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g.eywolzds_: Summary Matrix metalloproteinases (MMPs) are involved in most biological processes. Recently, MMP 14
Cl(;martelr ’ ) was reported to be up-regulated in some types of cancer and to promote cancer cell invasion and metastasis.
Mﬁ;ﬁi? e However, there are few reports on the clinical significance of MMP14 in colorectal cancer (CRC). In this

study, MMP 14 expression was first investigated in The Cancer Genome Atlas (TCGA) and whole-genome
expression microarray (GEO; Accession Number GSE39582) and then validated with our database. Univar-
iate and multivariate analyses were performed to assess the association between prognostic factors and sur-
vival outcomes. MMP 14 was upregulated at both the transcriptional and protein levels in cancer compared
with normal tissues (P < .05), and high MMP 14 expression was associated with advanced tumor stage in the
3 study cohorts. In the univariate Cox proportional hazard ratio analysis, MMP14 correlated significantly
with prognosis in both the TCGA and GSE39582 databases (P < .05). In the validation cohort, patients with
high MMP14 expression had lower 5-year disease-free survival (DFS; hazard ratio [HR] 6.707; 95% confi-
dence interval [CI] 3.184, 14.128; P <.001) and overall survival (OS; HR 10.669; 95% CI 3.828,29.737; P
<.001) than those with low MMP14 expression. Multivariate survival analysis showed that MMP14 was an
independent prognostic marker for both DFS (HR 5.776; 95% CI 2.719, 12.270; P <.001) and OS (HR
8.971; 95% CI 3.199, 25.156; P <.001). Clearly, MMP14 plays an important role in CRC progression
and prognosis and could be a useful biomarker for prediction of survival after colectomy.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction rapidly increasing in many countries including China, are as-
sociated with risk factors such as unhealthy diet, smoking,
and obesity [2]. Nearly 43% of CRC patients develop liver me-
tastases, and 25% have both liver and lung metastases with a 5-
year survival rate in stage [V <10% [3,4]. Understanding the
biological mechanisms of metastasis and progression of
CRC and developing effective measures to target this process

Colorectal cancer (CRC) is the third most commonly diag-
nosed cancer with a death rate ranking second in men and third
in women worldwide [1]. The incidence rates, which are

* Disclosures: The authors declare that there are no conflicts of interest or thus are of great importance. Much attention has been paid to
financial disclosures related to this paper. No funding was received for this molecularly based prognostic markers, which are complemen-
study.

_ L tary to the data obtained by pathological diagnosis and may in-
* Corresponding author at: Department of Gastrointestinal Surgery, The

First People’s Hospital of Shangqiu, Shangqiu 476100, Henan Province, crease .the lifespans of patients [5'7]‘
China. As is well known, almost all solid tumors are composed not

E-mail address: sqsurgery@sina.com (L. Gao). only of tumor cells, but also of a variety of non-tumor cells and

https://doi.org/10.1016/j.humpath.2018.03.030
0046-8177/© 2018 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.humpath.2018.03.030&domain=pdf
ncbi-geo:GSE39582
ncbi-geo:GSE39582
sqsurgery@sina.com
Journal logo
https://doi.org/10.1016/j.humpath.2018.03.030
Imprint logo

MMP14 expression in colorectal cancer

37

extracellular matrix (ECM). Prior to metastasis, cancer cells
must become motile and detached from the primary tumor
and overcome the barrier of extracellular matrix [8]. Matrix
metalloproteinases (MMPS), in a complex interplay with their
inhibitors, tissue inhibitors of metalloproteinases (TIMPs),
serve as key enzymes involved in the degradation of ECM,
playing a major role in both normal physiological functions
and cancer-related processes such as cell migration, inflamma-
tion, invasion, metastasis, angiogenesis, and proliferation
[9,10]. As an important member of the MMPs family,
MMP14 is the first reported membrane-type matrix metallo-
proteinase, also referred as membrane type 1-matrix metallo-
proteinase (MT1-MMP). The enzyme has been suggested to
be involved in many biological processes, including prolifera-
tion, invasion, angiogenesis, and basement membrane remod-
eling [11,12]. Generally, MMPs are produced as inactive
zymogens that require activation. However, MMP14 does
not require activation because of its capacity to be present in
its active form on the cell membrane [12,13].

