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Gelatinase activity has been associated with colorectal cancer (CRC) invasion and metasta-
sis. However, it remains unresolved whether these proteases participate in early colorectal
carcinogenesis. The activity of metalloproteinases (MMP) 2 and 9 were measured by zymog-
raphy in 122 colorectal adenomas, 22 CRC samples, 12 hyperplasic polyps and in 114
matched normal mucosal samples from 114 patients undergoing colonoscopy. There was
a progressive and significant increase of pro-MMP-9 activity from adenoma to CRC tissue,
whereas the activity of the latent and active forms of MMP-2 was exclusively up-regulated
in CRC samples. Among neoplastic polyps, pro-MMP-9 activity was significantly higher in
advanced versus non-advanced adenomas and in those harbouring high grade dysplasia.
In addition, a positive correlation was observed between MMP-9 activity and the size of
the adenomas. The present study demonstrates that MMP-9 is markedly up-regulated in
the adenomatous tissue and suggests that this gelatinase might be a marker for early colo-
rectal carcinogenesis.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

MMP system has shown to be very redundant, and each
MMP is able to break down more than one extracellular ma-

Matrix metalloproteinases (MMP) are a group of zinc-depen-
dent matrix degrading enzymes that play an important role
in the pathogenesis of various inflammatory diseases includ-
ing rheumatoid arthritis, osteoarthritis, atherosclerosis, can-
cer and inflammatory bowel disease.’ MMP activity is the
result of the balance between the concentration of their ac-
tive forms and the presence of tissue inhibitors of MMP
(TIMPs). Although MMP have been divided into five groups
(gelatinases, collagenases, stromelysins, matrilysins and
membrane MMP) depending on the substrate specificity, the
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trix component (ECM).?

Degradation of ECM components by MMP contributes to
the removal of the physical barriers to cancer, a fact that oc-
curs at several stages of disease progression including local
invasion, neoangiogenesis and extravasation. Therefore, sev-
eral MMP have been involved in tumour progression, either in
the invasive behavior or the ability to metastasise.® Epidemi-
ological studies have examined the expression and prognos-
tic value of MMP-2 (gelatinase A) and MMP-9 (gelatinase B)
in patients with colorectal cancer (CRC).**” Both gelatinases
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are predominantly synthesised in the stroma and their main
function is to degrade type IV collagen.*® Their expression
has been related to basement membrane loss® which has
been associated with an increased frequency of distant
metastases.® An enhanced MMP-9 expression in the tumour
compared to normal tissue has been correlated with
increased disease recurrence and reduction of overall sur-
vival.'” Therefore, there is abundant evidence demonstrating
the pathogenic role of these MMP at the late stage of colorec-
tal carcinogenesis. By contrast, the expression of these gela-
tinases in early colorectal neoplasms (advanced adenoma or
early carcinoma) is limited and data are inconsistent.’®°
Some studies have shown over-expression of these enzymes
in adenomatous polyps,’®*® whereas others observed very
weak or no expression at all.’'® In fact, no data exists on
the expression of gelatinases in advanced versus non-ad-
vanced adenomas or in lesions with potential risk of maligni-
sation such as flat-elevated or flat-depressed lesions.
Therefore, the aim of the present study was to assess whether
gelatinase activity is up-regulated in the early stages of the
colorectal adenoma-carcinoma sequence.

2. Materials and methods

2.1. Patients

In this prospective study a total of 114 patients were included.
Ninety two patients scheduled to undergo a clinically indi-
cated colonoscopy and diagnosed with colorectal polyps and
22 patients diagnosed with CRC. Colorectal polyps were clas-
sified according with their size (equal or larger than 1 cm or
smaller than 1cm) and shape (flat or protruded). The Japa-
nese Research Society classification was employed to classify
colorectal lesions in flat (elevated or depressed) and protrud-
ing.'® Sawada’s criteria were used to define flat polyp (height
less than half the diameter of the lesion).” In addition, neo-
plastic colorectal polyps were classified as advanced
(>1cm, presence of high grade dysplasia or villous or tub-
ulo-villous glandular pattern) or non-advanced adenomas,
as the former are a valid surrogate marker of CRC risk.?° Indi-
cations for colonoscopy and the baseline characteristics of
the subjects are listed in Table 1 Patients with inflammatory

