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Ubiquitously expressed membrane type-1 matrix metallo-
proteinase (MT1-MMP), an archetype member of the MMP
family, binds tissue inhibitor of metalloproteinases-2 (TIMP-
2), activates matrix metalloproteinase-2 (MMP-2), and stimu-
lates cell migration in various cell types. In contrast with MT1-
MMP, the structurally similar MT6-MMP associates with the
lipid raft compartment of the plasma membrane using a GPI
anchor. As a result, MT6-MMP is functionally distinct from
MT1-MMP.MT6-MMP is insufficiently characterized as yet. In
addition, a number of its biochemical features are both conflict-
ing and controversial. To reassess the biochemical features of
MT6-MMP,wehave expressed theMT6-MMPconstruct tagged
with a FLAG tag in breast carcinoma MCF-7 and fibrosarcoma
HT1080 cells.We thenusedphosphatidylinositol-specific phos-
pholipase C to release MT6-MMP from the cell surface and
characterized the solubilizedMT6-MMP fractions.We now are
confident that cellularMT6-MMPpartially exists in its complex
with TIMP-2. Both TIMP-1 and TIMP-2 are capable of inhibit-
ing the proteolytic activity of MT6-MMP. MT6-MMP does not
stimulate cell migration. MT6-MMP, however, generates a sig-
nificant level of gelatinolysis of the fluorescein isothiocyanate-
labeled gelatin and exhibits an intrinsic, albeit low, ability to
activate MMP-2. As a result, it is exceedingly difficult to record
the activation of MMP-2 by cellular MT6-MMP. Because of its
lipid raft localization, cellular MT6-MMP is inefficiently inter-
nalized. MT6-MMP is predominantly localized in the cell-to-
cell junctions. Because MT6-MMP has been suggested to play a
role in disease, including cancer and autoimmunemultiple scle-
rosis, the identity of its physiologically relevant cleavage targets
remains to be determined.

The members of the matrix metalloproteinase (MMP)2 fam-
ily degrade a wide spectrum of extracellular matrix proteins,

growth factors, and cell receptors and play important roles in
multiple diseases (1–3). Inmalignancy,MMPs, especiallymem-
brane-type MMPs (MT-MMPs), have been proposed to play
key roles in tumor invasion and metastasis (4). As a result, it is
now accepted that in depth mechanistic understanding of the
MT-MMP functionality will ultimately lead to novel and effec-
tive therapies against invasive, metastatic malignancies (5).
The MT-MMP subfamily includes six members, named

MT1-MMP (MMP-14), MT2-MMP (MMP-15), MT3-MMP
(MMP-16), MT4-MMP (MMP-17), MT5-MMP (MMP-24),
and MT6-MMP (MMP-25). MT1-MMP, MT2-MMP, MT3-
MMP, and MT5-MMP are anchored to the plasma membrane
via a transmembrane domain (1, 4). In contrast, the attachment
of MT4-MMP and MT6-MMP to the plasma membrane takes
place via a glycosylphosphatidylinositol (GPI) moiety that
directs these proteinases to the caveola-enriched lipid raft com-
partment (6). Although there is a significant level of knowledge
of the structural-functional relationships and regulation of
MT1-MMP, an archetype member of the subfamily, exceed-
ingly little is known about the biochemical and cellular proper-
ties ofGPI-linkedMT4-MMPand especiallyMT6-MMP.Orig-
inally, MT6-MMP was cloned from a fetal liver cDNA library
and from leukocytes (7–9). Because of its abundance in leuko-
cytes, the protease has also been called leukolysin. MT6-MMP
was also found to be abnormally expressed by colon, prostate,
urothelial, and brain tumors, suggesting its implication in the
diversified malignancies (10). MT6-MMP is a membrane pro-
teinase with an extracellular prodomain followed by the cata-
lytic domain, the hinge region, the hemopexin domain, the stalk
region, and a GPI anchor attached to the carboxyl end of the
stalk. Similar to MT1-MMP, MT6-MMP is synthesized as an
inactive precursor that is transformed into the functionally
active proteinase by the cleavage action of furin-like proprotein
convertases (1, 6).
The regulationmechanisms, the functional role, and the rep-

ertoire of physiologically relevant cleavage targets of MT6-
MMP remain largely unknown. In addition to a limited number
of extracellular matrix components, including fibronectin, gel-
atin, type IV collagen, and chondroitin and dermatan sulfate

* This work was supported, in whole or in part, by National Institutes of Health
Grants CA83017 and CA77470 (to A. Y. S.).

1 To whom correspondence should be addressed. E-mail: strongin@burnham.
org.

2 The abbreviations used are: MMP, matrix metalloproteinase; AAT, �1-an-
titrypsin; GPI, glycosylphosphatidylinositol; DAPI, 4�,6-diamidino-2-
phenylindole; EZ-link sulfo-NHS-SS-biotin, sulfosuccinimidyl-2-(bio-
tinamido)ethyl-1,3-dithiopropionate; HT cells, human fibrosarcoma
HT1080 cells; Mca-PLGL-Dpa-AR-NH2, methoxycoumarin-4-yl)-acetyl-
Pro-Leu-Gly-Leu-(3-[2,4-dinitrophenyl]-l-2,3-diaminopropionyl)-Ala-Arg-
NH2; MCF7 cells, human breast carcinoma MCF-7 cells; MESNA, 2-mercap-
toethane sulfonic acid; MT-MMP, membrane-type MMP; MT1-MMP and
MT6-MMP, membrane type-1 and membrane type-6 MMP, respectively;

MT1CAT and MT6CAT, the individual catalytic domain of MT1-MMP and
MT6-MMP, respectively; MT6F, MT6-MMP tagged with a FLAG tag; PLC,
phosphatidylinositol-specific phospholipase C; TIMP, tissue inhibitor of
metalloproteinases; DMEM, Dulbecco’s modified Eagle’s medium; LC, liq-
uid chromatography; MS/MS, tandem mass spectrometry; FITC, fluores-
cein isothiocyanate; RIPA, radioimmune precipitation assay.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 21, pp. 16076 –16086, May 21, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

16076 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 21 • MAY 21, 2010



proteoglycan, the catalytic domain of MT6-MMP has been
reported to cleave galectin-3, urokinase plasminogen activator
receptor and myelin basic protein (6, 11, 12). The relevance of
MT6-MMP proteolysis of these target proteins to the enzyme
functionality in both normal development and disease progres-
sion, however, is not entirely clear as of now.
It is widely accepted that tissue inhibitors of MMPs (TIMPs)

play an important role in the regulation of the net proteolytic
activity of MMPs (13). Four individual TIMPs, including
TIMP-1 andTIMP-2, are known in humans (14). There are two
domains in both TIMP-1 andTIMP-2. The inhibitoryN-termi-
nal domain directly interacts, albeit with different affinity, with
the active site of the MMP catalytic domain. The C-terminal
domain of TIMP-1 forms a stoichiometric complex with the
hemopexin domain of theMMP-9 proenzyme. TIMP-2 forms a
similar complex with the MMP-2 proenzyme. TIMP-2 per-
forms not only as an inhibitor but also as an essential compo-
nent of theMT1-MMP-dependent activation pathway, leading
to the MMP-2 mature enzyme (4, 15–18).
The existing data suggest that both TIMP-1 and TIMP-2

inhibit the proteolytic activity of the individual catalytic
domain of MT6-MMP (6, 10, 19). There are conflicting results
that point to the potential role of MT6-MMP in the mecha-
nisms of MMP-2 activation (6, 20). Cellular MT6-MMP, how-
ever, was not observed in a complex with either TIMP-1 or
TIMP-2, thus raising a question of how the activity of MT6-
MMP is regulated (6, 21). To date, all of the biochemical studies
have employed the individual catalytic domain rather than the
full-length MT6-MMP enzyme or its short C-terminal trunca-
tions (6, 9, 10, 12, 19). As a result, the question of whether other
domains of MT6-MMP do or do not affect the functionality of
the proteinase remains to be answered.
To understand better the main parameters of the MT6-

