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A B S T R A C T

The matrisome, a group of proteins constituting or interacting with the extracellular matrix (ECM), has garnered 
attention as a potent regulator of cancer progression. An increasing number of studies have focused on cancer 
matrisome utilizing diverse -omics approaches. Here, we present diverse patterns of matrisomal populations 
within cancer tissues, exploring recent -omics studies spanning different ‘-omics’ levels (epigenomics, genomics, 
transcriptomics, and proteomics), as well as newly developed sequencing techniques such as single-cell RNA 
sequencing and spatial transcriptomics. Some matrisome genes showed uniform patterns of upregulated or 
downregulated expression across various cancers, while others displayed different expression patterns according 
to the cancer types. This matrisomal dysregulation in cancer was further examined according to their originating 
cell type and spatial location in the tumor tissue. Experimental studies were also collected to demonstrate the 
identified roles of matrisome genes during cancer progression. Interestingly, many studies on cancer matrisome 
have suggested matrisome genes as effective biomarkers in cancer research. Although the specific mechanisms 
and clinical applications of cancer matrisome have not yet been fully elucidated, recent techniques and analyses 
on cancer matrisomics have emphasized their biological importance in cancer progression and their clinical 
implications in deciding the efficacy of cancer treatment.

1. Introduction

The extracellular matrix (ECM) is a complex meshwork comprising 
collagens, glycoproteins, proteoglycans, and numerous bioactive mole
cules [1]. It not only provides architectural support and anchorage for 
cell adhesion but also serves as a reservoir for diverse molecules, 
including growth factors, cytokines, and ECM-remodeling enzymes. 
Additionally, interactions between the ECM and surrounding cells can 
induce various signaling pathways, controlling cell proliferation, 

survival, and migration [2,3]. Therefore, the ECM provides important 
biophysical and biochemical cues that regulate cell behavior.

The ECM constitutes one of the principal components of the tumor 
microenvironment (TME), and its dysregulation is a hallmark of tumor 
progression [3]. Mounting evidence suggests that not only stromal cells 
but also cancer cells can serve as significant sources of the ECM within 
the TME [3]. Throughout cancer development, tumor cells actively 
remodel their surrounding ECM through various mechanisms, including 
the secretion of ECM-degrading enzymes and the synthesis of ECM 
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proteins [1]. Generally, excessive collagen deposition is observed in 
various cancers, contributing to heightened matrix stiffness [4]. This 
increased matrix stiffness can fuel diverse pathways in tumor progres
sion, such as tumor growth, migration, metastasis, and resistance to 
anticancer therapies [1]. Moreover, gradual ECM breakdown by dysre
gulated ECM-remodeling enzymes may decrease matrix density, facili
tating detachment and migration of cancer cells [4]. Achieving a 
comprehensive understanding of the TME’s role in promoting or 
inhibiting cancer progression necessitates characterizing the aberrant 
deposition and degradation of ECM components in cancers.

For a better definition of ECM components, overcoming the 
complexity of ECM characterization in vivo, Naba and colleagues 
screened core ECM components through bioinformatic approaches and 
further characterized the proteins that are related to the ECM but are not 
included in the core ECM components [2]. To comprehensively under
stand the global ECM composition across diverse physiological contexts, 
they further developed the concept of the “matrisome”, which encom
passes ECM proteins and associated factors identified through proteomic 
analyses [2]. They classified matrisome genes into core matrisome genes 
encoding structural ECM components and matrisome-associated genes 
that interact with or remodel the ECM. Core matrisome genes consist of 
ECM glycoproteins, collagens, and proteoglycans, while matrisome- 
associated genes comprise ECM-affiliated proteins, ECM regulators, 
and secreted factors [5].

Due to its influence on all cellular processes involved in cancer 
initiation, progression, and dissemination, the ECM emerges as a novel 
source of potential biomarkers and therapeutic targets in cancer 
research [6,7]. The identification of cancer matrisome across diverse 
cancer contexts has led to the discovery of novel ECM proteins that 
contribute to cancer progression and dissemination [8]. Further, the 
growing body of matrisome studies has facilitated the identification of 
cancer biomarkers for diagnosis, prognosis, and prediction of drug re
sponses [8]. Advances in next-generation sequencing techniques have 
accelerated comprehensive genome-wide characterization of cancer- 
specific matrisome genes across diverse -omics levels [9,10]. Specif
ically, matrisomal heterogeneity within the TME has been revealed 
through single-cell RNA-sequencing (scRNA-seq) and spatial tran
scriptomics (ST) [11]. However, to date, no systemic review encom
passing diverse -omics data on cancer matrisome studies has been 
reported.

In this review, we have compiled matrisome studies from the past 
five years to comprehensively characterize the dysregulated matrisome 
landscape across multiple cancer types. We have incorporated a wide 
array of -omics approaches, including genomics, epigenomics, tran
scriptomics, and proteomics, and summarized the aberrantly regulated 
matrisome genes in diverse cancers. Additionally, we have addressed 
recent studies on matrisomal heterogeneity using scRNA-seq and ST 
analyses to provide new insights into the cancer matrisome. We further 
highlight several matrisome genes supported by experimental validation 
for their implications in tumor progression. Lastly, we demonstrate that 
cancer-specific matrisome genes have exhibited significant efficacy in 
cancer diagnosis, prognosis, and predicting drug responses in many 
studies, as well as in developing cancer vaccines.

2. Matrisomics in cancer

Matrisome dysregulation in various cancers has been widely identi
fied through recent 5-year -omics studies at different levels of gene 
regulation, including epigenomics, genomics, transcriptomics, and 
proteomics (Fig. 1). Genomic analysis has unveiled mutations and copy 
number variations in matrisome genes, while epigenomic analysis has 
centered on the methylation status of matrisome genes in cancers. 
Transcriptomic and proteomic analyses have revealed dysregulated 
gene expression in bulk tissues.

2.1. Collagens

Excessive collagen deposition is frequently observed in tumor tissues 
and is responsible for ECM stiffness [3]. Throughout recent studies on 
cancer matrisomics, most types of collagens have exhibited dysregula
tion in various cancers (Fig. 1). Genomic alterations in collagen genes 
have been reported in various cancer types. Holstein and colleagues 
investigated mutations in post-translational modifications (PTM) of 
matrisome genes using the TCGA Pan-Cancer cohort and found that 
COL3A1 and COL14A1 were mutated in multiple tumor types [12]. 
Another study on mutations using the TCGA breast cancer dataset 
revealed that COL6A3, COL12A1, and COL14A1 exhibited high fre
quencies of mutation in patients with breast cancer [13], while COL6A2, 
COL7A1, COL11A1, and COL12A1 were frequently mutated in TCGA 
stomach cancer datasets [14].

Pan-cancer transcriptome analyses of the COL4 and COL6 families 
exhibited different gene regulation depending on cancer types, with an 
overall upregulation of these genes observed in most cancers [15,16]. 
Additional pan-cancer analysis studies revealed that COL10A1 and 
COL11A1 are upregulated in various tumor tissues [17,18]. Yuzhalin 
and colleagues established a 9-gene signature including 3 collagens 
(COL1A1, COL10A1, and COL11A1), which was significantly upregu
lated across diverse cancer types [19].

Furthermore, transcriptomic analysis of human and murine ovarian 
cancer showed enhanced expression of diverse collagens compared to 
normal tissues (COL1A1, COL1A2, COL3A1, COL5A2, COL7A1, 
COL10A1, COL11A1, and COL24A1) [20–22]. In addition, through 
multi-omics profiling, COL1A1 and COL11A1 expression was shown to 
be correlated with disease score in ovarian cancer metastases [23]. In 
breast cancer, COL1A1, COL5A1, COL5A2, COL6A1, COL11A1, and 
COL14A1 are highly enriched at the transcriptome level, whereas 
COL6A6 is downregulated [24,25]. Transcriptomic analysis of stomach 
cancer showed COL5A2 and COL12A1 upregulation in cancers [26,27], 
while proteomic analysis revealed COL10A1 as the only tumor-specific 
protein [28].

Proteomic analyses of pancreatic ductal adenocarcinoma (PDAC) 
showed a wide range of dysregulation in collagen composition in tumor 
tissues, with most collagens upregulated in tumors except for the 
downregulation of COL4A2 [29,30]. Proteomic analysis of liver cancers 
showed overexpression of COL3A1 and COL12A1 and decreased 
expression of COL4A1 and COL4A2 in tumor tissues [31,32]. Addi
tionally, proteomic analysis of breast cancer indicated progressive 
upregulation of COL12A1 as the disease progresses [33,34].

2.2. ECM glycoproteins

Glycoproteins represent one of the most dysregulated groups within 
the cancer matrisome (Fig. 1). Some glycoproteins are commonly 
upregulated or downregulated across various types of cancers compared 
to normal tissues of their primary sites, implying their involvement in 
cancer progression mechanism regardless of cancer types. For example, 
CTHRC1, a protein regulating collagen ECM deposition [35], not only 
exhibits enhanced gene expression and protein abundance compared to 
normal tissue but also displays highly amplified copy numbers in most of 
the 30 cancer types [10]. On the other hand, DPT, LAMB2, LGI4, 
MMRN1, PCOLCE2, RELN, SRPX, and TNXB are consistently down
regulated in more than 10 cancer types [17,34].

A significant body of research has indicated a notable relationship 
between different -omics analyses, particularly a positive correlation 
between the level of copy number amplification, transcript expression, 
and protein abundance. CILP2 shows high mRNA expression along with 
increased copy number and decreased methylation in most cancers [36]. 
Otherwise, in low-grade glioma, where CILP2 displays lower mRNA 
expression than corresponding normal tissue, genetic analysis revealed a 
significant decrease in copy number [36]. However, copy number 
variation does not always correlate with gene expression profile. 
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MFAP2, despite showing upregulated gene expression [19], presents 
high copy number loss frequencies in breast cancer [13].

Unlike THBS2–4, which are uniformly upregulated in various can
cers [20,37,38], gene expression of members in the laminin and tenascin 
family shows different patterns from each other. In ovarian cancer, 
LAMA1/2/4 and LAMB1/2 are downregulated, while LAMA5, LAMB3, 
and LAMC2 are upregulated [39]. However, most laminin genes are 
significantly overexpressed in pancreatic cancer [40]. Similarly, while 
TNC is abundant in breast [34], lung [38] and pancreas cancers [29], 
TNXB, another member of the tenascin family, shows decreased protein 
abundance in those cancers [17].

