
LRP1 regulates remodeling of the extracellular matrix by
fibroblasts

Alban Gaultier, Margaret Hollister, Irene Reynolds, En-hui Hsieh, and Steven L. Gonias
Department of Pathology, University of California San Diego, La Jolla, California, 92093

Abstract
Low density lipoprotein receptor-related protein (LRP1) is an endocytic receptor for diverse
proteases, protease inhibitors, and other plasma membrane proteins, including the urokinase receptor
(uPAR). LRP1 also functions in cell-signaling and regulates gene expression. The goal of this study
was to determine whether LRP1 regulates remodeling of provisional extracellular matrix (ECM) by
fibroblasts. To address this problem, we utilized an in vitro model in which type I collagen was
reconstituted and overlaid with fibronectin. Either the collagen or fibronectin was fluorescently-
labeled. ECM remodeling by fibroblasts deficient in LRP1, uPAR, or MT1-MMP was studied. MT1-
MMP was required for efficient remodeling of the deep collagen layer but not involved in fibronectin
remodeling. Instead, fibronectin was remodeled by a system that required urokinase-type
plasminogen activator (uPA), uPAR, and exogenously-added plasminogen. LRP1 markedly inhibited
fibronectin remodeling by regulating cell-surface uPAR and plasminogen activation. LRP1 also
regulated remodeling of the deep collagen layer but not by controlling MT1-MMP. Instead, LRP1
deficiency or inhibition de-repressed a secondary pathway for collagen remodeling, which was active
in MT1-MMP-deficient cells but not in uPAR-deficient cells. These results demonstrate that LRP1
regulates ECM remodeling principally by repressing pathways that require plasminogen activation
by uPA in association with uPAR.

1. Introduction
Remodeling of the extracellular matrix (ECM) is a highly regulated process, integral to wound
healing (Singer and Clark, 1999). ECM remodeling is controlled by growth factors, cytokines,
proteases, and cell adhesion receptors, including integrins and CD44, expressed by cells that
enter the injury site (Davis and Senger, 2005; Okamoto et al., 1999). The same gene predicts
function in pathologic processes that involve ECM remodeling, including infection,
atherogenesis and cancer invasion (Elkington et al., 2005; Galis and Khatri, 2002; Polette et
al., 2004). Understanding factors that regulate ECM remodeling remains an important problem.

Low density lipoprotein receptor-related protein (LRP1) is a member of the LDL receptor
family (Strickland et al., 2002), which localizes in lipid rafts and clathrin-coated pits, where it
undergoes constitutive endocytosis and recycling (Boucher et al., 2002; Weaver et al., 1996;
Wu et al., 2004). Over 40 ligands bind to LRP1, including proteases such as urokinase-type
plasminogen activator (uPA), tissue-type plasminogen activator (tPA), and matrix
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metalloprotease-9 (MMP-9) (Bu et al., 1992; Hahn-Dantona et al., 2001; Kounnas et al.,
1993). MMP-2 and MMP-13 undergo endocytosis by LRP1-dependent pathways (Barmina et
al., 1999; Yang et al., 2001). Additional proteases are internalized by LRP1 after binding
Serpins or α2-macroglobulin (Strickland et al., 2002). The function of LRP1 as an endocytic
protease receptor represents one mechanism by which LRP1 may regulate ECM remodeling.
LRP1 also may regulate ECM remodeling by controlling expression and/or catabolism of ECM
proteins. LRP1 functions as an endocytic receptor for fibronectin and decorin and controls
expression of type III collagen (Brandan et al., 2006; Gaultier et al., 2006; Salicioni et al.,
2002).

