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a b s t r a c t

Recent profiling has identified the aminopeptidase N/CD13 inhibitor actinonin as a selec-
tive soluble secreted matrix metalloproteinase (MMP) inhibitor. Given that actinonin’s
effects against membrane-bound MMPs remain unknown and that MT1-MMP has been
linked to chemo- and radio-therapy resistance in brain tumor development, we therefore
assessed MT1-MMP functional inhibition by actinonin in U87 glioblastoma cells. We show
that actinonin inhibits concanavalin-A (ConA)-induced proMMP-2 activation, while it does
not inhibit ConA-induced MT1-MMP gene expression suggesting post-transcriptional
effects of the drug possibly mediated through the membrane-anchored protease regulator
RECK. Specific gene silencing of MT1-MMP with siRNA abrogated the ability of ConA to
activate proMMP-2. Functional recombinant MT1-MMP whose constitutive expression
led to proMMP-2 activation was also efficiently antagonized by actinonin. We provide evi-
dence for actinonin’s new therapeutic application in the direct targeting of MT1-MMP-
mediated proMMP-2 activation, an essential step in both brain tumor infiltration and in
brain tumor-associated angiogenesis.

� 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Actinonin has been ascribed several inhibitory activi-
ties, amongst which inhibition of transmembrane protease
aminopeptidase N (APN)/CD13 [1] and peptide deformyl-
ase [2,3], as well as antiproliferative effects against human
tumor cells [4] were reported. Tumor-infiltrating T cells in
renal and lung cancers [5,6] as well as in tumoral, but not
normal, vasculature [7], are all characterized by high APN/
CD13 levels, and also represent potential targets for acti-
nonin. While enhanced expression of membrane and/or
soluble forms of APN/CD13 is observed in many cancers

[8–11], it must be pointed out that actinonin, intriguingly,
also inhibited the growth of both CD13-positive myeloid
and CD13-negative lymphoma cell lines, suggesting that
the effects induced by actinonin are unlikely to be solely
mediated by CD13 inhibition [12]. Furthermore, gene
silencing of APN/CD13 in endothelial cells resulted in the
inhibition of in vitro tubulogenesis, suggesting that APN/
CD13 inhibition may affect important processes such as
in vascular endothelial morphogenesis and during angio-
genesis [13].

Apart from all these observations, it has emerged that
potential alternate transmembrane proteases which, simi-
lar to APN/CD13, may impact those same critical processes
involved in angiogenesis and in tumor development and
thus be targeted by actinonin. Among these, membrane-
type-1 matrix metalloproteinase (MT1-MMP), an impor-
tant protein related to tumor growth and angiogenesis, is
expressed on malignant tumor cells and in activated endo-
thelial cells [14]. Furthermore, MT1-MMP is part of the
specific transmembrane proteases family that regulates
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cell growth and invasion and that may also contribute to
angiogenesis [15]. MT1-MMP is involved in cell migration,
extracellular matrix (ECM) degradation and endothelial
cell tubulogenesis [16]. Detailed studies by RNA interfer-
ence recently revealed that MT1-MMP also controls mes-
enchymal stromal cell mobilization and homing
processes, which require invasion through ECM barriers
[17,18] and which may possibly contribute to brain tumor
development [19]. In addition, previous demonstration
that MT1-MMP can function as an activator of latent proM-
MP-2 [20] was later strengthened by demonstrations that
reduced activation of proMMP-2 was observed in various
tissues of MT1-MMP null mice [21] and that inhibition of
MT1-MMP by cancer drugs interfered with the homing of
diabetogenic T cells into the pancreas [22].

