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ADAM10/17-Dependent Release of Soluble c-Met Correlates

with Hepatocellular Damage
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Abstract. The signalling pathway elicited by hepato-
cyte growth factor (HGF) and its receptor c-Met is
indispensable for liver development and regenera-
tion. It has been described that c-Met is released
from the cell surface by a disintegrin and metallo-
protease 10 (ADAM10) resulting in a soluble c-Met
form known as sMet. Using the human hepatocellu-
lar HepG2 and hepatic stellate cell LX2 lines we
show that sMet is released from the cell surface of
liver cells by both ADAM17 and ADAM10, with
ADAMI17 appearing to be the major proteinase.
Moreover, using a mouse model of 3,5-diethoxycar-
bonyl-1,4-dihydroxycollidine (DDC)-induced hepa-
tobiliary obstruction we show that serum levels of
sMet correlate well with the liver damage state and
consecutive regeneration as well as with established
markers of liver damage such as alanine aminotrans-
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ferase (ALT), aspartate transaminase (AST), alka-
line phosphatase (ALP), and total bilirubin. However,
sMet exhibited remarkably better correlation with
liver damage and inflammation than did serum tu-
mour necrosis factor a (TNF-a), whose shedding is
also mediated by ADAM proteolytic activity. Our re-
sults indicate that the proteolytic activity of
ADAM10/17 is essential for regulating HGF/c-Met
signalling during acute liver damage and following
regeneration and that the differential serum levels of
sMet together with expression of c-Met/HGF might
be a useful indicator not only for damage, but also
for ongoing liver regeneration.

Introduction

c-Met is a class I transmembrane tyrosine kinase
known to be the only receptor for HGF that is produced
by stromal cells in the liver (Birchmeier et al., 2003; Ma
et al., 2003). HGF/c-Met signalling does not appear to
play a significant role in liver homeostasis under normal
physiologic conditions, but is essential for liver devel-
opment and regeneration following hepatic injury
(Uehara et al., 1995; Comoglio, 2001; Huh et al., 2004).
The mature receptor is composed of a 50 kDa a ligand-
binding subunit and a 145 kDa [ subunit whose cyto-
solic domain is responsible for tyrosine kinase activity
(Giordano et al., 1988; Ma et al., 2003). The signalling
pathways downstream of c-Met are well described, in-
volving many scaffolding adaptors and surface signal
modifiers; the three major c-Met-dependent pathways
include the mitogen-activated protein kinase (MAPK)
pathway, the phosphatidylinositol 3-kinase (PI3K)-Akt
axis, and the STAT pathway (Trusolino et al., 2010).
These c-Met-dependent signalling pathways are essen-
tial for liver regeneration initiated in response to acute
and chronic injuries in which HGF is up-regulated
(Borowiak et al., 2004; Cramer et al., 2004; Huh et al.,
2004). During hepatic injury, HGF is produced predom-
inantly by stromal cells including stellate, endothelial,
and Kupffer cells (Noji et al., 1990; Lalani et al., 2005).
In contrast, c-Met is expressed mainly by hepatocytes
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(Schirmacher et al., 1992; Lalani et al., 2005). Thus,
HGF/c-Met signalling is one of the examples of the het-
erotypic interaction between parenchymal and stromal
cells in the liver. It is generally accepted that HGF ex-
pression is increased under necrotic and inflammatory
liver conditions (Cramer et al., 2004), whereas the situ-
ation with c-Met is less clear as several reports describe
both the down- and up-regulation of this receptor (Inoue
et al., 2006; Takami et al., 2007; Marquardt et al., 2012).

It has been reported that c-Met signalling is regulated
by several posttranslational mechanisms, among them
internalization and proteolysis (Hammond et al., 2001,
2004). Proteolytic cleavage represents another mecha-
nism for down-regulating c-Met signalling and involves
the sequential proteolytic cleavages by two different
protease systems. ADAMs release the extracellular do-
main generating a soluble N-terminal fragment. The
membrane-bound cytoplasmic part then undergoes fur-
ther proteolysis by y-secretase, which yields a labile in-
tracellular portion that is rapidly degraded in the protea-
some (Prat et al., 1991; Foveau et al., 2009). The release
of the cell surface protein ectodomain is termed shed-
ding and is mainly attributed to members of the ADAM
family. ADAM17 (also known as TACE, TNF-a-con-
verting enzyme) and ADAM10 are the major sheddases
(Pruessmeyer and Ludwig, 2009).

