
Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4206 

International Journal of Biological Sciences 
2023; 19(13): 4206-4222. doi: 10.7150/ijbs.81581 

Research Paper 

FOXC2-AS1/FOXC2 axis mediates matrix 
stiffness-induced trans-differentiation of hepatic stellate 
cells into fibrosis-promoting myofibroblasts  
Liankang Sun1, Yue Li1, Hao Wang1, Xuelian Xiao1, Xuenan Luo2, Ruida Yang2, Jinyan Li2, Yifei Ma2, 
Qingguang Liu1, Kangsheng Tu1,, Yu Shi3, 

1. Department of Hepatobiliary Surgery, the First Affiliated Hospital of Xi’an Jiaotong University, Xi’an 710061, China. 
2. Zonglian College of Xi’an Jiaotong University, Xi’an 710061, China. 
3. Department of Oncology, the First Affiliated Hospital of Xi’an Jiaotong University, Xi’an 710061, China.  

 Corresponding authors: Prof. Kangsheng Tu, Tel: +8602985323905, Email: tu.kangsheng@xjtu.edu.cn. Dr. Yu Shi, Tel: +8602985324036, Email: 
515517251@qq.com. 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2022.12.06; Accepted: 2023.07.25; Published: 2023.08.06 

Abstract 

Matrix stiffness is a central modulator of hepatic stellate cells (HSCs) activation and hepatic fibrogenesis. 
However, the long non-coding RNAs (lncRNAs)-regulated transcriptional factors linking matrix stiffness 
to alterations in HSCs phenotype are not completely understood. In this study, we investigated the 
effects of matrix stiffness on HSCs activation and its potential mechanism. Through analysis the RNA-seq 
data with human primary HSCs cultured on 0.4 kPa and 25.6 kPa hydrogel, we identified that forkhead 
box protein C2 (FOXC2) and its antisense lncRNA FXOC2-AS1 as the new mechanosensing 
transcriptional regulators that coordinate HSCs responses to the matrix stiffness, moreover, FOXC2 and 
FOXC2-AS1 expression were also elevated in human fibrosis and cirrhosis tissues. The matrix stiffness 
was sufficient to activate HSCs into myofibroblasts, resulting in nuclear accumulation of FOXC2. 
Disrupting FOXC2 and FOXC2-AS1 level abrogated stiffness-induced activation of HSCs. Further 
mechanistic studies displayed that stiffness-upregulated lncRNA FOXC2-AS1 had no influence on 
transcription of FOXC2. FOXC2-AS1 exerted its biological function through maintaining the RNA 
stability of FOXC2, and protecting FOXC2 mRNA from degradation by RNA exosome complex. 
Additionally, rescue assays confirmed that reintroduction of FOXC2 in FOXC2-AS1-depleted HSCs 
reversed the repression of FOXC2-AS1 knockdown on stiffness-induced HSCs activation. In 
AAV6-treated mice fibrotic models, targeting FOXC2 in vivo lead to a reduced degree of liver fibrosis. In 
sum, our study uncovers a reciprocal crosstalk between matrix stiffness and FOXC2-AS1/FOXC2 axis 
leading to modulation of HSCs mechanoactivation and liver fibrosis, and present AAV6 shRNA as an 
effective strategy that targets FOXC2 leading to the resolution of liver fibrosis. 
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Introduction 
Liver fibrosis is a wound healing process that 

forms in response to a variety of nosetiologies, 
including hepatitis virus infection, cholestatic 
disorders, alcoholic liver disease (ALD), and 
non-alcoholic steatohepatitis (NASH)[1]. It is featured 
by massive deposition of extracellular matrix (ECM) 
mainly produced and secreted by hepatic stellate cells 
(HSCs) [2, 3]. Despite the large clinical burden caused 
by liver fibrosis or cirrhosis, it is still lack of good 

therapeutic options, prompting intensive efforts to 
develop new strategies for treatment of liver 
fibrosis[4]. In a fibrotic microenvironment, 
transforming growth factor beta (TGF-β)-dependent 
signaling plays an important role on driving HSCs 
trans-differentiation into fibrosis-promoting 
myofibroblasts[5]. Activated-HSCs facilitate liver 
fibrosis by synthesis and secretion of cytokines, 
chemokines, ECM and matrix metalloproteinases[6, 
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7]. Understanding other pathways controlling HSCs 
activation or trans-differentiation, in addition to 
TGF-β signaling, may contribute to elucidate novel 
strategies for targeting this disease. 

Recent evidence indicates that matrix stiffness is 
central to the persistent HSCs activation that drives 
progression of fibrosis[8, 9]. Elevated stiffness is not 
only the consequence of hepatic fibrosis, but now also 
considered as a key driver in the pathological 
progression of liver fibrosis[9]. External matrix 
stiffness is relayed into intracellular signaling 
cascades that eventually converge onto transcrip-
tional factors[10]. Previous studies have already 
found that YAP/TAZ, ZNF416, MKL1/SRF and 
MRTF-A are highly identified mechanosensing 
transcriptional regulators mediated stiffness-induced 
HSCs or fibroblasts activation and fibrosis[10-12]. 
Moreover, epigenetic regulators such as P300 
acetyltransferase, a transcription coactivator, also 
promotes stiffness-induced activation of HSCs into 
tumor-promoting myofibroblasts via RHOA-AKT 
signaling[13]. Thus, identifying new mechanosensing 
transcriptional factors that coordinate HSCs responses 
to the matrix stiffness is a high priority and may be a 
novel strategy to conquer liver fibrosis. 

Forkhead box protein C2 (FOXC2), a 
transcription regulator of the forkhead/winged-helix 
family, plays critical roles on cell proliferation, 
apoptosis, lymphangiogenesis and differentiation[14]. 
Previous studies revealed that FOXC2 markedly 
promotes differentiation of osteoblast via activation 
WNT-β/catenin signaling[15], and modulates 
survival and proliferation of osteoblast through 
upregulation of integrin β1 as well[16]. FOXC2 senses 
the oscillatory shear stress, a type of biomechanical 
force, and maintains endothelial cytoskeleton 
organization to ensure the postnatal stability of the 
lymphatic vasculature[17]. Additionally, FOXC2 
exerts multiple functions on malignant progression of 
cancer[14, 18-20], for example, FOXC2 nuclear 
localization inhibits E-cadherin expression, and 
enhances the expression level of α-SMA, vimentin to 
promote epithelial–mesenchymal transition (EMT) 
and metastasis of breast cancer cells[21]. However, the 
function of FOXC2 in HSCs is still not clear, and 
urgently needs to be further elucidated. 

In this study, through analysis of RNA-seq data 
of HSCs cultured on polyacrylamide gels with 
incremental stiffness, we found that matrix stiffness 
markedly upregulated the expression of FOXC2, and 
functional experiments elucidated that stiffness- 
upregulated FOXC2 lead to transcription of α-SMA, 
Col1A1, CTGF and FN1. Moreover, mechanistic 
studies revealed that stiffness-induced long 
non-coding RNA FOXC2-AS1 binds to FOXC2 mRNA 

and protects it from degradation by the RNA exosome 
complex to maintain its stability, which plays a crucial 
role on HSCs activation and liver fibrosis. AAV6 
carrying shRNA targeting FOXC2 in vivo suppressed 
CCl4 or bile duct ligation (BDL)-induced HSCs 
activation and liver fibrosis. Thus, our studies 
demonstrated that FOXC2 represents a novel target 
for mitigating stiffness-induced HSCs activation and 
liver fibrosis. 

2. Materials and Methods 
2.1 Cell culture, antibodies and plasmids 

The primary human HSCs were purchased from 
ScienCell (#5300), and cultured in DMEM (Dulbecco’s 
Modified Eagle’s Medium) supplemented with 10% 
fetal bovine serum, streptomycin and penicillin. The 
monitoring mycoplasma infection of HSCs were 
performed by utilizing a MycoAlert detection kit 
(Lonza Group AG, Basel, Switzerland) and these cells 
were free of infection during the experiments. Human 
primary HSCs with passage < 8 were utilized for all 
experiments. The antibodies (anti-α-SMA, anti-Fibro-
nectin, anti-type 1 collagen, anti-CTGF, anti-EXOSC4 
and anti-EXOSC10) used in this study were reported 
as previous described[5]; the anti-FOXC2 (#sc-515234) 
and anti-cytokeratin 19 (CK-19) (#sc-376126) were 
purchased from Santa Cruz Biotechnology, Inc. The 
non-targeting shRNA, shFOXC2-AS1 and full-length 
FOXC2 overexpression plasmid (pCMV-HA-FOXC2) 
were constructed by Tsingke Biotech Co (Beijing, 
China). The shFOCX2 RNA (#sc-43767-SH) were 
purchased from Santa Cruz Biotechnology, Inc. The 
shEXOSC10-1: GCCATCGTTAAGGTCTTTCAT; 
shEXOSC10-2: CGTGGACTCAAACAAGCAAT; 
shEXOSC4-1: GCCCTAGTGAACTGTCAATAT; 
shEXOSC4-2: TCAATATAGTTCAGCGACCTT were 
purchased from MilliporeSigma. The siRNAs 
targeting FOXC2 (si-FOXC2): 5’-CTACCTGAGCG 
AGCAGAAT-3’, and non-targeting siRNA 
(si-Control): 5’-TTCTCCGAACGTGTCACGT-3’ were 
obtained from Genepharm (Shanghai, China)[20]. 

