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ABSTRACT

Neuroblastoma, the second most common solid childhood tumor, can he
a highly invasive and metastatic form of cancer. To assess the role of
matrix-degrading proteases in this cancer, we have examined the expres

sion of matrix metalloproteinases <MMIM and their corresponding tissue
inhibitors of metalloproteinases (TIMPs) in 7 human neuroblastoma cell
lines and 24 primary untreated tumors. \l\IP-2 (gelatinase A) and
MMP-9 (gelatinase B) were the only two MMPs expressed. MMP-2 was

detected predominantly in an inactive profumi in all tumor cell lines and
tumor tissue extracts. The lack of MMP-2 activation in cell lines was
attributed to the absence of expression of a membrane-type MMP (MT1-
MMP), which activates proMMP-2, and to the abundant expression of
TIMPs, particularly TIMP-2. Immunohistochemical analysis of tumor
tissue samples indicated that MMP-2 was present in both tumor cells and
stromal cells. In contrast, MMP-9 was not expressed by neuroblastoma

cell lines but was present in inactive and active forms in extracts from
tumor tissues. Immunohistochemical analysis of positive specimens indi
cated that MMP-9 was predominantly present in stromal, vascular, and

perivascular cells surrounding nests of tumor cells. There was no corre
lation between the levels of these MMPs and the MYCN copy number or
the histopathological phenotype. However, there were higher levels of
MMP-2 and MMP-9 in stage IV (metastatic) disease when compared with
stages I and II (noninvasive and nonmetastatic) or IV-S (P < 0.05).

INTRODUCTION

Neuroblastoma is the second most common solid tumor of infancy
and childhood. This neoplasm arises from primitive neuroepithelial
cells of the neural crest. Typically, neuroblastoma tumors occur in the
adrenal medulla or paraspinal sympathetic ganglia of the abdomen,
chest, or neck. They can form relatively benign, localized, and well-

differentiated tumors successfully treated by surgical resection alone
(stage I or II) or locally invasive (stage III) and metastatic (stage IV)
tumors associated with a poor clinical outcome ( 1). Distant mÃ©tastases
in neuroblastoma commonly occur in the regional lymph nodes, liver,
bone marrow, and bones (2). However, in children less than 1 year of
age, mÃ©tastaseslimited to the bone marrow, liver, or skin, but absent
in bones (stage IV-S), are associated with a favorable outcome. In

addition to clinical stage and age at the time of diagnosis, favorable
histopathological features characterized by the presence of an abun
dant Schwannian stroma, evidence of neuroblastic differentiation, and
a low number of mitotic and karyorrhectic cells, as well as absence of
MYCN gene amplification, are independent indicators of favorable
clinical outcome (3, 4). However, little is known about the role of
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biological factors that influence invasion and metastasis in neuroblas
toma and. particularly, about the role of proteases that degrade the
ECM.3

Among proteases involved in tumor invasion and metastasis are the
MMPs, a large family of Zn2 +-dependent neutral endopeptidases with

a proteolytic activity for many components of the ECM (5). MMPs
can be classified into four major groups on the basis of their structure
and to a certain extent their substrate specificity. The first group
comprises three interstitial collagenases (MMP-1. MMP-8. and MMP-

13) that degrade fibrillar collagens. The second group consists of two
gelatinases (MMP-2/gelatinase A and MMP-9/gelatinase B) that de

grade basement membrane collagens. gelatin, and elastin. A third
group includes stromelysin-1, -2, and -3 (MMP-3. MMP-10, and
MMP-11 ). which have a broader spectrum of substrate specificity that

includes proteoglycans. fibronectin. laminin. gelatin, and the globular
portions of type IV collagen. A fourth group consists of four MT-
MMPs (MT1-MMP or MMP-14, MMP-15. MMP-16, and MMP-17).

which contain a unique transmembrane domain in their COOH ter
minus that localizes these MMPs at the cell surface (6). In addition to
activating proMMP-2. this latter group of MMPs can degrade a wide

range of ECM proteins (7, 8). An important aspect of the regulation of
MMP activity in tissues is the fact that they are produced in an
inactive proform that contains a prodomain in which a Cys residue
prevents the Zn24 binding domain from becoming catalytically active

(9). Elimination of this prodomain is a prerequisite for MMPs to
become active. In vitro, activation of proMMPs occurs in the presence
of destabilizing agents, such as the organomercurial APMA. which
initiate an autocatalytic cleavage of the prodomain. In vivo, the
mechanisms involved in proMMP activation are more complex and
less well understood. They include the participation of serine pro
teases such as plasmin or furins and also MMPs. In the particular case
of proMMP-2. a unique two-step process has been reported. This

process involves an initial cleavage of a Mr 72,000 precursor form at
the Asn37-Leu38 bond by MT1-MMP that is followed by an autocat
alytic conversion of the M, 64,000 Leuâ„¢ intermediate into a Mr
62,000 active enzyme with an NH,-terminal Tyrxl residue (8). In the

case of proMMP-9, activation of the Mt 92.(XX) precursor can be
achieved by MMP-3 and MMP-2. In addition, the urokinase-plasmin
system has been implicated in the activation of both MMP-2 and
MMP-9 (10-12).

