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Key Finding: ECM1 binds to the CT motif of CTGF and inhibits avB6-mediated TGFp activation thereby leading to
attenuated ductular reaction and liver fibrosis after DDC, ANIT, or alcohol-induced liver injury.
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Abstract

Background: Extracellular matrix protein 1 (ECM1) can inhibit TGFp
activation, but its antifibrotic action remains largely unknown. This study aims
to investigate ECM1 function and its physical interaction with the profibrotic
connective tissue growth factor (CTGF) in fibrosis and ductular reaction (DR).
Methods: Ecm1 knockouts or animals that ectopically expressed this gene were
subjected to induction of liver fibrosis and DR by feeding 3,5-diethoxycarbonyl-
1,4-dihydrocollidine (DDC) or a-naphthyl-isothiocyanate (ANIT). ECM1 and
CTGF were also examined in the livers of patients with alcohol-associated liver
disease (ALD) or ethanol-exposed animals that were fed the western diet for
4 months in the WDA model with liver pathology resembing ALD in patients.
Results: ECM1 bound to CTGF in yeast two-hybrid systems, cultured liver cells,
and cholestatic livers damaged by DDC or a-naphthyl-isothiocyanate. This
interaction blocked integrin avf6-mediated TGFp activation, thereby reducing
fibrotic responses in vitro. ECM1 downregulation was associated with biliary
CTGF induction during human ALD progression. In experimental models, Ecm1
loss enhanced susceptibility to DDC-induced cholestasis with upregulation of
Ctdf, avp6, alpha-smooth muscle actin, procollagen type |, serum transaminase,
and total bilirubin levels in germline knockouts, whereas forced expression of this
gene significantly attenuated DR and biliary fibrosis after the feeding of DDC or
a-naphthyl-isothiocyanate containing diets. Moreover, ectopic Ecm1 inhibited not
only alcohol-associated fibrosis but also TGFp-mediated deregulation of hepa-
tocyte nuclear factor 4, preventing the production of the fetal p2 promoter-driven
isoforms in the WDA model.

Abbreviations: AC, alcohol-associated cirrhosis; AH, alcohol-associated hepatitis; ALD, alcohol-associated liver disease; ANIT, a-naphthyl-isothiocyanate; CK,
cytokeratin; CT, C-terminal cysteine knot; CTGF, connective tissue growth factor; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; DR, ductular reaction; ECM,
extracellular matrix; ECM1, extracellular matrix protein 1; EpCAM, epithelial cell adhesion molecule; HNF4a, hepatocyte nuclear factor 4a; LAP, latent-associated
protein; MBP, maltose binding protein; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; RGD, arginylglycylaspartic acid; WDA, western diet with

alcohol; aSMA, alpha-smooth muscle actin.
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EXTRACELLULAR MATRIX PROTEIN 1 BINDS TO CTGF

INTRODUCTION

Liver fibrosis, characterized by scar tissue formation, is
an abnormal wound healing response common in
various chronic liver diseases ranging from viral
infection, drug toxicity, alcohol abuse, metabolic
dysfunction—associated steatohepatitis, primary scle-
rosing cholangitis (PSC), and primary biliary cholangitis
(PBC).[" Replacement of the functional parenchyma
with scar tissue may eventually cause portal hyper-
tension, cirrhosis, liver failure, and even liver cancer.
Hepatic progenitor/oval cells can be activated in the
form of ductular reaction (DR) during severe liver
damage when hepatocytes lose their replicative ability.
The expansion of reactive DR-capable cells correlates
with the extent of liver fibrosis, and the upregulation of
biliary markers, such as cytokeratin (CK) 7 and
epithelial cell adhesion molecule (EpCAM), is associ-
ated with poor prognosis in alcohol-associated hepatitis
(AH).241 Currently, liver transplantation is the only
treatment option available for patients with end-stage
chronic liver disease. Cirrhosis is one of the most
common causes of liver transplantation worldwide.
There is an urgent need to develop antifibrotic drugs
to control the progression of liver fibrosis during
reversible stages.

Overproduction of profibrotic signaling promotes HSC
activation, leading to excessive matrix production. TGFp
is a potent cytokine that stimulates extracellular matrix
(ECM) formation and the induction of other profibrogenic
mediators.5! This protein is typically synthesized as an
inactive latent precursor that requires cleavage and/or
dissociation from the latent-associated protein (LAP)
before engaging with the TGFp receptor complex.l®!
Integrins, such as avp6 and avp8, recognize arginylgly-
cylaspartic acid (RGD) tripeptides containing arginine,
glycine, and aspartic acid in LAP and activate TGFp
through mechanical stress or proteolysis-mediated
mechanisms.'®7] Dimerized TGFp binds to TGFp recep-
tors, leading to the phosphorylation and nuclear trans-
location of the SMAD2/3/4 heterocomplex, which tran-
scriptionally activates fibrosis-related genes, including o-
smooth muscle actin (#®SMA) and connective tissue

Conclusions: We uncover a novel antifibrotic action by ECM1 that binds CTGF
and inhibits integrin avp6-mediated TGFf activation. Targeting its loss has ther-
apeutic potential for the treatment of DR and liver fibrosis in chronic conditions,
such as cholangiopathy and ALD.
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growth factor (Ctgf). Ctgf potentiates TGFp presentation
to cognate receptors and enhances profibrogenic
signaling.[®! Moreover, Ctgf acts as a scaffold linking
integrin to enhance cell adhesion signaling. In human
cholangiocarcinoma, Ctgf and avp6 receptors are highly
expressed and function together to regulate DR and
biliary fibrosis in experimental models.[®! Overexpression
of Ctgf has been found in fibrotic diseases involving
virtually every organ system, and inhibition of Ctgf
effectively reduced collagen production in HSCs and
blocked fibrosis in clinical studies and experimental
models.[10]

