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The transmembrane collagenase MT1-MMP (membrane-type 1
matrix metalloproteinase), also known as MMP-14, has a critical
function both in normal development and in cancer progression,
and is subject to extensive controls at the post-translational level
which affect proteinase activity. As zymogen activation is crucial
for MT1-MMP activity, an α1-PI (α1-proteinase inhibitor)-based
inhibitor was designed by incorporating the MT1-MMP pro-
peptide cleavage sequence into the α1-PI reactive-site loop
(designated α1-PIMT1) and this was compared with wild-type α1-
PI (α1-PIWT) and the furin inhibitory mutant α1-PIPDX. α1-PIMT1

formed an SDS-stable complex with furin and inhibited proMT1-
MMP activation. A consequence of the loss of MT1-MMP activity
was the activation of proMMP-2 and the inhibition of MT1-MMP-

mediated collagen invasion. α1-PIMT1 expression also resulted
in the intracellular accumulation of a glycosylated species of
proMT1-MMP that was retained in the perinuclear region, leading
to significantly decreased cell-surface accumulation of proMT1-
MMP. These observations suggest that both the subcellular
localization and the activity of MT1-MMP are regulated in a co-
ordinated fashion, such that proMT1-MMP is retained intracel-
lularly until activation of its zymogen, then proMT1-MMP traffics
to the cell surface in order to cleave extracellular substrates.

Key words: furin, MT1-MMP (membrane-type 1 matrix metallo-
proteinase), α1-PI (α1-proteinase inhibitor), trafficking.

INTRODUCTION

MMPs (matrix metalloproteinases) are a family of zinc-dependent
metalloendopeptidases that process a variety of substrates, inclu-
ding proMMP zymogens, extracellular matrix proteins, growth
factors and cytokines and cell adhesion proteins [1]. The MT-
MMPs (membrane-type MMPs) are a subgroup of membrane-
anchored proteinases which possess distinct regulatory
mechanisms as a result of their cell-surface localization [2]. MT1-
MMP, also known as MMP-14, is the best studied MT-MMP, and
mice genetically deficient in this proteinase exhibit a variety of
abnormalities associated with impaired interstitial collagenolysis,
including craniofacial dysmorphism, arthritis, osteopenia,
dwarfism and soft-tissue fibrosis [3]. In addition to MT1-MMP
playing a role in normal development, it is also up-regulated in a
variety of tumour tissues, where it is proposed to function in
growth regulation in the three-dimensional tissue microenviron-
ment, as well as in the promotion of invasion of collagen-
rich interstitial matrices [4,5]. The extensive involvement of
MT1-MMP in normal development and in cancer progression
suggests that there must be stringent regulation of proteinase activ-
ity. In addition to translational regulation of proteinase expression,
MT1-MMP is subject to extensive post-translational control by
processes such as glycosylation, zymogen activation, membrane
trafficking, inhibition by TIMP-2 (tissue inhibitor of metallo-
proteinases-2), autolytic degradation and ectodomain shedding
[6–9].

The zymogen form of MT1-MMP is activated in the secretory
pathway by furin or furin-like PCs (proprotein convertases) that
process multiple proprotein substrates including growth factors
and their receptors, proteinase zymogens, cell adhesion molecules
and some pathological agents by cleavage of the furin consensus
sequence Arg-Xaa-Lys↓Arg-Arg (R108RKR↓YA113 in MT1-
MMP) [10]. Potent peptide- and protein-based furin inhibitors
have been identified, including active-site-directed chloromethane
inhibitors, reversible peptide inhibitors and several protein-based
inhibitors. An effective strategy for furin inhibition was based
on the observation that there is a naturally occurring variant of
α1-PI (α1-proteinase inhibitor), α1-PIPitt, in which of Met358 the
reactive-site loop sequence (A355IPM358) is mutated to arginine,
converting its specificity from an inhibitor of neutrophil elastase
to a thrombin inhibitor [11]. Subsequent engineering to give
α1-PIPDX, in which the α1-PI reactive-site loop contained the
furin consensus cleavage sequence (R355IPR358), resulted in potent
inhibition of furin and members of the PC family [12].

