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Abstract

Background: Hepatic fibrosis is a pathological response of the liver to a variety of chronic stimuli. Hepatic stellate
cells (HSCs) are the major source of myofibroblasts in the liver. Follistatin like 1 (Fstl1) is a secreted glycoprotein
induced by transforming growth factor-31 (TGF-f31). However, the precise functions and regulation mechanisms of
Fstl1 in liver fibrogenesis remains unclear.

Methods: Hepatic stellate cell (HSC) line LX-2 stimulated by TGF-31, primary culture of mouse HSCs and a model of
liver fibrosis induced by CCl4 in mice was used to assess the effect of Fstl1 in vitro and in vivo.

Results: Here, we found that Fstl1 was significantly up regulated in human and mouse fibrotic livers, as well as
activated HSCs. Haplodeficiency of Fst/1 or blockage of Fstl1 with a neutralizing antibody 22B6 attenuated CCl,-induced
liver fibrosis in vivo. FstlT modulates TGF-B1 classic Samd?2 and non-classic JNK signaling pathways. Knockdown of Fstl1
in HSCs significantly ameliorated cell activation, cell migration, chemokines C-C Motif Chemokine Ligand 2 (CCL2) and

microRNA

C-X-C Motif Chemokine Ligand 8 (CXCL8) secretion and extracellular matrix (ECM) production, and also modulated
microRNA-29a (miR29a) expression. Furthermore, we identified that Fstl1 was a target gene of miR29a. And TGF-(31
induction of Fstl1 expression was partially through down regulation of miR29a in HSCs.

Conclusions: Our data suggests TGF-31-miR29a-Fstl1 regulatory circuit plays a key role in regulation the HSC activation
and ECM production, and targeting Fstl1 may be a strategy for the treatment of liver fibrosis.
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Background

Liver fibrosis is a scarring process that occurs in most
chronic liver diseases, including nonalcoholic fatty liver
disease (NAFLD), alcoholic liver disease, and hepatitis B/C
virus infection. Hepatic stellate cells (HSCs), liver specific
mesenchymal cells, are the primary cell type responsible
for the development of liver fibrosis. HSCs contain
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numerous lipid droplets in normal liver. During chronic
liver injuries, HSCs are activated by cytokines and chemo-
kines from damaged hepatocytes and immune cells, then
transdifferentiate to myofibroblasts that produce massive
ECM and fibrogenic cytokines [1, 2]. The activated HSCs,
in turn, release more cytokines and chemokines, leading
to enhanced inflammatory responses in injury area [3].
Among many cytokines mediating the fibrotic cascades,
transforming growth factor-p (TGF-B) is a central profi-
brotic growth factor [4]. TGF-f plays a key role in HSCs
activation, migration and transdifferentiation into
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myofibroblasts, as well as simulating the synthesis of ECM
[5, 6]. Hepatic specific overexpression of mature TGF-f1
leads to liver fibrosis in mice [7]. Blocking TGF-P1 signal-
ing pathway by TGF-B1 antibodies or antisense oligonu-
cleotides, and soluble TBRII attenuated liver fibrosis in
experimental models [8].

MicroRNAs (miRNAs) are endogenous 20—22 nucleo-
tides RNAs that control translation and transcription of
many genes. MicroRNA-29 families (miR-29a/b/c) [9]
are known to be the downstream target of TGF-p and
play fundamental roles in liver [10, 11], lung [12, 13],
and cardiac fibrosis [14]. Members of miR-29 family
were down regulated in HSCs activation in vitro and in
fibrotic livers in human and mice [10, 11, 15]. Moreover,
patients with liver fibrosis showed significantly lower
levels of circulating miR-29a, when compared with
healthy controls [10]. Ectopic expression of miR-29b in
the liver of mice attenuated CCl, induced liver fibrosis
[11]. However, mechanism of action of miR-29a in liver
fibrosis remains largely unclear.

