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Membrane type 1 matrix metalloproteinase (MT1-MMP)
plays a critical role in cancer cell biology by proteolytically
remodeling the extracellular matrix. Utilizing fluorescence res-
onance energy transfer (FRET) imaging, we have developed a
novel biosensor, with its sensing element anchoring at the extra-
cellular surface of cell membrane, to visualizeMT1-MMP activ-
ity dynamically in live cells with subcellular resolution. Epider-
mal growth factor (EGF) induced significant FRET changes in
cancer cells expressingMT1-MMP, but not inMT1-MMP-defi-
cient cells. EGF-induced FRET changes inMT1-MMP-deficient
cells could be restored after reconstituting with wild-typeMT1-
MMP, but not MMP-2, MMP-9, or inactive MT1-MMP
mutants. Deletion of the transmembrane domain in the biosen-
sor or treatment with tissue inhibitor of metalloproteinase-2, a
cell-impermeable MT1-MMP inhibitor, abolished the EGF-in-
ducedFRET response, indicating thatMT1-MMPacts at the cell
surface to generate FRET changes. In response to EGF, active
MT1-MMP was directed to the leading edge of migrating cells
along micropatterned fibronectin stripes, in tandem with the
local accumulation of the EGF receptor, via a process dependent
uponan intact cytoskeletal network.Hence, theMT1-MMPbio-
sensor provides a powerful tool for characterizing themolecular
processes underlying the spatiotemporal regulation of this crit-
ical class of enzymes.

Extracellular matrix macromolecules present cancer cells
with a structural barrier that serves to limit their unregulated
growth and movement (1, 2). In turn, cancer cells have been

postulated to usematrixmetalloproteinases (MMPs),2 a class of
zinc-dependent proteolytic enzymes, as a means to dissolve
these extracellular matrix barriers during neoplastic progres-
sion (1–3). Although the human MMP family is comprised of
16 secreted and sevenmembrane-tethered enzymes, increasing
evidence suggests that a subclass of the membrane-anchored
proteinases, termed the membrane type (MT) MMPs, plays
dominant roles in controlling cancer cell behavior (1, 4–8). The
MT-MMPs are expressed either as type I transmembrane pro-
teins (i.e.MT1, 2, 3, and 5MMPs) or in a glycosylphosphatidyl-
inositol-anchored format (i.e. MT4- and MT6-MMP) (1).
Among these enzymes,MT1-MMP is considered to be the fam-
ilymembermost closely linked to neoplastic cell behavior (6, 8).
Indeed, recent studies have demonstrated that MT1-MMP
plays a direct and essential role in allowing tumor cells to
degrade and invademultiple connective tissue barriers through
amechanism independent ofMMP-2, an effector protease that
operates downstream of MT1-MMP (4, 7).
Synthesized as a catalytically inactive proenzyme, the MT1-

MMP precursor undergoes proteolytic processing in the trans-
Golgi complex wherein the prodomain is removed bymembers
of the proprotein convertase family (9). Subsequently, the
mature enzyme traffics to the plasma membrane via a process
controlled by Rab8 and the microtubular apparatus (6, 10). Lit-
tle is known with regard to the signaling molecules that mobi-
lize MT1-MMP to the cell surface, but EGF, an extracellular
ligand of EGF receptor family members (EGFRs; also known as
ERBB/HERs), has been reported to induce cancer invasion by
modulating MT1-MMP expression (11, 12). Once delivered to
the cell surface, the short cytoplasmic tail of MT1-MMP regu-
lates its internalization and turnover at the plasma membrane,
possibly through its interactions with adaptor protein 2, which
resides in clathrin-coated pits (13, 14). Migrating cells are then
thought to localize MT1-MMP to various cellular domains by
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complex processes involving caveolar proteins, the actin net-
work, and extracellular binding partners (5, 10, 15–17). Src
kinase has also been shown to phosphorylate the cytoplasmic
tail of MT1-MMP and regulate its functions (18). Despite these
insights, however, few of these principles have been evaluated
directly because techniques have not yet been developed for
monitoring MT1-MMP activity with subcellular resolution in
live cells.
Recent advances in fluorescent probes have enabled the

study of protein activity and distribution in live cells (19, 20).
Along these lines, we previously developed a biosensor based on
fluorescence resonance energy transfer (FRET) to monitor Src
activity in real time at the single cell level (21). We report
here the development and characterization of a new, FRET-
based MT1-MMP biosensor (GenBankTM accession number
EU545473) anchored at the plasma membrane wherein a
MT1-MMP-sensitive substrate has been concatenated
between the high efficiency FRET pair, ECFP and YPet (22).
Utilizing this biosensor, MT1-MMP activity and distribution
have been resolved in live cells with high spatiotemporal reso-
lution. Further, new mechanistic insights have been developed
into the means by which the local activity of MT1-MMP is
coordinated at the surface of migrating cancer cells.