In the present study, α1-PIMT1, a novel α1-PI-based inhibitor
was generated, in which the MT1-MMP propeptide cleavage
sequence was mutated from A355IPM↓SI360 to R355RKR↓YA360,
since zymogen activation is crucial for MT1-MMP activity. This
inhibitor was used to evaluate the inhibition of proMT1-MMP
zymogen activation relative to α1-PIWT (wild-type) and α1-PIPDX.
Our results demonstrate the formation of a complex between
furin and α1-PIMT1 and highlight the functional significance
of furin inhibition in the context of MT1-MMP membrane
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trafficking, cell-surface proteolytic activity and cellular collagen
invasion.

EXPERIMENTAL

Materials and reagents

Rat-tail type I collagen, monoclonal mouse anti-(FLAG M2)
antibody, polyclonal rabbit anti-[MT1-MMP (hinge region)] anti-
body, monoclonal mouse anti-[EEA1 (early endosome antigen 1)]
antibody, monoclonal mouse anti-p58 antibody (Golgi marker)
and HRP (horseradish peroxidase)-conjugated goat anti-(rabbit
IgG) secondary antibodies were purchased from Sigma. Alexa
Fluor® 488 goat anti-(rabbit IgG) and Alexa Fluor® 546 goat anti-
(mouse IgG)-conjugated secondary antibodies were purchased
from Molecular Probes. Rabbit polyclonal antibodies against α3
integrin light-chain and heavy-chain were from Santa Cruz. The
murine monoclonal antibody against α3 integrin (ASC-6) was
purchased from Chemicon. Enhanced chemiluminescence reagent
was bought from Pierce.

Construction of DNA plasmids

The human MT1-MMP cDNA with C-terminal FLAG tag
(DYKDDDDK) was a gift from Dr Duanqing Pei (Department
of Pharmacology, University of Minnesota Medical School,
Minneapolis, MN, U.S.A.). The construction of DNA plasmids
used in the present study was described previously [7]. Briefly,
MT1-MMP was tagged with FLAG in the stalk region after Gly511

using an overlapping PCR method. The known and novel α1-PI
variants were generated by site-directed mutagenesis using the
QuikChange® kit (Stratagene) and the variants were subcloned
into the pIRES-Neo3 vector (Clontech) for convenient selection
of stable cell lines. The PCR reactions were performed using the
high-fidelity Pfu Turbo polymerase (Stratagene), and the plasmids
were verified by DNA sequencing.

Cell culture and transfections

Cell culture reagents were purchased from Mediatech.
COS-7 cells (a gift from Professor Kathleen J. Green, Department
of Pathology, Feinberg School of Medicine, Northwestern
University, Chicago, IL, U.S.A.) and MDA-MB-231 cells (a gift
from Dr V. Craig Jordan, Fox Chase Cancer Center, Philadephia,
PA, U.S.A.) were maintained in DMEM (Dulbecco’s modified
Eagle’s medium) containing 10% (v/v) fetal bovine serum. The
cells were transfected using FuGENETM 6 (Roche) following
the manufacturer’s instructions. Cells stably expressing the target
proteins were selected and maintained in culture medium sup-
plemented with G418.

Western blot analysis and gelatin zymography

The whole-cell lysates or purified proteins were fractionated by
SDS/PAGE (10% or 5–20% gels as required). Western blot
analysis was performed as described previously [7]. To perform
gelatin zymography, human proMMP-2 was purified as described
by Toth et al. [13]. The detailed protocol of gelatin zymography
was described previously by Ellerbroek et al. [14].

Biotinylation and purification of cell-surface proteins

The cell-surface proteins were labelled with EZ-Link
sulfo-NHS-LC-LC-biotin [sulfosuccinimidyl-6′-(biotinamido)-
6-hexanamido hexanoate] (Pierce) as described previously
[15]. The labelled proteins were immobilized on NeutrAvidin-
conjugated resin (Pierce), and eluted by boiling in Laemmli
sample buffer for 15 min before being resolved by SDS/PAGE.

