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Abstract

Matrix metalloproteinase-11 (MMP-11) promote cancer invasion and metastasis through

degrading the extracellular matrix. Protein degradation by MMP-11 in tumor cells may pro-

gressively suppress cancer surveillance activities with blocking immune response in breast

cancer. The aim of study is to analyze clinicopathological parameters, molecular interac-

tions and anticancer immune response in patients with MMP-11 expression and to provide

candidate target drugs. We investigated the clinicopathologic parameters, specific gene

sets, tumor antigenicity, and immunologic relevance according to MMP-11 expression in

226 and 776 breast cancer patients from the Hanyang University Guri Hospital (HUGH)

cohort and The Cancer Genome Atlas (TCGA) data, respectively. We analyzed pathway

networks and in vitro drug response. High MMP-11 expression was associated with worse

survival rate in breast cancer from HUGH cohort and TCGA data (all p < 0.05). In analysis of

immunologic gene sets, high MMP-11 expression was related to low immune response

such as CD8+T cell, CD4+T cell and B cell. In silico cytometry, there was a decrease of can-

cer testis antigen and low tumor infiltrating lymphocyte in patient with high MMP-11 expres-

sion: activated dendritic cell, CD8+T cell, CD4+ memory T cell, and memory B cell. In

pathway networks, MMP-11 was linked to the pathways including low immune response,

response to growth hormone and catabolic process. We found that pictilisib and AZ960

effectively inhibited the breast cancer cell lines with high MMP-11 expression. Strategies

making use of MMP-11-related hub genes could contribute to better clinical management/

research for patients with breast cancer.
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Introduction

Breast cancer is the most common cancer diagnosed in women and represents a heteroge-

neous group of diseases with many clinicopathological characteristics. Although the diagnosis

and treatment of breast cancer continues to be developed, it remains the leading cause of can-

cer-related death in women worldwide [1]. Identifying the prognostic biomarkers of breast

cancer is an important aspect of determining the treatment of breast cancer and predicting the

response to treatment. Recently, tumor biological characteristics and molecular genetic char-

acteristics have been considered important prognostic biomarkers because of the development

of molecular techniques [2]. Therefore, it is essential to identify novel therapeutic and prog-

nostic biomarkers at the molecular level to improve the management of breast cancer patients,

which will also provide a better understanding of breast cancer.

The tumor microenvironment, including the extracellular matrix, is a complex system, and

the immune cells in the tumor microenvironment are known to be important factors influenc-

ing cancer progression [3]. Studies of the tumor microenvironment have confirmed that stro-

mal cells and the host’s immune system play an important role in determining the malignant

phenotype [4]. Matrix metalloproteinases (MMPs), which comprise a large family of zinc-

dependent endopeptidases, can degrade the constituents of the extracellular matrix (ECM),

which is the most important physiological barrier for the movement of tumor cells, and

thereby promote the invasion and metastasis of cancer cells [5–7]. Previous studies have

described the existence of MMPs in several types of cancers, including breast cancer, and the

important role of MMPs in the progression of cancer and metastasis by remodeling the tumor

microenvironment [6–8].

MMP-11, which is also named stromelysin-3, was first shown to be highly expressed in stro-

mal cells in invasive breast cancer [9]. Most MMPs are secreted in the form of inactive proen-

zymes, while MMP-11 is processed in the cytoplasm and secreted in active enzyme form [10].

The special ability of MMP-11, which is different from other MMP members, suggests that it

plays a distinct role in tumor development and progression. Previous studies have shown that

overexpression of MMP-11 is associated with a large tumor size, lymph node involvement,

high histologic grade, estrogen receptor (ER), HER2, and poor survival in breast cancers [11,

12]. Overexpression of MMP-11 plays an important role as a potential predictor for early diag-

nosis, prognosis prediction and adaptive treatment. Immunological targeting of MMPs has

been proposed in several studies, such as MMP2 and MMP7 being proposed as a candidate for

antigen-specific immunotherapy [13, 14]. Recent studies have suggested that MMP-11 may be

a good candidate target for cancer immunotherapeutic treatment [15]. However, a correlation

between the clinical outcomes of breast cancer and high MMP-11 expression has been

reported, but little has been reported about the anti-tumor immunity role of MMP-11 expres-

sion in breast cancer.

The present study aimed to assess whether MMP-11 is related to clinicopathological

parameters and the survival of breast cancer patients based on data from patients seen at

Hanyang University Guri Hospital (HUGH) and from the The Cancer Genome Atlas

(TCGA) database [16]. To evaluate the relationship between the high expression of

MMP11 and the immune response in breast cancer patients, we focused on evaluating the

high expression of MMP-11 associated immune gene sets and genes, the different types of

involved immune cells and network-based pathway. Also, we performed in vitro drug

screening tests in breast cancer cell lines according to MMP-11 expression to identify suit-

able target therapy.
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Methods

Patient selection

This study included 226 patients with invasive ductal carcinoma (IDC) of the breast who were

to undergo surgery at HUGH in Korea between 2005 and 2015. The Reporting Recommenda-

tions for Tumor Marker Prognostic Studies (REMARK) criteria were followed throughout this

study [17]. The inclusion criteria were as follows: 1) patients with invasive ductal carcinoma of

the breast confirmed by pathologists with known medical records; and 2) patients who did not

undergo neoadjuvant chemotherapy. Patients with missing paraffin blocks of tumor tissues or

incomplete clinical outcome data were excluded. We assessed the T and N stage, histopatho-

logical grade/differentiation and lymphovascular and perineural invasion (S1 Table).

Ethics approval

This study protocol was approved by the Institutional Review Board of Hanyang University

Guri Hospital (IRB number: 2020–02–012) and was performed according to the ethical stan-

dards of the Declaration of Helsinki, as revised in 2008. The review conducted by our institu-

tional review board confirmed that informed consent was not necessary for this study.

Tissue microarray construction and immunohistochemistry

The tissue microarray (TMA) blocks were assembled using a tissue array instrument (Accu-

Max Array; ISU ABXIS Co., Ltd., Seoul, Korea). We used duplicate 3 mm-diameter tissue

cores (tumor components in a tissue core> 70%) from each donor block. Four-micrometer

sections were cut from the TMA blocks using routine techniques. Immunostaining for MMP-

11 (1:200, Lab Vision Corporation, USA), ER (1:200, Lab Vision Corporation, Fremont, CA,

USA), progesterone receptor (PR) (1:200, Dako, Glostrup, Denmark), human epidermal

growth factor receptor 2 (HER2) (1:1, Ventana Medical Systems Tucson, Arizona, USA), P53

(1:5000, Cell Marque, Hot Spring, AR, USA) and Ki67 (1:200; MIB-1, Dako, Glostrup, Den-

mark), anti-CD8 (clone 4B11 Leica Biosystems, Newcastle, UK) and anti-CD4 (clone 4B12

Leica Biosystems, Newcastle, UK) were performed using the Bond Polymer Refine Detection

System (Leica Biosystems Newcastle Ltd. Newcastle, UK) according to the manufacturer’s

instructions.