EXPERIMENTAL PROCEDURES

Protein Expression, in Vitro Spectroscopy, and Cleavage
Assays—Chimeric proteins were expressed with N-terminal
His6 tags in Escherichia coli and purified by nickel chelation
chromatography as described (21). Emission ratios of ECFP/
YPet (476 nm/526 nm) were measured by a fluorescence plate
reader (TECAN, Sapphire II) before and after adding the
recombinant catalytic domain of humanMT1-,MT2-, orMT3-
MMP (2 �g/ml; Calbiochem) or of human MMP-2 or MMP-9
(6 �g/ml; Calbiochem) into the proteolysis assay buffer (50 mM
HEPES, 10 mM CaCl2, 0.5 mM MgCl2, 50 �M ZnCl2, and 0.01%
Brij-35, pH 6.8) at 37 °C (23). The samples were separated by
10% SDS-PAGE gels followed by Coomassie Blue staining.
After destaining (50% v/v methanol in water with 10% acetic
acid), the proteinwas visualized, and the imagewas recorded by
digital camera (Olympus).
Gene Construction and DNA Plasmids—The substrate pep-

tide sequence CPKESCNLFVLKD was derived from the MT1-
MMP cleavage site identified in proMMP-2 (24) and used for
the MT1-MMP FRET biosensor. The YPet cDNA was ampli-
fied by PCR with a sense primer containing a BglII site and a
reverse primer containing a SacI site. ECFP was amplified by
PCRwith a sense primer containing a SacI site and the sequence
of the MT1-MMP substrate peptide and a reverse primer con-
taining a PstI site, a stop codon, and a HindIII site. The PCR
products were fused together and cloned into pRSETb (Invitro-
gen) using BglII/HindIII sites for bacterial expression and into
pDisplay (Invitrogen) using BglII/PstI sites for mammalian cell
expression (see Fig. 1A). The pDisplay vector contains anN-ter-
minal murine Ig �-chain leader sequence, which directs the
biosensor protein to the secretory pathway, and a C-terminal
transmembrane domain of the platelet-derived growth factor
receptor � (i.e. PDGFR�)), which targets the biosensor protein
to the plasma membrane. The cytosolic MT1-MMP biosensor

for mammalian cell expression was constructed by PCR ampli-
fication of the fused full-length gene encoding the MT1-MMP
biosensor and subcloned into pcDNA3.1 (Invitrogen) with
BamHI and EcoRI sites. A mutant MT1-MMP biosensor was
constructed by replacing the sequence encoding NL with IV in
the sense primer used for YPet amplification.
The mCherry-conjugated MT1-MMP was constructed by

PCR amplification of the cDNA encoding MT1-MMP with a
sense primer containing a HindIII site and a reverse primer
containing a gene sequence encoding GGS as a linker and an
EcoRI site. The PCR product of cDNA encoding mCherry was
fused at the C-terminal of MT1-MMP with GGS and cloned
into pcDNA3.1 with HindIII/XhoI sites. The GFP-fused EGFR
construct was a gift fromDr. Sorkin at the Department of Phar-
macology, University of Colorado (25). The constructs for
MT1-MMPand various other plasmids: control vector (PCR3.1
Uni; Invitrogen); human MT1-MMP; catalytically inactive
human MT1-MMP (E/A mutant, Glu240 3 Ala); transmem-
brane-deleted human MT1-MMP (MT1�TM); cytoplasmic
tail-deleted human MT1-MMP (MT1�CT); and human
MMP-2, MMP-9, and their convertase-activable forms (MMP-
2RXKR and MMP-9RXKR) have been previously published (26).
Micropatterning and Migration Assay—Glass coverslips

(Fisher) were cleaned with a solution containing H2SO4 and
H2O2 prior to the silanization in 2% dimethyl dichlorosilane
(Aldrich) in dichlorobenzene for 10 s. The treated slips were
rinsed with acetone, ethanol, and water, blown dry, and oxi-
dized by UV-generated ozone (UVO Cleaner; Jelight, Irvine,
CA) for 1 min (27). These treated coverslips were stored at 4 °C
before usage. The polydimethylsiloxane microchannel mold
was created by soft lithography. Negative photo-resist Epon
SU8 2015 was coated on a silicon wafer, which was then
exposed to UV light through a transparency mask with parallel
lines and spacing before being developed. Polydimethylsiloxane
prepared bymixing two liquid components (Sylgard 184 kit; Dow
Corning) was poured onto the developed wafer and cured. After
solidification, the polydimethylsiloxane mold with microgrooves
was peeled off and sealed on treated coverslips to createmicroflu-
idic channels. Fibronectin solution (40 �g/ml) was perfused
through the channel driven by pressure gradient to coat the cov-
erslips with defined parallel lines (10 �m in width with 30-�m
spacing). The coverslips were then backfilled with pluronic acid
(F127) (BASF Corporation; 0.5% in phosphate-buffered) to pre-
vent the cell adhesion outside of the patterned areas.
After co-transfection with wild-type biosensor and MT1-