Shed c-Met circulates as a soluble N-terminal frag-
ment, designated as sMet (Wajih et al., 2002; Petrelli et
al., 2006; Schelter et al., 2010). This shedding of c-Met
not only decreases the number of receptor molecules at
the cell surface, but also creates a decoy moiety that
binds to both HGF and membrane c-Met, inhibiting di-
merization and transactivation of the native receptor
(Zhang et al., 2004).

Although c-Met regulation and signalling is well de-
scribed in the literature, the role of c-Met shedding during
non-cancerous liver diseases is less known. As levels of
soluble c-Met can be accurately assayed in blood serum
(Zeng et al., 2009), we examined the relevance of sMet as
a marker for hepatic damage and recovery. We show that,
in addition to ADAM10, ADAM17 also sheds c-Met re-
ceptor and that sMet levels in serum tightly correlated
with liver damage and recovery in a mouse model of
DDC-induced hepatobiliary obstruction.

Material and Methods
Animal model of DDC-induced biliary fibrosis

Biliary fibrosis was induced as described (Fickert et
al., 2007) by feeding 2-month-old male C57BL/6NCrl
mice (Charles Rivers Laboratories, Wilmington, MA)
weighing ~22 grams with a 0.1% DDC-supplemented
diet (Sniff, Soest, Germany) for 2 weeks. A second
group of animals were fed a DDC-supplemented diet
for 2 weeks and then allowed to recover for 3, 7, and
14 days under a standard mouse diet to study c-Met lev-
els during recovery from induced cholestasis. Age-
matched C57BL/6NCrl males fed with regular chow

(Rod18-A10, LASvendi, Soest, Germany) were used as
controls. All animal studies were performed in accord-
ance with European directive 86/609/EEC and were ap-
proved by the Czech Central Commission for Animal
Welfare.

Serum analyses

Blood was obtained by retro-orbital bleed from anes-
thetized mice. Sera were analysed for ALT, AST, ALP,
and total bilirubin levels using commercial kits (Roche
Diagnostics, Prague, Czech Republic). The serum level
of mouse TNF-a was measured by multiplex assay
with a Bio-Plex mouse array (Bio-Rad Laboratories,
Prague, Czech Republic) using the Bio-Plex 200 System
(Bio-Rad Laboratories). The serum level of mouse sMet
was assayed by enzyme-linked immunosorbent assay
(ELISA) using an R&D Systems kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s in-
structions.

Quantitative Reverse-Transcription Polymerase
Chain Reaction (qRT-PCR)

Total RNA was isolated from snap-frozen liver sam-
ples or cell cultures using TriReagent (Sigma-Aldrich,
St. Louis, MO) according to the manufacturer’s instruc-
tions. Specific primers were designed to amplify ~100
bp fragments of target gene transcripts using QuantPrime
online software (Arvidsson et al., 2008). qRT-PCR was
carried out directly from isolated RNA using the Kapa
SYBR Fast One-Step qRT-PCR Kit (Kapa Biosystems,
Boston, MA) and a LightCycler 480 (Roche, Mannheim,
Germany). Reactions were performed in triplicates with
the following conditions: 42 °C for 5 min, 95 °C for
3 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for
30 s, and 72 °C for 30 s. The standard curve method was
used to quantitate relative mRNA abundance. For nor-
malization of the qRT-PCR data, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expression was
used as the control and relative expression of the gene of
interest was calculated by the 2-AACt method (Livak and
Schmittgen, 2001). Primers used are listed in Table 1.

cDNA constructs and cloning

The human cDNA clone of full-length ADAM17 in
the pCMV6-XL4 vector was obtained from OriGene
(SC316426; OriGene Technologies, Rockville, MD).
The human full-length ADAM10 ¢cDNA was codon-op-
timized for human cell line expression using the
OptimumGene design platform (Genscript, Piscataway,
NJ), which employs a unique algorithm and proprietary
codon usage table. Modifications for codon usage bias
and GC content were made throughout the sequence in
approximately 34.5 % of the DNA and codon-optimized
ADAMI10 was successfully assembled using overlap-
ping PCR (Genscript). For the ectopic expression of un-
tagged versions of ADAM17 and ADAM10, cDNA was
PCR amplified from these plasmids and subcloned into
the multiple cloning site 1 (MSC1) of the pVitro2-blasti
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Table 1. Primer sequences for gRT-PCR
forward (5°-3°9) reverse (5°-3%)
c-Met TTCTGCTTGGCAACGAGAGCTG GGGACCAACTGTGCATTTCAACG
ADAM17 AGCGTGAAGTGGCAGAACTT GCCCCATCTGTGTTGATTCT
TNF-a CCACCACGCTCTTCTGTCTA AGGGTCTGGGCCATAGAACT
HGF TGGCTTGGCATCCACGA AGTTATCCAGGATTGCAGGTCGAG
ADAMI10 AGCAACATCTGGGGACAAAC TGGCCAGATTCAACAAAACA
TIMP1 ATGGAAAGCCTCTGTGGATATG AAGCTGCAGGCACTGATGTG
TIMP3 CACGGAAGCCTCTGAAAGTC TCCACAAAGTTGCACAGTCC
GAPDH AACTTTGGCATTGTGGAAGG GTCTTCTGGGTGGCAGTGAT