MMP-11 cytoplasmic staining intensity in tumor cells was scored on a scale of 0 to 3

(0 = negative; 1 = weak; 2 = moderate; 3 = strong). The percentage of MMP-11 positive tumor

cells also was scored into 1 of 4 categories: 1 (0–25%), 2 (26–50%), 3 (51–75%), or 4 (76–

100%). The level of MMP-11 staining was analyzed as an immunoreactive score (IRS), which

was calculated by multiplying the scores of staining intensity and the percentage of positive

cells. MMP-11 expression was determined as either low (IRS� 6) or high (IRS> 6) [18] (Fig

1A). To determine the optimal cutoff values of MMP-11 in HUGH, receiver operating charac-

teristic (ROC) curves plotting sensitivity versus 1 –specificity were used. The cutoff value cal-

culated by the ROC was used to evaluate the relationship between cancer specific death events

and MMP-11 expression. ROC exhibited good discriminatory power considering the death

events for MMP-11 expression of the tumor cells (area under the ROC = 0.662) (S1 Fig).

Gene sets, in silico cytometry and network analysis based on the TCGA

database

We obtained 776 IDC cases with RNA-Seq data from TCGA database [16]. The RNA seq from

TCGA was calculated. On basis of the cancer specific death events in the TCGA database, the

values of MMP-11 were divided into low and high using the most sensitive and specific value
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in ROC curve analysis. The cutoff value was 5114.265 (log2-transformed score 12.32059).

MMP-11 expression was determined as either low (log2 -transformed scores< 12.32059) or

high (log2 -transformed scores > 12.32059) based on the median value. Gene Set Enrichment

Analysis (GSEA) is a method of analyzing and interpreting microarray and other such data

based on biological information. These biological sets can be published information on a bio-

chemical pathway or co-expression obtained in a previous experiment. We analyzed the signif-

icant gene sets using GSEA software (version 4.03) from the Broad Institute at MIT [19]. The

gene set (4872 immunologic signatures) was used to identify the gene sets associated with high

MMP-11 expression. For this analysis, 1,000 permutations were used to calculate the p-values,

and the permutation parameters were set to a phenotype of p< 0.05, a false discovery rate

(FDR) of< 0.2 and a family wise-error rate (FWER) of� 0.4. The GSEA results can determine

whether there is a relationship between immune cell-related gene sets and high MMP-11

expression. We applied in silico cytometry known as CIBERSORT to analyze the proportions

of 22 subsets of immune cells using 547 genes [20]. For grouping of networks based on func-

tionally enriched gene ontology (GO) terms and pathways, the pathway network analyses were

visualized using Cytoscape software (version 3.8.0). To interpret the immunologic relevance of

MMP-11 and its relevant elements in IDC, we performed functional enrichment analysis. We

selected 300 top-ranked genes associated with high MMP-11 expression. We observed the

Fig 1. (A) Representative microphotographs revealing (left top) negative, (right top) weak, (left bottom) moderate and (right bottom) strong intensity MMP-11

expression using immunohistochemical staining (original magnification × 400). (B) HUGH cohort: High MMP-11 expression was associated with poor disease-free

survival (left) and disease-specific survival (right) in 226 patients (p = 0.05 and 0.044, respectively). (C) TCGA: High MMP-11 expression in primary tumors compared

to that in normal tissues. (D) TCGA: High MMP-11 expression was associated with poor disease-free survival (left) and disease-specific survival (right) in 776 patients in

TCGA (p = 0.033 and 0.028, respectively).

https://doi.org/10.1371/journal.pone.0252052.g001
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closest relationship between various genes and high MMP-11 expression using kappa value

based on six ontologies/pathway such as biological process, cellular component, immune sys-

tem process, KEGG, pathways, and Wikipathways and clarify the functionally grouped gene

ontology and pathway annotation networks using ClueGO application (version 2.5.6), an app

for gene ontology analysis.) [21, 22].

Data extraction from the GDSC database

We analyzed relationship between anticancer drug sensitivity and MMP-11 expression based

on the Genomics of Drug Sensitivity in Cancer (GDSC, version 2) dataset, which contains data

on the drug responses of approximately 50 breast cancer cell lines to 172 anticancer drugs [23].

In breast cancer cell lines with high MMP-11 expression (19 cell lines> 0 expression based on

z-scores: CAL-148, CAL-51, UACC-893, MDA-MB-361, DU-4475, HCC2157, EFM-19, BT-

549, HCC1569, BT-483, HDQ-P1, COLO-824, BT-474, HCC202, HCC1395, Hs-578-T,

HCC1599, UACC-812, and T47D) or low expression (31 cell lines< 0: MFM-223, MCF7,

HCC70, MDA-MB-231, MDA-MB-436, CAMA-1, HCC2218, MRK-nu-1, HCC1143, HCC38,

MDA-MB-415, MDA-MB-453, JIMT-1, HCC1937, AU565, CAL-85-1, MDA-MB-157, ZR-75-

30, MDA-MB-330, HCC1419, HCC1954, HCC1187, CAL-120, EFM-192A, HCC1806,

HCC1428, BT-20, HCC1500, EVSA-T, OCUB-M, and MDA-MB-468), the drug response was

defined as the natural log of the half-maximal inhibitory concentration (LN IC50). We found a

drug sensitive when the amount of drug suppressing cells with high MMP-11 expression was

lower than what was required to suppress cells with low MMP-11 expression. A drug was iden-

tified as an effective drug when the calculated LN IC50 value was decreased in cell lines with

high MMP-11 expression and increased in those with low MMP-11 expression, i.e., when an

inverse correlation was observed. Pearson’s correlation and Student’s t-test were used to assess

the comparisons between the LN IC50 values and MMP-11 expression [24, 25].

Statistical analysis

Correlations between clinicopathological parameters and MMP-11 expression were analyzed

using the χ 2 test. Student’s t-test and Pearson’s correlation were used to examine the differ-

ences among continuous variables. Relapse-free survival (RFS) was defined as survival from

the date of diagnosis to local recurrence. Disease-free survival (DFS) was defined as survival

from the date of diagnosis to recurrence/new distant metastasis, with disease-specific survival

(DSS) defined as survival from the date of diagnosis to cancer-related death. Overall survival

(OS) time was defined as the time from the date of diagnosis to all-cause death. Survival rates

were compared using the log-rank test and Cox regression analyses. A two-tailed p-value of

<0.05 was considered statistically significant. All data were analyzed using R software packages

and SPSS statistics (version 25.0, SPSS Inc., Chicago, IL, USA).

Result

Clinical manifestations of MMP-11

The detailed clinicopathological characteristics of the 226 patients in our cohort (HUGH)

according to MMP-11 expression are described in Table 1. High MMP-11 expression was

associated with negative ER and PR status, the presence of HER2, and high p53 expression

(p = 0.046, 0.016, 0.005, and 0.01, respectively) (Table 1). High MMP-11 expression was

related to DFS, DSS and RFS (p = 0.05, 0.044 and 0.035, respectively). There was no OS differ-

ence between low and high MMP-11 expression (p = 0.62). After adjustment for T and N

stage, histological grade lymphovascular invasion and ER, significant correlations between
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high MMP-11 expression and low DFS or DSS remained (p = 0.041 and 0.049, respectively)

(Table 2) (Fig 1B) (S2 Fig). In the breast cancer data from the TCGA database, MMP-11 was

more highly expressed in primary tumors than in normal tissues (Fig 1C). There was a rela-

tionship between high MMP-11 expression and low DFS or DSS (p = 0.033 and 0.028, respec-

tively) (Fig 1D).

