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Abstract

In the liver, the signal and function of tumor necrosis factor-like weak inducer of apoptosis
(TWEAK) have mainly been assessed in association with liver regeneration.

However, the effects of TWEAK on liver fibrosis have not been fully elucidated. To investi-
gate the effects of TWEAK on human hepatic stellate cells (HSCs) and to explore the relevant
potential mechanisms, human HSCs line—LX-2 were cultured with TWEAK. Cell migration
was detected by transwell assay; cell viability was evaluated by Cell Counting Kit-8; the
expression of MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP10, MMP11, MMP12,
MMP13 gene was identified by quantitative real-time polymerase chain reaction and western
blotting; the activity of matrix metalloproteinases (MMPs) was tested by enzyme-linked
immuno sorbent assay; small interfering RNA transfection was applied for depletion of MMP9
and p65. The result of transwell assay revealed that TWEAK promoted LX-2 migration. Sub-
sequently, our data testified that the expression and activity of MMP9 was induced by
TWEAK in LX-2 cells, which enhanced the migration. Furthermore, our findings showed that
TWEAK upregulated the phosphorylation of IkBa and p65 protein to increase MMP9 expres-
sion in LX-2 cells. Meanwhile, the alpha-smooth muscle actin, vimentin and desmin expres-
sion were upregulated following TWEAK treatment. The results in the present study revealed
that TWEAK promotes HSCs migration via canonical NF-kB/MMP9 pathway, which possibly
provides a molecular basis targeting TWEAK for the therapy of liver fibrosis.

Introduction

Liver fibrosis is an outcome that caused by almost all chronic hepatic diseases, such as viral
hepatitis, alcoholic or nonalcoholic steatohepatitis, drug induced liver injury[1]. Liver fibrosis
can further progress into cirrhosis, the severe complications of which bring poor prognosis.
Thus, it is clearly important to explore the intricate mechanisms of liver fibrosis and to develop
targeted therapies. The activation of hepatic stellate cells (HSCs), which transdifferentiates into
myofibroblasts, has been known as a crucial pathogenic step in the development of liver
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fibrosis[1-4]. Myofibroblasts are not present in healthy liver, whereas they are discovered in
chronic injured liver. Myofibroblasts are considered to be a key regulator of fibrogenesis
owing to their enhanced migration(5, 6], contractility and producing excessive extracellular
matrix (ECM)[7, 8]. In our study, the activated human HSCs line—LX-2 was used in our
research. Although LX-2 cells are different from the primary HSCs, they have the characteris-
tics of activated HSCs[9,10]. Recent studies have shown that the matrix metalloproteinases
(MMPs) are capable of degrading virtually any components of the ECM, which play a pivotal
role in the migration of cells[11,12]. However, whether the enhanced migration of the acti-
vated HSCs was associated with MMPs has not been revealed.

Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) is a member of tumor
necrosis factor ligand superfamily, which is a kind of type Il transmembrane protein and can
be cleaved proteolytically to generate a soluble protein. TWEAK functions physiologically
after acute injury and pathologically in chronic inflammatory disease settings[13-15]. It has
been reported that TWEAK is involved in numerous cellular processes including cell survival,
proliferation, differentiation, migration and apoptosis[16]. In the liver, the signal and function
of TWEAK have mainly been explored in liver regeneration[17]. It has been reported that the
dominant function of TWEAK is to induce liver progenitor cells expansion[18]. However, the
investigation of TWEAK on liver fibrosis is limited. Interactions between TWEAK and its
receptor, fibroblast growth factor-inducible 14 (Fn14) have been reported to regulate fibrosis
in several organs including the heart, kidney, colon and muscle[19]. Whereas, the effects of
TWEAK on liver fibrosis and HSCs has not been fully demonstrated.

The aim of this study was to investigate the effects of TWEAK on HSCs, and to explore the
underlying mechanisms. We focused on the MMPs expression and the marker of myofibroblasts
expression to indicate that TWEAK promoted HSCs migration via regulating MMPs expression.

Materials and Methods
Materials and chemicals

LX-2 cells[10] (#SCC064) were purchased from Merk Millipore, USA in December, 2015.
Recombinant Human TWEAK/TNFSF12, 25 ug (1090-TW) was obtained from R&D system.
BCA Protein Assay Kit was supplied by Keygen Biotech (Nanjing, China). Cell Culture Inserts
were obtained from BD Biosciences, USA. Transwell chambers (pore size 8um) were purchased
from BD Biosciences, USA. Cell Counting Kit-8 (CCK-8) kit was purchased from DOJINDO
Laboratories, Japan. MMP9 and p65 siRNA were acquired from RiboBio (Guangdong,China).
The PrimeScript RT Master Mix and SYBR Premix Ex Taq reagents for qRT-PCR were gained
from Takara Biotechnology, Japan. IxBo (ab32518), MMP7 (ab205525), MMP8 (ab81286),
MMP9 (ab137867), MMP13 (ab51072), alpha-smooth muscle actin (a-SMA) (ab124964), des-
min (ab32362), vimentin (ab92547) monoclonal antibodies were purchased from Abcam Com-
pany, UK. MMP9 Elisa kit (ab100610) was obtained from Abcam Company, UK. MMP7
(ELH-MMP7-1), MMP8 (ELH-MMP8-1), MMP13 (ELH-MMP13-1) Elisa kits were supplied
by RayBiotech, USA. p-IxkBo. (Phospho-IxBo. Ser32/36, 9246s), p65 (NF-xB p65, 4764s), p-p65
(Phospho-NF-xB p65 Ser536, 3033p) monoclonal antibodies were obtained from CST, USA.
DMEM and fetal bovine serum were obtained from Biological Industries, Israel. 0.25% trypsin
was acquired from Gibco, USA.

