
Matrix Metalloproteinase 9 (MMP-9)-dependent Processing
of �ig-h3 Protein Regulates Cell Migration, Invasion, and
Adhesion*

Received for publication, March 1, 2012, and in revised form, September 21, 2012 Published, JBC Papers in Press, September 27, 2012, DOI 10.1074/jbc.M112.357863

Yeon Hyang Kim‡1, Hyung-Joo Kwon§, and Doo-Sik Kim‡2

From the ‡Department of Biochemistry, College of Life Science and Biotechnology, Yonsei University, Seoul 120-749 and the
§Department of Microbiology, College of Medicine, Hallym University, Gangwon-do, 200-702, Korea

Background: Cell migration is involved in altering the cell and matrix interface on the cell surface.
Results: �ig-h3 is cleaved by MMP-9, and its cleavage results in changes in its binding properties, cell adhesion, cell migration,
FAK/Src signals, and chemoattractant effects.
Conclusion:MMP-9-cleaved �ig-h3 modulates tumor cell and macrophage migration.
Significance: The MMP-9-mediated �ig-h3 processing mechanism is crucial for understanding cell migration.

Cellmigration is critically involved in inflammation, cancer, and
development. In this study, transforminggrowth factor-�-induced
protein (�ig-h3)was identified as a substrateofmatrixmetallopro-
teinase-9 (MMP-9) by site-directed mutagenesis. �ig-h3 has two
cleavage sites with the consensus sequence Pro-Xaa-Xaa-Hy-(Ser/
Thr) (Hy is ahydrophobic aminoacid) (PGSFTbeginningat amino
acid 135 and PPMGTbeginning at amino acid 501). Using recom-
binant human �ig-h3 and MMP-9, �ig-h3 from �ig-h3-trans-
fected HEK293F cells, and MMP-9 from MMP-9-transfected
HEK293F cells, human macrophages, and neutrophils, we found
that MMP-9 proteolytically cleaves �ig-h3. Cleavage leads to the
loss of its adhesive property and its release from extracellular
matrix proteins, collagen IV, and fibronectin. Spheroids formedby
increased cell-cell interactions were observed in �ig-h3-trans-
fected HEK293F cells but not in vehicle-transfected HEK293F
cells. In human gliomaU87MG cells, MMP-9 constitutive overex-
pression resulted in endogenous �ig-h3 cleavage. �ig-h3 cleavage
by MMP-9 led to increased cell invasion, and �ig-h3 knockdown
also resulted in increased cell invasion. The �ig-h3 fragment
cleavedbyMMP-9couldbind to the surfaceofmacrophages, and it
may play a role as a peptide chemoattractant by inducing macro-
phage migration via focal adhesion kinase/Src-mediated signal
activation. Thus, intact �ig-h3 is responsible for cell migration
inhibition, cell-cell contact, and cell-extracellular matrix interac-
tion. Experimental evidence indicates thatMMP-9-cleaved�ig-h3
plays a role in MMP-9-mediated tumor cell and macrophage
migration.

The extracellular matrix (ECM)3 is composed of various
macromolecules such as collagen, laminin, vitronectin,

secreted protein acidic and rich in cysteine (SPARC), and
fibronectin that form a highly organized structure among cells.
Changes in ECM composition alter the matrix structure and
consequently modify matrix-matrix and matrix-cell interac-
tions (1, 2).
Matrixmetalloproteinases (MMPs) are ECM-degrading pro-

teinases with biological functions in development, tissue
remodeling in inflammatory diseases, and cancer metastasis
(3–6). MMPs in a growing tumor promote metastasis through
proteolysis of the ECMand activation of signals that are impor-
tant for tumor cell migration (7). MMPs alter cell function
through the release ofmolecules cleaved from the ECM (8–12).
MMPs also cleave non-ECM-binding proteins such as intracel-
lular adhesion molecule-1 (ICAM-1), monocyte chemoattrac-
tant protein-3, Fas ligand, and Notch (13–16).
MMP-9, like other MMPs, belongs to a matrixin family of

metalloendopeptidases and is synthesized as a 92-kDa zymo-
gen, which is converted to an active enzyme with a molecular
mass of 82 kDa (3, 17). MMP-9 is induced by proinflammatory
cytokines, and it plays a role in inflammation in various diseases
(18–20). It is inhibited by endogenous tissue inhibitors of met-
alloproteinases (TIMPs) (21, 22). Until now, reported MMP-9
substrates included collagen IV or V, fibronectin, ICAM-1,
plasminogen, and interleukin-2 (IL-2) receptor (17). MMP-9-
dependent release of vascular endothelial growth factor (VEGF)
acts as a chemoattractant for osteoclast recruitment and inva-
sion in development, although the actual substrate has not been
identified (23).MMP-9-nullmice have reduced development of
carcinomas (24).
Transforming growth factor-�-induced protein (also named

�ig-h3, Bigh3, TGF-�-induced protein h3, keratoepithelin, and
RGD-CAP) is a secretory protein that is induced by transform-
ing growth factor-� (�GF-�) (25–27). The �ig-h3 protein has
683 amino acids and contains an N-terminal cysteine-rich
domain and four internal repeat fasciclin (FAS1) domains. The
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FAS1 domains include YH and RGD motifs, both of which
interact with integrins �1�1, �3�1, and �v�5 (28–32). �ig-h3
is ubiquitously expressed at high levels in various normal
human tissues but at low levels inmany tumor cell lines, includ-
ing lung, breast, colon, prostate, leukemia, and kidney (33).
�ig-h3 is produced in fibroblasts at significant levels but is
undetectable in one kidney cell line, 293 cells (33). �ig-h3 pro-
tein suppresses human breast tumor progression and malig-
nant transformation of cells (27, 34–38). Mutation or altered
expression of �ig-h3 has been linked to the pathogenesis of
human corneal dystrophy and osteogenesis (39). However, the
underlying molecular mechanism of �ig-h3 effects is not well
understood. Although MMPs are responsible for extracellular
matrixmodulation, themechanismofMMP-9 action is also not
clear.
In this study, we found that MMP-9 induction coincided

with�ig-h3 degradation in IL-1�- or TNF-�-stimulated glioma
cells. We also found that �ig-h3 is a substrate of MMP-9 and
that �ig-h3 processing by MMP-9 results in reduced binding
affinity to ECM proteins such as fibronectin and collagen IV.
�ig-h3 processing alters cell invasion and adhesion-related
FAK/Src signals in glioma cells. Intact �ig-h3 is responsible for
cell-cell contact, cell-ECM interaction, and cell migration inhi-
bition. However, its cleavage by MMP-9 leads to increased cell
migration. The cleaved fragment of �ig-h3 plays a chemoat-
tractant role in macrophage migration via its regulation of
adhesion-related FAK/Src signals.