By binding uPA-Serpin complex that is already urokinase receptor (uPAR)-associated, LRP1
mediates uPAR endocytosis and down-regulates the cell-surface abundance of this receptor
(Conese et al., 1995; Weaver, 2006). By this mechanism, LRP1 controls uPAR-dependent cell-
signaling (Ma et al., 2002; Webb et al., 2000) and plasminogen activation at the cell surface
(Weaver et al., 1997). Plasmin directly cleaves non-collagen glycoprotein components of the
ECM and serves as a potential activator of pro-MMP-2 and pro-MMP-9 (Mignatti and Rifkin,
1993). MMP-2 and MMP-9 cleave type IV collagen (Brinckerhoff and Matrisian, 2002);
MMP-2 also demonstrates type I collagenolytic activity (Seandel et al., 2001; Tam et al.,
2004). Together, plasmin, MMP-2, and MMP-9 constitute a system capable of targeting diverse
ECM components. However, more recent studies suggest that ECM remodeling involves
multiple proteases assembled into partially redundant pathways, many of which are plasmin-
independent.

pro-MMP-2 is activated by a mechanism that requires membrane type-1 matrix metalloprotease
(MT1-MMP) and tissue inhibitor of metalloprotease-2, but not plasmin (Seiki and Yana,
2003). An alternative pathway for pro-MMP-2 activation utilizes plasmin but also requires
MT1-MMP (Monea et al., 2002). Similarly, pro-MMP-9 may be activated by plasmin-
dependent and -independent pathways (Fridman et al., 2003; Ramos-DeSimone et al., 1999).
MT1-MMP demonstrates robust type I collagenolytic activity, independently of plasmin and
other MMPs (Sabeh et al., 2004; Sabeh et al., 2009).

The goal of this study was to assess the function of LRP1 as a regulator of ECM remodeling
using an in vitro model of provisional ECM in which type I collagen is reconstituted and then
overlaid with fibronectin. In fibroblasts, LRP1 played a major role as an inhibitor of remodeling
of fibronectin by regulating cell-surface uPAR and plasminogen activation by uPA. LRP1 also
regulated remodeling of the deep collagen layer, but not by controlling the activity or cell-
surface abundance of MT1-MMP, which was principally responsible for collagen remodeling.
Instead, LRP1 deficiency or inhibition de-repressed a secondary collagen-remodeling pathway
that was uPAR-dependent and operational in the absence of MT1-MMP.

2. Results
2.1. MT1-MMP regulates remodeling of collagen but not fibronectin

MT1-MMP is a robust type I collagenolytic protease (Sabeh et al., 2004), which also cleaves
LRP1 and thereby regulates its activity (Rozanov et al., 2004). To begin, we studied ECM
remodeling by MT1-MMP-positive and -negative mouse skin fibroblasts (Sabeh et al., 2004).
Cells were plated on type 1 collagen, overlaid with fluorescently-labeled fibronectin. As shown
in Fig. 1A, MT1-MMP-positive and -negative cells remodeled the fibronectin, forming areas
that were cleared of fluorescent label (areas of clearing or AOCs) in at least one and usually
multiple foci, surrounding the nuclei. Intensification of fluorescence near AOC margins
suggested contraction of the fibronectin matrix.
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To compare ECM remodeling by the two cell types, we integrated the collective area occupied
by AOCs surrounding each cell. Fig. 1B shows that fibronectin remodeling by MT1-MMP-
positive and -negative fibroblasts was equivalent. Next, we compared ECM remodeling using
type I collagen that was fluorescein-labeled and over-coated with fibronectin. To assure that
fluorescent-labeling did not denature the collagen, we incubated the labeled protein with 0.1
µM trypsin for 30 min. No degradation was observed by SDS-PAGE (results not shown). Figs.
1C and 1D show that MT1-MMP deficiency decreased AOCs in labeled collagen by 80±5%
(Fig. 1C, D). The AOCs generated by MT1-MMP-deficient fibroblasts were frequently
incomplete; residual fluorophore was apparent in cleared areas. The activity of MT1-MMP in
remodeling type I collagen was anticipated (Sabeh et al., 2004) and interpreted as evidence
that this model system accurately reports ECM remodeling (Sabeh et al., 2009).

