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Background: Studies on the pathomechanism of colorectal cancer (CRC) expansion indicate a significant role of metallopro-
teinases and their inhibitors in the extracellular matrix. The results of the analysis of a profile of transcription-
al activity of genes encoding metalloproteinases were the basis of the hypothesis indicating changes in the
expression of genes encoding MMP9, MMP28, and TIMP1 as an additional diagnostic and prognostic marker
of CRC.

Material/Methods: The material consisted of samples obtained from resected tumors and healthy tissue samples from 15 CRC pa-
tients (aged 46-72 years) at clinical stages (CSs) | and II-IV.
Gene expression analysis was done using microarrays. Microarray data analysis was done using the GeneSpring
11.5 platform. The results were validated using the qRT-PCR technique.

Results: We found high levels of expression of MMP9 at each CS, as well as in the tissues at the early stage of CRC.
Additionally, we observed high levels of expression of TIMP1 and low levels of MMP28 genes in CS II-IV. No
statistically significant differences based on the stage of CRC were observed.

Conclusions: MMP9 gene profile may be a complementary diagnostic marker in CRC. The results suggest a crucial role of
MMP9 at the early stage of carcinogenesis in the large intestine. The increase in MMP9 and TIMP1 mRNA con-
centration and the decrease in MMP28 in the large intestinal tissue may be a confirmation of cancer, but it
may not indicate the advance of CRC.
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Background

As the population is aging, both the rate of cancer incidence and
the number of cancer-related deaths are constantly increasing. It
is also related to colorectal cancer (CRC), which is the most com-
mon malignancy of the digestive tract. A significant therapeutic
problem experienced by clinicians who treat colorectal patients
is connected with high invasiveness of CRC and its ability to
form metastases in distant organs. Absence of CRC symptoms,
scant symptoms, or symptoms ignored by patients frequent-
ly result in treatment at a late advanced stage of the disease.
Therefore, early diagnosis is of crucial importance. Recently,
much hope has been placed on the constant development of
molecular biology techniques in terms of development of early
diagnosis and possible treatment options. The most recent di-
agnostic and therapeutic trends are focused on the molecular
basis of CRC. Significantly changed transcriptional gene activi-
ty may be a complementing prognostic and diagnostic marker
in CRC, and it may be the basis for establishing new therapeu-
tic goals. Studies on the pathomechanism of cancer expansion
demonstrate a significant role of extracellular matrix metallo-
proteinases (MMPs) in this process [1-3]. Their proteolytic ac-
tivity significantly influences extracellular matrix components
(EMCs) through the degradation of its components and regu-
lation of the activity of signal particles [4,5]. Matrix metallopro-
teinases participate in regulating the ability of cells to differen-
tiate, proliferate, and in the process of apoptosis, adhesion or
migration. At some stages, MMPs may also prepare malignant
cells for migration, invasion, and dissemination to distant or-
gans. They also participate in malignant transformation itself.
However, tissue inhibitors of metalloproteinases (TIMPs) are
mainly responsible for controlling the functioning of MMPs, in
addition to the other functions they perform. Consequently, their
role is to minimize the degradation of EMCs. As a result, MMPs
and TIMPs take part in the reconstruction of EMCs, thus influ-
encing transformation of malignant cells and cancer progression.

The aim of the present paper is to analyze a profile of transcrip-
tional activity of genes encoding MMP9, MMP28, and TIMP1,
depending on the clinical stage of CRC. The analysis aims at
considering them to be potential complementing diagnostic
and prognostic markers of CRC.

Material and Methods

The material consisted of samples obtained during the resec-
tion of the large intestine. The samples were collected from 15
CRC patients aged 46-72 years. The inclusion criterion was: CRC
patients in all stages of the disease undergoing elective clas-
sic surgical procedures. The exclusion criteria were: patients
reoperated on due to the underlying disease; unclear histo-
logical confirmation of CRC; patients with genetic, systemic, or
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metabolic conditions (with the exclusion of obesity as an iso-
lated condition); and previous radiotherapy or chemotherapy.
The study was approved by the Bioethics Commission of the
Medical University of Silesia (KNW/0022/KB1/21/1/10). Written
informed consent was obtained from all study participants.