EXPERIMENTAL PROCEDURES

Materials—Recombinant human interleukin-1� (IL-1�) and
TNF-� were purchased from R&D Systems. Recombinant
human TIMP-1 was obtained from ProSpec. Commercially
available recombinant human active MMP-9 catalytic subunit
(ProSpec), recombinant human full-length pro-MMP-9mono-
mer (Calbiochem), recombinant human �ig-h3 (Sino Biologi-
cal), recombinant human �ig-h3 fragment (ProSpec, �ig-h3–
3rd), �ig-h3-mutant from �ig-h3-overexpressing 293F cells,
and pro-MMP-9 fromMMP-9-overexpressing 293F cells were
used.
Cell Lines—Human embryonic kidney (HEK) 293F cells and

human glioblastoma cell line U87MGwere cultured in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen). The human astroglioma cell line CRT-MG was
cultured in RPMI 1640 medium (Invitrogen) supplemented
with 10% FBS. The cells were maintained at 37 °C in a humidi-
fied incubator with a 5% CO2 atmosphere. Cells were con-
firmed to be mycoplasma-free by PCR. The human monocyte
cell line U937 was cultured in RPMI 1640 medium supple-
mented with 10% FBS and differentiated into macrophages
with phorbol 12-myristate 13-acetate (PMA; Calbiochem)
treatment (100 �M) for 24 h. The neutrophils were purified
from heparinized human peripheral blood by density sedimen-
tation with Ficoll-Paque (GEHealthcare) followed by red blood
cell (RBC) lysis with RBC lysis buffer. Isolated neutrophils were
cultured in DMEM supplemented with 10% FBS, 50 units/ml
penicillin, and 50 �g/ml streptomycin. Purity of neutrophils
was confirmed by Hema 3 staining.

Plasmids, Transfection, and the Collection of Cell Culture
Conditioned Media—�ig-h3 and MMP-9 (ImaGenes GmhH,
Berlin, Germany) were cloned into pcDNA3.1-myc/His (Invit-
rogen). The correct sequence of the cloned genes was veri-
fied by sequencing. The cloned pcDNA3.1-�ig-h3-myc,
pcDNA3.1-�ig-h3mutants (P135E, P501E, and P135E/P501E)-
myc, and pcDNA3.1-myc (vehicle) were stably transfected into
HEK293F cells with Lipofectamine 2000 (Invitrogen). After
transfectants were established, cells were cultured with Opti-
MEM (Invitrogen) supplemented with a protease inhibitor
mixture (Sigma) for 24 h. The conditioned media were col-
lected, centrifuged at 12,000 � g for 10 min, and filtered (0.2
�m, Millipore) to remove cell debris.
Site-directed Mutagenesis—The P135E, P501E, and P135E/

P501Emutations in the pcDNA3.1-�ig-h3-mycwere generated
by PCR using the following primers (the mutated codon is
underlined) and by using a site-directed mutagenesis kit
(iNtRON, Daejon, Korea): P135E forward 5�-GAG ATG GAG
GGG GAG GGC AGC TTC ACC-3� and the P135E reverse
5�-GGTGAAGCTGCCCTCCCCCTCCATCTC-3�; P501E
forward 5�-CGG GTG CTG ACC GAG CCA ATG GGG
ACT-3� and P501E reverse 5�-AGTCCCCATTGGCTCGGT
CAGCACCCG-3�. The correct sequence and orientation of all
cloned genes were verified by sequencing.

�ig-h3 Fragment Cloning and Overexpression—The coding
sequences of human �ig-h3 containing amino acid residues
1–135, 136–501, 502–683, 1–501, and 136–683 were cloned
into pcDNA3.1-myc/His (Invitrogen). The correct sequence of
the cloned genes was verified by sequencing. Each clone has the
coding sequence of the human �ig-h3 fragment (amino acid
residues 1–135, 136–501, 502–683, 1–501, and 136–683),
which is expected to be generated by MMP-9 treatment. “1st,”
“2nd,” “3rd,” “1st� 2nd,” and “2nd� 3rd” represent each clone
containing amino acid residues 1–135, 136–501, 502–683,
1–501, and 136–683, as indicated in the diagram of Fig. 2C.
The cloned pcDNA3.1-�ig-h3 fragments (1st � 2nd, 2nd �
3rd, 1st, 2nd, and 3rd)-myc were stably transfected into
HEK293F cells with Lipofectamine 2000 (Invitrogen). After
transfectants were established, each overexpressed�ig-h3 frag-
ment, which was examined by immunoblotting using anti-Myc
antibody or anti-�ig-h3 antibody, was used as a control for
comparing with �ig-h3 fragments cleaved by MMP-9.
MMP-9 Activation—Full-length pro-MMP-9 (recombinant

human MMP-9 monomer; Calbiochem; 0.1 mg/ml) or serum-
free conditioned media from cultures of MMP-9 overexpress-
ing 293F cells were incubated with p-aminophenylmercuric
acetate (APMA; Calbiochem; 0.5 or 1 mM) for 24 h at 37 °C. To
optimally activate pro-MMP-9 with APMA solution (20 mM

APMA, in 0.1 M NaOH), APMA solution was mixed with
MMP-9 at a 10:1 volume ratio (MMP-9/APMA, v/v). After
incubation, the activated form of MMP-9 was confirmed by
SDS-PAGE or gel zymography.
MMP-9 Purification—MMP-9 purification was performed

using gelatin-Sepharose chromatography. Briefly,MMP-9 acti-
vated by APMA was applied to a column of gelatin-Sepharose
equilibrated with buffer containing 50 mM Tris-HCl (pH 7.5),
0.4 M NaCl, and 5 mM EDTA. After washing, elution was per-
formed using a buffer containing 50 mM Tris-HCl (pH 7.5), 1 M
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NaCl, 5 mM EDTA, and 5% (v/v) DMSO. The eluted fraction
was collected, concentrated, and dialyzed against PBS supple-
mented with MMP inhibitor-free protease inhibitor mixture
(Sigma). The purified samples were analyzed by gelatin zymog-
raphy and immunoblotted to confirm the depletion of other
proteins.
Gelatin Zymography—The samples were loaded under

nonreducing conditions onto a 7% SDS-PAGE containing 1
mg/ml gelatin. After electrophoresis and washing with a buffer
containing 20 mM Tris-HCl (pH 7.5) and 2% Triton X-100 for
1 h, the gelwas incubated inMMPreaction buffer containing 20
mM Tris-HCl (pH 7.5) and 10 mM CaCl2 at 37 °C for 16 h.
Gelatinolytic activity was detected by staining with Coomassie
Brilliant Blue G-250 staining solution.
LC-MS/MSAnalysis—Protein bands (Fig. 1E, *) were excised

from the stained SDS-polyacrylamide gels and de-stained with
destaining solution (25 mM ammonium bicarbonate, 50% ace-
tonitrile). In-gel digestion of dried gel pieces was performed
with sequencing grade trypsin (Promega) in 25mM ammonium
bicarbonate buffer overnight at 37 °C. The tryptic peptides
were desalted using a GELoader tip (Eppendorf) packed with

1.5 �g of Poros 20 R2 resin (PerSpective Biosystems) and
applied onto a C-18 RP-HPLC column (75 �m � 150 mm). An
Agilent 1100 Series LC system (Agilent Technologies) was used
to separate tryptic peptides, which were eluted with a 0–40%
acetonitrile gradient for 60min. The eluant was analyzedwith a
Finnigan LCQDeca (ThermoQuest) equippedwith a nanoelec-
trospray ion source. Spray voltage and tube lens voltage was 1.9
kV and 40 V, respectively. The temperature of the capillary was
kept at 210 °C, and capillary voltage was 30 V. The individual
spectra from LC-MS/MS were processed using Turbo-
SEQUEST software (ThermoQuest) and searched with NCBI
databases using MASCOT software (Matrix Science Ltd.). LC-
MS/MS analysis was conducted by ProteomeTech.
Solid-phase Binding Assay—Tissue culture plates (96-well)

were coated with 10 �g/ml collagen IV or fibronectin and
stored at 4 °C overnight. After saturation with 1% bovine serum
albumin (BSA control, Sigma) for 1 h at room temperature, the
plates were incubated with recombinant human �ig-h3 (1 �M,
Sino Biological Inc.), untreated, or pretreated with recombi-
nant human MMP-9 (0.25 �M, ProSpec) at 4 °C for 24 h and
then washed in PBS with 0.1% Tween 20. After washing, the