Table 1. Clinicopathological parameters of MMP-11 in patient with invasive ductal carcinoma of the breast from HUGH cohort.

Parameter MMP-11 (our cohort) p value

Low (n = 176), n (%) High (n = 50), n (%)

Age 48.0 ± 9.7 49.3 ± 11.3 0.4452

T classification

1 71 (40.3) 14 (28.0) 0.1123

2 92 (52.3) 33 (66.0)

3 13 (7.4) 3 (6.0)

N classification

0 80 (45.5) 21 (42.0) 0.4643

1 52 (29.5) 19 (38.0)

2 20 (11.4) 6 (12.0)

3 24 (13.6) 4 (8.0)

Histological grade

1 28 (15.9) 4 (8.0) 0.191

2 85 (48.3) 23 (46.0)

3 63 (35.8) 23 (46.0)

Lymphatic invasion

Negative 84 (47.7) 26 (52.0) 0.7091

Positive 92 (52.3) 24 (48.0)

Perineural invasion

Negative 148 (84.1) 43 (86.0) 0.9141

Positive 28 (15.9) 7 (14.0)

Tumor necrosis

Absence 102 (58.0) 30 (60.0) 0.9231

Presence 74 (42.0) 20 (40.0)

ER

Negative 46 (26.1) 21 (42.0) 0.0461

Positive 130 (73.9) 29 (58.0)

PR

Negative 63 (35.8) 28 (56.0) 0.0161

Positive 113 (64.2) 22 (44.0)

HER2

Negative 136 (77.3) 28 (56.0) 0.0051

Positive 40 (22.7) 22 (44.0)

P53 percentage 23.7 ± 34.6 38.8 ± 40.5 0.012

Ki-67 index 3.9 ± 9.5 2.8 ± 6.9 0.3772

T or N classification, 8th edition; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; MMP, matrix metalloproteinase
1Chi-square test
2Student’s t-test

https://doi.org/10.1371/journal.pone.0252052.t001
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Gene set enrichment analysis, immune cell fraction and pathway network

analyses in patients with high MMP-11 expression

By using the TCGA data, we conducted GSEA to identify the gene sets associated with high

MMP-11 expression. We found three significantly enriched gene sets related to the negative

regulation of immune cells. We found that high MMP-11 expression was associated with the

downregulation of the gene sets linked to CD8+ T cells, CD4+ T cells and memory B cells,

respectively (Fig 2A). We conducted in silico flow cytometry to evaluate the relationship

between MMP11 expression and various immune cells. As a result, cancer testis antigen

(CTA), activated dendritic cells (DC) and tumor-infiltrating lymphocytes (TILs) were

decreased in patients with high MMP-11 expression compared to those with low MMP-11

expression (p = 0.03, 0.009 and 0.012, respectively) (Fig 2B). High MMP-11 expression was

related to low levels of CD8+ T cells, CD4+ memory T cells and memory B cells (p = 0.004, <

0.001 and<0.001, respectively) (Fig 2C). In HUGH cohort, high MMP-11 expression was

associated with decreased CD8+ T cells and CD4+ T cells (p = 0.024 and 0.045, respectively)

(Fig 3)

In the pathway network analysis based on GSEA, we found that high MMP-11 expression

was directly linked to collagen catabolic processes, collagen fibril organization and basement

membrane organization, and indirectly linked to negative regulation of leucocyte differentia-

tion and immune effector process, cellular response to transforming growth factor beta stimu-

lus, response to growth hormone, cellular response to amino acid stimulus, and aminoglycan

catabolic process (Fig 4). We identified specific hub genes, such as mammalian target of rapa-

mycin (mTOR), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α
(PIK3CA), Janus kinase (JAK) 2 and JAK3, which are directly or indirectly linked to MMP-11,

in a pathway-based network.

Drug screening in breast cancer cell lines with high MMP-11 expression

On the basis of the GDSC data, we analyzed drug sensitivity patterns in 50 breast cancer cell

lines with high MMP-11 expression based on 172 drugs. Using Pearson’s correlation analysis,

Table 2. Disease-free and disease-specific survival analyses according to MMP-11 in 226 breast cancer patients (HUGH cohort).

Disease-free survival Univariate1 Multivariate2 HR 95% CI

MMP-11 (low vs. high) 0.05 0.041 1.846 1.025 3.324

Tumor stage (1,2 vs. 3,4) <0.001 0.016 2.635 1.202 5.774

Nodal stage (0,1,2 vs. 3) <0.001 0.001 3.013 1.586 5.725

Histological grade (1,2 vs. 3) <0.001 0.240 1.486 0.767 2.877

Lymphovascular invasion (absence vs. presence) <0.001 0.078 1.781 0.937 3.386

ER (negative vs. positive) 0.009 0.354 0.745 0.399 1.389

Disease-specific survival Univariate1 Multivariate2 HR 95% CI

MMP-11 (low vs. high) 0.044 0.049 2.048 1.004 4.180

Tumor stage (1,2 vs. 3,4) <0.001 0.037 2.879 1.065 7.781

Nodal stage (0,1,2 vs. 3) <0.001 0.004 3.382 1.477 7.745

Histological grade (1,2 vs. 3) <0.001 0.442 1.410 0.588 3.383

Lymphovascular invasion (absence vs. presence) <0.001 0.670 1.194 0.528 2.697

ER (negative vs. positive) 0.002 0.114 0.526 0.237 1.168

MMP, matrix metalloproteinase; ER, estrogen receptor
1Log rank test
2Cox proportional hazard model

https://doi.org/10.1371/journal.pone.0252052.t002

PLOS ONE MMP-11 in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0252052 May 26, 2021 7 / 16

https://doi.org/10.1371/journal.pone.0252052.t002
https://doi.org/10.1371/journal.pone.0252052


Fig 2. TCGA data (A) Gene set enrichment analysis of three MMP-11-dependent immunologic gene sets reveals the downregulation of CD8+ T cells, CD4+ T cells and

B cells. (B) Bar plots of MMP-11 expression and the following parameters: (B) cancer testis antigen, activated dendritic cells, tumor-infiltrating lymphocytes, (C) CD8

+ T cells, CD4+ memory T cells, and memory B cells.

https://doi.org/10.1371/journal.pone.0252052.g002
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we considered drugs with a high negative correlation between MMP-11 expression and the LN

IC50 value as effective MMP-11-targeting drugs. Pictilisib and AZ960 reduced the growth of

cancer cell lines with high MMP-11 expression [pictilisib: r = -0.291, p = 0.04 (Pearson’s corre-

lation) and 0.026 (Student’s t-test); AZ960: r = -0.314, p = 0.043 and 0.009] (Fig 5A and 5B).

