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Abstract. Invasion of surrounding tissues by malignant cells is
a complex process mediated by the matrix degrading enzymes.
In many solid tumors, the expression of MMPs, especially
MMP-2 and MMP-9, is higher in stromal cells than in the
tumor cells, suggesting stromal cells as the major source of
these enzymes. Cytokines and signal transduction pathways,
including those activated by phorbol 12-myristate 13-acetate
(PMA), regulate the expression of MMPs. The aim of this
study was to examine the pattern of MMP-2 and MMP-9
expression in human normal cells and in PMA-treated cells to
determine if specific patterns of expression were associated
with tissues of different origin. Epithelial, connective, and
muscle tissues were selected since carcinomas, sarcomas,
and adenosarcomas are derived from these tissue types,
respectively. The cell lines were cultured in their recommended
media and supplemented with 10% FBS and antibiotics in
24-well tissue culture plates. At near confluence, the cells were
washed and fresh medium added. A parallel set of cultures
was treated with PMA. After 24 h of incubation, media were
collected and analyzed for MMP-2 and MMP-9 by gelatinase
zymography. The results indicate that the normal cell
expression of MMP-2 and MMP-9 depends on their primary
tissue subtype. All cell lines, regardless of tissue origin,
expressed MMP-2. PMA induced MMP-9 expression in
glandular epithelia, supportive connective tissue, and muscle
tissue cell lines. However, cell lines of endothelial origin and
proper connective tissue were insensitive to PMA. These
results suggest that MMP-2 and MMP-9 are differentially
regulated and an understanding of this may open up avenues
to use these enzymes as targets for therapy.
Introduction
Tumor invasion of the surrounding tissue and subsequent
metastasis is a result of a multi-step process that includes
proteolytic disruption of the surrounding extracellular matrix

_________________________________________
Correspondence to: Dr Aleksandra Niedzwiecki, Dr. Rath Research
Institute, 1260 Memorex Drive, Santa Clara, CA 95050, USA
E-mail: author@drrath.com