plasmid (InvivoGen, San Diego, CA). The TdTomato
and EGFP coding sequences were then amplified from
plasmids (pEGFP; Clontech and pRSET-B-tdTomato;
kindly provided by Roger Tsien, University of California,
San Diego, CA) and subcloned into MSC2 of either
pVitro-ADAM17 or pVitro-ADAMI10 vector to gener-
ate pVitro-ADAM17-TdTomato and pVitro-ADAM10-
-EGFP constructs encoding ADAMSs and reporter pro-
teins under the control of a composite ferritin promoter.
All plasmids were verified by sequencing.

Shedding assay

Immortalized human liver hepatocellular carcinoma
HepG2 cells and hepatic stellate cells (HSCs) LX2
(a model for partially activated HSCs (Xu et al., 2005);
a kind gift of Scott Friedman, Mount Sinai, NY) were
cultured in Dulbecco’s Modified Eagle’s Medium
(Sigma-Aldrich), supplemented with 2% heat-inactivat-
ed foetal bovine serum (PAA Laboratories, Colbe,
Germany), 10 mg/ml penicillin/streptomycin (PAA La-
boratories). To obtain subconfluent cultures (~80 % con-
fluence) for further experiments, cells were seeded at
2 x 10° cells/cm? in 6-well culture plates (Costar, Cam-
bridge, MA). Transient transfections of HepG2 and LX2
cells were carried out using X-tremeGENE HP (Roche)
according to the manufacturer’s instructions with 2 pg
plasmid and a 1 : 3 (w/v) ratio of DNA to transfection
reagent. The cells were incubated with the transfection
complexes for 48 h and assayed after an additional 24 h.
Overnight starved cells were either left untreated or ex-
posed to 10 pumol/l metalloproteinase inhibitor TAPI-2
(EMD-Millipore, Billerica, MA) for 2 h prior to stimu-
lation with 10 nmol/l phorbol-12-myristate-13-acetate
(PMA; Sigma-Aldrich) for additional 24 h. Culture me-
dia were centrifuged at 12 000 x g for 15 min at 4 °C.
Supernatants were analysed for sMet and TNF-a by col-
orimetric ELISA assays (R&D Systems) using an En-
Vision Multilabel Reader (PerkinElmer, Waltham, MA).

Immunoblotting

Total protein was isolated from cell cultures using
TriReagent (Sigma-Aldrich) according to the manufac-
turer’s instructions. Protein precipitates were dissolved
in 1% w/v sodium dodecyl sulphate (SDS) and stored at
-80 °C. Protein concentration was determined using the
BCA Protein Assay Kit (Thermo Scientific Pierce,
Wilmington, DE). Proteins were separated in 10% SDS
gels (25 pg per lane) and transferred to a nitrocellulose

membrane (Whatman, Maidstone, UK). Immunoblots
were probed with the following primary antibodies: an-
ti-ADAM17 (1 : 1000; R&D Systems), anti-V5 epitope
tag (1 : 1000; Cell Signaling Technology, Boston, MA),
anti-ADAMI10 (1 : 1000; Abcam, Cambridge, UK) and
anti-GAPDH (1 : 50,000; Sigma-Aldrich). All second-
ary antibodies were peroxidase-conjugated: rabbit anti-
goat and goat anti-rabbit (both 1 : 10,000; Sigma-Aldrich).
Signals were detected by ECL plus Western Blotting
Detection System (Cell Signaling Technology) and re-
corded with a Luminescent Image Analyzer (LAS-3000,
Fujifilm Life Science, Diisseldorf, Germany).

