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Induction of Cell Migration by Matrix 
Metalloprotease-2 Cleavage of Laminin-5 

Gianluigi Giannelli, Jutta Falk-Marzillier, Oronzo Schiraldi, 
William G. Stetler-Stevenson, Vito Quaranta* 

Structural changes in the extracellular matrix are necessary for cell migration during 
tissue remodeling and tumor invasion. Specific cleavage of laminin-5 (Ln-5) by matrix 
metalloprotease-2 (MMP2) was shown to induce migration of breast epithelial cells. 
MMP2 cleaved the Ln-5 y2 subunit at residue 587, exposing a putative cryptic promi- 
gratory site on Ln-5 that triggers cell motility. This altered form of Ln-5 is found in tumors 
and in tissues undergoing remodeling, but not in quiescent tissues. Cleavage of Ln-5 by 
MMP2 and the resulting activation of the Ln-5 cryptic site may provide new targets for 
modulation of tumor cell invasion and tissue remodeling. 

C e l l  migration across extracellular matrix 
(ECM) tissue boundaries is required in 
many important biological processes, in- 
cluding tissue remodeling and tumor inva- 
sion (1. 2). T o  overcome ECM barriers, . ,  , 

advancing cells may focus proteases such as 
metalloproteases (2) or protease activators 
such as urokinase (1, 2)  a t  their leading 
edge, where complex proteolysis (1) can 
direct migration, preserve ECM attach- 
ment, or avoid unwanted tissue damage. - 
The  precise mechanisms by which proteases 
alter ECM components remain unresolved, 
and it is unclear whether proteases simply 
remove physical barriers to migration or 
mold ECM components into substrates suit- 
able for migration. 

W e  report that the matrix metallopro- 
tease MMP2 induces the migration of breast 
epithelial cells by cleaving and regulating 
the function of a specific ECM component, 
Ln-5 (also known as kalinin, epiligrin, ni- 
cein, and ladsin). Ln-5 is a component of 
euithelial basement membranes, which also 

contain collagen type IV (Coll IV), lami- 
nin- 1 (Ln- 1 ), and, during tissue remodeling, 
fibronectin (Fn) ( 3 ) .  Cells adhere to  or , ~, 

migrate on  these ECM substrates by means 
of integrin receptors. For example, Ln-5 
interaction with integrins is essential for 
the adhesion of e~ i the l ia l  cells to basement 
membranes (4) a i d  promotes migration (5). 

T o  test whether the effect of these base- 
ment membrane components on  cell migra- 
tion is protease-dependent, we studied their 
interaction with MMP2 (gelatinase A ,  72- 
kD type IV collagenase), a protease that is 
concentrated along basement membranes at  
sites of tissue remodeling (1) and at  the 
leading edge of invading tumors (1 , 2, 6). 
In a transwell migration assay (7), normal 
human breast epithelial cells (HUMEC) or 
the nontumorigenic breast cell line MCFlO 
(8) adhered to the top side of the filter 
without crossing to the other side (Fig. l A ) ,  
which was coated with one or more purified 
ECM components (Coll IV, Ln-1, Fn, or 
Ln-5). Addition of MMP2 to the cells 
caused a dose-dependent induction of mi- 
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lB), or when Ln-5-coated filters were treat- This result indicated that the promigratory 
ed with MMPZ before cell addition (9), effect of Ln-5 depends on interaction with 
both HUMEC and MCFlO cells migrated. MMPZ. 

