
Abstract. MMP-26 is a novel member of the MMP family
and is widely expressed in cancer cells of epithelial origin.
Published research shows that MMP-26 contributes to
tumor development and to the restoration of tissue injury.
In this study, in order to identify the functions of MMP-26
that contribute to the biological phenotype and behavior of
non-epithelial human glioma U251cells, we established an
MMP-26 overexpressing tumor cell model using gene trans-
fection. We then used these cells to investigate the role of
MMP-26 in tumor progression. Adherence and spreading
assay, wound healing assay, Boyden chamber invasion assay,
and in vivo tumorigenicity assay were performed to analyze
the invasion ability of MMP-26 transfected U251 cells. Micro-
vessel density analysis and tumor cell induced angiogenesis
assay were employed to detect the function of MMP-26 in
angiogenesis. Results showed that the spreading cell ratio
of MMP-26 transfected cells was significantly higher than
parental U251 cells. The relative migration distance of
MMP-26 transfected cells on Matrigel was significantly higher
than that of parental U251 cells. The Boyden chamber assay
showed that MMP-26 could significantly enhance the ability
of U251 cells to invade through Matrigel. MMP-26 could
also enhance the local invasion ability of U251 cells in vivo.
There was a significant increase of the microvessel density of
tumor tissue derived from MMP-26 transfected U251 cells.
The vessel numbe induced by MMP-26 transfected U251
cells in nude mice was also significantly higher than that
induced by parental U251 cells. In conclusion, we successfully
established an MMP-26 overexpressing cell model and con-
firmed that MMP-26 contributed to U251 cell invasion and
migration in vitro. We also demonstrated that MMP-26
plays an important role in local invasion, and angiogenesis.

Introduction

Matrix metalloproteinases (MMPs) are a large group of zinc-
dependent proteolytic enzymes which contribute to extra-
cellular matrix (ECM) degradation. MMPs are thought to play
essential roles in physiological and pathological processes of
tissue remodeling and tumor progression especially in tumor
invasion and angiogenesis (1-4). Many MMPs can promote
angiogenesis which is a necessary process for tumor
progression (5).

MMP-26 (Matrilysin-2, endometase) is a novel MMP,
which was originally cloned from fetal tissue (6), placental
cDNA (7), and an endometrial tumor (8,9). It has structural
features that are distinct from other MMPs but is closely
related to MMP-7 (Matrilysin). It is the shortest MMP
identified to date, containing a signal sequence, prodomain,
and a catalytic domain, but not a hinge region or hemopexin
domain (7). These minimal organized structural domains
contribute to its secretion, proenzyme activation, and activity
(7). There is a highly conserved PRCGXXD cysteine-switch
motif in the prodomain of all known MMPs, which is involved
in the activation of latent enzymes. However, this conserved
cysteine-switch is replaced by the unique PH81CGVPD
sequence in MMP-26 (10). This special structural feature
is to some extent a reflection of its unconventional enzyme
activation mechanism, transcriptional regulation mechanism,
and unusual function in physiological and pathological
processes. MMP-26 can degrade most of the ECM
components (11-13). MMP-26 can also activate proMMP-9
through cleavage of Ala93-Met94 site of the prepro-enzyme
(14). These features suggest potential functions for MMP-26
in tumor progression and angiogenesis.

MMP-26 shows unique but complex expression patterns
in normal and abnormal tissue. MMP-26 can be detected
in a limited number of normal adult tissues, such as the
uterus, placenta and kidney (9). However, MMP-26 is highly
expressed in the mid-cycle of the endometrium and in wound
repair process (15-18). MMP-26 is also widely expressed in
tumor cells that are derived from epithelia such as the breast,
lung, prostate, and endometrial carcinomas and also some
of their corresponding cell lines (9). The elevated expression
of MMP-26 is correlated with myometrial invasion of
endometrial carcinoma (17,19). MMP-26 also contributes to
the local depth of invasion in breast carcinoma, prostate carci-
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noma and esophageal squamous cell carcinoma (14,20-26).
The expression of MMP-26 seems to be located in the invading
cells. MMP-26 transfected tumor cell lines also show
enhanced invasive ability in vitro. It seems that MMP-26
contributes to the invasion process but not the malignant
grade of cancers.