Discussion

This study revealed that high MMP-11 expression was correlated with worse clinicopathologic

parameters, such as a high histologic grade, negative ER and PR status, and the presence of

HER2. Our results showed that high MMP-11 expression was significantly related to poor

DFS/DSS in our cohort (HUGH). Using TCGA database for validation of this results, we ana-

lyzed the survival rate according to high MMP-11 expression. High MMP-11 expression was

associated with worse DFS/DSS in TCGA database. Also, our results revealed that MMP-11

expression was higher in primary cancer than normal breast tissue. We considered that MMP-

11 could play an important role in breast cancer progression and metastasis and predicting

clinical outcomes.

The tumor microenvironment can be affected by angiogenesis, reactive stromal fibroblasts,

the immune response and proteinase production and can affect cancer progression [15].

MMPs, a family of zinc-dependent endopeptidases, can support stromal invasion of cancer

cells via ECM modification [7]. One of the MMP members, MMP-11, called stromelysin-3,

was first identified in breast cancer tissue. MMP-11 may enhance cancer development and

progression by proteolytic degradation of the endothelial basement membrane [10]. Many

studies have shown that high MMP-11 expression is associated with poor clinical outcomes in

lung cancer, colorectal cancer, hepatocellular carcinoma, osteosarcoma, prostate cancer and

breast cancer [26–31]. In our study of the HUGH cohort and TCGA database, high MMP-11

expression was associated with poor prognosis as well as a decline in DFS and DSS. Previous

studies demonstrated that high MMP-11 was associated with poor prognosis in the breast can-

cer [32, 33].

The molecular mechanisms and pathways of carcinogenesis according to high MMP-11

expression in breast cancer have not yet been completely explained. In the GSEA, we identified

Fig 3. HUGH cohort (A) Representative microphotographs showing tumor-infiltrating CD8 T cells (brown): decreased CD8+ T cells (left top) in high MMP-11

expression (left bottom) and increased CD8+ T cells (right top) in low MMP-11 expression (right bottom) (original magnification × 400). (B) Bar plot of CD8 T cells

(left) and CD4 T cells (right) per high-power field (× 400) (p = 0.024 and 0.045).

https://doi.org/10.1371/journal.pone.0252052.g003
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that the specific gene sets associated with the downregulation of CD8+ T cells, CD4+ T cells

and B cells, which play an important role in the complete elimination of cancer cells, were

linked to high MMP-11 expression. Unexpectedly, Our study showed that high MMP-11

expression associated with a low antitumoral immune response (TILs, CD8+ T cells, CD4+ T

cells, and memory B cells) and decreased the CTA score and activated DC fraction [34]. CTA

is a category of tumor associated antigens. Immunogenic CTA can induce the expansion of

CD8 + T cells that can reject tumor cells (cell immunity) or activate B cells that cause a

humoral response in the form of tumor-specific antibodies [35]. A decreased immune reaction

causes the difficulty of completely eliminating cancer cells, leading to cancer progression.

The stromal extracellular matrix influences anti-tumor immune system through controlling

the positioning and migration of T lymphocytes [36]. A previous study demonstrated that

modulation of C-X-C motif chemokine 11 (CXCL11) by MMPs might reduce the antitumor

immune response and thus have direct consequences on tumor growth [37]. Therefore,

tumorigenesis caused by high expression of MMP-11 did not result from increased cancer cell

proliferation, but from decreased cancer cell death through apoptosis and necrosis [38].

Increased TIL is known to be a good prognostic factor for cancer because lymphocytes play an

Fig 4. Grouping of networks based on functionally enriched GO terms and pathways using Cytoscape software (version 3.8.0) and ClueGO application (version

2.5.6) (https://cytoscape.org/): Functionally grouped networks are linked to their biological function, and only the most significant term of the group is labeled.

MMP-11 is directly linked to collagen catabolic processes, collagen fibril organization and basement membrane organization, while it indirectly negatively regulates

leukocyte differentiation and immune effector process. The specific hub genes directly or indirectly linked to MMP-11 included MTOR, PIK3CA, JAK2 and JAK3.

https://doi.org/10.1371/journal.pone.0252052.g004
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important role in anti-cancer immunity. Among lymphocytes, CD8+T cells play critical role

in anti-cancer immunity. Our study showed that high MMP-11 expression was related to low

levels of CD8+ T cells and CD4+ memory T cells. We hypothesize that the degradation of

Fig 5. Genomics of Drug Sensitivity in Cancer (GDSC) database analysis: (A) Pearson’s correlation analysis showing the natural log of the half-maximal inhibitory

concentration (LN IC50) values of pictilisib and AZ960 in breast cancer cells (blue, low MMP-11 expression; red, high MMP-11 expression) (left). Bar plot showing the

LN IC50 values of pictilisib and AZ960 in breast cancer cell lines with low (gray) and high (green) MMP-11 expression (p = 0.026 and 0.009, respectively) (error bars:

Standard errors of the mean) (right).

https://doi.org/10.1371/journal.pone.0252052.g005
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ECM by MMP-11 may have secondary effects on the immune system [39]. Moreover, we con-

sidered that the exposure of antigenicity by MMP-11 could be insufficient to recruit different

antitumoral immune cells to the tumor site in breast cancer. Previous studies have shown that

MMP-9 inhibition promotes anti-tumor immunity through trafficking of T cells to the tumor

[40]. Experimental studies in vitro and in vivo may be necessary to resolve these questions

about MMP-11. In network-based analyses, we showed that MMP-11 was linked to different

genes, such as MTOR, JAK2, PIK3CA, and JAK3, and specific pathways, including those asso-

ciated with catabolic processes and negative regulation of immune processes, suggesting an

important association of breast cancer progression with high MMP-11 expression [41]. Previ-

ous studies have shown an association between MMP-11 and the hyperactivating the IGF-

1-mediated PI3K/AKT signaling cascade [28]. Also, it has been shown that MMP expression is

regulated by the signaling mechanisms of Interleukin 6 and Interleukin 8 through the JAK2/

STAT3 pathway [42]. These results support our results.

The GDSC database, which includes data from drug screening in cancer cell lines, is avail-

able to investigate drug sensitivity [24]. We evaluated the sensitivity to pictilisib and AZ960 in

breast cancer cell lines with high MMP-11 expression and those with low MMP-11 expression.

Despite a weak correlation, Pictilisib reduced the growth of cancer cell lines with high MMP-

11 expression. And, AZ960 had meaningful effect (r = -0.314) in breast cancer cell lines exhib-

iting high MMP-11 expression. Pictilisib is a potent and selective oral inhibitor of the class I

PI3K pathway, which is one of the most commonly activated signaling pathways that regulates

cell proliferation, survival and migration [43, 44]. In previous studies, pictilisib was shown to

be a selective JAK3 inhibitor. High PIK3CA expression was associated with in vitro sensitivity

of breast cancer cell lines to pictilisib [45, 46]. AZ960, a pyrazolo-nicotinonitrile analog, was

reported to be a tight-binding ATP-competitive JAK2 inhibitor. The compound demonstrated

greater than 3-fold selectivity for JAK2 over JAK3 when tested in biochemical assays [47]. The

JAK2-STAT3 signaling pathway is a crucial activator of cell migration and cancer metastasis

[48, 49]. We identified specific hub genes, such as mTOR, PIK3CA, JAK 2 and JAK3, which

are directly or indirectly linked to MMP-11. Therefore, pictilisib and AZ960 may contribute to

an improved treatment strategy for resistance to chemotherapy in breast cancer with high

MMP-11 expression. Unlike the responses in breast cancer cell lines with high MMP-11

expression, the therapeutic responses in patients with breast cancer may be highly heteroge-

neous and affected by various microenvironments and immune components, which could

have effects on clinical applications. Along with in vivo studies, pictilisib- and/or AZ960-based

clinical trials in breast cancer patients with high MMP-11 expression are needed in the future.