Key words: MMP-2, MMP-9, stromal cells, phorbol 12-myristate
13-acetate

(ECM), allowing malignant cells to move into and through the
ECM and basement membrane (1). Although all five major
classes of proteases (serine, aspartic acid, cysteine, threonine,
and metalloproteases) are involved in invasion and metastasis,
matrix metalloproteinases (MMPs) are particularly implicated
in the degradation of various ECM components. Increased
secretion of these proteins has been associated with tumor
promotion, progression, invasion, angiogenesis, and metastasis
(2,3).
MMPs are a growing family of zinc-dependent endopeptidases known for their ability to degrade the ECM. Over
twenty different MMPs act on a broad spectrum of substrates,
including collagen type I, II, III, IV, and stromyelin. Type IV
collagen is a major structural protein for ECM and basement
membrane. Type IV collagenases MMP-2 (72-kDa gelatinase
A) and MMP-9 (92-kDa gelatinase B) have been the focus of
research since MMP-2 and MMP-9 expression is associated
with cancer cell invasion and elevated in a variety of malignancies (4-6). A good correlation between elevated MMP-2
and MMP-9 levels and tumor progression and metastasis has
been reported in many experimental and clinical studies
(2,3,7-10).
Interaction between cancer cells and the surrounding tissue
is an important factor in tumor growth and tumor cell invasion
of surrounding tissue. In many solid tumors, cells surrounding
the tumor undertake the majority of MMP expression rather
than the tumor tissue itself (11-13). Stromal tissues communicate with tumor cells and cooperate in tumor progression.
Understandably, the type of tissue in which a tumor arises
gives it distinguishing characteristics. This is the basis for the
current classification of malignant neoplasia. Malignant
tumors arising from epithelia constitute 85% of cancers and
are classified as carcinomas, malignant tumors of mesoderm
(e.g., bone and muscle) are classified as sarcomas, and
malignant tumors of glandular tissue (e.g., breast tissue) are
classified as adenocarcinomas. Further investigation into the
role of stromal cells in disease progression may prove useful
etiologically and for the development of new treatments.
The main objective of this study was to examine the pattern
of MMP-2 and MMP-9 expression in normal human cell
lines of different primary tissue origin (epithelial, connective
tissue, and muscle origin) and to determine the potential
up-regulated pattern of MMP-2 and MMP-9 expression,
commonly seen in various cancers, through the use of increased
protein kinase C activity via the inducer phorbol 12-myristate
13-acetate (PMA).
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Materials and methods
Cancer cell lines and reagents. Fifteen human normal cells
from three primary tissues (epithelial, connective, and muscle)
were investigated (Table I.) Each primary tissue is further
divided into subtypes: epithelial tissue into endothelial and
glandular; connective tissue into stromal and supportive; and
muscle into smooth and skeletal muscle. All cell lines used
were purchased from Lonza (Walkersville, MD, USA), along
with their recommended media, except for hepatocytes, kidney
parenchyma, and gingival cells, which were obtained from
ATCC (Manassas, VA, USA) along with their recommended
media. Human rheumatoid synovial fibroblasts were isolated
from rheumatoid arthritic (RA) membrane via enzymatic
dissociation using trypsin-EDTA (Gibco, Grand Island, NY,
USA). All other reagents, including fetal bovine serum (FBS),
penicillin, streptomycin, PMA, were of high grade and obtained
from Sigma (St. Louis, MO).
Cell culture. Cells were grown in their recommended media
containing FBS (10%), penicillin (100 U/ml), and streptomycin (100 (g/ml). Cells were plated in triplicates at a density
of 1x105 cells/ml in 24-well tissue culture plates (Coster,
Cambridge, MA) and grown to confluency at 37˚C and 5%
CO 2 in a humidified atmosphere. Serum-supplemented
medium was removed and the cell monolayer was washed
twice with phosphate-buffered saline (PBS) and once with the
recommended serum-free medium. Cells were then cultured
in 0.5 ml of serum-free medium in an incubator for 24 h.
Parallel sets of cultures were treated with PMA (100 ng/ml) for
induction of MMP-9. The resulting conditioned media were
collected separately, pooled, and centrifuged at 4˚C for 10 min
at 3000 rpm to remove cells and cell debris. The supernatant
was collected and used for gelatinase zymography, a highly
sensitive assay for gelatinolytic enzymatic activity able to
detect both pro and active forms of MMP-2 and -9.
Gelatinase zymography. Gelatinase zymography was
performed in 10% Novex Pre-cast SDS polyacrylamide gel
(Invitrogen Corporation) in the presence of 0.1% gelatin
under non-reducing conditions. Culture media (20 μl) were
mixed with sample buffer and loaded for SDS-PAGE with
Tris-glycine SDS buffer, as suggested by the manufacturer
(Novex). Samples were not boiled before electrophoresis.
Following electrophoresis the gels were washed twice in 2.5%
Triton X-100 for 30 min at room temperature to remove SDS.
The gels were then incubated at 37˚C overnight in substrate
buffer containing 50 mM Tris-HCl and 10 mM CaCl2 at pH 8.0
and stained with 0.5% Coomassie Blue R250 in 50% methanol
and 10% glacial acetic acid for 30 min and destained. Upon
renaturation of the enzyme, the gelatinases digested the gelatin
in the gel, producing clear bands against an intensely stained
background. Protein standards were run concurrently and
approximate molecular weights were determined by plotting
the relative mobilities of known proteins. Gelatinase zymograms were scanned using CanoScan 9950F Canon scanner
at 300 dpi. The intensity of the bands was evaluated using the
pixel-based densitometer program Un-Scan-It, version 5.1,
32-bit, by Silk Scientific Corporation (Orem, UT, USA), at a
resolution of 1 Scanner unit (1/100 of an inch for an image that
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Figure 1. Pattern of MMP-2 and MMP-9 expression in epithelial tissues,
without and with PMA. (A) Gelatinase zymogram of human vein
endothelial cells (HUVEC), representative of endothelial tissue, expressed
only MMP-2, even after PMA treatment. (lanes: 1, markers; 2, control, 3,
100 ng/ml PMA treatment). (B) Quantitative densitometric analysis of MMP
expression of HUVEC gelatinase zymogram. MMP expression is reported
as a percentage of the sum of band densities in a given lane. (C) Gelatinase
zymogram of human hepatocytes, representative of glandular epithelia,
expressed MMP-2 and MMP-9 after PMA treatment. (lanes: 1, markers; 2,
control; 3, 100 ng/ml PMA treatment). (D) Quantitative densitometric
analysis of MMP expression of human hepatocytes gelatinase zymogram.
MMP expression is reported as a percentage of the sum of band densities in
a given lane.