2.2. LRP1-deficient fibroblasts demonstrate increased fibronectin remodeling
Next, we examined ECM remodeling by murine embryonic fibroblasts (MEFs) that express
LRP1 (PEA-10 cells) or do not (MEF-2 cells). Cells were plated on type 1 collagen, overlaid
with fluorescently-labeled fibronectin. The cells were allowed to remodel the fibronectin for
2 or 3 h. Fig. 2A shows that AOCs formed by MEF-2 cells were more peripherally located
relative to the nuclei, possibly reflecting the propensity of these cells to spread more rapidly
(Ma et al., 2002). The collective area of AOCs generated by MEF-2 cells was signficiantly
greater than that generated by PEA-10 cells (p<0.05) (FIG. 1B), suggesting that LRP1 inhibits
fibronectin remodeling. Candidate mechanisms include regulation of proteases, integrins that
remodel fibronectin (Davis and Senger, 2005), and/or fibronectin endocytosis (Salicioni et al.,
2002).

To test the role of proteases in AOC formation by MEFs, specific inhibitors were added.
Aprotinin is a serine protease inhibitor that readily inhibits plasmin but not uPA (Violand and
Castellino, 1976). As shown in Fig. 3A, aprotinin almost completely blocked fibronectin
remodeling by LRP1-positive and -negative MEFs. The uPA-specific inhibitor, amiloride,
which does not react with plasmin or tPA (Weaver et al., 1997), inhibited AOC formation
mainly by LRP1-deficient cells (Fig. 3B), consistent with the known activity of LRP1 as a
catabolic receptor for uPA (Kounnas et al., 1993) and inhibitor of cell-surface plasminogen
activation (Weaver et al., 1997). The general MMP inhibitor, GM6001, did not significantly
regulate AOC formation in fibronectin, despite previous reports suggesting that MMPs
contribute to fibronectin matrix remodeling (Nezi et al., 2002). When PEA-10 and MEF-2 cells
were allowed to remodel fibronectin in serum-free medium, eliminating the external source of
plasminogen, AOCs were abolished (Fig. 3C). These results support the hypothesis that
fibronectin remodeling, in this model system, depends on uPA-mediated plasminogen
activation, which is accelerated when LRP1 is absent.

2.3. LRP1-deficient fibroblasts demonstrate increased collagen remodeling
Next, we compared ECM remodeling by LRP1-expressing and -deficient MEFs using
fluorescein-labeled collagen over-coated with fibronectin. Fig. 4A shows that LRP1-deficient
MEF-2 cells generated larger AOCs in the collagen, compared with LRP1-expressing PEA-10
cells. B-41 cells, which are MEF-2 cells that are stably transfected to express human LRP1
(Salicioni et al., 2002), rescued the phenotype, reducing AOCs to the level observed with
PEA-10 cells (p<0.05, Fig. 4B).

Increased remodeling of collagen by LRP1-deficient cells may reflect effects on remodeling
of the collagen itself and/or enhanced remodeling of the superficial fibronectin layer, allowing
the MEFs more rapid access to the collagen. To test whether plasmin promotes remodeling of
the deep collagen layer, aprotinin was added. Fig. 4C shows that aprotinin significantly
decreased AOCs in collagen, especially in association with MEF-2 cells (p<0.05). We also
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studied the effects of εACA, which binds to plasmin(ogen) kringle domains and blocks the
interaction of plasmin(ogen) with cell-surface receptors and other macromolecules that support
plasminogen activation (Miles et al., 2005;Plow et al., 1986;Salonen et al., 1985). εACA
significantly inhibited remodeling of the collagen layer by MEF-2 cells, decreasing AOCs to
the level observed with PEA-10 cells (p<0.05). To determine whether the effects of LRP1 on
collagen remodeling are dependent on fibronectin over-coating, we performed experiments in
which fluorescently-labeled collagen was overlaid with Matrigel instead of fibronectin.
Matrigel consists primarily of laminin and type IV collagen (Kleinman, 2001). Equivalent
results were obtained; once again, LRP1-deficient MEFs demonstrated increased AOCs
compared with LRP1-expressing cells (results not shown).

