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Abstract
Liver fibrosis is characterized by an excessive accumulation of extracellular ma-
trix (ECM) leading to liver dysfunction. Proteomic approaches help to decipher 
ECM alterations during fibrosis progression. Using a decellularization method, 
we performed a proteomic analysis of 18 fibrotic human liver samples and identi-
fied 106 deregulated ECM proteins. Three members of the fibulin protein family 
(fibulin-2, -3, and -5) expressed by hepatic stellate cells were significantly associ-
ated with fibrosis progression. Integrative analyses of protein–protein interaction 
networks highlighted different functional annotations for these three fibulins. 
Gene silencing studies showed that unlike fibulin-2 (FBLN2), fibulin-3 (EFEMP1) 
depletion impaired focal adhesions, FAK phosphorylation, the fibronectin net-
work, and cell migration. These findings are the first to demonstrate the critical 
involvement of fibulin-3 in the regulation of hepatic stellate cell focal adhesions 
and migration, emphasizing the intricate link between chronic liver disease pro-
gression and remodeling of the microenvironment.
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1   |   INTRODUCTION

Most chronic liver diseases are associated with the devel-
opment of fibrosis, of which cirrhosis is the end-stage and 
the main risk factor for hepatocellular carcinoma. Liver 
diseases, mainly caused by viral hepatitis B or C (HBV, 
HCV), alcohol consumption, and non-alcoholic fatty liver 
(NAFLD), and cirrhosis are recognized as a major cause 
of morbidity worldwide.1,2 Understanding and character-
izing the fibrotic microenvironment has the potential to 
enable the identification of novel biomarkers and thera-
peutic targets, or methods to facilitate drug delivery.

Fibrosis is characterized by an excessive accumulation 
of extracellular matrix (ECM), resulting in liver dysfunc-
tion. Hepatic stellate cells play a critical role in liver fibro-
sis as a main source of ECM and remodeling activity. The 
ECM is defined as a complex molecular network compris-
ing collagen, glycoproteins, and proteoglycans, all of which 
constitute the core of the matrisome that is complemented 
by ECM-associated proteins such as matrix remodeling 
regulators and growth factors.3,4 The ECM is a dynamic 
structure with various compositions and mechanical prop-
erties, constituting a wide variety of cellular microenviron-
ments that evolve over the course of the development of 
liver fibrosis and with its etiologies. In recent years, pro-
teomic approaches have been used to characterize ECM 
alterations in chronic liver lesions. Analyses of fibrotic 
tissues from patients with viral hepatitis C have shown 
global alterations in the parenchymal proteome5,6 while 
the microdissection of cirrhotic areas identified 24 proteins 
whose amounts are altered in fibrosis tissues, including the 
cirrhosis-associated human microfibril–associated protein 
4 (MFAP-4).7

Using a label-free discovery approach, Bracht  
et al.8 identified 60 proteins differentially up-regulated in 
a high fibrosis group of patients with HBV and HCV viral 
hepatitis. More recently, decellularization methods used 
to purify ECM scaffolds from fibrotic tissues have iden-
tified protein signatures corresponding to various stages 
of HCV-related liver fibrosis, based on the differential de-
tection of 47 proteins.6 Similarly, Mazza et al.9 identified 
51 proteins significantly enriched in cirrhotic ECM scaf-
folds (compared to healthy ECM) prepared from human 
liver tissues, and Daneshgar et al.10 identified 59 differen-
tially expressed proteins in various fibrotic ECM scaffolds. 
Decellularization and ECM-enriched protocols have also 
been successfully applied to tissue samples from fibrosis-
induced mouse models to characterize ECM changes 
following acute and chronic injuries.11–13 Although in-
formative, the number of such studies remains limited, 
especially in human tissues and for nonviral etiologies. 
Therefore, there is a critical need to further investigate 
and characterize proteomic changes associated with liver 

fibrosis. Here we performed a proteomic analysis of 18 
human fibrotic liver samples using the decellularization 
procedure described by Naba et  al.14 to extract ECM-
enriched proteins. Among the deregulated proteins, we 
showed that the amounts of three members of the fibulin 
protein family (fibulin-2, -3. and -5) were associated with 
fibrosis progression. Furthermore, an analysis of protein–
protein interaction networks revealed different functional 
annotations for these three fibulins. Using a hepatic stel-
late cell line, we showed that gene silencing of EFEMP1 
(fibulin-3) but not FBLN2 (fibulin-2) impaired focal adhe-
sions, FAK phosphorylation, and cell migration. Our data 
demonstrate the specific function of fibulin-3 in modulat-
ing hepatic stellate cell adhesion and migration.

2   |   MATERIALS AND METHODS

2.1  |  Human samples

Fifty non-tumor liver samples were taken from patients 
who had undergone hepatectomy for hepatocellular car-
cinoma (HCC), 18 of which were selected for the prot-
eomic analysis (Table  S1). Histological stages of fibrosis 
were graded according to the METAVIR score: F1, portal 
fibrosis without septa; F2, portal fibrosis with rare septa; 
F3, numerous septa without cirrhosis; and F4, cirrhosis. 
All tissue sections were routinely analyzed after stain-
ing with hematoxylin–eosin–saffron and Sirius red. Liver 
samples were from the Biological Resources Center (BRC) 
at Rennes University Hospital. Access to this material was 
in agreement with French laws and satisfied the require-
ments of the local Ethics Committee.

