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ABSTRACT 

Tumor progression and dissemination critically depend on support from the tumor microenvironment, 

the ensemble of cellular and acellular components surrounding and interacting with tumor cells. The 

extracellular matrix (ECM), the complex scaffolding of hundreds of proteins surrounding and organizing 

cells in tissues, is a major component of the tumor microenvironment. It orchestrates cellular processes 

including proliferation, migration, and invasion, that are highly dysregulated during cancer progression. 

Alterations in ECM abundance, integrity, and mechanical properties have been correlated with poorer 

prognosis for cancer patients. Yet the ECM proteome, or "matrisome," of tumors remained until recently 

largely unexplored. This review will present the recent developments in computational and proteomic 

technologies that have allowed the comprehensive characterization of the ECM of different tumor types 

and microenvironmental niches. These approaches have resulted in the definition of protein signatures 

distinguishing tumors from normal tissues, tumors of different stages, primary from secondary tumors, 

and tumors from other diseased states such as fibrosis. Moreover, recent studies have demonstrated that 

the levels of expression of certain genes encoding ECM and ECM-associated proteins is prognostic of 

cancer patient survival and can thus serve as biomarkers. Last, proteomic studies have permitted the 

identification of novel ECM proteins playing functional roles in cancer progression. Such proteins have 

the potential to be exploited as therapeutic targets.  
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HIGHLIGHTS  

• Precise ECM composition of tissues and tumors can be characterized by proteomics.  

• ECM proteins or signatures are prognostic of cancer patient survival.  

• Makeup of the primary tumor ECM primes tumor growth. 

• Changes in ECM composition regulate distinct steps of the metastatic cascade.  

• The ECM is a promising target for designing effective anti-cancer therapies.  
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1. INTRODUCTION 

Worldwide cancer deaths are projected to increase from 8 million to 13 million by 2030, with 90% of 

these deaths resulting from metastasis – the spreading of tumor cells to secondary sites in the body [1].  

Despite substantial increases in cancer awareness and the emergence of novel treatments, understanding 

and preventing tumor progression and metastasis remains a significant challenge. Over the past few 

decades, it has become clear that in order to progress, tumor cells not only need to accumulate mutations, 

but need to be surrounded by a permissive microenvironment [2–4]. The tumor microenvironment is 

composed of non-cancerous cells including normal resident cells, tumor-associated fibroblasts [5,6], 

immune and inflammatory cells including tumor-associated macrophages [7–10], and cells forming the 

tumor vasculature [11]. Additional parameters characterizing the tumor microenvironment include 

oxygenation levels [12] and pH [13]. Last, the tumor microenvironment comprises an acellular 

component: a unique tumor-associated extracellular matrix (ECM).   

The ECM is a complex scaffolding made of hundreds of proteins that provide anchorage and support to 

the surrounding cells [14,15]. In addition to this architectural role, ECM proteins provide signals that 

cells interpret and transduce via cell-surface receptors such as the integrins, the discoidin-domain 

receptors, and the syndecans. Importantly, all these receptors have been shown to play a role in cancer 

[16–18]. ECM proteins are also capable of binding growth factors and modulate their signaling 

properties [19]. ECM signals activate pathways that govern cellular phenotypes including cell 

proliferation and survival, cell morphology, adhesion, spreading, and motility [20–22]. Alterations of 

the biochemical composition of the ECM, of its mechanical properties, or its integrity accompany or 

lead to diseases such as fibroses, cardiovascular, or musculoskeletal diseases [23–25]. Clinical 

observations have revealed that increased ECM content correlates with more aggressive tumors and 

poorer prognosis [26–29]. However, until recently we did not have a complete picture of the complexity 

of the tumor ECM, nor did we know the extent of its involvement in cancer progression.  

Our appreciation for the ECM as a key player in tumor progression has grown rapidly. Indeed, the 

number of articles investigating the role of the ECM in cancer and metastasis has jumped over the past 

30 years (Figure 1). This has been permitted by the emergence of novel animal models to study the 

complexity of the tumor microenvironment and its impact on the multi-step process of cancer 

progression which cannot be captured in vitro [30–32]. This has also been made possible by a better 

understanding of what the ECM is and better definition and prediction of which components constitute 

it [15,33]; and by the development of novel technologies allowing the biochemical characterization of 

the ECM composition of in-vivo samples (see section 2). It has become clear that the ECM impacts all 

the "hallmarks of cancer," all the cellular processes contributing to cancer initiation, progression, and 



 4 

dissemination (Figure 2), [34,35]. It has become evident that the ECM represents an attractive new 

source of potential biomarkers and therapeutic targets that we are only now starting to explore and 

exploit. Recent reviews have discussed the importance of the biomechanical and physical properties of 

the ECM in cancer [36,37], the role of the ECM in the formation of metastatic niches [38,39], and the 

dynamic crosstalk that exists between the tumor ECM and other components of the tumor 

microenvironment [6,40]. The purpose of this review is to highlight how emerging bioinformatic and 

proteomic technologies have led to significant advances in the characterization of the ECM composition 

of tumor microenvironments and have allowed the identification of 1) novel or unsuspected ECM 

proteins playing causal roles in cancer progression and dissemination and 2) novel prognostic 

biomarkers.  

 

2. -OMIC CHARACTERIZATION OF THE CANCER MATRISOME 

We have previously defined computationally the "matrisome" as the ensemble of genes encoding core 

ECM proteins and ECM-associated proteins [41,33,15,42]. The core matrisome refers to the ensemble 

of close-to-300 genes encoding proteins that contribute mainly to the architectural organization of the 

ECM (including ECM glycoproteins such as the laminins, tenascins, thrombospondins, fibrillins, 

fibronectin, etc.; the collagens; and the proteoglycans), whereas matrisome-associated genes (~700 genes 

in the human genome) encode proteins involved in the regulation or modulation of ECM functions. 

Altogether the matrisome is encoded by nearly 1000 genes of 4% of the human or mouse genome. Since 

then, the usage of the term matrisome has been extended to refer to the actual protein composition of the 

ECM of biological samples, including tumors (see section 2.2). The purpose of establishing these lists 

of genes and proteins was to facilitate the annotation of ECM and ECM-associated genes and proteins 

in large genomic, transcriptomic, and proteomic data sets [42,43], and to enable the identification of 

novel ECM proteins that may play a functional role in tumor progression and thus be targeted or serve 

as biomarkers.  

2.1. Identification of ECM signatures of cancers within gene expression data sets 

The matrisome lists have proven to be particularly valuable to annotate cancer gene-expression data sets 

and identify ECM signatures of specific cancer types and subtypes, or characteristics of specific steps of 

cancer progression. For example, interrogation of gene expression profiles of breast cancers classified 

as luminal B2 and normal breast tissues defined the top 15 genes most up-regulated, of which 7 belonged 

to the matrisome (COL10A1, COL11A1, FN1, IBSP, INHA, MMP11, WISP1) and the top 15 genes the 

most down-regulated, of which 3 belonged to the matrisome (COL17A1, CX3CL1, SFRP1) [44]. In a 

recent study, Yuzhalin and collaborators interrogated the Oncomine platform and identified a 9-core-
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matrisome-gene signature (COL1A1, COL10A1, COL11A1, AGRN, BGN, COMP, MFAP2, MXRA5, 

SPP1) consistently up-regulated in breast, esophageal, gastric, lung, ovarian, and colorectal 

adenocarcinomas [45]. Lim and collaborators conducted a computational analysis to identify genes 

differentially expressed between non-small-cell-lung cancer samples and normal tissues in a cohort of 

over 2000 samples [46]. Among the 103 differentially expressed genes, 29 were matrisome and 

matrisome-associated genes. They termed this 29-matrisome-gene signature the ECM-related prognostic 

and predictive indicator (EPPI) (see section 2.2 and Table 3).  

The tumor angiogenic switch, the time point at which tumors start establishing their own blood supply, 

is a critical step during tumor progression [47,48]. Using the in-silico matrisome, Langlois and 

collaborators identified 110 matrisome genes whose expression was induced during the angiogenic 

switch and termed this gene signature the ''AngioMatrix" [49]. They further showed that some of the 

AngioMatrix genes, including TNC, encoding tenascin-C, played a functional role in the angiogenic 

switch and tumor progression and were prognostic of cancer patient survival (see sections 3 and 4.3). 