Follistatin-like 1 (Fstll) is a secreted glycoprotein
belonging to the Follistatin (Fst) family and secreted
protein acidic rich in cysteines (SPARC) family [16],
which can be induced by TGF-$ [17]. Although Fst
expression was unchanged in activated HSCs, Fst
treatment ameliorated early liver fibrosis in experi-
mentally induced liver fibrosis in rats by blocking
Activin bioactivity [18]. SPARC expression in hep-
atic tissue was significantly increased during the de-
velopment of liver fibrosis, and targeting SPARC
through an adenovirus carrying antisense SPARC
suppressed HSCs activation in thioacetamide in-
duced liver fibrosis in rats [19]. As the smallest
member in the Fst-SPARC family, the role of Fstll
in liver fibrosis and its therapeutic potential has not
been fully investigated.

Homozygous FstlI™~ mice die of respiratory failure shortly
after birth [20], so FstlI*~ or conditional knockout mice
have been used to study the lung and kidney fibrosis [21, 22].
The results showed that haplodeficiency of FstlI or blockage
of Fstll with a neutralizing antibody attenuated bleomycin
induced lung fibrosis in mice [21]. Cardiac-specific Fstll-
deficient mice promoted tubulointerstitial fibrosis after sub-
total renal ablation compared with wild-type mice [22]. In
addition, application of the human FSTL1 protein via an epi-
cardial patch stimulates pre-existing cardiomyocytes prolifer-
ation, improves cardiac function and attenuated fibrosis in
animal models of myocardial infarction [23]. Northern blot
analysis of murine tissues showed there was barely any Fstl1
transcript in the liver [24]. Recently, Fstll was identified as a
fibrosis modifier by in vivo siRNA silencing screen [25].
Knockdown Fstll suppressed HSCs activation [26]. These
data indicate that the role of Fstll in tissue fibrosis is
controversial.

Page 2 of 12

RNA deep sequencing and function assays revealed
that FSTL1 may be an endogenous target of miR-29a in
human myotubes [27]. MiR-29a can promote the neurite
outgrowth by targeting extracellular matrix related genes
including Fstll [28]. In this study, we aim to analyze the
role of Fstll in liver fibrosis by using TGF-p1 activated
HSCs in vitro and a mouse model of CCl,-induced liver
fibrosis. We found that Fstll is evolved in the pathogen-
esis of liver fibrosis through a TGF-f1-miR29a-Fstll
regulatory circuit and can serve as a therapeutic target
for the treatment of liver fibrosis.

Methods

Chemicals and reagents

CCly and Olive Oil were from Sigma-Aldrich (St Louis,
MO, USA). Fstll neutralizing antibody was generated as
described previously [21]. Fstll siRNA and scramble RNA
were purchased from Genechem Company (Shanghai,
China). The mimics and inhibitor of miR29a were pur-
chased from Ruibo Company (Guangdong, China). The «-
SMA, GAPDH antibodies were purchased from Santa
Cruz Biotechnology (USA). The Fstll antibodies were pur-
chased from Santa Cruz Biotechnology (USA) or R&D
systems (USA). Smad2, p-Smad2, p-JNK and JNK were
purchased from Cell Signaling Technology (USA).

Subjects

The study was approved by the Institutional Review Board
of Wuxi No.2 People’s Hospital (No. 20170608) and were
in accordance with the principles of the Declaration of
Helsinki as revised in 2000. The study includes 27 healthy
controls and 19 patients (Table S1). All participants signed
a written consent form before entering the study. All pa-
tients included in this study were diagnosed according to
the respective diagnostic criteria. The healthy volunteers
were recruited from the medical examination center of
Jiangnan University that had normal aminotransferase ac-
tivities, no history of liver disease or alcohol abuse and
tested negative for HBV, HCV and HIV infections. Paraf-
fin liver sections (LV1201) were from Alenabio.com
(Xi’an, China). All human tissues are collected under IRB
and HIPPA approved protocols, and approved for com-
mercial product development.

Enzyme-linked immunosorbent assay (ELISA)

The amount of FSTL1 (Cloud-Clone, USA) in serum
and C-C Motif Chemokine Ligand 2 (CCL2) (Sino Bio-
logical, Beijing) or C-X-C Motif Chemokine Ligand 8
(CXCL8) (Invitrogen, USA) released from LX-2 cells
into the culture medium was determined using commer-
cially available ELISA kits according to the manufac-
turer’s instructions. Recombinant standards of FSTLI,
CCL2 or CXCL8 provided in the kit and the serum or
isolated culture medium were added to a plate pre-
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coated with a monoclonal antibody against the chemo-
kine. After incubation for 1h, the plate was washed and
incubated with an enzyme-linked polyclonal antibody
specific for FSTL1, CCL2 or CXCL8. After several
washes, the substrate solution was added, and the color
intensity was measured. A standard curve was used for
determination of the amount of FSTL1, CCL2 or CXCL8
present in the samples.