These data prompted us to hypothesize that MMP-26
contributes to the initiation of the invasion process of tumor
cells and to angiogenesis. In this study, we screened epi-
thelial and non-epithelial cell lines for expression of MMP-26.
An MMP-26 overexpressing cell line was established by
transfecting the proMMP-26 gene into MMP-26 negative
U251 glioma cells. In vitro assays were conducted to evaluate
spreading and adherence of MMP-26 transfected cells on
extracellular matrix components, migration and invasion in
a wound healing assay and in Boyden chamber analysis.
Invasion and angiogenesis were analyzed in vivo in a subcu-
taneously transplanted tumor formed by MMP-26 transfected
cells in nude mice. The results show that MMP-26 can enhance
the local invasion of U251 cells in vivo and in vitro. MMP-26
may promote angiogenesis through the invasion process.

Materials and methods

Cell culture. U251, MCF-7, PC-3, PC-3M, and A549 cells
which respectively are an established human glioma cell
line (27), a human breast carcinoma cell line (28), a human
prostate carcinoma cell line (29), a highly metastatic human
prostate carcinoma cell line (30) and a lung carcinoma cell
line (31), were cultured in Iscove's modified Dulbecco's
medium (IMDM) supplemented with 10% fetal bovine serum
in a humidified atmosphere containing 5% CO2 at 37˚C.

Transfection and isolation of MMP-26 stably transfected
clones. U251 cells were transfected with a proMMP-26 cDNA
encoding vector (MMP-26-pcDNA3.1-neo, kindly prepared
by Dr Alex Strongin of the Burnham Institute, La Jolla, CA)
using Lipofectamine 2000 (Invitrogen, USA) as described
by the manufacturer. Geneticin (G418; Merck, Germany)
was employed at a concentration of 400 μg/ml to select
the MMP-26 stable transfectants. Single clones of MMP-26
transfected cells were screened on the basis of MMP-26
expression and used to perform the subsequent biological
tests in vitro and in vivo. U251 cells, transfected with the
pcDNA3.1 vector, using the same protocol, served as a vector
control along with parental U251 cells.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis. RNA was isolated from the experimental cells and
transplanted tumor tissue by TRIzol (Invitrogen) according to
the manufacturer's protocol. RNA (2 μg) was transcribed into
cDNA by Avian Myeloblastosis Virus (AMV) reverse
transcriptase and Olignucleotide (T) 18 primer. cDNA (2 μl)
was added into the PCR system (Takara, Dalian, China) for
30 cycles at an annealing temperature of 55˚C. MMP-26
and ß-actin were amplified using the following primer pairs:
5'-TGACATGCAGATGCATGCTCTGC-3' (MMP-26
forward), 5'-CACTTACTGGTATCACGACCCTAG-3'
(MMP-26 reverse); 5'-TGGAATCCTGTGGCATCCATGA
AAC-3' (ß-actin forward), 5'-TAAAACGCAGCTCAGTA

ACAGTCCG-3' (ß-actin reverse). Amplification of ß-actin
was used to estimate the efficiency of cDNA synthesis and
equal loading. The amplified products were fractionated
on 1% agarose gel electrophoresis. The gel was stained with
ethidium bromide and photographed under a gel photo-
graphy system (Kodak, Japan). The products were quantified
by analyzing the density of bands on the gel. Results are
expressed as the mean (± SD) of the band optical density.

Immunocytochemistry and immunohistochemistry. Cells were
plated on Fibronectin-precoated chamber glass slides and
grown until confluent. The cells were then fixed in 4% parafor-
maldehyde for 30 min at room temperature and permeated
with 0.1% Triton X-100 for 15 min. The transplanted tumor
tissues were fixed in 10% paraffin and sectioned at 4 μm
thickness. These sections were dewaxed with xylene and
rehydrated in ethanol. Cell slides and tissue slides were
blocked with normal goat serum and further incubated with
specific rabbit anti-human MMP-26 antibody (12) (kindly
prepared by Dr Alex Strongin of the Burnham Institute,
La Jolla, CA) (1:1000 dilution) or rabbit Anti-human Factor
VIII-related antigen polyclonal antibody (Zhongshan Golden-
bridge Biotechnology, Beijing, China; 1:100 dilution)
overnight at 4˚C. Sections were subsequently incubated with
a biotinylated goat anti-rabbit IgG (SP kit; Maixin, China)
for 2 h and then reacted with avidin-biotin complex (SP kit)
and developed with diaminobenzidine tetrahydrochloride
(DAB; Maixin, China), which produces a brown reaction
product. Slides were mounted after staining the cell nuclei
with hematoxylin and studied under a microscope (Olympus,
Japan).