2.2 Human samples of liver fibrosis or cirrhosis 
63 human liver fibrosis/cirrhosis specimens 

were collected from patients undergoing liver 
transplantation in the First Affiliated Hospital of Xi’an 
Jiaotong University. Patients who were diagnosed 
with Wilson's disease, Alpha-1 antitrypsin (AAT) 
deficiency, or other inherited liver diseases based on 
standard clinical, laboratory and histological 
assessments were excluded in this study. 21 normal 
liver specimens were obtained from patients with 
liver trauma or hepatic hemangioma. All procedures 
performed in studies involving human participants 
were in accordance with the ethical standards of the 
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Research Ethics Committee of The First Affiliated 
Hospital of Xi’an Jiaotong University and with the 
1964 Helsinki declaration and its later amendments. 
All written informed consent to participate in the 
study was obtained from patients with liver fibrosis, 
liver trauma or hepatic hemangioma for samples to be 
collected from them. 

2.3 RNA-seq 
The generation of RNA-seq data (GSE101343) 

with primary human HSCs seeded on 0.4 kilopascal 
(kPa) or 25.6 kPa hydrogels and further 
bioinformatics analysis was performed as previously 
reported[5, 13].  

2.4 Viral packaging and viral transduction of 
HSCs 

Packaging of lentiviruses was performed as we 
previously described[5, 22]. Briefly, the package 
plasmids (pMD.2G and pSPAX2) and targeted shRNA 
or pCMV-HA-FOXC2 (with puro resistance) were 
co-transfected into HEK-293T cells according to the 
manufacturer’s procedure of Effectene® Transfection 
Reagent (#301425 Qiagen, Germantown, MD). The 
cells were then cultured for 48 h to secrete virus. The 
supernatants containing viruses were collected and 
infected into HSCs for further experiments. 

2.5 Polyacrylamide hydrogels with different 
stiffness 

Polyacrylamide hydrogels with incremental 
stiffness with 0.4 kPa or 25.6 kPa were generated 
according to the protocols as previously reported[11, 
13, 23]. 

2.6 Immunofluorescence staining (IF) 
HSCs cultured on polyacrylamide hydrogels 

with different stiffness (0.4 kPa or 25.6 kPa) or human 
liver cryosections were prepared for IF staining, as 
previously described[5, 13]. Briefly, HSCs or human 
liver cryosections were fixed with 4% PFA 
(paraformaldehyde) for 15 minutes followed by 
permeabilization by 0.3% Triton X-100 for 5 minutes. 
After washing the cryosections with 1 x PBS three 
times, 5% BSA was administrated to block 
non-specific antibody binding sites. The cryosections 
were then placed in primary antibody diluted in 
blocking buffer and incubated overnight at 4°C. After 
rinsing with 1 x PBS three times, the samples were 
then incubated with fluorescent secondary antibody, 
and DAPI respectively. The samples on the slides 
were visualized with a Zeiss Instruments confocal 
microscope (Cal Zeiss AG, Jena, Germany). ImageJ 
was utilized to quantify the immunofluorescence 
density of each image. 

2.7 qRT-PCR 
After finishing the designated intervention, the 

mRNA was extracted from HSCs, human or mice 
livers by using the Trizol (Thermo Fisher Scientific, 
California, USA). Equal amounts of mRNA were 
converted into cDNA (complementary DNA), and 
quantitative polymerase chain reaction (qPCR) was 
conducted as we previously described[5]. The primers 
used for qRT-PCT were displayed in Supplementary 
Table 1. 

2.8 Chromatin immunoprecipitation (ChIP) 
and ChIP-qPCR 

HSCs, cultured on 0.4 or 25.6 kPa hydrogels, 
were harvested for ChIP assay, ChIP assay was 
conducted using an EZ-Magna-ChIP HiSens kit 
(Millipore, #17-10461) as previously reported[13]. 
Briefly, HSCs fixed with 1% formaldehyde and 
scraped from the hydrogels were subjected to nuclear 
lysis to release cross-linked protein/DNAs. The 
nuclear extract was then subjected to sonication and 
immunoprecipitation with anti-FOXC2 antibody 
(Abcam, #ab5060) or control rabbit IgG (Santa Cruz 
Technology, #sc-2027). Precipitated DNA fragments 
containing the promotor of ACTA2 (α-SMA), CTGF, 
FN1 and Col1A1 were quantitated by qPCR with the 
pair of primers. JASPAR software was used to predict 
the FOXC2 binding with the promoter of HSCs 
activation markers[24]. The primers for ChIP-qPCR 
were displayed in Table S2. 

2.9 Western blot 
RIPA buffer (#9806 Cell Signaling Technology) 

added with a phosphatase inhibitor cocktail (# 78428, 
Thermo Fisher Scientific) and protease inhibitors 
(#88266, Thermo Fisher Scientific) was utilized to lyse 
the hepatic stellate cells or liver tissues. The protein 
concentration of the samples was assessed by using a 
BCA protein assay kit (Pierce, Rockford, USA). 
Western blot assays and densitometric analysis of the 
designated protein bands were conducted as we 
previously described[5, 25, 26]. 

2.10 RNA-stability analysis 
HSCs were incubated with the transcriptional 

inhibitor actinomycin D (5 µg/mL, Sigma-Aldrich, 
USA) for 0 h, 2 h, 4 h, and 8 h, respectively. The HSCs 
were collected at the indicated time points, and RNA 
was isolated. Then, qRT-PCR was performed to assess 
the relative mRNA level of FOXC2. 

2.11 RNA immunoprecipitation (RIP) assay  
RIP was conducted by utilizing the EZ-Magna 

RIPTM RNA Binding Protein Immunoprecipitation Kit 
(#17-701 MilliporeSigma, Birlington, MA) according 
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to the manufacturer’s protocols. Briefly, RIP lysis 
buffer added with the RNase inhibitors (#3335399001 
MilliporeSigma) and protease inhibitor cocktail 
(#88266 Thermo Fisher Scientific, Waltham, MA) was 
applied to lyse the cells. Then the specific antibody 
(anti-EXOSC10 or anti-EXOSC4) and protein A/G 
magnetic beads were placed in cell lysates for 
overnight at 4℃. On the second day, the RNA/ 
protein complexes binding on the beads were 
precipitated by magnetic force, then the RNA was 
extracted using Trizol and determined by qRT-PCR 
analysis. 

2.12 RNA pull-down assay 
The FOXC2-AS1 and FOXC2 were in vitro 

transcribed from the recombinant plasmids 
pCMV3-FOXC2-AS1 or pCMV3-FOXC2, and the 
Biotin RNA Labeling Mix (Roche, USA) was utilized 
to generate biotin-labeled FOXC2-AS1 and biotin- 
labeled FOXC2 RNA as previously reported[19]. Cell 
lysates were incubated with biotin RNA followed by 
streptavidin-mediated RNA pulldown. After 
finishing RNA isolation, qRT-PCR was applied to 
detect the binding between FOXC2- AS1 and FOXC2. 

2.13 Subcellular fractionation 
The cytosolic and nuclear fractions of hepatic 

stellate cells were extracted with PARIS Kit 
(Thermofisher, USA) according to the manufacturer’s 
instructions. 

2.14 Nascent RNA capture array 
Nascent RNA of HSCs was extracted by using 

the Click-iT Nascent RNA Capture Kit (Life Techno-
logies, USA) following with the manufacturer’s 
instructions. Then, qRT-PCR was performed to 
examine the relative expression of FOXC2 nascent 
RNA. 

