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ABSTRACT

The invasion-promoting MT1-MMP is a cell surface-associated collagenase with 
a plethora of critical cellular functions. There is a consensus that MT1-MMP is a key 
protease in aberrant pericellular proteolysis in migrating cancer cells and, accordingly, 
a promising drug target. Because of high homology in the MMP family and a limited 
success in the design of selective small-molecule inhibitors, it became evident that the 
inhibitor specificity is required for selective and successful MT1-MMP therapies. Using 
the human Fab antibody library (over 1.25×109 individual variants) that exhibited 
the extended, 23-27 residue long, VH CDR-H3 segments, we isolated a panel of the 
inhibitory antibody fragments, from which the 3A2 Fab outperformed others as a 
specific and potent, low nanomolar range, inhibitor of MT1-MMP. Here, we report 
the in-depth characterization of the 3A2 antibody. Our multiple in vitro and cell-
based tests and assays, and extensive structural modeling of the antibody/protease 
interactions suggest that the antibody epitope involves the residues proximal to the 
protease catalytic site and that, in contrast with tissue inhibitor-2 of MMPs (TIMP-2), 
the 3A2 Fab inactivates the protease functionality by binding to the catalytic domain 
outside the active site cavity. In agreement with the studies in metastasis by others, 
our animal studies in acute pulmonary melanoma metastasis support a key role of 
MT1-MMP in metastatic process. Conversely, the selective anti-MT1-MMP monotherapy 
significantly alleviated melanoma metastatic burden. It is likely that further affinity 
maturation of the 3A2 Fab will result in the lead inhibitor and a proof-of-concept for 
MT1-MMP targeting in metastatic cancers.

INTRODUCTION

Metastatic spread is frequently lethal to cancer 
patients and the treatment options are frequently limited. 
In multiple cancer types, the level of zinc-dependent 
matrix metalloproteinases (MMPs) is increased to allow 
metastatic cells to degrade the extracellular matrix and to 
invade the tissue and distant organs [1-5].

There are 23 individual MMPs in humans from 
which 18 proteinases are soluble and 6 are membrane-
tethered [membrane type (MT)-MMPs] [6]. Soluble 
MMP proenzymes typically contain an N-terminal 
inhibitory prodomain followed by a catalytic domain 

(CAT), a flexible hinge linker and a hemopexin domain 
[7]. In addition, MT-MMPs also includes either a 
transmembrane domain followed by a cytoplasmic tail 
domain (MT1-, MT2-, MT3- and MT5-MMP) or a 
glycosylphosphatidylinositol moiety (MT4- and MT6-
MMP) that tethers these proteases to the cell membrane 
[7]. MMPs are zinc-dependent proteinases and they share 
the active site zinc binding motif HEXXHXXGXXH in 
which the His residues coordinate the catalytic zinc ion 
[8]. MMPs are synthesized as latent zymogens that require 
proteolytic activation to become functional proteases. 
In this process, the N-terminal inhibitory prodomain is 
removed and the catalytic site of the emerging mature 
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enzyme becomes liberated and exposed. It is established 
that pro-metastatic, collagenolytic membrane-tethered 
MT1-MMP/MMP-14 functions as a main mediator of 
the pro-migratory proteolytic events at the cell surface 
[9, 10]. Expression of MT1-MMP directly correlates with 
poor clinical outcome, blood vessel invasion and high 
incidence of distant metastasis in multiple cancer types 
[11-13]. MT1-MMP null mice are dwarfs with skeletal 
abnormalities and soft tissue disorders, and they die prior 
to adulthood, thus supporting the crucial function of MT1-
MMP in cell migration during gastrulation and collagen 
turnover [14]. Overall, there is a consensus among 
researchers that because of its importance in promoting 
cell invasion and metastasis MT1-MMP is a promising 
drug target in cancer and certain other pathologies [11-13, 
15-19].

MT1-MMP is regulated both as a protease and as a 
membrane-anchored protein. Similar with other MMPs, 
the proteolytic removal of the inhibitory prodomain 
is required for the conversion of the latent, 63 kDa, 
MT1-MMP zymogen into the functionally active, 55 
kDa, protease. The furin-like proprotein convertase 
activity is essential to the prodomain removal and 
MT1-MMP activation [20-22]. Once activated, MT1-
MMP can be efficiently inhibited by its natural protein 
inhibitors, tissue inhibitors of MMPs (TIMPs) [23]. 
The binding of TIMPs to the MT1-MMP active enzyme 
results in the stoichiometric and proteolytically inactive 
TIMP•MT1-MMP complex. There are four individual 
TIMPs in humans (TIMP-1, -2, -3, and -4) [23, 24]. 
With the exception of TIMP-1, TIMPs are efficient, sub-
nanomolar inhibitors of MT1-MMP [25, 26]. The MT1-
MMP/TIMP balance is arguably the most significant 
factor in the regulation of the net proteolytic activity of 
cellular MT1-MMP. As a membrane-tethered protease, 
MT1-MMP is also regulated via cellular compartment 
trafficking, internalization and recycling [4, 27, 28]. These 
coordinated, multi-dimensional mechanisms regulate 
MT1-MMP spatially and temporally, and they concentrate 
the MT1-MMP activity on the leading and trailing edges 
in migrating cells [10].

Through earlier trial and error, it became evident 
that the inhibitor specificity is required for selective and 
successful MMP therapies [29-33]. Accomplishing the 
required target specificity and selectivity with small-
molecule MMP inhibitors is exceedingly difficult 
and so far the success has been limited. Because the 
catalytic mechanism and the catalytic domain fold are 
largely conserved in the MMP family members, the 
small-molecule inhibitors simultaneously interact with 
multiple MMPs resulting in off-target effects and low 
therapeutic efficacy [31-33]. As a viable alternative and 
because of their potentially supreme selectivity, a few 
human recombinant inhibitory antibodies are emerging 
as both research tools and promising therapeutic agents 
[34-36]. Among the currently developed anti-MT1-

MMP antibodies [17, 34, 37-41], the human recombinant 
monoclonal DX2400 IgG is the most potent and selective 
inhibitory antibody raised against human MT1-MMP 
(Ki = 0.6 nM) [36].

We hypothesized that the antibodies that efficiently 
inhibit MT1-MMP should resemble TIMP-2 (the 
natural, most potent MT1-MMP inhibitor). TIMP-2 
exhibits a long, convex-shaped loop that inserts into the 
protease active site and blocks the catalytic function 
[42, 43]. Accordingly, we suggested that the paratope/
complementarity determining regions (CDRs) of a MT1-
MMP-inhibitory antibody should be flexible and long 
enough to access the active site cavity. We then custom-
designed synthetic human Fab libraries carrying a 23-
27 residue long and flexible heavy chain (VH) CDR-H3 
paratope that was inserted into the human antibody 
framework. Here, we characterize a novel, selective and 
potent, human recombinant 3A2 MT1-MMP antibody 
identified in our hybrid Fab antibody library [43]. The 
unique methodology we used in designing and selecting 
this inhibitory antibody is described in our accompanying 
manuscript (submitted). Our results support and extent 
the investigations by others. Our current observations 
demonstrate the importance of MT1-MMP in promoting 
the metastatic process. Conversely, the selective anti-MT1-
MMP monotherapy is likely to alleviate the melanoma 
metastatic burden and, ultimately, to perform similarly 
in certain other metastatic cancers with the enhanced 
expression and activity of MT1-MMP.

RESULTS

The 3A2 Fab is an efficient inhibitor of MT1-
MMP

We synthesized the human Fab antibody library 
(over 1.25×109 individual variants) that exhibited the 
extended, 23-27 residue long, VH CDR-H3 segments 
(submitted). These Fab constructs were expressed in E. 
coli, purified from the E. coli cell lysates and the purified 
samples (purity >95%) were then used in our studies. We 
next identified over twenty binders from which fourteen 
performed as potent inhibitors of MT1-MMP. In our 
current study, four of the most efficient Fab antibody 
binders of MT1-MMP were then selected for the in-depth 
analysis and characterization (Figure 1A).

Using the Fab ELISA tests with the individual 
catalytic domain of MT1-MMP (MT1-CAT) as bait 
for the increasing concentrations of the Fab fragments, 
we confirmed that the 3A2 (VH CDR-H3 sequence 
VKLQKDKSHQWIRNLVATPYGRYVMDY), 2B5 (VH  
CDR-H3 sequence IGVNAWAVKMSQRMLATRGSGWY 
VMDY) and 3E9 (VH CDR-H3 sequence NGRY 
PGFLKRAHKRLLNFKAYVMDY) Fab fragments  
efficiently bound to MT1-MMP, while the 3B10  
Fab (VH CDR-H3 sequence ALPRKRVMVARRP 
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PWNGRWVKLYGMDY) was far less efficient in our 
ELISA binding tests. The Kd value of the 3A2 Fab (8 nM) 
was comparable with that of the DX2400 Fab (2 nM; VH 
CDR-H3 sequence GRAFDI), which is currently the most 
potent inhibitory antibody developed against human MT1-
MMP [35, 36] (Figure 1B). Our additional cleavage tests 
using the Mca-PLGL-Dpa-AR-NH2 peptide as a cleavage 
substrate and the increasing concentrations of the Fab 
fragments as inhibitors revealed that both the 2B5 and 
3A2 Fab antibodies performed as efficient, low nanomolar 
range, antagonists of MT1-MMP. Thus, the IC50 value of 
the 3A2 Fab was 18 nM, suggesting that this Fab sequence 

is only 2-fold less efficient against MT1-MMP compared 
with the DX2400 Fab (8.5 nM). In turn, neither the 3B10 
nor 3E9 Fab fragments inhibited MT1-MMP activity (IC50 
> 5,000 nM for both) indicating that the binding efficacy 
does not always directly correlate with the inhibitory 
potency (Figure 1C).