Extracellular matrix protein 1 (ECM1) is an extrac-
ellular molecule important for maintaining tissue integrity
and function. Mutations in the human ECM1 gene can
induce hyaline-like deposits and thickened basal mem-
branes in skin diseases such as lipoid proteinosis and
lichen sclerosus.l''l Recently, this protein has been
identified as a critical factor in maintaining the latency
of deposited L-TGFp and a gatekeeper for homeostasis
in a healthy liver.'? Germline deletion of this gene
causes spontaneous activation of TGFp signaling,
progressive fibrosis, and animal mortality, whereas
ectopic ECM1 expression attenuates carbon tetra-
chloride-induced liver fibrosis and cirrhosis by inhibiting
the TGFp/Smad signaling pathway.!'? To date, the role of
ECM1 in chronic liver disease, DR, and alcohol-induced
liver injury is poorly understood. Here, we reported a
novel antifibrotic action of Ecm1, which bound to and
inhibited profibrotic Ctgf during DR and liver fibrosis.
Negative correlations between ECM1 and CTGF were
found in AH, PBC, and PSC human livers. Ecm1
deficiency promoted DR and liver fibrosis, whereas
ectopic expression of Ecm1 attenuated these processes
in cholangiopathy induced by a-naphthyl-isothiocyanate
(ANIT) or 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC). Ectopic Ecm1 also helped protect murine livers
from alcohol-associated fibrosis caused by the feeding of
western diet (WD; 40% calories from fat) and alternate
10%—20% ethanol exposure, which is known as the
“western diet with alcohol (WDA)” model with induced
liver pathology resemble of alcohol-associated liver
disease (ALD) in patients.!"3]
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METHODS
Human tissue and animal experimentation

Human liver samples with alcohol-associated steatosis,
alcohol-associated steatohepatitis, and alcohol-associ-
ated cirrhosis (AC) were ordered from Sekisui XenoTech
(Kansas City, KS) and subjected to histological analyses
and western blotting. These studies used deidentified
samples with exempt from Tulane University Institutional
Reveiw Board. Human gene expression was analyzed in
indicated public data sets. For ectopic expression in AAV8
virus, mouse Ecm1 [NM_007899] containing C-terminal
FLAG epitope sequences was purchased from Origene
(Rockville, MD) and inserted to replace eGFP at Notl and
BamHl sites after thyroxine-binding globin promoter in the
pAAV. thyroxine-binding globin.Pl.eGFP.WPRE.bGH
plasmid (Watertown, MA). AAV8-GFP was administered
as a control in parallel studies. These viruses were
administered at a dose of 5x10'" genome particles/mouse
into C57BL6 mice (8-wk-old). DR was triggered by 0.1%
DDC (Bio-Serv, Frenchtown, NJ) containing diets previ-
ously reported by us.[®! Cholestasis was also induced by
employing an ANIT (0.1%) containing diet, according to
Joshi et al.l'l The WDA model was performed according
to Schonfeld et al.l'¥l C57BL6/J wild-type mice (Jackson
Lab, Harbor, ME) were fed a western diet ad libitum
(Research Diets, New Brunswick, NJ). Alternated alcohol
drinking between 20% v/v (4 d, Thursday through Sunday)
and 10% v/iv (3 d, Monday through Wednesday) was
given for 20 weeks after the animals received progres-
sively increasing amounts of alcohol in water (1%, 3%,
10%, 15%, and 20% v/v for 3 d each). Only 20% v/v
alcohol was given during the last 2 weeks of western diet
feeding. Molecular characterization of animal models,
including RNA isolation and reverse transcriptase-PCR
analyses, western analyses, and immunoprecipitation
assays, are all described in Supplemental Materials and
Methods, http:/links.lww.com/HC9/B62. Research on
mice was approved by the Animal Care and Usage
Committee at Tulane University and conducted in
compliance with their guidelines. The care of animal and
licensing guideline under which the study was performed
and report these in accordance with the ARRIV (Animals
in Research: Reporting In Vivo Experiments).

Histological analysis, morphometry, and
fibrosis measurement

Histology and immunofluorescent staining were per-
formed with standard protocols. All mouse liver tissues
were fixed in 4% paraformaldehyde in PBS. The mouse,
normal human, and AC human livers were embedded in
paraffin and sectioned in 6 pm thickness. Immuno-
histochemistry (IHC) was performed with anti-A6 (a kind
gift from Dr. Valentina Factor at NCI), rabbit anti-Ki67

(Leica), rabbit anti-Ctgf (Abcam, Waltham, MA), chi-
meric human anti-integrin avf6 ch2A1 (Biogen Idec,
Cambridge, MA), rabbit anti-aSMA (Proteintech, Rose-
mont, IL), and mouse anti-CK19 (DSHB, Troma IlI)
followed by detection with DAB, Vector blue or red
substrates (Vector Laboratories, Newark, CA) accord-
ing to our previous report.l!

A laser spinning confocal microscope (Leica TCS SP2,
Wetzlar, German) with Velocity software (PerkinElmer,
Waltham, MA) was used to visualize immunofluorescence
signals. Bright-field images were visualized using a light
microscope with the accompanying software. DR and bile
epithelia proliferation were indicated by a ratio between
the number of CK19* Ki67* cells versus the total number
of CK19* bile duct epithelia from images (x200 magnifica-
tion). To evaluate fibrosis, liver sections were stained with
Picrosirius red solution (American MasterTech Scientific,
St Lodi, CA) or «SMA antibody followed by detection with
Vector blue substrate (Vector Laboratories). The approx-
imate borders of positively stained areas in each periportal
field were traced, and the corresponding areas were
measured in pixels using ImagedJ software. Total positive
areas were calculated as a percentage of total pixels in
each image. To obtain statistical significance in all the
morphometric analyses, at least 10 random-field images
were taken per slide, and 4 animals per group were
scored. ImageJ software (http://rsb.info.nih.gov/ij/) and
IHC profiler according to published methods.['5!

Hepatic hydroxyproline, serum, and tissue
analyses

Hepatic hydroxyproline content was quantified calori-
metrically in flash-frozen murine liver samples. Concen-
trations were calculated from a standard curve using
pure hydroxyproline (Sigma, Saint Louis, MI) and
expressed as micrograms of hydroxyproline per gram
of livers. Total bilirubin, ALT, and AST were measured
from serum according to our previous report’® using
commercially available assay kits according to the
manufacturer’s instructions (Sigma).