In the ECM, the activity of MMPs is controlled by a family of
specific inhibitors known as TIMPs (TIMP-1, TIMP-2. TIMP-3, and
TIMP-4; Ref. 13). These inhibitors exert a double control on MMP

activity by forming stable complexes with the active domain of MMPs
and also by controlling the activation process (14). Whereas no
significant differences seem to exist among the four TIMPs toward the
first type of control, the second appears more specifically regulated.

1The abbreviations used are: ECM. extracellular matrix; MMP. matrix metallopro-

teinase; MT-MMP. membrane-type MMP; TIMP. tissue inhibitor of metalloproteinase;
APMA. aminophcnyl-nicrcuric acetate; TPA. l2-()-tclradecanoylphorbol-13-acetale:
GAPDH. glyeeraldehyde-3-phosphate dehydrogenase; RT-PCR. reverse transcription-
PCR; tPA. tissue-type plasminogen activator.

2209

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/10/2209/2466296/cr0580102209.pdf by guest on 19 M

ay 2023



MMF EXPRESSION IN M.IROHI.ASTOMA

TIMP-2 forms a complex with proMMP-2 that is responsible for
controlling activation of this proMMP (7). TIMP-1 can similarly form
a proenzymeiinhibitor complex with proMMP-9 ( 15); however, much
less is known of its involvement in controlling proMMP-9 activation.

Over the last decade, there has been abundant literature supporting
a direct involvement of MMPs in tumor invasion and metastasis (16,
17). This evidence has been supported by studies that documented the
abundant expression of many MMPs in human tumor specimens and
the direct correlation between their expression and clinical outcome
(18). Among those, MMP-2, MMP-9, and MT1-MMP have been

shown to be associated with invasion and metastasis of a large variety
of cancers (19, 20) including lung (21, 22), prostate (23), breast (24),
and colon (25). Interestingly, studies in which immunohistochemistry
and in situ hybridization were used to localize the production of
MMPs in tumor tissues have indicated that host-derived stromal cells
and not tumor cells are often the source of MMP production (26-29).

The matrix-degrading proteolytic activity of a tumor is, therefore,

the result of a complex balance between several factors including
proMMPs, active MMPs, MMP activators, and TIMPs, and this
balance is itself controlled by interactions between tumor cells and
host-derived stromal cells. To address this particular aspect in neuro

blastoma invasion and metastasis, we compared the expression of
MMPs and TIMPs in established cell lines and surgically resected
primary tumor specimens and specifically examined the state of
activation of MMPs and the origin of their expression.

MATERIALS AND METHODS

Cell Culture. Seven established human neuroblastoma cell lines derived
from patients with stages IV and III were used. LA-N-1. LA-N-2, LA-N-5, and
LA-N-6 cell lines were established in our laboratories. The IMR-32 was

provided from Dr. J. Tumilowicz (Institute for Medical Research, Camden.
NJ). SK-N-SH and SK-N-BE (2) cell lines were obtained from Dr. J. Biedler
(Memorial Sloan-Kettering Cancer Center, New York. NY). The HT1080

hum.m fibrosarcoma cell line was obtained from the American Tissue Culture

Collection (Rockvillc, MD) and was used as a control in our assays because of
its previously wcll-churuetcri/.ed protease profile (30). Cells were maintained
in RPMI 1640 [LA-N-I. LA-N-2, LA-N-5, LA-N-6. IMR-32 and SK-N-BE
(2)] or MEM (SK-N-SH and HT1080) containing l()7r fetal bovine serum, 2
mM L-glutaminc. penicillin (50 units/ml), and streptomycin (50 /xg/ml).

MMP and TIMP Analysis in Culture Medium. Analysis of MMP and
TIMP expression in serum-free culture medium of cell lines was performed
using SDS-polyacrylamide gel zymography. When needed, samples were

concentrated by ultratiltration using Microcon filters (Amicon. Beverly. MA;
molecular weight cutoff. Mr 10,(XX)).Samples were electrophoresed at 4Â°Con

acrylamide gels containing 0.1 '/<â€¢gelatin. After electrophoresis, the gels were

incubated in 2.5% Triton X-KX) for l h to eliminate SDS. After overnight
incubation in substrate buffer (50 mM Tris-HCl. pH 7.5. containing 10 mM
CaCU) at 37Â°C,the gels were stained in 0.25% Coomassie Brilliant Blue and

destained in methanol:acetic acid:water (50:10:40). In these gels, a clear zone
indicated the presence of a protein with gelatinolytic activity. Similar gels were
used to detect the presence of TIMPs with the exception that APMA (Sigma
Chemical Co.. St. Louis. MO.) activated crude gelatinase from cultured rabbit
fibroblasts was incorporated into the gelatin-polyacrylamide mixture prior to

polymerization. In these conditions, the presence of a stained zone of undi
gested gelatin indicated the presence of an inhibitor of gelatinases. To examine
the activation of proMMP-2. cells were treated with 100 ng/ml of TPA (Sigma)

or 50 /ig/ml of ConA (Sigma), and the medium was collected and supple
mented with 5 mM EDTA to prevent autoactivation during sample processing.
Scanning densitomctry of the gels was performed using a ScanJet Ilex (Hewlett
Packard. Palo Alto. CA) and SigmaGel software (Jandel, San Rafael. CA).