2.15 RNA fluorescent in situ hybridization 
(FISH) 

Subcellular localization of FOXC2-AS1 in HSCs 
was detected by the FISH Kit (RiboBio, Guangzhou, 
China) following the product’s instructions. In brief, 
HSCs were cultured on coverslips into 24-well plates. 
Then, the 4% paraformaldehyde was utilized to fix 
HSCs for 15 minutes. After that, the fixed HSCs were 
washed with PBS and subjected to permeabilization 
(0.5%Triton-X PBS for 10 minutes). Subsequently, 
HSCs were incubated with prehybridization solution 
and hybridization solution respectively, then 
hybridized with the cy3-labeled FOXC2-AS1 
oligonucleotide probe (RiboBio, Guangzhou, China) 
overnight at 4℃. HSCs nuclei was visualized with 
DAPI for 5 min at room temperature. All pictures 
were taken and recorded by Zeiss Instruments 

confocal microscope. 

2.16 CCl4 administration, FOXC2 targeting by 
AAV6 shRNA and analysis of liver fibrosis  

All animal experiments were conducted 
following the instructions authorized by the ethical 
committee of Xi’an Jiaotong University. Six- to 
eight-week male C57BL/6 mice were obtained from 
Animal Centre of Xi’an Jiaotong University and they 
were supplied with free access to water and food. 
Liver fibrosis was induced by intraperitoneal injection 
of 20% CCl4 (carbon tetrachloride; #289116 Sigma- 
Aldrich) in olive oil at 5 μL·g-1 of body weight, twice 
per week. Two weeks after intraperitoneal injection of 
CCl4, these mice were administered with 100 μL of 
AAV6-shControl (non-targeting control) or 
AAV6-shFOXC2 (1.5 × 1012 viral genomes·mL-1; 
Hanbio Biotechnology, Shanghai, China) through tail 
vein injection, and the detail protocol of 
AAV6-shFOXC2 injection was reported as previously 
described[27, 28]. After an additional 4 weeks’ 
injection of CCl4, the murine HSCs were isolated, and 
qRT-PCR and western blot were used to confirm the 
targeting efficiency of AAV6-shFOXC2 in murine 
activated HSCs. The detail protocol for murine HSCs 
isolation was displayed as previously described[13]. 
Moreover, the mice livers were harvested and used 
for following experiments (hydroxyproline analysis, 
Sirius Red staining, Masson staining, Immuno-
histochemistry staining, qRT-PCR, western blotting) 
to evaluate the liver fibrosis. The detailed protocols of 
hydroxyproline analysis, Sirius Red staining, Masson 
staining, and Immunohistochemistry staining present 
as previously described[2, 29]. 

2.17 Bile Duct Ligation (BDL), another mice 
model for liver fibrosis 

BDL was conducted as previously reported[2]. 
Briefly, six- to eight-week male C57BL/6 mice were 
underwent either sham or BDL surgery. Mice were 
anesthetized and the bile duct was ligated using 
sterile 3/0 silk ligatures. Sham surgery was conducted 
by opening up the mouse and passing a silk ligature 
under the bile duct, one week later, these mice were 
administered with 100 μL of AAV6-shControl or 
AAV6-shFOXC2 (1.5 × 1012 viral genomes·mL-1; 
Hanbio Biotechnology, Shanghai, China) via tail vein 
injection. After 3 weeks, mice were sacrificed and the 
livers obtained for further analysis of fibrogenesis, 
and IHC staining of CK-19 in BDL model was used to 
show the proliferation of bile duct epithelium[30]. 

2.18 Statistical analysis 
Data were displayed as Mean ± S.E.M. The 

difference between groups was assessed by Student’s 
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t-test or ANOVA followed by a post hoc test applying 
GraphPad Prism 6 software (GraphPad Software, Inc., 
La Jolla, CA). P<0.05 was considered as statistically 
different. 

3. Results 
3.1 Matrix stiffness induces HSCs activation 
into myofibroblasts and increases FOXC2 
nuclear accumulation 

To evaluate if substrate stiffness in return 
modulates HSCs activation, we used polyacrylamide 
hydrogels with precisely defined stiffness as supports 
for in vitro culture of HSCs[13]. The primary human 
HSCs seeded on a 0.4 kPa or 25.6 kPa hydrogel 
exhibited obviously different morphology[13]. HSCs 
cultured on 0.4 kPa hydrogel were unbale to spread 
and expressed the low level of α-SMA as determined 
by IF. Conversely, HSCs on 25.6 kPa hydrogel 
displayed well-spread and increased positive staining 
for α-SMA, characteristics of activated-HSCs (Fig. 
1A). Furthermore, qRT-PCR and western blot also 
displayed that 25.6 kPa stiffness indeed increased the 
expression of α-SMA, Col1A1, CTGF and FN1 in 
comparison to 0.4 kPa (Fig. 1B and Fig.S1A). 
Accordingly, HSCs cultured on 25.6kPa hydrogel 
exhibited an increased ability of migration (Fig. 1C). 
Since stiffness induced fibroblasts activation indepen-
dent of TGF-β signaling[11, 31], we tried to find the 
potential mechanism for stiffness-mediated HSC 
trans-differentiation into myofibroblasts. To this end, 
we analyzed the RNA-seq data (GSE101343) with 
HSCs cultured on 0.4 kPa and 25.6 kPa hydrogel, the 
results displayed that 25.6 kPa stiffness dramatically 
increased FOXC2 expression level in comparison to 
0.4 kPa soft hydrogel (Fig. 1D). FOXC2, a transcription 
regulator of the forkhead/winged-helix family, plays 
critical roles on cell proliferation, apoptosis, 
lymphangiogenesis and differentiation[14], but its 
efficacy on matrix stiffness-mediated HSCs activation 
is not clear. We first performed qRT-PCR and western 
blot analysis to test if stiffness influenced FOXC2 
expression, the data exhibited that 25.6 kPa stiffness 
notably promoted FOXC2 expression, and 
concurrently FOXC2 nuclear accumulation in HSCs as 
compared to 0.4 kPa (Fig. 1E-1G and Fig.S1B-S1C). To 
directly investigate the impact of stiffness mediated 
FOXC2 expression in vivo, CCl4-incuded mice liver 
fibrotic tissues were collected to examine FOXC2 
expression. Corroborating in vitro findings, mice livers 
harvested after CCl4 injection showed prominently 
increased mRNA and protein expression of FOXC2 
(Fig. 1H-1I and Fig.S1D), indicating FOXC2 as a 
mechanosensitive transcription factor that may take 
part in mechanotransduction of HSCs. 

3.2 FOXC2 expression was also elevated in 
human liver fibrotic tissues 

We next examined whether FOXC2 expression in 
human fibrotic liver tissues. Human fibrotic or 
cirrhotic progression was confirmed by Sirius red and 
Masson staining (Fig. 2A). IF staining present that 
FOXC2 was expressed in α-SMA positive 
myofibroblasts, and mainly located in cell nucleus 
(Fig. 2B-2C). Prominently, fibrotic liver specimens 
displayed much more FOXC2 expression than normal 
liver samples (Fig. 2D-2F), and higher expression 
levels of FOXC2 were in line with an increase of 
fibrotic genes or myofibroblasts activation markers, 
such as FN1, Col1A1, CTGF and α-SMA (Fig. 2D-2F). 
In sum, these results indicated that FOXC2 expression 
was notably enhanced in fibrotic livers. 

3.3 Depletion of FOXC2 repressed 
stiffness-induced HSCs activation 

To directly investigate the impact of FOXC2 on 
stiffness-medicated HSCs activation, HSCs were 
infected shFOXC2 lentiviruses and then cultured on 
polyacrylamide hydrogels with 0.4 kPa and 25.6kPa 
respectively. Our qRT-PCR and WB results showed 
that stiffness-induced expression of α-SMA, Col1A1, 
FN1 and CTGF was partly abrogated by FOXC2 
knockdown (Fig. 3A-3E). Additionally, IF staining 
showed that stiffness increased the expression of 
α-SMA in HSCs, while depletion of FOXC2 offset the 
stiffness-induced the expression of α-SMA (Fig. 
3B-3C). We next used si-FOXC2 to test the role of 
FOXC2 in mechanotransduction of HSCs. HSCs 
transfected with si-RNAs encoding non-targeting 
siRNA (si-Control) or FOXC2 si-RNA (si-FOXC2) 
were seeded on 0.4 kPa or 25.6 kPa gel and collected 
for qRT-PCR and WB, which verified that FOXC2 
knockdown repressed stiffness-mediated upregula-
tion of FN1, Col1A1, α-SMA and CTGF in HSCs 
(Fig.S2A-S2B). Furthermore, ChIP assay also showed 
that matrix stiffness induced FOXC2 binding to the 
promoter of FN1, Col1A1, α-SMA and CTGF and 
directly upregulated the transcription of FN1, Col1A1, 
α-SMA and CTGF (Fig.S3A-S3D). Collectively, these 
results exhibited that depletion of FOXC2 repressed 
stiffness-induced HSCs activation into myofibro-
blasts.  

