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Degradation of collagen is important for the physiological remodeling of connective tissues during growth and devel-
opment as well as in wound healing, inflammatory diseases, and cancer cell invasion. In remodeling adult tissues,
degradation of collagen occurs primarily through a phagocytic pathway. However, although various steps in the
phagocytic pathway have been characterized, the enzyme required to initially fragment collagen fibrils for subsequent
phagocytosis has not been identified. We have used laser confocal microscopy, transmission electron microscopy, and
biochemical assays to show that human fibroblasts initiate degradation of collagen through the collagenase activity of the
membrane-bound metalloproteinase MT1-MMP. Degradation of natural and reconstituted collagen substrates correlated
with the expression of MT1-MMP, which was localized at sites of collagen cleavage at the surface of the cells and also
within the cells, whereas collagen degradation was abrogated when MT1-MMP expression was blocked by small
interfering RNA treatment. In contrast to MT1-MMP, the gelatinolytic activity of MMP-2 was not required for collagen
phagocytosis. These studies demonstrate a pivotal role of catalytically active MT1-MMP in preparing collagen fibrils for
phagocytic degradation.

INTRODUCTION

Degradation of collagen, which occurs during growth and
development and in response to functional demands in
adult connective tissues, is initiated within the pericellular
environment of fibroblastic cells. The pericellular matrix is
an information conduit to the cell through which dynamic
interchange of bioactive molecules, growth factors, and cy-
tokines regulate cell function. By ligating collagen and other
extracellular matrix components, cells also determine the
structural integrity of the matrix. Hence, pericellular matrix
homeostasis is integral to modulating cellular responses.
Removal of collagen is necessary for the reorganization of
collagen fibers as tissues grow, whereas in mature tissues
existing collagen fibers are replaced by new fibers aligned
according to altered tensional forces. In mature tendon tis-
sues, which are subjected to unidirectional forces, little re-
modeling of collagen fibers occurs, whereas extensive and
rapid remodeling of collagen is a characteristic of tissues,
such as periodontal ligament and bone, that are subjected to
alternating tensional forces (Sodek, 1983). Collagen remod-

eling is also a fundamentally important process in wound
healing, fibrotic diseases, and scar formation, whereas deg-
radation of collagen by cancer cells is important for tumor
growth and metastasis. In physiological remodeling fibro-
blasts are responsible for, and control both the formation
and degradation of the collagen fibers, which are highly
resistant to proteolytic fragmentation.

Degradation of collagen can occur through either extra-
cellular or intracellular pathways (Sodek and Overall, 1988;
Everts et al., 1996). Extracellular degradation of collagen
fibers is mediated by matrix metalloproteinases (MMPs) that
include MMP-1, MMP-13, and MMP-14 (MT1-MMP), some
of the few extracellular proteases capable of degrading native
collagen (Birkedal-Hansen, 1981; McCawley and Matrisian,
2001; Egeblad and Werb, 2002; Visse and Nagase, 2003).
These enzymes cleave Ile-Gly and Leu-Gly bonds in the
helical region of collagen type I collagen generating 3⁄4- and
1⁄4-fragments, which unfold at physiological temperatures.
Although the kinetics of collagen cleavage is slow owing to
the difficulty in accessing the scissile bonds (Fields, 1991;
Tam et al., 2004), in cooperation with gelatinolytic enzymes
that cleave the denatured 3⁄4- and 1⁄4-fragments, the collag-
enolytic MMPs can effectively degrade the collagenous ma-
trix surrounding cells (Visse and Nagase, 2003). Extracellu-
lar collagen degradation is typically associated with
developmental processes during the rapid growth of tissues
and is controlled by the secretion and activation of proen-
zymes and the inhibition of the activated enzymes by tissue
inhibitor of metalloproteinases (TIMPs) (Egeblad and Werb,
2002). In remodeling adult tissues, collagen degradation occurs
primarily via a largely underappreciated intracellular pathway
in which fragments of collagen fibers are engulfed by fibro-
blasts (Ten Cate and Deporter, 1974; Dyer and Peppler, 1977;
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Melcher and Chan, 1981; Everts et al., 1996) in a receptor-
mediated pathway (Lee et al., 1996; Arora et al., 2000, 2003,
2005). The collagen fragments occur in electron-lucent mem-
brane-bound vesicles, which fuse with lysosomes within
which the collagen is degraded under acidic conditions by
catheptic enzymes, such as cathepsins B, L, N, and K (Kirschke
et al., 1995; Li et al., 2004). In view of the enormous length of
collagen fibers in relation to the size of cells, a rate-limiting
step in this pathway is the fragmentation of collagen fibers
that must occur before phagocytosis and intracellular deg-
radation. However, the protease(s) responsible for this cru-
cial step has not been elucidated.

Previous studies have shown that internalization of colla-
gen fibrils can be prevented by inhibitors of MMPs but not
by inhibitors of cathepsins, which block the subsequent di-
gestion of collagen within phagolysosomes (Everts et al.,
1996; Creemers et al., 1998a, b). Although MMP-1 is the
major collagenase secreted by fibroblasts, its role in phago-
cytosis seems unlikely, because the presence of active forms
of MMP-1 have not been detected in fibroblasts phagocytos-
ing collagen in vivo (Woolley and Davies, 1981) or in vitro
(Svoboda et al., 1979). Moreover, neither an increase in the
expression of MMP-1 (Everts et al., 1990; Knowles et al., 1991;
van der Zee et al., 1995) nor its inhibition by an inhibitory
antibody or TIMP-1 influenced phagocytosis (Everts et al.,
1989). A more promising candidate is MT1-MMP, which
belongs to a subgroup of membrane-bound MMPs (Itoh and
Seiki, 2004). In addition to its function in activating pro-
MMP-2 and MMP-13, MT1-MMP can degrade matrix mac-
romolecules, including several fiber-forming collagens (Imai
et al., 1996; Pei and Weiss, 1996; Ohuchi et al., 1997; Tam et al.,
2002, 2004). Notably, treatment of fibroblasts with con-
canavalin A (ConA), which is known to stimulate MT1-
MMP expression and activity (Sato et al., 1994; Yu et al., 1995;
Jiang et al., 2001), increases collagen phagocytosis (Everts
and Beertsen, 1992; van der Zee et al., 1995), whereas im-
paired collagen remodeling has been implicated in the con-
nective tissue anomalies observed in MT1-MMP knockout
mice (Holmbeck et al., 1999, 2004; Zhou et al., 2000). Of the
collagenolytic MMPs, MT1-MMP was also identified as the
critical enzyme required for tumor cell migration through
collagen matrices (Sabeh et al., 2004).

Here, we have studied collagen degradation by fibroblasts
in vitro to provide definitive evidence for the critical role of

MT1-MMP in the phagocytosis of collagen fibers, a process
that is of fundamental importance in the physiological re-
modeling of connective tissues and that may also be utilized
in the pathological degradation of collagen.