This study has some limitations that should be acknowledged. First, this study was con-

ducted as a retrospective study, and because of this, the analysis of MMP-11 did not show sus-

tained relationships over time as did prospective studies. Second, the experimental analysis of

the relationship between MMP-11 and immune cells was not performed, and further in vitro

and/or in vivo studies are necessary. Third, the relationship between the expression of MMP-

11 by the molecular subtype of breast cancer and prognosis is not analyzed.

In summary, this study demonstrated that high MMP-11 expression was significantly asso-

ciated with poor DFS/DSS and correlated with the downregulation of gene sets linked to CD8

+ T cells, CD4+ T cells and B cells according to GSEA. In silico cytometry showed that high

MMP-11 expression was associated with low tumor antigenicity, reduced TILs, including CD8

+ T cells, CD4+ memory T cells and memory B cells, and low activation of dendritic cells. We

identified that Pictilisib and AZ960 affected breast cancer cell lines with high MMP-11 expres-

sion. These candidate drugs may be used for the treatment of patients with high MMP-11

expression and resistance to chemotherapy.
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We believe that medical oncologists and researchers will be interested in the role of MMP-

11 in promoting tumor invasion by ECM breakdown and that these results will contribute to

designing future experimental studies.

Supporting information

S1 Fig. ROC curve. ROC curve for determination of the optimal cut-off value for MMP-11

expression according to patient survival rate in invasive ductal carcinoma of the breast (area

under the ROC: 0.662 in tumor cells).

(PDF)

S2 Fig. HUGH cohort: High MMP-11 expression was associated with poor disease-free and

disease-specific survival in 226 patients (p = 0.035 and 0.62, respectively).

(PDF)

S1 Table. Clinicopathological parameters.

(PDF)

Author Contributions

Conceptualization: Un Suk Jung, Dong-Hoon Kim.

Data curation: Hyung Suk Kim, Kyueng-Whan Min, Dong-Hoon Kim.

Formal analysis: Hyung Suk Kim.

Methodology: Hyung Suk Kim, Kyueng-Whan Min.

Supervision: Min Gyu Kim, Kyueng-Whan Min, Un Suk Jung, Dong-Hoon Kim.

Writing – original draft: Hyung Suk Kim.

Writing – review & editing: Hyung Suk Kim, Kyueng-Whan Min, Un Suk Jung.

References
1. Torre LA, Siegel RL, Ward EM, Jemal A. Global Cancer Incidence and Mortality Rates and Trends—An

Update. Cancer Epidemiol Biomarkers Prev. 2016; 25(1):16–27. Epub 2015/12/17. https://doi.org/10.

1158/1055-9965.EPI-15-0578 PMID: 26667886.

2. van ’t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA, Mao M, et al. Gene expression profiling predicts

clinical outcome of breast cancer. Nature. 2002; 415(6871):530–6. Epub 2002/02/02. https://doi.org/10.

1038/415530a PMID: 11823860.

3. Lei X, Lei Y, Li JK, Du WX, Li RG, Yang J, et al. Immune cells within the tumor microenvironment: Bio-

logical functions and roles in cancer immunotherapy. Cancer Lett. 2020; 470:126–33. https://doi.org/10.

1016/j.canlet.2019.11.009 WOS:000509628700013. PMID: 31730903

4. Becker JC, Andersen MH, Schrama D, Thor Straten P. Immune-suppressive properties of the tumor

microenvironment. Cancer Immunol Immunother. 2013; 62(7):1137–48. Epub 2013/05/15. https://doi.

org/10.1007/s00262-013-1434-6 PMID: 23666510.

5. Wei L, Shi YB. Matrix metalloproteinase stromelysin-3 in development and pathogenesis. Histol Histo-

pathol. 2005; 20(1):177–85. Epub 2004/12/04. https://doi.org/10.14670/HH-20.177 PMID: 15578436.

6. Brown GT, Murray GI. Current mechanistic insights into the roles of matrix metalloproteinases in tumour

invasion and metastasis. J Pathol. 2015; 237(3):273–81. Epub 2015/07/16. https://doi.org/10.1002/

path.4586 PMID: 26174849.

7. Winer A, Adams S, Mignatti P. Matrix Metalloproteinase Inhibitors in Cancer Therapy: Turning Past Fail-

ures Into Future Successes. Mol Cancer Ther. 2018; 17(6):1147–55. https://doi.org/10.1158/1535-

7163.MCT-17-0646 WOS:000433932800001. PMID: 29735645

8. Gialeli C, Theocharis AD, Karamanos NK. Roles of matrix metalloproteinases in cancer progression

and their pharmacological targeting. Febs J. 2011; 278(1):16–27. https://doi.org/10.1111/j.1742-4658.

2010.07919.x WOS:000285249100003. PMID: 21087457

PLOS ONE MMP-11 in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0252052 May 26, 2021 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252052.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252052.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252052.s003
https://doi.org/10.1158/1055-9965.EPI-15-0578
https://doi.org/10.1158/1055-9965.EPI-15-0578
http://www.ncbi.nlm.nih.gov/pubmed/26667886
https://doi.org/10.1038/415530a
https://doi.org/10.1038/415530a
http://www.ncbi.nlm.nih.gov/pubmed/11823860
https://doi.org/10.1016/j.canlet.2019.11.009
https://doi.org/10.1016/j.canlet.2019.11.009
http://www.ncbi.nlm.nih.gov/pubmed/31730903
https://doi.org/10.1007/s00262-013-1434-6
https://doi.org/10.1007/s00262-013-1434-6
http://www.ncbi.nlm.nih.gov/pubmed/23666510
https://doi.org/10.14670/HH-20.177
http://www.ncbi.nlm.nih.gov/pubmed/15578436
https://doi.org/10.1002/path.4586
https://doi.org/10.1002/path.4586
http://www.ncbi.nlm.nih.gov/pubmed/26174849
https://doi.org/10.1158/1535-7163.MCT-17-0646
https://doi.org/10.1158/1535-7163.MCT-17-0646
http://www.ncbi.nlm.nih.gov/pubmed/29735645
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.1111/j.1742-4658.2010.07919.x
http://www.ncbi.nlm.nih.gov/pubmed/21087457
https://doi.org/10.1371/journal.pone.0252052


9. Basset P, Bellocq JP, Wolf C, Stoll I, Hutin P, Limacher JM, et al. A novel metalloproteinase gene spe-

cifically expressed in stromal cells of breast carcinomas. Nature. 1990; 348(6303):699–704. Epub

1990/12/20. https://doi.org/10.1038/348699a0 PMID: 1701851.

