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Abstract
Adamalysins, a family of metalloproteinases containing a disintegrin and metal-
loproteinases (ADAMs) and ADAM with thrombospondin motifs (ADAMTSs), 
belong to the matrisome and play important roles in various biological and patho-
logical processes, such as development, immunity and cancer. Using a liver can-
cer dataset from the International Cancer Genome Consortium, we developed an 
extensive in silico screening that identified a cluster of adamalysins co-expressed 
in livers from patients with hepatocellular carcinoma (HCC). Within this cluster, 
ADAMTS12 expression was highly associated with recurrence risk and poorly 
differentiated HCC signatures. We showed that ADAMTS12 was expressed 
in the stromal cells of the tumor and adjacent fibrotic tissues of HCC patients, 
and more specifically in activated stellate cells. Using a mouse model of carbon 
tetrachloride-induced liver injury, we showed that Adamts12 was strongly and 
transiently expressed after a 24 h acute treatment, and that fibrosis was exacer-
bated in Adamts12-null mice submitted to carbon tetrachloride-induced chronic 
liver injury. Using the HSC-derived LX-2 cell line, we showed that silencing of 
ADAMTS12 resulted in profound changes of the gene expression program. In 
particular, genes previously reported to be induced upon HSC activation, such 
as PAI-1, were mostly down-regulated following ADAMTS12 knock-down. The 
phenotype of these cells was changed to a less differentiated state, showing an al-
tered actin network and decreased nuclear spreading. These phenotypic changes, 
together with the down-regulation of PAI-1, were offset by TGF-β treatment. The 
present study thus identifies ADAMTS12 as a modulator of HSC differentiation, 
and a new player in chronic liver disease.
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1   |   INTRODUCTION

Most chronic liver diseases are associated with a progres-
sive fibrosis characterized by excessive accumulation of 
extracellular matrix (ECM) that impairs liver functions. 
With end-stage cirrhosis, there is an increasing risk of 
complications, including ascites, variceal bleeding and 
cancer. Cirrhosis is the main cause of hepatocellular 
carcinoma (HCC), and we previously demonstrated that 
ECM remodeling in adjacent fibrotic liver is associated 
with tumor progression in patients with HCC.1 ECM re-
modeling refers to the dynamics of synthesis and degra-
dation of matrix components that occurs during both liver 
regeneration and fibrosis.2 Consistently, dynamic changes 
of the matrisome, which encompasses ECM and ECM-
associated proteins,3 have been observed in response to 
liver injury.4 By producing matrix macromolecules and 
secreting matrix metalloproteases (MMPs) and tissue in-
hibitors of MMPs (TIMPs), activated hepatic stellate cells 
(HSCs) are the main drivers of ECM and tissue remod-
eling in response to liver injury.5 Consistently, dynamic 
changes of the matrisome, which encompasses ECM and 
ECM-associated proteins,3 have been observed in response 
to liver injury.4 While MMPs have been widely implicated 
in ECM remodeling, metalloproteinases from the adam-
alysin family have been more recently associated with 
liver fibrosis and hepatocellular carcinoma progression 
(reviewed in Ref. [6]). Adamalysins constitute a family 
of proteins containing a disintegrin and metalloprotein-
ases (ADAMs)7 and ADAM with thrombospondin motifs 
(ADAMTSs),8 which have been classified as ECM regula-
tors of the matrisome (http://matri​somep​roject.mit.edu). 
More specifically, ADAMs are mainly transmembrane 
proteins that have been implicated in cell adhesion, migra-
tion, signaling and juxtamembrane proteolysis (sheddase 
activity) while ADAMTS are secreted proteins that bind 
to ECM and are involved in collagen processing, matrix 
degradation and activation of growth factors. These pro-
teins are therefore likely to be involved in the regulation 
of tissue repair and fibrosis. However, the role of most of 
the 21 ADAMs and 19 ADAMTSs in pathophysiology re-
mains unclear. We previously showed that overexpression 
of ADAM12 in activated HSCs is associated with tumor ag-
gressiveness9 and that ADAM12 interacts with the TGF-β 
receptor TGFBR210 and with ILK11 to promote Smad- 
and non-Smad-dependent TGF-β signaling pathways. 
Activated HSCs are also a source of ADAM9,9,12,13 ADAM8 
and 28,13 ADAM10,14 and ADAM17.14–17 Some of these 

ADAMs contribute to tumor cell invasion12 and epider-
mal growth factor receptor transactivation.16 Accordingly, 
up-regulation of these ADAMs has been reported in he-
patocellular carcinoma18 and targeting ADAM10 has 
been recently proposed for reduction of tumor invasion.19 
Relatively few ADAMTSs have been implicated in chronic 
liver disease. ADAMTS1 has been cloned from cirrhotic 
liver samples20 and was demonstrated to activate TGF-β in 
HSCs during liver fibrosis.21 The procollagen-N-proteinase 
ADAMTS2 that is implicated in the maturation of collagen 
is a critical regulator of fibrosis since its silencing atten-
uates CCl4-induced fibrosis.22 More recently, ADAMTS2 
was shown to be involved in the control of TGF-β activity 
in human fibroblasts.23 Similarly, ADAMTS5 deficiency 
protects against non-alcoholic steatohepatitis in obesity 
through a decrease of proteolytic remodeling of the ECM.24 
By contrast, ADAMTS7 knock-out mice showed increased 
biliary fibrosis associated with an increase of its substrate 
Connective Tissue Growth Factor (CTGF).25 ADAMTS13, 
which cleaves von Willebrand factor (vWF), is produced 
by HSCs. Deficiency or alteration of ADAMTS13 leads to 
accumulation of unusually large vWF multimers, contrib-
uting to liver injuries.26 In order to explore the roles of the 
entire family of adamalysins in chronic liver diseases, we 
developed a large in silico screening for adamalysin ex-
pression in tissue samples from patients with HCC, using 
RNAseq data from the TCGA LIHC-US database. This en-
abled us to show that ADAMTS12 expression is linked to 
chronic liver disease and HCC progression, and to demon-
strate its role in the response to liver injury and in HSC 
differentiation.

2   |   MATERIALS AND METHODS

2.1  |  Human tissue samples

Tumor and matching non-tumor liver samples were ob-
tained from patients undergoing surgical hepatectomy as 
previously described.1 Histological stages of fibrosis were 
graded according to the METAVIR score: F1, portal fibro-
sis without septa; F2, portal fibrosis with rare septa; F3, 
numerous septa without cirrhosis; and F4, cirrhosis. In-
flammatory activity was graduated as A0, no activity; A1, 
mild activity; and A2, moderate activity. All tissue sections 
were routinely analyzed after staining with hematoxylin–
eosin-saffron and Sirius red. Liver samples were from the 
Biological Resources Center (BRC) at Rennes University 
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Hospital. Access to this material was in agreement with 
French laws and satisfied the requirements of the local 
Ethics Committee.