Cell culture

LX-2 cells were maintained in DMEM medium with 10% fetal bovine serum at 37°Cina
humid incubator supplemented with 5% CO,. 80% confluent cells were used in the
experiments.
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TWEAK treatment

The lyophilized powder of TWEAK was dissolved with PBS and stored at -80°C; the dissolved
TWEAK was diluted with PBS for the next experiments. The cells were treated with 40ng/ml
and 100ng/ml TWEAK for 24h, and the control group was treated with vehicles (PBS). The
specific concentration of TWEAK was based on our CCK-8 assay.

Transwell assay

The transwell assay was performed using a 8 um pore size Transwell system. In brief, the
chambers set on 24 well plates. LX-2 cells suspended in 500ul of DMEM were seeded in the
upper chamber at a density of 3x10* cells/well. 750ul of DMEM containing 15% fetal bovine
serum were added into the lower chamber. After 24 h incubation, the cells in the upper cham-
ber were removed, and the cells that migrated through the membrane to the underside were
fixed with methanol for 15 min and then stained with 0.5% crystal violet for 15 min. Cell num-
ber in five separate fields were counted using light microscopy at 200x magnification. The
assay was repeated three times independently.

Cell viability assay

Cell viability was observed by CCK-8 assay. The cells were seeded into 96-well plates at a den-
sity of 4x10° cells per well and incubated for 24 h at 37°C. After treatment with a range con-
centrations (0, 20, 40, 80, 100 ng/ml) of TWEAK or PBS for indicated time, 10 ul CCK-8 was
added into per well. Plates were cultured for 1.5 h at 37°C. The absorbance of samples (450
nm) was investigated by a scanning multiwell spectrophotometer. Cell viability was calculated
by the following formula: relative cell viability = (absorbance450nm of treated group
—absorbance450nm of blank)/(absorbance450nm of control group—absorbance450nm of
blank). All experiments were done in triplicate and repeated three times independently.

Quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA in the cells was extracted using the Trizol Reagent (Invitrogen Life Technologies,
USA) and subsequently reverse transcribed using the PrimeScript RT Master Mix according to
the manufacturer’s instructions. QRT-PCR was done with the 7500 Real-time PCR System
(Applied Biosystems) using SYBR Premix Ex Taq reagents. PCR cycling conditions were: 40
cycles of 5s at 95°C,32-34 s at 60°C. All data were normalized to the human B-actin. Fold-
induction was calculated using the formula 2", Data represented was based on three inde-
pendent experiments. The PCR primers were bought from Sangon Biotech, Shanghai, China.
Primer sequences are shown in Table 1.

Western blotting

Cells were lysed in RIPA buffer (30 mM Tris, pH 7.5, 150 mM sodium chloride, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM sodium orthovanadate, 1% Nonidet P-40, 10% glycerol, and
phosphatase and protease inhibitors). BCA kit was applied for protein quantification. Then the
protein was denaturated in boiling water for 10 minutes. The protein was separated by
SDS-PAGE and transferred to polyvinylidene fluoride membranes. The membranes were
blocked by 5% non-fat dry milk in Tris buffered saline containing 0.1% Tween-20 for 2 h at
room temperature. Then the membranes were incubated with primary antibodies according
to the instructions overnight at 4°C followed by probed by the HRP-conjugated appropriate
secondary antibodies (1:5000 dilution). The blots were detected by CCD camera (Tanon,
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Table 1. List of primer sequences.

Target gene
MMP1
MMP2
MMP3
MMP7
MMP8
MMP9
MMP10
MMP11
MMP12
MMP13
a-SMA
vimentin
desmin
B-actin

doi:10.1371/journal.pone.0167658.t001

Forward primer (5°—3’)

Reverse primer (5’—3’)

ACGAATTTGCCGACAGAGAT GGAAGCCAAAGGAGCTGTAG
CAAGGACCGGTTCATTTGGC GGCCTCGTATACCGCATCAA
GTCCCTCTATGGACCTCCCC AGGGATTTGCGCCAAAAGTG
GTCTCTGGACGGCAGCTATG GATAGTCCTGAGCCTGTTCCC
ACCAAAGAGATCACGGTGACA TGGTCCATGTTTCTTCGGCA
GATCATTCCTCAGTGCCGGA TTCAGGGCGAGGACCATAGA
GACAGAAGATGCATCAGGCAC CATCTTGCGAAAGGCGGAAC
AAGAGGTTCGTGCTTTCTGG CGTCACATCGCTCCATACC
ACACATTCAGGAGGCACAAAC GTCATCAGCAGAGAGGCGAA
TGCAGAGCGCTACCTGAGAT AGACTGCATTTCTCGGAGCC
GTTCCGCTCCTCTCTCCAAC ACGCTGGAGGACTTGCTTTT
CGGGAGAAATTGCAGGAGGA AAGGTCAAGACGTGCCAGAG
CCATACCAAGAAGACGGTGA GAGGACTGAGGCTGGGTGT
AGCGAGCATCCCCCAAAGTT GGGCACGAAGGCTCATCATT

Shanghai, China) with enhanced chemiluminescence (Millipore, USA). Data are representa-

tive of at least three independent experiments.

Enzyme-linked immuno sorbent assay (Elisa)

The LX-2 cells were seeded in 6 wells plates at a density of 1.5 x 10° cells/well overnight at
37°C. After treatment with TWEAK at indicated concentrations or PBS as control for 24h, the
cell culture medium was collected. The qualification of the activated MMPs in the medium
was measured according to the manufacturer’s instructions. All experiments were done in trip-
licate and repeated three times independently.

