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Background: Hepatic fibrosis is caused by chronic liver injury and may progress toward liver cirrhosis, and even
hepatocellular carcinoma. However, current treatment is not satisfactory. Therefore, there is a mandate to find
novel therapeutic targets to improve therapy, and biomarkers to monitor therapeutic response.
Methods: Liver fibrosis was induced by carbon tetrachloride (CCl4) or thioacetamide (TAA) in wild type (WT) or
CTHRC1−/− mice, followed by immunofluorescence and immunohistochemical analyses. CTHRC1 monoclonal
antibody (mAb) was used to abrogate the effect of CTHRC1 in vitro and in vivo.
Results: Here, we reported that collagen triple helix repeat containing 1 (CTHRC1), a secreted protein derived
from hepatic stellate cells (HSCs), was significantly up-regulated in fibrotic liver tissues. CTHRC1 promoted
HSCs transformation from a quiescent to an activated state, and enhanced migratory or contractile capacities
of HSCs by activating TGF-β signaling. Meanwhile, CTHRC1 competitively bound to Wnt noncononical receptor
and promoted the contractility but not activation of HSCs. CCl4 or TAA-induced liver fibrosis was attenuated in
CTHRC−/− mice compared with littermate control, while a monoclonal antibody of CTHRC1 suppressed liver fi-
brosis in WT mice treated with CCl4 or TAA.
Interpretation:We demonstrated that CTHRC1 is a new regulator of liver fibrosis bymodulating TGF-β signaling.
Targeting CTHRC1 could be a promising therapeutic approach, which can suppress TGF-β signaling and avoid the
side effects caused by directly targeting TGF-β. CTHRC1 could also be a potential biomarker for monitoring re-
sponse to anti-fibrotic therapy.
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1. Introduction

Liver fibrosis is a common disease worldwide mainly caused by var-
ious chronic liver injuries including viral, alcohol, drug-induced, chole-
static and metabolic diseases [1,2]. It is a serious and dangerous
threaten to human health especially when liver fibrosis progress to cir-
rhosis or even hepatocellular carcinoma [3–6]. Although some essential
factors for resolution were identified in recent years, the clinical trials
still lack the effective methods to treat the disease and reliable bio-
markers to monitor its progression [7–11]. Therefore, it is urgent to dis-
cover more efficient therapeutic targets for improving therapy and
potential biomarkers for measuring fibrosis progression. We searched
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Research in context

Evidence before this study

There is evidence to indicate that collagen triple helix repeat con-
taining 1 (CTHRC1), a secreted protein, is involved in many phys-
iological and pathological processes. In the progression of liver
fibrosis, in which the activation of hepatic stellate cell (HSCs) is
considered as the central event, the role of CTHRC1 remain un-
clear and need to be investigated.

Added value of this study

This study demonstrated that CTHRC1 was significantly up-
regulated in activated HSCs and fibrotic liver tissues. CTHRC1
promoted the activation, contractility and migration of HSCs by
activating TGF-β signaling. Moreover, CTHRC1 selectively acti-
vated non-canonical Wnt signaling and promoted the contractility
and migration but not activation of HSCs. CCl4 or TAA-induced
liver fibrosis was attenuated in CTHRC−/−mice, while a monoclo-
nal antibody of CTHRC1 suppressed liver fibrosis in WT mice
treated with CCl4 or TAA.

Implications of all the available evidence

Our research revealed the role of CTHRC1 in the progression of
liver fibrosis and uncovered the underlying mechanisms.
CTHRC1 might be used as a potential biomarker to monitor the
therapeutic response in the treatment of liver fibrosis.
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for secreted proteins, which have been shown promise as therapeutic
targets and biomarkers in other diseases [12–14].

Collagen triple helix repeat containing 1 (CTHRC1), a secreted
protein, is highly conserved in chordates with no homologues found
in lower species such as flies and worms. CTHRC1 was initially found
in a screen for differentially expressed genes in balloon-injured versus
normal rat arteries [15]. Subsequent studies found that CTHRC1 is in-
volved in many physiological and pathological processes, including
vascular remodeling, bone formation, developmental morphogenesis,
inflammatory arthritis, and cancer progression [16–20].

In this study, we found CTHRC1 is significantly up-regulated in acti-
vated hepatic stellate cell (HSC) and cirrhotic liver tissue. In vitro and
in vivo studies revealed that CTHRC1 is an importantmicroenvironmen-
tal factor, which promotes HSC transformation from a quiescent to an
activated state, and aggravates liver fibrosis. We further demonstrated
that the promotive effect of CTHRC1 on HSC activation and liver fibrosis
is mainly mediated through transforming growth factor-β (TGF-β) re-
ceptor and its downstream Smad2 and Smad3 signaling by using func-
tional blocking antibodies and the specific antagonist. Together, these
data suggest that CTHRC1 might serve as a promising biomarker and
therapeutic target for liver fibrosis.
2. Methods

2.1. Clinical samples

Human normal liver and cirrhotic liver tissues were obtained from
Department of Liver Surgery, Ren Ji Hospital, School ofMedicine, Shang-
hai Jiao Tong University. The microarray containing forty fibrotic and
thirty normal liver tissue samples was purchased from Alenabio
(BC03117). All of the human materials were obtained with informed
content, and protocols were approved by the ethical review committee
of the World Health Organization Collaborating Center for Research in
Human Production (authorized by the Shanghai Municipal
Government).

