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Abstract 

Background: Bone metastasis is a frequent and debilitating complication of advanced can-

cer, particularly in breast and prostate cancer, and is driven by complex interactions 

among tumor cells, bone-resident cells, immune populations, vascular components, and 

the extracellular matrix. Within this specialized microenvironment, proteoglycans have 

emerged as key molecular regulators of tumor–bone crosstalk, matrix remodeling, meta-

static niche formation, dormancy, and therapeutic resistance. Methods: We conducted a 

narrative review using targeted searches of PubMed and Google Scholar for studies pub-

lished through 31 May 2026. Search terms included combinations of proteoglycan- and 

glycosaminoglycan-related concepts, including “proteoglycans,” “glycosaminoglycans,” 

“heparan sulfate proteoglycans,” “hyaluronan,” “heparanase,” “syndecans,” “glypicans,” 

“perlecan/HSPG2,” “versican,” and “decorin,” with disease- and process-related terms 

such as “bone metastasis,” “extracellular matrix,” “tumor–bone crosstalk,” “breast can-

cer,” “prostate cancer,” “metastatic niche,” “osteolytic metastasis,” “osteoblastic metasta-

sis,” “dormancy,” “reactivation,” “immune regulation,” and “therapy resistance.” Origi-

nal studies, reviews, and translational reports were selected according to their relevance 

to cell-surface, pericellular, and extracellular proteoglycans in bone metastatic progres-

sion. Results: Proteoglycans and associated GAG/ECM axes are implicated in multiple 

processes involved in skeletal metastasis, including growth factor availability, extracellu-

lar matrix organization, osteolytic and osteoblastic niche formation, angiogenesis, im-

mune evasion, metastatic dormancy, reactivation, and therapy resistance. These functions 

are highly context-dependent and are influenced by proteoglycan localization, core pro-

tein structure, glycosaminoglycan composition, sulfation patterns, proteolytic processing, 
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and cellular source. Conclusions: Proteoglycans represent critical molecular nodes in the 

bone metastatic microenvironment and hold potential as biomarkers, therapeutic targets, 

and tools for stratifying metastatic niche heterogeneity. Their clinical translation will re-

quire validation in human bone metastasis samples, improved models that reproduce the 

mineralized and immune-rich bone niche, and a clearer distinction between causal mech-

anisms and correlative associations. Future studies should integrate matrisome profiling, 

spatial proteomics, single-cell and spatial transcriptomics, glycosaminoglycan omics, 

degradomics, and three-dimensional bone niche models to define actionable proteogly-

can-dependent mechanisms and improve therapeutic targeting of metastatic bone disease. 

Keywords: proteoglycans; bone metastasis; extracellular matrix; breast cancer; prostate 

cancer; perlecan; versican; decorin; hyaluronan; metastatic niche 

 

1. Introduction 

Bone metastasis (BM) represents one of the most devastating complications of ad-

vanced cancer and remains a major cause of morbidity and mortality worldwide [1,2]. BM 

occurs frequently in breast cancer, prostate cancer (PCa), and lung cancer, in which breast 

cancer and PCa account for more than 80% of cases [3]. Despite advances in early diagno-

sis and systemic therapies, bone tumor dissemination continues to be associated with skel-

etal-related events (SREs) such as pathological fractures, severe pain, spinal cord com-

pression, hypercalcemia, impaired quality of life, and treatment resistance [4,5]. Breast 

and prostate cancers exhibit a marked tropism for bone tissue, while lung, kidney, and 

thyroid cancers, as well as multiple myeloma, also show a high frequency of skeletal in-

volvement [2,6,7]. Importantly, metastasis, rather than the primary tumor itself, is respon-

sible for the majority of cancer-related deaths, underscoring the need to understand the 

molecular mechanisms that regulate metastatic colonization and its progression [7,8]. 

The establishment of BM is a dynamic, multi-stage process involving cell detachment 

from the primary tumor, epithelial–mesenchymal transition, invasion of the extracellular 

matrix, intravasation, survival in circulation, immune evasion, extravasation, latency/dor-

mancy, and colonization of distant organs [9,10]. Among the various metastatic organs, 

bone provides a particularly permissive microenvironment, enriched with growth factors, 

cytokines, chemokines, mineralized matrix proteins, and specialized cell populations that 

promote tumor survival and expansion [11]. Osteoblasts, osteoclasts, osteocytes, bone 

marrow stromal cells, endothelial cells, immune cells, and hematopoietic progenitors ac-

tively participate in the formation of the bone metastatic niche [11,12]. The reciprocal in-

teraction between disseminated tumor cells and the bone microenvironment gives rise to 

a pathological “vicious cycle,” in which tumor-derived factors stimulate osteoclastogene-

sis and/or aberrant osteoblastic activity, promoting bone remodeling, matrix degradation, 

and the release of molecules that further favor tumor progression [3,13]. 

It is now recognized that the extracellular matrix is not only a structural support but 

also a dynamic signaling platform that regulates tumor progression, mechanotransduc-

tion, angiogenesis, immunomodulation, and metastatic dissemination [14,15]. Therefore, 

proteoglycans (PGs) have emerged as critical regulators of communication between tu-

mor cells and the stroma, as well as of the establishment and progression of BM [16,17]. 

PGs are structurally diverse glycoconjugates composed of a core protein covalently linked 

to one or more glycosaminoglycan (GAG) chains, including heparan sulfate, chondroitin 

sulfate, dermatan sulfate, keratan sulfate, and hyaluronan (HA)-associated complexes 

[17,18]. Heparan sulfate proteoglycans (HSPGs) and heparanase (HPSE) are particularly 

relevant in this context because they participate in extracellular matrix remodeling and 
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regulate tumor–bone microenvironment interactions that facilitate metastatic progression 

[17]. Due to the high negative charge of their GAG chains and their interactive domains, 

PGs regulate the bioavailability and signaling of growth factors, cytokines, chemokines, 

integrins, and morphogens, modulating cellular processes such as adhesion, migration, 

proliferation, differentiation, angiogenesis, and the immune response [14,17]. 

Beyond their physiological functions in tissue organization and skeletal homeostasis, 

PGs are now recognized as active participants in tumor progression and metastasis [19]. 

Various PGs, including syndecans, glypicans, perlecan, versican, decorin, biglycan, mem-

bers of the SPOCK family, and HA-dependent signaling networks, have been implicated 

in tumor invasion, metastatic niche formation, osteoclast activation, osteoblastic dysfunc-

tion, angiogenesis, tumor latency, and therapeutic resistance [11,16,19]. Furthermore, al-

terations in proteoglycan expression, ectodomain shedding, sulfation patterns, and enzy-

matic remodeling mediated by matrix metalloproteinases and HPSE profoundly modify 

the metastatic microenvironment and favor metastatic competence [17,20,21]. 

In BM, some proteoglycans have been shown to have specific mechanistic functions 

in tumor-bone interactions [3,22]. Versican G3 domain promotes migration, invasion, and 

epidermal growth factor receptor/extracellular signal-regulated kinase (EGFR/ERK)-me-

diated signaling in breast cancer cells, as well as altering osteoblastic differentiation 

[19,23]. Decorin has demonstrated anti-metastatic effects in preclinical models of breast 

and PCa by inhibiting tyrosine kinase receptor pathways, angiogenesis, tumor migration, 

and osteoclastic activity [19,24,25]. Perlecan/HSPG2, for its part, contributes to the meta-

static progression of prostate cancer by regulating growth factor availability, stromal in-

vasion, focal adhesion kinase (FAK) signaling, and desmoplastic remodeling of the bone 

niche [26–28]. Similarly, syndecan-1, syndecan-4, beta-glycan/TGFβ-RIII, and the HA-

CD44 and HA/CD168-dependent pathways have been associated with metastatic coloni-

zation, tumor latency, therapeutic resistance, and bone progression of cancer [16,19,29]. 

Despite growing experimental evidence, the mechanistic integration of proteogly-

can-mediated signaling pathways in bone metastasis remains incomplete, and their trans-

lational exploitation as biomarkers or therapeutic targets is still limited. Therefore, a com-

prehensive and up-to-date synthesis of proteoglycan-dependent mechanisms in the BM 

niche is needed. 

In this review, we discuss proteoglycans as molecular regulators of BM, with partic-

ular emphasis on breast and PCa. We examine their roles in extracellular matrix remodel-

ing, tumor–bone crosstalk, osteolytic and osteoblastic niche formation, angiogenesis, im-

mune regulation, metastatic dormancy, therapy resistance, and emerging therapeutic op-

portunities. We also analyze how proteoglycan localization, glycosaminoglycan composi-

tion, sulfation patterns, ectodomain shedding, and proteolytic processing shape their con-

text-dependent functions in metastatic bone disease. 

2. Methods: Literature Search and Evidence Selection 

2.1. Review Design 

This article presents a narrative review that provides a mechanistic and translational 

synthesis of proteoglycan- and glycosaminoglycan-regulated processes in the BM. It was 

not designed as a systematic review or meta-analysis. Therefore, no PRISMA flow dia-

gram, formal risk-of-bias assessment, or quantitative synthesis of evidence was per-

formed. The objective was to integrate relevant experimental, translational, and clinical 

evidence for extracellular matrix remodeling, tumor-bone interaction, latency, immune 

regulation, treatment resistance, and therapeutic opportunities in skeletal metastatic dis-

ease. 

2.2. Literature Search Strategy 
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For reproducibility, all searches were last performed on 31 May 2026. PubMed 

searches were performed using the representative strings listed in this section. Google 

Scholar was searched on the same date using relevance-based sorting and was used as a 

complementary discovery tool. Only English-language publications were considered. Be-

cause Google Scholar results are dynamic, the search was not used to produce reproduci-

ble quantitative counts of records. Searches combined proteoglycan- and glycosaminogly-

can-related terms with bone metastasis- and tumor microenvironment-related terms. Rep-

resentative search strings included: “proteoglycans AND bone metastasis”; “glycosa-

minoglycans AND bone metastasis”; “heparan sulfate proteoglycans AND bone metasta-

sis”; “heparanase AND bone metastasis”; “hyaluronan OR CD44 OR RHAMM AND bone 

metastasis”; “perlecan OR HSPG2 AND prostate cancer bone metastasis”; “versican AND 

breast cancer bone metastasis”; “decorin AND bone metastasis”; “syndecan AND skeletal 

metastasis”; “SULF1 OR SULF2 AND cancer metastasis”; “proteoglycans AND dormancy 

AND bone metastasis”; and “extracellular matrix remodeling AND therapy resistance 

AND bone metastasis.” For Google Scholar, searches were used to identify highly cited, 

recent, and cross-disciplinary articles not readily captured through PubMed indexing. Be-

cause Google Scholar rankings are dynamic and vary by date, location, and indexing up-

dates, Google Scholar was used as a complementary discovery tool rather than as a source 

for reproducible quantitative record counts. 

2.3. Eligibility Criteria 

We considered original research articles, reviews, and translational studies published 

in English that addressed at least one of the following topics: proteoglycans, glycosamino-

glycans, heparan sulfate proteoglycans, hyaluronan-associated signaling, extracellular 

matrix remodeling, tumor–bone crosstalk, osteolytic or osteoblastic bone metastasis, met-

astatic dormancy or reactivation, immune regulation, therapy resistance, biomarkers, or 

therapeutic targeting. Particular emphasis was placed on studies involving breast cancer, 

prostate cancer, and other bone-tropic solid tumors. Multiple myeloma and primary bone 

tumors were considered only as comparative bone-niche contexts when they provided 

mechanistic information relevant to proteoglycan biology. Studies were excluded when 

they did not address proteoglycans, glycosaminoglycans, extracellular matrix remodeling, 

or bone metastatic biology; when they focused exclusively on non-malignant skeletal dis-

ease without relevance to metastasis; or when the mechanistic link to the review topic was 

too indirect. 

2.4. Duplicate Handling and Evidence Selection 

Because this was a narrative review, no formal risk-of-bias scoring was performed. 

Duplicate records retrieved from PubMed, Google Scholar, and reference lists were man-

ually removed. Articles were prioritized based on their relevance to proteoglycan-de-

pendent mechanisms in bone metastasis, with preference given to studies that provide 

direct evidence from BM models, patient-derived BM samples, bone-niche experimental 

systems, or mechanistic analyses clearly related to skeletal metastatic progression. Evi-

dence was classified as direct bone-metastasis evidence, bone-niche experimental evi-

dence, or indirect evidence extrapolated from primary tumors, non-bone metastatic mod-

els, or general cancer biology. In the revised manuscript, we distinguish direct evidence 

of BM from broader mechanistic evidence whenever possible. 

2.5. Limitations of the Search Approach 

Given the narrative nature of this review, the literature search was not intended to 

be exhaustive as in a systematic review. Exact numbers of records retrieved, screened, 

excluded, and included are therefore not reported. 
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3. Proteoglycans and Glycosaminoglycans: Functional Overview for 

Cancer Biology 

PGs are large glycoconjugates, typically deposited in the cellular glycocalyx and ex-

tracellular matrix, where they serve as dynamic platforms that integrate biochemical, me-

chanical, and immunological signals within the tumor microenvironment [14,17]. They 

are currently recognized as active regulators of proliferation, adhesion, cell plasticity, mi-

gration, angiogenesis, immunomodulation, and metastatic dissemination [17]. The struc-

tural diversity of their protein domains, along with their glycosylation and sulfation pat-

terns, enables them to modulate multiple signaling pathways associated with tumor pro-

gression and metastasis (Tables 1 and 2) [30]. 