Small interfering RNA (siRNA) transfection

SiRNA duplexes used in this study were purchased from RiboBio with the following sequences
MMP9 (5-GTACCGCTATGGTTACACT-3), p65 (5-CTTCCAAGTTCCTATAGAA-3’) and
negative control (5-TTCTCCGAACGTGTCACGTTT-3’). LX-2 cells were seeded in six-well
plates and transfected at 60% confluency with siRNA duplexes against human MMP9 (20
nM), p65 (20 nM), or control siRNA (20 nM) respectively, by Lipofectamine RNAIMAX
reagent (Invitrogen) according to the manufacturer’s protocol. At 48 h post-transfection, cells
were cultured with TWEAK (100ng/ml) or PBS for 24 h before harvest for the next
experiment.

Phalloidin staining

Cells grown in six well plates were fixed in 4% paraformaldehyde for 15 min and permeabilized
using 0.5% Triton X-100/PBS for 20 min at room temperature. The cells were blocked with
PBS supplemented with 2% bovine serum albumin for 1 h at room temperature. Filamentous
actins were stained with FITC-labeled Phalloidin (5 ug/ml, Sigma-Aldrich) and nucleus were
stained with DAPI (2 ug/ml) for 20 min at room temperature. The fluorescence microscopy
(Olympus, Japan) was used to investigated the morphology of the cells. The assay was repeated
for three times.
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Statistical analysis

All the data presented by mean+SD of three independent experiments were analysed by SPSS
20.0. Unpaired student’s t test was applied for two groups comparison. One-way analysis of
variance was used for multiple groups comparison. P<0.05 was considered statistically
significant.

Results
TWEAK promoted LX-2 cells migration

LX-2 cells were treated with 20 ng/ml, 40 ng/ml and 100 ng/ml TWEAK for 24 h, the transwell
assay revealed that the number of the migrated cells was significantly increased in TWEAK-
treated groups compared to the control group (t = -4.057, P<0.05, t = -3.199, P<0.05 and t =
-4.319, P<0.01 respectively) (Fig 1A and 1B). In addition, LX-2 cells were incubated in
medium with a range concentrations (0, 20, 40, 80, 100 ng/ml) of TWEAK for 24 h or 48 h.

TWEAK concentration (ng/ml)

200x%

o
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o
o
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xxx C §15_ mm 24h
el w 48h
[&]
D
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(o]
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=
©
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Fig 1. LX-2 cells migration was enhanced by TWEAK. (A) LX-2 cells were treated with vehicle (PBS) or 20 ng/ml, 40 ng/ml and
100 ng/ml TWEAK for 24 h, then the transwell assay was performed. The data shown here are from three independent
experiments with similar results. Original magnification 200%. (B) The number of migrated cells were displayed as histogram,
compared with the control group. The data were displayed as the mean value of cells in five fields based on three independent
experiments. (C) LX-2 cells were treated with vehicle (PBS) or vary concentrations of TWEAK for 24 h or 48 h and assayed by
CCK-8. Results are expressed as the mean + SD of three independent experiments. ** P<0.05, ***P<0.01 when compared with

the control group.

doi:10.1371/journal.pone.0167658.g001
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The cell viability was evaluated by CCK-8 assay. As shown in Fig 1C, different concentrations
of TWEAK didn’t notably affect LX-2 cells viability compared to the control group.

TWEAK significantly upregulated the expression of MMP7, MMPS8,
MMP9, MMP13 and the activity of MMP9 in LX-2 cells

To explore the potential molecular mechanisms that TWEAK facilitated LX-2 cells migration,
the expression of MMPs in LX-2 cells was detected. The result of qRT-PCR showed that the
messenger RNA (mRNA) of MMP7, MMP8, MMP9, MMP13 was significantly increased by
TWEAK (P<0.05) for 24 h treatment (Fig 2A), especially MMP9 got a rise of 7 fold in 40 ng/
ml TWEAK (P<0.0001) and 20 fold in 100 ng/ml TWEAK (P<0.0001), while the mRNA of
MMP1, MMP2, MMP3, MMP10, MMP11, MMP12 in LX-2 cells was not notably changed
compared to the control group (Fig 2B). Next, western blotting was performed to detect the
protein of MMP7, MMP8, MMP9, MMP13 in LX-2 cells. And the result revealed that only
MMP?9 protein in cell lysates was significantly upregulated in response to TWEAK (Fig 2C).
As is known to us, MMPs are secreted to the extracellular environment to act as soluble pro-
teins, which play roles of activity. Thus, the cell culture medium was collected to assess the
activity of MMPs with Elisa. And the result demonstrated that TWEAK significantly increased
the activity of MMP9 in the medium (P<0.0001) (Fig 2D) but not MMP7, MMP8 and
MMP13 compared to the control group (Fig 2E).

MMP9 knocking down attenuated LX-2 cells migration enhanced by
TWEAK

To reveal whether TWEAK promoted LX-2 cells migration via upregulating MMP9 expres-
sion, MMP9-specific siRNA was used to knock down MMP9 gene expression. The effect of
MMP9 knocking down was validated by qRT-PCR and western blotting (Fig 3A and 3B). As is
shown in Fig 3C and 3D, knocking down of MMP9 expression significantly decreased the
number of migrated cells enhanced by 100 ng/ml TWEAK for 24h treatment (P<0.0001), indi-
cating that TWEAK strengthened LX-2 cells migration through increasing MMP9 expression.

