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Background: Matrix metalloproteinase 14 (MMP14) is a member of the MMP family,
which interacts with tissue inhibitors of metalloproteinase (TIMPs), and is involved in
normal physiological functions such as cell migration, invasion, metastasis, angiogenesis,
and proliferation, as well as tumor genesis and progression. However, there has been a
lack of relevant reports on the effect of MMP14 across cancers. This study aims to explore
the correlation between MMP14 and pan-cancer prognosis, immune infiltration, and the
effects of pan-cancer gene mismatch repair (MMR), microsatellite instability (MSI), tumor
mutational burden (TMB), DNA methylation, and immune checkpoint genes.

Methods: In this study, we used bioinformatics to analyze data from multiple databases,
including The Cancer Genome Atlas (TCGA), ONCOMINE, and Kaplan–Meier plotter. We
investigated the relationship between the expression of MMP14 in tumors and tumor
prognosis, the relationship between MMP14 expression and tumor cell immune
infiltration, and the relationship between MMR gene MMR, MSI, TMB, DNA methylation,
and immune checkpoint genes.

Results: MMP14 expression is highly associated with the prognosis of a variety of
cancers and tumor immune invasion and has important effects on pan oncologic MMR,
MSI, TMB, DNA methylation, and immune checkpoint genes.

Conclusion:MMP14 is highly correlated with tumor prognosis and immune invasion and
affects the occurrence and progression of many tumors. All of these results fully indicate
that MMP14 may be a biomarker for the prognosis, diagnosis, and treatment of many
tumors and provide new ideas and direction for subsequent tumor immune research and
treatment strategies.

Keywords: MMP14, pan-cancer analysis, immune infiltration, prognosis, tumor immune microenvironment
INTRODUCTION

Matrix metalloproteinase 14 (MMP14), also called membrane type 1 metalloproteinase (MT1-
MMP), is a member of the MT-MMP subfamily. MMPs are a class of zinc-binding proteinases that
contribute to tumor metastasis by degrading the extracellular matrix (ECM) (1). As a member of the
first MMP family to be identified, MMP14 is involved in many biological processes in cells,
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including proliferation, invasion, vascular production, and
basement membrane remodeling (2, 3). In general, the vast
majority of MMPs are tissue-deficient and have no proenzyme
activity, requiring further activation to produce biological
activity, but MMP14 is an exception, as it does not require
additional activation and can be directly present in its active
form on the cell membrane (4). It has been reported that the
increased expression and activity of MMP14 in tumor cells are
directly related to their enhanced cell migration ability (5). It has
also been reported that as a tumor promoter, MMP14 acts by
inhibiting cell adhesion molecules, and tumor necrosis factor-a
(TNF-a) is one of its acting factors (6). Studies have shown that
MMP14 is involved in the progression of cervical cancer (CC) by
promoting angiogenesis, invasion, and lymph node metastasis,
and it has also been reported that MMP14 overexpression is
associated with poor prognosis of cervical cancer (7–9). At the
same time, a large number of studies have shown that MMP14 is
closely related to the invasion, migration, and angiogenesis of
ovarian cancer (10), gastric cancer (11), glioma (12), pancreatic
cancer (12), hepatocellular carcinoma (13), colon cancer (14),
and melanoma (15). However, there has been no study on the
effect of MMP14 on the immune infiltration and prognosis of
pan tumor cells, which needs to be addressed.

The relationship between tumors and the immune system is
complex, and the mechanism of interaction is currently
unknown (16). The tumor microenvironment plays an
important role in modulating tumors and the immune system,
a large proportion of which are immune-infiltrating cells (17). It
has long been widely believed that the immune system plays a
significant positive role in antitumor activities (16), but now a
dissenting view has emerged that the immune system can help
tumor cells escape predation and that this effect is attributed to
the tumor microenvironment (18–20). In recent years, with
increased knowledge of immunity, there have been many
studies investigating the value of immune-infiltrating cells in
tumors (21, 22). Factors including cytotoxic T lymphocyte-
associated antigen 4 (CTLA4), programmed death-1 (PD-1),
and programmed death-ligand 1 (PD-L1) have been shown to
play important roles in tumor treatment (19, 23). However, the
proportion of tumors that responds to these immunonode
inhibitors is reported to be very small (19). Therefore, it is very
Abbreviations: ACC, adrenocortical carcinoma; BLCA, bladder urothelial
carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell
carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma;
COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell
lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC,
head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC,
kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma;
LAML, acute myeloid leukemia; LGG, brain lower grade glioma; LIHC, liver
hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous
cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma;
PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and
paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum
adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD,
stomach adenocarcinoma; TGCT, testicular germ cell tumor; THCA, thyroid
carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma;
UCS, uterine carcinosarcoma; UVM, uveal melanoma.
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important and urgent to strengthen research on the treatment of
the immune infiltration microenvironment.