MMP functionality, we biochemically characterized the MT6-
MMP samples directly isolated from the cells and reexamined
the ability of cellular MT6-MMP to associate with TIMP-2, to
activate MMP-2, and to function as an invasion-promoting,
matrix-degrading proteinase. Because the current knowledge
ofMT6-MMP is exceedingly limited, we believe that themech-
anistic observations we generated shed additional light on the
function of the lipid raft-associated, GPI-linked MT6-MMP in
cancer.

MATERIALS AND METHODS

General Reagents and Antibodies—All reagents were
purchased from Sigma unless indicated otherwise. EZ-link
sulfo-NHS-SS-biotin was from Pierce. (7-Methoxycoumarin-
4-yl)-acetyl-Pro-Leu-Gly-Leu-(3-[2,4-dinitrophenyl]-l-2,3-
diaminopropionyl)-Ala-Arg-NH2 (Mca-PLGL-Dpa-AR-NH2)
was obtained from R&D Systems. GM6001 (a potent, wide
range hydroxamate inhibitor of MMPs, including MT1-MMP)
and the rabbit MT1-MMP (anti-hinge) antibody were pur-
chased fromChemicon.Amurinemonoclonal E-cadherin anti-
body (catalog no. 610181) was purchased from BD Biosciences.
Purified TIMP-1 and a rabbit MT6-MMP antibody were a kind
gift from Dr. Rafael Fridman (Wayne State University, Detroit,
MI). Recombinant TIMP-2 and the TIMP-2-free MMP-2
proenzyme were isolated from the conditioned medium of

CHO cells and p2AHT2A72 cells, respectively. p2AHT2A72
cells were derived from the fibrosarcoma HT1080 cell line
sequentially transfected with E1A and MMP-2 cDNAs,
respectively (22, 23). The sheep TIMP-2 antibody was from
Abcam. The secondary antibodies were purchased from Jack-
son ImmunoResearch. The secondary species-specific antibod-
ies conjugatedwithAlexa Fluor 594 (red) and greenAlexa Fluor
488 (green) were obtained at Molecular Probes. Human �1-an-
titrypsin (AAT) and a protease inhibitor mixture set III were
from Calbiochem.
Recombinant MMPs—The individual catalytic domain of

MT6-MMP (MT6CAT) and MT1-MMP (MT1CAT) were ex-
pressed in Escherichia coli, purified from the inclusion bodies,
and refolded to restore its catalytic activity (11). The recombi-
nant pro-forms of the catalytic domain of MMP-2 andMMP-9
were purified from the serum-free medium conditioned by
stably transfected HEK293 cells and then activated using
4-aminophenylmercuric acetate (24). The MMP activity was
determined using the fluorescent Mca-PLGL-Dpa-AR-NH2
peptide substrate. The concentrations of the catalytically active
MT6CAT, MT1CAT, MMP-2, andMMP-9 were measured by
titration against a standard GM6001 solution of a known
concentration (11, 12, 25).
Cloning of FLAG-tagged MT6-MMP (MT6F)—The full-

length human MT6-MMP cDNA gene (GenBankTM NM_
022468) was a gift from Dr. Rafael Fridman (Wayne State Uni-
versity). The sequence coding for a FLAG tag was inserted
betweenGly-514 and Pro-515 in the stalk region ofMT6-MMP
to generate theMT6F construct. The authenticity of the recom-
binant constructs was confirmed by DNA sequencing. MT6F
was recloned into the pcDNA3.1D/V5-His-TOPO-neo plasmid.
Cells—Human breast carcinoma MCF-7 cells (MCF7 cells)

and human fibrosarcoma HT1080 cells (HT cells) were ob-
tained from the ATCC (Manassas, VA). HT and MCF7 cells
stably transfected with MT6F in the pcDNA3.1D/V5-His-
TOPO-neo plasmid (MCF7-MT6F and HT-MT6F cells) and
control cells transfected with the original pcDNA3.1D/V5-
His-neo plasmid (MCF7-mock and HT-mock cells) were ob-
tained as described earlier (26). To avoid clonal effects, 5–6
neomycin-resistant MT6F cell clones were combined and used
in our further studies. HT and MCF7 cells stably transfected
with MT1-MMP (HT-MT1 and MCF7-MT1 cells, respec-
tively) were isolated and characterized earlier (27). Cells were
routinely cultured in high glucose DMEM supplemented with
10% fetal bovine serum, 100 units/ml penicillin, and 100 �g/ml
streptomycin.
Fractionation of Cellular MT6-MMP—Confluent cells (1 �

108) were detached using an enzyme-free cell dissociation solu-
tion (Chemicon). Cells were suspended in serum-free DMEM
and incubated for 2 h at 37 °C with 0.25 units/ml phosphatidy-
linositol-specific phospholipase C (PLC). Cells were collected
by centrifugation at 300 � g for 5 min. The supernatant (PLC
fraction) was clarified by centrifugation at 20,000 � g, 20 min.
The following steps were performed at 4 °C. The collected cells
were lysed in 10ml of 20 mMTris-HCl, pH 7.9, 150 mMNaCl, 5
mM MgCl2, 10% glycerol, a protease inhibitor mixture set III, 1
mM phenylmethylsulfonyl fluoride, and 0.5% Nonidet P-40
(Nonidet P-40 buffer). The extract was centrifuged (40 min;
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20,000 � g). The supernatant (Nonidet P-40 fraction; 20–40
mg of total protein) and the PLC fractionwere incubated for 4 h
with a 50% FLAG M2 antibody-bead slurry (40 �l). The beads
were collected by centrifugation and washed six times in the
above buffer but with 0.1% Nonidet P-40 instead of 0.5% Non-
idet P-40. The beads were next incubated for 1 h with 20 �l of
FLAG peptide (0.2 mg/ml) to elute the FLAG-containing con-
structs. The beads were removed by centrifugation. The super-
natant samples were analyzed further using SDS-PAGE fol-
lowed by silver staining and LC/MS/MS; by Western blotting
with the FLAG M2 (dilution 1:4,000), MT6-MMP (dilution
1:1,500), and TIMP-2 (dilution 1:1,000) antibodies; and by the
enzymatic activity assays. The species-specific peroxidase-conju-
gated secondary antibodies (dilution 1:3,000) and a SuperSignal
West Dura extended duration substrate Kit (Pierce) were used
for the detection of the immunopositive protein bands.
Mass Spectrometry—Following SDS-PAGE, the MT6F-PLC

and MT6F-Nonidet P-40 bands were excised and subjected to
an in-gel tryptic digest. The digest peptides were extracted and
then identified by LC/MS/MS using an LTQ XL Linear Ion
Trap mass spectrometer (Thermo Scientific). MS/MS spectra
were searched against the Swiss-Prot database using the
SEQUEST Sorcerer software. The search led to the multiple
peptides the sequence of which permitted an unambiguous
identification of MT6-MMP.
Cell Surface Biotinylation and 2-Mercaptoethane Sulfonic