The same gene can exhibit different deregulation patterns according 
to the cancer types. PXDN is overexpressed in esophageal, kidney, and 
prostate cancers, but underexpressed in bladder, colorectal, and liver 
cancers [41]. Similarly, decreased abundance of LAMA5 is detected in 
liver metastasis of colorectal cancer and intrahepatic chol
angiocarcinoma (iCCA) compared to intact tissue [31,42], whereas its 
gene expression is upregulated in human ovarian cancer [20]. Further
more, gene expression patterns can differ between cancer types sharing 
the same primary organ and even between subtypes in the same cancer. 
For example, ELN, forming elastic fiber that gives resilience and elas
ticity to various organs [43], is upregulated in invasive lobular carci
noma compared to invasive ductal carcinoma (IDC) [24]. Similarly, non- 
small cell lung cancer (NSCLC) consists of two histologic subtypes, 
adenocarcinoma and squamous cell carcinoma, which can be distin
guished by the expression pattern of collagen fibrillogenesis regulator 
AEBP1, basement membrane NTN5, and VWA5B2 [44]. This suggests 
that matrisome expression patterns might play a significant role in 
subdividing cancers that are not yet subtyped.

Recent studies have also focused on the relation between genetic 
expression and disease progression. Such research revealed that tran
script expression and protein abundance of AEBP1, COMP, FBLN2, FN1, 
MFAP2, and MXRA5 in the tumor tissue have a positive correlation with 
disease progression, while ABI3BP, LAMA4, LAMC1, and TNXB show a 
negative correlation [23,29]. Moreover, dysregulation of each gene is 
not consistently regulated, but exhibits various patterns during tumor 
progression, indicating their participation in specific steps or functions 
of tumorigenesis and the metastatic cascade. For instance, FGA, FGB, 
FGG, FN1, SPARC, SPP1, THBS1/2, and TNC show increased protein 
abundance in the early phase of murine pancreatic cancer but are 
significantly decreased in the late phase [29].

The fluctuation of glycoproteins also correlates with the tumorigenic 
transformation of other matrisomal group members or the TME. 
Remarkably, THBS2 and TNC are highly upregulated in IDC and co- 
localize with straight collagen fibers, a histologic feature of IDC, sug
gesting their involvement in collagen fiber reorganization [34]. In 
addition, a high frequency of citrullination of glycoproteins, such as 
FGA, FN1, and POSTN, in colorectal, breast, and ovarian cancers, ap
pears to be related to the infiltration of inflammatory cells into cancer 
tissue [45].

It seems clear that turbulence in the matrisomal population occurs 
during cancer progression, but this does not always indicate that dys
regulated matrisome members play a critical tumor-promoting role. For 
example, SPARC, which regulates cell-matrix interactions, growth factor 
efficacy, and expression of matrix metalloproteinases (MMPs) through 
binding to other proteins in the ECM [46], showed homogenously high 
transcriptomic expression among all colorectal cancer patients studied, 

but its silencing did not affect colorectal cancer cell growth in vitro [47]. 
Therefore, dysregulated matrisome genes suspected of playing a critical 
role in cancer should be verified through experiments to confirm their 
functional significance.

2.3. Proteoglycans

Among proteoglycans, BGN, PODNL1, and VCAN are the most 
mentioned for showing upregulated gene expression and/or signifi
cantly higher protein abundance in various types of cancer tissues 
compared to their healthy control (Fig. 1). These genes also show 
increasing gene expression and/or protein abundance as the disease 
progresses [23]. Of the two small leucine-rich proteoglycans, BGN is 
shown as the strongest contributor to discriminating murine pancreatic 
cancer samples by tumor progression [29], and PODNL1 shows 
increased expression among various cancers as well as increased tumor- 
promoting TGF-β signaling pathway [9]. Conversely, OGN displays 
significant downregulation in gene expression and/or protein abun
dance in various types of cancers [17,18,34].

While various matrisome genes exhibit consistent patterns of dys
regulation across species and cancer types, some genes display different 
regulation profiles depending on the species and cancer type. For 
example, DCN appears to be increased and plays an important role in 
distinguishing steps of cancer progression in murine PDAC [29]. How
ever, its gene expression significantly decreases in liver cancer [37] and 
colorectal cancer [48]. Moreover, proteoglycans display a range of 
epigenetic and genetic changes. Interestingly, among various cancers, 
VCAN emerges as one of the most common loci for disruptive PTM 
mutations, potentially impairing the protein’s function within the TME 
[12]. Additionally, FMOD demonstrates hypermethylation in prostate 
cancer [49], alongside increased protein abundance in breast [34] and 
colorectal cancer [50].

2.4. ECM regulators

ECM regulators frequently undergo alterations in gene regulation in 
diverse cancers (Fig. 1), thus changing the ECM composition and 
consequently affecting cancer progression [4]. The lysyl oxidase (LOX) 
family genes have been observed to be upregulated in several cancers. 
Sflomos and colleagues showed LOXL1 upregulation and LOXL2 
downregulation in breast cancer at the transcriptome level [24]. 
Notably, LOXL1 was highly upregulated in cancers with a three-fold 
difference, and its silencing prevented tumor progression, revealing its 
cancer-promoting role. Furthermore, proteomic analysis showed LOX 
and LOXL1 upregulation in breast cancer [34].

The expression of LOX family genes (LOX and LOXL1–4) is elevated 
in low-grade gliomas [51]. Among them, LOXL2 exhibits a progressive 
increase from low-grade gliomas to glioblastoma. Interestingly, other 
ECM regulators (CTSB, SERPINE1, and PLOD2) show a strong correla
tion with LOX genes. The transcriptional levels of LOXL2 expression are 
also elevated in pancreatic tumor tissues [52]. In stomach cancer, LOX 
upregulation has been observed in cancers by TCGA transcriptomic 
analysis [28]. Moreover, a comprehensive analysis of LOX expression in 
various cancers emphasizes remarkable upregulation of LOX in renal 
clear cell carcinoma, with a significant correlation with COL5A1 and 
COL1A2 [53].

For MMPs, numerous studies have highlighted their importance in 

Fig. 1. Matrisomics results across diverse cancer types. The collected results for cancer matrisomics in recent five years were summarized with studied -omics types 
and cancer types. Matrisome genes involved in more than four cancer types have been displayed. Me+ in epigenomics indicates hypermethylation; Me− indicates 
hypomethylation of the gene. Genomic alterations include mutations (M), copy number amplification (+), and deep deletions (− ). In transcriptomic and proteomic 
analyses, upregulated expression (+) and downregulated expression (− ) were marked, respectively. Organ names represent the primary sites of cancers. Light, 
medium, and dark red (or blue) represent transcriptomic upregulation (or downregulation), proteomic upregulation (or downregulation), and both upregulation (or 
downregulation) in specified cancer types, respectively. The cancers reporting conflicting results were marked with both red and blue colors. Gray color indicates no 
significant transcriptomic changes of the gene in specified cancer types. Asterisk represents the presence of epigenomic or genomic changes of the gene in the cancers. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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multiple cancer progression. Pan-cancer transcriptomic analyses have 
indicated that MMP1, MMP7, MMP9, MMP11, and MMP12 transcripts 
are upregulated in various cancer types, with the exception of MMP1 
downregulation in kidney cancer [17,18]. Moreover, in colon cancer, 
multiple MMP transcripts are dysregulated, including upregulated 
MMPs (MMP1, MMP3, MMP7, and MMP9–14) and downregulated 
MMPs (MMP15, MMP17, MMP25, and MMP27–28) [54]. Interestingly, 
epigenomic analysis has revealed that most upregulated MMPs exhibit 
lower promoter methylation, whereas most downregulated MMPs show 
higher promoter methylation in colon cancer [54]. Notably, MMP13 is 
positively correlated with CTHRC1, identified as a major pan-cancer 
ECM regulator, indicating its role in regulating ECM across multiple 
cancers [10]. Additionally, transcriptomic analysis of human and mu
rine ovarian cancer has shown enhanced expression of MMPs (MMP3, 
MMP7, MMP9–11, and MMP13) and other ECM regulators (LOXL1, 
ADAM8, ADAM10, ADAM17, and ADAMTS14) in cancer [20].

Other ECM regulators have also shown significant alterations in 
cancers. Pan-cancer transcriptome analysis has revealed that ADAM33 
and MASP1 are downregulated in most cancer types studied, whereas 
CST1 shows upregulation in those cancers [17]. BMP1 transcripts are 
overexpressed in multiple cancers, particularly reflecting a poor prog
nosis in kidney and stomach cancers [55,56]. Titmarsh and colleagues 
identified matrisome protein signatures in NSCLC [38]. Diverse ECM 
regulators, such as MMPs (MMP2, MMP12, and MMP14), cathepsins 
(CTSB and CTSS), and ADAMTS16, have been found to be upregulated in 
tumor tissues in this study. CTSB transcripts are also upregulated in 
human ovarian cancers [22]. In addition, multi-omics profiling revealed 
that CTSB and CTSD expression is correlated with disease score in 
ovarian cancer metastases [23]. Proteomic analysis of PDAC has shown 
increased expression of diverse ECM regulators (F13A1, LOX, PLOD2, 
and TGM2) in cancers [29]. TGM2 is also upregulated in liver cancer 
[31], as opposed to its low expression in breast cancer [34] at the pro
teome level.

2.5. ECM-affiliated proteins

Various genes encoding ECM-affiliated proteins have been studied 
for their altered regulation in tumors at different -omics levels (Fig. 1). 
Pan-cancer analysis of the annexin family revealed different expression 
profiles of annexin genes across cancers, implying that annexins are 
closely related to tumor progression in a tissue-dependent manner [57]. 
In addition, proteomic analyses of several cancer types have found that 
annexins and galectins are generally upregulated in tumors. In PDAC, 
multiple galectins (LGALS1–4 and LGALS9) show increased expression 
in cancers [29]. LGALS8 is increased in hepatocellular carcinoma (HCC) 
[32]. In colon cancer liver metastases, several galectins (LGALS3 and 
LGALS7) and annexins (ANXA1–2) exhibit upregulation in tumors [42]. 
In addition, various genes encoding ECM-affiliated proteins are posi
tively correlated with disease score in ovarian cancer metastases, 
including galectins (LGALS1 and LGALS3), annexins (ANXA1 and 
ANXA4–7), and other genes (SDC1, CLEC18B, and MUC1) [23], sug
gesting their implications in cancer progression.

Other ECM-affiliated proteins are also dysregulated in diverse can
cers. Proteomic analysis of PDAC has shown that C1QA, C1QC, and 
GREM1 are overrepresented in cancers [42]. Transcriptomic analysis of 
colon cancer found SDC4 upregulation in colon cancer cells isolated 
from resected tissues [47], whereas SDC1 is upregulated in breast cancer 
and enriched in ECM-receptor interaction [25]. Genomic alterations 
have also been reported involving ECM-affiliated proteins in cancers. 
Pan-cancer genomic analysis has shown that MUC16 and MUC5B are 
mutated in multiple cancers [58]. Interestingly, another pan-cancer 
genomic analysis regarding PTM-disruptive mutations reported that 
MUC16 is among the most frequent targets of PTM mutations, suggest
ing its significant impact on the structure and function of ECM [12].