10. Zhang X, Huang S, Guo JC, Zhou L, You L, Zhang TP, et al. Insights into the distinct roles of MMP-11 in

tumor biology and future therapeutics (Review). Int J Oncol. 2016; 48(5):1783–93. https://doi.org/10.

3892/ijo.2016.3400 WOS:000372568600003. PMID: 26892540

11. Naghshvar F, Torabizadeh Z, Charati JY, Akbarnezhad M. Relationship between MMP-11 Expression

in Invasive Ductal Breast Carcinoma with its Clinicopathologic Parameters. Middle East J Cancer.

2017; 8(2):69–75. WOS:000406342600002.

12. Min KW, Kim DH, Do SI, Pyo JS, Kim K, Chae SW, et al. Diagnostic and prognostic relevance of MMP-

11 expression in the stromal fibroblast-like cells adjacent to invasive ductal carcinoma of the breast.

Ann Surg Oncol. 2013; 20 Suppl 3:S433–42. Epub 2012/11/02. https://doi.org/10.1245/s10434-012-

2734-3 PMID: 23115007.

13. Yi T, Wei YQ, Tian L, Zhao X, Li J, Deng HX, et al. Humoral and cellular immunity induced by tumor cell

vaccine based on the chicken xenogeneic homologous matrix metalloproteinase-2. Cancer Gene Ther.

2007; 14(2):158–64. Epub 2006/11/25. https://doi.org/10.1038/sj.cgt.7700994 PMID: 17124509.

14. Yokoyama Y, Grunebach F, Schmidt SM, Heine A, Hantschel M, Stevanovic S, et al. Matrilysin (MMP-

7) is a novel broadly expressed tumor antigen recognized by antigen-specific T cells. Clin Cancer Res.

2008; 14(17):5503–11. https://doi.org/10.1158/1078-0432.CCR-07-4041 WOS:000259166000023.

PMID: 18765542

15. Peruzzi D, Mori F, Conforti A, Lazzaro D, De Rinaldis E, Ciliberto G, et al. MMP11: a novel target anti-

gen for cancer immunotherapy. Clin Cancer Res. 2009; 15(12):4104–13. Epub 2009/06/11. https://doi.

org/10.1158/1078-0432.CCR-08-3226 PMID: 19509157.

16. Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, et al. Oncogenic Signaling Pathways

in The Cancer Genome Atlas. Cell. 2018; 173(2):321–37 e10. Epub 2018/04/07. https://doi.org/10.

1016/j.cell.2018.03.035 PMID: 29625050; PubMed Central PMCID: PMC6070353.

17. Sauerbrei W, Taube SE, McShane LM, Cavenagh MM, Altman DG. Reporting Recommendations for

Tumor Marker Prognostic Studies (REMARK): An Abridged Explanation and Elaboration. J Natl Cancer

Inst. 2018; 110(8):803–11. Epub 2018/06/07. https://doi.org/10.1093/jnci/djy088 PMID: 29873743;

PubMed Central PMCID: PMC6093349.

18. Remmele W, Stegner HE. [Recommendation for uniform definition of an immunoreactive score (IRS)

for immunohistochemical estrogen receptor detection (ER-ICA) in breast cancer tissue]. Pathologe.

1987; 8(3):138–40. Epub 1987/05/01. PMID: 3303008.

19. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment

analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl

Acad Sci U S A. 2005; 102(43):15545–50. Epub 2005/10/04. https://doi.org/10.1073/pnas.0506580102

PMID: 16199517; PubMed Central PMCID: PMC1239896.

20. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust enumeration of cell subsets

from tissue expression profiles. Nat Methods. 2015; 12(5):453–7. Epub 2015/03/31. https://doi.org/10.

1038/nmeth.3337 PMID: 25822800; PubMed Central PMCID: PMC4739640.

21. Bindea G, Galon J, Mlecnik B. CluePedia Cytoscape plugin: pathway insights using integrated experi-

mental and in silico data. Bioinformatics. 2013; 29(5):661–3. Epub 2013/01/18. https://doi.org/10.1093/

bioinformatics/btt019 PMID: 23325622; PubMed Central PMCID: PMC3582273.

22. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, et al. ClueGO: a Cytoscape

plug-in to decipher functionally grouped gene ontology and pathway annotation networks. Bioinformat-

ics. 2009; 25(8):1091–3. Epub 2009/02/25. https://doi.org/10.1093/bioinformatics/btp101 PMID:

19237447; PubMed Central PMCID: PMC2666812.

23. Yang W, Soares J, Greninger P, Edelman EJ, Lightfoot H, Forbes S, et al. Genomics of Drug Sensitivity

in Cancer (GDSC): a resource for therapeutic biomarker discovery in cancer cells. Nucleic Acids Res.

2013; 41(Database issue):D955–61. Epub 2012/11/28. https://doi.org/10.1093/nar/gks1111 PMID:

23180760; PubMed Central PMCID: PMC3531057.

24. Iorio F, Knijnenburg TA, Vis DJ, Bignell GR, Menden MP, Schubert M, et al. A Landscape of Pharmaco-

genomic Interactions in Cancer. Cell. 2016; 166(3):740–54. Epub 2016/07/12. https://doi.org/10.1016/j.

cell.2016.06.017 PMID: 27397505; PubMed Central PMCID: PMC4967469.

25. Garnett MJ, Edelman EJ, Heidorn SJ, Greenman CD, Dastur A, Lau KW, et al. Systematic identification

of genomic markers of drug sensitivity in cancer cells. Nature. 2012; 483(7391):570–5. Epub 2012/03/

31. https://doi.org/10.1038/nature11005 PMID: 22460902; PubMed Central PMCID: PMC3349233.

26. Han J, Choi YL, Kim H, Choi JY, Lee SK, Lee JE, et al. MMP11 and CD2 as novel prognostic factors in

hormone receptor-negative, HER2-positive breast cancer. Breast Cancer Res Treat. 2017; 164(1):41–

PLOS ONE MMP-11 in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0252052 May 26, 2021 14 / 16

https://doi.org/10.1038/348699a0
http://www.ncbi.nlm.nih.gov/pubmed/1701851
https://doi.org/10.3892/ijo.2016.3400
https://doi.org/10.3892/ijo.2016.3400
http://www.ncbi.nlm.nih.gov/pubmed/26892540
https://doi.org/10.1245/s10434-012-2734-3
https://doi.org/10.1245/s10434-012-2734-3
http://www.ncbi.nlm.nih.gov/pubmed/23115007
https://doi.org/10.1038/sj.cgt.7700994
http://www.ncbi.nlm.nih.gov/pubmed/17124509
https://doi.org/10.1158/1078-0432.CCR-07-4041
http://www.ncbi.nlm.nih.gov/pubmed/18765542
https://doi.org/10.1158/1078-0432.CCR-08-3226
https://doi.org/10.1158/1078-0432.CCR-08-3226
http://www.ncbi.nlm.nih.gov/pubmed/19509157
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1016/j.cell.2018.03.035
http://www.ncbi.nlm.nih.gov/pubmed/29625050
https://doi.org/10.1093/jnci/djy088
http://www.ncbi.nlm.nih.gov/pubmed/29873743
http://www.ncbi.nlm.nih.gov/pubmed/3303008
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nmeth.3337
http://www.ncbi.nlm.nih.gov/pubmed/25822800
https://doi.org/10.1093/bioinformatics/btt019
https://doi.org/10.1093/bioinformatics/btt019
http://www.ncbi.nlm.nih.gov/pubmed/23325622
https://doi.org/10.1093/bioinformatics/btp101
http://www.ncbi.nlm.nih.gov/pubmed/19237447
https://doi.org/10.1093/nar/gks1111
http://www.ncbi.nlm.nih.gov/pubmed/23180760
https://doi.org/10.1016/j.cell.2016.06.017
https://doi.org/10.1016/j.cell.2016.06.017
http://www.ncbi.nlm.nih.gov/pubmed/27397505
https://doi.org/10.1038/nature11005
http://www.ncbi.nlm.nih.gov/pubmed/22460902
https://doi.org/10.1371/journal.pone.0252052