The 3A2 Fab performs as a selective inhibitor of 
MT1-MMP

To test if the 3A2 antibody performs not only as 
an efficient but also as a selective inhibitor, we evaluated 

Figure 1: The 3A2 Fab is a selective, low nanomolar inhibitor of MT1-MMP. A. The clone, the sequence and the length of 
the CDR-H3 region in the selected Fab binders of MT1-MMP. B. Fab ELISA with the selected Fab binders of MT1-MMP. Left, the biotin-
labeled catalytic domain of MT1-MMP (MT1-CAT) was captured onto streptavidin-coated wells of a 96-well plate. The Fab antibodies 
(0-8,000 nM) were allowed to bind to MT1-CAT. The bound antibodies were detected using HRP-conjugated anti-human Fab and a 
TMB/E substrate. Data are means ± SE from three individual experiments performed in triplicate. Right, the Kd values were calculated 
from the reactions in which a half of MT1-CAT was complexed with the added Fab. C. Inhibition of the MT1-MMP cleavage activity 
by the selected Fab antibodies. Left, the dose-response inhibition by the Fab fragments. The cleavage activity of MT1-CAT (5 nM) was 
measured in the presence of the increasing concentrations of the Fab antibodies (0-5,000 nM) using a Mca-PLGL-Dpa-AR-NH2 substrate 
(1 µM). The residual cleavage activity was expressed in percent relative to a “no Fab” control. Data are means ± SE from 3 individual 
experiments conducted in triplicate. Right, the IC50 values for the selected Fab antibodies. *a and *b, the weak inhibitory and non-inhibitory 
Fabs, respectively. D. The 3A2 Fab antibody is a selective inhibitor of MT1-MMP. The individual CAT of MT-MMPs (5 nM, each) were 
co-incubated with the increasing concentrations of the 3A2 Fab antibody (0-5,000 nM). The residual cleavage activity was measured using 
a Mca-PLGL-Dpa-AR-NH2 substrate (1 µM). Left, the representative dose-response curves of the 3A2 Fab antibody against MT1-CAT. 
Right, the IC50 values of the 3A2 Fab antibody in the individual MT-MMPs. RFU, relative fluorescence unit; *c, no inhibition at the highest 
Fab concentration used. E. The 3A2 Fab antibody inhibits MT1-MMP proteolysis of AAT. AAT (2 μM) was co-incubated with MT1-CAT 
alone (40 nM, no inhibitor) or jointly with the 3A2 or DX2400 Fab fragments (20 and 200 nM, each), TIMP-1 (1,000 nM), TIMP-2 (20 nM) 
or GM6001 (1,000 nM). The reactions were analyzed by SDS-PAGE followed by Coomassie staining. DX, DX2400.
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its off-target interactions against a panel of the purified 
MMPs. Because earlier we have already proved that the 
3A2 antibody did not cross-react with the soluble MMP-
2 and MMP-9 (submitted), here we evaluated the more 
closely related enzymes from the MT-MMP sub-family, 
including MT2-MMP, MT3-MMP, MT4-MMP, MT5-
MMP and MT6-MMP. For these purposes, the increasing 
concentrations of the 3A2 Fab were used to inhibit the 
cleavage activity of these five MT-MMPs against the 
Mca-PLGL-Dpa-AR-NH2 substrate. Our results clearly 
indicated that the 3A2 Fab was highly specific against 
MT1-MMP (IC50 = 18 nM). The 3A2 Fab was incapable 
of inhibiting MT4-MMP and MT6-MMP (IC50 > 5,000 nM 
for both), the proteases that are less related to MT1-MMP. 
An insignificant inhibitory efficacy of the 3A2 Fab was 
observed against MT2-MMP (IC50 ≈ 1,800 nM), MT3-
MMP (IC50 ≈ 335 nM) and MT5-MMP (IC50 ≈ 425 nM) 
(Figure 1D).

Inhibition of MT1-MMP proteolysis of α1-
antitrypsin serpin by the 3A2 Fab

Because the 3A2 Fab outperformed other Fab 
constructs, our further studies were focused on the 3A2 
antibody alone. The 3A2 Fab was efficient not only in 
suppressing the peptide cleavage by MT1-MMP but also 
MT1-MMP proteolysis of the protein substrates. Thus, 
human α1-antitrypsin (AAT) serpin is a clinically relevant 
protein target of MMP proteolysis as well as a common 
and convenient substrate for testing the functional 
activity of MMPs in vitro. MMPs normally cleave the 
56 kDa AAT near the C-terminus to generate the 52 kDa 
N-terminal and the 4 kDa C-terminal fragments [44-48]. 
In agreement, at a 1:50 enzyme-substrate molar ratio, 
MT1-CAT almost fully proteolyzed AAT in 1 h. Inhibition 
of MT1-MMP proteolysis was already observable at the 
low, 20 nM, concentration of the 3A2 antibody. A 200 
nM 3A2 Fab concentration caused an almost quantitative 
inhibition of MT1-MMP proteolysis of AAT. Similar 
results were also observed with the DX2400 Fab (Figure 
1E). As controls, we co-incubated AAT with TIMP-1 (an 
inefficient MT1-MMP inhibitor), TIMP-2 (a potent MT1-
MMP inhibitor) or the broad spectrum hydroxamate MMP 
inhibitor GM6001 (IC50 = 0.4 nM against MT1-MMP). As 
expected, both TIMP-2 (20 nM) and GM6001 (100 nM) 
readily abolished MT1-MMP proteolysis of ATT, whereas 
TIMP-1 (1,000 nM) was without effect. In sum, under our 
experimental conditions the 3A2 Fab inhibitory potency 
was similar with that of both TIMP-2 and DX2400 Fab.

The 3A2 Fab inhibits the functional activity of 
cellular MT1-MMP

Cellular MT1-MMP is a single physiological 
activator of the soluble MMP-2 proenzyme [49]. In the 
proMMP-2 activation pathway, MT1-MMP cleaves the 

Asn37-Leu38 scissile bond in the proMMP-2 prodomain 
sequence. This cleavage transforms the MMP-2 zymogen 
into the 64 kDa activation intermediate. The latter then 
autolytically generates the 62 kDa mature enzyme 
[49, 50]. To elucidate if the 3A2 antibody inhibits the 
functional activity of cellular MT1-MMP, we co-incubated 
human fibrosarcoma HT1080 cells that express naturally 
MT1-MMP with the 3A2 Fab for 16-18 h. For comparison, 
HT1080 cells were also co-incubated with TIMP-1, TIMP-
2 or either the DX2400 Fab or IgG. The non-inhibitory 
MT1-MMP 3G4 antibody was used as an irrelevant 
antibody control. GM6001 hydroxamate was used as an 
additional control. To increase the MT1-MMP cellular 
activity, HT1080 cells were stimulated with phorbol 
12-myristate 13-acetate. Conditioned medium aliquots 
were then analyzed by gelatin zymography. As expected, 
primarily the 68 kDa proMMP-2 zymogen was revealed 
in the intact HT1080 cells, while the significant levels 
of the 64 kDa activation intermediate and the 62 kDa 
mature enzyme of MMP-2 were present in the stimulated 
HT1080 cells (Figure 2A). Both GM6001 (1,000 nM) 
and TIMP-2 (100 nM) blocked the proMMP-2 activation 
in the stimulated HT1080 cells, while TIMP-1 (a poor 
inhibitor of MT1-MMP) and a non-inhibitory MT1-MMP 
3G4 antibody were both ineffective (1,000 nM, each). 
Our quantification of the zymogen:activation intermediate 
ratio in the MMP-2 samples demonstrated a comparable 
inhibitory efficacy of the 3A2 and DX2400 Fab fragments 
(Figure 2A).

To corroborate these data and demonstrate that 
the inhibition of MMP-2 activation was caused by the 
inactivation of cellular MT1-MMP rather than by the 
antibody cytotoxicity, we determined if the MT1-MMP 
antibodies affected cell viability. For these purposes, 
we used normal mammary epithelial 184B5 cells which 
are more fragile compared with the apoptosis-resistant 
cancer cells. Cells were incubated for 24 h with a high, 
1 µM, concentration of the antibodies. Viable cells were 
then assessed using an ATP-Lite assay. Our data clearly 
demonstrated that none of the inhibitory antibodies had an 
effect on cell viability (Figure 2B).

3A2 Fab inhibits collagenolysis mediated by 
cellular MT1-MMP

Because MT1-MMP is a collagenase, we next tested 
if the 3A2 Fab was capable of inhibiting the collagenolytic 
activity of cellular MT1-MMP. For these purposes, we 
performed a type-I collagen (COL-I) degradation assay 
using 184B5-MT1 cells and assessed the 3A2 inhibitory 
potency in comparison with that of GM6001, TIMP-1, 
TIMP-2, and both DX2400 Fab and IgG. As an additional 
control, we used 184B5-mock cells, which do not express 
MT1-MMP and, as a result, do not proteolyze COL-I. 
Cells were plated for 5 days onto slides coated with 
COL-I, then fixed, stained with Coomassie and observed 
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using a microscope. 184B5-MT1 cells readily degraded 
COL-I, while 184B5-mock cells were negative. Both 
GM6001 (1,000 nM) and TIMP-2 (100 nM) blocked 
COL-I degradation in 184B5-MT1 cells, while TIMP-1 
(1,000 nM) was inactive suggesting that MT1-MMP rather 

than other MMPs was a key in COL-I cleavage in our cell 
system. Consistently, the 3A2 Fab (200 nM) and both the 
DX2400 Fab (200 nM) and IgG (100 nM) quantitatively 
inhibited MT1-MMP-dependent collagenolysis in 184B5-
MT1 cells (Figure 2C).

Figure 2: The 3A2 Fab antibody inhibits the functional activity of cellular MT1-MMP. A. The 3A2 Fab and the DX2400 
Fab and IgG antibodies inhibited activation of the proMMP-2 zymogen by cellular MT1-MMP in HT1080 cells. Top, to induce proMMP-2 
activation, cells were stimulated using phorbol 12-myristate 13-acetate (PMA; 50 ng/ml). Cells were then co-incubated with the 3A2 and 
DX2400 antibodies (20-200 nM, each) and also with the non-inhibitory MT1-MMP 3G4 IgG antibody (20-200 nM), TIMP-1 (1,000 nM), 
TIMP-2 (100 nM) and GM6001 (1,000 nM) controls. Medium aliquots were next analyzed by gelatin zymography to identify the status 
of MMP-2. Cells alone, no inhibitors were added to the cells. Bottom, the digitized zymogen:activation intermediate ratio in the MMP-
2 samples. White and grey rectangles, zymogen and activation intermediate, respectively. The numbers indicate the percentage of the 
activation intermediate relative to the total combined amount of the zymogen and the intermediate. B. The 3A2 Fab and the DX2400 Fab 
and IgG do not affect cell viability. Normal mammary epithelial 184B5 cells were incubated alone (cells alone) or co-incubated with the 
antibodies (1,000 nM, each). Cell viability was measured using a luminescent ATP-Lite assay. Data are means ± SE from three individual 
experiments performed in triplicate. C. The 3A2 Fab antibody inhibits COL-I degradation by cellular MT1-MMP. MT1-MMP-deficient 
184B5-mock and MT1-MMP-overexpressing 184B5-MT1 cells were plated onto COL-I layers and then incubated alone or co-incubated 
for 5 days with the 3A2 Fab (200 nM), DX2400 Fab or IgG (200 nM and 100 nM, respectively), TIMP-1 (1,000 nM), TIMP-2 (100 nM) 
or GM6001 (1,000 nM). After the removal of cells, COL-I was stained with Coomassie. The representative images from three independent 
experiments performed in triplicate are shown. D. Cell invasion through COL-I. 184B5-mock (mock) and 184B5-MT1 (MT1) cells (1×105, 
each) were allowed to migrate alone (no inhibitor) or in the presence of the 3A2 or DX2400 Fab fragments (500 nM, each) or the indicated 
concentrations DX2400 IgG. GM6001 (1,000 nM) and 10% FBS were used as a control and a chemoattractant, respectively. Migration 
efficiency was calculated relative to MT1 cells, no inhibitor and 10% FBS (=100%). Data are means ± SE from three individual experiments 
conducted in triplicate. **, P < 0.05. DX, DX2400.
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3A2 Fab inhibits MT1-MMP-dependent cell 
invasion

Because cellular MT1-MMP plays a major role in 
promoting cell invasion, we evaluated if the 3A2 antibody 
was capable of affecting cell invasion through a layer 
of COL-I. For these purposes, we performed a COL-I 
invasion assay using Boyden migration chambers in which 
porous membranes were coated with a thin layer of COL-I. 
In the assay we used 184B5-MT1 cells and evaluated 
the 3A2 Fab inhibitory potency in comparison with that 
of both the DX2400 Fab and IgG antibodies. The cells 
were plated in serum-free DMEM in the upper chamber. 
DMEM-10% FBS was added to the lower chamber as 
a chemoattractant. The inhibitors were added to both 
chambers. The 184B5-mock cells that do not produce 
MT1-MMP and, as a result, do not migrate efficiently 
serve as a control [51, 52]. In turn, 184B5-MT1 cells 
stably transfected with MT1-MMP acquired an ability to 
migrate through COL-I (Figure 2D). GM6001 (1,000 nM) 
blocked migration of 184B5-MT1 cells to a level observed 
in MT1-MMP-deficient 184B5-mock cells. There was a 
noticeable repression of migration efficiency of 184B5-
MT1 cells in the presence of the 3A2 and DX2400 Fab 
fragments (500 nM each). The full-length DX2400 IgG, 
however, exhibited in a dose-dependent manner a more 
efficient inhibition suggesting that the Fab fragments 
underperform in comparison with the respective full-
length antibody format.