Northern Blot Analysis. Cytoplasmic RNA was prepared from subconflu-

ent cultures of cells, lysed in 0.5% NP40 (Sigma), and centrifuged at 2000 X g
for 10 min to eliminate nuclei (31). Samples of cytoplasmic RNA were

electrophoresed on a 1% formaldehyde agarose gel and blotted onto nylon
membranes. Blots were sequentially hybridized at 42Â°C for 18 h in the

presence of 32P-labeled cDNA probes. MMP-2 cDNA was a gift of Dr. G.

Goldberg (Washington University Medical School, St. Louis. MO). MMP-1

cDNA was a gift of Dr. N. Hutchinson (Merck Sharp and Donine Research
Laboratories. Rahway. NJ), a MMP-7 cDNA was kindly provided by Dr. L.
Matrisian (Vanderbilt University, Nashville, TN), and a MT1-MMP cDNA

was generously given by Dr. H. Sato (Kanazawa University. Ishikawa. Japan).
TIMP-3 cDNA was obtained from Amgen. Inc. (Thousand Oaks, CA).

GAPDH cDNA was purchased from the American Tissue Culture Collection
(Rockville, MD). After hybridization, the blots were sequentially washed in

3X SSC [450 mM NaCl, 45 mM sodium citrate (pH 7.0), 25 mM NaH2PO4, and
0.1% SDS]. 1x SSC, 0.3X SSC, and O.I x SSC at 60Â°Cprior to autoradiog-

raphy at -80Â°C.

Preparation of Plasma Membranes. Plasma membranes were prepared as
described by Strongin et al. (32). Confluent cultures of cells in serum-free

medium were collected and homogenized using a Dounce homogenizer. The
whole-cell homogenate was centrifuged at 3000 X g for 10 min. and the
supernatant was collected. The cell organelle-enriched fraction was then cen
trifuged at HX).(XX)X g for 2 h on a sucrose gradient. The plasma membrane-

enriched fraction at 30-50% sucrose interface was collected and pelleted. The

pellets were dissolved in 25 mM HEPES/KOH buffer. pH 7.5, containing 0.1
mM CaCl-, to achieve a final protein concentration between I and 3 mg/ml.

Reductive Alkylation. To eliminate the activity of TIMPs in serum-free

conditioned medium, disruption of the disulfide bonds required for the function of
TIMPs but not of MMPs was achieved by reductive alkylation (33). Samples were
dialyzed two times against 50 mM Tris-HCl, pH 7.6. containing 0.2 M NaCl, 5 mM
CaCK, and 0.1 % Brij 35 at 4Â°Cand incubated with 1 mM DTT at 37Â°Cfor 15 min,
followed by alkylation in the presence of 1 m.viiodoacetamide at 37Â°Cfor 15 min.

These samples were then dialyzed against the same buffer to remove the reagents
used for reductive alkylation prior to zymographic analysis.

Neuroblastoma Tissue Samples. Primary untreated tumors from 24 pa
tients with neuroblastoma diagnosed from birth to 82 months of age were
analyzed. At the time of surgery, these specimens were snap frozen in isopen-
tane/dry ice and shipped on dry ice to the Children's Cancer Group Neuro

blastoma Biology Laboratory at Childrens Hospital Los Angeles. Upon receipt,
a portion was removed without thawing and placed in OCT compound (Miles,
Elkhart. IN). All specimens were stored at â€”¿�80Â°Cuntil use. Tissue homoge-

nates were prepared as described by Ueno et al. (34) from serial cryostat
sections (10 /xm) homogenized on ice in 50 mM Tris-HCl buffer, pH 7.5.

containing O.I5 M NaCl. lOmM CaCK. and 0.05% Brij 35. After centrifugation
at 4Â°Cfor 20 min at 10,000 x g, the supernatants were analyzed for protein

concentration (Bio-Rad. Hercules. CA) using BSA as standard prior to being
subjected to SDS-PAGE zymographic analysis. The pellets were resuspended

in Trizol (Life Technologies. Inc.. Gaitherburg, MD) and used for RNA

extraction according to the procedure recommended by the manufacturer.
Clinical information about patients from whom these specimens were obtained
was available from the Children's Cancer Group statistics and data center.