Table 1. Proteoglycans and associated GAG/ECM axes relevant to tumor progression and bone me-

tastasis. 

Proteoglycan or 

GAG/ECM-Associ-

ated Axis 

Main GAG 

Chains 
Key Structural Feature 

Main Signaling Path-

ways 
Metastatic Functions 

Bone Metastasis 

Relevance 
Ref. 

Syndecan-1 

Heparan sul-

fate/chondroitin 

sulfate 

Ectodomain shedding EGFR, FAK, Src, WNT 

Migration, invasion, im-

mune modulation, ther-

apy resistance 

Osteoclast activa-

tion, tumor–bone 

interaction 

[16,19] 

Syndecan-4 Heparan sulfate 
Focal adhesion/cytoskele-

tal regulation 
FAK, PKCα, integrins 

Adhesion, migration, 

and mechanotransduc-

tion 

Bone niche colo-

nization 
[16] 

Perlecan/HSPG2 Heparan sulfate 

Growth factor reservoir 

in basement mem-

brane/ECM 

FAK, WNT, VEGF, FGF 

Stromal invasion, angio-

genesis, growth factor 

availability 

Desmoplastic re-

modeling of bone 

metastatic niche 

[26,27] 

Versican 
Chondroitin sul-

fate 

Large ECM proteoglycan; 

G3 domain 

EGFR, ERK, AKT, TGF-

β 

Migration, invasion, tu-

mor plasticity 

Osteoblastic dys-

function, bone 

microenviron-

ment remodeling 

[19,23] 

Decorin 

Dermatan sul-

fate/chondroitin 

sulfate 

Small leucine-rich proteo-

glycan; RTK antagonist 

EGFR, MET, VEGFR2, 

TGF-β 

Anti-migratory, anti-

angiogenic, anti-

metastatic 

Inhibition of oste-

oclast-associated 

remodeling 

[19,24] 

Biglycan 

Dermatan sul-

fate/chondroitin 

sulfate 

Damage-associated mo-

lecular pattern-like activ-

ity 

TLR2/4, NF-κB, TGF-β 
Inflammation, invasion, 

angiogenesis 

Bone inflamma-

tion and remodel-

ing 

[14,19] 

Glypicans Heparan sulfate 
GPI-anchored membrane 

proteoglycans 
WNT, Hedgehog, FGF 

Proliferation, migration, 

stemness 

Tumor–stroma 

signaling 
[16,17] 

SPOCK family 
Heparan/chon-

droitin sulfate 

Secreted matricellular 

proteoglycans 

PI3K/AKT, WNT/β-

catenin, EMT pathways 

EMT, invasion, thera-

peutic resistance 

Metastatic pro-

gression 
[16] 

Associated free GAG 

axis, not a proteogly-

can: HA-

CD44/RHAMM 

(CD168) 

HA-associated 

complexes 

Non-sulfated GAG-de-

pendent receptor signal-

ing 

CD44, RHAMM/CD168, 

ERK, PI3K/AKT 

Migration, stemness, im-

mune evasion, therapy 

resistance 

Colonization, la-

tency and pro-

gression 

[16,29] 

Abbreviations: AKT, protein kinase B; CD44, cluster of differentiation 44; RHAMM(CD168), recep-

tor for hyaluronan-mediated motility; ECM, extracellular matrix; EGFR, epidermal growth factor 

receptor; EMT, epithelial–mesenchymal transition; ERK, extracellular signal-regulated kinase; FAK, 

focal adhesion kinase; FGF, fibroblast growth factor; GAG, glycosaminoglycan; GPI, glyco-

sylphosphatidylinositol; HA, hyaluronan; HSPG2, heparan sulfate proteoglycan 2/perlecan; MET, 

mesenchymal–epithelial transition factor receptor; NF-κB, nuclear factor kappa B; PI3K, phospho-

inositide 3-kinase; PKCα, protein kinase C alpha; RTK, receptor tyrosine kinase; Src, proto-oncogene 

tyrosine-protein kinase Src; TGF-β, transforming growth factor beta; TLR, Toll-like receptor; VEGF, 

vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2; WNT, 

wingless/integrated signaling pathway. 

Table 2. Structural alterations of proteoglycans associated with metastatic competence. 

Structural  Mechanism Biological Consequence Examples Ref. 
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Alteration 

Increased GAG sulfation 

Enhances electrostatic binding to 

growth factors, chemokines and mor-

phogens 

Increased signaling intensity, migra-

tion, angiogenesis, and metastatic fit-

ness 

Heparan sulfate proteogly-

cans 
[17,21] 

Altered glycosylation 
Modifies ligand binding, receptor 

clustering, and ECM interactions 

Tumor plasticity, adhesion changes, 

and immune modulation 

Syndecans, glypicans, per-

lecan 
[14,17] 

Ectodomain shedding 
Proteolytic cleavage releases soluble 

proteoglycan fragments 

Soluble signaling platforms that pro-

mote invasion, angiogenesis, and im-

mune escape 

Syndecan-1 [16,17] 

Heparanase-mediated re-

modeling 

Cleaves heparan sulfate chains and 

releases matrix-bound factors 

ECM degradation, growth factor re-

lease, angiogenesis, and metastatic 

dissemination 

Perlecan, syndecans, 

HSPGs 
[17,22] 

MMP-mediated cleavage 
Proteolytic processing of ECM prote-

oglycans 

Matrix remodeling, stromal invasion, 

and exposure of bioactive fragments 
Perlecan, versican [20,26] 

Accumulation of ECM 

proteoglycans 

Creates a dense, desmoplastic, and 

mechanically altered matrix 

Tumor stiffness, invasion, altered 

mechanotransduction, and therapy 

resistance 

Perlecan, versican, biglycan [14,27] 

Loss of tumor-suppres-

sive proteoglycans 

Reduced inhibition of receptor tyro-

sine kinase signaling 

Increased proliferation, migration, 

angiogenesis, and metastatic poten-

tial 

Decorin [19,24] 

*HA enrichment 
Increases CD44/RHAMM (CD168)-

dependent signaling 

Stemness, migration, immune eva-

sion, latency, and therapeutic re-

sistance 

Hyalu-

ronan/CD44/RHAMM 

(CD168) axis 

[16,29] 

Abbreviations: CD44, cluster of differentiation 44; RHAMM(CD168), receptor for hyaluronan-me-

diated motility; ECM, extracellular matrix; GAG, glycosaminoglycan; HA, hyaluronan; HSPGs, hep-

aran sulfate proteoglycans; MMP, matrix metalloproteinase. *HA is not a proteoglycan, but a free 

non-sulfated GAG functionally associated with hyalectans and CD44/RHAMM receptors [31]. 

GAG chains are the main functional determinants of these molecules. Changes in the 

length, sulfation, and spatial organization of GAGs modify their affinity for ligands and 

alter the local availability of soluble mediators such as vascular endothelial growth factor 

(VEGF), transforming growth factor beta (TGF-β), fibroblast growth factor (FGF), hepato-

cyte growth factor (HGF), and chemokine (CXC Motif) ligand 12 (CXCL12), favoring in-

vasion, angiogenesis, and remodeling of the metastatic niche [17,32,33]. In particular, en-

zymatic remodeling mediated by HPSE, sulfatases (SULF1/SULF2), and matrix metallo-

proteinases (MMPs) contributes to the release of pro-tumor factors and the reorganization 

of the extracellular matrix, promoting metastatic competence and therapeutic resistance 

[17,20,34,35]. 

Based on their subcellular location and structural organization, proteoglycans can be 

grouped into intracellular, cell-surface, pericellular, and extracellular proteoglycans 

[19,36,37]. Although this classification has structural relevance, understanding its biolog-

ical functions within the tumor microenvironment is more important in cancer. Cell-sur-

face proteoglycans, particularly syndecans and glypicans, participate in oncogenic signal-

ing, cell adhesion, and tumor-stroma communication [16,19]. Alterations in syndecan-1 

and -3 shedding expression have been linked to cell migration, epithelial–mesenchymal 

transition, drug resistance, and metastatic progression [38,39]. 

Pericellular proteoglycans, such as perlecan/HSPG2 and collagen XVIII, are critical 

components of basement membranes and specialized tissue niches [40]. These molecules 

regulate matrix organization, mechanotransduction, angiogenic signaling, and growth 

factor availability, playing key roles in tumor invasion and metastatic niche formation. 

Furthermore, products derived from their proteolytic processing, such as endostatin, pos-

sess antiangiogenic properties and modulate the tumor microenvironment. 

Among the extracellular proteoglycans, versican, decorin, biglycan, lumican, and 

members of the SPOCK/testican family stand out, actively participating in extracellular 

matrix remodeling, collagen organization, tumor inflammation, and cell plasticity [41,42]. 

Versican promotes cell migration, invasion, and EGFR- and EMT-associated signaling, 
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while decorin exerts antitumor effects by inhibiting tyrosine kinase receptors and down-

regulating angiogenesis and cell proliferation [43,44]. Furthermore, HA and its receptors 

CD44 and RHAMM/CD168 participate in adhesion, migration, tumor latency, and the for-

mation of premetastatic niches [31,42,45]. Their involvement in oncogenic signaling, ex-

tracellular matrix organization, immune regulation, and tumor-stroma communication 

makes them key molecules for understanding metastatic progression and potential bi-

omarkers and therapeutic targets in cancer, particularly in bone metastasis. 

4. Bone Metastatic Niche: Proteoglycan-Relevant Cellular and Matrix 

Interfaces 

Bone metastasis develops within a highly specialized microenvironment in which 

disseminated tumor cells interact with bone-resident cells, stromal components, immune 

populations, and extracellular matrix molecules [11,46]. In this review, the BM niche is 

considered specifically as a set of cellular and matrix interfaces that regulate proteoglycan- 

and GAG-dependent signaling (Table 3). Unlike many other metastatic organs, bone com-

bines continuous remodeling, abundant vascularization, and a mineralized ECM enriched 

in matrix-stored growth factors, chemokines, adhesive ligands, and proteoglycans, creat-

ing conditions that support tumor-cell adhesion, survival, dormancy, and metastatic ex-

pansion [3,11,47,48]. 

Within this niche, osteoblasts, osteoclasts, osteocytes, stromal fibroblasts, endothelial 

cells, and immune cells are relevant not only as regulators of bone turnover, but also as 

producers, organizers, or remodelers of PG/GAG-rich matrices. Osteoblast-lineage and 

stromal cells contribute to endosteal niche architecture, osteogenic signaling, Receptor Ac-

tivator of Nuclear Factor-κB Ligand/Osteoprotegerin (RANKL/OPG) balance, CXCL12 

gradients, and ECM deposition, thereby influencing tumor-cell retention and latency [49–

52]. Osteoclasts, by contrast, remodel the mineralized matrix and release growth factors 

such as TGF-β, insulin-like growth factors (IGFs), and BMPs, which can amplify tumor 

growth and feed the tumor–bone vicious cycle [53,54]. Osteocytes and mechanically re-

sponsive stromal cells further contribute to matrix organization and mechanotransduction, 

processes that are relevant because proteoglycans, HA-rich matrices, collagen-associated 

SLRPs, and basement-membrane HSPGs can regulate tissue stiffness, ligand availability, 

and cell–matrix signaling [30,49,54,55]. 

Disseminated tumor cells exploit these physiological bone-remodeling interfaces to 

establish a permissive metastatic niche [50–52]. Chemotactic and adhesive mediators such 

as CXCL12, osteopontin, vascular cell adhesion molecule 1 (VCAM-1), integrins, Jagged-

1, TGF-β, BMPs, and receptor activator of nuclear factor-κB ligand (RANKL) regulate 

homing, adhesion, survival, metabolic adaptation, and osteoclast or osteoblast activation 

[52,56–58]. PG/GAG-dependent mechanisms intersect with many of these axes because 

heparan sulfate chains, chondroitin/dermatan sulfate proteoglycans, and HA-associated 

matrices can sequester, present, or release growth factors, morphogens, cytokines, and 

chemokines. Thus, proteoglycans should be interpreted as signaling organizers of the tu-

mor–bone interface rather than as passive structural components of the ECM [17,30,42,59]. 

In osteolytic metastases, commonly observed in breast cancer and multiple myeloma, 

tumor-derived factors such as parathyroid hormone-related protein (PTHrP), IL-11, and 

TNF-α, which induce RANK-associated signaling, stimulate osteoclastogenesis and bone 

resorption [53,54]. This process releases matrix-stored TGF-β, insulin-like growth factors 

(IGFs), bone morphogenic proteins (BMPs), and other bioactive molecules that further 

support tumor proliferation and osteolytic progression [22,53,54]. PG/GAG remodeling 

contributes to this cycle through HPSE-mediated cleavage of heparan sulfate chains, 

MMP- and cathepsin-dependent proteolysis of ECM components, and HA-

CD44/RHAMM-associated signaling, all of which may increase ligand availability, inva-
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sion, and adaptation to the bone niche [17,22,42,55]. In osteoblastic or mixed lesions, par-

ticularly in prostate cancer, proteoglycan remodeling is instead linked to aberrant matrix 

deposition, desmoplastic remodeling, osteogenic signaling, and mechanically altered os-

teoid [3,60]. Osteolytic and osteoblastic activities frequently coexist; therefore, the lesion 

phenotype should be interpreted as a dynamic balance among resorption, abnormal bone 

formation, and matrix remodeling rather than as a binary state [3,60]. 