Adherence and spreading assay. A single cell suspension
in serum-free medium was prepared by trypsinization of the
transfected cell lines and controls. Cells (1x104) were plated
on the fibronectin (BD Bioscience) and Matrigel (BD Bio-
science) precoated 96-well culture plates. Each group was
examined in 8 replicates. Cells were incubated for 2 h and
washed with phosphate-buffered saline (PBS). The number of
adherent and spread cells was counted by microscopy at a
magnification of x200. Twenty visual fields were employed to
quantify the cell number for each experimental group. Results
were expressed as mean (± SD) of cell number per visual field.

Wound healing assay. Cells were detached and prepared in
a single cell suspension. Cells (1x104) were seeded onto a
Matrigel-precoated 24-well culture plate and then cultured
to at least 95% confluence. Monolayer cells were washed
three times with phosphate-buffered saline. A cell wound
was created with a 10-μl micropipette tip and photographed
at a magnification of x100. Monolayer cells with cell wounds
were cultured in serum-free medium for another 24 h and
then photographed at the same position. The width of the
cell wounds was calculated using Adobe Photoshop soft-
ware 9.0. The relative migration distance was calculated by
the following formula: the relative migration distance (%)
= 100 (A - B)/A, where A the width of cell wounds before
incubation, B, the width of cell wounds after incubation.
Results are expressed as the mean (± SD).

DENG et al:  MMP-26 PROMOTES U251 INVASION70

69-78.qxd  16/11/2009  01:58 ÌÌ  Page 70



Boyden chamber invasion assays. Cells were harvested when
grown to confluence and stained by 500 μg/ml Rodamine
123 (Invitrogen) for 15 min at 37˚C, and then resuspended
in Eagle's MEM (Invitrogen) without fetal bovine serum.
Boyden chambers which contain polycarbonate filters with
8-μm pores were precoated with 60 μl Matrigel (1:3 dilution)
and incubated for 30 min at 37˚C. Cells (1x104) were seeded
into each of the chambers which were then placed into a
24-well culture plate.  Conditioned medium (100 μl) (24 h)
from 3T3 cells was added into the lower chamber to create
a chemotactic gradient. After incubation at 37˚C with 5%
CO2 for 3 h, the cells remaining inside the upper compartment
of the chamber were carefully removed. The filters were
photographed under a laser confocal microscope (Olympus,
Japan). Cells which had migrated onto the lower surface
of the membrane were counted under the microscope at a
magnification of x100. Twenty visual fields were counted
on each filter. Results are expressed as mean (± SD) of the
number of cells per visual field.

In vivo tumorigenicity assay. Cells were harvested by
trypsinization and resuspended in serum-free medium at a
concentration of 1x107 cells/ml. Medium (0.2 ml), containing
2x106 cells were injected subcutaneously into 6- to 8-week-
old female nude mice (nu/nu; Lianhelihua Co., Beijing). The
animals were bred in the Center of Experimental Animals of
Jilin University under standard pathogen-free conditions.
Care and housing were under the supervision of authorized
investigators of the local Ethics Committee for Animal
Research at Jilin University and in accordance with the
international standards for animal welfare. Tumor volumes
were estimated every 3 days by measuring the long and short
diameter of the tumor. After 42 days, these animals were
sacrificed by cervical dislocation. Half of each tumor and all
main organs, including liver, spleen, pancreas and heart were
harvested and fixed in 10% formalin, dehydrated, embedded
in paraffin, and sectioned at 4 μm thickness for histological
analyses and immunohistochemistry. Sections were stained

with hematoxylin-eosin for histological analyses by light
microscopy and immunohistochemistry. The other half of
each tumor was frozen in liquid nitrogen for subsequent RNA
extraction.

