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1  |  INTRODUC TION

Liver fibrosis is a challenging global health problem caused by a 
wide range of chronic liver impairment, such as viral infections, 
excessive alcohol drinking and drug toxins.1,2 Liver fibrosis is 
characterized by the excessive deposition of extracellular matrix 
(ECM) during wound-healing response period and associated with 

progression to advanced liver cirrhosis and hepatocellular carci-
noma (HCC).3 However, no specific efficacious therapy for liver 
fibrosis due to substantial progress in understanding the underly-
ing mechanisms.

Hepatic stellate cells (HSCs) are the primary mesenchymal cells 
and would transform from a quiescent state to an active state fol-
lowing liver injury.4,5 Numerous studies have reported that the 
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Abstract
Liver fibrosis is a chronic inflammatory process characterized by the accumulation of 
extracellular matrix (ECM), which contributes to cirrhosis and hepatocellular carci-
noma. Increasing evidence suggests that the activation of hepatic stellate cells (HSCs) 
under an inflammatory state leads to the secretion of collagens, which can cause 
cirrhosis. In this study, we analysed data from the Gene Expression Omnibus (GEO) 
databases to identify differentially expressed genes (DEGs) between quiescent and 
fibrotic HSCs. We found that Microfibril Associated Protein 2 (MFAP2) was elevated 
in carbon tetrachloride (CCl4)-induced liver fibrosis and Transforming Growth Factor-
Beta 1 (TGF-β1)-activated HSCs. Knockdown of MFAP2 inhibited HSC proliferation 
and partially attenuated TGF-β-stimulated fibrogenesis markers. Bioinformatics anal-
ysis revealed that Fibrillin-1 (FBN1) was correlated with MFAP2, and the expression 
of FBN1 was significantly upregulated after MFAP2 overexpression. Silencing MFAP2 
partially attenuated the activation of HSCs by inhibiting HSC proliferation and de-
creasing collagen deposits. In vitro results showed that the inhibition of MFAP2 allevi-
ated hepatic fibrosis by inhibiting the activation and inducing the apoptosis of active 
HSCs in a CCl4-induced mouse model. In conclusion, our results suggest that MFAP2 
is a potential target for the clinical treatment of liver fibrosis.
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activation and proliferation of HSCs contributed to accumulation of 
non-functioning ECM.6,7 Recent data have indicated that targeting 
HSC activation could reverse advanced fibrosis by inducing acti-
vated HSC apoptosis and inhibiting ECM production.6,8 Therefore, 
identifying proper genes could provide new insights to slow the pro-
gression of liver fibrosis.

Microfibril-associated protein 2 (MFAP2), a protein component 
of ECM microfibrils, has been reported to involve in elastic fibre 
formation, vascular and skeletal integrity, and energy metabolism of 
adipose tissue.9–11 It was found that MFAP2 interacted with micro-
fibrillin to regulate microfibril functioning by binding active forms of 
transforming growth factor-β (TGF-β) and bone morphogenetic pro-
teins (BMPs).12,13 An increase expression of MFAP2 was observed in 
several malignant tumour tissues, including gastric cancer, head and 
neck squamous cell carcinomas and papillary thyroid cancer.14–16 
TGF-β1 is a well-known pro-fibrogenic factor predominantly pro-
duced by hepatocytes and Kupffer cells and promoted HSCs activa-
tion in liver during chronic inflammation.8,17,18 Furthermore, MFAP2 
was found to promote epithelial–mesenchymal transition of gastric 
cancer cells by activating TGF-β/SMAD2/3 signalling pathway.14 
However, no studies have reported the function of MFAP2 in liver 
fibrosis.

In the current paper, GEO datasets were selected for genome-
wide gene expression profile analysis and identified MFAP2 as one 
of the differentially expressed genes (DEGs) between quiescent 
HSCs and fibrotic HSCs. Then the role of MFAP2 in liver fibrosis 
both in vivo and in vitro.