Because of MT1-MMP’s ability to promote directed cell
migration across reconstituted basement membranes both
in metastasis and in tumor angiogenesis processes, newly
developed oncogenic strategies, including specific immu-
noliposomal anticancer MT1-MMP targeting [23] and
interference RNA technology [24] are currently under con-
sideration. The design, use, and evaluation of these ap-
proaches have, however, been more complex than
expected. More recently, we identified glycocluster con-
structions that may serve in carbohydrate-based antican-
cer strategies through their ability to specifically target
MT1-MMP pleiotropic functions in cell survival, prolifera-
tion and ECM degradation [25]. In the present study, we
extend our efforts to identify new molecules with anti-
MT1-MMP inhibitory functions and to provide the first
cell-based evidence that the APN/CD13 inhibitor actinonin
directly abrogates MT1-MMP’s ability to activate latent
proMMP-2 in highly invasive U87 glioma cells.

2. Materials and methods

2.1. Materials

Sodium dodecylsulfate (SDS) and bovine serum albu-
min (BSA) were purchased from Sigma (Oakville, ON). Cell
culture media were obtained from Life Technologies (Bur-
lington, ON). Electrophoresis reagents were purchased
from Bio-Rad (Mississauga, ON). The enhanced chemilumi-
nescence (ECL) reagents were from Amersham Pharmacia
Biotech (Baie d’Urfé, QC). Micro bicinchoninic acid protein
assay reagents were from Pierce (Rockford, IL). The poly-
clonal antibody against MT1-MMP was from Chemicon
(Temecula, CA).

2.2. Cell culture, transfection method, and survival assay

The U87 glioblastoma cell line was purchased from
American Type Culture Collection (Manassas, VA) and cul-
tured in Eagle’s Minimum essential medium (MEM) con-
taining 10% (v/v) fetal bovine serum (FBS) (HyClone
Laboratories, Logan, UT) and 2 mM glutamine, at 37 �C un-
der a humidified atmosphere containing 5% CO2. U87 glio-
blastoma cells were either transiently transfected with a
cDNA construct encoding full length MT1-MMP fused to
GFP [26], or with 20 nM siRNA (see below) using Lipofect-

amine 2000 (Invitrogen, Burlington, ON). The occurrence of
MT1-MMP specific gene knockdown was evaluated by
assessing ConA’s ability to trigger MT1-MMP-mediated
proMMP-2 activation. Mock transfections of U87 cultures
with cDNA encoding GFP expression vectors alone were
used as controls. Cell death was quantified by lactate dehy-
drogenase (LDH) release assay according to the manufac-
turer’s protocol (Fisher Scientific, Nepean, ON).

2.3. RNA interference

RNA interference experiments were performed using
Lipofectamine 2000. A small interfering RNA against MT1-
MMP (siMT1-MMP) and mismatch siRNA were synthesized
by EZBiolab Inc. (Westfield, IN) and annealed to form du-
plexes. The sequence of the siMT1-MMP used in this study
is as follows: 50-CCAGAAGCUGAAGGUAGAAdTdT-30 (sense)
and 50-UUCUACCUUCAGCUUCUGGdTdT-30 (antisense)
[27]. The diminution of MT1-MMP expression, as assessed
by RT-PCR, was routinely over �85% (not shown). U87 cells
were also transiently transfected with 20 nM siRNA against
RECK (Hs_RECK_5 HP siRNA, SI04146072; Hs_RECK_6 HP
siRNA, SI04174282; Hs_RECK_7 HP siRNA, SI04195464;
Hs_RECK_8 HP siRNA, SI04350318, QIAGEN, CA). RECK-spe-
cific gene knockdown was evaluated by qRT-PCR as de-
scribed below.

2.4. Gelatin zymography

Gelatin zymography was used to assess the extent of la-
tent and proMMP-2 and active MMP-2 activity. Briefly, an
aliquot (20 ll) of the culture medium was subjected to
SDS-PAGE in a gel containing 0.1 mg/ml gelatin. The gels
were then incubated in 2.5% Triton X-100 and rinsed in
nanopure distilled H2O. Gels were further incubated at
37 �C for 20 h in 20 mM NaCl, 5 mM CaCl2, 0.02% Brij-35,
50 mM Tris–HCl buffer, pH 7.6, then stained with 0.1%
Coomassie Brilliant blue R-250 and destained in 10% acetic
acid, 30% methanol in H2O. Gelatinolytic activity was de-
tected as unstained bands on a blue background.