Microvessel density analysis. Sections of the transplanted
tumors were dewaxed with xylene and rehydrated in ethanol.
Microvessels were stained with primary rabbit Anti-human
Factor VIII-related antigen polyclonal antibody as described
above. The stained vessels were observed under light micro-
scopy at a magnification of x100. Ten visual fields of each
tumor were employed to quantify the vessel number. Results
are expressed as mean (± SD) of vessel number per visual field.

Tumor cell induced angiogenesis assay. Cells were harvested
by trypsinization and resuspended in serum-free medium at a
concentration of 1x107 cells/ml. Medium (0.1 ml), containing
1x106 cells, was injected subcutaneously into 6- to- 8-week
old female nude mice (nu/nu; Lianhelihua). Nude mice were
sacrificed at day 4 after the injection. The injection site was
photographed under the dissecting microscope at x7 magni-
fication. Twenty visual fields of each nude mouse were
employed to quantify the vessel number. Results are expressed
as mean (± SD) of vessel number per visual field.

Statistical analysis. Differences between the experimental
conditions were evaluated using the one-way anova test and
Fisher's exact test through the SPSS software according to
the date format. P-values <0.05 were considered significant.

Results

Expression of MMP-26 in different tumor cell lines. In order
to seek evidence for MMP-26 expression in tumor cell lines
of epithelial and non-epithelial origin, we used reverse
transcriptase PCR and immunocytochemistry to examine
MMP-26 expression in epithelial origin cell lines including
breast carcinoma MCF-7, prostate carcinoma PC-3 and

ONCOLOGY REPORTS  23:  69-78,  2010 71

Figure 1. Expression of MMP-26 in different human tumor cell lines including breast carcinoma MCF-7, prostate carcinoma PC-3M and PC-3, glioma U251 and
lung adenocarcinoma A549. Immunocytochemistry (A, original magnification, x200) and reverse transcriptase-PCR (B) were employed to detect MMP-26
expression by polyclonal antibody and designed primers of MMP-26, respectively. (A) The brown color in the cytoplasm indicates the positive expression
of MMP-26. (B) Amplification of ß-actin was used to ascertain RNA integrity and equal loading. The reverse transcriptase-PCR results were quantified
(C) by measuring the optical density. High expression of MMP-26 was detected in PC-3M and A549 cells whereas low in MCF-7 and barely detectable
in U251 and PC-3 cells.

B

A

C
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Figure 2. Expression of MMP-26 in MMP-26 transfected U251 cells. proMMP-26 encoding cDNA was transfected into U251 cells using Lipofectamine 2000.
Single cell clones were collected to identify the overexpression of MMP-26 employing immunocytochemistry (A, original magnification, x150) and reverse
transcriptase-PCR (B). (A) MMP-26 transfected cell clones showed high expression of MMP-26 in the cytoplasm. (B) Amplification of ß-actin was used
to ascertain RNA integrity and equal loading. (C) Optical densities show that the expression of MMP-26 in the transfected cell clones was significantly higher
than in the non-transfected U251 cells and pcDNA-3.1 vector transfected cells. *Indicates statistically significant difference in expression of MMP-26 in
transfected cells compared with expression in non-transfected U251 cells, p<0.001.

Figure 3. Adherence and spreading of cells on Matrigel (upper panel) and Fibronectin (lower panel). Cells (1x104) of each group were seeded into 96-well
plates precoated with Matrigel or Fibronectin. Cells were washed three times and photographed after incubation for 2 h. Photographed cells were adherent
to the Matrigel or Fibronectin. Arrow indicates the spreading cells.

