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Many growth factors and cytokines are immobilized on the
extracellular matrix (ECM) by binding to glycosaminoglycans and
are stored in an inactive form in the cellular microenvironment.
However, the mechanisms of ECM-bound growth factor or cytokine
activation have not been well documented. We showed that the
insulin-like growth factor type-1 receptor (IGF-1R) was rapidly
phosphorylated after the addition of matrix metalloproteinase
(MMP)-7 to a serum-starved human colon cancer cell line (HT29)
and that phosphorylation was completely inhibited by an IGF-II
neutralizing antibody. In the ECM of this cell line, IGF-II and IGF
binding protein (BP)-2 coexisted, but IGFBP-2 disappeared from the
ECM fraction after treatment with MMP-7 or heparinase III. On the
other hand, in a cell line in which IGF-1R was overexpressed, IGF-1R
was phosphorylated by supernatant from the MMP-7-treated ECM
fraction of HT29 but not by that from a heparinase-III-treated ECM
fraction. We also demonstrated that MMP-7 degrades IGFBP-2
in vitro at three cleavage sites (peptide bonds E151–L152, G175–L176

and K181–L182), which have not been documented previously. Taken
together, these results demonstrate that MMP-7 generates bioactive
IGF-II by degrading the IGF-II/IGFBP-2 complex binding to heparan
sulfate proteoglycan in the ECM, resulting in IGF-II-induced signal
transduction. This evidence indicates that some ECM-associated growth
factors enhance their ability to bind to their receptors by some
proteases in the tumor microenvironment. This mechanism of action
(‘protease-triggered matricrine’) represents an attractive model for
understanding ECM–tumor interactions. (Cancer Sci 2007; 98: 685–691)

T he potential roles of insulin-like growth factors (IGFs) in
cancer growth and survival have been extensively

investigated.(1–4) IGFs are expressed ubiquitously and function as
endocrine, paracrine and autocrine growth factors. In most tissues,
they are synthesized together with six binding proteins (IGFBP-
1 to IGFBP-6). Limited proteolysis of IGFBPs is essential for
regulation of IGF bioavailability in the bloodstream and at
cellular level.(5,6) IGFBP-2, -3 and -5 can also associate with the
extracellular matrix (ECM),(7) and may concentrate IGF near the
IGF type-1 receptor (IGF-1R). In the case of IGFBP-5, binding
to the ECM decreases IGFBP affinity for IGF and potentiates
IGF action.(8) The consequence for cell function of binding of
IGFBP-2 to the ECM is unknown. In the only report about
membrane-associated IGFBP-2, it was shown that IGFs bind to
high levels of membrane-associated IGFBP-2 in small-cell lung
carcinoma, which does not respond to IGFs even though
IGF-1R is present.(9) This suggests that membrane-associated
IGFBP-2 may compete with IGF-1R for ligand and regulate IGF
responsiveness in lung carcinoma tissue. How cancer cells use

the membrane- or ECM-bound IGF/IGFBP complex as an active
growth factor is still unclear. Remacle-Bonnet et al. presented a
model in which membrane-bound plasmin generated by plasminogen
and uPA derived from stromal cells induces selective proteolysis
of IGFBP-4 in the ECM and promotes autocrine IGF-II bioavai-
lability in human colon cancer cells.(10) Manes et al. reported that
metalloproteinase (MMP)-9 derived from cancer cells triggered
an IGF-I autocrine response by degrading the membrane-bound
IGF-I/IGFBP-3 complex in human androgen-independent prostate
cancer cells.(11)

Unlike matrix MMPs synthesized by stromal cells, MMP-7 is
produced exclusively by cancer cells and participates directly in
the process of invasion and metastasis through broad proteolytic
activity against a variety of ECM substrates.(12–15) In addition to
this common role of MMPs, MMP-7 has been reported to act as
an activator of growth factors and cytokines by degrading their
precursors or inhibitors.(16–20) Our recent in vitro data demon-
strated that MMP-7 possesses pan-IGFBP protease activity,(21)

but the biological implications of proteolysis by MMP-7 have
not been characterized fully for each IGFBP. In the present
study, we first demonstrated that MMP-7 derived from cancer
cells triggered an autocrine response of IGF-II by degrading the
ECM-bound IGF-II/IGFBP-2 complex. Some ECM-associated
growth factors can enhance their ability to bind to their receptors,
which is called ‘matricrine’ action.(22) Recently, Helmers et al.
have reported a similar possibility that MMP7 can release IGF-
II from ECM through the IGFBP-5 cleavage.(23) These findings
suggest that MMP-7 contributes to tumor growth and survival
by regulating the bioavailability of IGF in the surrounding tissue
in a paracrine and a matricrine manner.