Purification of FLAG-tagged MT1-MMP and in vitro enzymatic
de-glycosylation

Transiently transfected COS-7 cells were homogenized in native
lysis buffer [50 mM Tris/HCl, pH 7.5, 150 mM NaCl and
1% (v/v) Triton X-100] supplemented with 5 mM EDTA
and CompleteTM protease inhibitor cocktail (Roche). Immuno-
precipitation of FLAG-tagged proteins was performed using
anti-FLAG M2-affinity gel according to the manufacturer’s
instructions (Sigma) and using Handee spin cup columns
(Pierce). The immunocomplexes were eluted using 200 µg/ml
3 × FLAG peptide (Sigma) and enzymatic de-glycosylation of
immunocomplexes was performed following the manufacturer’s
instructions (ProZyme). The choice of sialidase rather than
PNGase (peptide N-glycosidase) for de-glycosylation was the
result of our previous studies, in which the glycosylation of
MT1-MMP was evaluated in detail [7]. MT1-MMP was found
to be more sensitive to sialidase than other de-glycosylating
enzymes, including endo-O-glycosidase, β(1–4)-galactosidase,
glucosaminidase and PNGase. Briefly, the purified protein was
heat-denatured in the SDS sample buffer provided, neutralized
using 1% Triton X-100 and digested with 0.24 m-units of
sialidase A for 24 h at 37 ◦C. The reaction was stopped by
boiling in SDS sample buffer, and the reaction mixtures were then
analysed by Western blotting, using the rabbit anti-MT1-MMP
antibody [1:1000 dilution] and HRP-conjugated anti-(rabbit IgG)
secondary antibody [1:10000 dilution] for detection.

FACS analysis of cell-surface proteins

The cells were trypsinized and incubated on ice with primary
antibodies against MT1-MMP (hinge region) and α3 integrin
(ASC-6, 1:100 dilution), followed by incubation with corres-
ponding Alexa Fluor® 488-conjugated goat anti-(rabbit IgG) and
Alexa Fluor® 546-conjugated goat anti-(mouse IgG) secondary
antibodies (1:1000 dilution, Molecular Probes) respectively. The
labelled live cells were analysed on the dual-channel setting of a
Beckman Coulter Epics XL-MCL analyser at the Flow Cytometry
Core Facility of Northwestern University.

Collagen invasion assay

Collagen invasion assays were performed as described previously
[7,14,16–18]. Briefly, cells were plated on the upper surface of
collagen-coated culture inserts (24-well; 8.0 µm pore size; Becton
Dickinson). Cells were allowed to invade for 24 h, and non-
invading cells were removed from inner wells using a cotton
swab. The invading cells, which were adherent to the bottom of
the membrane, were fixed and stained using a Diff-Quick staining
kit (Dade AG). Invading cells were enumerated by counting 12
symmetric areas of the membrane.

Immunofluorescence

To co-immunostain MT1-MMP and p58, a Golgi marker, in
MDA-MB-231 cells, the cells were fixed on coverslips using
3.7% (v/v) formalin and permeabilized with 0.1 % (v/v) Triton
X-100. For staining, a polyclonal rabbit anti-[MT1-MMP (hinge
region)] antibody and a monclonal mouse anti-p58 antibody
(1:100 dilution of both antibodies) were used, followed by Alexa
Fluor® 488- and 546-conjugated secondary antibodies (1:1000
dilution) (Molecular Probes) respectively. The co-localization
images were acquired in sequential mode using a Zeiss LSM510
laser-scanning confocal microscope at the Northwestern Univer-
sity Cell Imaging Facility. To generate overlay images, a pair of
raw images were converted into 8-bit TIFF files, assigned as single
layers in green and red channels respectively and recomposed in
RGB mode using Adobe Photoshop 7.0 software.
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Figure 1 A novel α1-PI variant based on the amino acid sequence flanking the proMT1-MMP activation site forms a SDS-stable complex with furin

(A) The amino acid sequence flanking the proMT1-MMP-activation site contains the optimal cleavage motif for furin and PC proteinases. A novel α1-PI variant, designated α1-PIMT1, was designed
based on the sequence (P4–P2

′) flanking the proMT1-MMP activation site. The altered sequence in the reactive-site loop (RSL) of α1-PIMT1 (P4–P2
′) was aligned with the corresponding sequence of

α1-PIWT and those of two other known α1-PI variants, α1-PIPitt and α1-PIPDX. (B) COS-7 cells were transiently transfected with a DNA plasmid encoding FLAG-tagged furin (Fur/f) in combination
with plasmids encoding α1-PIWT (WT) or one of its variants α1-PIPitt (Pitt), α1-PIPDX (PDX) and α1-PIMT1 (MT1) respectively. Empty vectors (−) were used as controls in transfection. The cell lysates
were prepared 24 h after transfection as described in the Experimental section and were fractionated by SDS/PAGE (5–20 % gels) in duplicate, followed by Western blot analysis using an anti-α1-PI
antibody (left-hand side) and anti-FLAG antibody (right-hand side). The immunopreciptates corresponding to α1-PI and furin alone and the α1-PI–furin (α1-PI–Fur) complex are indicated with
arrows on the right-hand side.

