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Crosstalk of the oncogenic matrix metalloproteinase-9 (MMP9) and one of its ligands,
CD44, involves cleavage of CD44 by the MMP9 catalytic domain, with the CD44–MMP9
interaction on the cell surface taking place through the MMP9 hemopexin domain (PEX).
This interaction promotes cancer cell migration and invasiveness. In concert, MMP9-pro-
cessed CD44 induces the expression of MMP9, which degrades ECM components and
facilitates growth factor release and activation, cancer cell invasiveness, and metastasis.
Since both MMP9 and CD44 contribute to cancer progression, we have developed a new
strategy to fully block this neoplastic process by engineering a multi-specific inhibitor
that simultaneously targets CD44 and both the catalytic and PEX domains of MMP9.
Using a yeast surface display technology, we first obtained a high-affinity inhibitor for the
MMP9 catalytic domain, which we termed C9, by modifying a natural non-specific MMP
inhibitor, N-TIMP2. We then conjugated C9 via a flexible linker to PEX, thereby creating a
multi-specific inhibitor (C9-PEX) that simultaneously targets the MMP9 catalytic and PEX
domains and CD44. It is likely that, via its co-localization with CD44, C9-PEX may
compete with MMP9 localization on the cell surface, thereby inhibiting MMP9 catalytic
activity, reducing MMP9 cellular levels, interfering with MMP9 homodimerization, and
reducing the activation of downstream MAPK/ERK pathway signaling. The developed
platform could be extended to other oncogenic MMPs as well as to other important
target proteins, thereby offering great promise for creating novel multi-specific therapeu-
tics for cancer and other diseases.

Introduction
The cell-surface glycoprotein CD44 is abundantly expressed throughout the body [1] in both health
and disease, but its expression in cancer cells is particularly high [2]. CD44 is therefore regarded as a
cancer biomarker for a variety of cancer types, including ovarian, head and neck, and gastric cancers
[3–5], with its overexpression serving as a predictor for poor prognosis in cancer patients [6,7]. When
phosphorylated at Ser325, positioned on its cytoplasmic tail, CD44 can serve as a docking transmem-
brane receptor on the cancer cell surface for one of its ligands, matrix metalloproteinase-9
(MMP9) [8]. This multi-domain protease consists of a signal peptide, a cysteine switch motif, a pro-
peptide, a fibronectin type II motif, a hinge region, and — importantly for this study — a catalytic
domain and a hemopexin (PEX) domain [9]. It is known that the interaction between CD44 and
MMP9 is selective and does not necessarily occur in all cells that express the two proteins [10,11]. It
is, therefore, possible that the CD44–MMP9 interaction is specific for cancer cells, as has been shown,
for example, in B-cell chronic lymphocytic leukemia (B-CLL) compared with normal B cells (for
which there is no interaction) [11]. It has also been reported that the CD44–MMP9 interaction
increases invasiveness [12] and leads to the activation of MAPK signaling, which results in cancer cell
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migration [13]. In carcinoma cells, digestion of CD44 — in a process involving sequential proteolytic cleavage
by MMP9 and γ-secretase — produces an intracytoplasmic domain (CD44ICD) cleavage product that translo-
cates into the cell nucleus and promotes MMP9 gene expression [14–16]. Finally, it is known that upon its
secretion from cells as a stable, inactive zymogen (i.e. pro-MMP9) and subsequent activation by proteolytic
enzymes, catalytically active MMP9 degrades extracellular matrix (ECM) components, leading to the release
and activation of growth factors and the promotion of invasiveness and metastasis of many cancers, such as
breast, ovarian and bladder cancers [18–24].
A well-established mode of interaction of CD44 with MMP9 takes place through the PEX domain of MMP9.

The resulting CD44/MMP9 complex formed on the cell surface induces the activation of transforming growth
factor beta (TGF-β), ECM degradation, and the migration, invasion and metastasis of cancer cells, as has been
reported for breast and prostate cancers [11,12,18,25,26]. Enhancement of ECM degradation and cancer cell
invasiveness is therefore the outcome of both MMP9 proteolytic activity [17] and interaction between MMP9
and CD44 via the PEX domain of MMP9 [11,18,25]. Importantly, CD44 can also interact with MMP9 in the
form of a homodimer, in which two MMP9 polypeptides are non-covalently bound through blades IV of the
monomer PEX domains [27]. In this case, CD44 interacts with the MMP9 homodimer through blades I of the
PEX domains, with the interaction leading to extracellular signal-regulated kinase (ERK) phosphorylation and
hence to the promotion of cell migration [13,27].
In light of the above, both CD44 and MMP9 constitute attractive targets for cancer therapeutics, and many

attempts have been made to generate inhibitors for each of them separately. Despite the development of such
mono-specific inhibitors, including antibodies [28–32], peptides [32,33] and small molecules [34,35], there is
still no clinically available treatment that rests on targeting either CD44 or MMP9. In a different type of strat-
egy, attempts have been made to inhibit cancer cell migration by targeting the PEX domain of MMP9 with
peptides extracted from the PEX domain or with small molecules [27,36–38], but the results, although promis-
ing, have not yielded a clinically applicable product. The path forward would therefore appear to lie in inter-
rupting the cross-talk between CD44 and MMP9 that leads to the migration and invasiveness of cancer cells,
namely, in targeting the two molecules simultaneously [12,13]. Nonetheless, no attempts have been made to
simultaneously inhibit MMP9 catalytic activity and its interaction with CD44 (mediated through the PEX
domain of MMP9). Our working hypothesis for this study was therefore that targeting the CD44/MMP9 axis,
i.e. CD44 and both the MMP9 catalytic domain (MMP9CAT) and the MMP9 PEX domain, with a multi-specific
inhibitor would generate a potent inhibitor. Such a strategy would be required to: (i) enhance the local concen-
tration of the multi-specific inhibitor near the desired protein targets (since MMP9 and CD44 are co-localized
on the cell surface), (ii) provide synergistic inhibition of the CD44/MMP9 complex compared with inhibition
of each target alone, and (iii) exhibit enhanced specificity towards cancer cells in which the MMP9 and CD44
targets are co-localized and expressed.
As a starting point for developing such a multi-pronged inhibitor, tissue inhibitors of matrix metalloprotei-

nases 1–4 (TIMP1–4) were judged to be suitable candidates, since these four homologous mammalian TIMPs
are natural inhibitors of all 28 known MMP family members [19]. Among these candidates, the choice of
TIMP2 was governed by the following considerations: TIMP1–4 show 40–50% sequence identity with one
another and exhibit slightly different preferences for the different MMPs [39], but TIMP2 binds to MMP9
more strongly than to other MMPs [40]. In addition, while MMP9 is associated with cancer progression and
metastasis [23], several other MMPs are considered to be ‘protective’ against cancer, and it was therefore neces-
sary to choose an inhibitor that would specifically target MMP9 [41,42]. Engineering such selective targeting of
an MMP by a TIMPs is, however, challenging, since all MMPs share a highly homologous catalytic site [43,44].
TIMP2 is composed of two domains, an N-terminal domain (N-TIMP2), which is responsible for inhibition