2.2. Cell culture

Human LX-2 cell line was a gift from professor Friedman S.L.. Cells
were cultured in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% (v/v) fetal calf serum (Gibco, 16000-044) and 1% an-
tibiotics at 37 °C in a humidified incubator under 5% CO2 condition.

2.3. Animals

Male C57BL/6J mice (5 weeks old) and male Sprague Dawley rats
(5 weeks old) were purchased from SLAC Laboratory Animal. Mice
were housed and manipulated according to protocols approved by the
East China Normal University Animal Care Commission. All animals re-
ceived humane care according to the criteria outlined in the “Guide for
the Care andUse of Laboratory Animals” prepared by theNational Acad-
emy of Sciences and published by the National Institutes of Health.

2.4. CTHRC1−/− mice

Male CTHRC1−/− mice (5 weeks old) were obtained from Riken
BioResource Center (accession No: CDB0502K, link: http://www2.clst.
riken.jp/arg/mutant_list_file/CDB0502K.html). CTHRC1 mutant mice
(CDB0502K) were generated as following: a targeting vector was con-
structed by inserting a cassette consisting of LacZ-pA and PGK-neopA
into the first exon of CTHRC1 to replace the coding sequence with
LacZ. Primer sequences used for mouse CTHRC1 detection was shown
in Supplementary Table 1.

2.5. CCl4 and TAA models

For Sprague Dawley rats, CCl4 in 50% olive oil at a dose of
0.2 ml/100 g body weight was injected twice weekly at equal intervals.
For C57BL/6J or CTHRC1−/−mice, CCl4 in 25% olive oil at a dose of 0.5 μl/
g body weight was injected twice weekly at equal intervals. For TAA
model, TAA was injected into mice at a dose of 0.2 mg/g three times
weekly. After 8 weeks, the livers of above rats or mice were collected.

2.6. Primary hepatic stellate cells isolation

Sprague Dawley rats or C57BL/6J mice were sacrificed, and their
livers were perfused with a solution containing 0.1% collagenase,
0.25% pronase E and 0.01% DNase, followed by dissection. The liver
was excised and incubated at 37 °C for 30 min in a solution as above.
Then the suspension from rats was filtered through a 100 μm iron
mesh and centrifuged on 18% Nycodenz (Axis-Shield, Qk1002424-1).
And the suspension from mice was filtered through a 100 μm iron
mesh and centrifuged on 8.2% Nycodenz. After isolation, cells were re-
suspended in DMEM with 20% fetal calf serum and 1% antibiotics and
cultured at 37 °C. After 24 h, cell debris and non-adherent cells were re-
moved and replaced with fresh complete medium.

2.7. Recombinant CTHRC1 protein expression, purification and verification

CTHRC1 ORF were cloned into the episomal expression vector with
pCEP-Pu-Strep II-tag. CTHRC1 was recombinant expressed in 293 T
cells after transfecting reconstructed plasmid by using X-tremeGENE 9
DNA Transfecting Reagent (Roche, 6365779001). After 48 h, the 293 T
cells were screening with puromycin (Sigma, P7130) at a dose of 2 μg/
ml in DMEM supplemented with 10% FBS for 7 days, then the culture
media were collected and applied to the Strep Tactin sepharose column
(IBA, 2-1202-101). The column was washed with binding buffer and
eluted by elution buffer containing 2.5 mM desthiobiotin. The collected

http://www2.clst.riken.jp/arg/mutant_list_file/CDB0502K.html
http://www2.clst.riken.jp/arg/mutant_list_file/CDB0502K.html


45J. Li et al. / EBioMedicine 40 (2019) 43–55



46 J. Li et al. / EBioMedicine 40 (2019) 43–55
fractionswere further quantified byNanodrop 2000 spectrophotometer
(Thermo) and identified by western blotting.

2.8. CTHRC1 monoclonal antibody generation

His-tag fusion proteins of CTHRC1 (encoding 33-168 amino acids of
human CTHRC1) was constructed into PET28 vectors and expressed ac-
cording to manufacturer's protocols. The purified His-tag fusion protein
was used as the antigen to immunize mice for generation of anti-
CTHRC1 monoclonal antibodies and for ELISA assay to screen monoclo-
nal antibodies (Huabio). Anmonoclonal antibodywas produced and la-
beled as D6-A6, the immunoglobulin subtype of which was IgG2c. The
purity of this monoclonal antibody was 98.25%, and the concentration
was 1.25 mg/ml.