Histology

Tissue samples were fixed in 4% neutral buffered form-
aldehyde for 24 h at 4 °C and processed in an auto-
mated tissue processor (Leica Microsystems, Leitz,
Germany). Sections (3 um) were stained with haema-
toxylin and eosin (H&E) staining. Sirius red (SR) stain-
ing was done by immersion in Fouchet’s reagent
(Sigma-Aldrich) followed by incubation in celestine
blue (Sigma-Aldrich), counterstaining with Harris
haematoxylin. Then, the sections were incubated in SR
solution (Sigma-Aldrich) for 20 min. Stained slides
were dehydrated in ascending alcohol concentrations
and mounted in Entellan® permanent mounting medi-
um (Merck, Darmstadt, Germany). Analysis of the
stained slides was performed using a Zeiss Axio Imager
microscope (Zeiss Czech Republic, Prague, Czech
Republic) equipped with polarization filter and Axiocam
ERc5s digital camera. Representative images were cap-
tured at 20 x (H&E and SR) and 40 x (H&E) magnifica-
tion and processed consecutively using the GIMP
graphic editor version 2.8 (Free Software Foundation,
Boston, MA). Scoring of SR staining was made semi-
quantitatively by counting the number of SR-positive
fibres in surface sections of the lobules, excluding the
central vein. Fibre scoring was as follows: less than 5,
negative (score 0); above 15, weakly positive (score 1);
above 30, moderately positive (score 2), and uncounta-
ble, highly positive (score 3). At least 10 lobules per
section were counted.

Statistical analysis

Statistical analyses were performed with GraphPad
Prism software version 5.04 (GraphPad Software, San
Diego CA). Results from independent experiments were
analysed with two-tailed one-way ANOVA followed by



Vol. 59

ADAM10/17-Dependent c-Met Release in Hepatocellular Damage 79

Student-Newman-Keuls post-hoc test. Data are present-
ed as mean values; error bars in figures represent SEM;
N values and statistical significance are specified in fig-
ure legends.

Results

To analyse the process of c-Met release from the sur-
face of both, parenchymal and non-parenchymal cells,
we used the hepatocellular HepG2 cells and LX2 cells
transiently expressing either human ADAM17, or hu-
man ADAMI10. LX2 cells were in addition transiently
transfected with human c-Met, as their endogenous lev-
els of HGF receptor are considerably lower. Transfected
cells were analysed using immunoblotting for the ec-
topic expression of ADAM17, ADAMI10, c-Met (Fig.
1A,B), and simultaneously also for released sMet and
TNF-a, which is one of the main ADAMI17 substrates.

Experiments showed that ADAM17, and to a lesser
extent also previously reported ADAM10, causes shed-
ding of c-Met, as its ectopic expression increased the
amount of sMet in cell supernatants of HepG2 (Fig. 2A)
and LX2 cells (Fig. 3A; compare mock and ADAM17
control and PMA stimulation). Moreover, the treatment
with ADAM17-specific inhibitor TAPI-2 resulted in a
significant reduction of sMet generation (Figs. 2A and
3A) in cells transfected with mock, c-Met, or ADAM17
but not in cells transfected with ADAM10 (Figs. 2A and
3A) in the cell lines.

The release of sMet and TNF-a. into supernatants in-
creased upon cell treatment with PMA irrespectively of
whether the cells were transfected with c-Met or ADAM
proteinases (Figs. 2A,B and 3A,B). The experiments
clearly demonstrate ADAM]17-mediated c-Met and
TNF-a shedding, although the activity of ADAMI17 to-
wards TNF-a could be ascertained only through its re-
sponse to the inhibitor TAPI-2 (Figs. 2A,B and 3A,B).
The inhibition of shedding of c-Met by TAPI-2 was also
obvious in untreated cells. However, the combination of
PMA treatment and ectopic expression augmented the
release of sMet, and thus the inhibition of c-Met shed-
ding was more apparent (Figs. 2A and 3A). The ectopic
expression of both ADAMs increased the release of
soluble proteins in comparison to mock control (Figs.
2A,B and 3A,B) and this release was further augmented
by PMA stimulation. However, since the experiments
with transiently expressed ADAM proteinase detected
endogenous sMet (i.e. not ectopically expressed), the
remarkable growth of sMet release was detected only in
LX2 cells and not in HepG2 cells. This is likely due to a
different ratio of sheddases, mainly ADAMI17, and the
available cell-surface c-Met; shedding of endogenous
c-Met reached its maximum in hepatocytes after the
PMA treatment that activates both the endogenous and
ectopically expressed ADAM17. Strikingly, TAPI-2 sig-
nificantly reduced the amount of shed c-Met in superna-
tants of HepG2 and LX2 cells transfected with ADAM17,
but no effect was seen for ADAMI10 over-expressing
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Fig. 1. Western blot analysis of HepG2 and LX2 cells transfected with plasmids encoding c-Met, ADAM17, ADAMI10.
A,B HepG2 (A) or LX2 (B) cells were transfected either with plasmids encoding c-Met, ADAM17, ADAMI10, or with
control empty vector (mock). Cell lysates from transfected cells were analysed by immunoblotting with anti-ADAM17,
anti-ADAM10, and anti-V5 epitope antibodies. Equal amounts of proteins were loaded in each lane and protein bands
were visualized as described in the Material and Methods section. GAPDH, loading control. Note, the air bubble in upper-
right panel does not interfere with either transfer or visualization of assayed ADAM10.
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Fig. 2. c-Met is shed from hepatocellular HepG2 cells by ADAM17. A,B HepG2 cells were transfected either with plas-
mids encoding ADAM17, ADAMI10, or with control empty vector (mock). Transfected cells were either treated with
10 nmol/l TAPI-2 2 h prior to 24-h incubation with 10 pmol/l PMA or left non-treated (control). Levels of human sMet
(A) and TNF-a (B) in conditioned media were measured by ELISA.