2.6. Secreted factors

As important components of matrisome, secreted factors have been 
subjected to genomic alterations in cancers (Fig. 1). Pan-cancer genomic 
analysis revealed that FLG is mutated in 14 tumor types [58]. In addi
tion, PTM-disruptive mutations were most frequently observed in FLG 
and HRNR in pan-cancer analysis [12]. Notably, INHBA show copy 
number amplification and upregulated gene expression in most cancers 
[59]. Particularly, INHBA is upregulated at both transcriptomic and 
proteomic levels in stomach cancers, highlighting its potential as a 
stomach cancer biomarker [59].

Transcriptomic analysis of colon cancer exhibited significant upre
gulation of diverse secreted factors (GDF11, GDF15, HHIP, TGFA, IL18, 
SFRP1, and WNT11) in primary colon cancer cells [47]. Among them, 
GDF11 was further validated to be associated with tumor progression. In 
addition, multiple secreted factors were found to be upregulated in 
mouse and human ovarian cancer, including the S100 family (S100A1 
and S100A16), Wnt family (WNT6, WNT7B, and WNT10A), TNFSF 
family (TNFSF4 and TNFSF11), and others (CCL25, EGF, GDF11, BTC, 
CXCL5, IL1RN, FGF18, NRG1, MEGF10, and PDGFC) [20].

Proteomic analysis of PDAC showed a wide range of alterations in 
secreted factors, with LEFTY1, WNT2B, CXCL13, TGFB1, and BMP 
overrepresented in cancers [30]. Pan-cancer analyses have shown that 
S100 family genes exhibit distinguishable fluctuation in transcript 
expression levels depending on the different cancer types [18,60]. 
Notably, S100 family proteins (S100A4, S100A6, and S100A8–11) are 
the most abundant and overrepresented secreted factors in pancreatic 
cancers [30]. S100 family proteins (S100A4, S100A6, and S100A11) are 
also upregulated in colon cancer liver metastases [42]. Several secreted 
factors, such as WIF1, CXCL2, IL6, and HHIP, were shown to be down
regulated in various tumors by pan-cancer transcriptomic analysis [18]. 
They were incorporated into the tumor matrisome index (TMI), which 
holds diagnostic and prognostic value across multiple cancers [18].

3. Matrisomal heterogeneity

In cancer research, advances in single-cell RNA-sequencing (scRNA- 
seq) have enabled the identification of altered gene regulation at the cell 
type level. Furthermore, spatial transcriptomics (ST) have allowed us to 
investigate cancer-associated genes in different tumor regions. These 
techniques have been applied to identify cancer matrisome genes in 
diverse tumor tissues, advancing our understanding of specific cell types 
that express them and their implications in different tumor regions 
(Table 1).

Stromal cells constituting the ECM are the canonical sources of ECM 
molecules. Specifically, a wide range of ECM molecules in the TME could 
be attributed to the diverse fibroblast subtypes residing in tumor tissues, 
including cancer-associated fibroblasts (CAFs). Zhang and colleagues 
identified COL11A1+ fibroblasts which abundantly express diverse 
types of collagens and other matrisome genes (FN1, LOX, MMPs, 
POSTN, TIMPs, and TNC) in multiple cancers [61]. Notably, they 
confirmed the cancer-specific existence of COL11A1+ fibroblasts, pro
moting tumor progression. PODNL1, suggested as a potential pan-cancer 
biomarker, was shown to be highly produced by CAFs in bladder and 
head and neck cancers [9]. Another study on head and neck carcinomas 
showed that fibroblasts in tumor tissues highly express EGFL6, MASP1, 
and P4HA1 compared to other cell types [62].

Fibroblasts and CAFs highly expressing diverse matrisome genes are 
also observed in individual studies of breast, kidney, and lung cancers 
[33,44,63]. In ovary and stomach cancers, POSTNhigh CAFs are observed 
in tumor tissues [64,65]. Notably, ST analysis of ovary cancers revealed 
that POSTNhigh CAFs are more enriched in the tumor edge, highlighting 
their relevance to patient survival [64]. Another ST study on multiple 
cancer types has shown that ECM-CAFs, featured by high matrisome 
expression, are also highly enriched in the tumor boundary [66]. Highly 
expressed matrisome genes in ECM-CAFs are involved in interacting 
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Table 1 
Matrisomal heterogeneity in the tumor microenvironment attributed by various sources.

Cell type Subtype Cancer type Cell type 
enrichment

Highly expressing matrisome genes Gene expression 
comparison

Spatial 
enrichment

Ref.

Stromal 
cells

CAFs

Bladder, head and 
neck

PODNL1 vs. other cell types [9]

Breast COL12A1 vs. other cell types [33]

Kidney
COL4A1, COL6A1, COL6A2, COL6A3, 
COL12A1, FBN1, FN1, HSPG2, LAMA4, 
LAMB2, LUM

vs. other cell types [63]

Lung CILP2, COL7A1, COL10A1, COL11A1, 
CTHRC1, SPP1

Tumor vs. adjacent 
non-tumor

[44]

Ovary POSTN vs. other cell types Tumor edge [64]
Stomach In tumor POSTN vs. other cell types [65]

ECM-CAFs
Breast, colon, 
kidney, liver, 
pancreas

In tumor vs. 
adjacent normal 
tissue

FN1, GREM1, LAMA2, LAMB1, NID1, PLAU, 
SLIT2, TGFB1

vs. other CAFs Tumor edge [66]

Fibroblasts
Head and neck EGFL6, MASP1, P4HA1 vs. other cell types [62]

Stomach In tumor vs. 
normal

COL5A2 Tumor vs. normal Deep layer [26]

IGFBP7 Tumor vs. normal [67]

COL11A1+ fibroblasts
Breast, colon, 
liver, lung, ovary, 
pancreas, prostate

In tumor vs. 
adjacent normal 
tissue

COL1A1, COL1A2, COL3A1, COL5A1, 
COL5A2, COL6A1, COL6A2, COL6A3, 
COL8A1, COL8A2, COL10A1, COL11A1, 
COL12A1, COL15A1, COL16A1, FN1, LOX, 
LOXL2, MMP2, MMP11, MMP14, POSTN, 
TIMP2, TIMP3, TNC

vs. other fibroblasts [61]

Myofibroblasts Lung In tumor vs. 
normal

COL11A1, SULF1 Tumor vs. normal [68]

CST1+ myofibroblasts Esophagus
In tumor vs. 
adjacent 
nonmalignant

CST1
Tumor vs. adjacent 
nonmalignant [69]

COL1A1, COL3A1, CST1, MMP11, POSTN vs. other fibroblasts

Non- 
stromal 
cells

Cancer cells

Bladder, brain, 
head and neck, 
kidney, ovary

PODNL1 vs. other cell types [9]

Brain BGN, COL9A1, COL9A2, COL11A1, 
COL11A2, FMOD, VCAN

vs. other cell types [70]

Head and neck EGFL6, MASP1, P4HA1, SPP1 vs. other cell types [62]

Lung
CILP2, COL7A1, COL10A1, COL11A1, 
CTHRC1, SPP1

Tumor vs. adjacent 
non-tumor [44]

NT5E+ cancer cells Sarcoma

BGN, COL1A1, COL1A2, COL4A2, COL5A1, 
COL5A2, COL6A2, COL11A1, ECM1, 
EFEMP2, FBN1, FMOD, FN1, FSTL1, 
IGFBP2, IGFBP4, LGALS1, LOX, LOXL1, 
MGP, MMP1, SERPINE1, SPARC, TIMP1, 
TNC

vs. NT5E- cancer 
cells

Tumor edge / 
invasive area

[71]

CDKN2A+ cancer cells Colon LAMC2, MMP7
vs. CDKN2A- cancer 
cells Invasive area [72]

CTCs
Lung CXCL13, GREM1, MMP1, MMP12

Metastatic cancer 
vs. nonmetastatic 
cancer

[73]

Lung (brain 
metastases)

CTSH, GDF15, LGALS3, MDK, MMP7, 
MUC1, S100A13, SFTA2, SFTPB, SLPI Tumor vs. normal [74]

Endothelial cells
Breast MMP7, POSTN

Tumor vs. adjacent 
normal [75]

Liver
ADAM15, ADAMTS5, COL15A1, ESM1, 
LAMA4, VWA1

Tumor vs. non- 
tumor

[76]

PGF+ endothelial tip 
cells

Breast, kidney, 
liver, pancreas

In tumor vs. 
adjacent normal 
tissue

ANGPT2, ESM1, NID2, PDGFB, PGF
vs. other stromal 
cells Tumor edge [66]

Oligodendrocytes Brain COL9A2, COL11A2 vs. other cell types [70]
Macrophages Head and neck P4HA1, SPP1 vs. other cell types [62]
Microglia and 
monocyte-derived 
macrophages

Brain VCAN vs. other cell types [70]

Cathepsin-secreting 
macrophages

Esophagus CSTA, CSTD Tumor vs. adjacent 
nonmalignant

[69]

CD11c+/LYZ+
macrophages Lymphoma In tumor

CCL22, COL1A1, CSTB, MMP9, MMP12, 
SPP1, TIMP1 vs. other cell types [77]

ND ND Brain
BGN, COL2A1, COL9A1, COL9A2, 
COL11A1, COL11A2, FMOD, VCAN

Malignant 
region [68]

Thyroid POSTN Invasive area [78]

*Abbreviations: CAF, cancer-associated fibroblast; CTC, circulating tumor cell; ECM, extracellular matrix; ND, not determined.
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with malignant cancer cells, promoting tumor progression. In addition, 
COL5A2high fibroblasts are more enriched in tumor tissues than normal 
tissues in stomach cancers [26]. Interestingly, they reside abundantly in 
the deep layer of tumors, suggesting their association with cancer in
vasion. Fibroblasts in stomach cancers also highly express IGFBP7 [67].

Myofibroblasts are another subtype observed in tumor tissues with 
abundant expression of matrisome genes. In lung cancers, myofibro
blasts with enhanced COL11A1 and SULF1 expression are more enriched 
in tumors compared to normal tissues [68]. In esophagus cancers, 
CST1+ myofibroblasts express high levels of COL1A1, COL3A1, CST1, 
MMP11, and POSTN, with higher cell enrichment in tumors compared to 
adjacent nonmalignant tissues [69].