Table 1 - Demographic data and indication for
colonoscopy

Characteristics n (%)
Men 76 67
Women 38 33
Age (mean + SD), yr 64+11
Indication for colonoscopy

History of polyps 28 25
Hematochezia 20 18
Anaemia 25 22
Screening 16 14
History of colon cancer 7 6
Change in bowel habits 5 4
Abnormal barium enema 6 5
Abdominal pain 4 4
Family history colonic neoplasm 3 3

bowel disease (where MMP activity may be increased) or
hereditary polyposis syndromes were not included in the
study.

2.2. Colonoscopic procedures and tissue collection

Colonoscopic examinations were performed with conven-
tional (CF-140 L) colonoscopes (Olympus Corp., Tokyo). When-
ever a flat lesion was suspected 0.5% indigo carmine was
directly applied with a syringe. Polyp size was determined
by comparison of the lesion with fully opened biopsy forceps.
Lesions were sampled either with a biopsy forcep before pol-
ypectomy, or with a scalpel after polypectomy. Flat lesions
were usually resected by mucosectomy; samples from such
lesions were taken with the aid of a dissecting microscope.
Paired samples of all lesions and normal surrounding tis-
sue were collected. One of each pair was used for pathological
diagnosis on hematoxylin/eosin stained paraffin sections and
the other was frozen in liquid nitrogen and stored at —80 °C
until used for protein extraction as described later. The fol-
lowing data were collected: shape, size, histology (neoplastic
or hyperplastic), level of dysplasia, histologic phenotype.
Biopsy specimens were collected with consent from patients.
The protocol study was approved by the Ethics and Clinical
Research Committee of University Hospital of Canary islands.

2.3. Tissue preparation

Biopsy specimens (3-5mg) were homogenised in extraction
buffer (50 mmol/L TrisHCl pH =7.6, 150 mmol/L NaCl) and
protease inhibitors (Complete, Roche), sonicated two times
for 10 s (UP100H, Dr Hielscher, Germany) at 1 min intervals
and, after 10 min on ice, protein extracts were centrifuged
at 10,000 g for 10 min. The supernatants were removed and
assayed for protein concentration (Bicinconinic acid, Sigma,
St Louis). Homogenates were stored at —80 °C until assayed.

2.4.  Gelatinase activity

The activity of both gelatinases was analysed by zymography
on tissue homogenates, as previously described.'® Both active
and pro-form MMP-2 and the pro-form of MMP-9 were deter-
mined, as the active form of MMP-9 (82 kDa) is rarely detect-
able by zymography.® Briefly, proteins (25 ug per lane) were
separated in 10% polyacrilamide gel electrophoresis (SDS-
PAGE) containing 0.2% gelatin (Sigma, Co.) under non-reduc-
ing, non-denaturing conditions. Gelatinases were detected
using a developing buffer (50 mmol/L TrisHCl pH=7.5,
200 mmol/L NaCl, 10 mmol/L CaCl, and 1 pmol/L ZnCl,). Ser-
ine protease inhibitors (2 p g/mL aprotinin or 20 p g/mL leu-
peptin) and MMP inhibitors (10 mmol/L EDTA or 0.1 mmol/L
o-phenantroline) were added to the developing buffer, to as-
sess whether the observed gelatinolytic bands were caused
by serine protease activity or MMP activity.

Human MMP-9 and MMP-2 standards (Oncogene Research)
were run as controls. After 18 h development, gels were fixed
and stained in 40% methanol, 10% acetic acid and 0.1% (w/v)
Coomassie Blue R-250 (Sigma) for 1 h and then distained.

Relative molecular weights of clear bands were analysed in
comparison to molecular weight standards (DualColor, Bio-
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Rad) and purified human MMP-2 and MMP-9 using a cali-
brated densytometer (GS-800, BioRad) and QuantityOne
Quantitation analysis software (BioRad, version 4). Zymo-
graphic activity of each band was measured in terms of opti-
cal density/mm?(OD/mm?).