Materials and Methods

Proteins and reagents. Recombinant human IGF-II and
recombinant human IGFBPs (IGFBP-1 to IGFBP-6) were
obtained from R & D Systems (Minneapolis, MN, USA). Recom-
binant human active MMP-7 was obtained from Chemicon
International (Temecula, CA, USA). Tissue inhibitor of matrix
metalloproteinase-1 (TIMP-1) was obtained from Daiichi Fine
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Chemical (Toyama, Japan). The commercially available antibodies
used in this study were anti IGFBP-1 mouse monoclonal antibody
(Ab) (R & D Systems), anti IGFBP-2 goat polyclonal Ab (C-18,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti IGFBP-
3 goat polyclonal Ab (C-19, Santa Cruz Biotechnology), anti
IGFBP-4 mouse monoclonal Ab (R & D Systems) anti IGFBP-
5 goat polyclonal antibody (R & D Systems), anti IGFBP-6 goat
polyclonal Ab (C-20, Santa Cruz Biotechnology), anti-IGF-1R
rabbit polyclonal Ab (C-20, Santa Cruz Biotechnology),
antiphospho-IGF-1R rabbit polyclonal Ab (44–804, BioSource
International, Camarillo, CA, USA), anti-Akt rabbit monoclonal
Ab (Cell Signaling Technology, Beverly, MA, USA), antiphospho-
Akt rabbit monoclonal Ab (Cell Signaling Technology) and pero-
xidase labeled antimouse/rabbit/goat Abs (Zymed Laboratories,
San Francisco, CA, USA). KM1468 (antihuman-IGF-II rat
monoclonal Ab) and KM1762 (antiavermectin rat monoclonal
Ab as a control for IGF) were developed at Kyowa Hakko Kogyo
(Tokyo, Japan).(24,25) Protease-inhibitor cocktail tablets (Complete)
were purchased from Roche Diagnostic (Mannheim, Germany).
Heparinase III was purchased from Sigma (St Louis, MO,
USA). Agarose and trichloroacetic acid were purchased from
Wako (Osaka, Japan). Silver-staining kit was purchased from
Daiichi Pure Chemicals (Tokyo, Japan).

Cell culture. HT29 cells (ATCC HTB-38, American Type
Culture Collection, Manassas, VA, USA) and SW1116 cells
(ATCC CCL-233) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium (Sigma) supplemented with 10%
fetal bovine serum (FBS) in humidified incubators at 37°C in
5% CO2. Anchorage-independent culture was carried out in
0.9% soft-agar coated dishes. Tissue-culture plastic ware was
obtained from Corning Glass Works (Corning, NY, USA).

Western blotting. Cell lysates were prepared as described
previously.(8) Lysis buffer consisted of 20 mM Tris-HCl (pH 7.6),
150 mM NaCl, 1 mM MgCl2, 1% Nonidet P-40, 10% glycerol, 8 µL
complete protease-inhibitor cocktail (1 tablet per ml H2O),
1 mM sodium orthovanadate and 10 mM NaF. Equal volumes of
lysate were separated by sodium dodecylsulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and immunoblotted onto a
polyvinylidene difluoride membrane (Millipore, Bedford, MA,
USA). Nonspecific binding was blocked by incubation for 1 h at
room temperature with phosphate-buffered saline (PBS) (pH 7.4)
containing 5% non-fat dry milk, 1% bovine serum albumin
(BSA) and 0.1% Tween 20. Analysis was carried out using the
indicated antibodies (first antibodies, 4°C overnight; peroxidase-

labeled second antibodies, room temperature for 1 h). Bands
were visualized with enhanced chemiluminescence (ECL)
(Amersham Biosciences, Piscataway, NJ, USA) or ECL-plus
(Roche Diagnostic, Indianapolis, IN, USA) chemiluminescent
reagents.