Notably, non-stromal cells, such as cancer cells and immune cells, 
have emerged as important contributors to the cancer matrisome. Across 
diverse tumor types, PODNL1 is highly expressed in cancer cells as 
revealed by pan-cancer analysis [9]. Moreover, in glioblastoma, scRNA- 
seq analysis highlighted that brain cancer cells play a predominant role 
in expressing multiple matrisome genes such as collagens, BGN, FMOD, 
and VCAN, surpassing other cell types [70]. In NSCLC, cancer cells are 
found to be concurrent contributors to the cancer matrisome alongside 
CAFs [44]. Similarly, in head and neck cancers, cancer cells demonstrate 
elevated expression of SPP1 along with EGFL6, MASP1, and P4HA1, 
which are typically produced by fibroblasts in those cancers [62]. Spe
cifically, NT5E+ cancer cells identified in Ewing sarcoma exhibit a wide 
range of matrisome gene expression, concentrated along tumor borders 
and invasive foci, showcasing mesenchymal properties [71]. Addition
ally, Park and colleagues revealed that infiltrative colon cancer cells 
undergo spatial evolution as they move from the center to the invasive 
front, acquiring senescent phenotypes featured by CDKN2A expression 
[72]. Particularly, MMP7high senescent tumor cells (STCs) are promi
nently observed in invasive front of colorectal cancer tissues, showing 
higher metastatic potential than STCs not expressing MMP7 or non-STCs 
[72].

Circulating tumor cells (CTCs) present in cancer patients are 
important in cancer metastasis. Notably, CTCs have exhibited their ca
pacity to remodel the cancer matrisome through the expression of spe
cific matrisome molecules. In our previous study, we reported that 
matrisome gene signatures in CTCs could predict metastatic cancers in 
patients with NSCLC [73]. Specifically, MMP1 and MMP12 were shown 
to be more abundant in metastatic and recurrence-prone cancers in our 
investigation. Another scRNA-seq analysis on CTCs found in lung cancer 
brain metastases by Ruan and colleagues revealed that CTCs in the ce
rebrospinal fluid of cancer patients express higher levels of multiple 
matrisome genes, including MMP7, MDK, SFTPB, SLPI, and GDF15, 
compared to cerebrospinal fluid cells of normal controls [74].

Endothelial cells contribute to matrisome production as well. In 
breast cancer, endothelial cells within tumor tissues have displayed 
upregulated expression of MMP7 and POSTN compared to adjacent 
normal tissues [75]. Similarly, endothelial cells in liver cancers have 
shown a broader range of matrisome upregulation in tumor tissues, 
accompanied by increased expression of ADAM15, ESM1, LAMA4, 
VWA1, etc. [76]. Specifically, PGF+ endothelial tip cells, which highly 
express ANGPT2, ESM1, NID2, PDGFB, and PGF, are more abundantly 
present in multiple tumor tissues compared to adjacent normal tissues 
[66]. Further ST analysis in the study has shown a high enrichment of 
this cell type in tumor edge regions.

Macrophages present in the TME also play a role in ECM remodeling 
through the secretion of various matrisome molecules. In head and neck 
cancer, macrophages are the primary producers of P4HA1 and SPP1 
compared to other cell types [62]. Mirzaei and colleagues identified 
microglia and monocyte-derived macrophages with high expression of 
VCAN through scRNA-seq analysis of glioblastoma tissues [70]. In this 
study, oligodendrocytes in tumor tissues exhibited enhanced collagen 
production. In addition, Dinh and colleagues identified cathepsin- 
secreting macrophages with upregulated expression of CSTA and 
CSTD in esophagus tumor tissues [69]. Lastly, Feng and colleagues 

identified diverse macrophage subtypes in lymphoma and reported that 
CD11c+/LYZ+ macrophages are enriched in tumors, expressing diverse 
matrisome genes such as COL1A1, CSTB, MMPs, SPP1, and TIMP1 [77].

Apart from spatially identifying several cell types expressing matri
some genes, ST analyses revealed the spatial enrichment of various 
matrisome genes without cell type identification. In brain cancer, a 
plethora of collagens, along with BGN, FMOD, and VCAN, are notably 
abundant in malignant tumor regions where highly proliferative cancer 
cells reside [70]. In thyroid cancer, POSTN was shown to be upregulated 
in invasive areas [78].

The results from scRNA-seq and ST studies suggest that diverse 
matrisome genes may undergo dysregulation, particularly at tumor 
edges, potentially contributing to ECM remodeling and the formation of 
invasion-prone environment for cancers. In addition, these alterations 
could be attributed to a wide range of cell types in the TME, including 
cell types not traditionally recognized as producers of matrisome com
ponents (Fig. 2).

4. The roles of matrisome during tumor progression

The process of cancer progression, spanning from primary tumor 
growth to distant organ metastasis, involves multiple stages known as 
the metastatic cascade. These stages include primary tumor formation 
and expansion, angiogenesis, local invasion, intravasation, survival in 
circulation, extravasation, and metastatic outgrowth [79,80]. Recent 
research indicates that numerous matrisome components contribute to 
each step of the metastatic cascade. Here, we highlight several notable 
matrisome genes whose roles in cancer progression have been experi
mentally demonstrated (Table 2).

4.1. Collagens

Within the collagen family, COL1A1, COL3A1, and COL12A1 play 
significant roles in cancer progression. Silencing COL1A1 was shown to 
decrease migration in colorectal cancer, likely through the WNT/PCP 
signaling pathway [81]. COL3A1 promotes proliferation and migration 
of iCCA cancer cells [31]. In addition, COL3A1 is strongly associated 
with the straightened and aligned architecture of collagen fibers in 
cancer cells, indicating a more aggressive phenotype in iCCA. Collagen 
XII (proteins encoded by COL12A1), derived from CAFs within breast 
tumors, regulates the organization of collagen I and the biomechanics of 
the matrix. This regulation ultimately promotes cancer cell invasion and 
facilitates the development of a TME favorable for metastatic dissemi
nation [33].

4.2. Glycoproteins

In thyroid carcinoma, FN1 may activate proliferation, migration, and 
invasion through the NF-kB pathway [82]. The tumor-promoting roles 
of FN1 were also demonstrated in melanoma and head and neck squa
mous cell carcinoma (HNSCC), as silencing FN1 displayed an inhibitory 
effect on these cancers [83,84]. Particularly, silencing FN1 in melanoma 
led to cell cycle inhibition with apoptosis and reduced expression of 
epithelial-mesenchymal transition (EMT)-related proteins [83].

IGFBP7 and AGRN contribute to cancer progression. Specifically, 
increased expression and secretion of IGFBP7 through the SMAD2/3 
signaling pathway in CAFs, stimulated by TGF-β1 from infiltrative-type 
gastric cancer cells, promote tumor growth, migration, invasion, and the 
EMT of cancer cells [67]. Additionally, AGRN promotes the EMT of 
PDAC cells and increases metastasis [85]. Moreover, knockdown of 
FBN1 and LAMC1 reduced resistance to chemotherapeutics and inva
siveness of gastric cancer cells [86].

Meanwhile, suppressing NELL1 and PXDN led to inhibition of pro
liferation, invasion, and metastasis in osteosarcoma [87] and prolifer
ation and migration in glioblastoma [88], respectively. EFEMP1 also 
contributes to cancer metastasis. Secretomes from murine osteosarcoma 
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cells induce alterations in pulmonary structure and the TME, fostering 
lung PMN formation [89]. In the study, silencing EFEMP1 prevented 
lung metastasis.

In colorectal cancer cells at primary sites and hepatic metastases, 
LAMA5 appears to play a crucial role in branching angiogenesis through 
TNFα/NFκB pathway signaling and by inhibiting endothelial Notch 
signaling, which is another regulator of branching angiogenesis [90]. 
LTBP3 is also involved in angiogenesis as well as in the intravasation of 
cancer cells [91]. Interestingly, the introduction of exogenous LTBP3 
restored the angiogenesis-inducing potential of LTBP3-deficient head 
and neck epidermoid carcinoma cells [91].

Induced by TGFβ from CAFs, activated macrophages secrete TGFBI 
[92]. Inhibition of TGFBI reduced peritoneal tumor burden but had no 
effect on tumor weight in the mesentery, while increasing monocyte and 
unconventional T cell infiltration in tumor. This suggests that TGFBI 
may promote the growth of ovarian peritoneal metastases by creating an 
immunosuppressive environment [92].

Conversely, several matrisome genes have been proven to suppress 
tumor progression. TINAGL1 inhibits primary tumor growth and lung 
metastasis of triple-negative breast cancer (TNBC) by acting as an in
hibitor of EGF-induced EGFR activation and integrin/FAK signaling 
pathway in cancer cells [93]. In addition, silencing LAMB4 promoted the 
proliferation and migration of laryngeal and oral squamous cell carci
noma, indicating its inhibitory roles in tumor progression [94].

THBS1 is known to inhibit angiogenesis [95,96]. Overexpression of 
THBS1 in osteosarcoma cells inhibited tumor angiogenesis in vitro and 
in xenograft models [97]. Apart from its anti-angiogenic effects, 

overexpression of THBS1 repressed migration and invasion in vitro, as 
well as proliferation and pulmonary metastasis in xenograft models 
[97].

4.3. Proteoglycans

Recent studies have elucidated the roles of BGN and VCAN during 
tumor progression. BGN binds to its receptor, known as low-density li
poprotein receptor-related protein 6, on the surface of brain tumor- 
initiating cells. This interaction activates the downstream Wnt/β-cat
enin signaling pathway, thereby promoting tumor growth [70]. Over
expression or silencing of VCAN has been shown to respectively promote 
or hinder proliferation, migration, and invasion in vitro in gastric cancer 
[98].

In colorectal and ovarian cancers, elevated levels of ESM1 have been 
associated with tumor growth, angiogenesis both in vitro and in vivo, 
migration, and invasion. This heightened expression correlates with 
increased levels of PI3K/Akt/mTOR proteins, cell cycle-related proteins 
(Cyclin D1 and Cyclin A2), angiogenesis-related proteins (VEGF, COX2, 
and HIF-1α), and invasion-associated proteins (MMP-2 and MMP-9) 
[99,100]. However, the overexpression effect of ESM1 was found to 
be suppressed by an Akt inhibitor [100], suggesting that the PI3K/Akt/ 
mTOR pathway may be a potential mechanism [99,100].