The material consisted of CRC and healthy tissue samples.
The samples were collected from CRC from the external mar-
gin to exclude the presence of necrotic tissues in the speci-
mens. Control samples were obtained from the macroscopically
healthy intestine, from the part of the specimen maximally dis-
tant from the lesion and at least 5 cm distant from the margin
considered to be healthy. The tumor tissue was divided into 2
parts. One part was referred for standard histological assess-
ment and the other for molecular analysis, as in the case of
the control. The tissue collection was done immediately after
the resection of the intestinal fragment, thus limiting to the
minimum the effect on cancer. The tissues were dissected us-
ing classic surgical techniques only. No electrical devices or ul-
trasound were used. Prior to the molecular analysis, the ma-
terial was stored in RNAlater™ (Qiagen) at the temperature of
-80°C to prevent sample degradation.

Twenty-eight samples were obtained (15 CRCs and 13 controls).
In accordance with the 7t edition of the AJCC/UICC staging
system of CRC, cancer tissues represented different stages of
the disease: 3 Clinical Stage | (CSI), 5 Clinical Stage Il (CSII),
3 Clinical Stage Ill (CS Ill), and 4 Clinical Stage IV (CSIV). The
genetic profile of cancerous tissues was analyzed. The profile
was compared to the genetic profile of the control tissues. The
samples with CRC were divided into 2 groups: “low stage of
cancer” LSC (CSI) and “high stage of cancer” HSC (CSII-CSIV).

Methods of molecular analysis

The molecular analysis was started by extracting total RNA from
the obtained fragments of the large intestine. In further stages
of the study, RNA was the array for the assessment of intes-
tinal transcriptome, using expression microarrays HG-U133A
(Affymetrix®) and validation of the array experiment with qRT-
PCR, based on mRNA concentration profiles: MMP9, MMP28,
TIMP1, and the control of endogenous GAPDH and [-actin.

RNA purification and analysis

Total RNA from the sample of the large intestine was isolat-
ed with a total RNA isolation kit (Total RNA Prep Plus, A&A
Biotechnology). Next, the extracted RNA was purified and
digested with DNase |, using columns of an RNase Minikit
(Qiagen) in accordance with the manufacturer’s instructions.
Qualitative assessment of the obtained RNA extracts was per-
formed using 1% agarose gel electrophoresis, stained with
ethidium bromide. Additionally, the degree of total RNA integrity
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was assessed based on the RNA Integrity Number (RIN) pa-
rameter — rRNA ratio (28s/18s).

RNA concentration was assessed spectrophotometrically at
a wavelength of 260 nm, using Gene Quant II. The total RNA
was the array for transcriptome assessment using expression
microarray HG-U133A (Affymetrix®) and the number of mRNA
copies in pg of the total RNA assessed using qRT-PCR (valida-
tion of the array experiment).

Transcriptome assessment with expression microarray HG-
U133A (Affymetrix®)

Large intestine transcriptomes were assessed with mRNA ex-
pression microarrays, using HG-U133A? (Affymetrix®, CA). The
isolated total RNA was the array for the synthesis of marked
cRNA (biotinylated complementary RNA), the synthesis of which
was performed using the 3’ IVT Express Kit. The obtained par-
ticles were hybridized with HG-U133A microarray. At the next
stage, the microarrays were washed and marked by immunoflu-
orescence using the Fluidics Station 450 and the Hybridization
Wash and Stain Kit. Next, fluorescence intensity of the tran-
scriptomes was read using the GeneChip Scanner 3000 7G
and the Affymetrix® GeneChip® Command Console® Software
(AGCC) software. Experiment quality control was done at the
subsequent stages of transcriptome assessment, starting with
the quality assessment using 1% agarose gel electrophoresis
of total RNA after extraction from intestinal samples, and of
reverse transcription products (cDNA), transcription (cRNA),
and cRNA after fragmentation and immediately before the
preparation of the hybridization cocktail.