Animal model of liver fibrosis and treatment

The Animal Research Committee of Jiangnan University
and Nankai University approved all animal experiments.
Male C57BL/6 or BABL/c mice at 8 weeks were pur-
chased from Shanghai Slac Laboratory Animal CO.LTD
(China). FstlI*~ mice were described previously [20]
and backcrossed to C57BL/6 background for more than
ten generations. The mice were allowed free access to
tap water and a chow diet (MO01-F25-20150922034,
Shanghai SLAC Laboratory Animal Co., Shanghai,
China). Liver fibrosis was induced by intraperitoneal
(i.p.) injection of 0.5 ml/kg CCl, (25% solution in olive
oil) twice per week [29]. At designated time points after
CCly or olive oil injection, mice were euthanized with
phenobarbital sodium by i.p. injection, and livers were
harvested for further analyses. Fstll-neutralizing anti-
body (clone 22B6) or its control isotype antibody (IgG1)
was intravenously injected (25 pug/mouse/each time)
along with CCl, treatment. The mouse livers were har-
vested 28 d after CCly injury. Tissues were sectioned for
Picro-sirius red (PSR) staining to assess the degree of fi-
brosis. Collagen contents in the liver were measured
with a conventional hydroxyproline method [30].

Primary hepatic stellate cells isolation, cell culture and
drug treatment

The isolation of HSCs from murine livers can be divided
into three main sequential stages [31]. Briefly, the mouse
livers were in situ perfused with pronase and collage-
nase. And then, the liver tissues were carefully removed,
minced under sterile conditions and further digested
with pronase/collagenase. At last, the HSCs were iso-
lated with density gradient—based separation from other
hepatic cell populations.

Human HSCs cell line LX-2 cells, rat HSCs cell line
CFSC-8B and HSC-T6 were obtained from the cell bank
of Xiangya Central Experiment Laboratory of Central
South University (Changsha, China). Cells were cultured
in DMEM or RPMI 1640 supplemented with 10% heat-
inactivated FBS (Gibco, USA) and antibiotics at 37 °C in
a humidified atmosphere of 5% CO,. Cells were grown
to 100% confluence and serum starved for 24 h before
treatment. Cells were pretreated with 2 ug/ml antibody
(22B6) or control IgG1 for 24 h and then treated with 5
ng/ml TGF-P1. Fstll siRNA (40 nM), scramble control
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RNA (40 nM), miR29a mimics (100 nM) or inhibitors
(200nM) were transiently transfected into LX-2 cells
using Lipofectamine RNAi max (Invitrogen, CA, USA)
for 48 h.

RNA isolation and qRT-PCR analysis

Total RNA was extracted from mouse liver tissue or
cells with Trizol reagent (Invitrogen, CA, USA). We per-
formed RNA isolation and qRT-PCR analysis as previ-
ously described [23]. Gene expressions were measured
relative to the endogenous reference gene Gapdh using
the comparative CT method and the sequences of spe-
cific primer pairs for Fstll, a-SMA, and Collal were de-
scribed previously [21]. The expression level of mature
miR-29a was quantified by TagMan microRNA assays
(MmO04238191_s1, Applied Biosystems, CA, USA).

Western blot analysis

Cells or liver tissues were washed with ice cold DPBS
and re-suspended in RIPA buffer with protease inhibitor
(Sigma-Aldrich, MO, USA). Protein was resolved by
SDS-polyacrylamide gel electrophoresis and transferred
to PVDF membranes. After blocking, they were probed
with primary antibodies overnight at 4°C, then incu-
bated with horseradish peroxidase-conjugated secondary
antibody for 1h at room temperature. The bands were
visualized using ECL reagents (Thermofisher Scientific,
USA). Band intensity on scanned films was quantified
using Image lab software (Bio-Rad Laboratories, Inc.
USA). The ratio of the relevant protein was subjected to
internal control (GAPDH).

