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Abstract. As the major component of the tumor matrix, 
collagen greatly influences tumor invasion and prognosis. 
The present study compared the remodeling of collagen and 
collagenase in 56 patients with colorectal cancer (CRC) using 
Sirius red stain and immunohistochemistry, exploring the 
relationship between collagen remodeling and the prognosis 
of CRC. Weak or strong changes in collagen fiber arrange-
ment in birefringence were observed. With the exception 
of a higher density, weak changes equated to a similar 
arrangement in normal collagen, while strong changes 
facilitated cross-linking into bundles. Compared with normal 
tissues, collagen I (COL I) and III (COL III) deposition was 
significantly increased in CRC tissues, and was positively 
correlated with the metastasis status. In tissues without distant 
metastasis, collagen IV (COL IV) levels were higher than that 
in normal tissues, while in tissues with distant metastasis, 
collagen IV expression was significantly lower. Furthermore, 
the expression of matrix metalloproteinase (MMP)-1, MMP-2, 
MMP-7, MMP-9 and lysyl oxidase-like 2 (LOXL2) was found 
to be elevated in the cancer stroma, which contributed to the 
hyperactive remodeling of collagen. The association between 
collagen-related genes and the occurrence and prognosis of 
CRC were analyzed using biometric databases. The results 
indicated that patients with upregulated expression of a combi-
nation of coding genes for collagen and collagenase exhibited 
poorer overall survival times. The coding genes COL1A1‑2, 
COL3A1, COL4A3, COL4A6 and MMP2 may therefore be 
used as biomarkers to predict the prognosis of patients with 

CRC. Furthermore, the results of Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis 
suggest that collagen may promote tumor development by 
activating platelets. Collectively, the abnormal collagen 
remodeling, including associated protein and coding genes is 
associated with the tumorigenesis and metastasis, affecting the 
prognosis of patients with CRC.

Introduction

Colorectal cancer (CRC) has a high global incidence and 
mortality rate (1). Tumor metastasis is often associated with 
poor prognosis and is the primary cause of death in patients 
with cancer (2). Existing research shows that the tumor matrix 
has profound influences on tumor growth and metastasis (3). 
As the core constituent of the tumor matrix, collagen provides 
a mechanical or signaling support for tumor growth and 
metastasis and is related to prognosis (4,5). Several studies 
have shown that collagen is the migratory channel of cancer 
cells, controlling the metastasis of various tumor cells (6-8). 
Bonnans et al (9) revealed that dense deposition of COL I may 
increase the risk of tumor metastasis and worse prognosis.

Tumor progression is accompanied by an abnormal 
remodeling of the matrix collagen. Histologically, abnormal 
remodeling of collagen mainly results in excessive deposi-
tion, altered-proportions and changed-arrangement of 
collagen (10‑12). In normal tissues, the collagen fibers of the 
tumor matrix are curly with an irregular arrangement, while 
in tumor tissues, especially those with metastasis, the fibers 
are linearized and dense with a directional arrangement (13). 
Tanjore and Kalluri (14) identified numerous hidden carcin-
ogen-containing domains within collagen that were exposed 
following collagen remodeling, and which subsequently 
facilitated tumor metastasis.

Collagen remodeling is induced by collagenase. The most 
common collagenases are the matrix metalloproteinase (MMP) 
and lysine oxidase (LOX) families, which facilitate the degra-
dation or cross-link of collagen, respectively (15,16). In various 
types of cancers, such as breast cancer and hepatocellular 
carcinoma, the overproduction of these collagenases has been 
found to promote abnormal collagen remodeling (17-19). The 
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changes in the deposition and the ratio of subtypes of colla-
gens are also regulated by their associated coding genes. The 
mRNA level of these coding genes can affect tumor occur-
rence and prognosis (20,21), but their prognostic significance 
in CRC is not totally clear.

The tumor invasion front is the area at the edge of the tumor 
which represents a critical interface at tumor progression and 
tumor cell dissemination (22). Changes in the environment 
of the tumor invasion front also affect the behavior of tumor 
cells and patient prognosis (23). However, there are few studies 
focused on the association between the matrix collagen at 
the tumor invasion front and CRC development and prog-
nosis. Based on these perspectives, the changes in collagen 
arrangement and expression at the tumor invasion front were 
analyzed in CRC patients with and without metastasis, as well 
as the corresponding differences in collagenase expression. 
In addition, bioinformatics analysis from multiple biometric 
databases was performed to study the expression and prog-
nostic significance of matrix collagen and collagenase genes 
in CRC.

Materials and methods

Patients and specimens. A total of 56 patients (age, 
26-86 years) undergoing colonoscopic polypectomy at 
the First Affiliated Hospital of Guangzhou University of 
Chinese Medicine (Guangzhou, China) between July 2018 
and January 2020 were enrolled in the present study. Patients 
who had received neoadjuvant radiotherapy, chemotherapy or 
chemoradiotherapy were excluded. Clinical and pathological 
data including pathology reports, sex, age at surgical interven-
tion, macroscopic classification, tumor location, tumor size, 
tumor differentiation, lymphovascular infiltration and depth of 
invasion, were collected from medical records. The American 
Joint Commission on Cancer TNM staging system was used 
to clinical stage the tumors (24). Tissues from the tumor 
invasion front were obtained from the edge of each tumor, 
and normal-adjacent tissues were obtained 5.0-10.0 cm away 
from the primary tumor. The 112 samples were then divided 
into metastatic, non-metastatic and normal groups (from 
metastatic patients) and normal groups (from non-metastatic 
patients). This study was approved by the Ethics Committee of 
First Affiliated Hospital of Guangzhou University of Chinese 
Medicine [No. Y (2019)172] and written informed consent 
was obtained from all patients. The study was performed in 
accordance with the Declaration of Helsinki.

