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Matrix metalloproteinase-2 (MMP2) activation is asso-
ciated with basement membrane remodeling that oc-
curs in injured tissues and during tumor invasion.
The newly described membrane-type MMPs (MT-
MMPs) form a family of potential MMP2 activators. We
investigated the localization and steady-state levels of
MT1-MMP and MT2-MMP mRNA, compared with those
of MMP2 and tissue inhibitor of MMP-2 in 22 hepato-
cellular carcinomas, 12 liver metastases from colonic
adenocarcinomas, 13 nontumoral samples from liv-
ers with metastases, 10 benign tumors, and 6 normal
livers. MMP2 activation was analyzed by zymography
in the same series. The expression of MT1-MMP mRNA
and the activation of MMP-2 were increased in hepa-
tocellular carcinomas, metastases, and cholestatic
nontumoral samples. MT2-MMP mRNA was rather sta-
ble in the different groups. MT1-MMP mRNA levels,
but not MT2-MMP mRNA, correlated with MMP-2 and
tissue inhibitor of MMP-2 mRNA levels and with MMP2
activation. In situ hybridization showed that MT1-
MMP mRNA was expressed in stromal cells, and MT2-
MMP mRNA was principally located in both hepato-
cytes and biliary epithelial cells. Consistently, freshly
isolated hepatocytes expressed only MT2-MMP
mRNA, and culture-activated hepatic stellate cells
showed high levels of MT1-MMP mRNA. These results
indicate that in injured livers, MMP2 activation is
related to a coordinated high expression of MMP2,
tissue inhibitor of MMP-2, and MT1-MMP. Further-
more, the finding of a preferential expression of MT2-
MMP in hepatocytes, together with our previous dem-
onstration that the activation of stellate cell-derived
MMP2 in co-culture requires interactions with hepa-
tocytes (Am J Pathol 1997, 150:51–58), suggests that
parenchymal cells might play a pivotal role in
the MMP2 activation process. (Am J Pathol 1998,
153:945–954)

Degradation of the extracellular matrix is associated with
most physiological and pathological processes requiring
tissue remodeling by the matrix metalloproteinase (MMP)
superfamily.1,2 Five classes of MMP have been identified
so far, based on their structure and/or substrate speci-
ficity, including collagenases, gelatinases, stromelysins,
elastases, and membrane-type metalloproteinases (MT-
MMPs). All MMPs display common features, particularly
the requirement of a proteolysis step to be activated.3

Unlike other MMPs, the activation of MMP2 (gelatinase
A/72-kd type IV collagenase) takes place at the cell sur-
face,4,5 which confers to this unique metalloproteinase a
pivotal role in migration and growth of tumor cells, a
process requiring the remodeling of basement mem-
branes, the thin extracellular matrices that underlie epi-
thelial, endothelial, and nerve cells.

Cytoplasmic membrane components responsible for
MMP2 activation are not yet completely identified. A ma-
jor breakthrough in the knowledge of MMP2 activation
process came from the recent discovery of MT-MMPs,
the new class of MMPs sharing a transmembrane do-
main.6 Thus, it has been shown in vitro that MT1-MMP
might be associated to the tissue inhibitor of metallopro-
teinase 2 (TIMP2), both acting together as a receptor for
pro-MMP2 and leading to the cleavage of the zymogen.
In support of this, an overexpression of MT1-MMP mRNA
was reported in tumoral tissues and correlated to the
activation of MMP2 in brain,7 head and neck,8 breast,9

and gastrointestinal cancers.10 Three additional mem-
bers of the MT-MMP family were recently identified, ie,
MT2-MMP,11 MT3-MMP,12 and MT4-MMP.13 Both MT2-
MMP and MT3-MMP were demonstrated to activate
MMP2 in vitro.6,14,15

In the liver, basement membrane remodeling occurs in
various physiological and pathological events, including
regeneration, fibrogenesis, and the development of tu-
mors. However, the mechanisms whereby MMP2 be-
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comes activated are poorly documented, particularly in
human livers. High levels of MMP2 and TIMP2 mRNA
were reported in hepatocellular carcinomas (HCCs),
cholangiocarcinomas, and liver metastases, compared
with their low levels of expression in normal livers.16–20