RT-PCR Analysis. The RNA extracted from neuroblastoma cell lines

and tumor tissues was reverse transcribed with the Moloney murine leu
kemia virus reverse transcriptase (Life Technologies, Inc.) in the presence
of random primers. To amplify the cDNAs, the reverse-transcribed cDNA
was subjected to 30-35 cycles of RT-PCR using the Taq PCR Core kit

(Qiagen, Chatsworth, CA) in the presence of 10 pmol of sense and
antisense oligonucleotide primers (primers for MMP-2. 5'-GGGGC-
CTCTCCTGACATT-3' and 5'-TCACAGTCCGCCAAATGAA-3'; for
MT1-MMP. CCCTATGCCTACATCCGTGA-3' and 5'-TCCATCCAT-
CACTTGGTTAT-3'; for TIMP-2, 5'-GGTCTCGCTGGACGTTGGAG-3'
and 5'-GGAGCCGTCACTTCTCTTG-3': for MMP-9. 5'-TCCAACCAC-
CACCACACCGC-3' and 5'-CAGAGAATCGCCAGTACTT-3': and for

GAPDH. 5'-ACGGATTTGGTCGTATTGGG-3' and 5'-TGATTTTGG-
AGGGATCTCGC-3'). Each set of primers corresponded to sequences

located on different exons to allow the detection of genomic DNA that may
have contaminated the reaction. Each RT-PCR cycle included a denatur-
ation step at 94Â°Cfor 1 min, a primer annealing step at 55Â°C(MMP-2 and
TIMP-2), 60Â°C(MT1-MMP), 53Â°C(MMP-9), or 62Â°C(GAPDH) for 1 min,

and an extension step at 72Â°Cfor 1 min. Reactions were performed with a

Programmable Thermal Controller model 96V (MJ Research, Watertown.

MA). The PCR products were analyzed by electrophoresis on a 2% agarose
gel and visualized by UV after ethidium bromide staining.
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Western Blot Analysis. Western blot analysis was performed according to
the method of Burnette (35) using a mouse monoclonal antibody against
human MMP-9 (clone 56-2A4: Oncogene Research Products. Cambridge.

MA). Immune complexes were visualized by enhanced chemiluminescence
with luminol (Amersham. Arlington Heights, IL) using a sheep anti-mouse IgG

antiserum conjugated with horseradish peroxidase as a secondary antibody.
Immunohistochemistry. Six-/xm-thick cryostat sections were prepared

from frozen tumor tissues embedded in OCT and fixed in acetone for 5 min at

room temperature. The tissue sections were exposed for 5 min to 2% goat
serum in Tris-buffered saline (10 mM Tris-HCl, pH 7.6. 130 min NaCI).

washed, and incubated with the primary antibody (Oncogene Research Prod
ucts) for 2 h at room temperature. We used mouse monoclonal antibodies
against human MMP-9 and a mouse monoclonal antibody against human
MMP-2 (clone 42-5D11; Oncogene Research Products) at a concentration of
10 /Ag/ml. A mouse monoclonal antibody against human MT1-MMP (clone
114-6G6; Oncogene Research Products) at a concentration of 20 fig/ml was
also used on paraffin-embedded sections. Slides were then washed in Tris-
buffered saline prior to incubation with a 1:50 dilution of the second biotiny-
lated swine anti-goat, mouse, and rabbit IgG antibody (DAKO, CarpinterÃa.
CA) for 30 min. After washing in Tris-buffered saline, the sections were
incubated with an avidin-biotin-peroxidase complex for 30 min, and the
reaction was developed in the presence of 3,3'-diaminobenzidine tetrahydro-
chloride. The slides were counterstained with Mayer's hematoxylin. dehy

drated, and mounted. A mouse IgG 1 monoclonal antibody against Aspergillus
niger glucose oxidase (DAKO) was used as negative control.

Statistical Analysis. Statistical analysis was performed using the ANOVA
test. Samples were tested for omnibus normality of residuals and equality of
variance (modified-levene) at the 0.05 level of significance.

RESULTS

Expression of MMPs and TIMPs in Cell Lines. The expression
of MMPs and TIMPs in seven human neuroblastoma cell lines was
first examined by gelatin zymography on aliquots of serum-free cell

culture medium (Fig. 1). A A/r 72,000 gelatinolytic protease that
comigrated with proMMP-2 secreted by HT 1080 cells was found in

the conditioned media of all cell lines. There was no evidence for the
presence of another gelatinase such as MMP-9. T1MP-I and TIMP-2

B
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proMMP-9
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MMP-2

TIMP-1

TIMP-2

Fig. 1. A, zymographic analysis of MMP expression in the culture media of neuro
blastoma cell lines. Cells were incubated for 18 h in serum-tree conditioned medium. The
media were collected and analyzed by gelatin-SDS-PAGE. Samples corresponding to
8 X 10' cells were electrophoresed on gelatin containing acrylamide (7%) gels, as
described in "Materials and Methods." Right, migration positions of proMMP-9.

proMMP-2. and MMP-2 secreted by HTI080 cells (without and with TPA). B. reverse
zymogram analysis of T1MP expression. Concentrated samples corresponding to
5.25 X IO5 cells were electrophoresed on a gelatin containing acrylamide (12.5%) gel to
which APMA activated crude gelatinase had been added, as indicated in "Materials and
Methods." Right, migration positions of TIMP-1 and TIMP-2 produced by HT 1080 cells.