Immune cells also shape the PG/GAG-dependent bone metastatic niche. Macro-

phages, T cells, NK cells, dendritic cells, myeloid-derived suppressor cells (MDSCs), and 

neutrophils can either restrict metastatic growth or promote immunosuppression, angio-

genesis, osteoclastogenesis, and ECM remodeling, depending on their activation state [61]. 

Inflammatory mediators such as IL-6, TNF-α, CXCLs, and TGF-β promote osteoclast acti-

vation and tumor progression, while also regulating matrix-remodeling enzymes and pro-

teoglycan-associated signaling [47,62]. In prostate cancer bone metastasis models, M2-like 

macrophages have been linked to desmoplastic remodeling and to stromal regulation of 

perlecan/HSPG2 and sulfatases, connecting immune polarization with heparan sulfate re-

modeling and tumor-supportive ECM organization [27,39]. Therefore, the immune niche 

should be discussed in this review primarily in terms of its effects on proteoglycan expres-

sion, GAG editing, proteolysis, chemokine presentation, and matrix stiffness. 

Table 3. Immune–proteoglycan/GAG contributions to the skeletal metastatic niche. 

Immune-Cell Pop-

ulation or Axis 
Main Mediators or Mechanisms Proteoglycan/GAG–ECM Interface 

Dominant Bone-Metastasis 

Output 
Ref. 

Macrophage line-

age: TAMs, 

MAMs, osteomacs, 

and efferocytic 

macrophages 

CCL2/CCR2, CSF-1/CSF-1R, IL-6, IL-10, 

TGF-β, EGF, PDGF, VEGF, MMPs, cathep-

sins, ARG1, PGE2, PD-L1; efferocytosis-

associated NF-κB/STAT3 activation. 

Remodel PG/GAG-rich ECM 

through proteases and cytokines. 

M2-like macrophage–fibroblast in-

teractions can regulate per-

lecan/HSPG2, SULF1/2, HA-rich 

matrices, and desmoplastic remod-

eling. 

Tumor-cell survival, invasion, 

angiogenesis, osteoclastogene-

sis, immune evasion, and met-

astatic outgrowth. 

[13,27,39,61,63,64] 

MDSCs 

ARG1, iNOS/NO, ROS, IL-10, TGF-β, 

CXCR4 signaling, amino-acid depletion, 

Treg expansion; in some models, differen-

tiation into osteoclast-like cells. 

Promote inflammatory and hypoxic 

matrix remodeling and may am-

plify osteoclast-dependent release 

of matrix-stored growth factors. 

T-cell and NK-cell suppres-

sion, osteolysis, angiogenesis, 

and immune escape. 

[13,39,61,64,65] 

Neutrophils and 

TANs 

CXCLs, CXCR4, VEGF, MMP9, elastase, 

ROS, and NETs in selected contexts. 

Support proteolytic ECM remodel-

ing, vascular permeability, tumor-

cell adhesion, and early niche con-

ditioning. 

Premetastatic niche formation, 

extravasation, colonization, 

and context-dependent pro- or 

antitumor activity. 

[13,61,63,66,67] 

Effector lympho-

cytes: CD8+ T cells, 

Th1 cells, NK cells, 

and NKT cells 

Perforin, granzymes, Fas/FasL, IFN-γ, 

NKG2D, DNAM-1; inhibited by TGF-β, 

PD-1/PD-L1, ROS, MDSCs, and chronic 

antigen exposure. 

Bone resorption releases matrix-

stored TGF-β, which can suppress 

cytotoxic function. Stiff or HA-rich 

matrices may further limit immune-

cell infiltration and activity. 

Antitumor surveillance, re-

striction of early seeding, re-

duced tumor burden, and de-

layed metastatic expansion 

when functional. 

[13,61,63,65,68,69] 

Regulatory and 

tolerogenic adap-

tive axis: Tregs, 

tolerogenic DCs, 

and Th2-biased re-

sponses 

FOXP3, CTLA-4, IL-10, TGF-β, impaired 

MHC-I/MHC-II antigen presentation, IL-4, 

IL-13. 

Immunosuppressive cytokines re-

shape stromal remodeling, macro-

phage polarization, and PG/GAG-

dependent inflammatory signaling. 

Tumor persistence, immune 

escape, reduced T-cell prim-

ing, and context-dependent ef-

fects on osteoclastogenesis. 

[13,61,63] 

IL-17-associated 

osteoimmune axis: 

Th17 and Tc17 

cells 

IL-17, TNF-α, RANKL, and induction of 

stromal/osteoblastic RANKL expression. 

Drives inflammatory osteoclasto-

genesis and matrix turnover, favor-

ing release of TGF-β, IGFs, BMPs, 

and other matrix-stored factors. 

Osteolytic progression, 

growth-factor release, and 

metastatic colonization. 

[13,61,63,66] 

Immune–stromal 

PG/GAG remodel-

ing axis: TAMs–

CAFs–ECM 

Perlecan/HSPG2, SULF1/2, HPSE, 

WNT3A, MMPs, ADAMTS proteases, ca-

thepsins, LOX/LOXL2, cytokine-induced 

remodeling. 

Directly links immune polarization 

with heparan sulfate editing, prote-

oglycan cleavage, HA/versican-rich 

inflammation, collagen remodeling, 

and matrix stiffness. 

Desmoplasia, immune exclu-

sion, dormancy/reactivation, 

therapy resistance, and niche 

stratification. 

[13,27,61,64,65,70–

76] 

Abbreviations: ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; ARG1, 

arginase 1; BMPs, bone morphogenetic proteins; CAFs, cancer-associated fibroblasts; CCL, C-C mo-
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tif chemokine ligand; CCR, C-C motif chemokine receptor; CSF-1, colony-stimulating factor 1; CSF-

1R, colony-stimulating factor 1 receptor; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; 

CXCL, C-X-C motif chemokine ligand; CXCR, C-X-C motif chemokine receptor; CD8+, cluster of 

differentiation 8-positive T cells; DCs, dendritic cells; DNAM-1, DNAX accessory molecule 1; ECM, 

extracellular matrix; EGF, epidermal growth factor; Fas, Fas cell surface death receptor; FasL, Fas 

ligand; FOXP3, forkhead box P3; GAG, glycosaminoglycan; HA, hyaluronan; HPSE, heparanase; 

HSPG2, heparan sulfate proteoglycan 2/perlecan; IFN-γ, interferon gamma; IGFs, insulin-like 

growth factors; IL, interleukin; iNOS, inducible nitric oxide synthase; LOX/LOXL2, lysyl oxi-

dases/lysyl oxidase-like 2; MAMs, metastasis-associated macrophages; MDSCs, myeloid-derived 

suppressor cells; MHC, major histocompatibility complex; MMPs, matrix metalloproteinases; NETs, 

neutrophil extracellular traps; NF-κB, nuclear factor kappa B; NK cells, natural killer cells; NKG2D, 

natural killer group 2 member D; NKT cells, natural killer T cells; NO, nitric oxide; PD-1, pro-

grammed cell death protein 1; PDGF, platelet-derived growth factor; PD-L1, programmed death-

ligand 1; PG, proteoglycan; PGE2, prostaglandin E2; RANKL, receptor activator of nuclear factor-

κB ligand; ROS, reactive oxygen species; STAT3, signal transducer and activator of transcription 3; 

SULF1/2, sulfatase 1/2; TAMs, tumor-associated macrophages; TANs, tumor-associated neutro-

phils; Tc17, IL-17-producing cytotoxic T cells; TGF-β, transforming growth factor beta; Th, T helper 

cell; Tregs, regulatory T cells; VEGF, vascular endothelial growth factor; WNT3A, Wingless-type 

MMTV integration site family member 3A. 

Several proteoglycan-centered examples illustrate how these interfaces operate. Per-

lecan/HSPG2 can function as a basement membrane and pericellular reservoir for growth 

factors and has been implicated in stromal invasion and desmoplastic remodeling in pros-

tate cancer bone metastases [27,28,76–78]. Versican, particularly through its G3 domain, 

promotes breast cancer cell migration, EGFR-mediated signaling, and altered osteoblast 

behavior, supporting its relevance in breast cancer adaptation to bone [23,26]. Decorin, in 

contrast, has shown anti-metastatic activity in preclinical breast and prostate cancer mod-

els through antagonism of receptor tyrosine kinase signaling, inhibition of angiogenesis, 

and modulation of osteoclast-associated remodeling [59,76,79]. HA is not a proteoglycan, 

but a free, non-sulfated extracellular/pericellular GAG that functionally cooperates with 

hyalectans and receptors such as CD44 and RHAMM to regulate adhesion, motility, stem-

ness, immune modulation, and therapy resistance [31,42]. 

The bone metastatic niche also influences tumor dormancy and late recurrence. Dis-

seminated tumor cells may remain quiescent for prolonged periods under the influence 

of osteoblast-derived factors, ECM organization, TGF-β family members, and endosteal 

niche signals [80–82]. In prostate cancer, osteoblast-derived GDF10 and TGFβ2 can induce 

tumor-cell dormancy through the TGFβ-RIII/betaglycan–p38MAPK–RB pathway [83,84]. 

However, the broader causal role of proteoglycan remodeling in dormancy maintenance 

or escape remains less well defined. Changes in GAG sulfation, HPSE activity, HA-

CD44/RHAMM signaling, proteoglycan fragmentation, matrix stiffness, inflammatory re-

modeling, or osteoclast-dependent matrix turnover may contribute to the transition from 

quiescence to metastatic outgrowth, but these mechanisms require further validation 

across tumor types [59,80,82,85,86]. 

Taken together, the bone metastatic niche is best understood as a dynamic tumor–

bone–immune–matrix interface, in which proteoglycans and GAG-associated pathways 

regulate ligand availability, adhesion, mechanotransduction, inflammatory remodeling, 

dormancy, reactivation, and therapeutic vulnerability [42,61]. Proteoglycan-dependent 

dormancy and reactivation are discussed in detail in Section 5.6. 

5. Proteoglycans as Regulators of the Metastatic Cascade 
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Proteoglycans should be interpreted as regulatory nodes in the metastatic cascade 

rather than as passive structural components of the extracellular matrix [42]. In bone me-

tastasis, their functions depend on core protein identity, glycosaminoglycan composition, 

sulfation patterns, spatial localization, enzymatic processing, cellular source, and inflam-

matory or mechanical context [5,37,51,75,87]. This is particularly relevant in the skeletal 

niche, where tumor cells interact with osteoblasts, osteoclasts, osteocytes, endothelial cells, 

fibroblasts, macrophages, lymphocytes, hematopoietic progenitors, and a mineralized ex-

tracellular matrix enriched in growth factors and chemokines [46,87–89]. A mechanistic 

interpretation of proteoglycan biology therefore requires moving beyond a molecule-by-

molecule description. In this section, we propose an integrative framework in which pro-

teoglycan remodeling coordinates tumor–bone communication through five intercon-

nected regulatory layers: localization, glycosaminoglycan composition and sulfation, en-

zymatic processing, cellular source, and convergence on common metastatic signaling 

axes (Figure 1). This framework helps explain how structurally diverse proteoglycans can 

regulate osteolytic and osteoblastic niche formation, metastatic dormancy, reactivation, 

immune escape, angiogenesis, and therapeutic resistance. 

5.1. An Integrative Proteoglycan-Centered Model of Bone Metastasis 

Rather than acting as isolated matrix components, proteoglycans should be inter-

preted as an interconnected signaling network that links tumor cells, bone-resident cells, 

immune populations, vascular cells, and the extracellular matrix [37,90–92]. Heparan sul-

fate proteoglycans such as syndecans, glypicans, and perlecan/HSPG2 regulate ligand se-

questration, gradient formation, and receptor presentation [93–96], whereas hyaluronan–

versican–CD44/RHAMM complexes shape pericellular matrix organization, motility, 

stemness-associated programs, and inflammatory signaling [31,76,97–99]. Small leucine-

rich proteoglycans, including decorin, biglycan, and lumican, further modulate collagen 

architecture, receptor tyrosine kinase signaling, innate immune activation, matrix stiffness, 

and osteoclast-associated remodeling [5,18,41,44,74,75,100,101]. Enzymatic editing by 

heparanase, sulfatases, hyaluronidases, MMPs, ADAMTS proteases, cathepsins, and 

LOX/LOXL enzymes converts this matrix network into a dynamic regulator of osteolytic 

and osteoblastic progression, metastatic dormancy, immune escape, and therapy re-

sistance [89,101–106]. Therefore, this network can be organized according to five mecha-

nistic layers, as shown in Figure 1. First, localization determines the type of signaling in-

terface [31,37,91,93,95,96,107,108]. Cell-surface proteoglycans, such as syndecans and 

glypicans, act as co-receptors that regulate adhesion, growth factor signaling, integrin ac-

tivation, and tumor–stroma communication [93,94,96,108,109]. Pericellular and basement-

membrane proteoglycans, particularly perlecan/HSPG2 and collagen XVIII, regulate com-

partmentalized ligand storage, angiogenesis, and invasion across matrix barriers [95,107]. 