Immunohistochemistry (IHC). Tissues were fixed with 4% 
paraformaldehyde at room temperature for 24 h and serially 
cut into 4-µm-thick sections for IHC. The primary antibodies 
are displayed in Table SI. The paraffin‑embedded sections were 
dewaxed, rehydrated in a descending alcohol series, and heated 
in citrate buffer (pH 6.0) for 20 min at 95˚C. The sections were 
quenched to block endogenous peroxidase activity (3% endog-
enous peroxidase blocker at room temperature for 10 min), and 
then blocked with normal goat serum for 20 min at 37˚C. The 
sections were incubated with primary antibodies for 16 h at 4˚C, 
rinsed with wash buffer, and then incubated with secondary 
antibodies at 37˚C for 15 min, horseradish peroxidase‑labeled 
streptomycin was subsequently added, and the slides were 

visualized using a 3,3‑diaminobenzidine tetrahydrochlo-
ride substrate kit (DAB; ZLI-9018; ZSGB-BIO; OriGene 
Technologies, Inc.). The sections were lightly counterstained 
with hematoxylin, dehydrated, cleared and mounted with resin. 
Negative controls were prepared by omitting the primary anti-
bodies, while keeping all other procedures the same.

For immunohistochemical quantification, images of three 
randomly selected microscopic fields per slide were captured 
using a an Olympus BX 51 fluorescence microscope (Olympus 
Corporation; magnification, x200); and evaluated by indepen-
dent pathologists. Image Pro Plus 6.0 (Media Cybernetics, 
Inc.) was used for digital image analysis. The scores for 
staining intensity and the percentage of positive cells were 
multiplied; the yellow density reflects the expression level of 
the target protein. The expression levels of COL I, III, and IV, 
MMP-1, MMP-2, MMP-7, and MMP-9, as well as LOXL2 
were quantified via the average optical density (AOD).

Sirius red staining and quantification. The tissue sections were 
deparaffinized and rehydrated in a graded ethanol series, and 
then incubated for 1 h in Sirius red stain (G1018; Servicebio). 
The stained sections were analyzed using an Olympus IX73 
inverted microscope (Olympus Corporation; magnification, 
x200 or x400) with a linear polarizer. To avoid missing any 
details, the filter was tilted to an angle between 0 and 90 until 
the birefringence became evident and the background became 
completely black; the focus was then corrected once more (25). 
The halogen lamp intensity and exposure time were constant 
within each image. Under polarized light, COL I appears red or 
yellow with strong birefringence, while COL III is green with 
weak birefringence. The areas of COL I and III staining were 
analyzed using Image Pro Plus 6.0 (Media Cybernetics, Inc.).

Protein functional annotation. The Search Tool for Recurring 
Instances of Neighbouring Genes (STRING) database 
(https://string-db.org) is designed to evaluate the integration 
of protein-protein interactions, including direct (physical) and 
indirect (functional) associations (26). The STRING database 
was used to detect the potential associations among MMP-1, 
MMP-2, MMP-7 and MMP-9 and LOXL2.

Differential mRNA expression between tumor and normal 
tissues. The Oncomine database (https://www.oncomine.org/) 
was used to analyze the mRNA expression levels of coding 
genes (COL1A1‑2, COL3A1, COL4A1‑6, LOXL2, and MMP1, 
MMP2, MMP7 and MMP9) in different types of cancer. The 
search was conducted using the following criteria: i) type of 
analysis: Cancer vs. normal tissues; ii) type of data: mRNA; 
iii) thresholds: Fold change=2 and P=0.01. Then UCSC Xena 
Browser (27) (https://xenabrowser.net/datapages/) was then 
used to obtain the TCGA-COADREAD gene expression 
dataset and corresponding clinical data, which includes 383 
tumor samples and 51 normal samples. The data were used 
to verify the differential mRNA expression levels of the 
target genes in CRC and control normal tissues. P<0.01 was 
considered to indicate a statistically significant difference.

Functional and pathway enrichment analysis. The Database 
for Annotation, Visualization and Integrated Discovery 
(DAVID) (https://david.ncifcrf.gov) integrates biological data 



ONCOLOGY REPORTS  44:  1671-1685,  2020 1673

and analysis tools to generate systematic and comprehensive 
functional annotations (28). In the presents study, DAVID 
was used to conduct Gene Ontology (GO) and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis 
of related coding genes. GO analyses classified the coding 
genes into three categories, biological process (BP), cellular 
component (CC) and molecular function (MF). KEGG 
analyses were conducted to identify the pathways in which 
the coding genes were significantly enriched; P<0.05 and an 
enrichment score (ES) >1.0 were used as the cutoff criteria 
for significance.

Cox proportional hazards regression analysis. The gene 
expression profiles and corresponding clinical data of the 
GSE17536 dataset (29) were downloaded using the Gene 
Expression overview database (GEO, https://www.ncbi.nlm.
nih.gov/geo/). Samples without overall survival (OS) events 
(time from surgery to death) and OS times were removed, and 
the remaining 177 CRC samples were included in the present 
study. Next, univariate and multivariate Cox proportional 
risk regression analyses were used to analyze the coding 
genes. Based on the expression and coefficients of these 
coding genes, the ‘coxph’ function in the R ‘survival’ package 
(http://cran.r-project.org/package=survival) (30) was used to 
calculate the risk score for each patient and to establish an 
optimal prognostic model.