2.5. cDNA synthesis and real-time quantitative RT-PCR

Total RNA was extracted from cultured U87 cells using
TRIzol reagent (Invitrogen). For cDNA synthesis, �1 lg to-
tal RNA was reverse-transcribed into cDNA using a high
capacity cDNA reverse Transcription Kit (Applied Biosys-
tems, Foster City, CA). cDNA was stored at �80 �C for
PCR. Gene expression was quantified by real-time quanti-
tative PCR using iQ SYBR Green Supermix (BIO-RAD,
Hercules, CA). DNA amplification was carried out using
an Icycler iQ5 machine (BIO-RAD, Hercules, CA) and prod-
uct detection was performed by measuring the binding of
the fluorescent dye SYBR Green I to double-stranded
DNA. MT1-MMP and RECK primer sets were derived from
human sequences and provided by QIAGEN (Valencia,
CA). The relative quantities of target gene mRNA against
an internal control, 18S ribosomal RNA, was measured by
following a DCT method. An amplification plot of fluores-
cence signal vs. cycle number was drawn. The difference
(DCT) between the mean values in the triplicate samples
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of target gene and those of 18S ribosomal RNA were calcu-
lated by iQ5 Optical System Software version 2.0 (BIO-RAD,
Hercules, CA) and the relative quantified value (RQV) was
expressed as 2�DC

T .

2.6. Immunoblotting procedures

Lysates or plasma membrane preparations [28] from
control and treated cells were separated by SDS-polyacryl-
amide gel electrophoresis (PAGE). After electrophoresis,
proteins were electrotransferred to polyvinylidene difluo-
ride membranes which were then blocked for 1 h at room
temperature with 5% non-fat dry milk in Tris-buffered sal-
ine (150 mM NaCl, 20 mM Tris–HCl, pH 7.5) containing
0.3% Tween-20 (TBST). Membranes were further washed
in TBST and incubated with the MT1-MMP primary anti-
body (1/1000 dilution) in TBST containing 3% bovine serum
albumin and 0.02% NaN3, followed by a 1 h incubation with
horseradish peroxidase-conjugated anti-rabbit IgG (1/2500
dilution) in TBST containing 5% non-fat dry milk. Immuno-
reactive material was visualized by enhanced chemilumi-
nescence (Amersham Biosciences, Baie d’Urfée, QC).

3. Results

3.1. Actinonin inhibits concanavalin-A-induced proMMP-2 activation and
MT1-MMP proteolytic processing

Concanavalin-A (ConA) is thought to trigger latent proMMP-2 activa-
tion into its active MMP-2 form [25,29]. Therefore, U87 glioma cells were
serum-starved and treated with increasing concentrations of ConA, and
then conditioned media were harvested in order to assess the extent of
proMMP-2 activation by gelatin zymography. We observed that ConA

dose-dependently induced proMMP-2 activation and that this was corre-
lated with both induction of the mature MT1-MMP form expression and
with MT1-MMP proteolytic processing, as shown by the appearance of its
proteolytic 43 kDa fragment (Fig. 1A). When actinonin was added in
conjunction with ConA, we observed a dose-dependent decrease in proM-
MP-2 activation by ConA, which was also correlated with a decrease in
MT1-MMP proteolytic processing (Fig. 1B). Actinonin’s inhibitory effect
on MMP-2 was found complete at 50 lM (Fig. 1C), while it did not affect
cell survival or proMMP-2 expression (Fig. 1C). In order to compare acti-
nonin’s efficacy at inhibiting ConA-induced proMMP-2 activation, we also
showed that ilomastat, a broad-spectrum MMP inhibitor [30], abrogated
proMMP-2 activation similarly to actinonin (Fig. 1D). These observations
suggest that actinonin antagonizes proMMP-2 activation processes possi-
bly involving MT1-MMP functions.