2.5.  Metalloproteinase-9 expression

Since MMP-9 activity was markedly enhanced in homoge-
nates of adenomatous tissue we tested the expression of this
gelatinase by western blot analysis.** Samples were dena-
tured in reducing treatment buffer and loaded (50 pg/lane)
onto 10% polyacrylamide gels. After SDS-PAGE electrophore-
sis, proteins were transferred onto nitrocellulose membrane
(Protran, Schleider& Schuell) and detected using a rabbit
anti-MMP9 (Chemicon) at 1:1000 dilution, a matching second-
ary antibody (Jackson Immunoresearch) and a chemiluminis-
cent substrate (Pierce) according to the manufacturers
instructions. The antibody binding was imaged on X-OMAT
film (Kodak). Western blotting with monoclonal anti-alpha-
tubulin (Sigma, Chemical, St Louis) was performed as internal
control.

2.6.  Statistical analysis
Results are expressed with the mean + SD. The Kruskall-Wal-

lis global test was used to compare the means of gelatinase
activity depending on the type of tissue (normal, hyperplastic,

A Pt 1 Pt2  Pt3  Pt4
D N Cr

P N F N

non-advanced adenoma, advanced adenoma, or cancer). A
posteriori comparisons were performed using the U-Mann
Whithey test. T-test for independent samples was used to
compare gelatinase activity depending on adenoma morphol-
ogy (protruding versus flat or advanced versus non-ad-
vanced). The same test was used to compare advanced flat
and advanced protruding adenomas. A p value lower than
0.05 (exact or not) was considered statistically significant.
All data analyses were performed using SPSS v.12.0.1 (Chi-
cago, IL) and StatXact 5.0.3 (Cambridge, MA).

3. Results

A total of 122 sporadic adenomas, 22 advanced CRC, 12 hyper-
plasic polyps and 114 paired normal colonic mucosal samples
were analysed. On the whole, 63 (52%) adenomas were ad-
vanced (mean size, 17 + 9 mm) and 59 (48%) non-advanced
(mean size, 4 + 2 mm). According to their shape, 69 (57%) ade-
nomas were protruding (mean size, 11 + 9 mm) and 53 (43%)
flat (mean size, 10 + 9 mm), including four flat-depressed le-
sions. Twenty-five flat (47%) and 38 protruding adenomas
(55%) were advanced. Eleven lesions (9%) presented HGD in
the histopathological analysis (four flat and seven protruding
polyps). Eighty-nine (74%) adenomas were tubular, 27 (23%)
tubulo-villous and four (3%) villous.

Fig. 1 demonstrates that bands observed by zymography
correspond to MMP activity. Fig. 2 shows the level of MMP-2
activity at different tissues. The mean level of pro-MMP2
activity was significantly higher in CRC samples (61 + 20 OD/

Pt1 Pt 2 Pt3 Pt4
M N P N F N D N Cr

Pro-MMP9

Pro-MMPZ2
act-MMP2
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Fig. 1 - Zymographic profile of different types of adenomas. Representative samples from four patients (Pt1, Pt2, Pt3 and Pt4)
were loaded at 25 pg protein per lane on gelatin-containing gels and incubated overnight in developing buffer alone (A) or
suplemented with 2 pg/mL aprotinin (serine protease inhibitor) (B) and 0.1 mmol/L o-phenantroline (metalloproteinase
inhibitor) (C) to confirm that the observed gelatinolytic bands were caused by MMP activity. A Coomasie blue staining was
performed as a loading control (D). Lanes N: non-involved biopsy specimens; lane P: protruded adenoma; lane F: flat adenoma;

lane D: depressed adenoma; lane Cr: CRC specimen.
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Fig. 2 - MMP-2 activity profile in neoplastic and non-
neoplastic samples. The activity of pro-MMP-2 was
significantly higher in CRC samples than in normal colonic
mucosa or hyperplastic tissue (A). Active-MMP-2 activity
was significantly higher in CRC samples than in
adenomatous polyps and non-neoplastic tissues (B). The
horizontal line within the box-plot corresponds to the
median value and whiskers to interquartile ranges.