TWEAK activated canonical NF-kB pathway to upregulate MMP9
expression in LX-2 cells

To evaluate whether NF-kB activation was involved in the increased MMP9 expression in LX-
2 cells treated with TWEAK, we detected IxBa and p65 protein (which were the components
of canonical NF-kB pathway) in LX-2 cells exposed to 40 ng/ml and 100 ng/ml TWEAK for
24h. The western blotting showed that phosphorylation of IxBo and p65 protein was signifi-
cantly increased by TWEAK, indicating a considerable activation of canonical NF-«xB pathway
(Fig 4A). Next, to study whether the activation of canonical NF-«B pathway enhanced MMP9
expression, the p65-specific siRNA was transfected into the LX-2 cells. QRT-PCR and western
blotting were used to validated the efficacy of the depletion of p65 (Fig 4B and 4C). As is
shown in Fig 4D, knocking down of p65 expression significantly decreased the MMP9 expres-
sion enhanced by 100 ng/ml TWEAK for 24 h treatment, indicating that TWEAK upregulated
MMP?9 through activating canonical NF-«B pathway.

TWEAK increased the expression of a-SMA, vimentin, desmin in LX-2
cells and changed the cell morphology

Our results showed that TWEAK promoted LX-2 cells migration. Enhanced migration is one
of the characters of myofibroblasts. The a-SMA, vimentin and desmin were considered as the
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Fig 2. TWEAK significantly increased the expression of MMP7, MMP8, MMP9, MMP13 and the activity of MMP9 in LX-2
cells. (A) The mRNA expression of MMP7, MMP8, MMP9 and MMP13 were measured by gRT-PCR in LX-2 cells treated with 40
ng/ml and 100 ng/ml TWEAK for 24 h. 3-actin served as an internal control. (B) The mRNA of MMP1, MMP2, MMP3, MMP10,
MMP11 and MMP12 was examined by gRT-PCR in LX-2 cells treated with 40 ng/ml and 100 ng/ml TWEAK for 24 h. -actin served
as an internal control. (C) Western blotting to examine the expression of MMP7, MMP8, MMP9 and MMP13 in LX-2 cells treated
with 40 ng/ml and 100 ng/ml TWEAK for 24 h. B-actin was used as a loading control. (D) Activated MMP9 expression in LX-2 cells
culture medium was investigated by Elisa after being treated with 40 ng/ml and 100 ng/ml TWEAK for 24 h. (E) Activated MMP?7,
MMP8 and MMP13 in LX-2 cells culture medium were tested by Elisa after being treated with 40 ng/ml and 100 ng/ml TWEAK for 24
h. Results are expressed as the mean + SD of three independent experiments. * P<0.05, **P<0.01,****P<0.0001.

doi:10.1371/journal.pone.0167658.g002

marker of myofibroblasts. To assess whether TWEAK could increase the expression of myofi-
broblasts marker in LX-2 cells, the mRNA and protein of the myofibroblasts marker were
tested. The results documented that o-SMA, vimentin and desmin expression were
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Fig 3. MMP9 knocking down inhibited the migration of LX-2 cells in response to TWEAK. (A) QRT-PCR were used to examine
the expression of MMP9 in LX-2 cells transfected with control siRNA (20 nM) or siRNA specific for MMP9 (20 nM). B-actin served as an
internal control. (B) LX-2 cells were transfected with control siRNA (20nM) or siRNA specific for MMP9 (20nM) for 48 h and further
incubated with 100 ng/ml TWEAK for 24 h. The effect of MMP9 knocking down was analyzed by western blotting. (C) LX-2 cells were
transfected with control siRNA or siRNA specific for MMP9 for 48 h and further incubated with 100 ng/ml TWEAK for 24 h. The
migration was analysed by transwell assay. Original magnification 200x. (D) The number of migrated cells were displayed as
histogram, data presented as mean + SD are representative of three independent experiments when compared with other groups.
**%%P<0.0001.

doi:10.1371/journal.pone.0167658.g003

significantly upregulated by TWEAK treatment in LX-2 cells (Fig 5A and 5B). The cell mor-
phology conversion was confirmed by visualizing actin cytoskeleton rearrangements by phal-
loidin staining (Fig 5C). It was obvious that a spindle-shape morphology and the presence of
long surface parapodium of LX-2 cells were appeared with TWEAK treatment. The results
indicated that TWEAK made LX-2 cells much more activated.
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Fig 4. TWEAK induced canonical NF-kB pathway activation then augmented MMP9 expression in LX-2 cells. (A) Whole
cell extracts were prepared and analyzed by western blotting for the p-IkBa, IkBa and p-p65, p65 in LX-2 cells treated with 40 ng/
ml and 100 ng/ml TWEAK for 24 h. B-actin served as an internal control. (B) The expression of p65 in LX-2 cells transfected with
scrambled RNA (20 nM) or siRNA specific for p65 (20 nM) was examined by gRT-PCR (B) and western blotting (C). B-actin
served as an internal control. (D) LX-2 cells were transfected with control siRNA (20nM) or siRNA specific for p65 (20nM) for 48 h
and further incubated with TWEAK (100 ng/ml) for 24 h. The protein of p65, p-p65 and MMP9 in cell lysates were measured by
western blotting. B-actin was used as a loading control. All data are represented as mean + SD of three independent
experiments. ****P<0.0001.

doi:10.1371/journal.pone.0167658.9004

Discussion

Here we have provided evidence that the effects of TWEAK on LX-2 cells. TWEAK facilitated
LX-2 cells migration through increasing MMP9 expression. Furthermore, the potential mecha-
nism was that TWEAK activated canonical NF-xB/MMP9 pathway to promote LX-2 cells
migration. In addition, we also testified that TWEAK made LX-2 cells much more activated.