of MMPs, and a C-terminal domain (C-TIMP2), which takes part in MMP2-dependent activation of MMP9 —
in an undesired reaction sequence that contributes to cancer progression [45–47]. N-TIMP2 inhibits the activity
of MMPs mainly via its interface residue Cys1, which chelates the catalytic zinc atom of MMPs in a process
that expels the Zn-bound water molecule that is required for peptide bond hydrolysis [9,39]. Other interface
positions in N-TIMP2 are considered ‘cold-spots’, i.e. tolerant to mutagenesis, and can be optimized for
enhanced binding specificity towards a specific MMP [9,39,40]. In the current study, we exploited this tolerance
to mutagenesis to generate a library of N-TIMP2 variants — with each variant containing seven random muta-
tions at cold spot positions (namely, positions 4, 35, 38, 68, 71, 97 and 99) — and screened this library to
select high-affinity binders to MMP9. One of the selected N-TIMP2 variants, which we designated C9, exhib-
ited superior MMP9 inhibition in comparison with the parental wild-type N-TIMP2 (N-TIMP2WT).
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To enhance the specificity and the inhibition potency of C9 towards MMP9, we then engineered a multi-
specific adduct, designated here as C9-PEX, which is composed of C9 conjugated (at its C-terminus) to the
PEX domain of MMP9 via a flexible linker (Supplementary Figure S1). In keeping with our working hypoth-
esis, we used the multi-specific C9-PEX adduct to target both MMP9 (via the interaction of the C9 and PEX
domains of the adduct with the catalytic and PEX domains of MMP9) and its co-localized receptor CD44 (via
the interaction of the PEX domain of the adduct with CD44). We posited that the adduct would exhibit
enhanced potency and specificity towards MMP9, particularly since the PEX domain of MMP9 has low similar-
ity to the PEX domains of other MMPs [38]. The present study showed that, indeed, the multi-specific C9-PEX
protein adduct both inhibited MMP9 catalytic activity and served as an antagonist for CD44, the latter via
C9-PEX/CD44 co-localization and binding, which presumably blocks the MMP9/CD44 interaction. Moreover,
the results of the study suggest tight-binding between C9-PEX and MMP9, leading to a reduced quantity of
MMP9 homodimers and reduced ERK phosphorylation, both of which may result in attenuated cancer cell
migration.

Materials and methods
Screening of the N-TIMP2 focused library
A focused N-TIMP2 library with random mutations at seven binding interface positions (i.e. 4, 35, 38, 68, 71,
97, 99) (PDB: 1BUV) [48] of the N-TIMP2 gene was purchased from GenScript (Piscataway, NJ). The library
had been prepared with NNS (where N represents A, C, T or G nucleotides, and S represents C or G) degener-
ate codons that were used to mutate the N-TIMP2WT gene at the above-mentioned positions. In our laboratory,
the library was expressed in a yeast surface display (YSD) system using the pCHA vector, which was introduced
into Saccharomyces cerevisiae EBY100 (both pCHA and EBY100 were obtained from Dane Wittrup, MIT), as
previously described [40]. A library size of 8 × 106 clones was confirmed by performing serial dilutions on
selective SDCAA plates (2% dextrose, 0.67% yeast nitrogen base, 0.5% Bacto™ Casamino acids, 1.47% sodium
citrate, 0.429% citric acid monohydrate, pH 4.5, 1.5% agar). The yeast-displayed N-TIMP2 library was grown in
a selective medium [yeast nitrogen base (6.7 g/L), Na2HPO4 (5.4 g/L), NaH2PO4 • H2O (8.56 g/L), dextrose
(20 g/L), Bacto Casamino acids (5 g/L)] and induced for expression with galactose (20 g/L), as previously
described [49].
The yeast cells (1 × 106–80 × 106) were FACS (fluorescence-activated cell sorting) sorted in multiple rounds

— each round against a different concentration of soluble, fluorescently labeled MMP9CAT, as previously
described with some modifications [40]. Briefly, yeast cells were labeled with a 1 : 50 dilution of mouse
anti-cMyc antibody (Abcam, Cambridge, U.K.) in MMP buffer [50 mM Tris, pH7.5, 100 mM NaCl, 5 mM
CaCl2 and 1% bovine serum albumin (BSA)] for 1 h at room temperature. Cells were washed and resuspended
in ice-cold MMP buffer containing DyLight™ 650-labeled MMP9CAT and a 1 : 50 dilution of phycoerythrin
(PE)-conjugated goat anti-mouse-IgY (Merck Millipore, MA, U.S.A.). After 30 min on ice, the cells were
washed with MMP buffer and sorted using a FACS Aria III [Ilse Katz Institute for Nanoscale Science and
Technology, Ben-Gurion University of the Negev (BGU)]. In the expression sort, only yeast cells expressing
intact N-TIMP2 proteins were selected (using the mouse anti-cMyc antibody). For the subsequent MMP9CAT
affinity sorts, the concentrations of MMP9CAT that were added to the yeast cells were decreased with each sort,
as follows: 500 nM (sorts 1, 2), 200 nM (sort 3) and 50 nM (sort 4). In each MMP9CAT sort, 1–2% of the yeast
high affinity (relative to expression) cell population were collected using a diagonal sorting gate. After each sort
round, the yeast plasmid DNA was purified using a ZymoprepTM Yeast Plasmid Miniprep I kit (ZymoResearch,
CA, U.S.A.). Then, the plasmid was transformed into electro-competent Escherichia coli and grown overnight
on ampicillin (100 mg/ml) LB-agar plates. Thereafter, 15–20 colonies were transferred to an ampicillin (100 mg/
ml)-LB culture medium and grown overnight at 37°C. The plasmid was extracted from the bacteria using a
HiYield plasmid mini kit (RBC Bioscience, New Taipei City, Taiwan) and was then sequenced (Genetics Unit,
NIBN, BGU, Israel).
For the YSD-based affinity saturation titrations, the same labeling process was utilized, and the binding of

the YSD N-TIMP2WT and C9 variants to MMP9CAT was determined at MMP9CAT concentrations of 2, 3.9, 7.8,
15.6, 31.3, 62.5, 125, 250 and 500 nM and 1 mM. When needed, the reaction volume was increased to prevent
ligand depletion. For each clone, the value of the fluorescence signal of each measurement at each concentra-
tion was normalized to the value showing the highest binding. A nonlinear binding fit was implemented using
GraphPad Prism (GraphPad software, CA, U.S.A.). The apparent KD value for each protein was calculated
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using this fit and the equation for one-site specific binding (eqn 1).

Y ¼ Bmax � X
KD þ X

(1)

where Y — specific binding, X — ligand concentration, Bmax — maximum specific binding, and KD — equilib-
rium dissociation constant.