ECM1-CTGF interaction by yeast two-
hybrid analyses, solid phase binding
assays, immunoprecipitation assay, and
proximity ligation assay

Construction of the rat complementary DNA (cDNA)
library specific for regenerating livers following 2-
acetylaminofluorene (AAF) and partial hepatectomy
(PHx) was reported.l'88l ECM1 and CTGF interaction
was characterized in yeast two-hybrid analyses, solid-
phase binding assay, immunoprecipitation assay, and
proximity ligation assay as described in Supplemental
Materials and Methods, http://links.lww.com/HC9/B62.
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FIGURE 1 Ecm1 binds to Ctgf and reduces avp6-mediated TGFp activation leading to attenuated. fibrosis in vitro. (A) Yeast two-hybrid
analyses showed that all co-transformants expressing AD and BD constructs grew on permissive media but only the ones containing interactors
(Ecm1 with Ctgf or the CtgflV mutant) could survive on selective media (with 3-AT but lacking leucine, tryptophan, and histidine). (B) The
immunofluorescent staining showed colocalization between Ecm1:FLAG and Ctgf:V5 fusion proteins in transfected WB-F344 cells and primary
human BDEC. (C) M2 antibody (Ab) that recognized the Ecm1:FLAG protein specifically pulled down Ctgf:V5 and CtgflV:V5 proteins from
conditioned media of the rat hepatic progenitor WB-F344 cells, whereas no immunoprecipitation signal was seen from Ctgfl-111:V5 or vector control
in immunoprecipitation assays (left). M2 Ab rather than mouse IgG controls could also pull down Ctgf:V5 from the human BDEC lysates (right).
Equal input of tested proteins was shown. (D) Dose-dependent binding of MBP-Ctgf or CtgflV fusion proteins to recombinant ECM1:FLAG protein
was detected by M2 Ab-conjugated HRP in solid-phase assays. MBP protein only showed background signal. Values were represented means +
SD. **p<0.01; *p < 0.05. Student t test. (E) Western blotting detected the expression of p6:HA, Ctgf:V5, and Ecm1:FLAG in established WB-F344
stable cell lines and the human BDEC. (F and G) Ecm1 reduced avp6-mediated and Ctgf-potentiated TGF-$1 activation in the WB-F344 stable cell
lines and and the human BDEC based on plasminogen activator inhibitor 1-driven luciferase activity in co-cultured transfected mink lung epithelial
cell (F) and ELISA from the conditioned media of these cells (G). (H) Presence of Ecm1:FLAG significantly reduced the expression of CTGF,
aSMA, and COLLAGEN genes in LX-2 cells that were exposed to conditioned media containing p6:HA with or without Ctgf:V5. Values in (F-H) are
means + SD from triplicate experiments. ***p < 0.001; **p <0.01; *p <0.05 in Student ¢ test. Abbreviations: AD, activation domain; BD, binding
domain; BDEC, bile ductular epithelial cell; CTGF, connective tissue growth factor; ECM1, extracellular matrix protein 1; HA, hemagglutinin; MBP,

maltose binding protein; aSMA, a-smooth muscle actin.

TGFp1 Bioassay

TGFp1 activity was measured according to our previous
report.?l Detailed characterizations were described in
Supplemental Materials and Methods, http://links.lww.
com/HC9/B62.

Statistical analysis

GraphPad Prism 6.0 (GraphPad Software, San Diego
CA) was used for statistical analysis. Statistical signif-
icance (p <0.05) was evaluated using the unpaired f test
and one-way ANOVA.

RESULTS

Ecm1 binds to Ctgf and reduces avf6-
mediated TGFp activation, leading to
attenuated fibrotic responses in vitro

Hepatic oval cells can be activated in the form of DR as
an alternative pathway for liver regeneration when
hepatocyte proliferation is inhibited.l's] We identified
Ecm1 as a CTGF-binding protein after screening a
yeast two-hybrid library specific for oval cell activation
and liver regeneration following AAF/PHx in rats.l'”] The
identified clone contained a cDNA fragment covering
nucleotide sequences starting at 288 bp to the stop
codon (NM_053882), which encodes a truncated rat
Ecm1 protein lacking the first 32 amino acids but
containing the rest of the cysteine-free domain, Ecm1
repeat 1, Ecm1 repeat2, and the C-terminal domain
(Figure 1A). When this cDNA fragment was expressed
in a fusion protein containing the GAL4 activation
domain, the resulting Ecm1 fusion protein could interact
with Ctgf that was fused to the GAL4 DNA-binding
domain because the co-transformants allowed yeast
growth in triple selective SD media lacking Histidine,

Leucine, and Tryptophan in the presence of 5 mM 3-
amino-1,2,4-triazol, a competitive inhibitor to control
stringency for HIS transcription. Further analyses using
deletion mutants suggested that the C-terminal cysteine
knot (CT) domain (Ctgfyy), rather than domains I-lll that
correspond to insulin-like growth factor binding domain,
von Willebrand factor type C motif, thrombospondin
type | module in Ctgf, was sufficient for Ecm1 binding.
This CT region is implicated in heparin binding and
dimerization, and carries known adhesive and prolifer-
ative functions for Ctgf signaling.['®! To further test this
interaction, we expressed FLAG-tagged Ecm1 and V5-
tagged Ctgf proteins in WB-F344 cells, a rat hepatic
progenitor cell line, and primary human bile ductular
epithelial cells (BDECs). Immunofluorescent staining
detected the colocalization of Ctgf:V5 and Ecm1:FLAG
in the pericellular regions of the co-transfected cells
(Figure 1B). Further immunoprecipitation assays
showed that Ecm1:FLAG protein could be specifically
pulled down from cell lysates containing V5-tagged Ctgf
and the Ctgfj, mutant but not from the vector control and
a truncated mutant containing only domains I-Ill of Ctgf
(Figure 1C). Ctgf:V5 and Ecm1:FLAG were also co-
localized and specifically interacted with each other in
the human BDEC (Figure 1B). Additionally, the ability of
the CT domain of Ctgf for binding to Ecm1 was tested
using solid-phase assays. In this assay, maltose
binding protein (MBP)-fused Ctgf (MBP:Ctgf) or CT
mutants (MBP:Ctgf,y) were purified from DE3 Escher-
ichia coli and coated on plastic surfaces. Dose-
dependent binding was observed in these fusion
proteins, whereas the MBP control yielded only back-
ground signals (Figure 1D). These results indicated that
Ecm1 physically interacts with Ctgf via the CT maotif.
Ecm1 protein has been shown to directly bind av
integrin and competitively inhibit the interaction between
av integrin and the latent precursor of TGFp.I'9 Ctgf
binding to av containing integrins (avp6, avp3, avpi,
etc.) has also been reported.[?20211 We took advantage
of a unique system for detection of extracellular
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FIGURE 2 ECM1 loss is associated with Ctgf induction in ductular reaction and liver fibrosis during human chronic liver disease progression.
(A) immunohistochemical analysis detected extensive ductular reaction positive for CTGF in reactive ducts of human AH livers compared to
normal (N) livers. Scale bar: 100 pm. (B) Upregulation of biliary and fibrosis markers including CTGF transcript (from the public data set
GSE143318) was associated with loss of ECM1 in human AH livers (from the public data set GDS4389 and GSE143318), PSC and PBC livers
(from GSE159676). **p <0.01; *p <0.05 in Student t test. (C) Western blotting and densitometric analyses indicated the loss of ECM1 and
induction of CTGF proteins in livers of patients with AS, ASH, and AC compared to healthy livers (n=2 per group). Abbreviations: AC, alcohol-
associated cirrhosis; AH, alcohol-associated hepatitis; AS, alcohol-associated steatosis; ASH, alcohol-associated steatohepatitis; CTGF, con-
nective tissue growth factor; ECM1, extracellular matrix protein 1; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; «SMA,
a-smooth muscle actin.
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FIGURE 3