Acid (MESNA) Treatment—Cells were surface-biotinylated
using membrane-impermeable EZ-Link sulfo-NHS-SS-biotin
(0.3 mg/ml), lysed in 0.5% Nonidet P-40 or RIPA buffer (20 mM

Tris-HCl, pH 7.4, containing 150 mM NaCl, 0.1% SDS, 1% Tri-
ton X-100 and 1% sodium deoxycholate). The biotin-labeled
plasma membrane proteins were pulled down using streptavi-
din-beads (27). The precipitates were dissolved in SDS sample
buffer (0.125 M Tris-HCl, pH 6.8, 20% glycerol, 2% SDS, 0.005%
bromphenol blue, and 5% 2-mercaptoethanol) and analyzed by
Western blotting with the MT1-MMP and MT6-MMP anti-
body, followed by species-specific secondary antibodies conju-
gated with horseradish peroxidase and a TMB/M substrate.
For the uptake experiments, immediately following the com-

pletion of the biotinylation procedure, the biotinylated cells
were incubated for 30–60 min at 37 °C in serum-free DMEM
supplemented with 1% insulin/transferrin/selenium to allow
the internalization of biotin-labeled MT1-MMP (27, 28). To
remove the residual cell surface biotin, cells were incubated for
25 min on ice in Sorenson phosphate buffer (14.7 mMKH2PO4,
2 mM Na2HPO4, 120 mM sorbitol, pH 7.8) containing mem-
brane-impermeable MESNA (150 mM). Cells were next exten-
sively washed and lysed, and the lysates were precipitated using
streptavidin-beads and analyzed as above.
Gelatin Zymography—Cells (2� 105) were seeded for 24 h in

DMEM plus 10% fetal bovine serum in wells of a 12-well plate.
The medium was then replaced with serum-free DMEM (0.35
ml/well) supplemented with pro-MMP-2 (0.5 nM). When indi-
cated, TIMP-1 or TIMP-2 (0.5–100 nM each) or GM6001 (50
�M) was added. In 18 h, the medium aliquots (25 �l) were ana-
lyzed by gelatin zymography in 0.1% gelatin, 10% acrylamide
gels (18). 15% gelatin gels were used to detect the gelatinolytic
activity of the purified 25-kDa MT6CAT construct.

In the in vitro assays, pro-MMP-2 (15 nM) was co-incubated
for 2 h at 37 °C with the purified MT1CAT andMT6CAT con-
structs (0.15–15 nM) in 50 mM HEPES, pH 7.5, containing 10
mM CaCl2 and 50 �M ZnCl2. Where indicated, GM6001 (5 �M)
was added to the reactions. The digest aliquots were then ana-
lyzed by gelatin zymography.
Cleavage of AAT—The cleavage reactions (22 �l each) were

performed in 50 mM HEPES, pH 7.5, containing 10 mM CaCl2
and 50 �M ZnCl2. AAT (1.6 �M) was co-incubated for 3 h at
37 °C with MT1CAT and MT6CAT (16 nM each; 1:100
enzyme/substrate molar ratio), and cellular MT6F was isolated
from the PLC fraction (16–80 nM; 1:20–1:100 enzyme/sub-
stratemolar ratio). The cleavage reactions were stopped using a
5� SDS sample buffer and analyzed by SDS-PAGE followed by
Coomassie staining. Where indicated, GM6001 (5 �M) was
added to the reactions to inhibit MMP activity.
Enzymatic Assay—MMP activity was measured in wells of a

96-well plate in 0.2 ml of 50 mM HEPES, pH 7.5, containing 10
mM CaCl2 and 50 �M ZnCl2. Mca-PLGL-Dpa-AR-NH2 (5 �M)
was used as a fluorescent substrate. The concentration of
MMPs in the reactions was 20–600 fmol. The steady-state rate
of substrate hydrolysis was monitored continuously (�ex � 320
nm and �em � 400 nm) at 37 °C for 3–75 min using a fluores-
cence spectrophotometer. Where indicated, TIMP-1 (2.5–50
nM), TIMP-2 (2.5–25 nM), and GM6001 (1 �M) were co-incu-
bated for 30 min at ambient temperature with the MMP sam-
ples prior to the addition of the substrate. The samples were
measured in triplicate. The results were highly reproducible
without any significant day to day variations.
A Library of the Potential MMP Inhibitors—Our prototype

CFL-1 (chelator fragment library-1) was described earlier
(29). Our extended library now includes �500 potential MMP
inhibitors.
Determination of the IC50 Values of Inhibitors—MT1CAT,

MT6CAT, MMP-2, and MMP-9 (10 nM each) were preincu-
bated for 30 min at ambient temperature with increasing con-
centrations of the individual compounds from theMMP inhib-
itor library. The residual activity of MMPs was then measured
using Mca-PLGL-Dpa-AR-NH2. IC50 values of the inhibitors
were calculated using GraphPad Prism as a fitting software.
Synthesis of BI-92G11 and BI-102C8—A solution of the

corresponding acid (0.200 g, 0.933 mmol) and dimethylfor-
mamide (0.053 g, 0.933 mmol) in CH2Cl2 (5 ml) was cooled
to 0 °C. Oxalyl chloride (2.05 mmol) was then added slowly.
Vigorous gas evolution was observed. After stirring for 2 h at
0 °C, this solution was added to a solution of hydroxylamine
hydrochloride (0.259 g, 3.73 mmol) and triethylamine (0.566
g, 5.60 mmol) in tetrahydrofuran (5 ml)/H2O (1 ml). After
stirring for an additional 4 h at ambient temperature, the
mixture was poured into 2 N HCl and extracted with CH2Cl2.
The organic phase was dried over Na2SO4 and evaporated in
vacuo. The residue was recrystallized from aqueous ethanol
or purified via flash chromatography (30). BI-92G11: 1H
NMR (500 MHz, CDCl3) �10.56 (s, 1H), 8.89 (brs, 1H), 7.89
(d, 2H, J � 7.0 Hz), 7.75 (t, 1H, J � 7.0 Hz), 7.66 (t, 2H, J � 7.0
Hz), 3.49 (m, 2H), 3.03 (m, 2H). HRMS e/z (electrospray ioni-
zation time-of-flight). Found 184.0423 [MH]�, C8H9NO2S
requires 184.0423. BI-102C8: 1H NMR (600 MHz, (CD3)2SO)
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�10.72 (s, 1H), 8.95 (s, 1H), 7.48 (t, 1H, J � 7.5), 7.37–7.33 (m,
5H), 6.95–6.93 (d, 2H, J � 8.5), 4.07–4.04 (q, 2H, J � 6.9),
1.36–1.34 (t, 3H, J � 6.9).
CellMigration—Cellmigration experimentswere performed