3.4 Stiffness induced the upregulation of 
antisense lncRNA FOXC2-AS1, and 
shRNA-mediated FOXC2-AS1 knockdown 
suppressed stiffness-induced HSCs activation 

Previous studies implicated FOX transcription 
factors, including FOXM1, FOXP1, FOXF1, FOXK1 
and FOXK2[32-36], exert vital roles on fibroblasts or 
HSCs activation. To uncover the landscape of FOX 
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transcription factors alterations under matrix 
stiffness, we further analysis our RNA-seq data, and 
found that stiffness induced the upregulation of 
FOXG1, FOXE1, FOXC1/2, FOXF1/2, FOXD1, FOXS1, 
FOXA1, FOXP1, FOXO1/3, FOXM1, FOXL1, while 
downregulated FOXP2, FOXJ1/2 (Fig. 4A). 
Unexpectedly, the level of long non-coding RNA 
FOXC2-AS1 in HSCs was significantly increased 
under stiffness microenvironment (Fig. 4A).  

Previous studies illustrated that the long 
non-coding RNAs (lncRNAs) exert vital roles on HSC 
activation[37, 38]. To investigate whether stiffness 

modulated the FOXC2-AS1 expression and mediated 
then HSCs activation. We seeded HSCs on 0.4 kPa and 
25.6kPa hydrogels for qRT-PCR and found that the 
level of FOXC2-AS1 increased proportionally to 
stiffness in vitro (Fig. 4B). Next, we aspired to examine 
the in vivo expression of FOXC2-AS1 stiffness induced 
by stiffness. To this end, we detected the expression of 
FOXC2-AS1 in human fibrotic livers, and found that 
FOXC2-AS1 expression was obviously elevated in vivo 
(Fig 4C). These results provide in vivo support to our 
in vitro findings that matrix stiffness can effectively 
induced FOXC2-AS1 in HSCs.  

 

 
Figure 1. Matrix stiffness induced HSCs activation, upregulated the expression of FOXC2 and facilitated its nuclear accumulation. (A-B) Primary human 
HSCs were plated on polyacrylamide hydrogels and used to perform IF staining, qRT-PCR and WB with quantitative data shown. Stiffness promoted HSCs activation and 
increased FN1, Col1A1, CTGF and α-SMA expression. Magnification is ×10, and scale bars = 50 μm. n =three independent experiments, **P < 0.01, ***P < 0.001 by Student’s 
t-test versus 0.4kPa. (C) 25.6 kPa stiffness facilitated HSCs migration. The scale bars = 50 μm. n =three independent experiments, ***P < 0.001 by Student’s t-test versus 0.4kPa. 
(D) Analysis of RNA-seq data (GSE101343) present that compared with 0.4kPa, 25.6kPa stiffness greatly induced the expression of a transcription factor, named FOXC2. (E-G) 
qRT-PCR, subcellular fractionation analysis and IF staining displayed that matrix stiffness effectively induced the significant expression of FOXC2 and promoted the nuclear 
accumulation of FOXC2. n =three independent experiments, Magnification is ×40, and scale bars = 20 μm.**P < 0.01, ***P < 0.001 by Student’s t-test versus 0.4kPa. (H-I) 
qRT-PCR and WB present that in vivo stiffness upregulated the HSCs activation markers and FOXC2 expression as well. n =three independent experiments, ***P < 0.001 by 
Student’s t-test versus O.O. (olive oil).  
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Figure 2. The expression of FOXC2 was prominently increased in human fibrotic or cirrhotic liver tissues. (A) Sirius Red and masson staining were used to 
confirm the liver fibrosis. Magnification is ×5, and scale bars = 200 μm. n =three independent experiments, ***P < 0.001 by Student’s t-test. (B-C) IF staining showed that FOXC2 
was expressed in α-SMA positive myofibroblasts and mainly located in cell nucleus. B and C right, magnification is ×40, and scale bars = 20 μm. C left, magnification is ×5, and scale 
bars = 200 μm. n =three independent experiments. (D-F) qRT-PCR and WB data displayed that the expression of HSCs activation markers and FOXC2 were obviously increased 
in human fibrotic or cirrhotic liver tissues; N = normal liver tissues and F = fibrotic or cirrhotic liver tissues. n =three independent experiments. **P<0.01, ***P<0.001 by Student’s 
t-test.  

 
However, the function of stiffness-induced 

FOXC2-AS1 in HSC is still unknown. We next used 
FOXC2-AS1 shRNA to examine the role of 
FOXC2-AS1 in mechanotransduction of HSCs. HSCs 
transduced with lentiviruses encoding FOXC2-AS1 
shRNA or non-targeting shRNA (control shRNA) 
were then plated on 0.4 kPa or 25.6 kPa hydrogels and 

collected for IF, qRT-PCR and western blot, which 
corroborated that depletion of FOXC2-AS1 inhibited 
stiffness-induced upregulation of α-SMA, Col1A1, 
FN1 and CTGF in HSCs (Fig. 4D-4H). Thus, these data 
illustrated that stiffness-induced HSCs activation into 
myofibroblasts requires lncRNA FOXC2-AS1. 
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Figure 3. Knockdown of FOXC2 partly offset matrix stiffness induced HSCs activation. (A) qRT-PCR confirmed that 25.6kPa stiffness induced the upregulation of 
mRNA level of FN1, Col1A1, CTGF, α-SMA and FOXC2, while silencing of FOXC2 partly abrogated stiffness induced HSCs activation. n =three independent experiments, *P < 
0.05, **P < 0.01, ***P < 0.001 by ANOVA. (B-C) IF staining present that 25.6kPa stiffness induced significantly upregulated α-SMA expression. Knockdown of FOXC2 repressed 
the 25.6kPa stiffness induced α-SMA expression. Magnification is ×10, and scale bars = 50 μm. n =three independent experiments, **P < 0.01, ***P < 0.001 by ANOVA. (D-E) WB 
also verified that knockdown of FOXC2 inhibited the expression level of FN1, Col1A1, CTGF and α-SMA induced by 25.6kPa stiffness. n =three independent experiments, **P 
< 0.01, ***P < 0.001 by ANOVA.  

 

3.5 Stiffness-induced FOXC2-AS1 maintained 
the RNA stability of FOXC2 

Next, we interrogated the potential mechanism 
of functional FOXC2-AS1 mediated stiffness-induced 
HSCs activation. Subcellular fractionation detection 
and FISH array verified that FOXC2-AS1 was both 

located in the cytoplasm and nucleus of HSCs (Fig. 
S4A-S4B). A convincing body of evidence has verified 
that antisense lncRNAs modulated the expression 
level of their neighboring genes[39]. Interestingly, 
FOXC2-AS1 was the nearest gene, possessing some 
overlap sequences with FOXC2 (Fig. 5B).  
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Figure 4. stiffness-upregulated lncRNA FOXC-AS1 mediated matrix stiffness-induced HSCs activation. (A) Further analysis of RNA-seq data showed that 
compared with 0.4kPa, 25.6kPa stiffness promoted a panel of FOX family transcription factors as well as lncRNA FOXC2-AS1. (B-C) Both in vitro and in vivo stiffness promoted 
the expression level of FOXC2-AS1. n =three independent experiments, ***P < 0.001 by Student’s t-test. (D-H) qRT-PCR, IF and WB data displayed that lncRNA FOXC-AS1, 
induced by matrix stiffness, also modulated the stiffness-induced HSCs activation. Magnification is ×10, and scale bars = 50 μm. n =three independent experiments, *P<0.5, 
**P<0.01, ***P<0.001 by ANOVA.  

