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1  |   INTRODUCTION

One of the compelling reasons of brain cancer therapy 
failure relates to the adaptive metabolic mechanisms that 
lead to their resistance phenotype, which makes it difficult 

to foresee their response to any treatment.[1,2] Among the 
therapy resistance mechanisms that regulate cancer cell 
death/survival balance, the fundamental importance of 
autophagy in the development and progression of cancer 
has recently been highlighted.[3–5] In grade IV glioblas-
toma, the most fatal tumor of the central nervous system,[6] 
mounting evidence suggests that autophagy processes are 
tightly associated with tumorigenesis.[7,8] Although high-
grade gliomas are characterized with reduced expression of 
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Abstract
Membrane type-1 matrix metalloproteinase (MT1-MMP) possesses both extracellu-
lar proteolytic and intracellular signal-transducing functions in tumorigenesis. An 
imbalance in MT1-MMP expression and/or function triggers a metastatic, invasive, 
and therapy resistance phenotype. MT1-MMP is involved in extracellular matrix 
(ECM) proteolysis, activation of latent MMPs, as well as in autophagy signaling in 
human hepatoma and glioblastoma cells. A low autophagy index in tumorigenesis 
has been inferred by recent studies where autophagic capacity was decreased during 
tumor progression. Here, we establish ARP101 as a dual-function small-molecule 
inhibitor against MT1-MMP ECM hydrolysis and autophagy signal-transducing 
functions in a model of grade IV glioblastoma cells. ARP101 inhibited concanavalin-
A-mediated proMMP-2 activation into MMP-2, as well as MT1-MMP auto-proteo-
lytic processing. When overexpressing recombinant Wt MT1-MMP, ARP101 
inhibited proMMP-2 activation and triggered the formation of MT1-MMP oligomers 
that required trafficking to the plasma membrane. ARP101 further induced cell au-
tophagy as reflected by increased formation of acidic vacuole organelles, LC3 
puncta, and autophagy-related protein ATG9 transcription. These were all signifi-
cantly reversed upon siRNA-mediated gene silencing of MT1-MMP. ARP101 can 
thus concomitantly inhibit MT1-MMP extracellular catalytic function and exploit its 
intracellular transducing signal function to trigger autophagy-mediated cell death in 
U87 glioblastoma cancer cells.
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autophagy-related proteins (ATG) when compared to low-
grade gliomas,[9,10] it is still unclear whether dysregulation 
of autophagy in advanced brain cancer would promote sur-
vival or death upon various therapeutic settings.

Given dysregulation of autophagy is closely linked to 
therapy resistance in cancer, targeting autophagy is currently 
being exploited as a novel therapeutic strategy for clinical 
utility. Recently, the alkylating drug temozolomide, which 
is routinely used in brain tumor patients, was found to in-
duce apoptosis, autophagy, and unfolded protein response,[11] 
but has been disappointing against the highly invasive and 
resistant nature of glioblastoma.[12] Other molecules such as 
FTY720, a synthetic compound which has been approved 
by the US Food and Drug Administration to treat relapsed 
multiple sclerosis,[13] was also found to induce autophagy-
related apoptosis and necroptosis and to inhibit invasion and 
migration in human glioblastoma cells.[14,15] FTY720 has 
recently been also found to sensitize glioblastoma cells to 
temozolomide.[16]

Design of small-molecule autophagy modulators there-
fore appears to be a promising druggable strategy.[17] 
Among these, ARP101, originally characterized for its 
inhibitory property against matrix metalloproteinase 2 
(MMP-2) catalytic functions, was found to also trigger 
autophagy in cells of mouse embryo fibroblasts.[18] Such 
functional dual targeting properties of ARP101 make this 
molecule a privileged drug in future selective targeting 
modalities. Among specific brain cancer biomarkers char-
acterized by both MMP catalytic functions and autoph-
agy inducing properties, membrane type-1 (MT1) MMP, 
a key membrane bound MMP involved in tumor inva-
sion, was classically ascribed an active role in extracel-
lular matrix (ECM) degradation[19–21] and, more recently, 
signal-transducing functions leading to angiogenesis,[22] 
autophagy,[23,24] inflammation,[25,26] immune response,[27] 
and cell death processes.[28,29] Since autophagy plays a 
dual role in oncogenesis, where low autophagy promotes 
cancer cell survival in response to constant stress,[30] but 
when strongly induced can also trigger cell death of type 
3 and lead to complete cellular self-digestion,[31] any phar-
macological approach that would disrupt the homeostatic 
balance of autophagy may therefore be exploited within 
antitumor modalities.