Mean values £ SEM are shown (N = 3). *P < 0.05; **P < 0.01; ***P <0.001; #P < 0.05 vs control/mock.
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Fig. 3. c-Met is shed from the hepatic stellate cells LX2 by ADAM17 and ADAM10. A,B LX2 cells were transfected
either with plasmids encoding c-Met, ADAM17, ADAMI10, or with control empty vector (mock). Transfected cells were
either treated with 10 nmol/l TAPI-2 2 h prior to 24-h incubation with 10 pumol/l PMA or left non-treated (control). Levels
of human sMet (A) and TNF-a (B) in conditioned media were measured by ELISA.
Mean values + SEM are shown (N = 3). *P < 0.05; **P < 0.01; ***P <0.001; #P < 0.05 vs control/mock.
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Fig. 4. Increased serum levels of sMet parallel increased levels of serum transaminases and bilirubin in a mouse model of
DDC-induced acute cholestasis. A-F Biliary fibrosis was induced in C57BL/6NCrl mice by feeding with a DDC-supple-
mented diet for two weeks. Serum was collected from DDC-fed animals (DDC), animals allowed 3 (DDC 3D), 7 (DDC
7D), and 14 (DDC 14D) days of recovery on normal diet, and non-treated animals (control). Serum levels of ALT (A),
AST (B), ALP (C), bilirubin (D), sMet (E) and TNF-a (F) were assessed as described in the text.

Mean values = SEM are shown (N = 6). *P <0.05; **P <0.01; ***P < 0.001.

cells (Figs. 2A and 3A). Altogether, these data demon-
strate that sMet is released mainly by ADAM17.

The release of sMet may represent an important con-
trol mechanism in regulating HGF/c-Met signalling in
the liver and could thus reflect the level of liver damage
and recovery. Therefore, we addressed the question
whether sMet could serve as a biomarker to monitor
liver disease development and recovery using a mouse
model of acute cholestasis induced by DDC diet (Fickert
et al., 2007). Increased serum levels of ALT, AST, ALP,
and bilirubin are established markers of liver damage
and their augmented levels were also observed in the
serum of DDC-treated mice (Fig. 4A-D), suggesting the
occurrence of hepatocellular damage. In the DDC mod-
el we observed that sMet levels were remarkably in-
creased after two weeks of DDC diet compared to un-
treated animals and correlated well with the increase of
ALT, AST, ALP, and bilirubin. These changes were also
paralleled by augmented TNF-a levels, a well-known
substrate of ADAM17. Furthermore, sMet levels gradu-
ally declined during the recovery phase of the DDC-in-
duced cholestasis, although its level was still slightly
elevated in comparison to untreated animals. The de-
cline of sMet levels during recovery correlated with se-
rum levels of all measured markers of hepatocellular
injury. In contrast, the levels of soluble TNF-a (Fig.
4F), but not its mRNA levels (Fig. 5F), were still aug-
mented during the whole recovery period, indicating
likely ongoing inflammatory process. Thus, the serum

levels of sMet reliably reflect progression and recovery
from induced cholestasis and could be taken into con-
sideration as a marker for hepatobiliar damage.

To distinguish whether the high levels of sMet in the
model of mouse cholestasis was due to the proteolytic
activity or due to the changes in c-Met or ADAM pro-
teinase expression, the expression of HGF, TNF-q, tis-
sue inhibitor of metalloproteinases (TIMP) 1 and 3 was
examined at the mRNA level in liver samples of mice
treated with DDC. Quantitative RT-PCR analysis re-
vealed that the expression of c-Met was slightly elevat-
ed in the recovery phase (Fig. 5A) and this elevation
lasted for the whole 14-day recovery period (see also
Fig. 7). The expression of ADAM10 and ADAM17 was
augmented after the two weeks of DDC diet and during
early recovery phase, respectively (Fig. 5B,C). Then,
their expression decreased to the levels observed in un-
treated controls. The mRNA level of TIMP1, the main
matrix metalloproteinase inhibitor, which counteracts
the proteolytic activity of matrix metalloproteinases
during degradation of liver extracellular matrix (Hem-
mann et al., 2007), returned to the expression level ob-
served prior to the damage at the end of the recovery
period (Fig. 5F), while the expression of TIMP3, a main
endogenous inhibitor of ADAM17, was not significant-
ly changed (data not shown).