Extracellular proteoglycans, including versican, decorin, biglycan, and lumican, regulate 

collagen organization, matrix hydration, inflammation, and mechanotransduction 

[41,44,74–76,100,110]. Hyaluronan is not a proteoglycan in the strict structural sense, but 

it is functionally integrated into the proteoglycan network through hyalectans and recep-

tors such as CD44 and RHAMM [31,76,98,99,110]. 
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Figure 1. Proteoglycan remodeling as a convergent regulatory network in bone metastasis. Abbre-

viations: ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; BMP, bone 

morphogenetic protein; CD44, cluster of differentiation 44; CXCL12, C-X-C motif chemokine ligand 

12; CXCR4, C-X-C motif chemokine receptor 4; ECM, extracellular matrix; FAK, focal adhesion ki-

nase; GAG, glycosaminoglycan; HA, hyaluronan; HPSE, heparanase; HSPG2, heparan sulfate pro-

teoglycan 2; HYAL, hyaluronidase; IGF, insulin-like growth factor; IL-6, interleukin-6; JAK, Janus 

kinase; LOX/LOXL2, lysyl oxidase/lysyl oxidase-like 2; MMP, matrix metalloproteinase; NF-κB, nu-

clear factor kappa B; OPG, osteoprotegerin; RANK, receptor activator of nuclear factor-κB; RANKL, 

receptor activator of nuclear factor-κB ligand; RHAMM, receptor for hyaluronan-mediated motility; 

SMAD, suppressor of mothers against decapentaplegic proteins; Src, proto-oncogene tyrosine-pro-

tein kinase Src; STAT3, signal transducer and activator of transcription 3; SULF1/2, sulfatase 1/2; 

TGF-β, transforming growth factor beta; VEGF, vascular endothelial growth factor; VEGFR, vascu-

lar endothelial growth factor receptor; WNT, wingless/integrated signaling pathway. 

Second, glycosaminoglycan composition and sulfation act as biochemical codes that 

determine ligand binding and signaling intensity [92–94,109,111]. Heparan sulfate chains 

regulate the availability of FGF, VEGF, HGF, WNT, BMPs, TGF-β-related ligands, and 

CXCL12 [93,94,103,109], whereas chondroitin sulfate and dermatan sulfate proteoglycans 

regulate matrix organization, inflammatory signaling, and collagen-associated functions 

[41,44,74–76,100,110,111]. Changes in glycosaminoglycan length, sulfation pattern, and 

spatial organization can therefore convert the extracellular matrix from a structural scaf-

fold into a reservoir, filter, or amplifier of metastatic signaling [92–94,102,103,109,111,112]. 
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Third, enzymatic processing dynamically rewires the proteoglycan network. Hepa-

ranase releases heparan sulfate-bound growth factors and modifies matrix barriers; 

SULF1 and SULF2 edit 6-O-sulfation and alter ligand availability [113]; hyaluronidases 

remodel hyaluronan-rich pericellular matrices; MMPs, ADAMTS proteases, and cathep-

sins cleave core proteins, ectodomains, or associated matrix components; and LOX/LOXL 

enzymes increase collagen crosslinking and matrix stiffness [102–105,112,114–117]. These 

processes generate bioactive fragments, expose cryptic binding sites, and modulate mech-

anotransduction, thereby influencing invasion, osteoclastogenesis, aberrant osteoblast ac-

tivation, angiogenesis, and immune cell recruitment [112,116–119]. 

Fourth, the cellular source of proteoglycans determines their local function 

[5,47,89,90,101,106,112]. Tumor-derived proteoglycans may promote invasion, survival, 

epithelial–mesenchymal plasticity, and resistance to therapy [37,90,97,109,112,120]. Oste-

oblast- and stromal-derived proteoglycans can regulate dormancy, osteogenic signaling, 

and tumor-cell adhesion within the endosteal niche [5,89,101,106,119,121]. Osteoclast-as-

sociated remodeling releases matrix-stored factors that amplify tumor growth 

[5,89,101,106,121]. Fibroblasts and cancer-associated fibroblasts contribute to desmo-

plastic matrix deposition, whereas macrophages and other immune cells regulate proteo-

glycan remodeling through inflammatory cytokines, proteases, heparanase, and sulfa-

tases [5,74,76,102,103,106,110,112,115]. Endothelial cell-associated proteoglycans further 

influence vascular permeability, angiogenesis, and tumor cell extravasation 

[5,89,90,93,95,101,106,107]. 

Fifth, these layers converge on a limited number of metastatic signaling axes. Prote-

oglycan remodeling modulates TGF-β/SMAD, CXCL12/CXCR4, RANKL/RANK/OPG, in-

tegrin–FAK/Src, WNT/BMP, IL-6/JAK–STAT3, VEGF/VEGFR, and NF-κB-dependent in-

flammatory signaling [5,31,74,76,89,93,94,98,101–103,106]. These pathways do not operate 

independently; instead, they cooperate to determine whether disseminated tumor cells 

remain dormant, reactivate, induce osteolytic destruction, stimulate aberrant osteoblastic 

bone formation, evade immune surveillance, or acquire therapeutic resistance 

[5,97,102,106,112,119,120]. 

5.2. Proteoglycan Remodeling in Osteolytic Versus Osteoblastic Lesions 

Proteoglycan remodeling provides a mechanistic framework to distinguish osteolytic, 

osteoblastic, and mixed bone metastases. Although these phenotypes are often associated 

with specific tumor types, they should not be interpreted as mutually exclusive biological 

states. Osteolytic lesions, frequently observed in breast cancer and multiple myeloma, are 

dominated by osteoclast activation, bone resorption, and release of matrix-stored growth 

factors [5,53,54,122–124]. Osteoblastic lesions are associated with advanced prostate can-

cer and characterized by aberrant bone formation, desmoplastic remodeling, and deposi-

tion of structurally abnormal osteoid [60,125,126]. Osteoclastic and osteoblastic activities 

frequently coexist, indicating that lesion phenotype reflects the relative balance between 

resorption, bone formation, and matrix remodeling rather than a binary state [5,124,126]. 

In osteolytic metastases, HPSE, MMPs, hyaluronidases, cathepsins, HA-CD44/RHAMM 

signaling, syndecans, versican, and perlecan/HSPG2 contribute to matrix degradation, 

proteoglycan cleavage, and release of growth factors stored in the mineralized bone ma-

trix [17,22,31,42,94,95,102,104,114,116]. These processes increase the local availability of 

TGF-β, IGFs, BMPs, VEGF, FGF, HGF, and chemokines, thereby amplifying tumor-cell 

survival, proliferation, PTHrP-associated signaling, RANKL availability, osteoclastogen-

esis, and the tumor–bone vicious cycle [5,22,52,53,94,119,127–130]. 

In osteoblastic metastases, proteoglycan remodeling contributes to aberrant matrix 

deposition, osteogenic signaling, and desmoplastic niche formation [26–28,60,95,125,126]. 

Perlecan/HSPG2 can act as a basement membrane and pericellular reservoir for FGF, 
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VEGF, HGF, WNTs, and BMP-related signals, whereas SULF1 and SULF2 modify heparan 

sulfate sulfation patterns and regulate the availability of WNT, FGF, VEGF, and other 

heparan sulfate-bound ligands [27,35,94,95,103,107,109,131–133]. Glypicans, syndecan-4, 

integrins–FAK/Src, and WNT/BMP signaling may further contribute to osteogenic pro-

grams, focal adhesion dynamics, and mechanotransduction [119,134–136]. LOX/LOXL2-

mediated matrix crosslinking can increase stiffness and promote desmoplastic remodel-

ing [15,105,117,137]. Despite these differences, osteolytic and osteoblastic lesions converge 

on shared proteoglycan-regulated axes, including TGF-β/SMAD, CXCL12/CXCR4, 

RANKL/RANK/OPG, integrin–FAK/Src, WNT/BMP, IL-6/JAK–STAT3, VEGF/VEGFR, 

and NF-κB-dependent inflammatory signaling [5,94,118,119,127,129,138–141]. Thus, pro-

teoglycan remodeling does not merely accompany lesion formation; it helps coordinate 

the molecular balance between bone destruction, aberrant bone formation, dormancy, im-

mune regulation, and therapeutic resistance [138,142–144]. 

5.3. Enzymatic Editing and Proteolytic Remodeling of the Proteoglycan Network 

The functional state of the proteoglycan network is continuously reshaped by matrix-

remodeling enzymes [102,103,119,145]. HPSE cleaves heparan sulfate chains and releases 

heparan sulfate-bound growth factors, chemokines, and morphogens [102,146]. SULF1 

and SULF2 edit extracellular 6-O-sulfation of heparan sulfate, thereby changing ligand 

affinity and signaling gradients [103,145,147]. HYAL1 and HYAL2 remodel hyaluronan-

rich pericellular matrices and modify CD44/RHAMM-dependent signaling [31,148]. 

MMP2, MMP-7, MMP9, MMP14, ADAMTS proteases, and cathepsins cleave proteoglycan 

core proteins, ectodomains, basement-membrane components, and associated extracellu-

lar matrix proteins [42,112,114,116,149]. LOX and LOXL2 cross-link collagen and elastin, 

thereby increasing matrix stiffness and mechanotransduction via integrin–FAK/Src and 

yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) 

signaling [105,150–152]. 

This enzymatic remodeling should be interpreted not only as extracellular matrix 

degradation but also as glycan editing and proteolytic signaling [102,103,114,115,145–147]. 

Protease-mediated cleavage can generate soluble ectodomains, expose cryptic binding 

sites, release matrix-bound ligands, and produce bioactive fragments with pro- or anti-

metastatic functions [114,116,153–155]. In prostate cancer bone metastasis models, per-

lecan/HSPG2 is particularly relevant because HPSE and proteases can disrupt perlecan-

rich matrices, release or expose bioactive cues, and MMP-7-mediated cleavage of perlecan 

or the perlecan–Sema3A complex shifts FAK-dependent cell behavior toward dyscohe-

sion, invasion, and progression to lethal bone disease [26,28,123,156]. M2-like macro-

phages can also increase stromal SULF1 and HSPG2 expression in perlecan-modified tri-

culture models, linking ECM remodeling, inflammation, and desmoplastic bone stroma 

[27]. 

5.4. Convergence on Common Metastatic Signaling Axes 

Although individual proteoglycans differ in structure, localization, glycosaminogly-

can composition, and cellular source [21,37,91,111], their functions converge on a limited 

set of signaling axes that control skeletal metastatic progression [5,42,101,106,119]. Their 

core proteins, sulfated glycosaminoglycan chains, soluble ectodomains, and proteolytic 

fragments regulate the sequestration, presentation, and release of signaling molecules 

such as FGF2/FGFR, VEGF-A/VEGFR, PDGF/PDGFR, HGF/MET, EGF/EGFR, IGF/IGF1R, 

TGF-β/BMP/SMAD, WNT/β-catenin, Sonic Hedgehog signaling/GLI family zinc finger 

transcription factors (SHH/GLI), IL-6/JAK–STAT3, TNF-α/NF-κB, CXCL12/CXCR4, 

CCL2/CCR2, CXCL8/IL-8, RANKL/RANK/OPG, PTHrP/GLI2, Jagged1/Notch, VCAM-

1/α4β1, osteopontin–integrins/CD44, and integrins β1/β3–FAK–Src–PI3K–AKT 
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[5,37,53,143,144,157,158]. In this way, proteoglycans integrate biochemical, mechanical, 

and immunological signals that regulate adhesion, migration, invasion, angiogenesis, im-

mune evasion, latency, therapeutic resistance, and colonization of distant organs 

[17,157,159,160]. Table 4 summarizes how proteoglycan- and GAG-regulated axes con-

verge on shared metastatic signaling pathways and biological outputs in the bone micro-

environment. 

Table 4. Convergent proteoglycan/GAG-regulated signaling axes in bone metastasis. 

Regulatory 

Layer/Proteo-

glycan Axis 

Main Proteoglycans or 

GAG-Associated Com-

ponents 

Remodeling En-

zymes or Modifi-

ers 

Convergent Signaling 

Axes 

Dominant Bone-

Metastasis Out-

puts 

Representative Tumor 

Contexts 
Ref. 

Cell-surface 

HSPG axis 

Syndecans, glypicans, 

heparan sulfate chains 

HPSE, SULF1/2, 

MMPs, ectodomain 

shedding 

FGF/FGFR, VEGF/VEGFR, 

HGF/MET, EGF/EGFR, 

WNT/β-catenin, 

CXCL12/CXCR4, integrins–

FAK/Src 

Adhesion, inva-

sion, angiogene-

sis, therapy re-

sistance. 