The oncogenic contribution of MT1-MMP in tumor inva-
sion is not only controlled through the extent of its expres-
sion levels, but also through its auto-regulatory processing 
and oligomerization states.[32–34] Indeed, MT1-MMP can 
regulate itself by auto-proteolytic cleavage that generates an 
inactive 43 kD form,[35] whereas dimerization of MT1-MMP 
is rather believed to facilitate the activation of proMMP-2.[34] 
While the homo-oligomer formation of MT1-MMP has re-
cently been revealed in several studies, its biological signif-
icance remains misunderstood.[36,37] In the current study, we 

investigated the dual pharmacological actions of ARP101 on 
MT1-MMP-mediated proMMP-2 activation as well as on the 
involvement of MT1-MMP in signaling autophagy in an es-
tablished grade IV glioblastoma cell model.

2  |   METHODS AND MATERIALS

2.1  |  Materials
Sodium dodecyl sulfate (SDS), ARP101, and bovine serum 
albumin (BSA) were purchased from Sigma (Oakville, ON). 
Electrophoresis reagents were from Bio-Rad (Mississauga, 
ON). The enhanced chemiluminescence (ECL) reagents 
were from Amersham Pharmacia Biotech (Baie d’Urfé, 
QC). Micro bicinchoninic acid protein assay reagents 
were from Pierce (Rockford, IL). The polyclonal antibody 
against the MT1-MMP hinge domain was from Chemicon 
(Temecula, CA). The monoclonal antibody against glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was from 
Advanced Immunochemical Inc. (Long Beach, CA, USA). 
Horseradish peroxidase-conjugated donkey anti-rabbit and 
anti-mouse IgG secondary antibodies were from Jackson 
ImmunoResearch Laboratories (West Grove, PA, USA).

2.2  |  Cell culture
Human U87 glioblastoma cells were purchased from 
American Type Culture Collection (ATCC; Manassas, VA). 
Serum starvation is classically performed by culturing the 
cells in Eagle’s minimal essential medium (EMEM; Gibco 
BRL) and 100 units/ml penicillin/streptomycin, and from 
which the 10% inactivated fetal bovine serum (Hyclone 
Laboratories, Logan, UT) is removed.

2.3  |  Immunoblotting procedures
Human U87 glioblastoma cells were lysed, and proteins 
were separated by SDS–polyacrylamide gel electrophore-
sis (PAGE). In order to detect MT1-MMP oligomer for-
mation, samples were subjected to SDS–PAGE gels in 
non-reducing conditions. After electrophoresis, proteins 
(30 μg) were electrotransferred to polyvinylidene dif-
luoride membranes, which were then blocked for 1 hr at 
room temperature with 5% nonfat dry milk in Tris-buffered 
saline (150 mM NaCl, 20 mM Tris–HCl, pH 7.5) con-
taining 0.3% Tween-20 (TBST; Bioshop, TWN510-500). 
Membranes were further washed in TBST and incubated 
with the anti-MT1-MMP or anti-GAPDH primary antibod-
ies (1/1,000 dilution) in TBST containing 3% BSA and 
0.1% sodium azide (Sigma-Aldrich Canada, S2002), fol-
lowed by an 1-hr incubation with horseradish peroxidase-
conjugated donkey anti-rabbit IgG at 1/2,500 dilutions in 
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TBST containing 5% nonfat dry milk. Immunoreactive 
material was visualized by enhanced chemilumines-
cence (Amersham Pharmacia Biotech, RPN3004). MT1-
MMP immunoreactivity of both the latent proMT1-MMP 

(63 kDa) and active MT1-MMP (60 kDa) forms was col-
lectively defined as detection of “mature form” in contrast 
to its inactive MT1-MMP (43 kDa) form defined as “pro-
teolytic form” where indicated.
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2.4  |  Gelatin zymography
Gelatin zymography was used to assess the extracellular lev-
els of secreted proMMP-2 and MMP-2 activities. Briefly, 
an aliquot (20 μl) of the culture medium was subjected to 
SDS-PAGE in a gel containing 0.1 mg/ml gelatin (Sigma-
Aldrich Canada, G2625). The gels were then incubated in 
2.5% Triton X-100 (Bioshop, TRX506.500) and rinsed in 
nanopure distilled water. Gels were further incubated at 
37°C for 20 hr in 20 mM NaCl, 5 mM CaCl2, 0.02% Brij-
35, 50 mM Tris–HCl buffer, pH 7.6 and then stained with 
0.1% Coomassie Brilliant blue R-250 (Bioshop, CBB250) 
and destained in 10% acetic acid, 30% methanol in water. 
Gelatinolytic activity was detected as unstained bands on a 
blue background.