2.4. LRP1 regulates ECM remodeling only in uPAR-expressing cells
Our results with amiloride, aprotinin, and εACA suggested that LRP1 regulates ECM
remodeling by regulating uPA-mediated plasminogen activation. To further test this
hypothesis, we performed experiments with uPAR-expressing and -deficient MEFs (Ma et al.,
2002). Cells were cultured for three days in the presence of the LRP1 antagonist, receptor-
associate protein (RAP), which is known to increase the cell-surface abundance of uPAR
(Webb et al., 2000; Webb et al., 1999). RAP blocks binding of soluble ligands to LRP1 as well,
including uPA and other proteases (Herz et al., 1991; Williams et al., 1992). RAP-treated and
control cells were plated on fluorescein-labeled collagen, over-coated with fibronectin. In the
absence of RAP, uPAR-positive cells demonstrated modestly but significantly increased AOCs
compared with uPAR-deficient cells (p<0.05) (Fig. 5A and B). RAP increased the AOCs
generated by uPAR-positive cells two-fold, but had no effect on AOCs generated by uPAR-
deficient cells. Thus, in the absence of uPAR, antagonizing the endocytic activity of LRP1
does not regulate ECM remodeling.

2.5. LRP1 and MT1-MMP control collagen remodeling independently
Although MT1-MMP and LRP1 both regulated ECM remodeling, we were unable to
demonstrate regulation of MT1-MMP by LRP1 in MEFs. MT1-MMP mRNA levels were
equivalent in PEA-10 and MEF-2 cells (Fig. 6A). Furthermore, the cell-surface abundance of
MT-MMP1, as determined by cell-surface protein biotinylation, and total cellular MT1-MMP
were equivalent in PEA-10 and MEF-2 cells (Fig. 6B).

MT1-MMP-deficient and control fibroblasts were cultured in the presence of RAP for 3 days.
The cells were then plated on fluorescently-labeled type I collagen, overlaid with fibronectin.
RAP significantly increased AOCs generated by MT1-MMP-positive and -negative cells (Fig.
6C). In MT1-MMP-negative fibroblasts, the increase in remodeling induced by RAP was
greater than 5-fold. The ability of RAP-treated MT1-MMPdeficient cells to form prominent
AOCs in collagen demonstrates that collagen remodeling is not strictly dependent on MT1-
MMP. Neutralizing LRP1 activates a secondary MT1-MMP-independent collagen-remodeling
pathway.

To confirm the results obtained with MT1-MMP-deficient and -expressing skin fibroblasts,
we silenced MT1-MMP in PEA-10 MEFs and treated these cells with RAP for 3 days. The
extent of gene-silencing was 80% at the mRNA level (Fig. 6D). Control cells were transfected
with non-targeting siRNA. Both cell populations were co-transfected to express red
fluorescence protein (RFP) so that collagen remodeling by transfected cells could be studied
selectively. MT1-MMP gene-silencing substantially decreased the AOCs generated by
PEA-10 cells (Fig. 6E). RAP increased remodeling by control cells and by cells in which MT1-
MMP was silenced. These studies confirm that collagen may be remodeled by an MT1-MMP-
independent pathway, which is activated when LRP1 activity is neutralized.
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3. Discussion
LRP1 is an endocytic and cell-signaling receptor for diverse ligands (Shi et al., 2009; Strickland
et al., 2002). By binding and internalizing multiprotein ligands, which include other membrane
proteins, LRP1 regulates the cell-surface abundance of other membrane proteins (Conese et
al., 1995; Hamik et al., 1999). uPAR is amongst the membrane receptors that increase in
abundance when LRP1 expression or endocytic activity is neutralized (Weaver et al., 1997;
Webb et al., 2000). The VLDL receptor controls uPAR abundance by a similar mechanism
(Webb et al., 1999). The increase in cell-surface uPAR activates uPAR-initiated cell-signaling
leading to Rac1, Ras, and ERK/MAP kinase (Ma et al., 2002; Webb et al., 2000). In MEFs,
uPAR-promoted Rac1 activation is largely responsible for the increase in cell migration
observed when LRP1 is absent (Ma et al., 2002).