2  |  MATERIAL S AND METHODS

2.1  |  Identification of DEGs from GEO

RNA sequencing (RNA-Seq) expression data from GSE120281, 
GSE151251 and GSE176042 were downloaded from the GEO da-
tabase (http://www.ncbi.nlm.nih.gov/geo). The online analysis soft-
ware easyGEO (https://tau.cmmt.ubc.ca/eVITT​A/easyG​EO/#) was 
used to analyse the DEGs between the quiescent HSCs and fibrotic 
HSCs according to a threshold of adjusted p < 0.05 and a |log 2FC| 
≥2. A heatmap was created to show the identified DEGs.

2.2  |  Cell line and culture conditions

The immortalized human hepatic stellate cell line LX-2 was ob-
tained from Cell bank of Chinese Academy of Sciences (Shanghai, 
China) and cultured in Dulbecco's modified Eagle's medium (DMEM) 
(Sigma-Aldrich, St. Louis, MO, United States) containing 10% fetal 
bovine serum (Sigma-Aldrich) and 1% penicillin/streptomycin. The 
cells were incubated at 37°C in a humidified atmosphere supplied 
with 5% CO2. LX-2 cells were activated with 5 ng/mL recombinant 
human TGF-β1 (Protein Tech Group, Inc, Chicago, USA). To inhibit 
the TGF-β1/Smad3 signalling pathway, LX-2 cells were treated with 

10 μM SB431542 (type I TGF-β1 receptor inhibitor) (Selleckchem, 
USA) for 24 h after MFAP2 overexpression.

2.3  |  RNA extraction and quantitative real-time 
PCR (RT-qPCR)

Total RNA was extracted using TRIzol reagents (Invitrogen, CA, USA) 
according to the manufacturer's instructions. Then, 1 μg of RNA was 
then transcribed into complementary DNA (cDNA) using Prime-
Script™ RT reagent Kit (Takara Biomedical Technology Co., Ltd, Da-
lian, China). Target genes were quantified by quantitative real-time 
PCR with TB Green® Fast qPCR Mix (Takara Biomedical Technology 
Co., Ltd) using the ABI PRISM 7900HT Sequence Detection System 
(Applied Biosystems, Foster City, CA, USA). All primers were synthe-
sized by Sangon Biotech (Shanghai, China) and their sequences were 
shown at Table S1. The 2−ΔΔCt methodology was employed in gene 
expression analysis and GAPDH was used as the housekeeping gene 
for normalization.

2.4  |  Construction of plasmids, lentivirus 
production and transduction

The cDNA of human MFAP2 and FBN1 were cloned into pCDH-
CMV-MCS-EF1α-Puro expression lentivector and pcDNA™3.1 (+), 
respectively. An empty vector served as a negative control. Small 
hairpin RNAs (shRNAs) against MFAP2 were synthesized by Sangon 
Biotech. The MFAP2 shRNA was cloned into pLKO.1-TRC cloning 
vector to produce plasmids termed shMFAP2#1 and shMFAP2#2, a 
non-targeting shRNA served as a negative control.

For MFAP2 overexpression and knockout experiments, lentivi-
ruses were generated by transfecting MFAP2, or shMFAP2#1 and 
shMFAP2#2 with packaging plasmids using FuGENE® 6 Transfec-
tion Reagent (Promega, Madison, WI, USA) in 293 T cells. Lenti-
viruses were harvested 72 h after transfection and filtered with 
a 0.45-μm filter (Millipore, MA, USA). Cells were infected with 
lentiviruses with 8 μg/mL polybrene (Sigma-Aldrich®, St. Louis, 
MI, USA) for 48 h and then selected by adding 2 μg/mL puromycin 
(Sigma-Aldrich®).