2.9. Immunohistochemical and sirius red staining

The formalin fixed and paraffin-embedded liver tissue slices (5 μm
thickness) were deparaffinized and rehydrated for histopathological
evaluation [21,22]. For sirius red staining, the sections were stained by
hematoxylin and sirius red. For immunohistochemical staining, the sec-
tions were incubatedwith 0.3% hydrogen peroxide/phosphate-buffered
saline for 30 min and blocked with 10% BSA (Sangon, AD0023-100).
Slides were first incubated using the antibody for CTHRC1 (Huabio),
α-SMA (Sigma, A5228) or desmin (Abcam, ab15200) at 4 °C overnight
with optimal dilution, labeled by HRP second antibody of mouse (Cell
Signaling, 5470S) or rabbit (Abcam, ab136817) at room temperature
for 1 h. Then the sections were treated with DAB substrate liquid
(Thermo, S21024-2) and counterstained by hematoxylin. All the sec-
tions were observed and photographed with a microscope (Carl Zeiss).

2.10. Immunofluorescence staining

For cell staining, LX-2 cells were seeded on slides in 24-well plates
and incubated at 37 °C. For F-actin staining, cells were incubated with
phalloidin-FITC (Sigma, P5282) for 75 min at room temperature. For
CTHRC1 orα-SMA staining, cells were incubatedwith primary antibod-
ies against CTHRC1 (Huabio) or α-SMA (Sigma, A5228) for 75 min,
followed by an Alexa Fluor 594-conjugated secondary antibody. For
coimmunostaining of liver tissues, samples were subjected to heat-
mediated antigen retrieval in PH 6.0 citric acid, and blocked by 10%
BSA. Slides were co-incubated with CTHRC1 and α-SMA antibodies
and then labeled with Alexa Fluor 594-conjugated anti-rabbit antibody
and Fluor 488 conjugated anti-mouse antibody. The nucleus was
stained with DAPI (Sigma, D9542) and the immunofluorescence signals
were captured using confocal-scopy (Carl Zeiss).

2.11. Lentivirus production and cell transduction

HA tagged Full-length cDNA encoding human CTHRC1 and extracel-
lular domain of TGFBR1, TGFBR2, TGFBR3 and Endoglin were amplified
by PCR and cloned into pEZ-lv105 vector (GeneCopoeia, Ex-T0451; Ex-
Y4135; Ex-Z4152). Virus packaging was performed in 293 T cells after
cotransfection of CTHRC1 or mock vector with Lipofectamine 2000
(Invitrogen, 11668-019). Viruses were harvested at 24 h, 48 h and
72 h after transfection, and virus titers were determined. 1 × 105 LX-2
cells were infected with 1 × 106 recombinant lentivirus-transducing
units in the presence of 6 μg/ml polybrene (Sigma, H9268).
Fig. 1. CTHRC1 is up-regulated in fibrotic liver tissues and mainly derived from activated he
(B) analysis of CTHRC1 in human fibrotic (Fib) (n = 5) and normal liver tissues (Nor) (n = 5
and normal liver tissues (n = 7). D. Immunohistochemical staining of CTHRC1 in a human tiss
(D, left photos), and CCl4-induced fibrotic and normal rat liver tissues (D, right photos). Scal
CTHRC1 staining. Statistical analysis of CTHRC1 expression in human fibrotic and normal live
CTHRC1 (red), DAPI (blue) and merge (yellow) in human and rat fibrotic liver tissues. Scale
sinusoidal endothelial cells (SEC), hepatocytes (HEP) and portal fibroblasts (PF), isolated from
2.12. Western blotting

Cells were lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1%
Triton-X 100, 1 mM each MgCl2, MnCl2 and CaCl2, 1 mM PMSF and
10 mM sodium fluoride) [23,24]. Tissues were homogenized in T-PER
tissue protein extraction reagent (Thermo, 78510), in which protease
inhibitor cocktail (Biotool, B14001) was added. Insoluble material was
removed by centrifugation at 10,000 g for 10 min. Proteins were sepa-
rated by SDS-PAGE under reducing condition, followed by blocking in
phosphate-buffered saline/Tween-20 containing 1% BSA. The mem-
brane was incubated with antibodies for CTHRC1 (Huabio), TGFBR1
(Cell Signaling, 3712S), TGFBR2 (Cell Signaling, 11888S), TGFBR3 (Cell
Signaling, 2519S), Endoglin (Cell Signaling, 4335S), phospho-Smad2
(Cell Signaling, 3108P), Smad2 (Cell Signaling, 5339P), phospho-
Smad3 (Cell Signaling, 9520P), Smad3 (Cell Signaling, 9523P), Smad4
(Cell Signaling, 9515P), phospho-TAK1 (Cell Signaling, 4508S), TAK1
(Cell Signaling, 5206S), phospho-p38 (Cell Signaling, 4511S), p38 (Cell
Signaling, 8690S), phosphor-JNK (Cell Signaling, 4668S), JNK (Cell Sig-
naling, 9252S), Wnt5a (Cell Signaling, 2392S), and GAPDH (Huabio,
M1211-1), followed by incubation of species-specific secondary anti-
bodies. Bound secondary antibodies (LI-COR, 926-32213; 926-68051)
were revealed by Odyssey imaging system (LI-COR).
2.13. siRNA transfection