801 A D a3 Fig. 1. Induction of cell 
m~gration by MMP2 

$ 40 P cleavage of the Ln-5 y2 

6 201 . 
subunit at residue 587. t 1? Z 60'd 0 0.010.1 1 10 " (A) recombinant Addition of MMP2 activated (21) 

- to the assay medium (22) 
c .- M M P ~  induces migration of HU- 5 80 B c cleavage MEC and MCFl 0 (9) cells 

I = 40 '01 + /F  

site 
on Ln-5 filters (O), but coated not with with Coll 

$ 2 0  IV (0). Ln-1 (O), or Fn (A). 
(B) Statistically significant 

0 ,  . . . 
0.1 1 10 100 migration (P < 0.003) oc- 

rMMP21 (nM) curs on filters coated with 
Ln-5 pretreated in solu- 
tion with 2 1  nM MMP2 

C 
r~ 10 (0). Solid symbols in (A) 

MMP2 o d ro 2 nM and (B) indicate controls with no MMP2. (C) Purified Ln-5 was treated 
&i with MMP2 at the indicated concentrations, electrophoresed by 6% 

- 250 SDS-PAGE under nonreducing (upper panel) or reducing (lower panel) 
conditions (23), and then analyzed by immunoblotting with an antiser- 
um (06688) that reacts with all three Ln-5 subunits (12). Under nonre- 
ducing conditions, association of the three Ln-5 subunits is preserved, 

y2'-:+ - , - 98 and Ln-5 heterotrimers resoive as a doublet. Reactivity with antisera 
specific for domain IV of y2 indicated (9) that in the upper band of the 

p x - .  doublet, a3 and P3 are associated with 72, whereas ~n the lower band 
-64 they are associated with y2', a smaller proteolytic derivative of y2 

lacking 413 NH,-terminal residues (24). MMP2 treatment causes a 
dose-dependent decrease in the molecular mass of Ln-5 (-400 kD), presumably by removal of afragment 
from the heterotrimers. Under reducing conditions, the three Ln-5 subunits are dissociated. The y2 and 
72' bands disappear proportionally to MMP2 concentration, whereas a3  and P3 are unchanged, even at 
higher MMP2 concentrations (500 nM) (9). The new band at 80 kD (y2x) is a y2 (and probably y2') 
digestion product, because it reacts with a 72-specific antiserum (9). (D) Schematic representation of the 
MMP2 cleavage site on Ln-5, identified by microsequencing (23) of the y2x protein. Cysteines are not 
detected by automated microsequencing and were deduced from cDNA (23). The G domain of Ln-5 is 
indicated at the bottom. Abbreviations for amino acid residues: A, Ala; C, Cys; L, Leu; N ,  Asn; P, Pro; R, 
Arg; S, Ser; T, Thr; and Y ,  Tyr. 

Fig. 2. Specificity of the effects of c - 
MMP2 on Ln-5. (A) Ln-5 is cleaved by A 2 2 'E E B 
MMP2 but not by pro-MMP2, MMP9 ~ I I Z  2 c= 

= > > > a  ?I 
(1 7), or plasmin. Ln-5 (1 00 ng) was in- rp - - - -;q_ 50 

cubated for 2 hours at 37°C with 50 nM 
of the indicated proteases. Cleavage of $s 
y2 and appearance of y2x occurred P3 .- 20 
solely in samples digested with MMP2. y2'- -96 10 
(B) MCF-10 migration on Ln-5 is in- 
duced by the addition of human acti- -68 % = O d . b l  o:1 , ib 
vated recombinant MMP2 (0) to the [Pmteases] (nM) 

medium, but not by the addition of pro- C c 
o n 

0 0 3 "  MMP2 (01, MMP9 (A), or plasmin BB94 ro 2 g 8 nM 2 
(O).Untreated Ln-5 (W) was used as a o 

control. (C) Cleavage of the y2 subunit 
- 250 'p 50 

by MMP2 is blocked in a dose-depen- p- 
dent manner by the metalloprotease in- E ;:!* 20 
hibitor BB94. Ln-5 was incubated with p'- --I dl- 96 10 
150 nM MMP2 and the indicated con- px- - -, 
centrations of 8894. Protein immuno- 1-60 OJi i b  i i m  1600 blotting was performed with an antiser- 

kD 
[Be941 (nM) 

um to y2 raised against a fusion protein 
encompassing domain I l l  of the human 
y2 chain (25). (D) lnduction of migration by MMP2 is inhibited (0) by adding 8894 to the MMP2 
pretreatment step of Ln-5, before coating the filters (see Fig. 1 B). No inhibition (A) occurs when 8894 is 
added to the migration medium after coating the filters with MMP2-treated Ln-5. Untreated Ln-5 (B) was 
used as a control. 