was scanned at 100 dpi). The pixel densitometer calculates
the optical density of each pixel (values: 0-255) using the
darkly stained background of the gel as a pixel value of 0. A
logarithmic optical density scale was used since the optical
density of films and gels is logarithmically proportional to the
concentration. The pixel densitometer sums the optical density
of each pixel to give a band's density. In all graphs, band
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Table I. List of primary cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Epithelial tissue
Connective tissue
Muscle tissue
––––––––––––––––––––––––––––––––––
–––––––––––––––––––––––––––––––––
––––––––––––––––––––––
Endothelium
Glandular
Stromal
Supportive
Smooth
Striated
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Human vein
Human
Normal human
Normal human
Bronchial
Skeletal
endothelium
hepatocyte
dermal fibroblast
chondrocyte
(Br-SMC)
(Sk-SMC)
(HUVEC)
(NHDF)
(NHAC-Kn)
Kidney
parenchyma

Human gingival
fibroblast (HGF)

Normal human
epidermal keratinocyte
(NHEK-Ad)

Normal human
lung fibroblast
(NHLF)

Normal human
osteoblast
(NHOst)

Aortic
(Ao-SMC)
Uterine
(Ut-SMC)

Prostate stromal
cells (PrSC)
Synovial fibroblast
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

densities are reported as a percentage of the sum of all pixels
in a given lane of a gel. Densitometric results from PMA
treated samples were also pooled to test for correlation
between MMP-2 and -9 expression.
Statistics. Pearson's correlation coefficient was determined for
correlation between MMP-2 and -9 expression using MedCalc
software (Markakerke, Belgium).
Results
MMP-2 and MMP-9 expression in epithelial tissues
Endothelium. Analysis of conditioned media from control
and PMA-stimulated human vein endothelial cells (HUVEC)
by gelatinase zymography showed a single band at 72 kDa,
corresponding to MMP-2, and no induction of MMP-9 on
PMA treatment (Fig. 1A and B; and Table II).
Glandular epithelia. The glandular epithelial cells analyzed
were those of hepatocytes, kidney parenchyma, and keratinocytes. Zymography of conditioned media and quantitative
densitometric analyses showed single bands at molecular
weight 72 kDa, corresponding to MMP-2. On PMA
stimulation, these cell lines showed two bands, one band at
72 kDa (MMP-2) and a strong band at molecular weight of
92 kDa, corresponding to MMP-9 (Fig. 1 and Table II). A
zymograph and densitometric scan for hepatocytes, a typical
representative of glandular epithelia, are shown in Fig. 1C
and D.
MMP-2 and MMP-9 expression in connective tissues
Stromal connective tissue. The connective tissues analyzed
included NHDF, gingival fibroblasts, lung fibroblasts, synovial
fibroblasts, and prostate stromal cells. Expression of MMPs
and quantitative densitometric analyses of gelatinase zymograms are provided in Table III. Unstimulated and PMAstimulated conditioned media showed a single band for
MMP-2 (72 kDa). A gelatinase zymogram and quantitative

Table II. Pattern of MMP-2 and MMP-9 expression in
epithelial cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––
Endothelia
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line
Control
PMA
–––––––––––––––– ––––––––––––––––
MMP-2 MMP-9
MMP-2
MMP-9
–––––––––––––––––––––––––––––––––––––––––––––––––
Human vein
100%
0%
100%
0%
endothelia
(HUVEC)
–––––––––––––––––––––––––––––––––––––––––––––––––
Glandular epithelia
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line
Control
PMA
–––––––––––––––– ––––––––––––––––
MMP-2 MMP-9
MMP-2
MMP-9
–––––––––––––––––––––––––––––––––––––––––––––––––
Human
100%
0%
96%
4%
hepatocytes
Kidney
parenchyma

100%

0%

96%

4%

Keratinocytes
100%
0%
89%
11%
–––––––––––––––––––––––––––––––––––––––––––––––––

densitometric analysis for NHDF, a representative of this
group, are shown in Fig. 2A and B.
Supportive connective tissue. Quantitative densitometric
analyses of MMPs for chondrocytes and osteoblasts are shown
in Table III. Both supportive connective tissue cell lines
exhibited high MMP-2 expression. PMA-treated conditioned
media exhibited a band for MMP-2 and a marked increase in
MMP-9 expression. A gelatinase zymogram and quantitative
densitometric analysis for chondrocytes, a representative of
this group, are shown in Fig. 2C and D.
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Figure 2. Pattern of MMP-2 and MMP-9 expression in connective tissues,
without and with PMA. (A) Gelatinase zymogram of normal human dermal
fibroblasts (NHDF), representative of proper connective tissue, expressed
only MMP-2, even after PMA treatment. (lanes: 1, markers; 2, control; 3,
100 ng/ml PMA treatment). (B) Quantitative densitometric analysis of MMP
expression of NHDF gelatinase zymogram. MMP expression is reported
as a percentage of the sum of band densities in a given lane. (C) Gelatinase
zymogram of normal human chondrocytes (NHAC-Kn), representative of
supportive connective tissue, expressed MMP-2 and MMP-9 after PMA
treatment. (lanes: 1, markers; 2, control; 3, 100 ng/ml PMA treatment). (D)
Quantitative densitometric analysis of MMP expression of NHAC-Kn
gelatinase zymogram. MMP expression is reported as a percentage of the
sum of band densities in a given lane.