MMP for 36–48 h, HeLa cells were detached with 4 mM EDTA
(pH 7.4) in phosphate-buffered and seeded on fibronectin-
coated glass-bottomed dishes or fibronectin stripes for 3 h
before EGF stimulation.
Microscopy, Image Acquisition, and Analysis—Cells express-

ing various exogenous proteins were starved in 0.5% fetal
bovine serum for 36–48 h before EGF (50 ng/ml) treatment.
During the imaging process, the cells were maintained in
serum-free CO2-independent medium (Invitrogen) at 37 °C.
The imageswere collectedwith aZeiss axiovert invertedmicro-
scope equipped with a cooled charge-coupled device camera
(Cascade 512B; Photometrics) using MetaFluor 6.2 software
(Universal Imaging). The parameters of dichroic mirrors, exci-
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tation and emission filters for FRET, and different fluorescence
proteins are shown in supplemental Table S1. The fluorescence
intensity of nontransfected cells were quantified as the back-
ground signal and subtracted from the ECFP and YPet (FRET)
signals on transfected cells. There is minimal cross-talk
between ECFP and YPet channels (i.e. the direct excitation of
YPet with ECFP excitation wavelength and the ECFP emission
bleed-through into YPet channel) with our filter settings (data
not shown). Hence, the pixel-by-pixel ratio images of ECFP/
YPet were directly calculated based on the background-sub-
tracted fluorescence intensity images of ECFP and YPet by the
MetaFluor software to represent the FRET efficiency and acti-
vation levels of biosensor. Emission ratios of ECFP/YPet were
averaged on chosen regions of interest to allow the quantifica-
tion and statistical analysis by Excel (Microsoft) and Matlab
(The MathWorks).
Statistical Analysis—For statistical analysis, we used the

Bonferroni multiple comparison test of means at 95% confi-
dence interval, which is provided by themultcompare function
in the MATLAB statistics toolbox.

RESULTS

In Vitro Characterization of the MT1-MMP Biosensor—To
generate a sensitive biosensor for detecting MT1-MMP activ-
ity, a substrate peptide (31CPKESCNLFVLKD43) derived from
the MT1-MMP cleavage site in the propeptide sequence of
MMP-2 (24) was flanked by a fluorescence protein pair, ECFP
and YPet (22) for FRET (Fig. 1A). In this construct, we reasoned
that active MT1-MMP would cleave the biosensor substrate
peptide and thus separate ECFP and YPet, resulting in a change
in FRET that could be tracked by an increase in the emission
ratio of ECFP/YPet. Indeed, following incubation of the engi-
neered biosensor with the catalytic domain of MT1-MMP
(CAT), a significant decrease in the YPet spectrum max (526
nm) was detected along with a concomitant increase in the
ECFP spectrum max (476 nm), indicative of FRET attenuation
(Fig. 1B). Analysis by gel electrophoresis further revealed that
the biosensor can be cleaved by CAT (Fig. 1C). If, however, the
critical cleavage site NL was mutated to IV (24), the FRET
response of the biosensor was abolished (Fig. 1D). Taken
together, these results indicate that MT1-MMP hydrolyzes the
biosensor at the designed cleavage site, which leads to the
expected FRET change in vitro. The specificity of biosensor was
further examined by comparing the catalytic domains of MT1-
MMP with other MMP family membranes. MT1-MMP dis-
played a much stronger activity toward the biosensor in com-
parison with MT2-MMP, MMP-2, and MMP-9, although
MT3-MMP can also efficiently induce FRET change of the bio-
sensor (Fig. 1E). Gel electrophoresis results on biosensor cleav-
age are consistent with the FRET signals (data not shown).
These results indicate that the biosensor is sensitive to the cat-
alytic domains of bothMT1- andMT3-MMP in vitro, but not to
MT2-MMP, MMP-2, and MMP-9.
Targeting the MT1-MMP Biosensor to the Extracellular Face

of the Cell PlasmaMembrane—Because the catalytic domain of
MT1-MMP is directed toward the extracellular face of the
plasmamembrane (1), the cDNAencoding theMT1-MMPbio-
sensor was subcloned into pDisplay vector which contains an

N-terminal murine Ig �-chain leader sequence for secretory
pathway targeting and a C-terminal transmembrane domain of
PDGFR� for plasma membrane targeting. Because both MT1-
MMP and PDGFR� have been demonstrated previously to co-
localize at the cell surface (28), the functional domain of the
biosensor protrudes outward from the surface of plasmamem-
brane in proximity to the MT1-MMP catalytic domain (Fig.
2A). Following transfection of HeLa cells with the biosensor,
the full-length construct was oriented properly on the cell sur-
face as evidenced by the strong staining observedwith anECFP/
YPet-reactive antibody in nonpermeabilized cells (Fig. 2B, pan-
els i–iii). By contrast, when cells were transfected with a
biosensor construct lacking PDGFR_TM, ECFP/YPet could
only be immunodetected after the membrane was permeabi-
lized (Fig. 2B, panels iv–ix). These results confirmed that the
MT1-MMP biosensor is correctly targeted to the cell surface.

