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Abstract
In this review, we discuss the dual role of proteoglycans (PGs) in cancer biomarker biology. In addition to 
serving as biomarkers, PGs regulate the extracellular availability, signaling competence, 
compartmentalization, and interpretation of numerous disease-associated molecules within the tumor 
microenvironment. By controlling ligand sequestration, stability, and presentation, PGs influence the 
biological significance of molecular readouts and signaling-associated signatures. We further examine how 
extracellular matrix (ECM) remodeling processes, including proteolytic shedding, glycan remodeling, and 
extracellular vesicle (EV) release, generate circulating molecular signatures that reflect dynamic 
interactions between tumor cells and their surrounding microenvironment. In parallel, PG-dependent 
regulation of receptor signaling influences downstream transcriptional and inflammatory response profiles, 
while regional differences in PG distribution contribute to the formation of distinct ECM niches associated 
with local variations in signaling activity and molecular expression patterns. Viewed as a whole, these 
observations indicate that the detectability and clinical interpretation of cancer-associated markers are 
strongly influenced by PG-dependent extracellular regulation. This framework provides a mechanistic basis 
for understanding variability in marker performance and supports the incorporation of ECM context into 
biomarker research. Greater diagnostic precision and improved patient stratification will likely depend on 
approaches that consider the regulatory roles of PGs within the tumor microenvironment.
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Graphical abstract. PGs in cancer: regulators of biomarker landscapes and precision oncology. PGs: proteoglycans; 
GAG: glycosaminoglycan; EV: extracellular vesicle.

Introduction
Biomarker discovery and implementation play a crucial role in advancing precision oncology. Molecular 
markers are widely used for diagnosis, prognosis, patient stratification, and therapy monitoring. Despite 
significant progress, many of these markers fail to demonstrate consistent clinical performance across 
patient cohorts, tumor types, and disease stages. This variability is often attributed primarily to tumor 
genetic heterogeneity. Increasing evidence, however, indicates that non-genetic factors, particularly the 
tumor microenvironment, play a decisive and underappreciated role in shaping biomarker behavior [1, 2]. 
Recent advances in spatial omics further demonstrate that tumor-associated molecular profiles are strongly 
influenced by their spatial context and by interactions between malignant cells and surrounding stromal 
and immune compartments, highlighting the importance of tissue organization in biomarker interpretation 
[3].

The extracellular matrix (ECM) is a central component of healthy tissues and the tumor 
microenvironment, providing structural organization, as well as biochemical and biomechanical regulatory 
cues. Among ECM components, proteoglycans (PGs), consisting of core proteins decorated with 
glycosaminoglycan (GAG) chains, contribute to diverse aspects of tissue homeostasis and tumor biology. 
These molecules carry covalently attached GAG chains, such as heparan sulfate (HS), chondroitin sulfate, 
and dermatan sulfate, enabling interactions with a wide range of ligands, including growth factors, 
cytokines, morphogens, and extracellular enzymes [4, 5].

PGs comprise a structurally heterogeneous family of macromolecules whose classification reflects their 
localization and core protein organization. Cell-surface PGs include transmembrane syndecans and 
glycosylphosphatidylinositol (GPI)-anchored glypicans, which participate in ligand presentation and 
receptor signaling. Extracellular and pericellular matrix PGs comprise large aggregating molecules such as 
versican (VCAN) and aggrecan, involved in matrix organization and growth factor distribution. Basement 
membrane-associated PGs, including perlecan and agrin, regulate tissue architecture and signaling within 
specialized extracellular niches. In parallel, small leucine-rich PGs (SLRPs), such as decorin (DCN) and 
biglycan (BGN), represent a structurally distinct PG family characterized by leucine-rich repeat motifs 
within their core proteins that mediate interactions with receptors, collagen fibrils, and other matrix 
components. SLRPs are predominantly localized within interstitial ECM compartments, where they 
associate with collagen fibrils or remain soluble within the extracellular milieu. Functional diversity among 
PGs arises from variations in core protein structure, differences in GAG chain composition, and their ability 
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to organize complex signaling networks within the tumor microenvironment [5, 6]. Importantly, as recently 
discussed, this diversity also influences the functional availability and signaling competence of biomarker-
relevant molecules, supporting the emerging concept that PGs regulate biomarker landscapes [7].

PGs were initially investigated primarily as structural components of the ECM or as individual signaling 
regulators. More recently, however, they are recognized as active contributors to cancer progression, 
influencing proliferation, invasion, angiogenesis, immune modulation, and therapy resistance [8, 9]. Thus, 
many PGs, including syndecans, glypicans, perlecan, VCAN, and SLRPs, have been proposed as biomarkers 
in various cancers. Importantly, PGs occupy a unique position within biomarker biology. Unlike most 
biomarker classes, PGs can function both as measurable biomarkers and as active regulators of biomarker 
generation, distribution, and signaling activity. Consequently, changes in PG expression, structure, 
localization, or processing may influence not only the detection of PGs themselves but also the biological 
interpretation of numerous biomarker-relevant molecules operating within the same extracellular 
environment. Nevertheless, variability in expression, processing, localization, and detection continues to 
complicate their clinical implementation [10–14]. One limitation of current biomarker frameworks is that 
measured marker levels are often interpreted primarily as direct indicators of tumor-cell activity. Although 
this relationship may apply in certain settings, biomarker molecules function within extracellular 
environments that strongly affect their availability, localization, and signaling state. In this context, PGs, as 
dynamic components of the ECM, influence ligand sequestration, receptor engagement, and spatial 
organization within the tumor microenvironment [4, 15].

The following sections first examine PGs as biomarkers and then focus on their broader role in 
regulating biomarker landscapes. Particular emphasis is placed on ECM remodeling, receptor signaling, 
extracellular vesicle (EV) biology, and spatial heterogeneity, all of which influence biomarker generation, 
availability, and interpretation within tumors.