MMP-2 and MMP-9 expression in muscle tissues
Smooth muscle tissue. Three types of human smooth muscle
cells were investigated: uterine, bronchial, and aortic. See
Table IV for quantitative densitometric analyses of unstimulated and stimulated media. All three smooth muscle cells
demonstrated high MMP-2 expression. Bronchial and uterine

Figure 3. Pattern of MMP-2 and MMP-9 expression in muscle tissues,
without and with PMA. (A) Gelatinase zymogram of uterine smooth
muscle (Ut-SMC), representative of muscle, expressed MMP-2 and MMP-9
after PMA treatment. (lanes: 1, markers; 2, control; 3, 100 ng/ml PMA
treatment). (B) Quantitative densitometric analysis of MMP expression of
Ut-SMC gelatinase zymogram. MMP expression is reported as a percentage
of the sum of band densities in a given lane. (C) Gelatinase zymogram of
skeletal (striated) muscle (Sk-SMC) expressed both MMP-2 and MMP-9
after PMA treatment. (lanes: 1, markers; 2, control; 3, 100 ng/ml PMA
treatment). (D) Quantitative densitometric analysis of MMP expression of
Sk-SMC gelatinase zymogram. MMP expression is reported as a percentage
of the sum of band densities in a given lane.

smooth muscle cells exhibited PMA-induced MMP-9
expression. PMA failed to induce MMP-9 expression in aortic
smooth muscle cells. This finding is in agreement with
previous studies of aortic smooth muscle cell resistance to
MMP-9 stimulation by PMA (14). Fig. 3A and B show a
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Table III. Pattern of MMP-2 and MMP-9 expression in
connective tissue cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––
Stromal
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line
Control
PMA
–––––––––––––– ––––––––––––––
MMP-2 MMP-9 MMP-2 MMP-9
–––––––––––––––––––––––––––––––––––––––––––––––––
Dermal fibroblasts
100%
0%
100%
0%
Gingival
100%
0%
100%
0%
fibroblasts
Lung fibroblasts
Prostate stromal
cells

100%
100%

0%
0%

100%
100%

0%
0%

Synovial fibroblasts 100%
0%
100%
0%
–––––––––––––––––––––––––––––––––––––––––––––––––
Supportive
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line
Control
PMA
–––––––––––––– ––––––––––––––
MMP-2 MMP-9 MMP-2 MMP-9
–––––––––––––––––––––––––––––––––––––––––––––––––
Chondrocytes
100%
0%
46%
54%
Osteoblasts
100%
0%
68%
32%
–––––––––––––––––––––––––––––––––––––––––––––––––

gelatinase zymogram of uterine smooth muscle cells in both
induced and uninduced media and a corresponding graph
quantitating MMP expression.
Striated muscle cells. Skeletal muscle cells exhibited
MMP-2 expression in control media, and both MMP-2 and
MMP-9 in PMA treated media, as shown in Fig. 3C and D
and Table IV.
Correlation between MMP-9 and MMP-2 expression. Results
of a correlation study between MMP-2 and -9 expression
yielded a linear negative correlation between MMP-9
expression and MMP-2 expression in the presence of PMA,
as shown in Fig. 4 (r= -1.000, p<0.0001).
Discussion
In this study we found MMP-2 to be expressed in all normal
human cell lines, whereas MMP-9 was expressed in select
cell lines by PMA treatment. The pattern of MMP-2 and
MMP-9 expression in the various cell lines segregated
according to tissue type. We found that endothelia and stromal
connective tissue expressed only MMP-2, but glandular
epithelia, supportive connective tissue, and all muscle cells,
both smooth and striated, expressed MMP-2 and -9 with PMA
treatment. These results contribute to the growing appreciation
for stromal cell production of MMPs and their consequent
importance in malignant neoplastic processes.
Several studies have localized the major source of in vivo
expression of MMP-2 and -9 in the stromal tissue adjacent to
tumor cells. The expression of MMPs by cells adjacent to
tumor cells implies a close cooperation between tumors and
stromal cells. Research on various cancers has localized
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Table IV. Pattern of MMP-2 and MMP-9 expression in muscle
cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––
Smooth
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line
Control
PMA
––––––––––––––––
–––––––––––––––––––
MMP-2
MMP-9
MMP-2
MMP-9
–––––––––––––––––––––––––––––––––––––––––––––––––
Uterine
100%
0%
47%
53%
Bronchial
100%
0%
89%
11%
Aortic
100%
0%
100%
Resistant to
PMA (0%)
–––––––––––––––––––––––––––––––––––––––––––––––––
Striated
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line
Control
PMA
––––––––––––––––
–––––––––––––––––––
MMP-2
MMP-9
MMP-2
MMP-9
–––––––––––––––––––––––––––––––––––––––––––––––––
Skeletal
100%
0%
82%
18%
–––––––––––––––––––––––––––––––––––––––––––––––––

