intestinal sections taken from five WT mice and five CDH-11 KO mice treated with ETOH, and five WT mice and
five CDH-11 KO mice treated with TNBS. Data indicate mean + standard error of the mean [SEM] of all samples. B. Representative photomicrographs [40x original
magnification] of colonic swiss-roll sections taken from ETOH- or TNBS-treated WT mice and CDH-11-KO mice treated as above, and stained with Picro Sirius Red.
C. Soluble collagen measured by Sircol assay in extracts of colon samples taken from mice treated as above, analysed. Data indicate mean +SEM of all samples.

The demonstration that CDH-11 knockdown in CD fibroblasts
reduces collagen production, and up-regulates Smad7, could appear
to conflict with our previous study showing the efficacy of an oral
Smad7 antisense oligonucleotide on TNBS-driven colitis-induced fi-
brosis.®® In this context however, it is noteworthy that Smad7 was

induced at early stages of TNBS colitis, and mice given Smad7 anti-
sense oligonucleotide exhibited marked amelioration of the ongoing
colitis, which was accompanied by significant reduction of colonic
fibrosis. This suggests that the effect of Smad7 antisense oligonucleo-
tide on intestinal fibrosis is mainly due to the suppression of colitis.
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Figure 7. RhoA/ROCK and TGF-§} signalling pathways are reduced in CDH-11
knockout [KO] mice with TNBS-induced intestinal fibrosis. Representative
western blots showing p-MYPT-1, p-Smad3, Smad7, MRTF-A, MYOCD, and
B-actin in total proteins extracted from colonic samples of two wild-type
[WT] and two CDH-11-KO mice treated with TNBS. One of two experiments
analysing five mice per group is shown.

The functional relevance of Smad7 up-regulation in fibroblasts fol-
lowing CDH-11 knockdown remains to be determined, even though
we do not exclude the possibility that, in fibroblasts, Smad7 can con-
trol additional biological functions, such as cell growth and survival,
perhaps through a TGF-B1 independent mechanism, as shown in
other non-immune cell types.®!

In conclusion, our study shows that CDH-11 is highly produced
in inflamed tissue of IBD patients, and suggests a key role for this pro-
tein in positively regulating collagen production and intestinal fibrosis.

Funding

No specific funding was received for this work.

Conflict of Interest

GM has served as an advisory board member for Abbvie. The remaining au-
thors declare that the research was conducted in the absence of any commer-
cial or financial relationships that could be construed as a potential conflict
of interest.

Acknowledgments

We thank Roberta Izzo for helping EF in the preliminary phase of this project.

Author Contributions

EF performed experiments, analysed data, wrote manuscript; IM, FL, AR,
VD, DDF, AC, AO performed experiments; PG, SDC, GS, ADS contributed
reagents; GM designed experiments and wrote the manuscript.

Supplementary Data
Supplementary data are available at ECCO-JCC online.

References

1. Abraham C, Cho JH. Inflammatory bowel disease. N Engl | Med
2009;361:2066-78.

2. Kozuch PL, Hanauer SB. Treatment of inflammatory bowel disease: a re-
view of medical therapy. World | Gastroenterol 2008;14:354-77.

10.

11.

12.

13.

14.

1S5.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

Cosnes J, Nion-Larmurier I, Beaugerie L, Afchain P, Tiret E, Gendre JP.
Impact of the increasing use of immunosuppressants in Crohn’s disease on
the need for intestinal surgery. Guz 2005;54:237-41.

Cosnes J, Cattan S, Blain A, et al. Long-term evolution of disease behavior
of Crohn’s disease. Inflamm Bowel Dis 2002;8:244-50.

Harper PH, Fazio VW, Lavery IC, et al. The long-term outcome in Crohn’s
disease. Dis Colon Rectum 1987;30:174-9.

Wettergren A, Christiansen ]. Risk of recurrence and reoperation
after resection for ileocolic Crohn’s disease. Scand ]| Gastroenterol
1991;26:1319-22.

Olaison G, Smedh K, Sjodahl R. Natural course of Crohn’s disease after
ileocolic resection: endoscopically visualised ileal ulcers preceding symp-
toms. Gut 1992;33:331-5.