FIGURE 1. In vitro characterization of the MT1-MMP biosensor. A, domain
structure of MT1-MMP biosensor with a YPet and ECFP at its N and C termini
connected by a substrate peptide for MT1-MMP. B, emission spectra of the
MT1-MMP biosensor (excited at 437 nm) before and after incubation with the
catalytic domain of MT1-MMP (CAT) for various periods of time as indicated.
The broken lines highlight the regions encompassing emission maxima of
ECFP and YPet. C, PAGE gel showing the sizes of MT1-MMP biosensor with or
without the incubation of CAT following a 15-h incubation period. D, the time
courses of ECFP/YPet emission ratio (means � S.D.) of wild-type (f) and
mutant (NL to IV mutation; *) biosensor before and after the incubation with
CAT. E, the time courses of ECFP/YPet emission ratio (mean � S.D.) of wild-
type biosensor before and after the incubation with the catalytic domains of
MT1-MMP, MT2-MMP, MT3-MMP, and active MMP-2 and MMP-9, as indicated.
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Of note, a portion of the membrane-targeted biosensor was
localized to perinuclear regions, possibly reflecting biosensors
trapped in an endo/exocytosis recycling route before being
transported to the plasma membrane (29).
Functional Characterization of the MT1-MMP Biosensor in

Live Cells—To begin characterizing the utility of the MT1-
MMP biosensor, HeLa cells (a cell type that expresses minimal
levels of endogenous MT1-MMP) (30) were co-transfected
with wild-type MT1-MMP and the membrane-targeted bio-
sensor. In the presence of EGF, a significant FRET change was
induced over a 60-min monitoring period (Fig. 3A and supple-
mental Movie S1). By contrast, the FRET response was ablated
when the NL 3 IV cleavage-resistant (24) biosensor was co-
expressed with MT1-MMP (Fig. 3B). As expected, deletion of
PDGFR_TM in the biosensor probe, a modification that pre-
cludes its trafficking to the cell surface, also abolished the EGF-
induced FRET response (Fig. 3C), supporting the conclusion
that EGF-induced MT1-MMP activation occurs preferentially

at the cell surface. Quantification of FRET responses further
confirmed that EGF-induced biosensor cleavage occurs only
with the wild-type membrane-anchored construct but not in
the cleavage-resistant mutant or cytosol-directed biosensors
(Fig. 3D). Finally, in a fashion consistent with the extracellular
proteolysis of the biosensor, tissue inhibitor of metalloprotein-
ase-2 (TIMP-2), an endogenous, �25-kDa inhibitor of MT1-
MMP(7), reversed the EGF-induced FRET change in theMT1-
MMP-transfected HeLa cells (Fig. 3E). The observed decrease
in the ECFP/YPet emission ratio that occurred in the presence
of TIMP-2 is most likely attributed to an enhanced turnover
rate of the biosensor as well as MT1-MMP at the plasmamem-
brane upon EGF stimulation (see “Discussion”).
To further delineate the structural characteristics that

underlie the MT1-MMP-dependent hydrolysis of the biosen-
sor, EGF-treated HeLa cells were co-transfected with MT1-
MMP constructs harboring either an inactivating point muta-
tion in the catalytic domain (14) (i.e. MT1 (E/A)) or a
transmembrane-deletionmutant that results in the secretion of
a truncated, but active, form of the enzyme (6) (i.e.MT1�TM).
In either case, EGF was unable to induce a significant FRET
response in HeLa cells (Fig. 4A and supplemental Fig. S1). Sim-
ilarly, HeLa cells transfected with eitherMMP-2 orMMP-9 did
not generate a significant FRET response following EGF treat-
ment (Fig. 4A and supplemental Fig. S1). By contrast, when the
cytosolic tail of MT1-MMP was deleted (MT1�CT), the mem-
brane-tethered mutant generated a high ECFP/YPet ratio with
or without EGF stimulation (Fig. 4A and supplemental Fig. S1).
Western blot analysis of cell lysates further revealed that EGF
triggered biosensor cleavage only in cells transfected with
MT1-MMP, as evidenced by the generation of a�35-kDa frag-
ment of the biosensor (supplemental Fig. S2), most likely
reflecting the ECFP-PDGFR_TM fusion protein that remains
tethered to the plasma membrane after cleavage (Fig. 2A).
Interestingly, MT1�CT resulted in a very low level of both
intact and cleaved biosensors (supplemental Fig. S2), possibly
representing a sustained high level of cleavage and degradation
of the biosensor. Serum-supplemented medium also induced a
FRET change in biosensor-expressing cells transfected with
wild-type MT1-MMP, but not MT1(E/A) or the control vector
(supplemental Fig. S3). Further examination revealed that in
the presence of serum, the biosensor is sensitive toMT1-MMP,
but not to wild-type or constitutively active forms ofMMP-2 and
MMP-9 (Fig. 4B). The expression of MMP-2 or MMP-9 with
MT1-MMP did not cause significant increase in FRET changes
when comparing with cells expressingMT1-MMP only. Interest-
ingly, although the catalytic domain of MT3-MMP displayed a
substantial activity toward the biosensor in vitro (Fig. 1E), in live
cells, the biosensor is most sensitive to MT1-MMP as compared
with MT2- or MT3-MMP (Fig. 4B). Hence, in live cells, the bio-
sensor preferably monitors the activity of MT1-MMP, although
MT2- andMT3-MMPmay also contribute to the signal depend-
ing on their respective levels of activities.
Tomonitor the ability of the biosensor to detect endogenous