Small interfering RNAs duplexes for TGFBR2, Wnt3a, Wnt5a and
TGF-β1 were produced by Genepharma. Transfection steps were fol-
lowing the manufacture's protocols.
2.14. Quantitative real-time PCR

Total RNA extracted using Trizol reagent (Takara, A7603-1), and re-
versely transcribed through Prime Script RT-PCR kit (Takara, PR036A-1)
according to the protocol. Real-time PCR analyses were performedwith
Bestar™ qPCRMasterMix (DBI, DBI-2043) on a 7500 Real-time PCR sys-
tem, Applied Biosystems at the recommended thermal cycling settings:
one initial cycle at 95 °C for 30 s followed by 40 cycles of 5 s at 95 °C and
31 s at 60 °C. Primer sequences used for human or rat CTHRC1detection,
and for mouse Acta2, Col1a1, Timp1, Mmp9 detection were shown in
Supplementary Table 1.
2.15. Collagen gel contraction assay

LX-2 at a density of 5 × 104 cells per ml were seeded onto 32 mm
bacteriological plates (2 ml per dish) in DMEM supplemented with
10% fetal bovine serum, antibiotics and 0.3mg/ml of acid-extracted col-
lagen I from Sprague Dawley rat tail as previously described. Recombi-
nant CTHRC1 and/or TGFBR2 neutralizing antibody (R&D, AF-241-NA),
TGF-βR inhibitor, LY2109761 (SELLECK, S2704) were added in the me-
dium simultaneously. The cells were cultured at 37 °C for 60 min to
allow collagen polymerization. The gels were released from plates by
tilting plates slightly and gel contraction was monitored by measuring
the gel area at time points up to 6 h. Each data was performed in
three independent experiments.
patic stellate cells (HSCs). A and B. Real-time quantitative PCR (A) and western blotting
). C. Real-time quantitative PCR analysis of CTHRC1 in CCl4-induced rat fibrotic (n = 7)
ue microarray that contained fibrotic (n = 40) and normal liver tissue (n = 30) samples
e bars, 100 μm. The percentage of tissue cores displaying negative, moderate or positive
r tissue microarray was shown right. E. Immunofluorescence images of α-SMA (green),
bars, 100 μm. F. Relative CTHRC1 mRNA expression in primary HSCs, Kupffer cells (KC),
rat livers (n = 5). *P b .05, **P b .01.



Fig. 2. CTHRC1 contributes to liver fibrosis in vivo. A and B. Sirius red andMasson's trichrome staining in the livers ofWT (n= 5), CTHRC1−/− (n= 5),WT (n=10) and CTHRC1−/−mice
(n=10) consecutively injected intraperitoneally with CCl4 (A) or TAA (B) for 8weeks. Scale bars, 100 μm.Quantification of sirius red andMasson's trichrome stainingwas shown right. C.
The serum levels of ALT andAST inWT (n=10) and CTHRC1−/−mice (n=10) consecutively injected intraperitoneallywith CCl4 or TAA for 8weeks. D. Thehepatic levels of Acta2, Col1a1,
Timp1 andMmp9mRNA inWT (n= 10) and CTHRC1−/−mice (n=10) were determined by qPCR. E.WT and CTHRC1−/−micewere intraperitoneally injectedwith consecutive CCl4 for
8 weeks and their liver serial sections were subjected to immunostaining with α-SMA, desmin, collagen I and CTHRC1 antibodies. Scale bars, 100 μm. Quantification of immunostaining
was shown below. F. Mice were intraperitoneally injected with consecutive TAA and their liver serial sections were subjected to immunostaining with α-SMA, desmin, collagen I and
CTHRC1 antibodies. Scale bars, 100 μm. Quantification of immunostaining was shown below. **P b .01.
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2.16. Migration assay

Cell migration assays were performed using transwell chambers,
Millipore (PIEP12R48). 5 × 104 cells in 200 μl serum-free DMEM were
seeded in the upper chamber and 500 μl medium supplemented with
10% fetal bovine serum was added to the lower chamber. Migrated
cells were fixed and stained with 0.1% (w/v) crystal violet 24 h later.
Three randomly selected fields were photographed and the numbers
were counted.
2.17. Statistical analysis

Data were presented as the means ± standard error of the mean
(SEM). Statistical analyses were done using GraphPad Prism 5 for win-
dows. One-way ANOVA or two-tailed student's t-testwas used for com-
parison between groups. Values of P b .05 were considered statistically
significant.
3. Results