To investigate the molecular basis of this 
effect, we tested whether MMP2 caused 
structural rearrangements in Ln-5, as as- 
sessed by electrophoresis. Like the other 
laminins (3), Ln-5 comprises three disul- 
fide-bonded subunits: 013, P3, and y2. 
When electrophoresis was performed under 
nonreducing conditions, the molecular 
mass of the MMPZ-treated Ln-5 heterotri- 
mers was lower than that of untreated con- 
trols by 50 to 100 kD (Fig. 1C). Electro- 
phoresis under reducing conditions revealed 
that this reduction in mass was attributable 
to the loss of part of the y2 chain (Fig. lC) ,  
which after proteolysis had a molecular 
mass of -80 kD (y2x). In contrast, the a3 
and P3 subunits remained intact (Fig. 1C). 

To  identify the MMPZ cleavage site on 
Ln-5, we isolated the 80-kD y2x fragment 
from MMPZ-treated Ln-5 and subjected it 
to microsequencing. Thirteen NH2-termi- 
nal residues were identified with the se- 
quence Leu-Thr-Ser-Cys-Pro-Ala-Cys-Tyr- 
Asn-Gln-Val-Thr, which matches the se- 
quence starting at position 587 deduced 
from a rat y2 cDNA clone (Fig. ID). The 
cleavage site immediately precedes two 
closely spaced cysteines in domain 111 of the 
y2 subunit (Cys-Pro-Ala-Cys), which are 
thought to be involved in joining the a3,  
P3, and y2 laminin subunits at the center of 
the "cross" (Fig. ID). This location indi- 
cates that the y2x fragment remains at- 
tached to the heterotrimer, whereas the 
fragment upstream of the MMPZ cleavage 
site dissociates, causing the observed reduc- 
tion in molecular mass (Fig. 1C). 

Ln-5 was not cleaved by another metal- 
loprotease, MMP9, or by plasmin (Fig. 2A); 
the latter result is remarkable because plas- 
min is a potent serine protease affecting a 
broad spectrum of ECM substrates ( I  ). Ac- 
cordingly, neither of these proteases had 
any effect on cell migration (Fig. 2B). 
Moreover, the inactive form of MMP2, pro- 
MMPZ, did not cleave Ln-5 or induce cell 
migration (Fig. 2, A and B). A metallopro- 
tease inhibitor, BB94 (1 O), blocked MMPZ- 
induced cleavage of the Ln-5 y2 subunit in 
a dose-dependent manner (Fig. 2C). Ln-5 
treated with MMPZ in the presence of the 
inhibitor did not induce migration (Fig. 
2D). In contrast, when BB94 was added to 
cells plated on Ln-5 pretreated with MMPZ, 
the cells migrated (Fig. 2D). 