MATERIALS AND METHODS

Cell Culture and Transfection
Primary cultures of human gingival fibroblasts (HGFs) were cultured in
�-minimal essential medium (Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum (FBS; Cansera International, Rexdale, Ontario, Canada), 0.017%
penicillin G, and 0.01% gentamicin sulfate at 37°C in a humidified atmosphere
containing 5% CO2. Timp2�/� mouse embryonic skin fibroblasts (Bigg et al.,
2001) that stably express FLAG-tagged MT1-MMP transfected with the
pGW1GH/hMT1-MMP expression vector or cells transfected with the control
empty vector (pGW1GH) were cultured in selection medium: DMEM (In-
vitrogen) with 10% FBS, 25 �g/ml mycophenolic acid (Sigma-Aldrich, St.
Louis, MO), 250 �g/ml xanthine (Sigma-Aldrich), and 1X HT supplement
(Invitrogen). In some experiments, HGFs were transiently transfected with
pGW1GH/hMT1-MMP expression vector with Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions. To enhance the phagocytic
activity, cells were grown in serum-deficient medium containing antibiotics
(Svoboda et al., 1979). For the analysis of cleaved collagen fibrils in the absence
of gelatinolytic activity, cells were cultured at 22°C to prevent denaturation of
collagen fragments.

Small Interfering RNA (siRNA) Transfection
For sequence-specific silencing of MT1-MMP expression, the antisense strand
of siRNA was targeted against a 21-nucleotide (nt) MT1-MMP sequence, nt
228–248 (Sabeh et al., 2004). A duplex siRNA (Ambion, Austin, TX) was
synthesized with a 3�dTdT overhang (antisense strand, 5�-UCUGCAU-
CAGCUUUGCCUGdTdT-3�) and high-performance liquid chromatography
purified. A scrambled siRNA (antisense, 5�-UGCCAGAUGCGUUGUACUG-
dTdT-3�) was generated as a control. The dried oligonucleotide was reconsti-
tuted in RNase-free water to obtain a final stock concentration of 100 �M.
Cells were transfected with the siRNA duplex using X-tremeGENE siRNA
transfection reagent (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s instructions. Briefly, HGFs were plated in a 24-well plate in
0.5 ml (2.4 � 104 cells/ml) of antibiotics-free medium. The next day, the cells
reached 30–40% confluence and were transfected. The siRNA (25–100 �M)
and the transfection reagent were diluted in separate microfuge tubes con-
taining 50 �l of medium. The ratio of siRNA (micrograms) to the transfection
reagent (microliters) was 1:5. Diluted siRNA and the transfection reagent
were combined and incubated for 20 min at room temperature (RT), 21°C. The
resulting siRNA–transfection reagent complex was added dropwise to the
cells. Growth medium was replaced after 6 h to remove excess complexes. At
24 h after transfection, the cells were serum starved. The next day, the
conditioned medium and cell lysate were either collected for gelatin enzy-
mography and Western blotting, respectively, or cells were trypsinized and
replated on biotinylated collagen for collagen degradation assays.

Figure 1. Stimulation of MT1-MMP expres-
sion and activity in HGFs. (A) Western blots
(top) and gelatin enzymograms (bottom)
showing that MT1-MMP levels in cell extracts
and MMP-2 activation in conditioned media
are increased after culturing HGFs on a type I
collagen substratum for 72 h (left) or after
incubation with 25 �g/ml ConA over 48 h,
compared with control cells grown on plastic.
Bands at 60 and 46 kDa on the Western blots
represent activated MT1-MMP and its autocat-
alytic products, whereas bands at 65 and 59
kDa on the enzymogram show enzyme activ-
ity of the latent and activated forms of MMP-2
with a partially activated (intermediate) form
of MMP-2 migrating at �62 kDa. (B) Gelatin
enzymogram showing that the activation of
MMP-2 by treatment of HGFs with ConA is
blocked by the MMP inhibitor GM6001. (C)
Western blots (top) and gelatin enzymograms
(bottom) showing that the increased expres-
sion of MT1-MMP and the activation of MMP-2 by treatment with ConA are dose dependently and selectively reduced by transfection of
HGFs with MT1-MMP siRNA. Tubulin immunostaining (middle) was performed as a loading control for Western blotting.
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Preparation of Type I Collagen Matrices
Studies on natural collagen fibers were conducted using rat-tail tendon col-
lagen and murine calvarial collagen. For both confocal microscopy and trans-
mission electron microscopy (TEM), dried rat-tail tendon fibers were cut into
2- to 3-mm pieces, hydrated, and teased apart on tissue culture plastic,
whereas neonatal mouse calvaria were demineralized for 2 wk in 10% EDTA,
pH 7.4, washed in phosphate buffered saline (PBS), and dried flat on plastic.
Reconstituted collagen, which provided a more uniform substratum, was
prepared from bovine type I collagen (Vitrogen; Cohesion Technologies, Palo
Alto, CA) and acetic acid-soluble rat-tail tendon collagen. The acid-soluble
collagen was prepared by extraction of rat-tail tendons with 0.5 N acetic acid
and purified by precipitation with 1.0 M NaCl at acidic pH, followed by
redissolution in 0.5 N acetic acid and dialysis of against 0.02 M Na2HPO4, pH
7, over 3 d. The precipitated collagen was dissolved in 0.012 N HCl at 3
mg/ml and for forming substrates, diluted to 100–500 �g/ml, and neutral-
ized with 1/10 volume of 10X PBS, pH 7.4, and 1/10 volume of 0.1 M NaOH.
Neutralized collagen solution was added to eight-well chamber slides (200
�l/well) and polymerized for 1 h at 37°C. The slides were dried overnight at
RT to produce thin collagen gel films. A substratum of collagenase-resistant
collagen, r/r collagen, provided by Drs. Stephen Krane and Michael Byrne
(Harvard Medical School, Boston, MA), in which the collagenase cleavage site
has been mutated (Liu et al., 1995), was prepared as described for the acid-
soluble collagen.

Analysis of Collagen Degradation
Dried collagen substrate was equilibrated in 50 mM sodium bicarbonate, pH
8.3, for 30 min and reacted 1 h with EZ-Link Sulfo-NHS-LC-LC-Biotin (Pierce
Chemical, Rockford, IL) at 20 �g/ml. The biotinylated collagen was washed
with Tris-buffered saline (20 mM Tris-HCl, pH 7.6, containing 137 mM NaCl).
The collagen films were sterilized by incubating in 70% ethanol for 1 min and
washed with sterile water. Fibroblasts were seeded on the collagen in normal
growth media, and after 24 h, attached cells were serum-starved to stimulate
collagen degradation. In some experiments, MT1-MMP siRNA-transfected
cells were plated on collagen to examine the down-regulation of MT1-MMP.

Figure 2. Immunostaining of MT1-MMP in HGFs. (A) Laser con-
focal images of nonpermeabilized HGFs stained for MT1-MMP
show that the enzyme (red) can be detected on the surface of cells
following treatment with ConA. (B) Double immunostaining of a
permeabilized, ConA-treated cell after incubation on biotinylated
rat-tail tendon (Biotin-COL, green) for 72 h and stained for F-actin
(blue) and MT1-MMP (red). In the merged images, the MT1-MMP
can be seen to colocalize with F-actin and clusters of collagen fibrils
(yellow arrows). Note that the F-actin becomes condensed after
ConA treatment.