56. Epub 2017/04/15. https://doi.org/10.1007/s10549-017-4234-4 PMID: 28409241; PubMed Central

PMCID: PMC5487710.

27. Bi Q, Tang S, Xia L, Du R, Fan R, Gao L, et al. Ectopic expression of MiR-125a inhibits the proliferation

and metastasis of hepatocellular carcinoma by targeting MMP11 and VEGF. PLoS One. 2012; 7(6):

e40169. Epub 2012/07/07. https://doi.org/10.1371/journal.pone.0040169 PMID: 22768249; PubMed

Central PMCID: PMC3387011.

28. Yang HR, Jiang P, Liu DY, Wang HQ, Deng QM, Niu XJ, et al. Matrix Metalloproteinase 11 Is a Potential

Therapeutic Target in Lung Adenocarcinoma. Mol Ther-Oncolytics. 2019; 14:82–93. https://doi.org/10.

1016/j.omto.2019.03.012 WOS:000488089600008. PMID: 31024988

29. Barrasa JI, Olmo N, Santiago-Gomez A, Lecona E, Anglard P, Turnay J, et al. Histone deacetylase

inhibitors upregulate MMP11 gene expression through Sp1/Smad complexes in human colon adeno-

carcinoma cells. Biochim Biophys Acta. 2012; 1823(2):570–81. Epub 2012/01/10. https://doi.org/10.

1016/j.bbamcr.2011.12.010 PMID: 22227581.

30. Waresijiang N, Sun JG, Abuduaini R, Jiang T, Zhou WZ, Yuan H. The downregulation of miR-125a-5p

functions as a tumor suppressor by directly targeting MMP-11 in osteosarcoma. Mol Med Rep. 2016; 13

(6):4859–64. https://doi.org/10.3892/mmr.2016.5141 WOS:000377989000046. PMID: 27081863

31. Wan XC, Pu HL, Huang WH, Yang S, Zhang YL, Kong Z, et al. Androgen-induced miR-135a acts as a

tumor suppressor through downregulating RBAK and MMP11, and mediates resistance to androgen

deprivation therapy. Oncotarget. 2016; 7(32):51284–300. https://doi.org/10.18632/oncotarget.9992

WOS:000385429100042. PMID: 27323416

32. Chenard MP, O’Siorain L, Shering S, Rouyer N, Lutz Y, Wolf C, et al. High levels of stromelysin-3 corre-

late with poor prognosis in patients with breast carcinoma. Int J Cancer. 1996; 69(6):448–51. Epub

1996/12/20. https://doi.org/10.1002/(SICI)1097-0215(19961220)69:6<448::AID-IJC5>3.0.CO;2-4

PMID: 8980245.

33. Eiro N, Cid S, Fernandez B, Fraile M, Cernea A, Sanchez R, et al. MMP11 expression in intratumoral

inflammatory cells in breast cancer. Histopathology. 2019; 75(6):916–30. Epub 2019/07/26. https://doi.

org/10.1111/his.13956 PMID: 31342542.

34. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al. The Immune Landscape of

Cancer. Immunity. 2018; 48(4):812–30 e14. Epub 2018/04/10. https://doi.org/10.1016/j.immuni.2018.

03.023 PMID: 29628290; PubMed Central PMCID: PMC5982584.

35. Mahmoud AM. Cancer testis antigens as immunogenic and oncogenic targets in breast cancer. Immu-

notherapy-Uk. 2018; 10(9):769–78. https://doi.org/10.2217/imt-2017-0179 WOS:000445619200006.

PMID: 29926750

36. Li M, Xing S, Zhang H, Shang S, Li X, Ren B, et al. A matrix metalloproteinase inhibitor enhances anti-

cytotoxic T lymphocyte antigen-4 antibody immunotherapy in breast cancer by reprogramming the

tumor microenvironment. Oncol Rep. 2016; 35(3):1329–39. Epub 2016/01/12. https://doi.org/10.3892/

or.2016.4547 PMID: 26752000; PubMed Central PMCID: PMC4750755.

37. Burns JM, Summers BC, Wang Y, Melikian A, Berahovich R, Miao Z, et al. A novel chemokine receptor

for SDF-1 and I-TAC involved in cell survival, cell adhesion, and tumor development. J Exp Med. 2006;

203(9):2201–13. Epub 2006/08/31. https://doi.org/10.1084/jem.20052144 PMID: 16940167; PubMed

Central PMCID: PMC2118398.

38. Boulay A, Masson R, Chenard MP, El Fahime M, Cassard L, Bellocq JP, et al. High cancer cell death in

syngeneic tumors developed in host mice deficient for the stromelysin-3 matrix metalloproteinase. Can-

cer Res. 2001; 61(5):2189–93. Epub 2001/03/31. PMID: 11280785.

39. Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases: regulators of the tumor microenvironment.

Cell. 2010; 141(1):52–67. Epub 2010/04/08. https://doi.org/10.1016/j.cell.2010.03.015 PMID:

20371345; PubMed Central PMCID: PMC2862057.

40. Juric V, O’Sullivan C, Stefanutti E, Kovalenko M, Greenstein A, Barry-Hamilton V, et al. MMP-9 inhibi-

tion promotes anti-tumor immunity through disruption of biochemical and physical barriers to T-cell traf-

ficking to tumors. PLoS One. 2018; 13(11):e0207255. Epub 2018/12/01. https://doi.org/10.1371/

journal.pone.0207255 PMID: 30500835; PubMed Central PMCID: PMC6267998 Gilead Sciences, Inc.

There are no patents, products in development or marketed products associated with this research to

declare. This does not alter our adherence to PLoS ONE policies on sharing data and material.

41. Kasper G, Reule M, Tschirschmann M, Dankert N, Stout-Weider K, Lauster R, et al. Stromelysin-3

over-expression enhances tumourigenesis in MCF-7 and MDA-MB-231 breast cancer cell lines:

involvement of the IGF-1 signalling pathway. BMC Cancer. 2007; 7:12. Epub 2007/01/20. https://doi.

org/10.1186/1471-2407-7-12 PMID: 17233884; PubMed Central PMCID: PMC1783860.