2.5  |  Cell proliferation and apoptosis assay

Cells of each group were plated in 96-well plates at a density of 
2 × 103 cells per well, 10 μL of the CCK-8 reagent (Dojindo Molecular 
Technologies Inc., Japan) was added into each well and incubated at 
37°C for 2 h. Then the absorbance value (optical density) was meas-
ured at 450 nm using a SPECTRAmax microplate spectrophotometer 
(Molecular Devices, Sunnyvale, CA, USA).

Cell apoptosis was assessed by flow cytometry assay using FITC 
Annexin V Apoptosis Detection Kit I (BD Biosciences, San Jose, CA, 
USA) according to the manufacturer's instructions. In brief, cells 
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were harvested and stained with annexin V-FITC and propidium io-
dide (PI). The apoptotic cells were measured using a BD FACSCalibur 
flow cytometer (BD Biosciences).

2.6  |  Haematoxylin–eosin and Masson staining

Fresh mouse liver tissues were fixed in 10% neutral buffer for-
malin (Sangon Biotech) for 24 h and embedded in paraffin. 
Then the liver sections were cut into a thickness of 5-μm slices. 
Haematoxylin–eosin and Masson were performed to assess the 
liver pathology.

2.7  |  Biochemical analysis

At the end of the treatment, the mouse blood was collected from the 
eye socket and removed remaining cellular debris by centrifugating. 
Serum alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) were detected using the Automated Biochemical Ana-
lyser (AU-680, Beckman, Germany).

2.8  |  Immunofluorescence staining

Cells were seeded on coverslip for 24 h, then cells were fixed in 
10% neutral buffer formalin, permeabilized in 0.5% Triton X-100 for 
20 min. After blocking with 1% bovine serum albumin at room tem-
perature. The slides were incubated with the primary antibody for 
double immunofluorescence staining overnight at 4°C. The primary 
antibodies used were as follows: rabbit anti-α-SMA (55135-1-AP, 
Proteintech, China) and rabbit anti-COL1A1 (E6A8E) (#39952, Cell 
Signalling Technology, Boston, MA, USA). Subsequently, a CY3 or 
FITC-conjugated secondary antibody was incubated at room tem-
perature in the dark. Nuclei were stained with DAPI for 5 min under 
dark conditions. Images were captured using a confocal scanning 
microscope (Olympus).

2.9  |  Immunohistochemical staining

Immunohistochemical staining was performed as previously 
described.19

The mouse liver tissue sections were deparaffinized, hy-
drated, subjected to antigen retrieval and incubated with 0.3% 
hydrogen peroxide (H2O2) to block endogenous peroxidase ac-
tivity. Then, the sections were incubated with primary antibod-
ies against MFAP2 (PA5-52425, Invitrogen, CA, USA), FBN 1 
(ab53076, Abcam, Cambridge, England, UK), α-SMA and COL1A1 
overnight at 4°C. Finally, the sections were visualized with 0.05% 
3,3-diamino-benzidine tetrachloride (DAB) and the sections were 
photographed under a light microscope (Nikon E400, Chiyoda, 
Tokyo, Japan).

2.10  |  Western blot

Cells of each group were harvested and lysed by RIPA lysis buffer 
(Cell Signalling Technology) containing phosphatase and protease 
inhibitors (Sigma-Aldrich). Equal amounts (40 μg) of proteins were 
separated by 10% SDS-PAGE and then transferred to polyvinylidene 
fluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). After 
blocking with 5% nonfat dry milk, the membranes were incubated 
with primary antibody against MFAP2, FBN1, Phospho-Smad3 
(Ser423/425) (C25A9) (#9520, Cell Signalling Technology), α-SMA, 
COL1A1 and COL3A1 (#30565, Cell Signalling Technology) over-
night at 4°C. The blots were visualized with enhanced chemilumi-
nescence (ECL, Millipore, Boston, MA, USA) using a ChemiDoc 
Imaging System (BioRad Laboratories Inc.).