Left, migration positions of molecular weight markers (in thousands).

ZZZ

LU

zzo

MMP-2

N MMP-1

Â«â€¢Â»MT1-MMP

m TiMp-1
<m*

TIMP-2

â€¢¿�

TIMP-3

GAPDH

B 1 50 1 25 25 50 150 - MVCN

Fig. 2. A, Northern blot analysis of MMPs and TIMPs expression in neurohUistoma cell
lines. Cytoplasmic RNA (20 fig) was extracted from each cell line, and Northern blotting
was carried out as described in "Materials and Methods." HTIOXO cells were used as
positive control. B, number of MKC'N copies for each cell line according to data published

by Reynolds et til. (53).

were both detected by reverse zymography in all cell lines. Because
many MMPs, such as MMP-1, MMP-3. and MMP-7, have little or no

gelatinolytic activity and therefore cannot be easily detected by gel
atin zymography, we performed a Northern blot analysis on total
cellular RNA extracted from these cell lines. The data (Fig. 2) were
consistent with the zymography, indicating the presence of MMP-2,
TIMP-1. and TIMP-2 mRNAs in all cell lines, and the relative levels

of RNA generally corresponded to the amount of protein secreted in
the culture medium. Several cell lines expressed TIMP-3 mRNA,

although the protein was not present in the culture medium. This was
anticipated because in contrast to TIMP-1 and TIMP-2, which are
found in a soluble form. TIMP-3 is associated with the pericellular

matrix (36). No mRNA signals were detected with cDNA probes for
MMP-1, MT1-MMP, MMP-7 (data not shown), or MMP-3 (data not

shown). There was no evident correlation between MMP or TIMP
expression and the MYCN copy number in these cell lines.

Lack of Activation of proMMP-2 in Neuroblastoma Cell Lines.
The zymographic analysis of neuroblastoma cells conditioned media
indicated that MMP-2 was present in the Mr 72,000 inactive proform

(Fig. 1A). We postulated that the absence of basal expression of
MT1-MMP mRNA in these cells was responsible for the lack of
proMMP-2 activation. We therefore tested whether TPA or ConA,
which have been shown to enhance MT1-MMP expression in tumor
cells (30, 37), would induce proMMP-2 activation in neuroblastoma
cells. The data (Fig. 3) indicated an absence of significant proMMP-2
activation when SK-N-SH and SK-N-BE (2) cells were treated with

TPA or ConA, whereas these agents effectively converted the M,
72,000 proMMP-2 to Mr 64.000 and Mr 62.000 forms in HT1080

cells. As indicated by Northern blot analysis, whereas, as anticipated
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SK-N-SH SK-N-BE(2) HT1080

proMMP-9

MMP-2

MT1-MMP

GAPDH

Fig. 3. ProMMP-2 activation in SK-N-SH and SK-N-BE (2) cells. A. SK-N-SH.
SK-N-BE (2), and HT1080 cells were incubated at 37Â°Cin the absence (control) or

presenceof TPA ( KK) ng/ml) or ConA (50 Â¿ig/ml)tor 16 h in serum-free culture medium.
The medium was collected and analy/ed by gelatin /ymography. The amounts of condi
tioned medium loaded on the gels corresponded to 6.7 X 10Â°cells. B. Northern blot

analysis of RNA ( 10 jig) extracted in the same experimental conditions described in A.
The blot was sequentially hybridi/ed with a MT1-MMP cDNA probe and a GAPDH

cDNA probe.

SK-N-SH SK-N-BE(2) HT1080

72^
64 MMP-2
62

64 MMP-2
62

Fig. 4. ProMMP-2 activation by APMA. Samples of serum-free conditioned medium
corresponding to 6.7 X IO1cells (Ai and samples of plasma membrane containing 10 ^ig
of proteins (Hi were incubated tor 3 and 24 h. respectively, at 37Â°Cin the presence or

absenceof APMA ( 1 mw) prior to analysis by gelatin /ymography.

(30), TPA up-regulated MT1-MMP mRNA in HT 1080 cells, treat
ment of SK-N-SH and SK-N-BE (2) cells with TPA or ConA failed to
induce MT1-MMP mRNA expression. Because these experiments
failed to show any evidence for activation of proMMP-2 by MT1-

MMP, we tested the effect of the orgunomercurial compound APMA
on proMMP-2 activation (Fig. 4). In both the culture medium and the
plasma membrane, the M, 72.000 proMMP-2 was effectively acti
vated upon addition of APMA. Activation of membrane-bound
MMP-2 required, however, a longer incubation (24 h). This observa

tion indicates that although the proenzyme is not activated by neuro
blastoma cells, it is activatable and has not lost its autoproteolytic
activity. A time course analysis of APMA-mediated activation of
proMMP-2 derived from SK-N-BE (2) cells was performed (Fig. 5).