PGs in cancer biomarker biology: from biomarker candidates to regulators 
of biomarker landscapes
PGs occupy a unique position within cancer biomarker biology because they function both as measurable 
molecular markers and as regulators of the extracellular processes that influence marker generation, 
availability, signaling competence, and interpretation. Several PG family members have attracted 
considerable interest as diagnostic, prognostic, and predictive biomarkers across multiple tumor types. 
Their expression in tissues, circulation, or EVs frequently reflects specific biological features of tumor 
progression, stromal remodeling, angiogenesis, immune regulation, and therapeutic response. Importantly, 
however, the level of clinical evidence supporting individual PGs differs considerably. Whereas glypican-3 
(GPC3) in hepatocellular carcinoma (HCC) represents one of the more clinically advanced PG-associated 
biomarkers, most other PGs discussed below remain candidate or exploratory biomarkers whose 
diagnostic, prognostic, or predictive utility requires further validation [16].

Among the most extensively investigated PG biomarkers are the syndecans. Syndecans exist both as 
membrane-associated molecules and as soluble ectodomains generated through proteolytic shedding. In 
colorectal cancer, elevated circulating syndecan-1 (SDC1) levels have been associated with poor prognosis 
and enhanced epidermal growth factor receptor (EGFR) signaling [17–19]. Importantly, early studies 
identified elevated soluble SDC1 levels in patient circulation and linked them to disease progression and 
clinical outcome across multiple malignancies [20]. Higher pre-diagnostic serum SDC4 levels have recently 
been associated with increased breast cancer risk, particularly for hormone receptor-positive disease, 
supporting further investigation of circulating SDC4 as a potential early biomarker [18].

GPC3 represents one of the most established PG biomarkers in cancer. Widely studied in HCC, GPC3 has 
been evaluated in both tissue and serum specimens, often in combination with alpha-fetoprotein (AFP). 
Recent evidence further supports the translational relevance of GPC3 in HCC, with potential applications 
extending from diagnostic and prognostic assessment to patient stratification for emerging GPC3-targeted 
therapeutic approaches [16]. Although GPC3 remains one of the most extensively investigated HCC-
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associated markers, its diagnostic performance varies among patient cohorts [21–23]. This variability likely 
reflects differences in tumor differentiation, membrane expression, extracellular processing, and 
underlying liver pathology.

Additional cell-surface PGs have also emerged as potential biomarkers of aggressive disease. 
Chondroitin sulfate proteoglycan 4 (CSPG4; also known as NG2) has attracted increasing attention as a 
surface-associated and EV-associated biomarker in melanoma, where CSPG4-positive tumor-derived EVs 
have been isolated from patient plasma and proposed as potential biomarkers of disease progression [24]. 
CSPG4 is enriched in aggressive tumor cell populations and has been associated with invasive behavior and 
resistance to therapy, supporting its potential utility for tumor stratification and illustrating the biological 
heterogeneity that may contribute to biomarker variability [25].

Several members of the SLRP family have similarly been associated with tumor progression and 
clinical outcome. Clinical and experimental studies have linked reduced DCN expression with aggressive 
tumor behavior and loss of ECM-mediated tumor suppression [10, 26]. Elevated BGN expression has been 
associated with enhanced insulin-like growth factor I receptor (IGF-IR) signaling, tumor progression, and 
therapeutic resistance in osteosarcoma, supporting its potential value as a biomarker of aggressive disease 
[27]. In esophageal squamous cell carcinoma, cancer-associated fibroblast (CAF)-derived lumican 
accumulates within tumor stroma and has been significantly associated with poorer relapse-free and 
overall survival [28]. These observations indicate that alterations in SLRP expression may provide clinically 
relevant information regarding tumor behavior and microenvironmental remodeling.

Additional evidence further supports the utility of PGs as biomarkers across diverse cancer contexts. 
GPC3 remains one of the most extensively investigated biomarkers in HCC [16], where its expression is 
closely associated with activation of Wnt-dependent signaling pathways, although its diagnostic 
performance may vary among patient cohorts and disease stages [29, 30]. Likewise, stromal accumulation 
of hyalectan, VCAN, in desmoplastic and CAF-rich microenvironments has been linked to tumor 
progression, immune modulation, and adverse clinical outcomes [31]. Tumor-derived EVs carry 
heterogeneous molecular cargo capable of modifying stromal, immune, angiogenic, and ECM-remodeling 
processes, while PG-positive EV subpopulations, such as GPC1-positive circulating exosomes, have been 
identified in selected tumor settings [32]. In parallel, elevated BGN expression and the recent identification 
of exosomal BGN as a mediator of macrophage polarization and inflammatory signaling further support its 
relevance as both a biomarker and functional regulator of tumor progression [33]. Additional complexity 
arises from basement membrane-associated PGs such as perlecan, whose intact form and bioactive 
proteolytic fragments differentially regulate angiogenesis and extracellular signaling [34, 35]. Furthermore, 
circulating HS fragments generated during ECM remodeling have emerged as indicators of glycan turnover, 
inflammation, and heparanase activity within the tumor microenvironment [36, 37]. Importantly, neither 
the biological function nor the biomarker value of a given PG can be inferred from its abundance alone, as 
both depend on tumor type, cellular source, extracellular localization, GAG composition, proteolytic 
processing, and the surrounding signaling environment [5, 8, 13, 15, 38]. Figure 1 summarizes the principal 
classes of PGs being assessed as diagnostic, prognostic, and predictive biomarkers, as well as the biological 
sources through which they can be detected in tissues, circulation, and extracellular vesicles.

Taken together, these examples illustrate the potential utility of PGs as biomarkers across diverse 
cancer types. However, the biological significance of PGs extends beyond their direct measurement. Many 
PGs additionally regulate extracellular signaling networks and influence the generation, availability, and 
interpretation of other classes of molecular markers within the tumor microenvironment. It should be 
emphasized, however, that direct clinical evidence linking PG-dependent extracellular regulation to altered 
diagnostic or predictive performance of established biomarkers remains limited. Thus, the concept of PG-
regulated biomarker landscapes represents a mechanistically supported framework that integrates 
established functions of individual PGs in extracellular organization and signaling, but its broader clinical 
relevance requires prospective validation. Representative examples of PGs currently investigated as cancer 
biomarkers are summarized in Table 1.
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Figure 1. PGs as cancer biomarkers: sources and clinical applications. Cell-surface, extracellular, and basement 
membrane-associated PGs can be detected in tumor tissues, circulation, and EVs. Changes in their abundance, localization, 
shedding, and extracellular processing reflect tumor progression, stromal remodeling, angiogenesis, immune regulation, and 
therapeutic response. Consequently, PGs and their derived fragments are increasingly investigated as diagnostic, prognostic, 
and predictive biomarkers for precision oncology. SLRPs: small leucine-rich proteoglycans; PGs: proteoglycans; GAG: 
glycosaminoglycan; EVs: extracellular vesicles. Created in BioRender. Nikitovic, D. (2026) https://BioRender.com/80hz2sb.

