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Fibroblasts degrade type I collagen, the major extracellular
protein found in mammals, during events ranging from bulk
tissue resorption to invasion through the three-dimensional
extracellular matrix. Current evidence suggests that type I col-
lagenolysis is mediated by secreted as well as membrane-an-
chored members of the matrix metalloproteinase (MMP) gene
family. However, the roles played by thesemultiple and possibly
redundant, degradative systems during fibroblast-mediated
matrix remodeling is undefined. Herein, we use fibroblasts iso-
lated from Mmp13�/�, Mmp8�/�, Mmp2�/�, Mmp9�/�,
Mmp14�/� and Mmp16�/� mice to define the functional roles
for secreted and membrane-anchored collagenases during col-
lagen-resorptive versus collagen-invasive events. In the pres-
ence of a functional plasminogen activator-plasminogen axis,
secreted collagenases arm cells with a redundant collagenolytic
potential that allows fibroblasts harboring single deficiencies
for either MMP-13, MMP-8, MMP-2, or MMP-9 to continue to
degrade collagen comparably to wild-type fibroblasts. Likewise,
Mmp14�/� or Mmp16�/� fibroblasts retain near-normal col-
lagenolytic activity in the presence of plasminogen via themobi-
lization of secreted collagenases, but onlyMmp14 (MT1-MMP)
plays a required role in the collagenolytic processes that support
fibroblast invasive activity. Furthermore, by artificially tether-
ing a secreted collagenase to the surface of Mmp14�/� fibro-
blasts, we demonstrate that localized pericellular collagenolytic
activity differentiates the collagen-invasive phenotype from
bulk collagen degradation. Hence, whereas secreted collag-
enases arm fibroblasts with potent matrix-resorptive activity,
only MT1-MMP confers the focal collagenolytic activity neces-
sary for supporting the tissue-invasive phenotype.

In the postnatal state, fibroblasts are normally embedded in a
self-generated three-dimensional connective tissue matrix
composed largely of type I collagen, themajor extracellular pro-
tein found inmammals (1–3). Type I collagen not only acts as a
structural scaffolding for the associatedmesenchymal cell pop-
ulations but also regulates gene expression and cell function
through its interactions with collagen binding integrins and
discoidin receptors (2, 4). Consistent with the central role that
type I collagen plays in defining the structure and function of

the extracellular matrix, the triple-helical molecule is resistant
to almost all forms of proteolytic attack and can display a
decades-long half-life in vivo (4–6). Nonetheless, fibroblasts
actively remodel type I collagen during wound healing, inflam-
mation, or neoplastic states (2, 7–13).
To date type I collagenolytic activity is largely confined to a

small subset of fewer than 10 proteases belonging to either the
cysteine proteinase or matrix metalloproteinase (MMP)2 gene
families (4, 14–18). As all collagenases are synthesized as inac-
tive zymogens, complex proteolytic cascades involving serine,
cysteine, metallo, and aspartyl proteinases have also been
linked to collagen turnover by virtue of their ability to mediate
the processing of the pro-collagenases to their active forms (13,
15, 19). After activation, each collagenase can then cleave native
collagen within its triple-helical domain, thus precipitating the
unwinding or “melting” of the resulting collagen fragments at
physiologic temperatures (4, 15). In turn, the denatured prod-
ucts (termed gelatin) are susceptible to further proteolysis by a
broader class of “gelatinases” (4, 15). Collagen fragments are
then either internalized after binding to specific receptors on
the cell surface or degraded to smaller peptides with potent
biological activity (20–24).
Previous studies by our group as well as others have identi-

fied MMPs as the primary effectors of fibroblast-mediated col-
lagenolysis (20, 25, 26). Interestingly, adult mouse fibroblasts
express at least six MMPs that can potentially degrade type I
collagen, raising the possibility of multiple compensatory net-
works that are designed to preserve collagenolytic activity (25).
Four of these collagenases belong to the family of secreted
MMPs, i.e. MMP-13, MMP-8, MMP-2, and MMP-9, whereas
the other two enzymes are members of the membrane-type
MMP subgroup, i.e. MMP-14 (MT1-MMP) and MMP-16
(MT3-MMP) (13, 27–29). From a functional perspective, the
specific roles that can be assigned to secreted versus mem-
brane-anchored collagenases remain undefined. As such, fibro-
blasts were isolated from either wild-typemice or mice harbor-
ing loss-of-function deletions in each of themajor secreted and
membrane-anchored collagenolytic genes, and the ability of the
cells to degrade type I collagen was assessed. Herein, we dem-
onstrate that fibroblastsmobilize either secreted ormembrane-
anchored MMPs to effectively degrade type I collagen in qual-
itatively and quantitatively distinct fashions. However, under
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conditions where fibroblasts use either secreted and mem-
brane-anchored MMPs to exert quantitatively equivalent col-
lagenolytic activity, only MT1-MMP plays a required role in
supporting a collagen-invasive phenotype. These data establish
a new paradigm wherein secreted collagenases are functionally
limited to bulk collagenolytic processes, whereas MT1-MMP
uniquely arms the fibroblast with a focalized degradative activ-
ity that mediates subjacent collagenolysis as well as invasion.