Accordingly, MMP2 was revealed by immunohistochem-
istry in HCCs, its expression being related to tumor ag-
gressiveness21 and prognosis.22 Recently, we have
shown that MMP2 and TIMP2 mRNA were predominantly
expressed by stromal cells in primary and secondary
tumors,19,20 and increased MT1-MMP expression was
reported in HCCs.23 In addition, in vitro studies demon-
strated that rat stellate cells, particularly in their activated
myofibroblast-like phenotype, can express MMP2,
TIMP2, and, interestingly, MT1-MMP mRNA.24,25 How-
ever, a coordinated expression of these components by
cultured stellate cells appeared not sufficient to achieve a
significant activation of pro-MMP2, as this process re-
quires cell-cell interactions with hepatocytes through an
unidentified membrane component.24 Accordingly, the
involvement of an additional component(s) to the ternary
complex of activation associating MT1-MMP, MMP2, and
TIMP2 was suggested in several model systems.26–28

Because MT2-MMP was recently identified in the liver, we
hypothesized that it could trigger the cleavage of pro-
MMP2 in association with MT1-MMP. Indeed, among the
four MT-MMPs recently identified in human tissues, only
MT1-MMP29 and MT2-MMP11 were found in the liver, with
MT3-MMP12 and MT4-MMP13 being nearly undetectable
by Northern blot. Thus, we investigated the localization
and the steady-state levels of both MT1-MMP and MT2-
MMP mRNA in liver cancers and compared them with
those of MMP2 and TIMP2. These data were correlated to
the MMP2 gelatinolytic activity revealed by zymography
analyses. The results indicate that MMP2 activation is
related to a coordinated high expression of MMP2,
TIMP2, and MT1-MMP in injured human livers and that
hepatocytes might modulate the activation of MMP2
through the expression of MT2-MMP.

Materials and Methods

Tissue Samples

Liver tissue samples were obtained from 63 surgical pa-
tients. The samples consisted of 10 benign tumors, 22
HCCs, 12 hepatic metastases from colonic adenocarci-
nomas, and 13 distant nontumorous samples from livers
with metastases. Controls were 6 explanted livers from
donors excluded from the transplantation protocol due to
extra-abdominal infection unrelated to the cause of
death. Access to this material was in agreement with
French laws and satisfied the requirements of the local
Ethics Committee. After macroscopic examination by a
pathologist, representative samples were fixed in buff-
ered formalin and embedded in paraffin for histopatho-
logical routine diagnosis; a part of the fresh material was
snap frozen in isopentane cooled in liquid nitrogen and
stored at 280°C until use. Before mRNA or protein ex-
traction, 5-mm frozen serial sections were obtained from

the tissue blocks, stained with methylene blue, and ob-
served under light microscopy. Similarly, formalin-fixed,
paraffin-embedded material from the same patient was
analyzed independently.

Pathological Features

All specimens were routinely processed for histology, ie,
hematoxylin-eosin-saffran and Sirius red staining. HCCs
were graded according to Edmondson and Steiner.30

Other pathological features studied in HCCs included
tumor size, histological and cytological features, fibrosis
in the nontumorous part of the liver, tumor encapsulation,
tumor necrosis, and presence of portal tumor emboli.
Myofibroblasts and endothelial cells were characterized
by immunohistochemical staining with anti-a-SM-1, a
monoclonal IgG2a recognizing a-smooth muscle actin
(a-SMA) (Sigma, St. Louis, MO) and with monoclonal
mouse IgG1k anti-human von Willebrand Factor (Dako,
Glostrup, Denmark), respectively, using standard immu-
noperoxidase techniques.20

Cell Isolation and Culture

Hepatic stellate cells and hepatocytes were isolated from
liver fragments of patients undergoing hepatectomy for
secondary tumors. Stellate cells were purified by a sin-
gle-step density gradient centrifugation with Nycodenz
(Nyegaard and Co., Oslo, Norway) after tissue dissocia-
tion by perfusion with a pronase and collagenase solu-
tion.31 They were subsequently routinely cultured until
passage 6. Human hepatocytes were obtained using the
two-step collagenase perfusion method.32