The blood vessels established during the angiogenic switch are not only providing nutrients and oxygen 

supporting primary tumor growth, they also offer an escape route for tumor cells to metastasize. Up to 

now, we still do not have ways to predict whether a tumor will metastasize and if so, to which organ(s) 

it will disseminate to. In the early 2000s, the Massagué lab published the results of a series of studies 

aimed at identifying genes controlling metastatic potential and metastatic tropism, the preferential 

dissemination of tumor cells to certain organs [50–53]. Here, we examined these published gene sets and 

found that out of the 43 genes up-regulated in bone-tropic mammary tumor cells, 6 are matrisome genes 

(ADAMTS1, CTGF, FGF5, FST, IL11, MMP1); out of the 51 genes up-regulated in lung-tropic 

mammary tumor cells as compared to poorly metastatic cells, 14 are matrisome genes (COL1A1, 

COL6A1, LTBP1, MFAP2, SPARC, TNC, MMP1, MMP2, SERPINE2, ANGPTL4, CSF3, CXCL1, 

EREG, PDGFA); and out of the 17 genes up-regulated in brain-tropic cells as compared to poorly 

metastatic cells and that predicted patient survival, 9 were matrisome genes (COL13A1, LAMA4, 

LTBP1, MMP1, PLOD2, ANGPTL4, CSF3, HBEGF, TNFSF10). The partial overlap observed between 

these different gene sets highlight that some ECM components may be important for metastatic 

dissemination (for example LTBP1 and MMP1) whereas genes identified in a unique gene set may be 

contributing to the determination of metastatic tropism. These examples illustrate how consolidated and 

comprehensive lists of genes encoding components of the matrisome can be used to identify genes or 

gene signatures that may carry prognostic value and that may further be interrogated to discover novel 

proteins playing mechanistic roles in cancer progression (see sections 3 and 4).    

2.2. Proteomic characterization of the ECM composition of tumor microenvironments 
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Proteomic pipelines to profile the protein composition of the ECM can be divided in three steps. The 

first step consists in tissue decellularization or the enrichment of ECM components and depletion of 

intracellular components from tissue samples. This can be achieved by using salts, detergents, or 

enzymes [41,54–59]. The second step consists of the solubilization and digestion of ECM-enriched 

protein samples into peptides and the analysis of the peptides by mass spectrometry [54–56,60]. The last 

step comprises the identification, annotation, and quantification of ECM proteins in a proteomic dataset 

which has been facilitated by the development of bioinformatic tools such as Matrisome Annotator and 

Matrisome Analyzer [42,43,55]. Over the past few years, these steps have been optimized by us and 

others to capture the complexity of ECM proteins (including high insolubility and ECM-specific post-

translational modifications). As a result, mass-spectrometry-based bottom-up proteomics [61] has 

become the method of choice to profile the composition of the ECM of in-vivo samples [42,62,63].  

Proteomic profiling of the matrisome of human tumor melanoma and mammary carcinoma xenografts 

grown in mice demonstrated that both the tumor cells and the stromal cells contribute to the production 

of the tumor ECM [41,64]. Furthermore, comparison of the matrisome of poorly and highly metastatic 

human xenografts of melanoma and mammary carcinoma cells revealed that the tumor matrisome 

changes with a tumor's metastatic potential and that both the tumor-cell and the stromal-cell 

contributions are altered [41,64]. Applied to mouse models or patient samples, these methods have 

permitted to identify ECM-protein signatures distinguishing normal tissues and primary tumors, 

including murine mammary tumors [57], non-small-cell lung adenocarcinoma [65], pancreatic ductal 

adenocarcinoma [66], insulinoma [67]; and human colorectal cancers [68], multiple myeloma [69], 

triple-negative breast cancers [55], and omental metastases originating from high-grade serous ovarian 

cancers [55,70] (Table 1). Such signatures can be further exploited to identify ECM protein playing 

functional roles in cancer progression. 

Proteomics has also been used to profile the ECM composition of metastases and compare it to the ECM 

composition of the primary tumors they originate from. Using patient samples, we reported that the 

matrisome of colorectal-cancer liver metastases resembles more closely the matrisome of the primary 

colorectal tumors they derived from, rather than the liver matrisome (Figure 3A) [68]. A study from the 

Erler lab using a syngeneic mouse model of mammary carcinoma compared the ECM of normal 

mammary gland, lung, and lymph nodes with the ECM of primary mammary tumor and associated lung 

and lymph node metastases [57]. We reanalyzed their raw mass spectrometry data deposited in the 

ProteomeXchange repository [71] (dataset identifier PXD006579) and uncovered that the ECM of lung 

metastases is more similar to the ECM of the primary mammary tumor they originate from than to the 

http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD006579
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lung ECM (Figure 3B, left panel), whereas the ECM of lymph node metastases recapitulates the ECM 

of normal lymph nodes (Figure 3B, right panel).  

Pearce and collaborators included matrisomics as part of a multi-omic approach to deconstruct the 

microenvironment of omental metastasis from high-grade serous ovarian cancer [70]. They analyzed 

samples from 36 patients and identified 145 ECM proteins, of which 6 core matrisome components 

(collagens I, III, and VI, fibrillin 1, lumican, perlecan) were found to be abundant in low-disease-scoring 

samples and several proteins (including fibrinogen, fibronectin, and proteoglycans) in high-disease-

scoring samples. They further identified 22 matrisome proteins (Table 2) correlating with the disease 

score, tissue stiffness, and specific immune infiltrating cell populations. They termed this ECM signature 

the "Matrix Index" and further demonstrated its potential as a prognostic indicator (see section 3). 

Recently, the implementation of label-based quantitative proteomics [72,73] has allowed assessment of 

the changes in ECM composition as tumors progress. The RIP1-Tag2 mouse in which the rat insulin 

promoter controls the expression of the oncogenic T-antigen of the SV40 virus is a model of insulinoma 

and is broadly used to study the tumor angiogenic switch [74,75]. Using label-based quantitative 

proteomics, we reported the identification of ECM proteins whose abundance varied from normal 

pancreatic islets to hyperplastic islets, to angiogenic and metastatic insulinomas [67]. Importantly, we 

identified several ECM signatures composed of proteins whose expression either increased (including 

the core matrisome proteins Efemp1, fibrillin1, and periostin) or decreased (including the core matrisome 

proteins decorin, Dmbt1, hemicentin, and Vwa5) as tumors progressed [67]. Label-based quantitative 

proteomics offers the ability to run multiplexed analyses and was recently used to profile in parallel the 

matrisome of non-small-cell lung primary carcinomas and derived lymph-node metastases and the 

matrisome of fibrotic lung samples in order to distinguish tumor-specific ECM changes from global 

desmoplasia seen in fibrosis [65]. This study has revealed that out of the 113 ECM proteins quantified, 

only 8 (fibronectin, tenascin-C, fibulin 5, perlecan, mimecan, Mfap4, cathepsin D, and S100A11) were 

detected in significantly different abundance in both fibrotic lung and non-small-cell lung 

adenocarcinoma samples as compared to normal lung, and an additional 40 proteins were found in 

significantly higher or lower abundance specifically in primary or secondary tumor samples. 

The integration of ECM proteomic data in the ECM atlas revealed that certain ECM proteins have so far 

only been detected in tumor samples and not in normal adult tissues [42]. Among these are members of 

the insulin-like-growth-factor-binding protein family (IGFBP3, IGFBP4, and IGFBP5), matricellular 

proteins including members of the CCN family, thrombospondin-2, tenascin-N, and VWA9 [42]. The 

adhesive ECM glycoprotein fibronectin (and in particular the isoforms containing the domains encoded 

by the EIIIA and EIIIB exons) [76] and the adhesion-modulating matricellular protein tenascin-C [77] 
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are the two proteins consistently found in higher abundance in most tumor types [65,66,78–82]. Of note, 

the differential detection of ECM and ECM-associated proteins by mass spectrometry can result from 

changes in transcriptional, translational, or post-translational levels. Indeed, in addition to a change in 

protein abundance, changes affecting protein secretion or solubility, protein degradation, or the level of 

post-translational modifications can lead to differential detection.  

For this review, we compared the 29-EPPI gene signature [46], the 9-core matrisome gene signature 

[45], and the Matrix Index [70] with the two proteomic-derived signatures of highly metastatic human 

breast tumors [64] and metastatic colorectal cancers [68] (Table 3). This comparison revealed that the 

four core ECM genes or proteins agrin, COMP (cartilage oligomeric matrix protein or thrombospondin 

5), collagen XI, and SPP1 (Secreted Phosphoprotein 1 or osteopontin) are up-regulated or detected in 

higher abundance in more advanced diseased stages. This illustrates that we may be able to find within 

the ECM commonalities between vastly different tumor types, which may have significant impact on the 

development of anti-cancer strategies targeting the tumor ECM.     