2.11  |  Experimental animals

C57BL/6J (8 weeks old) male mice were purchased from Department 
of Laboratory Animal of Shanghai ZY Inc (Shanghai, China). The mice 
were feed in s specific pathogen free environment (SPF). All animal 
experimental protocols were conducted in accordance with the In-
stitutional Animal Care and Use Committee of SHZY (IACUC) Guide 
for Care and Use of Laboratory Animals (NO. SHZY-202201253).

Mice were randomly categorized into five groups: Control 
group (normal saline), model group (CCl4 treatment, 10% CCl4, 
1 mL/kg, twice a week for 8 weeks), SCR group (CCl4 treatment + 
lentivirus-mediated negative control), sh-MFAP2#1 (CCl4 treatment 
+ lentivirus-mediated short hairpin RNA targeting MFAP2) and 
sh-MFAP2#2 (CCl4 treatment + lentivirus-mediated short hairpin 
RNA targeting MFAP2). Meanwhile, during the induction period of 
chronic liver fibrosis, mice were injected with 1 × 108 TU lentivirus 
via tail vein of once per week after 4 weeks CCl4 treatment.

2.12  |  Statistics analysis

Data are presented as the mean ± SD of at least three independent ex-
periments. Two-tailed unpaired Student's t-test was used to analysed p 
value between two groups and a one-way anova was used to analysed 
p value for multi-group comparisons. All statistical analyses were per-
formed using GraphPad Prism 5.0 program (GraphPad Software Inc.; 
San Diego, CA, USA). p < 0.05 was thought as significant statistically.

3  |  RESULTS

3.1  |  MFAP2 was upregulated in activated HSCs 
and liver fibrosis

To determine DEGs of HSCs in CCl4-induced liver fibrosis in mouse 
models, RNA-sequencing datasheets (GSE120281, GSE151251 
and GSE176042) containing quiescent or fibrotic HSCs were 
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analysed with the criterion of |log fold change| >2 and p values <0.05 
(Figure  1A). Using Venn diagram online tool, 8 upregulated genes 
(PTGS2, SSC5D, MFAP2, SLIT3, PRG4, SERPINE2, PI16, ACTA2) 
associated with HSCs activation were identified from the three 
datasets (Figure 1B). The expression of MFAP2 was significantly in-
creased in CCl4-induced fibrotic mouse liver HSCs compared with 
normal liver HSCs according to GSE120281 and GSE176042 data-
sets (Figure 1C,E), as well as human HSCs treated with TGF-β1 treat-
ment (Figure 1D). Furthermore, MFAP2 expression was significantly 
upregulated in LX-2 cells with TGF-β1 treatment both at mRNA and 
protein level (Figure 1F), which suggested that abnormal MFAP2 ex-
pression might participate in the progression of liver fibrosis.

3.2  |  Knockdown of MFAP2 inhibits HSCs 
to activation

To directly evaluate the role of MFAP2 in HSCs activation, en-
dogenous MFAP2 expression in LX-2 cells were knocked down by 

lentivirus-mediated shRNA. As shown in Figure  2A, knockdown of 
MFAP2 could significantly decrease the mRNA expression of MFAP2, 
as well as the expression of fibrotic genes such as p-SMAD3, α-SMA, 
COL1A1 and COL3A1. CCK-8 assay was used in the evaluation of the 
cell viability, as shown in Figure 2B, there was no significant difference 
in cell viability after TGF-β1 treatment. However, there was a significant 
decrease in cell viability after MFAP2 silencing (Figure 2B). Similarly, cell 
apoptosis was assessed using flow cytometry and the results showed a 
significant increase of cell apoptosis rate was observed compared with 
the blank and TGF-β1 groups (Figure 2C). However, there was no sta-
tistical significance between the blank and TGF-β1 groups (Figure 2C). 
Western blot analysis verified the efficiency of MFAP2 knockdown and 
the protein expression of α-SMA, COL1A1 and COL3A1 was induced 
by TGF-β1 (Figure  2D). Interestingly, the increased of fibrotic genes 
were restricted when MFAP2 was knocked down (Figure 2D). Immuno-
fluorescent staining also revealed that the increase expression levels of 
α-SMA and COL1A1 induced by TGF-β1 stimulation was partially sup-
pressed by MFAP2 silencing (Figure 2E). These results demonstrated 
that MFAP2 silencing significantly inhibited HSC activation in vitro.