3.2. Actinonin does not inhibit concanavalin-A-induced MT1-MMP gene
expression

In order to further delineate the molecular impact of actinonin on
MT1-MMP-mediated processes, we next explored whether gene expres-
sion was affected. U87 glioma cells were treated (or not) with ConA, total
RNA was isolated as described in Section 2, and MT1-MMP gene expres-
sion was assessed using qRT-PCR. ConA-induced MT1-MMP gene expres-
sion (Fig. 2, black bars) in agreement with the increase in protein levels
we observed in Fig. 1A and with previous work [17,29,31]. Interestingly,
while ilomastat and actinonin were efficient in inhibiting ConA-induced
proMMP-2 activation (Fig. 1), neither was able to downregulate MT1-
MMP gene expression. This suggests that actinonin affects MT1-MMP
functions at the cell surface rather than at the level of gene expression.

3.3. Actinonin inhibits recombinant MT1-MMP-induced proMMP-2
activation

While most previous assays of actinonin’s effects on MMPs were per-
formed against secreted soluble MMP (MMP-1, -2, -3, -7, -8, -9, -10, -12,
and -13), actinonin’s direct impact on MT1-MMP functions remained to
be demonstrated [32]. In order to assess the contribution of MT1-MMP
to the ConA-mediated activation of proMMP-2, we first had to confirm
that MT1-MMP was involved in ConA-mediated proMMP-2 activation.
We used siRNA gene silencing strategies to specifically downregulate
MT1-MMP gene expression in U87 glioma cells. Mock and siMT1-MMP
cells were then treated (or not) with ConA and MT1-MMP silencing effec-
tively antagonized ConA’s ability to trigger proMMP-2 activation (Fig. 3A).
We next transiently transfected U87 cells with a cDNA plasmid encoding
MT1-MMP as previously validated by us [17,29]. Constitutive expression
of recombinant MT1-MMP protein in transfected cells was confirmed by
western blotting and was not inhibited by either actinonin or ilomastat
(Fig. 3B, upper panel). The recombinant MT1-MMP protein was further
shown to be fully active as its cell surface expression led to increased
proMMP-2 activation as assessed by zymography from the isolated con-
ditioned media (Fig. 3B, lower panel). Finally, the recombinant MT1-
MMP-mediated proMMP-2 activation was completely abrogated by both

Fig. 1. Actinonin inhibits concanavalin-A-induced proMMP-2 activation
and MT1-MMP proteolytic processing. Serum-starved U87 glioma cells
were cultured as described in Section 2 in the presence of: (A) increasing
concentrations of Concanavalin-A (ConA); (B) increasing concentrations
of actinonin in the presence of 30 lg/ml ConA; or (D) 25 lM Ilomastat in
the presence of 30 lg/ml ConA. Conditioned media were harvested in
order to assess the extent of proMMP-2 activation by gelatin zymography
(upper panels in A, B, and D). MT1-MMP expression (middle panels in A,
B, and D) and MT1-MMP proteolytic processing (lower panels in A, B, and
D) were assessed by western blotting and immunodetection performed as
described in Section 2. (C) ProMMP-2 (open triangle) and MMP-2 (open
circles) levels were quantified by densitometry of the zymograms from
(B). Lactate dehydrogenase (closed circles) release into the conditioned
media was assessed to monitor cell survival.

Fig. 2. Actinonin does not inhibit concanavalin-A-induced MT1-MMP
gene expression. Serum-starved U87 glioma cells were treated (black
bars) or not (white bars) with 30 lg/ml ConA for 18 h and total RNA was
isolated as described in Section 2. MT1-MMP gene expression was
assessed using qRT-PCR.
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ilomastat and actinonin (Fig. 3B). Altogether, this is the first cell-based
demonstration of a novel and direct effect of actinonin on MT1-MMP
function.