EXPERIMENTAL PROCEDURES

Isolation and Culture of Mouse Skin Fibroblasts—Mice with
targeted deletions in Mmp14, Mmp2, Mmp9, Mmp8, Mmp13,
Mmp16, or Timp2 have been described previously (25, 27,
30–34). Mmp16 (GenBankTM accession number AB021228)
was disrupted by replacing sequences frombase 814 to base 821
within exon 5 with a LacZ-Neo cassette to generate the
Mmp16tmlDgen allele. Frozen embryos were obtained from the
Mutant Mouse Regional Resource Center at the University of
North Carolina at Chapel Hill. Mmp16 homozygous knock-out
mice are maintained on a C57BL/6 background. Mmp16
expression was assessed by RT-PCR using forward primers for
mouse Mmp16, 5�-GGAGACAGTTCCCCATTTGA-3�, and
reverse primers, 5�-CGTTGGAATGTTCCAGTCCT-3�.

Fibroblasts were isolated from the dorsal skin of 2–8-week-
old mice (passage 2–8) andwere cultured in Dulbecco’smodified
Eagle’s medium supplemented with either 10% heat-inactivated
fetal calf serum (FCS; Atlanta Biologicals) or heat-inactivated
mouse serum (from control, Mmp2�/� or Mmp9�/� mice), 100
units/ml penicillin, 100 �g/ml streptomycin, 0.25 �g/ml Fungi-
zone, and 2mM L-glutamine.
RT-PCR Analysis—Cells were cultured on type I collagen

matrix for 2 days in serum-free media in the absence and pres-
ence of plasminogen, and total RNA was isolated using TRIzol
reagent (Invitrogen). RT-PCRwas performed with 1 �g of total
RNA and 10 �M concentrations of specific primers (25, 36)
using the One-Step RT-PCR System reagent (Invitrogen).
Ecotropic Retrovirus Packaging—Full-lengthMT1-MMPand

deletion mutants (37) were subcloned into the pBMN-Z retro-
viral vector (Addgene, Cambridge, MA). Retroviral vectors
were co-transfected into HEK293 cells with ecotropic packag-
ing plasmids using Lipofectamine 2000 (Invitrogen). Six hours
post-transfection, cells were seeded at low density, and retrovi-
ral supernatants were collected at 48 h. Supernatants were
diluted 1:1 with fibroblast culture medium supplemented with
6 �g/ml Polybrene (Sigma) and added to dermal fibroblast cul-
tures. Cells were infected for 48 h.
Collagen Degradation Assay—Type I collagen degradation

was evaluated using a modification of a previously described
method (38). In brief, 24-well plates were coated with collagen
gel (100 �g/well), and 5 � 104 fibroblasts in 35 �l of medium
were seeded in the center of eachwell and allowed to adhere for
8 h. After washing, 0.5 ml of serum-free medium was added to
each well with or without PDGF-BB (10 ng/ml), plasminogen
(20 �g/ml), or protease inhibitors as indicated. After 5 days,
cells were removed by trypsin/EDTA or detergent lysis, and the
remaining collagen film was stained with Coomassie Brilliant
Blue. Alternatively, collagen degradation products were quan-
tified by hydroxyproline release into the conditioned medium

after an ethanol precipitation step (70% v/v) as described (39).
Serum-freemedia were supplemented with recombinant tissue
inhibitor of metalloproteinases-1 or -2 (TIMP-1; 7.5 �g/ml or
TIMP-2; 2.5 �g/ml; Fuji Chemical Industries), the synthetic
MMP inhibitor, BB-94 (5 �M final concentration in 0.1%
DMSO; British Biotechnology, Oxford, UK), the cysteine pro-
teinase inhibitor, E-64d (100 �M; Sigma), the aspartyl protein-
ase inhibitor, pepstatin A (50 �M; Sigma), or the serine protein-
ase inhibitors, soybean trypsin inhibitor, SBTI (100 �g/ml), or
aprotinin (200 �g/ml; Roche Applied Science).
Invasion Assays—Type I collagen was acid- or pepsin-

extracted from rat or mice tail tendons (4, 40). Collagen gels
were prepared in 24-mm Transwell dishes (3-�m pore size;
Corning, Inc.) at a final concentration of 2.2 mg/ml (40). After
gelling (45 min at 37 °C), 1.5–2 � 105 cells in plasminogen-free
or plasminogen-supplemented (20�g/ml)mediawere added to
the upper compartment of the Transwell dishes, and PDGF-BB
(10 ng/ml) was added to the lower compartment of the Tran-
swell chambers to initiate fibroblast invasion. Invasive activity
was visualized by phase contrast microscopy. The number of
invading cells was quantified as the mean � 1 S.E. of at least
three experiments as described (36).
Motility Assay—Fibroblastmotilitywasmonitored by cultur-

ing 1 � 105 cells atop collagen gels in a 35-�l droplets. After
attachment, the loose cells were washed away, and serum-free
medium was supplemented with 10% FCS added to initiate a
motile response. After 48 h, the cells were stained with tolui-
dine blue. The distancemigrated by the advancing front of cells
(i.e. 3 or more cells) from the confluent area compared with 0
days was measured in 5 randomly selected fields.
Proliferation—To monitor BrdUrd uptake in proliferating

cells, fibroblasts in two-dimensional culture were cultured in
0.5% FCS overnight. Fresh media were then added containing
either 0.5% FCS (control), 0.5% FCS supplemented with 10
ng/ml fibroblast growth factor-2, or 10% FCS. After overnight
incubation, 10 �M BrdUrd was added for 60 min, after which
time the cultures were washed with PBS, fixed, and processed
with anti-BrdUrd antibody (Roche Applied Science). The cells
were counterstained with propidium iodide (Invitrogen) to
determine total cell number. The BrdUrd-positive cells were
counted in 10 randomly selected fields and expressed as percent
of total cells (mean � S.E.; n � 3).
Immunofluorescence, Light, and Electron Microscopy—The

fluorescence images were captured using Spot digital camera
(Diagnostic Instruments, Inc.) through a Leica upright micro-
scope. Collagen cultures were prepared for light microscopy
as described (25, 40), and sections (5–7 �m thick) were
stained with hematoxylin and eosin. For electron micros-
copy, gels were fixed in 2% glutaraldehyde, 1.5% paraformal-
dehyde in 0.1 M sodium cacodylate buffer and processed as
described (40, 41).