Generation of the multi-specific C9-PEX adduct and mono-specific
CD44-binding proteins
The C9-PEX gene comprising C9 fused to the PEX domain of MMP9 (positions 506–707) [50] through a flex-
ible linker (S(GGGGS)33) was purchased from Genscript (NJ, U.S.A.). Two mono-specific variant genes,
namely, PEX of MMP9 and A-C9-PEX (which has an alanine residue appended to the N-terminus of C9-PEX
and binds only to CD44), were generated for protein production in the methylotrophic yeast strain X-33 Pichia
pastoris using PCR and the C9-PEX gene as a template. The following primers were used to generate the genes
for the mono-specific proteins:
PEX Fwd: 50-GGTATCTCTCGAGAAAAGAACAGTGCCCTTGAGTCCC-30

A-C9-PEX Fwd: 50-GGTATCTCTCGAGAAAAGAGCATGCTCCTGTATGCCCGTG-30

PEX and A-C9-PEX Rev: 50-GCTGGCGGCCGCGTCTTCAGGGCACTGTAAGATGTC-30

Production and purification of soluble proteins
The human MMP9 catalytic domain (MMP9CAT) lacking the fibronectin-like domain (residues 107–215 and
391–443) [51] was a generous gift from Irit Sagi (Weizmann Institute of Science, Rehovot, Israel). Purified
MMP9CAT was labeled with DyLight-650 (Thermo Fisher, MA, U.S.A.), as previously described [40].
N-TIMP2WT, C9, C9-PEX, A-C9-PEX, and PEX proteins were produced in soluble form in P. pastoris strain

X-33 according to the pPICZα protocol (Invitrogen, CA, U.S.A.), as previously described with some modifica-
tions [40]. Briefly, N-TIMP2WT, C9, C9-PEX, A-C9-PEX, and PEX genes were cloned into the pPICZαA vector
for expression in P. pastoris strain X-33. Proteins were prepared with both c-Myc and 6× His tags at the
C-terminus for protein detection and purification, respectively. The proteins were purified from the yeast
growth medium by affinity column chromatography using nickel nitrilotriacetic acid-Sepharose beads
(Invitrogen) equilibrated in a mixture of 50 mM Tris, pH 7.5, 300 mM NaCl and 10 mM imidazole, and eluted
with a mixture of 50 mM Tris, pH 7.5, 300 mM NaCl and 300 mM imidazole. Thereafter, separation on a gel
filtration Superdex 75 column (GE Healthcare, PA, U.S.A.), equilibrated in 50 mM Tris pH 7.5, 300 mM NaCl
and 5 mM CaCl2 at a flow rate of 0.8 ml/min on an ÄKTA pure instrument (GE Healthcare), was performed.
Protein size was verified by SDS–PAGE and mass spectrometry analysis (Ilse Katz Institute for Nanoscale
Science and Technology, BGU, Israel). Protein concentrations were determined by UV-Vis absorbance at
280 nm, using a NanoDrop Spectrophotometer (ε280 of 13 325 M

−1 cm−1 for N-TIMP2WT and C9, 52 870 M−1

cm−1 for C9-PEX and A-C9-PEX, and 39 545 M−1 cm−1 for PEX). Yields of all purified proteins were
2–21 mg/L.

MMP9 inhibition studies
The inhibition constant (Ki) was determined as previously described [52]. The inhibition of the catalytic activ-
ity of MMP9 (0.325 nM) against the fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2·TFA
(7.5 mM, Merck Millipore) was determined using N-TIMP2WT at 0.0625–1 nM, C9 at 0.031–1 nM, and
C9-PEX at 0.047–1 nM. Ki was calculated according to Morrison’s equation (eqn 2), the classic competitive
inhibition equation for tight binding, by using Prism (GraphPad Software). Mean values of Ki ± standard devi-
ation (SD) were obtained from three independent experiments.

Vi

Vo
¼ 1� ([E]þ [I]þ Kiapp)�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
([E]þ [I]þ Kiapp)2 � 4[E][I]

p
2[E]

(2)

where Vi — enzyme velocity in the presence of inhibitor, V0 — enzyme velocity in the absence of inhibitor, E
— enzyme concentration, I — inhibitor concentration, S — substrate concentration, KM — Michaelis-Menten
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constant, and Kiapp — the apparent inhibition constant, which is given by:

Kiapp ¼ Ki 1þ [S]
Km

� �

where Ki — inhibition constant.

Cell culture
Cells of the MCF-7 human breast cancer cell line (a generous gift from Dan Levy, BGU) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Biological Industries, Beit-Haemek, Israel) supplemented with
10% fetal bovine serum (Thermo Fisher, MA, U.S.A.), 1% L-glutamine (Biological Industries) and 1% penicil-
lin/streptomycin (Biological Industries). HT1080 cells (ATCC CCL-121), endogenously expressing both MMP9
and MMP2, were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium with L-glutamine
(Biological Industries) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. All cells
were maintained at 37°C under 5% CO2.

Generation of a stable MCF7-MMP9 cell line
For generating stable MCF-7 cells expressing MMP9 (designated MCF7-MMP9), MCF-7 cells (105) were
seeded in the wells of a six-well plate and incubated in DMEM medium supplemented with serum for 24 h at
37°C under 5% CO2. The cells were then transfected with a pCMV MMP9 plasmid (Sino Biological, Beijing,
China) using Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s instructions. Forty-eight
hours post-transfection, the cells were treated with 150 mg/ml of hygromycin (Thermo Fisher), followed by an
incubation of 4 weeks at 37°C under 5% CO2. The expression of MMP9 in MCF7-MMP9 transfected cells and
MCF-7 control cells was determined using a gelatin zymography assay, as described below [52]. CD44 expres-
sion was evaluated using FITC anti-human CD44 antibody (BioLegend, CA, U.S.A.) and was detected using a
BD Accuri C6 flow cytometer (BD Biosciences, CA, U.S.A.).

Gelatin zymography assay
The gelatinolytic inhibitory activity of the N-TIMP2 proteins was determined in a gelatinase zymography assay,
as previously described [53], with some modifications, as follows. The cells — either MCF7-MMP9 or HT1080
— at a quantity of 105 were grown to 70–80% confluence in the medium (DMEM or RPMI 1640, respectively)
supplemented with serum. The medium was then replaced with serum-free medium (DMEM or RPMI 1640,
respectively), and the cells were incubated for 24 h or 72 h, respectively, at 37°C under 5% CO2. The growth
medium, containing the secreted MMP9 (and MMP2 for HT1080), was collected and centrifuged for 5 min at
10,000g. The supernatant was then loaded onto gelatin SDS–PAGE, washed for 1 h in 2.5% Triton X-100, and
incubated overnight in a developer buffer (50 mM Tris, pH 7.4, 10 mM CaCl2, and 0.02% NaN3), containing
150 nM for MCF7-MMP9, or 50 nM for HT1080, of each N-TIMP2 protein at 37°C, as previously
described [40]. Gels were stained with SimplyBlue™ SafeStain (Thermo Fisher) and captured with MiniBIS Pro
(DNR Bio-Imaging Systems, Neve Yamin, Israel). The intensity of the white bands was quantified using
ImageJ. A gelatinase zymography experiment was also performed using 1 ng recombinant, full-length MMP9
(BioLegend), preactivated with 1 mM 4-aminophenylmercuric acetate (APMA) according to the manufacturer’s
protocol. The gelatinolytic inhibitory activity in MCF7-MMP9 cells incubated for 24 h with 1 mM C9-PEX or
monospecific controls was also determined using MCF7-MMP9 cell lysates. The treated cells were lysed using a
zymography sample buffer with 30 min incubation at 37°C, and the lysate was loaded onto gelatin SDS–PAGE
prior to analysis as described above.