2.5  |  Total RNA isolation, cDNA 
synthesis, and real-time quantitative PCR
Total RNA was extracted from U87 glioblastoma cell 
monolayers using TRIzol reagent (Life Technologies, 
Gaithersburg, MD). For cDNA synthesis, 1 μg of total RNA 
was reverse-transcribed into cDNA using a high capacity 
cDNA reverse transcription kit (Applied Biosystems, Foster 
City, CA). cDNA was stored at −80°C prior to PCR. Gene 
expression was quantified by real-time quantitative PCR 
using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). 
DNA amplification was carried out using an Icycler iQ5 (Bio-
Rad, Hercules, CA), and product detection was performed 
by measuring binding of the fluorescent dye SYBR Green 
I to double-stranded DNA. The following primer sets were 
provided by QIAGEN (Valencia, CA): MT1-MMP (HS_
MMP14_1_SG, QT00001533), ATG3 (Hs_ATG3_1_SG, 
QT00069769), ATG5 (HS_ATG5_1_SG, QT00073325), 
ATG9 (Hs_ATG9B_2_SG, QT01159956), ATG12 (Hs_
ATG12_1_SG, QT00035854), ATG16L1 (Hs_ATG16L1_1_
SG, QT00085442), GAPDH (Hs_GAPDH_2_SG, 
QT01192646), and β-actin (Hs_Actb_2_SG, QT01680476). 
The relative quantities of target gene mRNA against an inter-
nal control β-actin RNA were measured by following a ΔCT 
method employing an amplification plot (fluorescence signal 
vs. cycle number). The difference (ΔCT) between the mean 
values in the triplicate samples of target gene and those of 

β-actin RNA were calculated by CFX manager Software ver-
sion 2.1 (Bio-Rad), and the relative quantified value (RQV) 
was expressed as 2−ΔC

T.

2.6  |  Transfection method of cDNA 
plasmids and RNA interference
U87 glioblastoma cells were transiently transfected with 
plasmids or siRNA sequences using Lipofectamine-2000 
transfection reagent (Thermo Fisher Scientific, Waltham, 
MA). cDNA plasmids used included Wt-MT1-MMP[24] or 
pEGFP-LC3 (generously provided by Dr Patrick Labonté, 
INRS-IAF, Qc). Gene silencing was performed using 20 nM 
siRNA against MT1-MMP (HS_Mmp14_6 HP siRNA, 
S103648841) or scrambled sequences (AllStar Negative 
Control siRNA, 1027281). The above small interfering RNA 
and mismatch siRNA were all synthesized by QIAGEN and 
annealed to form duplexes.

2.7  |  Detection of acidic 
vesicular organelles and of LC3 puncta
Mock or transfected U87 glioblastoma cells were serum-
starved and then treated with or without 10 μM ARP101. 
acridine orange (0.5 μg/ml; Sigma-Aldrich, ON) was added 
to each well for chromatin and acidic vacuoles staining, and 
then, cells were incubated for 10 min at 37°C in the dark. By 
intercalation between the lower and upper purine and pyrami-
dine DNA rings of ∼ each third nucleotide base pair, acridine 
orange produces a green emission peak of the monomeric dye 
form (max: ∼530 nm), while the acridine orange dimers pro-
duce a red emission peak (max: 640 nm) within acidic vacu-
oles. Both can be excited by an argon laser (488 nm) using a 
confocal microscope. For LC3 punctate formation, transient 
cell transfection was performed with pEGFP-LC3,[38] GFP 
fluorescence was examined by microscopy, and punctate 
quantified using image J software.

2.8  |  Statistical data analysis
Data are representative of three or more independent experi-
ments. Statistical significance was assessed using Student’s 
unpaired t test probability values of <0.05 were considered 

F I G U R E   1   ARP101 inhibits concanavalin-A-induced proMMP-2 activation and membrane type-1 matrix metalloproteinase (MT1 MMP) 
proteolytic processing. Serum-starved U87 glioblastoma cells were treated with or without 30 μg/ml concanavalin-A for 24 hr in the presence 
of various concentrations (0–10 μM) of ARP101. (a) Conditioned media were harvested in order to assess the extent of proMMP-2 activation 
by gelatin zymography as described in the section 2 in a cellular assay (i.e. cells were treated with ARP101, and then, conditioned media were 
harvested) or in an acellular assay (i.e. conditioned media from untreated cells were harvested then subjected to treatment with ARP101). (b) A 
representative scanning densitometry analysis of gelatinolytic activity is presented for cellular and acellular treatments. (c) Protein expression 
of full-length latent (63 kDa), mature (60 kDa), and auto-degradation (43 kDa) forms of MT1-MMP was assessed by Western blotting and 
immunodetection performed as described in the section 2. (d) The level of expression of the mature and auto-degradation MT1-MMP forms was 
quantified by scanning densitometry
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significant, and an asterisk identifies such significance in the 
figures.