mm?) than in normal mucosa (51 + 15 OD/mm?, P < 0.01), or
hyperplasic polyps (47 + 14 OD/mm?, P < 0.03), but not statisti-
cally significant as compared with non-advanced (54 + 16 OD/
mm?) or advanced adenomas (56 + 19 OD/mm?) (Fig. 24). In
addition, the mean activity level of active-MMP-2 in CRC sam-
ples (49 + 16 OD/mm?) was significantly higher than in normal
mucosa (38 + 5 OD/mm?, P < 0.001) hyperplastic polyps (35 = 6,
OD/mm?, P = 0.002), non-advanced (38 + 5 OD/mm?, P < 0.001)
and advanced adenomas (42 + 13 OD/mm?, P <0.01) (Fig. 2B).
There were no statistically significant differences in the activ-
ity of the latent or active forms of MMP-2 between neoplastic
polyps and non-neoplastic tissue, neither between hyperplas-
tic polyps and normal mucosa.

The activity of pro-MMP-9 in neoplastic and non-neoplas-
tic tissues is shown in Fig. 3. There was a significant and pro-
gressive activation of the latent form of MMP-9 at the
different types of colorectal neoplasms. The mean level of
pro-MMP-9 activity in CRC samples (96 + 31 OD/mm?), ad-
vanced adenomas (67 = 17 OD/mm?) and non-advanced ade-
nomas (59 + 21 OD/mm?) was significantly higher (p < 0.001)
than in hyperplastic polyps (41 + 10 OD/mm?) or normal colo-
nic mucosal (45 + 14 OD/mm?) samples, respectively. In addi-
tion, CRC samples had a mean pro-MMP-9 activity
significantly higher (p <0.001) than in advanced or non-ad-
vanced adenomas. Finally, among neoplastic polyps, ad-
vanced adenomas presented a significantly higher (p < 0.001)
pro-MMP-9 activity than non-advanced adenomas. Western-
blot analysis confirmed the expression of pro-MMP-9 protein
in colorectal adenomas, as shown by the inmunoreactive
band migrating at 92 kDa (Fig. 4). As is shown in Fig. 5 a posi-
tive correlation was found between the size of the adenomas
and pro-MMP-9 activity (r = 0.37; p = 0.001).

Regarding the histopathological feature of the adenomas,
polyps with high grade dysplasia (n=11) had a significantly
higher (p = 0.01) pro-MMP-9 activity than those with low grade
dysplasia (n=109) (77 + 10 OD/mm? versus 62 + 20 OD/mm?,
respectively). By contrast, in polyps with high or low grade
of dysplasia there were not statistically significant differences
regarding the activity of pro-MMP2 (58 + 33 OD/mm?versus
54 + 16 OD/mm?, respectively) or active-MMP2 (45 +19 OD/
mm? versus 39 + 9 OD/mm?, respectively). In addition, villous
or tubulo-villous adenomas and tubular adenomas did not
show statistically significant differences in the activity of
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Fig. 3 - Pro-MMP-9 activity profile in neoplastic and
non-neoplastic samples. There was a significant and
progressive increase in the activity of the latent form of
MMP-9 at the different types of colorectal neoplasms. The
horizontal line within the box-plot corresponds to the
median value and whiskers to interquartile ranges.
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Fig. 4 - Pro-MMP-9 immunoreactivity in homogenates from colonic adenomas. Representative examples of pro-MMP-9
expression in hyperplasic polyp (patient 1, lane H), advanced flat adenoma (patient 2, lane F), and protruded adenoma (patient
3, lane P); Lane r9 corresponds to human recombinant MMP9. Left margin indicates relative molecular weight in Kilodaltons.
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Fig. 5 — Correlation between pro-MMP-9 activity and size of
adenomas. Pearson correlation showed a significant
association between the size of the adenoma and
pro-MMP-9 activity (r = 0.37, p = 0.001).

pro-MMP-9 (66 + 16 OD/mm? versus 61 + 20 OD/mm?, respec-
tively), pro-MMP-2 (55 + 16 OD/mm? versus 53 + 15 OD/mm?,
respectively) or active-MMP-2 activity (43 + 14 OD/mm? versus
37 + 5 OD/mm?, respectively).