2.2  |  In-situ hybridization and 
immunodetection on tissue sections

Tissue samples were formalin fixed and paraffin embed-
ded (FFPE). 5 μm tissue sections were deparaffinized 
with xylene (2 × 5 min), rehydrated with decreasing con-
centrations of ethanol (100%–60%–30% for 2 min each), 
washed with distilled water and then dried for 10 min at 
room temperature. Detection and localization of mRNAs 
in tissue samples was performed using the RNAscope® 
in-situ hybridization (ISH) assay according to the manu-
facturer's instructions (Advanced Cell Diagnostics Inc., 
HAYWARD, CA, USA). For single ISH labeling, we used 
RNAscope® 2.5 HD Reagent Kit-RED (Fast-Red labeling) 
with the human ADAMTS12 probe predesigned by the 
manufacturer: RNAscope® Probe-Hs-ADAMTS12 (Cat 
No. 507691). The negative control probe used was Probe-
DapB (Cat No. 31043). For double ISH labeling we used 
RNAscope™ 2.5 HD Duplex Assay (Cat No. 322435) 
with ADAMTS12 (Cat No. 507691-C2) and ACTA2 (Cat 
No. 444771) probes. ISH signals were detected with 
Fast-Red (ADAMTS12 probe, red) and HRP (ACTA2 
probe, green). After mRNA detection, slides were ei-
ther counter-stained in 25% Hematoxylin or stored in 
PBS for immunostaining. Immunodetection was per-
formed after ISH detection and on the same sections, 
except for CD45 and CD34 antigens whose detection 
was not compatible with sample treatments required 
for ISH. For these two antigens, ISH and immunodetec-
tion were therefore performed on two adjacent 5 μm sec-
tions. Antibodies were used in PBS containing 1% BSA. 
Antibodies and dilutions were as follows: alpha-SMA 
(Dako M0851, 1:200), Collagen 1 (Sigma Ab758, 1:100), 
CD14 (AbCam ab183322, 1:1000), CD45 (Dako M0701, 
1:100), CD68 (Dako M0876, 1:100), CD34 (Invitrogen 
MA5-32059, 1:500), GFAP (Dako Z0334, 1:200), GPR91/
SUCNR1 (LSBio LS-B6591-50, 1/200). Pictures were ac-
quired using a slide NanoZoomer scanner (Hamamatsu 
C10730-12) using the NDP.scan 3.4.0 software. Scoring 
positive cells for a given marker was performed using 
QuPath: Vessels were delineated using the “magic wand” 
tool, annotated as vessels and substracted (tissueGeom.
difference script command) from the entire section pic-
ture. Cells were detected using the “Cell detection” tool 
with default parameters and a cell expansion of 10 μm2 
(detection of GFAP-positive cells) or 1 μm2 (detetion of 
GPR91-positive cells). Measurements were recorded into 
a single table and analyzed with R.

2.3  |  Animal models and CCl4 
administration

Adamts12−/− mice were generated and genotyped as pre-
viously described.27 For all treatments, eight-week-old fe-
males were treated by intraperitoneal injections of CCl4 
(Sigma-Aldrich, St. Louis, MO, USA) diluted at 3% v/v 
in olive oil. Control mice were treated with the vehicle 
(olive oil). For chronic treatment, doses of 0.3 mL/kg of 
mouse body weight were administered 3 times per week 
for 4 weeks. Mice were sacrificed 4 days (peak of fibrosis) 
or 18 days (2 weeks of recovery) after the last injection 
of CCl4. For acute treatment, a single dose of 0.3 mL/kg 
of mouse body weight was administered and mice were 
sacrificed after 4, 12, 24 h or 7 days. Livers were collected, 
weighed and treated as previously described.22 All experi-
ments were carried out following the guidelines of the 
Committee on Animal Experimentation of the University 
of Liege, Belgium.

2.4  |  Blood enzyme analyses

Blood was collected by cardiac puncture and centrifuged 
at 2500 rpm for 25 min at 4°C, and plasma (supernatant) 
was collected and diluted four-fold with PBS. The activ-
ity of alanine aminotransferase (ALT) in the plasma was 
measured according to the IFCC primary reference proce-
dures using an Olympus AU2700 Autoanalyzer (Olympus 
Optical, Tokyo, Japan).

2.5  |  RNA isolation and quantitative 
real-time PCR

Liver samples were collected in RNAlater®, and total 
RNA was extracted using TRIzol (Invitrogen) reagent 
according to the manufacturer's instructions. Reverse 
transcription was performed using Superscript II (Invit-
rogen). Real-time quantitative PCR was performed with 
Power-SYBR-Green PCR Master Mix (Applied Biosys-
tems). Transcript abundance was normalized using the 
GAPDH reference gene. Primer sequences are provided 
in Table S1.

2.6  |  Cell culture and cytological analysis

LX-2 and MRC-5 cell lines were cultured in DMEM 
containing 4.5 g/L Glucose, Pyruvate, Glutamine, peni-
cillin (100 IU/mL)-streptomycin (100 mg/mL) and 
supplemented with 10% fetal calf serum (Eurobio). Pri-
mary human hepatocytes and HSCs were isolated from 
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histologically normal specimens from patients undergo-
ing hepatic resection for liver metastases, as previously 
described.9 HSCs and freshly isolated human hepatocytes 
were cultured in DMEM containing 4.5 g/L glucose, pyru-
vate, glutamine, penicillin (100 IU/mL)-streptomycin 
(100 mg/mL) and supplemented with 2 mM glutamine 
and 10% fetal calf serum (Lonza). When indicated, cells 
were treated with 3 ng/mL of IL1-β or 5 ng/mL TGF-β. For 
TGF-β treatment, cells were cultured for 15 h in media 
containing 2% fetal calf serum prior to TGF-β (5 ng/mL) 
addition for the indicated times.

For immunodetection, cells were fixed for 10 min 
in 4% paraformaldehyde, permeabilized with 0.1% Tri-
ton X-100 in PBS, and washed three times in PBS. For 
immunostaining, slides were incubated for 1 h at room 
temperature in PBS containing 1% BSA, then for 15 h at 
4°C with primary antibodies, rinsed in PBS and incu-
bated 1 h at room temperature with secondary antibod-
ies. Antibodies were used in PBS containing 1% BSA. 
The ARL13B antibody (Antibodies Inc. 73–287) was 
used at 1:200 dilution.

For F-Actin staining, cells were incubated with phal-
loidin coupled with Alexa-488 (Ozyme, catalog number 
8878s) diluted 1/20 in PBS for 20 min.