3  |   RESULTS

3.1  |  ARP101 inhibits concanavalin-A-
induced proMMP-2 activation and MT1-MMP 
proteolytic processing
We first wished to validate whether inhibition of the MMP 
hydrolytic activity by ARP101 also targeted MT1-MMP 
auto-proteolytic processing activity. Concanavalin-A 
(ConA), a lectin classically known to trigger MT1-MMP-
mediated proMMP-2 activation and MT1-MMP auto-pro-
teolytic activity, was used.[39] We decided to perform a 
cellular and an acellular evaluation of ARP101. First for the 
cellular assay, serum-starved U87 glioblastoma cells were 
treated with or without 30 μg/ml ConA in the presence of 
increasing concentrations of ARP101. Conditioned media 
were harvested in order to assess the extent of proMMP-2 
activation by gelatin zymography (Figure 1a, upper panel). 
Whereas proMMP-2 levels remained unaltered (Figure 1b, 
open circle), we observed that ARP101 dose-dependently 
inhibited proMMP-2 activation into MMP-2 (Figure 1b, 
closed circle). ARP101 was also assessed for its capacity 
to directly inhibit MMP-2 in an acellular tube assay, which 
consisted of conditioned media harvested from ConA-
treated cells (Figure 1a, lower panel). We observed that 
ARP101 dose-dependently inhibited MMP-2 gelatinolytic 
activity, which confirms ARP101 capacity to directly in-
teract with the MMP-2 catalytic site (Figure 1b, closed 
triangle). Cell lysates were isolated from control or ConA-
treated conditions and immunoblotting performed to assess 
the extent of ConA-mediated MT1-MMP auto-proteolytic 
processing (Figure 1c). We have defined the MT1-MMP 
auto-degradation form as “the form which is auto-catalyti-
cally processed from its 55- to 60-kDa form into its inactive 
43-kDa form.” We found that ARP101 dose-dependently 
inhibited MT1-MMP auto-proteolytic processing as shown 
by the disappearance of its auto-degradation 43 kDa form 
triggered upon ConA treatment and the accumulation of 
MT1-MMP mature form (Figure 1d). These observations 
suggest that ARP101 possesses affinity toward the catalytic 
sites of both MMP-2 and MT1-MMP. Furthermore, the tar-
geting of MT1-MMP “activation process” by ARP101 itself 
(i.e. in the absence of ConA, Figure 1c left conditions) is 
strongly supportive of a possible involvement of a Furin-
mediated process which inhibition by ARP101 is effec-
tively possible. Whereas in ConA treatment (Figure 1c right 
conditions), two processes are combined in the regulation 
of MMP14, namely, Furin-mediated maturation as well as 
MT1-MMP autocatalytic processing, which could be tar-
geted by ARP101.

3.2  |  ARP101 does not alter MMP-2 and 
MT1-MMP gene expression
We next explored whether ARP101 treatment may also affect 
transcriptional regulation of MMP-2 or MT1-MMP. U87 glio-
blastoma cells were treated with or without 30 μg/ml ConA 
in the presence or absence of 10 μM ARP101. Total RNA 
was isolated as described in the section 2, and MT1-MMP 
and MMP-2 gene expressions were assessed using RT-qPCR. 
We found that MMP-2 gene expression was not altered upon 
any of the cell treatments performed (Figure 2, white bars). 
This was also the case for MT1-MMP gene expression, where 
even the ConA-induced MT1-MMP levels were not affected 
by ARP101 (Figure 2, black bars). These results suggest that 
ARP101 specifically affects MT1-MMP extracellular hydro-
lytic functions through a post-translational mechanism.