in wells of a 24-well, 8-�m pore size, Transwell plate (Corning
Costar). A 6.5-mm insert membrane was coated with 100 �l of
type I collagen (100 �g/ml in DMEM) and then dried for 16 h.
The collagen coating was rehydrated in 0.5 ml of DMEM for 30
min before the experiments. The inner chamber contained
DMEM supplemented with 10% fetal bovine serum as che-
moattractant. Cells (1� 104) were seeded in the outer chamber
in serum-free DMEM. GM6001 (25 �M) or DMSO alone
(0.01%) were added to both inner and outer chambers 15 min
before plating the cells. Cells were allowed to migrate for 3.5 h
and then stained with 20% methanol, 0.2% Crystal Violet. Cells
from the upper membrane surface were removed with a cotton
swab. Incorporated dye from the migrated cells was extracted
using 0.25 ml of 1% SDS. The A570 value of the extract was
measured. Data aremeans� S.E. from several individual exper-
iments performed in triplicate. Statistical analysis was per-
formed by the two-tailed unpaired t test.
In SituGelatin ZymographyUsing FITC-gelatin—Toprepare

FITC-gelatin (31), gelatin (2 mg/ml) was conjugated for 2 h at
ambient temperature to 100 �g/ml FITC in 0.1 M carbonate-
bicarbonate buffer, pH 9.1. Unreacted dye was removed by gel
filtration through a G-25 SephadexM column (GEHealthcare)
equilibrated in PBS. The A280 and A494 values of the fractions
were determined. The fractions with an FITC/protein molar
ratio of �3 were used further (32). Sterilized 15-mm glass cov-
erslips were coated for 2 h at 37 °C with 100 �l of FITC-gelatin

(100 �g/ml). The excess of gelatin
was removed by washing with pre-
warmed DMEM. Cells (2 � 104)
were seeded onto the gelatin-coated
coverslips and incubated for 16 h at
37 °C in DMEM with or without
GM6001 (50 �M). The cells were
then fixed with 4% paraformalde-
hyde for 10 min andmounted in the
Vectashieldmedium (Vector Labora-
tories) containing 4�,6-diamidino-2-
phenylindole (DAPI) for the nuclear
staining. The slides were then ana-
lyzed using an Olympus BX51 fluo-
rescentmicroscope equipped with a
MagnaFire digital camera.
Immunostaining of Cells—Cells

were fixed for 10min in4%paraform-
aldehyde, permeabilized using 0.1%
TritonX-100, washedwith PBS con-
taining 0.1% Tween 20, and blocked
for 1 h in 1% casein. Cells were
then stained for 1 h at ambient
temperature using the rabbit anti-
body toMT6-MMP (dilution 1:250)
and the monoclonal murine anti-
body to E-cadherin (dilution 1:1,000),
followed by incubation for 1 h with

the secondary antibodies (dilution 1:200) conjugated with
Alexa Fluor 594 or Alexa Fluor 488, respectively. The slides
were mounted in the Vectashield medium with DAPI. Images
were acquired at an original magnification of �600 using an
Olympus BX51 fluorescence microscope equipped with a
MagnaFire digital camera.

RESULTS

Cloning, Expression, and Analysis of the MT6-MMP Con-
struct Tagged with a FLAG Tag—To facilitate the follow-on
analysis ofMT6-MMP and to generate the FLAG-taggedMT6-
MMP construct (MT6F), the Asp-Tyr-Lys-Asp-Asp-Asp-Asp-
Lys-Gly sequence coding for a FLAG tag (underlined) was
inserted between Gly-514 and Pro-515 of the stalk region of
MT6-MMP. The comparison of the MT6F construct with
MT1-MMP, an archetypemember of theMT-MMP subfamily,
is schematically shown in Fig. 1A.
The MT6F construct was transfected into breast carcinoma

MCF-7 cells, and after selection procedures, the stably trans-
fected MCF7-MT6F cells were obtained. We specifically se-
lected MCF-7 cells for our biochemical experiments because
they normally do not express this proteinase. A total cell lysate
was prepared using 1% SDS. The solubilized material was ana-
lyzed by Western blotting with an MT6-MMP antibody. The
results clearly demonstrated that MCF7-MT6F cells expressed
significant levels ofMT6F. In contrast, MT6-MMP immunore-
activity was not detected in MCF7-mock cells transfected with
the original plasmid without the MT6F insert (Fig. 1A). Two
species of MT6F, a 60-kDa minor and a 55-kDa major species,
were observed in MCF7-MT6F cells. The molecular mass of

FIGURE 1. Constructs and expression of MT6-MMP. A, left, the MT1-MMP and MT6F constructs. A FLAG tag
was inserted between Gly-514 and Pro-515 in the stalk region of MT6-MMP. An additional Gly residue was
inserted at the C-end of FLAG. S, signal peptide; PRO, prodomain; CAT, catalytic domain; H, hinge region; PEX,
hemopexin domain; ST, stalk region (the start of the stalk region is shown by an arrow); TM, transmembrane
domain; CT, cytoplasmic tail. Right, MCF7-mock and MCF7-MT6F cells were lysed in 1% SDS. The lysates (3 �g of
total protein) were analyzed by Western blotting (WB) with the MT6-MMP antibody. B, MT6F and MCF7-mock
(mock) cells were stained with the MT6-MMP antibody, followed by Alexa Fluor 594-conjugated anti-rabbit
antibody. The nuclear DNA was stained with DAPI.
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these species correlated well with the expected size of the
proenzyme and the mature enzyme of MT6F, suggesting that
the cellular furin-like proprotein convertases processed the de
novo synthesized MT6F construct during its trafficking to the
cell surface. MT6-MMP immunoreactivity was predominantly
localized in the cell-cell contact regions (Fig. 1B).
To support the predominant presence of MT6-MMP at the

cell-cell contact regions, we then performed immunostaining
of MCF7-MT6F cells using the antibodies to MT6-MMP and
E-cadherin (the classic homophilic adhesion molecule that is
normally present in cell-cell junctions) (33, 34). There was a
clear co-localization ofMT6F with E-cadherin in cell-cell junc-
tion regions in MCF7-MT6F cells (Fig. 2). The functional sig-
nificance of the predominant association of MT6-MMP with
the cell-cell junctions remains to be identified.
Fractionation of Cellular MT6-MMP—To analyze cell com-

partmentation of MT6F in more detail, we used several pull-
down and detection procedures. Thus, cells were surface-
biotinylated and then extracted using the Nonidet P-40
buffer and, alternatively, the RIPA buffer. The concentration
of 0.5% Nonidet P-40 in the Nonidet P-40 buffer was insuffi-
cient to solubilize the lipid rafts and to release the GPI-an-

chored cellular MT6F. In turn, the
RIPA buffer solubilized well the
lipid raft-associated MT6F. The ex-
tracted Nonidet P-40 and RIPA
samples were precipitated using the
FLAG M2 antibody and streptavi-
din-beads, respectively.
MCF7-MT6F cells were also co-