Cell migration assays

The cell migration assay was performed with Transwell
chambers with 8-um pores (Corning, USA). LX-2 or pri-
mary mouse HSCs (2.5x 10* cells per chamber) in
serum free medium were plated in the upper chambers
in duplicate filters. DMEM containing 10% heat-
inactivated FBS was added to the lower chamber as a
chemoattractant. After 24 h, non-migrating cells were re-
moved from the upper surface, and filters were stained
with crystal violet. Migrated cells were counted in five
representative microscopic fields (100x magnification).

Measurement of serum aminotransferase activities

The activities of alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) in serum were estimated
spectrophotometrically using commercial diagnostic kits
(Jiancheng Institute of Biotechnology, Nanjing, China).

Luciferase reporter assay

The luciferase reporter assay was conducted using a
Dual-Luciferase Reporter Assay System (Beyotime Bio-
technology, China). PmiR-RB-Report™ vector is specially
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used to identify direct targets of microRNA. The Wild-
type (WT) or mutant (Mut) 3 ‘UTR region of Fstll was
cloned to the downstream of reporter Renilla luciferase
gene (hRluc) by Xhol and Notl digestion. The primers
for clone Fstl1-WT were 5-GCG GCT CGA GGC AAT
AAA GGA TAT GAA GGT GGC T-3" and 5'- AAT
GCG GCC GCA TGA AGT GGT GGG ACT ACT
GAA AA-3'. The primers for clone Fstll-Mut were 5'-
TTA CCA AAC CAC GAT TTT CTC TGT AAA ACA
CTT-3" and 5'- CAG AGA AAA TCG TGG TTT GGT
AAA AAG TAT TTT-3". LX-2 cells (8.0 x 10*/well)
were seeded into 96-well plates for 24 h and then the
cells were transiently co-transfected with pmiR-RB-
Report™-Fstl1-WT/-Mut plasmids and miR29a mimics
using Lipofectamine 3000 (Thermofisher, USA). Cells
were lysed and assayed for Renilla luciferase activity 48 h
after transfection. 100 pul cell extracts were subjected to
the Dual Luciferase Reporter Gene Assay Kit in Multi-
scan Spectrum. The firefly luciferase (hLuc) was used as
internal control.

Statistical analysis

Data are expressed as means + SEM. Differences in mea-
sured variables between experimental and control
groups were assessed by using Student’s test. Differences
in multiple groups were assessed by using one-way ana-
lysis of variance (ANOVA), and the Tukey test was used
for determining the significance. Results were considered
statistically significant at P < 0.05. All analyses were con-
ducted in Graphpad Prism software version 7.0.

Results
Over-expression of FSTL1 in Serum and Livers of Hu-
man Patients with Chronic liver diseases.

Serum concentrations of FSTL1 levels were deter-
mined for healthy controls (CTL) and patients with viral
hepatitis B (HBV), cirrhosis (LC) and hepatocellular car-
cinoma (HCC). The result showed that FSTL1 levels
were higher in patient groups than those in CTL (Fig. 1a,
P<0.05 and Table S1). FSTL1 immunostaining was
weak in liver sections from CTL and was increased sig-
nificantly (more than two-fold, p < 0.05) in the cytoplasm
of hepatocyte in liver sections from patients with HBV
and LC which co-stained with a-SMA (Fig. 1b). FSTL1
protein was also found aberrantly increased in HCC tis-
sues compared to adjacent liver tissues [32]. Then we
analyzed FSTL1 expression in a gene-profiling dataset of
percutaneous liver biopsies from NAFLD patients [33]
through The NCBI Gene Expression Omnibus (GEO ac-
cession:GSE31803). Clinicians rely upon the severity of
liver fibrosis to segregate patients with NAFLD into sub-
population at low versus high-risk for eventual liver-
related morbidity and mortality. There was a significance
increase in Fst/ll mRNA expression in liver tissues of
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high-risk (fibrosis stage 3—4) compared with low-risk (fi-
brosis stage 0-1) (Fig. 1c). These data indicate that
FSTL1 may contribute to the progression of chronic
liver diseases.