Previous studies revealed that TWEAK was involved in organ fibrosis. In an animal model

of mammary tumorigenesis, endurance training prevents TWEAK mediated cardiac remodel-
ing in cancer cachexia[20]. In kidney, TWEAK induces proximal tubular cells epithelial-
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Fig 5. TWEAK significantly increased the expression of a-SMA, vimentin, desmin in LX-2 cells and changed the cell
morphology. The mRNA (A) and protein (B) of a-SMA, vimentin, desmin in LX-2 cells treated with 40 ng/ml and 100 ng/ml TWEAK
for 24 h were analyzed by qRT-PCR and western blotting. 3-actin served as an internal control. Data are presented as mean + SD of
three independent experiments. (C) Phalloidin stained actin cytoskeleton (green) in LX-2 cells. The nuclear was stained by DAPI
(blue). The data shown here are from three independent experiments with similar results. Scale bars, 50um. * P<0.05,** P<0.005,
*%%P<0.0005,**** P<0.0001.

doi:10.1371/journal.pone.0167658.9g005

mesenchymal transition, which starts tubulointerstitial damage and fibrosis[21]. However, the
effects of TWEAK on liver fibrosis has not been fully accessed. Recently, Annika Wilhelm et al.
indicated that TWEAK was upregulated in an animal model of acute and chronic liver injury,
TWEAK knock-out mice presented with reduced liver fibrosis upon chronic CCl4 treatment
[22]. These findings demonstrated that TWEAK promoted the progression of liver fibrosis.
However, the potential mechanisms remain to be elucidated.

In the present study, we showed for the first time that TWEAK facilitated human HSCs line
—LX-2 cells migration. It has been reported that the migration and invasiveness are associated
with MMPs. In non-small cell lung cancer (NSCLC), Yu et al. suggested that the overexpres-
sion of MMP19 promotes migration and invasiveness in multiple NSCLC cell lines, and the
upregulated MMP19 gene expression implies a poorer prognosis[23]. In hepatocellular carci-
noma (HCC), Garcia-Irigoyen et al. documented that human HCC cells highly expression
MMP10 has increased migratory capacity, which contributes HCC progression and metastasis
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[24]. Our research showed that TWEAK enhanced LX-2 cells migration, then qRT-PCR was
applied to test the mRNA expression of MMPs, ranging from MMP1 to MMP13, in that their
basal expression keep high levels in liver. The results showed that the mRNA of MMP?7,
MMP8, MMP9, MMP13 was increased in response to TWEAK treatment. However, only the
protein expression and activity of MMP9 were significantly upregulated. It tells us that maybe
post-transcriptional modification was involved in the MMP7, MMP8, MMP13 gene expres-
sion, whereas, this needs further studies. Furthermore, our data validated that the depletion of
MMP9 gene expression significantly reduced the enhanced migration of LX-2 cells induced by
TWEAK. It tells us that the strengthened migration was modulated by MMP9 gene in LX-2
cells.

MMP?9 is a member of gelatinases. It isn’t present in naive liver and can be induced under
different liver conditions[25]. MMP?9 is a multifunctional protein, including mediating leuko-
cyte traffic in hepatic ischemia and reperfusion injury[26], aggravating drug associated acute
liver injury[27], regulating hepatic regeneration[28] and liver fibrosis[29]. It has been reported
that MMP9 expression is observed in the early stages of liver fibrogenesis and MMP9 could
activated latent transforming growth factor beta, a major profibrotic cytokine[30]. Ehling et al.
documented that the pro-angiogenic gene vascular endothelial growth factor and MMP9 were
upregulated by macrophages in injured livers to form new blood vessel, which may contribute
to the progression of hepatic fibrosis[31]. Munch et al. revealed that MMP9 was associated
with fibrosis and cardiac events in hypertrophic cardiomyopathy[32]. Our study reveals that
TWEAK via increasing MMP9 expression facilitates HSCs migration. It tells us that MMP9
may play a role in the progression of liver fibrosis. Overall, the agents targeting MMP9 for the
therapy of liver fibrosis is worthy to be explored.

Our study revealed that TWEAK upregulated MMP9 expression in LX-2 cells. Henaut et al.
demonstrated that TWEAK favors calcification of vascular smooth muscle cells through acti-
vating canonical NF-xB pathway. Blockade of canonical NF-«B pathway reduced by 80% of
TWEAK pro-calcific properties[33]. Pettersen et al. documented that TWEAK binding to
Fn14 receptor has been shown to activate NF-«B signaling, which is important in cancer ther-
apy resistance and tumorigenesis[34]. Our research for the first time verified that TWEAK
activates canonical NF-kB pathway in LX-2 cells, which leads to an increase in MMP9 expres-
sion. In addition, our findings associated the upregulated MMP9 expression with the enhanced
migration of LX-2 cells.

Enhanced migration and myofibroblasts phenotype are notable characters of activated
HSCs[35]. Activated HSCs play a key role in liver fibrogenesis owing to their contractility phe-
notype and producing excessive ECM, which lead to portal hypertension and the stiffness of
liver tissue. It indicates that TWEAK accelerated the progression of liver fibrosis. Moreover,
our data revealed that 100 ng/ml TWEAK may have more potent effect on the progression of
liver fibrosis than 40 ng/ml TWEAK. The transwell assay showed that the amount of the
migrated cells in 100ng/ml TWEAK was more than 40 ng/ml TWEAK, although this didn’t
achieve statistically significant (Fig 1B). Additionally, the qRT-PCR, western blotting and Elisa
for MMP9 expression showed that 100 ng/ml TWEAK had higher level than 40ng/ml TWEAK
(Fig 2A, 2C and 2D). Moreover, the mRNA and protein expression of myofibroblasts marker
in LX-2 cells also indicated 100 ng/ml TWEAK presented higher levels when compared to 40
ng/ml TWEAK (Fig 5A and 5B).

Conclusions

In conclusion, the present study elucidated that TWEAK promotes HSCs migration via canon-
ical NF-xB/MMP9 pathway. All of these results indicated that TWEAK promoted HSCs
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activation. The obtained findings may provided a molecular basis for the treatment of liver
fibrosis by targeting TWEAK.

Acknowledgments

We thank Bin Zhang, Chao Deng, Fan Zhou, Yun Wang, Chaoqin Duan for their assistance in
this study.

