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Activated �2-macroglobulin induces Müller glial cell
migration by regulating MT1-MMP activity through
LRP1
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ABSTRACT In retinal proliferative diseases, Müller
glial cells (MGCs) acquire migratory abilities. However,
the mechanisms that regulate this migration remain
poorly understood. In addition, proliferative disorders
associated with enhanced activities of matrix metallo-
protease 2 (MMP-2) and MMP-9 also present increased
levels of the protease inhibitor �2-macroglobulin (�2M)
and its receptor, the low-density lipoprotein receptor-
related protein 1 (LRP1). In the present work, we
investigated whether the protease activated form of
�2M, �2M*, and LRP1 are involved with the MGC
migratory process. By performing wound-scratch migra-
tion and zymography assays, we demonstrated that
�2M* induced cell migration and proMMP-2 activation
in the human Müller glial cell line, MIO-M1. This
induction was blocked when LRP1 and MT1-MMP were
knocked down with siRNA techniques. Using fluores-
cence microscopy and biochemical procedures, we
found that �2M* induced an increase in LRP1 and
MT1-MMP accumulation in early endosomes, followed
by endocytic recycling and intracellular distribution of
MT1-MMP toward cellular protrusions. Moreover,
Rab11-dominant negative mutant abrogated MT1-MMP
recycling pathway, cell migration, and proMMP-2 acti-
vation induced by �2M*. In conclusion, �2M*, through
its receptor LRP1, induces cellular migration of Müller
glial cells by a mechanism that involves MT1-MMP
intracellular traffic to the plasma membrane by a

Rab11-dependent recycling pathway.—Barcelona, P. F.,
Jaldín-Fincati, J. R., Sánchez, M. C., Chiabrando, G. A.
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�2-Macroglobulin (�2M) is a plasma protease inhib-
itor with a broad specificity. Structurally, it is a tetra-
meric protein composed of two noncovalently asso-
ciated dimers of disulfide-linked identical subunits
(�180 kDa). �2M is characterized by a proteolysis-
sensitive bait sequence and an internal �-cysteinyl-�-
glutamyl thiol ester bond per subunit. The bait region
is susceptible to cleavage by proteinases, while the thiol
ester bonds are a target to nucleophilic attack by
monoamines (1). Consequently, �2M undergoes a con-
formational change and thus becomes an activated
form, known as �2M*. This activated form specifically
binds to the cell surface receptor low-density lipopro-
tein (LDL) receptor-related protein 1 (LRP1), a mem-
ber of the LDL receptor gene family. However, �2M*
only recognizes LRP1 among the LDL receptor mem-
bers (2). The �2M-proteinase complex is internalized
by LRP1 through clathrin-dependent endocytosis and
degraded in lysosomes (3). In addition, binding of
�2M* to LRP1 activates different intracellular signaling
pathways, including ERK/MAPK, Akt, and NF-�B in
Müller glial cells (MGCs), Schwann cells, and macro-
phages (4–7).
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LRP1 is a cell surface glycoprotein synthesized as a
precursor protein of 600 kDa. It is proteolytically
cleaved by furin into two subunits: a large subunit of
515 kDa (LRP1-�), containing the extracellular bind-
ing domain, and one of 85 kDa (LRP1-�) comprising
the membrane spanning and cytoplasmatic domains.
These subunits are associated through noncovalent
interactions (3). LRP1 is a typical scavenger receptor
that interacts and internalizes many different ligands in
addition to �2M*. However, these ligands do not com-
pete with each other for binding (3), with the excep-
tion of the receptor-associated protein (RAP). RAP
binds to and blocks the binding of all known ligands to
the receptor. After receptor-mediated endocytosis, cer-
tain ligands follow a lysosomal degradation pathway,
such as �2M* and RAP (3), whereas others, such as
apolipoprotein E (ApoE), are resecreted following a
nondegradation pathway (8). However, regardless of
the ligand interacting with LRP1, this receptor is inter-
nalized and accumulated mainly in the early endo-
somes (3). Noteworthy, endocytosis and intracellular
trafficking of LRP1 seem to play a key role in the
regulation of other plasma membrane receptors, such as
the platelet-derived growth factor receptor � (PDGFR�)
and urokinase-plasminogen activator receptor (uPAR),
thus controlling the cellular migration of different nor-
mal and malignant cells (9, 10).

In previous studies, we have demonstrated that in-
creased expression of �2M and LRP1 was associated
with an enhanced activity of matrix metalloprotease 2
(MMP-2) and MMP-9 in retinas of rats with ischemia-
induced neovascularization. We also found that LRP1
was highly expressed in MGCs (11). Furthermore, �2M
and LRP1 were increased in the vitreous and in retinas
of human subjects with proliferative diabetic retinopa-
thy (PDR), sickle cell retinopathy, and proliferative
vitreoretinopathy (PVR) (12–14). However, the func-
tion of these two proteins in the aforementioned
ischemic pathologies is not well established. The up-
regulation of glial fibrillary acidic protein (GFAP) in
MGCs is an early event under retinal stress conditions
known as gliosis. Retinal ischemia-hypoxia, experimen-
tal glaucoma, and retinal detachment, major causes of
severe visual loss, increase gene and protein expression
of GFAP in MGCs (15–19). Interestingly, we have
recently demonstrated that �2M* induced GFAP ex-
pression via LRP1 in the human Müller glial cell line
MIO-M1, which seems to indicate that both proteins are
involved in MGC activation during ischemic prolifera-
tive diseases (7).

In the retina, MGCs stabilize the complex retinal
architecture, provide structural support to retinal neu-
rons and blood vessels, and prevent aberrant photore-
ceptor migration into the subretinal space (20). It is
well recognized that MGCs undergo functional and
phenotypic changes in PVR and PDR, which involve
cellular hypertrophy, process extension, migration, and
proliferation, followed by extracellular matrix (ECM)
remodeling (21, 22). Similar changes have occurred in
animal models of retinal proliferation, in which intra-

vitreal injections of inflammatory mediators caused
rapid MGC migration and proliferation, followed by
the formation of gliotic adhesions (23, 24). Both
MMP-2 and MMP-9 have been involved in the develop-
ment of PVR and PDR, suggesting that these MMPs may
also facilitate MGC migration in the retina (22, 25).

Several MMPs, principally MMP-9, MMP-2, and mem-
brane type 1-MMP (MT1-MMP), are involved in the
cellular migration of normal and malignant cells (26).
However, unlike MMP-9, which is primarily up-regu-
lated at the transcriptional level, MMP-2 is constitutively
expressed and secreted in a latent form (proMMP-2).
The activation of proMMP-2 takes place at the cell
surface and requires the participation of the active
form of MT1-MMP (27), which is itself expressed in a
latent form and intracellularly processed to its active
form by furin (28). The activity of MT1-MMP at the cell
surface level depends on its intracellular trafficking to
the plasma membrane, which occurs through endocytic
recycling and exocytic routes (29, 30). Given that �2M*
and LRP1, in association with an enhanced activity of
MMPs and ECM remodeling, seem to play active roles
in ischemic proliferative retinopathies, we hypothesize
that the binding of �2M* to LRP1 induces MGC
migration. Thus, in the present work, we investigated
the role of �2M*, LRP1, and MT1-MMP activity on
MGC migration.