In this study, we used bioinformatics to analyze data from
multiple databases, including The Cancer Genome Atlas
(TCGA), ONCOMINE, and Kaplan–Meier (KM) plotter. We
investigated the relationship between the expression of MMP14
in tumors and tumor prognosis, the relationship between
MMP14 expression and tumor cell immune infiltration, and
the relationship between mismatch repair (MMR) gene MMR,
microsatellite instability (MSI), tumor mutational burden
(TMB), DNA methylation, and immune checkpoint genes.
MATERIALS AND METHODS

MMP14 Expression in Human Cancers in
ONCOMINE
In the ONCOMINE Database (www.oncomine.org), the p-value
was set to 0.001, and the fold change was set to 2. Then, the
mRNA expression levels of MMP12 in different types of tumors
and their adjacent tissues were compared and analyzed.

Prognostic Analysis of MMP14 in the
Kaplan–Meier Plotter Database
KM plotter (https://kmplot.com/analysis/) is a visual graphics
platform facilitating analysis of 21 kinds of cancer, including
breast cancer (BRCA) (n = 7,830), ovarian cancer (n = 2,190),
lung cancer (n = 3,452), and gastric cancer (n= 1,440).We obtained
clinical information on pan-cancer from TCGA database (24–26).
Then, KM analysis was used to analyze the correlation between
overall survival (OS), disease-specific survival (DSS), progression-
free interval (PFI), disease-free interval (DFI) (24), and MMP14
expression in pan-cancer patients.

Analysis of Immune Infiltration of MMP14
in the TIMER Database
TIMER (https://cistrome.shinyapps.io/timer/) is a very powerful
and practical platform that can be easily applied to tumor
immunity research and has the ability to visualize immune and
genomics data (27). The data on the platform to date include
more than 10,000 samples from 32 cancers in TCGA, with a large
number of tumor-infiltrating immune cells (28). In this study, we
evaluated the relationship between MMP14 expression and the
level of immune infiltrate in 32 cancer types (six subsets: B cells,
CD4+ T cells, CD8+ T cells, macrophages, neutrophils, and
dendritic cells) and tumor purity.

Correlation Analysis of MMP14 Expression
With Mismatch Repair Mutations and DNA
Methylation
DNAMMR can affect tumor genesis by correcting DNA replication
errors and reducing chromosomal rearrangement (29, 30). MLH1
(MutL Protein Homolog 1), MSH2 (MutS protein homologue 2),
MSH6 (MutS homologue 6), EPCAM (Epithelial cell adhesion
molecular), and PMS2 (PMS1 homologue 2) are the five
important genes of MMR. We obtained MMR-related tumor data
September 2021 | Volume 11 | Article 717606
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from TCGA database, including these five important genes and
MMP14. The expression levels of the MMR gene andMMP14 were
analyzed by the Spearman correlation method. In addition, DNA
methylation is an important factor affecting genes. In this study,
the Spearman correlation method was used to analyze the
relationship between the expression levels of DNMT1 (DNA
methyl transferase 1), DNMT2, DNMT3A, and DNMT3B and
the expression of MMP14.

Correlation Analysis of MMP14 Expression
With Tumor Mutational Burden and
Microsatellite Instability
TMB is defined as the total amount of DNA mutations produced
by tumor cells (31–34). In this study, we extracted somatic cell
data (MAF data) from TCGA database and used the “MAF Tools”
R package for analysis. Through correlation processing, the total
number of exon mutations was obtained; that is, the TMB of the
tumor was determined. MSI is defined as a phenomenon in which
nucleotides of repeating DNA fragments are added or lost (35, 36).
The MSI score can be obtained from TCGA database. Then,
Spearman analysis was used to analyze the correlation between
MMP14 expression and TMB or MSI.