Rieder F, Fiocchi C. Intestinal fibrosis in IBD-a dynamic, multifactorial
process. Nat Rev Gastroenterol Hepatol 2009;6:228-35.

Cleynen I, Gonzalez JR, Figueroa C, et al. Genetic factors conferring
an increased susceptibility to develop Crohn’s disease also influence
disease phenotype: results from the IBDchip European Project. Gut
2013;62:1556-65.

Fiocchi C, Lund PK. Themes in fibrosis and gastrointestinal inflammation.
Am ] Physiol Gastrointest Liver Physiol 2011;300:G677-83.

Rieder F, Fiocchi C. Intestinal fibrosis in inflammatory bowel disease—cur-
rent knowledge and future perspectives. | Crobns Colitis 2008;2:279-90.
Kendall RT, Feghali-Bostwick CA. Fibroblasts in fibrosis: novel roles and
mediators. Front Pharmacol 2014;5:123.

Wynn TA. Cellular and molecular mechanisms of fibrosis. | Pathol
2008;214:199-210.

Yagi T, Takeichi M. Cadherin superfamily genes: functions, genomic or-
ganization, and neurologic diversity. Genes Dev 2000;14:1169-80.
Shapiro L, Fannon AM, Kwong PD, et al. Structural basis of cell-cell adhe-
sion by cadherins. Nature 1995;374:327-37.

Okazaki M, Takeshita S, Kawai S, et al. Molecular cloning and charac-
terization of OB-cadherin, a new member of cadherin family expressed in
osteoblasts. | Biol Chem 1994;269:12092-8.

Kimura Y, Matsunami H, Inoue T, et al. Cadherin-11 expressed in associ-
ation with mesenchymal morphogenesis in the head, somite, and limb bud
of early mouse embryos. Dev Biol 1995;169:347-58.

Chu K, Cheng CJ, Ye X, et al. Cadherin-11 promotes the metastasis of
prostate cancer cells to bone. Mol Cancer Res 2008;6:1259-67.
Pishvaian MJ, Feltes CM, Thompson P, Bussemakers M], Schalken JA,
Byers SW. Cadherin-11 is expressed in invasive breast cancer cell lines.
Cancer Res 1999;59:947-52.

Ruan W, Pan R, Shen X, Nie Y, Wu Y. CDH11 promotes liver fibrosis
via activation of hepatic stellate cells. Biochem Biophys Res Commun
2019;508:543-9.

Gardner H, Shearstone JR, Bandaru R, et al. Gene profiling of sclero-
derma skin reveals robust signatures of disease that are imperfectly re-
flected in the transcript profiles of explanted fibroblasts. Arthritis Rheum
2006;54:1961-73.

. Whitfield ML, Finlay DR, Murray ]I, et al. Systemic and cell type-specific

gene expression patterns in scleroderma skin. Proc Natl Acad Sci U S A
2003;100:12319-24.

Agarwal SK. Integrins and cadherins as therapeutic targets in fibrosis.
Front Pharmacol 2014;5:131.

Schneider DJ, Wu M, Le TT, et al. Cadherin-11 contributes to pulmonary
fibrosis: potential role in TGF-B production and epithelial to mesenchymal
transition. FASEB ] 2012;26:503-12.

Wu M, Pedroza M, Lafyatis R, et al. Identification of cadherin 11 as a me-
diator of dermal fibrosis and possible role in systemic sclerosis. Arthritis
Rheumatol 2014;66:1010-21.

Craciun FL, Bijol V, Ajay AK, et al. RNA sequencing identifies novel
translational biomarkers of kidney fibrosis. | Am Soc Nephrol
2016;27:1702-13.

Lodyga M, Cambridge E, Karvonen HM, et al. Cadherin-11-mediated ad-
hesion of macrophages to myofibroblasts establishes a profibrotic niche of
active TGF-beta. Sci Signal 2019, Jan 15. doi: 10.1126/scisignal.aao3469.