3.3  |  ARP101 triggers recombinant 
MT1-MMP oligomerization that correlates 
with the inhibition of MT1-MMP auto-
proteolytic processing
To further investigate the inhibitory function of ARP101 on 
MT1-MMP auto-proteolytic function, we transiently trans-
fected U87 glioblastoma cells with a cDNA plasmid encoding 
Wt MT1-MMP as described in the section 2. We next treated 
serum-starved cells with increasing concentrations of ARP101, 

F I G U R E   2   ARP101 does not alter the transcriptional control of 
matrix metalloproteinase 2 (MMP-2) and membrane type-1 (MT1)-
MMP. MMP-2 and MT1-MMP gene expression was assessed in U87 
glioblastoma cells that were treated with or without 10 μM ARP101 in 
the presence or absence of 30 μg/ml concanavalin-A (ConA) for 24 hr. 
Total RNA was isolated, cDNA synthesized and qPCR performed as 
described in the section 2
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isolated the conditioned media to assess the extent of proMMP-
2 activation, and lysed the cells for MT1-MMP immunoblotting. 
Overexpression of recombinant MT1-MMP effectively triggered 
proMMP-2 activation into MMP-2, which was inhibited by in-
creasing ARP101 concentrations (Figure 3a). When recombinant 
MT1-MMP protein expression was assessed, we found again 
that ARP101 inhibited the auto-proteolytic activity as the inac-
tive 43 kDa auto-degradation form of MT1-MMP decreased with 
increasing ARP101 concentrations (Figure 3b). Interestingly, 
MT1-MMP dimers (130 kDa) as well as tetramers (240 kDa) 
were observed. Tetramers were increasingly expressed, whereas 
transient dimerization was observed peaking at 3 μM ARP101 
(Figure 3c). Overall, this suggests that ARP101 capacity to inhibit 

MT1-MMP auto-proteolytic activity promoted cell surface oli-
gomerization which correlated with decreased capacity to activate 
latent proMMP-2. The functional composition of the oligomers as 
observed by Western blotting remains unknown. Whether these 
forms represent combinations of inactive MT1-MMP proteolytic 
forms to active MT1-MMP also remains to be determined.

3.4  |  ARP101-mediated effects on MT1-
MMP oligomerization and proteolytic 
processing requires its cell surface location
In order to better investigate the subcellular compartmen-
tation process involved in ARP101-mediated MT1-MMP 
oligomerization, we used Brefeldin-A, a vesicular traffick-
ing inhibitor.[40] U87 glioblastoma cells were transiently 
transfected with a cDNA plasmid encoding Wt-MT1-MMP, 
then were treated with increasing ARP101 concentra-
tions. Conditioned media and cell lysates were harvested 
to perform gelatin zymography (Figure 4a, upper panel) 

F I G U R E   3   ARP101 triggers recombinant membrane type-1 
matrix metalloproteinase ( MT1-MMP) oligomerization that correlates 
with the inhibition of proMMP-2 activation and of MT1-MMP 
auto-proteolytic processing. U87 glioblastoma cells were transiently 
transfected with a plasmid cDNA encoding recombinant MT1-MMP 
(Wt MT1-MMP) as described in the section 2. Serum-starved cells 
were then treated with increasing concentrations of ARP101. (a) 
Conditioned media were isolated to assess the extent of proMMP-2 
activation by gelatin zymography. (b) Protein expression of the 
tetramer (240 kDa), dimer (120 kDa), full-length latent (63 kDa), 
mature (60 kDa), and auto-degradation (43 kDa) MT1-MMP forms 
was assessed by immunoblotting and (c) quantified by scanning 
densitometry

F I G U R E   4   ARP101-mediated effects on membrane type-1 
matrix metalloproteinase (MT1-MMP) oligomerization and proteolytic 
processing requires MT1-MMP cell surface location. U87 glioblastoma 
cells were transiently transfected with a plasmid cDNA encoding a 
full-length MT1-MMP (Wt MT1-MMP) as described in the section 2. 
Serum-starved cells were then treated with increasing concentrations of 
ARP101 in the presence or not of 1 μM Brefeldin-A. (a) Conditioned 
media were harvested in order to assess the extent of proMMP-2 
activation by gelatin zymography (upper panel), whereas cell lysates 
were used to assess the extent of MT1-MMP mature and dimer forms 
by Western blotting (middle and lower panels), and (b) quantified by 
scanning densitometry
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and immunoblotting (Figure 4a, middle and lower panels), 
respectively. We found that inhibiting MT1-MMP traf-
ficking to the cell surface inhibited MT1-MMP-mediated 
proMMP-2 activation and disabled ARP101 capacity to trig-
ger MT1-MMP dimerization (Figure 4b). This suggests that 
ARP-mediated MT1-MMP oligomerization is performed at 
the plasma membrane.