2.2  |  Proteomic analyses of ECM from 
human fibrotic tissue samples

Tissue preparation and ECM protein enrichment were 
performed as previously described.15 Briefly, tissue sam-
ples (stages F1–F4) were mechanically homogenized and 
extracted sequentially using Naba's protocol.14 Protein 
digestion and mass spectrometry analyses were per-
formed by the Proteomics Platform of the CHU de Québec 
Research Center (Quebec, Qc, Canada) using LC–MS/
MS on Orbitrap Fusion (Thermo Fisher Scientific). Mass 
spectra were interpreted with MaxQuant/Andromeda 
and MS/MS spectra were searched against the UniprotKB 
Homo sapiens (CP_Homo-Sapiens) database with fixed 
modification: carbamidomethyl(C), variable modifica-
tions: oxidation (M), oxidation (K), oxidation (P). Peptide 
identifications were filtered at a 1% false discovery rate. 
Resulting label-free quantitation (LFQ) values were 
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compared between normal liver samples (F0) and sam-
ples corresponding to each fibrosis stage (F1, F2, F3, 
and F4), using a nonparametric test (Mann–Whitney). 
Comparisons were performed from either raw values, 
rank values, or values normalized to the median value 
in each sample. Proteins were judged to be differentially 
expressed when their amounts were found to be signifi-
cantly increased or decreased between at least two groups 
of samples, with at least one of these normalization 
methods.

2.3  |  Protein–protein interaction 
networks

Gene symbols for each fibulin were used to query molecu-
lar interaction databases using the Proteomics Standard 
Initiative Common QUery InterfaCe (PSICQUIC).16 
This specification was created by the Human Proteome 
Organization Proteomics Standards Initiative (HUPO-
PSI) to standardize access to molecular interaction data-
bases. In this study, queries were performed on February 
22, 2024.

2.4  |  Cell culture and transfection

Primary human hepatocytes (HH) and hepatic stellate cells 
(HSCs) were obtained after isolation from histologically 
normal regions of partial hepatectomies from patients un-
dergoing hepatic resection for liver metastases from colo-
rectal cancers as previously described.17 HH and HSCs 
were cultured in Dulbecco's minimal essential medium 
(DMEM) containing 4.5 g/L glucose, pyruvate, glutamine, 
penicillin (100 IU/mL), streptomycin (100 mg/mL),  
and supplemented with 10% fetal bovine serum (FBS; Lonza). 
The LX-2 cell line was maintained in DMEM with 4.5 g/L 
glucose, pyruvate, glutamine, penicillin (100 IU/mL),  
streptomycin (100 mg/mL), and 10% FBS (Eurobio). When 
indicated, cells were treated with IL-1β (3 ng/mL) or 
TGF-β (5 ng/mL) for the indicated durations in media con-
taining 2% FBS. LX2 cells were transfected with pCMV5-
Flag-EFEMP1 from the laboratory of J. Hullemann, using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher) accord-
ing to the manufacturer's instructions.

2.5  |  Immunofluorescence

For F-actin staining, LX-2 cells were seeded in 12-well 
plates either coated with collagen I or uncoated (plastic 
surface) 24 h after siRNA transfection and cultured for an 
additional 72 h. Transfected cells were fixed for 10 min in 

4% paraformaldehyde, followed by permeabilization with 
0.1% Triton X-100 in PBS for 10 min and were washed 
three times in PBS. F-actin was stained using phalloidin 
coupled with Alexa-488 (1/40; #8878, Cell Signaling). 
Fixed cells were counterstained with Hoechst-33342 and 
observed under epifluorescence microscopy. Images were 
obtained using a Zeiss Axio Vert A1 microscope and were 
analyzed with ImageJ/FiJi software. For nuclear size 
analysis, regions of interest (ROIs) corresponding to the 
projected areas of nuclei (Hoechst signal) were defined by 
automatic thresholding. For each ROI and channel, area, 
average signal value, and integrated signal value were col-
lected. Analyses of measurement tables were performed 
in R.

For other immunostainings, LX-2 cells were seeded 
in μ-slide eight-well IbiTreat (#80806, Ibidi) 24 h after 
siRNA transfection and cultured for an additional 72 h. 
Transfected cells were fixed for 10 min in 4% paraformal-
dehyde and washed three times in PBS. For paxillin de-
tection, cells were permeabilized with 0.1% Triton X-100 
in PBS for 10 min. Fixed cells were incubated for 2 h at 
room temperature in PBS containing 1% BSA followed 
by overnight incubation at 4°C with primary antibodies: 
anti-paxillin (1/100; mouse; #612405, BD Transduction 
Laboratories), anti-fibronectin (1/40; rabbit; #PA5-29578, 
Invitrogen) or anti-integrin α5 (1/25; mouse; #MABT201; 
Sigma-Aldrich) diluted in PBS-1% BSA. Bound antibodies 
were detected with a secondary Cy3-conjugated donkey 
anti-mouse IgG antibody (1/100; #715-165-150, Jackson 
Immunoresearch) or donkey anti-rabbit IgG antibody 
(1/100, #711-165-152, Jackson Immunoresearch). Images 
were obtained using a TCS SP8 confocal microscope (Leica) 
with the Leica Application Suite Advanced Fluorescence 
and analyzed with ImageJ/FiJi software. Quantification 
of the number and size of fibronectin length was done as 
previously described.18 For integrin α5 analysis, ROIs cor-
responding to positively labeled objects were defined in all 
focal planes by automatic threshold. Particles with a min-
imal size of 3 μm2 were analyzed with shape descriptors, 
and the roundness of integrin α5 particles was measured. 
An average roundness was calculated for each picture. 
After discarding overlapping fields, a minimum of five 
independent pictures were used for comparisons between 
conditions in three independent experiments.

2.6  |  Focal adhesion analysis

Focal adhesions were detected based on paxillin immu-
nostaining and imaged with a SP8 confocal microscope 
(Leica). Image analyses were performed with ImageJ/
Fiji software. Optical slices containing paxillin signals 
were Z-projected and summed, then thresholded using 
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the Otsu algorithm. Paxillin foci larger than 1 μm2 were 
counted and normalized to the number of nuclei (objects 
larger than 100 μm2 in the DAPI channel).