Statistical Analysis
In the analysis of differential expression of MMP14 in tumors and
normal tissues,weused theONCOMINEdatabase toanalyzep-values,
fold changes, and gene ranks. Meanwhile, in the survival analysis, the
KMmethodwas used to analyze the prognosis of patients according to
univariate Cox regression analysis and different expression levels of
MMP14. Spearman correlation analysis was also used to evaluate the
correlation between MMP14 expression and methyltransferase levels,
MMR gene expression levels, and immune checkpoint gene
expression. R > 0.20 was positively correlated, and p < 0.05 was
considered statistically significant.
RESULTS

Differential Analysis of MMP14 Expression
in Pan-Cancer Tissues and Normal Tissues
To analyze the expression levels ofMMP14mRNA in normal tissues
and tumors, we analyzed relevant data from the ONCOMINE and
TIMER databases. In the ONCOMINE database, compared to
normal tissue, the results showed that the expression of MMP14
was higher in the brain and central nervous system (CNS) cancer,
BRCA, colorectal carcinoma, esophageal cancer, head and neck
cancer, kidney cancer, lung cancer, melanoma, ovarian cancer,
pancreatic cancer, and sarcoma (SARC) (Figure 1A). MMP14
expression was decreased only in liver cancer.

At the same time, we further confirmed the expression of
MMP14 in various cancers compared to normal tissues using the
TIMER database (Figure 1B). The results showed that bladder
cancer (BLCA), BRCA, cholangiocarcinoma (CHOL), colon
adenocarcinoma (COAD), esophageal carcinoma (ESCA),
kidney renal clear cell carcinoma (KIRC), kidney renal
papillary cell carcinoma (KIRP), liver hepatocellular carcinoma
Frontiers in Oncology | www.frontiersin.org 3
(LIHC), lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), rectum adenocarcinoma (READ), stomach
adenocarcinoma (STAD), and thyroid carcinoma (THCA)
tissues were significantly increased compared to normal tissues.
Tumors with reduced MMP14 expression compared to normal
tissue included head and neck squamous cell carcinoma (HNSC),
kidney chromophobe (KICH), prostate adenocarcinoma
(PRAD), and uterine corpus endometrial carcinoma (UCEC).

Prognostic Role of MMP14 in
Different Tumors
To investigate the prognostic effect of MMP14 in different
tumors, we analyzed data from different databases. First, the
OS, DSS, disease-free survival (DFS), and DFI of MMP14 were
analyzed by a univariate Cox proportional risk regression model
in TCGA database. KM plotter survival curves were accordingly
plotted for tumors with significant prognosis (Figure 2).

First, we used gene expression profile data to analyze the
relationship between MMP14 expression and tumor prognosis in
33 tumors in TCGA database. Univariate survival analysis resulted
in a forest plot of prognosis for 33 tumors, as shown in Figure 2A.
KM plot 2b was also plotted with a significant correlation with
MMP14 expression. Low MMP14 expression was observed in
adrenocortical carcinoma (ACC), BLCA, glioblastoma
multiforme (GBM), HNSC, KIRC, brain lower grade glioma
(LGG), LIHC, LUAD, mesothelioma (MESO), ovarian serous
cystadenocarcinoma (OV), and pancreatic adenocarcinoma
(PAAD), and OS in THCA was positively related to prognosis.

Given the statistical data for tumor death, we performed
TCGA database analysis of 33 kinds of tumor DSS, constructed a
forest plot, and observed a significant relationship with KM, as
shown in Figure 3. From Figure 3, we can identify factors other
than tumor death, including that lower expression of MMP14
was positively related to the prognosis of tumor types such as
ACC, PAAD, and UCEC.

Considering the influence of disease factors on survival
analysis results, DFS, which is applied to evaluate radical
surgery, is generally used to indicate the time from treatment
to recurrence. We performed DFS analysis on the above data and
obtained a forest plot and KM map with significant prognosis, as
shown in Figure 4. After radical surgery, the lower expression of
MMP14 had significant effects on the prognosis of tumors,
including ACC, BLCA, BRCA, GBM, KIRC, LGG, LIHC,
MESO, OV, PAAD, THCA (Thyroid carcinoma), and uveal
melanoma (UVM).