RESULTS

PericellularVersus BulkCollagenolysis by Secreted andMem-
brane-anchored MMPs—When a concentric island of mouse
fibroblasts is established on the surface of a circular, three-
dimensional gel of type I collagen and stimulated with
PDGF-BB under plasminogen-free conditions, the fibroblasts
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display increased collagenolytic activity that is confined to the
substratum directly subjacent to the area covered by the seeded
inoculum of cells (i.e. sites of collagen degradation are visual-
ized as zones of clearing where the underlying gel is no longer
observed after staining with Coomassie Blue and de-staining;
see Fig. 1A). Although multiple classes of proteolytic enzymes
have been linked indirectly to type I collagen degradation (14,
42), fibroblasts stimulated with PDGF-BB in the presence of

cysteine (E-64d), aspartyl (pepstatin
A), or serine (SBTI or aprotinin)
proteinase inhibitors maintain col-
lagenolytic activity as assessed by
Coomassie Blue staining or the
solubilization of hydroxyproline-
containing collagen fragments (Fig.
1, A and B). By contrast, the syn-
thetic MMP inhibitor, BB-94, com-
pletely blocks collagenolysis (Fig. 1,
A and B).
Although fibroblasts focus col-

lagenolytic activity to the cell-ma-
trix interface under plasminogen-
free conditions, these cells can also
process plasminogen to plasmin, a
potent direct- or indirect- activator
of secreted MMP zymogens (43,
44). To determine whether colla-
gen degradation by fibroblasts can
be augmented by this serine pro-
teinase axis, PDGF-BB-stimulated
cells were cultured atop collagen
gels in the presence of plasminogen.
Under these conditions plasmino-
gen is processed to plasmin (3.3 �
0.2 munits/106 cells/24 h) via a
plasminogen activator-dependent
process (data not shown), which
increases collagen degradation 2.5-
fold (Fig. 1, A and B). Coincident
with the enhancement of collageno-
lytic activity, the zone of collagen
dissolution is extended beyond the
confines of the fibroblast island to
include the entire surface of the
culture dish (Fig. 1, A and B).
Although neither E-64d nor pep-
statin A affected plasminogen-de-
pendent collagenolysis, the plasmin
inhibitor, aprotinin, specifically
blocks that portion of the collagen
degradation that occurs at sites dis-
tant from the seeded cells (herein
referred to as “bulk” collagenolysis as
opposed to subjacent collagen degra-
dation) while leaving subjacent col-
lagenolysis unaffected (Fig. 1, A and
B). Consistent with the conclusion
that the enhanced levels of fibroblast-

mediated collagen degradation observed in the presence of plas-
minogen remains dependent on the activity of collagenolytic
MMPs, all degradative activity is quenched in the presence of
BB-94 (Fig. 1,A andB) without affecting plasmin activity (data not
shown). The bulk dissolution of the collagen film observed in the
presenceofplasminogendoesnotoccur as a consequenceof fibro-
blasts moving from the centrally located inoculation site as the
areaof collagen filmcoveredby thecells is similar in theabsenceor

FIGURE 1. Profile of plasmin-dependent and independent collagenolytic activity of murine skin fibro-
blasts. A and B, collagen degradation by mouse skin fibroblasts seeded on a type I collagen gel in the presence
or absence of plasminogen as assessed by Coomassie staining (A) or hydroxyproline release (B). In the Coo-
massie assay fibroblast islands were established in the center of each well, and cells were incubated alone, with
PDGF-BB, or with PDGF-BB in the presence of E-64d (100 �M), pepstatin-A (50 �M), aprotinin (20 �g/ml), or
BB-94 (5 �M) for 5 days in serum-free media (bar � 20 mm). Hydroxyproline release was monitored under
identical conditions without or with PDGF-BB in the absence or presence of inhibitors. Results are shown as the
mean � S.E. of four experiments. C, toluidine blue stain of fibroblast island cultured on collagen gels under
serum-free conditions for 5 days in the absence or presence of plasminogen, PDGF-BB, and/or BB-94 (bar � 20
mm). D, RT-PCR analysis of type I collagenases and Timp2 mRNA expression by mouse skin fibroblasts cultured
atop type I collagen gels with PDGF-BB for 48 h in the absence or presence of plasminogen. GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase.
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presence of either plasminogen or BB-94 (Fig. 1C). Furthermore,
the addition of plasminogen does not alter the pattern ofMmp or
Timp2 expression (Fig. 1D).
Fibroblast MT1-MMP Activity Defines Plasminogen-inde-