2.7  |  Gene silencing by RNA-interference

siRNA transfections were performed with Lipofectamine® 
RNAiMAX Reagent (Invitrogen) according to the manu-
facturer's instructions. LX-2 cells were transfected with 
EFEMP1, FBLN2, or control siRNAs for the indicated times. 
The following siRNAs (Eurogentec) sequences were used:

siEFEMP1 si1 (sense): GUGUGUCAACCACUAUG​
GAdTdT
siEFEMP1 si2 (sense): GGAAACACAACCAGCAGAA​
dTdT
siEFEMP1 si3 (sense): GACAUUGAUGAAUGCAGAA​
dTdT
siFBLN2 (sense): GAGUUUCAGAGGCAGAGAUdTdT
siCTRL (negative control): Eurogentec reference 
SR-CL000-005.

After validation, siEFEMP1 si2 was selected for 
EFEMP1 knockdown experiments.

2.8  |  RNA isolation and real-time 
quantitative PCR

Total RNA of liver samples and cultured cells was ex-
tracted using the TRIzol reagent (Invitrogen) according 
to the manufacturer's instructions. cDNAs were obtained 
by reverse transcription from 1 μg of total RNA using the 
high-capacity cDNA reverse transcription kit (Applied 
Biosystems) and quantified by real-time quantitative PCR 
using the Power-SYBR-Green PCR Master Mix (Applied 
Biosystems). Transcript abundance was normalized using 
the GAPDH reference gene. Primer sequences used are 
described in Table S2.

2.9  |  Western blotting

Proteins were extracted from cultured cells using RIPA lysis 
buffer (Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Triton, 
0.5% Na-deoxycholate, 0.1% SDS) supplemented with a mix 
of protease inhibitors including AEBSF (30827-99-7, Sigma-
Aldrich), PIC (05056489001, Roche), and anti-phosphatase 
(PhosSTOP, 04906837001, Roche). Cell lysates were sub-
jected to SDS–polyacrylamide gel electrophoresis (SDS–
PAGE) and transferred to a nitrocellulose membrane (GE 
Healthcare, UK). Membranes were blocked by incubation in 

Tris-buffered saline (TBS) buffer containing 0.1% Tween-20 
and 5% non-fat dry milk or 1% bovine serum albumin (BSA) 
and further incubated overnight at 4°C with the primary 
antibodies described in Table  S3. Bound antibodies were 
detected with horseradish peroxidase-conjugated mouse 
(P0447, Dako) or rabbit (P0448, Dako) IgG at the dilution 
of 1/10.000 and revealed with the Clarity Western ECL 
Substrate Kit (Biorad). Protein amounts were normalized 
with actin. Quantification and analyses were performed 
using ImageJ/FiJi software and R.

2.10  |  Cell proliferation assay

Analysis of live cell proliferation was performed using 
the IncuCyte S3 Live-Cell Analysis System (Sartorius). 
Transfected LX-2 cells were seeded at a density of 
4 × 103 cells/well in 96-well plates 24 h after siRNA trans-
fection. After 6 h of incubation, culture media was replaced 
with fresh medium containing Nuclight Rapid Red Dye di-
luted at 1/1000 (NRR; 4717, Sartorius). Live cell prolifera-
tion was visualized every 4 h for 72 h using a 10× objective. 
Using the IncuCyte S3 Live-Cell analysis system software, 
cells were counted based on NRR staining and a prolifera-
tion index was calculated by dividing the cell number at 
each time point by the cell number at the beginning of the 
time course for each condition.

2.11  |  Migration assay

Eighty hours after siRNA transfection, cells were cultured 
for 16 h in low serum (2%)-containing medium. Next, 8 × 104 
transfected LX-2 cells were added in the top compartment 
of Boyden chambers in low serum (2%)-containing medium. 
The bottom compartment was filled with complete growth 
medium (10% FBS). Cells were allowed to migrate for 6 h 
at 37°C. To quantify migration, cells were mechanically re-
moved from the upper side of the membrane using a cotton 
swab, and migrating cells on the lower side were fixed with 
70% ethanol and stained with Hoechst-33342. Images were 
acquired using a TCS SP8 confocal microscope (Leica). Five 
representative images were analyzed for each insert. Each 
experiment was conducted in duplicate.

2.12  |  xCELLigence assay

Cell spreading analysis was performed using the real-time 
cell analysis (RTCA) xCELLigence instrument (ACEA 
Biosciences). Ninety-six hours after siRNA transfection, 
LX-2 cells were seeded at a density of 2 × 104 cells/well in 
a 16-well E-Plate (Agilent). Cell index (CI) measurements 
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were taken every 5 min over a period of 6 h. The CI values 
were normalized to the mean of CI values of siCTRL cells 
at 6 h.

2.13  |  Statistical analyses

Statistical analyses and graphs were performed using R. 
Statistical significances between groups were assessed by 
nonparametric or parametric tests as indicated in figure 
legends.