RESULTS AND DISCUSSION

A novel α1-PI variant, designated α1-PIMT1, inhibits proMT1-MMP
activation

In an attempt to specifically target the furin cleavage site in
proMT1-MMP, a novel α1-PI variant, α1-PIMT1, was designed
in which the cleavage site of the inhibitor reactive-site loop
sequence (A355IPM↓SI360) was replaced by the corresponding se-
quence in MT1-MMP (R355RKR↓YA360) (Figure 1A). Co-expres-
sion of FLAG-tagged furin and α1-PIWT or the various variant
forms (α1-PIMT1, α1-PIPitt and α1-PIPDX) in COS-7 cells was per-
formed and the presence of covalent enzyme–inhibitor complexes
was evaluated. In both α1-PIPitt- and α1-PIPDX-transfected cells,
a higher-molecular-mass species was recognized by antibodies
directed against either α1-PI or furin (Figure 1B), indicating
the formation of an α1-PI–furin covalent complex. In control
experiments, α1-PIWT did not form a furin complex. α1-PIMT1 also
exhibited complex formation with furin (Figure 1B), but this was
at a lower efficiency when compared with α1-PIPDX. This may be a
result of the loss of two basic residues (Arg356 and Lys357) at P2 and
P3, and the aromatic hydrophobic residue (Tyr359) at P1′ found in
α1-PIPDX. The latter alteration may result in α1-PIMT1 being a less
favourable inhibitor of furin than α1-PIPDX, since most substrates
of furin have serine or acidic residues at the P1′ postion [19].
Interestingly, a few naturally occurring and engineered mutations
that prevented propeptide cleavage involved substitutions of the
P1′ residue to hydrophobic amino acids [20,21].

α1-PIMT1 inhibits proMT1-MMP activation, MT1-MMP-mediated
proMMP-2 activation and collagen invasion

To test the functional significance of the inhibition of furin by α1-
PIMT1 on MT1-MMP activity, COS-7 cells were co-transfected
with proMT1-MMP and the α1-PI variants. In contrast with α1-

Figure 2 α1-PIMT1 inhibits proMT1-MMP activation and prevents MT1-
MMP-catalysed proMMP-2 activation

COS-7 cells were transiently transfected in duplicate with a DNA plasmid encoding FLAG-tagged
MT1-MMP in combination with plasmids encoding α1-PIWT (WT) or different α1-PI variants
α1-PIPitt (Pitt), α1-PIPDX (PDX) and α1-PIMT1 (MT1) respectively. The control cells (lane 1)
were transfected with empty vectors (−). One set of transfected cells was incubated with 1 nM
purified proMMP-2 in serum-free medium for 6 h, 18 h after transfection. The conditioned
medium was analysed by gelatin zymography (top panel) as described in the Experimental
section. The gelatinase activities corresponding to active MMP-2 and proMMP-2 are indicated
with black and white arrowheads (top panel) respectively. The second set of transfected cells
were analysed by SDS/PAGE, followed by Western blot analysis using an anti-FLAG antibody
to detect MT1-MMP (middle panel) and an anti-(α1-PI) antibody (bottom panel) respectively.
The immunoprecipitates corresponding to active MT1-MMP and proMT1-MMP are indicated
with black and white arrowheads respectively.