Table 1. PGs and GAGs as biomarkers across cancer contexts.

Molecule Cancer context Biomarker type Key observation Interpretation References

GPC3 HCC Diagnostic/circulating Variable serum-tissue 
correlation

Compartment-
dependent detectability 
and tumor heterogeneity

[22, 29, 30]

SDC1 Multiple cancers, 
CRC

Circulating/prognostic Elevated plasma levels 
linked to survival

Composite marker of 
tumor activity, ECM 
remodeling, and 
glycocalyx damage

[18–20]

SDC4 Breast cancer Risk/early biomarker 
potential

Higher pre-diagnostic 
serum levels associated 
with subsequent breast 
cancer risk

Potential circulating 
biomarker requiring 
further validation

[18]

VCAN Stromal-rich 
tumors

Stromal/prognostic Accumulates in CAF-
rich regions

Marker of desmoplasia 
and immune-modulating 
ECM

[11, 31]

CSPG4 (NG2) Melanoma, HCC, 
TNBC

Surface/EV biomarker Detected on tumor cells 
and EVs

Reflects invasive 
phenotype and tumor-
ECM interactions

[39]

DCN Multiple cancers Stromal/prognostic Reduced in aggressive 
tumors

Loss of tumor-
suppressive ECM 
regulation

[10, 26]

BGN Osteosarcoma, 
gastric cancer

Circulating/functional Elevated and signaling-
active

Reflects ECM 
remodeling and pathway 
activation

[27, 33]

Perlecan 
(HSPG2)

Angiogenic 
tumors

Matrix-associated Intact vs. fragment dual 
roles

Distinguishes pro- vs. 
anti-angiogenic states

[34, 35]

PG-derived 
heparan 
sulfate 
fragments

Multiple cancers Circulating/inflammatory Released during ECM 
remodeling

Indicator of glycan 
turnover and 
inflammation

[36, 37]

GAGs: glycosaminoglycans; GPC3: glypican-3: SDC1: syndecan-1; CRC: colorectal carcinoma; ECM: extracellular matrix; 
VCAN: versican; CAF: cancer-associated fibroblast; CSPG4: chondroitin sulfate proteoglycan 4; HCC: hepatocellular 
carcinoma; TNBC: triple-negative breast cancer; DCN: decorin; BGN: biglycan; HSPG2: heparan sulfate proteoglycan 2.

https://biorender.com/80hz2sb
https://biorender.com/80hz2sb
https://biorender.com/80hz2sb
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Beyond their direct use as biomarkers, PGs influence the extracellular environment in which molecular 
markers are generated, distributed, and interpreted. Through coordinated contributions of their core 
proteins and GAG chains, PGs regulate ligand retention, extracellular compartmentalization, receptor 
accessibility, and molecular stability within tumors. These functions are particularly relevant in solid 
malignancies, where growth factors, cytokines, chemokines, and other signaling molecules are continuously 
retained, redistributed, or released within a highly dynamic ECM [9, 40, 41].

HSPGs, including syndecans, GPCs, perlecan, agrin, and collagen XVIII, provide some of the clearest 
examples of this regulatory role. HS chains bind numerous growth factors, morphogens, cytokines, 
chemokines, and extracellular enzymes through sulfation-dependent interactions. Alterations in HSPG 
expression, HS biosynthesis, and extracellular remodeling modify ligand distribution and signaling 
accessibility throughout the tumor microenvironment [15, 42].

The biological properties of HS are determined by chain length, domain organization, sulfation pattern, 
and epimerization. Variations in N-, 2-O-, 3-O-, and 6-O-sulfation generate structurally distinct domains that 
interact selectively with fibroblast growth factors (FGFs), vascular endothelial growth factor (VEGF), 
hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), Wnt ligands, chemokines, and 
extracellular proteases [5, 15]. Consequently, extracellular ligand availability does not necessarily 
correspond to signaling accessibility, as molecular activity remains strongly influenced by local matrix 
organization and PG-mediated presentation.

Perlecan illustrates how PGs influence biomarker interpretation through regulation of molecular 
compartmentalization. As a major basement membrane HSPG, perlecan contributes to tissue architecture 
while serving as a reservoir for growth factors including VEGF-A and FGF2 [34]. Changes in perlecan 
abundance, localization, or processing may therefore alter the extracellular distribution of signaling 
molecules and influence the biological significance of associated molecular readouts.

An additional layer of regulation is provided by enzymes that modify PG-associated GAG chains. 
Heparanase cleaves HS chains, altering ligand retention and facilitating the release of HS-associated growth 
factors, cytokines, and inflammatory mediators [37, 43]. Extracellular sulfatases such as sulfatase 2 (SULF2) 
further reshape HS sulfation patterns, modifying ligand accessibility and extracellular signaling landscapes 
[44, 45]. Through these mechanisms, GAG-remodeling enzymes influence the extracellular distribution and 
biological activity of numerous disease-associated molecules without necessarily changing their overall 
abundance. GAG metabolic and remodeling enzymes introduce an additional level of regulation into PG-
associated biomarker biology. Heparanase-mediated cleavage of HS modifies extracellular ligand retention 
and promotes the release of HS-bound growth factors, cytokines, and inflammatory mediators, while 
extracellular sulfatases, particularly SULF1 and SULF2, selectively remodel HS sulfation domains and 
thereby modify ligand accessibility and receptor signaling [15, 37, 43–45]. Consequently, changes in the 
expression or activity of these enzymes may reflect functionally relevant remodeling of the tumor 
microenvironment that is not evident from measurement of PG core protein abundance alone. In this 
context, GAG-remodeling enzymes and the structural signatures they generate represent potential 
complementary biomarkers of extracellular signaling activity, although their clinical utility remains 
dependent on tumor context and requires further validation [46].