3.1. CTHRC1 is up-regulated in liver fibrosis and mainly derived from HSCs

To discover potential biomarkers and therapeutic targets, we
searched for secreted proteins by comparing differential gene expres-
sion at a genome-wide level in fibrotic liver tissues compared to normal
liver tissues (carbon tetrachloride (CCl4)-induced mice liver tissues,
GSE73985, and bile duct ligated-induced fibrotic rat liver tissues,
GSE13747), and activated human and mouse HSCs compared to
matched quiescent HSCs (GSE68001 and GSE34949). Three secreted
proteins were significantly up-regulated in all of these datasets (log
fold change (FC) N 3 and P b .05, Supplementary Fig. 1 in the Supple-
mentary Material). Among them, CTHRC1 is of particular interest to
us. We then conducted a preliminary validation with five pairs of
human normal and fibrotic liver tissues by real-time quantitative poly-
merase chain reaction (qPCR) andwestern blotting, and the results con-
firmed that CTHRC1 was significantly up-regulated in fibrotic human
liver tissues (Fig. 1A, B). Similar results were also obtained in CCl4-
induced rat fibrotic liver tissues (Fig. 1C).We then performed an immu-
nohistochemical analysis of a tissue microarray that contained forty fi-
brotic human liver tissue and thirty normal liver tissue samples. The
results revealed that CTHRC1 expression level was significantly higher
in fibrotic human liver than that in normal human liver tissues
(Fig. 1D, left photos). Likewise, immunohistochemical staining of rat fi-
brotic liver tissues exhibited similar results (Fig. 1D, right photos). We
further found that CTHRC1 was specifically expressed in the fibrous
septa and mainly co-localized with α-SMA in fibrotic liver tissues
(Fig. 1E), suggesting that CTHRC1 might be derived from
myofibroblast-like cells in liver fibrosis. To identify the source of
CTHRC1 in liver fibrosis, we isolated primary rat resident liver cells, in-
cluding HSCs, Kupffer cells (KC), sinusoidal endothelial cells (SEC), he-
patocytes (HEP), and portal fibroblasts (PF), and found that CTHRC1
was mainly derived from activated HSCs (Fig. 1F).
Fig. 3. CTHRC1 promotes HSC activation, migratory and contractile capacities in vitro. A. Repre
HSCs after 7 days isolated from WT and CTHRC1−/− mice. Nuclei are stained with DAPI (blu
(red) in primary rat HSCs after 4 days, which were treated with vehicle, 20 nM purified recom
or IgG. Nuclei are stained with DAPI (blue). Scale bars, 50 μm. C. Collagen gel contraction as
50 nM rCTHRC1 protein plus CTHRC1 mAb or IgG (n = 3 each group). Statistical analysis of
lenti-vector and LX-2/lenti-CTHRC1 (n = 3 each group). Statistical analysis was shown be
rCTHRC1 protein alone, and 20 nM or 50 nM rCTHRC1 protein plus CTHRC1 mAb or IgG, respe
2 treated with 0 nM, 20 nM or 50 nM rCTHRC1 protein alone, and 20 nM or 50 nM rCTHRC1
lenti-vector and LX-2/lenti-CTHRC1 cell migration (n = 3 each group). Scale bars, 100 μm. Sta
below. *P b .05, **P b .01.
3.2. CTHRC1 supports liver fibrosis in vivo

To explore the role of CTHRC1 on hepatic fibrosis in vivo, CTHRC1−/−

micewere used [25–27]. CTHRC1−/−mice had not any abnormalities in
the livers. According to the schedule, CTHRC1−/− mice and wild-type
littermates were subjected to CCl4-induced or thioacetamide (TAA)-in-
duced fibrosis. The results showed that after consecutive CCl4 and TAA
injections, collagen deposition in CTHRC1−/− micewas significantly re-
duced comparedwithwild-type (WT)mice (Fig. 2A, B). Liver injurywas
evaluated by measuring serum levels of ALT and AST. The results
showed that the serum levels of ALT and AST in CTHRC1−/− mice
were also significantly lower than those in WT mice (Fig. 2C). Further,
qPCR analysis of the livers also showed that CTHRC1 knockdown
reduced the CCl4-induced or TAA-induced up-regulation of the classical
profibrogenic markers Acta2, Col1a1, Timp1, and Mmp9 (Fig. 2D).
Meanwhile, the relative mRNA expression level of TGF-β1 was reduced
in CTHRC1−/− mice (Supplementary Fig. 2A in the Supplementary
Material). Hepatic α-SMA, desmin and collagen I expression, the
markers of HSC activation, were also significantly reduced in
CTHRC1−/− mice compared to WT mice (Fig. 2E, F). Moreover, it has
been reported that CTHRC1 is associated with cell survival and prolifer-
ation [28]. We found that CTHRC1 could promote the proliferation of
HSCs after 24 h, 48 h and 72 h (Supplementary Fig. 2B in the Supple-
mentary Material).