MT1-MMP activity, FRET imagingwas assessed in (i) HT-1080
cells that are known to express high levels of the proteinase or
(ii) mouse dermal fibroblasts isolated from either MT1-
MMP�/� or MT1-MMP�/� mice (7). Among these cells, the

FIGURE 2. Design strategy and membrane localization of the MT1-MMP
biosensor in mammalian cells. A, design strategy of the membrane-teth-
ered MT1-MMP biosensor. The biosensor is fused to the transmembrane
domain of PDGFR to position its sensing element on the extracellular surface
of the plasma membrane and accessible to MT1-MMP. Active MT1-MMP can
cleave the substrate peptide to separate ECFP and YPet, which leads to the
observed FRET decrease. B, extracellular surface localization of the mem-
brane-targeted MT1-MMP biosensors. HeLa cells were transfected with the
membrane-targeted (panels i–iii) or cytosolic (panels iv–ix) biosensor, and
stained with GFP-reactive antibodies with (panels i–vi) or without (panels vii–
ix) permeabilization of the plasma membrane. panels i, iv, and vii, the fluores-
cence intensity image of biosensor; panels ii, v, and viii, the immunostained
image of biosensors with ECFP/YPet-reactive antibody and rhodamine-con-
jugated secondary antibody; panels iii, vi, and ix, the differential interference
contrast image of HeLa cells. Scale bar, 20 �m.
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ECFP/YPet emission ratio was highest in HT-1080 cells, mod-
est in wild-type fibroblasts, and lowest inMT1-MMP�/� fibro-
blasts (Fig. 4C). Western blot analyses confirmed that the
expression of MT1-MMP in MT1-MMP�/� fibroblasts is
ablated (supplemental Fig. S4). Although the wild-type fibro-
blasts generate only a modest signal (consistent with their low
level of MT1-MMP activity (7)), the addition of the synthetic
MMP inhibitor, GM6001, caused strong FRET changes while

exerting only small effects on MT1-
MMP�/� cells (supplemental Fig.
S5), presumably because of their
MT3-MMP activity (31). These
results reinforced the note that
MT1-MMP plays a more dominant
role than MT3-MMP in biosensor
cleavage. Because both MT1-MMP
and EGFR are abundant in the
MDA-MB-231 breast cancer cell
line (32, 33), we further examined
whether the biosensor can monitor
the dynamic activation of endoge-
nous MT1-MMP in response to
EGF stimulation. Indeed, a signifi-
cant FRET change was observed in
MDA-MB-231 cells upon EGF
stimulation with the highest level of
activity found at the cell periphery
(Fig. 4D). Time course analyses fur-
ther revealed that this EGF-induced
FRET change was inhibited by
TIMP-2 and GM6001 (a general,
synthetic MMP inhibitor (34)), but
not TIMP-1 (an inhibitor that pref-
erentially targets secreted MMPs
(7)) (Fig. 4E). Together, these results
suggest that the biosensor can pref-
erably report MT1-MMP activity in
live cells.
EGF-induced Mobilization of

MT1-MMP Activity to the Migrat-
ing Cell Front—To further charac-
terize the spatiotemporal effect of
EGF on MT1-MMP activity, HeLa
cells were co-transfected with both
the biosensor and MT1-MMP and
then seeded atop fibronectin-
coated surfaces to initiate a motile
response. Following EGF treatment,
there was a significant increase of
directional FRET signals with inten-
sified activity pattern appearing at
the migrating front relative to the
lower activity monitored at the rear
of the cell (Fig. 5A, supplemental
Fig. S6, and supplemental Movie S2),
although no clear patterns in ECFP
fluorescence intensity can be ob-
served at the migrating front after

EGF stimulation (supplemental Fig. S7A). Histograms of ECFP
intensity versus the ratiometric signal (ECFP/YPet) in MT1-
MMP-transfected HeLa cells cultured in the absence or pres-
ence of EGF indicate that there is no significant correlation
between the fluorescence intensity and FRET ratio (supple-
mental Fig. S7B), with an overall shift toward higher ratio of
pixels inside cells after EGF stimulation (supplemental Fig.
S7C). Hence, the directional FRET signals detected in this sys-