 

3. ECM PROTEINS AS PROGNOSTIC INDICATORS OF CANCER PATIENT SURVIVAL.   

Because metastasis is the main cause of cancer-associated deaths, the ability to discover prognostic 

markers is imperative to better stratify and care for cancer patients. Matrisome analyses, whether at the 

gene or protein expression level, and whether conducted on mouse models of cancers or on patient 

samples, have the potential to identify novel candidates whose expression correlate with survival. For 

example, the AngioMatrix signature, identified in a mouse model of insulinoma, correlated with poorer 

prognosis, namely decreased relapse-free survival for colorectal cancer and glioblastoma patients [49]. 

The 9-core-matrisome-genes signature, identified by interrogating The Cancer Genome Atlas as 

consistently up-regulated in several types of adenocarcinomas, was prognostic of poorer overall and 

disease-free survival for ovarian, gastric, lung, and colorectal cancer patients [45]. The 29-ECM-related-

gene prognostic and predictive indicator (EPPI) signature was used to stratify a cohort of over 2000 

early-stage non-small-cell lung adenocarcinoma patients into low and high-risk groups and was strongly 

prognostic of overall survival [46].  

The expression of the genes encoding 15 of the 43 ECM proteins characteristics of highly metastatic 

mammary tumors grown in mice (ADAM9, CST3, EGLN1 (also known as the gene PHD2), HTRA1, 

IGFBP4, IL16, ITIH4, LOXL2, LTBP3, P4HTM, PLXNB2, S100A10, SERPINA1B, SNED1, TIMP1) 

was prognostic of distant-metastasis-free survival of breast cancer patients, in particular those presenting 

with estrogen- and progesterone-receptor-negative breast cancers [64]. Similarly, high LTBP3 levels 

were prognostic of poorer overall survival in stages I-III head and neck squamous cell carcinoma [83]. 
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S100A10 was also identified in a proteomic study characterizing the non-small-cell lung 

adenocarcinoma matrisome and a higher expression correlated with lower 5-year survival chance [65]. 

In the same study, the independent expression of TNC and S100A11 was associated with a lower 5-year 

survival. Importantly, the integration of the expression of these 3 genes in a signature predicted non-

small-cell lung adenocarcinoma patient survival independent of age, sex, smoking history, and 

mutational load [65]. The Matrix Index, defined by a combination of transcriptomic and proteomic 

experiments, was used to stratify patients with high-grade serous ovarian carcinoma and a high 

expression of the genes of the Matrix Index significantly correlated with shorter overall survival. 

Importantly, a high Matrix Index was also a poor prognosis indicator for lung adenocarcinoma, kidney 

clear cell carcinoma, hepatocellular carcinoma, pancreatic ductal adenocarcinoma, and colon cancer 

patients. By multivariate hazard ratio analysis, the Matrix Index was further shown to have prognostic 

value irrespective of age, stage, grade, and primary treatment response in triple negative breast cancer, 

mesothelioma, ovarian cancer, liver hepatocellular carcinoma, lung adenocarcinoma, sarcoma, breast 

invasive carcinoma, colon and colorectal adenocarcinomas, head and neck squamous cell carcinoma, 

kidney renal clear cell carcinoma, lung squamous cell carcinoma, glioblastoma multiform, and skin 

cutaneous melanoma [70]. These studies highlight how bioinformatics and proteomics are powerful 

methods to identify novel genes and proteins of prognostic value for cancer patient survival. They also 

demonstrate that the ECM represents a large source of potential biomarkers that needs to be further 

explored.  

 

4. CHANGES IN THE ECM COMPOSITION AFFECTS TUMOR PROGRESSION AND 

METASTASIS 

In addition to the potential prognostic value of the ECM signatures, the distinct, quantitative changes 

identified by proteomics in the ECM composition of normal-versus-primary tumor as well as primary-

versus-metastatic tumor provide insight into how the ECM influences cancer progression and 

dissemination. We will illustrate this here by providing examples of ECM proteins identified in 

proteomic screens (see section 2.2 and Table 1) and that have been incriminated in specific step(s) of 

cancer progression including tumor cell proliferation, tumor cell motility, invasiveness and intravasation, 

tumor angiogenesis, tumor cell extravasation, and metastatic outgrowth [84]. Although changes in the 

ECM do critically impact the functions of all the cells present in the tumor microenvironment including 

fibroblasts [6,40,85,86] and macrophages [87], which via cross-talk further influence tumor cell 

phenotype, our focus here is to describe the impact of compositional changes in the ECM on tumor cell 

phenotypes. 
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4.1. The ECM supports primary tumor growth. 

In a proteomic screen comparing the ECM of poorly and highly metastatic melanoma, we reported that 

lysyl oxidase-like 3 (LOXL3) was found in higher abundance in highly metastatic tumors [41]. This 

finding was confirmed in a novel study and functional assessment of the role of LOXL3 in melanoma 

progression which demonstrated that it was required for melanoma cell survival and primary tumor 

growth [88]. Agrin, a basement membrane component, was shown to be present in higher abundance in 

highly metastatic mammary carcinoma xenografts [64] and in primary and secondary colorectal cancers 

[68]. Using SILAC-based quantitative mass spectrometry, Chakraborty and collaborators observed that 

agrin was produced in higher abundance by hepatocellular carcinoma cells as compared to hepatocytes 

and further demonstrated that agrin, by maintaining focal adhesions integrity, controlled the proliferation 

of hepatocellular carcinoma cells via the YAP signaling pathways [89,90]. Based on these observations, 

it would be interesting to test whether agrin plays a similar functional role in breast cancer and colorectal 

cancer. 

Changes in ECM stiffness and composition supportive of tumor cell proliferation and primary tumor 

growth were also demonstrated in a model of colorectal cancers [91]. Using decellularized ECMs from 

normal colon or liver metastasis from colorectal tumor, Romero-López et al., demonstrated that 

colorectal tumor cells seeded on decellularized matrix from liver metastasis grew faster than when 

seeded on normal colon ECM. Proteomic comparison of the two types of ECM revealed the presence in 

higher abundance of fibronectin, fibulins 3 and 4, periostin, tenascin-C, thrombospondin 2, TGFBI, some 

laminins, versican, biglycan, collagens VI and XII in the ECM of liver metastases as compared to that 

of normal colon [91]. Interestingly, fibulin 4 (EFEMP2) and thrombospondin 2 were also identified in 

the proteomic screen comparing primary and secondary human colorectal cancers to normal colon and 

normal liver [68]. The ability of each individual proteins or of combinations of ECM proteins to promote 

cell proliferation has yet to be tested. 

4. 2. Changes in the ECM makeup affect tumor cell invasiveness and intravasation.  

In order to identify ECM proteins produced at the primary tumor site and promoting tumor cell 

dissemination, we compared the ECM of poorly and highly metastatic mammary carcinoma xenografts 

and reported the identification of 43 ECM proteins found specifically in highly metastatic tumor [64]. 

Of the 43 proteins, several had previously been shown to promote tumor progression (LOXL2, 

ANGPTL4, ADAMs) and we were further able to assess the functional role of four tumor-produced 

proteins: LTBP3, SNED1, EGLN1 (also known as PHD2), and S100A2. Knockdown of each of the four 

proteins inhibited the dissemination of cells implanted orthotopically. Interestingly, knock down of 

EGLN1 and S100A2 but not LTBP3 or SNED1 also prevented lung metastasis of cells injected in the 
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circulation, suggesting that LTBP3 and SNED1 played a functional role at early steps of the metastatic 

cascade, whereas EGLN1 and S100A2 impacted both early and late stages of the metastatic cascade. 

Histological analysis of the primary tumors also revealed that LTBP3 and SNED1 knockdown tumors 

remained encapsulated by a dense layer of collagen and failed to invade the surrounding normal tissues 

(mammary gland, adjacent skin and muscles) suggesting that these ECM proteins affect the invasive 

capacity of tumor cells. Although identified in the same proteomic screen and all being required for 

dissemination, we were able to pinpoint for each matrisome protein the specific step of the metastatic 

cascade to which it contributes [64]. In a recent study, Deryugina and collaborators further confirmed 

the role of LTBP3 in promoting the early steps of the metastatic cascade [83]. Using the chick 

chorioallantoic membrane assay and mouse models, they showed that LTBP3 was essential for head and 

neck carcinoma cell, sarcoma cell, and prostate cancer cell intravasation. The precise cellular 

mechanisms and signaling pathways activated downstream of these ECM proteins remain to be 

identified. 

4. 3. The ECM modulates tumor angiogenesis.  