The data revealed a 57% conversion of the Mr 72,000 proenzyme to
the M, 64.000 and Mr 62.(XX)forms that occurred within 1 h after the
addition of APMA. Very little additional activation took place there
after. In contrast, when the activity of TIMPs in the culture medium
was suppressed by reduction-alkylation of the disulfide bonds, the

reaction reached a 90% conversion to active forms at the end of 24 h.
The addition of recombinant TIMP-2 to the reaction mixture in which

TIMPs had been denatured limited the activation process at the 56%
conversion level. From these data, we conclude that there are at least
two factors that contribute to the lack of activation of proMMP-2 in
neuroblastoma cells, an absence of expression of MT1-MMP and a
high level of TIMP-2 expression.

2212

Expression of MMPs and TIMP-2 in Tumor Tissues. To further

evaluate the role of MMPs in neuroblastoma, we selected 24 tumor
samples from patients with various stages of disease (four stage I,
three stage II, seven stage III. seven stage IV, and three stage IV-S).

These specimens were derived from primary tumors surgically re
moved at the time of diagnosis prior to chemotherapy. The zymo-
graphic analysis of these extracts revealed the presence of proMMP-2

in all specimens examined (Fig. 6/1). Similar to cell lines, this MMP
was predominantly present in the M, 72,000 inactive proform. Unex
pectedly, this analysis revealed the presence of two gelatinolytic
bands with higher molecular weights of Mr 92,000 in 23 specimens
(the only exception was specimen 13) and A/r 85,000 in 16 specimens.
The M, 92,000 band comigrated with proMMP-9 secreted by HT 1080.

We confirmed that the M, 92,000 and M, 85,000 bands were
proMMP-9 and MMP-9, respectively, by demonstrating that the Mr

92,000 band was converted to the M, 85,000 band in the presence of
APMA and by showing that these proteases are recognized in Western
blot analysis by a monoclonal antibody against human MMP-9 (Fig.

6ÃŸ).Among this small number of tumors, there was no obvious
correlation between the level of expression of these MMPs and the
degree of MKCN amplification or the histopathological classification.

The absence of a significant amount of active MMP-2 in tumor
tissues lead us to examine the expression of MT1-MMP and TIMP-2
in tumor homogenates by RT-PCR analysis on RNA extracted from

seven specimens (Fig. 6C). This analysis indicated the presence of
MMP-2 and TIMP-2 mRNAs in all tissue specimens examined, and
little expression of MT1-MMP in a few specimens. MMP-9 mRNA
was detected by RT-PCR in several tumor samples that were strongly
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Fig. 5. Time course analysis of proMMP-2 activation by APMA. In A, samples of
serum-tree conditioned medium corresponding to 8.4 X IO5 SK-N-BE (2) cells were
incubated at 37Â°Cin the presenceof APMA ( 1 mMI. At indicated limes, the reaction was

blocked by EDTA (5 mM). and samples were analyzed by gelatin zymography. B. same
asA. but TIMP activity in the samples was eliminated by reductive-alkylation prior to the
addition of APMA. C. same as B. but recombinant TIMP-2 (2(X) nM) was added to each
sample prior to addition of APMA. /). scanning densitometry analysis of the data shown
in A to C. The graph represents the ratio of intermediate form (A/r 64,000) plus activated
form (M, 62.000) over total (M, 72.000 4- M, 64.000 + M, 62.000). at indicated times (h)

after the addition of APMA.
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Fig. 6. Expression of MMP-2 and MMP-9 in

neuroblastoma tumor tissues. A, zymographic
analysis of the tissue homogenates obtained from
24 primary neuroblastoma tumors. Aliquots of tu
mor homogenates containing 10 jug of proteins
were electrophoresed on gelatin containing acryl-
amide (7%) gels as described in "Materials and
Methods." Right. migration positions of

proMMP-9, MMP-9, proMMP-2. and MMP-2 ex
pressed by TPA-treated HTI080 cells. Left, migra
tion positions of molecular weight markers (in
thousands). The roman numbers on top indicate
clinical stage. The degree of A/KCN amplification
(A. more than 50 copies; N, 1-3 copies; -, no

information available) and the histopathology (F.
favorable histology; U. unfavorable histology) for
each specimen are indicated at the bottom. B,
gelatin /.ymographic analysis ( 1) and Western blot
analysis (2) of the homogenate obtained from sam
ple 14. Twenty-five fig (1) and 50 fig (2) of tissue
homogenate untreated and treated with APMA ( 1
mM, 37Â°C,for 2 h) and conditioned medium from