We next investigated how MMPZ cleav- 
age of Ln-5 stimulates cell motility. When 
both HUMEC (2) and MCFlO cells were 
plated on cleaved Ln-5, they showed a 
change in morphology consistent with a 
migratory phenotype (Fig. 3A). Cells plated 
on cleaved Ln-5 were round, with edges 
projecting filopodia and lamellipodia, and 
had a polarized migratory appearance (Fig. 
3A, right panel, inset), whereas those plat- 
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Fig. 3. Regulation of cell motility, but not ad- 
hesion, by a site on MMP2-cleaved Ln-5 that 
is recognized by mAb MIG1. (A) Morphology 
of MCF-10 cells on intact (left) or MMP2- 
cleaved Ln-5 (right) (26). Scale bar, 30 km. Cleaved Ln-5 Cleaved Ln-5 
(B) Photograph of plastic wells coated with 
intact or MMP2-cleaved Ln-5, after MCFI 0 cell adhesion assays (27). CM6, TRl , and MlGl are mAbs 
reacting with distinct epitopes on the Ln-5 a3 subunit (72). Adhesion is about equal on intact or cleaved 
Ln-5, and is blocked by CM6 but not by TRl or MIG1. In contrast (C), migration on MMP2-cleaved Ln-5 
is blocked by MlGl (22). CM6 and TRl were used as positive and negative controls, respectively, in the 
migration assay. (D to F) HUMEC show no migration on basement membrane matrices Coll IV (0) and 
Ln-1 (E) and little migration on Fn (F). Filters were coated with Coll IV (D), Ln-1 (E), or Fn (F), and then were 
cocoated with the matrix indicated. In all cases, HUMEC migration is induced by co-coating the filters with 
MMP2-cleaved Ln-5 (22) but not with intact Ln-5. Induction is blocked by rnAb MIG1, which is antimi- 
gratory but not antiadhesive, and by mAb CM6, which is both antimigratory and antiadhesive. Control 
mAb TRl had no effect. Blotto indicates control with dry milk protein. 

ed on uncleaved Ln-5 were large, polygonal, 
and often in contact with each other (Fig. 
3A, left panel). Despite these morphologi- 
cal differences, both cell types adhered 
equally well to either MMP2-cleaved or 
uncleaved Ln-5 (Fig. 3B), and no differ- 
ences were found in cell adhesion to 
cleaved or uncleaved Ln-5 with a centrifu- 
gal detachment assay (7, 9). Antibodies to 
integrin a3p1, a Ln-5 receptor (1 I), 
blocked both HUMEC and MCFlO adhe- 
sion to Ln-5 as well as migration on cleaved 
Ln-5 (9). These data suggest that the adhe- 
sive properties of cleaved and uncleaved 
Ln-5 are similar, so that changes in cell 
migration on MMP2-cleaved Ln-5 cannot 
be explained by modified adhesion 
strength. A monoclonal antibody (mAb) to 
the cell adhesion site of Ln-5 (1 2), CM6, 
blocked adhesion to both cleaved and un- 
cleaved Ln-5 and, as expected, inhibited 
migration on cleaved Ln-5 (Fig. 3, B and 
C). Strikingly, mAb MIGl (1 2), which re- 
acts with the Ln-5 a 3  subunit in protein 
immunoblots (9), did not block adhesion to 
uncleaved or cleaved Ln-5 (Fig. 3B) but 
efficiently blocked cell migration on 
cleaved Ln-5 in a dose-dependent manner 

(Fig. 3C). 
These results indicate that the as yet 

unidentified MIGl epitope on the a 3  sub- 
unit represents a cryptic site on Ln-5 that is 
not involved in cell adhesion, yet interacts 
with cells and directlv stimulates cell mo- 
tility once it is functionally unmasked by 
MMP2 cleavaee. Altemativelv. the cleav- - , , 
age may mask a site that suppresses cell 
motility. The existence of motility-promot- 
ing cryptic sites and suppressor sites on 
laminins has been hypothesized, and evi- 
dence for such sites has been documented 
for other ECM molecules (1 3). Proteolysis 
of Ln-1 under nonphysiological conditions 
(14) exposes cell recognition sites that, un- 
like the MIGl site, are involved in adhe- 
sion. Because the MIGl site does not sup- 
port adhesion, this epitope may have a sig- 
naling rather than a mechanical role in cell 
migration, which could affect the distribu- 
tion, aggregation state, or turnover of inte- 
grins on the cell surface to generate proper 
traction for migration (1 5). 