3A2 Fab inhibits cellular murine MT1-MMP

Because our animal studies involve mice and 
because there is a four residue difference in the MT1-CAT 
peptide sequence in mice versus humans (Supplementary 
Figure S1), we determined if the anti-human 3A2 Fab 
was species-specific. For these purposes, we performed 
the MMP-2 activation assay using murine melanoma 
B16F1 cells with the enforced expression of murine 
MT1-MMP (B16F1-mMT1 cells). Because B16F1 cells 
do not express MMP-2 naturally, the purified proMMP-2 
zymogen was added to the serum-free DMEM. Cells were 
then incubated in this medium with or without the 3A2 
or DX2400 Fab antibodies. Medium aliquots were then 
analyzed by gelatin zymography. The conversion of the 
68 kDa proMMP-2 into the 64 kDa activation intermediate 
and the 62 kDa mature enzyme was readily observed in 
the untreated B16F1-mMT1 cells (Figure 3A). Both the 
3A2 and DX2400 Fab fragments, in a dose-dependent 
manner, inhibited cellular murine MT1-MMP and blocked 
MMP-2 activation. We also confirmed that the 3A2 and 
DX2400 antibodies did not affect the viability of B16F1-
mMT1 cells (data not shown).

To corroborate these results, we tested if the 3A2 
antibody was capable of inhibiting COL-I degradation by 
the cellular murine MT1-MMP. For these purposes, we 

plated murine B16F1-mMT1 cells onto slides coated with 
COL-I and then incubated the cells with or without the 
3A2 Fab, the DX2400 Fab or IgG, TIMP-2 or GM6001. 
In 5 days, cells were removed and the slides were fixed, 
stained using Coomassie and observed using a microscope. 
Intact B16F1-mMT1 cells readily degraded COL-I layer. 
On a contrary, there was no significant degradation of 
COL-I in cells co-incubated with GM6001 (1,000 nM), 
TIMP-2 (100 nM) or the DX2400 antibody either in 
Fab or IgG format (200 nM and 100 nM, respectively) 
(Figure 3B). Overall, our data indicated that similar with 
human MT1-MMP both the 3A2 and DX2400 antibodies 
performed as potent inhibitors of the murine protease.

3A2 Fab reduces pulmonary melanoma 
metastasis in mice

We next evaluated the potency of the 3A2 Fab in 
reducing the pulmonary metastasis in the experimental 
melanoma metastasis model in mice. We specifically 
selected B16F1 cells for our in vivo studies because of 
their high metastatic propensity. To specifically focus 
on the MT1-MMP function in metastasis, we employed 
the B16F1-mMT1 cells with the enforced expression of 
murine MT1-MMP and the respective control B16F1-
mock cells transfected with the original plasmid alone.

Multiple assays confirmed the overexpression of 
the functionally active MT1-MMP in B16F1-mMT1 
relative to the B16F1-mock cell control. Thus, high level 
of MT1-MMP in B16F1-mMT1 cells was detected in cell 
extracts analyzed by Western Blotting with the MT1-MMP 
3G4 antibody (Figure 4A). Gelatin zymography analysis 
of medium aliquots demonstrated that B16F1-mMT1 
cells, but not the B16F1-mock control, were capable of 
efficiently activating MMP-2 (Figure 4A). Finally, the 
fluorescent MP-3653 reporter (a liposome tagged with a 
fluorochrome and functionalized with a PEG-5000 chain 
spacer linked to an inhibitory hydroxamate warhead) that 
binds to the active cellular MT1-MMP alone and that 
does not interact with the MT1-MMP proenzyme nor 
the catalytically inactive MT1-MMP enzyme•TIMP-2 
complex [53], readily highlighted B16F1-mMT1 cells 
but not the control cells (Figure 4A). Based on these 
tests, we concluded that the control B16F1-mock cells 
were deficient in MT1-MMP, while the stably transfected 
B16F1-mMT1 cells overexpressed this membrane 
protease.

In our animal tests, B16F1-mMT1 cells were 
injected i.v. at day 1 into athymic nude mice (n=12, 
mMT1 mice). Mice injected with B16F1-mock cells 
(n=6, mock mice) served as a control. Six mice from 
the mMT1 group received five injections of the 3A2 
Fab i.p. (10-15 mg/kg at day 1, 3, 5, 8 and 12) (Figure 
4B). Six other mMT1 mice and the mock mice (n=6) 
received an injection i.p of vehicle alone. Additional 
three mice were left intact and did not receive cells 



Oncotarget7www.impactjournals.com/oncotarget

nor the antibody. At day 23, mice were euthanized, 
and their lungs were surgically removed, weighed and 
photographed (Figure 4C and 4D, Supplementary Figure 
S2A-S2C). Western blotting analysis of the tissue extract 
confirmed the continuing expression of MT1-MMP in 
the lungs from both the mMT1 and mMT1+3A2 animal 
groups. In turn, the lungs of the intact and mock mice 

did not exhibit any noticeable levels of MT1-MMP. 
Because of the massive melanoma lesions, the lung 
weight in the mMT1 group (0.717 ± 0.160 g) greatly 
exceeded that in the mock animals (0.239 ± 0.047 g) 
and the intact mice (0.175 ± 0.023 g). In agreement, 
the number of metastatic nodules in the mMT1 group 
(198 ± 31) was approximately 4-fold higher relative to 

Figure 3: The 3A2 Fab antibody inhibits the functional activity of murine MT1-MMP. A. Murine melanoma B16F1-mMT1 
cells stably transfected with murine MT1-MMP were co-incubated with the purified proMMP-2 zymogen alone (cells alone; 5-10 nM) or 
jointly with the 3A2 or DX2400 Fab antibodies (25-200 nM each; top and bottom panels, respectively). Where indicated, GM6001 (1,000 
nM) was added to the cells. Medium aliquots were next analyzed by gelatin zymography to identify the status of MMP-2. B. The 3A2 Fab 
antibody inhibits COL-I degradation by murine cellular MT1-MMP. B16F1-mMT1 cells were plated onto COL-I layers and then incubated 
alone (no inhibitor) or co-incubated for 5 days with the 3A2 Fab (200 nM), DX2400 Fab and IgG (200 nM and 100 nM, respectively), and 
GM6001 (1,000 nM). After the removal of cells, COL-I was stained with Coomassie. The representative images from three independent 
experiments performed in triplicate are shown. DX, DX2400.
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the mock control (55 ± 10). Furthermore, the nodules 
were bigger in size in the mMT1 mice relative to the 
control animals (Supplementary Figure S2A-S2B). In 
general, these observations agree well with the results 
by others [12, 13, 19] and support the pro-metastatic role 
of MT1-MMP in cancer. Importantly, the 3A2 antibody 
injections significantly reduced the lung weight (0.328 ± 
0.123 g) and both the number (95 ± 28) and the size of 
metastatic lesions in mice from the mMT1+3A2 group 
when compared with the untreated mice from the mMT1 
group (Figure 4D, Supplementary Figure S2B-S2C), 
making these parameters similar to those we recorded in 
the MT1-MMP-deficient mock control.

3A2 Fab, DX2400 Fab and TIMP-2 compete for 
the binding to MT1-MMP

The 3A2 Fab contained the 27-residue long, flexible 
VH CDR-H3 to mimic the convex-shaped loop of TIMP-2 
that interacts with the active site of MT1-MMP [54, 55]. 
To elucidate the mechanism of MT1-MMP inhibition 
by the 3A2 antibody and identify the 3A2 epitope, we 
determined if there was an overlap of the TIMP-2 binding 
site in the MT1-CAT molecule with that of the 3A2 and 
DX2400 antibodies. For these purposes, we developed 
several competitive ELISA methodologies. In the 3A2/
TIMP-2 ELISA, the 3A2 Fab was coated on plastic and 

Figure 4: The 3A2 Fab reduces both the frequency and the size of melanoma metastatic nodules in mice. A. The 
catalytically active MT1-MMP is expressed in B16F1-mMT1 cells. Left, the status of MMP-2 (gelatin zymography; top panel) and MT1-
MMP (Western blotting with the AB8345 antibody; bottom panel) in B16F1-mock and B16F1-mMT1 cells. Right, the fluorescent MP-3653 
reporter (25 nM) reports the presence of the catalytically active MT1-MMP (green) in B16F1-mMT1 cells but not in B16F1-mock cells. 
DAPI (blue). Scale bar, 10 μm. B. Schematic representation of our injection protocol. Athymic mice received a single tail vein injection 
of B16F1-mock or B16F1-mMT1 on day 1 followed by the intraperitoneal injection of the 3A2 Fab (10-15 mg/kg) on days 1-12. Mice 
were euthanized and the lungs harvested on day 23. C, Top, representative images of the lungs obtained from the intact control (normal), 
B16F1-mock (mock), B16F1-mMT1 (mMT1) and B16F1-mMT1+3A2 animal groups (mMT1+3A2). Scale bar, 5 mm. Bottom, Western 
blotting (WB) of the lung extracts (20 μg total protein each) using the MT1-MMP AB8345 antibody. D. The weight and the number of the 
pulmonary metastatic lesions in the B16F1-mock, B16F1-mMT1 and B16F1-mMT1+3A2 mice. Normal, the lungs from the intact mice 
control. **, P < 0.05; NS, not significant.
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then allowed to bind to the constant amount of MT1-CAT 
jointly with the increasing levels of TIMP-2. The bound 
MT1-CAT was then measured using the rabbit MT1-MMP 
antibody followed by the horseradish peroxidase (HRP)-
conjugated donkey anti-rabbit IgG. We observed that 
TIMP-2, in a dose-dependent manner, competed with the 
3A2 Fab for the binding to MT1-CAT. However, even at a 
high, 80:1, TIMP-2 - MT1-CAT molar ratio, TIMP-2 was 
incapable of fully outcompeting the binding of the 3A2 
Fab to MT1-CAT, thus implying that there was a partial 
overlap between the TIMP-2 and the 3A2 binding regions 
(Figure 5A). Similar observations were obtained in our 
DX2400/TIMP-2 ELISA that employed the immobilized 
DX2400 Fab (Figure 5A), suggesting an overlap among 

the TIMP-2 and the 3A2 and DX2400 binding regions 
in MT1-CAT. Our additional 3A2/DX2400 ELISA, in 
which the immobilized 3A2 Fab was allowed to bind 
to the constant amount of MT1-CAT jointly with the 
increasing concentrations of DX2400 Fab, confirmed 
that the DX2400 Fab, in a dose-dependent manner, albeit 
only partially, also competed the 3A2 antibody binding to 
MT1-CAT (Figure 5A).