FIGURE 1. MMP-9 induction and identification of �ig-h3. A–D, MMP-9 induction (A), cell invasion (B), FAK/Src signal activation (C), and ECM proteins (D).
CRT-MG cells were treated with IL-1� (10 ng/ml), TNF-� (10 ng/ml), DETA-NONOate (DETA, 75 �M), or SNAP (0.5 mM) for 24 h. MMP-9 activity, cell invasion,
FAK/Src signaling, and ECM proteins were examined (n � 3). A and B, active MMP-9 was detected by gelatin zymography (A) and cell invasion assays (B) on
Matrigels. *, p � 0.05. M1 is a marker used to indicate active MMP-9 and pro-MMP-2, and M2 is a marker used to indicate pro-MMP-9 and pro-MMP-2. C and D,
FAK/Src/paxillin phosphorylation (C), fibronectin, laminin, collagen IV, SPARC, GAPDH, and unknown protein (*) (D) were detected by immunoblotting (IB). E,
upper panel, an unknown protein (*) and SPARC were co-immunoprecipitated (IP) with antibody specific for SPARC. Lower panel, to identify this unknown
protein, liquid chromatography tandem mass spectrometry (LC/MS/MS) analysis was performed. The unknown protein was identified as �ig-h3. F, �ig-h3
protein level in IL-1� (10 ng/ml)-treated and TNF-� (10 ng/ml)-treated CRT-MG cells. G, �ig-h3 mRNA level in IL-1� (10 ng/ml)-treated and TNF-� (10 ng/ml)-
treated CRT-MG cells. CRT-MG cells were treated with IL-1� (10 ng/ml) or TNF-� (10 ng/ml) for 24 h. The level of �ig-h3 expression was measured by RT-PCR and
immunoblotting using antibody specific for �ig-h3 (n � 3). Control represents untreated samples. (A–D, F, and G).
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plates were blocked with 10% goat serum in PBS. Bound �ig-h3
was detected using an antibody specific for �ig-h3, anti-�ig-
h3-c (Cell Signaling Technology), or anti-�ig-h3-m (Protein-
tech), followed by horseradish peroxidase (HRP, Cell Signaling
Technology)-conjugated anti-rabbit secondary antibody. The
plates were washed, treated with substrate and then stop solu-
tion, and the absorbance was read at 450 nm. The “ratio” was
obtained by dividing the �ig-h3 level detected by the anti-
�ig-h3 antibody in the �ig-h3 or �ig-h3 plus MMP-9 samples
by the �ig-h3 level detected by anti-�ig-h3 antibody in non-
added samples.
Invasion Assay—Invasion assays were performed using

24-Transwell inserts with 8-�mmicroporous membranes with
or withoutMatrigel (BD Biosciences) coating on the upper side
(Costar). The outer membranes of the Transwell inserts were
coated with gelatin (1 mg/ml). Cells (5 � 104) preincubated in
100 �l of DMEM or RPMI were placed in the upper chamber,
and 600�l of DMEMcontaining 2%FBSwas added to the lower
chamber. After 24 h, the cells remaining on the inner mem-
brane were removed with a cotton swab. The Transwells were
stainedwith hematoxylin (Merck) and eosin Y (Sigma). The cell
number was counted using a light microscope.
Spheroid Assay—The spheroid assay was modified as

described (40). In brief, 5 � 105 cells were seeded into nonad-
hesive culture plates and cultured with 293 serum-free media
(293SFM; Invitrogen) supplemented with 1 mM glutamine
(Invitrogen). Spheroids were allowed to form for 3 or 6weeks at
37 °C and 5% CO2. Spheroid formation was observed using a
light microscope (4�, 3 weeks of culture) and was visible to the
naked eye. “Naked eye 1” was defined as the spheroids, which
could be visible to the naked eye after 3 weeks of incubation.
“Naked eye 2” was defined as the spheroids, which could be
visible to the naked eye after 6 weeks of incubation.
Cell Surface Binding Assay by Flow Cytometric Analysis—

PMA-differentiated human macrophage U937 cells (1 � 105)
were washed in cold RPMI containing 20 mM Tris-HCl (pH
7.4), 1 mM CaCl2, and 1 mM MgCl2. The cells (50-�l aliquots)
were incubated with a recombinant human �ig-h3 fragment
(�ig-h3–3rd, amino acid residues 502–683, 25 nM, ProSpec) for
2 h at 4 °C with gentle shaking. After two washes, the cells were
blocked with goat serum and incubated for 30 min on ice with
anti-�ig-h3 antibody or isotype IgG, followed by incubating for
30 min with FITC-conjugated secondary anti-rabbit antibody.
After two washes, the cells were fixed in 1% paraformaldehyde
in PBS and analyzed by flow cytometry. Flow cytometry was
performed on a FACSCalibur (BD Biosciences), and data were
analyzed using WinMDI software version 2.8 (The Scripps
Research Institute).
Chemotaxis Assay—The chemotaxis assay was performed

using 24-well chemotaxis chambers (Costar). The outer mem-
brane of theTranswell insert was coatedwith gelatin (1mg/ml).
PMA-differentiated human macrophage U937 cells (5 � 104)
were preincubated in 100 �l of RPMI and placed in the upper
chamber. Then 600 �l of RPMI-containing lipopolysaccharide
(LPS) (Sigma, 10 ng/ml), the recombinant human �ig-h3 frag-
ment (�ig-h3–3rd, amino acid residues 502–683, 25 nM,
ProSpec), and the recombinant human �ig-h3 (�ig-h3 full-
length, 25 nM, Sino Biological) were added to the lower cham-

ber. All recombinant human �ig-h3 were commercially avail-
able. After 16 h, the cells remaining on the inner membrane
were removed with a cotton swab. Cells on the transwell plates
were fixed in 4% formaldehyde and stained with hematoxylin.
The cell number was counted using a light microscope. Endo-
toxin in the recombinant human �ig-h3 fragment was not
detected.
Isolation of Cell Lysates for Immunoblotting Analysis—Cells

were lysed in buffer containing 20 mM Tris-HCl, 300 mMNaCl,
5 mM EDTA, 0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40, 1
mM sodium orthovanadate, 1mMNaF, 1mM sodiumpyrophos-
phate, and protease inhibitor mixture (Roche Applied Science)
for 30 min on ice. The cell lysates were subjected to immuno-
blotting with the primary antibodies anti-GAPDH (Millipore),
anti-FAK, anti-p-FAK, anti-Src, anti-p-Src, anti-paxillin, anti-
p-paxillin (Cell Signaling Technology), anti-fibronectin, anti-
laminin (Millipore), anti-collagen IV, and anti-SPARC (Santa
Cruz Biotechnology). Protein bands were detected using ECL
Plus reagent (GE Healthcare). Protein concentrations were
determined by the Bradford assay (Bio-Rad).
Immunoprecipitation—Cells were lysed with Lysis Buffer (50

mM HEPES, 150 mM NaCl, 1% Nonidet P-40 (pH 8.0)) for 15
min on ice and then centrifuged at 12,000 � g and at 4 °C.
Supernatants were pre-cleared for 1 h at 4 °C with G protein
beads (Invitrogen). The pre-cleared samples were immunopre-
cipitated at 4 °C for 18 h using anti-�ig-h3 or control rabbit IgG,
which were coupled to G protein beads (Invitrogen). Samples
were examined by immunoblotting with anti-mouse Myc anti-
body followed by HRP-conjugated anti-mouse IgG secondary
antibody.
RNA Isolation, RT-PCR, and Semi-quantitative RT-PCR