Breast cancer, prostate 

cancer, multiple mye-

loma, hepatocellular 

carcinoma, melanoma 

[17,37,42,94,143,1

44,157–159] 

Basement-

membrane/pe-

ricellular HSPG 

axis 

Perlecan/HSPG2, colla-

gen XVIII/endostatin, 

agrin 

HPSE, MMP-7, 

MMP14, cathep-

sins, SULF1/2 

FAK/Src, VEGF/VEGFR, 

FGF/FGFR, HGF/MET, 

WNT/BMP, TGF-β/SMAD 

Stromal invasion, 

desmoplasia, 

growth-factor 

storage. 

Prostate cancer, breast 

cancer, matrix-rich and 

desmoplastic bone me-

tastases 

[26–

28,40,95,107,131–

133,137,161] 

HA–hyalectan 

pericellular axis 

HA, versican/VCAN, 

CD44, 

RHAMM/CD168, hya-

lectans 

HYAL1/2, HAS2, 

MMPs, ADAMTS 

proteases 

CD44/RHAMM, 

EGFR/ERK, EGFR/JNK, 

PI3K/AKT, ROCK1, 

ZEB1/HAS2, NF-κB, TGF-β-

associated signaling 

Motility, plastic-

ity, inflammation, 

reactivation. 

Breast cancer, prostate 

cancer, lung cancer, ag-

gressive HA-rich tu-

mors 

[23,31,45,76,97–

99,110,162–168] 

SLRP/collagen-

remodeling axis 

Decorin, biglycan, 

lumican, collagen-asso-

ciated SLRPs 

MMPs, cathepsins, 

LOX/LOXL2, in-

flammatory prote-

ases 

EGFR, ERBB2/HER2, MET, 

VEGFR2, TGF-β/SMAD, 

WNT/β-catenin, TLR2/4–

NF-κB, integrins–FAK/Src 

Collagen remod-

eling, immune ac-

tivation, metasta-

sis modulation. 

Breast cancer, prostate 

cancer, lung cancer, pri-

mary bone tumors 

[37,41,42,44,59,74

,75,79,100,169–

173] 

Proteoglycan-

regulated oste-

olytic niche axis 

HSPGs, syndecan-

1/CD138, per-

lecan/HSPG2, versican, 

HA-CD44/RHAMM, 

bone matrix PGs 

HPSE, MMPs, 

HYAL1/2, cathep-

sins, ADAMTS 

RANKL/RANK/OPG, 

PTHrP/GLI2, TGF-

β/SMAD, IGF/IGF1R, 

BMPs, CXCL12/CXCR4, IL-

6/JAK–STAT3, TNF-α/NF-

κB 

Osteolysis, 

growth-factor re-

lease, vicious cy-

cle. 

Breast cancer, multiple 

myeloma, lung cancer, 

renal cancer, mixed le-

sions 

[5,22,52–

54,94,119,122,124,

127–130,174] 

Proteoglycan-

regulated oste-

oblastic/desmo-

plastic niche 

axis 

Perlecan/HSPG2, glypi-

cans, syndecan-4, 

SULF-modified HSPGs, 

decorin, biglycan, HA-

associated matrix 

SULF1/2, MMP-7, 

LOX/LOXL2, 

MMPs, cathepsins 

WNT/BMP, FGF/FGFR, 

VEGF/VEGFR, HGF/MET, 

integrins–FAK/Src, TGF-

β/SMAD, NF-κB 

Aberrant osteo-

genesis, 

desmoplasia, ma-

trix stiffening. 

Prostate cancer, osteo-

blastic/mixed bone me-

tastases 

[26–

28,35,60,95,103,11

3,117,125,126,131

–

133,137,161,175,1

76] 

Bone homing 

and metastatic 

niche-retention 

axis 

HSPGs, HA-

CD44/RHAMM, osteo-

pontin-associated 

PG/GAG complexes, in-

tegrin-associated ma-

trix PGs 

HPSE, MMPs, 

SULF1/2, matrix 

proteases 

CXCL12/CXCR4, VCAM-

1/α4β1, osteopontin–integ-

rins/CD44, integrins β1/β3–

FAK/Src, RANKL/RANK 

Bone homing, re-

tention, coloniza-

tion, early dor-

mancy. 

Breast cancer, prostate 

cancer, lung cancer, 

multiple bone-tropic tu-

mors 

[50,51,92,122,124,

138–140,177,178] 

Dormancy/re-

activation axis 

Betaglycan/TGFβRIII, 

perlecan/HSPG2, HA-

CD44/RHAMM, 

HSPGs, osteoblast-de-

rived matrix PGs 

HPSE, SULF1/2, 

MMPs, HYAL1/2, 

osteoclast-associ-

ated proteases 

TGFβ2/TGFβRIII–

p38MAPK–RB, BMPs, 

CXCL12/CXCR4, integrins–

FAK/Src, ERK/p38 balance, 

NF-κB 

Quiescence, reac-

tivation, late re-

currence. 

Prostate cancer, breast 

cancer, multiple mye-

loma 

[80–

86,101,121,179–

181] 

Immune–ECM 

remodeling axis 

Versican, biglycan, 

HSPGs, HA-

CD44/RHAMM, per-

lecan/HSPG2, matrix-

associated PG frag-

ments 

HPSE, SULF1/2, 

MMPs, ADAMTS, 

cathepsins, cyto-

kine-induced re-

modeling 

TLR2/4–NF-κB, IL-6/JAK–

STAT3, TNF-α/NF-κB, 

TGF-β/SMAD, 

CXCL/CXCR chemokine 

signaling, VEGF/VEGFR 

Immune suppres-

sion, inflamma-

tory remodeling, 

angiogenesis. 

Breast cancer, prostate 

cancer, multiple mye-

loma, inflammatory 

and desmoplastic bone 

metastases 

[13,61–65,68,70–

74,76,110,118] 

Mechanical 

ECM-remodel-

ing axis 

Perlecan/HSPG2, versi-

can, biglycan, lumican, 

collagen-associated 

SLRPs, HA-rich matrix 

LOX/LOXL2, 

MMP2/7/9/14, 

ADAMTS, cathep-

sins, collagen cross-

linking enzymes 

Integrins β1/β3–FAK/Src, 

YAP/TAZ, RhoA/ROCK, 

HIF-1α, PI3K/AKT 

Stiffness, mecha-

notransduction, 

resistance. 

Breast cancer, prostate 

cancer, desmoplastic 

and matrix-rich metas-

tases 

[15,20,75,105,117,

137,143,168,182–

184] 
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Translational 

PG/GAG bi-

omarker and 

target axis 

SDC1/CD138, 

HSPG2/perlecan frag-

ments, HA-

CD44/RHAMM, HPSE-

modified HSPGs, 

decorin, PG signatures 

HPSE, SULF1/2, 

HYAL1/2, MMPs, 

LOX/LOXL2 

Matrix-remodeling signa-

tures, circulating PGs/frag-

ments, EV-associated PGs, 

liquid biopsy, niche-stratifi-

cation markers 

Biomarkers, strat-

ification, thera-

peutic targeting. 

Multiple myeloma, cas-

tration-resistant pros-

tate cancer, breast can-

cer, matrix-rich tumors 

[97,142,156,185–

190] 

Abbreviations: ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; AKT, 

protein kinase B; BMP, bone morphogenetic protein; CAFs, cancer-associated fibroblasts; CD44, 

cluster of differentiation 44; CD138, cluster of differentiation 138/syndecan-1; RHAMM/CD168, re-

ceptor for hyaluronan-mediated motility; CCL2, C-C motif chemokine ligand 2; CCR2, C-C motif 

chemokine receptor 2; CXCL, C-X-C motif chewe confirm that the intended meaning has been care-

fully checked and has been retained.mokine ligand; CXCL12, C-X-C motif chemokine ligand 12; 

CXCR4, C-X-C motif chemokine receptor 4; ECM, extracellular matrix; EGF, epidermal growth fac-

tor; EGFR, epidermal growth factor receptor; EMT, epithelial–mesenchymal transition; 

ERBB2/HER2, erb-b2 receptor tyrosine kinase 2/human epidermal growth factor receptor 2; ERK, 

extracellular signal-regulated kinase; EVs, extracellular vesicles; FAK, focal adhesion kinase; FGF, 

fibroblast growth factor; FGFR, fibroblast growth factor receptor; GAG, glycosaminoglycan; GLI2, 

GLI family zinc finger 2; HA, hyaluronan; HAS2, hyaluronan synthase 2; HGF, hepatocyte growth 

factor; HPSE, heparanase; HS, heparan sulfate; HSPG, heparan sulfate proteoglycan; HSPG2, hepa-

ran sulfate proteoglycan 2/perlecan; HYAL, hyaluronidase; IGF, insulin-like growth factor; IGF1R, 

insulin-like growth factor 1 receptor; IL-6, interleukin-6; IL-8/CXCL8, interleukin-8/C-X-C motif 

chemokine ligand 8; JAK, Janus kinase; JNK, c-Jun N-terminal kinase; LOX/LOXL2, lysyl oxidase/ly-

syl oxidase-like 2; MET, mesenchymal–epithelial transition factor receptor; MMP, matrix metallo-

proteinase; MMP-7, matrix metalloproteinase 7; NF-κB, nuclear factor kappa B; OPG, osteopro-

tegerin; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; PG, 

proteoglycan; PI3K, phosphoinositide 3-kinase; PTHrP, parathyroid hormone-related protein; 

RANK, receptor activator of nuclear factor-κB; RANKL, receptor activator of nuclear factor-κB lig-

and; RB, retinoblastoma protein; ROCK, Rho-associated coiled-coil kinase; RTK, receptor tyrosine 

kinase; SDC, syndecan; SDC1, syndecan-1; Sema3A, semaphorin 3A; SHH, sonic hedgehog; SLRP, 

small leucine-rich proteoglycan; SMAD, suppressor of mothers against decapentaplegic proteins; 

Src, proto-oncogene tyrosine-protein kinase Src; STAT3, signal transducer and activator of tran-

scription 3; SULF1/2, sulfatase 1/2; TAMs, tumor-associated macrophages; TGF-β, transforming 

growth factor beta; TGFβRIII, transforming growth factor beta receptor III/betaglycan; TLR, Toll-

like receptor; VCAM-1, vascular cell adhesion molecule 1; VCAN, versican; VEGF, vascular endo-

thelial growth factor; VEGFR, vascular endothelial growth factor receptor; WNT, wingless/inte-

grated signaling pathway; YAP/TAZ, Yes-associated protein/transcriptional coactivator with PDZ-

binding motif. 

This convergence is particularly relevant in bone metastasis because the bone niche 

combines a mineralized matrix rich in growth factors, an immunologically active bone 

marrow, and constant remodeling dependent on osteoblasts, osteoclasts, osteocytes, en-

dothelial cells, fibroblasts, macrophages, neutrophils, lymphocytes, and hematopoietic 

progenitors [46,51,138]. Within this niche, molecules such as CXCL12, integrins, osteopon-

tin, VCAM-1, TGF-β, Jagged1, and RANKL participate in the adhesion, chemotaxis, sur-

vival, and expansion of disseminated tumor cells [139,140,177,178]. Thus, proteoglycans 

such as versican/VCAN, syndecans/SDC1–4, glypicans/GPCs, perlecan/HSPG2, agrin, 

collagen XVIII/endostatin, serglycin, and neuron-glial antigen 2/chondroitin sulfate pro-

teoglycan 4 (NG2/CSPG4), along with the HA-CD44/RHAMM axis, can promote a per-

missive matrix for tumor colonization [37,42,95,142]. 

Several examples illustrate this functional convergence. In breast cancer bone metas-

tasis models, the G3 domain of versican has been associated with adhesion, migration, 

proliferation, tumor metastatic burden, and activation of EGFR/ERK, EGFR/JNK, and 
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AKT [23,162]. The HA-CD44 axis can activate PI3K–AKT and promote growth, motility, 

and invasion. Furthermore, the HA-CD44–ZEB1–HAS2 circuit contributes to EMT and 

prometastatic niche formation, while RHAMM/CD168 has been linked to ROCK1, GRB2-

associated-binding protein 1 (Gab-1), PI3K, phosphatidylinositol 3-kinase catalytic subu-

nit alpha (p110α), and eukaryotic translation initiation factor 4E family member 3 (eIF4E3) 

signaling in prostate cancer progression to bone [45,163–165]. HA is not a proteoglycan; it 

is a free, non-sulfated extracellular or pericellular glycosaminoglycan functionally associ-

ated with hyalectans and receptors such as CD44 and RHAMM/CD168 [37,166,167]. 

In prostate cancer bone metastasis models, perlecan/HSPG2 is particularly relevant 

because HPSE and proteases can disrupt perlecan-rich matrices and release or expose bi-

oactive cues; in addition, MMP-7-mediated cleavage of perlecan or the perlecan–Sema3A 

complex shifts FAK-dependent cell behavior toward dyscohesion, invasion, and progres-

sion to lethal bone disease [26,137,161]. M2-like macrophages can increase stromal SULF1 

and HSPG2 expression in perlecan-modified triculture models, linking ECM remodeling, 

inflammation and desmoplastic bone stroma [27,113,191,192]. Thus, extracellular proteol-

ysis functions not only as barrier degradation, but also as proteolytic signaling that pro-

motes tumor growth, immune escape, dormancy reactivation, and therapy resistance 

[143]. 