CD44 and C9-PEX co-localization assay
MCF7-MMP9 cells (2.5 × 104) were seeded on an eight-well chamber slide and incubated overnight at 37°C
under 5% CO2. Thereafter, cells were washed three times with PBSA (0.1% BSA in PBS), and incubated for 2 h
with 10 ml of FITC anti-human CD44 antibody and 100 mg of DyLight 647-labeled C9-PEX. Hoechst stain
(1 mg, Invitrogen) was added to the cells 10 min before analysis. Cells were washed three times with PBSA, and
then analyzed with an FV1000 confocal fluorescence microscope (Olympus, PA, U.S.A.).
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Determination of secreted MMP9 levels
The quantities of secreted MMP9 were assessed using a gelatin zymography assay, as previously described [52].
Human MCF7-MMP9 or HT1080 cells (2 × 104) were grown overnight on a 96-well plate at 37°C under 5%
CO2. Thereafter, the cells were treated for 24 h with 1 mM N-TIMP2WT, C9, C9-PEX, PEX, A-C9-PEX, C9 and
PEX together, or C9 and A-C9-PEX together in the relevant serum-free medium. The cell medium was col-
lected, centrifuged for 5 min at 10,000g, and subjected to a gelatin zymography assay, as described above. To
monitor the effect of different concentrations of C9-PEX on MMP9, the same process was performed using dif-
ferent concentrations of C9-PEX (i.e. 10 mM, 5 mM, 2 mM, 1 mM, 100 nM and 10 nM) in the relevant serum-
free medium. In addition, the expression of endogenous CD44 on the HT1080 cell membrane was verified
using FITC anti-human CD44 antibody (BioLegend) and was detected using a BD Accuri C6 flow cytometer
(BD Biosciences).

Cell viability assay
MCF7-MMP9 cells (1.2 × 104) were grown overnight at 37°C under 5% CO2 on a 96-well plate. Thereafter, the
cells were treated for 24 h with different concentrations of C9-PEX, namely, 10 mM, 5 mM, 2 mM, 1 mM,
100 nM or 10 nM, in serum-free medium. XTT reagent (Biological Industries, Israel) was added according to
the manufacturer’s instructions, and the absorbance was measured after 2 h at wavelengths of 450 nm and
690 nm.

Reduction in the quantities of MMP9 monomers and dimers
MCF7-MMP9 cells were grown at 37°C under 5% CO2 to 70–80% confluence. Thereafter, the cell medium was
replaced with serum-free DMEM medium, and the cells were incubated with that medium for 48 h. The cell
medium (containing the secreted MMP9) was then collected and centrifuged for 5 min at 10,000g. The super-
natant (100 ml) was incubated at 37°C for 24 h with 5 mM, 1 mM or 500 nM C9-PEX, 5 mM A-C9-PEX, or
5 mM C9 and then subjected to a zymography assay (as described above). As a high concentration of MMP9
homodimers was required for visualization, the cell medium was concentrated by 36-fold, using a 5 kDa cut-off
Vivaspin (GE Healthcare). The concentrated medium (100 ml) was incubated at 37°C for 24 h with 5 mM
C9-PEX, A-C9-PEX, C9, or a mix of A-C9-PEX and C9, and subjected to a zymography assay (as described
above).

Phosphorylation assay
To evaluate the effect of MMP9 on ERK1/2 phosphorylation, MCF-7 or MCF7-MMP9 cells (3 × 105) were
grown overnight at 37°C under 5% CO2 on a six-well plate. Thereafter, the cells were washed three times with
PBS, and divided into three groups, with each group being treated for 10 min with a different type of medium:
serum-free DMEM medium, serum-free DMEM medium collected after 24 h of incubation with MCF-7 cells,
or serum-free DMEM medium collected after 24 h of incubation with MCF7-MMP9 cells. To assess the effect
of the proteins on ERK1/2 phosphorylation, two different concentrations of C9-PEX, C9 and Ala-C9-PEX (i.e.
5 mM and 500 nM) in serum-free DMEM medium (collected from MCF7-MMP9 cells after 24 hr incubation)
were added to the cells for 10 min. Thereafter, the cells were washed three times with ice-cold PBS and then
exposed to a lysis buffer (0.5% deoxycholate, 25 mM NaF, 10 mM NaPO4, 1 mM sodium orthovanadate, 5 mM
EDTA pH 7.4, 5 mM EGTA pH 7.4, 100 mM NaCl, 2% Triton X-100, protease inhibitor cocktail). The cells
were then scraped from the culture plate wells, and the lysates were clarified by centrifugation (13 000 rpm for
30 min at 4°C). Lysate samples were loaded onto three 10% SDS–PAGE systems and transferred to three PVDF
membranes (Bio-Rad, CA, U.S.A.). Blots were blocked with 5% BSA in TBST (50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 0.1% Tween 20) for 1 h at room temperature and then incubated overnight at 4°C with a 1 :
2000 dilution of rabbit anti-MAP kinase pAb (Sigma–Aldrich, MO, U.S.A.), a 1 : 2000 dilution of mouse
anti-MAP kinase activated mAb (Sigma–Aldrich), or a 1 : 1000 dilution of anti-β-actin pAb (Cell Signaling
Technology, MA, U.S.A.). Membranes were washed three times with TBST and incubated for 1 h at room tem-
perature with a 1 : 2000 dilution of HRP-linked anti-rabbit antibody (Cell Signaling Technology) or HRP-linked
anti-mouse antibody (Cell Signaling Technology). Membranes were then washed again three times with TBST,
and band intensities, representing the pERK1/2, ERK1/2 and β-actin, were visualized and quantified using
chemiluminescence (ECL, Biological Industries) and ImageJ software, respectively. The intensities of the
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phosphorylated ERK1/2 bands measured by ImageJ were normalized to the expression of total ERK1/2 of each
experiment, and this value was subsequently normalized to the total quantity of β-actin for each sample.

Statistical analysis
All assay results are reported as means (±SD) of three or four biological repetitions (the number of repetitions
for each experiment is given in the figure legends). One-way ANOVA with Dunnett’s multiple comparison to
the untreated controls was utilized for the statistical analysis.

Results
Construction and screening of the N-TIMP2 focused library
To generate high-affinity inhibitors to MMP9, an N-TIMP2 YSD focused library (designated N-TIMP2LIB) was
designed such that positions 4, 35, 38, 68, 71, 97 and 99 were randomly mutagenized to all 20 amino acids by
using degenerate codons. To isolate N-TIMP2 variants with high-affinity for MMP9CAT (residues 107–215,
391–443) [51,54], five rounds of FACS were performed such that the first round was used for selecting all high-
expressing variants (designated expression sort, ES), and the four additional sorts (sorts 1–4) were used for
affinity enrichment towards soluble MMP9CAT (Figure 1). In each round of affinity sorting, the MMP9CAT con-
centration was reduced, and the fraction of cells having a high affinity to MMP9CAT was enriched (Figure 1B).
Twelve N-TIMP2 variants were identified and isolated after sort 4; of these, one of the variants, designated C9,
was chosen (on the basis of its strong binding to MMP9CAT in the YSD format, Supplementary Figure S2) for
further purification as a soluble protein. The binding of C9 and the parental N-TIMP2WT proteins, displayed
on the yeast surface, was determined for different concentrations of MMP9CAT by using flow cytometry. The
resulting MMP9CAT affinity titration curves generated for C9 and N-TIMP2WT gave calculated apparent KD

values of 7.34 ± 0.66 nM and 57.09 ± 5.69 nM, respectively (Supplementary Figure S3), values that serve to
highlight the improvement in C9 binding to MMP9 in comparison with the parental N-TIMP2WT.