Ecm1 deficiency promotes biliary fibrosis and DR during DDC-induced liver damage. Ecm1 KO or WT littermates (7-week-old,

n=4) were fed 0.01% DDC-containing diet for 5 days. quantitative reverse transcriptase-PCR analyses (A), Western blotting with densitometric
analysis (B), and immunohistochemical analysis (C) detected elevated levels of biliary markers and fibrosis-related genes in KO compared to WT
littermates in untreated conditions and after DDC feeding. «SMA was detected with Vector blue substrates. Relative expressions were calculated
in comparison to WT livers (n=4-5/group). Data were represented as means + SEM. **p<0.01; *p <0.05. Student t test. Graphs are quanti-
fication of stained areas based on image analysis of at least 10 random fields (x200 magnification) per liver. Scale bar: 100 ym. (D and E) The loss
of Ecm1 was associated with elevated levels of hepatic hydroxyproline content (D) and liver injury markers (E) in KO (n=4) compared to WT
(n=5). Data were represented as means + SEM. *p <0.05. Student t test. Abbreviations: CTGF, connective tissue growth factor; DDC, 3,5-
diethoxycarbonyl-1,4-dihydrocollidine; ECM1, extracellular matrix protein 1; KO, knockout; «SMA, a-smooth muscle actin; WT, wild type.

interactions by generating biotinylated receptors in
which ectodomains were fused with a Cd4d3+4 tag at
their C-terminal region according to Sun et al.?2 The
resulting biotinylated av ectodomain, Ctgf:V5, Ecm1:
FLAG, or in combinations were expressed in WB-F344
cells (Supplemental Figure S1A, http://links.lww.com/
HC9/B62). We found that Ctgf:V5 or Ecm1:FLAG fusion
proteins could specifically be pulled down by streptavi-
din-conjugated beads, whereas these associations with
the biotinylated av ectodomains were largely reduced
when the 2 molecules were overexpressed together
(Supplemental Figure S1B, http://links.lww.com/HC9/
B62). These observations implicated that Ecm1 and
Ctgf interaction was strong and disrupted their individual
associations with the av containing complexes.

Integrin p6 combines with av and forms a heterodimer,
specifically in epithelial cells, including cholangiocytes. 2!
We have shown that integrin avp6 and Ctgf function
cooperatively to promote DR during liver damage.”®! To
determine whether the Ecm1 interaction with Ctgf
influenced avp6-mediated TGFp1 activation in vitro,
plasmids expressing these molecules were transfected
into the WB-F344 cells and the human BDEC, respec-
tively (Figure 1E). Luciferase activity under the control of
the plasminogen activator inhibitor 1 promoter in trans-
fected mink lung epithelial cells was used to measure the
degree of TGFp1 activation. Ecm1 significantly inhibited
TGFp1 activation that was promoted by avf6 integrin and
Ctgf in the WB-F344 cells and the human BDEC
(Figure 1F). A decreased ratio of active to total TGFp1
protein in conditioned media was also observed in the 2
cell types (Figure 1G). Accordingly, conditioned media
from the WB-F344 cells expressing avp6 and Ctgf
showed the highest induction of Ctgf, aSMA, and
procollagen type | mRNAs in human HSC LX2 cells.
Crucially, the presence of Ecm1:FLAG in the conditioned
medium significantly reduced these fibrotic responses
(Figure 1H). To further understand the regulation of this
antifibrotic activity, we inhibited the rat Ctgf expression by
siRNA in the WB-F344 cell line that was stably expressed
Ecm1:FLAG and p6:HA (Supplemental Figure S2A,
http://links.lww.com/HC9/B62). We found that decreased
levels of Ctgf protein were associated with lower TGFf1
activation as measured in luciferase assays compared to
Scramble siRNA controls (Supplemental Figure S2B,
http://links.lww.com/HC9/B62), implicating a higher inhib-
itory activity by Ecm1 in the presence of low amounts of

Ctgf protein. Similar results were found when we
knocked down CTGF in the human BDEC using siRNAs
that were reported previously.?4l Taken together, these
results indicate that Ecm1 binds to Ctgf and inhibits avf6-
mediated Tgfp1 activation, leading to the attenuation of
fibrotic responses in vitro.