incubated with PLC to destroy the
GPI linker and to liberate cell sur-
face-associated MT6F. The solubi-
lized fraction and the residual cells
were separatedbycentrifugation.The
cell samples were then extractedwith
the Nonidet P-40 buffer. Both the
Nonidet P-40 extract and the PLC-
solubilized samples were precipi-
tated using the FLAG M2 antibody-
beads. The samples were then
analyzed usingWestern blotting with
FLAG M2 and MT6-MMP antibod-
ies.MCF-7 cells thatwere transfected
with MT1-MMP (MCF7-MT1 cells)
were used as an additional control.
Because the mature MT6-MMP

enzyme was associated with the lipid
rafts, we expected that the Nonidet
P-40 extraction procedure would
predominantly liberate the intracel-
lular pool of MT6-MMP. The anal-
ysis of both the PLC and the Non-
idet P-40 samples supported this
suggestion. Thus, theWestern blot-
ting analysis with the FLAG M2
antibody detected the presence of
the 55-kDa mature enzyme and

40-kDa degraded forms in the PLC-extracted samples. In turn,
the 60-kDa proenzyme was detected in the Nonidet P-40 sam-
ples in addition to the 55-kDa enzyme and the minor amounts
of the 40-kDa proteolyzed forms of MT6-MMP. The level of
degradedMT6-MMPwas minor relative to that of MT1-MMP
in both HT1080 and MCF-7 cells (Fig. 3).
Overall, our results imply that, as MT1-MMP, MT6-MMP

is activated by the furin-like proprotein convertases during
its trafficking to the cell surface. As a result, MT6-MMP is
predominantly represented at the cell surface by the lipid
raft-associated mature enzyme and its proteolyzed forms,
whereas the Nonidet P-40 extracted material included the
residual amounts of the intracellular pool of the MT6-MMP
proenzyme.
TIMP-2 Is Associated with Cellular MT6-MMP—To

determine also if TIMP-2 was present in the cellular MT6F
samples, MCF7-MT6F, MCF7-MT1, and MCF7-mock cells
were extracted using the Nonidet P-40 buffer. The extracts
were immunoprecipitated using the FLAGM2 antibody-beads.
The precipitated MT6F samples clearly displayed the presence
of TIMP-2, suggesting that cellular MT6F can form a complex
with this inhibitor. In contrast, neither FLAG nor TIMP-2

FIGURE 2. Co-localization of MT6-MMP with E-cadherin in MCF7-MT6F cells. Cells were stained with the
MT6-MMP and E-cadherin antibodies (red and green, respectively). The nuclei were stained with DAPI. The
arrows point to the cell-cell junction regions, in which MT6-MMP and E-cadherin are co-localized. The slides
were observed using a fluorescent microscope (magnification, �600).

FIGURE 3. Analysis of cellular MT6-MMP. Left, MCF7-MT6F cells were treated with PLC followed by Nonidet
P-40 extraction of the cells. The PLC and Nonidet P-40 fractions were precipitated (IP) using the FLAG M2
antibody-beads. The precipitates were analyzed by Western blot (WB) with the FLAG M2 antibody. Middle left
panel, MCF7-mock, MCF7-MT6F, and MCF7-MT1 cells were surface-biotinylated. Cells were lysed in RIPA buffer.
The biotin-labeled proteins were pulled down using streptavidin-beads. The samples were analyzed using
Western blot with the MT6-MMP antibody. Middle right panels, MCF7-mock, MCF7-MT6F, and MCF7-MT1 cells
were extracted with Nonidet P-40. The extracts were precipitated using the FLAG M2 antibody-beads. The
precipitates were analyzed by WB with the MT6-MMP (MT6; top) and TIMP-2 (bottom) antibodies. Right panel,
HT-mock, HT-MT1, MCF7-mock, and MCF7-MT1 cells were surface-biotinylated. Cells were lysed in RIPA buffer.
The biotin-labeled proteins were pulled down using streptavidin-beads. The samples were analyzed using
Western blot with the MT1-MMP antibody.
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immunoreactivity was observed if theMCF7-mock andMCF7-
MT1 samples were analyzed (Fig. 3).
Mass Spectrometry Analysis of the Isolated MT6-MMP

Samples—Both the Nonidet P-40 extract and the PLC sam-
ples were immunoprecipitated using the FLAG M2 anti-
body-beads. The precipitates were then analyzed by SDS-gel
electrophoresis followed by silver staining. To unambigu-
ously determine the identity of the bands, the stained pro-
teins were excised and subjected to the in-gel trypsin diges-
tion, followed by LC/MS/MS. Only a few of the background,
nonspecific protein bands were detected in the control
MCF7-mock cells. The MT6-MMP bands were readily iden-
tified in the MCF7-MTF6 cell samples. The PLC samples
exhibited largely the 55-kDaMT6-MMPmature enzyme and
a minor level of the degraded, 40-kDa, MT6-MMP forms. In
turn, the Nonidet P-40 samples, which predominantly
included the intracellular pool of MT6-MMP, were repre-
sented by the 60-kDa proenzyme of MT6-MMP in addition
to the 55-kDa enzyme. The degradation products were not
detected in the Nonidet P-40 samples from MCF7-MT6F
cells (Fig. 4A). The difference in the sequence of the catalytic
domain-hinge region could be a possible explanation of the
low degradation levels of MT6-MMP relative to MT1-MMP
(Fig. 4B).
Using the bovine serum albumin calibration curve, we

estimated the amounts of MT6-MMP we isolated from the
MCF7-MT6F cells. These amounts equaled �60 and �30
ng of MT6-MMP in the PLC and Nonidet P-40 samples,
respectively, which originated from 1 � 107 MCF7-MT6F

cells and which, if combined, cor-
responded to a total number of
�120,000 MT6F molecules/cell.
These isolated amounts were suf-
ficient to measure the catalytic
activity of the protease.
MT6-MMP Is Catalytically Ac-

tive—For the measurement of the
catalytic activity of theMT6F frac-
tions we used the Mca-PLGL-
Dpa-AR-NH2 fluorescent peptide
substrate. The catalytic activity of
both the PLC and Nonidet P-40
fractions (30–35 ng, 600 fmol
each) was directly compared with
that of MT6CAT (20–200 fmol)
(Fig. 5A). The concentration of the
catalytically active MT6CAT in its
purified samples was quantified by
active site titration against the
known concentrations of GM6001
(12). According to our analysis,
the activity of 600 fmol of MT6F in
both PLC and Nonidet P-40 frac-
tions was similar and, in addition,
equal to the activity of 200 fmol of
MT6CAT. These data suggest that
the PLC and Nonidet P-40 frac-
tions represented the active en-

FIGURE 4. Isolation of the PLC and Nonidet P-40 fraction of MT6F.
A, MCF7-mock and MCF7-MT6F cells were treated with PLC, followed by
Nonidet P-40 extraction of the cells. The PLC and Nonidet P-40 fractions
were precipitated using the FLAG M2 antibody-beads. The precipitates
were separated by SDS-PAGE and silver-stained. The MT6F bands were
subjected to the LC/MS/MS analysis. The calibration curve of bovine
serum albumin (BSA; 1–100 ng) is on the right. According to this curve,
the levels of MT6F (isolated from 1 � 107 cells) were �60 and �30 ng in
the PLC and the Nonidet P-40 fractions, respectively. B, the partial peptide
sequence alignment of the catalytic domain-hinge region of MT1-MMP
and MT6-MMP. Identical residues are in boldface type. The arrows indicate
the self-proteolyzed bonds in MT1-MMP (44 – 46, 52). The hinge sequence
is underlined. IP, immunoprecipitation.