Generation of mono- and multi-specific binders to MMP9 and CD44
To further enhance the specificity and potency of the N-TIMP2-based inhibitor, C9 was engineered to produce
a multi-specific protein adduct that would bind to both MMP9 and CD44 (known to be co-localized and to act
in concert to mediate the invasiveness of breast and prostate cancer cells [8,12,13], inter alia). The multi-
specific protein adduct – designated C9-PEX — was engineered by fusing the C-terminus of C9 to the
N-terminus of the MMP9 PEX domain via a flexible S(GGGGS)3 linker. An important consideration in

Figure 1. Affinity maturation by YSD.

(A) Schematic representation of the YSD system. The N-TIMP2 library (N-TIMP2LIB) fused to Aga2p expressed in yeast was disulfide-bonded to

Aga1p covalently bound to the yeast cell wall. Expression of the N-TIMP2LIB variants was detected by targeting the c-Myc epitope tag, expressed

on the C-terminus of each protein variant, with an antibody labeled with phycoerythrin (PE). The binding to MMP9CAT was detected by the

fluorescent signal of DyLight 650-labeled MMP9CAT. (B) Flow cytometry analysis of the sorted library tested against 5 nM MMP9CAT. In the

expression sort, the parental N-TIMP2LIB-expressing cell population was sorted. In each of the affinity sorts 1–4, the MMP9CAT high affinity

population was collected (∼2% of the entire population, shown only for sort 1 — red gate). Affinity enrichment of the library towards MMP9CAT was

thus obtained in the sorting process.
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engineering this adduct was the necessity to keep the N-terminus domain of C9 free, since this domain is
essential for the inhibition of MMP catalytic activity [55]. In addition to the multi-specific C9-PEX inhibitor,
two mono-specific controls that bind to CD44, but not to MMP9CAT, were chosen, namely, the MMP9 PEX
domain itself and an adduct designated A-C9-PEX, in which an alanine residue was appended to the
N-terminus of C9 in the C9-PEX adduct. The design of A-C9-PEX was based on a report that addition of an
alanine residue to TIMP2 abolished its MMP inhibition ability [56]. C9 served as the mono-specific inhibitor
for MMP9. The above multi-specific and mono-specific variants and N-TIMP2WT were produced as purified
proteins with a free N-terminus (which is crucial for MMP inhibition), but with histidine and c-Myc tags on
the C-terminus (Supplementary Figure S4). The ability of the inhibitors to inhibit the catalytic activity of the
full-length MMP9 protease on a fluorescent peptide substrate, as reflected by the Ki values (Table 1 and
Figure 2), was found to be (from highest to lowest): C9 > C9-PEX > N-TIMP2WT. These results for the Ki
values, which are in agreement with the apparent KD values obtained from the YSD titration curves
(Supplementary Figure S3), demonstrate the improvement in the MMP9 inhibition (and binding) potency of
the engineered C9 protein compared with N-TIMP2WT. We note that it was important to achieve this improve-
ment in affinity/inhibition towards MMP9 because, as we observed, there was a need to compensate for the
reduction in the C9 inhibitory activity of C9-PEX due to its fusion with the PEX domain (Table 1 and
Figure 2). The MMP9 PEX domain itself and the adduct designated A-C9-PEX, both of which serve as CD44
mono-specific controls, were used in experiments described further on in the manuscript.

N-TIMP2 proteins inhibit the gelatinolytic activity of MMP9
To test the inhibitory activity of the proteins in a cellular system, MCF-7 cells stably transfected with MMP9
(MCF7-MMP9) were generated, and expression of MMP9 and CD44 was verified in a zymography assay and
by flow cytometry with an anti-CD44 antibody, respectively (Supplementary Figure S5). To test the inhibitory
activity of N-TIMP2 proteins on the gelatinolytic behavior of MMP9, a gelatin zymography assay was per-
formed on pre-activated recombinant, full-length MMP9 (MMP9FL) and MMP9 secreted from MCF7-MMP9
cells. In this assay, pre-activated MMP9FL or the MCF7-MMP9 cell medium (containing the secreted MMP9)
was loaded onto gelatin SDS–PAGE, followed by incubation of the gels with 50 nM or 150 nM of the different
N-TIMP2 proteins, namely, N-TIMP2WT, C9 and C9-PEX. The gelatinolytic activity of MMP9 was visualized

Table 1 Inhibition constants (Ki) of N-TIMP2 proteins with MMP9

Protein Ki (nM) Fold increase (ki proteinki WT )1

N-TIMP2WT 0.1880 ± 0.0057 1

C9 0.0141 ± 0.0010 13.33

C9-PEX 0.0777 ± 0.0016 2.42

1Fold increase was calculated as the ratio of Ki of the protein to Ki of N-TIMP2WT.

Figure 2. Substrate degradation velocity by C9 and C9-PEX vs N-TIMP2WT.

Substrate degradation velocity at different concentrations of inhibitors for (A) N-TIMP2WT (0–1 nM), (B) C9 (0–0.5 nM), and

(C) C9-PEX (0–1 nM). The substrate degradation velocity was fitted to Morrison’s equation (eqn 2) to obtain Ki values. Error

bars represent SD; n = 3.
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as white bands (at sizes of 92 kDa and 60 kDa for the pro- and active MMP9 isoforms, respectively [57–60])
on a dark background (Figure 3A and Supplementary Figure S6A for the cell secreted pro-MMP9 and pre-acti-
vated recombinant MMP9, respectively). As expected, all the N-TIMP2 proteins showed significant inhibitory
activity against pre-activated MMP9 (60–97%, Supplementary Figure S6B) and pro-MMP9 secreted from the
cells (32–95%, Figure 3B). C9-PEX exhibited the strongest inhibition of MMP9 gelatinolytic activity (∼95%),
despite the fact that its Ki for purified MMP9 was higher (i.e. lower inhibition ability) than that of C9
(Table 1). This dissonance may result from the ability of PEX, which is fused to C9 in the C9-PEX adduct, to
bind to the gelatin that serves as the substrate in this assay, as previously described [61]. In addition, superior
selectivity in inhibition potency of MMP9 vs MMP2 was observed for C9 (3.7-fold) and C9-PEX (6.8-fold) vs
N-TIMP2WT (only 1.5-fold) in HT1080 cells expressing both endogenous MMPs [60] using the same zymogra-
phy assay, with inhibitors at 50 nM (Supplementary Figure S7).

C9-PEX and CD44 are co-localized on the surface of MCF7-MMP9 cells
In agreement with the previously reported interactions between the PEX domain of MMP9 and CD44 [11], we
observed that the multi-specific C9-PEX adduct was co-localized with CD44 on the MCF7-MMP9 cell surface
(Figure 4), with both proteins clustering on the membrane. Co-localization has also been observed for MMP9
and CD44 [62], demonstrating the potential of C9-PEX for competing with MMP9 in binding to CD44. That
having been said, we did not observe a significant reduction in the quantity of MMP9 upon treatment with the
multi-specific C9-PEX or the mono-specific controls (Supplementary Figure S8), probably because MMP9

Figure 3. N-TIMP2 proteins inhibit gelatin degradation by MMP9 secreted from MCF7-MMP9 cells.