Nucleic Acid Probes

The cDNA probes for MMP2 and TIMP2 were previously
obtained from human liver and human placenta, respec-
tively.19 For the preparation of MT1-MMP cDNA probe,
reverse transcription-polymerase chain reaction prod-
ucts from a human liver were cloned into the pTag plas-
mid vector (R&D Systems, UK) as previously de-
scribed.24 Sequencing with the Sequenase Version 2.0
DNA sequencing kit (United States Biochemical, Cleve-
land, OH) confirmed the identity of the constructs with
previously published sequences. The probe for MT2-
MMP was a 1268-bp EcoRI fragment from the plasmid
pBlue/M2/1-1268 (a gift from Dr. H. Will, In Vitek GMbH,
Berlin, Germany). For 18S ribosomal RNA, a 25-mer oli-
goprobe was used.33

Northern and Dot Blots

After histological analysis, frozen blocks making up a
volume of 1.5 to 3 cm3 were used for RNA extraction by
the guanidinium thiocyanate/cesium chloride method.34

Histological analysis of the frozen blocks before RNA
extraction from large tissue samples ensured that sam-
pling was both macroscopically and microscopically
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consistent. From each sample, 15 mg RNA were resolved
by electrophoresis through a 1.2% denaturing agarose
slab gel and transferred onto a Hybond N1 nylon mem-
brane (Amersham, Buckinghamshire, UK). The efficacy
of transfer was assessed by methylene blue staining after
UV cross-linking. cDNA probes were 32P labeled (1 3 108

to 1 3 109 cpm/mg cDNA) using the Rediprime kit (Am-
ersham) and [a-32P]dCTP, 3000 Ci/mmol (Amersham).
Hybridizations with cDNA probes were performed in 0.5
mol/L Na2H PO4, 12 H2O; 20 mmol/L H3 PO4, pH 7.2
containing 7% sodium dodecyl sulfate (SDS), 1 mmol/L
ethylenediaminetetraacetic acid and 1% bovine serum
albumin for 16 hours at 65°C. Filters were washed in 33
standard saline citrate/0.1%SDS three times for 1 minute
each and two times for 15 minutes each at 65°C followed
by 0.13 standard saline citrate/0.1%SDS two times for 15
minutes each at 65°C. Amersham Hyperfilm-MP films
were exposed with enhancing screens at 280°C.

Dot blots were performed as described.35 Briefly, each
RNA sample was blotted in triplicate at 1, 2.5, and 5 mg/ml
using a filtration manifold. Hybridizations with cDNA
probes were performed as indicated above. Blots were
autoradiographed for 72 hours for MT1-MMP, MT2-MMP,
and MMP2 each; 24 hours for TIMP2; and 12 hours for
18S rRNA. Densitometry scanning of the autoradiograms
was performed with the Densylab program (Bioprobe
Systems, Les Ulis, France). Hybridizations were per-
formed under conditions, probe concentrations, and film
exposure times that gave a linear relationship between
densitometry signal and amount of RNA loaded (range
tested, 1 to 5 mg RNA; r 5 0.97 to 0.99). Relative mRNA
amounts were corrected for minor differences in RNA
loading by normalization with the signal obtained for 18S
rRNA. Values were thus expressed as MT1-MMP/18S,
MT2-MMP/18S, MMP2/18S, and TIMP2/18S RNA ratios.

In Situ Hybridization

In situ hybridization with sense and antisense cRNA
probes was performed as previously described by
Musso et al.20 Tissues were hybridized with 8 3 103

cpm/ml of probe and exposed to ILFORD G5 emulsion
(Ilford Anitec, Lyon, France) at 4°C for 2 weeks, devel-
oped in Kodak D19, fixed with Kodak Unifix (Kodak-
Pathé, Chalons-sur-Saone, France), and stained with he-
matoxylin and eosin.