Survival analysis. Survival analysis for the coding genes 
in CRC (COL1A1‑2, COL3A1, COL4A1‑6, LOXL2, and 
MMP1, MMP2, MMP7 and MMP9) was performed using 
the PROGgeneV2 prognostic database (http://genomics.
jefferson.edu/proggene/index.php) (31). Briefly, the following 
parameters were selected in the first interface: ‘COL1A1, 
COL1A2, COL3A1, COL4A1, COL4A2, COL4A3, COL4A4, 
COL4A5, COL4A6, MMP1, MMP2, MMP7, MMP9 and 
LOXL2’ in multiple user input genes; ‘combined signature 
graphs only’; ‘colorectal cancer’ in cancer type; ‘death’ in 
survival measure; and ‘median’ in bifurcate gene expression. 
Then, in the second interface, filter ‘GSE17536’ was selected, 
and the plot was created. The log-rank P-value and hazard 
ratio (HR) with 95% confidence interval were calculated 
and displayed on the webpage. Only data with P<0.05 were 
selected for analysis.

Data from the GSE39582 dataset (32) in the Gene Expression 
overview database (GEO, https://www.ncbi.nlm.nih.gov/geo/) 
were used to externally validate the survival effects of six 
genes in the prognostic model. Analysis was performed using 
the R ‘survminer’ package (https://CRAN.R‑project.
org/package=survminer).

Statistical analysis. Statistical differences between COL I, 
COL III and COL IV, and COL I/COL III, COL I area/COL III 
area, MMP-1, MMP-2, MMP-7, MMP-9 and LOXL2 between 
metastasis and non-metastasis were evaluated by unpaired 
t-tests; while between metastasis and normal sample (metas-
tasis), or non-metastasis and normal sample (non-metastasis), 
paired t‑tests were utilized. In addition, COL IV (Fig. 2I) 
was further separated into six groups: Distant-metastasis, 
lymphatic-metastasis, non-metastasis and normal sample 
(distant-metastasis), normal sample (lymphatic-metastasis), 

normal sample (non-metastasis). The comparison among 
distant-metastasis, lymphatic-metastasis, non-metastasis was 
evaluated by Welch's ANOVA, and Dunnett's T3 test was 
used to post hoc comparison; while the comparison between 
distant-metastasis and normal sample (distant-metastasis), 
lymphatic-metastasis and normal sample (lymphatic-metas-
tasis) or non-metastasis and normal sample (non-metastasis) 
was analyzed by paired t-tests. P-values from Welch's ANOVA 
were adjusted for multiple comparisons using Bonferroni 
corrections. Pearson's correlation analysis was conducted 
to determine the associations between the following: The 
expression of MMP-7 and MMP-1, MMP-2 or MMP-9; and 
the expression of LOXL2 and MMP-1, MMP-2, MMP-7 or 
MMP-9. The associations between the clinical parameters 
and immunohistochemical results were analyzed using with 
the Chi‑squared test or Fisher's exact test (one or more cell 
contains a count of 5 or fewer; such as the age of MMP-2, 
MMP-7, MMP-9 and LOXL2; the differentiation of all 
index; the clinical stage of COL I, COL I area, COL III area, 
COL I/COL III, COL I area/COL III area, MMP-1, MMP-9 
and LOXL2; the T-stage of COL III; the condition of metas-
tasis of all index). Statistical analyses were conducted using 
SPSS version 25.0 for Windows (IBM, Corp.), and P<0.05 was 
considered to indicate a statistically significant difference.

Differentially expressed coding genes between CRC 
and normal tissue samples were assessed using the R 
‘limma’ package (version 3.32.10) (33). Volcano plots were 
constructed using the volcano plotting tool (https://shengxin.
ren), and the Bioinformatics and Evolutionary Genomes 
website (http://bioinformatics.psb.ugent.be/webtools/Venn/) 
was used to create the Venn diagram. OS was analyzed by 
Kaplan‑Meier survival curve analysis and significance was 
determined using the log-rank test. Time-dependent receiver 
operating curve (ROC) analysis was performed to assess the 
sensitivity and specificity of the signature prognosis prediction. 
Statistical analysis was performed: **P<0.01; *P<0.05; nsP>0.05 
(as indicated in the images with the relevant symbols).

Results

Alterations in collagen arrangement at the CRC tumor 
invasion front. As one of its essential characteristics, collagen 
arrangement is subsequently influenced by collagen remod-
eling. In the present study, the collagen fibers in the normal 
intestinal mucosa were thin, wavy and dispersed (Fig. 1A). 
However, at the CRC tumor invasion front, the collagens fibers 
were arranged differently; the fibers with weak changes were 
more linearized and denser than normal collagen fibers 
(Fig. 1A). The collagen fibers with strong changes exhibited an 
evident increase in density and were crosslinked into bundles 
with a more uniform arrangement (Fig. 1A). Furthermore, 
among the 27 metastatic CRC samples, 23 exhibited strong 
changes in collagen fibers, while only 4 samples exhibited 
weak changes (Fig. 1B). Of the 29 non‑metastatic samples, 
20 exhibited weak changes, and 9 possessed strong changes 
(Fig. 1B). These results indicate that collagen arrangement 
affects the development of CRC.