Available data indicate that PG-dependent regulation can affect molecular accessibility, extracellular 
compartmentalization, and ligand presentation throughout the tumor microenvironment. Measurements 
obtained from tissues or biological fluids therefore reflect not only cellular production but also matrix 
organization and extracellular remodeling processes. Consideration of these factors is essential for 
interpreting molecular signatures and understanding variability in marker performance across tumor 
types, patient cohorts, and disease stages [38, 40].

Beyond their direct use as biomarkers, PGs actively regulate the extracellular processes that influence 
biomarker generation, signaling competence, and molecular interpretation. As illustrated in Figure 2, PGs 
shape biomarker landscapes by controlling ligand sequestration, receptor organization, signaling pathway 
activation, transcriptional outputs, and ECM remodeling within the tumor microenvironment.
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Figure 2. PGs shape biomarker generation and signaling-associated molecular outputs. PGs regulate the extracellular 
environment in which biomarkers are generated, distributed, and interpreted. Through coordinated actions of their core proteins 
and GAG chains, PGs influence ligand sequestration and presentation, receptor organization, signaling pathway activation, and 
downstream transcriptional responses. HSPGs, including syndecans, GPCs, and perlecan, bind and compartmentalize growth 
factors, cytokines, and morphogens, thereby controlling their bioavailability and signaling competence. In parallel, PGs facilitate 
the assembly of receptor signaling complexes involving receptor tyrosine kinases (RTKs), integrins, and Wnt receptors, 
modulating pathways such as MAPK, PI3K/AKT, β-catenin, and JAK/STAT. These events ultimately influence the expression of 
cytokines, immune-associated molecules, proliferation-related genes, and other biomarker-relevant transcriptional signatures. 
Continuous ECM remodeling by heparanase, MMPs, ADAM proteases, and extracellular sulfatases further reshapes these 
signaling landscapes through the generation of soluble PG fragments, growth factor release, and EV cargo remodeling. 
Consequently, biomarker measurements reflect not only cellular production but also PG-dependent extracellular regulation 
operating within the tumor microenvironment. The scheme represents major examples of PG-dependent regulatory mechanisms 
and is not intended to encompass the full diversity or context dependence of individual PG functions. GAG: glycosaminoglycan; 
FGF: fibroblast growth factor; VEGF: vascular endothelial growth factor; HGF: hepatocyte growth factor; MAPK: mitogen-
activated protein kinase; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B pathway; β-catenin: beta-catenin; JAK: Janus 
kinase; STAT: signal transducer and activator of transcription; SLRPs: small leucine-rich proteoglycans; IGF-IR: insulin-like 
growth factor I receptor; EGFR: epidermal growth factor receptor; MMPs: matrix metalloproteinases; ADAMs: a disintegrin and 
metalloproteinases; PG: proteoglycan; EV: extracellular vesicle. Created in BioRender. Nikitovic, D. (2026) https://BioRender.
com/5dh3vmu.

PG remodeling and the generation of circulating biomarker pools
ECM remodeling actively contributes to the generation of circulating biomarker pools. In many cases, 
biomarkers arise from coordinated interactions among tumor cells, stromal compartments, inflammatory 
cells, and matrix-remodeling enzymes operating within the tumor microenvironment [12, 40, 41]. 
Biomarkers detected in blood and other biofluids frequently originate from matrix remodeling, stromal 
activation, inflammatory responses, and vascular alterations occurring alongside tumor-cell release.

A major mechanism underlying this process is proteolytic remodeling of the ECM. Matrix 
metalloproteinases (MMPs), a disintegrin and metalloproteinase (ADAM) proteases, and ADAM with 
thrombospondin motifs (ADAMTS) family members cleave PG core proteins and associated matrix 
components, generating soluble ectodomains and biologically active fragments. Importantly, proteolytic 
processing may generate fragments that engage signaling pathways not activated by the intact parent 
molecule. ADAMTS-mediated cleavage of VCAN generates versikine, a bioactive matrikine implicated in the 
regulation of inflammatory and immune responses within the tumor microenvironment [11, 47]. Similarly, 
proteolytic processing of SLRPs can generate fragments with distinct inflammatory and signaling 
properties, linking ECM turnover with immune responses, inflammatory signaling, and pathways that 
influence biomarker profiles [12].

Proteolytic shedding of PG ectodomains represents an important source of circulating biomarker 
material. Protease-mediated cleavage releases soluble syndecan ectodomains carrying HS chains and 
associated ligands into the extracellular environment, thereby modifying local signaling and contributing to 

https://biorender.com/5dh3vmu
https://biorender.com/5dh3vmu
https://biorender.com/5dh3vmu
https://biorender.com/5dh3vmu
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soluble PG pools [48, 49]. Elevated circulating SDC1 levels may reflect active stromal remodeling, 
endothelial glycocalyx damage, inflammatory activation, or tumor-associated protease activity in addition 
to tumor burden [18, 19].

Proteolytic remodeling additionally generates PG-derived fragments with signaling functions that 
differ markedly from those of intact molecules. Cleavage of perlecan produces endorepellin, a C-terminal 
fragment that exerts anti-angiogenic activity through VEGF receptor 2 (VEGFR2)- and integrin-associated 
mechanisms [35]. Circulating ECM fragments can therefore retain biological activity and continue to 
influence angiogenic, inflammatory, and stromal signaling pathways following their release.

EVs represent an additional source of circulating biomarker material, with PGs participating directly in 
EV biogenesis ,  cargo  se lect ion ,  and EV-mediated intercel lu lar  communicat ion [50]. 
Syndecan–syntenin–ALIX complexes participate in exosome biogenesis [51]. Tumor-derived EVs carry 
heterogeneous molecular cargo capable of modifying stromal, immune, angiogenic, and ECM-remodeling 
processes, while PG-containing EV subpopulations have been identified in selected tumor settings [39]. 
Recent studies identified exosomal BGN released by gastric cancer cells as a mediator of macrophage 
polarization and chemokine (C-X-C motif) ligand 10 (CXCL10)/Janus kinase (JAK)/signal transducer and 
activator of transcription 1 pathway (STAT1) activation, demonstrating that PG-associated EV cargo can 
directly influence systemic inflammatory signaling and tumor progression [33]. EV cargo composition 
therefore reflects both tumor-cell intrinsic programs and ongoing ECM remodeling within the tumor 
microenvironment. In addition, EV-associated proteases and glycan-modifying enzymes may continue to 
modify extracellular signaling environments following vesicle release, thereby contributing to stromal 
activation, immune modulation, endothelial responses, and metastatic dissemination.