3   |   RESULTS

3.1  |  Characterization of an 
ECM-enriched signature associated with 
fibrosis

To characterize the matrisome in human liver fibrosis, we 
conducted an enrichment of extracellular matrix (ECM) 
proteins from human patient samples as previously de-
scribed15 using Naba's protocol.14 Proteomic analyses 
identified 1131 proteins within 18 adjacent non-tumor 
tissue samples from patients with hepatocellular carci-
noma. Using the NABA_MATRISOME_GSEA gene set 
(1020 genes) we identified 198 proteins present in the 
matrisome corresponding to 182 genes (Table S4). Among 
them, 16 exhibited differential protein expression across 
at least two fibrosis stages (Figure  S1). With the excep-
tion of COL5A3, these proteins have all been previously 
detected in healthy liver using a similar extraction pro-
tocol.19 The protein levels were either decreased or in-
creased between F1 and F4 fibrosis stages. Three collagen 
proteins, COL4A1, COL5A3, and COL18A1, were found 
to be decreased, aligning with findings from a previous 
study using decellularization approaches.6 Although in-
creased expression of type XVIII collagen has been pre-
viously associated with liver fibrosis,20,21 we observed 
its decrease with the progression of fibrosis in the ECM-
enriched preparations. Using a comparable ECM purifica-
tion approach, Baiocchini et al. also reported a reduction 
in COL18A1 in F4 stage.6 Conversely, a group of proteins 
comprising INHBE, LTBP4, and VWF were increased in 
F4 stage. Some proteins such as CTSB and LAMA4 showed 
an increase restricted to F2 or F3 stages, while FBN1 dis-
played a decrease restricted to F3 samples. Remarkably, 
we observed an increase in the amounts of three members 
of the fibulin protein family, fibulin-2, -3, and -5 which 
were associated with fibrosis progression (Figure  1A). 
An accumulation of fibulin-5 protein levels was previ-
ously reported in HBV/HCV-associated hepatic fibrosis.8 
Additionally, increased mRNA expression of FBLN5 and 

EFEMP1 has recently been associated with liver fibrosis in 
patients with NAFLD.22,23 Upon analyzing mRNA expres-
sion of FBLN2, EFEMP1, and FBLN5 in non-malignant 
tissue adjacent to tumor from patients with hepatocellu-
lar carcinoma (n = 50), only EFEMP1 mRNA expression 
was significantly increased in F4 compared to F1 samples 
(Figure 1B).

3.2  |  Analysis of protein–protein 
interactions suggests functional 
specificities for fibulin-2, -3 and -5

To compare the potential functions of the three fibulins, 
we analyzed their protein partners using the Proteomics 
Standard Initiative Common Query Interface (PSICQUIC) 
webservice developed by the European Bioinformatics 
Institute.16 As shown in supplementary information 
(Tables S5–S7), fibulin queries using gene names (FBLN2, 
EFEMP1, and FBLN5) resulted in 104, 377, and 305 in-
teractions, respectively. Manual curation was required 
to eliminate redundant annotations and to select unique 
human protein–protein interactions (PPIs). The final 
list contains 43, 129, and 158 interacting proteins for 
FBLN2, EFEMP1, and FBLN5, respectively. As shown in 
Figure 2A,B, each fibulin is characterized by a specific PPI 
repertoire, with only 16 proteins being shared by all three 
fibulins. Among these 16 common proteins, 10 belong 
to the core matrisome. In addition to vitronectin (VTN), 
they comprise nine proteins contributing to the formation 
of elastic fibers involved in liver fibrosis24 including five 
members of the microfibrillar associated proteins family 
(MFAP1, MFAP2, MFAP3, MFAP4, MFAP5), two fibril-
lins (FBN1 and FBN2), elastin (ELN) and elastin micro-
fibril interfacer EMILIN1. To further explore each PPI 
network, we analyzed the over-representation of biologi-
cal_process gene ontology (GO) terms associated with the 
network proteins. Although the three protein networks 
shared general GO terms such as extracellular matrix or-
ganization (Figure S2), clustering of ontologies using the 
affinity propagation method highlighted over-represented 
GO terms specific for each fibulin network (Figure  2C): 
elastic fiber assembly for FBLN5, collagen-activated tyros-
ine kinase receptor signaling pathway for FBLN2, and re-
sponse to endoplasmic reticulum stress for EFEMP1. The 
critical role of FBLN5 in elastic fiber development has 
been previously demonstrated25 while FBLN2 was associ-
ated with basement membrane stability26,27 mediating cell 
adherence to collagen.28 The association of the EFEMP1 
PPI network with the GO term response to endoplasmic 
reticulum stress is attributed to a group of proteins includ-
ing ANXA5, DNAJC10, PDIA4, P4HB, RCN1, SDF2L1, 
and TXNDC5. These proteins were previously identified 
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in a screen based on the overexpression of EFEMP1 in an 
adenovirus-infected retinal pigment epithelium (RPE) cell 
line.29 Since the overexpression of ECM proteins is known 
to be associated with ER stress30 due to the mobilization 
of quality control in secretory pathways,31 such a screen 
could therefore artificially over-represent interactions 
with specialized proteins involved in this quality control. 
Besides the GO term response to endoplasmic reticulum 
stress, our analysis revealed another interesting GO term 
that is negative regulation of cell signaling and communi-
cation suggesting specific functions for the EFEMP1 PPI 
network (Figure 2C).

Together our data demonstrate that even if fibulin-2, 
-3, and -5 are closely linked to ECM organization, the 

functional annotations of their respective PPI networks 
suggest that they have different roles. In order to explore 
these functional differences, we first investigated the cel-
lular source of these fibulins in the liver.

3.3  |  FBLN2, EFEMP1, and FBLN5 are 
expressed in hepatic stellate cells

Taking advantage of single cell RNA-sequencing datasets 
from the liver Cell Atlas web site,32 we analyzed cellular 
sources of FBLN2, EFEMP1, and FBLN5 mRNA in the 
human liver. As shown in Figure 3A (left panel), FBLN2 
and FBLN5 mRNAs exhibit a broader distribution among 

F I G U R E  2   Comparative analysis of protein–protein interaction (PPI) networks of fibulin-2 (FBLN2), fibulin-3 (EFEMP1), and fibulin-5 
(FBLN5). (A) Graph representation of shared PPI networks for FBLN2, EFEMP1, and FBLN5 (pink nodes) using Cytoscape software. 
Proteins from the core matrisome are colored as green nodes and matrisome-associated proteins as blue nodes. (B) Venn diagram of 
PPIs. (C) Over-representation analysis of biological processes using the WEB-based Gene SeT AnaLysis Toolkit (we selected the affinity 
propagation tool that uses the R package apcluster to cluster gene sets).