PFS is an indicator of how well cancer responds after
palliative care. We analyzed the PFS, and the results are shown
(Figure 5). From Figure 5, we see that after palliative therapy,
the lower expression of MMP14 obviously affected the prognosis
of BLCA, BRCA, KICH, KIRC, LGG, and LUSC.

Relationship Between the Expression of
MMP14 and Immune Infiltration in Diffuse
Tumors
We obtained score data for six infiltrating immune cells in 33
tumors from theTIMERdatabase. Then, the expression ofMMP14
September 2021 | Volume 11 | Article 717606
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s. (A) The Oncomine database was used to analyze the expression of MMP14 in tumor tissues and normal tissues.
4 expression in different tumor tissues and normal tissues in TCGA database. *P < 0.05, **P < 0.01 ***P < 0.001.
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FIGURE 1 | Differences in MMP14 expression in tumor tissues and normal tissues across cancer
The number in each cell is the total amount in the dataset. (B) Analysis and comparison of MMP1
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OS) and prognosis of pan-cancer was analyzed. (A) The correlation between MMP14
ts the risk ratio. Due to the limited sample size, the parameters and hazard ratio could not be
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FIGURE 2 | The relationship between the expression of matrix metalloproteinase 14 (MMP14) and the overall survival (
expression and OS in different cancer types of The Cancer Genome Atlas (TCGA) was analyzed. The red part represen
calculated with short bars, and the red font indicates p < 0.05. (B) Kaplan–Meier analysis was used to generate a survi
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P14 expression and DFI in different cancer types of The Cancer Genome Atlas (TCGA). The red part represents the risk ratio.
with short bars, and the red font indicates p < 0.05. (B) Kaplan–Meier analysis was used to generate a survival curve for the
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FIGURE 3 | The expression of matrix metalloproteinase 14 (MMP14) was correlated w
overall survival rate of pan-cancer were analyzed by DFI. (A) Correlation analysis of MM
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FIGURE 4 | The expression of matrix metalloproteinase 14 (MMP14) and the prognosis of disease-specific survival (DSS) were analyzed. The re
survival was analyzed by DSS. The expression of MMP14 and the overall survival rate of pan-cancer were analyzed by DSS. (A) Correlation ana
types of The Cancer Genome Atlas (TCGA). The red part represents the risk ratio. Due to the limited sample size, the parameters and hazard ra
indicates p < 0.05. (B) Kaplan–Meier analysis was used to generate a survival curve for the prognostic effect of MMP14 expression on pan-canc
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FIGURE 5 | The relationship between MMP14 expression and PFI prognosis was analyzed. The expression of M
between MMP14 expression and disease-free survival was analyzed by DSS. The expression of MMP14 and the
expression and PFI in different cancer types of TCGA; the red part represents the risk ratio. Due to the limited sam
indicates P < 0.05. (B) Kaplan–Meier analysis was used to generate a survival curve for the prognostic effect of M
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was correlated with six species (B cells, CD4 T cells, CD8 T cells,
macrophages, dendritic cells, and neutrophils), and the correlation
between the scores of immune cells was analyzed (Supplementary
Figures S1–S4).We found that the expression ofMMP14wasmost
significantly associatedwith the infiltrationof immune cells in three
tumors: BLCA, BRCA, and COAD (Figure 6).

Immune cells and stromal cells are the twomain cell types in the
tumor microenvironment, and we analyzed them using the R
package Estimate to determine each tumor sample immune score
and scorematrix. Itwas concluded that theMMP14 expression of 33
tumors and the immune score (ImmuneScore) relationship showed
a significant correlation (p < 0.05), as the expression ofMMP14 and
the immune score were positively related in BLCA, BRCA, CESC
(cervical cancer), COAD, lymphoid neoplasm diffuse large B-cell
lymphoma(DLBC),ESCA,GBM,HNSC,KICH,KIRP,LGG,LIHC,
LUAD,LUSC,OV,PAAD, pheochromocytomaandparaganglioma
(PCPG), PRAD,READ, STAD, andTHCA.At the same time, ACC,
skin cutaneous melanoma (SKCM), testicular germ cell tumor
(TGCT), and thymoma (THYM) were negatively correlated
(Figure 7). In the relationship between the expression of MMP14
and StromalScore, the expression of MMP14 was positively and
significantly correlatedwith the expression of the immunematrix (p
< 0.05) for BLCA, BRCA, CESC, COAD, DLBC, ESCA, GBM,
HNSC, KICH, KIRC, KIRP, acutemyeloid leukemia (LAML), LGG,
LIHC, LUAD, LUSC, MESO, OV, PAAD, PCPG, prostate
Frontiers in Oncology | www.frontiersin.org 9
adenocarcinoma (PARD), READ, SARC, STAD, testicular germ
cell tumor (TGCT), THCA, THYM, uterine corpus endometrial
carcinoma (USEC), uterine carcinosarcoma (UCS), and UVM. A
negative correlation was found in SKCM (p = 0.24) (Figure 8). The
three tumorswith themost significant correlations betweenMMP14
expression and immune cell score (StromalScore) were BRCA,
CESC, and COAD (Figure 9A), and those with ImmuneScore
were COAD, LGG, and PCPG (Figure 9B). In conclusion, the
expression of MMP14 is associated with immune infiltration.