Recent studies demonstrated that the expression of
MMP14 is a poor prognostic factor of worse survival out-
comes in patients with gastric cancer [12]. But its role in
CRC has not been studied. Hence, we performed the present
study to investigate the role of MMP14 in CRC. In order to
draw a solid conclusion, we first studied MMP14 expression
in the publically available The Cancer Genome Atlas (TCGA)
and whole-genome expression microarray (GEO, Accession
Number GSE39582) databases and then validated it with
our own database. All procedures involving human partici-
pants were in accordance with the ethical standards of the insti-
tutional research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical
standards.

2. Materials and methods
2.1. Patients in TCGA and GSE39582 database

We initially used The Cancer Genome Atlas (TCGA) database
(https://genome-cancer.ucsc.edu/) to forecast MMP14 mRNA
expression and the association between its expression and the
overall survival (OS) of patients with CRC. The MMP14 ex-
pression was simultaneously analyzed using another public
database, GSE39582 (https://www.ncbi.nlm.nih.gov/geo/), to
investigate the correlation between MMP14 mRNA expres-
sion and relapse-free survival (RFS).

The inclusion criteria for the two databases were the fol-
lowing: (1) pathological diagnosis of adenocarcinoma; (2) no
neoadjuvant therapy, including chemotherapy and radiother-
apy; (3) complete survival information. Patients who died with
tumor or recurrence at last follow-up were defined as the clin-
ical endpoint for tumor-specific survival or RFS. Follow-up
was completed on April 27, 2016, on the TCGA database
and on February 24, 2017, on the GSE39582 database.

2.2. Patients in validation cohort

A total of 218 Chinese patients with CRC diagnosed between
January 2005 and December 2010 were used for this study. The
group included 126 men and 92 women with a mean age of 58
years (range, 27-85 years). The inclusion criteria were as follows:
(1) having a distinctive pathologic diagnosis of adenocarcinoma;
(2) surgical resection, defined as complete resection of the pri-
mary tumor and regional lymph node dissection with the margins
being free of cancer by histologic examination; and (3) having
complete clinicopathologic and follow-up data. The exclusion
criteria were (1) having distant metastases and (2) receiving anti-
cancer treatment before surgical resection. The tissues were
paired tumor and non-tumor from each patient. All patient-de-
rived specimens were collected and archived under protocols ap-
proved by the Institutional Review Boards of The First People’s
Hospital of Shanggiu. All patients were restaged according to the
8th American Joint Committee on Cancer (AJCC) guidelines
[14]. The detailed clinicopathologic characteristics of the pa-
tients are listed in Table 1.

2.3. Immunohistochemistry study

Immunohistochemistry (IHC) was performed on formalin-
fixed, paraffin-embedded tissue sections using a two-step proto-
col (GTVision III). The MMP14 was detected using the rabbit
anti-MMP14 polyclonal antibody ab51074 (Abcam Inc., Cam-
bridge, MA). Negative control samples were treated identically
but with the primary antibodies omitted. Briefly, pressure
cooker—mediated antigen retrieval was performed in EDTA
buffer pH 9.0 for 10 minutes. Sections were incubated with a
1:100 dilution of anti-MMP14 antibody overnight at 4 °C and
then incubated with goat anti-rabbit Envision System Plus-HRP
(DakoCytomation, Glostrup, Denmark) for 30 minutes at room
temperature. After rinsing three times in phosphate-buffered sa-
line (PBS) for 10 minutes each, the sections were incubated with
diaminobenzidine (DAB) for 1 minutes, counterstained with
Mayer hematoxylin, dehydrated, and mounted.

Data were assessed by two independent single-blinded pa-
thologists. A semiquantitative scoring system [7] was used to
evaluate both staining intensity (0, no staining; 1+, weak stain-
ing; 2+, moderate staining; 3+, strong staining) and the per-
centage of stained cells (0, <5%; 1, 5%-25%; 2, 26%-50%;
3, 51%-75%; and 4, >75%). The scores for staining intensity
and the percentage of positive cells were multiplied to generate
the immunoreactivity score for each case [15]. All cases were
sorted into two groups according to the immunoreactivity
score. High expression of MMP14 was defined as detectable
immunoreactions in the cytoplasmic or membrane with an im-
munoreactivity score of >4.