Slides were washed in PBS, counterstained with 
Hoechst-33342 and observed under epifluorescence mi-
croscopy. Images were analyzed with ImageJ software. 
For nuclear size analysis, regions of interest (ROIs) corre-
sponding to the projected areas of nuclei (Hoechst signal) 
were defined by automatic thresholding. For each ROI 
and channel, area, average signal value and integrated sig-
nal value were collected. Analyses of measurement tables 
were performed in R.

2.7  |  Gelatinase assays

The enzymatic activities of MMP2 and MMP9 in cell su-
pernatants were determined by gelatin zymography as 
previously described.1

2.8  |  Gene silencing by RNA-interference

LX-2 cells were transfected with ADAMTS12 or control 
siRNAs for 24 to 48 h using Lipofectamine® RNAiMAX 
Reagent according to the manufacturer's instructions. 
Small interfering RNAs were provided by Eurogentec:

siADAMTS12 sequence (sense): GCCAA​AGU​UUG​
GAG​GGAAAdTdT.
siCTRL (negative control): Eurogentec reference 
SR-CL000-005.

2.9  |  RNA-sequencing

RNA samples from siRNA-transfected or control LX-2 
cells and from mouse liver samples (see above) were 
quality controlled by RNA integrity number (RIN) meas-
urement on a Bioanalyzer with RNA 6000 Nano assays 
(Agilent). RINs were comprised between 9.2 and 9.9. 
RNA-sequencing libraries were prepared and quality-
controlled (fragment sizes of approximately 260 bp) by 
the GenoBiRD facility (Nantes, France) using the TruSeq® 
Stranded mRNA Library Prep (96 samples) from Illu-
mina. Multiplexed libraries were sequenced on a NovaSeq 
6000. FASTQ reads were aligned on the reference genome 
(GRCh38) using the STAR software and read counts per 
genes were computed using htseq-count. Differential 
analyses were performed using the R-package DESeq2.

2.10  |  Databases and bioinformatic tools

Expression data (normalized expression values) were 
extracted from the The Cancer Genome Atlas Program 
(TCGA) via the ‘International Cancer Genome Consor-
tium” (https://icgc.org/). 294 samples corresponding 
to HCC primary tumors were extracted from the TCGA 
LIHC-US project database.

To assess links between gene expression and HCC an-
notations, normalized expression values were merged with 
annotations of the corresponding samples from the Cancer 
Genome Atlas Network.28 For quantitative annotations, a 
Pearson's correlation test was performed between expres-
sion values and annotation values. For qualitative annota-
tions, the distribution of expression values between groups 
was assessed by a non-parametric Kruskal–Wallis test. p-
Values were calculated and plotted as −Log10 (p-values) on 
heat maps. For a given annotation and a given gene, the 
smaller the p-value, the more predictive the gene expres-
sion values for this annotation. Functional annotation of 
genes was performed using WEB-based GEneSeTAnaLy-
sisToolkit (http://www.webge​stalt.org/option.php).

Expression levels of adamalysin genes in Liver Can-
cer Cell Lines were extracted from the Cancer Cell Line 
Encycopedia (CCLE) dataset: https://data.broad​insti​tute.
org/ccle_legacy_data/mRNA_expre​ssion/​CCLE_Expre​
ssion_Entrez_2012-09-29.gct

Only cell lines whose names contained the string “_
LIVER” where retained.

2.11  |  Statistical analyses

Graphs and statistical analyses were done using R. Sta-
tistical differences between groups were assessed by 
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non-parametric Mann–Whitney (two groups) or Kruskal–
Wallis (more than two groups) tests. In that case, com-
parisons between two groups used a p-value adjusted for 
multiple tests (Dunn test). Levels of significance are as fol-
lows: *p < .05, **p < .01 and ***p < .001.

3   |   RESULTS

3.1  |  Identification of a cluster of 
co-regulated adamalysin genes in HCC

Using the Cancer Genome Atlas (TCGA) LIHC-US data-
set,28 we investigated the gene expression of adamalysins 
in 294 liver tumor samples from patients with HCC (pri-
mary tumors). Expression levels of 36 adamalysin genes 
(14 ADAMs, 16 ADAMTS and 6 ADAMTSL) were highly 
heterogeneous among HCC samples and their analysis did 
not identify clusters of HCCs sharing a specific signature of 
adamalysin expression profiles (Figure S1). To further char-
acterize the expression of adamalysins in HCCs, we built a 
correlation matrix by calculating the correlation of gene ex-
pression levels for each pair of the 36 adamalysins expressed 
in the tumors (Table  S2). A heat-map of this correlation 
matrix shows that adamalysin gene expression levels are 
strongly correlated in HCC samples, with a large majority of 
positive correlations (Figure 1A, pink to red hits). Expression 
of a limited number of adamalysins, including ADAMTSL4 
and ADAMTS17, is anti-correlated with that of other ada-
malysins (Figure  1A, blue hits). Hierarchical clustering of 
this correlation map identified a large cluster (Figure  1A, 
label “1”) of 23 adamalysins with the highest correlation of 
expression in HCCs. Within this cluster, ADAM10 and its 
close relative ADAM17 had the highest correlation coeffi-
cient (r = .85). Another sub-cluster containing seven highly 
correlated adamalysins was identified (Figure  1A, label 
“2”). Interestingly this cluster includes ADAMTS1 and AD-
AMTS2, two adamalysins previously associated with chronic 
liver disease,21,22,29 ADAMTS7 whose product cleaves CTGF 
(a pivotal factor in liver fibrosis),25 and ADAMTS4 and AD-
AMTS15 whose product, like ADAMTS1, cleave versican 
and have been proposed as modulators of liver fibrosis.30 
This cluster also contains ADAMTS12 whose role in chronic 
liver diseases has not yet been addressed to our knowledge.

3.2  |  ADAMTS12 expression is 
linked to recurrence risk and poorly 
differentiated HCC

To identify pathophysiological contexts that may ex-
plain the strong correlations in expression levels within 

this cluster of 7 adamalysins, we explored the database 
constructed by the Cancer Genome Atlas Research Net-
work.28 In this database, TCGA HCC samples are clas-
sified according to molecular and clinical features that 
are expressed as qualitative or quantitative variables. 
For a qualitative variable (classified into two or more 
groups), we compared the expression values of a given 
gene in these groups, whereas for a quantitative vari-
able, we calculated the correlation between this variable 
and the gene expression values. The resulting p-values 
are shown in Table S3, and a heat map of these p-values 
is shown in Figure  S2A. The clinical and molecular 
features for which the expression levels of the genes in 
the adamalysin cluster are most strongly associated are 
shown in Figure 1B. Within this cluster, ADAMTS12 is 
the gene whose expression is most strongly associated 
(white/yellow hits corresponding to the lowest p-values) 
with annotations related to proliferation (NCIPHS), 
tumor progression (repressed Hippo signaling), recur-
rence rate (SNUR, RS65, RS65 score) and low differen-
tiation states (NCIHS, CC-like, IDH_P). Examples of 
associations between ADAMTS12 expression and SNUR 
recurrence signature (qualitative variable) and RS65 
recurrence score (quantitative variable) are shown in 
Figure S2B,C, respectively. Together, these observations 
show that ADAMTS12 expression is strongly associated 
with molecular signatures related to HCC progression 
and aggressiveness.