F I G U R E  1  MFAP2 is elevated in CCl4-induced fibrotic liver HSCs and activated HSCs. (A) Heatmaps of differentially expressed genes 
of GSE120281, GSE151251 and GSE176042 datasheets. (B) Venn diagram of common DEGs in the three datasets. (C–E) The expression of 
MFAP2 in GSE120281, GSE151251 and GSE176042 datasheets. (F) The mRNA and protein expression levels of MFAP2 in LX-2 cells with 
TGF-β1 treatment. **p < 0.01, ***p < 0.001.
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F I G U R E  2  Knockdown of MFAP2 inhibited TGF-β-activated HSCs. (A) Relative mRNA levels of MFAP2, α-SMA, COL1A1 and COL3A1 
were determined by RT-qPCR as indicated treatment. (B) Cell viability and (C) cell apoptosis were determined in LX-2 cells after 5 ng/mL 
TGF-β1 with or without MFAP2 silencing. (D) Protein expression of MFAP2, p-SMAD3, α-SMA, COL1A1 and COL3A1 in LX-2 cells after 
5 ng/mL TGF-β1 with or without MFAP2 silencing. (E) Represent immunofluorescence images of α-SMA and COL1A1 as indicated treatment. 
**p < 0.01 versus the blank groups; #p < 0.05 versus the SCR group.
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3.3  |  MFAP2 modulates TGF-β1-mediated 
accumulation of extracellular matrix in LX-2 cells

Considering the upregulated MFAP2 expression in fibrotic HSCs, 
it prompted us to determine whether overexpression of MFAP2 
contributed to HSCs activation. RT-qPCR and western blot exhib-
ited a significant increase level of MFAP2 after MFAP2 overex-
pression (Figure 3A,D). The mRNA expression level of pro-fibrotic 
gene (α-SMA, COL1A1 and COL3A1) was strongly increased after 
MFAP2 overexpression (Figure 3A). CCK-8 assay showed that the 
overexpression of MFAP2 promoted the proliferation of LX-2 cells 
(Figure  3B). However, the apoptotic cells were not remarkably 
changed using flow cytometry (Figure 3C). Western blot analysis 
also showed that overexpression of MFAP2 promoted the expres-
sion of α-SMA, COL1A1 and COL3A1 in LX-2 cells (Figure 3D). En-
hanced α-SMA and COL1A1 expression was observed in MFAP2 
overexpressed LX-2 cells by immunofluorescence (Figure  3E). 
The canonical TGF-β/SMAD pathway was reported involved in 
liver fibrosis.20,21 Interestingly, the protein levels of p-Smad3 was 
dramatically increased in LX-2 cells after MFAP2 overexpression 
(Figure 3D). To further investigate the effect of TGF-β1/Smad sig-
nalling on HSC activation after MFAP2 overexpression, SB431542 
(TGF-β1 inhibitor) was used to explore the role of TGF-β1/Smad sig-
nalling in MFAP2-indued the activation of HSCs. Notably, pharma-
cological inhibition of TGF-β1/Smad signalling could significantly 
attenuated the upregulation of α-SMA, COL1A1 and COL3A1 
at transcriptional level (Figure  3A). Furthermore, SB431542 ef-
fectively inhibited the cell proliferation induced by MFAP2 (Fig-
ure  3B), as well as indued the apoptosis level of LX-2 cells after 
MFAP2 overexpression (Figure  3C). Moreover, MFAP2-induced 
expression of fibrotic markers was partly abolished by SB431542 
treatment using western blot (Figure 3D) and immunofluorescence 
(Figure 3E). These results suggest that MFAP2 promotes upregu-
lation of fibrosis-related genes by activating the TGF-β1/Smad3 
signalling pathway.