The vasculature plays a critical role in cancer progression, and tumor angiogenesis is a rate limiting step 

in metastasis [48,74]. The importance of the ECM in regulating angiogenesis has long been recognized 

[92], however the emergence of novel technologies has permitted the identification of ensembles of 

genes and proteins working in concert to regulate this process. For example, one of the most up-regulated 

genes of the AngioMatrix, the set of ECM genes altered during the tumor angiogenic switch defined 

using the RIP1-Tag2 mouse model, is TNC, encoding the matricellular protein tenascin-C. Knocking out 

TNC in the RIP1-Tag2 mouse model resulted in decreased angiogenesis [49,79]. Further characterization 

of the pattern of deposition of tenascin-C in the tumor microenvironment revealed that it forms tracks 

enriched in niches where fibroblasts, endothelial cells and leukocytes accumulate [78]. Comparison of 

the AngioMatrix signature [49] with the proteomic profiling of the matrisome of pre- and post-

angiogenic pancreatic islets [67] only showed a modest overlap which can be at least attributed to the 

reported lack of correlation between RNA and protein expression levels [93]. For example, the gene 

encoding the proteoglycan decorin was found to be up-regulated in the AngioMatrix but proteomic 

analysis found that the pool of ECM-associated, insoluble decorin present in lower abundance in 

angiogenic islets as compared to non-angiogenic islets [67]. Functional studies have identified both pro- 

and anti-angiogenic roles for decorin, although in the context of tumor angiogenesis, decorin acted 

mostly as an anti-angiogenic factor [94,95].  

4.4. The ECM regulates extravasation and metastatic outgrowth in distant organs. 
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The establishment of a permissive environment supportive of tumor cell extravasation, seeding and 

metastatic growth in foreign organs is highly dependent on the ECM [38,39].  For example, Padua and 

collaborators showed that tumor cells produced the ECM-associated protein angiopoietin-like 4, which 

was critical to trigger vascular permeability in the lung and to allow tumor cells to extravasate and form 

metastasis in this organ [96]. Interestingly angiopoietin-like 4 was one of the proteins found in highly 

metastatic lung-tropic primary mammary tumors in the proteomic screen comparing poorly versus highly 

metastatic tumors [64]. This suggests that the makeup of the ECM of primary tumors affects distal events 

including extravasation in distant organs. Similarly, tenascin-C was among the genes up-regulated in 

highly metastatic mammary cells exhibiting lung tropism [50]. Oskarsson and collaborators further 

showed that mammary-cell-produced tenascin-C at a metastatic site contributed to the formation of a 

permissive niche supportive of metastatic outgrowth [82]. In a recent study, we showed that tenascin-C 

promoted metastasis of non-small-cell lung adenocarcinoma cells [65] and it would be interesting to test 

whether tenascin-C acts via similar mechanisms to promote breast and lung cancer metastasis.  

These selected examples highlight how unbiased high-throughput proteomic screens aimed at 

characterizing the composition of the ECM of different tumor microenvironments resulted in the 

identification of proteins playing critically important roles in tumor progression and dissemination. It is 

now crucial to dissect the molecular mechanisms regulated by these proteins if we want to be able to 

devise novel therapeutic approaches aimed at targeting the ECM. 

  

5. CONCLUSIONS 

Once largely discounted from biomarkers and drug target discovery efforts [97], the ECM appears now 

to be a vast and appealing source of diagnostic and prognostic markers and drug targets [98,99]. The 

development of novel bioinformatics and proteomics approaches has shed light on this compartment, 

which is now being appreciated for its complex roles during cancer progression [100–102]. With a 

significant effort toward encouraging the deposition of proteomic data to public repositories, we will be 

able to expand the ECM Atlas [42] with the goal of building a "Tumor ECM Atlas" that will allow broad 

data dissemination and, importantly, help identify robust ECM signatures of solid tumors that may then 

be exploited for their prognostic, predictive, and therapeutic values. This will only become possible if 

we gain a better understanding of the fundamental mechanisms governed by the ECM.   

  



 13 

ACKNOWLEDGEMENTS 

The authors wish to thank long-time collaborator Karl Clauser (Broad Institute) for helpful discussions 

and Anna Barque Falguera and Martin Davis from the Naba laboratory for critical reading of the 

manuscript. 

 

 

FUNDING 

This work was supported by a start-up fund from the Department of Physiology and Biophysics at the 

University of Illinois at Chicago to AN. 

 

The authors declare no competing financial interest. 

 

  



 14 

REFERENCES 

[1] R.L. Siegel, K.D. Miller, A. Jemal, Cancer Statistics, 2017, CA. Cancer J. Clin. 67 (2017) 7–30. 
doi:10.3322/caac.21387. 

[2] Y.A. DeClerck, K.J. Pienta, E.C. Woodhouse, D.S. Singer, S. Mohla, The Tumor Microenvironment 
at a Turning Point Knowledge Gained Over the Last Decade, and Challenges and Opportunities 
Ahead: A White Paper from the NCI TME Network, Cancer Res. 77 (2017) 1051–1059. 
doi:10.1158/0008-5472.CAN-16-1336. 

[3] Z. Werb, P. Lu, The Role of Stroma in Tumor Development, Cancer J. Sudbury Mass. 21 (2015) 
250–253. doi:10.1097/PPO.0000000000000127. 

[4] D.F. Quail, J.A. Joyce, Microenvironmental regulation of tumor progression and metastasis, Nat. 
Med. 19 (2013) 1423–1437. doi:10.1038/nm.3394. 

[5] R.M. Bremnes, T. Dønnem, S. Al-Saad, K. Al-Shibli, S. Andersen, R. Sirera, C. Camps, I. Marinez, L.-
T. Busund, The role of tumor stroma in cancer progression and prognosis: emphasis on 
carcinoma-associated fibroblasts and non-small cell lung cancer, J. Thorac. Oncol. Off. Publ. Int. 
Assoc. Study Lung Cancer. 6 (2011) 209–217. doi:10.1097/JTO.0b013e3181f8a1bd. 

[6] Santi Alice, Kugeratski Fernanda G., Zanivan Sara, Cancer Associated Fibroblasts: The Architects 
of Stroma Remodeling, Proteomics. 18 (2018) 1700167. doi:10.1002/pmic.201700167. 

[7] R. Noy, J.W. Pollard, Tumor-associated macrophages: from mechanisms to therapy, Immunity. 
41 (2014) 49–61. doi:10.1016/j.immuni.2014.06.010. 

[8] C.E. Lewis, A.S. Harney, J.W. Pollard, The Multifaceted Role of Perivascular Macrophages in 
Tumors, Cancer Cell. 30 (2016) 18–25. doi:10.1016/j.ccell.2016.05.017. 

[9] S.L. Shiao, A.P. Ganesan, H.S. Rugo, L.M. Coussens, Immune microenvironments in solid tumors: 
new targets for therapy, Genes Dev. 25 (2011) 2559–2572. doi:10.1101/gad.169029.111. 

[10] A.K. Palucka, L.M. Coussens, The Basis of Oncoimmunology, Cell. 164 (2016) 1233–1247. 
doi:10.1016/j.cell.2016.01.049. 

[11] D. Fukumura, D.G. Duda, L.L. Munn, R.K. Jain, Tumor microvasculature and microenvironment: 
novel insights through intravital imaging in pre-clinical models, Microcirculation. 17 (2010) 206–
225. doi:10.1111/j.1549-8719.2010.00029.x. 

[12] D.M. Gilkes, G.L. Semenza, D. Wirtz, Hypoxia and the extracellular matrix: drivers of tumour 
metastasis, Nat. Rev. Cancer. 14 (2014) 430–439. doi:10.1038/nrc3726. 

[13] S.K. Parks, J. Chiche, J. Pouyssegur, pH control mechanisms of tumor survival and growth, J. Cell. 
Physiol. 226 (2011) 299–308. doi:10.1002/jcp.22400. 

[14] R.O. Hynes, K.M. Yamada, Extracellular Matrix Biology., Cold Spring Harbor Perspectives in 
Biology, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, 2012. 
http://cshperspectives.cshlp.org/site/misc/extracellular_matrix_biology.xhtml. 

[15] R.O. Hynes, A. Naba, Overview of the Matrisome--An Inventory of Extracellular Matrix 
Constituents and Functions, Cold Spring Harb. Perspect. Biol. 4 (2012) a004903–a004903. 
doi:10.1101/cshperspect.a004903. 

[16] H. Hamidi, M. Pietilä, J. Ivaska, The complexity of integrins in cancer and new scopes for 
therapeutic targeting, Br. J. Cancer. 115 (2016) 1017–1023. doi:10.1038/bjc.2016.312. 

[17] H. Rammal, C. Saby, K. Magnien, L. Van-Gulick, R. Garnotel, E. Buache, H. El Btaouri, P. 
Jeannesson, H. Morjani, Discoidin Domain Receptors: Potential Actors and Targets in Cancer, 
Front. Pharmacol. 7 (2016). doi:10.3389/fphar.2016.00055. 