The Expression of MMP14 Is Associated
With Immune Checkpoint Genes in
Endemic Cancer
From the above results, it can be seen that the expression of
MMP14 is correlated with the level of immune infiltration, so we
further studied the relationship between MMP14 and 47
common immune checkpoint genes (Figure 10). The results
showed that the expression of MMP14 was associated with 41
immune checkpoint genes in PRAD, 36 in LGG, 33 in THCA,
and 29 in KICH. We also found that the immune checkpoint
gene CD276 was significantly associated withMMP14 expression
in 28 of 33 tumors. The expression of MMP14 is associated with
immune checkpoint genes in endemic cancer, and these results
provide further evidence that MMP14 expression is associated
with the level of immune invasion.
FIGURE 6 | The expression of matrix metalloproteinase 14 (MMP14) in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), and colon
adenocarcinoma (COAD) was correlated with the level of immune infiltration (B cells, CD4 T cells, CD8 T cells, macrophages, dendritic cells, and neutrophils). Only in
BLCA was the expression of MMP14 negatively correlated with B-cell infiltration, and the others were positively correlated with the six kinds of immune cell infiltration.
September 2021 | Volume 11 | Article 717606
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The Expression of MMP14 Is Associated
With Gene Mismatch Repair and DNA
Methylation Levels in Endemic Cancer

MMR is an important correction factor for base mismatches, base
deletions, and insertion errors during DNA replication and
recombination and plays an important role in maintaining
gene stability (29). MMR genes play a crucial role in maintaining
Frontiers in Oncology | www.frontiersin.org 10
the stability of MMR genes. Deletions of some important MMR
genes will lead to major errors in DNA replication and
recombination, resulting in the occurrence of tumors (30).
Therefore, to study the expression of MMP14 and its influence
on the cancer process, we chose the MMR of several important
genes and the expression level of MMP14 (Figure 11A), and we
can see from the figure the expression of MMP14 and MMR genes
in larger tumors such as KICH, and there were correlations in
FIGURE 7 | Relationship between the expression of matrix metalloproteinase 14 (MMP14) and immune score in pan-cancer. Only in adrenocortical carcinoma
(ACC), skin cutaneous melanoma (SKCM), testicular germ cell tumor (TGCT), and thymoma (THYM) was the expression of MMP14 negatively correlated with immune
cell infiltration, and the others were positively correlated with immune cell infiltration (in the case of p < 0.05).
September 2021 | Volume 11 | Article 717606

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Pan Cancer Analysis of MMP14
KIRC, LGG, LIHC, LUSC, OV, PAAD, STAD, TGCT, THCA, and
UCEC, of which the most relevant were LGG and UCEC.

A growing number of recent studies have shown that DNA
methylation plays a role in the progression of numerous tumors
(31, 32). Therefore, in this study, we evaluated the relationship
between four DNA methyltransferases and MMP14, as shown in
Figure 11. The expression of MMP14 is highly correlated with
four DNA methyltransferases in many tumors, especially SARC,
SKCM, STAD, TGCT, UCEC, BRCA, HNSC, KICH, KIRC,
Frontiers in Oncology | www.frontiersin.org 11
LGG, LIHC, MESO, OV, and PAAD. These data suggest that
MMP14 can affect the occurrence and progression of many
tumors through DNA MMR and DNA methylation.