Figure 3. Degradation of calvarial collagen by HGFs. (A) HGFs
cultured on demineralized and biotinylated calvaria (Biotin-Cal-
varia) for 72 h in the presence or absence of ConA were stained with
phalloidin-rhodamine (red) to show the actin cytoskeleton and with
streptavidin-Alexa Fluor 488 (green) to detect the biotinylated ma-
trix. Degraded matrix (black) can be seen beneath the spindle-
shaped HGFs in merged images, whereas more extensive degrada-
tion is evident under the rounded HGFs treated with ConA. (B)
Immunostaining of the calvaria with antibodies to collagen type I
(Type I COL) to compare the collagen distribution with biotin
staining. (C) Western blot analysis of biotinylated proteins in equiv-
alent samples of calvarial extracts obtained by incubation in 0.5 N
acetic acid, by digestion with 1 mg/ml pepsin, and by extraction
with 6 M urea. Most of the biotinylated protein is extracted as
collagen, identified as �1 and �2 chains, with a small amount of
noncollagen proteins found in the urea extracts.
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Figure 4. Inhibition of collagen degradation by HGFs. Degradation of biotinylated collagen substrata (green) by HGFs stained for F-actin
with phalloidin (red) is shown after 48 h of culture by laser confocal microscopy in separate and merged images. (A) Degradation of a
reconstituted biotin-labeled Vitrogen matrix is evident beneath spindle-shaped HGFs with more prominent degradation being apparent as
a black disk (blue arrows) below the central region of the cells. More extensive degradation is seen associated with the rounded HGFs treated
with ConA (yellow arrows). The cleared areas were significantly reduced when cells were incubated with the MMP inhibitor GM6001 and
completely lost when cells were transfected with 100 nM MT1-MMP siRNA. Collagen degradation was determined by analysis of the
resorbed areas beneath the cells and expressed relative to the cell number in the graph. The quantitative analysis confirmed the observed
increased degradation in the presence of ConA and the decreased degradation in cells treated with GM6001 or MT1-MMP siRNA. (B) The

MT1-MMP in Collagen Phagocytosis

Vol. 17, November 2006 4815



The effect of inhibiting different MMPs on collagen degradation was tested
with 25 �M GM6001 (Chemicon International, Temecula, CA), 10 �M SB-3CT
(Chemicon International), and 500 nM recombinant TIMP-1 (Bigg et al., 2001)
in the culture media. Addition of 25 �g/ml ConA (Bayer, Emeryville, CA)
increased endogenous expression of MT1-MMP. Intracellular degradation of
collagen was inhibited (Everts et al., 1985) by 10 �M E-64d (Sigma-Aldrich), a
cell-permeable cysteine protease inhibitor. Cells were allowed to digest col-
lagen for �4 d before fixation and immunostaining. The biotinylated collagen
matrix was fluorescently stained, as described below, with the loss of collagen
showing up as black pits under fluorescent light. Areas of collagen degrada-
tion in confocal images were quantified using an image analysis program
(ImageJ 1.34s; National Institutes of Health, Bethesda, MD).

Analysis of Biotinylated Calvarial Collagen
To determine the relative amount of biotinylated collagen to noncollagen
protein in the calvaria, EDTA demineralized calvaria were extracted over-
night at 4°C with three different reagents—0.5 N acetic acid; 6 M urea, pH 6.8;
and 1 mg/ml pepsin (Sigma-Aldrich) dissolved in 0.5 N acetic acid, adjusted
to pH 2.2 with 0.1 N HCl. The extracts were neutralized before analysis by
Western blotting. For immunostaining, biotinylated calvaria were fixed in 4%
paraformaldehyde as described below and then probed with sheep anti-pig
type I collagen (Rao et al., 1979), 1:100 and sheep anti-rat type I collagen
(Salonen et al., 1990), 1:100, followed by secondary antibody (fluorescein
isothiocyanate-anti sheep IgG; Invitrogen), diluted 1:500.

Immunostaining for Confocal Microscopy
Immunostaining procedures were performed at RT on an orbital shaker. To
detect MT1-MMP expression on the cell surface, live cells were incubated
with rabbit anti-MT1-MMP-hinge antibody (AB815; Chemicon International),
diluted at 1:500 for 1 h. After three washes in PBS containing 2% bovine serum
albumin (PBS-BSA), cells were fixed with ice-cold 100% methanol for 5 min,
followed by the secondary antibody staining. Alternatively, to immunostain
permeabilized cells, cells were fixed in 4% paraformaldehyde in PBS for 15
min and incubation in 0.1% Triton X-100 in PBS for 10 min. Nonspecific
binding was blocked by incubating cells in 10% normal goat serum (NGS;
Sigma-Aldrich) in PBS for 30 min. Cells were incubated with primary anti-
bodies, diluted in 10% NGS in PBS for 1 h. Antibody dilutions were mouse
monoclonal anti-collagen neoepitope created by cathepsin B (A7 clone;
Osteometer, Herlev, Denmark), 1:100; mouse monoclonal anti-denatured col-
lagen antibody (Salonen et al., 1990), 1:100; and rabbit anti-collagen 3⁄4-frag-
ment neo-epitope antibody (Billinghurst et al., 1997), 1:100; and mouse mono-
clonal anti-CD29 antibody, which recognizes the activated form of �1 integrin
(12G10 clone; Serotec, Oxford, United Kingdom), 1:200. After three washes in
PBS-BSA, cells were incubated in fluorescently labeled antibodies or proteins,
diluted in 10% NGS in PBS for 1 h. Dilutions of the secondary antibodies and
probes were anti-IgG antibodies conjugated with Alexa Fluor (Invitrogen),
1:500; phalloidin-rhodamine and -Alexa Fluor 633 (Invitrogen), 1:50; mouse
anti-FLAG M2-cy3 (Sigma-Aldrich), 1:400; and streptavidin-Alexa Fluor 488
(Invitrogen), 1:200. Fluorescently labeled cells and collagen were mounted in
anti-fade medium (1% 1,4-diazabicyclo[2.2.2]octane [Sigma-Aldrich] in 10%
PBS and 90% glycerol) and visualized using a confocal laser scanning micro-
scope (LSM 510; Carl Zeiss, Jena, Germany). For labeling lysosomes, cells
were preincubated with 500 nM LysoTracker Red DND-99 (Invitrogen) for 30
min at 37°C. After incubation, the cells were fixed and visualized as described
above.