TPA-treated HTI080 cells were analyzed. C. RT-
PCR analysis of MMP-2. MT1 -MMP, and TIMP-2

expression in neuroblastoma tissues. RNA from
seven tumor samples was extracted, and cDNA
was obtained by reverse transcription. The RT-
PCR reactions were performed as indicated in
"Materials and Methods," and the reaction prod

ucts were analyzed by agarose gel electrophoresis.
We used 30 cycles for TIMP-2 and GAPDH and
35 cycles for MMP-2 and MT1-MMP. The figure

represents the products after the gel was stained
with ethidium bromide. Plasmids containing the
corresponding MMP-2. TIMP-2, or GAPDH
cDNAs were used as positive control, and a reac
tion mixture in which the template cDNA was
omitted was used as negative control. The sizes of
the DNA fragments are 157 bp for MMP-2, 569 bp
for MTI-MMP, 304 bp for TIMP-2. and 230 bp

for GAPDH. Numbers at the top indicate specimen
number. Clinical stages are also indicated in Ro
man numerals. D. RT-PCR analysis of MMP-9
expression in neuroblastoma tissues and cell lines.
RT-PCR analysis was performed on cDNA ob

tained from RNA extracted from seven tumors ( I )
or seven cell lines (2). The reaction was performed
as described in "Materials and Methods" using 35

cycles. The size of the product is 272 bp.
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positive for MMP-9 expression by zymography; however, using the
same RT-PCR protocol, we could not obtain evidence for the expres
sion of MMP-9 in cell lines (Fig. 6/5). Thus, the data indicate that
MMP-2 is also expressed predominantly in the proform in tumor
tissues, and that low levels of MTI-MMP and high levels of TIMP-2
expression prevent activation. In contrast, MMP-9 is expressed in the

inactive and active forms. A quantitative analysis of the amount of
MMP-2 and MMP-9 present in these tissue samples was performed by

scanning densitometry (Fig. 7). The data indicated a statistically
significant difference between the amount of MMP-2 present in

tumors derived from patients with stage IV disease in comparison
with patients with stages I and II (P = 0.046) and stage IV-S
(P = 0.033) diseases. The difference between stage IV and stage III
diseases was not statistically significant (P = 0.065). The amount of
MMP-9 expressed in samples derived from stage IV disease was also
significantly higher in comparison with stages I and II (P = 0.026) or
stage IV-S (P = 0.027) disease. As was the case for MMP-2, the
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Fig. 7. Correlation between MMP-2 and MMP-9 (active and inactive forms) expression

in tumor tissues and clinical stage. The data represent the relative dcnsitomctric units of
MMP-2 (left) or MMP-9 (righi) calculated by scanning densitometry of the data shown in
Fig. 6A. Burs, mean value; Â».P < 0.05; **. P > 0.05.
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MMP EXPRESSION IN NEUROBLASTOMA

Fig. 8. Immunohistochemical analysis of MMP-9 and MMP-2 expression in human neurohlastoma tumors. A-D. sections from frozen tumor tissue preserved in OCT compound
were incubated in the presence of an anti-MMP-9 monoclonal antibody (A. C and D) or a control mouse IgGl (ÃŸ)as indicated in "Materials and Methods." A, positive staining in

stromal areas separating groups of neuroblastic cells that stain negative; B. negative IgGl control: C and D. positive staining in stromal areas; E-G, sections from frozen tumor tissue
incubated with an anti-MMP-2 monoclonal antibody. Â£,positive staining in both tumor cells and stromal areas; F, negative IgGl control; C. positive cytoplasmic staining in neuroblastic

cells, endothelial cells, and fihroblasts. Burs are 147 firn (A and ÃŸ).73 (im (C. E. and F), and 36 /Â¿m(D and G).

difference with stage III disease was not statistically significant
(P = 0.11 ). Thus, higher levels of MMP-2 and MMP-9 were observed

in metastatic stages.
The presence of MMP-9 in tumor specimens and not in tumor cell

lines raised the possibility that host-derived cells may contribute to the

expression of this MMP in tumor tissues. To address this question, we

examined the distribution of MMP-9 by immunohistochemistry on

tumor tissue sections (Fig. 8). The data revealed the presence of
MMP-9 in stromal septa that separated nests of tumor cells. These

septa consisted of fibroblasts, vascular and perivascular cells that
stained strongly positive with an anti-MMP-9 monoclonal antibody,
suggesting that they are the source of MMP-9 expression. No positive
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staining was observed in neuroblastic cells. In contrast, a similar
analysis performed with an anti-MMP-2 monoclonal antibody indi

cated that both tumor cells and stromal cells stained positively for
MMP-2. No positive signal was detected in tumor tissue sections with
an anti-MTl-MMP antibody (data not shown). Thus, there is a sig
nificant difference in the localization of MMP-2 and MMP-9 in

neuroblastoma, and the data suggest a predominant role of stromal
cells in the production of MMP-9.

DISCUSSION

We have examined the expression and activity of MMP-2 and
MMP-9, two MMPs that have been implicated in metastasis of many

cancers, in neuroblastoma cell lines, and primary tumors. This is a
first report on the expression of these MMPs in neuroblastoma tumor
tissues. We found that MMP-2 is expressed in both tissues and cell

lines but that it is predominantly expressed in an inactive proform.
The examination of factors that control MMP-2 activation suggested
that this is likely due to a lack of MT1-MMP expression and to the
presence of a large amount of TIMP-2. In contrast to MMP-2, MMP-9

was expressed in primary tumors in both inactive and active forms by
host-derived stromal cells and not by tumor cells.