Taken together, CTHRC1−/− mice showed attenuated liver fibrosis
and less hepatic injury upon CCl4 and TAA treatment compared to WT
mice.
3.3. CTHRC1 promotes HSC activation, migratory and contractility in vitro

AsHSCs play important roles in liver fibrosis, we further investigated
the effects of CTHRC1 on HSCs. We first compared the activation of pri-
mary HSCs isolated from CTHRC1−/− mice and WT littermates. The re-
sults revealed that the activation of HSCs from CTHRC1−/− mice was
significantly delayed compared with HSCs from WT mice in vitro
(Fig. 3A). Then, we treated primary rat HSCs with recombinant
CTHRC1 (rCTHRC1) protein. The activation of primary rat HSCs was sig-
nificantly accelerated after treatment with rCTHRC1 protein, while the
effect of rCTHRC1 protein on HSC activation was reversed by monoclo-
nal antibody (mAb) of CTHRC1 (Fig. 3B). Acquiring migratory and con-
tractile capacities are also very important properties of activated HSCs,
so we investigated the effects of CTHRC1 on these properties. rCTHRC1
protein significantly enhanced the migratory and contractile capacities
of LX2 cells, which were reversed by mAb of CTHRC1 (Fig. 3C, E). Pro-
migratory and pro-contractile effects of CTHRC1 were also observed
after lentiviral-vector-mediated overexpression of CTHRC1 in LX-2 cell
(Fig. 3D, F).

Furthermore, primary HSCs proliferation require self-activated
in vitro culture [29]. Sowe detected the expression ofα-SMA to confirm
the delayed activation of HSCs in CTHRC1−/− mice and the effects of
rCTHRC1 protein and CTHRC1 mAb on HSC activation by western blot-
ting (Fig. 4A, B).
sentative immunofluorescence images of phalloidin (green) and α-SMA (red) in primary
e). Scale bars, 50 μm. B. Immunofluorescence images of phalloidin (green) and α-SMA
binant CTHRC1 (rCTHRC1) protein alone, and 20 nM rCTHRC1 protein plus CTHRC1 mAb
say of LX-2 treated with 0 nM, 20 nM or 50 nM rCTHRC1 protein alone, and 20 nM or
collagen gel contractionis was shown below. D. Collagen gel contraction assay of LX-2/
low. E. Representative images of LX-2 migration treated with 0 nM, 20 nM or 50 nM
ctively (n = 3 each group). Scale bars, 100 μm. Statistical analysis of cell migration of LX-
protein plus CTHRC1 mAb or IgG was shown below. F. Representative images of LX-2/
tistical analysis of cell migration of LX-2/lenti-vector and LX-2/lenti-CTHRC1 was shown
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3.4. CTHRC1 activates TGF-β and Wnt signaling, while HSC activation is
mainly dependent on TGF-β signaling

Previous studies have demonstrated that CTHRC1 is related to TGF-β
and non-canonical Wnt signaling [25–27], so we further examined the
signaling molecules involved in the TGF-β and the non-canonical Wnt
pathway in liver tissues from CTHRC1−/− or wild type mice induced
by CCl4, and in primary rat HSCs treated with rCTHRC1 protein. Phos-
phorylation of Smad2 and Smad3, which are regarded as the main
downstream signalingmolecules of TGF-β signaling [30–35], and phos-
phorylation of JNK and expression of Wnt5A, which are involved in the
non-canonical Wnt pathway [36–39], were all significantly reduced in
CTHRC1−/− mice liver tissues compared to wild type mice treated
with CCl4 (Fig. 4C). The phosphorylation of Smad2, Smad3, JNK and
the expression of Wnt5A were also significantly elevated in primary
rat HSCs by treatment with rCTHRC1 protein during the transition pro-
cess from quiescent to activated state (Fig. 4D, Supplementary Fig. 3A in
the Supplementary Material), and these effects were reversed by mAb
of CTHRC1 (Fig. 4D). Thus, CTHRC1 significantly activated both TGF-β
and non-canonical Wnt signaling in liver fibrosis and HSC activation.
We further investigatedwhether the effect of CTHRC1onHSC activation
is dependent on TGF-β or non-canonical Wnt signaling. To block TGF-β
signaling, the primary rat HSCs were treated with TGFBR2 neutralizing
antibody or TGF-β receptor inhibitor LY2109761 before rCTHRC1 pro-
tein was added. The results showed the promotive effect of rCTHRC1
protein on HSC activation was dramatically decreased (Fig. 4E). To
blockWnt signaling, the primary rat HSCs were treated with neutraliz-
ing antibody for Wnt5a, the ligand for the non-canonical Wnt pathway,
or neutralizing antibody for Wnt3a, the ligand in the canonical Wnt
pathway. The stimulatory effect of rCTHRC1 on primary HSC activation
was affected by neither Wnt5A nor Wnt3A neutralizing antibody
(Fig. 4F). Together, CTHRC1 can activate both TGF-β and non-
canonical Wnt signaling, while the stimulatory effect of CTHRC1 on
HSC activation was mainly dependent on TGF-β signaling. Moreover,
we detected α-SMA expression to confirm the inhibitory effects of
TGFBR2 neutralizing antibody and TGF-β receptor inhibitor on
CTHRC1 induced HSC activation by western blotting (Fig. 4G).