[18] A.D. Theocharis, N.K. Karamanos, Proteoglycans remodeling in cancer: Underlying molecular 
mechanisms, Matrix Biol. (2017). doi:10.1016/j.matbio.2017.10.008. 



 15 

[19] R.O. Hynes, Extracellular matrix: not just pretty fibrils, Science. 326 (2009) 1216–1219. 
doi:10.1126/science.1176009. 

[20] T. Rozario, D.W. DeSimone, The extracellular matrix in development and morphogenesis: a 
dynamic view, Dev. Biol. 341 (2010) 126–140. doi:10.1016/j.ydbio.2009.10.026. 

[21] G. Charras, E. Sahai, Physical influences of the extracellular environment on cell migration, Nat. 
Rev. Mol. Cell Biol. 15 (2014) 813–824. doi:10.1038/nrm3897. 

[22] J.F. Hastings, J.N. Skhinas, D. Fey, D.R. Croucher, T.R. Cox, The extracellular matrix as a key 
regulator of intracellular signalling networks, Br. J. Pharmacol. (2018). doi:10.1111/bph.14195. 

[23] C. Bonnans, J. Chou, Z. Werb, Remodelling the extracellular matrix in development and disease, 
Nat. Rev. Mol. Cell Biol. 15 (2014) 786–801. doi:10.1038/nrm3904. 

[24] P. Lu, K. Takai, V.M. Weaver, Z. Werb, Extracellular Matrix Degradation and Remodeling in 
Development and Disease, Cold Spring Harb. Perspect. Biol. 3 (2011) a005058. 
doi:10.1101/cshperspect.a005058. 

[25] R.V. Iozzo, M.A. Gubbiotti, Extracellular matrix: The driving force of mammalian diseases, Matrix 
Biol. J. Int. Soc. Matrix Biol. (2018). doi:10.1016/j.matbio.2018.03.023. 

[26] A.H. Beck, A.R. Sangoi, S. Leung, R.J. Marinelli, T.O. Nielsen, M.J. van de Vijver, R.B. West, M. van 
de Rijn, D. Koller, Systematic analysis of breast cancer morphology uncovers stromal features 
associated with survival, Sci. Transl. Med. 3 (2011) 108ra113. 
doi:10.1126/scitranslmed.3002564. 

[27] J.H. Park, D.C. McMillan, A.G. Powell, C.H. Richards, P.G. Horgan, J. Edwards, C.S.D. Roxburgh, 
Evaluation of a tumor microenvironment-based prognostic score in primary operable colorectal 
cancer, Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 21 (2015) 882–888. doi:10.1158/1078-
0432.CCR-14-1686. 

[28] S. Ahn, J. Cho, J. Sung, J.E. Lee, S.J. Nam, K.-M. Kim, E.Y. Cho, The prognostic significance of 
tumor-associated stroma in invasive breast carcinoma, Tumour Biol. J. Int. Soc. 
Oncodevelopmental Biol. Med. 33 (2012) 1573–1580. doi:10.1007/s13277-012-0411-6. 

[29] A. Huijbers, R. a. E.M. Tollenaar, G.W. v Pelt, E.C.M. Zeestraten, S. Dutton, C.C. McConkey, E. 
Domingo, V.T.H.B.M. Smit, R. Midgley, B.F. Warren, E.C. Johnstone, D.J. Kerr, W.E. Mesker, The 
proportion of tumor-stroma as a strong prognosticator for stage II and III colon cancer patients: 
validation in the VICTOR trial, Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 24 (2013) 179–185. 
doi:10.1093/annonc/mds246. 

[30] N. Gengenbacher, M. Singhal, H.G. Augustin, Preclinical mouse solid tumour models: status quo, 
challenges and perspectives, Nat. Rev. Cancer. 17 (2017) 751–765. doi:10.1038/nrc.2017.92. 

[31] P.D. Bos, D.X. Nguyen, J. Massagué, Modeling metastasis in the mouse, Curr. Opin. Pharmacol. 
10 (2010) 571–577. doi:10.1016/j.coph.2010.06.003. 

[32] M. Saxena, G. Christofori, Rebuilding cancer metastasis in the mouse, Mol. Oncol. 7 (2013) 283–
296. doi:10.1016/j.molonc.2013.02.009. 

[33] A. Naba, S. Hoersch, R.O. Hynes, Towards definition of an ECM parts list: an advance on GO 
categories, Matrix Biol. 31 (2012) 371–372. doi:10.1016/j.matbio.2012.11.008. 

[34] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell. 144 (2011) 646–674. 
doi:10.1016/j.cell.2011.02.013. 

[35] M.W. Pickup, J.K. Mouw, V.M. Weaver, The extracellular matrix modulates the hallmarks of 
cancer, EMBO Rep. 15 (2014) 1243–1253. doi:10.15252/embr.201439246. 

[36] F. Kai, H. Laklai, V.M. Weaver, Force Matters: Biomechanical Regulation of Cell Invasion and 
Migration in Disease, Trends Cell Biol. 26 (2016) 486–497. doi:10.1016/j.tcb.2016.03.007. 



 16 

[37] J.M. Northcott, I.S. Dean, J.K. Mouw, V.M. Weaver, Feeling Stress: The Mechanics of Cancer 
Progression and Aggression, Front. Cell Dev. Biol. 6 (2018) 17. doi:10.3389/fcell.2018.00017. 

[38] T. Oskarsson, J. Massagué, Extracellular matrix players in metastatic niches, EMBO J. 31 (2012) 
254–256. doi:10.1038/emboj.2011.469. 

[39] A.M. Høye, J.T. Erler, Structural ECM components in the premetastatic and metastatic niche, 
Am. J. Physiol.-Cell Physiol. 310 (2016) C955–C967. doi:10.1152/ajpcell.00326.2015. 

[40] J. Alexander, E. Cukierman, Stromal dynamic reciprocity in cancer: intricacies of fibroblastic-ECM 
interactions, Curr. Opin. Cell Biol. 42 (2016) 80–93. doi:10.1016/j.ceb.2016.05.002. 

[41] A. Naba, K.R. Clauser, S. Hoersch, H. Liu, S.A. Carr, R.O. Hynes, The matrisome: in silico definition 
and in vivo characterization by proteomics of normal and tumor extracellular matrices, Mol. Cell. 
Proteomics. 11 (2012) M111.014647. doi:10.1074/mcp.M111.014647. 

[42] A. Naba, K.R. Clauser, H. Ding, C.A. Whittaker, S.A. Carr, R.O. Hynes, The extracellular matrix: 
Tools and insights for the “omics” era, Matrix Biol. 49 (2016) 10–24. 
doi:10.1016/j.matbio.2015.06.003. 

[43] A. Naba, H. Ding, C.A. Whittaker, R.O. Hynes, http://matrisome.org, (2015). 
http://matrisome.org. 

[44] J. Wang, Q. Du, C. Li, Bioinformatics analysis of gene expression profiles to identify causal genes 
in luminal B2 breast cancer, Oncol. Lett. 14 (2017) 7880–7888. doi:10.3892/ol.2017.7256. 

[45] A.E. Yuzhalin, T. Urbonas, M.A. Silva, R.J. Muschel, A.N. Gordon-Weeks, A core matrisome gene 
signature predicts cancer outcome, Br. J. Cancer. 118 (2018) 435–440. 
doi:10.1038/bjc.2017.458. 

[46] S.B. Lim, S.J. Tan, W.-T. Lim, C.T. Lim, An extracellular matrix-related prognostic and predictive 
indicator for early-stage non-small cell lung cancer, Nat. Commun. 8 (2017) 1734. 
doi:10.1038/s41467-017-01430-6. 

[47] D. Ribatti, B. Nico, E. Crivellato, A.M. Roccaro, A. Vacca, The history of the angiogenic switch 
concept, Leukemia. 21 (2007) 44–52. doi:10.1038/sj.leu.2404402. 

[48] G. Bergers, L.E. Benjamin, Angiogenesis: Tumorigenesis and the angiogenic switch, Nat. Rev. 
Cancer. 3 (2003) 401–410. doi:10.1038/nrc1093. 

[49] B. Langlois, F. Saupe, T. Rupp, C. Arnold, M. van der Heyden, G. Orend, T. Hussenet, AngioMatrix, 
a signature of the tumor angiogenic switch-specific matrisome, correlates with poor prognosis 
for glioma and colorectal cancer patients, Oncotarget. 5 (2014) 10529–10545. 
doi:10.18632/oncotarget.2470. 

[50] A.J. Minn, G.P. Gupta, P.M. Siegel, P.D. Bos, W. Shu, D.D. Giri, A. Viale, A.B. Olshen, W.L. Gerald, 
J. Massagué, Genes that mediate breast cancer metastasis to lung, Nature. 436 (2005) 518–524. 
doi:10.1038/nature03799. 