Author Contributions

Conceptualization: MCX FZ YZZG.

Data curation: MZ MMZ MS.

Formal analysis: MS XPZ GFX.

Funding acquisition: YZZG.

Investigation: AXW CW YC MZ MMZ.

Methodology: MCX AXW YC.

Project administration: YZZG.

Resources: XPZ.

Supervision: YZZG.

Validation: MCX AXW CW YC MS.

Visualization: FZ MMZ.

Writing - original draft: MCX FZ.

Writing - review & editing: MCX FZ MMZ CW.

References

1.

Hernandez-Gea V, Friedman SL. Pathogenesis of liver fibrosis. Annu Rev Pathol 2011; 6:425-56. doi:
10.1146/annurev-pathol-011110-130246 PMID: 21073339

Puche JE, Saiman Y, Friedman SL. Hepatic stellate cells and liver fibrosis. Compr Physiol 2013; 3
(4):1473-92. doi: 10.1002/cphy.c120035 PMID: 24265236

Cao 'Y, Szabolcs A, Dutta SK, Yagoob U, Jagavelu K, Wang L, et al. Neuropilin-1 mediates divergent R-
Smad signaling and the myofibroblast phenotype. J Biol Chem 2010; 285(41):31840-8. doi: 10.1074/
jbc.M110.151696 PMID: 20675371

Cao S, Yagoob U, Das A, Shergill U, Jagavelu K, Huebert RC, et al. Neuropilin-1 promotes cirrhosis of
the rodent and human liver by enhancing PDGF/TGF-beta signaling in hepatic stellate cells. J Clin
Invest 2010; 120(7):2379-94. doi: 10.1172/JC141203 PMID: 20577048

Wang R, Ding Q, Yaqgoob U, de Assuncao TM, Verma VK, Hirsova P, et al. Exosome Adherence and
Internalization by Hepatic Stellate Cells Triggers Sphingosine 1-Phosphate-dependent Migration. J Biol
Chem 2015; 290(52):30684-96. doi: 10.1074/jbc.M115.671735 PMID: 26534962

Huang YH, Tiao MM, Huang LT, Chuang JH, Kuo KC, Yang YL, et al. Activation of Mir-29a in Activated
Hepatic Stellate Cells Modulates lts Profibrogenic Phenotype through Inhibition of Histone Deacety-
lases 4. PLoS One 2015; 10(8):e0136453. doi: 10.1371/journal.pone.0136453 PMID: 26305546

Kang N, Gores GJ, Shah VH. Hepatic stellate cells: partners in crime for liver metastases? Hepatology
2011; 54(2):707-13. doi: 10.1002/hep.24384 PMID: 21520207

Huebert RC, Jagavelu K, Liebl AF, Huang BQ, Splinter PL, LaRusso NF, et al. Inmortalized liver endo-
thelial cells: a cell culture model for studies of motility and angiogenesis. Lab Invest 2010; 90(12):1770—
81. doi: 10.1038/labinvest.2010.132 PMID: 20644520

PLOS ONE | DOI:10.1371/journal.pone.0167658 December 1,2016 12/14


http://dx.doi.org/10.1146/annurev-pathol-011110-130246
http://www.ncbi.nlm.nih.gov/pubmed/21073339
http://dx.doi.org/10.1002/cphy.c120035
http://www.ncbi.nlm.nih.gov/pubmed/24265236
http://dx.doi.org/10.1074/jbc.M110.151696
http://dx.doi.org/10.1074/jbc.M110.151696
http://www.ncbi.nlm.nih.gov/pubmed/20675371
http://dx.doi.org/10.1172/JCI41203
http://www.ncbi.nlm.nih.gov/pubmed/20577048
http://dx.doi.org/10.1074/jbc.M115.671735
http://www.ncbi.nlm.nih.gov/pubmed/26534962
http://dx.doi.org/10.1371/journal.pone.0136453
http://www.ncbi.nlm.nih.gov/pubmed/26305546
http://dx.doi.org/10.1002/hep.24384
http://www.ncbi.nlm.nih.gov/pubmed/21520207
http://dx.doi.org/10.1038/labinvest.2010.132
http://www.ncbi.nlm.nih.gov/pubmed/20644520

@° PLOS | ONE

Tumor Necrosis Factor-Like Weak Inducer of Apoptosis and Hepatic Stellate Cells

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Castilho-Fernandes A, de Almeida DC, Fontes AM, Melo FU, Picanco-Castro V, Freitas MC, et al.
Human hepatic stellate cell line (LX-2) exhibits characteristics of bone marrow-derived mesenchymal
stem cells. Exp Mol Pathol 2011; 91(3):664—72. doi: 10.1016/j.yexmp.2011.09.002 PMID: 21930125

Xu L, Hui AY, Albanis E, Arthur MJ, O’'Byrne SM, Blaner WS, et al. Human hepatic stellate cell lines, LX-
1 and LX-2: new tools for analysis of hepatic fibrosis. Gut 2005; 54(1):142-51. doi: 10.1136/gut.2004.
042127 PMID: 15591520

Coulouarn C, Corlu A, Glaise D, Guenon |, Thorgeirsson SS, Clement B. Hepatocyte-stellate cell cross-
talk in the liver engenders a permissive inflammatory microenvironment that drives progression in hepa-
tocellular carcinoma. Cancer Res 2012; 72(10):2533-42. doi: 10.1158/0008-5472.CAN-11-3317 PMID:
22419664

Mannaerts |, Schroyen B, Verhulst S, Van Lommel L, Schuit F, Nyssen M, et al. Gene expression profil-
ing of early hepatic stellate cell activation reveals a role for Igfbp3 in cell migration. PLoS One 2013; 8
(12):e84071. doi: 10.1371/journal.pone.0084071 PMID: 24358328