Preparation of protein samples in the conditioned medium.
Ten micrograms of protein from conditioned medium after 24 h
serum starvation was precipitated by the addition of trichloroacetic
acid to a 10% final concentration, incubation of the samples at
4°C for 1 h and centrifugation for 14 000 g for 30 min. Pellets
were washed three times with 50% ether and 50% ethanol and
redissolved in Laemmli sample buffer.

Preparation of protein samples from extracellular matrix. When
the cultures reached confluency, the medium was aspirated and
each dish was rinsed twice with ice-cold PBS. Cells were
incubated for 30 min at 37°C in 1 mL 10 mM EDTA and
harvested from the dishes by thorough pipetting. This procedure
was repeated until all cells had been removed. The fraction that
remained on the dish was used as the ECM (Fig. 1a). Dishes
were washed twice with ice-cold PBS, and ECM proteins were
extracted with Laemmli sample buffer. To release the IGF-II/
IGFBP-2 complex from the ECM, the ECM fraction was
incubated with MMP-7 (200 ng/mL) or Heparinase III (0.2 U/mL)
at 37°C in fresh serum-free medium for 30 min. When these
supernatants were used as ligands for IGF-1R, they were prein-
cubated with TIMP-1 at 37°C for 30 min to neutralize residual
MMP-7 activity (Fig. 2a).

Enzyme cleavage assays and determination of cleavage sites. A
total of 500 ng recombinant human IGFBP-2 was cleaved by
exposure to 14 ng of active MMP-7 (MMP-7: IGFBP-2 molar
ratio, 1:20) in a cleavage buffer (150 mM NaCl; 10 mM
HEPES, pH 7.4; 5 mM CaCl2) in a final volume of 20 µL at
37°C for periods that varied from 5 min to 18 h. Reactions were
terminated by the addition of sample buffer containing the
reducing agent, 2-mercaptoethanol. The reaction solution
was boiled and then resolved by SDS-PAGE using a 10–20%
gradient gel (Bio-Rad, Hercules, CA, USA). The proteolytic
fragment patterns were evaluated using a silver-staining kit
(Daiichi Pure Chemicals, Tokyo, Japan). One-hundred ng of
IGFBP-2 protein was applied to each lane. To determine the
cleavage site, the proteolytic fragments (a mixture of samples
obtained at 8 h, 12 h and 18 h) were separated by 15% SDS-PAGE
followed by blotting on a ProBlott membrane (Applied Bios-
ystems, Foster City, CA, USA). Proteins were visualized by

Fig. 1. Expression of insulin-like growth factor (IGF)-II and insulin-like growth factor binding proteins (IGFBPs) in HT29 cells. Ten micrograms of
trichloroacetic acid-precipitable protein from conditioned medium of HT29 cells were fractionated on a 15% sodium dodecylsulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and analyzed by Western blotting for the expression levels of IGF-II and all IGFBPs (IGFBP-1 to IGFBP-6). Arrow of
each left lane indicates positive control (100 ng of recombinant protein, respectively).
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staining with the SYPRO Ruby protein blot stain (Molecular
Probes, Eugene, OR, USA) according to the manufacturer’s
protocol. Amino acid sequences were determined by automated
Edman degradation with a Procise cLC protein sequencer
(Applied Biosystems).

In vitro assay of IGF-1R phosphorylation after degradation of the
IGF-II/IGFBP-2 complex by MMP-7. Subconfluent HT29 cells were
cultured and switched to 3 mL serum-free medium. IGF-II
(15 ng) plus IGFBP-2 (540 ng) was preincubated in vitro for
30 min at 37°C (IGF-II/IGFBP-2 complex). The IGF-II/IGFBP-2/
MMP-7 mixture was made by exposing the IGF-II/IGFBP-2
complex to 600 ng of MMP-7 (MMP-7: IGFBP-2 molar ratio,
2:1) in a cleavage buffer in a final volume of 20 µL for 30 min
at 37°C. IGF-II (10 ng/mL), IGFBP-2 (180 ng/mL), MMP-7
(200 ng/mL), IGF-II/IGFBP-2 complex and the IGF-II/IGFBP-
2/MMP-7 mixture were added to serum-free medium for
30 min at 37°C. Ten-microgram aliquots of cell lysates were
fractionated by 7.5% SDS-PAGE under reducing conditions.
The phospho-IGF-1R and total-IGF-1R protein levels were
estimated using antiphospho-IGF-1R or anti-IGF-1R polyclonal
antibody (both × 500).