3A2 Fab does not directly interact with the active 
site zinc in MT1-MMP

We next determined if the 3A2 and DX2400 
inhibitory mechanism resembles that of TIMP-2 and 

Figure 5: The 3A2 Fab antibody competes with TIMP-2, but not with hydroxamate inhibitor, for its binding to MT1-
MMP. A. The 3A2 and DX2400 Fab antibodies compete between themselves and also with TIMP-2 for their binding to MT1-MMP. 3A2/
TIMP-2 and DX/TIMP-2, ELISA results in which the immobilized 3A2 and DX2400 Fab antibodies were each co-incubated with MT1-
CAT (25 nM) and the indicated TIMP-2 – MT1-CAT molar ratios. 3A2/DX and 3A2/GM6001, ELISA results in which the immobilized 
3A2 was co-incubated with MT1-CAT (25 nM) and the indicated DX2400 Fab or GM6001 – MT1-CAT molar ratio, respectively. In each 
ELISA, the bound MT1-MMP was then quantified using the rabbit polyclonal MT1-MMP antibody followed by the HRP-conjugated 
donkey anti-rabbit IgG and a TMB/E substrate. No MT1, MT1-CAT was not added. MT1, only MT1-CAT (25 nM) was added (=100%). 
Data are means ± SE from three individual experiments conducted in triplicate. **, P < 0.05. B. The 3A2 and DX2400 antibodies do not 
directly interact with the catalytic zinc vicinity. Left, the fluorescent MP-3653 reporter (25 nM) with a hydroxamate warhead did not detect 
the catalytically active MT1-MMP in MT1-MMP-deficient MCF7-mock cells. Right panels, MCF7-MT1 cells were left alone (no inhibitor) 
or co-incubated with the fluorescent MP-3653 reporter (25 nM) alone or jointly with the 3A2 Fab, the DX2400 Fab or IgG, the 3G4 IgG 
control, TIMP-1 (1,000 nM, each), TIMP-2 (50 nM) and GM6001 (100 nM). Scale bar, 10 µm. DX, DX2400.
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hydroxamate inhibitors, both of which directly interact 
with the active site Zn2+ binding motif HEXXHXXGXXH 
in MT1-MMP [54-56]. Our 3A2/GM6001 ELISA in 
which the immobilized 3A2 Fab was allowed to bind to 
the constant concentration of MT1-CAT supplemented 
with the increasing concentrations of GM6001 revealed 
that, even at an exceedingly high, 400:1 GM6001 - MT1-
CAT molar ratio, the binding of the 3A2 Fab to MT1-CAT 
remained unaffected (Figure 5A). This suggests that the 
3A2 Fab does not interact directly with the catalytic Zn 
binding motif in the MT1-MMP active site.

To corroborate these results, we next determined 
if the 3A2 and DX2400 antibodies were able to affect 
the binding of the fluorescent hydroxamate-based MP-
3653 reporter to cellular MT1-MMP [53]. Because of 
the steric hindrance between the antibody and bulky 
liposome-based reporter, we expected that the antibody 
binding would limit the concurrent binding of the reporter 
hydroxamate warhead to the MT1-MMP active site. In 
these binding experiments, we used breast carcinoma 
MCF7-MT1 cells stably transfected with MT1-MMP and 
the control MT1-MMP-deficient MCF7-mock cells. Cells 
were co-incubated with the MP-3653 reporter alone or 
jointly with the 3A2 Fab or the DX2400 in its Fab or 
IgG format. As controls, cells were co-incubated with the 
reporter in the presence of TIMP-1, TIMP-2, GM6001 
or the non-inhibitory MT1-MMP 3G4 IgG antibody. The 
MP-3653 reporter readily bound to cell surface-associated 
MT1-MMP in the untreated MCF7-MT1 cells but not in 
MCF7-mock cells (Figure 5B). Both TIMP-2 (at a 2:1 
inhibitor - reporter molar ratio) and GM6001 (at a 4:1 
hydroxamate - reporter molar ratio) totally abolished the 
binding of the reporter to MCF7-MT1 cells, while TIMP-
1 (even at a high, 40:1 inhibitor - reporter molar ratio) 
was inactive. In agreement, the non-inhibitory MT1-
MMP 3G4 antibody also did not affect the binding of 
the reporter to MCF7-MT1 cells. To our surprise, neither 
the DX2400 Fab or IgG, nor the 3A2 Fab exhibited 
any significant repression of the MP-3653 reporter 
fluorescence in MCF7-MT1 cells. The 3A2 Fab size (≈ 75 
Å in length, ≈ 50 Å in width) is >100-fold less compared 
with the 10 nm PEG-5000 spacer [57] of the liposome-
based reporter (Supplementary Figure S3). The PEG-5000 
spacer of the MP-3653 reporter is functionalized with 
the hydroxamate warhead which chelates the active site 
catalytic zinc in MT1-MMP. Accordingly, it is reasonable 
to expect that the hydroxamate warhead binding to the 
catalytic zinc did not provide any steric hindrance for 
TIMP-2, and, accordingly, for the 3A2 or DX2400 Fab 
antibodies. These results, especially if combined with our 
competitive ELISA tests, suggested that, in contrast with 
TIMP-2 and hydroxamate inhibitors, the inhibitory 3A2 
and DX2400 antibodies caused MT1-MMP inactivation 
without any deep penetration into the active site cavity 
and without direct interference with the catalytic zinc ion.

Modeling of interactions of the 3A2 Fab with 
MT1-MMP

The results of our binding and competition 
experiments, and the availability of the X-ray structures 
of multiple human antibodies, TIMP-2, MT1-MMP and 
MT1-MMP•TIMP-2 complex stimulated us to build a 
crude model of the 3A2 Fab - MT1-CAT interactions. 
To estimate the space occupied by the 3A2 Fab and 
TIMP-2 relative to MT1-CAT, we used as templates the 
structures of the MT1-MMP•TIMP-2 complex (PDB 
1BQQ), of an anti-TDRD3 Fab complexed with the 
tudor domain of human TDRD3 (PDB 3PNW) and of 
GM6001 bound to the anthrax toxin lethal factor (PDB 
4PKW). To model the 3A2 Fab structure, we used the 
residue sequences of the VL and VH chains of the anti-
TDRD3 Fab [58] as a template. We next replaced the 
original anti-TDRD3 sequences Y91GYPI95 in VL CDR-L3, 
F29SSSSI34 in VH CDR-H1, S50ISSSYGYTY59 in VH 
CDR-H2 and T99VRGSKKPYFSGWAMDY115 in VH 
CDR-H3 with the respective VL and VH CDR sequences 
of the 3A2 Fab (SSYSLIT, LSYSSM, SIYPYSGYTY 
and VKLQKDKSHQWIRNLVATPYGRYVMDY, 
respectively) (Table 1).

Earlier we reported that the binding of the 3A2 
Fab to MT1-CAT was affected by the F260A mutation 
in the MT1-MMP sequence. Other mutations, including 
T190A, F198A, Y203A, F204A and N231A (all 
residues are within a 15 Å distance from the catalytic 
Zn2+ atom), did not affect the antibody binding to the 
protease (Supplementary Figure S1) (submitted). These 
data allowed us to restrict the docking area in MT1-
MMP. Accordingly, we selected the N225EDLN229, 
S250SDPS254 and F260YQWMDTEN268 surface regions in 
the MT1-MMP structure as the 3A2 potential epitopes. 
Conversely, the SSYSLIT, LSYSSM, SIYPYSGYTY 
and VKLQKDKSHQWIRNLVATPYGRYVMDY VL and 
VH CDR sequences represented the potential 3A2 Fab 
paratopes.

We then modeled a putative quadri-molecular 
complex that involved TIMP-2, GM6001, MT1-CAT and 
the designed 3A2 Fab. According to our modeling, the 
top scored position indicated that there was an overlap of 
the 3A2 Fab moiety with the space occupied by TIMP-
2 in the MT1-MMP molecule (Figure 6A). These results 
correlated well with the partial competition between 
TIMP-2 and the 3A2 Fab we observed in our competitive 
ELISA assays (Figure 5A). Our model also indicated that 
TIMP-2, but not the 3A2 Fab, interacted with the catalytic 
Zn2+ in the MT1-MMP core, and, as a result, there was an 
expected overlap of GM6001 with the TIMP-2 structure 
(Figure 6B). These observations are in agreement with the 
results by others [29, 54-56] as well as the data from our 
ELISA and cell-based tests (Figure 5A, 5B). To validate 
these data, we are currently in the process of transforming 
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Table 1: The modified complementary determining regions (CDR) sequences in the light (L) and the heavy (H) 
chains of the 3A2 Fab

CDR Sequences of original Fab used as a template Modified sequences in the 3A2 Fab

CDR-L3 YGYPI SSYSLIT

CDR-H1 FSSSSI LSYSSM

CDR-H2 SISSSYGYTY SIYPYSGYTY

CDR-H3 TVRGSKKPYFSGWAMDY VKLGKDKSHQWIRNLVATPYGRYVMDY

Figure 6: The 3A2 Fab competes with TIMP-2 binding to MT1-CAT. A. The predicted structure of the hypothetical MT1-
CAT•TIMP-2•3A2 Fab•GM6001 quadri-molecular complex. MT1-CAT is shown as cartoon (green), TIMP-2 and the 3A2 Fab are shown as 
yellow and cyan surfaces. GM6001, red sticks; the Phe260 residue of the MT1-CAT sequence, black sticks; the catalytic and structural zinc 
ions in MT1-CAT, black and grey spheres, respectively; the structural calcium ion, green sphere. A putative region where TIMP-2 clashes 
with the 3A2 moiety is shown in purple. The figure summarizes a detailed superimposition analysis of the available crystal structures of 
the tudor domain of human TDRD3 in complex with an anti-TDRD3 Fab (PDB 3PNW), MT1-CAT complexed with TIMP-2 (PDB 1BQQ) 
and the anthrax toxin lethal factor bound to GM6001 (PDB 4PKW). B, Unlike TIMP-2, the 3A2 Fab does not bind to the catalytic zinc 
vicinity in MT1-MMP. Left, close-up of the hypothetical MT1-CAT•TIMP-2•GM6001 complex shows that the bound GM6001 penetrates 
into the space occupied by TIMP-2 [46, 48, 49]. As a result, TIMP-2 and GM6001 compete for their binding to MT1-MMP. Right, two 
rotated close-ups of the MT1-CAT•3A2 Fab •GM6001 complex clearly indicate that the 3A2 Fab cannot interact with the catalytic zinc 
vicinity (black sphere) in the MT1-MMP active site. As a result, the 3A2 Fab did not compete with GM6001 for the binding to MT1-CAT.
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the 3A2 Fab into its full-length IgG format. We will then 
determine the crystal structure of the MT1-CAT•3A2 IgG 
complex to better understand the molecular mechanism of 
MT1-MMP inhibition by the 3A2 antibody.

DISCUSSION

Proteases, including MMPs, are both valuable 
diagnostic markers and pharmacological targets. 
Accordingly, the MMP inhibitors are expected to be 
valuable drugs in multiple pathologies and, especially 
in cancer. Ubiquitous pro-invasive MT1-MMP is an 
archetype membrane-associated MMP and a focus of 
numerous extensive studies leading to an appreciation 
of this protease key functions in cell migration and 
metastasis [59]. Naturally, this cell surface-associated 
protease gradually became a promising drug target. 
However, because of homology in the active site region of 
MMPs, the small-molecule active site-targeting inhibitors 
(primarily, hydroxamates that chelate the catalytic zinc 
atom in the MMP active site) cross-reacted with multiple 
MMPs rather than with MT1-MMP alone [29]. Off-target 
effects and low net efficacy of these inhibitors caused in 
their failure in clinical trials [30-32]. As a result, it is now 
broadly accepted that high level of specificity is required 
for pharmacological targeting of MT1-MMP.