Mice treated for two weeks with DDC diet exhibited
extensive hepatobiliary damage characterized by a num-
ber of bile plugs in the peritriad small bile ducts (Fig.
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Fig. 5. mRNA levels of factors involved in DDC-induced acute cholestasis and c-Met regulation. A-F Liver samples were
collected from DDC-fed animals (DDC), animals allowed 3 (DDC 3D), 7 (DDC 7D), and 14 (DDC 14D) days of recovery
on normal diet, and non-treated animals (control), and mRNA was isolated and the relative expression levels of c-Met (A),
ADAM17 (B), ADAMI10 (C), TNF-a (D), HGF (E), TIMP1 (F), and TIMP3 (G) were followed by qRT-PCR. Expression of
genes of interest was normalized to GAPDH and expressed as 2*Cp*1000 (for details see Material and Methods section).
Mean values £ SEM are shown (N =4). *P <0.05; **P < 0.01; ***P <0.001.

6E, arrows). In addition, analysis of H&E-stained liver
slices showed marked infiltration with mononuclear
(MNs) and polymorphonuclear (PMNs) inflammatory
cells around the ducts, intraepithelial infiltration with
PMNs (Fig. 6H, arrows), and interstitial infiltration of
MNs containing bile debris in the periductal stroma
(Fig. 6G, arrowheads). Occasional giant cells resem-
bling Langhans-type cells were observed around the
small bile ducts (Fig. 6F, asterisk). Intralobular, small
but multiple, collagen deposits were frequently found
using SR staining, suggesting development of early fi-
brosis (Fig. 61). Altogether, these observations suggest
development of acute cholangial inflammation due to
bile duct obstruction and low-grade liver fibrosis.

In comparison to unchallenged animals, DDC-treated
mice allowed to recover for three days exhibited lower
amount of bile duct plugs (Fig. 6J), low-grade microve-
sicular hepatocyte steatosis (Fig. 6], arrows). Also, the
extent of periductal PMN infiltration (Fig. 6L, arrow-
heads) and the number of MNs containing phagocytosed
bile debris localized in the periductal interstitium (Fig.
6K, arrow) were reduced. The SR staining showed a de-
creased number of collagen deposits in the liver lobules
(Fig. 6M).

Liver from mice after seven days of recovery revealed
residual periductal inflammation manifested by occa-
sional occurrence of MNs with bile debris found in the
periductal interstitium (Fig. 6P, arrowhead). Liver pa-

renchyma contained numerous polyploid hepatocytes
with evident nuclear indentations, suggesting possible
endomitosis (Fig. 60, arrow).

Mice recovered for 14 days showed only a small num-
ber of bile debris-containing MNs (Fig 6R, arrows). No
residual inflammatory infiltrate around the bile ducts
(Fig. 6T, asterisk) was found, although numerous binu-
cleated hepatocytes were seen in the peritriad regions and
close to the central veins (Fig. 6S, arrows), suggesting
ongoing hepatocyte proliferation.

Discussion

HGF and its specific receptor, c-Met, play a pivotal
role in liver development and regeneration, particularly
in response to acute and chronic injuries (Trusolino et
al., 2010). Subsequent to hepatic injury, the production
of HGF is rapidly up-regulated. The resultant increase in
c-Met signalling provides not only a strong mitogenic
and anti-apoptotic stimulus to hepatocytes, but also an-
tagonizes transforming growth factor B (TGF-f)-de-
pendent profibrogenic responses (Ueki et al., 1999). It is
well established that acute HGF stimulation leads to
down-regulation of the receptor by internalization
(Hammond et al., 2001, 2004), which results either in
recycling of the receptor or degradation via the lysoso-
mal pathway (Teis and Huber, 2003). Generally, the
rapid removal of the receptor from the cell surface and
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its following degradation is believed to provide a mech-
anism for preventing the sustained activation of down-
stream signalling, as this could potentially lead to trans-
formation.