MATERIALS AND METHODS

Cell cultures and reagents

A spontaneously immortalized human Müller cell line (MIO-
M1; ref. 31) was kindly provided by Dr. G. Astrid Limb
(University College London, Institute of Ophthalmology and
Moorfields Eye Hospital, London, UK). Cells were mantained
in DMEM-high glucose (4.5 mg/ml) stabilized with 2 mM
l-glutamine (GlutaMAX; Invitrogen, Buenos Aires, Argen-
tina) and supplemented with 110 mg/ml sodium pyruvate,
10% (v/v) FCS, and 100 U/ml penicillin/streptomycin (In-
vitrogen), at 37°C with 5% CO2. Then, �2M was purified from
human plasma following a procedure previously reported
(32), and �2M* was generated by incubating �2M with 200
mM methylamine–HCl for 6 h at pH 8.2, as described
previously (33). An expression construct, encoding RAP as a
glutathione S-transferase (GST) fusion protein (GST-RAP),
was provided by Dr. Guojum Bu (Washington University, St.
Louis, MO, USA), and GST-RAP was expressed and purified
as reported before (34) and used without further modifica-
tions. In this work, 400 nM GST-RAP was used to inhibit the
binding of �2M* to LRP1, whereas we previously demon-
strated that the use of GST (400 mM) alone has no inhibitory
effects (35). Immunoblots were performed with the following
monoclonal antibodies: MT1-MMP antibody and LRP1 �-sub-
unit antibody (clone 5A6), both from Calbiochem (Merck
KGaA, Darmstadt, Germany). Human fibroblast growth factor
2 (FGF-2; code SRP2092) was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Transfection procedures

Wild-type MT1-MMP fused to green fluorescent protein
(MT1-MMP-GFP) and cloned in a pEGFP-1 plasmid was
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kindly provided by Dr. Jian Cao (Stony Brook University,
Stony Brook, NY, USA; ref. 36). GFP and red fluorescent
protein (RFP) wild-type Ras-associated binding protein 11
(Rab11) plasmids (GFP-wt-Rab11 and RFP-wt-Rab11) and dom-
inant-negative mutant of Rab11 plasmid (GFP-Rab11S25N) were
kindly donated by Dr. María Isabel Colombo (Instituto de
Histología y Embriología, Facultad de Ciencias Médicas, Uni-
versidad Nacional de Cuyo–Consejo Nacional de Investigacio-
nes Cientificas y Tecnicas, Mendoza, Argentina). MIO-M1
cells (4�105 cells/well) were cultured in 6-well plates and
transiently transfected with 2 �g of either pGFP/pRFP empty
vectors or pGFP/pRFP plasmids expressing target GFP/RFP
fusion proteins for 6 h, using Lipofectamine 2000 (Invitro-
gen), according to the manufacturer’s instructions. Then, the
cells were washed and incubated for 18 h in DMEM-high
glucose at 37°C with 5% CO2.

Small interfering RNA (siRNA)- and small hairpin RNA
(shRNA)-mediated gene silencing of LRP1 and MT1-MMP

To inhibit LRP1 expression, MIO-M1 cells were transiently
transfected with annealed siRNA (siRNA-LRP1), which had
been synthesized by Ambion (Austin, TX, USA), according to
previously published LRP1 target sequences (37). siRNA-
LRP1 was a 15-mer (5=-CGGCGGGGTCAGCAT-3=) oligonu-
cleotide complementary to nt 466 to 481 of LRP1 mRNA. A
random siRNA was used as a negative control (Ambion AM
4636) in cellular transfections. In addition, the LRP1 silenc-
ing was also carried out with shRNA directed against the
3=-untranslated region of the wild-type human LRP mRNA
(5=-GAACTCTCCCTTCCCAGAATTAGCTAATTCTGGGAAG-
GGAGAGTTCTT-3= pos. 14493–14518 of the endogenous
human LRP mRNA; noncoding 3=-UTR; accession no.
X13916), which was kindly provided by Dr. Alexander Laatsch
(University Medical Center Hamburg-Eppendorf, Hamburg,
Germany). To inhibit MT1-MMP expression, MIO-M1 cells
were transiently transfected with annealed siRNA (siRNA-
MT1-MMP), which had been synthesized by Ambion transfec-
tion (siRNA ID s8879). siRNA-MT1-MMP was a 21-mer (5=-
GCAACAUAAUGAAAUCACACU-3=). Procedures were
performed using the transfection agent siPORT NeoFX
siRNA (Ambion) for siRNA and Lipofectamine 2000 (Invit-
rogen) for shRNA, according to the manufacturer’s instruc-
tions. In all cases, experiments were performed 24 h after
transfection. To test the level of protein silencing, LRP1 was
evaluated by Western blot analysis in transfected cells.

Cell migration assays

Cell migration activities were examined by a 2-dimensional
wound-scratch assay in 6-well plates coated with collagen type
I (10 �g/cm2; Sigma-Aldrich). MIO-M1 cells (5�105 cells/
well) were cultured for 48 h at 37°C in DMEM-high glucose
containing 10% FCS and 2 mM l-glutamine with 5% CO2,
followed by overnight serum depletion. In each well, a
straight lesion was created in the center of the MIO-M1 cell
monolayer with a sterile 10-�l pipette tip. This technique
produced a consistent wound devoid of cells, �35 mm long �
400 �m wide. Wells were then rinsed twice with serum-free
medium to remove any cell debris, and 2 ml of DMEM-high
glucose without red phenol was added. Cells were treated
with 60 nM �2M* for different times. To block �2M*-LRP1
binding, cells were previously treated with 400 nM GST-RAP
for 30 min. At 24 h after siRNA-MT1-MMP, siRNA-LRP1, or
shRNA-LRP1 transfection, the MIO-M1 cells were plated as
indicated above. Similar experiments were carried out with
MIO-M1 cells transfected with GFP-wt-Rab11 and GFP-
Rab11S25N plasmids. Cellular migration was measured fol-

lowing the procedure described previously (38). Briefly, at
selected times (0 and 12 h), 3 random images of the wound
per condition were acquired using a charge-coupled device
(CCD) camera (Nikon) on a bright-field microscope (Nikon
TU-2000 inverted microscope; Nikon, Tokyo, Japan) with a
�10 objective (0.3 NA). Each image defined an average area
of the wound equivalent to 5 � 105 � 1 � 104 �m2 recorded
to t 	 0 h. Cells invading this area were counted to t 	 12 h,
and results were expressed as cells per area. For cell prolifer-
ation assays, MIO-M1 cells were cultured as indicated above.
Then, cells were treated either with �2M* (60 nM) or FCS
(10%) as a positive control, followed by the addition of 10 �M
5-bromo-2=-deoxyuridine (BrdU; Invitrogen). After a 24-h
incubation period, cells were fixed, permeabilized, and
treated with 1 M HCl for 30 min at room temperature. Then,
cells were rinsed twice with 0.1 M boric acid/borate buffer
(pH 8.5) and PBS, and incubated with an antibody anti-BrdU
(Sigma-Aldrich). The reaction was revealed with the second-
ary antibody anti-IgG conjugated with Alexa Fluor 594 (Invit-
rogen).