2.4, Statistical analysis

The Pearson x? test was used to analyze the relation be-
tween MMP14 expression and clinicopathologic variables
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Table 1  Association between MMP14 expression and clinicopathologic features in the validation cohort

Variable No. MMP14 expression N P
Low High

Sex 0.031 .859
Male 126 56 (57.1) 70 (58.3)
Female 92 42 (42.9) 50 (41.7)

Age 0.004 .947
>60 134 60 (61.2) 74 (61.7)
>60 84 38 (38.8) 46 (38.3)

T category 6.100 101
1 6 5(5.1) 1(0.8)
2 35 19 (19.4) 16 (13.3)
3 92 41 (41.8) 51 (42.5)
4 85 33 (33.7) 52 (43.3)

N stage 6.304 .043*
0 103 54 (55.1) 49 (40.8)
1 69 30 (30.6) 39 (32.5)
2 46 14 (14.3) 32 (26.7)

Differentiation 3.081 214
High 61 22 (22.4) 39 (32.5)
Moderate 110 55 (56.1) 55 (45.8)
Poor 47 21 (21.4) 26 (21.7)

Lymphovascular invasion 5914 .015*
Negative 173 85 (86.7) 88 (73.3)
Positive 45 13 (13.3) 32 (26.7)

Perineural invasion 0.345 557
Negative 188 86 (87.8) 102 (85.0)
Positive 30 12 (12.2) 18 (15.0)

CEA concentration 9.140 .010%°
Normal 153 75 (76.5) 78 (65.0)
High 65 23 (23.5) 42 (35.0)

Microsatellite status 0.695 404
MSU 78 38 (38.3) 40 (33.3)
MSS 140 60 (61.2) 80 (66.7)

Abbreviations: MSS, microsatellite stable; MSU, microsatellite unstable.x

 Statistically significant.
® Exact Xz test.

(the Fisher exact test was used when needed). The RFS was
calculated from the date of surgery to the date of disease re-
lapse (local or distant). The OS was calculated from the date
of diagnosis to the date of death or last follow-up. Patients
without events or death were censored at the last follow-up.
Follow-up data were recorded by telephone or medical
records.

Survival curves were constructed using the Kaplan-Meier
method, and the differences between the survival curves were ex-
amined by the log-rank test. Univariate Cox proportional hazards
regressions were applied to estimate the individual hazard ratio
(HR) for the disease-free survival (DFS) and OS. The significant
variables in the univariate analyses (P < .05) were then put into
the multivariate analysis. The HR with 95% confidence inter-
val (CI) was measured to estimate the hazard risk of individual
factors. All reported P values were two sided and were consid-
ered significant at .05. The statistical analysis was carried out
using SPSS version 17.0 (SPSS Inc, Chicago, IL).

3. Results

3.1. Expression patterns of MMP14 mRNA in CRC pre-
dicted by bioinformatics

Initially, the TCGA and GSE39582 databases were
used to predict the MMP14 mRNA expression patterns in
CRC. First, in 32 paired cancers and their normal tissues, the
expression of MMP14 mRNA was dramatically higher in can-
cer than in the normal tissues (P <.001; Fig. 1A). Second,
MMP14 mRNA expression was significantly different from
stage I to stage I1I in the TCGA database. The most significant
difference was between stage I and stage II tumor (P = .045;
Fig. 1B). In addition, similar results were found in the
GSE39582 database, as shown in Fig. 1C (P <.001). The re-
sults implied that MMP14 affects the initiation and progres-
sion of CRC.
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Expression patterns of MMP14 mRNA in CRC predicted by bioinformatics. A, The mRNA was dramatically more abundant in cancer

than in normal colonic tissues in 32 paired colorectal cancers and their normal controls in the TCGA database (P < .001). B, Expression was sig-
nificantly different from stage I to stage III CRC in TCGA database. The most significant difference was between stage I and stage I1 tissues (P =
.045). C, Expression increased gradually from stage I to stage III CRC in GSE39582 database (P < .001).

3.2. Overexpression of MMP14 was closely associated
with poor prognosis of patients in both the TCGA and
GSE39582 databases