Remodeling of GAG chains further contributes to the release of biomarker-associated molecules into 
extracellular fluids. Heparanase-mediated cleavage of HS chains alters ligand retention and facilitates 
release of HS-associated growth factors, cytokines, and inflammatory mediators [37, 43]. Soluble HS 
fragments generated during this process can themselves function as inflammatory mediators capable of 
activating toll-like receptor (TLR)-dependent signaling pathways [36]. Extracellular sulfatases, including 
SULF2, further reshape HS sulfation patterns, with downstream effects on ligand accessibility, signaling 
activity, and therapeutic response [44, 45].

Circulating biomarker pools represent dynamic products of ECM turnover, proteolytic activity, EV 
trafficking, inflammatory signaling, and stromal-tumor interactions. PGs participate in each of these 
processes through their core proteins, associated GAG chains, and remodeling enzymes, linking ECM 
dynamics directly to the generation and biological interpretation of circulating biomarkers [38, 40].

PG-dependent regulation of receptor signaling and biomarker outputs
Beyond regulating biomarker availability and release, PGs also influence how signaling pathways are 
activated, organized, and maintained within tumors. Many molecular signatures associated with receptor 
activation, inflammatory responses, or transcriptional programs reflect signaling activity that is strongly 
influenced by the surrounding extracellular environment. These effects arise through coordinated 
contributions of both PG core proteins and their associated GAG chains, which together regulate receptor 
organization, signaling intensity, pathway duration, and downstream transcriptional responses.

A major component of this regulation involves HSPGs, which function as co-receptors for multiple 
growth factor systems. HS chains stabilize interactions between ligands and their receptors, particularly 
within FGF, VEGF, and HGF signaling pathways, thereby influencing receptor activation thresholds and 
downstream signaling intensity [4, 52]. Under these conditions, ligand abundance alone provides limited 
information regarding signaling efficiency unless the local PG environment is also considered.

Cell-surface syndecans are particularly important in this context. Through both their extracellular and 
cytoplasmic domains, they interact with integrins, receptor tyrosine kinases (RTKs), and intracellular 
signaling proteins, forming multiprotein signaling platforms rather than isolated receptor pairs [14, 53]. 
SDC1 has been linked to coordinated IGF-IR and integrin signaling, affecting proliferative and migratory 
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responses simultaneously [54, 55]. Such molecular organization generates compartmentalized signaling 
environments in which receptor activity depends on ligand concentration, receptor spatial arrangement, 
and membrane context.

GPC3 illustrates a distinct mechanism of signaling regulation. As a GPI-anchored HSPG, it localizes 
within membrane microdomains and modulates canonical Wnt/beta-catenin (β-catenin) signaling. In HCC, 
GPC3 enhances Wnt signaling by facilitating ligand-receptor interactions and promoting downstream 
transcriptional activation [29]. Changes in GPC3 expression therefore influence both pathway activity and 
downstream biomarker signatures associated with Wnt-dependent transcriptional programs.

Basement membrane PGs introduce an additional level of regulation. Perlecan (HSPG2), for example, 
supports angiogenic signaling through growth factor presentation, whereas its C-terminal fragment, 
endorepellin, suppresses angiogenic responses through VEGFR2-associated mechanisms [34, 35]. Different 
structural forms of the same PG may therefore correspond to distinct signaling states within the tumor 
microenvironment. Perlecan-associated signaling therefore varies according to its structural state, 
proteolytic processing, and extracellular localization.

SLRPs provide additional examples of context-dependent regulation of signaling networks. DCN 
interacts with several RTKs, including EGFR, mesenchymal-epithelial transition factor (MET), VEGFR2, and 
IGF-IR, thereby modulating downstream signaling in a receptor- and context-dependent manner [26, 56, 
57]. DCN-mediated effects are strongly influenced by ECM composition, receptor availability, stromal 
organization, and inflammatory status. In breast carcinoma and glioblastoma, DCN suppresses EGFR- and 
MET-associated signaling and reduces tumor-cell proliferation, migration, and angiogenic responses [10, 
26]. Recent work in HCC showed that miR-181a directly represses DCN, with downstream effects on 
proliferation- and apoptosis-related transcriptional programs, linking DCN loss to biomarker-relevant 
oncogenic signaling in liver cancer [58]. DCN additionally modulates receptor crosstalk, integrin 
organization, transforming growth factor beta (TGF-β) signaling, autophagy, endothelial-cell responses, and 
inflammatory pathways, thereby influencing multiple tumor-associated signaling networks [6, 59].

Distinct signaling consequences are also observed among SLRPs. In osteosarcoma, BGN regulates low-
density lipoprotein receptor-related protein 6 (LRP6)/β-catenin/IGF-IR signaling and influences receptor 
activation, trafficking, and downstream proliferative responses [60, 61]. More recently, exosomal BGN 
released by gastric cancer cells was shown to promote M2 macrophage polarization and activate CXCL10-
mediated JAK/STAT1 signaling [33]. These findings link PG-dependent extracellular regulation with 
receptor signaling, immune-cell behavior, and transcriptional programs associated with tumor progression.

PGs also influence receptor trafficking and signal duration. Syndecan-mediated internalization and 
recycling pathways affect receptor persistence at the plasma membrane and determine whether signaling 
remains transient or becomes sustained [62]. Differences in signal duration influence receptor fate, 
transcriptional responses, and downstream cellular behavior, introducing an additional source of 
variability in molecular readouts.

PGs function as integral components of signaling networks through effects on ligand presentation, 
receptor organization, trafficking, and signal persistence. Measurements based on receptor activation, 
transcriptional signatures, cytokine production, or pathway-associated molecular profiles require 
interpretation within the broader context of PG-dependent extracellular regulation, as measured 
expression levels do not necessarily correspond to ligand accessibility or signaling activity. The mechanistic 
roles of PGs are summarized in Table 2.