Results

Phosphorylation of IGF-1R by MMP-7 is inhibited by IGF-II neutralizing
antibody. We confirmed that HT29 cells did not express IGF-I
mRNA (data not shown) and that they secreted IGF-II, IGFBP-
2 and IGFBP-6 proteins into the conditioned medium (Fig. 3).
The IGF-1R was rapidly phosphorylated by MMP-7; the level
of phosphorylation was sustained for at least 3 h (Fig. 1, lane 3
to lane 6) and inhibited by TIMP-1 (Fig. 1, lane 7) and KM1468
(human-IGF-II neutralizing antibody, Fig. 1, lane 8). A similar
phosphoprotein banding pattern was obtained for Akt. These
results demonstrate that MMP-7 triggers autocrine IGF-II-
induced signal transduction.

Metalloproteinase-7 acts as a trigger for the matricrine action of
IGF-II. The supernatant from the MMP-7-treated ECM fraction
phosphorylated the IGF-1R and Akt (Fig. 2b, lane 4). This
signal transduction was completely inhibited by KM1468
(Fig. 2b, lane 5). To establish that the IGF-II was derived from
the cancer cells and not from the FBS, SW1116 cells were used
as a source of ECM. This cell line does not express IGF-I or
IGF-II mRNA. As expected, no IGF-1R phosphorylation was

observed when ECM derived from SW1116 cells was used
(Fig. 2b, lane 8). These results demonstrate that MMP-7 activates
cancer-producing IGF-II in the ECM. Interestingly, MMP-7
only induced phosphorylation of IGF-1R in anchorage-dependent
culture (Fig. 2b, lane 2), not in anchorage-independent culture
(Fig. 2b, lane 6).

Metalloproteinase-7 releases IGF-II/IGFBP-2 complex binding to
heparan sulfate proteoglycan in the ECM and generates bioactive
IGF-II. We speculated that IGF-II formed a complex with one of
the IGFBPs in the ECM and confirmed that IGF-II and IGFBP-
2 coexisted in the ECM fraction (data not shown). The concentr-
ation of IGFBP-2 in the ECM fraction was rapidly decreased by
MMP-7, and gradually decreased by heparinase III (Fig. 4a).
Phosphorylation of IGF-1R was induced by supernatant from
MMP-7-treated ECM (Fig. 4b, lane 2), but not by supernatant
from heparinase-III-treated ECM (Fig. 4b, lane 3). In other
words, MMP-7 released IGF-II/IGFBP-2 complex from ECM
and activated IGF-II; Heparinase III released IGF-II/IGFBP-2
complex but did not activate IGF-II. These results suggest that
MMP-7 releases the IGF-II/IGFBP-2 complex from binding to
heparan sulfate proteoglycan in the ECM, generating bioactive
IGF-II.

Metalloproteinase-7 degrades IGFBP-2 at three novel cleavage
sites. To characterize the proteolytic cleavage of IGFBP-2 by
MMP-7, we carried out a cleavage assay with recombinant
human IGFBP-2 and analyzed the products using silver staining
(Fig. 5). MMP-7 degraded IGFBP-2 into five distinct fragments
with apparent molecular masses of 18.3 kDa (Fragment A),
16.6 kDa (Fragment B), 14.7 kDa (Fragment C), 13.9 kDa
(Fragment D) and 11.5 kDa (Fragment E). To identify the
cleavage site of MMP-7, the IGFBP-2 proteolysis fragments
were N-terminal sequenced directly from bands electrotransferred
to nylon membranes. The N-terminal sequences of each of the
fragments are shown in Table 1. Western blotting showed that
all but Fragment A contained the carboxy-terminal of IGFBP-2
(data not shown). The amino acid sequence of IGFBP-2 and
cleavage sites for MMP-7 are shown in Fig. 6.