Our observations in cell lines are in agreement with several published
reports that have documented the expression of MMP-2 and not MMP-9
in neuroblastoma cell lines (38-41). However, whereas some of these

studies have reported a correlation between the degree of MKCN ampli
fication and the amount of MMP-2 expressed (38. 40), we could not find

any evidence for such correlation by examining a large number of cell
lines. The expression of MMP-2 in an inactive proform has also been

noticed previously. Fowler et al. (39) documented an absence of signif
icant activation of proMMP-2, even in the presence of 1 mM APMA for
4 h, and Negro et al. (41) identified MMP-2 in the proform only, in
SK-N-BE cells. These observations raise the question whether
proMMP-2 is activated in neuroblastoma, an aspect that was more spe

cifically examined in our study. We suggest two factors responsible for
the lack of proMMP-2 activation in neuroblastoma cells. A first factor is
the absence of MT1 -MMP expression. By Northern blot analysis, we did
not detect MT1-MMP mRNA in cell lines and neither TPA nor ConA
treatment induced MT1-MMP expression or proMMP-2 activation in cell

lines. A second contributing factor is the relatively high levels of TIMPs
and in particular TIMP-2 expressed in cell lines, indicating that
proMMP-2 is mainly present as a proMMP-2-TIMP-2 complex, which as

shown by others (9) and by our kinetic analysis is more resistant to
activation. Our analysis of tissue samples indicates that MMP-2 is also

present predominantly in the inactive proform in tissues likely for the
same reasons. MT1-MMP was only detected in small amounts by RT-

PCR, and we could not find evidence of expression of the protein by
immunohistochemistry. By RT-PCR analysis, we found an abundant
expression of TIMP-2 in tissues. Our data, therefore, questioned whether
MMP-2 plays an active role in neuroblastoma invasion and metastasis.

The expression of MMP-9 in tumor extracts was an unanticipated
finding because MMP-9 was not expressed by cell lines. In contrast to
MMP-2, which was found expressed by both tumor cells and stromal
cells, MMP-9 expression was specifically restricted to stromal cells
surrounding nests of tumor cells and in particular vascular and perivas-
cular cells. The expression of MMP-9 in stromal cells of tumor tissues

has been reported previously, in particular in colon cancer, where it is
expressed in macrophages and neutrophils (29), and in giant cell tumors
of the bone (42). This observation raises the possibility that this MMP
may be up-regulated as a result of specific tumor cell/stromal cell inter

actions, as it has been shown previously in rat embryonic fibroblasts
cultured in contact with tumor cells (43) and in ovarian and colon cancers

(44,45). Whether a similar type of interaction exists between neuroblas
toma cells and stromal cells is presently being investigated.

In contrast to MMP-2. MMP-9 was detected in an active form in

66% of the specimens examined. This observation suggests that there
is an activator for MMP-9 in neuroblastoma tumors. Both MMP-3 and
MMP-2 have been shown to activate proMMP-9 in vitro (46, 47);
however, it is unlikely that they play a role in proMMP-9 activation
in neuroblastoma because we found no evidence for MMP-3 and
active MMP-2 expression in tumor cells. Whether MMP-3 expressed
by stromal cells could activate MMP-9 is a possibility. Alternatively,
plasmin generated from plasminogen could activate proMMP-9 (12,

48). Preliminary data in our laboratory indicated that neuroblastoma
cells express abundant levels of tPA and that tPA mRNA is present in
tumor tissues.4 This may explain the presence of active MMP-9

despite high levels of TIMP-2 in tumor tissue. However, if a MMP is
involved in proMMP-9 activation, the fact that MMP-9 is found in an
active form despite high levels of TIMP-2 would not be unexpected
because TIMP-2 does not form a complex with proMMP-9 and,

therefore, does not closely interact with the proenzyme during the
activation process (9). Further investigation is needed to further
understand the mechanisms involved in proMMP-9 activation in

neuroblastoma.
Our data raise the question of the prognostic value of MMP-2 and

MMP-9 expression in neuroblastoma. We found no correlation be

tween histopathological phenotype or degree of MYCN amplification
and expression of MMP-2 or MMP-9 in either cell lines or tissue
samples but found significantly higher levels of MMP-2 and MMP-9

proteins in tumor specimens derived from patients with metastatic
disease (stage IV) compared with specimens derived from stage I, II,
or IV-S. The fact that MMP-2 is detected predominantly in the

inactive form in tumor tissues suggests that despite higher levels of
expression in stage IV. this MMP may not play an active role in
metastasis. In contrast, MMP-9 was found in the active form in many

tumor samples, and its level of expression was significantly higher in
specimens derived from patients with established metastatic disease.
Although our data are correlative so far. they nevertheless suggest that
this MMP may play a more active role in metastasis as demonstrated
in other cancers (49-52).

Our comparative analysis of the expression of MMPs and TIMPs in
neuroblastoma cell lines and tumor tissues emphasizes the importance
of examining the state of activation of MMPs and illustrates an
important role of tumor cell/host cell interaction in the expression of
MMPs that has been the subject of increased attention.
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