Pathological expression of FSTL1 in fibrotic livers in CCl,-

injured mice

Then we examined the expression of Fstll in a well-
characterized murine model of CCl, induced liver fibro-
sis. After 7, 14 and 28 days of repetitive CCly treatment,
the gradually elevated expression of a-SMA and Coll
suggested the persistent existence of liver damage and
scar formation. CCly-induced injury stimulated Fstll ex-
pressions at mRNA and protein levels significantly after
28 days (Fig. 2a-d). We detected Fstll™ cells co-stained
with HSCs activation marker a-SMA in mouse livers at
28 days after prolonged administration of CCl, (Fig. 2e).
Fstll was expressed higher levels in the HSCs than the
other cell types in the liver, including hepatocyte, Kupf-
fer cells, intrahepatic cholangiocytes and liver sinusoidal
endothelial cells (LSECs) by Mass spectrometry-based
proteomics (Fig. 2f) [34]. FSTL1 gene expression was
significantly up-regulated (more than 5 fold) in human
active cell line LX-2 compared with primary HSCs
through DNA microarray analyses [35]. Furthermore,
senescence of activated HSCs limits liver fibrosis [36].
Based on the GEO database (GEO accession: GDS3492),
the gene expression of Fstll was significantly higher in
growing activated HSCs than senescent HSCs stimulated
by DNA damage drug etoposide (Figure S1). We also
isolated the primary mouse HSCs (mHSCs) and con-
firmed the expression of a-SMA and Coll were up-
regulated in in vitro culture. The expression level of
Fstll was gradually increased during this activation pro-
gress (Fig. 2g-i). These data suggest that Fstll is a fibro-
sis related gene and may be critical for the activation of
HSCs.

Fstl1*’~ mice have an attenuated fibrotic phenotype after
liver injury

To determine the role of Fstll in vivo, we subjected
FstlI*’~ and littermate wild type (WT) mice to the CCl,
induced liver fibrosis. Fst/I*/~ mice had significant less
Fstl1 and a-SMA gene expression in fibrotic livers than
that in the WT mice (Fig. 3a,b). The expression of ColI
was also reduced in FstlI™~ mice, whereas did not reach
statistical significance (Fig. 3c). The protein expression
level of Fstll and a-SMA were downregulated in livers
of FstlI*~ mice compared with WT mice (Fig. 3d-f).
FstlI*’~ mice also showed reduced degree of liver fibro-
sis, as determined by Sirius-red staining (Fig. 3g). These
data indicate that Fstll is induced in response to liver in-
jury and may promote live fibrosis in vivo.
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Fig. 1 FSTL1 expression in chronic liver diseases. a Serum concentrations of FSTL1 in healthy CTL (n=27) and patients with HBV (n=19), LC (n =
4) and HCC (n=15). b Paraffin liver sections from healthy CTL, and patients with HBV and LC were stained with FSTL1 (red), a-SMA (green) and
DAPI (n=5 per group). Scale bar: 100 um. HBV, Viral Hepatitis B; LC, Cirrhosis; HCC, hepatocellular carcinoma. ¢ FSTLT expression in human liver
tissues was examined in a published gene-profiling dataset (GEO: GSE31803). The degree of liver fibrosis is divided into mild (n =40) and severe

forms (n = 32). Throughout, data represent mean + SEM. ***P < 0001

Silencing Fstl1 inhibits HSCs activation in vitro

To test whether TGF-B1 might regulate the expression
of Fstll in HSCs, human HSC cell line LX-2, rat HSC
cell lines CFSC-8B and HSC-T6 were used. Gene and
protein expression of Fstll were increased by TGF-B1 in
a time and dose dependent manner, correlating with in-
creases in a-SMA and Coll expression in these cells
(Figure S2-S3). FSTL1 siRNA was highly effective in de-
creasing Fstll gene and protein expression relative to a
scramble siRNA control (Figure S4a-b). Decreased
FSTL1 expression led to the inhibition of expression of
a-SMA and COL1 (Figure S4a-c). In addition, knock-
down FSTL1 inhibited phosphorylation of JNK and
TGEF-P1 induced phosphorylation of Smad2 (Figure S4b-
¢). Chemokines CCL2 and CXCL8 have been shown to
play critical roles for recruitment of inflammatory cells
and their expression has been linked to liver fibrosis
[37-39]. TGF-P1 significantly up regulated CCL2 and

CXCL8 concentrations in cell culture medium, whereas
si-FSTL1 inhibited their expression (Figure S4d-e). Im-
portantly, we confirmed that knockdown Fstll signifi-
cantly depressed the expression of a-SMA and Coll and
decreased the cell migration in primary culture of mouse
HSCs (Fig. 3h-l). Therefore, these data demonstrated
that Fstll promotes the activation and transdifferentia-
tion of HSC:s in vitro.