Accordingly, high selectivity is a key parameter in a 
design of a successful anti-MT1-MMP therapy. Function-
blocking antibodies represent a valuable alternative to 
small-molecule MMP inhibitors. Several MT1-MMP 
antibodies, both murine and human, have been recently 
developed and partially characterized [17, 34-36, 40, 41]. 
All of these antibodies target the exosites rather than the 
catalytic site region of MT1-MMP. Antibody targeting of 
the active site region that is buried in the MMP globule is 
a challenge, especially if the conventional approaches are 
employed in the library construction and antibody design.

To overcome this challenge, we designed a human 
Fab antibody library in which the antibody constructs 
exhibited the long, 23-27 residue, VH CDR-H3 [43]. 
The length of these CDR significantly exceeded that (9-
12 residues) in human and murine antibodies [60] and 
correlated with an average CDR size recorded in the 
camelid antibodies [61]. Using MT1-CAT as bait, we 
identified over 20 binders from which 14 performed as 
inhibitors of MT1-MMP rather than as broad-specificity 
antagonists. The most efficient and selective inhibitor 
was the 3A2 Fab that we extensively characterized and 
reported here.

Our binding and inhibitory in vitro and cell-
based tests and assays convincingly demonstrated 
that the 3A2 antibody is both an efficient and selective 
inhibitor of cellular MT1-MMP rather than a broad-
specificity MMP inhibitor. According to our tests, the 
selectivity and efficiency of the 3A2 Fab was similar to 
that of the DX2400 Fab, the most potent and selective 

human function-blocking anti-MT1-MMP antibody. The 
conversion of the DX2400 Fab into the full-length human 
IgG caused a further 10-fold increase in the antibody 
potency. Therefore, we expect that a similar improvement 
would take place with the 3A2 Fab fragment, suggesting 
that the 3A2 Fab is a very promising lead antibody against 
pro-tumorigenic/metastatic MT1-MMP.

Interestingly, the 3A2 antibody binding mode was 
dissimilar from that of hydroxamates that chelate the 
active site catalytic zinc in MT1-MMP and of natural 
protein inhibitors (such as TIMP-2) the inhibitory loop 
of which penetrates deeply into the protease active site 
pocket [54-56]. According to our binding, competition 
and modeling studies, the 3A2 Fab epitope only partially 
overlaps with the TIMP-2 binding site in the MT1-MMP 
catalytic domain and does not reach out to the catalytic 
zinc proximity. We believe that our modeling provided 
a structural rationale for our experimental results and 
sharpened a focus for our on-going mutagenesis and 
antibody fine-tuning efforts. Taken together, our studies 
generated a roadmap for the subsequent mutagenesis and 
structure-based affinity maturation of the 3A2 antibody.

Furthermore, because of its selectivity and 
low nanomolar inhibitory potency, the 3A2 antibody 
represents a valuable tool for the analysis of the MT1-
MMP functional significance in cancer. Earlier work 
by others demonstrated that in a model of advanced 
peritoneal ovarian cancer, MT1-MMP-dependent 
invasion and metastasis was effectively inhibited by 
i.p. administration of the anti-MT1-MMP monoclonal 
antibody [17]. Similarly, another selective, albeit 
distinct, anti-MT1-MMP monoclonal antibody repressed 
metastasis of breast carcinoma MDA-MB-231 cells in a 
mouse orthotopic xenograft model [34]. We then used 
the 3A2 Fab to assess if the low, 10-15 mg/kg, antibody 
amount affected the development of metastatic lesions in 
the experimental pulmonary melanoma metastasis model 
in mice. Our results provided experimental evidence that 
the anti-MT1-MMP monotherapy caused a significant 
reduction in both the number and the size of melanoma 
pulmonary metastases. Our results, especially if combined 
with the results by others [11-13, 19], suggest that MT1-
MMP plays the most critical role in the metastatic 
invasion rather than in tumor development and growth. 
Accordingly, we now believe that therapeutic targeting 
of MT1-MMP would be most beneficial for patients 
suffering from metastatic cancer and that our data would 
contribute to the design of the future anti-MT1-MMP 
clinical trials.

MATERIALS AND METHODS

General reagents

The reagents were purchased from Sigma-
Aldrich (St. Louis, MO) unless indicated otherwise. 
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The [(7-methoxycoumarin-4-yl)acetyl]-Pro-Leu-Gly-
Leu- [N-3-(2,4-dinitrophenyl)-L-α,β-diaminopropionyl]-
Ala-Arg-NH2 (MCA-PLGL-Dpa-AR-NH2) fluorogenic 
substrate was acquired from R&D Systems (Minneapolis, 
MN). Both murine monoclonal and rabbit polyclonal 
MT1-MMP antibodies (3G4 and AB8345, respectively), 
human α1-antitrypsin (AAT) and a broad spectrum 
hydroxamate inhibitor of MMPs (GM6001) were 
purchased from EMD Millipore (Temecula, CA). TMB/E 
substrate was from SurModics (Eden Prairie, MN). The 
mammary epithelial cell growth medium (MEGM) that 
included a bovine pituitary extract supplement and DMEM 
were from Lonza (Walkersville, MD) and Thermo Fisher 
Scientific (Waltham, MA), respectively. The MT1-MMP 
MP-3653 fluorescent reporter that exhibited an inhibitory 
hydroxamate warhead was described earlier [53]. Human 
TIMP-1 was purchased from Life Technologies (Carlsbad, 
CA). The DX2400 function-blocking human full-length 
IgG1 (DX2400 IgG) antibody was kindly provided to us 
by Kadmon (New York, NY).

Cells

Human breast carcinoma MCF-7, fibrosarcoma 
HT1080 and mammary epithelial 184B5 cells were 
obtained from ATCC (Manassas, VA). Mouse melanoma 
B16F1 cells were a generous gift by Ralph A. Reisfeld (The 
Scripps Research Institute, La Jolla, CA). MCF-7, HT1080 
and B16F1 cells were routinely maintained in DMEM 
supplemented with 10% FBS and gentamicin (10 μg/
ml). Both B16F1 cells stably transfected with the original 
pcDNA3-zeo vector (B16F1-mock cells) or the pcDNA3-
zeo plasmid encoding the full-length murine MT1-MMP 
proenzyme (B16F1-mMT1 cells) and both MCF-7 cells 
stably transfected with the empty pcDNA3-zeo vector 
(MCF7-mock cells) or the pcDNA3-zeo plasmid encoding 
the full-length human MT1-MMP (MCF7-MT1 cells) 
were obtained earlier [62, 63]. 184B5 cells were routinely 
maintained in MEGM-5% FBS supplemented with bovine 
pituitary extract (26 µg/ml) and gentamicin. 184B5 cells 
stably transfected with the original pLenti6/V5-D-TOPO 
lentiviral vector (184B5-mock cells) or the lentiviral vector 
encoding the MT1-MMP C-terminally tagged with a V5 tag 
(185B5-MT1 cells) were constructed earlier [51].

Expression and purification of TIMP-2 and 
MMPs

The cloning, expression and purification of the 
recombinant human TIMP-2 was performed as previously 
described [53]. The TIMP-2-free proMMP-2 zymogen 
was isolated from the p2AHT1A72 cells (a derivative 
of HT1080 cells transfected with both the adenoviral 
E1A gene and the full-length MMP-2 cDNA) [50]. The 
individual catalytic domains (CAT) of human MT1-MMP, 
MT2-MMP, MT3-MMP, MT4-MMP, MT5-MMP and 
MT6-MMP were expressed in E. coli One Shot BL21 

Star (DE3) (Thermo Fisher Scientific). The purified 
proteases were then isolated from the inclusion bodies 
using metal-chelating chromatography and refolded to 
restore their native conformation [45]. Only the samples 
with the purity >95% were used in our subsequent studies. 
The refolded MT-MMPs were readily used in activity 
assays. The concentration of the catalytically active 
MT-MMP samples was measured using a fluorescent 
assay by titration against a standard GM6001 solution of 
known concentration and Mca-PLGL-Dpa-AR-NH2 as a 
substrate. The steady-state rate of the substrate cleavage 
was plotted as a function of inhibitor concentration and 
fitted with the equation V=SA(E0−A(E{(E0+I+Ki)−[(E0+I
+Ki)

2−E(0I]
0.5}), where V, SA, E0, I and Ki are the steady-

state rate of substrate hydrolysis, specific activity (rate per 
unit of MMP concentration), MT-MMP concentration, 
inhibitor concentration and the dissociation constant of the 
MT-MMP•inhibitor complex, respectively [64, 65].

Purified Fab fragments

The cloning, expression and isolation of the 
DX2400 Fab fragment was reported earlier [66]. Both 
the DX2400 full-length IgG and Fab samples were used 
in our experiments for comparison purposes. From the 
twenty purified human Fab constructs that were capable 
of binding to MT1-MMP (submitted), the 2B5, 3A2, 3B10 
and 3E9 Fab constructs were further characterized in this 
study.

Protease inhibition assay

The cleavage assay was performed in triplicate in 
wells of a 96-well plate using the purified individual CAT 
of MMPs (5 nM) and the fluorescent peptide Mca-PLGL-
Dpa-AR-NH2 substrate (1 µM) in 0.2 ml 50 mM HEPES, 
pH 7.5, containing 10 mM CaCl2, 0.5 mM MgCl2 and 10 
μM ZnCl2. Prior to the reactions, increasing concentrations 
of the Fab antibodies (0-5,000 nM) were co-incubated with 
the protease samples for 30 min at ambient temperature. 
Initial reaction velocity was monitored continuously 
at λex=320 nm and λem=400 nm using a fluorescence 
spectrophotometer. The IC50 values were calculated by 
determining the inhibitor concentrations that inhibited the 
cleavage activity by 50%. SigmaPlot was used as fitting 
software.

Cleavage of AAT

The cleavage reactions (20 μl each, 1 h at 37°C) 
contained AAT (2 µg, ≈2 μM) and MT1-CAT (40 nM, 1:50 
enzyme-substrate molar ratio) in 50 mM HEPES, pH 7.5, 
supplemented with 10 mM CaCl2 and 50 μM ZnCl2. Where 
indicated, the Fab antibodies (20-200 nM), TIMP-1 (1,000 
nM), TIMP-2 (20 nM) or GM6001 (1,000 nM) were added 
to the reactions. The reactions were stopped using 5% 
SDS and analyzed by SDS-PAGE in a 4-12% gradient 
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NuPAGE-MOPS gel (Life Technologies) followed by 
Coomassie Blue R250 staining.

Cell viability assays

Assays were conducted in wells of a 96-well flat 
bottom, white wall plates. 184B5 and B16F1-mMT cells 
(7.5×104) were grown for 16 h in MEGM-5% FBS and 
DMEM-10% FBS, respectively. After washing with 
PBS, fresh FBS-free medium (0.1 ml) containing the 
Fab antibodies (1,000 nM) was added to the cells and 
incubation was continued for an additional 24 h. The 
viable cells were then counted using a luminescent ATP-
Lite assay (PerkinElmer; Waltham, MA). Each datum 
point represents the results of at least 2 independent 
experiments performed in triplicate.