Validation of the array experiment with qRT-PCR

Validation of the array experiment results was done with qRT-
PCR, which allowed precise assessment of diagnostic and prog-
nostic values of the determined changes in mRNA concentration
of MMP9, MMP28, and TIMP1. Starters synthesized by Oligo
IBB PAN were used for amplification. The qRT-PCR reaction was
conducted using the SYBR Green Quantitect RT-PCR Kit and
the Opticon™ DNA Engine Sequence Detector. The number of
mRNA copies in 1 pg of the total RNA extract was determined
based on the standard curve made for commercially available
DNA specimens of the B-actin gene. For each test, negative
control (without RNA array) and endogenous control (of mRNA
of B-actin and GAPDH genes) were done. The specificity of the
gRT-PCT reaction was assessed based on electrophoretic sep-
aration of amplimers at 6% polyacrylamide gel stained with
silver salts with size marker pBR322/Haelll and Tm value de-
termined based on the amplimer melting curve, for each qRT-
PCR product. The gRT-PCR reaction was performed in a reac-
tion mix prepared with the use of a robot integrated with ABI
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The statistical analysis of the results

The statistical analysis of the array experiment results was
started with global normalization of all microarrays accepted
for the comparative analysis using the RMA-express software.
Next, hierarchical clustering with Statistica v. 9.0 (StatSoft, Tulsa,
OK) was used to assess the stage of differentiation of the in-
testinal transcriptomes. During the next stage of the compar-
ative analysis of transcriptome groups, we used GeneSpring
GX 11.5 (Agilent Technologies) for the analysis of array ex-
periment results.

Statistical significance was p<0.05. For each parameter analyzed,
the most significant elements of the descriptive statistics were
determined, including mean, standard deviation, median, ex-
treme values (minimal and maximal), and lower (25%) and up-
per (75%) quartiles. The hypothesis on the compliance of the dis-
tribution of a given parameter with the normal distribution was
verified using the Shapiro-Wilk test. In the case of the normal
distribution of a given parameter, differences between groups
that were statistically significant in reference to particular vari-
ables were verified at the first stage using one-way analysis of
variance (ANOVA), and then the nature of particular relationships
was determined with the post hoc Tukey test. Comparisons be-
tween the 2 groups were made using the t test for independent
samples. In the case of lack of compliance between the distribu-
tion of a given parameter and the normal distribution, compari-
sons between the 2 groups were made using the Mann-Whitney
U test. To increase the probability of obtaining the correct re-
sults, the Benjamini-Hochberg correction was used.

Validation of the array experiment results was performed with
the gRT-PCR technique, which allowed a precise assessment of
the diagnostic and prognostic values of the changes in mRNA
of MMP9 and MMP28, as well as TIMP1.

Results

The assessment of the differentiation of transcriptome groups
characteristic of the samples from the healthy large intestine
and CRC was started with the array experiment. After the ini-
tial acceptance of microarrays for the comparative analysis
carried out in accordance with the instructions of the micro-
array producer (Affymetrix®) and result normalization with the
RMA method, transcriptome clustering was done with the use
of the hierarchical clustering method (Figure 1).

The obtained results demonstrate that all transcriptomes are
clustered in 3 main groups, differentiated by the stage of CRC:
C - control group — normal large intestine samples, LSC — CRC
samples in CSI and HSC — CRC samples in CSlI, CSlll, and CSIV.
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Figure 1. The result of microarray hierarchical clustering (HG-U133A — Affymetrix®) — normalized mRNA fluorescence signals in
transcriptomes. The following numbers — sample number, Clinical Stage (CS) I-IV — stage of colorectal cancer, C — control;
LSC — low stage of cancer, HSC - high stage of cancer.

The next stage of the analysis included a comparison of LSC
and HSC transcriptomes with the control group. The analysis
was started with the characteristics of the dispersion of fluo-
rescence signals of 44 mRNA of metalloproteinases and their
inhibitors in the transcriptome groups, which was based on the
descriptive statistics (median and interquartile range) (Figure 2).
The obtained results indicate that mRNA concentration pro-
file in the transcriptome groups depends on the stage of CRC.