3.3  |  ADAMTS12 is expressed in both 
tumors and underlying fibrotic tissues 
from patients with HCC

We then compared ADAMTS12 expression levels in tu-
mors and adjacent non-tumor tissues, taking advantage of 
the availability of 45 matched tumor/non-tumor samples 
in the TCGA database (LIHC-US). As shown in Figure 2, 
ADAMTS12 expression is highly variable in HCC samples, 
being either higher or lower in tumor samples compared 
to adjacent tissues.

Using a local cohort of 48 HCC patients, we con-
firmed that ADAMTS12 is expressed in both tumor and 
non-tumor samples (Figure S3A). Because the underly-
ing liver tissue in patients with HCC is mainly fibrotic, 
we used the same cohort to explore the association of 
ADAMTS12 expression with fibrosis stages. Although 
ADAMTS12 mRNA levels were not significantly related 
to individual fibrosis stages, ADAMTS12 expression was 
higher in samples from pooled stages F3 or F4 compared 
to samples with either no (F0) or moderate (F1 or F2) 
fibrosis (Figure S3B).
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3.4  |  Stromal cells are the main 
sources of ADAMTS12

To characterize the tissue structures in which AD-
AMTS12 is expressed, we investigated the localization 
of ADAMTS12 mRNAs in tumor samples, using in-situ 
hybridization. As shown in Figure  3A, ADAMTS12 
signal was restricted to a sub-population of cells with 

small, dense nuclei on hematoxylin-stained sample 
sections. These cells were clearly distinguishable from 
HCC cancer cells characterized by large, round-shaped 
nuclei. When quantifying ADAMTS12 mRNAs in sam-
ples from five different HCC patients, we observed that 
ADAMTS12 expression is highly heterogenous among 
and within samples (Figure  S4A). Double-labeling ex-
periments using probes against ADAMTS12 and ACTA2 
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(encoding α-SMA, a myofibroblast marker) mRNAs 
showed that cells expressing these genes were located 
in close proximity to each other. These regions contain 
cells that express either one of these mRNAs or both 
(Figure  3B), indicating that cells exhibiting a strong 
expression of ACTA2 are not the unique source of AD-
AMTS12 expression. Consistently, the levels of correla-
tion between ADAMTS12 and ACTA2 mRNA signals 
were highly heterogenous between and within patient 
biopsies (Figure S4B). By combining ADAMTS12 mRNA 
detection by in-situ hybridization with α-SMA immuno-
detection, we confirmed that the density of ADAMTS12-
expressing cells was higher in regions enriched in 
α-SMA-positive cells, with a limited number of cells ex-
pressing both markers (Figure 3C). These regions were 
also enriched in type I collagen (Figure  3D). To better 
characterize the microenvironment of ADAMTS12 posi-
tive cells, we localized these cells with respect to mono-
cytes (CD14+), leukocytes (CD45+) and endothelial cells 
(CD34+) (Figure S5). This showed that ADAMTS12 posi-
tive cells are distinct from monocytes and leukocytes, 

and we found only a limited number of endothelial cells 
(CD34+) that expressed ADAMTS12.

In fibrotic tissues adjacent to tumors, similarly to the 
tumor tissues, ADAMTS12 was expressed in cells with 
dense nuclei clearly distinguishable from hepatocytes 
(Figures  4A and S6A for higher resolution pictures). 
These ADAMTS12-expressing cells were in close proxim-
ity to cell clusters positive for α-SMA (Figure 4B), CD14 
(Figure 4C) or CD68 (Figure 4D), markers of fibrosis, im-
mune infiltrates, and resident macrophages (or Kupffer 
cells), respectively. These regions contained a limited 
number of cells positive for both α-SMA and ADAMTS12. 
In contrast, although located in very close proximity to 
immune infiltrates, ADAMTS12-positive cells were clearly 
distinct from monocytes (Figure 4C) and resident macro-
phages (Figure 4D).

When measured in isolated liver cells, ADAMTS12 ex-
pression was significantly higher in cultured HSCs and 
the derived cell line LX-2 compared with resident mac-
rophages (or Kupffer's cells), primary hepatocytes, or the 
HCC cell line Huh7 (Figure S6A). Consistent with these 

F I G U R E  1   Identification of clusters of co-regulated adamalysins in liver samples from HCC patients. (A) Correlation map of adamalysin 
gene expression in HCC. Normalized gene expression values were extracted from the TCGA LIHC-US dataset. 294 HCC (LIHC-US data 
set) primary tumors were analyzed. Expression correlations (Pearson's coefficients) were calculated pair by pair for 36 adamalysin genes 
(ADAM, ADAMTS & ADAMTSL) expressed in these samples. The resulting correlation matrix (shown in Table S2) is presented as a heat 
map and used to identify clusters of co-regulated genes. A cluster of 23 correlated genes is labeled “1”. This cluster contains a sub-cluster 
(labeled “2”) of 7 genes whose expression levels are strongly correlated. The Pearson's correlation coefficients are represented by a color 
code from blue (r = −1) to red (r = +1). (B) Association between gene expression of adamalysins in cluster 2 and HCC annotations. Details 
and sources of the annotations are indicated in the Table S3. For a given gene, normalized expression values were extracted from each 
primary tumor samples (TCGA LIHC-US) and merged with annotations (Table S3) of the corresponding sample from the Cancer Genome 
Atlas Research Network.28 The heat map represents p-values resulting from association tests for the most predictive variables. For a given 
annotation and a given gene, the smaller the p-value, the stronger the association (yellow-white hits) between gene expression values and 
annotation values in HCC samples. The complete heat map and calculation details are given in Figure S2, and correlation or non-parametric 
test p-values are provided in Table S3.