Relationship Between MMP14 Expression
and Tumor Mutational Burden and
Microsatellite Instability in Endemic Cancer
Recently, it has been reported that TMB plays an important role as a
biomarker in predicting the response to immune checkpoint
FIGURE 8 | Relationship between the expression of matrix metalloproteinase 14 (MMP14) and stromal score in pan-cancer. Only in skin cutaneous melanoma (SKCM)
was the expression of MMP14 negatively correlated with immune cell infiltration, and the others were positively correlated with immune cell infiltration (p < 0.05).
September 2021 | Volume 11 | Article 717606
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inhibitors (ICIs) (33–35), such as PD-1/PD-L1. MSI, which also
occurs in the vast majority of tumors, may serve as a novel and
important biomarker to predict the effects of ICIs (36, 37), as well as
PD-1. In this study,we investigated the relationshipbetweenMMP14
and TMB and MSI in endemic cancer. The analysis results showed
that the expression of MMP14 was positively related to TMB in
THYM,SKCM,SARC,PAAD,LUAD,andLGG. Incontrast, tumors
in which MMP14 expression was negatively correlated with TMB
included BLCA,HNSC, LIHC, and PRAD (Figure 12A). In terms of
MSI, MMP14 expression was positively correlated with MSI in the
following tumors: TGCT, SARC, and COAD. The tumors in which
MMP14 expression was negatively correlated with MSI included
UCEC and PRAD (Figure 12B).
DISCUSSION

The treatment and prevention of cancer are currently a highly
significant research direction, and pan-cancer analysis is an
important method to compare the differences between different
tumors and has great significance and practical value for the
discovery of new markers and new effective therapeutic targets of
cancer. To date, there have been studies on pan-cancer analysis
Frontiers in Oncology | www.frontiersin.org 12
involving gene mutations, driver genes, gene copy number changes,
and tumorpurity.These effortshaveproven tobeof great significance
for the treatment and diagnosis of tumors, providing new ideas and
perspectives for the treatment and prevention of tumors (29, 38–42).

Numerous studies have shown that the MMP family is
involved in the occurrence and progression of a large number of
tumors, and MMPs have been shown to be closely related to
metastasis and invasion (43). MMP14 is one of the first known
MMPs and has been shown to act as an activator of MMP2 (44,
45). Therefore, MMP14 plays an extremely important role in
tumors, and strengthening the role of MMP14 across cancers is of
great importance and significance for the treatment, prevention,
and diagnosis of cancer. Previous studies have shown that high
expression of MMP14 is associated with poor prognosis of gastric
cancer, colorectal cancer, and liver cancer (44, 46, 47). It has also
been suggested that MMP14 can be used as a biological indicator
of tumor prognosis (48). Currently, there are still limited studies
investigating whetherMMP14 is related to tumor prognosis or can
be a biomarker for biological prognosis. Whether MMP14 can be
used as a biomarker for tumor prognosis needs further study.

In this study, we first analyzed MMP14 expression in generic
cancer. We found that compared with normal tissue, MMP14
expression differed in 23 kinds of cancer, and high expression of
FIGURE 9 | The three tumors with the highest correlation between matrix metalloproteinase 14 (MMP14) expression and immune score and stromal score in the
pan-cancer analysis. The expression of MMP14 is positively correlated with the infiltration levels of these immune cells.
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MMP14 and tumor MMR, MSI, and DNA methylation were
closely related to TMB. These factors all play important roles in
the progression and prognosis of tumors. At the same time, we
found that overexpression of MMP14 was associated with poorer
outcomes in a variety of cancers (OS, DSS, PFI, and DFI). In
Frontiers in Oncology | www.frontiersin.org 13
addition, the expression of MMP14 is closely related to the
immunoosmosis and ICI level of human pan-cancer, especially
in LGG, PRAD, THCA, and other tumors. The results of this
study suggest that MMP14 plays a critical role in tumor
immunity and may serve as an important biomarker.
FIGURE 10 | Correlation analysis of MMP14 expression and 47 immune checkpoint genes in endemic cancer.MMP14 was associated with 38 immune checkpoint
genes in PRAD, 36 in LGG, 33 in THCA and 24 in KICH. We also found that the immune checkpoint gene CD276 was significantly associated with MMP14 expression
in 28 of 33 tumors (*P < 0.05, **P < 0.01 ***P < 0.001).
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There have been some reports on the effect of MMP14 in
tumors. Jin et al. (47) indicated that high expression of MMP14
in resectable hepatocellular carcinoma predicted poor
prognosis. Dong et al. (44) pointed out that the increased
expression of MMP14 is associated with poor prognosis in
Chinese gastric cancer patients and that MMP14 plays an
important role in the progression and prognosis of gastric
cancer and is a convincing biomarker for predicting
prognosis in Chinese gastric cancer patients. Cui et al. (46)
indicated that MMP14 predicted poor prognosis in patients
with colorectal cancer. MMP14 plays an important role in the
progression and prognosis of colorectal cancer and may be a
useful biomarker for predicting survival after colectomy. At the
Frontiers in Oncology | www.frontiersin.org 14
same time, some studies have shown that MMP14 is involved in
normal physiological functions and tumor-related processes
such as cell migration, invasion, metastasis, angiogenesis, and
proliferation (49, 50). MMP14 has been reported to be
upregulated in some cancers (51–53) and to promote
invasion and metastasis of cancer cells (52, 54). In this study,
the prognosis of MMP14 in pan-cancer patients was analyzed,
including OS, DSS, DFI, and PFI. OS analysis of lower MMP14
expression in ACC, BLCA, GBM, HNSC, KIRC, LGG, LIHC,
LUAD, MESO, OV, PAAD, and THCA was positively related to
the OS prognosis. DSS analysis showed that the low expression
of MMP14 was positively correlated with the prognosis of ACC,
PAAD, and UCEC. DFI analysis showed that the low
A