After activation, HSC acquired migratory and contractile capacities.
We further investigated whether the pro-migratory and pro-
contractile effects of CTHRC1 on HSC are dependent on TGF-β or non-
canonical Wnt signaling. The stimulatory effects of rCTHRC1 protein
on HSC motility and contractile capacity were significantly inhibited
by treatment with TGFBR2 neutralizing antibody, TGF-β receptor inhib-
itor, knockdown of TGFBR2 or Wnt5a, suggesting that these effects
might be dependent on both TGF-β and non-canonical Wnt signaling
(Supplementary Figs. 4–7 in the SupplementaryMaterial). Additionally,
CTHRC1 was reported to regulate YAP/TAZ, a key molecule of HSC acti-
vation [40,41]. We performed the immunostaining of YAP and found
that YAP expression was increased and transferred to nucleus in the
livers of CTHRC1−/− compared with WT mice (Supplementary Fig. 3B
in the Supplementary Material).

Taken together, these data indicated that rCTHRC1 protein acceler-
ated primary HSC activation mainly through TGF-β signaling, while it
enhanced motility and contractile capacity of activated HSC by activat-
ing both TGF-β and non-canonical Wnt signaling (Fig. 6).
Fig. 4. CTHRC1 activates both TGF-β and Wnt signaling, while the promotive effect of CTHRC1
primary HSCs after 7 days isolated fromWT and CTHRC1−/− mice. B. The expression ofα-SMA
alone, and 20 nM rCTHRC1 protein plus CTHRC1 mAb or IgG. C. Western blotting analysis of p
tissues of WT or CTHRC1−/− mice intraperitoneally injected with CCl4. GAPDH was the loadin
Smad2, Smad3, JNK, total Smad4 and expression of Wnt5a in primary rat HSCs, which were t
mAb or IgG for 1, 3, 5 days, individually. GAPDH was the loading control. The densitometry of
of α-SMA (green in E, red in F) in primary rat HSCs after 4 days, which were treated with veh
inhibitor as follows: TGFBR2 neutralizing antibody or TGF-β receptor inhibitor (E), Wnt5a or
G. The expression of α-SMA in primary rat HSCs after 4 days, which were treated with ve
antibody or TGF-β receptor inhibitor. GAPDH was the loading control.
3.5. CTHRC1 monoclonal antibody attenuates liver fibrosis and TGF-β
signaling

Followingon from the in vitro experimental results, we subsequently
investigated the anti-fibrotic effect of CTHRC1 mAb in a CCl4- or TAA-
induced liver fibrosis mouse model. C57 WT mice treated with
CTHRC1 mAb showed much less hepatic collagen deposition compared
with IgG control (Fig. 5A, B). ALT and AST activity were significantly re-
duced in the mice treated with CTHRC1 mAb compared to IgG control
(Fig. 5C). Further, qPCR analysis of the livers showed that CTHRC1
mAb administration reduced the CCl4-induced or TAA-induced up-
regulation of the classical profibrogenic markers Acta2, Col1a1, Timp1,
and Mmp9 (Fig. 5D). Meanwhile, the relative mRNA expression level
of TGF-β1 was reduced in CTHRC1 mAb injection group (Supplemen-
tary Fig. 2C in the SupplementaryMaterial). Hepaticα-SMA and desmin
expressionwere also significantly reduced in the CTHRC1mAb injection
group compared to the IgG injection group (Fig. 5E).

We further investigated whether TGF-β/Smad signaling was
inhibited by CTHRC1 mAb. Phosphorylation of Smad2 and Smad3
were significantly suppressed in liver tissues of CTHRC1 mAb treated
mice compared to those of IgG treated control mice (Fig. 5F).

CTHRC1mAb significantly reduced liver injury through inhibition of
TGF-β/Smad signaling in a CCl4- or TAA-induced liver fibrosis model,
suggesting that blocking CTHRC1 might be a promising anti-fibrotic
strategy.

4. Discussion

Liver fibrosis is marked by abnormal collagen accumulation and ac-
tivation of HSCs. The activation of HSCs is always considered as the cen-
tral event during the progression of liver fibrosis [1,3]. HSCs exist in
Disse's space in normal liver, and activate into myofibroblasts when
liver come in response to chronic liver injury. Upon activation, various
cytokines and extracellular matrix components like collagens are pro-
duced by HSCs to further promote fibrogenesis. So in recent years
HSCs are commonly regarded as the targets for anti-fibrotic therapies
[2]. It is well known that TGF-β, a potent pro-fibrogenic cytokine,
plays a key role inHSC activation. However, anti-fibrotic strategies to di-
rectly block TGF-β carry high risk of unwanted side effects, due to this
cytokine playing central roles in cell proliferation, recognition, differen-
tiation and apoptosis [33].

Our research revealed that CTHRC1 promoted activation, contractil-
ity and migration of HSCs through TGF-β signaling. Thus, targeting
CTHRC1 provides an alternative approach to suppress TGF-β signaling
and inhibit HSC activation, whilst avoiding the side effects caused by di-
rectly blocking TGF-β. Moreover, during the activation of HSCs, Kupffer
cells were also activated and participated in the immune response.
Meanwhile, lots of hepatocytes were deteriorated and produced some
inflammatory cytokines [3], which further contributed to the activation
of HSCs and induction of CTHRC1.