F I G U R E  1   Expression of fibulins in human liver fibrosis. (A) Relative levels of fibulin-2, -3, and -5 proteins in the ECM-enriched 
extracts from human liver tissues at various fibrotic stages: F1 (n = 5), F2 (n = 3), F3 (n = 4), and F4 (n = 6). Extracellular matrix extraction 
was performed according to the standardized method of Naba14 and extracts were analyzed by mass spectrometry. Normalized LFQ values 
were compared using a nonparametric Mann–Whitney test. Statistical significances were calculated using a nonparametric Mann–Whitney 
test. (B) FBLN2, EFEMP1, and FBLN5 gene expression measured by RT-qPCR in human liver samples (n = 50) at different fibrotic states: F0 
(n = 4), F1 (n = 10), F2 (n = 7), 7 F3 (n = 7), and F4 (n = 22)). Statistical differences were evaluated using a nonparametric Dunn test with an 
adjusted p-value. *p < .05, **p < .01.
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liver cells compared to EFEMP1. FBLN2 mRNA is mainly 
expressed in stromal and endothelial cells, but is also pre-
sent in immune cells, particularly in type-2 conventional 
dendritic cells (cDC2) and macrophages. Similarly, FBLN5 
expression is mainly associated with stromal cells, but is 
also weakly present in endothelial cells. FBLN5 is also ex-
pressed in the two major liver cell types: hepatocytes and 
cholangiocytes (biliary epithelial cells) as well as in im-
mune cells including natural killers (NK and NKT) and 
T cells. Like FBLN5, EFEMP1 is also expressed in stro-
mal cells and cholangiocytes, but it is absent in immune 
cells and endothelial cells. Overall, FBLN2, EFEMP1, 
and FBLN5 transcripts are predominantly expressed in 
stromal cells. Noteworthy, stromal cells include fibro-
blasts, hepatic stellate cells (HSCs) and vascular smooth 
muscle cells (VSMCs) as shown by selecting the human 
CD45− cell subpopulation defined in the Liver Cell Atlas 
(Figure 3A, right panel). This subpopulation also contains 
hepatocytes, cholangiocytes, and endothelial cells (ECs; 
Central vein ECs, Portal vein ECs, Liver Sinusoidal ECs). 
Based on this in silico analysis, we concluded that FBLN2, 
EFEMP1, and FBLN5 are mainly expressed by fibroblasts 
and quiescent HSCs in the normal liver. Due to the criti-
cal role of activated HSCs in liver fibrosis, we studied the 
expression of FBLN2, EFEMP1, and FBLN5 in primary 
cultures of activated human HSCs and in the human HSC 
cell line, LX-2. Compared to human hepatocytes, cultured 
human HSCs express higher levels of FBLN2, EFEMP1, 
and FBLN5 mRNA (Figure  3B). Examining LX-2 cells, 
we found that FBLN2 and EFEMP1 mRNA were ex-
pressed at a higher level than FBLN5 mRNA (Figure 3C). 
Consistently, fibulin 2 and fibulin 3 proteins are highly 
synthesized by LX-2 cells, while fibulin 5 remains barely 
detectable in LX2 cell extracts (Figure  S3). When LX-2 
cells were treated with TGF-β or IL-1β, we observed 
a strong induction of FBLN5 mRNA expression upon 
TGF-β stimulation and a marked decrease in EFEMP1 
mRNA expression upon IL-1β stimulation, while FBLN2 
mRNA expression was not affected, indicating differential 
regulation of the three fibulins in LX-2 cells (Figure 3D).  
As controls, we confirmed that expression levels of  
MMP9 and COL1A2 were upregulated by IL-1β and  
TGF-β treatments, respectively, as previously 
described.33,34

3.4  |  Silencing of EFEMP1 does not affect 
TGF-β response in hepatic stellate cells

Among GO terms associated with EFEMP1 PPI networks 
(Figure S2), we identified negative regulation of cell signal-
ing. Consistently, the negative effect of fibulin-3 on TGF-β 
signaling has been previously reported through inhibition 
of its interaction with TGF-β receptor 1 (TGFBR1).35,36 
Of note, TGFBR1 was not identified as a member of the 
EFEMP1 PPI network using PSICQUIC, suggesting that 
the databases are incomplete (Table S6). Due to the criti-
cal role of TGF-β in liver fibrosis, we analyzed the effect of 
EFEMP1 knockdown on the cell response to TGF-β and 
compared results to those of FBLN2 knockdown. From 
three different siRNAs, we selected siEFEMP1 number 
2 as the most efficient and specific on EFEMP1 expres-
sion (Figure  S4A). As shown in Figure  4A, transfection 
of siEFEMP1 and siFBLN2 in LX-2 cells reduced protein 
amounts of fibulin-3 and fibulin-2, respectively. Despite 
efficient depletion of both FBLN2 and EFEMP1 mRNAs 
by their corresponding siRNAs (Figure S4B) the lesser ef-
fect of fibulin-3 reduction at the protein level could pos-
sibly be due to greater stability of the protein.