Induction of biliary and fibrosis markers,
including CTGF correlates with ECM1 loss
in human AH, PSC, and PBC

ALD consists of liver pathologies ranging from steato-
sis, AH, fibrosis to AC. DR is another histological
feature in advanced ALD.2# Subpopulations of
patients with AH can develop cholestasis and biliary
fibrosis.[?5l Therefore, we examined the correlation of
ECM1 with biliary and fibrosis-related genes, including
CTGF, in normal and diseased livers of patients with
ALD, PSC, and PBC. As shown in Figure 2A, IHC
detected specific localization of CK19 in the normal bile
ducts of human livers, while this biliary cell marker was
highly induced in reactive ducts lacking typical lumens
in the livers of patients with AC. CTGF was co-
expressed with CK19 in the normal human bile ducts
and became highly upregulated in the reactive ducts of
human AC livers (Figure 2A), supporting our previous
report on the critical role of this profibrotic molecule in
DR.I As shown in Figure 2B, the upregulation of CTGF
and other fibrotic and biliary genes (COL1A1, ITGp6,
and KRT19) was associated with the downregulation of
ECM1 mRNA in human AH (based on data extracted
from GSE143318 and GDS4389 data sets), PSC and
PBC (GSE159676/GPL6244 data set). These patterns
are consistent with a recent report about the induction of
CTGF by Yes-associated protein in the livers of patients
with PSC.[28 Negative correlations between ECM1 and
CTGF were also confirmed by western blotting using
liver homogenates from patients with alcohol-associ-
ated steatosis, alcohol-associated steatohepatitis, and
AC (Figure 2C).

To further understand cell types that express CTGF
and ECM1, we extracted data from the Human Protein
Atlas and found differential levels of these transcripts in
normal human liver cells. As shown in Supplemental
Figure S3, http:/links.lww.com/HC9/B62, CTGF
showed basal expression in vascular smooth muscle
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FIGURE 4 Ecm1 binds to Ctgf and reduces biliary fibrosis and DR during DDC-induced liver damage. Ectopic expression of Ecm1 in AAV8 virus
caused downregulation of biliary markers and fibrosis-related genes at 14 days after DDC feeding shown in quantitative reverse transcriptase-PCR
analyses (A), Western blotting with densitometric analyses (B), and immunohistochemical analysis (C). Dual staining were carried out using rabbit
anti-Ki67 and mouse anti-CK19 antibodies followed by detection with Vector blue and Vector red substrates respectively. Integrin avp6 and aSMA
were also detected by Vector blue. Sirius red staining was performed to label collagen deposit. Relative expressions were calculated in relation to GFP
livers. Data were represented as means + SEM (n=4/group). **P <0.01; *P <0.05. Student t test. Scale bar: 200 um. Graphs are quantification of
stained areas based on image analysis of at least ten random fields (200x magnification) per animal. Ectopic Ecm1 also decreased hepatic
hydroxyproline content (D) and serum levels of liver injury markers (E). Data were expressed as means + SEM (n=4/group). *p < 0.05. Student t test.
(F) Immunoprecipitation assays using M2 antibody pulled down Ctgf in the Ecm1:FLAG expressing livers. Equal Ctgf was input in the assays. (G)
Proximity ligation assay assay detected Ecm1:FLAG and Ctgf interaction (red signal) on liver sections from animals that received AAV8-Ecm1:FLAG
or AAV8-GFP infection and 14-day 3,5-diethoxycarbonyl-1,4-dihydrocollidine feeding. Scale bar: 50 um. Abbreviations: CTGF, connective tissue

growth factor; ECM1, extracellular matrix protein 1; aSMA, a-smooth muscle actin.

cells, endothelial cells, fibroblast cells, and cholangio-
cytes, whereas low expression was found in hepato-
cytes and KCs. In contrast, the highest levels of ECM1
transcripts were in fibroblast cells and endothelial cells
while modest expressions were in vascular smooth
muscle cell, KCs, cholangiocytes, and hepatocytes.
These data are consistent with multiple single-cell RNA
analyses of clinical and experimental samples in which
Ecm1 is enriched in quiescent HSCs.[27-301 |n single-cell
transcriptomics data sets related to fibrotic niches of
human liver cirrhosis®®!! and CCl,-induced murine liver
fibrosis,32 we found decreased ECM1 in mesenchymal
myofibroblast fractions of cirrhotic human livers (Sup-
plemental Figure S4A-D, http://links.lww.com/HC9/
B62), and HSC fractions of peaked CCls-induced
fibrotic livers compared to normal controls (Supplemen-
tal Figure S5A-D, http://links.lww.com/HC9/B62). Hepa-
tocytes in the cirrhotic human livers concomitantly
upregulated CTGF mRNA in the single-cell RNA
analyses (Supplemental Figure S6A-D, http://links.
lww.com/HC9/B62). These results confirmed the loss
of ECM1 and induction of CTGF transcripts during liver
fibrosis and cirrhosis in clinical samples and exper-
imental models.

Ecm1 knockouts are susceptible to DR and
biliary fibrosis induced by the DDC diet

Ecm1 is critical for normal liver function since its germline
KO mice die at around 8 weeks of age with spontaneous
liver fibrosis, hyperactivation of TGFp, and abnormal
biliary network with DR.I'2l Consistent with these findings,
we found elevated mRNA and protein levels of Cidf,
EpCAM, aSMA, and procollagen type | in 7-week-old
untreated KO mice compared to those in age-matched
wild-type littermates (Figure 3A, B). To understand the
roles of murine Ecm1 in DR and cholangiopathy, we
utilized the biliary toxin DDC, which inhibits heme
biosynthesis and causes significant porphyria, leading
to bile duct obstruction and large duct disease. The DDC
model has been widely used to induce DR to study the
underlying mechanisms of xenobiotic-induced cholangio-
pathies and biliary fibrosis in mice.33 DDC caused

graduate loss of Ecm1 and upregulation of Ctgf, aSMA,
and procollagen type | proteins in wild-type mice during
the time course of 3-week feeding (Supplemental Figure
S7, http://links.lww.com/HC9/B62). Moreover, DDC-
induced DR and fibrosis were enhanced in the KO mice
compared to wild-type controls as detected by quantita-
tive reverse transcriptase-PCR, western blotting, and IHC
(Figure 3A-C). These changes were associated with
concomitant increases in hepatic hydroxyproline content
and liver injury markers (ALT, AST, and total bilirubin) in
the untreated KO mice compared to wild-type controls,
while DDC feeding promoted these increases in the
Ecm1-deficient livers (Figure 3D, E). These data dem-
onstrate that Ecm1 deficiency enhances the liver
susceptibility to cholestasis during DDC-induced injury.