Burkly LC, Michaelson JS, Zheng TS. TWEAK/Fn14 pathway: an immunological switch for shaping tis-
sue responses. Immunol Rev 2011; 244(1):99-114. doi: 10.1111/j.1600-065X.2011.01054.x PMID:
22017434

Winkles JA. The TWEAK-Fn14 cytokine-receptor axis: discovery, biology and therapeutic targeting. Nat
Rev Drug Discov 2008; 7(5):411-25. doi: 10.1038/nrd2488 PMID: 18404150

Burkly LC. TWEAK/Fn14 axis: the current paradigm of tissue injury-inducible function in the midst of
complexities. Semin Immunol 2014; 26(3):229-36. doi: 10.1016/j.smim.2014.02.006 PMID: 24636536

Lopez-Dupla M, Maymo-Masip E, Martinez E, Domingo P, Leal M, Peraire J, et al. HIV-1/HAART-
Related Lipodystrophy Syndrome (HALS) Is Associated with Decreased Circulating sTWEAK Levels.
PLoS One 2015; 10(12):e0144789. doi: 10.1371/journal.pone.0144789 PMID: 26658801

Tirnitz-Parker JE, Viebahn CS, Jakubowski A, Klopcic BR, Olynyk JK, Yeoh GC, et al. Tumor necrosis
factor-like weak inducer of apoptosis is a mitogen for liver progenitor cells. Hepatology 2010; 52
(1):291-302. doi: 10.1002/hep.23663 PMID: 20578156

Bird TG, Lu WY, Boulter L, Gordon-Keylock S, Ridgway RA, Williams MJ, et al. Bone marrow injection
stimulates hepatic ductular reactions in the absence of injury via macrophage-mediated TWEAK signal-
ing. Proc Natl Acad Sci U S A 2013; 110(16):6542—7. doi: 10.1073/pnas.1302168110 PMID: 23576749

Burkly LC. TWEAK/Fn14 axis: the current paradigm of tissue injury-inducible function in the midst of
complexities. Semin Immunol 2014; 26(3):229-36. doi: 10.1016/j.smim.2014.02.006 PMID: 24636536

Padrao Al, Moreira-Goncalves D, Oliveira PA, Teixeira C, Faustino-Rocha Al, Helguero L, et al. Endur-
ance training prevents TWEAK but not myostatin-mediated cardiac remodelling in cancer cachexia.
Arch Biochem Biophys 2015; 567:13—-21. doi: 10.1016/j.abb.2014.12.026 PMID: 25575785

Berzal S, Gonzalez-Guerrero C, Rayego-Mateos S, Ucero A, Ocana-Salceda C, Egido J, et al. TNF-
related weak inducer of apoptosis (TWEAK) regulates junctional proteins in tubular epithelial cells via
canonical NF-kappaB pathway and ERK activation. J Cell Physiol 2015; 230(7):1580-93. doi: 10.1002/
jcp.24905 PMID: 25536182

Wilhelm A, Shepherd EL, Amatucci A, Munir M, Reynolds G, Humphreys E, et al. Interaction of TWEAK
with Fn14 leads to the progression of fibrotic liver disease by directly modulating hepatic stellate cell pro-
liferation. J Pathol 2016; 239(1):109-21. doi: 10.1002/path.4707 PMID: 26924336

Yu G, Herazo-Maya JD, Nukui T, Romkes M, Parwani A, Juan-Guardela BM, et al. Matrix metalloprotei-
nase-19 promotes metastatic behavior in vitro and is associated with increased mortality in non-small
cell lung cancer. Am J Respir Crit Care Med 2014; 190(7):780-90. doi: 10.1164/rccm.201310-19030C
PMID: 25250855

Garcia-lrigoyen O, Latasa MU, Carotti S, Uriarte |, Elizalde M, Urtasun R, et al. Matrix metalloproteinase
10 contributes to hepatocarcinogenesis in a novel crosstalk with the stromal derived factor 1/C-X-C che-
mokine receptor 4 axis. Hepatology 2015; 62(1):166—78. doi: 10.1002/hep.27798 PMID: 25808184

Duarte S, Baber J, Fuijii T, Coito AJ. Matrix metalloproteinases in liver injury, repair and fibrosis. Matrix
Biol 2015; 44-46:147-56. doi: 10.1016/j.matbio.2015.01.004 PMID: 25599939

Coito AJ. Leukocyte transmigration across endothelial and extracellular matrix protein barriers in liver
ischemia/reperfusion injury. Curr Opin Organ Transplant 2011; 16(1):34—40. doi: 10.1097/MOT.
0b013e328342542e PMID: 21150609

Nakamura K, Hatano E, Narita M, Miyagawa-Hayashino A, Koyama Y, Nagata H, et al. Sorafenib atten-
uates monocrotaline-induced sinusoidal obstruction syndrome in rats through suppression of JNK and
MMP-9. J Hepatol 2012; 57(5):1037—43. doi: 10.1016/j.jhep.2012.07.004 PMID: 22796153

Kato H, Kuriyama N, Duarte S, Clavien PA, Busuttil RW, Coito AJ. MMP-9 deficiency shelters endothe-
lial PECAM-1 expression and enhances regeneration of steatotic livers after ischemia and reperfusion
injury. J Hepatol 2014; 60(5):1032-9. doi: 10.1016/j.jhep.2013.12.022 PMID: 24412604