FIGURE 3. FRET response of the MT1-MMP biosensor in HeLa cells. A, ECFP/YPet emission ratio images of a
cell co-transfected with the MT1-MMP biosensor and MT1-MMP before and after EGF as a function of time.
B and C, ECFP/YPet emission ratio images of mutant (IV) (B) and cytosol-directed MT1-MMP biosensor (C) in
HeLa cells before and after EGF stimulation for 60 min. D, representative time courses of normalized ECFP/YPet
emission ratio in HeLa cells transfected with MT1-MMP and different MT1-MMP biosensors: the wild-type
membrane-targeted (Œ), mutant membrane-targeted (IV; *), or cytosol-directed (�). The emission ratios were
averaged over the indicated regions of interest at the cell periphery (white circles) as shown in A–C. E, HeLa cells
expressing the MT1-MMP biosensor and MT1-MMP were treated with 2.5 �g/ml TIMP-2 for 10 min before EGF
stimulation. ECFP/YPet emission ratio images before and after EGF are shown on the left. Representative time
course of normalized ECFP/YPet emission ratio averaged over the indicated region of interest (white circle on
the left) is shown on the right together with a control time course in which cells were not exposed to EGF. In all
the panels, the scale bars represent the ECFP/YPet emission ratio, with cold and hot colors representing low and
high activities of MT1-MMP, respectively. Because the FRET change in the same cell before and after stimulation
is studied, the dynamic ranges of scale bars are set to be similar with the absolute ratio values varying depend-
ent on the different biosensor used.
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tem should represent MT1-MMP spatial activity, but not arti-
facts caused by local differences in fluorescence intensity.
Given these results, EGFP and mCherry (a version of red fluo-
rescence protein (25)) were then fused to EGFR and MT1-
MMP, respectively, to study their dynamic localization in
migratingHeLa cells. Interestingly, EGFP-EGFR andmCherry-
MT1-MMP co-localized at the migrating front of HeLa cells in
response to EGF stimulation (Fig. 5B and supplemental Movie
S3). To further characterize this directional MT1-MMP activ-
ity, we constrainedHeLa cell movement by growing the cells on
10-�m-wide parallel stripes coated with fibronectin (supple-
mental Fig. S8A). As shown in Fig. 5 (C and D), EGF induced a
high MT1-MMP activity (supplemental Movie S4) and a con-
comitant clustering of MT1-MMP and EGFR at the leading
edge of the cell migrating along the fibronectin stripes (supple-
mental Movie S5). The dynamic regions flanking the nucleus
whereinMT1-MMPandEGFR are co-localized likely represent
transient filopodia protrusions probing the surrounding envi-
ronment of the fibronectin-coated stripes (Fig. 5D). Again, no
clear patterns in ECFP fluorescence intensity can be observed at
the migrating front after EGF stimulation (supplemental Fig.
S8B). Hence, EGF preferentially mobilizes both MT1-MMP
activity and EGFR to the leading edge of live cells in response to
migratory signals.
The EGF-induced MT1-MMP Activation Depends on Cyto-

skeletal Integrity—An intact cytoskeletal network may be
important for regulating the proteolytic activity of MT1-MMP
(35). As such, we examined the role of the cytoskeleton inmod-

ulating EGF-inducedMT1-MMPactivity. Following disruption
of either actin filaments with cytochalasin D (CytoD) ormicro-
tubules with nocodazole (data not shown), MT1-MMP activity
and directional responseswere blunted in response to EGF (Fig.
6A and supplemental Fig. S9). Further, Cyto D as well as
nocodazole prevented the EGF-induced co-localization of
MT1-MMP and EGFR at the cell periphery (Fig. 6, B and C).
Taken together, cytoskeletal integrity plays a critical role in
controlling the EGF-dependent localization and activity of
MT1-MMP, possibly by mediating interactions between EGFR
and MT1-MMP.

DISCUSSION

We have developed a sensitive FRET biosensor for detecting
MT1-MMP activity with high spatiotemporal resolution in live
cells. Although other membrane type MMPs, e.g. MT2- and
MT3-MMP, may also contribute the FRET signals to some
extent, the biosensor preferentiallymonitorsMT1-MMPactiv-
ity. With this biosensor, EGF was observed to induce a direc-
tional and cytoskeleton-dependentmobilization ofMT1-MMP
activity that concentrated at the leading edge ofmigrating cells.
Given the importance of MT1-MMP in cancer invasion and
metastasis (1), this biosensor provides not only ameans to study
the subcellular trafficking ofMT1-MMP activity in live cell sys-
tems but also a convenient reporter system for high throughput
screening of new MT1-MMP inhibitors.
Recently, a MMP-2 FRET biosensor utilizing CFP and YFP