Analysis—RNA was isolated from cells using the RNeasy pro-
tect mini kit (Qiagen, Hilden, Germany). Isolated RNA was
reverse-transcribed into cDNA using oligo(dT) primers (Qia-
gen) and then amplified using specific gene primers. All PCR
products were resolved on 2% agarose gels. Oligonucleotide
primers for �ig-h3 and �-actin were as follows: �ig-h3
5�-TCATCGATAAGGTCATCTCCA-3� (sense) and 5�-TGG-
TGGCTAGGTTGTCTTTAT-3� (antisense); �-actin, 5�-GGG-
TCAGAAGGATTCCTATG-3� (sense) and 5�-CCTTAATGT-
CACGCACGATTT-3� (antisense). �-Actin was used as an
internal control to evaluate the expression of each molecule.
Statistical Analysis—All experiments were repeated at least

three times.Data represent themeans� S.E.A value ofp� 0.05
was considered to be statistically significant.

RESULTS

MMP-9 Induction and Identification of �ig-h3—MMP-9 is
induced by inflammatory cytokines, including IL-1� and
TNF-� in glioma cells (41). To understand howMMP-9 affects
ECM proteins, human glioma CRT-MG cells were stimulated
with IL-1�, TNF-�, or NO producers, diethylenetriamine
NONOate (DETA-NONOate) and S-nitroso-L-acetyl-DL-peni-
cillamine (SNAP). The SNAP and DETA-NONOate are
known to have a common signaling pathway with IL-1�
through nitric oxide (42). However, SNAP and DETA-
NONOate did not affect MMP-9 induction and FAK/Src
activation (Fig. 1, A and C). Therefore, increases in MMP-9
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induction and FAK/Src activation induced by IL-1� may be
unrelated to nitric oxide-induced signaling in glioma cells.
However, both IL-1� and TNF-� cause increased MMP-9,
FAK/Src/paxillin phosphorylation, and cell migration in gli-
oma CRT-MG cells (Fig. 1, A–C).

In IL-1� or TNF-�-stimulated cells, the levels of ECM pro-
teins, including fibronectin, laminin, collagen IV, and SPARC
were unchanged, even though fibronectin and collagen IV are
known as substrates of MMP-9 (Fig. 1D) (17). Interestingly, an
unknown protein bandwas detected in immunoblots with anti-
SPARCantibody (Fig. 1,D andE, upper panel, *). The identity of
the protein (*) is unknown, but it is distinct, and its disappear-
ance coincides with MMP-9 induction (Fig. 1, A and D). These
results suggest that the unknown protein may be involved in
MMP-9-mediated cell migration. The unknown protein was
identified as �ig-h3 by LC/MS/MS analysis (Fig. 1E, lower
panel). Results of immunoblotting analysis revealed that�ig-h3
undergoes degradation in MMP-9-induced cells (Fig. 1F). To
confirm that IL-1� and TNF-� do not directly affect �ig-h3
mRNA, RT-PCR was conducted. In glioma CRT-MG cells,
�ig-h3 mRNA expression levels were not changed by IL-1� or
TNF-� treatment (Fig. 1G).
In Vitro Cleavage of �ig-h3 Protein by MMP-9—To deter-

mine the relationship between MMP-9 and �ig-h3, the �ig-h3
sequence was examined. �ig-h3 contained two putative con-
sensus MMP-9 cleavage sites with a sequence, Pro-Xaa-Xaa-
Hy-Ser/Thr, where Xaa can be any amino acid and Hy is a
hydrophobic amino acid (43). The sequences in �ig-h3 consist-
ent with thismotif are PGSFT and PPMGT, beginning at amino
acid residues 135 and 501, respectively. To determine whether
these sequences are proteolytic cleavage sites forMMP-9, wild-
type �ig-h3 or mutant �ig-h3 with proline to glutamic acid
substitutions (P135E, P501E, and P135E/P501E) were cloned
into the mammalian expression vector pcDNA3.1-myc. For
stable overexpression of wild-type �ig-h3 and �ig-h3 mutants,
we selected HEK293F cells, in which the endogenous �ig-h3
protein is undetectable (33).�ig-h3 expression in�ig-h3-trans-
fectedHEK293F cells was confirmed by immunoblot analysis of
the cell culture-conditioned media with antibodies specific for
Myc or �ig-h3 (Fig. 2A). There was no endogenous �ig-h3
expression in the vehicle-transfected HEK293F cells (Fig. 2A).
Commercially available recombinant human active MMP-9
catalytic subunit was used for examining the cleavage of�ig-h3,
because its activation process was unnecessary (Fig. 2B). When
�ig-h3, secreted from �ig-h3-transfected HEK293F cells, was
treated with recombinant human MMP-9 containing the cata-
lytic subunit, the �ig-h3 protein band disappeared, suggesting
cleavage by MMP-9 (Fig. 2C). In contrast, when the �ig-h3
mutant protein (P135E/P501E), with mutations in both
MMP-9 cleavage sites, was treated with MMP-9, no cleavage
was observed. The �ig-h3 mutant proteins containing a muta-
tion in a single cleavage site (P135E and P501E) were more
susceptible to cleavage than the double mutant �ig-h3 (P135E/
P501E) (Fig. 2C).
To confirm if full-length MMP-9 could cleave �ig-h3, the

full-length commercially available recombinant human
MMP-9 was tested. APMA is known for its ability to enhance
the autocleavage of the proenzyme to the active and lower

molecular mass form. Active and lower molecular mass form
MMP-9 was confirmed by immunoblotting using anti-MMP-9
antibody (Fig. 2D). When �ig-h3 secreted from �ig-h3-trans-
fected HEK293F cells was treated with the full-length MMP-9,
the �ig-h3 protein band also disappeared, indicating cleavage
byMMP-9 (Fig. 2E). In addition, pretreatmentwith theMMP-9
inhibitor, TIMP-1, prevented the loss of �ig-h3. However,
when the�ig-h3 protein (P135E/P501E)withmutations in both
MMP-9 cleavage sites was treated with APMA-activated full-
length MMP-9, there was no change (Fig. 2E).
A time course study of �ig-h3 degradation by MMP-9 was