The involvement of FMOD in tumor angiogenesis is well-documented 
[101,102]. Sengupta and colleagues proposed a mechanism involving 
FMOD-induced angiogenesis in differentiated glioma, suggesting acti
vation of the integrin/FAK/Src-dependent Notch pathway in endothelial 

Fig. 2. Matrisome genes involved in different cell types and tumor regions. The analyses of scRNA-seq and ST in cancer matrisome were collected to explore the 
distribution of cell types producing matrisome genes and their spatial enrichment within cancer tissues. Cell types observed in studied tumor tissues are displayed 
with highly expressed matrisome genes in each cell type. Malignant region characterized by the presence of more proliferative and malignant cancer cells as well as 
tumor edge and invasive area are described with specific cell types inside each region. NT5E+ cancer cells in tumor edge and invasive area are observed in Ewing 
sarcoma tissues. CDKN2A+ cancer cells are found in the invasive area of colon cancer tissues. PGF+ endothelial tip cells are present in tumor edge region in multiple 
tumor tissues. (CAF, cancer-associated fibroblast; CTC, circulating tumor cell; ECM, extracellular matrix; C, collagens; G, ECM glycoproteins; P, proteoglycans; R, 
ECM regulators; A, ECM-affiliated proteins; S, secreted factors.)
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Table 2 
Tumor-promoting or suppressing roles of matrisome genes.

Role Classification Matrisome Involved steps in tumor progression Studied species Cancer type Ref.

Tumor- 
promoting

ECM 
glycoprotein

AGRN Metastasis Orthotopic xenograft (NSG mice, BxPC3 G1.1 cells) Pancreas [85]
EFEMP1 Metastasis Xenograft (Athymic Swiss nude mice, 143B cells) Sarcoma [89]
FBN1 Invasion Hs746T and AGS cells Stomach [86]

FN1 Primary tumor proliferation, migration, invasion
MDM-T85 and MDM-T41 cells Thyroid [82]
A375 and B16F10 cells Skin [83]
PCI-37B cells Head and neck [84]

IGFBP7 Primary tumor proliferation, migration, invasion XGC-1 and MGC-803 cells Stomach [67]
LAMA5 Angiogenesis, metastatic tumor proliferation HCT-116 and HT29 cells Colon [90]
LAMC1 Invasion Hs746T and AGS cells Stomach [86]

LTBP3 Angiogenesis, intravasation Xenograft (chick embryo and NOD-SCID mice, Hep-3, PC-3, and HT-1080 cells)
Head and neck, 
prostate, sarcoma [91]

NELL1 Primary tumor formation, invasion, metastasis Orthotopic xenograft (NOD-SCID mice, 143B cells) Sarcoma [87]
PXDN Primary tumor proliferation, migration U87 and A172 cells Brain [88]
TGFBI Metastatic tumor proliferation Orthotopic mouse model (C57BL/6NCrl mice, HGS2 cells) Ovary [92]

Collagen
COL1A1 Migration SW480 and SW620 cells Colon [81]
COL3A1 Primary tumor proliferation, migration Intrahepatic cholangiocarcinoma primary cells Liver [31]
COL12A1 Invasion, metastasis Orthotopic xenograft (FBV/n mice, co-implantation of PyMT cancer cells and CAFs) Breast [33]

Proteoglycan

BGN Primary tumor proliferation Human brain tumor initiating cells; syngeneic mouse model (C57BL/6 mice, mBT0309 cells) Brain [70]

ESM1 Primary tumor proliferation, angiogenesis, 
migration, invasion

SW480 and SW620 cells; xenograft (athymic BALB/c nude mice, SW480 cells) Colon [99]
A2780, SKOV3, and CAOV3 cells; xenograft (BALB/c nude mice, A2780 cells); zebrafish model 
(zebrafish embryos, A2780, SKOV3, and CAOV3 cells)

Ovary [100]

FMOD Angiogenesis Xenograft (C57BL/6 mice, primary human glioma cells, AGR53 and DBT-Luc cells) Brain [103]
Primary tumor proliferation, migration, invasion CAL-27 and SCC-15 cells; xenograft (BALB/c nude mice, CAL-27 cells) Head and neck [104]

PODNL1 Primary tumor proliferation, migration 5637 cells Bladder [105]
U87 and U251 cells; xenograft (BALB/c nude mice, U87 cells) Brain [106]

VCAN Primary tumor proliferation, invasion, migration MGC803 and SGC-7901 cells Stomach [98]

ECM regulator

CTSB Extravasation, metastasis Orthotopic xenograft (NSG mice, BxPC3 G1.1 cells) Pancreas [85]
LOXL1 Primary tumor proliferation, invasion, metastasis Orthotopic xenograft (NOD-SCID mice, SUM44 and MM134 cells) Breast [24]

LOXL2 Primary tumor proliferation, intravasation, 
premetastatic niche formation, metastasis

Patient-derived xenograft (NU-Foxn1nu nude mice, primary pancreatic cancer cells); genetically- 
engineered mouse model

Pancreas [52]

LOXL3 Collective invasion PyMT MDO cells Breast [111]
MMP12 Migration, invasion Patient-derived head and neck cancer cells Head and neck [112]
SERPINB5 Extravasation, metastasis Orthotopic xenograft (NSG mice, BxPC3 G1.1 cells) Pancreas [85]

ECM-affiliated 
protein

ANXA2 Invasion, migration, metastasis
MDM-MB-231 and AsPC-1 cells; xenograft (Female RAG or NOD-SCID mice, MDM-MB-231 cells); 
zebrafish model (yolk sac of zebrafish larvae, MDM-MB-231 and AsPC-1 cells) Breast, pancreas [121]

Primary tumor proliferation, invasion SGC-7901, MKN-45, BGC-823, and AGS cells Stomach [122]
ANXA3 Invasion, metastasis MDM-MB-231, MDM-MB-468, and 4 T1 cells; xenograft (nude mice, MDA-MB-231 cells) Breast [123]
ANXA5 Primary tumor proliferation, migration SGC-7901 cells Stomach [124]

ANXA9 Primary tumor proliferation, migration, invasion MCF7 and T-47D cells; xenograft (BALB/c nude mice, MCF7 cells) Breast [125]
HCT116 and HT29 cells Colon [126]

Secreted factors

GDF11 Primary tumor proliferation Orthotopic mouse model (nude mice, CACO-2, RKO, and LoVo cells) Colon [47]
OSM Metastasis Patient-derived xenograft (NU-Foxn1nu nude mice, primary pancreatic cancer cells) Pancreas [52]
S100A4 Migration, invasion, metastasis MHCC97-L cells; orthotopic xenograft (BALB/c nude mice, MHCC97-L cells) Liver [132]

S100A6 Primary tumor proliferation, migration, invasion
FTC-133, TPC-1, and BCPAP cells Thyroid [133]
HeLa, SiHa, and CaSki cells Cervix [134]

S100A7 Primary tumor proliferation, angiogenesis, 
migration, invasion, metastasis

KYSE-30 and KYSE-150 cells; xenograft (NOD-SCID mice, KYSE-30 and KYSE-150 cells) Esophagus [135]

Tumor- 
suppressing

ECM 
glycoprotein

LAMB4 Primary tumor proliferation, migration AMC-HN-8 and JHU011 cells Head and neck [94]
THBS1 Angiogenesis, metastasis MG-63 cells; xenograft (BALB/c nude mice, MG-63 cells) Sarcoma [97]
TINAGL1 Primary tumor proliferation, metastasis LM2, M1a, and MDA-MB-231 cells; Tinagl1-KO and MMTV-PyMT mice Breast [93]

Proteoglycan
DCN

Primary tumor proliferation, migration, invasion, 
metastasis

SUM149 and BCX010 cells; orthotopic xenograft (SCID-Beige mice, MDA-IBC3 and SUM149 
cells)

Breast [108]

PODN Primary tumor proliferation, migration, invasion 143B and MG-63 cells; xenograft (BALB/c nude mice, MG-63 cells) Sarcoma [109]
ECM regulator BMP1 Primary tumor proliferation, metastasis Orthotopic xenograft (NOD-SCID mice, BxPC3 cells) Pancreas [110]
ECM-affiliated 
protein

ANXA6 Primary tumor proliferation Orthotopic xenograft (Nu/J nude mice, BT-549 and HCC1806 cells) Breast [126]
FCN3 Primary tumor proliferation A549 and H23 cells; xenograft (BALB/c nude mice, A549 cells) Lung [129]
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cells [103]. Conversely, in oral squamous cell carcinoma, knockdown of 
FMOD resulted in reduced proliferation, migration, and invasion 
through the EGFR/AKT or EGFR/ERK signaling pathways [104].

PODNL1 may promote proliferation, migration, and EMT in bladder 
cancer and glioma [105,106]. In glioma, PODNL1 may contribute to 
tumor progression through activation of the Akt/mTOR pathway [105]. 
Knockdown of PODNL1 inhibited the phosphorylation of Akt/mTOR, 
and the effects of overexpression or silencing can be reversed by Akt 
inhibitor or activator [105].

DCN has been reported to suppress tumor progression [107]. In in
flammatory breast cancer, DCN was found to repress migration, inva
sion, proliferation, incidence of metastasis, and metastatic burden. Hu 
and colleagues suggested that DCN degrades E-cadherin via autophagy, 
leading to reduced E-cadherin/EGFR/Erk pathway activation, thereby 
suppressing colony formation, migration, and invasion [108]. Han and 
colleagues proposed that PODN plays a suppressing role through the 
inactivation of the TGF-β/Smad2/3 pathway [109]. PODN over
expression inhibited proliferation, migration, invasion, and the expres
sion of TGF-β/Smad2/3, but this suppression was reversed by TGF-β 
[109].

4.4. ECM regulators

ECM regulators also play crucial roles in various steps of the meta
static cascade. SERPINB5 and CTSB are essential for the extravasation of 
PDAC cells through invadopodia formation and regulation of MMP ac
tivity, leading to increased metastasis [85]. The LOX family genes also 
contribute significantly to tumor progression. Silencing and inhibiting 
LOXL1 have been shown to decrease tumor growth, invasion, and 
metastasis in invasive lobular carcinoma [24]. Moreover, OSM, derived 
from tumor-associated macrophages, activates LOXL2 expression in 
PDAC cells, promoting primary and metastatic tumor growth and 
intravasation [52]. LOXL2 activation also favors the formation of met
astatic features, including alterations in collagen fiber organization and 
mechanical characteristics in multiple organs, contributing to pre
metastatic niche formation [52].

Conversely, with the assistance of PCOLCE, BMP1 cleaves the C- 
prodomain of procollagen, resulting in increased collagen 1 fiber, which 
suppresses PDAC growth and lung and liver metastasis selectively in 
conditions of high collagen 1 deposition [110]. In invasive lobular breast 
cancer, cancer cell invasiveness depends on the structural characteristics 
of collagens, such as collagen stiffness, bundling, and alignment [111]. 
Particularly, local collagen stiffness, which can be enhanced by LOXL3 
at the invasive front, promotes collective invasion of cancer cells [111]. 
Additionally, our previous study on HNSCC revealed that MMP12 was 
particularly overexpressed in HNSCC and silencing MMP12 reduced 
migration and invasion potential [112].