Expression of COL I, III and IV in CRC. Collagen expression 
patterns are another essential aspect of collagen characteristics. 
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During tumor development, the expression level, distribution 
and the ratio of collagens are altered. COL I, III and IV are 
the most common matrix collagens. In the present study, the 
expression level and distribution of COL I, III, and IV was 
detected by IHC and Sirius red staining, respectively (Fig. 2A). 
COL I is the most abundant collagen type in the tumor matrix 
and is mainly distributed in the interstitial matrix (IM), while 
COL III is mostly distributed along with COL I. In addition, a 
changed COL I/III ratio influences the hardness of the tumor 
matrix, regulating tumor growth and migration (10,11). The 

results of IHC showed that the expression of COL I in meta-
static CRC was significantly higher than that in non‑metastatic 
CRC (P<0.01; Fig. 2B) and normal tissues (P<0.01; Fig. 2B); 
COL I expression in non-metastatic CRC was also higher than 
that in the normal samples (P<0.01). There was no significant 
difference in the expression of COL III between metastatic 
and non‑metastatic CRC samples (P=0.928; Fig. 2D), although 
its expression in metastatic and non-metastatic CRC was 
higher than that in corresponding normal tissues, respectively 
(P<0.01). Moreover, the COL I/COL III ratio was significantly 

Figure 2. Comparison of collagen expression in different tissue samples. (A) Images and expression levels of COL I, COL III, and COL IV in different tissue 
samples. (B‑I) Differences in the expression of (B) COL I, (C) COL I area, (D) COL III, (E) COL III area, (F) the ratio of COL I/COL III, (G) the ratio of COL 
I area/COL III area, and (H and I) COL IV. Magnification, x200. Scale bar, 50 µm. COL, collagen; AOD, average optical density; CRC, colorectal cancer. 
*P<0.05; **P<0.01; nsP>0.05.

Figure 1. Changes in collagen fiber arrangement differ in different cases of CRC. Differences are indicted by black arrow. (A) Representative images of 
collagen fiber arrangement characteristics. (B) Comparison of the remodeling intensity of collagen arrangement in metastatic and non‑metastatic CRC. 
Magnification, x400; Scale bar, 100 µm. CRC, colorectal cancer.



ONCOLOGY REPORTS  44:  1671-1685,  2020 1675

increased in the metastatic CRC group (P<0.01; Fig. 2F), 
although there were significant differences in expression 
between the non-metastatic CRC and corresponding normal 
tissue samples (P<0.05).

Sirius red staining reveals thick, strongly birefringent 
COL I fibers (red), while COL III appears as thin, weakly 
birefringent green fibers (34). In the present study, collagens 
in metastatic CRC were mostly reddish or yellowish-orange, 
while collagens in the normal samples were a yellowish-green 
color. In non-metastatic CRC, the proportions of the two 
colors were similar (Fig. 2A). Moreover, compared with 

non-metastasis CRC, in metastatic CRC, the area of COL I was 
significantly expanded (P<0.01; Fig. 2C), the area of COL III 
was significantly decreased (P<0.01; Fig. 2E), and the ratio of 
COL I area/COL III area was significantly increased (P<0.01; 
Fig. 2G). In the non‑metastatic CRC and corresponding 
normal samples, there was no significant difference in COL I 
area (P=0.051; Fig. 2C) and COL III area (P=0.901; Fig. 2E), 
or in the ratio between the two (P=0.197; Fig. 2G).

COL IV is mainly distributed in the basal membrane (BM). 
The remodeling of COL IV would destroy the continuity and 
integrity of the BM and contribute to tumor metastasis (35). 

Figure 3. Comparison of collagenase expression levels in different tissue samples. (A) Images of MMP‑1, MMP‑2, MMP‑7, MMP‑9 and LOXL2 in different 
tissue samples. (B‑F) The expression levels of (B) MMP‑1, (C) MMP‑2, (D) MMP‑7, (E) MMP‑9 and (F) LOXL2 in different tissue samples. (G) Interactions 
between LOXL2 and MMP-1, MMP-2, MMP-7 and MMP-9. (H-J) Correlation analysis between the expression of (H) MMP-7 and MMP-1, (I) MMP-7 and 
MMP-2 and (J) MMP-7 and MMP-9. (K-N) Correlation analysis between the expression of (K) LOXL2 and MMP-1, (L) LOXL2 and MMP-2, (M) LOXL2 and 
MMP‑7 and (N) LOXL2 and MMP‑9. Magnification, x200; Scale bar, 50 µm. MMP, matrix metalloproteinase; LOXL2, lysyl oxidase‑like 2; AOD, average 
optical density; CRC, colorectal cancer. **P<0.01.
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The expression of COL IV in non‑metastatic CRC was signifi-
cantly higher than that in metastatic CRC (P<0.05; Fig. 2H) and 
corresponding normal tissue samples (P<0.01, Fig. 2H), while 
the difference between the metastatic CRC and corresponding 
normal samples was not statistically significant (P=0.053). To 
verify the significance of COL IV in distant metastasis, the 
metastatic CRC group was divided into ‘distant metastasis’ 
and ‘lymph node metastasis only’ according to the degree of 
metastasis. The expression of COL IV in subjects with distant 
metastases was significantly decreased (P<0.01; Fig. 2I), while 
the expression of COL IV in those with lymph node metastasis 
only was marginally (but not significantly) higher than that in 
the non‑metastatic group (P=0.282).