pendent Collagen Degradation—During matrix remodeling
events in vivo, fibroblasts express a family of MMP zymogens
which potentially participate in collagen degradation by either
functioning as direct-acting collagenolysins, promoting MMP
activation, or accelerating the further degradation of collagen
cleavage fragments (45–49). As previously described (25),
fibroblasts stimulated with PDGF-BB atop a collagen substra-
tum express Mmp13, Mmp8, Mmp2, Mmp9, Mmp14, and
Mmp16 (Fig. 1D). To identify the individual MMPs, or MMP
cascades, that drive the collagenolytic phenotype under plas-
minogen-free conditions, fibroblasts were isolated from each of
the respective null mice, and the ability of resting or PDGF-BB-
stimulated cells to degrade type I collagenwas assessed. Despite
the fact that MMP-13, MMP-8, MMP-2, and MMP-9 can each
display collagenolytic activity under cell-free conditions (15, 28,
29), fibroblasts null for any single member of the secreted col-
lagenases degrade collagen comparably to control cells in either
the absence or presence of PDGF-BB (Fig. 2, A and B). By con-
trast, MT1-MMP-deficient fibroblasts display a complete loss
of subjacent collagenolytic activity under plasminogen-free
conditions (Fig. 2, A and B) while maintaining wild-type levels
of Mmp13, Mmp8, Mmp2, Mmp9, and Mmp16 (data not
shown). AlthoughMT3-MMP has recently been described as a
type I collagenolysin (27), the membrane-anchored enzyme
does not play a key role in fibroblast-dependent collagen deg-
radation as the null cells retain full collagenolytic activity (Fig. 2,
A and B) without displaying compensatory changes in Mmp14
expression (data not shown). Although endogenously derived
TIMP-2 can support MT1-MMP-dependent MMP-2 activation
(15, 50, 51), Timp2�/� fibroblasts mount normal collagenolytic
responses (Fig. 2,A andB). In each of the null populations studied,
save for Mmp14�/� cells, subjacent degradation by fibroblasts
remains insensitive to TIMP-1, an endogenous MMP inhibitor
that preferentially targets secreted MMPs as well as MT4-MMP
and MT6-MMP (52). By contrast, subjacent collagenolysis is
blocked completely by BB-94 or TIMP-2, a TIMP family member
that inhibits both secreted and membrane-anchored MMPs (Fig.
2,A and B) (25, 52).
Plasminogen-dependent Type I Collagen Degradation—

Given the ability of plasmin to augment fibroblast-mediated
collagen degradation (see Fig. 1), the collagenolytic potential of
each of the MMP-targeted fibroblast populations was reas-
sessed in the presence of exogenous plasminogen. As shown in
Fig. 3, type I collagen degradation by wild-type fibroblasts can
be divided into two spatial compartments. In the presence of
TIMP-1 or aprotinin, collagen degradation is inhibited at sites
distant from the fibroblast island seeded in the middle of each
well, consistent with the plasmin-dependent activation of
secreted collagenases (Fig. 3, A and B). By contrast, proteolysis
at the wild-type fibroblast-substratum interface, the site domi-
nated by MT1-MMP-dependent collagenolysis, is not affected
by either TIMP-1 or aprotinin and can only be blocked fully by
TIMP-2 or BB-94 (Fig. 3A).

In an effort to identify the major secreted collagenase(s)
responsible for plasmin-dependent bulk degradation, fibro-
blasts isolated from Mmp13�/�, Mmp8�/�, Mmp2�/�,
Mmp9�/�, or Timp2�/� mice were stimulated with PDGF-BB
in the presence of plasminogen, and zones of collagen degrada-
tion were visualized by Coomassie Blue staining and quantified
as hydroxyproline release (Fig. 3,A andB). Interestingly, each of
the null populations degrades the surrounding field of collagen
fibrils to a comparable degree via a process sensitive to either
aprotinin or TIMP-1 (Fig. 3, A and B). Preliminary studies sug-
gest that MMP-13, MMP-8, and MMP-2 play redundant and
compensatory roles in supporting collagenolysis, as bulk colla-
gen degradation is suppressed only after silencing the expres-
sion of all three secreted MMPs in tandem (data not shown).
Nevertheless, consistent with the ability of MT1-MMP to
degrade collagen at the cell-substrate interface, Mmp13-,

FIGURE 2. MT1-MMP mediates collagen degradation in a plasminogen-
independent environment. A and B, collagenolytic activity of primary
murine skin fibroblasts isolated from wild-type or Mmp13�/�, Mmp8�/�,
Mmp2�/�, Mmp9�/�, Mmp14�/�, Mmp16�/�, or Timp2�/� mice were
assessed after a 5-day culture period on type I collagen gels by Coomassie
staining (A) or hydroxyproline release (B). In the Coomassie assay, subjacent
collagenolysis mediated by fibroblast is limited to MT1-MMP and is blocked
by BB-94 (5 �M) or TIMP-2 (2.5 �g/ml) but not by TIMP-1 (7.5 �g/ml) (bar � 10
mm). Hydroxyproline release was monitored under identical conditions with-
out or with PDGF-BB in the absence or presence of TIMP-2. Results are shown
as the mean � S.E. of four experiments.
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Mmp8-, Mmp2-, Mmp9-, and Timp2-null fibroblasts continue
to express subjacent collagenolytic activity in the presence of
aprotinin or TIMP-1 but not TIMP-2 or BB-94 (Fig. 3,A andB).