To analyze the effect of EFEMP1 silencing on the cellu-
lar response to TGF-β, we measured the expression of TGF-
β-targeted genes including FBLN5 and PAI1. As shown in 
Figure 4B, after 96 h of EFEMP1 and FBLN2 silencing in 
LX-2 cells, the induction of TGF-β responsive genes was not 
affected. Consistent with this absence of effect of EFEMP1 
and FBLN2 silencing on the induction of TGF-β-dependent 
gene expression, we observed no changes in activation of 
TGF-β-dependent signaling pathways. Specifically, phos-
phorylation of SMAD2 and SMAD3 (Figure  4C) induced 
by TGF-β stimulation was unchanged in silenced cells com-
pared to controls, suggesting that SMAD-dependent TGF-β 
signaling pathways were unaffected.

3.5  |  Silencing of EFEMP1 but not FBLN2 
induces a defect in the organization of 
stress fibers

EFEMP1-silenced cells cultured for 96 h displayed pro-
gressive changes in their phenotype compared to control 

F I G U R E  3   FBLN2, EFEMP1, and FBLN5 expression in liver cells. (A) Analysis of RNAseq data from the Liver Cell Atlas (https://​liver​
cella​tlas.​org/​ ).32 Expression levels are represented as Log2 (transcripts per million) in all human liver cells (left panels) and in human CD45− 
cells (right panels). (B) Fibulin gene expression measured by RT-qPCR in cultured primary human hepatocytes (HH) and hepatic stellate 
cells (HSC) (n = 5). (C) Gene expression of fibulins measured by RT-qPCR in the human HSC cell line, LX-2 (n = 4). (D) Gene expression 
of fibulins measured by RT-qPCR in cultured LX-2 cells stimulated with TGF-β (5 ng/mL) or IL-1β (3 ng/mL) compared to untreated 
cells (control) (n = 4). Results are from five (B) or four (C and D) independent experiments. Statistical differences were evaluated using a 
nonparametric Mann–Whitney test. *p < .05, **p < .01.

https://livercellatlas.org/
https://livercellatlas.org/
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cells (Figure  S5). In addition, staining of F-actin using 
phalloidin showed that the organization of actin fila-
ments was dramatically altered in EFEMP1-silenced cells, 

while FBLN2-silenced cells were less affected (Figure 5A).  
F-actin is a structural component of stress fibers that exert 
direct mechanical tensions on the nuclei.37–39 Measurement 
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F I G U R E  4   Silencing of EFEMP1 does not affect TGF-β-dependent cell signaling in LX-2 cells. (A) LX-2 cells were transfected with a control 
siRNA (siCTRL), or an siRNA against EFEMP1 (siEFEMP1) or FBLN2 (siFBLN2) for the indicated times (24–96 h). The efficiency of RNA 
interference was measured by western blotting. Results are from three independent experiments. (B) Expression levels of TGF-β-dependent 
genes (FBLN5 and PAI1) were measured by RT-qPCR in LX-2 cells transfected with the indicated siRNAs and treated or not with TGF-β (5 ng/
mL) for 16 h (n = 3). (C) Analysis of TGF-β-induced SMAD activation by Western blot, after 16 h of stimulation (n = 4). Results are from three (B) 
or four (C) independent experiments and statistical differences were evaluated using a parametric paired t-test. *p < .05, **p < .01, ***p < .001.
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of nuclear projected areas can therefore be used to assess 
the effects of actin disorganization on stress fiber tension. 
In line with previous observations, TGF-β treatment in-
duced stress fibers, which can be observed by phalloidin 
staining (Figure 5A) and quantified by measuring the pro-
jected areas of the nucleus (Figure 5B). Nuclei areas were 
significantly reduced in EFEMP1-silenced cells regardless 
of the type of surface on which the cells were cultured 
(plastic or collagen-coated dishes) while we observed no 
significant changes in FBLN2-silenced cells. Consistent 
with these results, the actin network and the tension forces 
exerted on nuclei tend to be reinforced when EFEMP1 
is overexpressed (Figure  S6). Importantly, nuclear areas 
were increased after TGF-β treatment in both control 
and silenced cells (Figure 5), in line with the observation  
that the response to TGF-β per se was not affected by 
EFEMP1 or FBLN2 silencing in LX-2 cells (Figure 4). Of 
note, the effect of TGF-β on nuclear sizes was more marked 
when cells were cultured on collagen-coated surfaces 

(Figure  5B, lower panel). As a control, we checked that 
the total DNA content was not affected, indicating that 
the changes in nuclei projected areas primarily reflected 
changes in nuclear shape (Figure S7). Together, these re-
sults demonstrate that EFEMP1 silencing reduces the ten-
sions exerted by the actin cytoskeleton on the nuclei.

3.6  |  Silencing of EFEMP1 and FBLN2 
differentially affects focal adhesions, FAK 
phosphorylation, and cell migration

Given the functional link between stress fibers and focal 
adhesions,40 we investigated whether the observed disor-
ganization of the actin network in EFEMP1-silenced cells 
was associated with changes in the organization of focal 
adhesions. To this end, we performed immunostaining of 
the focal adhesion component paxillin in LX-2 cells. As 
shown in Figure 6A, the number of paxillin-positive foci 

F I G U R E  5   Silencing of EFEMP1, but not FBLN2, impairs the organization of stress fibers. LX-2 cells transfected with the indicated 
siRNAs, and treated or not with TGF-β (5 ng/mL for 16 h) were cultured on uncoated (plastic) or type I collagen (Collagen I)-coated plates. 
(A) After 96 h of culture, cells were fixed and stained with phalloidin-Alexa-Fluor-488 for F-actin detection. Nuclei were counterstained 
with Hoechst-33342. Representative fields of three independent experiments are shown. (B) Average projected areas of nuclei from three 
independent experiments were measured and used to compare nuclear sizes. Statistical significances were evaluated using a parametric 
paired t-test, *p < .05.