Further modulation of c-Met signalling occurs via
shedding of its ectodomain, a process mediated by
members of the ADAM family and involving subse-
quent y-secretase proteolysis (Foveau et al., 2009). The
ADAM family of metalloproteinases, recognized as the
major proteinase family involved in protein ectodomain
release (shedding), plays a pivotal role in the regulation
of many processes as they mediate both pro-damage/
pro-inflammatory responses as well as recovery and re-
generation (Huovila et al., 2005; Hemmann et al., 2007;
Scheller et al., 2011). Although previous investigations

Fig. 6. Histological evaluation of liver injury correlates
with serum levels of c-Met and other markers of hepatobil-
iary injury and recovery. Tissue sections of liver isolated
from non-treated animals (A-D), DDC-fed animals (E-I),
and animals allowed 3 (J-M), 7 (N-Q), and 14 (R-U) days
of recovery on normal diet were stained with H&E (A-C,
E-H, J-L, N-P, R-T) or SR (D,I,M,Q,U). A-D Control ani-
mals exhibited no inflammatory cholangitis and hepatocyte
dystrophy. E-I Mice after DDC treatment showed massive
plugs in the small peritriad ducts (E, arrows) and inflam-
matory infiltrate composed of mononuclear (MNs) and
polymorphonuclear (PMNs) cells (G,H). The MNs infil-
trated the periductal connective tissue (G, arrowheads),
while the PMNs infiltrated the epithelium of the plugged
bile ducts (H, arrows). SR staining revealed a low level of
lobular fibrosis (I). J-M Hepatocytes exhibited vacuolar
dystrophy especially around the triads (J, arrows). Reduced
number of PMNs can be seen (J), not infiltrating the ducts
but in the periductal connective tissue (L, arrowheads).
The MN number is lowered but the amount of contained
bile debris is higher (K, arrows). SR birefringence did not
reveal collagen deposits (M). N-Q Seven days of recovery;
no sign of PMN infiltration around bile ducts, remaining
MNs with bile debris (P, arrowhead). Numerous giant hepa-
tocytes were found in the stage of endomitosis (O, arrow);
no fibrosis could be seen in the tissue (Q). R-U Fourteen
days of recovery; there is a small amount of MNs (R, ar-
rows), no detectable bile plugs in the ducts (T*), and nu-
merous binucleated hepatocytes (S, arrows) around the
triad regions. No collagen deposits were detected in SR
staining.

Scale bars 100 pm (A,E,J,N,R), 50 um (B,C,F,G,H,K,L,O,
P,S,T), and 200 pm (D,I,M,Q,U).

are ambiguous about c-Met release by ADAM-mediated
proteolysis (Wajih et al., 2002; Petrelli et al., 2006;
Schelter et al., 2010), our findings support the involve-
ment of both ADAM17 and ADAMI0. Previous studies
implicated ADAM10 in c-Met shedding in mouse fibro-
blasts (Kopitz et al., 2007), although these results were
not confirmed in epithelial cells (Foveau et al., 2009).
A clearer picture about the involvement of ADAMIO0
and ADAMI17 in c-Met shedding was shown in the
study analysing sMet generation in placenta during
preeclampsia (Yang et al., 2012). Our work is in line
with this study and shows that c-Met in parenchymal
and non-parenchymal cells of the liver is shed by both
ADAMSs and that ADAMI17 appears to be the main
sheddase, especially after activation of cells with PMA.
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To elucidate which of the two ADAM proteinases is
involved in c-Met shedding in liver cells, we examined
generation of the soluble form of ¢c-Met using HepG2
and LX2 cell lines ectopically expressing either ADAM
proteinases or c-Met receptor. We showed that besides
ADAMI10 (Schelter et al., 2010), ADAM17 also medi-
ates the shedding of c-Met, as the ectopic expression of
ADAM17 increased the amount of sMet in cell superna-
tants. The release of c-Met (as well as TNF-a)) was fur-
ther augmented by PMA, while treating the cells with
ADAM17-specific inhibitor TAPI-2 led to reduction of
the sMet amount. As the inhibition of c-Met cleavage
by TAPI-2 was only partial, it is likely that also other
proteinases (including ADAMI10) contribute to the
shedding. Differential involvement of ADAMIO and
ADAM17 in shedding c-Met in various cell populations
in the liver could thus provide a molecular basis for the
discrete effects of c-Met signalling in HSCs and hepato-
cytes. The loss of hepatocyte c-Met signalling mediates
excessive activation of HSCs with consequent aggrava-
tion of inflammation and liver fibrosis (Marquardt et al.,
2012). Administration of HGF was shown to reverse fi-
brosis and decrease hepatocyte apoptosis in parallel
with increased apoptosis of HSCs (Matsuda et al., 1995;
Kim et al., 2005). Our results indicating that both
ADAM17 and ADAMI10 can shed c-Met from the cell
surface of hepatocytes and hepatic stellate cells suggests
the intriguing possibility of another level of HGF-
-TGF-B1 crosstalk. TGF-f1-dependent up-regulation of
ADAMI17 mRNA and protein expression was recently
shown in glioma cells (Lu et al., 2011). This correlates
well with our data showing increased expression of both
ADAM17 and ADAMI10 in TGF-B1-stimulated LX2
cells (data not shown). It is conceivable that activation
of HSCs by TGF-B1 leads to the up-regulation of shed-
dases, which by decreasing c-Met receptor availability
would promote acceleration of liver fibrosis.