Ectopic Ecm1 binds to Ctgf and attenuates
DDC-induced DR and biliary fibrosis

Considering that Ctgf can function together with the
integrin avp6 receptor to promote DR and biliary
fibrosis,’®! we hypothesized that Ecm1 binding affected
Ctgf and integrin avp6 activity, thereby interfering with
DDC-induced DR and biliary fibrosis. Indeed, AAV8-
Ecm1:FLAG-infected livers exhibited significantly lower
levels of EpCAM, ltgp6, Ctgf, aSMA, and procollagen
type | compared to AAV8-GFP-infected controls at
14 days after DDC feeding (Figure 4A). This ectopic
expression of the Ecm1:FLAG protein caused a
decrease in Ctgf protein to 48.32%, aSMA to 61.21%,
and procollagen type | to 50.82% in western blotting
(Figure 4B). Double staining for Ki67 and CK19 showed
that the percentage of proliferating biliary epithelial cells
reduced from 50.21% in AAV8-GFP-infected livers to
30.58% in AAV8-Ecm1:FLAG-infected livers (Figure 4C),
indicating DR attenuation. Moreover, reduced fibrosis
was observed based on decreased percentages of
aSMA* areas (4.27+0.49 in Ecm1:FLAG livers vs.
6.12+1.05 in AAV8-GFP-infected controls, p<0.05)
and Sirius red-stained areas for collagen deposition
(5.00+0.42 in the AAV8-Ecm1:FLAG-infected livers vs.
8.70+1.29 in AAV8-GFP-infected controls, p<0.05)
(Figure 4C). Decreased levels of hepatic hydroxyproline
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FIGURE 5 Ecm1 binds to Ctgf and attenuates the ANIT-induced biliary fibrosis. Quantitative reverse transcriptase-PCR analyses (A), Western
blotting with densitometric analyses (B), and immunohistochemical analysis (C) showed that ectopic expression of Ecm1 in AAV8 virus could
downregulate expression of Itgp6, Ctgf, aSMA, and procollagen type | genes at 1 month after the a-naphthyl-isothiocyanate feeding. Relative
expressions were calculated in comparison to to AAV8-GFP-infected controls. Data were represented as means + SEM (n=4/group). **p < 0.01;
*p < 0.05. Student t test. Scale bar: 100 um. Graphs are quantification of stained areas based on image analyses of at least 10 random fields (x200
magnification) per liver. Ectopic expression of Ecm1 gene also decreased levels of hepatic hydroxyproline content (D) and liver injury markers (E)
compared to the GFP controls (n=4). Data are represented as means + SEM. *p < 0.05. Student ¢ test. (F) Immunoprecipitation assays using M2
antibody pulled down Ctgf in the a-naphthyl-isothiocyanate damaged, Ecm1:FLAG expressing livers. Equal input of Ctgf was also shown. (G)
Proximity ligation assay assays detected direct binding between Ecm1:FLAG and Ctgf proteins (red signal) on liver sections from mice that
received AAV8-Ecm:FLAG or GFP infection before the one-month a-naphthyl-isothiocyanate feeding. Scale bar: 50 um. Abbreviations: CTGF,

connective tissue growth factor; ECM1, extracellular matrix protein 1; aSMA, a-smooth muscle actin.

and liver injury markers were also found in the livers of
DDC-fed mice that ectopically expressed Ecm1:FLAG
protein (Figure 4D, E). In addition, M2-conjugated beads
that recognized the Ecm1:FLAG protein pulled down Ctgf
protein in homogenates of DDC-damaged livers from the
AAV8-Ecm1:FLAG-infected mice, but not the AAVS-
GFP-infected controls (Figure 4F). Moreover, we used
the Duolink proximity ligation assay technology to
visualize the interaction between the Ecm1:FLAG and
Ctgdf proteins, as indicated by the red signal in the AAV8-
Ecm1:FLAG-infected livers (Figure 4G). In contrast, only
a background signal was observed in the AAV8-GFP-
infected controls. These results demonstrate that Ecm1:
FLAG protein interacts with Ctgf and reduces DDC-
induced DR and biliary fibrosis.

Ectopic Ecm1 binds to Ctgf and attenuates
ANIT-induced DR and biliary fibrosis

ANIT induces DR and biliary fibrosis.** This chemical is
transported as a glutathione conjugate into the bile, where
it selectively damages cholangiocytes and causes chol-
angiopathy to model human intrahepatic cholestasis.
ANIT-induced injury to intrahepatic cholangiocytes can
activate a coagulation cascade and induce integrin av36 to
promote liver fibrosis.*® We examined the effects of
forced Ecm1 expression on ANIT-induced liver injury
response. C57BL6/J wild-type mice received tail vein
injections of AAV8-Ecm1:FLAG or AAV8-GFP, followed
by 0.01% ANIT feeding for 1 month. Ectopic expression of
Ecm1:FLAG protein was associated with a 62.01%
reduction in Ctgf, 59.23% in Itgp6, 47.31% in aSMA,
41.98% in procollagen type I, and 40.52% in TIMP
metallopeptidase inhibitor T mMRNAs compared to AAV8-
GFP-infected controls in quantitative reverse transcrip-
tase-PCR analysis (Figure 5A). Western blotting con-
firmed parallel decreases in Ctgf, aSMA, and collagen
type | protein levels in ANIT-treated livers expressing
Ecm1:FLAG (Figure 5B). IHC revealed strong Ctgf, aSMA,
and collagen deposition in onion-ring-like fibrotic lesions of
the ANIT-treated AAV8-GFP-infected control livers,
whereas these patterns were largely diminished in the
AAV8-Ecm1:FLAG-infected livers (Figure 5C). The per-
centage of stained areas for avp6™ reactive ducts also