Zymography Analysis

The proenzyme and activated forms of MMP2 were de-
tected by zymography using SDS-7% polyacrylamide
gels copolymerized with 1 mg/ml gelatin. Sections of 5
mm/1 cm2 were scraped off the slides.19 Protein content
was measured, and equal amounts of samples were
homogenized in sample buffer and directly electropho-
resed. The gels were washed twice at room temperature
for 10 minutes in 2.5% Triton X-100 and for 20 minutes in
water and incubated overnight at 37°C in 50 mmol/L
Tris-HCl, pH 8, containing 5 mmol/L CaCl2 and 1 mmol/L
ZnCl2.36 Gels were stained in 30% methanol/10% acetic

acid containing 0.5% Coomassie Brilliant Blue G250.
Both proenzyme and active proteinase forms were de-
tected as clear bands and analyzed by densitometric
scanning using a computer-assisted analysis.37 Five lev-
els of intensity were defined ranging from no signal to
maximal densitometric value, and 66 kd and 62 kd bands
were classified as follows: 2, null; 1, mild; 11, moder-
ate; 111, strong; and 1111, intense. No variation in
the classification was observed among three separate
analyses for the same samples.

Statistical Analysis

Values were expressed as mean 6 SD. The Mann-Whit-
ney U test was used to test the significance of the differ-
ences between means. Spearman rank order correlation
coefficients were used to express the association be-
tween the different variables within the study groups.
Data were analyzed using the Statistica release 4.3B
software package (StatSoft, Inc., Tulsa, OK).

Results

Pathological Features

Patients with HCC comprised 21 males and 1 female; the
mean age 6 SD was 64 6 8 years. Edmonson’s score
was II in 17 cases, III in 4 cases, and IV in one case.
Eleven patients had portal embolization, and 9 HCCs
were encapsulated. All 12 liver metastases were from
colonic cancers (8 males and 4 females; the mean age 6
SD was 61 6 9 years). Nontumoral samples from meta-
static livers included nontumoral fragments with minimal
histopathological changes (n 5 7) and those with cho-
lestasis (n 5 6), as described.20 Nontumor samples with
minimal histopathological changes showed edematous
portal tracts with leukocyte infiltrates, Kupffer cell hyper-
plasia, and sinusoidal dilatation. Nontumoral samples
with cholestasis showed portal fibrosis without septa or
intracellular cholestasis and a type I ductular reaction
characterized by the proliferation of biliary epithelial cells
with tortuosity and elongation of pre-existing ducts. Be-
nign tumors comprised seven focal nodular hyperplasias
and three adenomas (one male and nine females; the
mean age 6 SD was 37 6 12 years). Control livers were
histologically normal.

Expression of MT1-MMP and MT2-MMP mRNA

Total RNA was extracted from human biopsies, and spe-
cific mRNA levels were compared between normal livers,
benign tumors, HCCs, metastases from colonic adeno-
carcinomas, and nontumoral areas from livers with me-
tastases. Northern blots of MT1-MMP and MT2-MMP
mRNA of one representative sample of each group are
illustrated in Figure 1. In normal livers, MT1-MMP mRNA
species were barely detectable, and MT2-MMP mRNA
species were conspicuous. Staining intensity for both
MT1-MMP and MT2-MMP mRNA increased in HCCs, me-
tastases, and nontumoral liver with cholestasis. Semi-
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quantitative analysis of the steady-state MT1-MMP and
MT2-MMP mRNA levels was performed by dot blot (Fig-
ure 2). MT1-MMP mRNA levels were increased in HCCs
(4 6 2.7) and in metastases (11.7 6 3.8) compared with
normal liver (1 6 0.4) (P , 0.001 and P , 0.001, respec-
tively) and compared with benign tumors (1.15 6 0.82)
(P , 0.001 and P , 0.0001, respectively). In nontumoral
areas with cholestasis, MT1-MMP mRNA level was in-
creased fourfold versus controls (P , 0.01), whereas in
nontumoral areas without cholestasis, a 2.2-fold increase
was found (P , 0.01). The steady-state MT2-MMP mRNA
levels were not different in HCCs from those in normal
livers and benign tumors. MT2-MMP mRNA levels were
increased in metastases versus controls (3.5-fold, P ,
0.001). In nontumoral areas of metastatic livers, MT2-
MMP mRNA levels were slightly higher than in controls
(1.8-fold, P , 0.05), and in nontumoral areas with cho-
lestasis, MT2-MMP mRNA levels were 3.4-fold increased
versus controls (P , 0.001).