Gelatin zymography assays

To examine the gelatinolytic activity of MMPs, MIO-M1 cells
(5�105 cells/well) were cultured at 37°C for 24 h in DMEM-
high glucose containing 10% FCS and 2 mM l-glutamine with
5% CO2. Cells were rinsed twice with serum-free medium,
and 2 ml of DMEM-high glucose was added. Cells were
stimulated with 60 nM �2M* for different times, after which
the cell culture supernatants were collected and concentrated
using the Centricon-10 system (Millipore, Toronto, ON,
Canada). Aliquots of concentrated medium containing 50 �g
of total protein were resolved on a 7.5% SDS-PAGE/1.5%
gelatin (39). Then, gels were rinsed for 1 h with 2.5% Triton
X-100 and 40 nM Tris-HCl (pH 7.6), before being incubated
at 37°C for 48 h in enzyme buffer (50 mM Tris HCl, 0.2 M
NaCl, and 5 mM CaCl2, pH 7.6). To visualize proteolytic MMP
activity, gels were fixed in 45% methanol/10% acetic acid,
and then stained for 30 min in 0.125% Coomassie blue R-250.

Epifluorescence and confocal microscopy

To visualize the MT1-MMP cellular localization, MIO-M1
cells transfected or nontransfected with GFP-MT1-MMP were
grown on glass coverslips coated with collagen type I (10
�g/cm2) before being stimulated or not with �2M* (60 nM).
These cells were washed with PBS, fixed with 4% paraformal-
dehyde, and incubated with a quenching solution (50 mM
glycine). After this, transfected and nontransfected cells were
permeabilized with 0.1% (v/v) Triton X-100, and blocked
with 2% BSA. In contrast, cells that had not been transfected
were incubated with an anti-MT1-MMP antibody followed by
incubation with a secondary antibody conjugated with Alexa
Fluor 488 (Invitrogen, Buenos Aires, Argentina). Finally, cells
were washed with PBS and mounted on glass slides with
Mowiol 4–88 reagent from Calbiochem (Merck KGaA, Darm-
stadt, Germany). Fluorescent images were obtained using a
CCD camera (Nikon) in an epifluorescence microscope
(Nikon TU-2000) and were processed with ImageJ software
(Rasband, W. S., U. S. National Institutes of Health, Bethesda,
MD, USA, http://imagej.nih.gov/ij/). To evaluate the colo-
calization between MT1-MMP and LRP1 by immunofluores-
cence microscopy, the MIO-M1 cells were transfected with
MT1-MMP-GFP and grown on coverslips coated with collagen
type I (10 �g/cm2). After stimulus with 60 nM �2M* for
different times, coverslips were processed as described above
and then incubated with a primary LRP1 �-subunit antibody
(clone 5A6). Next, coverslips were incubated with a secondary
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antibody raised in goat against mouse IgG conjugated with
Alexa Fluor 594 (Molecular Probes, Eugene, OR, USA), and
fluorescent images were obtained with an Olympus FluoView
FV300 confocal laser scanning biological microscope (Olym-
pus, New York, NY, USA). Whole cells were scanned, and
optical sections were gathered in 0.25-�m steps perpendicu-
lar to the z axis. Finally images were processed using FV10-
ASW Viewer 3.1 (Olympus) and ImageJ software.

To examine the colocalization of MT1-MMP and LRP1 in
early endosomes by confocal microscopy, the MIO-M1 cells
were transfected with GFP-MT1-MMP and processed as indi-
cated above. After being stimulated with �2M* for different
times, coverslips were incubated with a primary rabbit anti-
EEA1 antibody (Abcam, Cambridge, MA, USA) and a mouse
anti-LRP1 �-subunit antibody (clone 5A6). Then, coverslips
were incubated with secondary antibodies raised in goat
against rabbit and mouse IgG conjugated with Alexa Fluor
647 and 594, respectively. Fluorescent images were ob-
tained with an Olympus FluoView FV1000 confocal laser
scanning biological microscope (Olympus), whole cells
were scanned, and optical sections were gathered in
0.25-�m steps perpendicular to the z axis. Finally, images
were processed as indicated above. To analyze the colocal-
ization between MT1-MMP and LRP1 in recycling compart-
ments, MIO-M1 cells transfected with RFP-wt-Rab11 and
GFP-MT1-MMP were used. LRP1 analyses were carried out
as described above. To block the Rab11-recycling pathway,
MIO-M1 cells were transfected with GFP-Rab11S25N, and
MT1-MMP was immunodetected as indicated above.

Immunoprecipitation assays

MIO-M1 cells (1.2�106 cells/60-mm plate) were cultured at
37°C for 24 h in DMEM-high glucose containing 10% FCS
and 2 mM l-glutamine with 5% CO2. Then, cells were treated
with 60 nM �2M* for different times, and cell protein extracts
were prepared using nondenaturing lysis buffer (20 mM
Tris-HCl, 137 mM NaCl, 10% glycerol, 1% Triton-X100, and
2 mM EDTA, pH 8.0) containing 1 mM phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitor cocktails (Sigma-Al-
drich). Protein extracts were incubated overnight at 4°C with
either mouse anti-MT1-MMP monoclonal antibody, mouse anti-
LRP1 �-subunit monoclonal antibody (Clon MCA1965; AbD
Serotec, Oxford, UK), or mouse nonimmune IgG as the IP
control (code ab81032; Abcam, Cambridge, MA, USA) (1 �g/
200 �g of total proteins) cross-linked with 50 mM dimethyl
pimelimidate dihydrochloride (DMP) to protein G-Sepharose
magnetic beads following the manufacturer’s procedure (pro-
tein G Mag Sepharose; GE Healthcare Bio-Sciences AB, Upp-
sala, Sweden).

Biotin-labeling cell surface protein assay

MIO-M1 cells (1.2�106 cells/60-mm plate) were cultured at
37°C for 24 h in DMEM-high glucose containing 10% FCS
and 2 mM l-glutamine with 5% CO2. Then, cells were treated
with 60 nM �2M* for different times. To detect the cell
surface level of MT1-MMP, a biotin-labeling protein assay
(Thermo Scientific, Rockford, IL, USA) was used following
the manufacturer’s procedure. After that, the biotin MT1-
MMP was immunoprecipitated using the same procedure as
described previously. Similar experiments were carried out
with MIO-M1 cells transfected with GFP-wt-Rab11 and GFP-
Rab11S25N plasmids. Equal amounts of eluted proteins were
resolved on SDS-PAGE and blotted with HRP-conjugated
streptavidin (Thermo Scientific) before being revealed by a
chemioluminiscense kit as indicated above. To control the
amount of transfected GFP-fusion proteins, immunoblots

were performed using a polyclonal rabbit anti-GFP antibody
(Abcam).

Statistical treatment of data

For the densitometric quantifications and cellular migration
assays, results are expressed as mean � sem of independent
experiments, and one-way ANOVA was used for comparisons.
Differences from the control were considered significant at
P 
 0.05. For microscope quantifications of the level of
colocalization, a JACoP plug-in from ImageJ software was
used (40). At least 50 cells/condition were analyzed. Then,
the averages of the vesicle percentages containing both
proteins were calculated from the Manders’ coefficients and
compared using the Student’s t test. Values of P 
 0.05 were
considered significant.