High expression levels of MMP‑1, MMP‑2, MMP‑7, MMP‑9 
and LOXL2 in metastatic CRC. MMPs and LOX family 
are the members of collagenases which are responsible for 
the collagen remodeling. MMP-1 is an interstitial collage-
nase which degrades COL I and III (15), while MMP-2 and 
MMP‑9 largely degrade COL IV (36). As a stromelysin, 
MMP-7 not only degrades COL IV, promoting tumor inva-
sion, but also regulates the activities of MMP-1, MMP-2 and 
MMP‑9 (37‑39). Lysyl oxidase‑like 2 (LOXL2) is a member 
of the LOX family, which influences COL I, III and IV 
cross-linking and expression (40,41). IHC was used to detect 

the expression of different collagenases in metastatic CRC, 
non‑metastatic CRC and non‑tumor tissues (Fig. 3A). The 
results illustrate that the expression level of MMP-1, MMP-2, 
MMP-7, MMP-9 and LOXL2 in metastatic CRC was higher 
than that in non-metastatic CRC and corresponding normal 
tissues (P<0.01; Fig. 3B‑F). Furthermore, the expression of 
these proteins in non-metastatic CRC was also higher than 
that in corresponding normal tissues (P<0.01; Fig. 3B‑F). The 
results of STRING database analysis revealed that there were 
interactions between MMP-1, MMP-2, MMP-7, and MMP 9, 
or LOXL2 and MMP‑2 (Fig. 3G). Pearson's correlation anal-
ysis was used to evaluate the association between MMP-7 and 
MMP-1, MMP-2 and MMP-9 expression. A strong correlation 
was found between MMP‑7 and MMP‑1 (r=0.887; P<0.01; 
Fig. 3H). There was also a positive correlation between 
MMP‑7 and MMP‑2 (r=0.855; P<0.01; Fig. 3I), and MMP‑7 
and MMP‑9 (r=0.855; P<0.01; Fig. 3J). According to the corre-
lation analysis between LOXL2 and MMP-1, MMP-2, MMP-7 
and MMP-9, the expression changes in these collagenases 
were consistent (Fig. 3K‑N), and a strong association was iden-
tified between LOXL2 and MMP‑1 (r=0.935; P<0.01; Fig. 3K). 
There were also positive correlations between LOXL2 and 
MMP‑7 expression (r=0.894; P<0.01; Fig. 3M), LOXL2 and 
MMP‑9 expression (r=0.840; P<0.01; Fig. 3N) and LOXL2 
and MMP‑2 (r=0.826; P<0.01; Fig. 3L).

Association between the expression of collagens and associ‑
ated collagenases and the clinicopathological characteristics 
of CRC. Patient clinicopathological characteristics are summa-
rized in Table I. The cutoffs for low and high expression were set 
according to the median value. As shown in Table IIA and B, 
the expression and area of COL I and COL III, the ratio of 
COL I/COL III and COL I area/COL III area, and the expression 
of COL IV, MMP-1, MMP-2, MMP-7, MMP-9 and LOXL2 in 
56 specimens were not significantly correlated with patient sex, 
age or tumor differentiation. The expression of COL I, COL I 
area, the ratio of COL I/COL III, the ratio of COL I area/COL III 
area, MMP-1, MMP-7, MMP-9, and LOXL2 was increased in 
the middle and late stages of CRC (P<0.01), while COL III area 
was decreased (P<0.01). Moreover, high expression of COL III 
and MMP‑7 was associated with increased infiltration depth 
(P<0.05). The expression of COL I, COL I area, COL III area, 
the ratio of COL I/COL III, the ratio of COL I area/COL III 
area, COL IV, MMP-1, MMP-2, MMP-7, MMP-9, and LOXL2 
differed between cases with distant metastasis, lymph node 
metastasis and non-metastasis, indicating that their expression 
is associated with tumor metastasis (P<0.05).

Differential expression of collagen‑related coding genes 
in tumor and normal tissues. In order to verify whether the 
expression changes in COL I, III and IV, and related collage-
nases influence the occurrence and development of tumors at 
the mRNA level, the Oncomine database (https://www.onco-
mine.org) was used to analyze the mRNA levels of related 
coding genes in different types of tumor and normal tissues. 
COL I has two coding genes (COL1A1 and COL1A2), and the 
gene for COL III is COL3A1. COL4A1‑A6 are all coding genes 
for COL IV. The coding genes for MMP-1, MMP-2, MMP-7, 
MMP-9 and LOXL2 are MMP1, MMP2, MMP7, MMP9 
and LOXL2, respectively. As shown in Fig. 4A, the database 

Table I. Clinicopathological characteristics of the CRC patients 
(N=56).

Characteristics n %

Sex
  Male 31 55.4
  Female 25 44.6
Age (years)
  <50 (mean age, 45) 11 19.6
  ≥50 (mean age, 63) 45 71.4
Condition of metastasis
  Metastasis 27 48.2
  Non-metastasis 29 51.8
Differentiation
  Well differentiation 2 3.6
  Moderate 46 82.1
  Poor 8 14.3
Clinical stage
  I 12 21.4
  II 17 30.4
  III 16 28.6
  IV 11 19.6
T-stage
  T1 5 8.9
  T2 12 21.4
  T3 38 67.8
  T4 1 1.9

CRC, colorectal cancer.
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contains 20 cancer types, (including CRC). COL1A1, COL1A2, 
COL3A1, COL4A1, COL4A2, LOXL2, MMP1, MMP2, MMP7 
and MMP9 were upregulated in the majority of tumor types. 
On the contrary, the expression of COL4A3‑6 was decreased 
in tumor tissues. The data from CRC samples revealed that the 
expression levels of COL1A1‑2, COL3A1, COL4A1‑6, LOXL2, 
and MMP1, MMP2, and MMP7 were different in tumor tissues 
and normal intestinal tissues, while the expression of MMP9 
was not significantly altered.