Correlation between MT1-MMP and MT2-MMP
Expression and the Activation of MMP2

To analyze whether the expression levels of MT1-MMP
and MT2-MMP mRNAs were associated with MMP2 ac-
tivation, we further studied both the expression of MMP2
and TIMP2 mRNA by semiquantitative dot-blot analysis
and the relative amounts of both inactive and active forms
of MMP2 by zymography.

MMP2 and TIMP2 mRNA Levels (Figure 2)

In metastases, both MMP2 and TIMP2 mRNA levels
were similarly increased (7.8- and 8-fold, respectively,
P , 0.001) compared with normal livers and benign
tumors. In HCCs, unlike TIMP2 mRNA levels (3.7-fold
increase, P , 0.01), MMP2 mRNA levels were not statis-
tically different (1.4-fold 6 1.2) versus controls. In nontu-
moral areas with cholestasis, both MMP2 and TIMP2
mRNA were increased compared with normal livers (4.8-
and 4-fold, respectively), whereas in the absence of cho-

lestasis (nontumoral samples), the values were lower
(1.9- and 2.4-fold). There was no significant difference
between benign tumors and controls for both MMP2 and
TIMP2 mRNA levels.

Activation of MMP2

Gelatinolytic activity of 53 biopsies was monitored by
gel substrate analysis in 5 controls, 7 benign tumors, 19
HCCs, 12 metastases, and 10 nontumoral areas of met-
astatic livers without (n 5 4) or with (n 5 6) cholestasis in
three independent experiments (Figure 3). Both Mr

Figure 1. Northern blot analysis of MT1-MMP and MT2-MMP mRNA in
human livers. Total RNAs were extracted from liver biopsies, resolved by
electrophoresis onto agarose gels, and blotted onto Hybond N nylon. MTS,
hepatic metastasis from colonic adenocarcinomas; NT, nontumorous samples
from livers with metastases (with either minimal histopathological changes
(NT) or cholestasis (NT-C).

Figure 2. Dot blot analysis of the steady-state MT1-MMP, MT2-MMP, MMP2,
and TIMP2 mRNA levels in control livers, benign tumors, HCCs, hepatic
metastases from colonic adenocarcinomas (MTS), and nontumorous samples
from livers with metastases with either minimal histopathological changes
(NT) or cholestasis (NT-C). Top: Densitometric values from each probe
within the linear range were normalized with the 18S oligoprobe and plotted.
Columns, mean; bars, SD. Bottom: The Mann-Whitney U test was used to test
the significance of the differences between means.
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62,000 active and Mr 66,000 latent forms of MMP2 were
increased in metastases, HCCs, and nontumoral liver
samples with cholestasis compared with control and be-
nign tumor groups in which no gelatinolytic activity was
detected. In nontumoral areas of metastatic liver without
cholestasis, the latent form of MMP2 was detected, but
not the active 62-kd form. The percentage of the active
form (62 kd) expressed as the ratio 62/(62 1 66) was
increased in metastases (42% 6 11%) compared with
that of HCCs (22% 6 23%) and nontumoral areas of livers
with cholestases (29% 6 10%).

Correlation Study

The relationships between MT1-MMP, MT2-MMP,
MMP2, and TIMP2 expression levels were further ana-
lyzed (Table 1). In HCCs, metastases, and cholestases,
the steady-state MT1-MMP mRNA levels correlated both

with MMP2 (r 5 0.62, 0.77, and 0.88, respectively) and
TIMP2 mRNA levels (r 5 0.90, 0.77, and 0.88, respectively).
In addition, MMP2 mRNA levels correlated with TIMP2
mRNA levels (r 5 0.7, 0.67, and 0.83, respectively). No
correlation was found between MT2-MMP mRNA levels and
those of MT1-MMP, MMP2, and TIMP2 in all of the groups.