Co-incubation of the IGF-II/IGFBP-2 complex with MMP-7 Restored
IGF-II-induced IGF-1R phosphorylation in vitro. The consequence of
IGFBP-2 proteolysis by MMP-7 for IGF-induced signal
transduction was analyzed in vitro. Fig. 7 shows that IGF-II
markedly phosphorylated the IGF-1R (lane 2), but that IGFBP-
2 had no effect on IGF-1R phosphorylation (lane 3). MMP-7

Fig. 2. Matrix metalloproteinase (MMP)-7 induced insulin-like growth factor (IGF)-II autocrine response. The IGF type1 receptor (IGF-1R)/Akt
signaling pathway was rapidly activated and sustained for at least 180 min by exogenous active MMP-7 in HT29 cells. This IGF-1R phosphorylation
was inhibited by TIMP-1(lane7) and IGF-II neutralizing antibody (KM1468, lane8). Cell lysates from HT29 cells (10 µg of protein per lane) were
separated by 7.5% (IGF-1R) and 10% (Akt) sodium dodecylsulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The blotted proteins were
detected by Western blotting. Bands of phosphorylated IGF-1R (1st antibody, ×500; 2nd antibody, ×6000) were visualized with enhanced
chemiluminescence (ECL)-plus chemiluminescent reagent. Bands of total IGF-1R/phosphorylated-Akt/total-Akt (1st antibody, ×500, ×1000, ×1000;
2nd antibody, ×3000) were visualized with ECL reagent. p-, phosphorylated; t-, total.
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Fig. 3. Matrix metalloproteinase (MMP)-7 acts as
a trigger for the matricrine action of insulin-like
growth factor (IGF)-II. (a) The supernatant fraction
of extracellular matrix (ECM) from HT29 cells after
MMP-7 treatment (200 ng/mL at 37°C for 30 min)
was used to determine whether MMP-7 activates
IGF-II in the ECM. After residual MMP-7 activity was
neutralized by addition of TIMP-1, the supernatant
fraction was added to serum-starved HT29 cells.
(b) Cell lysates from HT29 cells (10 µg of protein
per lane) were separated by 7.5% (IGF-1R) and
10% (Akt) sodium dodecylsulfate–polyacrylamide
gel electrophoresis (SDS-PAGE). The blotted proteins
were detected by Western blotting. Bands of
phosphorylated IGF-1R (1st antibody, ×500; 2nd
antibody, ×6000) were visualized with enhanced
chemiluminescence (ECL)-plus chemiluminescent
reagent. Bands of total IGF-1R/phosphorylated-
Akt/total-Akt (1st antibody, ×500, ×1000, ×1000;
2nd antibody, ×3000) were visualized with ECL
chemiluminescent reagent. p-, phosphorylated; t-,
total; sup, supernatant; SW, SW1116 cells.

Fig. 4. Matrix metalloproteinase (MMP)-7 decreased binding of the insulin-like growth factor (IGF)-II/insulin-like growth factor binding protein
(IGFBP)-2 complex to heparan sulfate proteoglycan in the extracellular matrix (ECM) and released bioactive IGF-II. (a) MMP-7 (200 ng/mL) and
heparinase III (0.2 U/mL) released IGFBP-2 from the ECM. ECM protein derived from one 6-cm dish was used in each lane. Samples were separated
by 15% sodium dodecylsulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western blotting. Bands of IGFBP-2 (1st antibody,
×500; 2nd antibody, ×3000) were visualized with enhanced chemiluminescence (ECL) reagent. (b) Supernatant from MMP-7-treated (200 ng/mL at
37°C for 30 min) ECM induced phosphorylation of IGF type-1 receptor (IGF-1R), but supernatant from heparinase-III-treated (0.2 U/mL at 37°C for
3 h) ECM did not. 3T3-IGF-1R cells were used in the assay. Cell lysates from HT29 cells (10 µg of protein per lane) were separated by 7.5% SDS-
PAGE and analyzed by Western blotting. Bands of phosphorylated IGF-1R (1st antibody, ×500; 2nd antibody, ×6000) were visualized with ECL-plus
chemiluminescent reagent. Bands of total IGF-1R (1st antibody, ×500; 2nd antibody, ×3000) were visualized with ECL chemiluminescent reagent.
p-, phosphorylated; sup, supernatant; t-, total.
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alone had a slight stimulatory effect on IGF-1R (lane 4). Fig. 7
also shows that IGFBP-2 completely inhibited IGF-II stimulation
to the baseline level (lane 5). However, adding MMP-7 to IGF-
II and IGFBP-2 completely restored the stimulatory effect on
the IGF-1R (lane 6).