FIGURE 5. Proteolytic activity of MT6-MMP. A, top, the proteolytic activity of MT6CAT (20 –200 fmol),
MT6F-PLC, and MT6F-Nonidet P-40 (600 fmol each) was measured using Mca-PLGL-Dpa-AR-NH2 as a
substrate (5 �M). Bottom, MT6F-PLC is catalytically active and cleaves AAT. AAT (1.6 �M) was co-incubated
with the indicated concentration of MT1CAT, MT6CAT, and MT6F-PLC. Where indicated, GM6001 (5 �M)
was added to the reactions. The reactions were analyzed by SDS-PAGE, followed by Coomassie staining.
RFU, relative fluorescence unit. B, gelatin zymography of the condition medium aliquots from MCF7-
mock, MCF7-MT1, and MCF7-MT6F cells. Where indicated, pro-MMP-2 (0.5 nM), TIMP-1 (0.5–100 nM),
TIMP-2 (0.5–100 nM), and GM6001 (50 �M) were added to the cells. C, the individual catalytic domain of
MT6-MMP exhibits a limited ability to activate pro-MMP-2 in the cell-free system. The indicated concen-
trations of MT1CAT and MT6CAT were co-incubated with pro-MMP-2 (15 nM). The samples were then
analyzed by gelatin zymography. Where indicated, GM6001 (5 �M) was added to the reactions to block
MMP activity.
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zyme ofMT6-MMP and that�30% of the isolatedmaterial was
fully catalytically potent.
To strengthen our results further, we tested if MT6F-PLC

was capable of cleaving AAT, a common and convenient sub-
strate for testing the functional activity of the individualMMPs
in vitro (35). Several individual MMPs, including MMP-1,
MMP-3, MMP-7, MMP-9, MMP-26, and MT1-MMP, have
been reported to cleave AAT and to destroy its serpin activity
(35–40). The individual MMPs cleave 55-kDa AAT near the C
terminus and generate the 51-kDa N-terminal fragment as well
as a C-terminal fragment of �4 kDa (38). In agreement with
these data, MT1CAT, MT6CAT, and MT6F-PLC cleaved the
55-kDa AAT and generated, as a result, the 51-kDa cleavage
product (Fig. 5).MT6CATwas superior in these tests relative to
MT1CAT and especially MT6F-PLC. The latter, however,
clearly demonstrated its ability to specifically cleave AAT.
MT6F-PLC activity against AAT was severalfold lower com-
pared with that of MT6CAT, thus confirming the data we
obtained with the fluorescent peptide substrate.
Cellular MT6-MMP Does Not Activate MMP-2 Efficiently—

Cells were incubated with 30 ng/ml (0.5 nM) purified pro-
MMP-2, and then gelatin zymography of the medium aliquots
was used to identify the status of pro-MMP-2. As expected,
MCF7-MT1 cells readily activated the 68-kDa MMP-2 proen-
zyme and generated, as a result, the 64-kDa intermediate (the
minor band) and the 62-kDa mature enzyme (the major
band). GM6001 and TIMP-2 fully blocked the activation of
pro-MMP-2 by MCF7-MT1 cells, whereas TIMP-1 did not
demonstrate any significant effect. In contrast with MCF7-

MT1 cells, both MCF7-mock and
MCF7-MT6F cells did not activate
pro-MMP-2 (Fig. 5B).
To determine if MT6-MMP

exhibits an intrinsic capacity to
process and activate the MMP-2
proenzyme, we co-incubated pro-
MMP-2 with increasing concentra-
tions of MT1CAT and MT6CAT.
As expected, MT1CAT readily gen-
erated the 64-kDa activation inter-
mediate of MMP-2 in the cleavage
reactions. These results are consis-
tent with the well established ability
of MT1-MMP to proteolytically
cleave the prodomain region of the
MMP-2 proenzyme in both the cell
system and the cell-free system (41,
42). In turn, the ability of MT6CAT
to process pro-MMP-2 was low,
and as a result, insignificant levels
of the processed, 64-kDa, MMP-2
species were observed in the sam-
ples. GM6001 inhibited the pro-
cessing of pro-MMP-2 byMT1CAT
and MT6CAT (Fig. 5C). Based on
these data, we conclude that MT6-
MMP has a low ability, especially
when compared with MT1-MMP,

to accomplish the activation of the MMP-2 proenzyme.
Because of this low intrinsic capability of the individual cata-
lytic domain ofMT6-MMP to activateMMP-2, it is exceedingly
difficult to observe any meaningful levels of pro-MMP-2 acti-
vation using the cells that express MT6-MMP.
Gelatinolytic Activity of Purified MT6-MMP—To determine

if cellular MT6F isolated from the PLC and Nonidet P-40 frac-
tions was catalytically active, we compared their gelatinolytic
activities with those of MT6CAT and MMP-2. The results
showed that both the PLC and Nonidet P-40 factions of MT6F
were capable of gelatin hydrolysis. The specific gelatinolytic
activity ofMT6F in these fractions was comparable with that of
MT6CAT. It became clear, however, that both cellular MT6F
fractions and MT6CAT were at least 1,000-fold less active in
gelatin zymography tests compared with MMP-2 (Fig. 6A).
Cellular MT6-MMP Does Not Stimulate Cell Migration—

Because MCF-7 cells do not efficiently migrate, we used highly
migratory HT1080 cells to assess a potential effect of MT6-
MMP on cell locomotion. For this purpose, HT1080 cells were
stably transfected with the MT6F construct (HT-MT6F cells).
The migration efficiency of HT-MT6F cells was compared in
the presence and absence of GM6001 with that of HT1080-
mock cells (HT-mock cells) transfected with the original plas-
mid and HT1080 cells transfected with MT1-MMP (HT-MT1
cells). There was an�30% reduction of themigration efficiency
of HT-MT6F cells compared with HT-mock cells. In contrast
with HT1080-mock and HT1080-MT1, GM6001 had no effect
on migration of HT-MT6F cells (Fig. 6B). Based on these tests,
we concluded that MT6-MMP does not stimulate cell migra-

FIGURE 6. Gelatinolytically active MT6-MMP does not support cell migration. A, gelatin zymography of
MT6F-PLC and MT6F-Nonidet P-40 (0.5–2.5 pmol), MT6CAT (0.05–2 pmol), and pro-MMP-2 (0.1–1 fmol).
B, migration assay. HT-mock, HT-MT1, and HT-MT6F cells (1 � 104) were allowed to migrate through type I
collagen-coated Transwell inserts. Where indicated, GM6001 (50 �M) was added to the cells. The migration
efficiency was calculated relative to HT-mock cells (100%). C, the uptake of MT6-MMP by cells. To prevent
proteolysis of cellular MT1-MMP and MT6-MMP, HT and MCF7-MT6F cells (the top and bottom panels, respec-
tively) were co-incubated with GM6001 (50 �M) for 16 h. The cells were then surface-biotinylated using mem-
brane-impermeable, cleavable EZ-Link NHS-SS biotin and incubated for 30 – 60 min at 37 °C to stimulate the
uptake of biotin-labeled plasma membrane proteins by the cells. Biotin-labeled protein was captured on
streptavidin-beads, and the captured material was analyzed by Western blotting with the MT1-MMP and
MT6-MMP antibodies. Where indicated, MESNA was used to release a biotin moiety from the cell surface-
associated proteins. One representative experiment is shown. Multiple additional experiments generated
similar results. IP, immunoprecipitation; WB, Western blot.