 
Our qRT-PCR results also confirmed that 

statistically significant positive correlation between 
FOXC2-AS1 and FOXC2 expression in human fibrotic 
or cirrhotic livers (Fig. 5A). Moreover, previous 
studies showed that antisense RNA transcripts could 
modulate their sense genes in the transcriptional or 

post- transcriptional level[40]. Thus, we queried 
whether FOXC2-AS1 impacted the transcription or 
stability of FOXC2 under matrix stiffness. Depletion 
of FOXC2-AS1, the mRNA and protein level of 
FOXC2 was prominently reduced at 25.6kPa 
compared to control HSCs (Fig. 5C-5D). Thus, these 
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results verified that FOXC2-AS1 positively regulated 
FOXC2 expression. To explore whether FOXC2-AS1 
regulates FOXC2 transcription, we detected the level 
of nascent FOXC2 pre-mRNA using a Click-iT 
Nascent RNA Capture Kit in FOXC2-AS1-depleted 
and control HSCs on 0.4 kPa or 25.6 kPa. The results 
showed that depletion of FOXC2-AS1 has no 
influence on the level of the nascent FOXC2 
pre-mRNA (Fig. 5E), which indicated that 
FOXC2-AS1 does not modulate FOXC2 expression at 
the transcriptional level. RNA pull-down results 
corroborated that lncRNA FOXC2-AS1 could bind 
with FOXC2 mRNA (Fig. 5F). Next, we explored 
whether FOXC2-AS1 regulated posttranscriptional 
process of FOXC2 mRNA by RNA-stability assay. In 
the presence of a transcriptional inhibitor actinomycin 
D, FOXC2 mRNA of HSCs on 25.6kPa degraded 
slower than it did on 0.4 kPa, while knockdown of 
FOXC2-AS1 accelerated FOXC2 degradation on 25.6 
kPa (Fig. 5G), indicating that stiffness-induced 
FOXC2-AS1 could enhance FOXC2 mRNA stability.  

3.6 LncRNA FOXC2-AS1 protected FOXC2 
mRNA from degradation by RNA exosome 
complex 

To investigate how FOXC2-AS1 protects FOXC2 
mRNA stability, we concentrated on the RNA 
exosome complex, a multiprotein complex in relation 
to RNA decay[22]. Exosome component 10 
(EXOSC10), possessing 3’-5’ exoribonuclease activity, 
is a catalytic component of the RNA exosome complex 
and also plays a crucial role on mRNA 
degradation[22]. Previous studies have illustrated 
that EXOSC10 mainly localizes to the nucleus in yeast, 
however, it is extensive expressed in cytoplasm and 
nucleus in human cells[22]. To examine whether 
FOXC2 mRNA is degraded by the exosome complex, 
HSCs infected with lentiviruses encoding EXOSC10 
shRNA or non-targeting shRNA (control shRNA) 
were harvested for qRT-PCR, which revealed that 
knockdown of EXOSC10 significantly elevated the 
mRNA level of FOXC2 (Fig. 6A and Fig.S5A). 
Additionally, the FOXC2 mRNA level, decreased by 

 

 
Figure 5. LncRNA FOXC2-AS1, induced by stiffness, could maintain the RNA stability of FOXC2. (A) Pearson correlation analysis revealed that there existed a 
positive correlation between lncRNA FOXC2-AS1 and FOXC2 in human fibrotic tissues. n = 63. (B) Schematic diagram showed that 145 bp of lncRNA FOXC2-AS1 with a full 
length of 319 bp overlapped with the first exon of FOXC2. (C-D) FOXC2-AS1 and FOXC2 expression level were detected by qRT-PCR and WB after FOXC2-AS1 expression 
was altered via gene interference. n =three independent experiments, *P<0.5, **P<0.01, ***P<0.001 by ANOVA. (E) qRT-PCR examined the level of nascent FOXC2 pre-mRNA 
by using Click-iT Nascent RNA Capture Kit in FOXC2-AS1-silenced and control cells. n =three independent experiments, n.s. No statistical difference. (F) RNA pull-down assay 
showed that biotin-labeled FOXC2-AS1 can bind with FOXC2 mRNA. Consistently, biotin-labeled FOXC2 can also interact with lncRNA FOXC2-AS1. n =three independent 
experiments, ***P<0.001 by ANOVA. (G) qRT-PCR was used to detect FOXC2 mRNA stability in FOXC2-AS1-depleted or control HSCs incubated with the transcriptional 
inhibitor actinomycin D for different times under different stiffness. n =three independent experiments, *P<0.5, **P<0.01.  
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depletion of FOXC2-AS1 in HSCs, was reversed by 
EXOSC10 knockdown (Fig. 6B and Fig. S5B). To test 
whether FOXC2-AS1 protects FOXC2 mRNA stability 
by competing of EXOSC10/FOXC2 mRNA binding, 
FOXC2-AS1 knockdown HSCs seeded on 25.6 kPa 
were harvested for RIP. Our RIP data illustrated that 
FOXC2-AS1 knockdown resulted in elevated 
EXOSC10/FOXC2 mRNA binding in HSCs (Fig. 6E). 
Consistently, RNA pull-down assay also verified that 

the depletion of EXOSC10 induced a remarkable 
increase binding between lncRNA FOXC2-AS1 and 
FOXC2 mRNA (Fig. 6F). RNA stability assay verified 
that depletion of FOXC2-AS1 accelerated the 
degradation of FOXC2 mRNA in HSCs and that this 
alteration was offset by knockdown of both 
FOXC2-AS1 and EXOSC10 (Fig. 6G). Therefore, the 
RNA exosome complex is responsible for FOXC2 
mRNA decay in HSCs. 

 

 
Figure 6. LncRNA FOXC2-AS1 interacted with FOXC2 mRNA and protected FOXC2 mRNA from degradation by RNA exosome complex. (A) 
knockdown of EXOSC10 increased the expression of FOXC2. n =three independent experiments, ***P<0.001 by ANOVA. (B) EXOSC10 depletion rescued FOXC2 mRNA and 
protein level in FOXC2-AS1 knockdown HSCs. n =three independent experiments, **P<0.01, ***P<0.001 by ANOVA. (C-D) Knockdown of EXOSC4, the core component of 
RNA exosome complex, increased the expression of FOXC2, while depletion of FOXC2-AS1 reduced the expression level of FOXC2. Simultaneously knockdown of 
FOXC2-AS1 and EXOSC4 in HSCs reversed the FOXC2 downregulation induced by only FOXC2-AS1 silence. n =three independent experiments, **P<0.01, ***P<0.001by 
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ANOVA. (E) RIP assay revealed that knockdown of FOXC2-AS1 led to increased binding of FOXC2 mRNA to EXOSC10 in HSCs. n =three independent experiments, 
***P<0.001 by ANOVA. (F) RNA-pull down assay demonstrated that silencing EXOSC10 resulted in elevated binding of FOXC2 mRNA to lncRNA FOXC2-AS1 in HSCs. n 
=three independent experiments, ***P<0.001 by ANOVA. (G) HSCs on 25.6kPa infected with the indicated shRNAs were incubated with the transcription inhibitor actinomycin 
D (5 mg/mL), and FOXC2 mRNA stability was assessed by qRT-PCR after collected the mRNA at the indicated time point. n =three independent experiments, *P<0.5, **P<0.01 
by ANOVA. (H) RIP assay verified that knockdown of FOXC2-AS1 led to increased binding of FOXC2 mRNA to EXOSC4 in HSCs. n =three independent experiments, 
***P<0.001 by ANOVA. (I) RNA-pull down assay illustrated that silencing EXOSC4 effectively increased the binding of FOXC2 mRNA to lncRNA FOXC2-AS1 in HSCs. n =three 
independent experiments, ***P<0.001 by ANOVA. (J) the stability of FOXC2 mRNA was evaluated in the presence of Actinomycin D. FOXC2-AS1 knockdown accelerated the 
degradation of FOXC2 mRNA in HSCs and this effect was partly offset by knockdown of EXOSC4. n =three independent experiments, *P<0.5, **P<0.01 by ANOVA.  

 
To further elucidate the efficacy of the RNA 

exosome in the RNA stabilizing function of 
FOXC2-AS1, we further assessed the role of EXOSC4, 
another crucial component of the core of the RNA 
exosome, on FOXC2 mRNA stability. Like EXOSC10, 
silencing EXOSC4 indeed increased the mRNA and 
protein level of FOXC2 (Fig. 6C and Fig S5C), 
moreover, knockdown of FOXC2-AS1 induced the 
downregulation of FOXC2 mRNA was partly 
reversed by EXOSC4 silence (Fig. 6D and Fig.S5D). 
The RIP assay validated that EXOSC4 interacted with 
FOXC2 mRNA, and that silencing of FOXC2-AS1 
could elevate the binding affinity of EXOSC4 with 
FOXC2 mRNA (Fig. 6H). Meanwhile, RNA pull-down 
results also demonstrated that depletion of EXOSC4 
greatly enhanced the binding of lncRNA FOXC2-AS1 
with FOXC2 mRNA (Fig. 6I). Knockdown of 
FOXC2-AS1 induced the degradation of FOXC2 
mRNA could partly reversed by EXOSC4 silence (Fig. 
6J). Cumulatively, these data showed that stiffness- 
induced lncRNA FOXC2-AS1 maintained the RNA 
stability of FOXC2, and protected FOXC2 mRNA 
from degradation by RNA exosome complex. 