MMP-2 gelatin zymography and Western 
blotting

Following incubation of the cells (1×105/well of a 
48-well plate) in serum-free medium (150 µl), the status 
of MMP-2 was analyzed by gelatin zymography of the 
medium aliquots (15 μl) using precast 10% acrylamide 
gels co-polymerized with 0.1% gelatin (Life Technologies) 
as described previously [53]. To stimulate the MMP-2 
activation, HT1080 cells (1×105) were stimulated for 24 
h using phorbol 12-myristate 13-acetate (50 ng/ml) with 
or without the presence of the Fab antibodies (20-200 
nM), TIMP-1 (1,000 nM), TIMP-2 (100 nM) or GM6001 
(1,000 nM). We also used the B16F1-mMT1 cells that 
expressed the murine MT1-MMP and the respective 
control B16F1-mock cells transfected with the original 
plasmid alone. In the latter, cells (1×105) were seeded for 
24 h in DMEM-10% FBS in wells of a 48-well plate. Cells 
were replenished with fresh DMEM (150 µl) containing 
purified proMMP-2 (5-10 nM) alone or jointly with the 
Fab antibodies (25-200 nM) or GM6001 (1,000 nM). 
In 18 h, the medium aliquots (15 μl) were analyzed by 
gelatin zymography, while cells were washed with PBS 
and then lysed in TBS containing 50 mM N-octyl-β-D-
glucopyranoside, 1 mM phenylmethylsulphonyl fluoride, 
10 mM EDTA, and a protease inhibitor cocktail set 
III. Insoluble material was removed by centrifugation 
(14,000×g; 30 min). The supernatant aliquots (5 μg total 
proteins) were separated by electrophoresis in a 4–12% 
gradient NuPAGE-MOPS gel (Life Technologies) and 
analyzed by Western blotting with the MT1-MMP AB8345 
antibody followed by the secondary HRP-conjugated 
antibody (Jackson ImmunoResearch; West Grove, PA) 
and a SuperSignal West Dura Extended Duration Substrate 
kit (Thermo Fisher Scientific). Where indicated, the 
images were digitized and the intensity of the bands was 
quantified using ImageJ software. These data were used 
to measure the zymogen:activation intermediate ratio of 
MMP-2 expressed as a percentage of the zymogen and 

the activation intermediate each related to their combined 
total amount.

COL-I degradation assay

The assay was performed in triplicate in wells of 
a 24-well plate. Wells were coated for 4 h at 37°C with 
neutralized, chilled rat tail COL-I (300 µg/ml, 350 µl in 
PBS) and then air dried for 16 h. The COL-I coating was 
washed twice for 30 min at ambient temperature with sterile 
H2O and rehydrated for 2 h at 37°C in 0.4 ml DMEM. 
Seeded cells (1×105) were allowed to attach for 4 h. Fresh 
DMEM (0.4 ml) containing the 3A2 Fab (200 nM), the 
DX2400 Fab or IgG antibodies (100-200 nM), TIMP-1 
(1,000 nM), TIMP-2 (100 nM) or GM6001 (1,000 nM) was 
then added to the cells. At day 3, cells were replenished with 
fresh medium supplemented with the respective inhibitors 
and incubation was continued for an additional 2 days. Cells 
were next detached with 0.25% trypsin/0.5 mM EDTA. 
COL-I was fixed using 4% p-formaldehyde and stained 
with Coomassie Blue R250. The images were captured 
using a Nikon TE-2000 microscope with a ×20 objective 
and a CCD camera. COL-I degradation appeared as clear 
zones in the blue background.

Cell invasion assays

The assays were conducted in wells of a 24-well, 8 
μm pore size Transwell plate (Corning; Corning, NY). A 6.5-
mm insert membrane was coated using 0.1 ml rat tail COL-I 
(0.3 mg/ml; BD Biosciences; Franklin Lakes, NJ), air dried 
for 16-18 h and then rehydrated for 1 h in 0.2 ml DMEM. 
The inner/lower chamber contained DMEM-10% FBS as 
a chemoattractant. The cells (1×105) were co-incubated for 
60 min in DMEM alone or supplemented with the 3A2 and 
DX2400 Fab fragments (500 nM, each), DX2400 IgG (50-
200 nM) or GM6001 (1,000 nM) prior to plating cells into 
the outer/upper chamber. The inhibitor concentration was 
identical in both the outer and inner chambers. The cells 
were allowed to migrate for 16-18 h. The cells were then 
removed from the membrane top surface using a cotton 
swab. The cells on the membrane bottom surface were fixed 
and stained using 0.2% crystal violet-20% methanol. The 
incorporated dye was extracted using 1% SDS and the A590 
of the extract was measured using a microplate reader. Data 
are means ± SE from 3 individual experiments conducted in 
triplicate. Cell invasion level was calculated relative to the 
intact 184B5-MT1 cells (=100%).

Biotinylation of MT1-CAT

The refolded MT1-CAT aliquot (0.2 mg/ml in 0.7 ml 
50 mM HEPES pH 7.5) was labeled for 30 min on ice at a 
1:20 enzyme-biotin molar ratio using EZ-Link sulfo-NHS-
LC-biotin (Thermo Fisher Scientific). Excess biotin was 
removed using a 0.7-ml protein desalting spin-column.
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Fab antibody binding to MT1-CAT measured by 
ELISA

The wells of a 96-well Maxisorp ELISA plate (Nunc; 
Rochester, NY) were coated with Streptavidin (3 μg/ml, 125 
μl 15 mM bicarbonate buffer, pH 9.6) at 4°C for 18 h, then 
blocked with 0.5% gelatin in TBS-0.075% Tween (TBS/T) 
for 1 h at 37°C. Following two washes with TBS/T, the plate 
was incubated for 20 min at ambient temperature with the 
biotinylated MT1-CAT sample (25 nM). The unbound MT1-
CAT was removed using multiple washes with TBS/T (5 
min each). Increasing concentrations of the Fab antibodies 
(0-8,000 nM; 50 μl TBS/T-0.5% gelatin) were allowed to 
bind to MT1-CAT for 1 h at ambient temperature. Following 
extensive washing with TBS/T, HRP-conjugated goat anti-
human Fab (dilution 1:10,000; 50 μl TBS/T-0.5% gelatin) was 
added to the wells and incubation continued for an additional 
1 h. Following extensive washing with TBS/T and then with 
H2O, TMB/E substrate (0.1 ml) was added to the wells. The 
reaction was stopped using 1 M H2SO4 (25 µl). The resulting 
A450 values were measured using a plate reader. The Kd values 
were calculated by determining the inhibitor concentrations 
that bound 50% of the MT1-MMP molecules. SigmaPlot was 
used as fitting software. Statistical analyses were performed 
using a two-tailed, unpaired Student’s t-test. P values below 
0.05 were considered significant. Data are means ± SE from 
at least 3 individual experiments performed in triplicate.

Competition between the Fab antibodies and 
TIMP-2 for the binding to MT1-CAT measured 
by ELISA

Wells of a 96-well Maxisorp ELISA plate were 
coated with the 3A2 or DX2400 Fab aliquots (2 μg/ml 
each, 125 μl 15 mM bicarbonate buffer, pH 9.6) at 4°C 
for 18 h and then blocked with 3% BSA in PBS-0.075% 
Tween (PBS/T) for 1 h at 37°C. The follow-on procedures 
were carried out at ambient temperature. Following 
washes with PBS/T, MT1-CAT (25 nM; PBS/T-1% BSA) 
alone or jointly with increasing concentrations of TIMP-
2 (2-2,000 nM), DX2400 Fab (2-2,000 nM) or GM6001 
(10-10,000 nM) was added to the wells and incubation 
continued for 2 h. The unbound material was removed 
using multiple washings in PBS/T (5 min each) and then 
the rabbit MT1-MMP Ab8345 antibody (0.5 µg/ml; 0.1 ml 
PBS/T-1% BSA) was added for 2 h. Following extensive 
washing with PBS/T, the HRP-conjugated donkey anti-
rabbit IgG (1:10,000 dilution, 0.1 ml PBS/T-1% BSA) 
was added to the wells and incubation continued for an 
additional 1 h. After extensive washing with PBS/T and 
then with H2O, TMB/E substrate (0.1 ml) was added 
to the wells. The reaction was stopped by adding 1 M 
H2SO4 (0.1 ml) and the resulting A450 value was measured 
using a plate reader. Data are means ± SE from at least 3 
individual experiments performed in triplicate.

Cell-based assay using the fluorescent MP-3653 
reporter

Cells were plated in DMEM-10% FBS on a 15-mm 
glass coverslip and allowed to reach a 25-50% confluency. 
The cells were then washed in PBS and co-incubated for 
30 min at 37°C in DMEM supplemented with either 0.2% 
BSA alone or jointly with the 3A2 Fab, the DX2400 Fab 
or IgG format, the 3G4 IgG control, TIMP-1 (1,000 nM, 
each), TIMP-2 (50 nM) or GM6001 (100 nM). The MP-
3653 reporter (25 nM) was next added to the cells and 
incubation continued for an additional 3 h. Cells were then 
washed in PBS and fixed in 4% p-formaldehyde, mounted 
in the VectaShield mounting medium containing DAPI for 
the nuclear staining (Vector Lab; Burlingame, CA) and 
examined using a fluorescence microscope equipped with 
a digital camera.

Melanoma pulmonary metastasis in mice

To readily develop pulmonary metastatic lesions, 
at day 1, 5-6 week-old female athymic Foxn1nu nude 
mice (Envigo; Indianapolis, IN) received a single tail 
vein injection of B16F1-mock and B16F1-mMT1 
cells [0.2x106 in 0.2 ml Hank’s Balanced Salt Solution 
(HBSS)] [62, 67]. Six and twelve animals received 
B16F1-mock and B16F1-mMT1 cells, respectively. 
Additional 3 mice were left intact and served as a control 
for normal behavior and the normal lung weight. At day 
1, 3, 5, 8 and 12, six animals from the B16F1-mMT1 
group also received an intraperitoneal injection (i.p.) of 
the 3A2 Fab (10-15 mg/kg in 150 µl HBSS), while other 
mice received the vehicle alone. At day 23, mice were 
euthanized according to the NIH guidelines. The lungs 
were harvested, washed in ice-cold PBS and weighed. 
For each mouse, the lungs were photographed and then 
sectioned (Supplementary Figure S2A-S2C). Metastatic 
nodules were counted using the digitized lobe images. 
The lung samples were next snap-frozen. The sections 
(0.15 mg each) of the lungs were extracted in 0.9 ml 20 
mM Tris-HCl, pH 7.4, supplemented with 150 mM NaCl, 
0.5% deoxycholate, 1% IGEPAL, 1% Triton X-100, 
0.1% SDS, a protease inhibitor cocktail set III, 1 mM 
phenylmethylsulfonyl fluoride, 10 mM EDTA and 10 µM 
GM6001. The solubilized material was separated from 
the pellet by centrifugation (14,000×g; 30 min). The 
protein concentration was then adjusted in the samples 
to reach 3 mg/ml. Sample aliquots (20 μg total protein 
each) were then analyzed by Western blotting with the 
MT1-MMP AB8345 antibody followed by the secondary 
HRP-conjugated antibody and a SuperSignal West Dura 
Extended Duration Substrate kit. All protocols for animal 
studies were reviewed and approved by the Institutional 
Animal Care and Use Committee at SBP Medical 
Discovery Institute.
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Structural modeling