PIWT, which does not inhibit furin activity, expression of α1-PIPitt,
α1-PIPDX and α1-PIMT1 all inhibited the activation of proMT1-
MMP, with α1-PIMT1 displaying the strongest effect (Figure 2,
middle panel). As a result of inefficient proMT1-MMP zymogen
activation, MT1-MMP proteinase activity was inhibited as
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Figure 3 α1-PIMT1 inhibits MT1-MMP-mediated collagen invasion

COS-7 cells were transiently transfected with (A) a vector or plasmid encoding MT1-MMP,
or (B) with a plasmid encoding MT1-MMP in combination with a second plasmid encoding
α1-PIWT or α1-PIPitt (Pitt), α1-PIPDX (PDX) and α1-PIMT1 (MT1) as indicated (right-hand side).
After 24 h, the cells were analysed for three-dimensional collagen gel invasion as described
in the Experimental section. Gel invasion is expressed as percentage invasion relative to cells
transfected with vector (A) or cells transfected with both MT1-MMP and α1-PIWT (B).

demonstrated by culturing cells in medium containing the MT1-
MMP substrate, proMMP-2. Whereas cells transfected with
α1-PIWT activate proMMP-2 efficiently, cells co-expressing α1-
PIPitt, α1-PIPDX and α1-PIMT1 exhibited a substantial reduction in
proMMP-2 activation, with complete inhibition observed in α1-
PIMT1-expressing cells (Figure 2, top panel). The α1-PI variants
were expressed at similar levels, though subtle differences in
degradation among different α1-PI variants were noticeable
(Figure 2, bottom panel).

MT1-MMP is an effective interstitial collagenase and promotes
cellular invasion of three-dimensional collagen gels [3,4,7,14].
To evaluate the effect of blocking proMT1-MMP activation on
cellular invasion, COS-7 cells were co-transfected with MT1-
MMP and the α1-PI variants and assayed for invasion of
type I collagen gels in a transwell system. Expression of MT1-
MMP significantly enhanced the invasion of type I collagen in
comparison with vector-transfected cells (Figure 3A). However,
decreased invasion was observed on co-expression of α1-PIPitt,
α1-PIPDX or α1-PIMT1, with α1-PIMT1-expressing cells exhibiting
the most significant inhibition of collagen invasion (Figure 3B).
Together these results suggest that α1-PIMT1 is an efficient
inhibitor of proMT1-MMP activation.

ProMT1-MMP activation is coupled with its membrane trafficking

In addition to blocking proMT1-MMP zymogen activation,
inhibition of furin-mediated proMT1-MMP processing by α1-
PIMT1 resulted in the accumulation of a 66 kDa proMT1-MMP
immunoreactive species in cells co-transfected with proMT1-
MMP and α1-PIMT1 (Figure 4A, lane 1), which could potentially
represent glycosylated proMT1-MMP [7]. Similar results were
observed when the R108RKR111 sequence at the activation site of
proMT1-MMP was mutated to alanine residues (Figure 4A, lanes
5 and 6). The electrophoretic mobility of this accumulated species
is similar to that of the MT1-MMP in cells treated with BFA
(brefeldin A), an inhibitor of protein translocation from the ER
(endoplasmic reticulum) to the Golgi complex [22]. Furthermore,
purified MT1-MMP collected from both α1-PIMT1-expressing
cells and BFA-treated cells exhibit a similar mobility shift on
SDS/PAGE following sialidase A digestion (Figure 4B, lanes 3,
4, 7 and 8). These results suggest that proper localization in the
Golgi may be required for proMT1-MMP activation.

To determine the localization of the accumulated proMT1-
MMP proteins resulting from α1-PIMT1 inhibition of zymogen

Figure 4 α1-PIMT1 inhibition of proMT1-MMP activation results in the
accumulation of glycosylated proMT1-MMP

(A) COS-7 cells were transiently transfected with a DNA plasmid encoding FLAG-tagged
MT1-MMP or proMT1-MMP containing the activation site mutated to alanine residues
(RRKR/A4), in combination with α1-PIWT or α1-PIMT1 respectively. Empty vector was used
as a control. After 24 h, the cells were lysed, resolved by SDS/PAGE (10 % gels) and analysed
by Western blotting using an anti-FLAG antibody. The immunoprecipitates corresponding
to activated MT1-MMP and proMT1-MMP are indicated with black and white arrowheads
respectively. (B) COS-7 cells were transiently transfected with a DNA plasmid encoding
FLAG-tagged MT1-MMP and also transfected with eitherα1-PIWT orα1-PIMT1, or were incubated
with 10 µg/ml BFA (with DMSO used as vehicle control) respectively. The FLAG-tagged proteins
were purified using anti-FLAG M2–agarose, followed by in vitro enzymatic de-glycosylation
with sialydase A. The reaction mixtures were fractionated by SDS/PAGE (10 % gels), followed
by Western blot analysis using a polyclonal anti-[MT1-MMP (hinge region)] antibody. The
immunoprecipitates corresponding to activated MT1-MMP and proMT1-MMP are indicated
with black and white arrowheads respectively.