3.7 Stiffness-induced FOXC2-AS1 medicated 
HSCs activation into myofibroblasts depend 
on FOXC2 

Next, we aspired to investigate FOXC2-AS1/ 
FOXC2 axis mediated HSCs activation under matrix 
stiffness microenvironment. Therefore, we performed 
rescue assays to evaluate whether FOXC2-AS1 
mediated stiffness-induced HSCs activation via 
FOXC2. As shown in Fig. 7A-7E, knockdown of 
FOXC2-AS1 partly suppressed stiffness-induced 
HSCs activation, while ectopic expression of FOXC2 
could notably rescue the depletion of FOXC2-AS1 
mediated inhibition of HSCs activation, as 
determined by IF, qRT-PCR and western blot. Thus, 
FOXC2-AS1 mediated stiffness-induced HSCs 
activation via FOXC2.  

3.8 Targeting FOXC2 alleviated CCL4 or 
BDL-induced mice liver fibrosis in vivo  

To investigate whether targeting FOXC2 could 
repress further progression of established liver 
fibrosis in vivo, we utilized AAV6 carrying shRNA 
targeting FOXC2 to intervene CCl4 or BDL-induced 
mice fibrosis model. Increasing evidence revealed that 
AAV6 displayed organ tropism for activated HSCs or 

myofibroblasts in the liver during fibrosis[28], and the 
targeting efficacy of AAV6 is reach to 17.04 % in 
nestin+ positive murine activated HSCs [28]. 
Following this, we utilized AAV6-shFOXC2 in liver 
fibrotic mice to assess the function of FOXC2 in CCl4 
or BDL-induced liver fibrosis in vivo. The 
administration of AAV6-shControl barely impacted 
the liver histology, liver weight, body weight and 
liver function of the mice (Fig. S6A-S6D). We isolated 
the activated HSCs in mouse liver from CCl4 model 
after tail vein injection of AAV6 FOXC2 shRNA, then 
used qRT-PCR and western blot to detect the level of 
FOXC2. Our results confirmed that the expression of 
FOXC2 was decreased in mouse activated HSCs after 
tail vein injection of AAV6 FOXC2 shRNA (Fig. 
S7A-S7B), which were consistent with previous 
results[27, 28].Furthermore, the Sirius Red staining, 
masson staining and hydroxyproline analysis 
exhibited that CCl4 injection or BDL induced mice 
liver fibrosis, while the degree of fibrogenesis was 
alleviated upon AAV6-shFOXC2 treatment (Fig. 
8A-8B, Fig.8D-8E, Fig.S8A-S8C and Fig.S9B). Further 
analysis showed that the expression of FOXC2, 
α-SMA, Col1A1, FN1and CTGF, and hepatocellular 
damage were also reduced following with 
AAV6-shFOXC2 treatment in CCl4 or BDL-induced 
liver fibrosis model (Fig. 8C, Fig. 8F-8G, Fig S6E, Fig. 
S9A, Fig. S9C-9D). Additionally, IHC staining of 
CK-19 in BDL model also showed that the 
cholangiocytes proliferated area was also decreased 
after targeting FOXC2 by AAV6-shRNA in vivo (Fig. 
S10A-B). Totally, these data showed that targeting 
FOXC2 by using AAV6 alleviated liver fibrosis in vivo. 

4. Discussion 
A convincing body of evidence has put forth that 

matrix stiffness is a defining feature of liver fibrosis, 
and also recognized to contribute profoundly to 
disease progression via mechano-activation of 
myofibroblasts originated from HSCs[9]. Therefore, 
efforts have been ongoing to investigate the 
mechanistic alterations underlying stiffness-mediated 
HSCs activation and hepatic fibrosis. External matrix 
stiffness is relayed into intracellular signaling 
cascades that eventually converge onto transcrip-
tional factors[10]. Now, some of the key-modulators 
of stiffness have already been identified, such as YAP, 
TAZ, SRF and ZNF416, whose target genes are 
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frequently overexpressed in pathological fibrosis 
tissue[10-12]. Here, through analysis the RNA-seq 
data of primary HSCs cultured on 0.4 kPa and 25.6 
kPa hydrogel, we discovered FOXC2 as a new 
mechanosensing transcriptional regulator that 
coordinate HSCs responses to the matrix stiffness. We 
found that matrix stiffness induces HSCs activation 
into myofibroblasts and enhanced nuclear 
accumulation of FOXC2, moreover, FOXC2 was 

highly expressed in fibrosis or cirrhosis tissues. 
Knockdown of FOXC2 impeded stiffness-induced 
expression of α-SMA, Col1A1, FN1 and CTGF, the 
makers of HSCs activation into myofibroblasts. Thus, 
based on the important functional roles verified here 
for FOXC2, further elucidation of its roles in the 
upstream gap linking matrix stiffness to its 
transcriptional functions is likely to present additional 
insights relevant to hepatic fibrosis or wound healing.  

 

 
Figure 7. FOXC2-AS1/FOXC2 axis mediated stiffness-induced HSCs activation. (A) Knockdown of FOXC2-AS1in HSCs plated on 25.6kPa inhibited the mRNA level 
of FN1, Col1A1, CTGF and α-SMA, while overexpression of FOXC2 effectively rescued the inhibition of HSCs activation induced by FOXC2-AS1 knockdown. n =three 
independent experiments, **P<0.01, ***P<0.001 by ANOVA. (B-E) IF and WB data displayed that overexpression of FOXC2 could reverse the FOXC2-AS1 knockdown induced 
the repression of HSCs activation. Magnification is ×10, and scale bars = 50 μm. n =three independent experiments, **P<0.01, ***P<0.001 by ANOVA.  
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Figure 8. Depletion of FOXC2 alleviated CCl4-induced mouse liver fibrosis. (A) Schematic overview of the experimental design. (B) Collagen I content was reduced 
in livers of FOXC2 knockdown compared to matched WT controls induced by CCl4, as assayed by hydroxyproline assay. n =6, **P<0.01, ***P<0.001 by ANOVA. (C) The mRNA 
was harvested from whole liver and qRT-PCR was conducted to analyze FN1, Col1A1, α-SMA and CTGF expression. (D-E) Sirius Red, masson staining and IHC were performed 
to assess liver fibrosis and α-SMA expression. Magnification is ×10, and scale bars = 100 μm. n =6, *P<0.5, **P<0.01, ***P<0.001 by ANOVA. (F-G) WB showed that CCl4-induced 
the expression of FN1, Col1A1, α-SMA, CTGF and FOXC2, while knockdown of FOXC2 in vivo by AAV6 shFOXC2 effectively impeded FN1, Col1A1, α-SMA and CTGF 
expression. n =6, **P<0.01, ***P<0.001 by ANOVA. 

 
Previous studies have revealed that antisense 

lncRNAs could modulate the expression of their 
neighboring genes[39]. Intriguingly, antisense 
lncRNA FOXC2-AS1 was the nearest gene, possessing 
some overlap sequences with FOXC2. Further mecha-
nistic studies displayed that stiffness was able to 
upregulate lncRNA FOXC2-AS1 expression, and 
stiffness-upregulated lncRNA FOXC2-AS1 had no 
influence on transcription of FOXC2. However, 
FOXC2-AS1 exerted its biological function through 

maintaining the RNA stability of FOXC2, and 
protecting FOXC2 mRNA from degradation by RNA 
exosome complex. Additionally, rescue assays 
confirmed that manipulation of FOXC2-AS1/FXOC2 
axis effectively disrupted the matrix stiffness- 
mediated HSCs activation into myofibroblasts. Taken 
together, our results corroborate FOXC2-AS1/FOXC2 
axis was identified as the key regulators of HSCs 
mechanoactivation and fibrogenic function. 
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Figure 9. Schematic findings of the current study.    