Mmp14�/� fibroblasts, although unable to mediate subja-
cent collagenolysis in the absence of plasminogen, express nor-
mal levels of Mmp13, Mmp8, Mmp2, Mmp9, and Mmp16 and
should retain the ability to activate a complement of their
secreted collagenases. Indeed, although MT1-MMP-deficient
fibroblasts have previously been characterized as unable to
degrade collagen (53), null cells stimulated in the presence of
plasminogen degrade the collagen substratum comparably to
wild-type cells at sites both subjacent and distant from the
fibroblast island (Fig. 3,A andB). AsMmp14�/� fibroblasts are,

however, totally reliant on plasmin-activated secreted collag-
enases for their collagen-degradative activity, collagenolysis is
suppressed completely in both subjacent and distant sites by
either TIMP-1 or aprotinin (Fig. 3, A and B). Mmp16�/� fibro-
blasts, by contrast, express a collagenolytic phenotype indistin-
guishable from wild-type cells in the presence of plasminogen
(Fig. 3, A and B). Thus, fibroblasts can mobilize independently
operating collagenolytic systems that confer the cells with
the ability to use MT1-MMP alone (i.e. in the absence of
plasminogen), soluble collagenases alone (i.e. defined by
MT1-MMP-deficient fibroblasts stimulated in the presence
of plasminogen), or both MT1-MMP and soluble collag-
enases in tandem (i.e. in wild-type fibroblasts stimulated in
the presence of plasminogen).
Fibroblast-derived MMPs and Regulation of the Collagen-in-

vasive Phenotype—Although fibroblasts mobilize secreted as
well as membrane-anchored MMPs to drive type I collageno-
lytic activity, the ability of these proteolytic systems to sup-
port collagen-invasive activity remains controversial (25, 37,
54–57). Hence, wild-type or secreted MMP-, TIMP-2-, or
MT3-MMP-deficient fibroblasts were cultured atop three-di-
mensional type I collagen gels under serum-free conditions in
the absence or presence of plasminogen, and invasion was trig-
gered by a chemotactic gradient of PDGF-BB. Under these con-
ditions wild-type fibroblasts display similar, if not identical,
invasive activity in the absence or presence of plasminogen
despite the fact that collagen degradation is increased �2-fold
when plasminogen is introduced in the system (Fig. 4, A–C).
Although the enhanced collagenolytic activity observed in the
presence of plasminogen is suppressed by TIMP-1 (Fig. 4C) or
aprotinin (data not shown), invasive activity is unaffected (Fig.
4C). Similarly, each of the fibroblasts deficient for functional
MMP-13, MMP-8, MMP-2, MMP-9, TIMP-2, or MT3-MMP
displays comparable collagen-invasive activity in the absence or
presence of plasminogen (Fig. 4C). By contrast, MT1-MMP-
deficient fibroblasts are, as expected, unable to invade collagen
gels in the absence of plasminogen (Fig. 4, A–C). Importantly,
however, although the collagenolytic activity of Mmp14�/�

fibroblasts is increased to nearlywild-type levels in the presence
of plasminogen, the null fibroblasts remain unable to express
invasive activity as assessed by either light or transmission elec-
tron microscopy (Fig. 4, A–C). Hence, although the plasmin-
activated, secreted collagenases confer MT1-MMP-deficient
fibroblasts with full collagenolytic potential, only MT1-MMP
endows fibroblasts with type I collagen-invasive activity.
Tethered Collagenases Drive the Fibroblast Invasion Program—

The ability of MT1-MMP to confer pro-invasive activity to
fibroblasts is consistent with its pericellular collagenolytic
activity, but recent studies suggest that MT1-MMP can exert
global effects on cell function independently of its proteolytic
potential by triggering a series of signal transduction cascades
(51, 58, 59). Hence, to determine whether the loss of invasive
activity inMT1-MMP-deficient fibroblasts might be attributed
to more generalized defects in cell function, the motile and
proliferative activities of the cells were next assessed. Although
mouse Mmp14�/� embryonic fibroblasts have been reported
to display defects in migration and proliferation under stand-
ard, two-dimensional culture conditions (59), wild-type and

FIGURE 3. Plasmin-dependent collagen degradation. A, collagenolytic
activity of PDGF-BB-stimulated wild-type or null fibroblasts seeded atop type
I collagen gels was assessed in the presence of plasminogen (20 �g/ml) alone
or with plasminogen and either BB-94, TIMP-1, TIMP-2, or aprotinin. Zones of
collagenolytic activity are visualized after Coomassie staining after a 5-day
culture period (bar � 10 mm). B, hydroxyproline release by PDGF-BB-stimu-
lated wild-type or null fibroblasts cultured atop type I collagen gels was deter-
mined in either the absence or presence of aprotinin or TIMP-2. Results are
expressed as the mean � S.E. (n � 4).
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MT1-MMP-deficient skin fibroblasts migrate at similar rates
after stimulation with either fibroblast growth factor-2 or
serum (Fig. 5A). Likewise, MT1-MMP-deficient skin fibro-

blasts proliferate at rates compara-
ble with wild-type fibroblasts (Fig.
5B) and retain full invasive activity
in three-dimensional gels of non-
cross-linked type I collagen (i.e.
pepsin-extracted collagen forms a
matrix whose invasion does not
require proteolytic activity (25, 54)
(Fig. 5C).
Although a required role for