Blocking Fstl1 signaling attenuates CCl, induced liver
fibrosis in mice and inhibited TGF-B1 activated HSCs

in vitro

Then we examined whether Fstll neutralizing antibody
(22B6 mADb) would ameliorate CCl,-induced liver fibro-
sis in vivo, we treated Babl/c mice with 22B6 mAb or
IgG1 along with CCl, treatment. After 28 days, 22B6
mAb treatment significantly down regulated gene ex-
pressions of a-SMA, Coll and Fstl1 (Fig. 4a-c). 22B6
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Fig. 2 Fstl1 was associated with liver fibrosis and the activation of hepatic stellate cells. a-c gRT-PCR analysis of a-SMA, Coll, Fstll mRNA
expression in liver tissues of C57BL/6 mice at the indicated time points after CCl, treatment (n =6 per group). d Western blot analysis of Fstl1
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(label-free protein quantification) intensity of Fstl1 in murine liver, hepatocyte, kupffer, cholangio, HSC and LSEC (liver sinusoidal endothelial cells)
(n=4 per group). g-i qRT-PCR analysis of a-SMA, Coll, Fst/T mRNA expression in primary isolated mouse HSCs in in vitro culture at the indicated
time points (n=5 per group). Throughout, data represent mean + SEM.* P < 0.05, **P < 0.01, ***P < 0.001

mAD treatment also prevented the development of fibro-
sis, compared with IgG1 treated mice, as determined by
hydroxyproline content, a-SMA protein level and colla-
gen staining (Fig. 4d-f). Serum ALT (alanine transamin-
ase) and AST (aspartate aminotransferase) activity were
also ameliorated after 22B6 mAb treatment (Fig. 4g-h).
Furthermore, 22B6 mAb treatment down regulated
phosphorylation of Smad2 and JNK in mouse livers
compared with the IgG1 group (Fig. 4f). Thus, we de-
duced that Fstll neutralizing antibody could attenuate

CCly-induced liver fibrosis in mice through blocking
phosphorylation of Smad2/JNK.

We further investigated whether blocking Fstll signal-
ing with a neutralizing antibody (22B6 mAb) would in-
hibit TGF-B1 induced activation of HSCs. We found
that HSCs activation marker «a-SMA was down regulated
after 22B6 mAb treatment (Figure S5a-b). The activation
of TGE-P1 signaling measured by phosphorylated Smad2
and JNK were reversed by the 22B6 treatment (Figure
S5a, c¢-d). We also found that 22B6 mAb could



Xu et al. Cell Communication and Signaling (2020) 18:151 Page 7 of 12
p
++ Oil CCl
A Kk B . C E +/- G 5 e =
—— 7 X
c 3 B ek c 4 ik . c 20 ek T
il kel il Kk 3
[7] 0 n
g, g < 3 g 15 +/+
S B . %7 23
oL o L2 © 910
291 R £5
© g 1 8 5 +/ :
@ @ @
Oil CCly QOil CCly il
D oil cel, E =4 T 3
+/+ +/— +/+ +/- g 5 = *
S . g 2
a-sus TR S > = <
z @,
Fstl1 3 1 %
© =
GAPDH +H+ - ++ -
CCly CCly
H I J
c 15 c 15 c 159 K L 150;
k) i) 2 =
[7] [7] [} C =
7] 0 72} o O
= 10] o3 10] 9 = 10 3 £ 100
g 53 % d £33 * Scramble g 5
s w % ° o SiRNA £
=205 2 2505 2 © 0.5 = S 50 =
o ®© © I5) Q\\/
&J & & Fstl1
0.0 0.0 0.0t~ SIRNA © 0
Scramble Fstl1 Scramble Fstl1 Scramble Fstl1 Scramble Fstl1
siRNA  siRNA siRNA  siRNA siRNA siRNA siRNA  siRNA
Fig. 3 Targeting Fstl1 attenuated liver fibrosis in vivo and HSC activation in vitro. a-c Fst/7"~ mice and littermate control mice were treated with
oil or CCl, for 28 days, and liver tissues were harvested for the following analyses. gRT-PCR analysis of Fst/1, a-SMA and ColTmRNA expressions
(n=5 per group). d Western blot analysis a-SMA and Fstl1 protein in liver tissues (n =3 per group). e-f Band intensity was quantified using Image
J software and expressed as relative intensity compared with control (n =7 per group). The ratio of Fstl1, a-SMA were subjected to GAPDH. g
Sirius red staining of liver sections. Scale bars: 100 um. h-j Fstl1 siRNA (40 nM) transfection was performed on primary isolated mHSCs using
Lipofectamine RNAimax. The gene expressions of Fst/1, a-SMA, Coll mRNA were assessed by qRT-PCR (n=5 per group). k-1 The migration of
mHSCs was measured using the transwell system. Transmigration was evaluated 24 h after seeding the cells, by counting crystal violet-staining
cells on the underside membrane by light microscopy (n =5 per group). Images were photographed at 100 amplifications. Throughout, data
represent mean + SEM.* P < 0.05, **P < 0.01, ***P < 0.001