Cell migration in vivo requires ECM remodeling and penetration of tissue boundaries. Because
of the ability of LRP1 to regulate cell-surface uPAR and catabolize proteases such as MMP-2
and MMP-9, we hypothesized that LRP1 may regulate ECM remodeling. Other proteases that
have been implicated in ECM remodeling, including stromelysin-1/MMP-3 and MT1-MMP
(Seiki and Yana, 2003; Wilhelm et al., 1993), have incompletely elucidated relationships with
LRP1. MT1-MMP cleaves LRP1 and thereby regulates its activity in PDGF-BB-initiated cell-
signaling (Lehti et al., 2009). However, pathways by which LRP1 may control MT1-MMP
remain less clear. The goal of the present study was to uncover activities of LRP1 in ECM
remodeling.

To address this problem, we developed a straightforward in vitro model system in which type
I collagen is overlaid with fibronectin. Like fibrinogen and vitronectin, fibronectin is a
provisional extracellular matrix protein that populates wound sites and facilitates essential
interactions involving integrins expressed by cells that enter the wound (Singer and Clark,
1999). Our model system is equivalent to that frequently used to study invadopodia in cancer
cells (Weaver, 2006). Invadopodia, like podosomes, are structures that penetrate ECM and
clear fluorescently-labeled ECM proteins. Proteases that are associated with invadopodia
include MMP-2, MMP-9, and MT1-MMP. However, ECM remodeling also may be mediated
by integrins, especially in the superficial fibronectin layer (Davis and Senger, 2005) and by
proteases that diffuse away from the cell (Polette et al., 2004).

In order to control expression of LRP1, uPAR, and MT1-MMP, we studied internally controlled
sets of MEFs and skin fibroblasts from gene knock-out and control mice in the same genetic
background. Gene-silencing was applied as an complementary approach. Our results
demonstrated that, in our model system, MT1-MMP plays a major role in collagen remodeling
as previously described (Sabeh et al., 2009); however, MT1-MMP had no discernable activity
in fibronectin remodeling. Instead, fibronectin remodeling depended on uPA-mediated
plasminogen activation. Inhibition of fibronectin remodeling was observed with aprotinin and
amiloride. Furthermore, fibronectin remodeling was entirely blocked by eliminating serum
from the medium, which is a source for plasminogen. Without plasmin generation, the cells
appeared unable to penetrate the superficial fibronectin layer.

Plasmin-dependent pathways also accelerated remodeling of the deep collagen layer, primarily
when LRP1 was absent and thus, unavailable to suppress uPA-dependent plasminogen
activation. Two mechanisms were probably operational here. First, increased fibronectin
remodeling probably allowed more rapid penetration of the superficial layer so that the collagen
was accessed sooner. However, uPA/uPAR-promoted plasminogen activation also provided a
secondary or “back-up” pathway for collagen remodeling in the absence of MT1-MMP, which
was significant when LRP1 was inhibited or deficient. Clearly defined AOCs were formed in
the collagen layer by MT1-MMP-deficient cells, which were treated with RAP. Although the
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plasmin-dependent pathway by which collagen is remodeled was not completely defined in
this study, activation of MMP-2 may be involved. In MT1-MMP-expressing cells, plasmin
also may support collagen remodeling by activating the pro-form of MT1-MMP if this protease
trafficks to the cell surface without modification by furin-like proteases (Okumura et al.,
1997).

In studies with LRP1-deficient MEFs and RAP-treated cells, LRP1 regulated remodeling of
both the superficial fibronectin layer and the deep collagen layer. Because RAP was ineffective
at promoting remodeling by uPAR−/− MEFs, we propose that the activity of LRP1 is related
principally to its ability to regulate cell-surface uPAR and plasminogen activation. Our model
in which LRP1 regulates ECM remodeling by regulating cell-surface uPAR is supported by
results obtained with amiloride. In the absence of amiloride, remodeling by MEF-2 cells was
2–3-fold greater than that observed with PEA-10 cells; however, when uPA activity was
inhibited by amiloride, remodeling by the two cell lines was equivalent.