The medium of the MCF7-MMP9 transfected cells, containing the secreted MMP9, was loaded onto a gelatin zymography gel.

The gel was incubated overnight with N-TIMP2 proteins at a concentration of 150 nM. The white bands indicate cleavage of

the gelatin by MMP9. (A) Untreated and N-TIMP2WT-, C9- and C9-PEX-treated zymography gelatin gels. (B) Quantification of

band intensity normalized to the intensity of the control (untreated) gel. Error bars represent SD. One-way ANOVA with

Dunnett’s multiple comparison to the untreated control was utilized for statistical analysis; ** P < 0.005, *** P < 0.001, n = 3.

Statistical analysis for the comparison of C9-PEX to C9 was performed by Student’s t-test, ** P < 0.005.
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concentrations within the cells were very high, which would have made it difficult to observe small changes in
MMP9 levels upon treatment with the proteins.

C9-PEX reduces the quantity of secreted MMP9
Since CD44 promotes MMP9 gene expression [14–16], we evaluated the ability of the multi-specific adduct
and the mono-specific controls to reduce MMP9 levels, as reflected by the catalytic activity of cell-secreted
MMP9. To this end, MCF7-MMP9 cells, expressing both CD44 and MMP9, were treated for 24 h with 1 mM
N-TIMP2WT, C9, C9-PEX, PEX, A-C9-PEX, or with C9/PEX or C9/A-C9-PEX combinations. The catalytic
activity of MMP9, which reflects the quantity of MMP9 in the MCF7-MMP9 cell medium, was assayed by
gelatin zymography (Figure 5). The quantity of ‘free’ MMP9 obtained in the assay is a function of the quantity
of MMP9 that is not held in an MMP9–protein inhibitor complex and hence reflects the quantity of secreted
MMP9. None of the mono-specific proteins (i.e. N-TIMP2WT, C9, PEX or A-C9-PEX) had any effect on
secreted MMP9 levels, compared with the untreated cells, but the C9-PEX adduct, the C9/PEX combination
and the C9/A-C9-PEX combination significantly reduced the quantity of secreted MMP9 (∼99%, ∼43% and
∼41%, respectively, Figure 5), with the C9-PEX adduct exhibiting the highest potency in a dose-dependent
manner (Figure 6A,B). A viability assay verified that the effect on the quantity of MMP9 was not a result of the
effect of C9-PEX on cell proliferation (Figure 6C). Similar results (i.e. ∼88% for C9-PEX) were obtained for the
human HT1080 fibrosarcoma cells, which endogenously express both MMP9 and CD44 proteins
(Supplementary Figure S9).

C9-PEX generates a non-covalent, high-affinity complex with MMP9 and
interferes with MMP9 dimerization
To further examine the effect of the two proteins that did have an inhibitory effect on MMP9, namely, C9 and
C9-PEX, vs the protein that did not inhibit MMP9, namely, A-C9-PEX, the MCF7-MMP9 cell medium

Figure 4. C9-PEX and CD44 are co-localized on the MCF7-MMP9 cell surface.

MCF7-MMP9 cells were treated with (A) Hoechst stain, (B) CD44 antibody labeled with FITC (green), or (C) C9-PEX labeled

with DyLight 647 (red). (D) Merged image of panels A and B. Orange color represents co-localization and clustering of C9-PEX

and CD44.
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(containing cell-secreted MMP9) was incubated with C9, C9-PEX, or A-C9-PEX for 24 h. The medium was
then loaded onto a gelatin zymography gel. Treatment with C9-PEX (at three different concentrations) led to a
significant decrease in the quantity of MMP9, as observed from the decrease in the intensity of the white bands
(Figure 7A,B). In contrast, A-C9-PEX and C9 did not have any effect on the quantity of MMP9 (Figure 7A,B).
At the concentration of MMP9 used in these experiments, MMP9 homodimers were not visible on the gel, and
it was therefore not possible to determine the effect of the inhibitors on MMP9 dimers. Therefore, the medium
collected from MCF7-MMP9 cells was concentrated 36-fold and then treated for 24 h with C9-PEX,
A-C9-PEX, C9 or a mixture of A-C9-PEX and C9. While neither the mono-inhibitors, A-C9-PEX and C9, nor
the mixture of A-C9-PEX and C9 had any effect on the quantities of the MMP9 monomers or dimers, treat-
ment with C9-PEX led to a marked decrease in both MMP9 monomers and dimers (Figure 7C). It is thus pos-
sible that C9-PEX, but not the mono-specific controls, forms a heterodimer with MMP9 by binding to the
MMP9 catalytic site through C9 and to the MMP9 PEX domain through the PEX domain of the inhibitor. The
C9-PEX-MMP9 heterodimer is SDS stable, similar to the MMP9 homodimer that is formed through the PEX
domain. This may explain why C9-PEX, which can associate with MMP9 via two different domains, but not its
mono-specific controls, interferes with MMP9 dimerization, as is shown by the reduced quantities of MMP9
homodimers in the zymography gel.

Figure 5. Effect of the proteins on the quantity of cell-secreted MMP9, as reflected by its gelatinolytic activity on gelatin

SDS–PAGE.

MCF7-MMP9 cells were treated for 24 h with 1 mM of each of the proteins C9-PEX, C9, PEX or A-C9-PEX or with a

combination of C9 and PEX or A-C9-PEX. The cell medium was loaded onto the gelatin zymography gel, and the intensity of

the white bands, representing the amount of cell-secreted MMP9, was quantified. (A) Gelatin zymography gel. Lanes 2–7

represent cells treated with C9-PEX, C9, PEX, A-C9-PEX, a C9/PEX combination or a C9/A-C9-PEX combination, respectively,

vs untreated cells in lane 1. All bands indicate MMP9 at 92 kDa which is indicative to its pro-enzyme (zymogen) form.

(B) Quantification of band intensity for each treatment normalized to the intensity of the control (untreated) band. Error bars

represent SD. One-way ANOVA with Dunnett’s multiple comparison to the untreated control was utilized for statistical analysis;

*** P < 0.001, ** P < 0.01, * P < 0.05, n = 3.
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Figure 6. Effect of C9-PEX on the quantity of secreted MMP9 as determined from its gelatinolytic activity on gelatin SDS–PAGE.

MCF7-MMP9 cells were treated for 24 h with 10 nM — 10 mM of C9-PEX. The cell medium was loaded on a gelatin zymography gel, and the

intensity of the white bands, representing the activity of cell-secreted MMP9, was quantified. (A) Gelatin zymography gel lanes 2–7 represent cells

treated with 10 mM, 5 mM, 2 mM, 1 mM, 100 nM or 10 nM of C9-PEX, respectively, vs untreated cells in lane 1. (B) Quantification of band intensity

normalized to the intensity of the control (untreated cells) band. (C) Cell viability assay using different concentrations of C9-PEX. The viability of the

cells at each treatment concentration was normalized to the control (untreated) cells. Error bars represent SD. One-way ANOVA with Dunnett’s

multiple comparison to the untreated control was utilized for statistical analysis; * P < 0.05, *** P < 0.001, n = 3 for the zymography assay, n = 4 for

the viability assay.

Figure 7. Effect of C9-PEX, A-C9-PEX and C9 on MMP9, as evaluated from the gelatinolytic activity of MMP9 in a gelatin SDS–PAGE assay.