markedly decreased in livers expressing Ecm1:FLAG
protein (0.841 +£0.078 in AAV8-Ecm1:FLAG-infected liv-
ers versus 2.88+0.815 in GFP controls, p<0.01)
(Figure 5C). Hydroxyproline contents also decreased in
the AAV8-Ecm1:FLAG-infected livers (196.75 + 15.65 g/
g in the Ecm1:FLAG expressing livers versus
391.25+20.93 pug/g in the GFP controls, p<0.05)
(Figure 5D). Lower levels of ALT further provide evidence
of alleviated liver injury (86.51 +11.31 U/L in the sera of
the Ecm1:FLAG livers vs. 147.25+17.33 U/L in the GFP
controls, p <0.05), AST (123.75+ 19.28 U/L in the Ecm1:
FLAG sera vs. 179.5+18.05 U/L in the GFP controls,
p <0.05), and Bilirubin (1.98 +0.13 pmol/L in the Ecm1:
FLAG sera vs. 4.52+0.63 pmol/L in the GFP controls,
p <0.05) (Figure 5E), indicating a protective role of Ecm1:
FLAG against ANIT-induced liver injury and biliary fibrosis.
To test whether Ecm1:FLAG interacted with Ctgf protein,
we performed co-immunoprecipitation assays using total
protein lysates from ANIT-damaged livers that were
infected with AAV8-Ecm1:FLAG or AAV8-GFP. As
expected, the Ctgf protein was specifically pulled down
by beads conjugated with an M2 antibody against the
FLAG epitope from the AAV8-Ecm1:FLAG-infected livers
but not from the AAV8-GFP controls (Figure 5F). In
addition, the interaction between Ecm1:FLAG and Ctgf
was confirmed with the Duolink proximity ligation assay
signals in the AAV8-Ecm1:FLAG-infected livers but not in
the AAV8-GFP control livers (Figure 5G). These data
demonstrate that ectopic Ecm1 expression inhibits biliary
fibrosis, likely by interacting with and sequestering the
profibrotic Ctgf protein.

Ectopic Ecm1 reduces alcohol-associated
fibrosis in the WDA model

Chronic alcohol consumption can cause AH with
activation of TGFp1 that serves as a key upstream
transcriptome regulator, and induces p2 promoter of
hepatocyte nuclear factor (Hnf)4a, resulting in defective
metabolic and synthetic functions in hepatocytes.[*!
The p1 promoter of Hnf4a is expressed in adult livers,
and the p2 promoter specifically drives gene transcrip-
tion in fetal livers. The TGFp1 mediated Hnf4a p1 and
p2 imbalance and AH liver pathology can be mimicked
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FIGURE 6

Forced expression of Ecm1 reduces fibrosis during the WDA-induced liver injury. Q-RTPCR analyses (A), western blotting with

densitometric analysis (B), and immunohistochemical analysis (C) showed lower induction of Ctgf, a Hnf4a-p2 promoter-derived transcript, aSMA,
and procollagen type | in the Ecm1:FLAG-infected livers compared to GFP controls at 16 weeks post the feeding of western diet and alternate
drinking of 10% to 20% ethanol. Data were represented as means + SEM (n=4/group). **p < 0.01; *p < 0.05. Student t test. Scale bar: 200 pm.
Graphs are quantification of stained areas based on image analysis of at least 10 random fields (x200 magnification) per liver. (D) Decreases in
hepatic hydroxyproline content were also found in the Ecm1:FLAG-infected livers compared to GFP controls (n =4/group). Data are means +

SEM. *p <0.05. Student t test. (E) Western blotting indicated less deregulation of Hnf4a in the Ecm1:FLAG expressing livers (n=4) than the GFP
controls (n=4) during the WDA-induced liver injury. Abbreviations: CTGF, connective tissue growth factor; ECM1, extracellular matrix protein 1;

aSMA, a-smooth muscle actin.

in the WDA model that involves the feeding of western
diet in combination with 10%—20% alcohol alternate
drinking for 16 weeks in mice. This model is suitable for
studying TGFp and Hnf4a deregulation in the setting of
ALD since it recapitulates the inflammatory, fibrotic, and
gene expression aspects of human AH.['¥l We have
demonstrated the antagonistic effects of Hnf4a on
TGFpB/SMADS3 signaling to regulate Ctgf expression.37)
To understand the effects of ectopic Ecm1 on the
expression of Ctgf and Hnf4a during alcohol-associated
fibrosis, we transduced AAV8-Ecm1:FLAG into mice
and challenged them with the WDA model. As shown in
Figure 6A, ectopic expression of Ecm1 effectively
suppressed Ctgf expression by 39.11%, Hnfda p2
transcript (Hnfda-p2) by 49.03%, aSMA by 61.05%,
and procollagen type | by 52.13%. Downregulation of
Ctgf, aSMA, and collagen type | proteins in AAVS8-
Ecm1:FLAG infected livers was observed in western
blotting, densiometric analysis, and IHC (Figure 6B, C).
AAV8-Ecm1:FLAG-attenuated fibrosis was also sup-
ported by the decreased levels of hepatic hydroxy-
proline (Figure 6D). Moreover, IHC and Western blot
analyses demonstrated higher numbers of Hnf4a-
positive hepatocytes and higher levels of this transcrip-
tion factor when Ecmi1 was ectopically expressed
(Figure 6C, E). These results indicate that forced
Ecm1 expression is hepatoprotective and reduces Ctgf
upregulation, Hnf4a deregulation, and fibrotic response
in the WDA model.

DISCUSSION

DR is associated with liver fibrosis in advanced chronic
liver disease.l'! The DR process in cholangiopathies
such as PSC and PBC involves the proliferation of
cholangiocytes, whereas hepatic progenitor/oval cells
are activated in the form of DR as part of regenerative
processes that may supply new hepatocytes or BDECs
to the injured livers in advanced ALD.["®! Despite these
disparities, common pathways mediated by factors such
as TGFp are activated to induce scarring and liver repair.
For instance, TGFp activation causes defective meta-
bolic and synthetic functions in hepatocytes that express
fetal isoforms from p2 promoter Hnf4a in human AH.B3¢!
On the other hand, TGFp2 expression correlates
positively in patients with PSC/PBC, and its knockdown

reduces biliary fibrosis in Mdr2~/~ mice.®8! Thus, profi-
brotic signals represent potential therapeutic targets to
inhibit liver fibrosis.[394% So far, there is limited treatment
available due to a lack of effective antifibrotic agents.
This study highlighted antifibrotic function of ECM1 as a
biological glue to inhibit DR and fibrosis during cholangi-
opathy and alcohol-associated liver injury.