_
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Normalized intensity values
'

To determine whether the observed differences were statis-
tically significant, concentration profiles of 44 mRNA of me-
talloproteinases and their tissue inhibitors in healthy intes-
tinal tissues (C) and in LSC and HSC were compared using C LsC HSC
ANOVA. The obtained results indicated that out of 44 mRNA
assessed by the oligonucleotide microarray method (HG-U133A, Figure 2. Box plot, illustrating the dispersion of fluorescence

Affymetrix®), 11 mRNA differentiate the compared groups with signals of 44 mRNA of metalloproteinases and their
the assumed p<0.05. inhibitors in transcriptome groups of the large
intestine, with different stage of CRC (min-max.
25-75%, median). C - control; LSC — low stage of
cancer, HSC — high stage of cancer.

mRNA heat maps of metalloproteinases and their inhibitors were
simultaneously generated for 11 ID mRNA (GeneSpring GX),
demonstrating an mRNA concentration profile differentiating
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Table 1. The results of the comparative analysis using the Mann-Whitney U test, indicating the differentiation level of the transcription
activity for MMP28, MMP9 and TIMP1 in CRC samples determined by qRT-PCR.

p value
Mann-Whitney U test

Cvs. LSC NC 0.0370 NC
REPCR cwmsc 0035 00002 ool
"""" lscsbsc N N N
""""""""""""""""""""""""" cwisc  NC oocouos3e NG
Microarrays HG-UI33A  Cws.HSC 1470172465 1218182866 755461368
"""" iscwsbsc NN N

C - control group; LSC — low stage of cancer; HSC — high stage of cancer; NC — no change.

CRC from the control. Compared to the mean mRNA concen-
tration in transcriptomes (yellow), particular metalloproteinas-
es were characterized by varied transcription activity. In some
cases, an increase in transcription activity was observed with
the increase in the stage of CRC. Metalloproteinase 28 was
an exception; the transcription activity decreased with an in-
crease in the stage of CRC.

We also used a test that increased the precision of ANOVA -
the post hoc Tukey test — indicating which of 11 mRNA select-
ed in the variance analysis (ANOVA) as the particles differen-
tiating the compared transcriptome groups could be used to
differentiate the defined groups of large intestine samples.
The analysis indicates that out of 11 selected mRNA, 2 differ-
entiate healthy intestinal tissue samples (C) from LSC, 9 dif-
ferentiate control samples (C) from HSC, and 5 differentiate
LSC from HSC.

Based on these initial analyses (one-way ANOVA combined
with post hoc Tukey), 2 genes were extracted that differenti-
ate the following: a macroscopically healthy tissue (C) from a
cancerous tissue in both LSC and HSC. The next stages of the
comparative analysis included the selection of mRNA differ-
entiating healthy intestine samples and CRC in LSC (C vs. LSC)
and healthy intestinal samples and CRC in HSC (C vs. HSC)
and CRC in LSC and CRC in HSC. The nonparametric Mann-
Whitney U test with the Benjamini-Hochberg correction was
used. Validation of the array experiment results was done us-
ing the gRT-PCR technique (Table 1).

The results of the analyses indicate that the profile of the ex-
pression of genes encoding MMP9, MMP28, and TIMP1 dif-
ferentiates the cancerous tissue from the healthy intestine.
However, the profile does not demonstrate statistically sig-
nificant differences depending on the stage of CRC. We did

This work is licensed under Creative Common Attribution-
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not confirm the result of the one-way ANOVA combined with
the post hoc Tukey analysis in relation to mRNA of MMP28.

Discussion

Colorectal cancer, the most common cancer of the digestive
tract and generally one of the most frequent malignancies in
human pathology, is a disease of complex and multi-factori-
al etiology where the accumulation of genetic and epigenetic
changes in the cell plays a crucial role [6-11]. The invasiveness
of CRC and the ability of cancerous cells to form metastases
in distant organs are one of the most significant therapeutic
problems, which result in a number of outcome failures [12].
Matrix metalloproteinases play an active part in that process,
degrading EMCs, including basement membranes, which in
consequence may result in the infiltration of the parenchy-
ma, adjacent structures, and distant metastases after cross-
ing the blood vessel basement membrane [13].

Currently, CRC treatment is based mainly on radical surgery fre-
quently supported by systemic treatment: chemotherapy and
radiotherapy [7,14,15]. The effectiveness of treatment strictly
depends on the stage of the disease at diagnosis; faster diag-
nosis of LSC offers a better prognosis. Together with the in-
crease in the stage of CRC, the probability of successful out-
come decreases despite adjunctive therapy. The detection of
the disease at its earliest and preferably asymptomatic stage
is therefore crucial. Hope is offered by modern techniques that
use oligonucleotide microarrays to compare gene expression
in cancerous and healthy tissues.