PLOS ONE | DOI:10.1371/journal.pone.0167658 December 1,2016 13/14


http://dx.doi.org/10.1016/j.yexmp.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21930125
http://dx.doi.org/10.1136/gut.2004.042127
http://dx.doi.org/10.1136/gut.2004.042127
http://www.ncbi.nlm.nih.gov/pubmed/15591520
http://dx.doi.org/10.1158/0008-5472.CAN-11-3317
http://www.ncbi.nlm.nih.gov/pubmed/22419664
http://dx.doi.org/10.1371/journal.pone.0084071
http://www.ncbi.nlm.nih.gov/pubmed/24358328
http://dx.doi.org/10.1111/j.1600-065X.2011.01054.x
http://www.ncbi.nlm.nih.gov/pubmed/22017434
http://dx.doi.org/10.1038/nrd2488
http://www.ncbi.nlm.nih.gov/pubmed/18404150
http://dx.doi.org/10.1016/j.smim.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24636536
http://dx.doi.org/10.1371/journal.pone.0144789
http://www.ncbi.nlm.nih.gov/pubmed/26658801
http://dx.doi.org/10.1002/hep.23663
http://www.ncbi.nlm.nih.gov/pubmed/20578156
http://dx.doi.org/10.1073/pnas.1302168110
http://www.ncbi.nlm.nih.gov/pubmed/23576749
http://dx.doi.org/10.1016/j.smim.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24636536
http://dx.doi.org/10.1016/j.abb.2014.12.026
http://www.ncbi.nlm.nih.gov/pubmed/25575785
http://dx.doi.org/10.1002/jcp.24905
http://dx.doi.org/10.1002/jcp.24905
http://www.ncbi.nlm.nih.gov/pubmed/25536182
http://dx.doi.org/10.1002/path.4707
http://www.ncbi.nlm.nih.gov/pubmed/26924336
http://dx.doi.org/10.1164/rccm.201310-1903OC
http://www.ncbi.nlm.nih.gov/pubmed/25250855
http://dx.doi.org/10.1002/hep.27798
http://www.ncbi.nlm.nih.gov/pubmed/25808184
http://dx.doi.org/10.1016/j.matbio.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25599939
http://dx.doi.org/10.1097/MOT.0b013e328342542e
http://dx.doi.org/10.1097/MOT.0b013e328342542e
http://www.ncbi.nlm.nih.gov/pubmed/21150609
http://dx.doi.org/10.1016/j.jhep.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22796153
http://dx.doi.org/10.1016/j.jhep.2013.12.022
http://www.ncbi.nlm.nih.gov/pubmed/24412604

@° PLOS | ONE

Tumor Necrosis Factor-Like Weak Inducer of Apoptosis and Hepatic Stellate Cells

29.

30.

31.

32.

33.

34.

35.

Zhang F, Zhuge YZ, Li YJ, Gu JX. S-adenosylmethionine inhibits the activated phenotype of human
hepatic stellate cells via Rac1 and matrix metalloproteinases. Int Inmunopharmacol 2014; 19(2):193—
200. doi: 10.1016/j.intimp.2014.01.021 PMID: 24495518

Li XM, Peng JH, Sun ZL, Tian HJ, Duan XH, Liu L, et al. Chinese medicine CGA formula ameliorates
DMN-induced liver fibrosis in rats via inhibiting MMP2/9, TIMP1/2 and the TGF-beta/Smad signaling
pathways. Acta Pharmacol Sin 2016; 37(6):783-93. doi: 10.1038/aps.2016.35 PMID: 27133300

Ehling J, Bartneck M, Wei X, Gremse F, Fech V, Mockel D, et al. CCL2-dependent infiltrating macro-
phages promote angiogenesis in progressive liver fibrosis. Gut 2014; 63(12):1960-71. doi: 10.1136/
gutjnl-2013-306294 PMID: 24561613

Munch J, Avanesov M, Bannas P, Saring D, Kramer E, Mearini G, et al. Serum Matrix Metalloprotei-
nases as Quantitative Biomarkers for Myocardial Fibrosis and Sudden Cardiac Death Risk Stratification
in Patients With Hypertrophic Cardiomyopathy. J Card Fail 2016.

Henaut L, Sanz AB, Martin-Sanchez D, Carrasco S, Villa-Bellosta R, Aldamiz-Echevarria G, et al.
TWEAK favors phosphate-induced calcification of vascular smooth muscle cells through canonical and
non-canonical activation of NFkappaB. Cell Death Dis 2016; 7:€2305. doi: 10.1038/cddis.2016.220
PMID: 27441657

Pettersen |, Baryawno N, Abel F, Bakkelund WH, Zykova SN, Winberg JO, et al. Expression of
TWEAK/Fn14 in neuroblastoma: implications in tumorigenesis. Int J Oncol 2013; 42(4):1239-48. doi:
10.3892/ij0.2013.1800 PMID: 23443741

Mederacke I, Hsu CC, Troeger JS, Huebener P, Mu X, Dapito DH, et al. Fate tracing reveals hepatic
stellate cells as dominant contributors to liver fibrosis independent of its aetiology. Nat Commun 2013;
4:2828. doi: 10.1038/ncomms3823 PMID: 24264436

PLOS ONE | DOI:10.1371/journal.pone.0167658 December 1,2016 14/14


http://dx.doi.org/10.1016/j.intimp.2014.01.021
http://www.ncbi.nlm.nih.gov/pubmed/24495518
http://dx.doi.org/10.1038/aps.2016.35
http://www.ncbi.nlm.nih.gov/pubmed/27133300
http://dx.doi.org/10.1136/gutjnl-2013-306294
http://dx.doi.org/10.1136/gutjnl-2013-306294
http://www.ncbi.nlm.nih.gov/pubmed/24561613
http://dx.doi.org/10.1038/cddis.2016.220
http://www.ncbi.nlm.nih.gov/pubmed/27441657
http://dx.doi.org/10.3892/ijo.2013.1800
http://www.ncbi.nlm.nih.gov/pubmed/23443741
http://dx.doi.org/10.1038/ncomms3823
http://www.ncbi.nlm.nih.gov/pubmed/24264436