SDS-PAGE, Gelatin Enzymography, and Western Blotting
Electrophoretic procedures for analyzing biotinylated proteins, gelatinase
activities, and immunodetection of MT1-MMP by Western blotting were
performed as described previously (Overall and Sodek, 1990; Tam et al., 2002).
For Western blots of MT1-MMP, cells in a 24-well plate were lysed with 50 �l
of radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 7.4, 1%
NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, and 1 mM EDTA) con-
taining protease inhibitors for 1 h at 4°C. The cell lysates were centrifuged at
20,000 � g for 20 min at 4°C, and 10 �g of proteins in the supernatants was
separated on 10% SDS-PAGE gels before transfer onto polyvinylidene diflu-
oride membranes. The following antibodies and dilutions were used: rabbit
anti-MT1-MMP hinge (AB815), 1:5000; mouse anti-tubulin (T5168; Sigma-
Aldrich), 1:2500; and goat anti-rabbit or mouse IgG-horseradish peroxidase

(HRP; Bio-Rad, Hercules, CA), 1:25,000; whereas streptavidin-HRP (GE
Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) was diluted
at 1:5000. For enzymography, conditioned media from fibroblasts that had
been incubated in serum-free medium containing antibiotics for 24–48 h were
mixed with 1⁄4 volume of 4� sample buffer before loading on 10% SDS-
polyacrylamide gels that had been copolymerized with 0.016% gelatin (Sig-
ma-Aldrich). Electrophoresis was performed under nonreducing conditions;
the SDS was removed by washes in 2.5% Triton X-100; and the gels were then
incubated for 24 h at RT in enzyme assay buffer (50 mM Tris-HCl, pH 7.4,
containing 0.2 M NaCl, 5 mM CaCl2, and 0.166% Brij 35), before staining with
0.5% Coomassie blue in 30% methanol/10% acetic acid for 1 h.

Transmission Electron Microscopy
Cell monolayers on collagen were fixed in 4% paraformaldehyde and 0.6%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, for 1 h at RT and washed
with three changes of the same buffer for 45 min. The cells were postfixed in
1% osmium tetroxide (Marivac Canada, Saint-Laurent, Quebec, Canada) in
the phosphate buffer for 45 min and washed with two changes of the buffer
for 30 min. The specimen was dehydrated through a graded series of ethanol
to absolute ethanol (25, 50, 70, 95, and 100% ethanol). A mixture (2:1) of Epon
815 and Araldite (Marivac Canada) was used to infiltrate the specimen
through a graded series of the resin mixture diluted in ethanol (30, 50, and
60% Epon-Araldite) over 3 h and then in 100% Epon 815-Araldite overnight.
Next day, fresh 100% Epon 815-Araldite was added to specimens and poly-
merized for 48 h at 60°C. To cut cross-sections of the monolayer, the blocks
were detached from the tissue culture plastic, reembedded over a thin layer
of 100% Epon-Araldite, and polymerized overnight. Light-gold sections (70
nm in thickness) were cut with a diamond knife and mounted on copper
grids. The sections were stained with uranyl acetate and lead citrate (Fisher
Scientific, Pittsburgh, PA) and examined under a scanning transmission elec-
tron microscope (H-7000; Hitachi, Tokyo, Japan) operated at 75 kEV.

Statistical Analysis
Data are presented as the mean � SEM. Statistical comparisons were made by
a two-tailed t test. Differences with p values �0.05 were considered statisti-
cally significant.

Online Supplemental Material
Supplemental Figure S1 shows that COS1 cells expressing full-length but not
catalytically inactive MT1-MMP degrade underlying reconstituted collagen.
Supplemental Figure S2 shows serial confocal sections of HGFs demonstrat-
ing collagen fibrils present within the cells.

RESULTS

Expression of MT1-MMP Is Increased by Fibrillar
Collagen and ConA
MT1-MMP produced by HGFs and analyzed by Western
blotting (Figure 1) revealed immunoreactive protein bands
at 60 and 46 kDa representing the active and autocatalyti-
cally processed forms of the enzyme. Consistent with pre-
vious studies (Sato et al., 1999; Ruangpanit et al., 2001) the
production of enzyme was enhanced in cells grown on
collagen with a greater stimulation observed when cells on
plastic were treated with ConA, although a clear increase in
MT1-MMP was not seen until 24 h after the start of treat-
ment (Figure 1A). The increases in MT1-MMP correlated
with increased activation of pro-MMP-2 produced by the
HGF cells, reflecting the activity of the membrane-bound
enzyme. The pro-MMP-2 activation was blocked by treat-
ment with the MMP inhibitor GM6001 (Figure 1B). To as-
certain that the pro-MMP-2 activation was due to MT1-MMP
activity, control and ConA-treated cells were transfected with
siRNA targeting the MT1-MMP. The MT1-MMP siRNA, but
not a scrambled siRNA, dose dependently reduced MT1-
MMP expression and activation of pro-MMP in both the
control and ConA-stimulated cells (Figure 1C).

Whereas basal levels of MT1-MMP were difficult to detect
by immunofluorescent staining of HGF cells, on stimulation
with ConA a strong punctate staining for MT1-MMP could
be seen on the cell membrane of most cells (Figure 2A).
Notably, after treatment of HGFs with ConA, the cells lost
their spindle-shaped morphology and became rounded, as
observed previously (Overall and Sodek, 1990), and the actin

Figure 4 (cont). inability of TIMP-1 and the gelatinase inhibitor
SB-3CT to prevent degradation of reconstituted rat-tail collagen is
shown in the top panel. In the bottom panel, the inability of HGFs
to degrade a reconstituted matrix of mutated collagenase resistant
collagen (r/r collagen) is compared with the activity of the cells on
Vitrogen. Quantitative analysis of the degradation is shown in the
graph. Error bars indicate � SEM (n � 20), whereas the asterisks
represent significant differences at p � 0.001.
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fibers became more diffuse. When ConA-treated cells were
cultured on rat-tail tendon collagen, the MT1-MMP seemed
to associate with clusters of collagen fibers that appeared to
be pulled toward the cells, and also colocalized with F-actin,
suggesting that the collagen was undergoing phagocytosis
(Figure 2B).

Increased Expression of MT1-MMP Is Associated with
Collagen Degradation
To determine whether increased expression of MT1-MMP
could be related to collagen degradation, HGFs were cul-
tured on demineralized neonatal mouse calvaria, which pro-
vide a fairly uniform, natural collagen substratum. To detect
degradation, the calvaria were first biotinylated and degra-
dation in the matrix was observed as loss of green fluores-
cent staining with streptavidin-Alexa Fluor 488. In untreated
cells, the matrix was first cleared beneath some of the cells
after 24 h. After 72 h, extensive matrix degradation was
evident in patterns corresponding to the spindle-shaped
cells, with most degradation occurring in a central region of
the cells (Figure 3A). Incubation of HGFs with ConA in-
creased degradation markedly, with the pattern correspond-
ing to the rounded morphology of the cells. Immunostaining
of the calvaria also showed that collagen corresponding to
the biotinylated substrate was uniformly distributed in the
calvaria (Figure 3B). That the observed loss of fluorescence
from the biotinylated calvaria was attributable to the degra-
dation of collagen was ascertained by biochemical analysis
of the biotinylated proteins in the calvaria. After dissociative
extraction with 6 M urea to extract noncollagen proteins and
noncross-linked collagen, only a small amount of low-
molecular-weight proteins and collagen �-chains were ob-
served on Western blots (Figure 3C). Whereas some cross-
linked collagen could be extracted with 0.5 N acetic acid, no
other proteins were evident, and nearly all of the biotinyl-
ated protein was recovered as collagen �-chains when pep-
sin digestion was used to solubilize the remaining cross-
linked collagen fibers.