conducted and is shown in Fig. 2F. In the absence of MMP-9
treatment, there was no �ig-h3 degradation (Fig. 2F). After
MMP-9 treatment for 1 h, the cleaved �ig-h3 fragment was
detected using anti-Myc antibody (Fig. 2G, right panel).
Because the cleaved �ig-h3 fragment was not detected by
anti-�ig-h3 antibody, which recognizes the C terminus of
the protein (Fig. 2G, middle panel), antibody specific for
different regions of the �ig-h3 protein were used for detect-
ing both uncleaved and cleaved products (Fig. 2, H and I).
�ig-h3 fragments cleaved by active full-length MMP-9
increased in a time- and concentration-dependent manner,
whereas uncleaved �ig-h3 decreased (Fig. 2, H and I, left
panels). However, when the �ig-h3 protein (P135E/P501E)
with mutations in both MMP-9 cleavage sites was treated
with activated full-length MMP-9, there was no change (Fig.
2, H and I, right panels).
These fragments corresponded in size to the proteins over-

expressed from the cloned pcDNA3.1-�ig-h3 fragments
pcDNA3.1–1st � 2nd (amino acid residues 1–501)-myc,
pcDNA3.1–2nd � 3rd (amino acid residues 136–683)-myc,
and pcDNA3.1–3rd (amino acid residues 502–683)-myc in
transfected 293F cells (Fig. 2H, middle panel). The fragments
containing amino acid residues 1–135 or amino acid residues
136–501 were not overexpressed in transfected 293F cells
because the transfected cells were detached, and their cell via-
bility decreased during the establishment of transfection.
Full-length MMP-9 Purified from Different Sources Also

Cleaved �ig-h3 Protein—To confirm that full-length MMP-9
secreted from different sources can cleave �ig-h3 protein,
MMP-9 from MMP-9-transfected HEK293F cells, differenti-
ated U937 macrophages, and human blood neutrophils were
isolated and examined. MMP-9 transfected HEK293F cells
were established by stable transfectionwith theMMP-9 expres-
sion vector (MMP-9-pcDNA3.1-myc) into HEK293F cells (Fig.
3A). MMP-9 expression was confirmed by immunoblotting of
the cell culture media with antibodies specific for Myc or
MMP-9. Unexpectedly, pro-MMP-9 was overexpressed and
secreted from MMP-9-transfected HEK293F cells (Fig. 3,
A–D). The protein was detected by gelatin zymography that
HEK293F cells expressed low levels of endogenous, active
MMP-9. However, the level was very low when compared with
overexpressed pro-MMP-9 (Fig. 3B). To induce the conversion
of pro-MMP-9 to the lower molecular mass active form of
MMP-9, the conditioned media of MMP-9-transfected
HEK293F cells were incubated with APMA (Fig. 3D). The
active form of MMP-9 observed after APMA treatment was
confirmed by gelatin zymography (Fig. 3E, upper panel). The
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active MMP-9 was purified by affinity chromatography using
gelatin-Sepharose to purify it from other proteins (Fig. 3E,
upper panel). The purified active MMP-9 cleaved �ig-h3, as
indicated by immunoblotting analysis (Fig. 3E, lower panel). In
addition, theMMP-9 inhibitor TIMP-1 pretreatment inhibited
�ig-h3 loss (Fig. 3F).

MMP-9 production is primarily observed in neutrophils and
macrophages in humans (44–46). PMA-differentiated U937
macrophages or human blood neutrophils release large
amounts of active MMP-9 (Fig. 3,G andH). MMP-9 from neu-
trophils without TIMP were more effective than from other
cells (47). To obtainMMP-9 frommacrophages, humanmono-
cytes (U937) were differentiated with PMA, which is known to
stimulate macrophage differentiation from monocytes (48).
Active MMP-9 from the culture media of PMA-differentiated
U937macrophages or fromhuman blood neutrophils was puri-
fied by gelatin affinity-Sepharose chromatography and
detected by gelatin zymography (Fig. 3, G and H, upper panel).
Treatment with this purified MMP-9 caused �ig-h3 degrada-
tion (Fig. 3,G andH, lower panel). Overall, these results suggest
that �ig-h3 contains a cleavage site, which is recognized by
MMP-9.
MMP-9 Cleavage Alters the Adhesiveness of �ig-h3 to ECM

and to Cell to Cell Interactions—We examined the ability of
�ig-h3 to bind ECM proteins in a solid-phase assay using com-
mercially available recombinant human �ig-h3 with the ECM
proteins collagen IV and fibronectin. To determinewhether the
binding of �ig-h3 to ECMproteins is influenced byMMP-9, we
used a solid-phase assay to quantitate the amount of �ig-h3
bound to collagen IV and fibronectin with or without MMP-9
pretreatment. Two antibodies specific for recombinant human
�ig-h3 were used for detection of �ig-h3; one recognizes the C
terminus of�ig-h3 (anti-�ig-h3-c) and the other recognizes the
middle region of �ig-h3 (anti-�ig-h3-m). Untreated �ig-h3

strongly bound to collagen IV and fibronectin, whereas �ig-h3
pretreated with MMP-9 had decreased binding to collagen IV
(Fig. 4A) and fibronectin (Fig. 4B).
In addition, when the anti-�ig-h3-c antibody that recognizes

the �ig-h3 C terminus was used, the effect of MMP9 on �ig-h3
binding to collagen IVwas greater. This effectwas lesswhen the
anti-�ig-h3-m antibody recognizing the �ig-h3 middle region
was used. We suggest that the �ig-h3 C-terminal region would
be involved in binding to collagen to a greater extent.
These results further suggest that �ig-h3 adheres to collagen

IV and fibronectin. MMP-9 cleaves �ig-h3, and this leads to
�ig-h3 release from collagen IV and fibronectin, thereby weak-
ening the binding between cells.
To determine whether �ig-h3 can act as a bridge between

cells, a spheroid assay was performed. The average size of cell
spheroids can vary from very small aggregates to larger aggre-
gates of several thousand cells with a diameter of several hun-
dred micrometers (40). Seeding of suspended HEK293F cells
transfected with either wild type or mutant �ig-h3 (P135E/
P501E) led to the formation of multicellular aggregates,
whereas vehicle-transfected cells did not form spheroids (Fig.
4C). Cells transfected with the double mutant �ig-h3 (P135E/
P501E) formed dramatically larger aggregates resulting in the
formation of large spheroids (Fig. 4C, right panels). Interest-
ingly, althoughwild-type�ig-h3-transfectedHEK293F cells did
not form large aggregates, very small aggregates were observed
(Fig. 4C, arrows inmiddle panels). This was in stark contrast to
the large aggregates observed in �ig-h3 mutant (P135E/
P501E)-transfected HEK293F cells. This suggests that wild-
type �ig-h3 is susceptible to cleavage by endogenous MMP-9
that has accumulated during long term culture, whereas the
�ig-h3 mutant is not susceptible. After further culturing for 6
weeks, spheroids were more visible to the naked eye. Spheroids
from wild-type �ig-h3-transfected HEK293F cells were also