Finally, when gelatinase activity was evaluated according
to the shape of the polyps, no statistically significant differ-
ences were found between flat and protruding adenomas,
neither in pro-MMP-9 activity (62+19 OD/mm? versus
64 + 20 OD/mm?, respectively) nor in pro-MMP-2 (57 + 20 OD/
mm? versus 53+15 OD/mm? respectively) or in active-

MMP-2 activity (42+13 OD/mm? versus 38+8 OD/mm?
respectively). However, when the four flat-depressed lesions
were assessed separately, the mean pro-MMP-9 activity was
73 + 26 OD/mm?, a similar level to that observed in advanced
adenomas, and the active form of MMP-2 was 59 + 21 OD/
mm?, very close to the level found in than in CRC samples.

4, Discussion

The present study shows that the activity of MMP-9 and
MMP2 is markedly enhanced in advanced colorectal neo-
plasms. In fact, a progressive up-regulation of pro-MMP-9
activity was found in non-advanced adenomas, advanced
adenomas and CRC samples as compared to hyperplasic pol-
yps or healthy mucosa. By contrast, the latent and active
forms of MMP-2 were exclusively activated in CRC samples.
These findings suggest that the activation of pro-MMP-9 is
an early event in the colorectal adenoma-carcinoma se-
quence, whereas MMP-2 activation seems to be a late phe-
nomenon in colorectal carcinogenesis. This is in keeping
with previous studies suggesting that MMP-2 is widely ex-
pressed in normal tissue being considered a house-keeping
gene.??

Previous studies have largely investigated the role of MMP
in colorectal carcinogenesis. However, most of them have fo-
cused on the behaviour and prognosis value of these enzymes
on advanced CRC'®™ rather than in the earlier steps of the
adenoma-carcinoma sequence.

Colon tumours have been shown to express MMP-1, -2, -3,
-8,-8,-9,-10,-11, -12 and -14.%° In advanced CRC the expression
of MMP-2 and MMP-9 has been associated with tumour inva-
sion, hepatic metastasis and decreased survival rate.'’?*2
However, the evidence for MMP-2 or MMP-9 up-regulation in
premalignant intestinal lesions is weak. Although several re-
ports have assessed gelatinase expression and activity in
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colorectal adenomas, %% results are inconsistent. Some stud-

ies have shown over-expression of these enzymes in ade-
nomatous polyps,'®**?* whereas others observed very weak
or no expression at all.>'® Parsons et al.'® analysed by
zymography the activity of the latent form of MMP-9 in a ser-
ies of 53 CRC and in 15 colorectal adenomas. They found a
marked up-regulation of this protease in adenomas as com-
pared with the corresponding normal tissue. In this study,
gelatinase activity was higher in carcinomas than in adeno-
mas, but differences did not reach statistical significance. Pre-
viously, Tomita et al.™® in an inmunohistochemistry study also
observed a higher expression of MMP-9 in adenomas than in
normal colonic mucosa. However, at least two recent stud-
ies'* did not find any correlation between adenomatous
polyps and MMP-9 expression. In analysing these conflicting
results it is important to emphasise the small number of sam-
ples included in all of them, the use of different techniques
for their measurement (qualitative or quantitative tech-
niques) and the lack of characterisation of polyps according
to their malignancy risk (advanced or non-advanced) or the
level of dysplasia.*%-%¢

To our knowledge no previous studies have specifically as-
sessed the profile of gelatinases’s activity in advanced and
non-advanced colorectal adenomas. In the present study we
found that the latent form of MMP-9 was markedly activated
in advanced adenomas as compared to non-advanced adeno-
mas, being the magnitude of that activation related to the size
of the lesion. This finding suggests a role for MMP-9 in ade-
nomatous growing. This hypothesis is supported by the fact
that pro-MMP-9 activity was also up-regulated in non-ad-
vanced adenomas as compared to the healthy colonic
mucosa.