B

FIGURE 11 | The expression of matrix metalloproteinase 14 (MMP14) was correlated with the expression of five mismatch repair (MMR) genes and four DNA
methyltransferases. (A) Spearman correlation analysis was used to analyze the correlation between MMR gene expression and MMP14 expression in tumors
(*p < 0.05, **p < 0.01, **p < 0.001). (B) Spearman correlation analysis was used to analyze the correlation between four DNA methyltransferases and
MMP14 expression.
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expression of MMP14 significantly affected the prognosis of the
tumors including ACC, BLCA, BRCA, GBM, KIRC, LGG,
LIHC, MESO, OV, PAAD, YHCA, and UVM. PFI analysis of
lower MMP14 expression indicated significant effects on the
prognosis of BLCA, BRCA, KICH, KIRC, LGG, and LUSC, with
the highest correlations observed for ACC, BLCA, BRCA, LGG,
PAAD, and KIRC. These data indicate that MMP14 is highly
Frontiers in Oncology | www.frontiersin.org 15
correlated with tumor prognosis. MMP14 is a potential
biomarker for the prognosis of pan carcinoma. However, this
study did not explore the mechanism of action of MMP14
across cancers, which is a deficiency of this study.

The tumor microenvironment (TME) has recently been widely
studied and has become an important consideration in tumor
therapy. Numerous studies have confirmed that the TME plays
A

B

FIGURE 12 | The expression of matrix metalloproteinase 14 (MMP14) was correlated with tumor mutational burden (TMB) and microsatellite instability (MSI).
(A) Radar images were used to show the correlation between MMP14 expression and TMB. The black value represents the range, and the blue curve represents the
correlation coefficient. (B) Radar images were used to show the correlation between MMP14 expression and MSI. The black value represents the range, and the red
curve represents the correlation coefficient.
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an important role in tumor invasion, micro angiogenesis, tumor
proliferation, and even immune escape (55–57). Immune cells are
widely present in thematrixofTMEcells andplay an important role
in determining the effect of the TME on tumors. Common and
important immune cells include neutrophils, natural killer cells,
macrophages, dendritic cells, B cells, and T cells. In the TME,
various immune factors are regulated by various key factors while
playing their roles (58–60). Moreover, an increasing number of
studies have shown that immune cells play important roles in the
occurrence and development ofmany tumors (61–63).However, to
date, there have been no studies on the role ofMMP14 in the TME.
The results of this study showed that a variety of tumors were
associatedwith immune cell infiltration, amongwhich three tumors
were most significantly related: BLCA, BRCA, and COAD. This
may provide a new direction and target for the treatment and
diagnosis of BLCA, BRCA, andCOAD. Immune andmatrix scores
are often used to evaluate the number of infiltrating immune cells in
the TME (64). In this study, the expression of MMP14 in BLCA,
BRCA, CESC, COAD, DLBC, ESCA, GBM, HNSC, KICH, KIRP,
LGG, LIHC, LUAD, LUSC, OV, PAAD, PCPG, PRAD, READ,
STAD, andTHCAwas positively correlatedwith immune cell score
and StromalScore, and the three tumors with the most significant
correlation between the expression of MMP14 and immune cell
score and StromalScore were BRCA, CESG, and COAD and
ImmuneScore were COAD, LGG, and PCPG. In this study,
MMP14 was found to be co-expressed with 47 immune
checkpoint markers in cancer. MMP14 expression was associated
with 36 immune checkpoint genes in LGG, 33 in THCA, and 29 in
KICH.Wealso found that the immunecheckpoint geneCD276was
significantly associatedwithMMP14 expression in 28 of 33 tumors.
This evidence suggests thatMMP14 canmodulate the infiltrationof
immunecells, perhapsbyregulatingor recruiting immunecells, and
thus play a role in tumor regulation. These results fully prove that
MMP14 plays an important role in tumor immunity.