Discussion

The evidence suggests that MMPs contribute to tumor growth
and survival by regulating access to growth factors in the ECM

surrounding the tumor through a proteolytic cascade.(26–28) Until
now, there were no reports about the protease-induced activation
of IGF associated with ECM. In the present study, we first
demonstrated that MMP-7 facilitates ECM-bound IGF-II
bioavailability by degrading the IGF-II/IGFBP-2 complex. We
propose that this mechanism be designated ‘protease-triggered
matricrine’ action. Secretion of IGFBP-2 and IGFBP-6 into the
conditioned medium in which the HT29 cells were incubated
was confirmed (Fig. 3). We focused our attention on IGFBP-2
for two reasons: (i) Although MMP-7 degrades all six IGFBPs
in vitro, IGFBP-2 is more susceptible to MMP-7 than IGFBP-
6;(21) and (ii) the level of mRNA expression in HT29 cells is
greater for IGFBP-2 than for IGFBP-6 (data not shown).

IGFBP-3 and IGFBP-5 interact with the ECM through their
putative long heparan binding domains (HBD) of the form B-B-
B-X-X-B (where B is a basic residue) in the conserved carboxy-
terminal domain (K220KKQCR225 in IGFBP-3, K206RKQCK210 in
IGFBP-5).(7,29) Likewise, it has been shown that non-glycosylated
IGFBP-6 can bind to heparan sulfate proteoglycan (HSPG)
through a consensus long HBD at residues R173KRQCR178 in the
conserved carboxyl-terminal domain.(7,30) Therefore, IGF-II may
be stored in the ECM of HT29 cells in the form of the IGF-II/
IGFBP-6 complex. On the other hand, IGFBP-2 is predicted to
associate with the ECM through the central domain, a consensus
short HBD of the form B-B-X-B (K180 K L R183).(7,29,31,32)

Interestingly, IGFBP-2 binding to ECM was markedly enhanced
in the presence of IGFs (especially IGF-II), possibly because of
a conformational change of IGFBP-2.(33–35) Moreover, Yu et al.
reported that HSPG was the extracellular docking molecule for
pro-MMP-7 and that it potentiated the enzymatic activity of
pro-MMP-7.(36) In other words, the inactive form of the growth
factor (the IGF-II/IGFBP-2 complex) and the latent form of the
growth factor activator (pro-MMP-7) coexisted in the ECM

Table 1. Cleavage sites in insulin-like growth factor binding protein
(IGFBP)-2 produced by matrix metalloproteinase (MMP)-7. Cleavage
sites in IGFBP-2 produced by MMP-7 were determined by N-terminal
sequence analysis as described in Materials and Methods. The N-
terminal sequence of each fragment is shown with its apparent
molecular weight. Each fragment was analyzed for the presence of the
carboxy-terminal of IGFBP-2 by Western blotting with the anticarboxy-
terminal peptides of IGFBP-2 monoclonal antibody (1st antibody, ××××500;
2nd antibody, ××××3000)

Molecular 
weight (apparent)

NH2-terminal 
sequence

†COOH-
terminal

‡Frag. A 18.3 kDa E1VLFRXPP –
‡Frag. B 16.6 kDa L152AVFREKVTE +
‡Frag. C 14.7 kDa L176EEPKKLRPP +
‡Frag. D 13.9 kDa L182RPPPARTP +
‡Frag. E 11.5 kDa ND +

†COOH-terminal, presence (+) or absence (–) of 000H terminal of 
IGFBP-2; ‡the letters correspond to the cleavage products represented 
in Fig. 5. ND, not determined.

Fig. 6. Amino acid sequence of human insulin-
like growth factor binding protein (IGFBP)-2.
Arrowheads indicate the cleavage sites for MMP-7.
The underlined sequence is located in the short
heparin-binding domain.

Fig. 5. Identification of matrix metalloproteinase
(MMP)-7 cleavage fragments using recombinant
insulin-like growth factor binding protein (IGFBP)-
2. Time-course analysis was carried out. Recombinant
IGFBP-2 (500 ng) was incubated with active MMP-
7 (14 ng) in a final volume of 20 µL as described
under ‘Materials and Methods’. The reaction
products were separated by 20% to 10% gradient
sodium dodecylsulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE). The proteolytic fragment
patterns were evaluated with a silver-staining
kit according to the manufacture’s protocol.
100 ng of IGFBP-2 protein was used in each lane.
Frag., fragment.
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because of HSPG. This extracellular molecular system is similar
to that described in an earlier report in which CD44 anchors
the assembly of MMP-7 with the heparin-binding epidermal
growth factor (HB-EGF) precursor and ErbB4.(18) In some cell
lines, once MMP-7 is activated, the IGF and EGF signaling
pathway are simultaneously switched on in a matricrine manner.
These mechanisms are very advantageous for the survival of
tumors in a tissue microenvironment that is on the verge of
growth-factor starvation. A hypothetical representation of the
interaction between HSPG-bound pro-MMP-7, the IGF-II/
IGFBP-2 complex and the IGF-1R-mediated signaling pathway
is shown in Fig. 8.