[51] P.D. Bos, X.H.-F. Zhang, C. Nadal, W. Shu, R.R. Gomis, D.X. Nguyen, A.J. Minn, M.J. van de Vijver, 
W.L. Gerald, J.A. Foekens, J. Massagué, Genes that mediate breast cancer metastasis to the 
brain, Nature. 459 (2009) 1005–1009. doi:10.1038/nature08021. 

[52] Y. Kang, P.M. Siegel, W. Shu, M. Drobnjak, S.M. Kakonen, C. Cordón-Cardo, T.A. Guise, J. 
Massagué, A multigenic program mediating breast cancer metastasis to bone, Cancer Cell. 3 
(2003) 537–549. doi:10.1016/S1535-6108(03)00132-6. 

[53] D.X. Nguyen, P.D. Bos, J. Massague, Metastasis: from dissemination to organ-specific 
colonization, Nat Rev Cancer. 9 (2009) 274–84. doi:10.1038/nrc2622. 

[54] A. Naba, K.R. Clauser, R.O. Hynes, Enrichment of extracellular matrix proteins from tissues and 
digestion into peptides for mass spectrometry analysis., J. Vis. Exp. 101 (2015) e53057. 
doi:10.3791/53057. 



 17 

[55] A. Naba, O.M.T. Pearce, A. Del Rosario, D. Ma, H. Ding, V. Rajeeve, P.R. Cutillas, F.R. Balkwill, 
R.O. Hynes, Characterization of the extracellular matrix of normal and diseased tissues using 
proteomics, J. Proteome Res. 16 (2017) 3083–3091. doi:10.1021/acs.jproteome.7b00191. 

[56] L. Krasny, A. Paul, P. Wai, B.A. Howard, R.C. Natrajan, P.H. Huang, Comparative proteomic 
assessment of matrisome enrichment methodologies, Biochem. J. 473 (2016) 3979–3995. 
doi:10.1042/BCJ20160686. 

[57] A.E. Mayorca-Guiliani, C.D. Madsen, T.R. Cox, E.R. Horton, F.A. Venning, J.T. Erler, ISDoT: in situ 
decellularization of tissues for high-resolution imaging and proteomic analysis of native 
extracellular matrix, Nat. Med. 23 (2017) 890–898. doi:10.1038/nm.4352. 

[58] H.B. Schiller, I.E. Fernandez, G. Burgstaller, C. Schaab, R.A. Scheltema, T. Schwarzmayr, T.M. 
Strom, O. Eickelberg, M. Mann, Time- and compartment-resolved proteome profiling of the 
extracellular niche in lung injury and repair, Mol. Syst. Biol. 11 (2015) 819. 

[59] J. Barallobre-Barreiro, A. Didangelos, X. Yin, N. Doménech, M. Mayr, A sequential extraction 
methodology for cardiac extracellular matrix prior to proteomics analysis, Methods Mol. Biol. 
Clifton NJ. 1005 (2013) 215–223. doi:10.1007/978-1-62703-386-2_17. 

[60] A.S. Barrett, M.J. Wither, R.C. Hill, M. Dzieciatkowska, A. D’Alessandro, J.A. Reisz, K.C. Hansen, 
Hydroxylamine Chemical Digestion for Insoluble Extracellular Matrix Characterization, J. 
Proteome Res. 16 (2017) 4177–4184. doi:10.1021/acs.jproteome.7b00527. 

[61] L.C. Gillet, A. Leitner, R. Aebersold, Mass Spectrometry Applied to Bottom-Up Proteomics: 
Entering the High-Throughput Era for Hypothesis Testing, Annu. Rev. Anal. Chem. Palo Alto Calif. 
9 (2016) 449–472. doi:10.1146/annurev-anchem-071015-041535. 

[62] A. Byron, J.D. Humphries, M.J. Humphries, Defining the extracellular matrix using proteomics, 
Int. J. Exp. Pathol. 94 (2013) 75–92. doi:10.1111/iep.12011. 

[63] M. Randles, R. Lennon, Applying Proteomics to Investigate Extracellular Matrix in Health and 
Disease, in: B.-C.T. in Membranes (Ed.), Academic Press, n.d. 
http://www.sciencedirect.com/science/article/pii/S1063582315000587 (accessed July 20, 
2015). 

[64] A. Naba, K.R. Clauser, J.M. Lamar, S.A. Carr, R.O. Hynes, Extracellular matrix signatures of human 
mammary carcinoma identify novel metastasis promoters, ELife. 3 (2014) e01308. 
doi:10.7554/eLife.01308. 

[65] V. Gocheva, A. Naba, A. Bhutkar, T. Guardia, K.M. Miller, C.M.-C. Li, T.L. Dayton, F.J. Sanchez-
Rivera, C. Kim-Kiselak, N. Jailkhani, M.M. Winslow, A. Del Rosario, R.O. Hynes, T. Jacks, 
Quantitative proteomics identify Tenascin-C as a promoter of lung cancer progression and 
contributor to a signature prognostic of patient survival, Proc. Natl. Acad. Sci. U. S. A. 114 (2017) 
E5625–E5634. doi:10.1073/pnas.1707054114. 

[66] H. Laklai, Y.A. Miroshnikova, M.W. Pickup, E.A. Collisson, G.E. Kim, A.S. Barrett, R.C. Hill, J.N. 
Lakins, D.D. Schlaepfer, J.K. Mouw, V.S. LeBleu, N. Roy, S.V. Novitskiy, J.S. Johansen, V. Poli, R. 
Kalluri, C.A. Iacobuzio-Donahue, L.D. Wood, M. Hebrok, K. Hansen, H.L. Moses, V.M. Weaver, 
Genotype tunes pancreatic ductal adenocarcinoma tissue tension to induce matricellular fibrosis 
and tumor progression, Nat. Med. 22 (2016) 497–505. doi:10.1038/nm.4082. 

[67] A. Naba, K.R. Clauser, D.R. Mani, S.A. Carr, R.O. Hynes, Quantitative proteomic profiling of the 
extracellular matrix of pancreatic islets during the angiogenic switch and insulinoma 
progression, Sci. Rep. 7 (2017) 40495. doi:10.1038/srep40495. 

[68] A. Naba, K.R. Clauser, C.A. Whittaker, S.A. Carr, K.K. Tanabe, R.O. Hynes, Extracellular matrix 
signatures of human primary metastatic colon cancers and their metastases to liver, BMC 
Cancer. 14 (2014) 518. doi:10.1186/1471-2407-14-518. 



 18 

[69] S.V. Glavey, A. Naba, S. Manier, K. Clauser, S. Tahri, J. Park, M.R. Reagan, M. Moschetta, Y. 
Mishima, M. Gambella, A. Rocci, A. Sacco, M.E. O’Dwyer, J.M. Asara, A. Palumbo, A.M. Roccaro, 
R.O. Hynes, I.M. Ghobrial, Proteomic characterization of human multiple myeloma bone marrow 
extracellular matrix, Leukemia. 31 (2017) 2426–2434. doi:10.1038/leu.2017.102. 

[70] O.M.T. Pearce, R.M. Delaine-Smith, E. Maniati, S. Nichols, J. Wang, S. Böhm, V. Rajeeve, D. Ullah, 
P. Chakravarty, R.R. Jones, A. Montfort, T. Dowe, J. Gribben, J.L. Jones, H.M. Kocher, J.S. Serody, 
B.G. Vincent, J. Connelly, J.D. Brenton, C. Chelala, P.R. Cutillas, M. Lockley, C. Bessant, M.M. 
Knight, F.R. Balkwill, Deconstruction of a Metastatic Tumor Microenvironment Reveals a 
Common Matrix Response in Human Cancers, Cancer Discov. 8 (2018) 304–319. 
doi:10.1158/2159-8290.CD-17-0284. 

[71] E.W. Deutsch, A. Csordas, Z. Sun, A. Jarnuczak, Y. Perez-Riverol, T. Ternent, D.S. Campbell, M. 
Bernal-Llinares, S. Okuda, S. Kawano, R.L. Moritz, J.J. Carver, M. Wang, Y. Ishihama, N. Bandeira, 
H. Hermjakob, J.A. Vizcaíno, The ProteomeXchange consortium in 2017: supporting the cultural 
change in proteomics public data deposition, Nucleic Acids Res. 45 (2017) D1100–D1106. 
doi:10.1093/nar/gkw936. 

[72] N. Rauniyar, J.R. Yates, Isobaric labeling-based relative quantification in shotgun proteomics, J. 
Proteome Res. 13 (2014) 5293–5309. doi:10.1021/pr500880b. 