F I G U R E  2   ADAMTS12 expression in tumor and non-tumor tissues from patients with primary HCC. ADAMTS12 mRNA levels were 
evaluated in paired tumor and adjacent non-tumor samples from the TCGA LIHC-US database (48 samples). Results are presented as paired 
expression values (left panel) or as a cumulative distribution of log-transformed fold changes between expression values in tumor and 
adjacent tissues (right panel).
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8 of 18  |      DEKKY et al.

observations, ADAMTS12 expression in other HCC cell 
lines from the Cancer Cell Line Encyclopedia (CCLE) was 
very low compared with the expression of other adam-
alysins in these cells (Figure  S6B). Overall, these obser-
vations indicate that ADAMTS12 is expressed in stromal 
cells including activated HSCs and a limited number of 
endothelial cells. In non-tumor fibrotic tissues, these cells 
are in close proximity to immune infiltrates but distinct 
from monocytes and macrophages. Consistent with these 
observations, ADAMTS12 expression is associated with 
signatures related to stromal activity, such as “leukocyte 
estimate” and “intratumoral fibrosis” in HCC samples 
(Table S3). In addition, these expression patterns are also 

in line with single-cell RNAseq data31 showing that in the 
liver, ADAMTS12 expression is restricted to HSCs and a 
limited number of endothelial cells (Figure S7).

3.5  |  Fibrosis is exacerbated in Adamts12-
null mice

Because activated HSCs play a central role in the response 
to liver injury, we explored the impact of ADAMTS12 ex-
pression at the tissue level in a model of liver injury in-
duced by CCl4 treatment. We first explored the dynamics 
of Adamts12 expression in response to acute liver injury 

F I G U R E  3   Stromal cells are the main 
sources of ADAMTS12 expression in HCC. 
ADAMTS12 expression was investigated 
in tumorss. (A) Histological sections 
counterstained with Hematoxylin. 
ADAMTS12 transcripts were detected 
by in-situ hybridization (ISH) with 
specific probes and revealed by Fast-
Red reagent. ISH signal was detected 
either under visible light together with 
Hematoxylin staining (left picture) or 
by epifluorescence at 550 nm (second 
picture from the left). Merged pictures are 
shown on the right. Red dots correspond 
to labeled mRNA molecules. Bar scales 
correspond to 50 μm. Regions selected for 
magnification are indicated by a square. 
(B) ADAMTS12 (red labeling) and ACTA2 
(green labeling) transcripts co-detected by 
ISH in tumors. (C, D) ADAMTS12 mRNA 
detected by ISH (red labeling) together 
with α-SMA (C) and type-1 collagen 
(D) immuno-labeled proteins (green 
labeling). Nuclei are counter-stained with 
Hoechst-33342. Bar scales for B–D: 100 μm 
Regions selected for magnification are 
indicated by a square.
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      |  9 of 18DEKKY et al.

in mice treated with a single injection of CCl4. As shown 
in Figure 5, Adamts12 mRNA levels were increased in the 
liver 24 h after CCl4 injection compared with control mice 
injected with vehicle. This transient increase in Adamts12 
expression was concomitant with hepatolysis, monitored 
by plasma ALT activity (Figure S8C), and with the inflam-
matory response, illustrated by up-regulation of the in-
flammation marker genes IL1-β (Il1b), TNF-α (Tnfa), and 
Inos in the liver at 12 and 24 h (Figure 5B–D). After 7 days, 

the expression of Adamts12 and inflammatory markers 
returned to levels similar to those in control mice. In a 
chronic injury model in which animals were repeatedly 
treated with CCl4 (3 injections per week for 4 weeks), ex-
pression levels of Adamts12 (measured 4 days after the last 
injection) remained unchanged compared with vehicle-
treated control mice, as did expression levels of the in-
flammation marker TNF-α (Figure S9). The induction of 
Adamts12 expression was therefore limited to the acute 

F I G U R E  4   Stromal cells are the 
main sources of ADAMTS12 expression 
in tumor-adjacent tissues. ADAMTS12 
expression was investigated in tumor-
adjacent tissues shown in Figure 3. (A) 
ADAMTS12 transcripts detected by 
in-situ hybridization (ISH) with specific 
probes and revealed by Fast-Red reagent. 
Histological sections were counterstained 
with Hematoxylin. The ISH signal was 
detected either under visible light together 
with Hematoxylin staining (left picture) 
or by epifluorescence at 550 nm (second 
picture from the left). Merged pictures are 
shown on the right. Red dots correspond 
to labeled mRNA molecules. Bar scales 
correspond to 50 μm. Regions selected for 
magnification are indicated by a square. 
(B–D) ADAMTS12 mRNA detected by 
ISH (red labeling) together with α-SMA 
(B), CD14 (C) and CD68 (D) proteins 
(green labeling). Nuclei were counter-
stained with Hoechst-33342. Bar scales 
for B, C: 100 μm. Regions selected for 
magnification are indicated by a square.
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10 of 18  |      DEKKY et al.

phase of the liver injury. Neither hepatolysis (ALT activ-
ity) nor the expression of the inflammation marker TNF-α 
was affected in Adamts12-null mice in response to acute 
injury, compared with the wild type (Figure S8). To assess 
whether Adamts12 invalidation may impact tissue repair 
during chronic injury, fibrillar collagen deposition in the 
liver was analyzed by Sirius Red staining. As expected, 
we observed an increase in collagen deposition in mice 
repeatedly treated with CCl4 compared with control mice 
treated with vehicle (Figure 6A, top picture). Importantly, 
this deposition was significantly greater in Adamts12−/− 
mice than in wild-type mice (Figure 6A, bottom picture, 
6B, and Figure S10), indicating that fibrosis is exacerbated 
in Adamts12-null mice. Of note, the level of expression of 
Col1a1 in response to CCl4 treatment was not significantly 
different in wild-type and Adamts12−/− mice, although the 
induction of Col1a1 expression in response to CCL4 was 
more marked in Adamts12−/− mice (Figure 6C). These ob-
servations indicate that tissue repair is altered in the ab-
sence of ADAMTS12.

3.6  |  Adamts12 invalidation affects the 
global response to liver injury

Since Adamts12 expression is transiently induced upon 
acute injury, we characterized the global effects of Ad-
amts12 invalidation on the liver response. To this end 
we analyzed transcriptome dynamics in liver samples 
from both wild-type and Adamts12−/− mice at different 
time points after injury (GEO dataset: GSE224052). As 
expected, RNAseq data showed that in wild-type mice, 
CCl4 treatment induces profound changes in gene ex-
pression (Table S4). Genes down-regulated at 4, 12 and 
24 h after injury were enriched in ontologies related to 
metabolic pathways, whereas genes up-regulated at 4 
and 12 h were related to gene expression machinery and 
cellular response to stress. Genes up-regulated at 24 h 
were enriched in ontologies related to leukocyte migra-
tion and chemotaxis. At 7 days, down-regulated genes 
were enriched in ontologies related to the cell division 
machinery, whereas up-regulated genes were related to 