The association of HGD with MMP-9 has been previously
assessed in very few cases and results do not allow drawing
any conclusion.'®? In the current study we found significant
elevation of pro-MMP-9 in polyps with HGD as compared to
those with low grade dysplasia. However, this finding should
be interpreted with caution as only 11 polyps with HGD were
included in the analysis. Regarding the possible association of
these gelatinases with the morphology of colorectal adeno-
mas, current data are confounding. We further analysed
whether gelatinase activation was present in flat-colorectal
adenomas. Although we did not find statistical differences
in MMP-9 or MMP-2 activity between flat and protruded pol-
yps, it was remarkable that the four flat-depressed lesions in-
cluded in our study had, despite their small size (14 mm,
11 mm, 4 mm and 2 mm), up-regulation of the latent MMP-9
and active MMP-2. This is of interest as flat-depressed polyps
have been shown to be associated with a higher malignancy
risk than flat-elevated or protruding adenomas.?®*” However,
future studies including a large sample of flat-depressed le-
sions are warranted to confirm these results.

The pathogenetic mechanism by which gelatinases may
be involved in the colorectal adenoma-carcinoma sequence
is not well understood. It has been suggested that up-regula-
tion of these enzymes may promote pro-angiogenic or pro-
metastatic activity in solid tumours.?® Angiogenesis is a
complex and dynamic process mediated by various soluble
and cell surface molecules that facilitate the interaction be-
tween tumour cells and surrounding stromal cells. MMP9

has been implicated in regulating tumour angiogenesis via a
mechanism that involves vascular endothelial growth factor
(VEGF) release from ECM stores.?® A recent study confirmed
that a tumour cell surface glycoprotein named extracellular
matrix metalloproteinase inducer, modulates neo-angiogene-
sis and tumour growth throughout up-regulation of VEGF and
MMP-9 among other MMP.** Moreover, VEGF strongly corre-
lates with angiogenesis in colorectal adenomas and cancer.??
Consequently, up-regulation of MMP-9 might participate in
tumour growth and progression at the very early stages of
colorectal carcinogenesis by means of its pro-angiogenic
activity. However, gelatinases have been also associated with
other potential carcinogenic mechanisms as cell differentia-
tion, apoptosis, and immune surveillance.?® Therefore, fur-
ther investigation is warranted to clarify the mechanism by
which MMP-9 may facilitate the progression from adenoma-
tous polyps to cancer in human beings.

The present study has several limitations. First, we made
histological diagnosis from biopsy specimens and not from
the corresponding resected lesion, a fact that may give a dis-
crepant diagnosis.®? Second, although zymography is a very
sensitive technique to asses gelatinase activity, we did not as-
sess the cellular source of gelatinase production nor the spe-
cific protein location. Third, we cannot rule out the possibility
that altered expression of tissue inhibitors TIMP-1 or TIMP-2
may also influence colorectal carcinogenesis, as they may
be inhibitors of cancer progression by inhibiting particular
MMP but may also promote cancer progression in a MMP-
independent manner.>® However, this is very unlikely as re-
cent data support that TIMP-1 or TIMP-2 expression is a rare
event in colonic adenomas or CRC.3*3¢

In summary, the present study demonstrates that up-reg-
ulation of MMP-9 is an early event in the sequence adenoma-
carcinoma and might be a molecular marker for colorectal
carcinogenesis. By contrast, MMP-2 up-regulation seems to
be associated with advanced CRC, although it could also have
a role to identify flat-depressed adenomas with invasiveness
capacity. Further studies are warranted to determine the use-
fulness of these gelatinases as potential carcinogenic markers
for colorectal adenomas. Finally, although MMP inhibitors
have not been shown to be therapeutically effective in ad-
vanced gastrointestinal cancers, it would be of interest to
investigate whether they have a therapeutic effect in the early
stages of the sequence adenoma-carcinoma.
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