020z Jaquieoa( gz uo Jasn ejebiay 10 elsisAlun Aq v601SSS/901/S /b |L/81o1e/00[-0008/woo dno olwepese//:sdiy woll pepeojumod



Role of Cadherin-11 in Intestinal Fibrosis

417

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43

44.

45.

Kiener HP, Lee DM, Agarwal SK, Brenner MB. Cadherin-11 induces
rheumatoid arthritis fibroblast-like synoviocytes to form lining layers in
vitro. Am | Pathol 2006;168:1486-99.

Kiener HP, Niederreiter B, Lee DM, Jimenez-Boj E, Smolen JS, Brenner MB.
Cadherin 11 promotes invasive behavior of fibroblast-like synoviocytes.
Arthritis Rheum 2009;60:1305-10.

Lee DM, Kiener HP, Agarwal SK, et al. Cadherin-11 in synovial lining for-
mation and pathology in arthritis. Science 2007;315:1006-10.

Chang SK, Noss EH, Chen M, et al. Cadherin-11 regulates fibroblast in-
flammation. Proc Natl Acad Sci U S A 2011;108:8402-7.

Row S, Liu Y, Alimperti S, Agarwal SK, Andreadis ST. Cadherin-11 is a
novel regulator of extracellular matrix synthesis and tissue mechanics. |
Cell Sci 2016;129:2950-61.

. Wang DZ, Li S, Hockemeyer D, et al. Potentiation of serum response

factor activity by a family of myocardin-related transcription factors. Proc
Natl Acad Sci U S A 2002;99:14855-60.

Costello CM, Mah N, Hisler R, et al. Dissection of the inflammatory
bowel disease transcriptome using genome-wide cDNA microarrays. PLoS
Med 2005;2:¢199.

Van der Goten J, Vanhove W, Lemaire K, et al. Integrated miRNA and
mRNA expression profiling in inflamed colon of patients with ulcerative
colitis. PLoS One 2014;9:¢e116117.

Monteleone G, Caruso R, Fina D, et al. Control of matrix metalloproteinase
production in human intestinal fibroblasts by interleukin 21. Gut
2006;55:1774-80.

Lira CB, Chu K, Lee YC, Hu MC, Lin SH. Expression of the extracellular
domain of OB-cadherin as an fc fusion protein using bicistronic retroviral
expression vector. Protein Expr Purif 2008;61:220-6.

Wirtz S, Popp V, Kindermann M, et al. Chemically induced mouse models of
acute and chronic intestinal inflammation. Nat Protoc 2017;12:1295-309.
Dohi T, Ejima C, Kato R, et al. Therapeutic potential of follistatin for co-
lonic inflammation in mice. Gastroenterology 2005;128:411-23.
Lawrance IC, Wu E Leite AZ, et al. A murine model of chronic
inflammation-induced intestinal fibrosis down-regulated by antisense
NF-kappa B. Gastroenterology 2003;125:1750-61.

Di Sabatino A, Jackson CL, Pickard KM, et al. Transforming growth
factor beta signalling and matrix metalloproteinases in the mucosa over-
lying Crohn’s disease strictures. Gut 2009;58:777-89.

Okuno T, Andoh A, Bamba S, et al. Interleukin-1beta and tumor necrosis
factor-alpha induce chemokine and matrix metalloproteinase gene expres-
sion in human colonic subepithelial myofibroblasts. Scand | Gastroenterol
2002;37:317-24.

. Fichtner-Feigl S, Young CA, Kitani A, Geissler EK, Schlitt HJ, Strober W.

IL-13 signaling via IL-13R alpha2 induces major downstream fibrogenic
factors mediating fibrosis in chronic TNBS colitis. Gastroenterology
2008;135:2003-13, 2013.e1-7.

Biancheri P, Pender SL, Ammoscato E, et al. The role of interleukin 17 in Crohn’s
disease-associated intestinal fibrosis. Fibrogenesis Tissue Repair 2013;6:13.
Shoji H, Yoshio S, Mano Y, et al. Interleukin-34 as a fibroblast-derived
marker of liver fibrosis in patients with non-alcoholic fatty liver disease.
Sci Rep 2016;6:28814.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

Kovacs EJ. Fibrogenic cytokines: the role of immune mediators in the de-
velopment of scar tissue. [mmunol Today 1991;12:17-23.