F I G U R E  5   Expression of Adamts12 
and immune response markers at early 
stages of liver injury in livers from wild-
type and Adamts12−/− mice. C57BL/6J 
mice received a single dose of 0.3 mL/Kg 
of CCl4 by peritoneal injection and were 
sacrificed at 4, 12, 24 and 168 h (7 days) 
post injection. Gene expression levels in 
the liver were measured by RT-qPCR. 
Expression values of indicated genes 
in CCl4 samples (red/pink) relative to 
control mice treated with vehicle (olive 
oil, OO, black/gray) are represented as 
fold changes in Log2. For each condition, 
dots represent expression values from 
five individuals. Note that Il1b gene 
expression data were previously reported 
in Ref. [32].
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      |  11 of 18DEKKY et al.

cytoplasmic translation and metabolism. These dynam-
ics were essentially similar in Adamts12-invalidated 
mice, albeit with a smaller amplitude, specifically at 
12 h and 7 days (Table  S4). This indicates that some 
aspects of the liver response to injury are impacted 
by Adamts12 invalidation. Consistent with this, genes 
up-regulated at 4 and 12 h after CCl4 treatment in Ad-
amts12−/− mice were enriched in ontologies related to 
the activation of immune response compared to wild-
type mice (Table S5). When examining the up-regulated 
genes belonging to these ontologies, we found that sev-
eral of them are markers of macrophages, monocytes 
and granulocytes (Figure  S11). Interestingly, genes 
down-regulated in Adamts12−/− mice (with respect to 
wild-type) after 24 h of CCl4 treatment were enriched in 
ontologies related to the adaptative immune response, 
and more specifically to the activation of T cells. We 
found that several of these genes are markers of both T 
and innate lymphocytes, including natural killers (NK) 
(Figure  S12). Altogether, these expression data show 

global effects of Adamts12 invalidation on the dynamic 
of the immune response to liver injury.

3.7  |  Gene expression is profoundly 
affected by ADAMTS12 silencing in 
HSC-derived LX-2 cells

Activated HSCs are stromal cells that play an important 
role in tissue repair and fibrosis through remodeling of 
the microenvironment. Since ADAMTS12 is expressed 
in HSCs, some of the observed effects of ADAMTS12 
invalidation on tissue repair can arise from alterations 
of these cells. We therefore analyzed the effects of si-
lencing ADAMTS12 expression by RNA interference on 
the characteristics of the HSC-derived LX-2 cell line.33 
We first analyzed the transcriptomic changes induced 
by ADAMTS12 silencing in these cells by RNA-seq 
analysis. As shown in the differential expression analy-
sis (Table S6), ADAMTS12 expression was silenced by 

F I G U R E  6   Fibrosis is exacerbated 
in Adamts12-null mice. Collagen deposit 
and expression were analyzed in chronic 
CCl4–induced liver fibrosis mouse models. 
Mice received an intraperitoneal injection 
of CCl4 (0.3 mL/Kg) three times per week 
for four weeks and were sacrificed 4 days 
after the last CCl4 injection. (A) Liver 
sections from WT and Adamts12−/− (KO) 
mice treated with CCl4 or vehicle (olive 
oil, OO) stained with Sirius red. (B) 
Quantification of fibrosis areas performed 
as described in experimental procedure 
and in Figure S10. Results are expressed 
as average percentage of the field 
tissue area. (C) Col1a1 gene expression 
measured by RT-qPCR in samples from 
WT and Adamts12−/− (KO) mice treated 
with CCl4 or olive oil (OO) as indicated.
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more than 70% after 48 h of siRNA treatment. Global 
transcriptome analysis showed that ADAMTS12 knock-
down resulted in profound changes in gene expression 
with 4662 differentially expressed genes (FDR < 0.05) 
of which 1992 were upregulated and 2670 downregu-
lated (Figure  7A). Genes that were upregulated in 
ADAMTS12-deficient LX-2 cells were enriched in gene 
ontologies related to primary cilium and Smoothened 
(SMO) signaling pathway (Figure  7C). In line with 
these changes, we observed that the proportion of cili-
ated cells, as monitored with cilium axoneme marker 
(ARL13B),34 was significantly increased in ADAMTS12-
deprived cells compared with control cells (Figure S13). 
Of note, this increase in ciliated cells was mainly made 
up of cells with short cilia.

3.8  |  ADAMTS12 silencing impacts 
expression of genes involved in 
ECM remodeling

Down-regulated genes were enriched in gene ontologies 
related to extracellular structure organization, cell adhe-
sion, cell migration, leukocyte migration, chemotaxis and 
actin filament organization (Figure  7D). Among these 
ontologies, several have known functions in ECM remod-
eling, including MMP9 and SERPINE1, encoding the fi-
brogenic protein PAI-1.

Consistent with previous reports,35,36 we observed that 
both MMP-9 expression and activity were stimulated by 
IL1-β in LX-2 cells, and we showed that both were down-
regulated in ADAMTS12-silenced cells, whereas MMP-2 

F I G U R E  7   Differential expression of genes in ADAMTS12-silenced LX-2 cells. LX-2 cells were treated with a control siRNA (siCTL) 
or an siRNA against ADAMTS12 mRNA (siADAMTS12). RNA samples were collected 48 h after siRNA treatment and analyzed by RNA-
sequencing. (A) Expression heat-map and clustering of 4662 differentially expressed genes (DEGs: FDR < 0.05) in three independent 
experiments. (B) Volcano plot showing differential expression of all genes. Down-regulated genes and up-regulated genes (FDR < 0.05) are 
colored in blue and red, respectively. (C, D) Enrichment of up-regulated genes (C) and down-regulated genes (D) in gene ontologies (GO 
Biological Process, non-redundant). Only enrichments with an FDR < 0.05 are represented. For down-regulated genes, only the top-ten 
enrichments are represented.
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expression and activity remained constant (Figure S14). As 
shown in Figure S15, SERPINE1 expression was induced 
by TGF-β treatment, in line with previous observations.37 
Interestingly, SERPINE1 expression was down-regulated 
upon ADAMTS12 silencing, in both TGF-β treated and 
untreated cells. In ADAMTS12-silenced cells, SERPINE1 
expression remained inducible by TGF-β (with similar 
induction rates as in control cells), although TGF-β treat-
ment had no significant effect on ADAMTS12 expression. 
This indicates that ADAMTS12 silencing impacts SER-
PINE1 expression, but not the response to TGF-β per se. 
Importantly, these combined effects of ADAMTS12 ex-
pression and TGF-β on SERPINE1 expression were simi-
larly observed in primary activated HSCs (Figure S16) and 
fetal lung fibroblasts (MRC-5 cell line) (Figure S17).

These observations indicate that ADAMTS12 expres-
sion in HSCs may impact ECM remodeling.