Next, CRC RNA-seq data were downloaded from The 
Cancer Genome Atlas (TCGA) database and subsequently 
analyzed. The results show that the expression of MMP7, MMP1, 

MMP9, LOXL2, COL1A1, COL1A2, COL3A1, COL4A1‑6, 
COL1A1/COL3A1 and COL1A2/COL3A1 differed between 
tumor and normal tissues (logFC>0; P<0.01; Fig. 4B). The levels 
of COL4A3, COL4A4, COL4A5 and COL4A6 were down-
regulated in tumor tissues, while the expression of COL1A1, 
COL1A2, COL3A1, COL4A1, COL4A2, LOXL2, MMP1, 
MMP7, MMP9, COL1A1/COL3A1 and COL1A2/COL3A1 
were upregulated (Fig. 4C). The Venn diagram demonstrates 
the differential expression of COL1A1‑2, COL3A1, COL4A1‑6, 
LOXL2, MMP1 and MMP7 in both the Oncomine and TCGA 
datasets (Fig. 4D), indicating that these genes may have a 
greater influence on CRC than MMP2 and MMP9.

Figure 4. mRNA expression levels of collagens and collagenases in various types of cancer. (A) High or low expression of related coding genes in different 
types of human cancer tissues, compared with normal tissues, using the Oncomine database (P<0.01). mRNA expression levels in CRC are highlighted in 
yellow. (B and C) Expression patterns of related coding genes in CRC using TCGA database (P<0.01). (D) Intersection between all related coding genes (n=14) 
among Oncomine and TCGA expression data. CRC, colorectal cancer; TCGA, The Cancer Genome Atlas.
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Figure 5. Functional enrichment analysis of coding genes associated with the prognosis of patients with CRC. Functional enrichment analysis including 
cellular component, molecular function, biological process, and KEGG analysis of 14 coding genes associated with collagen and collagenases. CRC, colorectal 
cancer; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure 6. Prognostic analysis of collagen‑related coding genes in CRC. (A) OS analysis of combined expression of genes including COL1A1‑2, COL3A1, 
COL4A1‑6, LOXL2, MMP1, MMP2, MMP7 and MMP9 using PROGgenev2. (B) Time‑dependent ROC analysis of the sensitivity and specificity of the 
six-mRNA signature (COL1A1‑2, COL3A1, COL4A3, COL4A6 and MMP2). (C) Kaplan-Meier analysis of the six-mRNA signature. (D) ROC curve of 
the prognostic model. (E) Heatmap of the expression of the six-mRNA signature. CRC, colorectal cancer; OS, overall survival; ROC, receiver operating 
characteristic; AUC, area under the curve.
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Biological pathways involving coding genes associated 
with collagens and collagenases. The potential biological 
signaling pathways of 14 collagen-associated coding genes 
(COL1A1‑2, COL3A1, COL4A1‑6, LOXL2, MMP1, MMP2, 
MMP7 and MMP9) were investigated using DAVID. As 
shown in Fig. 5, KEGG analysis revealed that these coding 
genes were significantly associated with various pathways, 
such as those involved in ‘platelet activation’, ‘ECM-receptor 
interaction’, ‘PI3K‑Akt signaling pathway’, and ‘focal adhe-
sion’. Furthermore, GO analysis revealed that these genes were 
significantly enriched in ‘platelet activation’, ‘blood vessel 
development’, and ‘collagen-activated tyrosine kinase receptor 
signaling pathway’ to name but a few. Hence, we hypothesized 
that these genes may affect the progression of patients with 
CRC primarily via platelet activation and by promoting 
angiogenesis.

Identification of prognostic genes and establishment of a 
prognostic model. The PROGgeneV2 database (http://genomics.
jefferson.edu/proggene/index.php) was used to determine the 
impact of collagen and collagenase genes on patient prognosis and 
survival. Combination analysis of these coding genes suggested 
that the OS times (Fig. 6A) of the high‑expression group were 
shorter than those in the low-expression group. Moreover, 
univariate Cox regression analysis of 177 CRC samples from 
the GSE17536 dataset revealed that seven mRNAs (COL1A1, 
COL1A2, COL3A1, COL4A1, COL4A2, LOXL2, MMP2) were 
not conducive to the survival of patients with CRC, while the 
other three mRNAs (COL4A5, COL4A6 and COL4A3) were 
beneficial to survival (P<0.05, Table III). In order to improve the 
accuracy of the prognostic effect of these mRNA, multivariate 
Cox analysis was conducted using the 10 candidate mRNAs. 
Finally, a total of six mRNAs were screened as candidate factors 
significantly associated with CRC prognosis (P=6.335e‑05, 

Table IV). Concurrently, a new risk scoring formula was estab-
lished based on the mRNA expression levels and the coefficients 
evaluated by multivariate Cox analysis. The mRNA risk score 
signature=((2.409e+01)*COL3A1) + ((‑1.099e+01)*COL4A3) + 
((-1.144e+01)*COL4A6) + ((-1.046e+01)*COL1A1) + 
((‑4.291e+00)*MMP2) + ((2.163e+00)*COL1A2). According to 
the prognostic model formula, patient risk scores were calcu-
lated and ranked, and the risk score distribution is displayed in 
Fig. 6B. The expression levels of four high‑risk mRNAs were 
higher in the patients with high-risk scores, while the expression 
levels of two protective mRNAs were higher in the patients with 
low‑risk scores (Fig. 6E).