In our modeling studies, we used the crystal 
structure of an anti-TDRD3 Fab in its complex with the 
tudor domain of human TDRD3 (PDB 3PNW) [58], MT1-
CAT complexed with TIMP-2 (PDB 1BQQ) [54] and the 
GM6001 hydroxamate bound to the anthrax toxin lethal 
factor (PDB 4PKW) [68]. The structures were analyzed 
and superimposed using PyMOL. The 3A2 Fab fold was 
engineered using the peptide sequence of the VL and VH 
chains of the anti-TDRD3 Fab [58] as a template. In 
the latter, the sequences VL CDR-L3 (Y91GYPI95), VH 
CDR-H1 (F29SSSSI34), VH CDR-H2 (S50ISSSYGYTY59) 
and VH CDR-H3 (T99VRGSKKPYFSGWAMDY115) were 
replaced by SSYSLIT, LSYSSM, SIYPYSGYTY and 
VKLQKDKSHQWIRNLVATPYGRYVMDY, respectively 
(Table 1). We then combined the structure of the VL and 
VH chains from 3PNW with the structure of the modified 
CDR-L3, CDR-H1, CDR-H2 and CDR-H3 regions. The 
structure of the modified CDR regions was modeled using 
the server version of the Modeller program available from 
ModBase [69] and the crystal structure of human prolactin 
receptor complexed with Fab (PDB 4I18) [70]. Using the 
FATCAT program [71], the modeled VH chain of the 3A2 
Fab was then reoriented to the position of the VH chain 
present in the 3PNW structure. The resulting structure 
was then used in our docking experiments. The protein-
protein docking was performed using ZDOCK on-line 
server [72]. For restricting docking area of MT1-MMP 
with the 3A2 Fab, we selected N225EDLN229, S250SDPS254 
and F260YQWMDTEN268 sequences as MT1-MMP 
epitopes and the SSYSLIT, LSYSSM, SIYPYSGYTY and 
VKLQKDKSHQWIRNLVATPYGRYVMDY modified 
sequences in both CDRs VL and VH chains of the Fab as 
paratopes. Figure 6 shows the top scored, most probable 
relative fold of the hypothetical MT1-MMP•TIMP-2•3A2 
Fab•GM6001 quadri-molecular complex.

ACKNOWLEDGMENTS

Our work was supported by UL1TR001442 grant 
from the UCSD Clinical and Translational Science 
Program (AGL), R01CA83017, R01CA157328 and 
R01DE022757 grants from NIH (AYS), and 21IB-0104 
grant from California Breast Cancer Research Program 
(XG and AYS). We thank Buddy and Adriana Charbono 
for their assistance in our animal studies.

REFERENCES

1. Barbolina MV and Stack MS. Membrane type 1-matrix 
metalloproteinase: substrate diversity in pericellular 
proteolysis. Semin Cell Dev Biol. 2008; 19:24-33.

2. Gingras D and Beliveau R. Emerging concepts in the 
regulation of membrane-type 1 matrix metalloproteinase 
activity. Biochim Biophys Acta. 2010; 1803:142-150.

3. Gonzalo P, Moreno V, Galvez BG and Arroyo AG. MT1-
MMP and integrins: Hand-to-hand in cell communication. 
Biofactors. 2010; 36:248-254.

4. Strongin AY. Proteolytic and non-proteolytic roles of 
membrane type-1 matrix metalloproteinase in malignancy. 
Biochim Biophys Acta. 2010; 1803:133-141.

5. Wolf K and Friedl P. Mapping proteolytic cancer cell-
extracellular matrix interfaces. Clin Exp Metastasis. 2009; 
26:289-298.

6. Egeblad M and Werb Z. New functions for the matrix 
metalloproteinases in cancer progression. Nat Rev Cancer. 
2002; 2:161-174.

7. Nagase H, Visse R and Murphy G. Structure and function 
of matrix metalloproteinases and TIMPs. Cardiovasc Res. 
2006; 69:562-573.

8. Bode W, Gomis-Ruth FX and Stockler W. Astacins, 
serralysins, snake venom and matrix metalloproteinases 
exhibit identical zinc-binding environments 
(HEXXHXXGXXH and Met-turn) and topologies and 
should be grouped into a common family, the ‘metzincins’. 
FEBS Lett. 1993; 331:134-140.

9. Friedl P and Wolf K. Proteolytic interstitial cell migration: a 
five-step process. Cancer Metastasis Rev. 2009; 28:129-135.

10. Wolf K, Wu YI, Liu Y, Geiger J, Tam E, Overall C, Stack 
MS and Friedl P. Multi-step pericellular proteolysis controls 
the transition from individual to collective cancer cell 
invasion. Nat Cell Biol. 2007; 9:893-904.

11. Mimori K, Fukagawa T, Kosaka Y, Ishikawa K, Iwatsuki M, 
Yokobori T, Hirasaki S, Takatsuno Y, Sakashita H, Ishii H, 
Sasako M and Mori M. A large-scale study of MT1-MMP 
as a marker for isolated tumor cells in peripheral blood 
and bone marrow in gastric cancer cases. Ann Surg Oncol. 
2008; 15:2934-2942.

12. Perentes JY, Kirkpatrick ND, Nagano S, Smith EY, Shaver 
CM, Sgroi D, Garkavtsev I, Munn LL, Jain RK and Boucher 
Y. Cancer cell-associated MT1-MMP promotes blood vessel 
invasion and distant metastasis in triple-negative mammary 
tumors. Cancer Res. 2011; 71:4527-4538.

13. Yonemura Y, Endo Y, Takino T, Sakamoto K, Bandou E, 
Kinoshita K, Fushida S, Miwa K, Sugiyama K and Sasaki T. 
Membrane-type 1 matrix metalloproteinase enhances lymph 
node metastasis of gastric cancer. Clin Exp Metastasis. 
2000; 18:321-327.

14. Holmbeck K, Bianco P, Caterina J, Yamada S, Kromer 
M, Kuznetsov SA, Mankani M, Robey PG, Poole AR, 
Pidoux I, Ward JM and Birkedal-Hansen H. MT1-MMP-
deficient mice develop dwarfism, osteopenia, arthritis, 
and connective tissue disease due to inadequate collagen 
turnover. Cell. 1999; 99:81-92.

15. Bonfil RD, Dong Z, Trindade Filho JC, Sabbota A, 
Osenkowski P, Nabha S, Yamamoto H, Chinni SR, Zhao 
H, Mobashery S, Vessella RL, Fridman R and Cher ML. 
Prostate cancer-associated membrane type 1-matrix 
metalloproteinase: a pivotal role in bone response 



Oncotarget17www.impactjournals.com/oncotarget

and intraosseous tumor growth. Am J Pathol. 2007; 
170:2100-2111.

16. Iida J, Wilhelmson KL, Price MA, Wilson CM, Pei D, 
Furcht LT and McCarthy JB. Membrane type-1 matrix 
metalloproteinase promotes human melanoma invasion and 
growth. J Invest Dermatol. 2004; 122:167-176.

17. Kaimal R, Aljumaily R, Tressel SL, Pradhan RV, Covic L, 
Kuliopulos A, Zarwan C, Kim YB, Sharifi S and Agarwal 
A. Selective blockade of matrix metalloprotease-14 with 
a monoclonal antibody abrogates invasion, angiogenesis, 
and tumor growth in ovarian cancer. Cancer Res. 2013; 
73:2457-2467.

18. Miller MC, Manning HB, Jain A, Troeberg L, Dudhia J, 
Essex D, Sandison A, Seiki M, Nanchahal J, Nagase H 
and Itoh Y. Membrane type 1 matrix metalloproteinase is a 
crucial promoter of synovial invasion in human rheumatoid 
arthritis. Arthritis Rheum. 2009; 60:686-697.

19. Zuo QF, Cao LY, Yu T, Gong L, Wang LN, Zhao YL, Xiao 
B and Zou QM. MicroRNA-22 inhibits tumor growth and 
metastasis in gastric cancer by directly targeting MMP14 
and Snail. Cell Death Dis. 2015; 6:e2000.

20. Golubkov VS, Chernov AV and Strongin AY. Intradomain 
cleavage of inhibitory prodomain is essential to 
protumorigenic function of membrane type-1 matrix 
metalloproteinase (MT1-MMP) in vivo. J Biol Chem. 2011; 
286:34215-34223.

21. Pei D and Weiss SJ. Furin-dependent intracellular activation 
of the human stromelysin-3 zymogen. Nature. 1995; 
375:244-247.

22. Remacle AG, Rozanov DV, Fugere M, Day R and 
Strongin AY. Furin regulates the intracellular activation 
and the uptake rate of cell surface-associated MT1-MMP. 
Oncogene. 2006; 25:5648-5655.

23. Brew K and Nagase H. The tissue inhibitors of 
metalloproteinases (TIMPs): an ancient family with 
structural and functional diversity. Biochim Biophys Acta. 
2010; 1803:55-71.

24. Clark IM, Swingler TE, Sampieri CL and Edwards DR. The 
regulation of matrix metalloproteinases and their inhibitors. 
Int J Biochem Cell Biol. 2008; 40:1362-1378.

25. Lee MH, Rapti M and Murphy G. Unveiling the surface 
epitopes that render tissue inhibitor of metalloproteinase-1 
inactive against membrane type 1-matrix metalloproteinase. 
J Biol Chem. 2003; 278:40224-40230.

26. Will H, Atkinson SJ, Butler GS, Smith B and Murphy 
G. The soluble catalytic domain of membrane type 
1 matrix metalloproteinase cleaves the propeptide of 
progelatinase A and initiates autoproteolytic activation. 
Regulation by TIMP-2 and TIMP-3. J Biol Chem. 1996; 
271:17119-17123.

27. Remacle A, Murphy G and Roghi C. Membrane type 
I-matrix metalloproteinase (MT1-MMP) is internalised by 
two different pathways and is recycled to the cell surface. J 
Cell Sci. 2003; 116:3905-3916.

28. Strongin AY. Mislocalization and unconventional functions 
of cellular MMPs in cancer. Cancer Metastasis Rev. 2006; 
25:87-98.

29. Grobelny D, Poncz L and Galardy RE. Inhibition of human 
skin fibroblast collagenase, thermolysin, and Pseudomonas 
aeruginosa elastase by peptide hydroxamic acids. 
Biochemistry. 1992; 31:7152-7154.

30. Corbitt CA, Lin J and Lindsey ML. Mechanisms to inhibit 
matrix metalloproteinase activity: where are we in the 
development of clinically relevant inhibitors? Recent Pat 
Anticancer Drug Discov. 2007; 2:135-142.

31. Fingleton B. MMPs as therapeutic targets--still a viable 
option? Semin Cell Dev Biol. 2008; 19:61-68.

32. Overall CM and Lopez-Otin C. Strategies for MMP 
inhibition in cancer: innovations for the post-trial era. Nat 
Rev Cancer. 2002; 2:657-672.

33. Martin MD and Matrisian LM. The other side of MMPs: 
protective roles in tumor progression. Cancer Metastasis 
Rev. 2007; 26:717-724.

34. Botkjaer KA, Kwok HF, Terp MG, Karatt-Vellatt A, 
Santamaria S, McCafferty J, Andreasen PA, Itoh Y, Ditzel 
HJ and Murphy G. Development of a specific affinity-
matured exosite inhibitor to MT1-MMP that efficiently 
inhibits tumor cell invasion in vitro and metastasis in vivo. 
Oncotarget. 2016; 7:16773-16792.

35. Devy L and Dransfield DT. New Strategies for the Next 
Generation of Matrix-Metalloproteinase Inhibitors: 
Selectively Targeting Membrane-Anchored MMPs 
with Therapeutic Antibodies. Biochem Res Int. 2011; 
2011:191670.