Interestingly, mounting evidence has shown that Hippo signaling 
pathways can influence the TME by activating CAF and thus modulating 
matrisome expression. YAP regulates CAF transformation [113–115], 
contributing to proliferation and invasion abilities of colorectal and 
prostate cancer cells [114,115]. Cancer progression could be attributed 
to increased ECM remodeling by enhanced YAP/TAZ activity in CAFs 
[116]. In melanoma, β-catenin/YAP signaling axis stimulates 
melanoma-associated fibroblasts to promote ECM remodeling and 
tumor progression [117]. In this study, YAP inhibition impaired ECM 
remodeling by suppressing the expression of ECM regulators 
(ADAMTS1, MMP10/13, and TIMP2/3), as well as collagens and gly
coproteins (COL1A1, COL6A1, and TNC). In addition, stiffened ECM 
promotes YAP-TEAD activation, thereby upregulating MMP24 and 
MMP7 expression [118]. Notably, MMP24 expression induced by YAP- 
TEAD impeded tumor progression [118]. Moreover, cancer cells 
exploit YAP signaling pathways to facilitate cancer progression through 
ECM deposition, producing fibronectin and collagens [119]. Particu
larly, ECM stiffness modulates metabolic crosstalk between tumor cells 
and CAFs through YAP/TAZ-dependent mechanotransduction cascade 

[120]. In this study, LOX inhibition hampered tumor cell proliferation 
by decreasing glutamine metabolism and ECM stiffness.

4.5. ECM-affiliated proteins

The dysregulated expression of ANXA2 and ANXA3 has been 
experimentally shown to commonly influence invasion and metastasis 
[121–123]. Knockdown of ANXA2 in breast and pancreas cancers, or 
knockdown of ANXA3 in breast cancer, inhibited invasion in vitro and 
metastasis in vivo [121,123]. Silencing ANXA5 inhibited proliferation 
and migration in gastric cancer cells [124]. Similarly, silencing ANXA9 
inhibited proliferation, migration, and invasion in breast cancer [125] 
and colorectal cancer via the Wnt signaling pathway [126]. The func
tional role of ANXA6 is controversial, acting as either a promotor or a 
suppressor depending on the cancer types [127]. Particularly, ANXA6 
overexpression inhibited the growth of xenograft tumors of TNBC [128]. 
In addition, FCN3 expression in lung adenocarcinoma inhibited tumor 
growth through G1 and G2/M arrest and apoptosis [129].

4.6. Secreted factors

A soluble matrisome component, GDF11, which is secreted by 
colorectal tumor-associated lymphatic endothelial cells, contributes to 
colorectal cancer growth [47]. As mentioned earlier, OSM, secreted by 
tumor-associated macrophages, influences pancreatic cancer metastasis 
by acting as an inducer of LOXL2 activation [52].

S100 family genes also play a role in cancer progression. S100A4, 
also known as metastasin or Mts1, is frequently implicated in promoting 
metastasis and is involved in initiating metastatic steps such as migra
tion, invasion, and metastasis [130]. In TNBC, proteolysis of S100A4 
inhibits metastasis [131]. Exosomes rich in S100A4 increase migration, 
invasion, and metastatic abilities in HCC [132]. S100A6 promotes pro
liferation, invasion, and migration in thyroid and cervical cancers 
through the PI3K/AKT signaling pathway [133,134]. S100A7 is 
involved in proliferation, angiogenesis, migration, invasion, and 
metastasis in esophageal squamous carcinoma [135]. The angiogenic 
function of S100A7 may be attributed to endothelial cell proliferation 
via RAGE [135,136].

To summarize, matrisome genes validated for their roles in each 
pathway of tumor progression in recent studies over the past 5 years are 
visualized in Fig. 3. Particularly, matrisome genes involved in the cir
culation process have not been experimentally validated yet. Several 
genes in ECM regulators, ECM-affiliated proteins, and secreted factors 
identified in -omics studies have great potential for further investigation 
regarding their significance in circulation during tumor progression.

5. Matrisome biomarkers

The clinical relevance of cancer matrisome lies in its potential as 
effective biomarkers for cancer diagnosis, prognosis, predicting drug 
responses, and developing cancer vaccines. Numerous genes identified 
in cancer matrisomics have been investigated for their clinical signifi
cance in cancer patients, emphasizing the significance of matrisome 
genes in cancer research (Table 3).

5.1. Diagnostic biomarkers

Early detection of cancer is crucial for effective treatment. Accurate 
diagnostic biomarkers play a vital role in distinguishing tumor tissues 
from normal tissues. In this review, various matrisome genes with dys
regulated expression in cancers have been discussed. Among them, 
certain genes have shown promising diagnostic potential for differenti
ating tumor tissues.

For instance, our previous research revealed that a TMI of 29 
matrisome genes exhibits nearly perfect accuracy for diagnosing lung 
cancer [18] and HNSCC [112]. Both cancer types display significantly 
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higher TMI compared to non-tumor and normal tissues, respectively. 
Additionally, Parker and colleagues developed a 28-gene matrisome 
signature that demonstrates high accuracy in distinguishing lung squa
mous cell carcinoma from non-tumor tissues [44].

Furthermore, specific genes have demonstrated excellent diagnostic 
potential in distinguishing HBV-associated HCC from non-tumor tissues 
[44]. In this study, 80 matrisome genes exhibited high diagnostic ac
curacy, each with a high AUC, including several genes depicted in Fig. 1. 
For example, the upregulation of COL4A1, CTHRC1, and SPP1, and the 
downregulation of ANXA10, BGN, DPT, MASP1, MXRA5, S100A8, and 
SRPX have been proven to be effective diagnostic markers for HBV- 
associated HCC across multiple datasets.

5.2. Prognostic biomarkers

Another significant implication of dysregulated matrisomal genes in 
cancers is their potential as prognostic markers, aiding in the prediction 
of cancer patient outcomes. Matrisome genes have shown close associ
ations with patient survival across diverse cancer types, leveraging their 
altered expression patterns and mutation status in cancer cells.

Notably, elevated expression of collagens has demonstrated signifi
cant prognostic potential across multiple cancers, often correlating with 
poorer outcomes. For example, increased expression of COL5A2 and 
COL11A1 is associated with poorer overall survival (OS) in multiple 
cancer types [10,26,61,137]. In ovarian cancer, COL6A1 upregulation is 
linked to short progression-free survival (PFS) [138], while elevated 

COL6A2 and COL10A1 levels are associated with decreased OS and PFS 
[21,138]. The adverse prognostic impact of COL10A1 has been further 
validated in a pan-cancer study [10]. Interestingly, COL12A1 expression 
is correlated with poor OS, PFS, disease-specific survival (DSS), and 
distant metastasis-free survival (DMFS) in breast and stomach cancers 
[27,33,34]. Notably, elevated levels of COL5A2, COL6A2, and COL11A1 
have been predominantly observed in the invasive regions of tumor 
tissues (Fig. 2), implying their potential involvement in cancer invasion 
and subsequent poor prognosis. Moreover, the mutation status of col
lagens also serves as a prognostic indicator for cancer patients. Muta
tions in COL5A2 and COL11A1 are associated with improved OS in 
stomach cancers [14], whereas mutations in COL6A1 in stomach cancer 
and COL14A1 in colon and skin cancers are linked to poorer OS [14,58].

MMP genes also serve as reliable prognostic biomarkers in cancers. 
Elevated MMP9 is associated with poor OS in brain cancer [139], 
whereas patients with abundant MMP1 and MMP12 are correlated with 
better OS and disease-free survival in colon cancer [54]. Additionally, 
many other matrisome genes have shown their relevance to poor prog
nosis in diverse cancers, including several ECM glycoproteins (AGRN 
[85], CTHRC1 [10], PXDN [38,88], and TGFBI [94]) and proteoglycans 
(OGN [10] and PODNL1 [9]). In contrast, upregulation of TNXB is 
related to better prognosis in breast and lung cancers [140]. Addition
ally, mutations in mucins (MUC16 and MUC5B) have been correlated 
with longer OS in several cancers [58].

It is intriguing that several genes specifically upregulated in invasive 
tumor foci, as confirmed by ST analyses (Fig. 2), have demonstrated 

Fig. 3. Matrisome genes involved in each step of tumor progression. Matrisome genes experimentally validated to be involved in tumor progression were displayed. 
The steps in tumor progression were divided into seven steps from primary tumor formation to metastasis. Metastasis step includes premetastatic niche formation, 
colonization, and metastatic tumor proliferation. Matrisome genes with tumor-promoting roles were marked in red, whereas tumor-suppressing genes were marked 
in blue. Matrisome genes in black color were identified through patient-level -omics studies, with potential to be validated for the relevance to the step. (C, collagens; 
G, ECM glycoproteins; P, proteoglycans; R, ECM regulators; A, ECM-affiliated proteins; S, secreted factors.) (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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their impact on poor prognosis in diverse cancers. For example, BGN is 
implicated in brain cancer [70], while FBN1 is involved in stomach 
cancer [86]. In addition, LOX is correlated with poor prognosis in brain 
and stomach cancers [28,51,139]. FN1 and POSTN have exhibited 
prognostic significance across multiple cancers in various studies 
[10,61,87,94,138,141].

5.3. Predictive biomarkers for the drug response

Several matrisome genes emerged as crucial determinants of drug 
response in cancer patients. Yu and colleagues identified an 8-gene risk 
signature composed of eight immune-related matrisome genes, which 
shows predictive potential for anti-PD1/PDL1 immunotherapy response 
in glioma patients [139]. Interestingly, patients classified in the high- 
risk group have exhibited elevated immune infiltration scores, corre
lating with higher response rates to immunotherapy.

In ovarian cancer, heightened expression of COL3A1, COL10A1, and 
COL11A1 is associated with chemotherapy resistance [138]. 
Conversely, in stomach cancer, lower expression levels of COL5A2 are 
linked to favorable responses to pembrolizumab, suggesting COL5A2 as 
a potential predictor of immunotherapy response [26]. Furthermore, the 
proteoglycan OGN demonstrated predictive biomarker potential in 
breast cancer, with low OGN levels associated with more complete re
sponses following neoadjuvant chemotherapy [142].

Lastly, pan-cancer analysis has unveiled that elevated expression of 
PODNL1 correlated with diminished response to immunotherapy across 
various immunotherapeutic cohorts [9]. These findings underscore the 
potential of matrisome as robust predictors of cancer therapy outcomes, 
highlighting the prospect of targeting these genes to augment thera
peutic effectiveness in cancer treatment.