RESULTS

�2M* induces MIO-M1 cell migration through LRP1

It is well known that the MIO-M1 cell line retains
phenotypic and functional characteristics of primary
isolated MGCs in culture (31) and constitutively ex-
presses LRP1 (7). To investigate the effect of �2M* in
MGC migration, we used a two-dimensional wound-
scratch assay where MIO-M1 cells were cultured in
collagen type I-coated plates. Figure 1A shows represen-
tative wound-scratch assays of MIO-M1 cells cultured in
the absence or presence of �2M*. The quantitative
analysis revealed that �2M* significantly increased the
number of cells migrating to the lesion site after 12 h of
stimulus when compared to nonstimulated cells (Fig.
1B). On the other hand, by using the BrdU assay, we
demonstrated that 24 h of �2M* stimulus did not
induce proliferation on MIO-M1 cells (Fig. 1C). Next,
to examine whether �2M*-induced cell migration was
mediated by LRP1, MIO-M1 cells were pretreated with
GST-RAP (400 nM) for 1 h to inhibit �2M* binding to
LRP1 (3, 35). Figure 1B shows that GST-RAP blocked
the effect of �2M* on cell migration, indicating that
LRP1 was required. Finally, to evaluate the specific role
of LRP1 in the cellular migration induced by �2M*, the
receptor expression was knocked down by two different
RNA-silencing techniques: vector-based shRNA and
siRNA for LRP1. Figure 1D shows that both techniques
significantly decreased the protein level of LRP1 (�70
and �80% for shRNA and siRNA, respectively). This
protein suppression was sustained for �72 h after
transfection with both RNA-silencing techniques (data
not shown). Figure 1E demonstrates that LRP1 knock-
down in MIO-M1 cells significantly decreased �2M*-
induced cellular migration. In contrast, LRP1 reduc-
tion in MIO-M1 cells did not interfere with the cellular
migration induced by the fibroblast growth factor 2
(FGF-2; ref. 41). Thus, we conclude that �2M*-pro-
moted MIO-M1 cell migration is mediated by LRP1.

�2M* induces proMMP-2 activation through LRP1

Retinal MGCs can regulate the expression and activity
of MMP-2 and MMP-9, which may be implicated in
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cellular migration and extracellular matrix remodeling
(22). Herein, we evaluated whether �2M* could affect
the gelatinolytic activity of MIO-M1 cells. To determine
the latent and active forms of MMP-2 and MMP-9, cells
were incubated with �2M* for different times, and cell
culture supernatants were analyzed by a gelatin zymog-
raphy assay. Figure 2A shows that, after 1 h, �2M*
induced proMMP2 activation, as evidenced by the
presence of a gelatinolytic band with molecular weight
lower than the latent form (68 kDa), which is compat-
ible with its active form (either intermediate or active
MMP-2). On the other hand, neither latent nor active
forms of MMP-9 were detectable in cell culture super-

natants of MIO-M1 cells stimulated or not with �2M*
for 1 and 2 h (data not shown). Next, and to examine
whether LRP1 was mediating �2M*-induced proMMP-2
activation, MIO-M1 cells were preincubated with GST-
RAP, followed by the zymography assay. Figure 2B shows
that GST-RAP abolished �2M*-induced proMMP-2 activa-
tion in MIO-M1 cells. In the same way, LRP1 knockdown
blocked proMMP-2 activation induced by �2M* in
MIO-M1 cells transfected with shRNA- or siRNA-LRP1
(Fig. 2C). Moreover, �2M*-induced proMMP-2 activation
was inhibited in MIO-M1 cells where MT1-MMP had
been knocked down (Fig. 2D). Interestingly, �2M*-
induced cellular migration was also inhibited by
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induced a significant migration of MIO-M1 cells during 12 h of stimulus with respect to control. Scale bars 	 100 �m. B) Mean
values of the cell number invading the area of the wound (cells/area) in the absence (control) or presence of �2M* (60 nM).
For blocking the �2M* binding to LRP1, cells were pretreated with GST-RAP (400 nM) for 30 min and then stimulated with
�2M* (60 nM) for 12 h. C) Cell proliferation assay using the BrdU technique for 24 h of �2M* (60 nM) stimulation. �2M* did
not induce cellular proliferation of MIO-M1 cells respect to control. FCS (10%) was used as a positive control of cell
proliferation. D) Immunoblotting (IB) for LRP1 (�-LRP1�, monoclonal antibody anti-LRP1 � subunit) of whole-cell lysates of
MIO-M1 cells transfected with shRNA-LRP1 or siRNA-LRP1. Densitometric analysis shows that a significant reduction of the
LRP1 level in MIO-M1 cells was produced with both protein-silencing techniques. Immunoblotting for calreticulin (�-
calreticulin, monoclonal antibody anti-calreticulin), which was used as protein loading control. E) Mean values of the cell
number invading the area of the wound (cells/area) for cells transfected with shRNA-LRP1 or siRNA-LRP1 and then stimulated
with �2M* (60 nM) for 12 h. FGF-2 (10 ng/ml) was used as a positive control of the cellular migration in cells transfected with
shRNA-LRP1 and siRNA-LRP1 with respect to siRNA-random transfected cells (control). Wound-scratch assay and RNA-silencing
procedures are detailed in Material and Methods. Three independent experiments were performed in triplicate. Values are
expressed as mean � sem. *P 
 0.05 vs. control.
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h. Three independent experiments were performed in triplicate. Values are expressed as mean � sem. *P 
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siRNA-MT1-MMP and GM6001 MMP inhibitor, indi-
cating that the cell motility is mediated by MT1-MMP
and extracellular MMP activity (Fig. 2E). These re-
sults indicate that the �2M*-LRP1 interaction in-
duced proMMP-2 activation through a molecular
mechanism that requires MT1-MMP.

�2M* regulates the cellular distribution of MT1-MMP

It is well established that proMMP-2 activation occurs at
the plasma membrane (preferentially at the leading
edge of motile cells) and is mediated by MT1-MMP and
TIMP-2 (42). In addition, the subcellular localization
and polarized distribution of active MT1-MMP at the
cell surface are key events for cellular migration and
proMMP-2 activation (26, 43). Considering our results
reported above, we decided to investigate the effects of
�2M* on the cellular distribution of MT1-MMP in
MIO-M1 cells. In particular, the constitutive cell local-
ization of MT1-MMP, in cells cultured in the presence
of �2M* for 1 h, was explored using epifluorescence
microscopy. Figure 3 (top panels) shows a polarized
distribution of MT1-MMP at the cellular protrusions in
�2M*-stimulated MIO-M1 cells. Similar experiments

were carried out in cells transiently transfected with a
GFP-tagged wild-type MT1-MMP plasmid (GFP-MT1-
MMP). We found that �2M* promoted the distribution
of GFP-MT1-MMP toward the cellular protrusions of
MIO-M1 cells cultured in the presence of �2M* (Fig. 3,
bottom panels). The cellular redistribution of both
constitutive MT1-MMP and transfected GFP-MT1-MMP
induced by �2M* was abolished when the MIO-M1 cells
were pretreated with 400 nM GST-RAP (Fig. 3), indi-
cating that the effect of �2M* on MT1-MMP cell
distribution was mediated by LRP1.