Degradation of collagen by HGFs was also studied on
reconstituted fibrillar collagen substrates prepared from pu-
rified rat-tail tendon and bovine collagen (Vitrogen). As
observed on calvariae, HGFs degraded the reconstituted
biotinylated collagen substrate with the degradation pattern
corresponding to the cell morphology (Figure 4A, top). A
6.5-fold increase in collagen degradation was observed with
ConA-stimulated cells (Figure 4A, bottom). The degradation
in both untreated and ConA-stimulated cells was reduced sig-
nificantly by GM6001, whereas transfection with an siRNA

Figure 5. Ectopic Expression of MT1-MMP. (A) HGFs were tran-
siently transfected with a FLAG-tagged MT1-MMP expression vec-
tor and cultured for 48 h on a reconstituted biotin-labeled collagen
substratum (Biotin-COL), which later was stained with streptavi-
din-Alexa Fluor 488 (green). Immunostaining with an anti-FLAG
antibody shows the expression of MT1-MMP (red) in relation to the
degradation of the collagen (black areas) and the F-actin stained
with phalloidin (blue) in the merged images. Note the markedly
increased degradation in the transfected cell compared with the non-

transfected cells, indicated by yellow arrows. (B) Murine timp2�/�

fibroblasts stably transfected with an empty vector or FLAG-tagged
MT1-MMP grown on a reconstituted biotin-labeled collagen sub-
stratum and stained for actin (phalloidin, red). No significant deg-
radation of the biotinylated substratum was observed after 48 h of
culture. In contrast, extensive degradation (black areas) associated
with the MT1-MMP-transfected cells could be seen in the merged
images. In the presence of GM6001 collagen degradation was not
observed. Notably, increased green fluorescence was commonly
seen near cells, which was more evident in cells degrading collagen.
(C) Quantitation of collagen degradation, measured by image anal-
ysis, showing a marked reduction in substrate degradation by MT1-
MMT-expressing cells treated with GM6001. Error bars indicate �
SEM (n � 10), whereas the asterisk represents a significant differ-
ence at p � 0.01. (D) Gelatin enzymogram showing that timp2�/�

cells stably-transfected with FLAG-tagged MT1-MMP, but not cells
transfected with the empty vector, activate proMMP-2 in HGF-
conditioned media.
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Figure 6. MT1-MMP at sites of collagen cleavage. HGFs grown on biotinylated rat-tail tendon collagen (green) were treated with ConA and
after 72 h they were fixed and permeabilized and then stained with phalloidin for F-actin (blue) and MT1-MMP (red). (A) Merged confocal
image in the x-y plane of a cell showing the spatial relationship between F-actin, the MT1-MMP, and collagen undergoing degradation. At
sites of contact with the collagen matrix, numerous focal concentrations of MT1-MMP can be observed that look magenta when the
MT1-MMP colocalizes with the actin (yellow arrowheads). At sites further within the cell, magenta-stained MT1-MMP is codistributed with
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targeting the MT1-MMP, but not a scrambled control siRNA,
abrogated the degradation (Figure 4A). In comparison, the
natural MMP inhibitor TIMP-1 and the synthetic inhibitor SB-
3CT, which effectively block collagenases MMP-1/13 (Knauper
et al., 1996) and gelatinases MMP-2/9 (Kleifeld et al., 2001)
without affecting MT1-MMP activity, did not reduce collagen
degradation (Figure 4B). To determine the importance of col-
lagenase activity for collagen degradation, HGFs were grown
on pepsin-digested mouse type I collagen (r/r collagen) with a
targeted mutation at the collagenase cleavage site (Liu et al.,
1995) and compared with cells grown on Vitrogen. Little deg-
radation of the r/r collagen was apparent, whereas the Vitro-
gen was extensively digested beneath the cells (Figure 4B).

Collagen Degradation Is Increased by Ectopic Expression
of MT1-MMP
To further relate MT1-expression and collagen matrix deg-
radation, HGFs were transfected with a FLAG-tagged MT1-
MMP expression vector. Although transfection efficiency
was very low (�1%), cells that ectopically expressed the
FLAG-tagged MT1-MMP were identified by immunostain-
ing, and more extensive collagen degradation could be ob-
served in comparison with neighboring cells that did not
stain for ectopic expression of the MT1-MMP (Figure 5A).
Higher transfection efficiency with the same vector was ob-
tained in NIH 3T3 fibroblasts (our unpublished data) and
especially in COS1 cells, which showed high expression of
MT1-MMP that correlated with increased collagen degrada-
tion. In comparison, no increase in collagen degradation was
observed in cells transfected with a catalytically inactive
MT1-MMP construct (Supplemental Figure S1).

High collagen degradation was also observed in murine
timp2�/� embryonic fibroblasts stably transfected with the
MT1-MMP vector, whereas little degradation was observed
in timp2�/� cells stably transfected with the empty vector,
indicating that MMP-2 was not involved in collagen clear-
ance (Figure 5B). Moreover, collagen degradation was effec-
tively blocked with GM6001 (Figure 5, B and C). Notably,
the timp2�/� cells expressing ectopic MT1-MMP were un-
able to activate proMMP-2 in their conditioned media, but
they were able to activate proMMP-2 in conditioned media
containing TIMP-2 from human gingival fibroblasts (Figure
5D), consistent with the requirement of TIMP-2 for efficient
activation of pro-MMP-2 (Strongin et al., 1995; Cao et al.,
1996; Will et al., 1996). That the MT1-MMP expressing
timp2�/� cells could effectively degrade collagen in the ab-
sence of pro-MMP-2 activation provided further evidence

that MMP-2 activity is not required for collagen degradation
by fibroblasts.

MT1-MMP Is Localized at Sites of Collagen
Fragmentation
To determine the spatial relationship between MT1-MMP
expressed by ConA-stimulated fibroblasts and collagen,
HGFs were grown on biotinylated rat-tail tendon collagen
and after 72 h stained with phalloidin for F-actin and MT1-
MMP. In permeabilized cells, the MT1-MMP was observed
at the interface of the cells and the collagen (Figure 6A,
yellow arrowheads), and also with collagen fibrils that
seemed to be present within the cells (Figure 6A, yellow
arrows). Although the MT1-MMP was generally colocalized
with the collagen and F-actin, in some instances the cell
surface MT1-MMP could be observed between what seemed
to be a fragmented collagen fiber (Figure 6B). To analyze the
spatial arrangement of the cell surface MT1-MMP relative to
the collagen and F-actin in more detail, serial optical
sections were prepared, from which the MT1-MMP could
be seen to be concentrated in a collagen-free region be-
tween collagen fibers that appear above and below the
MT1-MMP (Figure 6C).