Given the central role of MT1-MMP in collagen remodeling, we conducted experiments to test
whether LRP1 regulates ECM remodeling by altering expression of MT1-MMP; however,
regulation was not observed at the mRNA level. We also observed no difference in total or
cell-surface MT1-MMP protein in LRP1-expressing and -deficient cells. Thus, LRP1 does not
appear to regulate fibroblast MT1-MMP abundance, as it does other membrane proteins
(Gonias et al., 2004). The possibility remains that under some conditions, MT1-MMP may
proteolyze LRP1 and thereby de-repress uPA-mediated plasminogen activation; however, this
pathway was not apparent in our studies. Overall, our results support a model in which LRP1
controls plasmin-dependent ECM remodeling by its effects on cell-surface uPAR. This
pathway may be particularly important in remodeling of provisional ECM and play a secondary
role in collagen remodeling when MT1-MMP is absent. The ability of LRP1 to regulate ECM
remodeling may be significant in wound healing, atherosclerosis, and cancer.

4. Experimental Procedures
4.1. Reagents and proteins

Type I collagen was from BD Biosciences. Sulfo-NHS-LC-biotin and NHS-fluorescein were
from Pierce (Rockford, IL). Gelatin type B, amiloride, aprotinin, mouse anti-tubulin-α and ε-
amino caproic acid (εACA) were from Sigma-Aldrich (St Louis, MO). Fibronectin and
GM6001 were from Chemicon (Temecula, CA). Glutathione-S-transferase (GST) and GST-
RAP were expressed in bacteria and purified as previously described (Herz et al., 1991). RAP
binds to LRP1 and blocks binding of other LRP1 ligands (Herz et al., 1991). RAP also blocks
LRP1-mediated internalization of uPAR (Webb et al., 1999). Smart pool siRNA against mouse
MT1-MMP and non-targeting pooled siRNA were from Dharmacon (Lafayette, CO). The
plasmid encoding RFP (pDsRed-N1) was from Clontech (Mountain View, CA). Rabbit
polyclonal anti-MT1-MMP was a kind gift from Dr. Strongin (Burnham Institute for Medical
Research, La Jolla, CA) (Rozanov et al., 2006). Cell culture reagents were from Invitrogen
(Carlsbad, CA).

4.2. Cell culture
MEFs that are genetically deficient in LRP1 (MEF-2) and control LRP1-expressing MEFs
(PEA-10) were obtained from the ATCC (Willnow et al., 1995). B-41 cells are MEF-2 cells
that were transfected for stable expression of full-length human LRP1 (Salicioni et al., 2002).
uPAR+/+ and uPAR−/− MEFs were previously described (Ma et al., 2002). Wild type and
MT1-MMP-deficient skin fibroblasts were a kind gift from Dr. Stephen Weiss (University of
Michigan, Ann Harbor, MI) (Sabeh et al., 2004). All cells were cultured in DMEM
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supplemented with 10% FBS, penicillin (10 IU/ml), streptomycin (100 µg/ml), L-glutamine
(2 mM) and sodium pyruvate (1 mM).

4.3. In vitro ECM remodeling assays
Type I collagen was reconstituted on glass coverslips (18-mm), as described by Sabeh et al.
(Sabeh et al., 2004). In brief, 100 µg/ml of type I collagen was incubated on the coverslips in
20 mM sodium phosphate, 150 mM NaCl, pH 7.4 (PBS) overnight at 4° C. The collagen was
over-coated with human fibronectin (5 µg/ml) in PBS for 2 h at 22° C. To monitor ECM
remodeling, either the type I collagen or the fibronectin was labeled with NHS-fluorescein in
50 mM sodium carbonate buffer (pH 9) for 15 min at 22° C. The labeled protein was washed
twice with 50 mM sodium carbonate buffer, pH 9, and once with PBS before adding the next
protein or cells.