Table 2. Mechanistic roles of PGs in regulating signaling-dependent biomarker outputs.

Mechanism PG example Molecular process Biomarker 
consequence

Clinical 
implication

References

Ligand sequestration HSPGs 
(syndecans, 
perlecan)

HS-mediated ligand binding 
and presentation

Ligand abundance ≠ 
signaling activity

Limits 
interpretation of 
circulating growth 
factors and 
cytokines

[4, 15]
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Table 2. Mechanistic roles of PGs in regulating signaling-dependent biomarker outputs. (continued)

Mechanism PG example Molecular process Biomarker 
consequence

Clinical 
implication

References

Co-receptor function HSPGs Stabilization of ligand-
receptor interactions

Altered receptor 
activation thresholds

Explains variability 
in pathway-
associated 
biomarkers

[4, 52]

Receptor organization SDC1 Integrin-RTK signaling 
complexes

Compartmentalized 
signaling responses

Influences 
predictive 
biomarker 
performance

[14, 54]

Pathway activation GPC3 Wnt/β-catenin signaling 
regulation

Distinct transcriptional 
biomarker signatures

Links PG 
expression to 
downstream 
signaling 
programs

[29]

RTK modulation DCN EGFR/MET/VEGFR2/IGF-
IR interactions

Context-dependent 
signal attenuation and 
pathway rewiring

Reflects stromal 
control of tumor 
signaling

[26, 56, 57]

Oncogenic signaling BGN IGF-IR/LRP6/β-catenin and 
JAK/STAT activation

Enhanced proliferative 
and inflammatory 
signaling

Links ECM 
signaling to tumor 
progression and 
immune 
modulation

[27, 33, 60]

Receptor trafficking Syndecans Endocytosis and recycling 
pathways

Altered signal duration 
and transcriptional 
output

Affects biomarker 
kinetics and 
pathway 
persistence

[62]

Spatial 
compartmentalization

Multiple PGs Formation of ECM signaling 
microdomains

Regional biomarker 
variability

Explains 
inconsistent 
biomarker 
performance 
across tumor 
regions

[1, 2]

HSPGs: heparan sulfate proteoglycans; HS: heparan sulfate; SDC1: syndecan-1; GPC3: glypican-3; β-catenin: beta-catenin; 
RTK: receptor tyrosine kinase; PG: proteoglycan; DCN: decorin; EGFR: epidermal growth factor receptor; MET: mesenchymal-
epithelial transition factor; VEGFR2: vascular endothelial growth factor receptor 2; IGF-IR: insulin-like growth factor I receptor; 
BGN: biglycan; LRP6: low-density lipoprotein receptor-related protein 6; JAK: Janus kinase; STAT: signal transducer and 
activator of transcription; ECM: extracellular matrix.

ECM-driven spatial heterogeneity and its impact on biomarker variability
A persistent challenge in biomarker research is the variability in biomarker performance across patients, 
tumor regions, and disease stages. While this variability is often attributed to genetic heterogeneity, 
emerging evidence indicates that ECM organization, particularly the spatial distribution and composition of 
PGs, contributes substantially to biomarker heterogeneity. Importantly, this heterogeneity does not arise 
randomly but reflects the formation of functionally distinct ECM niches that influence tumor behavior 
across malignancies including glioblastoma, HCC, and breast cancer [1, 2, 63]. Recent spatial proteomics 
analyses in glioblastoma identified discrete PG expression patterns involving CSPG4, CSPG5, protein 
tyrosine phosphatase receptor type Z1 (PTPRZ1), glypican family members, and TGF-β receptor III 
(betaglycan), which were associated with specific tumor-cell populations and microenvironmental states 
[64]. These observations indicate that local PG composition directly affects the functional identity of tumor 
niches, particularly in highly heterogeneous tumors such as glioblastoma.

Chondroitin sulfate PGs appear to be particularly important in establishing these regional 
microenvironments. CSPG4 (NG2), extensively studied in melanoma, triple-negative breast cancer (TNBC), 
and glioblastoma, is enriched in invasive and stem-like tumor-cell populations, especially at tumor-stroma 
interfaces. CSPG4 expression is preferentially associated with aggressive tumor phenotypes and has been 
linked to invasion and therapeutic resistance, supporting its potential value for identifying biologically 
distinct tumor cell populations [65]. The translational relevance of this compartmentalized expression is 
supported by recent CSPG4-targeting strategies in TNBC and glioblastoma models, where CSPG4 marks 
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aggressive, therapeutically exploitable tumor populations [25, 66]. Similarly, the phosphacan-related PG 
PTPRZ1 defines glioma cell plasticity and localized signaling within specific tumor regions [67].

Basement membrane-associated PGs further contribute to spatial heterogeneity through regional 
processing within the ECM. Collagen XVIII, for example, undergoes cleavage generating endostatin, a potent 
anti-angiogenic fragment. In HCC and colorectal cancer, endostatin generation is associated with areas of 
active matrix remodeling, producing discrete anti-angiogenic microenvironments within otherwise highly 
angiogenic tumors [63, 68]. Consequently, angiogenesis-related biomarkers may reflect biologically 
divergent processes occurring simultaneously in different tumor regions.

Hyalectans, including VCAN and aggrecan, also contribute to ECM compartmentalization by regulating 
pericellular matrix architecture. In pancreatic ductal adenocarcinoma (PDAC) and breast cancer, VCAN-rich 
stromal regions are closely associated with CAF-dominated and immunosuppressive microenvironments 
[31, 69]. Additional evidence links VCAN patterns with tumor immune phenotype, indicating that VCAN 
may either support or restrict T-cell trafficking depending on its GAG context and stromal organization 
[70]. Aggrecan, although classically linked to cartilage biology, has additionally been implicated in gliomas 
and other brain tumors, where it creates a viscoelastic pericellular matrix permissive for tumor-cell 
motility and invasion [71, 72].