Characterization of MT6-MMP

16082 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 21 • MAY 21, 2010



tion. From the migration perspectives, lipid raft-associated
MT6-MMP performs similarly to the tailless MT1-MMP lack-
ing the cytoplasmic tail domain. In contrast to the invasion-
promoting wild-type MT1-MMP, the tailless MT1-MMP con-
struct is primarily associated with the lipid raft compartment
and does not stimulate cell migration (43).
The Uptake Rate of Cellular MT1-MMP and MT6-MMP—

Todetermine if the uptake rate of cellularMT6-MMPaffects its
ability to support cell migration, we compared the internaliza-
tion rate of cellular MT1-MMP and MT6-MMP. For this pur-
pose, we used HT-mock andMCF7-MT6F cells. The cells were
surface-biotinylated with membrane-impermeable, cleavable,
EZ-Link NHS-SS-biotin. Biotinylation was followed by incuba-
tion of the cells at 37 °C to initiate protein uptake. Cells were
next transferred on ice to arrest protein trafficking and then
treated with MESNA to release the biotin moiety from the
residual cell surface-associated MT1-MMP and MT6-MMP
molecules. The biotin-labeled internalized MMPs were pro-
tected fromMESNA. The labeled MT1-MMP andMT6-MMP
pools were then captured on streptavidin-beads, and the cap-
tured material was analyzed by Western blotting. These tests
demonstrated that a major portion of cell surface-associated
MT1-MMP was already internalized following a 30-min incu-
bation.After 60min, the levels of the biotin-labeledMT1-MMP
were lower in HT-mock cells. In contrast, only a small fraction
ofMT6-MMPwas protected fromMESNA at 30–60min, thus

suggesting that MT6-MMP was in-
efficiently internalized, especially
when compared with MT1-MMP
(Fig. 6C). Because of its association
with the lipid rafts, the bulk of cell
surfaceMT6-MMPwas still present
on the cell surface following a
30–60-min incubation. As a result,
we conclude that the observed low
internalization rate cannot contrib-
ute to the inability of MT6-MMP to
support cell migration.
TIMP-1 and TIMP-2 Efficiently

Inhibit MT6-MMP—We next com-
pared the inhibitory efficiency of
TIMP-1 and TIMP-2 against
MT6CAT relative to that of MMP-2.
For these purposes, MMP-2 and
MT6CAT were co-incubated for 30
min with the indicated amounts of
the inhibitors. The residual activity
of MMP-2 and MT6CAT was then
measuredusingMca-PLGL-Dpa-AR-
NH2 as a substrate. Under our exper-
imental conditions, we recorded a
nearly complete andcomplete inhibi-
tion of MT6CAT at the enzyme/
TIMP-1 molar ratio of 1:2 and 1:5,
respectively, whereas no significant
inhibition of MMP-2 was observed
at the MMP-2/TIMP-1 molar ratio
of 1:20 (Fig. 7A). Our data correlate

well with the earlier observations by others whose reports indi-
cated that TIMP-1 was a more potent inhibitor of MT6-MMP
compared with MMP-2 (10). In turn, TIMP-2 was equally effi-
cient in inhibiting MT6CAT and MMP-2. Indeed, a complete
inhibition of both enzymes was observed at a 5–10-molar
excess of TIMP-2 (Fig. 7A).
Similar results were obtained when the efficiency of TIMP-1

and TIMP-2 were measured using the PLC fraction of cellular
MT6F. Thus, a nearly complete inhibition of the purifiedMT6F
construct was observed at a 5–10-fold molar excess of both
TIMP-1 and TIMP-2 (Fig. 7B). Overall, we conclude thatMT6-
MMP is similarly sensitive to the inhibition by both TIMP-1
and TIMP-2. These parameters discriminate MT6-MMP from
MT1-MMP, which is highly sensitive to TIMP-2 inhibition but
insensitive to TIMP-1 (42).
Selective Inhibitors of MT6-MMP—To get a clearer idea of

the inhibitor profile of MT6-MMP compared with other
MMPs, we screened the our inhibitor library of the poten-
tial MMP inhibitors using MT1CAT, MT6CAT, MMP-2,
andMMP-9.Mca-PLGL-Dpa-AR-NH2was used as a substrate.
The inhibitory kinetic parameters, including the IC50 values, of
the identified hits were then determined. The secondary screen
employing the cleavage of AAT was used to confirm the inhib-
itory efficiency of the hit compounds (not shown). We readily
identified a number of hits, from which BI-102C8 and BI-
92G11 were the most selective against MT6-MMP when com-

FIGURE 7. TIMP-1 and TIMP-2 inhibit MT6CAT and MT6F. A, MMP-2 (20 ng) and MT6CAT (40 ng) were
co-incubated with TIMP-1 and TIMP-2 at the indicated enzyme/inhibitor molar ratio. The residual activity was
measured using Mca-PLGL-Dpa-AR-NH2 as a substrate. B, MT6F-PLC was co-incubated with TIMP-1 and TIMP-2
at the indicated enzyme/inhibitor molar ratio. The residual activity was measured using Mca-PLGL-Dpa-AR-
NH2 as a substrate. RFU, relative fluorescence units.
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pared with MT1-MMP, MMP-2, and MMP-9 (Table 1). These
data emphasize the structural differences existing between the
catalytic domain ofMT6-MMP and otherMMPs. Our findings
also suggest that the selective MT6-MMP inhibitors we identi-
fied and especially BI-92G11, a submicromolar range inhibitor
of MT6-MMP, can be used both as valuable molecular tools in
the MMP studies and as a valid starting point for further itera-
tive optimization leading to the pharmacological inhibitors of
MT6-MMP in disease, including cancer and multiple sclerosis
(6, 11, 12).
Cellular MT6-MMP Degrades Gelatin—To test if cellular

MT6-MMP degrades gelatin, we used in situ zymography per-
formed with FITC-conjugated gelatin. For this purpose, we
plated MCF7-mock, MCF7-MT6F, and MCF7-MT1 cells on
the FITC-labeled gelatin. MMP activity caused digestion of the
FITC-gelatin, which was visualized as dark zones without fluo-
rescence. MCF7-mock did not cause any noticeable hydrolysis
of the FITC-gelatin. In contrast,MCF7-MT6F andMCF7-MT1
cells were comparably active in the cleavage of the FITC-gelatin
(Fig. 8). GM6001 completely abolished gelatinolytic activity of
MCF7-MT6F and MCF7-MT1 cells, thus confirming that the
MMP activity was directly involved in this gelatin cleavage.