To reveal whether the sMet level in the serum is use-
ful as an additional indicator of liver injury and re-
covery, we compared the expression of HGF/c-Met,
ADAM10/17 with the levels in a murine model of DDC-
induced hepatic injury which also allows studying the
recovery phase. Using this model we show that the se-
rum levels of sMet strongly correlated with the increase
of serum AST, ALT, ALP, and bilirubin during the acute
phase and mirrored histological measures of the severity
of hepatobilliary injury, inflammation, and consecutive
hepatocyte repair. Although changes in sMet generation
are not used as a diagnostic tool, there is a report com-
paring plasma levels of sMet in healthy pregnant women
with those suffering from severe preeclampsia. Pre-
eclampsia was shown to be associated with significantly
lower sMet levels (Zeng et al., 2009). Moreover, this
study also documented sMet as a potential prognostic
marker, revealing a significant correlation between the
plasma sMet level and the potential to develop preec-
lampsia. Nevertheless, these observations have not been
associated with any liver damage or dysfunction.

14 days | 7 days| 14 days |

standard diet

3 days |

DDC diet |

serum

mRNA

fibrosis & inflammation fadinginflammation

histology

Fig. 7. Schematized expression profiles of biochemical
markers of liver damage. ADAM proteinases, HGF/c-Met
and their correlation with serum sMet levels in mice with
DDC-induced biliary fibrosis. The lower graph shows
mRNA expression data of various gene markers in the liver
(see also Fig. 5); the upper graph shows serum levels of
important biochemical markers in the indicated period of
DDC treatment (see also Fig. 3) and their correlation with
major histological changes (see also Fig. 6).

In the model of DDC-induced hepatobilliary damage,
the expression of c-Met is elevated in the recovery
phase, even though the serum level of sMet gradually
declines. The decline of the sMet amount correlates well
with liver recovery (Fig. 7). The peak of released sMet
in the serum also correlates with an increase of ADAM17
expression in the liver, although its expression peaks
later, at the beginning of the recovery phase. The in-
crease in ADAMI10 expression is delayed relative to that
of ADAM17. However, the expression of both ADAMs
reached its highest value at the same time. Moreover,
as the expression of TIMP3, the main inhibitor of
ADAMI17, remained largely unchanged, the increased
serum levels of sMet in the mouse model of acute chol-
estasis could be mainly attributed to the elevated expres-
sion of both ADAM proteinases and their increased pro-
teolytic activity. This may suggest that ADAM17 is the
primary mediator of c-Met shedding under acute patho-
genesis or inflammatory conditions, while ADAMI10,
which declines more slowly than ADAM17 (Fig. 7),
may be responsible for sMet production in the later re-
covery phase. The generation of sMet could also be sup-
ported by elevated expression in recovery phase, which
lasted for the whole 14-day recovery period (Fig. 7).
This finding is consistent with the previous observation
that during acute liver damage the expression level of
HGF but not c-Met regulates proliferation and liver re-
pair (Corpechot et al., 2002). Similarly to previously
published results (Zarnegar et al., 1991; Diehl, 2000;
Morio et al., 2001; Lalani et al., 2005), the mRNA levels
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of HGF and TNF-a in the DDC-induced mouse choles-
tasis model were elevated in both the acute and early
recovery phase. Nevertheless, it is unclear how high lev-
els of sMet in the serum are achieved if c-Met expres-
sion is up-regulated only moderately. As the generation
of sMet did not fully correlate with the expression of
ADAM proteases, the question arises whether another
protease(s) is involved in c-Met shedding in the initial
acute phase of injury as well as in last phase of recovery,
when the expression levels of both ADAMIO and
ADAMI17 are back to the values observed prior to the
liver damage.

In this report, we show that the levels of sMet in the
serum mirror hepatic conditions (hepatic damage and
recovery) and that this release is dependent on the pro-
teolytic activity of the two sheddases, ADAMI10 and
ADAMI17. These proteinases appear to be responsible
for the release of sMet during acute liver damage and
inflammation, although ADAMI17 appears to be the
main sheddase after cell activation. Since the amount of
sMet in serum correlates very well with the histopathol-
ogy of liver as well as aminotransferase markers of liver
damage, the amount of sMet might be a meaningful en-
dogenous biomarker of hepatocyte damage and espe-
cially liver regeneration.
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