Evidence of Collagenolytic Activity
To determine whether the collagenolytic activity of MT1-
MMP is involved in the degradation of the collagen substra-
tum, HGFs were cultured at 22°C as well as 37°C and
stained with an antibody that recognizes the neo-epitope
produced on the 3⁄4-fragment generated by collagenase
cleavage (Billinghurst et al., 1997). After collagenase cleav-
age, the 3⁄4- and 1⁄4-fragments produced by collagenase di-
gestion unfold at 37°C and are then susceptible to gelatino-
lytic activity, whereas at 22°C, the fragments remain in their
native helical conformation and are resistant to proteolytic
digestion. Despite being incubated at a much lower temper-
ature for 72 h, the HGFs degraded the collagen substratum
effectively, with clearer degradation profiles both in the
presence and absence of ConA (Figure 7A). Although stain-
ing for the collagenase neo-epitope was obtained at both
temperatures, it was much stronger in cells grown at 22°C,
presumably because further degradation of the collagen
fragments is prevented. The staining for the neo-epitope
occurred in a punctate pattern at the periphery of the cells
(Figure 7B, white arrows) and also at the edges of the de-
graded collagen (Figure 7B, yellow arrows). Punctate stain-
ing was also seen within the area of resorbed collagen (Fig-
ure 7B, red arrows), indicating that it might be present
within the cells. To determine whether staining for the neo-
epitope occurred within the cell, the actin cytoskeleton was
stained (Figure 7C, top) and Z-stacks of optical sections
analyzed (Figure 7C, bottom). In X-Y sections (Figure 7C),
actin staining with phalloidin and staining for the neo-
epitope were observed within the area of collagen degrada-
tion and seemed to be codistributed. Notably, cleaved col-
lagen fibers could be seen at the margins of the cells (white
arrows). Examination of Z-stacked images showed that the
neo-epitope codistributed with the actin, which extended
from the base of the collagen layer to well above the collagen
layer (yellow arrows).

Spatial Distribution of �1 Integrin
Because previous studies have implicated �1 integrin in
promoting MT1-MMP processing (Ellerbroek et al., 1999)
and phagocytosis of collagen-coated beads (Lee et al., 1996;
Arora et al., 2000, 2003), we examined the relationship be-
tween activated �1 receptors and collagen degradation. Im-

Figure 6 (cont). actin and collagen fibers (yellow arrows). (B) The
boxed site in A is shown in the x-z plane to show the relationship
between the actin, MT1-MMP, and collagen. Here, the MT1-MMP is
concentrated immediately below a concentration of collagen fibers
and colocalizes with a concentration of F-actin, generating a ma-
genta color (yellow arrows). The collagen seems to locate further in
the cells and is also colocalized with the actin. (C) To show the
relationship between the actin, MT1-MMP, and biotinylated colla-
gen in the boxed area of A, and to demonstrate that the collagen
above the MT1-MMP had been internalized, serial optical sections
(0.6 �m) in the z-plane are shown. For each section shown in the x-y
plane, the depth in the z-plane is indicated in the bottom panel by
a yellow line, with the direction progressing from within the cell
toward the cell surface. In the merged images, the collagen cluster
first appears and then disappears as the MT1-MMP appears and is
concentrated below the plane of the collagen cluster. The MT1-MMP
staining appears magenta due to colocalization of the actin. As the
MT1-MMP disappears, a collagen fiber from which the internalized
collagen seems to have been cleaved is seen below (last panel).
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Figure 7. Effect of temperature on collagen degradation by HGFs. (A) Degradation of a biotinylated collagen substratum by untreated and
ConA-treated HGFs at 22 and 37°C. Despite the reduced temperature, extensive degradation (black areas) with a clearer demarcation of the
areas of degradation can be seen after 3 d at 22°C. Notably, collagen 3⁄4- and 1⁄4-fragments produced by collagenase activity unfold and are
susceptible to gelatinase activity at 37°C but remain in their native state at 22°C. (B) Immunostaining (white) for the neo-epitope exposed on
the collagen 3⁄4-fragment after collagenase digestion. A punctate pattern for the neo-epitope can be seen associated with the cell membrane
in areas of the cell (white arrows) where collagen has been partially degraded (green) and in deeper areas (yellow arrows) at the
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munostaining of the ConA-stimulated HGFs grown on bio-
tinylated collagen for collagen 3⁄4-fragments revealed
frequent colocalization with activated �1 on the cell mem-
brane at sites enriched in actin (Figure 7D). In comparison,
activated �1 was only occasionally colocalized with MT1-
MMP (our unpublished data).

Evidence for Collagen Phagocytosis
Observations of the early changes leading to the degradation
of reconstituted collagen by HGFs showed an initial increase
in fluorescence beneath and around the cells, indicating that
after attaching to the collagen substratum the cells pull the
fibers toward them (Figure 8A), as was also apparent when
cells were grown on the rat-tail tendon collagen (Figure 2B).
This behavior of fibroblasts on collagen, which was origi-
nally reported by Harris et al. (1981), was frequently accom-
panied by the appearance of unfolded collagen, localized
with the increased collagen-related fluorescence (Figure 8, A
and B) using a monoclonal antibody (mAb) to denatured
collagen (Salonen et al., 1990). The denaturation of the col-
lagen may be due to the stresses induced by the cells and/or
to the initial collagenolytic cleavage of the collagen triple
helix, which would allow collagen fragments to unfold at
37°C. The first loss of collagen was observed within the area
of unfolded collagen in the central part of the cell (Figure
8B). To assess the internalization of the collagen, ConA-
treated HGFs were stained for both collagen and MT1-MMP
or actin (Figures 6 and 8). From merged images, biotinylated
collagen could be seen within the confines of the cell mem-
brane-associated MT1-MMP (Figure 8C) and was also codis-
tributed with actin (Figure 8D). Degradation of the collagen
with lysosomes was indicated by strong staining observed
for degraded collagen, which was stained with a mAb (A7)
that recognizes an epitope exposed by cathepsin B digestion
(Arora et al., 2000). Biotinylated collagen was also observed
within these cells (Figure 8E). Consistent with these obser-
vations, staining for biotinylated collagen could also be seen
inside cells, which revealed a strong punctate staining for
lysosomes using LysoTracker Red (Figure 8F). That the de-
graded and biotinylated collagen were within the cells was
also supported by Z-stacked images (Figure 8, E and F,
bottom) that revealed staining in the cells above the plane of
the collagen substratum. The internalization of the biotinyl-
ated collagen and its association with MT1-MMP within the
cells was also shown from serial optical sections of cells
shown in Figures 6C and Supplemental Figure S2.