�2M* induces MT1-MMP endocytic recycling

The activity of MT1-MMP at the cell surface level
depends on its intracellular traffic to the plasma mem-
brane, which occurs through at least the following two
routes: 1) an endocytic recycling route that is Rab11-
dependent; and 2) an exocytic route regulated by Rab8
(29, 30, 44). The endocytic recycling of MT1-MMP to
the plasma membrane results from its continuous clath-
rin- and nonclathrin-dependent endocytosis, which are
both routed to early and late endosomes before being
recycled back to the plasma membrane (45). In con-

M
T1

-M
M

P
G

FP
-M

T1
-M

M
P

Control α2M* α2M* + GST-RAP

Figure 3. �2M* induced the intracellular distribution of MT1-MMP toward cellular protrusions. Top panels: epifluorescence
microscopy of the MT1-MMP immunodetection using a specific monoclonal antibody in MIO-M1 cells cultured in glass
coverslips coated with collagen type I and then treated with serum-free DMEM (control), �2M* (60 nM) for 1 h or pretreated
with GST-RAP (400 nM) for 30 min and then stimulated with �2M* for 1 h. This panel shows that MT1-MMP is localized in
cellular protrusions (arrowhead) with respect to MIO-M1 cells nonstimulated with �2M* (control), where MT1-MMP presents
a diffuse cellular distribution. GST-RAP inhibits the �2M*-induced MT1-MMP localization in cellular protrusions. Bottom
panels: epifluorescence microscopy of GFP-MT1-MMP-transfected MIO-M1 cells cultured and treated as indicated above.
GFP-MT1-MMP is localized in cellular protrusions (arrowhead) of MIO-M1 cells that were stimulated with �2M* with respect to
nonstimulated cells (control), this being also inhibited by GST-RAP. Scale bars 	 10 �m. Details of epifluorescence microscopy
and experiments are reported in Materials and Methods. All results are representative of 3 independent experiments.
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trast, the exocytic route involves MT1-MMP mobiliza-
tion from biosynthetic storage compartments, which is
induced by cell-MEC contact (30). It has been sug-
gested that both these routes are implicated in the
control of MT1-MMP delivery to invadopodia, when
cells need to respond in a fast and transient manner to
soluble mitogenic factors (43). Thus, considering that
�2M* via LRP1 can induce the intracellular distribution
of MT1-MMP toward cellular protrusions, herein we
evaluate using confocal microscopy the endocytosis and
endocytic recycling pathways of MT1-MMP, in associa-
tion with LRP1, in GFP-MT1-MMP transfected MIO-M1
cells treated with �2M*. Figure 4 shows that �2M* (30
min) induced a significant increase of GFP-MT1-MMP/
LRP1 colocalization (�60%) in perinuclear vesicles,
when compared to nontreated MIO-M1 cells (�20%).
This increased perinuclear colocalization was inhibited
by the presence of GST-RAP, indicating that it is
dependent on �2M*/LRP1 binding and endocytosis
(Supplemental Fig. S1). On the other hand, GFP-MT1-
MMP and LRP1 colocalization was not visualized in
regions near the cellular protrusions of �2M*-stimu-
lated cells. Next, we detected that GFP-MT1-MMP was
significantly colocalized with EEA1-positive vesicles
(�55%), compatible with early endosomes, in MIO-M1
cells cultured in the presence of �2M* for 30 min with
respect to nonstimulated cells (�15%; Fig. 5). Simi-
larly, LRP1 also showed a significant increase of
colocalization with EEA1 vesicles (�55%) in �2M*-
stimulated cells compared with nonstimulated
MIO-M1 cells (�35%). The merged image for GFP-
MT1-MMP/LRP1/EEA1 staining indicates that the 3
proteins were highly colocalized in MIO-M1 cells

stimulated with �2M*. Taken together, these results
demonstrate that �2M* promoted MT1-MMP protein
accumulation in early endosomes in association with
LRP1.

To evaluate whether �2M* induced the endocytic
recycling of MT1-MMP in MIO-M1 cells, we first exam-
ined the localization of this membrane protease in
recycling compartments, using MIO-M1 cells cotrans-
fected with RFP-wt-Rab11 and GFP-MT1-MMP. Figure 6
shows that GFP-MT1-MMP significantly colocalized with
RFP-wt-Rab11 (�40%) in MIO-M1 cells stimulated with
�2M* for 30 min, with respect to nonstimulated cells
(�20%). However, although LRP1 also showed a cer-
tain level of colocalization with Rab11-positive vesicles
(�20%), this percentage was not significantly modified
by �2M*. Similar results were also obtained when the
recycling compartments were examined by continuous
uptake of Alexa Fluor 594-conjugated transferrin (Tf) as a
tracer of the endocytic recycling pathway for transferrin
receptor (TfR) (ref. 46 and data not shown). Interest-
ingly, an increased colocalization between GFP-MT1-
MMP and RFP-wt-Rab11, but not between LRP1 and
RFP-wt-Rab11, was also observed in cellular processes of
MIO-M1 cells stimulated with �2M* when compared to
nonstimulated cells (Supplemental Fig. S2). Finally, we
evaluated the endocytic degradation pathway using a
specific monoclonal antibody against Rab7 (late endo-
somes) and LysoTracker Red probes (acidic lysosome-
like organelles). In both compartments, a low colocal-
ization level (�10%) between GFP-MT1-MMP and
LRP1 was found, which was not modified under �2M*
stimulation (Supplemental Fig. S3). Thus, these results
clearly indicate that �2M* induced MT1-MMP accumu-
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Figure 4. MT1-MMP and LRP1 colocalization is increased in MIO-M1 cells stimulated with �2M*. Each panel shows
representative images obtained by confocal microscopy. MIO-M1 cells transfected with GFP-MT1-MMP were cultured in glass
coverslips coated with collagen type I in the absence (control) or presence of �2M* (60 nM) for 1 h. Then, LRP1 was
immunodetected using a mouse monoclonal LRP1 �-subunit antibody (clone 5A6). The overlaid images are magnifications of
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detection. In insets 2 and 4, GFP-MT1-MMP and LRP1 colocalizations are indicated by arrowheads. In contrast, colocalization
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Conditions of confocal microscopy and quantifications are detailed in Materials and Methods. Three independent experiments
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 0.05 vs. control (C).
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lation in Rab11-positive endocytic recycling compart-
ments.

�2M* increases the intracellular association between
LRP1 and MT1-MMP

Considering that �2M* increased the colocalization of
LRP1 and MT1-MMP, mostly in early endosomes, we
investigated a possible molecular association between
both membrane proteins using immunoprecipitation
assays. Figure 7A shows the immunoblot for LRP1 when
MT1-MMP was immunoprecipitated from protein ex-
tracts of MIO-M1 cells. Under these experimental con-
ditions, LRP1 was immunodetected in nonstimulated
cells, indicating that LRP1 and MT1-MMP proteins
were associated at basal conditions in this type of cells.
Interestingly, the amount of LRP1 coimmunoprecipi-

tated with MT1-MMP increased in MIO-M1 cells cul-
tured in the presence of �2M* for 1 h. Similarly, and as
shown in Fig. 7B, the MT1-MMP immunoblot was
significantly increased when LRP1 was immunoprecipi-
tated in �2M*-stimulated MIO-M1 cells, with respect to
nonstimulated cells. In this last case, a basal association
between LRP1 and MT1-MMP proteins was also ob-
served in cells cultured without �2M*. These data
suggest that �2M* enhances the molecular association
between MT1-MMP and LRP1, possibly in early endo-
somes.