Figure 4. Correlation of MMP-2 and MMP-9 levels. A linear negative
correlation between MMP-9 and MMP-2 expression in the presence of
PMA was obtained with correlation coefficient r= -1.000, p<0.0001), n=15.

gelatinases by in situ hybridization both in cancer cells
themselves and in mesenchymal cells adjacent to the invading
tumor front (12-13,15). A glycoprotein at the surface of cancer
cells termed extracellular matrix metalloproteinase inducer
(EMMPRIN) was found to stimulate these peritumor fibroblasts (11). Thus, EMMPRIN plays a role in invasion and
metastasis of cancer cells by stimulating nearby fibroblasts
to secrete increased amounts of interstitial collagenase,
stromelysin-1, and gelatinase A (16).
For example, early invasion of malignant melanoma was
found to be associated with de novo expression of gelatinase
B and EMMPRIN by neoplastic melanocytes (17). By in situ
hybridization of breast cancer tissue, stromelyn-3 mRNA was
detected exclusively in stromal cells not cancer cells (18).
Colon adenocarcinoma u-PA immunoreactivity and mRNA
were found in fibroblast-like cells in the tumor stroma and not
in the cancer cells (13).
As a member of the immunoglobulin superfamily,
EMMPRIN is involved in intercellular recognition (19,20), but
unfortunately, the mechanism by which it regulates MMP
expression is poorly understood. Nonetheless, acknowledging
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the cross-talk between cells surrounding tumors and tumor
cells is important as it suggests stromal cells need not become
cancerous to be malignant. Extensive cross-talk between tumor
cells and their surrounding tissue induces stromal cells to
become altered cells. Indeed, Liotta and Kohn (21) found that
cells surrounding tumors often supported, if not promoted,
tumor growth. Cross-talk between malignant and stromal
cells may induce normal cells to become altered, which can
affect the tumor-stromal system as a whole. In vitro co-culture
experiments of normal fibroblasts with tumor cell lines such
as prostate, breast, colon, lung, and melanoma, have demonstrated high expressions of MMP-2 and MMP-9 otherwise
not seen; neither fibroblasts nor these cancer cell lines express
MMP-2 and -9 at substantial levels when monocultured
(22-24). These results suggest that co-culturing cancer cells
with normal fibroblasts triggers alteration of the fibroblasts
to support further cancer cell growth by secretion of MMPs,
leading to ECM degradation, attachment to ECM components,
and cellular motility. The complexity of tumor-stromal interactions has even prompted some to refer to it as a ‘new organ’
(25).
Since MMPs play an integral role in nearly every neoplastic
process, one would expect similar patterns of up-regulated
MMP expression in cell lines of related tissues. All normal
human cell lines investigated expressed MMP-2 but varied in
responsiveness to PMA-induction of MMP-9 expression.
MMP patterns of expression were associated with primary
tissue subtypes. Thus, within the epithelial tissue group,
endothelial tissue cells expressed only MMP-2, even after
treatment with PMA, but glandular tissue expressed both
MMP-2 and -9 after PMA treatment. In connective tissue,
stromal connective tissue expressed only MMP-2, even after
PMA treatment, whereas supportive connective tissue
expressed both MMP-2 and -9 after PMA induction. In both
smooth and striated muscle tissue, all cell lines expressed
MMP-2, and both MMP-2 and -9 when treated with PMA.
Since stromal cells appear to be the primary source of upregulated MMP expression, further studies in stromal-tumor
cell interactions is indicated.
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