was described. Although this biosensor can detect the activity

FIGURE 4. The MT1-MMP biosensor monitors MT1-MMP activity. A, bar graph representing the ECFP/YPet emission ratio of HeLa cells transfected with the
MT1-MMP biosensor together with different MT1-MMP mutants (MT1, wild-type MT1-MMP; MT1 (E/A), catalytically inactive MT1-MMP; MT1�TM, tail-deleted
MT1-MMP; MT1�CT, transmembrane-domain-deleted MT1-MMP (13)) or other types of MMP (MMP-2 and MMP-9), before (open bars) and after (shaded bars)
EGF treatment for 3 h. B, bar graph representing the ECFP/YPet emission ratio of HeLa cells transfected with the biosensor together with a control vector or
different MMPs in the presence of 10% fetal bovine serum. The * and # signs represent statistically significant differences between the indicated groups. C, the
ECFP/YPet emission ratio images of MT1-MMP biosensor in HT-1080 cells, wild-type or MT1-MMP�/� fibroblasts (left side). The bar graph on the right side
represents the ECFP/YPet emission ratio (means � S.D.) averaged over the whole bodies of cells. The * and # signs represent statistically significant differences
between the indicated groups. D, ECFP/YPet emission ratio images of MT1-MMP biosensor before and after EGF (50 ng/ml) stimulation in MDA-MB-231 cells.
E, representative time courses of normalized ECFP/YPet emission ratio of MT1-MMP biosensor averaged over the whole bodies of MDA-MB-231 cells treated
with TIMP-2, TIMP-1, GM6001, or solvent control (0.1% Me2SO).
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of MMP-2 in cell-free systems, a high level of recombinant
MMP-2 was introduced into culture medium to induce detect-
able signals in live cells (36). Using a new construct that
employs ECFP and YPet as the FRET pair for live cell imaging,
we have established that this MT1-MMP biosensor can moni-
tor MT1-MMP activity at the intact cell surface both in vitro
and in vivo. The use of this FRET pair was based largely on its
superior dynamic range at 37 °C relative to other FRET pairs.

Indeed, MT1-MMP biosensors
employing ECFP/EYFP, ECFP/
CpVenus (37), or CyPet/YPet (22)
because the FRET pair did not pro-
vide significant FRET changes upon
EGF stimulation.3 Using this ECFP/
YPet-based biosensor, we demon-
strated that EGF did not induce
FRET changes with the cytosol-di-
rected biosensor (Fig. 3C), thus sug-
gesting that the EGF-induced
hydrolysis by active MT1-MMP
does not occur intracellularly. Fur-
ther, no intracellular signals were
generated when the membrane-tar-
geted biosensor was co-expressed
with a soluble form of active MT1-
MMP (i.e.MT1�TM) (Fig. 4A), and
TIMP-2, a cell-impermeable MT1-
MMP inhibitor, decreased the
FRET ratio of the membrane-tar-
geted biosensor (Fig. 3E). Together,
these results suggest that the
enhanced cleavage of membrane-
targeted biosensor induced by EGF
stimulation occurs primarily at the
cell surface. The quantification of
biosensor and MT1-MMP further
revealed that the surface level of
MT1-MMP, but not the biosensor,
is moderately enhanced upon EGF
stimulation (data not shown).
Hence, the elevated expression of
MT1-MMP at the cell surface upon
EGF stimulation may also contrib-
ute to the reported FRET signals.
Although the reversed response of
the biosensor uponEGF stimulation
in the presence of TIMP-2 is sur-
prising, we reason that there is a
basal level of MT1-MMP activity at
the cell surface even in the absence
of EGF. As such, the consequent
cleavage of a fraction of the biosen-
sor pool at the cell surface would
result in a relatively highECFP/YPet
ratio. Following EGF stimulation,
the turnover rate of the biosensor
would be predicted to increase,
resulting in a decrease in the frac-

tion of cleaved biosensor at the cell surface as the pool of intact
biosensors increases in the absence of MT1-MMP activity. In
fact, TIMP-2 incubation in the absence of EGF caused a minor
and slow reduction of ECFP/YPet ratio, most probably reflect-
ing a basal level of turnover (Fig. 3E).

3 M. Ouyang and Y. Wang, unpublished observation.

FIGURE 5. EGF-induced polarization of MT1-MMP activity and co-localization of MT1-MMP and EGFR at
the leading edge of migrating cells. A, HeLa cells co-transfected with MT1-MMP biosensor and MT1-MMP
were plated on 2 �g/cm2 fibronectin for 3 h before EGF stimulation as indicated. ECFP/YPet emission ratio
images were shown to represent the distribution of MT1-MMP activity. B, MT1-MMP fused with mCherry and
EGFR fused with EGFP were co-transfected into HeLa cells, plated on fibronectin, and stimulated with EGF. The
images of MT1-MMP-mCherry and EGFR-EGFP were displayed and overlaid to demonstrate their co-localiza-
tion at the migrating front. C, HeLa cells co-transfected with MT1-MMP biosensor and MT1-MMP were con-
strained on micropatterned parallel stripes (10 �m in width) coated with fibronectin before stimulation with
EGF. ECFP/YPet emission ratio images are shown to represent the distribution of MT1-MMP activity. D, HeLa
cells were co-transfected with MT1-MMP-mCherry and EGFR-EGFP, plated on fibronectin-coated stripes, and
stimulated with EGF. The images of MT1-MMP-mCherry and EGFR-EGFP were displayed and overlaid to dem-
onstrate their co-localization at the leading edge along the stripes. The differential interference contrast image
of cells is shown in the upper right corner.
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MT-serine proteases are expressed in HeLa (e.g. MT-SP1)
(38) as well as MDA-MB-231 cells (e.g. KIAA 1363) (39). In our
experiments, both TIMP-2 (a specific inhibitor for membrane
type MMPs) and GM6001 (a general, synthetic inhibitor of
MMPs) blocked the EGF-induced FRET change of the biosen-
sors (Figs. 3E and 4E). Further, the FRET signals of the biosen-
sor in HeLa cells (which express abundant MT-SP1, but are
deficient in MT1-MMP) are low in the presence of either EGF
or 10% fetal bovine serum (Fig. 4, A and B, and supplemental
Figs. S1 and S3). These results suggest thatMT-serine proteases
may not significantly contribute to the FRET signals of the bio-
sensors in live cell assays.