FIGURE 2. Cleavage of �ig-h3 by recombinant human MMP-9. A, �ig-h3 overexpression in HEK293F cells. �ig-h3 expression in conditioned media from
vehicle (vehicle)-transfected or �ig-h3 (�ig-h3/293F)-transfected HEK293F cells was examined by immunoblotting using antibodies specific for �ig-h3 or Myc
(n � 3). B, active recombinant human MMP-9 catalytic subunit and its activity. SDS-PAGE (left panel), immunoblotting analysis (middle panel), and gelatin
zymography (right panel) are shown. M is a prestained molecular mass marker (n � 3). C, in vitro cleavage of �ig-h3 and �ig-h3 mutants by active recombinant
human MMP-9 catalytic subunit. Conditioned media (15 �l, 2 �g of total protein) from vehicle (vehicle)-transfected, wild-type �ig-h3 (�ig-h3/293F)-trans-
fected, or �ig-h3 mutant (P135E/P501E (P135/501E), P135E, P501E)-transfected HEK293F cells were treated with recombinant human MMP-9 (rhMMP-9, 0.25
�M), in reaction buffer with 10 mM CaCl2 at 37 °C for 24 h. Immunoblotting was performed using antibodies specific for �ig-h3, Myc, and MMP-9 (n � 5). D,
full-length recombinant human pro-MMP-9 protein (pro) and APMA-activated MMP-9 (active) identified by immunoblotting analysis using antibody specific
for MMP-9. E, in vitro cleavage of �ig-h3 and �ig-h3 mutants by recombinant human full-length MMP-9. Active MMP-9 was converted from full-length
recombinant human pro-MMP using APMA (0.5 mM) and was then purified as described under “Experimental Procedures.” Active MMP-9 (rhMMP-9, 0.05 �M)
was pretreated with recombinant human TIMP-1 (rhTIMP-1, 0.25 �M) for 2 h and then was incubated with conditioned media (15 �l, 2 �g of total protein) from
vehicle (vehicle)-transfected, wild-type �ig-h3 (�ig-h3)-transfected, or �ig-h3 mutant (P135E/P501E)-transfected HEK293F cells, in reaction buffer with 10 mM

CaCl2, at 37 °C for 3 h. Immunoblotting was performed using antibodies specific for �ig-3 and MMP-9 (n � 5). F, time course for cleavage of �ig-h3 by active
recombinant human MMP-9 catalytic subunit. �he conditioned media (15 �l, 2 �g of total protein) from �ig-h3-transfected HEK293F cells was treated with
recombinant human MMP-9 (rhMMP-9 0.25 �M) in reaction buffer with 10 mM CaCl2 at 37 °C for the indicated time periods. After the treatment, immunoblot-
ting was performed using antibodies specific for �ig-h3 and Myc (n � 3). G, �ig-h3 treated with recombinant MMP-9 for 1 h. �he conditioned media (15 �l, 2
�g of total protein) from vehicle (�)-transfected or �ig-h3 (�)-transfected HEK293F cells was analyzed by SDS-PAGE (left panel). After the conditioned media
(15 �l, 2 �g of total protein) from vehicle (�)- or �ig-h3 (�)-transfected HEK293F cells were treated with recombinant human MMP-9 (rhMMP-9, 0.25 �M) at
37 °C for 1 h, immunoblotting was performed using antibodies specific for �ig-h3 C terminus (middle panel) and Myc (right panel) (n � 3). H, dose dependence
for the cleavage of wild-type �ig-h3 (�ig-h3) or �ig-h3 mutant (P135E/P501E (P135/501E)) by full-length recombinant human MMP-9. Left and right panels,
active MMP-9 was converted from full-length recombinant human pro-MMP by APMA (1 mM) and was purified as described under “Experimental Procedures.”
The conditioned media (15 �l, 5 �g of total protein) from wild-type �ig-h3 (�ig-h3)-transfected or �ig-h3 mutant (P135E/P501E)-transfected HEK293F cells was
treated with various concentrations of active MMP-9 (0, 0.05, 0.25, and 0.5 �M) in reaction buffer with 10 mM CaCl2 at 37 °C for 24 h. Immunoblotting (IB) was
performed using antibody specific for a different region of �ig-h3 (n � 5). Middle panel, confirmation of �ig-h3 fragments overexpressed in �ig-h3 fragment-
transfected HEK293F cells by immunoblotting. The cloned pcDNA3.1-�ig-h3 fragments, pcDNA3.1–1 � 2nd (amino acids 1–501)-myc, pcDNA3.1–2 � 3rd
(amino acids 136 – 683)-myc, and pcDNA3.1–3rd (amino acids 502– 683)-myc-transfected 293F cells were transfected into HEK293F cells, respectively. The
overexpressed protein was confirmed by immunoblotting using antibodies specific for Myc (n � 3). I, time course for cleavage of wild-type �ig-h3 (�ig-h3) or
�ig-h3 mutant (P135E/P501E) by full-length recombinant human MMP-9. Active MMP-9 was converted from full-length recombinant human pro-MMP by
APMA (1 mM) and was purified as described under “Experimental Procedures.” Active MMP-9 (0.5 �M) was incubated with conditioned media (15 �l, 5 �g of
total protein) from wild-type �ig-h3 (�ig-h3)- or �ig-h3 mutant (P135E/P501E)-transfected HEK293F cells in reaction buffer with 10 mM CaCl2 at 37 °C for various
times (0, 1, 6, and 24 h). Immunoblotting was performed using antibody specific for different region of �ig-h3 (n � 5).
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more detectable and those of the double mutant �ig-h3 (P139/
501E)-transfected HEK293F cells were larger (Fig. 4C, Naked
eye 2). These results suggest that uncleaved�ig-h3 helps cells to
form aggregates.

Intact �ig-h3 Inhibits Cell Migration but �ig-h3 Cleavage or
Knockdown Leads to Increased CellMigration—Wenext exam-
ined whether the endogenous �ig-h3 secreted from cells is
cleaved by MMP-9 in these cells. Human glioma U87MG cells