MT1-MMP appears restricted to
the pro-invasive activity of fibro-
blasts through native, cross-linked
gels of type I collagen, the structural
domains that underlie its unique
activity relative to the soluble colla-
genases are largely undefined (37).
Despite the fact that MT1-MMP
can trigger specific cellular responses
via processes independent of the pro-
teinase catalytic activity (51, 59–62),
the collagen-invasive activity of
Mmp14�/� fibroblasts is not rescued
after retroviral transduction with a
catalytically inactive form of MT1-
MMP harboring an E240A point
mutation (MT1-MMPE3A) (Fig. 5,C
and D). Furthermore, although the
MT1-MMP hemopexin or cytosolic
tail domains have been linked to the
activation of various signal transduc-
tion cascades (51, 59–62), Mmp14-
null fibroblasts transfected with
MT1-MMP mutants lacking either
the hemopexin domain (MT1-
MMP�HPX) or cytosolic tail (MT1-
MMP�CT) display an invasive activity
comparable with that observed in
wild-type fibroblasts (Fig. 5,C andD).
Finally, consistent with the premise
that MT1-MMP confers fibroblasts
with collagen-invasive activity by dis-
playing pericellular collagenolytic
activity alone, the invasion-null phe-
notype of Mmp14�/� fibroblasts is
rescued after transfection withMT1-
MMPmutant constructs wherein the
wild-type catalytic domain is replaced
with that of human MMP-1 (MT1-
MMPMMP-1CAT) or an MT1-MMP
double-mutant containing the
MMP-1 catalytic domain with the
MT1-MMP hemopexin domain
deleted (MT1-MMPMMP-1CAT/�HPX)
(Fig. 5,C andD). Given the ability of a

membrane-tethered, MMP-1 catalytic domain to support fibro-
blast invasive activity in the absence of anMT1-MMPhemopexin
domain, we conclude that the unique ability of MT1-MMP to

FIGURE 4. MT1-MMP regulates collagen-invasive activity. A, Mmp14�/� or Mmp14�/� fibroblasts were cultured
atop type I collagen gels in Transwell culture dishes in serum-free media alone or in serum-free media supple-
mented with plasminogen (20 �g/ml), and invasion was initiated by the addition of PDGF-BB to the lower chamber
of the Transwell dishes. Representative examples of invasion by Mmp14�/� or Mmp14�/� fibroblasts are shown in
hematoxylin and eosin-stained cross-sections (A, bar, 100 �m; the double-headed arrow in the cross-section marks
the boundaries of the collagen gel, whereas the black arrows show invasive cells) or assessed by transmission
electron microscopy after a 5-day culture period (B). Mmp14�/� as well as Mmp14�/� fibroblasts are surrounded by
zones of collagenolysis in plasminogen-containing medium (black arrows), but in contrast to the wild-type cells,
MT1-MMP-deficient�/� fibroblasts fail to invade the underlying matrix (bar, 10 �m). C, in the course of the 5-day
culture period, hydroxyproline release and the number of invading cells were quantified in the absence or presence
of plasminogen alone or in the absence or presence of plasminogen with TIMP-1. The number of invading cells was
determined in 10 randomly selected fields in a single representative experiment of 3 performed, and the superna-
tants were recovered for hydroxyproline release (mean � S.E., n � 3).
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FIGURE 5. Defects in Mmp14�/� dermal fibroblast function are confined to the collagen-invasive phenotype. A, Mmp14�/�, Mmp14�/�, or Mmp14�/�

fibroblasts transduced with control or MT1-MMP, MT1-MMPE3A, MT1-MMP�CT, MT1-MMP�HPX, MT1-MMPMMP-1CAT, or MT1-MMPMMP-1CAT/�HPX retroviral vec-
tors were seeded atop collagen gels as islands in the center of each well and migration monitored in the presence of 10% FCS for 72 h. After 72 h the cells were
stained with toluidine blue, and the distance migrated by the advancing front of cells was measured in 5 randomly selected fields (bar � 5 mm). Results are shown for
three experiments (mean � S.E.). B, proliferative activity of Mmp14�/� or Mmp14�/� skin fibroblasts was measured by BrdUrd uptake in the presence of 0.5% FCS
(control), 0.5% FCS, and fibroblast growth factor-2 (10 ng/ml) or 10% FCS as described under “Experimental Procedures.” BrdUrd uptake (green) in cells double-stained
with propidium iodide (red) are marked by white arrows (bar, 50 �m) and quantified as the mean � S.E. in 5 randomly selected fields in a single representative
experiment of 3 performed. C and D, invasive activity of Mmp14�/� or Mmp14�/� skin fibroblasts in acid-extracted, cross-linked type I collagen versus pepsin-
extracted, non-cross-linked type I collagen gels. Mmp14�/�, Mmp14�/�, or Mmp14�/� skin fibroblasts transduced with MT1-MMPE3A, MT1-MMP�CT, MT1-MMP�HPX,
MT1-MMPMMP-1CAT, or MT1-MMPMMP-1CAT/�HPX retroviral vectors were seeded atop either acid- or pepsin-extracted collagen gels in the presence of 10% FCS and
stimulated with PDGF-BB for a 5-day culture period. The number of invading cells was determined in 10 randomly selected fields in a single representative experiment
of 3 performed (C). As shown in hematoxylin and eosin-stained cross-sections, the invasion-null phenotype of Mmp14�/� fibroblasts cultured atop acid-extracted
collagen is reversed after transduction with MT1-MMP or MT1-MMPMMP-1CAT but not MT1-MMPE3A retroviral expression vectors (bar � 100 �m). The double-headed
arrows mark the boundaries of the collagen gel, whereas the black arrow marks the overlying layer of fibroblasts applied to the surface of the matrix.
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confer fibroblasts with collagen pro-invasive activity can be
ascribed to the distinct properties of the enzyme as a mem-
brane-anchored type I collagenase.