36. Devy L, Huang L, Naa L, Yanamandra N, Pieters H, Frans 
N, Chang E, Tao Q, Vanhove M, Lejeune A, van Gool R, 
Sexton DJ, Kuang G, Rank D, Hogan S, Pazmany C, et al. 
Selective inhibition of matrix metalloproteinase-14 blocks 
tumor growth, invasion, and angiogenesis. Cancer Res. 
2009; 69:1517-1526.

37. Ingvarsen S, Porse A, Erpicum C, Maertens L, Jurgensen 
HJ, Madsen DH, Melander MC, Gardsvoll H, Hoyer-Hansen 
G, Noel A, Holmbeck K, Engelholm LH and Behrendt N. 
Targeting a single function of the multifunctional matrix 
metalloprotease MT1-MMP: impact on lymphangiogenesis. 
J Biol Chem. 2013; 288:10195-10204.

38. Woskowicz AM, Weaver SA, Shitomi Y, Ito N and Itoh 
Y. MT-LOOP-dependent localization of membrane type I 
matrix metalloproteinase (MT1-MMP) to the cell adhesion 
complexes promotes cancer cell invasion. J Biol Chem. 
2013; 288:35126-35137.

39. Udi Y, Grossman M, Solomonov I, Dym O, Rozenberg 
H, Moreno V, Cuniasse P, Dive V, Arroyo AG and Sagi I. 
Inhibition mechanism of membrane metalloprotease by an 
exosite-swiveling conformational antibody. Structure. 2015; 
23:104-115.

40. Basu B, Correa de Sampaio P, Mohammed H, Fogarasi 
M, Corrie P, Watkins NA, Smethurst PA, English WR, 



Oncotarget18www.impactjournals.com/oncotarget

Ouwehand WH and Murphy G. Inhibition of MT1-MMP 
activity using functional antibody fragments selected 
against its hemopexin domain. Int J Biochem Cell Biol. 
2012; 44:393-403.

41. Shiryaev SA, Remacle AG, Golubkov VS, Ingvarsen 
S, Porse A, Behrendt N, Cieplak P and Strongin AY. A 
monoclonal antibody interferes with TIMP-2 binding 
and incapacitates the MMP-2-activating function of 
multifunctional, pro-tumorigenic MMP-14/MT1-MMP. 
Oncogenesis. 2013; 2:e80.

42. Lauwereys M, Arbabi Ghahroudi M, Desmyter A, Kinne J, 
Holzer W, De Genst E, Wyns L and Muyldermans S. Potent 
enzyme inhibitors derived from dromedary heavy-chain 
antibodies. EMBO J. 1998; 17:3512-3520.

43. Nam DH and Ge X. Direct production of functional matrix 
metalloproteinase-14 without refolding or activation and 
its application for in vitro inhibition assays. Biotechnol 
Bioeng. 2016; 113:717-723.

44. Liu Z, Zhou X, Shapiro SD, Shipley JM, Twining SS, Diaz 
LA, Senior RM and Werb Z. The serpin alpha1-proteinase 
inhibitor is a critical substrate for gelatinase B/MMP-9 in 
vivo. Cell. 2000; 102:647-655.

45. Li W, Savinov AY, Rozanov DV, Golubkov VS, Hedayat 
H, Postnova TI, Golubkova NV, Linli Y, Krajewski S and 
Strongin AY. Matrix metalloproteinase-26 is associated 
with estrogen-dependent malignancies and targets alpha1-
antitrypsin serpin. Cancer Res. 2004; 64:8657-8665.

46. Mast AE, Enghild JJ, Nagase H, Suzuki K, Pizzo SV 
and Salvesen G. Kinetics and physiologic relevance of 
the inactivation of alpha 1-proteinase inhibitor, alpha 
1-antichymotrypsin, and antithrombin III by matrix 
metalloproteinases-1 (tissue collagenase), -2 (72-kDa 
gelatinase/type IV collagenase), and -3 (stromelysin). J Biol 
Chem. 1991; 266:15810-15816.

47. Radichev IA, Remacle AG, Shiryaev SA, Purves AN, 
Johnson SL, Pellecchia M and Strongin AY. Biochemical 
characterization of the cellular glycosylphosphatidylinositol-
linked membrane type-6 matrix metalloproteinase. J Biol 
Chem. 2010; 285:16076-16086.

48. Sires UI, Murphy G, Baragi VM, Fliszar CJ, Welgus HG 
and Senior RM. Matrilysin is much more efficient than other 
matrix metalloproteinases in the proteolytic inactivation of 
alpha 1-antitrypsin. Biochem Biophys Res Commun. 1994; 
204:613-620.

49. Strongin AY, Collier I, Bannikov G, Marmer BL, Grant 
GA and Goldberg GI. Mechanism of cell surface activation 
of 72-kDa type IV collagenase. Isolation of the activated 
form of the membrane metalloprotease. J Biol Chem. 1995; 
270:5331-5338.

50. Strongin AY, Marmer BL, Grant GA and Goldberg GI. 
Plasma membrane-dependent activation of the 72-kDa type 
IV collagenase is prevented by complex formation with 
TIMP-2. J Biol Chem. 1993; 268:14033-14039.

51. Golubkov VS, Chekanov AV, Savinov AY, Rozanov DV, 
Golubkova NV and Strongin AY. Membrane type-1 matrix 
metalloproteinase confers aneuploidy and tumorigenicity 
on mammary epithelial cells. Cancer Res. 2006; 
66:10460-10465.

52. Remacle AG, Golubkov VS, Shiryaev SA, Dahl R, Stebbins 
JL, Chernov AV, Cheltsov AV, Pellecchia M and Strongin 
AY. Novel MT1-MMP small-molecule inhibitors based on 
insights into hemopexin domain function in tumor growth. 
Cancer Res. 2012; 72:2339-2349.

53. Remacle AG, Shiryaev SA, Golubkov VS, Freskos JN, 
Brown MA, Karwa AS, Naik AD, Howard CP, Sympson 
CJ and Strongin AY. Non-destructive and selective imaging 
of the functionally active, pro-invasive membrane type-1 
matrix metalloproteinase (MT1-MMP) enzyme in cancer 
cells. J Biol Chem. 2013; 288:20568-20580.

54. Fernandez-Catalan C, Bode W, Huber R, Turk D, Calvete 
JJ, Lichte A, Tschesche H and Maskos K. Crystal 
structure of the complex formed by the membrane type 
1-matrix metalloproteinase with the tissue inhibitor of 
metalloproteinases-2, the soluble progelatinase A receptor. 
EMBO J. 1998; 17:5238-5248.

55. Iyer S, Wei S, Brew K and Acharya KR. Crystal structure 
of the catalytic domain of matrix metalloproteinase-1 in 
complex with the inhibitory domain of tissue inhibitor of 
metalloproteinase-1. J Biol Chem. 2007; 282:364-371.

56. Remacle AG, Shiryaev SA, Radichev IA, Rozanov DV, 
Stec B and Strongin AY. Dynamic interdomain interactions 
contribute to the inhibition of matrix metalloproteinases by 
tissue inhibitors of metalloproteinases. J Biol Chem. 2011; 
286:21002-21012.

57. Dos Santos N, Allen C, Doppen AM, Anantha M, Cox KA, 
Gallagher RC, Karlsson G, Edwards K, Kenner G, Samuels 
L, Webb MS and Bally MB. Influence of poly(ethylene 
glycol) grafting density and polymer length on liposomes: 
relating plasma circulation lifetimes to protein binding. 
Biochim Biophys Acta. 2007; 1768:1367-1377.

58. Persson H, Ye W, Wernimont A, Adams JJ, Koide A, Koide 
S, Lam R and Sidhu SS. CDR-H3 diversity is not required 
for antigen recognition by synthetic antibodies. J Mol Biol. 
2013; 425:803-811.

59. Itoh Y. Membrane-type matrix metalloproteinases: 
Their functions and regulations. Matrix Biol. 2015; 
44-46:207-223.

60. Wu TT, Johnson G and Kabat EA. Length distribution of 
CDRH3 in antibodies. Proteins. 1993; 16:1-7.

61. Muyldermans S, Atarhouch T, Saldanha J, Barbosa JA and 
Hamers R. Sequence and structure of VH domain from 
naturally occurring camel heavy chain immunoglobulins 
lacking light chains. Protein Eng. 1994; 7:1129-1135.

62. Rozanov DV, Savinov AY, Golubkov VS, Tomlinson S and 
Strongin AY. Interference with the complement system by 
tumor cell membrane type-1 matrix metalloproteinase plays 



Oncotarget19www.impactjournals.com/oncotarget

a significant role in promoting metastasis in mice. Cancer 
Res. 2006; 66:6258-6263.

63. Rozanov DV, Deryugina EI, Ratnikov BI, Monosov EZ, 
Marchenko GN, Quigley JP and Strongin AY. Mutation 
analysis of membrane type-1 matrix metalloproteinase 
(MT1-MMP). The role of the cytoplasmic tail Cys(574), 
the active site Glu(240), and furin cleavage motifs in 
oligomerization, processing, and self-proteolysis of MT1-
MMP expressed in breast carcinoma cells. J Biol Chem. 
2001; 276:25705-25714.

64. Kridel SJ, Sawai H, Ratnikov BI, Chen EI, Li W, Godzik 
A, Strongin AY and Smith JW. A unique substrate 
binding mode discriminates membrane type-1 matrix 
metalloproteinase from other matrix metalloproteinases. J 
Biol Chem. 2002; 277:23788-23793.

65. Shiryaev SA, Savinov AY, Cieplak P, Ratnikov BI, 
Motamedchaboki K, Smith JW and Strongin AY. Matrix 
metalloproteinase proteolysis of the myelin basic 
protein isoforms is a source of immunogenic peptides 
in autoimmune multiple sclerosis. PLoS One. 2009; 
4:e4952.

66. Haage A, Nam DH, Ge X and Schneider IC. Matrix 
metalloproteinase-14 is a mechanically regulated activator 
of secreted MMPs and invasion. Biochem Biophys Res 
Commun. 2014; 450:213-218.

67. Arguello F, Baggs RB and Frantz CN. (1988). A murine 
model of experimental metastasis to bone and bone marrow. 
Cancer Res, pp. 6876-6881.

68. Maize KM, Kurbanov EK, De La Mora-Rey T, Geders TW, 
Hwang DJ, Walters MA, Johnson RL, Amin EA and Finzel 
BC. Anthrax toxin lethal factor domain 3 is highly mobile 
and responsive to ligand binding. Acta Crystallogr D Biol 
Crystallogr. 2014; 70:2813-2822.

69. Pieper U, Webb BM, Dong GQ, Schneidman-Duhovny D, 
Fan H, Kim SJ, Khuri N, Spill YG, Weinkam P, Hammel 
M, Tainer JA, Nilges M and Sali A. ModBase, a database 
of annotated comparative protein structure models and 
associated resources. Nucleic Acids Res. 2014; 42:D336-346.

70. Rizk SS, Kouadio JL, Szymborska A, Duguid EM, 
Mukherjee S, Zheng J, Clevenger CV and Kossiakoff 
AA. Engineering synthetic antibody binders for allosteric 
inhibition of prolactin receptor signaling. Cell Commun 
Signal. 2015; 13:1.

71. Ye Y and Godzik A. FATCAT: a web server for flexible 
structure comparison and structure similarity searching. 
Nucleic Acids Res. 2004; 32:W582-585.

72. Pierce BG, Wiehe K, Hwang H, Kim BH, Vreven T and 
Weng Z. ZDOCK server: interactive docking prediction 
of protein-protein complexes and symmetric multimers. 
Bioinformatics. 2014; 30:1771-1773.