Because HCCs showed a high variability in specific
mRNA expression levels and MMP2 activity, correlation
analyses between MMP2 activity and MT1-MMP, MT2-
MMP, MMP2, and TIMP2 mRNA levels were performed
(Table 2). MMP2 mRNA expression was correlated with
the proform of MMP2 (r 5 0.68) and the active form of
MMP2 (r 5 0.56). The steady-state MT1-MMP and TIMP2
mRNA levels were highly correlated with the presence of
the 66-kd proform (r 5 0.77 and 0.90, respectively) and
the 62-kd active form MMP2 (r 5 0.76 and 0.82, respec-
tively). By contrast, MT2-MMP mRNA levels were not
associated with any level of gelatinolytic activity. No sig-
nificant correlation was found between the clinical fea-
tures studied and the enhanced secretion of MMP2.

Cells Involved in MT1-MMP and
MT2-MMP Expression

To determine the cellular distribution of MT1-MMP and
MT2-MMP mRNA, both in situ hybridization on liver slices
and Northern blot analysis with freshly isolated and cul-
tured hepatocytes and stellate cells were performed.

In Situ Hybridization

In normal livers, MT1-MMP mRNA was barely detect-
able in bile duct epithelial cells. Hepatocytes were neg-
ative (Figure 4A). In cholestatic livers, both bile duct
epithelial cells and underlying myofibroblasts were

Figure 3. Zymography analyses. Sections (5 mm/1 cm2) from 53 biopsy
samples (control livers, benign tumors, HCCs, hepatic metastases from co-
lonic adenocarcinomas (MTS), and nontumorous samples from livers with
metastases with either minimal histopathological changes (NT) or cholestasis
(NT-C) were homogenized in sample buffer and electrophoresed on an
SDS-7% polyacrylamide gel copolymerized with 1 mg/ml gelatin. Five inten-
sity levels based on densitometric analyses were determined for the Mr 66
and Mr 62 kd bands. Top: Representative zymogram with densitometric
range. Middle: Semiquantitative analyses of gelatinolytic activity. Bottom:
Results are expressed as means 6 SD. The Mann-Whitney U test was used to
test the significance of the differences between means.

Table 1. Correlation of MT1-MMP, MT2-MMP, MMP2, and
TIMP2 mRNA Levels in Hepatocellular Carcinomas,
Metastases, and Cholestasis

HCC MTS NT-C

MT1 vs TIMP2 0.9*** 0.77** 0.88*
MT1 vs MT2 0.14 0.1 0.2
MT1 vs MMP2 0.62** 0.77** 0.88*
TIMP2 vs MT2 0.184 0.35 0.54
TIMP2 vs MMP2 0.70*** 0.67* 0.83*
MT2 vs MMP2 0.28 0.03 0.48

Spearman rank order correlation (*, p , 0.05; **, p , 0.01; ***, p ,
0.001).

HCC, hepatocellular carcinomas; MTS, metastases; NT-C, cholestasis

Table 2. Correlation between MMP2 Activity and MT1-MMP,
MT2-MMP, MMP2 and TIMP2 mRNA Levels in
Hepatocellular Carcinoma

MT1 MT2 MMP2 TIMP2

66 kd 0.77*** 0.1 0.68** 0.90***
62 kd 0.76*** 0.1 0.56* 0.82***
62/(62 1 66) ratio 0.71*** 0.09 0.38 0.72***

Spearman rank order correlation, n 5 19 (***, p , 0.001; **, p ,
0.01; *, p , 0.05)

MT-MMP in Human Livers 949
AJP September 1998, Vol. 153, No. 3



heavily stained (Figure 4B). In HCCs, MT1-MMP tran-
scripts were located preferentially in stromal cells (Figure
4D), tumor cells being negative. MT1-MMP-positive stro-
mal cells included endothelial cells and myofibroblasts,
as shown by immunohistochemical detection of von Wil-
lebrand factor in contiguous sections (Figure 4E) and
a-smooth muscle actin within myofibroblasts (not shown).