During random cell migration, a
subtle spatial gradient of MT1-
MMP activity was detected at the
cell periphery prior to EGF stimula-
tion. Because integrins are known to
regulate MT1-MMP function (4,
40) and have been shown to co-lo-
calize with MT1-MMP at the lead-
ing edge of migrating cells (41), the
detected activity likely reflects
zones of integrin-dependent re-
cruitment of proteolytic activity.
Further, integrin engagement can
also lead to the activation of EGFRs
in the absence of EGF (42). Follow-
ing EGF stimulation, however,
MT1-MMP activity was mobilized
and concentrated at the leading
edge, possibly reflecting a synergis-
tic effect of EGFR and integrins on
MT1-MMP function (43). Given
that either EGFR or integrin ligation
can cause the recruitment and acti-
vation of Src kinase (44, 45), Srcmay
mediate the effects of EGF onMT1-
MMP through FAK/endophilin A2
(46) and caveolin (47). Recent evi-
dence also indicates that Src can
directly phosphorylate MT1-
MMP at its cytoplasmic tail and
regulate its functions (18), but it
should be noted that MT1-MMP
activity was readily detected at the
cell surface even when its cytosolic
tail was deleted. Presently, the
detailed molecular mechanisms by
which Src or related signaling
molecules regulate the EGF-in-
duced MT1-MMP activity remain
to be characterized.
Following the ligation of cell sur-

face receptors and integrins, the
cytoskeleton plays an important
role in both mediating signal trans-
duction cascades (48) and regulat-
ing MT1-MMP function (6, 14, 35).

Microtubules participate in intracellular trafficking and help
control the level of surface receptors (49), whereas actin fila-
ments are important for the proper localization of EGFR and
MT1-MMP (35, 50).Our findings indicate that cytoskeletal integ-
rity is critical forboth the co-localizationofMT1-MMPandEGFR
at the cell periphery as well as the directional regulation of surface
MT1-MMP activity in response to EGF (Fig. 6). Although earlier
studieshave reported thathighdosesofCytoDcanenhanceMT1-
MMP levels at the plasma membrane of HT-1080 cells (51), we
find that at a 10-fold lower dose, Cyto D disrupted actin filaments
and inhibited EGF-initiated effects on MT1-MMP activity (data
not shown).Further studieshavedemonstrated that theextraction

FIGURE 6. EGF-induced MT1-MMP activation is dependent on cytoskeletal integrity. A, HeLa cells co-
transfected with the MT1-MMP biosensor and MT1-MMP were treated with Cyto D or nocodazole for 1 h before
EGF stimulation. The color images represent the ECFP/YPet emission ratio of MT1-MMP biosensor before and
after EGF stimulation for 60 min. B, HeLa cells co-transfected with EGFR-GFP and MT1-MMP-mCherry were
treated with Cyto D or nocodazole for 1 h before EGF stimulation. The images of MT1-MMP-mCherry and
EGFR-EGFP before and after EGF stimulation for 60 min were displayed and overlaid to assess the co-localiza-
tion of MT1-MMP and EGFR. C, enlarged images of selected regions in B showing the overlay of MT1-MMP-
mCherry and EGFR-EGFP after EGF stimulation.
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of cholesterol and disruption of lipid rafts bymethyl-�-cyclodext-
ran also inhibits EGF-inducedMT1-MMPactivity.3 As such, lipid
raftsmay alsoprovide adockingplatform that serves as amediator
for the regulation of MT1-MMP activity. Interestingly, neither
CytoD, nocodazole normethyl-�-cyclodextran blocked the EGF-
induced tyrosine phosphorylation of EGFR (data not shown) (52),
thus indicating that these inhibitors alter the function of MT1-
MMP at a level downstream of EGFR.
The ability tomonitor the spatiotemporal activity of a critical

membrane-anchored proteinase in live cells provides a new and
powerful tool for characterizing themanner in which cells inte-
gratemotile responses with the localized remodeling of the sur-
rounding extracellular matrix. Interestingly, recent studies
have demonstrated that cell adhesion, cytoskeletal organiza-
tion, and mobility are distinct within the confines of the three-
dimensional extracellular matrix versus two-dimensional envi-
ronment (53, 54). As such, the new techniques described herein
should prove useful for eventually extending these analyses into
the more complex third dimension (55, 56).
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