TEM Analysis of Collagen Phagocytosis
Although phagocytosis of fibrillar collagen by human peri-
odontal fibroblasts in vitro has been shown by TEM previ-
ously (Svoboda et al., 1979), different collagen substrata were
used in this study. Therefore, to provide ultrastructural ev-
idence that the fibroblasts degrade collagen through a
phagocytic pathway, HGFs were grown on reconstituted
and natural collagen substrates and examined by TEM.
When treated with ConA, HGFs removed the underlying
collagen more effectively, as observed with the fluorescently
labeled collagen assays, and within the cells the frequency in
the number of electron lucent and electron-dense vacuoles
was increased, together with an increased number of lyso-
somes and phagolysosomes (Figure 9, A–D). An increase in
lysosome-associated, membrane-bound collagen profiles
and mitochondria were also seen in MT1-MMP/timp2�/�

cells and in COS1 cells transiently transfected with FLAG-
tagged MT1-MMP (our unpublished data). Banded collagen
fibrils and their cross-sectional profiles could be seen in
association with invaginating cell membranes (Figure 9,
A–D, white arrows), which were more prominent in the
ConA-treated HGFs. Interestingly, the cell membrane asso-
ciated with the collagen fibers being engulfed was typically
scalloped in appearance and frequently observed to be elec-
tron dense (Figure 9, C and D, white arrowheads), which
may represent clustering of cell surface proteins. Collagen
fibrils that seemed to be undergoing fragmentation at the
cell surface were more readily observed in HGFs grown on
calvarial (our unpublished data) and rat-tail collagen (Figure
9, E and F, black and white arrows), which have much
thicker fibrils. Many of the apparently internalized collagen-
containing vacuoles were associated with electron-dense ly-
sosomes forming phagolysosomes typically seen in HGFs in
vivo. HGFs treated with siRNA to MT1-MMP showed vari-
able numbers of electron-dense phagolysomes when ConA
treated, but they were otherwise similar to unstimulated
HGFs (Figure 9A), lacking the scalloped membranes ob-
served in cells (Figure 9, C and D) actively internalizing
collagen (our unpublished data). Thus, the electron micro-
scopic observations showed that both the purified reconsti-
tuted and natural collagen fibers used in these studies are
phagocytosed by fibroblasts and that the phagocytic profiles
and lysosomes are increased when MT1-MMP expression is
elevated.

DISCUSSION

Remodeling of collagen by fibroblasts is a fundamentally
important physiological process that allows connective tis-
sues to replace old and damaged fibrils and to adapt to
changing functional demands. Previous studies have shown
that phagocytosis of collagen, initiated by binding through
�2�1 integrin receptors (Lee et al., 1996; Arora et al., 2000,
2003), is the major pathway for collagen degradation in
fibroblasts of mature tissues (Ten Cate and Deporter, 1974;
Dyer and Peppler, 1977; Melcher and Chan, 1981; Everts et
al., 1996). Although fragmentation of collagen fibrils is re-
quired for phagocytosis, the collagenolytic enzyme involved
in this critical step has not been identified previously. Our
studies have identified the membrane-associated metallo-
proteinase, MT1-MMP, as a key regulator of collagen phago-
cytosis by fibroblasts. Thus, increased collagen degradation
was observed in cells overexpressing catalytically active
MT1-MMP, whereas degradation was abrogated in cells
treated with MT1-MMP siRNA. In comparison, inhibition of
other collagenolytic enzymes did not prevent collagen deg-

Figure 7 (cont). edges of complete collagen degradation. In addi-
tion, punctate staining for the neo-epitope (red arrows) occurs in
regions of degraded areas. (C) Demonstration that the neo-epitope
is present within the cells. The actin cytoskeleton is stained with
phalloidin-Alexa Fluor 633 (blue), the biotinylated collagen stained
with streptavidin-Alexa Fluor 488 (green), and the neo-epitope with
anti-rabbit IgG-Alexa Fluor 594 (red). The edge of degraded colla-
gen shows cleaved collagen fibrils (white arrows), within which
staining for the collagen neo-epitope can be seen to codistribute
with the actin cytoskeleton. This is more clearly evident in z-stacked
images in the y-z plane shown for each panel below. In the merged
image (far right) the neo-epitope staining can be seen with the
phalloidin staining well above the plane of the collagen substrate
(the yellow arrows provide reference points for the phalloidin stain-
ing at the upper and lower extremes). (D) Colocalization of 3⁄4-
collagen fragments with activated �1 integrin receptors on the cell
surface of ConA-treated HGFs. Note the accumulation of F-actin
(blue) at the sites of colocalization.
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radation. Examination of the collagen degradation by con-
focal microscopy revealed that cell surface MT1-MMP was
associated with degrading collagen fibrils that were immu-
nostained for 3⁄4-fragments. After internalization collagen
fibrils were further degraded as indicated by intense stain-
ing for a neo-epitope generated by cathepsin B activity.

The specific requirement of collagenase activity for colla-
gen degradation by HGFs was demonstrated by the inability
of the cells to effectively degrade collagenase-resistant col-
lagen (Figure 4) mutated at the collagenase cleavage site of
the �1(I) chain (Liu et al., 1995). Of the known collagenolytic
enzymes, fibroblasts produce MMP-1, MT1-MMP and the
gelatinase MMP-2, which also has collagenase activity

(Aimes and Quigley, 1995; Tam et al., 2004). A role for
MMP-1 in collagen degradation by fibroblasts can be dis-
counted, because MMP-1 remains in a latent form in the
culture medium of fibroblasts (Overall and Sodek, 1990;
Overall et al., 1991), and collagen degradation is not im-
paired in the presence of TIMP-1 (Figure 4), which inhibits
both MMP-1 and MMP-13 stoichiometrically (Knauper et al.,
1996). Moreover, phagocytosis of collagen is not affected by
either up-regulation (Everts et al., 1990; Knowles et al., 1991;
van der Zee et al., 1995) or inhibition of MMP-1 (Everts et al.,
1989). However, collagen phagocytosis is enhanced by trans-
forming growth factor-� and ConA (Everts et al.,1992; van
der Zee et al., 1995), which increase the expression of MMP-2

Figure 8. Accumulation and internalization of biotinylated collagen by HGFs. Confocal images of optical sections of single HGFs stimulated
with ConA for 72 h in the presence of 10 �M E-64d and grown on biotinylated collagen (Biotin-COL). (A) After 24 h, increased collagen
fluorescence is occasionally observed beneath the cells as shown for a single cell in this image. The collagen around areas of collagen
degradation (arrows) is often seen to be immunoreactive to an antibody recognizing denatured collagen (red). (B) After 48 h, the increased
collagen fluorescence is observed more frequently and collagen fibers extending perpendicular to the cell can be seen in this image. Stronger
staining for unfolded collagen is evident around a more extensive area of collagen degradation that lies within the area of increased collagen
fluorescence. (C) Immunostaining for MT1-MMP (red) is concentrated on the cell surface, whereas some biotinylated collagen (green) seems
to be in the initial stages of phagocytosis (arrow). (D) Biotinylated collagen fibers (green) are shown in the same focal plane as phalloidin-
stained actin. The position of the collagen fibers is indicated by an arrow. (E) Biotinylated collagen fibers occurring within cells (arrows) are
shown in relation to collagen stained for an epitope exposed by cathepsin B (red). In the bottom panels, z-stacked images of the same cell
are shown. (F) Relationship between biotinylated collagen and lysosomes is shown using LysoTracker Red to identify the lysosomes. A
punctate pattern typical of lysosomes is seen (red) surrounding a large fiber (arrow) that seems to be within the cell, as indicated also in
z-stacked images shown in the bottom panels.
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(Overall and Sodek, 1990; Overall et al., 1991) and MT1-
MMP (Yu et al., 1995; Lohi et al., 1996).