5.5. Context-Dependent Functions: Metastatic Drivers, Suppressive Barriers, Dormancy,  

Immune Escape, and Therapy Resistance 

Proteoglycans display highly context-dependent functions in cancer progression and 

bone metastasis [37,42,75,142,144,193]. Several proteoglycans and glycan-associated axes 

are commonly linked to prometastatic behavior. Versican, syndecans, perlecan/HSPG2, 

serglycin, and the HA-CD44/RHAMM axis are commonly associated with migration, in-

vasion, angiogenesis, inflammation, colonization, and resistance to therapy 

[39,76,95,99,194]. These associations should be interpreted in a tissue- and stage-specific 

manner, because the same molecule may support tumor expansion in one microenviron-

ment while limiting progression or maintaining dormancy in another. Conversely, 

decorin and some small leucine-rich proteoglycans (SLRPs) can exert suppressive effects 

by antagonizing tyrosine kinase receptors and negatively modulating pathways such as 

EGFR, ERBB2/HER2, MET, VEGFR2, WNT/β-catenin, HIF-1α/VEGFA, and TGF-β, alt-

hough these effects depend on the tumor, tissue, metastatic stage, or even the state of ma-

trix remodeling [37,44,59,79,169]. These suppressive effects are also context-sensitive and 

may be altered by tumor type, metastatic site, matrix composition, and enzymatic remod-

eling. 

A major limitation in the field is that much of the mechanistic evidence derives from 

in vitro models, xenografts, engineered three-dimensional cultures, or simplified experi-

mental systems [48,138,195–197]. Although these approaches have clarified how proteo-

glycans regulate tumor–matrix interactions, clinical validation of proteoglycans as bone-

metastasis-specific biomarkers or therapeutic targets remains limited. At present, clinical 

biomarker frameworks for bone metastasis are still dominated by bone turnover markers, 

tumor lineage markers, imaging-based assessment, and liquid biopsy approaches, 

whereas proteoglycan signatures and HSPG-targeted strategies remain mostly investiga-

tional [95,142,159,161,185]. Future studies should move beyond single-molecule interpre-

tations and integrate matrisome profiling, spatial proteomics, single-cell and spatial tran-

scriptomics, glycomics/GAGomics, degradomics, and mineralized three-dimensional 

multicellular models [182,198–204]. These approaches are particularly important because 

the metastatic bone niche contains tumor cells, osteoblasts, osteoclasts, osteocytes, endo-

thelial cells, macrophages, lymphocytes, hematopoietic progenitors, and a mineralized ex-

tracellular matrix. Such integrative models may help distinguish proteoglycans that ac-
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tively drive skeletal metastasis from those that act as antitumor barriers or context-de-

pendent regulators of dormancy, reactivation, immune escape, and therapeutic resistance. 

From a therapeutic perspective, proteoglycans should therefore be viewed as regu-

latory components of tumor–bone–immune–matrix crosstalk rather than merely struc-

tural elements of the extracellular matrix [48,138]. Promising strategies include targeting 

enzymatic matrix remodeling, glycosaminoglycan editing, HA synthesis and degradation, 

proteoglycan shedding, and downstream mechanotransduction pathways that sustain 

metastatic adaptation [35,84,113,127,141]. In prostate cancer models, recent proteomic and 

functional studies have linked perlecan/HSPG2 to matrisome remodeling, integrin-asso-

ciated adhesion signaling and radioresistance, supporting the view that proteoglycans 

should be studied as functional components of therapeutic resistance rather than merely 

structural markers [5,116,143]. Taken together, this context-dependent perspective posi-

tions proteoglycans as dynamic regulators of metastatic plasticity, rather than fixed driv-

ers or suppressors, and supports their inclusion in mechanistic and translational models 

of bone metastasis [183]. The following sections apply this integrative framework to spe-

cific tumor contexts, beginning with breast cancer, where proteoglycan remodeling is 

closely linked to osteolytic progression, HA-CD44/RHAMM signaling, versican-rich ma-

trix remodeling, osteoclast activation, and the tumor–bone vicious cycle. 

5.6. Proteoglycan-Dependent Dormancy and Reactivation 

Metastatic dormancy in bone is not a passive state but a dynamic equilibrium be-

tween disseminated tumor cells and the endosteal, stromal, immune, vascular, and extra-

cellular matrix compartments of the bone metastatic niche [80–82,101,121]. Proteoglycans 

and GAG-associated matrices should be interpreted as regulators of dormancy induction, 

dormancy maintenance, and reactivation, because they modulate ligand availability, re-

ceptor engagement, adhesion, matrix stiffness, inflammatory signaling, and proteolytic 

remodeling. However, the strength of the evidence differs across mechanisms and tumor 

types. The most direct bone-niche evidence currently supports a role for TGFβ-RIII/be-

taglycan-dependent signaling in prostate cancer dormancy, whereas the causal contribu-

tion of broader changes in proteoglycan expression, GAG sulfation, ectodomain shedding, 

heparanase activity, and proteoglycan fragmentation remains less well validated and 

should be interpreted with caution [80–86,179–181]. 

Dormancy induction occurs when disseminated tumor cells enter a quiescent or 

slow-cycling state after seeding the bone marrow. Osteoblast-lineage cells and endosteal 

stromal cells are central to this process because they provide adhesive, paracrine, and ma-

trix-associated signals that restrain proliferation and favor long-term survival [80–

82,121,179]. Among proteoglycan-related mechanisms, the TGFβ-RIII/betaglycan axis 

provides the clearest example of direct bone-niche dormancy regulation. In prostate can-

cer models, osteoblast-derived TGFβ2 and GDF10 activate TGFβ-RIII/betaglycan in tumor 

cells, leading to p38MAPK activation, RB phosphorylation, cell-cycle arrest, and a 

dormant phenotype [83,84,179–181]. This mechanism links an osteoblast-derived dor-

mancy signal to a cell-surface proteoglycan co-receptor and provides strong evidence that 

proteoglycan-associated signaling can actively induce tumor-cell quiescence in the bone 

niche. Other dormancy-promoting cues, including BMP-related signaling, 

CXCL12/CXCR4 retention, integrin-mediated adhesion, osteopontin/CD44 interactions, 

and endosteal matrix organization, may also intersect with proteoglycan and GAG-de-

pendent ligand presentation, although the causal role of individual proteoglycans in these 

axes is less direct [50,51,56,80–82,121,177]. 

Maintenance of dormancy requires sustained survival without overt metastatic ex-

pansion; proteoglycans may contribute to this state by stabilizing growth-factor gradients, 

maintaining pericellular and basement-membrane architecture, and regulating the bal-
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ance between pro-quiescent and pro-mitogenic signaling. Heparan sulfate proteoglycans 

can sequester and present ligands such as FGFs, VEGF, HGF, WNTs, BMPs, TGF-β family 

members, and CXCL12, thereby shaping local signaling thresholds within the endosteal 

and marrow niches [93–95,101,109,121]. Perlecan/HSPG2 may be particularly relevant be-

cause its basement membrane and pericellular localization allow it to regulate growth fac-

tor storage, matrix boundaries, invasion barriers, and stromal organization [95,131–133]. 

HA-associated matrices may also influence dormancy-related phenotypes through 

CD44/RHAMM-dependent adhesion, survival, stemness, and motility programs [31,97–

99,121]. SlRPs may further influence dormancy by modifying collagen organization, ma-

trix stiffness, TGF-β availability, receptor tyrosine kinase signaling, and inflammatory 

tone [44,59,74,75,100]. Despite the above, current evidence supports a regulatory function 

of the bone niche, rather than constituting definitive proof that a specific proteoglycan is 

required to maintain latency in all tumor types. 

Reactivation occurs when dormant tumor cells resume proliferation and progress to-

ward clinically detectable bone metastasis; this transition is likely driven by coordinated 

changes in osteoclast activity, osteoblast function, inflammation, immune suppression, 

vascular remodeling, and extracellular matrix degradation [80–86,101,138]. Proteoglycan 

remodeling may contribute to reactivation by converting the matrix from a quiescence-

supporting scaffold into a source of growth-promoting and invasion-promoting signals. 

Heparanase-mediated cleavage of heparan sulfate chains can release matrix-bound 

growth factors, chemokines, and morphogens, while SULF1/SULF2-dependent editing of 

heparan sulfate sulfation can alter WNT, FGF, VEGF, and other ligand gradients 

[34,35,102,103,113,145–147]. MMPs, ADAMTS proteases, cathepsins, and hyaluronidases 

can cleave proteoglycan core proteins, remodel HA-rich matrices, release soluble ectodo-

mains, expose cryptic binding sites, and generate bioactive fragments or matrikines with 

pro- or anti-metastatic effects [104,112,114–116,153–155]. These processes can shift signal-

ing toward ERK, FAK/Src, PI3K/AKT, WNT/BMP, IL-6/JAK–STAT3, NF-κB, and 

YAP/TAZ-dependent programs, thereby favoring proliferation, invasion, immune escape, 

angiogenesis, and resistance to therapy [75,101,119,143,183,184]. The reactivation process 

is also shaped by tumor type; in prostate cancer, dormancy and reactivation are closely 

linked to osteoblast-derived TGFβ2/GDF10–TGFβ-RIII/betaglycan–p38MAPK–RB signal-

ing, perlecan/HSPG2-rich desmoplastic matrices, MMP-7–perlecan/Sema3A–FAK signal-

ing, and SULF1/SULF2-dependent modulation of heparan sulfate-bound WNT3A in 

bone-niche models [27,28,83,84,103,156,161,179–181]. In breast cancer, osteoclast-medi-

ated expansion of indolent micrometastases, VCAM-1/α4β1 interactions, HA-

CD44/RHAMM signaling, versican-rich remodeling, and decorin-dependent suppression 

of skeletal metastasis [59,121,162,165,170,178]. In multiple myeloma, osteoclast-mediated 

remodeling of the endosteal niche has been shown to reactivate dormant tumor cells, sup-

porting the broader concept that bone turnover and matrix remodeling can regulate es-

cape from dormancy [86]. 

Proteoglycan-dependent dormancy should be considered a stage-specific and con-

text-dependent process. Future studies should therefore combine gain- and loss-of-func-

tion approaches with mineralized three-dimensional bone-niche models, spatial proteo-

glycan/GAG mapping, degradomics, and patient-derived bone metastasis specimens to 

determine which proteoglycan alterations are merely associated with dormancy and 

which are causal drivers of late skeletal relapse [80–82,195–204]. 

6. Breast Cancer Bone Metastasis 

Bone metastasis in breast cancer represents one of the most relevant scenarios for 

studying the interaction between tumor cells, extracellular matrix, and proteoglycans. 

Breast cancer exhibits a marked tropism for bone tissue, and in patients with metastatic 
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disease, bone is one of the most frequent sites of dissemination. Recent population-based 

studies using computed tomography (CT) scans have estimated a high cumulative inci-

dence of bone metastasis in breast cancer, second only to prostate cancer in several clinical 

analyses [2]. Sui et al. (2024) highlight that bone metastasis occurs in a substantial propor-

tion of patients with advanced breast cancer and is associated with pain, pathological frac-

tures, spinal cord compression, hypercalcemia, and impaired quality of life [9]. 

In breast cancer, disseminated tumor cells can colonize bone, remain dormant for 

years, and later reactivate to cause predominantly osteolytic metastases, although mixed 

lesions also occur [122,124]. These cells secrete PTHrP, IL-11, IL-6, TNF-α, CXCLs, TGF-β, 

RANKL, Jagged1, and MMPs, which promote osteoclast differentiation and activation 

[122,128–130,174]. PTHrP enhances osteoblast RANKL expression through cyclic adeno-

sine monophosphate/protein kinase A/cAMP response element-binding protein 

(cAMP/PKA/CREB) signaling, and RANKL then binds RANK on osteoclast precursors to 

drive bone resorption [130]. This resorption releases matrix-stored TGF-β, IGFs, BMPs, 

PDGF, and FGF, further supporting tumor growth and amplifying the tumor–bone vi-

cious cycle [128,130]. 

Proteoglycans contribute to breast cancer bone metastasis as structural components 

of the bone extracellular matrix and tumor glycocalyx and as signaling regulators of tu-

mor–bone crosstalk [17,95], as shown in Table 5. Heparan sulfate proteoglycans, including 

syndecans, glypicans, perlecan/HSPG2, agrin, and collagen XVIII, bind growth factors, 

cytokines, chemokines, morphogens, proteases, and extracellular matrix proteins through 

their sulfated glycosaminoglycan chains, thereby controlling ligand availability, receptor 

presentation, and gradient formation within the metastatic niche [94,159]. In this context, 

they modulate FGF/FGFR, VEGF/VEGFR, HGF/MET, WNT/β-catenin, TGF-β/SMAD, 

BMP, CXCL/CXCR, RANK–RANKL–OPG, IL-6/JAK–STAT3, and Notch/Jagged1 signal-

ing, which collectively regulate tumor-cell adhesion, migration, invasion, angiogenesis, 

immune-cell recruitment, osteoclastogenesis, and survival in the bone microenvironment 

[52,94,119,136,159]. Bone matrix components also engage integrins, CD44, RHAMM, and 

syndecan-dependent co-receptor signaling, activating downstream FAK/Src, PI3K/AKT, 

MAPK/ERK, Rho guanosine triphosphatase (Rho GTPase), and YAP/TAZ mechanotrans-

duction programs that promote metastatic colonization [128,136,205]. During tumor pro-

gression, extracellular matrix remodeling mediated by MMPs, heparanase, sulfatases, hy-

aluronidases, and other proteases cleaves proteoglycan core proteins or modifies glycosa-

minoglycan sulfation patterns, releasing matrix-bound ligands and generating bioactive 

fragments that further enhance growth-factor signaling, chemotaxis, invasion, and the tu-

mor–bone vicious cycle [35,94]. 