In order to determine the value of this prognostic model, 
a total of 177 patients were then separated into high (n=88) 
and low (n=89) risk score groups. The results showed that 
the patients in the high-risk group possessed shorter OS 
times and poorer prognoses than those in the low-risk group 
(P<0.0001; Fig. 6C). Moreover, time‑dependent ROC curve 
analysis revealed that the prognostic accuracy of this model 
was 0.728 at 1 or 3 years, 0.722 at 5 years and 0.711 at 10 years 
(Fig. 6D). These results suggest that this prognostic model 
(using COL1A1, COL1A2, COL3A1, COL4A3, COL4A6 and 
MMP2 mRNA expression) has high specificity and sensitivity, 
and may be used effectively predict the prognosis of patients 
with CRC.

Verification of survival analysis. To further verify the 
effects of these six signature mRNAs (COL1A1, COL1A2, 
COL3A1, COL4A3, COL4A6 and MMP2) on the prognosis 
of patients with CRC, the effects of these genes on OS 
were assessed using 562 CRC patient samples from the 
GSE39582 dataset. As shown in Fig. 7, high expression of 
COL1A1, COL1A2, COL3A1 and MMP2 had adverse effects 
on the OS of patients with CRC, while high expression of 
COL4A3 and COL4A6 was beneficial to OS. Collectively, 
the analyses indicate that COL1A1, COL1A2, COL3A1, 
COL4A3, COL4A6 and MMP2 may be used as prognostic 
biomarkers for CRC.

Discussion

Remodeling of the matrix environment at the tumor inva-
sion front is considered to be a significant predictor of tumor 
development (23,42). In the present study, tissues were serially 
cut into 4-µm-thick sections for immunohistochemistry (IHC) 
and Sirius red staining. By integrating histological and bioin-
formatics analyses, the characteristics and coding genes of 
matrix collagen (and related collagenases) at the tumor inva-
sion front were found to be associated with colorectal cancer 
(CRC) progression and metastasis.

Collagen characteristics in tumors differ greatly from 
those in healthy tissues, and are characterized by increased 
deposition and linearization, as well as considerable 
cross‑linking (43). In CRC, tumors with stronger invasion 
ability exhibited significantly increased collagen density at 
the tumor invasion front, and collagen fiber arrangement was 
linearized and bunched with reduced curvature. Moreover, the 
expression and distribution of COL I was increased signifi-
cantly in the tumors, compared with normal tissues. Highly 
cross‑linked and linearized collagen fibers act as channels for 

Table III. Univariable Cox regression analysis to assess the 
prognostic value of each mRNA.

Gene HRa z P-value

COL1A2 16.48555 3.440846 0.00058
COL3A1 1954.201 3.115704 0.001835
LOXL2 36.23624 2.900018 0.003731
COL4A5 0.000416 ‑2.68185 0.007322
COL1A1 48.30721 2.586627 0.009692
COL4A6 2.82E‑05 ‑2.39273 0.016723
COL4A3 0.00033 ‑2.22433 0.026126
MMP2 12.9414 2.038733 0.041477
COL4A2 21.90964 2.018873 0.0435
COL4A1 23.51048 1.998489 0.045664
COL4A4 3.191615 1.31461 0.188641
MMP1 1.728113 1.10983 0.267072
MMP9 0.398133 ‑0.91069 0.362457
MMP7 1.382114 0.539802 0.589333

aValues >1.0 indicate that expression is positively associated with 
poor survival. HR, hazard ratio.
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tumor cells, and restriction to these narrow channels, facili-
tates more precise migration of tumor cells to the preferred 
destination (44,45). Collagen also promotes tumor invasion 
and metastasis by expanding the distribution range of tumor 
cells (46). In addition, changes in the ratio of different matrix 
collagens also affect tumor progression. The results of the 
present study demonstrate that the ratio of COL I/COL III 
increased significantly in the metastatic group. Current 
studies have also shown that an increased COL I/COL III 
ratio promotes the migration and distribution of tumor cells by 
increasing the stiffness of the matrix (10,34). It is also worth 

noting that the expression of COL III in the matrix also affects 
the density and arrangement of COL I (47). When studying the 
properties of matrix collagen in tumors, the effects of more 
than one type of collagen should be considered.

In addition, changes in matrix collagen fluctuate during 
the progression of CRC. Fan et al (48) indicated that a 
decrease in COL IV facilitates the invasion of tumor cells, 
while Öhlund et al (49) showed that the excessive accumula-
tion of COL IV was one of the necessary conditions for cancer 
cell survival. In the present study, the expression of COL IV 
at the CRC tumor invasion front was significantly decreased 

Table IV. The coefficient of each gene.

Gene Coefficient exp(coef) se(coef) z P‑value

COL3A1 2.409e+01 2.908e+10 8.180e+00 2.945 0.00323
COL4A3 -1.099e+01 1.688e-05 4.124e+00 -2.665 0.00771
COL4A6 ‑1.144e+01 1.072e‑05 4.663e+00 ‑2.454 0.01412
COL1A1 ‑1.046e+01 2.855e‑05 4.450e+00 ‑2.351 0.01870
MMP2 ‑4.291e+00 1.369e‑02 2.374e+00 ‑1.808 0.07066
COL1A2 2.163e+00 8.701e+00 1.414e+00 1.530 0.12612

Likelihood ratio test=28.91 on 6 genes; P=6.335e‑05.