Table I. Adherence and spreading of U251-MMP-26 cells on Matrigel and Fibronectin.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Matrigel Fibronectin
–––––––––––––––––––––––––––––––––––––– ––––––––––––––––––––––––––––––––––––––

Group Adhering cells/field Spreading cell ratio Adhering cells/field Spreading cell ratio
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
U251 73.4±11.2 36.3±5.2 93.1±14.9 43.1±6.0
U251-pcDNA3.1 78.5±9.3 37.1±8.6 92.2±12.4 42.3±4.7
U251-MMP-26 77.3±13.5 62.7±10.5a 104.8±17.9b 56.1±5.6a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
(n=20, X ± SD). Adherent cells and spreading cells were counted under an inverted microscope at a magnification of x200. Twenty visual
fields were counted. Spreading cell ratio refers to the percentage of adherent cells that showed features of spreading. ap<0.001; bp<0.05,
compared with U251 group.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

A

CB
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PC-3M, and lung carcinoma A549 as well as the non-epi-
thelial glioma U251 (Fig. 1A and B). Immunocytochemistry
(Fig. 1A) and semi-quantified mRNA level of MMP-26
(Fig. 1B and C) indicated the high expression of MMP-26

in PC-3M and A549 cells whereas expression was low
in MCF-7 cells and barely detectable in U251 and PC-3
cells. Consequently, U251 cell line which lacks MMP-26
expression, was chosen as the target cell line for trans-
fection.

Expression of MMP-26 in transfected U251 cells. We looked
for expression of MMP-26 in parental U251 cells, pcDNA3.1
vector transfected U251 cells, and MMP-26 transfected cells.
Immunocytochemistry showed high expression of MMP-26
in the cytoplasm of MMP-26 transfected cell clones whereas
there was minimal or no expression in parental U251 cells
and vector transfected U251 cells (Fig. 2A). MMP-26 mRNA
level in MMP-26 transfected cells was significantly higher
(p<0.05) (Fig. 2B and C) than in parental U251 cells and
vector transfected U251 cells through reverse transcriptase
PCR analysis.

Effects of MMP-26 on the invasive behavior of U251 cells
in vitro. The adherence and spreading assay showed that
MMP-26 transfected cells, vector transfected cells, and parental
cells attached to Fibronectin and Matrigel with round and
spreading features after 2-h incubation (Fig. 3). There was
a significantly (p<0.05) increased spreading cell ratio of
MMP-26 transfected cells (Table I). The migration assay
(Fig. 4A) showed that the relative migration distance of
MMP-26 transfected cells was significantly (p<0.05) higher
than that of vector transfected cells or parental U251 cells
(Fig. 4B). MMP-26 transfected cells, vector transfected cells,
and parental U251 cell invaded through Matrigel during
Boyden chamber assay (Fig. 5A). MMP-26 transfected
cells showed significantly (p<0.05) increased invasive ability
through Matrigel when compared with parental U251 cells
(Fig. 5B).

Expression of MMP-26 in subcutaneously transplanted
tumors. MMP-26 expression was confirmed in transplanted
tumor tissues derived from parental U251 cells, pcDNA3.1
vector transfected U251 cells, and MMP-26 transfected cells
(Fig. 6). Immunohistochemistry showed strong staining of
MMP-26 in tumor tissues derived from MMP-26 transfected
cells whereas there was no expression in tumor tissues derived
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A

B Figure 4. Wound healing analysis on Matrigel. (A) Cells (1x104) were seed
into 24-well cell culture plates precoated with Matrigel and then cultured
to 95% confluence. A cell wound was created with a 10 μl micropipette and
photographed at a magnification of x100 (upper panel). Cells were then
photograghed at the same position after 24 h (lower panel). (B) The relative
migration distance was calculated using the protocol described in Materials
and methods. *p<0.05, compared with U251 group.

A

B

Figure 5. Invasion of U251-MMP-26 cells through Matrigel by modified
Boyden chamber analysis described in Materials and methods. (A) Cells that
migrated to the lower surface of the membrane were photographed with a
laser confocal microscope at a magnification of x100. (B) The numbers of
cells which had invaded to the lower surface of the chamber membrane.
Invasive cell number was quantified by counting the invasive cells as
described. Data are expressed as mean (± SD). *p<0.05, compared with
U251 group.
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from parental U251 cells and vector transfected U251 cells
(Fig. 6A). MMP-26 mRNA level in tumor tissues derived
from MMP-26 transfected cells was significantly higher
(p<0.05) (Fig. 6C) than other tumor tissues through reverse
transcriptase PCR analysis (Fig. 6B).