3.4  |  Expression of MFAP2 and its correlation 
with FBN1

To elucidate the underlying mechanism of MFAP2-induced activa-
tion of LX-2 cells, STRING and GeneMANIA were used to predict 
the interaction genes with MFAP2. As shown in Figure  4A, there 
were 21 potential genes correlated genes with MFAP2, including 
Eln, Ep300, Fbln5, Fbn1 and Fbn2. Gene–gene interaction analysis 
showed 20 correlated genes with MFAP2 by GeneMANIA, such as 
Mfap5, Fbn1, Fbn2 and Fn1 (Figure 4B). There were four common 

genes were identified using Venn diagram online tool, including 
Fbn2, Jag1, Eln and Fbn1 (Figure 4C). Then Fbn1 was selected due 
to the increase expression of FBN1 in GSE120281, GSE151251 
and GSE176042 datasheets (Figure 4D). A positive correlation was 
observed in GSE120281, GSE151251 and GSE176042 datasets 
(Figure  4E). Consistently, FBN1 positively correlated with the ex-
pression of MFAP2 in normal liver tissues based on TCGA datasets 
(Figure  4F). Furthermore, FBN1 was upregulated after treatment 
with TGF-β1 (Figure  4G). However, MFAP2 knockdown partly at-
tenuated the increase of FBN1 induced by TGF-β1, suggesting that 
MFAP2 could affect the stability of FBN1 (Figure 4G).

3.5  |  MFAP2 drives the expression of FBN1 via 
TGF-β/Smad3 signalling pathway

Previous reports have shown that FBN1 was remarkably upregu-
lated in several organ fibrosis and related to the development of 
liver fibrosis.22–24 Then we explored whether FBN1 was required 
for the biological functions of MFAP2. FBN1 was overexpressed in 
MFAP2 stable knockdown LX-2 cells. As shown in Figure 5A, FBN1 
was significantly increased after FBN1 overexpression. Western 
blotting analysis also showed that FBN1 could partly reverse the 
decreased expression of fibrotic markers induced by MFAP2 si-
lencing, as well as p-Smad3 (Figure 5A). Similarly, the mRNA level 
of fibrotic markers (α-SMA, COL1A1 and COL3A1) was increased 
after FBN1 overexpression (Figure 5B). Furthermore, overexpres-
sion of FBN1 remarkably restored the cell proliferation (Figure 5C) 
and inhibited cell apoptosis (Figure  5D) as compared to control, 
suggesting that MFAP2 mediated TGF-β/Smad3 signalling pathway 
and fibrotic markers during liver fibrosis by upregulating the ex-
pression of FBN1.

3.6  |  Inhibition of MFAP2 attenuate hepatic 
injury and fibrosis induced by CCl4 in mice

To further conform the role of MFAP2 on liver fibrosis, a mouse 
model of hepatic fibrosis in C57BL/6J mice (n = 8) caused by in-
jecting CCl4 was established. The mRNA level of MFAP2 and 
FBN1 were significantly higher in mouse liver fibrotic tissues 
than in blank mice fed a standard diet (Figure  6A,B). In corrob-
oration with the histological data, the protein levels of MFAP2 
were significantly increased, as well as of FBN1 (Figure 6D). The 
increase of AST and ALT levels were observed in mice treated 
with CCl4 (Figure 6C). Liver injury and fibrosis were assessed by 
haematoxylin–eosin staining and Masson's trichrome staining. 