3.4. Gene silencing of RECK prevents concanavalin-A-induced MT1-MMP
proteolytic activation

Recently, the reversion-inducing cysteine-rich protein with Kazal mo-
tifs (RECK) was demonstrated to interact with MT1-MMP and CD13/ami-
nopeptidase N, and to modulate their endocytic pathways [33]. This
modulation correlated with the accelerated internalisation and decay of
MT1-MMP and CD13. Based on the relevance of those data to the current
study, we used gene silencing (siRNA) strategies to address whether such
mechanism is in fact involved upon U87 treatment with actinonin. The
rationale being that if RECK was involved in any MT1-MMP-internalisa-
tion process upon actinonin treatment, then this would result in the dif-
ferential depletion of MT1-MMP from plasma membrane preparations.
We therefore tested four different siRNA sequences to knockdown RECK
gene expression and used qRT-PCR to demonstrate that efficient knock-
down of RECK by more than �72% in U87 cells was achieved with siRNA
construct #4 (Fig. 4a). Furthermore, we now also demonstrate that
actinonin’s effects (i.e. inhibition of MT1-MMP-mediated proMMP-2 acti-
vation) are in fact possibly dependent of RECK’s-mediated MT1-MMP-
internalisation processes. Gene silencing of RECK with construct #4
partially prevented concanavalin-A-induced MT1-MMP proteolytic acti-
vation (Fig. 4b, upper panel). Actinonin was further unable to antagonize
MT1-MMP proteolytic activation in siRECK-transfected cells, in contrast
to Mock-transfected cells (Fig. 4b). Intriguingly, actinonin was able to re-
verse proMMP-2 activation in both Mock- and siRECK-transfected cells as
shown by gelatin zymography (Fig. 4b, lower panel). This is suggesting
that a pool of cell surface MT1-MMP remains insensitive to RECK’s inter-
action Altogether, these results confirm a potential molecular link be-
tween MT1-MMP and CD13/aminopeptidase N [33], which could partly
explain actinonin’s inhibitory effects on MT1-MMP-mediated proMMP-
2 activation.

4. Discussion

One of the most exciting findings over recent years was
the discovery of a cell-associated membrane-bound MMP,
MT1-MMP/MMP-14, and the subsequent demonstration
that this molecule can function as an activator of latent

proMMP-2 [20]. While disruption of MMP-2 in mice had
only a minor effect on development and growth [34], dis-
ruption of MT1-MMP caused craniofacial dysmorphism,
arthritis, osteopenia, dwarfism, and fibrosis of soft tissues
due, in part, to ablation of collagenolytic activity [35].
Moreover, MT1-MMP gene silencing also abrogated angio-
genesis-related disease [24] as well as cell invasive proper-
ties [27]. These findings implicate pivotal functions for
MT1-MMP not only in physiological connective tissue
metabolism, but also in pathological tumor-associated
invasive processes [16,36].

Gliomas remain a great challenge in oncology today as
they account for more than 50% of all brain tumors and
are by far the most common primary brain tumors in
adults [37]. Many of the mechanisms involved in brain tu-
mor resistance to chemotherapy or to radiation-induced
cell death have been recognized [38], and high expression
of MT1-MMP was clearly identified as a potential molecu-
lar contributor to therapy resistance in glioblastomas
[39,40]. As ECM proteolysis is a necessary part of the
invasive and infiltrative phenotype of brain tumors, and
MT1-MMP plays a central role in proteolysis [41,42], the
screening of new molecules such as actinonin combined
with the development of current pharmaceutical ap-
proaches that directly affect the expression and/or function
interplay between MT1-MMP, APN/CD13 as well as of
RECK involvement in the cell surface recycling of these
two molecules, may prove beneficial in targeting invading
glioma cells.