Effects of MMP-26 on local tumor invasion. Transplanted
tumor tissues were harvested and sectioned. Hematoxylin-
eosin staining was performed to observe the invasion status
of subcutaneously transplanted tumors (Fig. 7). Tumors in
both MMP-26 transfected group and control groups showed
an infiltrative and lobulated growth pattern. U251-MMP-26

tumor cells were more destructive and infiltrative with
distinctive undefined capsules comparing to the U251 tumor
cells and U251-pcDNA3.1 tumor cells. The formation
of satellite tumors was marked in six nude mice (Fig. 7A,
Table II). In four nude mice, U251-MMP-26 broke through
the basement membrane of blood vessels to form tumor
emboli (Fig. 7B, Table II). U251-MMP-26 tumor cells in
four nude mice were seen to invade muscle tissue (Fig.
7C, Table II). Intriguingly, some of U251-MMP-26 tumor
cells in two nude mice penetrated into the peritoneal cavity
and invaded the liver (Fig. 7D), spleen (Fig. 7E) and
pancreas (Fig. 7F, Table II).
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Table II. Invasion status of subcutaneously transplanted tumor in nude mice.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Invasion status U251 U251-pcDNA3.1 U251-MMP-26
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Satellite tumor formation 1/5 1/5 6/9
Vessel invasion 1/5 0/5 4/9
Muscle invasion 1/5 1/5 4/9
Peritoneal cavity invasion 0/5 0/5 2/9
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Experimental nude mice were divided into three groups (5 for U251 group, 5 for U251-pcDNA3.1 group and 9 for U251-pcDNA3.1) in
random. Tumor cells (2x106) in 0.2 ml serum free medium were injected into the nude mice subcutaneously. Tumor tissues and organs were
harvested after 42 days. Histological analysis under light microscope through hematoxylin-eosin analysis was performed as described.
Tumor cells showed different invasion status including satellite tumor formation, vessel invasion, muscle invasion and peritoneal cavity
invasion.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

A

Figure 6. Expression of MMP-26 by subcutaneously transplanted tumor in nude mice. Nude mice were sacrificed 42 days after subcutaneous injection of
2x106 cells. Tumor tissues were harvested. Half of each tumor was fixed in 10% formalin, dehydrated, embedded in paraffin, and sectioned at 4 μm thickness.
The other half of each tumor was frozen in liquid nitrogen for RNA extraction. Expression of MMP-26 was detected using immunohistochemistry (A) and
reverse transcriptase PCR (B). The brown color in the cytoplasm (A) indicates the positive expression of MMP-26. Amplification of ß-actin (B) was used to
ascertain RNA integrity and equal loading. The reverse transcriptase-PCR results were quantified (C) by measuring the optical density as described. The tumors
derived from MMP-26 stably transfected U251 cells show high expression of MMP-26. *Indicates statistically significant difference in expression of
MMP-26 in tumors derived from U251-MMP-26 cells compared with expression in tumors derived from U251 cells, p<0.001.

B C
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Effects of MMP-26 on angiogenesis. We examined the effects
of MMP-26 on angiogenesis by assaying the microvessel
density in transplanted tumor tissues (Fig. 8) and tumor
cell-induced angiogenesis assay (Fig. 9). Microvessels were
identified by Anti-human Factor VIII-related antigen poly-
clonal antibody in the microvessel density assay (Fig. 8A).
The microvessel density of tumor tissues derived from
MMP-26 transfected U251 cells was significantly (p<0.05)
higher than that of tumor tissues derived from vector
transfected U251 cells and parental U251 cells (Fig. 8B). In
the tumor cell-induced angiogenesis assay, vessels induced
by transfected MMP-26 cells in nude mice formed a
vascular network (Fig. 9A). Vessels induced by transfected
MMP-26 cells were significantly (p<0.05) higher in number
than vessels induced by non-transfected U251 cells or by cells
that had been transfected by the vector alone (Fig. 9B).