Additional transmembrane PGs help regulate localized signaling environments. Betaglycan (TGF-β 
receptor III), which exhibits heterogeneous expression in breast cancer, prostate cancer, and gliomas, 
modulates regional TGF-β signaling gradients. Since TGF-β signaling strongly influences epithelial-
mesenchymal transition, fibrosis, and immune suppression, local differences in betaglycan expression are 
associated with region-specific biomarker signatures linked to these processes [73, 74].

Recent studies also support the concept that PG-rich ECM regions contribute to the formation of 
immune-exclusion niches. In pancreatic cancer, colorectal cancer, and glioblastoma, dense ECM regions 
enriched in specific PGs can restrict immune-cell infiltration while simultaneously sustaining 
immunosuppressive signaling pathways. Under such conditions, local immune activity may differ 
substantially from systemic immune biomarker profiles [75]. Recent breast cancer data further support this 
concept, showing that stromal VCAN accumulation can predict exclusion of CD8⁺ tumor-infiltrating 
lymphocytes, while VCAN proteolysis is associated with improved epithelial CD8⁺ T-cell infiltration, 
strengthening the view that PG accumulation and processing shape immune-related biomarker profiles 
[76]. Moreover, in a recent breast cancer analysis, it was further demonstrated that PG gene signatures may 
stratify tumor phenotypes and immune-related states, supporting the relevance of PG-defined spatial and 
molecular landscapes in clinical biomarker interpretation [77].

PG-dependent ECM organization also influences tissue mechanics, including stiffness, porosity, and 
matrix alignment. In breast cancer and HCC, these physical properties affect integrin-focal adhesion kinase 
(integrin-FAK) and yes-associated protein (YAP)/transcriptional coactivator with postsynaptic density 
protein 95-binding motif (TAZ) signaling pathways involved in proliferation, invasion, metabolic 
adaptation, and therapeutic resistance [1, 7, 63, 78]. Since these signaling pathways depend strongly on 
local ECM organization and mechanical tension, mechanotransduction-associated biomarkers frequently 
vary between tumor regions.

ECM spatial organization additionally affects therapeutic response. Distinct PG-defined tumor niches 
identified in glioblastoma, melanoma, and PDAC exhibit variable sensitivity to targeted therapies, 
immunotherapies, and anti-angiogenic agents [2]. As a result, neighboring tumor regions may respond 
differently to the same treatment, complicating interpretation of biomarkers measured in bulk tissue or 
circulation.

Overall, current evidence strongly supports the view that biomarker variability is closely associated 
with ECM spatial organization and the formation of region-specific PG-rich tumor niches. Spatial 
proteomics, multiplex imaging, and computationally integrated ECM analyses may therefore provide a more 
realistic representation of tumor organization and improve interpretation of biomarker datasets in 
precision oncology.
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Clinical implications and future perspectives
The mechanisms discussed above carry important implications for clinical biomarker interpretation. 
Biomarker measurements obtained from tissue or circulation frequently incorporate combined effects of 
tumor-cell activity, stromal remodeling, inflammatory signaling, endothelial alterations, and ECM turnover 
[79]. Taking these combined effects into account when interpreting molecular signature readouts, 
particularly relevant for circulating biomarkers and liquid biopsy approaches, could significantly improve 
clinical evaluation and therapeutic strategies [80]. From a clinical perspective, PGs occupy a dual position 
within biomarker biology. Several PG family members are themselves used as diagnostic, prognostic, or 
predictive markers, while PG-dependent extracellular regulation simultaneously influences the generation, 
detectability, and interpretation of numerous other biomarker classes.

Thus, although many PGs originate from stromal, endothelial, or inflammatory compartments rather 
than exclusively from malignant cells, this reflects the biological processes they are intended to report [8, 
38, 69]. PG-associated biomarkers capture dynamic aspects of the tumor microenvironment, including ECM 
remodeling, angiogenesis, immune regulation, and stromal activation, that are not represented by tumor 
cell-intrinsic molecular alterations alone [8, 40, 69, 79]. Consequently, PGs are unlikely to replace genomic 
or mutation-based biomarkers used for molecular diagnosis and therapeutic stratification. Rather, their 
value lies in complementing these established biomarkers by providing information on the extracellular 
context that regulates tumor behavior, influences treatment response, and shapes the biological 
interpretation of molecular signatures [38, 40, 79].

A recent review specifically highlights soluble PGs and PG fragments in biological fluids as diagnostic, 
prognostic, or theragnostic circulating factors of pathological ECM remodeling, supporting their relevance 
for liquid biopsy strategies [38]. Elevated soluble SDC1 has been associated with disease burden and poor 
prognosis in multiple myeloma, where SDC1 also contributes to tumor vascularization, while increased 
serum SDC1 has been reported as a potential blood-based biomarker in PDAC [20, 81, 82]. Likewise, GPC1-
positive EVs detected in patient plasma have been proposed as circulating markers of PDAC progression 
and metastatic dissemination, supporting the concept that PG-associated vesicular cargo captures tumor-
specific signaling and stromal interactions [32]. Increased circulating hyaluronan fragments have 
additionally been associated with inflammatory matrix remodeling, vascular permeability, and poor clinical 
outcome in breast and colorectal cancers, indicating that ECM degradation products may reflect active 
stromal reprogramming rather than tumor burden alone [83–85].