 
In eukaryotic cells, the RNA exosome core 

possesses a barrel-like structure (constituted by 
EXOSC4, EXOSC5, EXOSC6, EXOSC7, EXOSC8, and 
EXOSC9) and a cap (constituted by EXOSC1, 
EXOSC2, and EXOSC3)[41], moreover, EXOSC10 has 
the 3’–5’ exoribonuclease activity and is a crucial 
catalytic component of the RNA exosome. The RNA 
exosome complex is a multiprotein complex that 
exerts a profound role in modulating RNA turn-
over[41-44]. However, the role of the RNA exosome 
complex in regulating RNA turnover to impact HSCs 
activation under stiffness microenvironment is still 
unclear. Long non-coding RNAs (lncRNAs) are 
functional RNA transcript longer than 200 
nucleotides, which are regarded as a redundant 
transcriptional product[45]. According to the features 
of their genomic locations, lncRNAs are sorted as 
sense, antisense, intergenic, intronic, or bidirectional. 
Some lncRNAs are exclusively localized in the 
cytoplasm or nucleus, while others are identified in 
both[45]. LncRNAs could act as decoys, signals, 
guides, and scaffolds by binding with protein, RNA 
or DNA molecules. Especially, Antisense RNA 
transcripts could modulate their sense genes at the 
transcriptional or post- transcriptional level[40]. In 
consistent with previous studies[19], we found that 
the antisense lncRNA FOXC2-AS1 induced by 
stiffness maintained the mRNA stability of FOXC2, 
the sense gene closed to FOXC2-AS1, and protects 
FOXC2 mRNA degradation by RNA exosome 

complex in HSCs. The schematic findings of the 
current study were displayed in Figure 9. Hence, the 
findings of the correlation between the lncRNA 
FOXC2-AS1 and RNA exosome to maintain FOXC2 
mRNA balance in the context of stiffness microen-
vironment indicates that the RNA exosome may also 
be considered as a novel therapeutic target for 
reprograming HSCs activation and fibrosis disease. 

Recently, the study reported that an AAV6 vector 
carrying transcription regulators was able to 
successfully reprogram activated hepatic stellate cells 
into hepatocytes and thus contribute to mouse hepatic 
fibrogenesis recovery[28]. Chen et al. uncovered that 
AAV6 displayed organ tropism for activated HSCs or 
myofibroblasts in the liver during fibrosis, and the 
targeting efficacy of AAV6 was reach to 17.04 % in 
nestin+ murine activated HSCs of CCl4-induced liver 
fibrosis model[27]. Most importantly, AAV vectors 
have now been considered as a safe and efficient gene 
delivery tool in clinical trials since they possess low 
oncogenicity and weak immunogenicity[46, 47]. 
Hence, we utilized AAV6 vectors carrying shFOXC2 
to target activated HSCs and investigate the efficacy 
of AAV6 shRNA. Our in vitro data present the 
evidence of the critical involvement of FOXC2-AS1/ 
FOXC2 signaling in stiffness mediated HSCs 
activation. Consistently, in vivo analyses of targeting 
FOXC2 by AAV6 shRNA in CCl4 or BDL-induced 
liver fibrosis model substantiate our in vitro findings. 
We provided evidence to exhibit that applying with 
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an AAV6 shRNA to effectively impair FOXC2 
expression in activated HSCs could mitigate hepatic 
fibrogenesis in mouse fibrosis model, providing a 
promising anti-fibrotic strategy. Moreover, besides 
AAV vectors, liposomes, EV or other new 
nanomaterial-based targeted delivery tools have been 
identified in recent years. These vectors have showed 
better targeting efficiency and great promise for 
treatment of hepatic fibrosis[48-50]. Hence, it is of 
great interest to further investigate other therapeutic 
approaches by targeting FOXC2 or FOXC2-AS1, 
which may provide novel insights in the exploitation 
of anti-fibrosis strategies. In sum, our study uncovers 
a reciprocal crosstalk between matrix stiffness and 
FOXC2-AS1/FOXC2 axis leading to modulation of 
HSCs mechanoactivation and liver fibrosis, and 
present AAV6 shRNA as an effective strategy that 
targets FOXC2 leading to liver fibrosis resolution.  

Abbreviations 
ALD, alcoholic liver disease; NASH, non- 

alcoholic steatohepatitis; ECM, extracellular matrix; 
HSCs, hepatic stellate cells; TGF-β, transforming 
growth factor beta; FOXC2, forkhead box protein C2; 
EMT, epithelial–mesenchymal transition; BDL, bile 
duct ligation; LncRNAs, long non-coding RNAs. 

Supplementary Material 
Supplementary figures and tables.  
https://www.ijbs.com/v19p4206s1.pdf 

Acknowledgements 
This study was supported by grants from the 

National Natural Science Foundation of China 
(82202903), the Natural Science Basic Research 
Program of Shaanxi (2020JC-36, 2022JQ-846, 
2023-YBSF-149), the Research Foundation of the First 
Affiliated Hospital of Xi'an Jiaotong University 
(2021QN-01), and Fundamental Research Funds for 
the Central Universities (xzy012022031, 
xzy012022095). 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Bataller R, Brenner DA. Liver fibrosis. The Journal of clinical 

investigation. 2005; 115: 209-18. 
2. Maiers JL, Kostallari E, Mushref M, deAssuncao TM, Li H, Jalan-Sakrikar 

N, et al. The unfolded protein response mediates fibrogenesis and 
collagen I secretion through regulating TANGO1 in mice. Hepatology. 
2017; 65: 983-98. 

3. 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. Nature communications. 2013; 
4: 2823. 

4. Friedman SL, Sheppard D, Duffield JS, Violette S. Therapy for fibrotic 
diseases: nearing the starting line. Science translational medicine. 2013; 5: 
167sr1. 

5. Sun L, Wang Y, Wang X, Navarro-Corcuera A, Ilyas S, Jalan-Sakrikar N, 
et al. PD-L1 promotes myofibroblastic activation of hepatic stellate cells 
by distinct mechanisms selective for TGF-beta receptor I versus II. Cell 
Rep. 2022; 38: 110349. 

6. Liu C, Li J, Xiang X, Guo L, Tu K, Liu Q, et al. PDGF receptor-alpha 
promotes TGF-beta signaling in hepatic stellate cells via transcriptional 
and posttranscriptional regulation of TGF-beta receptors. American 
journal of physiology Gastrointestinal and liver physiology. 2014; 307: 
G749-59. 

7. Liu C, Billadeau DD, Abdelhakim H, Leof E, Kaibuchi K, Bernabeu C, et 
al. IQGAP1 suppresses TbetaRII-mediated myofibroblastic activation 
and metastatic growth in liver. The Journal of clinical investigation. 2013; 
123: 1138-56. 

8. Kostallari E, Wei B, Sicard D, Li J, Cooper SA, Gao J, et al. Stiffness is 
associated with hepatic stellate cell heterogeneity during liver fibrosis. 
American journal of physiology Gastrointestinal and liver physiology. 
2022; 322: G234-G46. 

9. Chen G, Xia B, Fu Q, Huang X, Wang F, Chen Z, et al. Matrix Mechanics 
as Regulatory Factors and Therapeutic Targets in Hepatic Fibrosis. 
International journal of biological sciences. 2019; 15: 2509-21. 

10. Jones DL, Meridew JA, Link PA, Ducharme MT, Lydon KL, Choi KM, et 
al. ZNF416 is a pivotal transcriptional regulator of fibroblast 
mechanoactivation. The Journal of cell biology. 2021; 220. 

11. Liu F, Lagares D, Choi KM, Stopfer L, Marinkovic A, Vrbanac V, et al. 
Mechanosignaling through YAP and TAZ drives fibroblast activation 
and fibrosis. American journal of physiology Lung cellular and 
molecular physiology. 2015; 308: L344-57. 

12. Huang X, Yang N, Fiore VF, Barker TH, Sun Y, Morris SW, et al. Matrix 
stiffness-induced myofibroblast differentiation is mediated by intrinsic 
mechanotransduction. American journal of respiratory cell and 
molecular biology. 2012; 47: 340-8. 

13. Dou C, Liu Z, Tu K, Zhang H, Chen C, Yaqoob U, et al. P300 
Acetyltransferase Mediates Stiffness-Induced Activation of Hepatic 
Stellate Cells Into Tumor-Promoting Myofibroblasts. Gastroenterology. 
2018; 154: 2209-21 e14. 

14. Wang T, Zheng L, Wang Q, Hu YW. Emerging roles and mechanisms of 
FOXC2 in cancer. Clinica chimica acta; international journal of clinical 
chemistry. 2018; 479: 84-93. 

15. Kim SH, Cho KW, Choi HS, Park SJ, Rhee Y, Jung HS, et al. The forkhead 
transcription factor Foxc2 stimulates osteoblast differentiation. 
Biochemical and biophysical research communications. 2009; 386: 532-6. 

16. Park SJ, Gadi J, Cho KW, Kim KJ, Kim SH, Jung HS, et al. The forkhead 
transcription factor Foxc2 promotes osteoblastogenesis via up-regulation 
of integrin beta1 expression. Bone. 2011; 49: 428-38. 

17. Sabine A, Bovay E, Demir CS, Kimura W, Jaquet M, Agalarov Y, et al. 
FOXC2 and fluid shear stress stabilize postnatal lymphatic vasculature. 
The Journal of clinical investigation. 2015; 125: 3861-77. 