activation, cells were analysed by immunofluorescence. In COS-
7 cells, the intracellular localization of MT1-MMP could not
be clearly distinguished due to the level of overexpression
(results not shown). Therefore, MDA-MB-231 breast cancer cells
that stably overexpress α1-PIWT and α1-PIMT1 were generated.
These cells express sufficient endogenous MT1-MMP for detec-
tion by Western blotting or immunofluorescence [7]. In α1-PIWT

expressing cells, the immunostaining pattern of MT1-MMP is
punctate throughout the cells (Figure 5) and co-localizes with
the early endosome marker EEA1 (Figure 5A). In contrast,
in α1-PIMT1 expressing cells, MT1-MMP accumulates in the
perinuclear region surrounding or overlapping with p58, a Golgi
marker (Figure 5B), suggesting that inhibition of proMT1-MMP
activation blocks its cell-surface presentation.

To evaluate further whether proMT1-MMP activation affects
its cell-surface presentation, cell-surface proteins in α1-PIWT- and
α1-PIMT1-expressing cells were labelled with a non-cell-permeant
biotin and surface proteins were purified from cell lysates by
streptavidin precipitation, followed by SDS/PAGE and Western
blotting for MT1-MMP. The cell-surface level of MT1-MMP in
α1-PIMT1-expressing cells was dramatically decreased compared
with control cells transfected with α1-PIWT (Figure 6, top panel).
The α3 integrin is also processed by furin-like proteinases to a
heavy chain and a light chain linked by disulfide bonds [23].
Therefore, in control experiments, the cell-surface level of α3
integrin was also analysed by surface biotinylation to determine
whether inhibition of pro-protein processing affects cell-surface
localization. In cells expressing α1-PIWT, surface-localized α3
integrin was present as the processed form, containing both the
heavy and light chains (Figure 6A, middle panel). In α1-PIMT1-
expressing cells, although processing of α3 integrin was inhibited,
the uncleaved full-length integrin nevertheless was prevalent
on the cell surface. Surface labelling results were confirmed
by FACS analysis, indicating a 75% decrease in the mean
fluorescence of surface MT1-MMP in α1-PIMT-expressing cells,
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Figure 5 α1-PIMT1 induces perinuclear accumulation of endogenous MT1-MMP in MDA-MB-231 cells

(A) Cells were transfected with α1-PIWT and after 24 h, the cells were fixed with 3.7 % (v/v) formalin and permeablized using 0.1 % (v/v) Triton X-100. and immunostained using a rabbit
anti-[MT1-MMP (hinge region)] antibody and a monoclonal mouse anti-EEA1 (early endosome antigen 1) antibody (B) Cells were stably transfected with α1-PIWT or α1-PIMT1 and, after 24 h, the
cells were fixed with 3.7 % (v/v) formalin and permeablized using 0.1 % (v/v) Triton X-100. The cells were immunostained using a rabbit anti-[MT1-MMP (hinge region)] antibody and a monoclonal
mouse anti-p58 (Golgi marker) monoclonal antibody. In both (A) and (B), the primary immunostaining was followed by Alexa Fluor® 488 -conjugated goat anti-(rabbit IgG) and Alexa Fluor®
546-conjugated goat anti-(mouse IgG) secondary antibodies. The images were acquired using a Zeiss LSM510 laser-scanning confocal microscope. Overlay images (MERGE) were generated using
Adobe Photoshop software. Scale bar, 20 µm.

whereas only a 5% loss of α3 integrin was observed under similar
conditions (Figure 6B). Lysates from α1-PIWT- and α1-PIMT1-
expressing cells were blotted for α1-PI, demonstrating equivalent
expression of both inhibitors (Figure 6A, bottom panel). Thus
inhibition of pro-protein processing accompanied by intracellular
protein retention is not a general phenomenom, but may represent
an additional level of post-translational control of the proteolytic
activity of MT1-MMP.