[73] J.A. Westbrook, J. Noirel, J.E. Brown, P.C. Wright, C.A. Evans, Quantitation with chemical tagging 
reagents in biomarker studies, Proteomics Clin. Appl. 9 (2015) 295–300. 
doi:10.1002/prca.201400120. 

[74] J. Folkman, K. Watson, D. Ingber, D. Hanahan, Induction of angiogenesis during the transition 
from hyperplasia to neoplasia, Nature. 339 (1989) 58–61. doi:10.1038/339058a0. 

[75] D. Hanahan, Heritable formation of pancreatic beta-cell tumours in transgenic mice expressing 
recombinant insulin/simian virus 40 oncogenes, Nature. 315 (1985) 115–122. 
doi:10.1038/315115a0. 

[76] J.E. Schwarzbauer, D.W. DeSimone, Fibronectins, Their Fibrillogenesis, and In Vivo Functions, 
Cold Spring Harb. Perspect. Biol. 3 (2011) a005041–a005041. doi:10.1101/cshperspect.a005041. 

[77] R. Chiquet-Ehrismann, R.P. Tucker, Tenascins and the Importance of Adhesion Modulation, Cold 
Spring Harb. Perspect. Biol. 3 (2011) a004960–a004960. doi:10.1101/cshperspect.a004960. 

[78] C. Spenlé, I. Gasser, F. Saupe, K.-P. Janssen, C. Arnold, A. Klein, M. van der Heyden, J. Mutterer, 
A. Neuville-Méchine, M.-P. Chenard, D. Guenot, I. Esposito, J. Slotta-Huspenina, N. 
Ambartsumian, P. Simon-Assmann, G. Orend, Spatial organization of the tenascin-C 
microenvironment in experimental and human cancer, Cell Adhes. Migr. 9 (2015) 4–13. 
doi:10.1080/19336918.2015.1005452. 

[79] F. Saupe, A. Schwenzer, Y. Jia, I. Gasser, C. Spenlé, B. Langlois, M. Kammerer, O. Lefebvre, R. 
Hlushchuk, T. Rupp, M. Marko, M. van der Heyden, G. Cremel, C. Arnold, A. Klein, P. Simon-
Assmann, V. Djonov, A. Neuville-Méchine, I. Esposito, J. Slotta-Huspenina, K.-P. Janssen, O. de 
Wever, G. Christofori, T. Hussenet, G. Orend, Tenascin-C downregulates wnt inhibitor dickkopf-
1, promoting tumorigenesis in a neuroendocrine tumor model, Cell Rep. 5 (2013) 482–492. 
doi:10.1016/j.celrep.2013.09.014. 

[80] K. Frey, M. Fiechter, K. Schwager, B. Belloni, M.J. Barysch, D. Neri, R. Dummer, Different patterns 
of fibronectin and tenascin-C splice variants expression in primary and metastatic melanoma 
lesions, Exp. Dermatol. 20 (2011) 685–688. doi:10.1111/j.1600-0625.2011.01314.x. 

[81] K. Galler, K. Junker, M. Franz, J. Hentschel, P. Richter, M. Gajda, A. Göhlert, F. von Eggeling, R. 
Heller, R. Giavazzi, D. Neri, H. Kosmehl, H. Wunderlich, A. Berndt, Differential vascular 
expression and regulation of oncofetal tenascin-C and fibronectin variants in renal cell 



 19 

carcinoma (RCC): implications for an individualized angiogenesis-related targeted drug delivery, 
Histochem. Cell Biol. 137 (2012) 195–204. doi:10.1007/s00418-011-0886-z. 

[82] T. Oskarsson, S. Acharyya, X.H.-F. Zhang, S. Vanharanta, S.F. Tavazoie, P.G. Morris, R.J. Downey, 
K. Manova-Todorova, E. Brogi, J. Massagué, Breast cancer cells produce tenascin C as a 
metastatic niche component to colonize the lungs, Nat. Med. 17 (2011) 867–874. 
doi:10.1038/nm.2379. 

[83] E.I. Deryugina, E. Zajac, L. Zilberberg, T. Muramatsu, G. Joshi, B. Dabovic, D. Rifkin, J.P. Quigley, 
LTBP3 promotes early metastatic events during cancer cell dissemination, Oncogene. 37 (2018) 
1815–1829. doi:10.1038/s41388-017-0075-1. 

[84] A.W. Lambert, D.R. Pattabiraman, R.A. Weinberg, Emerging Biological Principles of Metastasis, 
Cell. 168 (2017) 670–691. doi:10.1016/j.cell.2016.11.037. 

[85] Y. Attieh, D.M. Vignjevic, The hallmarks of CAFs in cancer invasion, Eur. J. Cell Biol. 95 (2016) 
493–502. doi:10.1016/j.ejcb.2016.07.004. 

[86] R. Kalluri, The biology and function of fibroblasts in cancer, Nat. Rev. Cancer. 16 (2016) 582–598. 
doi:10.1038/nrc.2016.73. 

[87] C. Varol, I. Sagi, Phagocyte-extracellular matrix crosstalk empowers tumor development and 
dissemination, FEBS J. 285 (2018) 734–751. doi:10.1111/febs.14317. 

[88] P.G. Santamaría, A. Floristán, B. Fontanals-Cirera, A. Vázquez-Naharro, V. Santos, S. Morales, L. 
Yuste, H. Peinado, A. García-Gómez, F. Portillo, E. Hernando, A. Cano, Lysyl oxidase-like 3 is 
required for melanoma cell survival by maintaining genomic stability, Cell Death Differ. (2017). 
doi:10.1038/s41418-017-0030-2. 

[89] S. Chakraborty, M. Lakshmanan, H.L.F. Swa, J. Chen, X. Zhang, Y.S. Ong, L.S. Loo, S.C. Akıncılar, J. 
Gunaratne, V. Tergaonkar, K.M. Hui, W. Hong, An oncogenic role of Agrin in regulating focal 
adhesion integrity in hepatocellular carcinoma, Nat. Commun. 6 (2015) 6184. 
doi:10.1038/ncomms7184. 

[90] S. Chakraborty, K. Njah, A.V. Pobbati, Y.B. Lim, A. Raju, M. Lakshmanan, V. Tergaonkar, C.T. Lim, 
W. Hong, Agrin as a Mechanotransduction Signal Regulating YAP through the Hippo Pathway, 
Cell Rep. 18 (2017) 2464–2479. doi:10.1016/j.celrep.2017.02.041. 

[91] M. Romero-López, A.L. Trinh, A. Sobrino, M.M.S. Hatch, M.T. Keating, C. Fimbres, D.E. Lewis, P.D. 
Gershon, E.L. Botvinick, M. Digman, J.S. Lowengrub, C.C.W. Hughes, Recapitulating the human 
tumor microenvironment: Colon tumor-derived extracellular matrix promotes angiogenesis and 
tumor cell growth, Biomaterials. 116 (2017) 118–129. doi:10.1016/j.biomaterials.2016.11.034. 

[92] D.E. Ingber, Extracellular matrix as a solid-state regulator in angiogenesis: identification of new 
targets for anti-cancer therapy, Semin. Cancer Biol. 3 (1992) 57–63. 

[93] Q. Tian, S.B. Stepaniants, M. Mao, L. Weng, M.C. Feetham, M.J. Doyle, E.C. Yi, H. Dai, V. 
Thorsson, J. Eng, D. Goodlett, J.P. Berger, B. Gunter, P.S. Linseley, R.B. Stoughton, R. Aebersold, 
S.J. Collins, W.A. Hanlon, L.E. Hood, Integrated genomic and proteomic analyses of gene 
expression in mammalian cells, Mol. Cell. Proteomics. 3 (2004) 960–969. 
doi:10.1074/mcp.M400055-MCP200. 

[94] H. Järveläinen, A. Sainio, T.N. Wight, Pivotal role for decorin in angiogenesis, Matrix Biol. J. Int. 
Soc. Matrix Biol. 43 (2015) 15–26. doi:10.1016/j.matbio.2015.01.023. 

[95] S. Goldoni, D.G. Seidler, J. Heath, M. Fassan, R. Baffa, M.L. Thakur, R.T. Owens, D.J. McQuillan, 
R.V. Iozzo, An antimetastatic role for decorin in breast cancer, Am. J. Pathol. 173 (2008) 844–
855. doi:10.2353/ajpath.2008.080275. 



 20 

[96] D. Padua, X.H.-F. Zhang, Q. Wang, C. Nadal, W.L. Gerald, R.R. Gomis, J. Massagué, TGFbeta 
primes breast tumors for lung metastasis seeding through angiopoietin-like 4, Cell. 133 (2008) 
66–77. doi:10.1016/j.cell.2008.01.046. 