5.4. Targets for cancer vaccines

Cancer vaccines are one of the promising therapeutics in cancer 
immunotherapy. For the development of cancer vaccines, defining 
proper tumor antigens is critical for achieving enhanced treatment ef
ficacy [143]. Interestingly, glycoproteins have emerged as valuable 
targets for cancer vaccination in light with aberrantly modified glyco
sylated structures and altered expression during tumorigenesis [144]. 
Moreover, overcoming the limitation of the lack of broadly expressed 
tumor antigens across multiple cancers and the presence of intertumoral 
heterogeneity, utilizing the whole tumor cells or some components of 
tumor cells in defining tumor antigens has been a promising alternative 
for developing cancer vaccines [143].

Among them, the ECM of tumor tissues has displayed its potential to 
be used to generate nanobodies selectively targeting tumor cells. For 
instance, Jailkhani and colleagues developed a nanobody, specific for an 
alternatively spliced EIIIB domain of fibronectin, a major glycoprotein 
that constitutes tumor ECM [145]. They showed that the fibronectin 
EIIIB-specific nanobody effectively detects primary tumors and metas
tases in breast and pancreatic cancer model [145]. They further iden
tified a metastasis-associated matrisome signature by proteomic 
profiling of TNBC metastases and colon cancer metastases and devel
oped a nanobody specific for TNC, which is widely overrepresented in 
primary and metastatic tumor ECM [146]. They confirmed that the TNC- 
specific nanobody can bind to small metastases in vivo [146]. Nonin
vasive imaging using immuno-PET/CT by both nanobodies outperforms 
conventional 2-fluorodeoxyglucose PET/CT imaging, with higher clarity 
and specificity in vivo, highlighting enhanced diagnostic performance of 
nanobodies targeting ECM components [145,146].

Notably, chimeric antigen receptor (CAR) T cells that target 

Table 3 
Matrisomal biomarkers in diverse cancers.

Biomarker Matrisome Status Outcome Cancer 
type

Refs.

Diagnosis

COL4A1, 
CTHRC1, 
SPP1

+ Tumor Liver [37]

ANXA10, 
BGN, DPT, 
MASP1, 
MXRA5, 
S100A8, 
SRPX

− Tumor Liver [37]

Prognosis

AGRN + - OS Pancreas [85]
BGN + - OS Brain [70]

COL5A2
+ - OS

Bladder, 
lung, 
stomach

[26], 
[137]

M + OS Stomach [14]

COL6A1 + - PFS Ovary [138]
M - OS Colon, skin [58]

COL6A2 + - OS, PFS Ovary [138]

COL10A1 + - OS, PFS
Pan- 
cancer, 
ovary

[10], 
[21]

COL11A1
+ - OS

Pan- 
cancer, 
bladder, 
lung

[10], 
[61]

M + OS Stomach [14]

COL12A1 +
- OS, PFS, DSS, 
DMFS

Breast, 
stomach

[28], 
[33], 
[34]

COL14A1 M - OS Stomach [14]
CTHRC1, 
OGN

+ - OS Pan-cancer [10]

FBN1 + - survival Stomach [86]

FN1 + - OS

Brain, 
head and 
neck, 
ovary, 
sarcoma

[87], 
[94], 
[138], 
[141]

LOX + - OS
Brain, 
stomach

[27], 
[51], 
[139]

MMP1, 
MMP12 + + OS, DFS Colon [54]

MMP9 + - OS Brain [139]

MUC16 M + OS Lung, 
uterus

[58]

MUC5B M + OS Skin, 
uterus

[58]

PODNL1 +
- OS, PFS, DFS, 
DSS

Bladder, 
brain, 
kidney, 
ovary, 
pancreas, 
stomach

[9]

POSTN + - OS

Pan- 
cancer, 
bladder, 
lung

[10], 
[61]

PXDN + - OS Brain, lung
[38], 
[88]

TGFBI + - DMFS Breast [94]

TNXB + + survival Breast, 
lung

[140]

Prediction 
of drug 
response

COL3A1, 
COL10A1, 
COL11A1

+ - chemotherapy Ovary [138]

COL5A2 −
+

pembrolizumab
Stomach [26]

OGN −
+ neoadjuvant 
chemotherapy

Breast [142]

PODNL1 +
- 
immunotherapy Pan-cancer [9]

*In status section, (+) stands for gene upregulation; (− ) for gene down
regulation; (M) for mutations. In outcome section, (+) stands for better survival 

or response to cancer therapy; (− ) for worse survival or response to cancer 
therapy. Abbreviations: DFS, disease-free survival; DMFS, distant metastasis- 
free survival; DSS, disease-specific survival; OS, overall survival; PFS, 
progression-free survival.
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fibronectin EIIIB splice variant were shown to hinder melanoma tumor 
growth and improve survival in mouse model, demonstrating the 
feasibility and efficacy of CAR T cells that target the tumor ECM [147]. 
These findings suggest that cancer vaccines against matrisome proteins 
that display tumor-specific abundance or structural alterations in pri
mary tumor and metastases have the potential to be used as effective 
vehicles for delivery of imaging and therapeutic agents. Further explo
ration of their application in cancer immunotherapy would contribute to 
accurate cancer diagnostics and elevated treatment efficacy.

5.5. Prospects for clinical applications of matrisome biomarkers

As discussed above, the exploration of diverse -omics studies sug
gests that matrisome genes hold significant promise for clinical appli
cations in cancer treatment. To summarize, their roles as cancer 
biomarkers and therapeutic targets enhance our understanding of the 
TME across diverse cancer types, thus improving cancer treatment. As 
previously addressed in our discussion about HCC biomarkers, several 
optimization processes are required for matrisome biomarkers to be 
practically applied to clinical settings [148]. For example, a universal 
cutoff to differentiate patients from non-patients should be defined with 
respect to sensitivity and specificity to achieve optimal diagnostic re
sults. Also, diverse platforms for detecting gene expression should be 
standardized, facilitating the development of clinically applicable gene 
expression-based assays [148]. Similarly, if matrisome biomarkers are 
optimized for their cancer-specific status through the integration of a 
wide range of -omics studies, they could be effectively applied to clinical 
practice for cancer treatment.

6. Conclusions

The matrisome emerges as a pivotal contributor to cancer progres
sion across diverse malignancies, as evidenced by recent cancer -omics 
studies. This review has synthesized the altered regulatory patterns of 
matrisome genes observed in various cancer types over the past five 
years. Importantly, these genes, secreted by heterogenous cell pop
ulations, exhibit distinct spatial distributions within tumor tissues, 
indicative of functional relevance in cancer progression. Several matri
some members have been experimentally validated for their functional 
roles in driving tumor progression. In addition, numerous matrisome 
genes hold promise as effective cancer biomarkers, serving diagnostic, 
prognostic, and predictive roles in therapeutic, as well as roles in 
developing cancer vaccines. These insights underscore the matrisome as 
a crucial clinical target in cancer treatment, warranting further inves
tigation in cancer research endeavors.

Author contributions

Conceptualization: JH, HJJ, MRC, SBL. Funding acquisition: SBL. 
Investigation: JH, HJJ, MRC, SBL. Project administration: SBL. Super
vision: SBL. Visualization: JH, HJJ, MRC. Writing – original draft: JH, 
HJJ, MRC, DWTL, JEP, YSK, SBL. Writing – review & editing: JH, HJJ, 
MRC, DWTL, JEP, YSK, SBL.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

We acknowledge support provided by the National Research Foun
dation (NRF) of Korea (2020R1A6A1A03043539, 
2020M3A9D8037604, and 2022R1C1C1004756) and the Korea Health 
Technology R&D Project of the Korea Health Industry Development 
Institute (KHIDI), funded by the Ministry of Health & Welfare, Republic 
of Korea (HR22C1734 and HR21C1003).

References

[1] H. Raskov, S. Gaggar, A. Tajik, A. Orhan, I. Gögenur, The matrix reloaded-the role 
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[52] M. Alonso-Nocelo, L. Ruiz-Cañas, P. Sancho, K. Görgülü, S. Alcalá, C. Pedrero, 
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F. Salvador, S. Valle, L. Martin-Hijano, A. Carrato, M. Erkan, L. García-Bermejo, P. 
C. Hermann, H. Algül, G. Moreno-Bueno, C. Heeschen, F. Portillo, A. Cano, 
B. Sainz Jr., Macrophages direct cancer cells through a LOXL2-mediated 
metastatic cascade in pancreatic ductal adenocarcinoma, Gut 72 (2) (2023) 
345–359.

[53] S. Lin, L. Zheng, Y. Lu, Q. Xia, P. Zhou, Z. Liu, Comprehensive analysis on the 
expression levels and prognostic values of LOX family genes in kidney renal clear 
cell carcinoma, Cancer Med. 9 (22) (2020) 8624–8638.

[54] M. Buttacavoli, G. Di Cara, E. Roz, I. Pucci-Minafra, S. Feo, P. Cancemi, Integrated 
multi-omics investigations of metalloproteinases in colon cancer: focus on MMP2 
and MMP9, Int. J. Mol. Sci. 22 (22) (2021).

[55] W. Xiao, X. Wang, T. Wang, J. Xing, Overexpression of BMP1 reflects poor 
prognosis in clear cell renal cell carcinoma, Cancer Gene Ther. 27 (5) (2020) 
330–340.

[56] J.H. Rafi, T. Jafar, M.T. Pathan, R. Reza, S. Islam, I.J. Sourna, R. Alam, A. Samad, 
F. Ahammad, High expression of bone morphogenetic protein 1 (BMP1) is 
associated with a poor survival rate in human gastric cancer, a dataset 
approaches, Genomics 113 (1 Pt 2) (2021) 1141–1154.

[57] C. Shen, S. Zhang, Z. Zhang, S. Yang, Y. Zhang, Y. Lin, C. Fu, Z. Li, Z. Wu, 
Z. Wang, Z. Li, J. Guo, P. Li, H. Hu, Pan-cancer evidence of prognosis, immune 
infiltration, and immunotherapy efficacy for annexin family using multi-omics 
data, Funct. Integr. Genomics 23 (3) (2023) 211.

[58] V. Izzi, M.N. Davis, A. Naba, Pan-cancer analysis of the genomic alterations and 
mutations of the matrisome, Cancers (Basel) 12 (8) (2020).

[59] F. Liu, J. Liu, X. Shi, X. Hu, L. Wei, B. Huo, L. Chang, Y. Han, G. Liu, L. Yang, 
Identification of INHBA as a potential biomarker for gastric cancer through a 
comprehensive analysis, Sci. Rep. 13 (1) (2023) 12494.