Normal hepatic ECM consists of fibrillar components
and basement membrane constituents in the space of
Disse, which is located between hepatocytes and liver
sinusoidal endothelial cells. This liver ECM configura-
tion is unique in maintaining the fenestration of liver
sinusoidal endothelial cells and the differentiated states
of hepatocytes during homeostasis. HSC, the hepatic-
specific pericytes that normally store vitamin A, are the
principal cells responsible for producing the interstitial
matrix in a healthy liver. HSC is activated and trans-
formed into myofibroblast cells during liver fibrosis.
Activated HSC and myofibroblast seem to lose ECM1
expression based on single-cell transcriptomics data
sets for fibrotic niches of human liver cirrhosis®®" and
CCly-induced murine liver fibrosis.32 The indispens-
ability of the Ecm1 gene has been demonstrated by
genetic evidence from knockout mice that spontane-
ously upregulates TGFp/SMAD signaling, exhibits HSC
hyperactivation, develops spontaneous liver fibrosis,
and dies at 2 months of age devoid of hepatocyte
damage and inflammation.['? In agreement with this
observation, we reported an enhanced susceptibility of
germline Ecm1 knockouts to DDC-induced DR and liver
fibrosis. Ecm1 loss was common in virtually all tested
liver injuries in this study, including cholangiopathy and
alcohol-associated liver injury, suggesting a severely
detrimental effect of its deficiency in promoting liver
fibrosis and DR.

The modular structure of ECM1 determines its
biological activities. Identifying ECM1 interactors and
their associated networks/pathways represents a viable
approach for determining the functions of this secreted
protein at the cellular and tissue levels within the
context of the entire organism. The N-terminal domain
of ECM1a consists of alpha-helices, while the remaining
three domains, namely serum albumin subdomain-like
domains 2-4, are topologically comparable to the
subdomain of the third serum albumin domain.*" The
2 tandem repeat domains and the C-terminal domain
contain a specific cysteine arrangement, C—(X4o_3g)—
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CC—(X7_10)—-C, typical of the helical double-loop struc-
tural motif, thereby contributing to protein-protein
interactions. This specific motif may enable ECM1 to
serve as a transporter protein and/or be involved in
binding, growth, and/or differentiation factors. ECM1
interactors include integrins, which bind to ECM fibrils
and associate with intracellular actin filaments through
various cytoskeletal linker proteins to mechanically
connect the intracellular and extracellular structures.
The physical association of ECM1 with different integrin
subtypes can give rise to nuanced effects, depending
on the tissue and context. For instance, ECM1
associates with integrin aXp2 or p4 to help promote
ovarian and gastric cancers 243l whereas its interac-
tion with integrin av inhibits Th17 cell development in
experimental autoimmune encephalomyelitis.l'¥ Integ-
rin av can also form heterodimers with different
subunits (1, B3, p5, p6, and B8) to promote tissue
fibrosis. ECM1 association with integrin av has been
proposed as a key mechanism for the stabilization of
TGFp in normal livers.6'2 Integrin avp6 is unique
because the ltgp6 gene is specifically expressed in
epithelial cells and mediates the activation of TGFp1
and TGFp3 by recognizing the RGD motif in LAP via
mechanical stress. Recently, integrin avp6 has been
shown to promote TGFp2 activation by recognizing a
related but divergent integrin-recognition motif. 44 We
and others have demonstrated that integrin avp6
promotes hepatic progenitor cell activation and DR,
and its inhibition blocks TGFp activation and fibrosis
during liver injury.®! It is easy to postulate that ectopic
expression of Ecm1 may sequester integrins, such as
avp6, from recognition to LAP and blocks TGFp
activation, thereby reducing DR and biliary fibrosis
during the DDC or ANIT-induced liver injury.

Another important finding of this study was the
identification of ECM1 as a CTGF-binding protein. Both
ECM1 and CTGF are extracellular signaling modula-
tors. CTGF is often co-overexpressed with TGFp in a
diverse variety of fibrotic disorders, potentiates TGFf
signaling by binding to and enhancing the presentation
of this profibrotic master regulator to cognate receptors,
and its overexpression renders the liver susceptibility to
fibrosis.[B451 CTGF protein contains a mosaic protein
structure with binding sites for growth factors, cell-
surface receptors, extracellular ligands, and matrix
structural proteins. Through these interactions, CTGF
regulates cell adhesion, migration, proliferation, differ-
entiation, angiogenesis, and fibrosis. The SLIT2/
ROBO1 pathway has been known to promote liver
fibrosis. CTGF physically binds to the SLIT2 ligand and
potentiates the profibrotic ROBO1 signaling in activated
HSC.['8! In addition, it can function together with integrin
avp6 to promote TGFB activation, DR, and biliary
fibrosis.! This study demonstrated the interaction
between CTGF and ECM1 via the CT motif, which is
known to form cysteine knots critical for the induction of

dimerization and receptor signaling mediated by growth
factors and extracellular ligands in the cysteine knot
superfamily.8! Through this CT motif, CTGF can act as
an adaptor linking fibronectin-enriched matrix with
various subtypes of integrins (eg, a5p1 and avp3) and
promote HSC adhesion.['82047] Therefore, it is conceiv-
able that ECM1 can bind to the CT motif and prevent the
availability of CTGF to profibrotic signaling from SLIT2/
ROBO1 pathway, TGFp, fibronectin, and avp6. These
inhibitions caused by ECM1-mediated sequestration of
CTGF through interaction with the CT motif likely
contribute to attenuated activation of HSC and DR as
well as reduced liver fibrosis during injury.

In summary, ECM1 is a potent antifibrotic factor and
can sequester profibrotic factors, thereby inhibiting
avp6-mediated TGFp activation. It is often downregu-
lated during chronic liver injury. Hepatoprotective
effects of restored expression of ECM1 protein against
TGFb activation, DR, and liver fibrosis underscore the
promise of this antifibrotic molecule in treatment of
chronic liver diseases such as cholangiopathy and AH.
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