3.9  |  The nuclear shape is altered in 
ADAMTS12-silenced LX-2 cells

ACTR3, encoding the Arp3 subunit of the Arp2/3 complex 
(involved in Actin assembly), is one of the more strongly 
down-regulated genes in ADAMTS12-silenced LX-2 cells 
(Table  S6). At the cellular level, we observed a disor-
ganization of actin filaments upon ADAMTS12 silencing 
(Figure 8A). Because actin stress fibers provide a mechanical 
link between the cell surface and the nucleus,38,39 we used 
nuclear shape as a readout of mechanical tensions exerted 
on the nuclei.40 We observed that the projected areas of the 
nuclei were increased upon TGF-β treatment, and markedly 
reduced after ADAMTS12 knockdown, in both untreated 
and TGF-β treated cells (Figure 8B,C), consistent with a de-
crease in tensions exerted by the cytoskeleton. Total DNA 
content, as measured by integrated Hoechst staining, was 
not affected (Figure S18), indicating that these changes in 
projected areas actually reflected changes in nuclear shape. 
Importantly, nuclear area was increased by TGF-β in both 
control and silenced cells (Figure  8B), confirming that, as 
for SERPINE1 induction, response to TGF-β per se was not 
affected by ADAMTS12 knock-down in LX-2 cells. These 
effects of TGF-β on nuclear size were similarly observed in 
primary cultures of HSCs and in MRC-5 fibroblasts while 
ADAMTS12 silencing had no significant effect (Figure S19).

3.10  |  The gene expression program of 
ADAMTS12-Silenced LX-2 cells shows an 
intermediate state of differentiation

The aforementioned phenotype changes observed in 
ADAMTS12-silenced LX-2 cells are suggestive of a less 

differentiated state with respect to the myofibroblastic 
phenotype which is characterized by cytoskeletal con-
tractility and the production of ECM proteins. Of note, 
the ADAMTS12 gene was identified as being up-regulated 
upon HSC activation both in vivo41 and in vitro.42,43

To better characterize the phenotype of ADAMTS12-
silenced LX-2, we analyzed the expression of gene sig-
natures previously associated with different states of 
HSCs (Figure  S20). Human orthologs of the 623 genes 
induced upon HSC activation in vivo41 were predomi-
nantly down-regulated in LX-2 cells lacking ADAMTS12 
(Figure S20A). However, some of these genes were not 
impacted (such as ACTA2 and TGFB2) or even up-
regulated (such as INAVA and CCNE1). Similarly, gene 
sets whose expression is specific to different populations 
of activated HSCs in a model of Non-Alcoholic Steato-
Hepatitis (NASH) fibrosis44 were mostly down-regulated 
in ADAMTS12-silenced LX-2 cells, although some of 
them were not impacted or up-regulated (Figure S20B,C). 
Interestingly gene signatures of both quiescent or inac-
tivated HSCs (Figure  S20D,E) were also mostly down-
regulated in LX-2 cells after ADAMTS12 silencing.

Finally, genes previously characterized as being ei-
ther up- or down-regulated upon in vitro activation of 
HSCs42,43 were found mostly down-regulated in LX-2 cells 
following ADAMTS12 knock-down (Figure S20G–J), and 
the same was true for genes either up- or down-regulated 
upon HSC reversion in vitro45 (Figure S20K,L).

Altogether, these observations indicate that 
ADAMTS12 knockdown leads to a global down-regulation 
of genes expressed in activated HSCs, but does not recapit-
ulate a canonical inactivation program.

4   |   DISCUSSION

Adamalysins are important players of the cellular micro-
environment and several of them have been involved in 
tumor progression. In this study, we aimed at finding new 
members of this family that might play a role in the pro-
gression of the chronic liver disease including fibrosis and 
hepatocellular carcinoma (HCC). We found a cluster of 
seven ADAMTS and ADAMTSL proteins whose expres-
sion levels are strongly correlated in HCC. Among these 
proteins, ADAMTS12 was the one whose expression was 
most strongly associated with molecular signatures re-
lated to HCC progression and aggressiveness.

Previous publications have addressed the role of 
ADAMTS12 in various cancer types, with either pro- or 
anti-tumor roles. In lung cancer, truncating mutations 
have been associated with poor survival46 while stromal 
expression of ADAMTS12 was associated with better 
survival in colorectal cancer.47 Conversely, expression of 
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ADAMTS12 in pancreatic cancer cells promotes EMT and 
therefore potentially invasion48 while high expression of 
ADAMTS12 in gastric cancer is associated with poor prog-
nosis, and a signature of Treg infiltration.49

In the liver, single-nucleotide variations in the 
ADAMTS12 gene were found in cell-free DNA of 5 pa-
tients with HCC out of 30, and in tumor samples of 15 
patients out of 366,50 although no functional link between 
these variants and HCC progression has been established.

To our knowledge, the present study is the first charac-
terization of ADAMTS12 in chronic liver disease (CLD).

In the case of HCC, we demonstrated that ADAMTS12 
is expressed in both tumor and non-tumor tissues, and 
its expression is restricted to stromal cells, particularly 
activated hepatic stellate cells (aHSCs). aHSCs are con-
sidered as liver mesenchymal stem cells (MSCs)51 and 
play important roles in chronic liver disease (CLD) 
progression, including fibrosis (reviewed in Ref. [5]) 
and HCC.52,53 While ADAMTS12 expression in tumor-
associated MSCs has been previously observed in a 

model of primary lung cancer,54 to our knowledge its 
expression in HCC stromal cells has not been described 
so far. Previous studies have shown that ADAMTS12 ex-
pression is induced upon HSC activation in vitro (from 
isolated quiescent HSC) and in vivo (in animal models 
of fibrosis).41–43 Consistent with these observations, we 
showed that ADAMTS12 expression is transiently in-
duced after acute liver injury, along with hepatolysis and 
inflammation markers. Chronic injury leads to collagen 
accumulation and fibrosis, and we found that fibrosis 
was markedly exacerbated in Adamts12-invalidated 
mice, indicating that the response to injury is altered in 
these mice.