3.5  |  ARP101 requires MT1-MMP 
transducing functions to trigger autophagy 
through the formation of intracellular acidic 
vacuoles and LC3 puncta
ARP101 has also been documented as a potent inducer of 
autophagy, although the exact mechanism involved remains 
poorly understood. Given the above-described ARP101 capac-
ity to interact with MT1-MMP extracellular functions, we next 
assessed the involvement of MT1-MMP-mediated intracellular 
signaling of autophagy.[23,38] Serum-starved U87 glioblastoma 
cells were transiently transfected with a control siRNA (siS-
crambled) or a siRNA directed against MT1-MMP (siMT1-
MMP), then treated with or without 10 μM ARP101 for 24 hr. 
Finally, cells were stained for chromatin content (Figure 5a, 
upper panel, green) or acidic vacuoles formation (Figure 5a, 
middle panel, red). While none of the conditions tested altered 

chromatin content, ARP101 clearly triggered acidic vacuoles 
formation associated with autophagic cells (Figure 5a, bottom 
panel, yellow), which was significantly reversed upon MT1-
MMP repression, as confirmed by Western blot (Figure 5b) 
and fluorescence analysis (Figure 5c). In order to confirm in-
volvement of MT1-MMP in ARP101-mediated autophagy, we 
next transiently co-transfected cells with siMT1-MMP and a 
plasmid cDNA encoding GFP-LC3, a classical approach used 
to monitor the formation of the autophagosome as observable 
by the formation of puncta.[41] Serum-starved cells were then 
treated with 10 μM ARP101. Only green fluorescent cells were 
analyzed, and two pictures per condition are shown (Figure 6a). 
We observed that ARP101 effectively induced LC3 punctates, 
whereas the number of punctates was attenuated upon MT1-
MMP repression (Figure 6b).

3.6  |  ARP101 induces ATG9 autophagy 
biomarker gene expression and requires MT1-
MMP transducing functions
As a final approach to document the involvement of au-
tophagy in ARP101-mediated events, we screened autophagy 
biomarkers ATG3, ATG5, ATG9, ATG12, and ATG16 
gene expression levels and their potential modulation upon 
MT1-MMP repression. Cells were treated with or without 

F I G U R E   5   ARP101 triggers the 
formation of intracellular acidic vacuoles 
and requires membrane type-1 matrix 
metalloproteinase (MT1-MMP) transducing 
functions. U87 glioblastoma cells were 
transiently transfected with a control siRNA 
(siScrambled) or a siRNA directed against 
MT1-MMP (siMT1-MMP) as described 
in the section 2. Cells were then serum-
starved and treated with 10 μM ARP101 for 
24 hr. (a) Cells were stained with acridine 
orange as described in the section 2. 
Acidic vacuole formation (red), chromatin 
(green), and merged pictures (yellow) were 
visualized, (b) MT1-MMP and GAPDH 
protein expression levels were assessed by 
immunoblotting. (c) Cell fluorescence was 
used to quantify acidic vacuoles formation 
using confocal microscopy as described in 
the section 2. Representative pictures are 
shown and a mean fluorescence measured 
from four independent experiments for each 
condition [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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10 μM ARP101 for 24 hr, total RNA isolated, cDNA syn-
thesized and qPCR performed as described in the section 2. 
The expression levels were then reported to untreated basal 
control conditions for each gene, respectively. We observed 
that ATG3 and ATG16 transcript levels were slightly, but 
not statistically significant, induced by ARP101, whereas 
ATG9 gene expression was significantly induced (Figure 7a). 
When MT1-MMP gene expression was transiently silenced 
(Figure 7b), we found that ARP101-induced ATG9 expres-
sion was abolished (Figure 7c). Collectively, these results 
suggest that ARP101 abrogates important intracellular MT1-
MMP relays that control autophagy processes.