Previous study showed that CTHRC1 expression was highly corre-
lated with HCC progression in HBV-infected patients, and HBV stimu-
lated CTHRC1 expression by activating NF-κB and CREB, through ERK/
c-JNK pathway [42]. Moreover, ROS could modulate many signaling,
such as: Wnt/beta-catenin and TGF-β signaling [43–45]. It has been
on HSC activation is mainly dependent on TGF-β signaling. A. The expression of α-SMA in
in primary rat HSCs after 4 days, which were treatedwith vehicle, 20 nM rCTHRC1 protein
hosphorylation of Smad2, Smad3, JNK, total Smad4 and expression of Wnt5a in five liver
g control. The densitometry of p-Smad2/Smad2 was shown below. D. Phosphorylation of
reated with vehicle, 20 nM rCTHRC1 protein, and 20 nM rCTHRC1 protein plus CTHRC1
p-Smad2/Smad2 was shown below. E and F. Representative immunofluorescence images
icle, 20 nM rCTHRC1 protein, and 20 nM rCTHRC1 protein plus neutralizing antibodies or
Wnt3a neutralizing antibody (F). Nuclei are stained with DAPI (blue). Scale bars, 50 μm.
hicle, 20 nM rCTHRC1 protein, and 20 nM rCTHRC1 protein plus TGFBR2 neutralizing
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Fig. 6. Amodel for CTHRC1modulating HSC behaviors through TGF-β andWnt signaling pathways. CTHRC1 induces activation of TGF-β downstream signaling molecules: Smad2, Smad3
and Smad4,whichmediates the activation,migration and contractility of HSCs. In addition, CTHRC1 competitively binds toWnt noncononical receptor and induces the phosphorylation of
JNK, which mediates the contractility but not activation of HSCs.
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reported that Wnt signaling could regulate the expression of CTHRC1
[46]. So ROS might contribute to the production of CTHRC1 through
Wnt signaling.

It has been reported that CTHRC1 inhibited TGF-β signaling in
smooth muscle cells but not endothelial cells [25]. The authors con-
cluded that the effect of CTHRC1 on TGF-β signaling is cell-type specific.
Recently, it has been reported that CTHRC1 expression was increased in
murine cholestatic liver fibrosis and administration of exogenous
CTHRC1 with injection of adenovirus vector containing the CTHRC1
gene prevented cholestatic liver fibrosis [47]. CTHRC1 did not affected
the induction of phospho-Smad2 and phospho-Smad3, but promoted
the degradation of phospho-Smad3 [47]. CTHRC1 was also indicated
to reduce fibrotic tissue formation in bleomycin-induced lung fibrosis
[48]. While CTHRC1may have other effects in liver fibrosis which is dif-
ferent from lung fibrosis or cholestatic fibrosis. In our study, we found
that HSC-derived CTHRC1 was a novel pro-fibrotic secreted factor that
acted by directly activating TGF-β signaling.

CTHRC1 selectively activates non-canonical Wnt pathway by stabi-
lizing the Wnt-receptor complex [26]. A recent study revealed that
non-canonical Wnt predominates in activated HSCs, influencing HSC
Fig. 5. CTHRC1monoclonal antibody attenuates promotive effects of CTHRC1 on liver fibrosis. A
with CCl4 (A) or TAA (B) and intraperitoneally injected with monoclonal antibody (mAb) of CT
mAb at a dose of 5 μg/g bodyweight. Scale bars, 100 μm. Quantification of sirius red andMasson
treated with CCl4 or TAA and intraperitoneally injected with mAb of CTHRC1 (n= 10) or IgG (
treatedwith CCl4 or TAA and intraperitoneally injectedwith CTHRC1mAb (n=10) or IgG (n=
CCl4 (E, upper photos) and TAA (E, lower photos) induced liver fibrosis tissues of WTmice treat
Quantification of immunostaining was shown below. F. Western blotting analysis of phospho
CTHRC1 mAb or IgG. GAPDH was detected as the loading control. The densitometry of p-Smad
survival and paracrine stimulation of Kupffer cells [49,50]. In this
study, we found that CTHRC1 significantly activated non-canonical
Wnt signaling in liver fibrosis and HSC activation. Non-canonical Wnt
signaling is important for CTHRC1 inducedmigratory and contractile ca-
pacities of HSC. Therefore, targeting CTHRC1 provides a novel strategy
to simultaneously suppress these two signaling, TGF-β and Wnt path-
way, which are crucial for liver fibrosis and HSC activation.

Taken together both the clinical and experimental data, CTHRC1 is a
promising therapeutic target for liver fibrosis. Furthermore, due to the
fact that it is mainly derived from activated HSCs and significantly
overexpressed in liver fibrosis, CTHRC1 might be also used as a bio-
marker to monitor the therapeutic response in any potential treatment
of liver fibrosis.
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