�2M* induces MT1-MMP intracellular traffic toward
the plasma membrane by a Rab11-dependent pathway

To determine whether �2M* induced the intracellular
traffic of MT1-MMP to the plasma membrane, a biotin-

A B C D

HGFE

C
on

tr
ol

α
2M

*

1.0

0.8

0.6

0.4

0.2

0
C

ol
oc

al
iz

at
io

n 
of

LR
P1

/E
EA

1

*

C α2M*

C
ol

oc
al

iz
at

io
n 

of
G

FP
-M

T1
-M

M
P/

EE
A

1

*

C α2M*

1.0

0.8

0.6

0.4

0.2

0

GFP-MT1-MMP EEA1LRP1 GFP-MT1-MMP/LRP1/EEA1

GFP-MT1-MMP EEA1LRP1 GFP-MT1-MMP/LRP1/EEA1
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labeling cell surface protein assay was used. To carry
this out, MIO-M1 cells were treated with �2M* for 1 h,
followed by biotin labeling, as detailed in Materials and
Methods. Using the protein extracts, an immunopre-
cipitation procedure for MT1-MMP was performed.
Figure 8A shows that the biotin-labeled MT1-MMP was
increased when the MIO-M1 cells were stimulated with
�2M*. The biotin band for MT1-MMP was deduced by
the molecular weight (�55 kDa) and by immunoblots
using a specific antibody against MT1-MMP. Thus,
these data indicate that �2M* induced MT1-MMP in-
tracellular traffic toward the plasma membrane. In the
same experiments, we were unable to detect biotin
bands with molecular weights similar to LRP1-�- and
LRP1-�-subunits, thereby demonstrating that MT1-
MMP and LRP1 were not associated in the plasma
membrane, which is in agreement with the results
shown in Fig. 4.

To evaluate whether Rab11 was involved in the
intracellular traffic of MT1-MMP to the plasma mem-

brane induced by �2M*, MIO-M1 cells were transfected
with a GFP plasmid (GFP), GFP-wild type Rab11 plas-
mid (GFP-wt-Rab11) or a dominant-negative mutant of
Rab11 plasmid (GFP-Rab11S25N). When quantified by
flow cytometry, �65% of MIO-M1 cells were transfected
with each plasmid (data not shown). Next, after �2M*
stimulation, the biotin-labeling cell surface protein
assay was performed. In this way, �2M* increased
biotin-labeled MT1-MMP in cells transfected with GFP-
wt-Rab11 (Fig. 8A) and GFP (Supplemental Fig. S2).
However, when MIO-M1 cells were transfected with
GFP-Rab11S25N, the increase in the biotin-labeled
MT1-MMP band induced by �2M* was then abrogated.
In addition, by confocal microscopy we observed that
MT1-MMP cellular distribution to cellular protrusions
was inhibited in GFP-Rab11S25N transfected MIO-M1
cells stimulated with �2M* (Fig. 8B). Interestingly, the
presence of dominant-negative Rab11 in �2M*-stimu-
lated cells promoted an increased accumulation of
MT1-MMP in recycling compartments with respect to
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Figure 6. GFP-MT1-MMP and LRP1 localization in Rab11-positive recycling compartments in MIO-M1 cells stimulated with
�2M*. MIO-M1 cells transfected with GFP-MT1-MMP and RFP-wt-Rab11 were cultured in glass coverslips coated with collagen
type I in the absence (control; A–C, G–I) or presence of �2M* (60 nM; D–F, J–L) for 1 h. Then, LRP1 was immunodetected as
indicated above. A, D) GFP-MT1-MMP. G, J) LRP1 immunodetection under control (G) and �2M* conditions (J). RFP-wt-Rab11-
transfected cells in control (B, H) and �2M* conditions (E, K). Merged images for GFP-MT1-MMP/RFP-wt-Rab11 and
LRP1/RFP-wt-Rab11 in control (C, I) and �2M* conditions (F, L). Insets: overlaid images are magnifications of the perinuclear
region of cells (boxed areas), where the colocalization between GFP-MT1-MMP/RFP-wt-Rab11 and LRP1/RFP-wt-Rab11 is
visualized (arrowheads). Quantitative colocalizations are represented by bar graphs following the conditions detailed in
Materials and Methods. Three independent experiments were performed in triplicate. Scale bars 	 10 �m. *P 
 0.05 vs. control.
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nonstimulated cells. Thus, these results demonstrate
that �2M*-induced MT1-MMP intracellular traffic to
the plasma membrane by a Rab11-dependent pathway.

Finally, cellular migration and proMMP-2 activation
induced by �2M* in Rab11 transiently transfected
MIO-M1 cells (GFP-wt-Rab11 and GFP-Rab11S25N)
were evaluated. Figure 9A shows a two-dimensional
wound-scratch assay, where MIO-M1 cells transfected
with GFP-wt-Rab11 presented increased cellular migra-
tion under �2M* stimulation when compared to non-
stimulated cells. On the other hand, �2M* did not
induce MIO-M1 cell migration in cells transfected with
GFP-Rab11S25N. In addition, cell culture supernatants
of Rab11-transfected MIO-M1 cells were analyzed by
gelatin zymography. Figure 9B shows that �2M*-in-
duced proMMP2 activation was abrogated in GFP-
Rab11S25N transfected cells, whereas the active form of
MMP-2 was observed in GFP-wt-Rab11 transfected cells
stimulated with �2M*. Thus, taken together, these
results demonstrate that �2M* via LRP1-induced MT1-
MMP activation at the cell surface level through a

Rab11-dependent pathway, which promoted MIO-M1
cell migration and proMMP2 activation.

DISCUSSION

In the retina, MGCs play key structural and functional
roles, and under physiological conditions these cells
have a limited capability to migrate and proliferate.
Nevertheless, in determined pathological abnormali-
ties, MGCs can undergo functional and phenotypic
changes, thereby acquiring the ability to migrate to-
ward injured sites to promote retinal remodeling and
cellular repopulation (41, 47). Although the regulatory
mechanisms that promote this MGC migration are
unclear, it has been proposed that ECM remodeling,
produced by MMP-2 and MMP-9, may facilitate and
induce the cellular migration of MGCs (22, 48). Fur-
thermore, it has been suggested that MGCs are capable
of re-entering the cell cycle, dedifferentiating and
adopting characteristics of progenitor and stem cells.
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Figure 7. �2M* induces an increase in the molecular association between MT1-MMP and LRP1 in MIO-M1 cells. Cells were
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of 3 independent experiments performed in triplicate. *P 
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These later cells can migrate to the damaged retinal tissue
and produce new neurons following specific types of
retinal injury, a process collectively known as transdiffer-
entiation (49, 50). In addition, �2M has been detected at
high levels in various retinal degenerative disorders,