Our data, most importantly, suggests reconsidering the
molecular targets and mechanisms underlying the anti-
angiogenic effects of actinonin, which were initially

Fig. 3. Actinonin inhibits recombinant MT1-MMP-induced proMMP-2
activation. Silencing of MT1-MMP gene expression in U87 glioma cells
was performed as described in Section 2: (A) serum-starved mock-
transfected and siMT1-MMP-transfected (siMT1) cells were treated (or
not) with 30 lg/ml ConA and the extent of proMMP-2 activation was
assessed by gelatin zymography and (B) transient transfection of U87
glioma cells with a cDNA plasmid encoding MT1-MMP was performed as
described in Section 2. Serum-starved cells were then treated with either
25 lM ilomastat (Ilo) or 25 lM actinonin (Acti) for 18 h. Constitutive
expression of recombinant MT1-MMP protein in transfected cells was
confirmed by western blotting (upper panel), while recombinant MT1-
MMP-mediated activation of proMMP-2 was assessed by gelatin zymog-
raphy from the isolated conditioned media (lower panel).

Fig. 4. Gene silencing of RECK prevents concanavalin-A-induced MT1-
MMP proteolytic activation: (A) silencing of RECK gene expression in U87
glioma cells was performed as described in Section 2 and RECK gene
expression assessed by qRT-PCR (Scr, scrambled sequence) and (B)
serum-starved mock-transfected and siRECK-transfected (siRECK) cells
were treated (or not) with 30 lg/ml ConA or with 25 lM actinonin (Acti)
for 18 h. Plasma membrane preparation was performed and the extent of
MT1-MMP proteolytic processing assessed by western blotting (upper
panel), while proMMP-2 activation was assessed by gelatin zymography
(lower panel).
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thought to involve APN/CD13 metalloprotease. APN/CD13
has been shown to be expressed on the human umbilical
vein endothelial cells (HUVEC) of angiogenic, but not nor-
mal, vasculature [43]. Functional antagonists of APN (best-
atin, amastatin, CD13 antibody) abrogated the ability of
HUVEC, cultured on Matrigel, to organize a capillary net-
work [10,44]. Still, the direct involvement of APN/CD13
in the anti-angiogenic molecular mechanism of action of
actinonin remained, however, unclear. One main argument
being that pathological angiogenesis is often accompanied
by the formation of a fibrinous matrix, which consists of
fibrin, collagen fibers and plasma proteins, all features
characteristic of alternate cell surface proteases such as
MT1-MMP [45,46]. Accordingly, endothelial cell assembly
into capillary-like structures within collagen/fibrin gels is
also thought to require the activity of MT1-MMP [47–49].
Inhibitors such as actinonin may therefore find a dual func-
tion in inhibiting specific membrane-bound proteases such
as APN/CD13 and MT1-MMP, with a combined impact in
both ECM degradation and in tubulogenesis processes.

In conclusion, we report the first direct, cell-based bio-
logical evaluation of actinonin against MT1-MMP. The spe-
cific action of actinonin revolves around its capacity to
directly antagonize MT1-MMP-mediated activation of la-
tent proMMP-2 in U87 glioma cells. While novel approaches
to the inhibition of MT1-MMP activity are currently being
explored [23–25], our observations may in fact find broader
molecular and therapeutic implications which are not lim-
ited to MT1-MMP’s ability to activate proMMP-2 or to con-
tribute to therapy resistance. Based on our results, it is
tempting to suggest that inhibition of MT1-MMP functions
may also abrogate cell migration through MT1-MMP-medi-
ated epidermal growth factor (EGF) receptor transactivation
[50] or signaling through the EGF receptor [51]. Other
avenues to explore involve actinonin’s direct effect on
MT1-MMP functions that may also impact on the new and
appealing MT1-MMP’s ability to promote CD133-positive
cancer stem cells invasive properties and that could possibly
be targeted by actinonin [52].
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