[60] M.L. Zeng, X.J. Zhu, J. Liu, P.C. Shi, Y.L. Kang, Z. Lin, Y.P. Cao, An integrated 
bioinformatic analysis of the S100 gene family for the prognosis of colorectal 
cancer, Biomed. Res. Int. 2020 (2020) 4746929.

[61] J. Zhang, S. Lu, T. Lu, D. Han, K. Zhang, L. Gan, X. Wu, Y. Li, X. Zhao, Z. Li, 
Y. Shen, S. Hu, F. Yang, W. Wen, W. Qin, Single-cell analysis reveals the COL11A1 
(+) fibroblasts are cancer-specific fibroblasts that promote tumor progression, 
Front. Pharmacol. 14 (2023) 1121586.

[62] Y. Belotti, S.B. Lim, N.G. Iyer, W.T. Lim, C.T. Lim, Prognostic matrisomal gene 
panel and its association with immune cell infiltration in head and neck 
carcinomas, Cancers (Basel) 13 (22) (2021).

[63] K.H. Bond, T. Chiba, K.P.H. Wynne, C.P.H. Vary, S. Sims-Lucas, J.M. Coburn, 
L. Oxburgh, The extracellular matrix environment of clear cell renal cell 
carcinoma determines cancer associated fibroblast growth, Cancers (Basel) 13 
(23) (2021).

[64] S. Ferri-Borgogno, Y. Zhu, J. Sheng, J.K. Burks, J.A. Gomez, K.K. Wong, S.T. 
C. Wong, S.C. Mok, Spatial transcriptomics depict ligand-receptor cross-talk 
heterogeneity at the tumor-stroma Interface in long-term ovarian cancer 
survivors, Cancer Res. 83 (9) (2023) 1503–1516.

[65] Z. Zhao, T.K. Mak, Y. Shi, K. Li, M. Huo, C. Zhang, Integrative analysis of cancer- 
associated fibroblast signature in gastric cancer, Heliyon 9 (9) (2023) e19217.

[66] Y. Du, J. Shi, J. Wang, Z. Xun, Z. Yu, H. Sun, R. Bao, J. Zheng, Z. Li, Y. Ye, 
Integration of Pan-cancer single-cell and spatial transcriptomics reveals stromal 
cell features and therapeutic targets in tumor microenvironment, Cancer Res. 84 
(2) (2024) 192–210.

[67] Z. Hong, W. Xie, H. Zhuo, X. Wei, K. Wang, J. Cheng, L. Lin, J. Hou, X. Chen, 
J. Cai, Crosstalk between cancer cells and cancer-associated fibroblasts mediated 
by TGF-β1-IGFBP7 signaling promotes the progression of infiltrative gastric 
Cancer, Cancers (Basel) 15 (15) (2023).

[68] C.J. Hanley, S. Waise, M.J. Ellis, M.A. Lopez, W.Y. Pun, J. Taylor, R. Parker, L. 
M. Kimbley, S.J. Chee, E.C. Shaw, J. West, A. Alzetani, E. Woo, C.H. Ottensmeier, 
M.J.J. Rose-Zerilli, G.J. Thomas, Single-cell analysis reveals prognostic fibroblast 
subpopulations linked to molecular and immunological subtypes of lung cancer, 
Nat. Commun. 14 (1) (2023) 387.

[69] H.Q. Dinh, F. Pan, G. Wang, Q.F. Huang, C.E. Olingy, Z.Y. Wu, S.H. Wang, X. Xu, 
X.E. Xu, J.Z. He, Q. Yang, S. Orsulic, M. Haro, L.Y. Li, G.W. Huang, J.J. Breunig, 
H.P. Koeffler, C.C. Hedrick, L.Y. Xu, D.C. Lin, E.M. Li, Integrated single-cell 

J. Hong et al.                                                                                                                                                                                                                                    BBA - Reviews on Cancer 1879 (2024) 189178 

14 

http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0115
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0115
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0115
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0115
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0115
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0120
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0120
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0120
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0120
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0125
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0125
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0125
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0130
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0130
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0130
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0135
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0135
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0135
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0140
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0140
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0140
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0140
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0145
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0145
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0145
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0145
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0150
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0150
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0150
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0150
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0155
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0155
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0155
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0155
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0160
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0160
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0160
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0160
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0160
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0165
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0165
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0165
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0165
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0165
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0165
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0165
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0170
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0170
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0170
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0170
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0175
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0175
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0175
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0180
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0180
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0180
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0185
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0185
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0185
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0190
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0190
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0190
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0190
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0195
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0195
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0200
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0200
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0200
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0205
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0205
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0205
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0210
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0210
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0210
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0210
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0215
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0215
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0220
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0220
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0220
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0220
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0225
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0225
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0230
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0230
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0235
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0235
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0235
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0235
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0235
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0235
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0240
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0240
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0240
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0245
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0245
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0245
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0250
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0250
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0250
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0255
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0255
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0255
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0260
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0265
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0265
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0265
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0270
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0270
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0270
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0275
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0275
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0275
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0280
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0280
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0280
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0280
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0285
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0285
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0285
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0285
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0290
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0290
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0295
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0295
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0295
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0300
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0300
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0300
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0305
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0305
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0305
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0305
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0310
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0310
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0310
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0315
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0315
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0315
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0315
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0320
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0320
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0320
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0320
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0325
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0325
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0330
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0330
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0330
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0330
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0335
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0335
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0335
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0335
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0340
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0340
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0340
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0340
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0340
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0345
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0345
http://refhub.elsevier.com/S0304-419X(24)00109-4/rf0345


transcriptome analysis reveals heterogeneity of esophageal squamous cell 
carcinoma microenvironment, Nat. Commun. 12 (1) (2021) 7335.

[70] R. Mirzaei, C. D’Mello, M. Liu, A. Nikolic, M. Kumar, F. Visser, P. Bose, M. Gallo, 
V.W. Yong, Single-cell spatial analysis identifies regulators of brain tumor- 
initiating cells, Cancer Res. 83 (10) (2023) 1725–1741.

[71] E.D. Wrenn, A.A. Apfelbaum, E.R. Rudzinski, X. Deng, W. Jiang, S. Sud, R.A. Van 
Noord, E.A. Newman, N.M. Garcia, A. Miyaki, V.J. Hoglund, S.S. Bhise, S. 
B. Kanaan, O.G. Waltner, S.N. Furlan, E.R. Lawlor, Cancer-associated fibroblast- 
like tumor cells remodel the Ewing sarcoma tumor microenvironment, Clin. 
Cancer Res. 29 (24) (2023) 5140–5154.

[72] S.S. Park, Y.K. Lee, Y.W. Choi, S.B. Lim, S.H. Park, H.K. Kim, J.S. Shin, Y.H. Kim, 
D.H. Lee, J.H. Kim, T.J. Park, Cellular senescence is associated with the spatial 
evolution toward a higher metastatic phenotype in colorectal cancer, Cell Rep. 43 
(3) (2024) 113912.

[73] S.B. Lim, T. Yeo, W.D. Lee, A.A.S. Bhagat, S.J. Tan, D.S.W. Tan, W.T. Lim, C. 
T. Lim, Addressing cellular heterogeneity in tumor and circulation for refined 
prognostication, Proc. Natl. Acad. Sci. USA 116 (36) (2019) 17957–17962.

[74] H. Ruan, Y. Zhou, J. Shen, Y. Zhai, Y. Xu, L. Pi, R. Huang, K. Chen, X. Li, W. Ma, 
Z. Wu, X. Deng, X. Wang, C. Zhang, M. Guan, Circulating tumor cell 
characterization of lung cancer brain metastases in the cerebrospinal fluid 
through single-cell transcriptome analysis, Clin. Transl. Med. 10 (8) (2020) e246.

[75] A. Ravichandran, J. Monkman, A.M. Mehdi, T. Blick, C. Snell, A. Kulasinghe, L. 
J. Bray, The in situ transcriptomic landscape of breast tumour-associated and 
normal adjacent endothelial cells, Biochim. Biophys. Acta Mol. basis Dis. 1870 (2) 
(2024) 166985.

[76] H. Massalha, K. Bahar Halpern, S. Abu-Gazala, T. Jana, E.E. Massasa, A.E. Moor, 
L. Buchauer, M. Rozenberg, E. Pikarsky, I. Amit, G. Zamir, S. Itzkovitz, A single 
cell atlas of the human liver tumor microenvironment, Mol. Syst. Biol. 16 (12) 
(2020) e9682.

[77] Y. Feng, S. Wang, J. Xie, B. Ding, M. Wang, P. Zhang, P. Mi, C. Wang, R. Liu, 
T. Zhang, X. Yu, D. Yuan, C. Zhang, Spatial transcriptomics reveals heterogeneity 
of macrophages in the tumor microenvironment of granulomatous slack skin, 
J. Pathol. 261 (1) (2023) 105–119.

[78] V. Condello, J.O. Paulsson, J. Zedenius, A. Näsman, C.C. Juhlin, Spatial 
transcriptomics in a case of follicular thyroid carcinoma reveals clone-specific 
dysregulation of genes regulating extracellular matrix in the invading front, 
Endocr. Pathol. 35 (2) (2024) 122–133.

[79] A.W. Lambert, D.R. Pattabiraman, R.A. Weinberg, Emerging biological principles 
of metastasis, Cell 168 (4) (2017) 670–691.

[80] S.Z. Eslami, L.E. Cortés-Hernández, C. Alix-Panabières, The metastatic Cascade as 
the basis for liquid biopsy development, Front. Oncol. 10 (2020) 1055.

[81] Z. Zhang, Y. Wang, J. Zhang, J. Zhong, R. Yang, COL1A1 promotes metastasis in 
colorectal cancer by regulating the WNT/PCP pathway, Mol. Med. Rep. 17 (4) 
(2018) 5037–5042.

[82] C. Chen, Z. Shen, FN1 promotes thyroid carcinoma cell proliferation and 
metastasis by activating the NF-Κb pathway, Protein Pept. Lett. 30 (1) (2023) 
54–64.

[83] B. Li, W. Shen, H. Peng, Y. Li, F. Chen, L. Zheng, J. Xu, L. Jia, Fibronectin 1 
promotes melanoma proliferation and metastasis by inhibiting apoptosis and 
regulating EMT, Onco Targets Ther 12 (2019) 3207–3221.

[84] W.H. Zhou, W.D. Du, Y.F. Li, M.A. Al-Aroomi, C. Yan, Y. Wang, Z.Y. Zhang, F. 
Y. Liu, C.F. Sun, The overexpression of fibronectin 1 promotes Cancer progression 
and associated with M2 macrophages polarization in head and neck squamous 
cell carcinoma patients, Int. J. Gen. Med. 15 (2022) 5027–5042.
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