siCTRL siEFEMP1 siFBLN2

1.4

1.2

1.0

0.8

N
uc

le
us

 a
re

a

Collagen I
Control
TGF-β 

*
*

siCTRL siEFEMP1 siFBLN2

1.4

1.2

1.0

0.8

N
uc

le
us

 a
re

a
Plastic

*

Control
TGF-β 

siCTRL siEFEMP1 siFBLN2

siCTRL siEFEMP1 siFBLN2

+ 
TG

Fβ
+ 

TG
Fβ

Plastic

Collagen

Phalloidin
DAPI

Phalloidin
DAPI

(A) (B)



12 of 17  |      THOMAS et al.

per cell was lower in EFEMP1-silenced cells when com-
pared with control cells. By contrast, we observed an in-
crease in the number of paxillin-positive focal adhesions 
in FBLN2-silenced cells. In line with these observations, 
phosphorylation of focal adhesion kinase (FAK) was di-
minished in EFEMP1-silenced cells compared to control 
and FBLN2-silenced cells (Figure  6B). In addition, we 
observed that TGF-β treatment induced FAK phospho-
rylation in control cells in line with the known effect of  
TGF-β on FAK activation in HSCs.41 This induction 
of FAK phosphorylation upon TGF-β treatment was 
also observed in both EFEMP1- and FBLN2-silenced 
cells, consistent with our above observation that the re-
sponse to TGF-β was not affected by FBLN2 or EFEMP1 
silencing.

Focal adhesions are involved in both cell adhesion and 
migration.42 Using xCELLigence real-time cell analysis, 
we showed that EFEMP1 silencing did not affect the early 
stages of cell spreading and attachment, whereas the im-
pedance signal was significantly higher at 6 h after seeding 
of FBLN2-silenced cells when compared to control cells 
(Figure  S8). Consistent with the role of focal adhesions 
and FAK signaling in cell migration, we further observed a 

decrease in the migration of EFEMP1-silenced cells com-
pared with control and FBLN2-silenced cells (Figure 6C). 
Finally, using real-time live-cell imaging, we found that 
cell proliferation was not affected by either EFEMP1 or 
FBLN2 siRNA (Figure S9).

3.7  |  Silencing of EFEMP1 modulates 
fibronectin network integrity

FAK activation plays an essential role in cell migration 
driven by β1 integrin signaling.43,44 Moreover, previous 
studies have demonstrated reciprocal cross-talk between 
the spatial distribution of focal adhesions and fibronectin 
organization, mediated by the fibronectin receptor α5β1 
integrin.45 We therefore studied the distribution of both 
fibronectin and α5β1 integrin in EFEMP1-silenced cells. 
We observed significant changes in the organization of 
the fibronectin network at the cell surface of EFEMP1-
silenced cells (Figure  7A) consistent with the estab-
lished role of FAK in the allocation and organization of 
fibronectin (FN1) matrix.46 Compared to control cells and 
FBLN2-silenced cells, both the length (Figure  7B) and 

F I G U R E  6   Silencing of EFEMP1 and FBLN2 differentially affects focal adhesion, FAK phosphorylation, and cell migration. 
(A) LX-2 cells transfected with the indicated siRNA were cultured on uncoated (plastic) plates. After 96 h of culture, cells were fixed 
and immunostained with anti-paxillin. F-actin was stained using phalloidin-Alexa-Fluor-488 and nuclei were counterstained with 
Hoechst-33342 (n = 3). Average numbers of paxillin-positive foci per cell were scored from at least five representative fields per experiment. 
Representative fields of one of three independent experiments are shown. Scale bar: 50 μm. (B) FAK phosphorylation (relative to total FAK 
protein) was measured by western blot in control or silenced cells treated or not by TGF-β (5 ng/mL) for 16 h (n = 4). Results are from four 
independent experiments and statistical differences were evaluated using a parametric paired t-test. (C) Migration was measured using a 
transwell assay. Cells that have migrated are shown as a percentage relative to siCTRL cells. Statistical significances were evaluated from 
three independent experiments using a nonparametric Mann–Whitney test. *p < .05, **p < .01.
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number (Figure 7C) of fibronectin fibers were decreased 
in EFEMP1-silenced cells. Since the cells were cultured on 
uncoated plastic dishes, these changes can be attributed 
to fibronectin produced by the LX-2 cells. We therefore 
analyzed fibronectin production and found no significant 
alteration in mRNA expression (Figure 7D) but a reduced 
amount of protein in EFEMP1-silenced cells (Figure 7E,F) 
suggesting that fibronectin production and/or deposition 
was impaired in EFEMP1-silenced cells. In correlation 
with these observations, we observed that the spatial dis-
tribution of the fibronectin receptor α5β1 integrin was as 
well altered in EFEMP1-silenced cells compared with con-
trol and FBLN2-silenced cells (Figure S10).