4  |   DISCUSSION

In the current study, we investigated the dual pharmacologi-
cal property of ARP101 in the combined targeting of MMP 

catalytic functions and autophagy signaling functions (summa-
rized in Figure 8). Such functions, which are molecularly asso-
ciated to one crucial cell surface biomarker MT1-MMP, have 
both been found efficiently inhibited as assessed in a human 
grade IV glioblastoma cell model. We showed that ARP101 in-
hibited ConA-mediated proMMP-2 activation and MT1-MMP 
auto-proteolytic activity. When recombinant MT1-MMP was 
constitutively overexpressed, ARP101 again inhibited MT1-
MMP-mediated proMMP-2 activation and auto-proteolytic 
functions, which, in part, correlated with the appearance of 
MT1-MMP oligomers and appeared to require MT1-MMP lo-
cation at the plasma membrane. Finally, we show that ARP101 
triggered autophagy as reflected through increased intracellular 
acidic vesicular organelle formation, increased LC3 punctate, 
and selective increase in ATG9 expression. Interestingly, all 
these autophagy-induced events were repressed when MT1-
MMP was silenced confirming that ARP101 exerts some of 
its effects through MT1-MMP-mediated intracellular signaling 

F I G U R E   6   ARP101 triggers autophagy LC3 punctates and requires membrane type-1 matrix metalloproteinase (MT1-MMP) intracellular 
transducing functions. U87 glioblastoma cells were transiently co-transfected with a pEGFP-LC3-expressing cDNA plasmid with either a control 
siRNA (siScrambled) or a siRNA directed against MT1-MMP (siMT1-MMP) as described in the section 2. Cells were then serum-starved in the 
presence or not of 10 μM ARP101. Cells were fixed 24 hr later and the nuclei (blue) counterstained with Hoechst 33342. (a) Two representative 
pictures are shown for each condition. Even intracellular distribution of exogenous LC3 (green) suggests no autophagy is induced, whereas 
a more characteristic LC3 punctates formation suggests autophagy is induced. (b) LC3 punctates were quantified over untreated control by 
scanning densitometry. Representative pictures are shown from four independent experiments for each condition [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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that regulates autophagy. This represents the first molecular 
evidence supporting ARP101 dual targeting of a glioblastoma-
associated biomarker functions in ECM degradation and cell 
invasion, as well as in the homeostatic balance of cell death/
survival events involving autophagy.

Mechanistically, the current study also reveals the pos-
sible impact that MT1-MMP oligomerization states may 
have upon both the hydrolytic and signal-transducing func-
tions of MT1-MMP leading to autophagy. While the MT1-
MMP’s ECM hydrolysis functions are well-documented,[42] 
its signal-transducing functions have only very recently been 
recognized. These signaling functions are mostly conferred 
through its cytoplasmic domain and have been found cru-
cial in activating numerous intracellular pathways regulating 
autophagy,[24,43] inflammation,[44] endoplasmic reticulum 
stress,[29] and cell/death[28] processes. Among these pathways, 
MT1-MMP has further been found to relay signals that trigger 
the phosphorylation of intermediates such as JAK/STAT,[43] 
NF-κB,[45] Src,[46] and Erk[47] and to modulate RhoA/ROCK 
expression.[48] MT1-MMP’s involvement in autophagy has 
also been reflected through the induction of autophagy bio-
marker Bcl-2/adenovirus E1B 19 kDa interacting protein 3 

in glioblastoma cells,[43] and an upregulation of autophagy-
related gene members ATG3, ATG12, and ATG16-like 1.[24] 
Whether the oligomerization states of MT1-MMP modulate 
any of these signaling pathways and how they impact on auto-
phagy signaling remains to be better understood. ARP101 was 
demonstrated to inhibit both the MT1-MMP hydrolytic activ-
ity involved in auto-proteolysis, proMMP-2 activation, and the 
intracellular MT1-MMP-mediated signaling. Which domains 
of MT1-MMP are directly targeted by ARP101 still remains 
unclear although the catalytic domain is the first speculative 
option. Among the approaches that will be required to assess 
the targeting of MT1-MMP catalytic function, assays will 
need to be performed in vitro on recombinant soluble MT1-
MMP catalytic forms.

The formation of multimeric MT1-MMP complexes is 
believed to facilitate its autocatalytic inactivation upon proM-
MP-2 activation at the cell surface.[37] Mutational analysis 
of MT1-MMP have revealed a role of the cytoplasmic tail 
Cys(574), the active site Glu(240), and furin cleavage motifs 
in oligomerization, processing, and auto-proteolysis of MT1-
MMP in breast carcinoma cells.[49] Given MT-MMP activ-
ities appear to be spatially and timely regulated at multiple 