Among the most relevant proteoglycans in breast cancer are versican, syndecans, 

perlecan/HSPG2, biglycan, decorin, lumican, serglycin, glypicans, and the HA-

CD44/RHAMM axis [19,42]. Versican is particularly important because its G3 domain has 

been associated with increased motility, invasion, EGFR/ERK, EGFR/JNK, and AKT sig-

naling, as well as alterations in osteoblastic growth and differentiation, which may pro-

mote the adaptation of breast cancer cells to the bone niche and tumor migration, EGFR-

mediated signaling, and alterations in osteoblastic cells during bone metastasis of breast 

cancer. [23,78]. 

Table 5. Proteoglycan and GAG/ECM axes in breast cancer bone metastasis. 

Axis 
Main Bone-Metastasis 

Link 

Experimental Model/Evidence 

Basis 
Evidence Directness Translational Relevance Ref. 

VCAN 

Promotes motility, inva-

sion, adhesion, 

EGFR/ERK–AKT signal-

Breast cancer models including 

bone-metastasis/osteoblast-re-

lated studies. 

Direct preclinical 

bone-metastasis/oste-

oblast-related evi-

dence. 

Prometastatic ECM marker; 

EGFR or ECM-remodeling 

pathways may be indirect tar-

gets. 

[19,23,76,78,

162] 
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ing, and altered osteo-

blast behavior. 

HA-CD44/RHAMM axis 

CD44, RHAMM/CD168, 

HAS2, ZEB1, ERK, 

PI3K/AKT 

Breast cancer HA/CD44/HAS2 

studies, including bone-pro-

gression-related models, plus 

broader HA-CD44/RHAMM 

cancer literature. 

Mixed evidence. Di-

rect bone-related evi-

dence exists for se-

lected HAS2/HA-

CD44 models; 

RHAMM and 

broader HA-targeting 

claims are partly ex-

trapolated. 

Potential target in HA-rich ag-

gressive niches; bone-specific 

validation remains limited. 

[19,29,41,45,

98,168,206] 

Syndecans/HSPG co-re-

ceptors 

Modulate HS-dependent 

growth-factor presenta-

tion, integrin signaling, 

FAK/Src activation, ad-

hesion, and mecha-

notransduction. 

Breast cancer progression stud-

ies and general mechanistic ev-

idence for HSPG/syndecan-de-

pendent signaling. 

Mostly extrapolated 

for breast cancer skel-

etal metastasis. Bone-

specific causal valida-

tion remains limited. 

Candidate co-receptor axis; 

needs direct validation in 

breast cancer skeletal metasta-

sis. 

[19,42,94,13

4] 

Perlecan/HSPG2 

Acts as a growth-factor 

reservoir and regulates 

basement-membrane or-

ganization, angiogene-

sis, and tumor–stroma 

signaling. 

TNBC and matrix-rich breast 

cancer models; broader 

HSPG2/perlecan and ECM-re-

modeling evidence 

Extrapolated/bone-

relevant but not 

breast bone-specific. 

Promising matrix-associated 

target, but skeletal metastatic 

relevance remains incom-

pletely validated. 

[17,19,207] 

DCN 

Antagonizes EGFR, 

MET, HER2/ERBB2, 

VEGFR2, TGF-β, 

WNT/β-catenin, and an-

giogenic signaling; re-

duces osteolytic progres-

sion in preclinical mod-

els. 

DCN-based breast cancer skel-

etal metastasis models and 

mechanistic RTK-inhibition 

studies. 

Direct preclinical 

skeletal-metastasis 

evidence. 

Strongest anti-metastatic PG 

candidate in this table; clinical 

translation still lacking. 

[41,44,59,79,

170] 

SLRP/collagen-remodel-

ing axis: biglycan, lumi-

can and related SLRPs 

Regulates collagen or-

ganization, inflamma-

tion, matrix stiffness, in-

vasion, and context-de-

pendent tumor suppres-

sion or promotion. 

Breast cancer stromal studies; 

lumican bone-metastasis evi-

dence is stronger in lung can-

cer models than in breast can-

cer. 

Mostly extrapolated 

for breast cancer bone 

metastasis. 

Useful as contextual matrix-

state biomarkers; avoid pre-

senting as proven breast bone-

specific drivers. 

[19,41,42,70

] 

SRGN 

Associated with EMT, 

IL-8/CXCL8 signaling, 

protease secretion, in-

flammatory phenotype, 

and aggressive tumor 

behavior. 

Breast cancer invasion and ag-

gressiveness models. 

Extrapolated. No di-

rect skeletal-metasta-

sis validation. 

Potential marker of aggressive 

phenotype; role in skeletal me-

tastasis remains unvalidated 

[19,42,208] 

Heparanase–HSPG re-

modeling 

HPSE cleaves HS chains, 

releases matrix-bound 

growth factors, pro-

motes angiogenesis, in-

vasion, osteolytic re-

modeling, and tumor–

bone vicious-cycle am-

plification. 

HSPG/HPSE cancer models 

and osteolytic tumor-growth or 

bone-remodeling studies. 

Bone-niche experi-

mental/mixed evi-

dence. Direct osteo-

lytic relevance exists, 

but breast-specific 

skeletal validation re-

mains incomplete. 

Experimental target; may be 

relevant in combination with 

antiresorptive or tumor-di-

rected therapy. 

[17,22,94,20

7] 

Evidence directness was classified as follows: Direct bone-metastasis evidence, when derived from 

patient bone metastasis samples or in vivo skeletal metastasis models; bone-niche experimental ev-

idence, when derived from osteoblast, osteoclast, stromal, macrophage, mineralized matrix, or 3D 

bone-like models; and extrapolated evidence, when derived from primary tumors, non-bone meta-

static sites, or general cancer models. Abbreviations: AKT, protein kinase B; CD44, cluster of differ-

entiation 44; DCN, decorin; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; 

EMT, epithelial–mesenchymal transition; ERBB2/HER2, erb-b2 receptor tyrosine kinase 2/human 

epidermal growth factor receptor 2; ERK, extracellular signal-regulated kinase; FAK, focal adhesion 

kinase; GAG, glycosaminoglycan; HA, hyaluronan; HAS2, hyaluronan synthase 2; HPSE, hepara-

nase; HS, heparan sulfate; HSPG, heparan sulfate proteoglycan; HSPG2, heparan sulfate proteogly-

can 2/perlecan; JNK, c-Jun N-terminal kinase; MET, mesenchymal–epithelial transition factor recep-
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tor; PI3K, phosphoinositide 3-kinase; RHAMM/CD168, receptor for hyaluronan-mediated motility; 

RTK, receptor tyrosine kinase; SDC, syndecan; SLRP, small leucine-rich proteoglycan; SRGN, ser-

glycin; TNBC, triple-negative breast cancer; VCAN, versican; VEGFR2, vascular endothelial growth 

factor receptor 2; ZEB1, zinc finger E-box-binding homeobox 1. 

The HA-CD44/RHAMM axis is another key regulator [31,209]. Although HA is not a 

strict proteoglycan, it acts as an essential component of the pericellular matrix and is function-

ally associated with hyalectans, such as versican. In breast cancer, this axis can promote extra-

cellular matrix (ECM) remodeling, cellular plasticity, migration, therapeutic resistance, inter-

actions with stromal cells, and immunomodulation [210,211]. Some studies indicate that these 

molecules can act as “friends or foes” of the tumor, depending on the tumor subtype, location, 

cell type, stage of progression, and state of matrix remodeling [19,209]. 

Decorin is a proteoglycan with predominantly antitumor functions [59,171]. Its abil-

ity to antagonize tyrosine kinase receptors, including EGFR, MET, ERBB2/HER2, and 

VEGFR2, as well as negatively modulate TGF-β, WNT/β-catenin, HIF-1α, and VEGFA, 

positions it as a molecule that suppresses proliferation, angiogenesis, and invasion [171]. 

In preclinical models, Yang et al. developed a decorin-expressing oncolytic adenovirus, 

Ad.dcn, and demonstrated that its systemic administration in nude mice with skeletal 

metastases derived from MDA-MB-231-luc cells significantly inhibited the progression of 

bone lesions [170]. This effect was accompanied by a lower tumor burden, reduced osteo-

lytic destruction, fewer osteoclasts, and decreased hypercalcemia associated with bone 

destruction. Mechanistically, decorin expression reduced Met, β-catenin, and VEGFA, in-

hibited cell migration, and induced mitochondrial autophagy, suggesting a combined ef-

fect on tumor cells and the bone microenvironment [44,144,170]. However, the evidence 

remains preclinical, and its clinical translation still requires further validation. 

7. Prostate Cancer Bone Metastasis 

Prostate cancer is the paradigmatic model of osteoblastic bone metastasis, although 

it is now recognized that these lesions are not purely bone-forming. In advanced disease, 

bone involvement is very common and is associated with pain, fractures, spinal cord com-

pression, treatment resistance, and mortality [126]. Recent clinical studies have indicated 

that prostate cancer bone metastasis shows a radiologically predominant osteosclerosis, 

but with the coexistence of osteoclastic activity, accelerated remodeling, and the formation 

of immature or structurally abnormal bone [125,126]. 

Bone metastasis in prostate cancer is a dynamic process involving colonization, dor-

mancy, reactivation, and bone remodeling [126]. Tumor cells reach bone, attracted by 

chemotactic and adhesive signals from the bone microenvironment, including 

CXCL12/CXCR4, CCL2, RANKL, VEGF, and integrins. Once established, they can remain 

dormant near osteoblasts and stromal cells, resisting conventional therapies. Subse-

quently, factors such as TGF-β, IL-6, AKT, and ERK promote their reactivation, prolifera-

tion, and invasion. Ultimately, tumor cells disrupt the balance between osteoblasts and 

osteoclasts, promoting pathological bone remodeling that favors metastatic growth and 

contributes to the skeletal complications of prostate cancer [126]. Eltit et al. (2024) ana-

lyzed osteosclerotic bone metastasis from prostate cancer and showed that these lesions 

contain pathological bone with altered structural organization, supporting the idea that 

radiological sclerosis does not equate to functionally normal bone [125]. 

Proteoglycans play a central role in this form of metastasis by linking tumor signaling to 

desmoplastic remodeling, growth factor availability, and interactions with osteoblasts, osteo-

clasts, macrophages, and bone marrow fibroblasts [27]. Studies indicate that perlecan acts as a 

dynamic regulator of bone invasion. While intact perlecan and its IV-3 domain promote tumor 

cohesion and inactivate FAK, its cleavage by MMP-7 promotes FAK activation, cell dispersal, 
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and a metastatic phenotype capable of crossing perlecan-rich barriers into the bone marrow 

[26]. Also, perlecan/HSPG2 promotes stromal remodeling and the availability of growth fac-

tors in prostate cancer metastases, while decorin may exert anti-metastatic effects by inhibiting 

tyrosine kinase receptors, angiogenesis, and osteoclastic activity [26,28,212]. 

Perlecan/HSPG2 is one of the most relevant proteoglycans in metastatic prostate can-

cer. Its location in basement membranes and the pericellular matrix allows it to act as a 

reservoir for FGF, VEGF, HGF, WNTs, and other bioactive factors [131–133]. In the desmo-

plastic prostatic microenvironment, NF-κB activation can increase HSPG2 expression; fur-

thermore, MMP-7/matrilysin-mediated cleavage of perlecan can alter its complexes with 

semaphorin 3A and promote FAK-mediated stromal invasion [26,28,161]. This perlecan–

MMP-7–Sema3A–FAK axis is a particularly relevant mechanism for the transition to tis-

sue invasion and advanced bone disease [26,161]. 

Another axis corresponds to SULF1/SULF2–heparan sulfate–WNT. Sulfases modify the 

6-O-sulfation patterns of heparan sulfate and, consequently, the availability of ligands such as 

WNT, FGF, and VEGF [175,176]. In three-dimensional models of prostate cancer bone metas-

tasis integrating tumor cells, stroma, and macrophages, SULF1 has been associated with the 

regulation of WNT3A-mediated growth in perlecan-modified matrices [27]. SULF1 emerges 

as a negative regulator of Wnt3A-induced growth in perlecan-modified matrices. In this bio-

mimetic system, perlecan/HSPG2 acts as a reservoir of heparan sulfate-bound growth factors, 

including Wnt3A, thus promoting the local availability of proliferative signals for tumor cells. 