42. Jayatilaka H, Umanzor FG, Shah V, Meirson T, Russo G, Starich B, et al. Tumor cell density regulates

matrix metalloproteinases for enhanced migration. Oncotarget. 2018; 9(66):32556–69. Epub 2018/09/

PLOS ONE MMP-11 in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0252052 May 26, 2021 15 / 16

https://doi.org/10.1007/s10549-017-4234-4
http://www.ncbi.nlm.nih.gov/pubmed/28409241
https://doi.org/10.1371/journal.pone.0040169
http://www.ncbi.nlm.nih.gov/pubmed/22768249
https://doi.org/10.1016/j.omto.2019.03.012
https://doi.org/10.1016/j.omto.2019.03.012
http://www.ncbi.nlm.nih.gov/pubmed/31024988
https://doi.org/10.1016/j.bbamcr.2011.12.010
https://doi.org/10.1016/j.bbamcr.2011.12.010
http://www.ncbi.nlm.nih.gov/pubmed/22227581
https://doi.org/10.3892/mmr.2016.5141
http://www.ncbi.nlm.nih.gov/pubmed/27081863
https://doi.org/10.18632/oncotarget.9992
http://www.ncbi.nlm.nih.gov/pubmed/27323416
https://doi.org/10.1002/%28SICI%291097-0215%2819961220%2969%3A6%26lt%3B448%3A%3AAID-IJC5%26gt%3B3.0.CO%3B2-4
http://www.ncbi.nlm.nih.gov/pubmed/8980245
https://doi.org/10.1111/his.13956
https://doi.org/10.1111/his.13956
http://www.ncbi.nlm.nih.gov/pubmed/31342542
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.immuni.2018.03.023
http://www.ncbi.nlm.nih.gov/pubmed/29628290
https://doi.org/10.2217/imt-2017-0179
http://www.ncbi.nlm.nih.gov/pubmed/29926750
https://doi.org/10.3892/or.2016.4547
https://doi.org/10.3892/or.2016.4547
http://www.ncbi.nlm.nih.gov/pubmed/26752000
https://doi.org/10.1084/jem.20052144
http://www.ncbi.nlm.nih.gov/pubmed/16940167
http://www.ncbi.nlm.nih.gov/pubmed/11280785
https://doi.org/10.1016/j.cell.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20371345
https://doi.org/10.1371/journal.pone.0207255
https://doi.org/10.1371/journal.pone.0207255
http://www.ncbi.nlm.nih.gov/pubmed/30500835
https://doi.org/10.1186/1471-2407-7-12
https://doi.org/10.1186/1471-2407-7-12
http://www.ncbi.nlm.nih.gov/pubmed/17233884
https://doi.org/10.1371/journal.pone.0252052


18. https://doi.org/10.18632/oncotarget.25863 PMID: 30220965; PubMed Central PMCID:

PMC6135685.

43. Spoerke JM, Gendreau S, Walter K, Qiu J, Wilson TR, Savage H, et al. Heterogeneity and clinical signif-

icance of ESR1 mutations in ER-positive metastatic breast cancer patients receiving fulvestrant. Nat

Commun. 2016; 7:11579. Epub 2016/05/14. https://doi.org/10.1038/ncomms11579 PMID: 27174596;

PubMed Central PMCID: PMC4869259.

44. Stratikopoulos EE, Dendy M, Szabolcs M, Khaykin AJ, Lefebvre C, Zhou MM, et al. Kinase and BET

Inhibitors Together Clamp Inhibition of PI3K Signaling and Overcome Resistance to Therapy. Cancer

Cell. 2015; 27(6):837–51. Epub 2015/06/10. https://doi.org/10.1016/j.ccell.2015.05.006 PMID:

26058079; PubMed Central PMCID: PMC4918409.

45. O’Brien C, Wallin JJ, Sampath D, GuhaThakurta D, Savage H, Punnoose EA, et al. Predictive biomark-

ers of sensitivity to the phosphatidylinositol 3’ kinase inhibitor GDC-0941 in breast cancer preclinical

models. Clin Cancer Res. 2010; 16(14):3670–83. Epub 2010/05/11. https://doi.org/10.1158/1078-0432.

CCR-09-2828 PMID: 20453058.

46. Poulsen A, William A, Blanchard S, Lee A, Nagaraj H, Wang H, et al. Structure-based design of oxygen-

linked macrocyclic kinase inhibitors: discovery of SB1518 and SB1578, potent inhibitors of Janus kinase

2 (JAK2) and Fms-like tyrosine kinase-3 (FLT3). J Comput Aided Mol Des. 2012; 26(4):437–50. Epub

2012/04/25. https://doi.org/10.1007/s10822-012-9572-z PMID: 22527961.

47. Reznik N, Kozer N, Eisenberg-Lerner A, Barr H, Merbl Y, London N. Phenotypic Screen Identifies JAK2

as a Major Regulator of FAT10 Expression. Acs Chem Biol. 2019; 14(12):2538–45. https://doi.org/10.

1021/acschembio.9b00667 WOS:000504806100006. PMID: 31794190

48. Liu K, Gao H, Wang Q, Wang L, Zhang B, Han Z, et al. Hispidulin suppresses cell growth and metasta-

sis by targeting PIM1 through JAK2/STAT3 signaling in colorectal cancer. Cancer Sci. 2018; 109

(5):1369–81. Epub 2018/03/27. https://doi.org/10.1111/cas.13575 PMID: 29575334; PubMed Central

PMCID: PMC5980372.

49. Wu X, Tao P, Zhou Q, Li J, Yu Z, Wang X, et al. IL-6 secreted by cancer-associated fibroblasts pro-

motes epithelial-mesenchymal transition and metastasis of gastric cancer via JAK2/STAT3 signaling

pathway. Oncotarget. 2017; 8(13):20741–50. Epub 2017/02/12. https://doi.org/10.18632/oncotarget.

15119 PMID: 28186964; PubMed Central PMCID: PMC5400541.

PLOS ONE MMP-11 in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0252052 May 26, 2021 16 / 16

https://doi.org/10.18632/oncotarget.25863
http://www.ncbi.nlm.nih.gov/pubmed/30220965
https://doi.org/10.1038/ncomms11579
http://www.ncbi.nlm.nih.gov/pubmed/27174596
https://doi.org/10.1016/j.ccell.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26058079
https://doi.org/10.1158/1078-0432.CCR-09-2828
https://doi.org/10.1158/1078-0432.CCR-09-2828
http://www.ncbi.nlm.nih.gov/pubmed/20453058
https://doi.org/10.1007/s10822-012-9572-z
http://www.ncbi.nlm.nih.gov/pubmed/22527961
https://doi.org/10.1021/acschembio.9b00667
https://doi.org/10.1021/acschembio.9b00667
http://www.ncbi.nlm.nih.gov/pubmed/31794190
https://doi.org/10.1111/cas.13575
http://www.ncbi.nlm.nih.gov/pubmed/29575334
https://doi.org/10.18632/oncotarget.15119
https://doi.org/10.18632/oncotarget.15119
http://www.ncbi.nlm.nih.gov/pubmed/28186964
https://doi.org/10.1371/journal.pone.0252052