such as glaucoma (51, 52) and ischemic proliferative
diseases (11, 13). In these retinas, native �2M may
interact with released active proteases and form com-
plexes (�2M*), which then binds to LRP1 (1). It is
known that �2M*-LRP1 interaction, despite inducing
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(�-GFP) was carried out as IP and transfection controls, respectively. Input (1%) of biotinilated proteins is shown. B) MIO-M1
cells transfected with GFP-Rab11S25N (GFP-DN-Rab11) and stimulated with �2M* inhibit the MT1-MMP intracellular traffic to
cellular processes and increases the MT1-MMP accumulation in Rab11-positive recycling compartments. MIO-M1 cells
transfected with GFP-DN-Rab11 were cultured in glass coverslips coated with collagen type-I in the absence (control) or presence
of �2M* (60 nM) for 1 h. Bottom panels show one nontransfected; it can be seen that the �2M*-induced MT1-MMP localization
occurs toward cellular protrusions (solid arrowheads), whereas in the GFP-DN-Rab11-transfected cell, the MT1-MMP is
accumulated in recycling compartments (boxed area) but not in cellular protrusions. Insets: overlaid images (inset) are
magnifications of the perinuclear region of cells (boxed areas) for GFP-DN-Rab11 and MT1-MMP, where the colocalization
between GFP-DN-Rab11 and MT1-MMP is visualized (open arrowheads). Mean � sem of colocalization levels between
GFP-DN-Rab11 and MT1-MMP performed in the perinuclear region (boxes) are indicated. These results and images are
representative of 3 independent experiments. Scale bars 	 10 �m. *P 
 0.05 vs. control.
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endocytosis of the inhibitor-protease complex, also
activates different intracellular signaling pathways (5,
6). In this regard, we have recently demonstrated that
�2M* promoted GFAP expression in MIO-M1 cells,
which was associated with the cellular activation of
these retinal cells (7). In the present study, we found
that �2M* induced cellular migration and proMMP-2
activation through LRP1 in MIO-M1 cells.

In addition to its function as a protease inhibitor,
�2M may reversibly bind growth factors, such as the
nerve growth factor (NGF). These interactions involve
the internal part of �2M molecule, but not the C-ter-
minal receptor binding domain (RBD) that recognizes
LRP1 (53, 54). The binding of NGF to �2M blocked the
signaling activation of Akt and ERK/MAP kinase (53)
and neutralized the neuroprotective action induced by
this neurothrophin (52). For this reason, it has been
suggested that in glaucoma �2M may have a neurotoxic
function through its ability to block the neurotrophic
action of NGF (53). Interestingly, our results indicate
that �2M*, through its RBD, may be an inductor factor
of MGC migration, thus facilitating cellular repopula-

tion into the damaged host retina. However, additional
studies are required in order to explain the migratory
properties of �2M* in glial cells with different retinal
pathologies.

It has been previously reported that �2M*-LRP1
interaction induces cellular proliferation in macrophages
(5), releases proinflammatory factors in Schwann cells
(55), and inhibits NGF-induced neurite outgrowth in
PC12 cells (33). In the present work, we observed that
MIO-M1 cells acquired migratory properties under
�2M* stimulation, which was characterized by the cel-
lular redistribution of MT1-MMP to cellular protru-
sions. In this way, it was established that the migration
of normal and malignant cells depended on MT1-MMP
accumulation at the membrane protrusions (also
termed podosomes and invadopodias), which is re-
quired for the focal pericellular degradation of ECM
(56). The activity of MT1-MMP in these membrane
protrusions is, in part, dependent on the endocytic
recycling of this active protease, which may be medi-
ated by a Rab11-dependent pathway (57–59). Herein,
we showed that �2M* induced intracellular accumula-
tion of MT1-MMP in early and recycling endosomes, as
well as intracellular trafficking to the plasma mem-
brane mediated by Rab11. Using a dominant-negative
version of Rab11 (GFP-Rab11S25N), we also demon-
strated that �2M*-induced cell migration of MIO-M1
cells and proMMP-2 activation were completely abro-
gated, indicating that this small GTPase plays a key role
in maintaining active MT1-MMP at the cell surface. In
addition, by a biotin labeling cell surface protein assay,
it was found that GFP-Rab11S25N also inhibited the
MT1-MMP traffic to the plasma membrane induced by
�2M* stimulation. Under these experimental condi-
tions MT1-MMP was mainly accumulated in recycling
compartments, indicating that the intracellular traffic
of this protease to the plasma membrane induced by
�2M* is routed from a Rab11-dependent pathway. In
another report, it was shown that MT1-MMP may be
trafficked toward membrane protrusions through an
exocytic route dependent on Rab8 (but not Rab11),
where it mediated the cellular migration of MDA-
MB-23 adenocarcinoma cells in two- and three-dimen-
sional collagen type I matrices (30). These researchers
observed that the exocytic route of MT1-MMP to the
plasma membrane was from VSV-G/Rab8-positive vesi-
cles, but not Rab11-positive compartments in cells
cultured in collagen type-I matrices. Nevertheless,
Rab11-dependent recycling pathway of MT1-MMP
seemed to be activated when the same cells were
cultured in coverslips without collagen type-I (30).
Thus, it has been suggested that the intracellular traffic
of MT1-MMP activity toward the cell surface, and its
participation in cellular migration, may be dependent
on the tumoral or nontumoral characteristics of cells,
as well as on the presence of determined extracellular
factors that induce cellular migration, such as collagen
type I. Interestingly, in our work, the cellular migration
of MIO-M1 cells in two-dimensional collagen type I
matrices was significantly induced by �2M* respect to
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Figure 9. A) Cellular migration induced by �2M* is inhibited
in MIO-M1 cells transfected with a dominant-negative version
of Rab11 (GFP-Rab11S25N). Nontransfected (NT) and trans-
fected (GFP-wt-Rab11 and GFP-Rab11S25N) cells were cul-
tured for 12 h in serum-free DMEM, in the absence or
presence of �2M* (60 nM). Wound-scratch assays were per-
formed in cells cultured on plates coated with collagen type I,
as was described in Materials and Methods. Bar graph repre-
sents mean values of the cell number invading the area of the
wound (cells/area). Three independent experiments were
performed in triplicate. *P 
 0.05 vs. control (C). B) The
proMMP-2 activation induced by �2M* is inhibited in
MIO-M1 cells transfected with a dominant-negative version of
Rab11 (GFP-Rab11S25N). Nontransfected and transfected
(GFP-wt-Rab11 and GFP-Rab11S25N) cells were cultured in
serum-free DMEM, in the absence (�) or presence (�) of
�2M* (60 nM) for 1 h. Cell culture supernatants were
collected and analyzed by gelatin zymography assay, as de-
tailed in Material and Methods. MIO-M1 cells, transfected with
GFP-Rab11S25N, show that the �2M*-induced proMMP-2 acti-
vation (latent form) to either intermediate or active MMP-2
(active form) is inhibited with respect to nontransfected and
GFP-wt-Rab11 transfected conditions. The proMMP-2 molec-
ular weight (68 kDa) is indicated. Three independent exper-
iments were performed.
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cells cultured without stimulus. In addition, unpub-
lished results from our laboratory showed that �2M*
also promoted the cellular migration of MIO-M1 cells
when cultured in coverslip without collagen type-1 or
adsorbed with other ECM components, such as
laminin. Taken together, our results indicate that col-
lagen type-I per se is not an inductor factor for the
cellular migration of MIO-M1 cells, which could ex-
plain in part the MT1-MMP traffic by a Rab11-depen-
dent (but not Rab8-dependent) pathway. Thus, we
conclude that �2M* regulated the intracellular traffic
of MT1-MMP toward the cellular protrusions and in-
duced cellular migration and proMMP-2 activation in
MGCs through a recycling route dependent on Rab11.
In the future, it would be interesting to investigate
whether �2M* may also activate a Rab11-dependent
pathway for MT1-MMP trafficking and its effect on
cellular migration in malignant cells.