PG biology additionally influences predictive markers and therapy stratification. Recent studies 
additionally support the use of PG-associated signatures for patient stratification, prediction of therapeutic 
response, and characterization of tumor immune states, particularly in breast cancer and HCC [58, 86]. PG-
dependent regulation affects receptor signaling, mechanotransduction, stromal activation, angiogenesis, 
and immune-cell behavior, all of which are closely linked to tumor progression and therapeutic response. 
Emerging evidence further links PG expression patterns with tumor immune phenotypes and response to 
immunotherapy. Stromal VCAN accumulation, for example, has recently been associated with exclusion of 
CD8⁺ tumor-infiltrating lymphocytes, whereas VCAN proteolysis correlates with improved T-cell 
infiltration, suggesting that PG remodeling may generate clinically relevant immunological marker 
signatures [76]. Altered expression of specific PGs accompanies metastatic dissemination, immune evasion, 
and resistance to chemotherapy, targeted therapies, and immunotherapy in multiple cancers [71]. 
Noteworthy, in non-small cell lung cancer (NSCLC) patients treated with immune checkpoint inhibitors, 
anti-aggrecan and anti-PG autoantibodies increased after treatment in cases with higher programmed 
death-ligand 1 (PD-L1) expression, suggesting that PG-related immune reactivity may contribute to 
systemic immunological biomarker profiles [87]. Structural variability of GAG chains together with 
continuous ECM remodeling further modifies signaling dynamics and drug sensitivity across tumors and 
patient cohorts [88]. These parameters directly affect the predictive performance of current marker panels.
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Regional matrix composition also influences the interpretation of clinical signaling readouts. Distinct 
tumor areas frequently differ in PG composition, stromal organization, immune-cell infiltration, 
vascularization, and mechanical properties. Biomarkers derived from bulk tissue analysis or circulation 
may therefore fail to capture biologically important tumor subpopulations. Spatial proteomics, multiplex 
imaging, digital pathology, and single-cell analyses increasingly allow characterization of ECM-associated 
heterogeneity and region-specific molecular signatures within tumors [3, 41].

The complexity of PG-dependent regulation further supports the development of integrative analytical 
strategies that combine proteomic, glycomic, transcriptomic, and spatial datasets. Computationally 
integrated ECM analyses may facilitate identification of context-dependent molecular signatures and 
improve interpretation of tumor-associated marker profiles. These approaches may additionally support 
development of multi-parametric diagnostic marker frameworks capable of reflecting tumor organization, 
stromal activity, and signaling dynamics more accurately than isolated molecular measurements.

PGs themselves are increasingly investigated as therapeutic targets and companion markers. Their 
involvement in growth factor signaling, immune modulation, angiogenesis, invasion, and matrix 
organization places them at central positions within tumor-associated signaling networks [89]. Indeed, 
recent breast cancer-focused analyses further support the role of PGs in prognosis, therapy response, 
metastatic niche formation, and modulation of the tumor immune landscape [86]. Enzymes that regulate 
GAG biosynthesis and remodeling, including heparanase and extracellular sulfatases, also directly 
participate in tumor progression and therapeutic resistance. Interventions targeting these pathways 
simultaneously influence tumor behavior, ECM organization, and biomarker profiles.

Importantly, PG biology is highly context-dependent. Distinct PG family members exhibit tissue-specific 
expression patterns, interact with different signaling networks, and participate in unique aspects of tumor 
biology. Consequently, their diagnostic, prognostic, or predictive utility cannot be generalized across 
malignancies. Instead, individual PGs should be evaluated within the biological context of specific tumor 
types, disease stages, and therapeutic settings. Such context dependency is fully consistent with the 
principles of precision oncology, which relies on tumor-specific biomarker combinations rather than 
universal molecular indicators. An important next step will be to determine which PG-dependent 
extracellular changes provide independent clinical information beyond established genomic, cellular, and 
circulating biomarkers, and in which tumor contexts such information can meaningfully improve patient 
stratification or therapeutic decision-making.

Several analytical and biological limitations currently restrict the clinical implementation of PG-based 
biomarkers. PG measurements may differ substantially according to whether the analyte is assessed in 
tissue, circulation, or EVs, while proteolytic processing and shedding can generate molecular forms that are 
not equivalent to the intact PG [12, 38, 51, 90]. Additional complexity arises from GAG structural 
heterogeneity, including differences in chain length, sulfation, epimerization, and extracellular remodeling, 
which are not captured by assays directed primarily against the core protein [15, 38, 43–45]. Furthermore, 
methodological differences in sample processing, detection platforms, and analytical thresholds complicate 
comparisons among studies. Standardization of analytical procedures, definition of the molecular species 
being measured, and prospective validation in tumor-specific patient cohorts will therefore be required 
before most PG-associated biomarkers can be incorporated into routine clinical practice [38].

Taken as a whole, current evidence indicates that ECM context is an integral component of marker 
biology and should be considered during molecular indicator discovery, validation, and clinical 
interpretation. Future biomarker strategies will likely require integrating molecular, spatial, and ECM-
associated information to improve diagnostic precision, patient stratification, and therapeutic decision-
making in precision oncology.

Conclusions
PGs occupy a unique position within cancer biomarker biology. In addition to serving as measurable 
biomarkers, they influence the extracellular processes that determine molecular availability, 
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compartmentalization, signaling accessibility, and biological interpretation. Through coordinated 
contributions of their core proteins, GAG chains, and associated remodeling enzymes, PGs participate in 
ligand retention, receptor organization, EV biology, matrix remodeling, and spatial regulation of signaling 
within tumors.

The evidence discussed throughout this review indicates that PG-dependent mechanisms may 
contribute to shaping molecular signatures relevant to cancer diagnosis, prognosis, and patient 
stratification. Consequently, variability in marker performance across patients, tumor types, and disease 
stages may reflect differences in extracellular organization and matrix remodeling in addition to tumor-
intrinsic alterations.

Recent advances in spatial transcriptomics, multiplex imaging, liquid biopsy approaches, and systems-
level computational analyses provide new opportunities to investigate PG-dependent regulation at 
increasing biological resolution. Integration of these approaches with functional studies of PGs and their 
associated signaling networks is expected to improve understanding of tumor heterogeneity and facilitate 
the identification of clinically relevant molecular signatures.

Current evidence suggests that PG-based biomarkers are likely to provide the greatest clinical value in 
malignancies characterized by pronounced ECM remodeling, desmoplastic reactions, active stromal 
signaling, or extensive immune-matrix interactions, including HCC, PDAC, glioblastoma, TNBC, melanoma, 
and osteosarcoma [7, 25, 27, 63, 66, 69, 71, 75, 76]. In these settings, PG-associated signatures may 
complement genomic and cellular biomarkers by capturing dynamic features of the tumor 
microenvironment that influence therapeutic response, immune regulation, and disease progression [1, 2, 
7, 38, 40, 41, 63, 86]. Conversely, current evidence does not support the application of PGs as stand-alone 
biomarkers across all tumor entities [22, 23, 38, 40, 79, 88]. Their clinical implementation will likely 
require tumor-specific validation, standardized analytical methodologies, and integration with established 
molecular and cellular diagnostic platforms.
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