Pipes GC, Creemers EE, Olson EN. The myocardin family of transcrip-
tional coactivators: versatile regulators of cell growth, migration, and
myogenesis. Genes Dev 2006;20:1545-56.

Herrmann J, Haas U, Gressner AM, Weiskirchen R. TGF-beta up-regulates
serum response factor in activated hepatic stellate cells. Biochim Biophys
Acta 2007;1772:1250-7.

Amano M, Nakayama M, Kaibuchi K. Rho-kinase/ROCK: a key regu-
lator of the cytoskeleton and cell polarity. Cytoskeleton [Hoboken]
2010;67:545-54.

Leask A, Abraham DJ. TGF-beta signaling and the fibrotic response.
FASEB ] 2004;18:816-27.

Madarampalli B, Watts GFM, Panipinto PM, Nguygen HN, Brenner MB,
Noss EH. Interactions between cadherin-11 and platelet-derived growth
factor receptor-alpha signaling link cell adhesion and proliferation.
Biochim Biophys Acta Mol Basis Dis 2019;1865:1516-24.

Noss EH, Chang SK, Watts GF, Brenner MB. Modulation of matrix
metalloproteinase production by rheumatoid arthritis synovial fibroblasts
after cadherin 11 engagement. Arthritis Rheum 2011;63:3768-78.

Louis E, Ribbens C, Godon A, et al. Increased production of matrix
metalloproteinase-3 and tissue inhibitor of metalloproteinase-1 by in-
flamed mucosa in inflammatory bowel disease. Clin Exp Immunol
2000;120:241-6.

McKaig BC, McWilliams D, Watson SA, Mahida YR. Expression
and regulation of tissue inhibitor of metalloproteinase-1 and matrix
metalloproteinases by intestinal myofibroblasts in inflammatory bowel
disease. Am | Pathol 2003;162:1355-60.

Small EM, Thatcher JE, Sutherland LB, et al. Myocardin-related transcrip-
tion factor-a controls myofibroblast activation and fibrosis in response to
myocardial infarction. Circ Res 2010;107:294-304.

Ueyama T, Kasahara H, Ishiwata T, Nie Q, Izumo S. Myocardin expression
is regulated by Nkx2.5, and its function is required for cardiomyogenesis.
Mol Cell Biol 2003;23:9222-32.

Velasquez LS, Sutherland LB, Liu Z, et al. Activation of MRTF-a-dependent
gene expression with a small molecule promotes myofibroblast differenti-
ation and wound healing. Proc Natl Acad Sci U S A 2013;110:16850-5.
Johnson LA, Rodansky ES, Haak AJ, Larsen SD, Neubig RR, Higgins PD.
Novel Rho/MRTF/SRF inhibitors block matrix-stiffness and TGF-f-
induced fibrogenesis in human colonic myofibroblasts. Inflamm Bowel Dis
2014;20:154-65.

Sun KH, Chang Y, Reed NI, Sheppard D. a-Smooth muscle actin is an
inconsistent marker of fibroblasts responsible for force-dependent TGFf
activation or collagen production across multiple models of organ fibrosis.
Am ] Physiol Lung Cell Mol Physiol 2016;310:1824-36.

Izzo R, Bevivino G, De Simone V, et al. Knockdown of Smad7 with a spe-
cific antisense oligonucleotide attenuates colitis and colitis-driven colonic
fibrosis in mice. Inflamm Bowel Dis 2018;24:1213-24.

De Simone V, Bevivino G, Sedda S, et al. Smad7 knockdown activates pro-
tein kinase RNA-associated elF2a pathway leading to colon cancer cell
death. Cell Death Dis 2017;8:e2681.

020z Jaquieoa( gz uo Jasn ejebiay 10 elsisAlun Aq v601SSS/901/S /b |L/81o1e/00[-0008/woo dno olwepese//:sdiy woll pepeojumod