In metastases from colonic adenocarcinomas, MT1-MMP
mRNA was detected in myofibroblasts within the tumor
stroma, and in a-smooth muscle actin-positive sinusoidal
cells at the tumor-host interface (Figure 4, F and G).
Endothelial cells of tumor vessels were also positive (not
shown).

MT2-MMP transcripts were detected in hepatocytes in

Figure 4. In situ hybridization of MT1-MMP mRNA in normal liver (A),
cholestatic liver (B), HCC (D), and metastasis from a colonic adenocarcinoma
(F). Controls include an immunohistochemical detection of von Willebrand
factor in HCC (E, section contiguous to D) and a-smooth muscle actin in
metastasis (G, section contiguous to F) and in situ hybridization with the
sense probe (C, section contiguous to B). bd, bile duct; star, tumor; arrows,
endothelial cells; double arrows, myofibroblasts. Bright-field (A to D) and
dark-field (F) photomicrographs of autoradiographs stained with hematox-
ylin and eosin. Magnification: A to E, 3400; F and G, 3200.
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normal livers. Portal fibroblasts showed background sig-
nal (Figure 5A). Biliary epithelial and vascular endothelial
cells were positive (not shown). In cholestatic livers, bile
ducts and periportal hepatocytes were strongly labeled
(Figure 5, B and C). Myofibroblasts within the edematous
stroma surrounding proliferating and distended bile
ducts were negative, and vascular endothelial cells were

positive (not shown). No significant signal was detected
in controls with the MT2-MMP sense probe (Figure 5D). In
HCCs, MT2-MMP mRNA was detected in tumor cells,
particularly in cells at the invasion front, adjacent to the
tumor stroma (Figure 5, E and F). In metastases, tumor
cells and hepatocytes at the host-tumor interface were
homogeneously labeled (Figure 5G).

Figure 5. In situ hybridization of MT2-MMP mRNA in normal liver (A),
cholestatic liver (B and C), HCCs (E and F), and metastasis from a colonic
adenocarcinoma (G). Control with sense probe in situ hybridization is
shown (D, section contiguous to C). bd, bile duct; star, tumor. Bright-field (A,
B, and D to G) and dark-field (C) photomicrographs of autoradiographs
stained with hematoxylin and eosin. Magnification: A, B, and E to G, 3400;
C and D, 3200.
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Isolated and Cultured Cells

The expression of MT1-MMP and MT2-MMP was in-
vestigated in human freshly isolated hepatocytes and
culture-activated stellate cells. Northern blot analyses re-
vealed a high steady-state MT1-MMP mRNA level in cul-
ture-activated stellate cells (Figure 6); MT1-MMP mRNA
was not detectable in freshly isolated hepatocytes (Fig-
ure 6) and in short-term primary cultures (not shown).
MT2-MMP mRNA was expressed at high levels in freshly
isolated hepatocytes, which contrasted with a low ex-
pression level in culture-activated stellate cells.

Discussion

Activation of MMP2 is tightly related to basement mem-
brane remodeling in tumor invasion and in tissue injury. In
this study, we show that two potential activators of MMP2,
ie, MT1-MMP and MT2-MMP, have distinct patterns of
expression and distribution in normal and pathological
human livers. MT1-MMP mRNA showed increased levels
in primary and secondary liver cancers and in cholesta-
ses, was of stromal origin, and correlated with MMP2
activation, whereas MT2-MMP mRNA did not show sig-
nificant changes and originated mainly in hepatocytes.

The increased levels of MT1-MMP mRNA in human
liver cancers, compared with control livers or benign

tumors, are in agreement with previous demonstrations of
an overexpression of MT1-MMP mRNA in tumors from
other tissues.38–41 In nontumoral areas from metastatic
livers, MT1-MMP mRNA levels were associated with the
intensity of histological changes, probably because im-
portant basement membrane remodeling occurs during
cholestasis and the ductular reaction.42,43 This is in con-
trast with the absence of increased MT1-MMP mRNA
levels in benign tumors, which could be related to a
limited potential for extracellular matrix remodeling. Con-
versely, the expression pattern of MT2-MMP was strik-
ingly different from that of MT1-MMP. The increase in
MT2-MMP mRNA level in metastases versus control was
moderate (3.5-fold) compared with those of MT1-MMP
(11.7-fold), MMP2 (8-fold), and TIMP2 (8-fold). These
observations are probably related to a higher MT2-MMP
mRNA basal level in normal livers, whereas MT1-MMP
mRNA was nearly undetectable.