DISCUSSION

Fibroblasts express multiple proteolytic systems that have
been proposed to participate in collagen remodeling events
associated with both matrix-resorptive and matrix-invasive
states (15, 17, 25, 26, 63–66). Within the mouse MMP family,
collagenases include MMP-13, MMP-8, and MMP-2, which
all cleave collagen between Gly-775 and Ile-776 in the
homodimeric �1 chains and between Gly-775 and Leu-776 in
the single �2 chain (67, 68). More recent data suggest that
MMP-9 may also express type I collagenolytic activity under
physiologic conditions (28). After hydrolysis, the triple-helical
fragments unwind to generate gelatin whose exposed motifs
are susceptible to further degradation by the collagenases
themselves as well as MMP-9, MMP-2, and other MMP fam-
ily members (15). In addition to the secreted collagenases
and gelatinases, MT1-MMP can cleave both collagen at sites
identical to the secreted collagenases and degrade gelatin as
well (37, 40, 69, 70).
Given the possible collaborations between secreted and

membrane-anchored collagenases, we first sought to charac-
terize the major collagen-degradative systems operative in
fibroblasts. In the absence of plasminogen, most MMP family
members are secreted as inactive zymogens (13, 15, 19). How-
ever, a subset of MMPs, including MT1-MMP, undergo intra-
cellular processing by serine proteinases belonging to the pro-
protein convertase family to generate active proteinases (13,
71–74). In turn, MT1-MMP is able to initiate the processing of
either the MMP-2, MMP-13, or MMP-8 zymogens to their
active forms (15, 34, 51, 75, 76). However, under plasminogen-
free conditions, only MT1-MMP plays a required role in medi-
ating the expression of pericellular collagenolytic activity in
fibroblasts (20, 25, 26). Furthermore, the dissolution of collagen
to the smallMr peptides detectable by hydroxyproline assay did
not require MMP-2 or MMP-9 (77–79). Although MT1-MMP
armed fibroblasts with the ability to degrade collagen inde-
pendently of MMP-2, MMP-9, MMP-13, MMP-8, or TIMP-2,
the possibility exists thatMT1-MMP could function in concert
with other, as yet uncharacterized proteinases. However, puri-
fied MT1-MMP cleaves collagen directly (69) and confers col-
lagenolytic-incompetent COS cells with potent degradative
activity (37).
Though wild-type fibroblasts are unable to mediate collag-

enolysis under plasminogen-free conditions by engaging any of
the targeted MMPs tested, save for MT1-MMP, the plasmino-
gen activator-plasminogen cascade can directly or indirectly
initiate the activation of MMP-13, MMP-8, MMP-2, MMP-9,
and MMP-3 (21, 38, 44, 80–82). Consistent with the added
participation of the plasmin-activated, secreted collagenases to
the pericellular collagenolytic activity conferred by MT1-
MMP, degradation extended beyond the borders of the seeded,
fibroblast island. These data clearly illustrate the presence of a
potent plasmin/secreted collagenase axis, but the individual
contributions made by each of the soluble collagenases during
collagen fibril dissolution remains to be determined. MMP-13,

MMP-8, MMP-2, or MMP-9 can each degrade type I collagen
in a TIMP-1-sensitive fashion, but in the presence of plasmin-
ogen, Mmp13�/�, Mmp8�/�, Mmp2�/�, or Mmp9�/� fibro-
blasts were each able to degrade collagen to an equivalent
degree. Although the co-activation of multiple secreted collag-
enases likely compensates for a single deficiency in a given
MMP, a fourth secreted collagenase, termed mColA, has been
identified inmice and rats (32). The function ofmColA in intact
fibroblasts has not been defined, but the proteinase expresses
only weak collagenolytic activity relative to other collagenases
(32), and its expression is restricted to the testes of adult ani-
mals (83). Furthermore, mColA-transfected COS cells do not
express collagenolytic activity.3 Independent of any specific
role for the mouse orthologue, the existence of a redundant set
of secreted collagenases is consistent with the fact that neither
Mmp13-, Mmp8-, Mmp9-, nor Mmp2-null mice display major
defects in type I collagen turnover in the postnatal state (67).
Our findings raise the possibility that critical disturbances in
bulk remodeling of type I collagen may only be observed under
conditions whereinmultiplemembers of the secreted collagen-
ase MMP family are inactivated in tandem.
The ability of fibroblasts to mobilize multiple collagenolytic

systems to resorb collagen is a process distinct from that
required to allow cells to proteolytically tunnel through the
extracellular matrix while maintaining adhesive interactions
that support propulsive movement (25, 37, 50, 54). Other
reports have implicated multiple MMPs in extracellular
matrix-invasive behavior, including secreted collagenases,
stromelysin-1, and the gelatinases MMP-2 and MMP-9 (9, 50,
55, 78, 84–87). However, with increasing frequency, these pro-
teases have been found to alter cell function indirectly by cleav-
ing cell adhesionmolecules, activating latent growth factors, or
initiating signal transduction cascades (13, 88). As previously
reported, only MT1-MMP plays a required role in mediating
the collagen-invasive activity of fibroblasts (25), even under
conditions where secreted collagenase continued to express
significant degradative activity. Despite indirect evidence sup-
porting a role for a trimolecular MT1-MMP�TIMP-2�MMP-2
complex or MT1-MMP�MMP-13 axis in collagen-invasive
activity (13, 15), fibroblasts require neither MMP-2, TIMP-2,
norMMP-13 to infiltrate collagen barriers. The inability of sol-
uble collagenases to either participate in the invasive process or
“rescue” the MT1-MMP-null phenotype may at first glance
seem surprising. However, secreted collagenases, although
effective in degrading collagen, are unable to restrict their activ-
ity to the immediate pericellular environment in a fashion con-
sistent with an invasive phenotype. Secreted collagenases could
conceivably participate in tissue-invasive processes by associ-
ating with cell surface binding partners (19), but neither latent
nor active MMP-13, MMP-8, MMP-2, or MMP-9 was able to
rescue the MT1-MMP-null phenotype when expressed in an
endogenous fashion by the fibroblast itself.
A priori, the unique ability of MT1-MMP, as opposed to the

secreted collagenases, to imbue fibroblasts with collagen-inva-
sive activity is equally consistent with the enzyme’s singular