MMP9 secreted from MCF7-MMP9 cells was incubated for 24 h with 500 nM — 5 mM of C9-PEX, or 5 mM of either A-C9-PEX or C9. The treated

MMP9 was loaded on gelatin zymography gel, and the intensity of the white bands, representing the activity of MMP9, was quantified. (A) Gelatin

zymography gels. Lanes 2–6 represent cells treated with 5 mM C9-PEX, 1 mM C9-PEX, 500 nM C9-PEX, 5 mM A-C9-PEX, or 5 mM C9, respectively,

vs untreated cells in lane 1. (B) Quantification of band intensity (from panel A) normalized to the intensity of the control (untreated cells) band. Error

bars represent SD. One-way ANOVA with Dunnett’s multiple comparison to the untreated control was utilized for statistical analysis; * P < 0.05,

*** P < 0.0001, n = 3. (C) Gelatin zymography gels of a concentrated MCF7-MMP9 medium. Lanes 1–5 represent untreated cells or cells treated with

5 mM of C9-PEX, A-C9-PEX, C9, or a mixture of A-C9-PEX and C9, respectively.
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The PEX domain inhibits ERK 1/2 phosphorylation
In light of reports that MMP9 homodimers induce ERK1/2 phosphorylation through the interaction of their
PEX domains with CD44 [13,27], we validated the ability of the MMP9-containing medium to induce ERK
1/2 phosphorylation (Supplementary Figure S10). Thereafter, we tested the ability of C9-PEX and the mono-
specific proteins C9 and A-C9-PEX to inhibit ERK1/2 phosphorylation (Figure 8). To this end, the medium
from MCF7-MMP9 cells pre-incubated for 24 h in serum-free DMEM was collected. A new batch of
MCF7-MMP9 cells was then treated for 10 min with this MMP-9-containing medium, supplemented with
5 mM or 500 nM of C9-PEX, C9 or A-C9-PEX. Thereafter, ERK1/2 phosphorylation was followed using
western blot. As expected, when added at the high concentration, the PEX-containing proteins — both the
multi-specific C9-PEX (Figure 8A,B) and the mono-specific A-C9-PEX (Figure 8C,D) — inhibited ERK1/2
phosphorylation, while C9 had no such effect (Figure 8E,F), confirming that ERK1/2 phosphorylation is
mediated by PEX–CD44 interactions and not by MMP9 catalytic activity [27,38]. Of note, when the protein
inhibitors were added at the low concentration, only C9-PEX exhibited significant inhibition of ERK1/2
phosphorylation.

Discussion
Extensive efforts have been made to generate potent selective inhibitors against disease-promoting MMPs, with
most of them targeting the catalytic sites of MMPs. However, since the target sites share high similarity among
MMP family members [43,44] and since other MMP domains and interacting molecules also affect MMP bio-
logical activity [12,61,63–65], no real progress has been reported in this endeavor. Our strategy for selective and
efficient inhibition of the biological activity of MMP9 therefore focused on the three-pronged targeting of:
(i) the catalytic domain of MMP9, (ii) the specific interactions between the PEX domain of MMP9, which
shares low similarity within the PEX domains of all other MMP family members [66], and CD44, a receptor
that is co-localized with and is functionally related to MMP9 [8,12,13], and (iii) the specific interactions

Figure 8. The PEX domain inhibits ERK1/2 phosphorylation.

MCF7-MMP9 cells were treated for 10 min with 5 mM or 500 nM of C9-PEX (A and B), A-C9-PEX (C and D) or C9 (E and F), and serum-free DMEM

medium collected from MCF7-MMP9 cells pre-incubated for 24 h at 37°C (to allow secretion of MMP9). The ERK1/2 phosphorylation level was

calculated by dividing the ERK1/2 phosphorylation (pERK1/2) signal intensity by the ERK1/2 signal intensity and by the control β-actin protein

signal intensity. The phosphorylation of each sample was then normalized to the control, which contained samples from MCF7-MMP9 cells treated

with DMEM medium collected from MCF7-MMP9 pre-incubated for 24 h at 37°C. While C9 had no effect on ERK1/2 phosphorylation, 5 mM

A-C9-PEX and both 5 mM and 500 nM C9-PEX inhibited the phosphorylation. Error bars represent SD. One-way ANOVA with Dunnett’s multiple

comparison to the control was utilized for statistical analysis; *** P < 0.001, ** P < 0.01, n = 3.
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between the PEX domain of one MMP9 monomer with the same PEX domain of a different MMP9 monomer
to inhibit homodimerization of MMP9 via its PEX domains.
As illustrated in Figure 9A, multi-targeting of MMP9 was achieved by generating C9-PEX, a protein adduct

composed of C9 (an N-TIMP2 variant that confers enhanced activity in inhibiting the catalytic activity of
MMP9) and a PEX domain that interacts with the PEX domain of MMP9. Consequently, this C9-PEX adduct
was able to form a tight binding complex with MMP9, most likely by simultaneous binding both to the MMP9
catalytic pocket and to the PEX domain of MMP9. This simultaneous binding resulted in a significant increase
in the affinity of C9-PEX for MMP9 and an enhancement of the ability of C9-PEX to reduce the quantities of
both MMP9 monomers and homodimers in vitro and in cells, probably by interfering with MMP9–CD44
(Figures 5 and 6) and MMP9–MMP9 (Figure 7) interactions, respectively.
As mentioned above, MMP9 binds to CD44 through the MMP9 PEX domain, and together they dock on the

cell surface (Figure 9B). This co-localization promotes ECM degradation and cancer cell invasiveness [12,18].
Antagonizing the interaction between MMP9 and CD44 is thus an important mechanism by which the C9-PEX
adduct can interfere with cancer progression. MMP9 and CD44 were observed to be segregated in clusters on
the cell surface [62]. This type of co-localization was also observed for C9-PEX and CD44 on MCF7-MMP9
cells (Figure 4), allowing us to posit that the multi-specific protein adduct may compete and interfere with
MMP9 co-localization and interaction with CD44, thereby leading to a decrease in cell invasiveness [12].
Interestingly, it has been found that CD44 is localized at the leading edge of migrating cells [67] and that
MMP9 is co-localized with CD44 on leading lamellipodial sites [62], implying that the co-localization of these
two molecules is important for cell migration. In a similar manner, cell invasiveness is promoted by the catalytic
activity of MMP9, which is associated with CD44 on the cell surface, as reported by Yu and Stamenkovic [12].
Their research demonstrated that the expression of CD44 on MC melanoma cells, which do not constitutively
express CD44, led to an increase in invasiveness. This CD44-dependent cell invasion was inhibited by an
MMP9-derived peptide inhibitor and by an anti MMP9 antibody but not by an MMP3 peptide-based inhibitor
or by an isotype matched antibody [12], indicating that the catalytic activity of MMP9 promotes cell invasion
only when MMP9 is associated with CD44 on the cell surface. Since MMP9 is co-localized with CD44, binding

Figure 9. Schematic representation of C9-PEX’s mode of inhibition.