[97] H. Järveläinen, A. Sainio, M. Koulu, T.N. Wight, R. Penttinen, Extracellular matrix molecules: 
potential targets in pharmacotherapy., Pharmacol. Rev. 61 (2009) 198–223. 
doi:10.1124/pr.109.001289. 

[98] K.C. Valkenburg, A.E. de Groot, K.J. Pienta, Targeting the tumour stroma to improve cancer 
therapy, Nat. Rev. Clin. Oncol. (2018) 1. doi:10.1038/s41571-018-0007-1. 

[99] C. Vennin, K.J. Murphy, J.P. Morton, T.R. Cox, M. Pajic, P. Timpson, Reshaping the Tumor Stroma 
for Treatment of Pancreatic Cancer, Gastroenterology. 154 (2018) 820–838. 
doi:10.1053/j.gastro.2017.11.280. 

[100] M. Götte, I. Kovalszky, Extracellular matrix functions in lung cancer, Matrix Biol. (2018). 
doi:10.1016/j.matbio.2018.02.018. 

[101] J. Insua-Rodríguez, T. Oskarsson, The extracellular matrix in breast cancer, Adv. Drug Deliv. 
Rev. 97 (2016) 41–55. doi:10.1016/j.addr.2015.12.017. 

[102] M. Kalli, T. Stylianopoulos, Defining the Role of Solid Stress and Matrix Stiffness in Cancer Cell 
Proliferation and Metastasis, Front. Oncol. 8 (2018) 55. doi:10.3389/fonc.2018.00055. 

 

  



 21 

Table 1. Summary of Proteomic Studies of the ECM in Cancer.  

  

Cancer Type Experimental Design References 

Cell Injections 

Breast 

Orthotopic or tail vein injections of human MDA-MB-231 

or MDA-MB-231-LM2 triple negative breast cancer cells. 

Model for poorly or highly metastatic breast cancer. 

[64] 

Orthotopic injection of murine 4T1 mammary tumor cells. 

Model for metastatic breast cancer. 
[57] 

Melanoma 

Mouse B16-F10 melanoma cells implanted in mouse 

tongue. Model for oral melanoma. 
[57] 

Subcutaneous injection of human A375 non-metastatic 

and MA2 metastatic melanoma cells. 
[41] 

Genetically-Engineered Mouse Models 

Non-small-cell lung 

adenocarcinoma 

Primary tumors and lymph node metastases from KrasLSL-

G12D/+; Trp53flox/flox mouse model having received 

intratracheal administration of Cre recombinase. 

[65] 

Insulinoma 
Hyperplastic islets, angiogenic islets and invasive 

insulinomas from RIP1-Tag2 mouse model. 
[67] 

Pancreatic ductal 

carcinoma 

3 models: (Ptf1a-Cre; KrasLSL-G12D/+); (Pdx1-Cre; KrasLSL-

G12D/+; Tp53R172H); (Ptf1a-Cre; KrasLSL-G12D/+; Tgfbr2flox/wt 

or flox/flox). 

[66] 

Human Patient Samples 

Breast Primary triple negative breast tumors. [55] 

Ovarian 

Omental metastases from high-grade serous ovarian 

tumors. 
[55] 

Omental metastases of different diseased stages from high-

grade serous ovarian tumors. 
[70] 

Colon 

Stage IV primary colorectal tumors and primary-

colorectal-tumor metastases to the liver. 
[68] 

Primary-colorectal-tumor metastases to the liver. [91] 

Multiple myeloma 
Bone marrow aspirates from newly diagnosed and not yet 

treated patients and from relapsed patients. 
[69] 
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Table 2. The "Matrix Index". 

 

 

Matrisome 

Category 

Gene 

Symbol Protein Name 

C
o
re

 M
a
tr

is
o
m

e
 

Collagens 

 

COL1A1 Collagen type I alpha 1 

COL6A6 Collagen type VI alpha 6 

COL11A1 Collagen type XI alpha 1 chain 

COL15A1 Collagen type XV alpha 1 chain 

ECM 

glycoproteins 

 

COMP Cartilage oligomeric matrix protein 

FN1 Fibronectin 1 

FBLN2 Fibulin 2 

LAMA4 Laminin subunit alpha 4 

LAMB1 Laminin subunit beta 1 

LAMC1 Laminin subunit gamma 1 

VWF von Willebrand factor 

ABI3BP ABI family member 3 binding protein 

TNXB Tenascin XB 

Proteoglycans 
HSPG2 Heparan sulfate proteoglycan 2 

VCAN Versican 

M
a
tr

is
o
m

e-

A
ss

o
ci

a
te

d
 ECM regulators 

CTSB Cathepsin B 

CTSG Cathepsin G 

AGT Angiotensinogen 

ECM-affiliated 

proteins 

ANXA1 Annexin A1 

ANXA5 Annexin A5 

ANXA6 Annexin A6 

LGALS3 Galectin 3 

 

22-matrisome gene and protein signature identified in omental metastasis samples from high-grade 

serous ovarian cancer, predicting overall survival in several cancers adapted from Pearce et al. [70].  
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Table 3. Comparison of cancer matrisome signatures.  

 

    Transcriptomics   

      Proteomics 

 

Matrisome 

Category 

Gene 

Symbol Protein Name 9
-g

en
e 

si
g
n

a
tu

re
 [

4
5
] 

E
P

P
I 

[4
6
] 

M
a
tr

ix
 I

n
d

ex
 

[7
0

] 

M
a
m

m
a
ry

 

tu
m

o
rs

 [
6

4
] 

C
o
lo

re
ct

a
l 

tu
m

o
rs

 [
6

8
] 

C
o
re

 M
a
tr

is
o
m

e
 

Collagens 

COL1A1 Collagen type I alpha 1 + - + - - 

COL6A6 Collagen type VI alpha 6 - + + - - 

COL10A1 Collagen type X alpha 1 + + - - - 

COL11A1 Collagen type XI alpha 1 + + + - - 

COL22A1 Collagen type XXII alpha 1 - - - + + 

ECM 

glycoproteins 

ABI3BP 
ABI family, member 3 (NESH) 

binding protein 
- + + - - 

AGRN Agrin + - - + + 

COMP 
Cartilage oligomeric matrix 

protein; Thrombospondin 5 
+ - + - + 

EFEMP2 
EGF-containing fibulin-like 

extracellular matrix protein 2 
- - - + + 

MXRA5 Matrix remodeling associated 5 + - - - + 

SPP1 
Secreted phosphoprotein 1; 

Osteopontin 
+ + - - + 

VWF von Willebrand factor - - + + - 

M
a
tr

is
o
m

e-
a
ss

o
ci

a
te

d
 

ECM 

regulators 

CTSB Cathepsin B - - + + - 

HTRA1 HtrA serine peptidase 1 - - - + + 

LOXL2 Lysyl oxidase like 2 - - - + + 

SERPINE2 

Serpin peptidase inhibitor, clade E 

(nexin, plasminogen activator 

inhibitor type 1), member 2 

- - - + + 

TIMP1 TIMP metallopeptidase inhibitor 1 - - - + + 

ECM-

affiliated 

proteins 

ANXA5 Annexin A5  - - + - + 

C1QA 
Complement component 1, q 

subcomponent, A chain 
- - - + + 

SFTPD Surfactant protein D - + - - + 

Secreted 

factors 
S100A2 S100 calcium binding protein A2 - + - + - 

21 matrisome genes and proteins are found in at least two out of five of the matrisome signatures 

identified by transcriptomics or proteomics [45,46, 64, 68, 70]. COL11A1, AGRN, COMP, and SPP1 

(bold) are up-regulated in three of the five studies compared. 
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FIGURE LEGENDS 

 

Figure 1. The contributions of the ECM in cancer progression are increasingly recognized.  

PubMed searches using the following combination of keywords "ECM" and "cancer" or "ECM" and 

"metastasis" were conducted and data reporting the number of publications per year were downloaded 

in .csv format. 

 

Figure 2. The ECM influences the hallmarks of cancer.  

Adapted from Hanahan and Weinberg [34].  

 

Figure 3. Comparison of the ECM composition of primary and secondary tumors 

A. Venn diagram shows the comparison between the matrisomes of primary metastatic colon cancers, 

colorectal-cancer metastases to the liver, and normal liver (adapted from Naba et al., [68]).  

B. Venn diagrams show the comparisons between the matrisomes of primary mammary tumor, 

mammary tumor metastases to the lung, and normal lung (left panel), and between the matrisomes of 

primary mammary tumor, mammary tumor metastases to the lymph nodes, and normal lymph nodes 

(right panel). Venn diagrams were generated by processing the raw mass-spectrometry data from 

Mayorca-Guiliani et al. downloaded from the public ProteomeXchange repository (dataset identifier 

PXD006579) [57].    

 

 

 

 

 

http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD006579
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