The expression of IGFBP genes and the secretion of IGFBPs
have been shown to be common properties of tumor cells. In
particular, IGFBP-2 is overexpressed not only in many tumor
cell lines(37) but also in many human malignancies. Interestingly,
this often correlates with an increasingly malignant tumor sta-
tus,(38) although it is generally thought to inhibit IGF (especially
IGF-II) action.(7) This discrepancy may be resolved by the con-
cept that IGFBP-2-producing tumors secrete IGFBP-2 protease
in the presence of IGF-II. In fact, expression of IGF-II and
IGFBP-2 in colon cancer tissues was greater than that of normal
controls.(39,40) Our results may partially explain the mechanisms
by which IGFBP-2 affects tumor growth and progression.

Proteolyzed IGFBP-2 has been detected in serum,(41) milk(42)

and cerebrospinal fluid,(43) but little attention has been paid to
the implications of IGFBP-2 proteolysis in pathological states

such as cancer. Michell et al. reported that proteolysis of
IGFBP-2 occurred specifically in colon cancer tissue and did not
occur in normal colonic mucosa,(44) which is concordant with
the fact that MMP-7 is exclusively synthesized by cancer cells.
Cleavage by MMP-7 shows a preference for hydrophobic resi-
dues such as Leu and Ile in the P1′ position.(45) The three cleav-
age sites (E151–L152, G175–L176 and K181–L182) of IGFBP-2 that we
identified are consistent with this preference, as in the case of
IGFBP-3.(8) To date, only three proteases, plasmin,(46) cathepsin
D(47) and MMP-1,(48,49) have been reported to act as IGFBP-2
proteases. A few reports are available on the cleavage site of
IGFBP-2(42,50) but the three cleavage sites reported in this
paper have not been described before. It is reasonable that one
cleavage site (K181–L182) was located in the short HBD of
IGFBP-2.

In conclusion, MMP-7 degrades IGFBP-2 in the ECM and
facilitates IGF-II bioavailability in the tissue microenvironment.
The term, ‘protease-triggered matricrine’ may constitute a suit-
able description for this mechanism of action. Our findings
emphasize the importance of the ECM as a reservoir of cancer-
producing IGF-II/IGFBP-2 complexes.
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Fig. 7. Recovery of insulin-like growth factor (IGF)-II mediated phosphorylation of IGF type1 receptor (IGF-1R) through Insulin-like growth factor
binding protein (IGFBP)-2 degradation by matrix metalloproteinase (MMP)-7. Cell lysates from HT29 cells (10 µg of protein per lane) exposed to
IGF system component molecules (IGF-II/IGFBP-2/MMP-7, preincubation conditions; see ‘Materials and Methods’) were separated by 7.5% sodium
dodecylsulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western blotting. Bands of phosphorylated IGF-1R (1st antibody,
×500; 2nd antibody, ×6000) were visualized with enhanced chemiluminescence (ECL)-plus chemiluminescent reagent. Bands of total IGF-1R
(1st antibody, ×500; 2nd antibody, ×3000) were visualized with ECL chemiluminescent reagent. p-, phosphorylated; t-, total.

Fig. 8. Matrix metalloproteinase (MMP)-7 triggers
the matricrine action of insulin-like growth factor
(IGF)-II via proteinase activity on insulin-like
growth factor binding protein (IGFBP)-2 in the
ECM. MMP-7, IGF-II, IGFBP-2 and heparan sulfate
proteoglycan (HSPG) were produced by cancer
cells (HT29 cells). HSPG anchors the IGF-II/IGFBP-2
complex to the ECM through the heparin-binding
domain of IGFBP-2. MMP-7, once activated,
degrades the IGF-II/IGFBP-2 complex and releases
bioactive IGF-II followed by IGF-II-induced signal
transduction. HBD, heparin-binding domain; p-,
phosphorylated.
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