3 F. Sabeh and S. J. Weiss, unpublished observation.
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presentation as a membrane-tethered collagenase or the possi-
bility that MT1-MMP expresses additional functions distinct
from those exhibited by the soluble collagenases (37). In this
regard, recent studies indicate that MT1-MMP recognizes a
number of membrane-anchored targets whose hydrolysis
might potentially alter cell function (13, 51, 58). However, we
find that the invasion-null status ofMT1-MMP-deficient fibro-
blasts can be rescued when the catalytic domain of MT1-MMP
is replaced with that of human MMP-1. Although similar
results have recently been reported using COS cells as a plat-
form for assessing MT1-MMP function (37), COS cells do not
express the full complement of secreted collagenases synthe-
sized by stimulated fibroblasts. Whereas the MT1-MMP
hemopexin domain might conceivably alter the substrate spec-
ificity of the MT1-MMP/MMP-1 chimera (37), MT1-MMP-
deficient fibroblasts retain a pro-invasive status even when
engineered to express a hemopexin domain-deleted form of
membrane-tetheredMMP-1. Asmice do not express an ortho-
logue of human MMP-1 (32), it seems unlikely that our chi-
meric constructs fortuitously recapture some unique property
of MT1-MMP other than its ability to focus type I collageno-
lytic activity to the cell surface. Nevertheless, MT1-MMP
mutants devoid of catalytic activity can trigger functionally
important signal transduction cascades via processes depend-
ent on its short, 20-amino acid-long cytosolic tail (51, 59–62).
Indeed, D’Alessio et al. (59) have reported thatMT1-MMP reg-
ulates the two-dimensionalmotility and proliferative responses
of mouse embryonic fibroblasts via amechanism dependent on
the cytosolic tail of the protease. Using conditions identical to
those reported in their study, however, we find that MT1-
MMP-deficient dermal fibroblasts obtained from newborn
mice display motile and proliferative responses identical to
wild-type controls. Furthermore, the motile and proliferative
activities of our Mmp14�/� fibroblasts were unaffected after
transduction with wild-type MT1-MMP, catalytically inactive
MT1-MMP, or cytosolic tail-deleted MT1-MMP. MT1-MMP
can clearly initiate signal transduction cascades in a variety of
cell populations (51, 59–62), but a central function for these
pathways must be considered from the perspective that
Mmp14�/� mice develop normally in utero (53). Indeed, these
mice only display defects in growth and development in the
postnatal state when type I collagen tissue levels begin to
increase dramatically, observations consistent with the conten-
tion that the loss of pericellular collagenolytic activity underlies
the major pathologies that develop in these animals (25, 53, 89,
90). More recently, MT3-MMP has been reported to express
type I collagenolytic activity when expressed in an intact cell
system (27), but in our hands, the protease express little, if any,
collagenolytic activity relative to MT1-MMP (37). In addition,
we note that purifiedMT3-MMP has not been shown to cleave
native type I collagen into 3⁄4 and 1⁄4 fragments at 25 °C, although
it can hydrolyze the Gly-4—Ile-5 bond in the N-terminal
telopeptide of �2(I) chains (91). Independent of these caveats, a
precise determination of the role of activeMT3-MMP in fibro-
blasts is further complicated by the fact that the 5�-untranslated
region of theMmp16mRNA can repress translation in eukary-
otic systems (92). Hence, the amount of active MT3-MMP
expressed in fibroblasts relative toMT1-MMPawaits the devel-

opment of specific antibody probes. Nevertheless, our studies
demonstrate that MT3-MMP does not play a key role in regu-
latingmouse fibroblast function either in serum-free or serum-
containing systems after PDGF-BB stimulation. These results
are, in any case, consistent with the more subtle effects
observed after Mmp16 versusMmp14 silencing in vivo (27).

In sum, we have demonstrated that fibroblasts employ both
the secreted andmembrane-anchored arms of theMMP family
in collaborative fashion to effect a collagen-degradative pheno-
type. Although MT1-MMP collagenolytic activity is confined
to the subjacent compartment, the secreted collagenases have
an extended range of action that allows them to degrade colla-
gen at sites distant from their point of secretion.While we have
used plasmin as a “model”MMPactivator, studies performed in
plasminogen-deficient mice indicate that other serine protein-
ases play more important roles in vivo (43, 44). Nevertheless,
from a quantitative perspective, secreted collagenases aremore
likely to play important roles in the bulk resorptive events that
distinguish tissue remodeling events such as abscess formation,
post-pregnancy uterine involution, post-weaning mammary
gland involution, or regression of neovascular beds (82, 93). By
contrast, although the MT1-MMP site of action is constrained
to the cell surface, the protease resides in a sequestered envi-
ronment that allows it to remain functional in the presence of
plasma antiproteinases that rapidly quench the activity of the
secreted collagenases (25). Last, and perhapsmost importantly,
the ability of MT1-MMP rather than secreted collagenases to
serve as a dual-function collagenolysin and pro-invasive factor
identifies this alternate class ofMMPs as a prototype for sculpt-
ing proteolytic activity to the demands of traversing extracellu-
lar matrix barriers in the in vivo setting.
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