FIGURE 3. �ig-h3 cleavage by purified MMP-9 from different sources. A and B, MMP-9 expression and activity in MMP-9-transfected HEK293F cells. MMP-9
expression in the conditioned media from vehicle (vehicle)-transfected or MMP-9 (MMP-9/293F)-transfected HEK293F cells were examined by immunoblotting
using antibodies specific for MMP-9 and Myc (A) and gelatin zymography (B). M is a marker for active MMP-9 and pro-MMP-2 (n � 3). C, purified MMP-9 from
MMP-9-transfected HEK293F cells. MMP-9 from the conditioned media of vehicle (vehicle)- or MMP-9 (MMP-9/293F)-transfected HEK293F cells purified by
gelatin-Sepharose chromatography were detected by SDS-PAGE. T represents the total conditioned media from the vehicle-transfected or MMP-9 (MMP-9/
293F)-transfected HEK293F cells, and P represents purified MMP-9 from the conditioned media (n � 3). D, conversion of pro-MMP-9 to active MMP-9 by APMA
treatment. After the conditioned media (15 �l, 2 �g of total protein) from MMP-9-transfected HEK293F cells was treated with 1 mM APMA at 37 °C for 24 h,
immunoblotting was performed using an antibody specific for MMP-9 (n � 3). E and F, in vitro cleavage of �ig-h3 by purified MMP-9 and the inhibitory effect
of TIMP-1. E, upper panel, after the conditioned media from MMP-9-transfected HEK293F cells were treated with 1 mM APMA at 37 °C for 24 h, active MMP-9 was
purified by gelatin-Sepharose chromatography, and enzyme activity was detected by gelatin zymography. The pro-MMP-9 (total) in the conditioned media
from MMP-9-transfected HEK293F cells was detected (n � 3). Lower panel, after the conditioned media (15 �l, 2 �g of total protein) from vehicle (vehicle)-
transfected or �ig-h3 (�ig-h3/293F)-transfected HEK293F cells was treated with purified human MMP-9 (purified MMP-9/293F) at 37 °C for 24 h, immunoblot-
ting was performed using antibodies specific for �ig-h3, Myc, and MMP-9 (n � 3). F, purified human active MMP-9 (purified MMP-9/293F) was pretreated with
recombinant human TIMP-1 (rhTIMP-1, 0.25 �M) for 2 h and then was incubated with conditioned media (15 �l, 2 �g of total protein) from �ig-h3 (�ig-h3/
293F)-transfected HEK293F cells at 37 °C for 3 h. After incubation, immunoblotting was performed using antibodies specific for �ig-h3 and MMP-9 (n � 3). G,
in vitro �ig-h3 cleavage by MMP-9 purified from PMA-differentiated U937 cells. Upper panel, MMP-9 from PMA-differentiated U937 cells was purified by
gelatin-Sepharose chromatography, and its activity was detected by gelatin zymography. Active MMP-9 was detected in conditioned media from PMA-
differentiated U937 cells. Lower panel, after the conditioned media (15 �l, 2 �g of total protein) from vehicle (vehicle)-transfected or �ig-h3 (�ig-h3/293F)-
transfected HEK293F cells was treated with purified MMP-9 (purified MMP-9/macrophages) at 37 °C for 24 h, immunoblotting was performed using antibodies
specific for �ig-h3, Myc, and MMP-9 (n � 3). H, in vitro �ig-h3 cleavage by MMP-9 purified from human blood neutrophils. Upper panel, MMP-9 from human
blood neutrophils was purified by gelatin-Sepharose chromatography, and its activity was detected by gelatin zymography. Active MMP-9 was detected in
conditioned media from human blood neutrophils (total) (n � 3). Lower panel, after the conditioned media (15 �l, 2 �g of total protein) from vehicle (vehicle)-
or �ig-h3 (�ig-h3/293F)-transfected HEK293F cells were treated with purified MMP-9 (purified MMP-9/neutrophils) at 37 °C for 24 h, immunoblotting was
performed using antibodies specific for �ig-h3, Myc, and MMP-9. In the upper panels, total represents unpurified MMP-9 and purified represents purified
MMP-9. M1 is a pre-stained molecular weight marker, and M2 is a marker to indicate active MMP-9 and MMP-2 (n � 3).
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secrete endogenous�ig-h3 and do not secreteMMP-9. To con-
firm that MMP-9 cleaves the endogenous �ig-h3, MMP-9
cDNA (MMP-9-pcDNA3.1-myc) was stably transfected into
U87MG cells (Fig. 5A). MMP-9 constitutively overexpressed in
U87MGcells leads to�ig-h3 cleavage (Fig. 5,A andB). Further-
more, the �ig-h3 cleavage caused by MMP-9 overexpression
led to increased cell invasion (Fig. 5D). However, there were no
differences in cell invasion and �ig-h3 protein bands between
untreated and IL-1�-stimulated U87MG cells, in which
MMP-9 was not induced by IL-1� stimulation (Fig. 5D).
To determine whether MMP-9 and �ig-h3 interact on the

cell surface, immunoblotting analysis of anti-�ig-h3 antibody
immunoprecipitates from lysates of MMP-9-transfected
U87MG cells was performed. The association of �ig-h3 and
MMP-9 in these immunoprecipitates was observed, although
the quantity of the associated complex between �ig-h3 and
MMP-9 was small (Fig. 5C). These results suggest that �ig-h3
may provide a docking site as well as a cleavage site for MMP-9
on the cell surface.
To confirm that the increased cell migration results from

�ig-h3 decrease, �ig-h3 expression in U87MG cells was
knocked down by �ig-h3 siRNA transfection (Fig. 5E). �ig-h3
knockdown in cells led to increased cell invasion even though

cell migration after �ig-h3 knockdown was less than when
mediated by MMP-9-catalyzed �ig-h3 degradation (Fig. 5, D
and E). Thus, intact �ig-h3 inhibits cell migration. BothMMP-
9-mediated �ig-h3 degradation and �ig-h3 knockdown led to
increased cell migration in glioma cells (Fig. 5, D and E).

�ig-h3 Fragment Generated by MMP-9 Cleavage Affects
Macrophage Migration—	s �ig-h3 has two cleavage sites rec-
ognized by MMP-9, three �ig-h3 fragments were expected to
be generated by MMP-9 treatment. The decrease of �ig-h3
binding affinity to the ECM after MMP-9 cleavage was
observed in a solid-phase assay (Fig. 4, A and B). The �ig-h3
cleavage by MMP-9 leads to cell migration and FAK/Src acti-
vation in glioma cells (Figs. 1 and 5). However, among these
fragments, theC-terminal�ig-h3 fragment composed of amino
acid residues 502–683 still has the RGD and YHmotifs, which
interact with cell surface integrins. To determine whether this
�ig-h3 fragment can bind to neighboring cell surfaces after its
release, the cell surface binding assay was performed by flow
cytometry, using the commercially available recombinant
human �ig-h3 fragment (�ig-h3–3rd) that contains 182 amino
acids (residues 502–683). This recombinant human �ig-h3
fragment (�ig-h3–3rd) corresponds to the C-terminal frag-
ment of�ig-h3, which is expected to be generated afterMMP-9
cleavage. The recombinant human �ig-h3 fragment (�ig-h3–
3rd) induced macrophage migration (Fig. 6A), bound to the
surface of macrophages, and increased phosphorylated FAK/
Src (Fig. 6, B and C). This result demonstrates that the small
C-terminal �ig-h3 fragment functions as a peptide chemoat-
tractant to neighboring cells, resulting in cell migration.

DISCUSSION

Cell migration plays a role in inflammation, cancer, and
development.MMP-9 proteolytically acts on the ECMand acti-
vates signals involved in tumor cell migration (49). In glioma,
tumor invasion is inhibited by suppressing MMP-9 secretion
and dephosphorylation of FAK (50). It is believed that �ig-h3
may function as either an activator or an inhibitor of carcino-
genesis, depending on the cell and tumor type. However, the
mechanism of action of �ig-h3 remains unclear.
In our study, we demonstrated that �ig-h3 is a substrate of

MMP-9 and identified its cleavage sites by site-directed
mutagenesis. �ig-h3 adheres to collagen IV and fibronectin in
the ECM. Cleavage of �ig-h3 by MMP-9 results in reduced
binding of �ig-h3 and in the release of a �ig-h3 fragment from
the ECM. �ig-h3 has the RGD and YHmotifs that interact with
cell surface integrins (28, 31). Spheroids formed by increased
cell-cell interactions were observed in cells overexpressing
wild-type �ig-h3 or in the cells with the double mutant �ig-h3
(P135E/P501E). It is proposed that �ig-h3 functions as a bridge
between cells or between cells and the ECM. These functions of
�ig-h3 are directly influenced by MMP-9 cleavage.