Discussion

Tumor invasion and metastasis are the most distinctive chara-
cteristics of malignant neoplasms. These are complicated
processes, accompanied by extracelluar matrix degradation
and changes in cell surface receptor expression. Matrix
metalloproteinases (MMPs) are among the most important

proteolytic enzymes involved in tumor development and
progression. They contribute to extracelluar matrix break-
down, tumor growth and proliferation, angiogenesis, and
regulation of cell adherence and spreading. MMP-26 is a novel
and structurally the simplest member of the MMP family. It
is widely expressed in cancer cells of epithelial origin (9) and
is correlated with the estrogen-dependent tumors including
breast cancer (22,26), endometrial cancer (8) and ovarian
cancer (32). In breast cancer, expression of MMP-26 in ductal
carcinoma in situ (DCIS) was significantly higher than
that in infiltrating ductal carcinoma (IDC) (22). MMP-26
can be highly expressed in prostate cancer and has been
shown to promote invasion of prostate cancer cells through
basement membrane by activating proMMP-9 (14). Most
previous studies have focused on tumors derived from
epithelia and have examined expression level of MMP-26 in
normal and abnormal tissues (8,9,15,16,33-35). MMP-26
may contribute to the local invasion of cancer cells since it
is located at the leading edge of invading cells (21). It may
initiate the tumor invasion and carcinogenesis.

Since cell models that overexpress MMP-26 have not
been well established to date, we established an MMP-26
overexpression model and have analyzed the function of
MMP-26 in vitro and in vivo to elucidate its potential function
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Figure 7. Invasion status of subcutaneously transplanted tumors in nude mice. Tumor tissues were harvested and sectioned as described. Hematoxylin-eosin
staining was performed to observe the invasion status of subcutaneously transplanted tumors. These tumors showed infiltrative and lobulated growth pattern.
Tumor nudules were surrounded by pseudocapsules. U251-MMP-26 tumor cells broke through the pseudocapsule to form satellite tumors (A) and broke
through the basement membrane of blood vessels to form tumor emboli (B). U251-MMP-26 tumor cells also invaded muscle tissue (C). Intriguingly, some
of U251-MMP-26 penetrated into the peritoneal cavity and invaded liver (D), spleen (E) and pancreas (F). Original magnification, (A-C), x100; (D), x200;
(E-H), x400.

69-78.qxd  16/11/2009  01:58 ÌÌ  Page 75



DENG et al:  MMP-26 PROMOTES U251 INVASION76

A

B

Figure 8. Microvessel density analysis in subcutaneously transplanted
tumors. Transplanted tumor tissues were harvested and sectioned. Micro-
vessels were identified by Anti-human Factor VIII-related antigen poly-
clonal antibody through immunohistochemistry as described. The arrows
indicate microvessels. The microvessels were numbered and quantified
under light microscopy at a magnification of x100. Ten visual fields of each
tumor were calculated. Statistical results (B) showed that microvessel
density in tumor of U251-MMP-26 group is significantly higher than that
of control group. *p<0.05, compared with U251 group.

Figure 9. Angiogenesis induced by parental, vector and MMP-26 stable
transfected U251 cells. Cells (1x106) were injected to the back of nude mice
subcutaneously. Nude mice were sacrificed on day 4 after the injection. The
injection site was photographed under the dissecting microscope at x7
magnification. Twenty visual fields of each nude mouse were employed
to quantify the vessel number (A). Results are expressed as mean (± SD)
of vessel number per visual field (B). *p<0.05, compared with U251 group.

B

A
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in tumor progression. We first sought evidence for MMP-26
expression in tumor cell lines of epithelial and non-epithelial
origin. On the basis that the non-epithelial human glioma cell
line U251 was found to lack expression of MMP-26, it was
chosen to be our target transfection cell line.

After MMP-26 had been successfully overexpressed in
U251 cells, we focused our study on its contribution to the
ability of cells to invade through in vitro assays of adherence,
spreading and migration. The adherence and spreading
assay showed that the MMP-26 transfected cells attached to
extracellar matrix more quickly in the Matrigel and Fibro-
nectin coated wells. The percentage of adherent cells that
showed features of spreading increased in MMP-26 trans-
fected cells. The migration assay showed that the MMP-26
transfected cells migrated faster than cells in the control
group. The Boyden chamber assay showed that MMP-26
expression significantly enhanced the ability of U251 cells
to invade through Matrigel.