To evaluate the contribution of HSCs in the effects of 
Adamts12 invalidation seen in mice, we used the HSC-
derived cell line LX-233 as a model to investigate the pos-
sible roles of ADAMTS12 in controlling HSC phenotype. 
Among other ADAMTS family members, ADAMTS12 
is the gene with the highest expression level in these 
cells (GEO dataset: GSE223753). We demonstrated that 

F I G U R E  8   Mechanical tension 
exerted on nuclei is reduced in 
ADAMTS12-silenced LX-2 cells. (A) Cells 
treated for 48 h with control (siCTL) or 
ADAMTS12 (siADAMTS12) siRNAs, 
and cultured for an additional 24 h in 
the presence or absence of TGF-β as 
indicated. Cells were fixed and F-Actin 
(green) was detected by incubation with 
phalloidin-AlexaFluor-488. Nuclei where 
counter-stained with Hoechst-33342. Scale 
bar: 100 μm. (B) Projected areas of nuclei 
measured and plotted as violin plots. 317, 
182, 271 and 234 nuclei were measured for 
the groups siCTL, siCTL + TGF-β, siTS12 
(siADAMTS12) and siTS12 + TGF-β, 
respectively. Adjusted p-values of a 
Kruskal–Wallis multiple comparison 
test are indicated. (C) Average projected 
areas of Hoechst-stained nuclei from 9 
independent experiments comparing cells 
treated with siCTL and siADAMTS12 
siRNAs. Paired t-test comparisons 
(**p < .01).
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inhibition of ADAMTS12 expression resulted in profound 
changes in the gene expression program of LX-2 cells. 
Genes up-regulated after ADAMTS12 knockdown were 
related to the smoothened (SMO) signaling pathway. 
SMO is an effector of Hedgehog (Hh) signaling. While a 
limited number of activated HSCs express a primary cil-
ium, the observed increase in cells with short cilia upon 
ADAMTS12 silencing may in turn modulate SMO/hedge-
hog signaling which requires translocation of SMO to 
cilia.55 In the context of liver injury, Hh signaling was 
shown to regulate both tissue regeneration and fibrosis by 
controlling the fate of HSCs.56 Modulating this pathway in 

HSCs might therefore contribute to impairing the balance 
between liver repair and fibrosis.

Genes downregulated upon ADAMTS12 knockdown 
were enriched in ontologies related to extracellular struc-
ture and actin filament organization. Accordingly, we 
showed that actin fiber organization was altered in these 
cells. Stress fibers establish a physical link between the 
plasma membrane and the nuclear envelope and exert 
mechanical constraints on the shape of the nucleus.38–40 
Consistent with a weakening of these constraints, nuclei 
appeared less spread, as evidenced by significantly smaller 
projected areas.

Cell mechanical properties and cilium biogenesis are 
intimately dependent on F-Actin dynamics. Strikingly, 
the most strongly downregulated gene in ADAMTS12-
silenced LX-2 cells is ACTR3, encoding the Arp3 subunit 
of the Arp2/3 complex (Table S6) whose role in actin po-
lymerization has been extensively documented. A partial 
loss of ACTR3 function could therefore be sufficient to in-
duce changes in both mechanical stress and primary cilium 
functions.57,58 However, the observed phenotypic changes 
probably result from a more global effect of ADAMTS12 
depletion as seen by the global decrease of HSC activation 
markers. Because ADAMTS12 is intimately bound to the 
cell surface,59 this protein may be involved in subtle ECM 
remodeling in close vicinity to the cell. By altering the me-
chanical tension exerted on the nucleus, these changes 
would in turn affect the overall expression program,40 
thereby modulating the phenotype of HSCs towards a less 
differentiated state, in line with previous studies showing 
that HSC activation is promoted by both TGF-β signaling 
and ECM stiffness.60 Reciprocally, these mechanical effects 
of ADAMTS12 silencing on the nuclear shape were ob-
served in LX-2 cells which exhibit a partially activated phe-
notype61 but not in fully activated primary HSCs, indicating 
that these effects are restrained to intermediate differenti-
ation states. TGF-β treatment increased the mechanical 
tension exerted on nuclei without restoring ADAMTS12 ex-
pression (Figure S15). Importantly, the TGF-β response per 
se, as monitored by SERPINE1 induction, was not affected 
by ADAMTS12 depletion. Of note, SERPINE1 expression 
is induced by both TGF-β and ECM stiffness mechano-
transduction.62 In the context of repetitive liver injuries, 
we propose that the effects of Adamts12 knockout on the 
mechanical properties of HSCs could be overcome by the 
TGF-β signal produced upon each injury, while promoting 
an intermediate state (isHSC) in periods of recovery, when 
TGF-β levels are decreased. Using GFAP63 and GPR9164 
as markers of quiescent HSCs (qHSCs), we observed that 
GFAP- and GPR91-positive cell populations increase in 
the liver seven days after acute injury. This suggests that 
HSCs accumulate at the end of recovery, with a phenotype 
(GFAP- and GPR91-positive) close to the quiescent state. 

F I G U R E  9   Hypothetic scheme for ADAMTS12 action in 
hepatic stellate cells (HSCs). (A) Upon liver injury, quiescent 
HSCs (qHSCs) transform into myofibroblastic activated HSCs 
(aHSCs) which participate in tissue repair. HSC activation involves 
inflammatory signals and TGF-β. Together with fibrogenic genes, 
ADAMTS12 expression is induced during this process. (B) At the 
end of injury, a subpopulation of aHSCs enters senescence and is 
eliminated by the immune system, while another subpopulation 
reverts towards a phenotype (GFAP- and GPR91-positive) close 
to the quiescent state. (C) In the absence of ADAMTS12, the 
fate of activated HSCs is skewed towards a self-renewable and 
reactivatable “intermediate state” (isHSCs) which in turn promote 
fibrosis upon repeated injuries. Although possibly different from 
the previously characterized inactivated state (iHSCs),44,63 these 
isHSCs constitute a stock of self-renewing mesenchymal cells 
which escape elimination and can be reactivated by TGF-β and 
upon successive repeated injuries.
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Interestingly, this accumulation is not observed in mice in-
validated for ADAMTS12 (Figure S21), indicating that HSC 
homeostasis is modulated by ADAMTS12. In the absence 
of ADAMTS12, HSCs might accumulate with a different 
phenotype (GFAP- and GPR91-negative), which could be 
more responsive to successive injuries. Although possibly 
different from the previously described inactivated state 
(iHSCs),44,63 this intermediate state would maintain a reac-
tivatable cell population that escapes elimination by apop-
tosis or senescence65 (Figure  9). In line with this model, 
genes previously associated with replicative senescence 
are globally down-regulated after ADAMTS12 silencing in 
LX-2 cells (Figure S22). Previous studies have shown that 
ADAMTS12 acts as a modulator of inflammation.66,67 Here, 
we show that expression of genes related to the immune 
response is impaired in Adamts12-invalidated mice follow-
ing acute liver injury. The exacerbated liver fibrosis in null 
mice could therefore be a consequence of deregulations 
that may impact the early inflammatory response and/or 
HSC clearance. The observed deregulation of genes related 
to extracellular remodeling, chemotaxis and leukocyte mi-
gration in ADAMTS12-silenced HSCs might contribute to 
these outcomes, although these cannot be inferred directly 
from the behavior of isolated cells.

Altogether, our data indicate that ADAMTS12 is ex-
pressed by stromal cells including HSCs, and that it mod-
ulates the balance between tissue repair and fibrosis at 
both cell autonomous (by controlling HSC homeostasis) 
and non-autonomous levels.
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