18. Chen C, Chen Q, Wu J, Zou H. H3K27ac-induced FOXC2-AS1 accelerates 
tongue squamous cell carcinoma by upregulating E2F3. Journal of oral 
pathology & medicine : official publication of the International 
Association of Oral Pathologists and the American Academy of Oral 
Pathology. 2021; 50: 1018-30. 

19. Pan K, Xie Y. LncRNA FOXC2-AS1 enhances FOXC2 mRNA stability to 
promote colorectal cancer progression via activation of Ca(2+)-FAK 
signal pathway. Cell Death Dis. 2020; 11: 434. 

20. Zhang CL, Zhu KP, Ma XL. Antisense lncRNA FOXC2-AS1 promotes 
doxorubicin resistance in osteosarcoma by increasing the expression of 
FOXC2. Cancer letters. 2017; 396: 66-75. 

21. Golden D, Cantley LG. Casein kinase 2 prevents mesenchymal 
transformation by maintaining Foxc2 in the cytoplasm. Oncogene. 2015; 
34: 4702-12. 

22. Tu X, Qin B, Zhang Y, Zhang C, Kahila M, Nowsheen S, et al. PD-L1 
(B7-H1) Competes with the RNA Exosome to Regulate the DNA Damage 
Response and Can Be Targeted to Sensitize to Radiation or 
Chemotherapy. Molecular cell. 2019; 74: 1215-26 e4. 

23. Aravamudhan A, Haak AJ, Choi KM, Meridew JA, Caporarello N, Jones 
DL, et al. TBK1 regulates YAP/TAZ and fibrogenic fibroblast activation. 
American journal of physiology Lung cellular and molecular physiology. 
2020; 318: L852-L63. 

24. Fornes O, Castro-Mondragon JA, Khan A, van der Lee R, Zhang X, 
Richmond PA, et al. JASPAR 2020: update of the open-access database of 
transcription factor binding profiles. Nucleic acids research. 2020; 48: 
D87-D92. 

25. Sun L, Wang L, Chen T, Shi Y, Yao B, Liu Z, et al. LncRNA RUNX1-IT1 
which is downregulated by hypoxia-driven histone deacetylase 3 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4222 

represses proliferation and cancer stem-like properties in hepatocellular 
carcinoma cells. Cell death & disease. 2020; 11: 95. 

26. Sun L, Wang Y, Wang L, Yao B, Chen T, Li Q, et al. Resolvin D1 prevents 
epithelial-mesenchymal transition and reduces the stemness features of 
hepatocellular carcinoma by inhibiting paracrine of cancer-associated 
fibroblast-derived COMP. Journal of experimental & clinical cancer 
research : CR. 2019; 38: 170. 

27. Chen H, Cai J, Wang J, Qiu Y, Jiang C, Wang Y, et al. Targeting Nestin(+) 
hepatic stellate cells ameliorates liver fibrosis by facilitating TbetaRI 
degradation. Journal of hepatology. 2021; 74: 1176-87. 

28. Rezvani M, Espanol-Suner R, Malato Y, Dumont L, Grimm AA, Kienle E, 
et al. In Vivo Hepatic Reprogramming of Myofibroblasts with AAV 
Vectors as a Therapeutic Strategy for Liver Fibrosis. Cell stem cell. 2016; 
18: 809-16. 

29. Zhang J, Li Y, Liu Q, Huang Y, Li R, Wu T, et al. Sirt6 Alleviated Liver 
Fibrosis by Deacetylating Conserved Lysine 54 on Smad2 in Hepatic 
Stellate Cells. Hepatology. 2021; 73: 1140-57. 

30. Chen L, Zhou T, White T, O'Brien A, Chakraborty S, Liangpunsakul S, et 
al. The Apelin-Apelin Receptor Axis Triggers Cholangiocyte 
Proliferation and Liver Fibrosis During Mouse Models of Cholestasis. 
Hepatology. 2021; 73: 2411-28. 

31. Olsen AL, Bloomer SA, Chan EP, Gaca MD, Georges PC, Sackey B, et al. 
Hepatic stellate cells require a stiff environment for myofibroblastic 
differentiation. American journal of physiology Gastrointestinal and 
liver physiology. 2011; 301: G110-8. 

32. Jin D, Han F. FOXF1 ameliorates angiotensin II-induced cardiac fibrosis 
in cardiac fibroblasts through inhibiting the TGF-beta1/Smad3 signaling 
pathway. Journal of receptor and signal transduction research. 2020; 40: 
493-500. 

33. Penke LR, Speth JM, Dommeti VL, White ES, Bergin IL, Peters-Golden 
M. FOXM1 is a critical driver of lung fibroblast activation and 
fibrogenesis. The Journal of clinical investigation. 2018; 128: 2389-405. 

34. Black M, Milewski D, Le T, Ren X, Xu Y, Kalinichenko VV, et al. FOXF1 
Inhibits Pulmonary Fibrosis by Preventing CDH2-CDH11 Cadherin 
Switch in Myofibroblasts. Cell reports. 2018; 23: 442-58. 

35. Bowman CJ, Ayer DE, Dynlacht BD. Foxk proteins repress the initiation 
of starvation-induced atrophy and autophagy programs. Nature cell 
biology. 2014; 16: 1202-14. 

36. Kalinichenko VV, Bhattacharyya D, Zhou Y, Gusarova GA, Kim W, Shin 
B, et al. Foxf1 +/- mice exhibit defective stellate cell activation and 
abnormal liver regeneration following CCl4 injury. Hepatology. 2003; 37: 
107-17. 

37. Liu R, Li X, Zhu W, Wang Y, Zhao D, Wang X, et al. 
Cholangiocyte-Derived Exosomal Long Noncoding RNA H19 Promotes 
Hepatic Stellate Cell Activation and Cholestatic Liver Fibrosis. 
Hepatology. 2019; 70: 1317-35. 

38. Yang JJ, Tao H, Deng ZY, Lu C, Li J. Non-coding RNA-mediated 
epigenetic regulation of liver fibrosis. Metabolism: clinical and 
experimental. 2015; 64: 1386-94. 

39. Yan P, Luo S, Lu JY, Shen X. Cis- and trans-acting lncRNAs in 
pluripotency and reprogramming. Curr Opin Genet Dev. 2017; 46: 170-8. 

40. Pelechano V, Steinmetz LM. Gene regulation by antisense transcription. 
Nature reviews Genetics. 2013; 14: 880-93. 

41. Chlebowski A, Lubas M, Jensen TH, Dziembowski A. RNA decay 
machines: the exosome. Biochimica et biophysica acta. 2013; 1829: 552-60. 

42. Tomecki R, Kristiansen MS, Lykke-Andersen S, Chlebowski A, Larsen 
KM, Szczesny RJ, et al. The human core exosome interacts with 
differentially localized processive RNases: hDIS3 and hDIS3L. The 
EMBO journal. 2010; 29: 2342-57. 

43. van Dijk EL, Schilders G, Pruijn GJ. Human cell growth requires a 
functional cytoplasmic exosome, which is involved in various mRNA 
decay pathways. Rna. 2007; 13: 1027-35. 

44. Lejeune F, Li X, Maquat LE. Nonsense-mediated mRNA decay in 
mammalian cells involves decapping, deadenylating, and exonucleolytic 
activities. Molecular cell. 2003; 12: 675-87. 

45. Kong S, Tao M, Shen X, Ju S. Translatable circRNAs and lncRNAs: 
Driving mechanisms and functions of their translation products. Cancer 
letters. 2020; 483: 59-65. 

46. Crystal RG. Adenovirus: the first effective in vivo gene delivery vector. 
Human gene therapy. 2014; 25: 3-11. 

47. Li H, Malani N, Hamilton SR, Schlachterman A, Bussadori G, Edmonson 
SE, et al. Assessing the potential for AAV vector genotoxicity in a murine 
model. Blood. 2011; 117: 3311-9. 

48. Li Y, Pu S, Liu Q, Li R, Zhang J, Wu T, et al. An integrin-based 
nanoparticle that targets activated hepatic stellate cells and alleviates 
liver fibrosis. Journal of controlled release : official journal of the 
Controlled Release Society. 2019; 303: 77-90. 

49. Bangen JM, Hammerich L, Sonntag R, Baues M, Haas U, Lambertz D, et 
al. Targeting CCl4 -induced liver fibrosis by RNA interference-mediated 
inhibition of cyclin E1 in mice. Hepatology. 2017; 66: 1242-57. 

50. Chen Z, Xiao L, Liu W, Liu D, Xiao YY, Chen J, et al. Novel materials 
which possess the ability to target liver cells. Expert opinion on drug 
delivery. 2012; 9: 649-56. 

 