Cells were dissociated from monolayer culture using Cell Dissociation Buffer (Invitrogen),
washed, and transferred to coverslips with reconstituted, fluorescently-labeled ECM proteins.
105 cells in 50 µl were added to each coverslip. In some experiments, cells were pretreated for
1 h at 37° C in suspension with 25 µM aprotinin, 0.5 mM amiloride, 10 µM GM6001, or 20
mM εACA. Control cells were maintained in suspension, in serum-free DMEM supplemented
with vehicle. Treatment protocols were continued, using the equivalent concentration of each
reagent, while cells were allowed to adhere to the coverslips and remodel ECM.

PEA-10 cells were co-transfected with siRNA targeting MT1-MMP or with non targeting
siRNA (1 µg) and RFP (0.5 µg) using nucleofactor technology, according to manufacturer’s
instructions (Amaxa, Germany). Silencing efficiency was determined by qPCR, as previously
described (Gaultier et al., 2006). RFP expression was used as a marker of co-transfection
(Nguyen et al., 1999). Cells in which MT1-MMP was silenced and control cells were cultured
in complete medium supplemented with 200 nM GST-RAP or, as a control, 200 nM GST for
3 days, beginning immediately after transfection, to neutralize the endocytic activity of LRP1.
The medium was changed daily and fresh GST or GST-RAP was added, as previously
described (Webb et al., 2000; Webb et al., 1999). The cells were then allowed to adhere to
coverslips and remodel ECM for 3 h. GST-RAP or GST was maintained in the medium during
the ECM remodeling phase.

To terminate an ECM remodeling experiment, cells on coverslips were fixed in 4%
formaldehyde for 20 min and then made permeable with 0.1% Triton X-100 in PBS. In some
experiments, cells were stained with Phalloidin conjugated to Alexa 598. The coverslips were
mounted in Prolong gold mounting medium containing the nuclear stain, 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI).

4.4. Fluorescence microscopy and analysis of remodeling
Preparations were examined using a Leica DMIRE2 inverted microscope, equipped with an
ORCA digital camera (Hamamatsu, Japan) and Simple PCI imaging software (Compix Inc,
Sewickley, PA). Areas that were cleared of fluorescently-labeled protein (AOCs) were
determined using Image J software. Presented results were derived by analyzing 20 cells in at
least two independent experiments (mean±SEM).