We focused our studies on MT1-MMP, which has been
localized to the leading edge of migrating tumor cells, where
it facilitates extracellular matrix degradation associated with
invasion (Hotary et al., 2000; Kajita et al., 2001). However, its
role in the phagocytosis of collagen by fibroblasts has not
been assessed previously. That MT1-MMP is involved in
collagen degradation by HGFs was evident from the in-
creased loss of collagen beneath HGFs when expression of
MT1-MMP was up-regulated by either ConA or by ectopic
expression, and by the absence of collagen degradation after
treatment with MT1-MMP siRNA. The involvement of MT1-
MMP and its increased activity after collagen fibril ligation

(Ruangpanit et al., 2001) to �1 integrin receptors (Ellerbroek
et al., 1999) support a previously proposed model of collagen
phagocytosis, in which specific collagen fibers in remodeling
connective tissues can be selectively targeted for resorption
(Sodek and Overall, 1988). Notably, ligation of collagen
fibrils, but not soluble collagen, stimulates MT1-MMP ex-
pression (Lafleur et al., 2006), indicating that the phagocyto-
sis of collagen involves a coordinated response in which
MT1-MMP is brought to the proximity of the fibrils at the
cell surface (Figure 2) to execute their fragmentation. Be-
cause collagen fibers in vivo are coated with glycoproteins,
we used demineralized neo-natal calvaria and rat-tail ten-
don to confirm that MT1-MMP mediates phagocytosis of
natural collagen fibrils, which are also thicker than reconsti-

Figure 9. TEM analysis of collagen phagocytosis. Representative images showing the internalization of collagen fibrils by HGFs grown for
72 h in the presence of 10 �M E-64d on reconstituted collagen (A) and calvarial collagen (B). At sites of collagen fibril engulfment (white
arrows) the cell membrane often appears electron dense (white arrowheads). (C and D) Compared with untreated cells (A and B), cells
stimulated with ConA show increased degradation of the underlying reconstituted collagen beneath a scalloped cell surface (white arrows),
the membranes of which were frequently more electron dense (white arrowheads). An increase in phagosomes and phagolysosomes (black
arrows) and mitochondria (M) is also seen in the ConA-treated cells. (E and F) ConA-treated cells grown on rat-tail collagen. The banding
pattern of the collagen in the thicker fibrils is more readily seen. In E, a cell process (black arrow) seems to be wrapped around a fibril before
fragmentation, whereas in F, a similar fibril seems to be undergoing fragmentation within a forming vacuole, as indicated by the loss of the
fibril structure (white arrows). Bars, 500 nm.
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tuted collagen fibrils. Notably, MT1-MMP can degrade non-
collagenous matrix proteins including fibronectin, vitronec-
tin, laminin, fibrin as well as proteoglycans (Imai et al., 1996;
Pei and Weiss, 1996; Ohuchi et al., 1997).

The role of MT1-MMP in phagocytic remodeling of colla-
gen in mature tissues is consistent with the progressive
impairment of postnatal growth and development of both
the soft and hard connective tissues in MT1-MMP knockout
mice (Holmbeck et al., 1999). In adult periodontal tissues, an
accumulation of electron-translucent phagosomes, but not
phagolysosomes (Beertsen et al., 2002), is indicative of an
inability of the fibroblasts to cleave the collagen fibrils nec-
essary for their internalization. However, the absence of
MT1-MMP does not seem to affect embryonic development
(Holmbeck et al., 2004), in which the extensive remodeling of
collagen may occur extracellularly.

Although MMP-2, which is activated by MT1-MMP (Sato
et al., 1994) and is found on the plasma membrane of fibro-
blasts (Monsky et al., 1993; Ward et al., 1994) and tumor cells
(Deryugina et al., 1998; Menashi et al., 1998), has been re-
ported to be an important mediator of collagen degradation
in soft connective tissues (Creemers et al., 1998a) and for
invasion of collagenous matrices by metastatic cells (Sato et
al., 1994; Sabeh et al., 2004), collagen degradation is not
impaired in fibroblasts lacking MMP-2 (Itoh et al., 1997;
Sabeh et al., 2004). In our studies, effective collagen degra-
dation was observed when HGFs were cultured in the pres-
ence of the synthetic inhibitor SB-3CT (Figure 4), which
provides potent and highly selective inhibition of human
gelatinases (Kleifeld et al., 2001), and when HGFs were cul-
tured at 22°C, a temperature at which the native conforma-
tion of the collagenase-generated 3⁄4- and 1⁄4-fragments is
retained together with their resistance to gelatinolytic activ-
ity. Moreover, timp2�/� cells expressing ectopic MT1-MMP
degraded collagen effectively in the absence of active
MMP-2, which requires TIMP-2 for efficient activation
(Strongin et al., 1995; Cao et al., 1996; Will et al., 1996).

Although the �2�1 integrin is the primary receptor for
collagen, fibroblasts can also express the uPARAR/Endo180
receptor, which has been shown to mediate collagen endo-
cytosis (Engelholm et al., 2003). Our studies show that the
activated �1 integrin colocalizes with the neoepitope for
collagen 3⁄4-fragments at sites of actin accumulation (Figure
7D), indicating that collagen degradation occurs at sites of
expression of the activated �1 integrin, which is linked to the
actin cytoskeleton system required for the internalization of
collagen coated beads (Segal et al., 2001; Arora et al., 2005).
Because phagocytosis of collagen-coated beads is completely
blocked by antibodies to the �1 chain (Arora et al., 2003), the
uPARAR/Endo180 receptor does not seem to have a signif-
icant role in collagen phagocytosis by HGFs, although it
could mediate the internalization of poorly polymerized
collagen through a pinocytic pathway. That poorly polymer-
ized collagen in the reconstituted collagen substrates may be
internalized without prior proteolytic digestion by MMP, is
indicated by the incomplete inhibition of collagen degrada-
tion by GM6001 (Figure 4). However, because complete
inhibition of degradation was obtained with siRNA target-
ing the MT1-MMP, the collagen-binding hemopexin C do-
main of MT1-MMP (Tam et al., 2002, 2004) may act as a
collagen receptor for this pathway.

In summary, this study has demonstrated that MT1-MMP
is required for collagen phagocytosis, which is the major
pathway for collagen degradation in adult tissues. Given
that collagen fragmentation is a critical step required for
phagocytosis, MT1-MMP is a logical target for therapies
designed to rectify imbalances in collagen remodeling that

are observed in inflammatory and fibrotic diseases (Overall
and Kleifeld, 2006).
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