significantly prevent TGF-B1 induced ECM production and
cell migration compared to isotype matched IgG (IgG1)
controls (Fig. S5e-h). Besides, 22B6 mAB significantly de-
creased chemokine CCL2 and CXCL8 concentrations in
cell culture medium compared with IgG (Fig. S5i-j). These
data indicate that blocking Fstll signaling inhibits TGF-f
induced HSCs activation, ECM production and cell migra-
tion through inhibiting p-Smad2/JNK.

TGFB1-miR29a-Fstl1 regulatory circuit in HSCs

Consistent with previous studies [16, 17], we found
miR29a was down-regulated in response to TGF-3
stimulation (Figure S2d). Then we explored the relation-
ship among Fstll, miR29a, and TGEF-P1 in liver fibrosis.
FstlI*~ mice had significant more expression of miR29a
(Fig. 5a). Fstll siRNA significantly increased gene ex-
pression of miR29a (Fig. 5b), which was independent of

TGEF-P1 stimulation. Whereas blocking Fstll signaling
through 22B6 mAb up regulated miR29a expression in
CCl, treated mice and LX-2 cell line (Fig. 5¢c-d). Thus,
Estll signaling inhibited miR29a expression in HSCs
in vitro and in liver fibrosis induced by CCly in vivo.

To determine if miR29a direct regulates FSTL1, we
used Targetscan to predict consequential pairing of
FSTL1 3'UTR target region and subcloned the FSTLI1-
WT and FSTL1-Mut to the luciferase Open reading
frame. The result showed that miR29a mimics could
suppress luciferase expression when co-transfected with
ESTL1-WT plasmid (Figure S6). We also found that
miR29a mimics transfection significantly down regulated
Fstll expression, confirming Fstll is a miR29 target.
MiR-29a mimics also significant down-regulated gene
expression of Coll, a known direct target of miR29 [16]
and a-SMA (Fig. 5e,g). In consistent with this, miR29
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inhibitor up-regulated expression of Fstll, a-SMA and
Coll (Fig. 5th).

To test whether TGF-B1 induces Fstll through down
regulation of miR29a, we used miR29a mimics or inhibi-
tor in TGF-P1 stimulated human LX-2 cells. TGF-p1 in-
duced Fstll, a-SMA and Coll expression, whereas
decreased miR29a expression (Fig. 5d-h). MiR-29a
mimics partially blocked, while miR29a inhibitor further
enhanced TGF-P1 induced Fstll expression (Fig. 5d-h).
All together, these data suggest that TGF-B1 might in-
duce Fstll partially through down regulation of miR29a,
while Fstll and miR29a reciprocally regulate each other
in HSCs.

Discussion

This work highlights the importance of Fstll in liver fi-
brosis. Fstll was up regulated in human and mouse fi-
brotic livers. In the genetic models wused, we

demonstrated that Fstll-haplodeficiency mice were less
susceptible to chemically induced liver fibrosis. Knock-
down Fstll significantly inhibited TGF-B1 stimulated cell
migration and ECM accumulation. Fstll-neutraliztion
antibody had anti-fibrotic effect in vivo and inhibited
HSCs activation and migration in vitro through inhibit-
ing p-Smad2/JNK. Furthermore, we demonstrated that
there was a TGF-B1-miR29a-Fstll regulatory circuit me-
diating liver fibrosis. These results are in agreement with
previous studies showing Fstll was induced in liver fi-
brosis by CCl, treatment [40]. Our observation also con-
firmed the previous studies that knockdown Fstll
attenuate liver fibrosis [25, 26].