F I G U R E  3  MFAP2 induced activation of HSCs by TGF-β1/Smad3 pathway. LX-2 cells were transduced with vector lentiviruses or MFAP2 
lentiviruses, then 10 μM SB431542 (TGF-β1/Smad inhibitor) was added into MFAP2 overexpressed LX-2 cells. (A) The mRNA level of 
MFAP2, α-SMA, COL1A1 and COL3A1 in LX-2 cells as the indicated treatment. (B) Cell proliferation and (C) Cell apoptosis was assessed by 
CCK-8 and flow cytometry assay, respectively. (D) Western blotting of MFAP2, p-Smad3, α-SMA, COL1A1 and COL3A1. (E) Expression of 
α-SMA and COL1A1 was measured by immunofluorescence. **p < 0.01 versus control vector group, #p < 0.05 versus MFAP2 group.
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haematoxylin–eosin staining showed the presence of inflamma-
tory cell infiltration, lobular disorder and hepatocytes necrotic 
in the liver (Figure  6D). Masson's trichrome staining indicated 
that collagen was increased and deposited (Figure  6D). Similar 
results were observed for mice treated with CCL4 and SCR len-
tiviruses. However, lentiviruses with targeting MFAP2 showed 
the decrease mRNA level of MFAP2 and FBN1 (Figure  6A,B). 
Furthermore, shMFAP2 treatment remarkably suppressed the ex-
pression of AST and ALT, which was elevated in the model group 

(Figure  6C). Moreover, pathological examinations showed that 
shMFAP2 treatment led to a decrease inflammatory cell infiltra-
tion and collagen deposition (Figure  6D). In addition, immuno-
histochemical staining revealed that FBN1 and fibrotic markers 
(α-SMA and COL1A1) were markedly downregulated after MFAP2 
silencing (Figure 6D). Western blot also showed the expression of 
p-SMAD3, MFAP2 and FBN1 in hepatic tissues (Figure 6E). Our 
data suggested that MFAP2 might be involved in liver fibrosis by 
regulating the expression of FBN1.

F I G U R E  4  Expression of FBN1 and its correlation with MFAP2. (A) Gene–Gene interaction of MFAP2 predicted by STRING. (B) Gene–
Gene Interaction of MFAP2 predicted by GeneMANIA. (C) The Venn diagram of common genes between STRING and GeneMANIA 
datasheets. (D) The mRNA level of FBN1 in GSE120281, GSE151251 and GSE176042 datasheets. (E, F) Correlation analysis results of 
MFAP2 with FBN1 in GSE120281, GSE151251 and GSE176042 datasheets (E) and TCGA database (F). (G) The expression of FBN1 in LX-2 
cells after 5 ng/mL TGF-β1 with or without MFAP2 silencing.
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4  |  DISCUSSION

Liver fibrosis is a common pathological feature of chronic inflamma-
tory liver damage and will develop into liver cirrhosis, liver failure 
and HCC.13,25 Activation of HSCs played critical roles in the develop-
ment of liver fibrosis due to the secretion of ECM (mainly Type I col-
lagen), which contributed to liver fibrosis.8,26 Increasing studies have 
shown that targeting HSCs would slow down fibrosis regression by 
decreasing the production and deposition of ECM.27–29 Neverthe-
less, the underlying molecular mechanisms and the potential targets 
for treatment have not well characterized in-depth.

In this study, three independent GEO databases (between qui-
escent and fibrotic HSCs by high throughput sequencing) were 
used to identify eight common upregulated genes. Among the up-
regulated genes, MFAP2 were obtained for further experiments 
due to its localization and function.9,12 Previous studies have shown 

that MFAP2 was involved in controlling growth factor signal trans-
duction and interacted with the TGF-β superfamily members to 
promote tumour progression, particularly in relation to epithelial-
mesenchymal transition (EMT) and ECM remodelling.9,30–32 In our 
present study, MFAP2 was found to be increased in CCl4-induced 
fibrotic HSCs and TGF-β1-activated HSCs. In TGF-β1-stimulated 
LX-2 cells, knockdown of MFAP2 partially attenuated TGF-β1-
induced HSCs viability and production of ECM components. Fur-
thermore, overexpression of MFAP2 facilitated proliferation and 
activation of HSCs, mediated by TGF-β1/Smad3 signalling. More-
over, Integrative network analysis revealed that the MFAP2 could 
upregulate the expression of FBN1. FBN1 was reported to involve 
in ECM organization in liver fibrosis based on bioinformatics anal-
ysis.33 FBN1 was reported to interact with other ECM proteins 
to regulate the bioavailability of TGFβ family members to coordi-
nate elasticity to connective tissues.34 Enforcing FBN1 expression 