4.5. Surface-protein labeling and affinity precipitation
Cell surface proteins were biotinylated using sulfo-NHS-LC-Biotin (1 mg/ml), according to
manufacturer instructions. Biotynilated proteins were purified as previously described
(Gaultier et al., 2008).
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4.6. SDS-PAGE and Immunoblotting
Cells were extracted in 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS in PBS and complete
protease inhibitor cocktail. Equal amounts of cellular protein were subjected to SDS-PAGE
and electrotransferred to polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA).
Membranes were blocked with 5% nonfat dry milk and then incubated with primary antibodies
and horseradish peroxidase-conjugated secondary antibodies (Amersham Bioscience,
Piscataway, NJ). Detection was performed using Western Lightning horseradish peroxidase
chemiluminescence (Perkin-Elmer, Boston, MA).
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Fig. 1.
ECM remodeling by MT1-MMP-deficient (−/−) and expressing (+/+) fibroblasts. The
substratum consisted of fluorescently-labeled fibronectin layered on top of type I collagen. (A)
Representative cells are shown. Darkened or black areas represent “areas of clearing” or
“AOCs”, which are measured as evidence of ECM remodeling. (B) Quantification of the total
AOCs for individual MT1-MMP(−/−) or (+/+) cells. AOCs were measured using image J
software (mean ± SEM). (C) MT1-MMP-deficient and wild type skin fibroblasts were plated
on fibronectin layered over fluorescein-labeled type 1 collagen and allowed to remodel the
ECM for 3 h prior to fixation. Representative cells are shown. Many MT1-MMP-defiicent cells
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showed no evidence of remodeling. (D) Quantification of the total AOCs for wild type and
MT1-MMP-deficient cells (mean ± SEM).
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Fig. 2.
ECM remodeling by LRP1-deficient MEF-2 cells and LRP1-expressing PEA-10 cells. The
substratum consisted of fluorescently-labeled fibronectin layered on top of type I collagen. (A)
Representative cells are shown. Darkened or black areas represent AOCs. (B) Quantification
of AOCs for individual PEA-10 and MEF-2 cells 2h and 3h after plating. AOCs were measured
using image J software (mean ± SEM).
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Fig. 3.
Effects of protease inhibitors on ECM remodeling. The experimental substratum for these
studies consisted of fluorescently-labeled fibronectin layered over type I collagen. (A) PEA-10
and MEF-2 were treated with 25 µM aprotinin or with vehicle. Remodeling was allowed to
occur for 3 h. (B) PEA-10 and MEF-2 cells were treated with 0.5 mM amiloride, 10 µM
GM6001 or with vehicle (DMSO) and then allowed to remodel ECM for 3 h. (C) PEA-10 and
MEF-2 cells were cultured on the ECM surface for 3 h in serum-free medium. Cells were
permeabilized and treated with the nuclear stain, DAPI. Note that neither cell type remodeled
fibronectin in the absence of serum.
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Fig. 4.
Remodeling of ECM in which the deep layer of type 1 collagen is fluorescently labeled. The
experimental substratum for these studies consisted of fibronectin layered over fluorescently-
labeled type I collagen. (A) Representative PEA-10, MEF-2, and B-41 cells are shown. These
cells were allowed to remodel the ECM for 3 h prior to fixation. Cells were permeabilized and
treated with the nuclear stain, DAPI and Phalloidin conjugated to Alexa 598. AOCs are black
or darkened areas devoid of fluorophore. (B) Quantification of the total AOCs for individual
PEA-10, MEF-2 and B-41 cells. AOCs were measured using image J software (mean ± SEM).
(C) PEA-10 and MEF-2 cells were treated with 25 µM aprotinin, 20 mM εACA, or with vehicle.
MEFs were allowed to remodel ECM for 3 h. The bar graph shows that the total AOC associated
with individual cells was decreased by aprotinin and εACA (mean ± SEM).
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Fig. 5.
uPAR is essential for the effects of LRP1 on ECM remodeling. (A) uPAR(+/+) and uPAR(−/
−) MEFs were cultured in the presence of GST-RAP (0.2 µM) or GST (0.2 µM), as a control,
for 72 h. The cells were then allowed to remodel ECM, in which fluorescently-labeled type 1
collagen was over-coated with fibronectin, for 3 h. Representative cells are shown. (B) AOCs
are shown for uPAR(+/+) and uPAR(−/−) cells that were treated with GST-RAP or GST (mean
± SEM).
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Fig. 6.
LRP1 regulates ECM remodeling in the presence and absence of MT1-MMP. (A) Total RNA
was isolated from PEA-10 and MEF-2 cells and analyzed by qPCR using specific primers for
MT1-MMP. (B) Equal amounts of cellular protein from detergentsoluble cell extracts of
PEA-10 and MEF-2, which were labeled with biotin, were subjected to affinity precipitation.
The precipitates were analyzed by immunoblot analysis to determine “surface” MT1-MMP.
Whole cell extracts also were subjected to immunoblot analysis to detect “total” MT1-MMP
and tubulin, as a loading control. (C) MT1-MMP-deficient and wild-type skin fibroblasts were
cultured in the presence of GST-RAP (0.2 µM) or GST for 72 h. Cells were plated on fibronectin
layered over fluoresceinlabeled type 1 collagen and allowed to remodel the ECM for 3 h prior
to fixation. AOCs were measured using image J software (mean ± SEM). (D) PEA-10 cells
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were co-transfected to express RFP and with MT1-MMP-specific or non-targeting control
siRNA. Total RNA was isolated from these cells and analyzed by qPCR using specific primers
for MT1-MMP. (E) RFP-transfected PEA-10 cells in which MT1-MMP was silenced or not
were cultured in the presence of GST-RAP (0.2 µM) or GST for 72 h. The cells were plated
on fibronectin layered over fluorescein-labeled type 1 collagen. Transfected cells were allowed
to remodel the ECM for 3 h prior to fixation. AOCs of RFP-positive cells were measured using
image J software (mean ± SEM).
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