TGE-pB signaling plays a critical role in the regulation
of cell growth, migration and differentiation and is a
central driver in liver fibrosis [1]. Classical TGEF-p signal-
ing is initiated with ligand-induced oligomerization of
serine/threonine receptor kinases and phosphorylation
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of downstream cytoplasmic signaling molecules Smad2
and Smad3 [41, 42]. TGF-P signaling can also affect
Smad-independent pathways, such as the MAPK and
Akt signaling pathways [4, 41, 43, 44]. Fstll was shown
as a pro-migratory factor enhancing ERK phosphoryl-
ation and regulated by miR-198 in wound healing [45].
Our results implicate that blocking Fstll by neutralizing
antibody in mice with CCl, treatment also modulates
the Smad2 and JNK signaling pathways.

Inflammation is typically present in all chronic liver
diseases and associated with the development of fibrosis

[46]. FSTL1 has been identified as a novel proinflamma-
tory protein and systemic administration of adenoviral
vectors expressing Fstll (Ad-Fstll) to mice induced ex-
pression of proinflammatory cytokines in liver and exac-
erbated collagen-induced arthritis [47]. Conversely,
adenovirus-mediated administration of Fstll to WT
mice with subtotal nephrectomy ameliorated tubuloin-
terstitial fibrosis and reduced expression of proinflam-
matory mediators in the remnant kidney [22]. 4-
methylumbelliferone, an inhibitor of hyaluronan depos-
ition, suppressed the HSC trans-differentiation and
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altered macrophage localization with the down-
regulation of Fstll in CCl, treated mice [40]. Further
studies are needed to determine whether Fstll modu-
lates inflammatory responses in liver fibrosis.

Overexpressing miR-29a/b markedly reduced the de-
gree of liver fibrosis induced by CCl, in mice and de-
creased collagen expression in LX-2 cells [10, 48].
Ectopic expression of miR-29b in activated HSCs also
blunted the increased expression of a-SMA, caused cell
cycle arrest, and induced apoptosis through targeting
PI3K/AKT pathway [11]. Furthermore, Knockout miR29
enhanced mortality and the expression of fibrotic
markers in mouse livers with CCl, treatment [49]. Con-
sistent with this, our studies found miR29a mimics sig-
nificantly decreased COL1, «-SMA and FSTL1
expression, while miR29a inhibitors showed the reverse
effects. On the other hand, knockdown Fstll in LX-2
significantly increased expression of miR29a. We also
proved that miR29a directly targeted FSTL1 3'UTR. Due
to sequence similarity, miR29b and miR29¢ might also
target Fstll 3'UTR. Blocking Fstll signaling through
22B6 mAb up regulated miR29a expression in CCly
treated mice. These data suggest that Fstll modulates
Smad/JNK phosphorylation and miR29a in HSC in vitro
and in CCl, induced liver fibrosis in mice. There is also
a cross talk between Fstll and miR29a signaling.

We acknowledge several limitations. FSTL1 is a se-
creted protein which may interact with various extracel-
lular molecules or transmembrane receptors. FSTL1
stimulated the survival and migration of endothelial cells
through the cell surface receptor of DIP2A [50]. FSTL1
directly interacted with the secreted phosphoprotein 1
(SPP1)/osteopontin and led to inactivation of integrin/
CD44-associated signaling [51]. So Fstll may also act on
endothelial cells or other cell types in liver fibrosis.
Moreover, the mechanisms by which Fstll modulates
miR29a expression remain unresolved.

Conclusion

Here, we provide evidence that targeting Fstll inhibits
the activation of HSCs and ameliorates CCl,-induced
liver fibrosis in mice by modulating TGF-B1-miR29a-
Fstll regulatory circuit and downstream Smad2/JNK sig-
naling in activated HSCs. Fstll may serve as a novel
therapeutic approach in the treatment for patients with
severe liver fibrosis.
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