Cellmigration is involved in altering the cell-matrix interface
on the cell surface. It is known that MMP-9 is involved in cell
migration, but the detailed mechanism is not clear. In our
study, �ig-h3 was expressed in glioma cells. It was also demon-
strated that�ig-h3 directly binds withMMP-9 on cells and that
MMP-9 overexpression leads to �ig-h3 cleavage. Thus, we sug-
gest that �ig-h3 may provide both a docking site and a cleavage

FIGURE 4. �ig-h3 cleavage, adhesiveness, and cell-cell interaction. A and
B, �ig-h3 adhesiveness to collagen IV (A) and fibronectin (B) after MMP-9
addition. Recombinant human �ig-h3 (rh�ig-h3, 1 �M) was pretreated or
untreated with recombinant human MMP-9 (rhMMP-9, 0.25 �M), and a solid-
phase binding assay was used to determine the adhesiveness of �ig-h3 to
collagen IV and fibronectin (*, p � 0.05; **, p � 0.01, and n � 3). The ratio refers
to the �ig-h3 level detected by anti-�ig-h3 antibody, in �ig-h3 or �ig-h3 plus
MMP-9 samples, divided by the �ig-h3 level detected by anti-�ig-h3 anti-
body, without additions. C, cell-cell interactions in the presence of �ig-h3,
and the endogenous MMP-9 effects. Spheroids were formed in vehicles (vehi-
cle/293F), in �ig-h3 (�ig-h3/293F)-transfected, or the double mutant �ig-h3
(P139/501E/293F)-transfected HEK293F cells within 3 weeks, and spheroid for-
mation was visible under light microscopy (4�, upper panel) or with the
naked eye (Naked eye 1). Spheroids were more visible with the naked eye at 6
weeks (Naked eye 2). Arrows marking the �ig-h3-transfected cells (�ig-h3/
293F) indicate small aggregates (C) (n � 3).
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site for MMP-9 on the cell surface. Glioma cells expressing
intact �ig-h3 did not exhibit cell migration. In contrast, cells
overexpressing MMP-9 in the presence of �ig-h3 exhibited
cleaved �ig-h3 and increased cell migration. �ig-h3 knock-
down also led to increased cell migration. Thus, we conclude
that intact �ig-h3 inhibits cell migration, but degradation of
�ig-h3 by MMP-9 leads to increased cell migration.

MMP-9 induction in IL-1�- or TNF-�-stimulated human
glioma CRT-MG cells resulted in �ig-h3 cleavage, adhesion-
related FAK/Src activation, and increased cell migration. How-
ever, fibronectin, collagen IV, laminin, and SPARC in these cells
did not undergo degradation even though fibronectin and col-
lagen IV are known substrates of MMP-9. We cannot exclude
the possibility that the degradation of other ECM proteins
besides fibronectin, collagen IV, and laminin is involved in

MMP-9 induction, cell migration, and FAK/Src signal activa-
tion. However, upon MMP-9 release from the cell surface,
MMP-9 activity is inhibited by TIMP (13). The proteolytic
activity of MMP-9 is most effective when MMP-9 is localized
on the cell surface where its activity can be modulated by elim-
inating its docking site (13). Thus, it is also likely that �ig-h3
degradation by MMP-9 modulates cell migration and MMP-9
activity by eliminating the binding of �ig-h3 as its docking site
on the cell surface. �ig-h3 degradation by MMP-9 leads to
�ig-h3 release from the cell surface, resulting in the loss of
MMP-9-docking site and in MMP-9 loss from the cell surface.
MMP-9, once removed from the cell surface, may have less
interaction with other ECM proteins due to docking site loss.
Thus, we propose that �ig-h3 cleavage may be involved in
decreasing the interaction of MMP-9 with ECM proteins.

FIGURE 5. Endogenous �ig-h3 cleavage by MMP-9 in glioma cells. A and B, �ig-h3 and MMP-9 in MMP-9-transfected U87MG cells. A, �ig-h3 and MMP-9
expression in the vehicle (vehicle/U87MG)-transfected or MMP-9 (MMP-9/U87MG)-transfected U87MG cells were examined by immunoblotting. B, MMP-9
activity was detected by gelatin zymography. M is a marker for active MMP-9 and pro-MMP-2 (n � 3). C, co-immunoprecipitation of MMP-9 with �ig-h3 from
the vehicle (vehicle/U87MG)-transfected or MMP-9 (MMP-9/U87MG)-transfected U87MG cells. After the lysates from the vehicle (vehicle/U87MG)-transfected or
MMP-9 (MMP-9/U87MG)-transfected U87MG cells were immunoprecipitated (IP) with anti-�ig-h3 (�) or control rabbit IgG (�), they were subjected to immu-
noblotting (IB) using mouse antibody for Myc (MMP-9) (n � 4). D, MMP-9 overexpressed in cells alters cell invasion. Cell invasion in vehicle-transfected,
MMP-9-transfected, or IL-1� (10 ng/ml)-treated U87MG cells was examined on Matrigels. �ig-h3 and MMP-9 proteins from IL-1�-treated human glioma U87MG
cells were examined by immunoblotting and zymography. The control represents untreated samples (n � 3). E, �ig-h3 knockdown alters cell invasion. Cell
invasion in control siRNA or �ig-h3 siRNA-transfected U87MG cells was examined on Matrigels. The �ig-h3 and MMP-9 from these cells were examined by
immunoblotting and zymography. Control represents control siRNA. (*, p � 0.05; **, p � 0.01, n � 3).
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MMP-9 is mainly observed in neutrophils and macrophages
in humans (45–47). Macrophages enhance tumor progression
andmetastasis (51). Tumor-associatedmacrophages, following
their migration into the primary tumor sites, support meta-
static cancer cell extravasation (51, 52). Macrophage migration
is often initiated in response to a chemotactic stimulus. In our
study, intact �ig-h3 did not affect cell migration, but the degra-
dation of �ig-h3 by MMP-9 leads to increased cell migration.
The �ig-h3 fragments cleaved by MMP-9 were easily detached
from the ECM. The fragment containing the C-terminal
domain could bind to the surface of macrophages and increase
their migration through the activation of FAK/Src-mediated

signals. These results suggest that the fragment cleaved by
MMP-9 stimulates migration of the surrounding cells by bind-
ing to them. Thus, the MMP-9-dependent, processed, and
released �ig-h3 acts as a chemoattractant.

In this study, we found out that IL-1� and TNF-� treatment
led to MMP-9 induction, FAK activation, and cell migration in
glioma cells. With this correlative finding, we demonstrated
that MMP-9 could cleave �ig-h3 in a molecular level. Through
the use of cell-based assays, we demonstrated that �ig-h3 is an
adhesion-related protein and that MMP-9 could cleave �ig-h3
in a cell culture model. The cleavage was not degraded because
the resulting fragments played a role in cell migration. Thus, in
conclusion, this study provides an explanation of how MMP-9
could induce cell migration.
Furthermore, in some tumor cells it was reported that IL-1�

and TNF-� secreted from macrophages could enhance tumor
cell invasion (53). In our study, IL-1� andTNF-� led toMMP-9
induction in glioma cells. MMP-9 increased cell migration
through �ig-h3 cleavage. We hypothesize that the increased
cell migration, by MMP-9-mediated �ig-h3 cleavage, plays an
important role in enhancing tumor cell invasion.
In conclusion, this study suggests for the first time that

�ig-h3 is a substrate of MMP-9 and that �ig-h3 plays a regula-
tory role inMMP-9-mediated cell migration of tumor cells and
macrophages.
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