The expression of MMP14 mRNA was first treated as a
continuous variable. Univariate Cox analysis demonstrated
that MMP14 was a predictor of OS in the TCGA database
(HR 1.238; 95% CI 1.001, 1.533; P =.049) and RFS in the
GSE39582 database (HR 1.765; 95% CI 1.384, 2.251; P <
.001). The MMP14 mRNA expression was almost normally
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distributed in both the TCGA and GSE39582 databases (data
not shown). Therefore, we divided the cohorts into low- or
high-expression subgroups according to the median expres-
sion of MMP14 mRNA. In the TCGA database, the 5-year
OS rates were significantly higher among patients with low
MMP14 expression than in those with high expression
(71.6% versus 51.3%; P = .003; Fig. 2A). Similarly, the 5-year
RFS rates in the low-expression group were significantly
higher than those in the high-expression group (78.4% versus
62.3%; P <.001; Fig. 2B).
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Overexpression of MMP14 was closely associated with poor prognosis in both the TCGA and GSE39582 databases. A, In TCGA da-

tabase, 5-year OS rate was significantly higher in patients with low expression than in those with high expression (71.6% vs. 51.3%; P = .003).
B, The 5-year RFS rate in the low-expression group was significantly higher than that in the high-expression group (78.4% vs. 62.3%; P < .001).
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Representative images of MMP14 expression in CRC tissues and their normal controls. A and B, MMP14 was low (A) or high (B) in

normal colonic tissues. C and D, MMP14 was low (C) or high (D) in CRC tissues. Original magnifications X200 and x400 (lower panels).

3.3. MMP14 expression correlated with poor clinico-
pathologic features

To further determine the significance of MMP14 expres-
sion, immunohistochemistry staining of a cohort containing
218 cases of primary CRC paired with noncancerous tissue
was performed. There were 126 male and 92 female with a
mean age of 57 years (range 27—85 years) in the cohort. Of
the 218 specimens, 189 cases (86.70%) showed no MMP14
staining in the normal mucosa. In contrast, high MMP14 ex-
pression was observed in 55.0% (120/218) of the CRC tissues.
Representative images are presented in Fig. 3. Correlation
analysis showed that MMP14 protein expression was
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significantly associated with advanced N stage (P = .043),
lymphovascular invasion (P = .015), and a high concentration
of carcinoembryonic antigen (CEA; P =.010). No correlation
was found between MMP14 expression and other clinicopath-
ologic features (Table 1).

3.4. Overexpression of MMP14 predicts poor progno-
sis in validation cohort

Of the 218 cases, tumor recurred in 60 patients (27.50%),
and 47 patients (21.6%) died of the disease during the fol-
low-up. Patients with high expression of MMP14 had a signif-
icantly shorter DFS and OS than those with low expression
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Fig. 4 Overexpression of MMP14 predicted poorer prognosis in the validation cohort. Of the 218 cases, patients with high expressions of
MMP 14 had significantly shorter OS (A) and DFS (B) compared with those with low expression (both log-rank P <.001).
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Table2  Univariate and multivariate Cox proportional hazards analysis of MMP14 expression and OS for patients with CRC in the validation
cohort
Factor Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P
Sex 0.938 (0.524, 1.680) .830
Age 1.631 (0.920, 2.890) .094
Grade 1.279 (0.848, 1.929) 241
T stage 2.029 (1.312, 3.138) .001°? 1.470 (0.946, 2.282) .086
N stage 2.577 (1.784, 3.724) <.001? 2.048 (1.359, 3.088) .001*
Lymphovascular invasion 3.154 (1.757, 5.664) <.001? 1.437 (0.766, 2.696) 259
Perineural invasion 1.298 (0.606, 2.777) 502
CEA concentration 1.036 (0.578, 1.857) .906
MMP14 10.669 (3.828, 29.737) <.001* 8.971 (3.199, 25.156) <.001*"

Abbreviations: CI, confidence interval; HR, hazard ratio.
# Statistically significant.

(both log-rank P < .001; Fig. 4A and B). In univariate analysis,
T stage (HR 2.029; 95% CI 1.312, 3.138; P=.001), N stage
(HR 2.577; 95% CI 1.784, 3.724; P <.001), lymphovascular
invasion (HR 3.154; 95% CI 1.757, 5.664; P <.001), and
MMP14 expression (HR 10.669; 95% CI 3.828, 29.737; P <
.001) were associated with OS, whereas T stage (HR 1.777,
95% CI 1.233, 2.562; P=.002), N stage (HR 2.345; 95% CI
1.703, 3.230; P <.001), lymphovascular invasion (HR
2.931; 95% CI 1.737, 4.947; P <.001), perineural invasion
(HR 2.109; 95% CI1 1.159, 3.839; P =.015), and MMP14 ex-
pression (HR 6.707; 95% CI13.184, 14.128; P < .001) were as-
sociated with DFS. In multivariate analysis, only N stage (for
OS, HR 2.048; 95% CI 1.359, 3.088; P =.001; for DFS, HR
1.913;95% CI 1.325,2.76; P = .001), and MMP14 expression
(for OS, HR 8.971; 95% CI 3.199, 25.156; P < .001; for DFS,
HR 5.776;95% C12.719, 12.270; P < .001) were independent
prognostic factors for CRC (Tables 2 and 3).