We also used various combinations of 
basement membrane comDonents to exam- 
ine cell motility. In the transwell migration 
assay, filters coated with a mixture of 

Fig. 4. Detection of 80-kD y2 fragment (y2x) in a 
rodent tumor and in tissue undergoing remodel- 
ing. Tissue extracts electrophoresed under reduc- 
ing conditions were immunoblotted with antiser- 
um to the y2 chain (23). The fragment was detect- 
ed in a mouse skin carcinoma (Skin Ca.) and in 
mammary tissue from a pregnant (13.5 days) rat 
(P. Breast), but not in mouse tongue or in breast 
tissue from a sexually immature female rat (V. 
Breast). 

MMP2-cleaved Ln-5 and Coll IV, Ln-1, or 
Fn induced migration of both HUMEC 
(Fig. 3, D to F) and MCFlO cells (9). On 
the mixed matrices, mAb MIGl blocked 
migration, which confirmed that motility 
was ~rimarilv induced bv the cleaved Ln-5. 

Finally, to explore the physiological role 
of this cleavage mechanism, we looked for 
Ln-5 heterotrimers containing the MMP2- 
cleaved y2x fragment in different rodent 
tissues. Protein immunoblots developed 
with a 72-specific antibody revealed that 
y2x is present in tissues undergoing remod- 
eling, including mammary tissue from a 
pregnant rat (day 13.5) and mouse carcino- 
ma (Fig. 4). In contrast, y2x was not de- 
tectable in control auiescent tissues. such as 
tongue and mammary tissue from a sexually 
immature female rat (Fig. 4). 

Our results demonstrate that Ln-5 is a 
primary target of MMP2 enzymatic cleavage 
and is critical for cell migration during tis- 
sue remodeling and tumor invasion. In ad- 
dition, they indicate that MMP2, whose 
functional importance was thought to be 
limited to the physical destruction of ECM 
barriers (1 ), provides a signaling mechanism 
for cells to begin migration. MMP2 is ex- 
pressed in stromal cells surrounding tumor 
buds (1 ), and Ln-5 is expressed in breast 
and colon cancer cells at their invasive edge 
(6). These findings and our results highlight 
the potential importance of these two mol- 
ecules in the development and spread of 
cancer. Future treatments designed to block 
MMP2 cleavage of Ln-5 may provide new 
tools to combat cancer cell invasion. 
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Niemann-Pick type C (NP-C) disease, a fatal neurovisceral disorder, is characterized 
by lysosomal accumulation of low density lipoprotein (LDL)-derived cholesterol. By 
positional cloning methods, a gene (NPC1) with insertion, deletion, and missense 
mutations has been identified in NP-C patients. Transfection of NP-C fibroblasts with 
wild-type NPC1 cDNA resulted in correction of their excessive lysosomal storage of LDL 
cholesterol, thereby defining the critical role of NPC1 in regulation of intracellular cho­
lesterol trafficking. The 1278-amino acid NPC1 protein has sequence similarity to the 
morphogen receptor PATCHED and the putative sterol-sensing regions of SREBP cleav­
age-activating protein (SCAP) and 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) 
reductase. 

(jrenetic disorders have helped to define 
critical steps of cellular metabolism. For 
example, elucidation of the biochemical 
and genetic defects underlying familial hy­
percholesterolemia (FH) laid the corner­
stone for the discovery of the LDL-receptor 
pathway of cellular cholesterol metabolism 
(1). Similarly, the role of lysosomes and 
cholesteryl ester (CE) hydrolase in the pro­
cessing of the CE core of LDL was revealed 
by Wolman's syndrome, a lysosomal CE 
storage disease (2). 

Niemann-Pick type C (NP-C) disease 
is an inherited lipid storage disorder that 
affects the viscera and central nervous 
system (3). It occurs at low frequency 
(affecting one in 106 individuals) and is 
inherited in an autosomal recessive man­
ner. Both linkage and complementation 
analyses have shown that at least two 
separate genes, NPC1 (major locus) and 
NPC2, induce identical clinical and bio­
chemical phenotypes (4)- Cells from 
NP-C patients are defective in the release 
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