F I G U R E   7   ARP101 induces ATG9 
autophagy biomarker gene expression 
and requires membrane type-1 matrix 
metalloproteinase (MT1-MMP) intracellular 
transducing functions. Serum-starved U87 
glioblastoma cells were treated with or 
without 10 μM ARP101 for 24 hr. (a) Total 
RNA was isolated, cDNA synthesized, 
and qPCR performed as described in the 
section 2 to assess ATG3, ATG5, ATG9, 
ATG12, and ATG16 transcript levels. (b) 
Serum-starved U87 glioblastoma cells were 
transiently transfected with a control siRNA 
(siScrambled) or a siRNA directed against 
MT1-MMP (siMT1-MMP); then, the cells 
were treated with or without ARP101, and 
(b) MT1-MMP or (c) ATG9 gene expression 
was assessed
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levels by microtubular vesicular trafficking,[29] MT1-MMP’s 
oligomerization interactions and localization in the actin-
based invadosomes may further regulate the infiltrating phe-
notype of glioblastoma cells.[26] In this study, we demonstrate 
that proper trafficking of MT1-MMP from intracellular com-
partment to the cell surface allows for ARP101-mediated 
oligomerization to occur. Indeed, when vesicular traffick-
ing of MT1-MMP was altered upon Brefeldin-A treatment, 
ARP101 was unable to trigger MT1-MMP oligomerization 
suggesting that ARP101 possibly required MT1-MMP to be 
located at the plasma membrane in order to exert its auto-
phagy inducing effects. MT1-MMP immunophenotyping 
was performed by flow cytometry in order to assess whether 
ARP101 treatment altered cell surface MT1-MMP expres-
sion. We found no differences between control and ARP101 
treatment (not shown). Interestingly, the cell surface localiza-
tion of MT1-MMP, rather than its proteolytic processing, was 
found to contribute to the ER stress induction process.[29] In 
support, ER stress-induced autophagy and apoptosis in cer-
vical tumor cells was recently reported.[50] Intriguingly, the 

biological significance of the transient ARP101-mediated 
formation of MT1-MMP dimers followed by the formation 
of MT1-MMP tetramers at higher ARP101 concentrations re-
mains unknown. While these MT1-MMP tetramers correlate 
with reduced proMMP-2 activation and increased autophagy 
as reflected by increased LC3 puncta and ATG9 expression, 
further investigations are, however, required. ATG9 being the 
only transmembrane protein in the autophagy core machinery 
to play a key role in directing membrane from donor organ-
elles for autophagosome formation,[51,52] it also remains to be 
understood how ARP101-mediated increase in ATG9 tran-
scription occurs. Lastly, given MT1-MMP is characterized by 
a transmembrane domain and the presence of an insertion of 
11 amino-acids between its pro-peptide and its catalytic do-
main, which may be cleaved by Furin-like enzymes leading 
to the maturation and activation of MT1-MMP forms,[53] one 
can also hypothesize that ARP101 concomitantly targets such 
Furin activity as well.

Over the last decade, pharmacological progress toward 
glioblastoma patient treatment remained challenging. Among 
the numerous molecular and cellular phenotype of brain tu-
mors, low patient survival rate was correlated with the ac-
quisition of their adaptive and invasive phenotype[54] as well 
as the development of a chemoresistant phenotype in part at-
tributable to autophagy.[38] Whereas high expression of MT1-
MMP in brain tumors strongly contributed to the infiltrating 
nature of this type of tumor,[55] design of an optimal pharma-
cological inhibition strategy of MT1-MMP, such as through 
ARP101, may eventually be envisioned in future therapy mo-
dalities against brain cancer.
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F I G U R E   8   Summarized scheme of ARP101 cellular effects on 
extracellular membrane type-1 matrix metalloproteinase (MT1-MMP)-
mediated proMMP-2 activation and intracellular MT1-MMP-mediated 
signaling in brain cancer cells. ARP101 has both extracellular effects 
and intracellular effects targeting MT1-MMP-mediated functions. 
A human glioblastoma-derived grade IV (U87 glioblastoma) cell 
model has been used in this study to reflect the low autophagy index 
of high-grade gliomas.[9] MT1-MMP-mediated proMMP-2 activation 
into MMP-2 has been observed upon concanavalin-A treatment and 
confirmed as assessed by zymography. Such event is classically known 
to correlate with a high invasion phenotype. Involvement of MT1-
MMP-mediated signaling in autophagy has also been known to require 
its intracellular domain and is believed to correlate with some therapy 
resistance phenotype. ARP101 effects are denoted in red. Whereas 
it inhibited MT1-MMP-mediated proMMP-2 activation ultimately 
leading to decreased invasion, ARP101 exploited MT1-MMP-mediated 
signaling to trigger autophagy and eventually allow for some therapy 
response [Colour figure can be viewed at wileyonlinelibrary.com]
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