Table 3
dation cohort

4. Discussion

Accumulating evidence shows that members of the MMP
family of proteins are involved in carcinogenesis and progres-
sion of various cancers. Moreover, ectopic MMP expression is
correlated with metastasis, invasion, and survival. However,
some members of the MMP family remain uncharacterized,
which requires further investigation of these genes.

MMP14 was one of the first reported membrane-type ma-
trix metalloproteinases [12], and it has been identified as a ma-
jor physiologic activator of pro-MMP2 [16,17]. Potentially,
MMP14 plays a role in various biological processes in both
normal and cancerous tissues [18]. Previous studies of
MMP14 focused mainly on angiogenesis and invasion of can-
cers [17,19,20]. Recent studies demonstrated that greater ex-
pression of MMP14 correlated with a poor prognosis in
Chinese patients with gastric cancer [12]. Down-regulation

Univariate and multivariate Cox proportional hazards analysis of MMP14 expression and DFS for patients with CRC in the vali-

Factor Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P
Sex 0. 914 (0.545, 1.532) 733
Age 1.381 (0.830, 2.297) 214
Grade 1.310 (0.909, 1.887) .147
T stage 1.777 (1.233, 2.562) .002° 1.338 (0.923, 1.939) 125
N stage 2.345 (1.703, 3.230) <.001*° 1.913 (1.325, 2.761) .001°%
Lymphovascular invasion 2.931 (1.737, 4.947) <.001? 1.401 (0.798, 2.461) .240
Perineural invasion 2.109 (1.159, 3.839) .015% 1.244 (0.666, 2.321) 494
CEA concentration 1.455 (0.879, 2.407) .145
MMP14 6.707 (3.184, 14.128) <.001* 5.776 (2.719, 12.270) <.001?

Abbreviations: CI, confidence interval; HR, hazard ratio.
 Statistically significant.
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of MMP14 activity in breast carcinomas reduces primary tu-
mor growth and enhances the response to radiation therapy, es-
pecially in tumors with high MMP14 expression [21]. The
protein also is the downstream target of some tumor suppres-
sor miRNAs [22-24]. But its role in CRC has not been fully
studied. Hence, we conducted the present study to investigate
the clinical significance of MMP14 in CRC.

In order to obtain a reliable conclusion, we first explored
the prognostic value of MMPI14 in the TCGA and
GSE39582 databases, and then validated the conclusion in
our own database. In the 32 paired CRC and normal tissues
from the TCGA database, the expression of MMP14 mRNA
was dramatically higher in cancers than in their normal con-
trols. Similarly, the MMP14 protein was significantly more
abundant in cancer tissues than in their normal counterparts
in the validation cohort. Moreover, MMP14 mRNA expres-
sion increased gradually from stage I to stage III in both the
TCGA and GSE39582 databases. High MMP14 expression
was associated with advanced N stage and lymphovascular in-
vasion in the validation cohort. All these findings suggested
that MMP14 plays a critical role in carcinogenesis and pro-
gression of CRC.

Overexpression of MMP14 in cancer tissues and its corre-
lation with poor clinicopathologic factors suggested that
MMPI14 is an oncogene. Hence, we conjectured that
MMP14 may be a biomarker in CRC. We first verified our hy-
potheses in the public databases. MMP14 was a predictor of
OS in the TCGA database and of RFS in the GSE39582 data-
base. The TCGA and GSE39582 databases lack some impor-
tant information, such as the quality of surgery (radical or
palliative resection) and adjunctive therapeutic strategies, and
OS information was not available in the GSE39592 database,
while some RFS information was missing from the TCGA da-
tabase. We then validated the results in our own database.
Higher MMP14 expression indicated shorter OS and DFS in
this validation cohort. Importantly, MMP14 was validated as
an independent prognostic factor for both OS and RFS in mul-
tivariate analysis.

In summary, by employing 3 independent patient cohorts,
our study revealed the prognostic value of MMP14 in CRC
for the first time. Our findings strongly suggest that MMP14
has potential in predicting the treatment outcome and may be
a novel biomarker in CRC. Our results warrant further studies
of the mechanisms by which MMP14 promotes tumor pro-
gression and metastases in CRC.
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