Figure 7. Kaplan‑Meier analysis of the association between COL1A1, COL1A2, COL3A1, COL4A3, COL4A6 and MMP2 and the OS times of patients with 
CRC. (A) COL1A1, (B) COL1A2, (C) COL3A1, (D) COL4A3, (E) COL4A6 and (F) MMP2. OS, overall survival; CRC, colorectal cancer.
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in patients with distant metastasis. The expression of COL IV 
in patients with lymph node metastasis was not significantly 
different from that in patients without metastasis, and expres-
sion was higher than that in distal normal tissues. Based on 
the aforementioned findings, we hypothesize that unlike the 
consistent increase in COL I and COL III expression, both 
the upregulation and absence of COL IV expression can 
promote CRC development, which is detrimental to patient 
prognosis. Therefore, in patients with CRC, changes in the 
remodeling and expression of different collagens should 
be comprehensively analyzed at different stages of tumor 
progression.

Matrix collagen remodeling is largely regulated by the 
LOX and MMP family (50). The present study revealed that 
the expression of LOXL2, MMP-1, MMP-2, MMP-7 and 
MMP‑9 at the tumor invasion front was significantly higher 
in the metastatic group than in the non-metastatic and normal 
groups. Previous studies have also shown that these proteins 
may enhance tumor cell invasiveness by remodeling the 
tumor microenvironment, and may also be associated with 
poor prognosis (51,52). Although the cross-linking effect of 
LOXL2 opposes the degradation abilities of MMP-1, MMP-2, 
MMP-7 and MMP-9, the expression of one does not restrict 
the abilities of the other. Liu et al (53) also found that LOXL2 
regulates the activity of MMPs, and when LOXL2 was highly 
expressed, MMP-9 activity was also increased. In the current 
study, correlation analysis of LOXL2, MMP-1, MMP-2, 
MMP-7 and MMP-9 indicated that LOXL2 expression was 
positively correlated with that of MMP-1, MMP-2, MMP-7 and 
MMP-9. STRING database analysis also revealed an interac-
tion between LOXL2 and MMP-2. Although the mechanism 
of LOXL2 and MMPs remains unclear, these data show that 
LOXL2 and the MMPs jointly regulate collagen remodeling. 
Collagen remodeling is more active during metastasis (4), and 
the activities of LOXL2, MMP-1, MMP-2, and MMP-9 are 
also significantly increased.

The synthesis of matrix collagen and associated collage-
nases is regulated by their coding genes. The results of the 
present study indicate that abnormal changes in the expression 
of these genes (COL1A1‑A2, COL3A1, COL4A1‑A6, MMP1, 
MMP2, MMP7, MMP9 and LOXL2) are involved in CRC 
development, and also affect the prognosis of patients with 
CRC. This result further verified that abnormal expression of 
collagen and related collagens is related to the occurrence and 
prognosis of CRC. The effects of these coding genes on CRC 
prognosis were comprehensively analyzed, and a prognostic 
model of CRC was constructed with six mRNA signatures 
(COL1A1, COL1A2, COL3A1, COL4A3, COL4A6 and MMP2). 
Among them, COL1A1, COL1A2, COL3A1 and MMP2 have 
been reported to serve vital roles in tumor invasion, and are 
thus associated with poor prognosis (54-57). COL4A3 and 
COL4A6, encoding COL IV alpha chains 3 and 6, respectively, 
are required for correct basement membrane (BM) formation, 
and mutations within these genes affect BM stability (58,59). 
Moreover, GO and KEGG analyses showed that these coding 
genes are primarily associated with platelet activation path-
ways. It has also been reported that the collagen or collagenases 
on the surface of tumor cells binds to integrins on the surface 
of platelets, inducing platelet activation (60,61). Following 
activation, platelets induces tumor angiogenesis by releasing 

associated growth factors, which subsequently promotes tumor 
growth (62). The binding of platelets to cancer cells protects 
the cells from shear-induced damage and facilitates cancer 
cell colonization (63). In addition, these collagens and collage-
nases are also involved in multiple tumor-associated pathways, 
such as the PI3K‑Akt and tyrosine kinase receptor signaling 
pathways. Therefore, matrix collagens and their associated 
collagenases can affect the development and progression of 
CRC in multiple ways.

The present study provides multi-level evidence for the 
importance of abnormal collagen remodeling in the develop-
ment and prognostic evaluation of CRC from the aspects of 
collagen arrangement, related proteins and their coding genes. 
Dense matrix collagen at the tumor invasion front can promote 
tumor invasion, which provides a novel pathological direction 
of analysis for clinicians. Because different types of collagen 
and collagenases interact with each other in the matrix, 
combination analysis of multiple biomarkers may improve the 
reliability of clinical evaluation, suggesting that the evaluation 
of matrix collagen in CRC should not focus on only a single 
type collagen. Finally, matrix collagens and collagenases 
can influence the development of CRC by activating platelets 
and other tumor-associated pathways, which may provide the 
reference direction for subsequent treatment.

The main limitation of the present study is the relatively 
small sample size. Larger-scale functional studies are required 
to improve our understanding of the effects of matrix colla-
gens and their associated collagenases in CRC. However, the 
results provide some interesting suggestions for future studies 
with an increased sample size.
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