(A) C9-PEX binds to the MMP9 catalytic site through C9 (left), to the PEX site through the PEX domain (middle), or to both

catalytic and PEX sites (right). (B) MMP9 monomers dock on the cell surface via CD44 (left); this docking increases ECM

degradation and cell invasiveness. C9-PEX competes with MMP9 monomers for binding to CD44 mediated via the PEX

domain (right). C9-PEX can remove an MMP9 monomer from CD44 and at the same time inhibit MMP9 catalytic activity

(middle). (C) MMP9 forms dimers through its PEX domain. The dimers, via their PEX domains, interact with CD44 and induce

ERK signaling, which results in cell migration. C9-PEX can compete with MMP9 dimer binding to CD44, which will result in

inhibition of ERK cell signaling. (D) C9-PEX can interfere with MMP9 homodimerization, and instead generate C9-PEX-MMP9

heterodimers. These heterodimers can compete with MMP9 dimers for CD44 interaction, and reduce ERK cell signaling

mediated by the MMP9 dimers.
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of C9-PEX to CD44 in our system could (i) increase the local concentration of C9-PEX near both MMP9 and
CD44, contributing to specificity enhancement for MMP9 inhibition, and/or (ii) enhance the accessibility of the
MMP9 catalytic site for inhibition for C9 by splitting the CD44/MMP9 complex [12].
The superiority of the C9-PEX adduct over the mono-specific proteins in interfering with the MMP9–CD44

functional axis is derived from its ability to reduce MMP9 levels (Figure 5) and to attenuate ERK phosphoryl-
ation (Figure 8). Support for the potential of our adduct to interfere with MMP9–CD44 complex formation
and hence to inhibit cancer progression may be drawn from a study showing that MMP9 was found in
complex with CD44 on B-CLL cells but not on normal B cells, even though the normal cells also expressed
both MMP9 and CD44 [11]. Notably, our designed adduct simultaneously targets two molecules that are over-
expressed in cancer cells, and therefore its binding to cancer cells may be stronger than that to non-cancerous
cells. Furthermore, since the CD44/MMP9 complex is formed via the binding of CD44 to the PEX domain of
MMP9 on specific cells, such as B-CLL [11] and TA3 mouse mammary carcinoma [12] cells, and not in all
cells that express both CD44 and MMP9 [10,11], the disruption of CD44/MMP9 complex formation by the
PEX domain may be specific to those particular cell types.
In addition to its co-localization with MMP9 on the cell surface, where it is a co-receptor for MMP9, CD44

is also known to be involved in the induction of MMP9 expression via a number of different pathways,
although the exact mechanisms are not known [16]. One such mechanism could be through CD44 binding to
its major receptor hyaluronan, a glycosaminoglycan commonly found in the body, with the binding serving to
increase MMP9 expression [16]. It is thus possible that C9-PEX binding to CD44 might interfere with hyaluro-
nan–CD44 binding and as a result block the MMP9 expression, as has previously been shown for anti-CD44
antibodies [16]. Another pathway for CD44 involvement in MMP9 expression involves the sequential proteo-
lytic cleavage of CD44, resulting in the formation of CD44ICD, which translocates into the cell nucleus and pro-
motes MMP9 gene expression [16]. Remarkably, one of the proteolytic enzymes involved in the generation of
CD44ICD is MMP9 itself [14]. The superiority of the C9-PEX multi-specific inhibitor over its mono-specific
counterparts in reducing the quantities of MMP9 when each inhibitor was added alone or in combination to
MCF7-MMP9 cells (Figure 5) demonstrates that there is a synergistic effect between C9 and PEX in regulating
the quantity of cell-secreted MMP9. The subsequent reduction in MMP9 levels might therefore be the result of
a dual inhibition (of both MMP9 and CD44) by C9-PEX (i.e. reduction in CD44 cleavage by MMP9 [14]).
Although MMP9 is a soluble protein [68], it can be localized on the cell surface through its binding to CD44
[12,66]. When MMP9 is localized on the cell surface, it might not be available for inhibition by TIMP, as previ-
ously shown for TIMP1 [12]. Thus, if we interfere with the PEX-mediated MMP9 cell surface localization and
interaction with CD44 and thereby allow the C9 domain to inhibit the catalytic activity of MMP9 (now freed
from CD44), then it might lead to a decrease in the formation of the CD44ICD cleavage product and hence to a
decrease in MMP9 gene expression.
We hypothesize that the decrease in MMP9 (monomers and homodimers) levels (Figure 5) upon treatment

with C9-PEX is a result of both (i) antagonizing cellular CD44 and MMP9, and (ii) generating a SDS-stable,
high affinity complex with MMP9. This conclusion is based on the observations that both the C9-PEX adduct
and a mixture of A-C9-PEX and C9 reduced cellular MMP9 levels (Figure 5), but only the former was able to
inhibit the catalytic activity of MMP9 collected from the cell medium (Figure 7).
Another pathway that is influenced by the cross-talk between MMP9 and CD44 is ERK phosphorylation

(Figure 9C). We demonstrated that high concentrations of C9-PEX and A-C9-PEX (5 mM) reduced ERK phos-
phorylation, but at a lower concentration (500 nM) only C9-PEX was able to inhibit ERK phosphorylation,
demonstrating its superiority over the mono-specific inhibitors (Figure 8). The attenuation of ERK phosphoryl-
ation might be a result of competition of C9-PEX or A-C9-PEX with the binding of the MMP9 homodimer to
CD44 (Figure 9C) or of interference with MMP9 homodimer formation (Figure 9D). Indeed, as shown in
Figure 7C, the C9-PEX adduct, but not the C9 and A-C9-PEX mono-specific inhibitors, disrupts the formation
of the MMP9 homodimer complex. Considering that our multi-specific protein, C9-PEX, can bind to both
MMP9 and CD44, which are co-localized, C9-PEX may accumulate locally near CD44, which would allow it to
compete with the MMP9 homodimer for interaction with CD44; such a mode of action would explain the
superior inhibition of ERK phosphorylation by the PEX domain of C9-PEX vs the C9 and A-C9-PEX mono-
specific inhibitors. As mentioned above, MMP9 homodimers are generated by non-covalent binding between
two PEX domains. Since C9 does not contain the PEX domain, it is neither expected to suppress MMP9 homo-
dimerization nor to compete with the binding of MMP9 homodimers to CD44 [27,38], and thus it will not
inhibit ERK phosphorylation.
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Finally, we touch on a subject that was mentioned in brief in the Introduction. It is known that the CD44/
MMP9 complex formed on the cell surface leads to ECM degradation and to the migration, invasion and
metastasis of cancer cells [11,18,25,26], and some years ago it was also suggested that the formation of this
complex induces the activation of TGF-β, thereby promoting tumor growth and invasiveness [12].
Nevertheless, despite many years of intense study, it is still not known how the CD44, MMP-9 and TGF-β
triad controls the proliferation, survival, activation, and differentiation of B cells or the development and func-
tions of innate cells, including natural killer cells, macrophages, dendritic cells, and granulocytes. In conclusion,
by simultaneously targeting two co-localized and functionally related molecules — MMP9 and CD44 — we
were able to engineer an inhibitor of neoplasia that is both potent and specific. In view of the similarity
between the active sites of the different MMPs, this method of targeting of a particular MMP and its
co-localized, functionally related receptor, can be applied to other MMP family members as platform for gener-
ating better specificity and enhanced antagonism and hence for the creation of new-generation therapeutics for
cancer and other diseases.
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