In the present study, we explored the possibility of engineering
an α1-PI-based inhibitor of furin or PCs that is more potent or
specific for blocking proMT1-MMP activation by replacing the
residues at P1 and P2′ positions of the active site loop of α1-PI with
the residues on proMT1-MMP. Although it appeared to be less
efficient for furin inhibition (less covalent proteinase–inhibitor
complex in Figure 1B) than α1-PIPDX, the resultant α1-PIMT1

construct was found to be more effective in blocking proMT1-
MMP activation, and subsequent MT1-MMP-mediated proMMP-
2 activation and invasion of collagen were also reduced. This result

is consistent with the notion that PCs, in addition to furin, could be
involved in the activation of proMT1-MMP, as furin-negative cell
lines were found to activate proMT1-MMP competently [8,24].
The use of protein-based inhibitors in therapeutics may still be
an idea for the future, but the potential of developing specific
inhibitors for research purposes is apparent. It is interesting to
speculate that these inhibitors could be further engineered to con-
tain sequence(s) that dictate trafficking to specific subcellular
domains. For example, proMT1-MMP activation has been shown
to take place in the trans-Golgi network (TGN) and has also been
demonstrated to be associated with detergent-resistant membrane
domains [25]. It is conceivable that targeting of α1-PIMT1 to such
specific membrane compartments may substantially increase the
potency and specificity of proMT1-MMP activation inhibition.

The inhibition of proMT1-MMP activation resulted in the intra-
cellular retention of proMT1-MMP near the Golgi compartment,
suggesting that zymogen activation of proMT1-MMP may be
a prerequisite for its cell-surface presentation. Our results are
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Figure 6 α1-PIMT1 inhibits cell-surface presentation of MT1-MMP

(A) MDA-MB-231 cells were stably transfected with either α1-PIWT or α1-PIMT1. The cell-surface
proteins were biotinylated and purified as described in the Experimental section. The purified
cell-surface proteins were fractionated in duplicate by SDS/PAGE (5–20 % gels) under reducing
conditions, followed by Western blot analysis using an anti-[MT1-MMP (hinge region)] antibody
(top) and a mixture of anti-(α3 integrin heavy chain) and anti-(α3 integrin light chain) antibodies
(middle) respectively. The cell lysate inputs before purification were analysed by Western blotting
using an anti-α1-PI antibody (bottom). The immunoprecipitates corresponding to activated
MT1-MMP and proMT1-MMP are indicated with black and white arrowheads respectively.
(B) MDA-MB-231 cells stably expressing α1-PIWT or α1-PIMT1 were labelled on ice with an
anti-[MT1-MMP (hinge region)] antibody and an anti-(α3 integrin) antibody (ASC-6), followed
by staining with Alexa Fluor® 488- and 546-conjugated secondary antibodies respectively. The
labelled cells were analysed by FACS for fluorescence intensities on both wavelengths. The means
of fluorescence intensities for MT1-MMP and α3 integrin in the α1-PIMT1 cells are are compared
with α1-PIWT cells (100 %).

consistent with a recent observation by Remacle et al. [26] which
suggests that proMT1-MMP exhibits a much higher rate of
endocytosis than its active form, providing a possible mechanism
through which proMT1-MMP is retained intracellularly. It is
interesting to speculate that such retention may be mediated by the
propeptide, as it has been suggested that the propeptide of MT1-
MMP may function as an intramolecular chaperone involved in
protein folding and trafficking to the cell surface [27]. Therefore
the retention of proMT1-MMP may allow proper folding of the
enzyme before it reaches the cell surface. Consistently, propep-
tide-deleted MT1-MMP was found to be catalytically inactive,
even if it was presented on the cell surface [28]. Alternatively,
retention of the proenzyme intracellularly may provide more
stringent control of pericellular proteinase activity, as it has been
reported that proMT1-MMP may also be activated by serine
proteases such as plasmin in vitro [29]. Thus the propeptide-
mediated control of MT1-MMP trafficking may play a crucial
role in proteinase regulation by preventing unregulated activation
of proMT1-MMP by extracellular proteinases.
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