DISCUSSION

GPI-linked MT6-MMP is one of the least studied members
of the MMP family. Because of the GPI anchor, MT6-MMP is
directly associated with the lipid rafts in the plasma mem-
branes. The association with this specific compartment affects
the functionality of cell surface-associated MT6-MMP, thus
making it different from that of conventional MT-MMPs,
including MT1-MMP, the most well studied member of the
MMP family.
There was conflicting evidence about the ability of MT6-

MMP to be regulated by TIMPs, to play a role in the activation
of MMP-2 (a target of MT1-MMP activation in multiple cell
and tissue types), and to support cell migration. It was not clear
in the earlier workswhether cellularMT6-MMPwas orwas not
functionally active, and as a result, it was exceedingly difficult
to conclude whether MT6-MMP was or was not capable of
MMP-2 activation and how distinct the MT6-MMP function-
ality was from that MT1-MMP. Earlier studies by others sug-
gested that MT6-MMP could play a role in cellular migration
and invasion of the extracellular matrix and basement mem-
branes and that its activitymay be tightly regulated by themem-
bers of the TIMP family. On the other hand, there was no direct

evidence that a direct complex of TIMPs, including TIMP-1 or
TIMP-2, could exist with cellular MT6-MMP.
Because of these conflicting results, our goal was to analyze

the biochemical characteristics of cellularMT6-MMP.To facil-
itate the isolation and analysis, the FLAG-tagged MT6-MMP
chimera was expressed in the cells that do not exhibit any
detectable expression of this proteinase. Based on our multiple
and diversified pull-down and extraction approaches supple-
mented by LC/MS/MS, we are now confident that the proteo-
lytically active, mature MT6-MMP enzyme is presented on the
cell surface, whereasminor amounts of the residual proenzyme
are predominantly present inside the cells. MT6-MMPwas not
significantly proteolyzed, especially if compared with MT1-

TABLE 1
Chemical structure and IC50 values of the MT6-MMP inhibitors
The inhibitory potency of the individual compounds from the MMP inhibitor
library (�500 compounds) was determined using the individual MMPs (MT1-
MMP,MT6-MMP,MMP-2, andMMP-9) andMca-PLGL-Dpa-AR-NH2 as a cleav-
age substrate.

FIGURE 8. In situ FITC-gelatin zymography. MCF7-mock, MCF7-MT1, and
MCF7-MT6F cells were seeded in serum-free DMEM on FITC-gelatin-coated
coverslips. In 16 h, cells were fixed, and the nuclei were stained with DAPI. The
slides were observed using a fluorescent microscope (magnification, �400).
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MMP (27). Self-proteolysis of cellular MT1-MMP takes place
at the DPSA2I256 and QLYG2G285 sites of the C-terminal
portion of the catalytic domain and in the hinge region, respec-
tively. As a result, the inactive, 40–45-kDa, membrane-at-
tached MT1-MMP form (44–46) is generated. These putative
self-proteolytic sites are modified in MT6-MMP, and these
parameters explain why cellularMT6-MMP is not significantly
proteolyzed (Fig. 4B).
Cellular MT6-MMP exists in its partially saturated complex

with TIMP-2. Both TIMP-1 and TIMP-2 are capable of inhib-
iting the proteolytic activity ofMT6-MMP. The ability ofMT6-
MMP to hydrolyze collagen is low. However, this ability is still
sufficient to induce a significant level of gelatinolysis of the
FITC-labeled gelatin. Because the rate of internalization of the
lipid raft compartment is low compared with the clathrin-
coated pits (47), the lipid raft-associated cellular MT6-MMP is
inefficiently internalized, especially if compared with MT1-
MMP. Similarly, a low internalization rate was previously
recorded for the tailless MT1-MMPmutant missing the C-ter-
minal cytoplasmic tail. As a result of this truncation, the tailless
MT1-MMPrelocates to the lipid raft compartment and loses its
ability to support cell migration in the conventional cell motil-
ity tests (28, 43).
According to our multiple co-localization and pull-down

experiments (not shown), MT6-MMP does not efficiently
interact with the known targets ofMT1-MMP, including tissue
transglutaminase and CD44 (48–50). According to our immu-
nostaining studies, MT6-MMP is predominantly localized in
cell-cell junction regions. The functional significance of the
association of MT6-MMP with the specific cell membrane
regions, however, is not yet understood.
We also did not observe any interaction of MT6-MMP with

cell adhesion signaling receptors, including epidermal growth
factor receptor. Regardless of the presence of the consensus
14-3-3-binding motif (underlined, T121WRVRSFPQSSQL133)
inMT6-MMP (however, in the extracellular portion of the pro-
teinase), our pull-down experiments have demonstrated that
the interactions of cellular MT6-MMP with the 14-3-3 protein
do not exist.
Despite the presence of its active, mature enzyme species on

the cell surface and its ability to complex TIMP-2, cellular
MT6-MMP was not capable of activating MMP-2 under our
experimental conditions. The cell-free, in-solution, tests that
employed the purified components demonstrated that the indi-
vidual catalytic domain ofMT6-MMP, however, was capable of
cleaving the prodomain sequence of pro-MMP-2 in a way sim-
ilar to that ofMT1-MMP, albeit significantly less efficiently. As
a result of this low intrinsic MMP-2-activating capacity of the
MT6-MMP catalytic domain, it is exceedingly difficult, but not
entirely impossible, to record the activation ofMMP-2 by using
the MT6-MMP-overexpressing cells (6, 10, 20, 21).
As a purified enzyme, MT6-MMP, however, is a potent pro-

teinase that is capable of efficiently cleaving a diversified set of
the peptide substrates3 and proteins, including myelin basic

protein (12). Our data suggest that the cleavage of myelin basic
protein and its splice variant (golli myelin basic protein) by
MT6-MMP plays a role in both inflammation and the onset of
multiple sclerosis and, potentially, other neuroimmune dis-
eases (11).
Because the transmembrane domain ofMT1-MMP could be

functionally substituted by the GPI anchor of MT6-MMP and
because the GPI-anchored MT1-MMP activated MMP-2 on
the cell surface and promoted cell growth in a three-dimen-
sional type I collagen matrix (51), it may be suggested that the
effects of the lipid raft compartment on the MMP proteolysis
are limited. Overall, based on our results and the data of others,
it is reasonable to suggest that both specific membrane tether-
ing and proteolytic activity encoded by MT1-MMP are
required for its ability to promote cell locomotion (51) and that
the lipid raft localization alone is insufficient to explain multi-
ple functional differences between MT6-MMP and MT1-
MMP. It is likely that the unique structural and biochemical
properties also lead to an unconventional performance of cel-
lular MT6-MMP. Because MT6-MMP has been suggested to
play a role in cancer and multiple sclerosis (6, 11), it remains to
be determined how these unique biochemical and structural
properties of MT6-MMP regulate its function at the cell
surface.
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