A current hypothesis about the mechanism(s) of MMP2
activation involves interplays between pro-MMP2, MT1-
MMP, and TIMP2.4 Accordingly, we show that MMP2,
TIMP2, and MT1-MMP mRNA overexpression are coordi-
nated in primary and secondary cancers and in cholesta-
ses. In addition, they correlated with MMP2 activation in
HCCs. Such a simultaneous increase in MMP2, MT1-
MMP, and TIMP2 mRNA levels was previously reported in
tissue remodeling during embryogenesis,44 as well as a
simultaneous increase in MT1-MMP and MMP2 mRNA
levels in a number of tumors. Our study extends these
findings and emphasizes the importance of the coordi-
nated expression of MMP2, TIMP2, and MT1-MMP, which
may lead to the formation of a ternary complex in the
MMP2 activation process.

However, recent reports have suggested that a mere
expression of the three components of the ternary com-
plex could not account for an activation of MMP2 in
several model systems26–28 and that an additional fac-
tor(s) might be involved in this process. Based on this
hypothesis, we have investigated the expression of MT2-
MMP, another potential activator of MMP2 that was pre-
viously shown to be expressed in the liver. Surprisingly,
no correlation between MT2-MMP mRNA levels and other
parameters, including MMP2, TIMP2, MT1-MMP, and the
active form of MMP2 were found, regardless of the liver
pathology. Such a lack of correlation between MMP2
activation and the expression of MT2-MMP was reported
in human invasive breast carcinomas.9 Interestingly, in
situ hybridization demonstrated a contrasted distribution
between MT1-MMP and MT2-MMP mRNA. Thus, MT1-
MMP mRNA was associated principally to stromal cells,
which were previously shown to express both MMP2 and
TIMP2 mRNA,19,20 whereas MT2-MMP mRNA was found
mostly in hepatocytes and in bile duct epithelial cells.
These observations were confirmed in vitro, because cul-
ture-activated stellate cells were found to express MT1-
MMP mRNA at high levels, but not MT2-MMP mRNA,
whereas hepatocytes contained high amounts of MT2-
MMP mRNA. These apparent discrepancies raised the
interesting hypothesis that hepatocytes may contribute to
the membrane-mediated MMP2 activation by expressing
MT2-MMP at the level of intimate hepatocyte-stellate cell

Figure 6. Northern blots of MT1-MMP and MT2-MMP mRNA in culture-
activated stellate cells at passage 6 (HSC) and in freshly isolated hepatocytes
(Hep). Note the strong expression of MT1-MMP mRNA in stellate cells, which
contrasts with the low levels of MT2-MMP mRNA. Hepatocytes are positive
for MT2-MMP mRNA only. Bottom: Transferred RNA stained with methylene
blue.
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contacts, as it was previously suggested from our co-
culture experiments.24 Although MT2-MMP mRNA ex-
pression was not directly correlated to MMP2 activation in
HCCs, changes in MT2-MMP expression might be lo-
cated to tumoral hepatocytes adjacent to surrounding
stromal cells and/or involve posttranslational changes of
the protein. Thus, dot-blot analyses could not take into
account local changes in MT2-MMP mRNA levels as a
consequence of its high basal expression in all of the
samples, including normal livers. Therefore, it cannot be
ruled out that the contribution of cancer cells and/or
proliferative bile duct cells to MT2-MMP expression might
be involved in MMP2 activation.

In conclusion, we demonstrate that MMP2 activation in
liver injury is related to a coordinated overexpression of
MMP2, TIMP2, and MT1-MMP in stromal cells. In addi-
tion, our data would suggest that both hepatocytes and
bile duct epithelial cells might play a major role in the
activation process of MMP2, through the expression of
MT2-MMP.
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