Studies have shown that MMR plays an important role in
maintaining the stability and integrity of the whole genome in
normal cells. It is generally believed that the main components of
MMR are MSH (MutS homologs), and MLH/PMS (MutL
homologs) (65). The deletion of the MMR gene will have an
important effect on tumor cells, significantly increasing the
mutation frequency of related genes in tumor cells. This
potentially defective biomarker caused by the deletion of the
MMP gene is called MSI (66). A large number of studies have
confirmed that MMR gene deletion and MSI are important and
sensitive biomarkers formany tumors andplay an important role in
tumor target prediction and treatment (30, 36, 37). At the same
time, a new method for predicting tumor occurrence and
progression and DNA methylation and TMB, which includes
DNA methylation, involves a mechanism associated with
epigenetic change (31, 32). The measurement of cancer cell
mutations to predict the prognosis of patients with tumors,
especially the ICI response, is of great significance in the
treatment of cancer (33–35). In this study, tumors with a high
correlation betweenMMP14 expression and fiveMMR genes were
KICH, KIRC, LGG, LIHC, LUSC, OV, PAAD, STAD, TGCT,
THCA, and UCEC, among which LGG and UCEC had the
Frontiers in Oncology | www.frontiersin.org 16
highest correlation. The expression of MMP14 in many tumors,
including SARC, SKCM, STAD, TGCT, UCEC, BRCA, HNSC,
KICH, KIRC, LGG, LIHC, MESO, OV, and PAAD, is highly
correlated with four DNA methyltransferases. At the same time,
the expression of MMP14 was positively correlated with TMB in
THYM, SKCM, SARC, PAAD, LUAD, and LGG. In contrast, the
tumors in whichMMP14 expressionwas negatively correlatedwith
TMB were BLCA, HNSC, LIHC, and PARD. In terms of MSI,
MMP14 expression was positively correlated with MSI in the
following tumors: TGCT, SARC, and COAD. The tumors in
which MMP14 expression was negatively correlated with MSI
were UCEC and PARD. All of these data indicate for the first
time that MMP14 plays an extremely important role in
tumorigenesis and progression and that MMP14 may be an
important biomarker for the diagnosis, treatment, and prognosis
of multiple tumors.

At present, there have been a few studies on MMP14, but this
study is the first to consider MMP14 as a potential target in
widespread cancer. At the same time, the results of this study show
that MMP14 has an important effect on the prognosis and immune
infiltration of many tumors, which provides a new direction for
tumor research. At present, the exploration of MMP14 inhibitors
continues, but no breakthrough has beenmade (67). There aremany
reasons for this. Strengthening studies on themechanism ofMMP14
in tumors should represent a breakthrough in solving this problem,
which is also an important deficiency of this paper.
CONCLUSION

In conclusion, this study explored the important role of MMP14
in tumor prognosis, and the expression of MMP14 was highly
correlated with tumor immune invasion, especially with obvious
tumors, including BRCA, CESC, COAD, LGG, and PCPG.
Meanwhile, we demonstrate that MMP14 can affect the
occurrence and progression of many tumors through TMB,
MMR, MSI, and DNA methylation. All of these results fully
indicate that MMP14 may be a biomarker for the prognosis,
diagnosis, and treatment of many tumors and provide a new idea
and direction for subsequent tumor immune research and
treatment strategies.
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