F I G U R E  5  MFAP2 drives HSCs activation through the FBN1/TGF-β1/SMAD3 signalling pathway. Stable MFAP2 knockdown LX-2 cells 
were transfected with control or FBN1. (A) Protein expression of FBN1, p-Smad3, α-SMA, COL1A1 and COL3A1 by western blot. (B) RT-
qPCR detection of α-SMA, COL1A1 and COL3A1 mRNA levels. (C) Cell proliferation (D) cell apoptosis.



3244  |    SUN et al.

could partially reversed the effects of MFAP2 silencing on HSCs 
in vitro. Treatment with lentiviruses with targeting MFAP2 signifi-
cantly extenuated the pathological changes induced by CCl4 and 
improved the liver function of mice.

Previous studies have shown that MFAP2 bind with fibrillin-1 
and TGFβ contributes to induce the expression of genes linked to 
cell adhesion, motility, metabolism, gene expression, development 
and signal transduction.13,35 MFAP2 was reported to promote EMT 
by activating TGF-β/SMAD2/3 signalling pathway in gastric cancer 

cells.14 In this study, MFAP2 was found to be positively correlated 
with FBN1, and MFAP2 promoted the expression of FBN1. Further-
more, functional assays showed that overexpression of FBN1 could 
significantly reverse the inhibition effects in LX-2 cells after MFAP2 
knockdown, which indicated that FBN1 was required for MFAP2-
regulated activation of HSCs. FBN1 was also shown to regulate 
storage and activation of TGF-β in the human idiopathic pulmonary 
fibrosis.36 Our in vivo experiments also showed the decrease ex-
pression of FBN1 after MFAP2 knockdown.

F I G U R E  6  Inhibition of MFAP2 relieved liver pathological damage and improved liver function. Mice (each group n = 8) were assigned 
into five groups: blank, CCl4, CCl4 with SCR, CCl4 with shMFAP2#1 and CCl4 with shMFAP2#2. Serum and liver tissues were harvested 
for following experiments. (A) The mRNA level of MFAP2. (B) The mRNA level of FBN1. (C) The alteration of serological ALT and AST 
concentration. (D) Liver histological alterations using haematoxylin–eosin and Masson staining and IHC of MFAP2, FBN1, α-SMA and 
COL1A1. (E) Protein expression of p-SMAD3, MFAP2 and FBN1 in different groups of mice. **p < 0.01 versus blank group; #p < 0.01, versus 
CCl4 treated group.
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Our study has its limitations. We only focused on activation of 
HSCs affected by MFAP2 and the role of MFAP2 in collagen de-
posits and ECM organization. We did not investigate the effects of 
MFAP2 on collagen deposits and ECM organization in hepatocytes. 
In future research, we will explore the effects of MFAP2 on collagen 
deposits and ECM organization in hepatocytes. Second, targeted 
deletion of MFAP2 in HSCs and mice lacking MFAP2 in HSCs were 
needed to verify the roles of MFAP2 in collagen deposits and ECM 
organization.

5  |  CONCLUSIONS

In conclusion, to the best of our knowledge, this is the first study 
to demonstrate the potential role of MFAP2 in the activation of 
HSCs during liver fibrosis. MFAP2 was significantly overexpressed 
in liver fibrosis and activated HSCs after continuous inflammatory 
stimulation. MFAP2 bind FBN1 to triggered TGF-β1/Smad signalling 
pathway to activate HSCs to product ECM (Figure 7). Our findings 
suggest that targeting MFAP2 may be a promising interventional 
strategy for liver fibrosis in the future.
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