Published research has shown that MMPs can promote
tumor invasion through tissue barriers by degrading extra-
cellular matrix and disrupting the basement membrane (36).
MMP-26 can degrade most of the ECM components including
fibronectin, vitronectin, fibrinogen, type IV collagen, gelatin,
and non-ECM proteins including ·1-proteinase inhibitor and
growth factor-binding protein 1 in vitro (11-13). Our study
showed that MMP-26 expression contributes to the adherence
and spreading ability of U251 cells on extracellular matrix
components which contributes to the invasion process in vitro.
Other laboratories have also used gene transfection to up-
regulate MMP-26 in esophageal squamous cell carcinoma
TE-1 cells (21) and downregulate it in human prostate cancer
ARCaP cells (14). Invasion ability through ECM components
was enhanced in MMP-26 overexpressing TE-1 cells and
suppressed by its downregulation in ARCaP cells. These
results agree with our findings.

In order to further elucidate the effects of MMP-26 on
tumor invasion in vivo, we injected the transfected and non-
transfected U251 cells subcutaneously into nude mice. We
demonstrated that MMP-26 can promote the local invasion of
U251 cells into blood vessels, fibrous connective tissue, and
muscle tissue around the tumor. Indeed, MMP-26 expressing
tumor cells broke through the peritoneum and infiltrated
organs including liver, spleen and pancreas in the peritoneal
cavity. Our findings argue that MMP-26 can promote invasion
of U251 cells in vitro and in vivo. The mechanism needs
to be further studied. One possibility is that MMP-26 can
degrade extracellular matrix and release biologically-active
factors which can regulate tumor cell features (11,12). Another
possibility is that MMP-26 can function by activating
proMMP-9 through cleavage of Ala93-Met94 site of the pro-
enzyme, which is a powerful stimulator of tumor invasion and
metastasis (14,21). TIMP-4 is thought to be the endogenous
inhibitor of MMP-26, the expression balance and location
between MMP-26 and TIMP-4 also may contribute to the
invasive ability of tumor cells (19,20,22,34,37).

Angiogenesis is a key process in tumor development and
progression (38). MMPs play important roles in angiogenesis
positively and/or negatively. MMPs can release extracellular
matrix-bound angiogenic growth factors, regulate growth
factors and receptors, expose proangiogenic binding sites in

the extracellular matrix, generate proangiogenic extracellular
matrix component fragments, and cleave endothelial cell-
cell adhesions (3,5). MMPs also generate endogenous anti-
angiogenic factors to suppress angiogenesis (5). To our
knowledge, there has been no research on the effects of
MMP-26 in tumor angiogenesis. However, the unique
expression pattern of MMP-26 in cycling human endo-
metrium (16,39) and tumors hints that it may have effects
on angiogenesis. In our study, we detected the effects of
MMP-26 on angiogenesis. We employed microvessel density
assays of transplanted tumors in nude mice and assays of
tumor cell induced angiogenesis in nude mice. We found that
the microvessel density in MMP-26 transfected U251 cell
transplanted tumors was significantly higher than that in
control groups. The vessels induced by MMP-26 transfected
U251 cells were abundant in number, wider in diameter, and
longer in total length than vessels induced by control cells.
They also formed a vascular network. All of these features
demonstrate that MMP-26 can induce tumor angiogenesis
efficiently. The mechanism of this needs further elucidation.
However, this result suggests a functional role of MMP-26 in
tumor development and also raises the possibility that
MMP-26 may contribute to normal physiological processes
(15,33,34).

In summary, we established an MMP-26 overexpressing
cell line and demonstrated that MMP-26 contributed to the
invasion process and angiogenesis of U251 cells in vitro and
in vivo. To our knowledge, no prior research has examined
the effects of MMP-26 on tumor progression in vivo or angio-
genesis. Our results suggest MMP-26 has important roles
in tumor progression. However, the regulation of MMP-26 is
still unclear. To elucidate this mechanism is our next aim.
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