4   |   DISCUSSION

As described by A. Naba in a recent review, proteomic 
analyses of the extracellular matrix face a number of chal-
lenges, mainly related to the biochemical properties of 
its components and their complex assembly.47 Although 
there are commonalities between ECM enrichment by 
sequential purification and decellularization protocols, 
each of these approaches results in slightly different pro-
teomic profiles, which may also vary with the biological 
samples analyzed.48 In the present study, we used the en-
richment protocol developed by Naba et al.14, which has 
previously been used for human liver samples19 and has 
proven to be more appropriate for studying the liver matri-
some.48 In line with this, our results show partial overlap 
with previous liver fibrosis proteomes. We have identi-
fied three members of the fibulin family of proteins that 
have previously been reported in proteomic analyses of 
liver fibrosis. Based on decellularized methods, increased 
amounts of fibulin-2,-3, and -5 were reported in human 
cirrhotic structures compared to healthy scaffolds9 and 
fibulin-3 and -5 were increased in advanced liver fibrosis 
from patients with HCV.6 Of note, a label-free proteomics 
discovery study identified an association of fibulin-5 with 
liver fibrosis in biopsied tissue samples from patients with 
hepatitis B or C.8 Whatever the experimental approach, 
these three fibulins have commonly been identified as 
markers of fibrosis, but their role in liver fibrosis is poorly 
documented. Fibulin-2 was initially identified as a marker 
of portal myofibroblasts.49,50 However, a recent study 
identified a new sub-population of highly profibrotic and 
proinflammatory HSCs that strongly express Fbln2 in an 
alcoholic hepatitis mice model51 suggesting that fibulin-2 
is involved in both portal and sinusoidal fibrosis. Through 
binding to elastin, fibulin-5 has been shown to be a major 
regulator of elastic fiber assembly25 and to contribute to 
the deposition of elastic fibers in cirrhotic liver.24 Fibulin-3 
was recently identified as a seric marker of fibrosis in the 

context of metabolic dysfunction-associated steatotic liver 
disease.52 Unlike fibulin-2 and fibulin-5, fibulin-3 does 
not interact with basement membrane components such 
as type IV collagen or tropoelastin53 and our own analy-
sis of PPI networks clearly demonstrates that fibulin-3 is 
involved in different biological processes (Figure  2). In 
chronic liver diseases, EFEMP1 overexpression was shown 
to inhibit the growth and migration of hepatocellular car-
cinoma cells,54,55 however, the role of fibulin-3 in liver fi-
brosis was never explored.

In the present work, we showed that fibulin-3 plays 
a critical role in HSC migration and adhesion signaling, 
thereby contributing to regulate HSC functions. Unlike 
FBLN2-silenced cells, EFEMP1-silenced cells exhibited a 
default in stress fiber maturation associated with the loss 
of focal adhesions. Cells are known to use their focal ad-
hesions to apply traction forces on the ECM and migrate.56 
Consistent with this, we also observed a decrease in the 
migration of EFEMP1-silenced cells. Interestingly, silenc-
ing of fibulin-3 did not affect the early steps of cell spread-
ing, suggesting compensation by other adhesion systems. 
We demonstrated that fibronectin fibers at the cell surface 
are disorganized upon EFEMP1 silencing in LX-2 cells, 
suggesting that fibulin-3 is involved in the organization 
and/or stabilization of the fibronectin network involved 
in cell–matrix interactions.

Consistent with an implication in the organization 
of the matrix network, depletion of EFEMP1 expression 
has been shown to reduce the formation of collagen VI 
filaments in retinal pigmented epithelial cells,57 and 
Efemp1 null mice subjected to myocardial infarction ex-
hibit less collagen deposition post-injury, associated with 
abnormal collagen fiber alignment.58 Overexpression 
of EFEMP1 in trabecular meshwork cells disturbs the 
fibronectin network at the cell surface, affecting their 
morphology by reducing intracellular actin stress fiber 
formation.59 As suggested by Livingstone et al.,60 the in-
fluence of fibulin-3 on fibrillar matrix integrity might be 
indirect, through interaction with other molecules such 
as TIMP-3.61 Of note, overexpression of EFEMP1 in en-
dothelial cells is associated with both an increase in ex-
pression of TIMP-3 and an inhibition of metalloprotease 
activities, leading to an alteration of matrix integrity and 
cell migration.62 We also analyzed TIMP-3 expression 
in LX-2 cells after siRNA transfection and observed de-
creased TIMP-3 mRNA and protein levels in EFEMP1-
silenced cells compared to control and FBLN2-silenced 
cells (Figure S11), suggesting a role for fibulin-3 in the 
control of fibronectin remodeling through the regulation 
of proteases. According to previous observations,45 this 
remodeling could in turn affect FAK activity and the dis-
tribution of focal adhesion, with consequences for cell 
adhesion and migration.
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F I G U R E  7   Fibulin-3 silencing alters the integrity of the fibronectin network. LX-2 cells transfected with the indicated siRNAs were 
cultured on uncoated (plastic) plates. (A) After 96 h of culture, cells were fixed and immunostained with an anti-fibronectin antibody. 
Actin fibers were stained using phalloidin-Alexa-Fluor-488 and nuclei with Hoechst-33342. Fields representative of three independent 
experiments are shown. Scale bar: 20 μm. Average length (B) and number (C) of fibronectin fibers from four independent experiments 
were calculated from at least 10 representative fields per experiment. (D) Gene expression level of FN1 was measured by RT-qPCR (three 
independent experiments). (E, F) Protein amount was quantified by western blot. (E) Representative image and (F) quantification of six 
independent experiments relative to the value in cells transfected with control siRNAs (dotted line). Statistical significances were evaluated 
using a parametric paired t-test for fibronectin branch lengths, mRNA and protein level quantification, and a nonparametric Mann–Whitney 
test for fibronectin branch numbers. *p < .05, **p < .01, ##p < .01.
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In conclusion, our proteomic analysis, in line with pre-
vious studies, confirmed an association of fibulin-2, -3 and 
-5 with liver fibrosis. While the functional role of fibulin-3 
in liver fibrosis has remained unclear, our study is the first 
to demonstrate its impact on focal adhesion dynamics 
in hepatic stellate cells, likely by promoting cell–matrix 
interactions through remodeling fibronectin networks 
(Figure 8). Given the role of focal adhesion dynamics in 
cell motility, and the prominence of HSC migration in the 
response to liver injury, these observations highlight a 
new dimension of fibulin-3's role in liver fibrosis.
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