LRP1 is an endocytic and cell-signaling receptor for
diverse ligands, and it can regulate cellular functions of

other membrane proteins, such as uPAR (9) and
PDGFR� (10). However, pathways by which LRP1 can
control cell surface activity of MT1-MMP remain less
clear. In our study, we observed that LRP1 was mostly
associated with MT1-MMP in intracellular compart-
ments, which was significantly increased in cells stimu-
lated with �2M*. By confocal microscopy, we found that
LRP1 and MT1-MMP were mainly colocalized in early
endosomes, which seems to indicate that �2M* in-
duced, in addition to LRP1, the endocytosis of MT1-
MMP. As it is well established that MT1-MMP is inter-
nalized by clathrin- and non-clathrin-dependent
endocytosis (45), whereas the �2M*-LRP1 complex is
only internalized by a clathrin-dependent endocytosis
(3), we hypothesize that both membrane proteins are
internalized by different endocytic routes and accumu-
lated in early endosomes. However, the mechanism
that regulates the MT1-MMP internalization induced by
�2M* is unknown. It has been shown that MT1-MMP
endocytosis occurs when the Thr-567 residue is phos-
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Figure 10. Schematic model of the MT1-MMP regulation induced by �2M*/LRP1 interaction. I) �2M* binds LRP1, and the
ligand-receptor complex is internalized by a clathrin-dependent endocytosis (blue). II) MT1-MMP is internalized through two
putative pathways: clathrin-dependent (IIa, pink) and non-clathrin-dependent endocytosis (IIb, yellow). III) �2M*-LRP1
complex and MT1-MMP are accumulated in early endosomes (EE), where the ligand (�2M*) is released of LRP1 to degradation
pathways (green): late endosomes (LE) and lysosomes (L). IV) MT1-MMP-enriched EEs (red) are differentially trafficked and
fused with endocytic recycling compartments (ERC) where MT1-MMP is accumulated. V) On the other hand, LRP1 is apparently
accumulated in EE, and MT1-MMP is trafficked (orange) to the plasma membrane through a Rab11-dependent pathway.
Finally, this MT1-MMP regulation promotes the MGC migration and proMMP-2 activation. In this model, the possibility of an
MT1-MMP traffic loop between the Golgi apparatus (GA) and ERC is not excluded. ER, endoplasmic reticulum; N, nucleus.
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phorylated by protein kinase C� (PKC�; ref. 60).
Interestingly, PKC� also induces serine and threonine
phosphorylations in the intracytoplasmatic domain of
LRP1, thereby promoting interaction with adaptor pro-
teins such as Dab-1 and CED-6/GULP, which modulate
the endocytic and signaling function of this receptor
(61). Recently, we found that the �2M*-LRP1 interac-
tion induced different intracellular signaling pathways,
including PKC� (6), which, in fact, might be involved
in the Thr-567 phosphorylation of MT1-MMP, thus
promoting its endocytosis and accumulation in early
endosomes. Furthermore, both LRP1 and MT1-MMP
were immunoprecipitated in nonstimulated cells, indi-
cating that both proteins are intermolecularly associ-
ated, with this association being increased under �2M*
stimulus. However, we did not determine whether this
LRP1/MT1-MMP interaction was direct or was medi-
ated by intermediate molecules or adaptor proteins. In
this regard, a recent report has demonstrated that the
MT1-MMP catalytic domain can directly interact with
the LRP1 � subunit, thereby promoting its proteolytic
shedding at the cell surface level (62). In our case, we
were unable to detect colocalization between the LRP1
� subunit and MT1-MMP at the plasma membrane,
suggesting that this type of interaction does not occur
in MIO-M1 cells cultured both in either the absence or
presence of �2M*. Moreover, intracytoplasmatic do-
mains of the LRP1 � subunit and MT1-MMP can
interact with several adaptor proteins (61, 63). There-
fore, one possibility is that the LRP1/MT1-MMP asso-
ciation may be mediated by a common adaptor protein,
similar to FE65, which is known to mediate the inter-
action between LRP1 and the amyloid precursor pro-
tein (APP; ref. 64). However, additional studies are
needed to investigate this hypothesis.

Finally, in the present work, we also found that active
MT1-MMP, but not LRP1, was increased in recycling
Rab11-positive compartments under �2M* stimulation
in MIO-M1 cells. These cellular distributions of both
proteins suggest that �2M* induced the recycling of
MT1-MMP back to the cell surface by a recycling
pathway, whereas LRP1 was apparently kept in early
endosomes. Interestingly, as mentioned above, MT1-
MMP and LRP1 mainly colocalized in early endosomes,
where the differential intracellular trafficking of MT1-
MMP and LRP1 could be regulated. This possibility
may be supported by previous studies that reported that
LRP1 may interact and regulate the function of PDGF
receptor (PDGF-R�) in early endosomes, modulating
its intracellular signaling activity (65). In the same way,
LRP1 and MT1-MMP are accumulated in early endo-
somes by �2M* induction, and then MT1-MMP, but not
LRP1, is specifically trafficked to recycled compart-
ments and plasma membrane through a Rab11-depen-
dent pathway. However, further experiments are
needed to establish whether LRP1 is also recycled to
the plasma membrane under �2M* stimulation. In
addition, the accumulation of MT1-MMP in recycling
compartments may also involve a newly synthesized
MT1-MMP that travels through the biosynthetic path-

way and accumulates with preexisting MT1-MMP mol-
ecules internalized from the cell surface (45). However,
in our study, we were unable to inhibit �2M*-induced
MT1-MMP traffic to the plasma membrane in MIO-M1
cells previously treated with cycloheximide, an inhibi-
tor of protein synthesis (data not shown). Moreover, as
�2M*-induced MT1-MMP redistribution to cellular pro-
trusions and its trafficking to the plasma membrane
occurred at relatively short times (between 30 and 60
min) after �2M* stimulus, it is unlikely that an MT1-
MMP contribution from the biosynthetic pathway could
occur. Further studies should now be conducted in
order to evaluate the �2M* effect on the newly synthe-
sized MT1-MMP and its contribution to the traffic
toward the plasma membrane in MIO-M1 cells.

The results of our current investigation are summarized
in Fig. 10, revealing a novel pathway in the regulation of
MT1-MMP induced by �2M*. In this model, only the
endocytic recycling route of MT1-MMP that is induced by
the �2M*-LRP1 interaction is highlighted. Related to this,
we suggest that �2M* is an extracellular factor that pro-
motes MGC migration and proMMP2 activation. We also
proposed that �2M*-LRP1 is also an extremely sensitive
system for rapid and localized MT1-MMP mobilization.
Thus, our results may have clinical and therapeutic con-
notations in retinal disorders that are deleterious for the
human vision, such as in PDR and PVR.
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