Finding the differences in the expression of genes encoding
particular proteins may be helpful in explaining the mecha-
nisms resulting in the occurrence and development of CRC,
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which in turn is the key to establishing new therapeutic pos-
sibilities. Analyzing the problem of solid tumors as a whole,
including digestive tract cancers and CRC in particular, more
and more reports stress the role of MMPs in CRC formation
and progression [3,16-27].

The result of the Mann-Whitney U test with the Benjamini-
Hochberg correction used to select mRNA differentiating healthy
intestinal samples from CRC in LCS confirmed the result of the
analysis of one-way ANOVA combined with the post hoc Tukey
analysis only in the case of MMP9. However, the test result
comparing healthy intestinal samples with CRC in HSC con-
firmed the result of ANOVA analysis in MMP9, MMP28, and
TIMP1. These results were confirmed using qRT-PCR.

The existing data on the prognostic role of MMPs and their
inhibitors as markers of CRC progression are not conclusive.
Our study suggests that MMPs and TIMPs may be a substan-
tial element of controlling CRC stage by indicating the com-
plexity of proliferative and migration mechanisms. It seems
that an overexpression of MMP9 and TIMP1 and silencing of
MMP28 could become a direct independent target of anti-can-
cer therapy. Because there is a difference in the expression
of MMP9 gene in cancerous tissues compared to healthy tis-
sues, the gene demonstrates a diagnostic value; it may serve
as an early marker of cancerous transformation due to the
changes in its activity as early as at the cancer initiation pro-
cess. However, the increase in expression of MMP9 encoding
gene, the decrease in transcription activity of MMP28, and
the increase in transcription activity of TIMP1 gene may be a
confirmation of the existence of cancer. Unfortunately, even
though it seems that differences in the expression of these
genes exist, as shown by the heat map, when LSC is compared
with HSC, these differences do not demonstrate statistical sig-
nificance. Consequently, they cannot be used in differentiat-
ing the stage of CRC. In turn, MMP9 seems to take part in a
number of key stages of CRC progression, from carcinogene-
sis, angiogenesis, and the development of primary tumor, to
metastases in distant organs. Using immunochemistry tech-
niques, Zeng et al. [28] demonstrated that MMP9 expression
correlates with metastases in human CRC, and it is also relat-
ed to an increase in TIMP1 activity. Furthermore, an increase
in mRNA of MMP9 in CRC tissue compared to the concen-
tration in a healthy intestinal tissue increased with disease
progression, being a negative prognostic factor for disease-
free survival and overall survival [29]. TIMP1 levels in serum
and TIMP1 expression in cancerous tissues are associated
with poor clinical outcomes in many types of cancer [29,30].
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Although a study demonstrated an increase in the activity of
genes encoding MMP9 and TIMP1 taking part in tissue recon-
struction and regulating the transformation and progression
of cancerous cells, no close connection was observed in reg-
ulation between MMP9 and TIMP-1 in CRC [30]. In our study,
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in healthy tissues, which is similar to the results obtained by
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increased in higher stages of CRC, but at a much lower level,
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MMP28 is the least well known metalloproteinase. MMP28 is
overexpressed during progression of gastric carcinoma and con-
tributes to tumor cell invasion and metastasis [32]. However, the
expression of MMP28 is decreased in CRC. Bister et al. [33] us-
ing immunohistochemical analyses demonstrated that MMP28
is downregulated during malignant transformation of the co-
lon, which suggests the protective role of MMP28 in this type
of cancer. MMP28, as in the case of MMP9, is associated with
the activity of the cadherin group, which is the major media-
tor of cell adhesion. This relationship is very complex in CRC,
which results from the changeable activity of genes encoding
these mediators [34]. Xiao et al. [35] demonstrated that miR-
NA-144 (suppressed by the expression of GSPT1) may be the
connecting element to regulate the expression of Survivin,
thereby inhibiting MMP28.

Conclusions

An increase in MMP9 gene expression may constitute an addi-
tional marker in CRC diagnosis, whereas the increase in MMP9
and TIMP1 expression and the decrease in MMP28 in the sam-
ples from the large intestine may confirm the existence of a
cancerous change, but it does not indicate the stage of CRC.
The examined particles may be a possible target in molecu-
lar therapy in CRC. However, further basic and clinical studies
are needed to confirm the present results.
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