However, the SULF1 enzyme, produced primarily by bone stromal fibroblasts, removes the 

6-O-sulfate groups from the heparan sulfate chains, limiting the ability of these proteoglycans 

to stabilize Wnt3A and facilitate the formation of signaling complexes on the cell surface. Im-

portantly, the loss of SULF1 in stromal fibroblasts increased tumor cellularity and the size of 

C4-2B cell tumoroids in the presence of Wnt3A, indicating that SULF1 acts as a molecular 

“brake” on Wnt3A signaling in the bone metastatic niche. These findings position the per-

lecan-heparan sulfate-SULF1-Wnt3A axis as a contextual matrix remodeling mechanism that 

can modulate tumor progression in prostatic bone metastasis, even in the presence of tumor-

associated macrophages with an M2-like phenotype [27,103]. 

The beta-glycan/TGFβ-RIII–p38MAPK–RB axis is particularly relevant for tumor 

dormancy. In this context, differentiated osteoblasts secrete factors such as TGFβ2 and 

GDF10, which activate TGFβ-RIII/betaglycan in tumor cells [83,179]. This signaling in-

duces activation and nuclear translocation of p38 mitogen-activated protein kinase 

(p38MAPK), which phosphorylates RB at the S249/T252 sites, thereby reinforcing cell-cy-

cle arrest and promoting a quiescent or latent state [83,180]. Thus, this axis links signals 

from the bone niche to the inhibition of tumor proliferation, explaining why some dissem-

inated cells can remain viable yet dormant for years before reactivating and generating 

clinically evident bone metastases. [83]. This mechanism is important because it links cell-

surface proteoglycans, TGF-β signaling, and cell-cycle control in disseminated tumor cells. 

Furthermore, proteoglycans contribute to therapeutic resistance in prostate cancer by 

modulating the extracellular matrix, tumor signaling, cellular plasticity, EMT, stemness, 

and microenvironmental interactions (Table 6). Proteoglycans such as ASPN/asporin, 

syndecan-1, and versican are associated with docetaxel resistance; betaglycan/TGFβ-RIII 

and biglycan are associated with a poor response to hormonal therapies and progression 

to castration-resistant prostate cancer; SPOCK1/testican-1 is involved in enzalutamide re-

sistance; and perlecan/HSPG2 promotes radioresistance [16,180]. Therefore, these proteo-

glycans can be considered candidate biomarkers or investigational targets, with variable 

and often indirect bone-specific validation in advanced prostate cancer. 

Table 6. Proteoglycans and signaling axes in prostate cancer bone metastasis. 
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Proteoglycan/Axis 
Main Mechanism in Pros-

tate Cancer Bone Metastasis 

Experimental Model/Evi-

dence Basis 

Evidence Di-

rectness 
Translational Interpretation and Caution Ref. 

Perlecan/HSPG2 

Supports desmoplastic ma-

trix remodeling, growth-fac-

tor storage, angiogenesis, 

stromal invasion, and pros-

tate cancer adaptation to the 

bone niche. 

Prostate cancer bone-me-

tastasis and desmoplastic 

microenvironment mod-

els; perlecan-rich matrix 

and tissue-invasion stud-

ies. 

Direct preclini-

cal/bone-rele-

vant evidence. 

Candidate biomarker of stromal invasion 

and matrix remodeling. HSPG2 is also linked 

to therapy resistance, including radiore-

sistance, but clinical validation remains lim-

ited. 

[16,26,28,1

23,131–

133,161,21

2] 

MMP-7–perlecan–

Sema3A–FAK axis 

MMP-7 cleavage of per-

lecan/Sema3A complexes ac-

tivates FAK-dependent 

dyscohesion, migration, and 

stromal invasion. 

Mechanistic prostate can-

cer matrix-invasion mod-

els and perlecan-frag-

ment/tissue-invasion 

studies. 

Direct mecha-

nistic prostate 

bone-relevant 

evidence. 

Strong mechanistic axis for matrix-depend-

ent invasion. Therapeutic targeting remains 

preclinical; broad MMP or FAK inhibition 

may have toxicity and specificity limitations. 

[20,123,15

6,161] 

SULF1/SULF2–

HSPG axis 

Edits heparan sulfate sul-

fation, altering WNT3A, 

FGF, VEGF, and other ligand 

gradients in the bone niche. 

3D prostate cancer–

stroma–macrophage tri-

culture models with per-

lecan-modified matrices; 

broader sulfatase/HSPG 

literature. 

Bone-niche ex-

perimental evi-

dence. 

Potential modulator of HSPG-dependent sig-

naling in desmoplastic and WNT-active 

niches. Context-dependent effects require 

caution; SULF1/SULF2 should not be de-

scribed as uniformly pro- or anti-metastatic. 

[17,27,35,1

03,113,175

,176] 

SDC1 

Regulates adhesion, growth 

factor signaling, ectodomain 

shedding, invasion, and pos-

sible therapy resistance. 

Advanced prostate cancer 

and CRPC biomarker 

studies; general 

syndecan/HSPG cancer 

mechanisms. 

Mostly extrapo-

lated for pros-

tate cancer 

bone metasta-

sis. 

Circulating SDC1 has been associated with 

chemotherapy resistance in CRPC, but bone-

specific validation is limited. Present as an 

exploratory biomarker, not as an established 

skeletal-metastasis marker. 

[16,39,186

] 

Betagly-

can/TGFβRIII 

Mediates osteoblast-derived 

TGFβ2/GDF10 dormancy 

signals through p38MAPK–

RB-dependent cell-cycle ar-

rest. 

Osteoblast-derived dor-

mancy models and pros-

tate cancer bone-niche 

studies. 

Direct bone-

niche dor-

mancy evi-

dence. 

Key mechanistic axis for dormancy induction 

and maintenance. Translational targeting is 

not mature because disrupting dormancy 

signals could theoretically promote reactiva-

tion if not carefully controlled. 

[82–

84,179–

181] 

HA-CD44/RHAMM 

axis 

Promotes motility, invasion, 

plasticity, androgen-inde-

pendent progression, and 

adhesion to bone-niche com-

ponents. 

Prostate cancer progres-

sion models plus broader 

HA-CD44/RHAMM can-

cer studies. 

Mixed/mostly 

extrapolated 

for skeletal me-

tastasis. 

Potential target in invasive or therapy-re-

sistant subpopulations. HA is not a proteo-

glycan; it should be presented as an associ-

ated free GAG axis. Bone-specific therapeutic 

validation remains limited. 

[16,29,31,9

9,163,168,

213] 

DCN 

Suppresses tumor progres-

sion by antagonizing 

EGFR/AR, MET, VEGFR2, 

TGF-β-related signaling, an-

giogenesis, and invasion. 

Preclinical prostate can-

cer models, including 

decorin-expressing onco-

lytic adenovirus studies 

in bone metastasis. 

Direct preclini-

cal skeletal-me-

tastasis evi-

dence. 

Promising anti-metastatic strategy, but still 

preclinical. Delivery, immune response, off-

target matrix effects, and clinical efficacy re-

main unresolved. 

[16,24,44,5

9,171] 

VCAN 

May promote ECM remodel-

ing, inflammatory signaling, 

invasion, and tumor-cell 

plasticity in a context-de-

pendent manner. 

Prostate cancer and ECM-

remodeling literature; 

stronger mechanistic sup-

port comes from broader 

cancer and matrix stud-

ies. 

Mostly extrapo-

lated for pros-

tate cancer 

bone metasta-

sis. 

Potential marker of a matrix-remodeled 

niche, but not a validated prostate skeletal-

metastasis biomarker. Use cautious wording. 

[16,42,76,1

10] 

Therapy-resistance-

associated matrix 

PGs: ASPN, BGN, 

SPOCK1/testican-1 

Associated with inflamma-

tory stroma, EMT/plasticity, 

CRPC progression, and re-

sistance to systemic thera-

pies. 

Advanced prostate cancer 

and therapy-resistance 

studies; evidence not con-

sistently derived from 

skeletal metastasis. 

Extrapolated 

for bone metas-

tasis. 

Exploratory biomarkers of aggressive or re-

sistant disease. Avoid implying bone-specific 

predictive value until validated in skeletal 

metastasis samples or bone-niche models. 

[16,41] 

Heparanase/HPSE–

HSPG axis 

Cleaves HS chains, releases 

matrix-bound growth fac-

tors, and promotes ECM re-

modeling, angiogenesis, in-

vasion, and mixed bone re-

modeling. 

HSPG/heparanase cancer 

models, osteolytic tumor 

growth studies, and 

broader evidence of pros-

tate/bone matrix remod-

eling. 

Mixed evi-

dence. Bone-

relevant pre-

clinical evi-

dence exists, 

but prostate 

bone-specific 

validation is in-

complete. 

HPSE inhibitors are investigational. Potential 

use may be in combination with systemic 

therapy, antiresorptive agents, or ECM-tar-

geted approaches; toxicity and broad ECM 

effects require caution. 

[17,22,34,1

02,146,191

,192] 

Abbreviations: 3D, three-dimensional; AKT, protein kinase B; AR, androgen receptor; ASPN, 

asporin; BGN, biglycan; CD44, cluster of differentiation 44; RHAMM/CD168, receptor for hyalu-

ronan-mediated motility; CRPC, castration-resistant prostate cancer; DCN, decorin; ECM, extracel-

lular matrix; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; 

FAK, focal adhesion kinase; FGF, fibroblast growth factor; GDF10, growth differentiation factor 10; 
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HA, hyaluronan; HGF, hepatocyte growth factor; HPSE, heparanase; HS, heparan sulfate; HSPG, 

heparan sulfate proteoglycan; HSPG2, heparan sulfate proteoglycan 2/perlecan; MET, mesenchy-

mal–epithelial transition factor receptor; MMP-7, matrix metalloproteinase 7; NF-κB, nuclear factor 

kappa B; PI3K, phosphoinositide 3-kinase; RB, retinoblastoma protein; ROCK1, Rho-associated 

coiled-coil kinase 1; RTK, receptor tyrosine kinase; SDC1, syndecan-1; Sema3A, semaphorin 3A; Src, 

proto-oncogene tyrosine-protein kinase Src; SULF1/2, sulfatase 1/2; TGF-β, transforming growth 

factor beta; TGFβRIII, transforming growth factor beta receptor III/betaglycan; TLR, Toll-like recep-

tor; VCAN, versican; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial 

growth factor receptor 2; WNT, wingless/integrated signaling pathway. Evidence directness: Direct 

bone-metastasis evidence, evidence derived from patient bone metastasis samples or in vivo skeletal 

metastasis models; bone-niche experimental evidence, evidence derived from osteoblast, osteoclast, 

stromal, macrophage, mineralized matrix, or 3D bone-like models; extrapolated evidence, evidence 

derived mainly from primary tumors, non-bone metastatic sites, or general cancer models. 

8. Other Cancers and Bone-Tropic Disease 

Although breast and prostate cancers account for the majority of the literature on 

bone metastases, other tumors also exhibit a significant tropism for bone [124]. These in-

clude lung, kidney, and thyroid cancers, hepatocellular carcinoma, melanoma, multiple 

myeloma, and some primary bone tumors or sarcomas with pulmonary or bone spread 

[213,214], Table 7. A recent population-based study, based on natural language processing 

of CT reports, found cumulative incidences of bone metastasis not only in prostate and 

breast cancers, but also in lung, melanoma, hepatobiliary, endocrine/thyroid, genitouri-

nary, and pancreatic tumors [2]. 

In these tumors, the specific evidence on proteoglycans in bone metastasis is more 

heterogeneous and less mature than in breast or prostate cancer. However, several pat-

terns are relevant. First, many osteotropic tumors use common homing and colonization 

axes, including CXCL12/CXCR4, integrins, osteopontin, VCAM-1, TGF-β, RANKL, and 

MMPs [50,106,215]. Second, HSPGs and heparanase are cross-cutting regulators of inva-

sion, angiogenesis, and growth factor release [38,216]. Third, some tumors show particu-

lar associations: lumican in bone metastasis from lung cancer, syndecan-1/CD138 in mul-

tiple myeloma, glypicans in hepatocellular carcinoma and melanoma, and syndecan-4/fi-

bronectin or lumican/decorin in primary bone tumors [50,217–219]. 

In lung cancer, bone metastasis is clinically relevant due to its association with pain, skel-

etal events, and poor prognosis. LUM, for example, has been identified as an SLRP with a 

prometastatic function in bone. Its expression is increased in lung cancer cells selected for their 

bone tropism, and its silencing reduces adhesion to extracellular matrix components, migra-

tion, invasion, and the formation of bone metastasis in vivo [172]. Also, lumican secreted by 

the tumor cells themselves can act autocrinally, promoting FAK activation, MMP2/9-mediated 

proteolytic activity, and early seeding in the bone marrow. This finding demonstrates that 

SRPs are not necessarily antitumor in all contexts, but rather can acquire prometastatic func-

tions depending on the tumor type, matrix composition, and target niche [41,142,173]. 

In multiple myeloma, the disease is not considered a solid tumor metastasis but ra-

ther a bone disease highly dependent on the bone marrow niche. In hematologic malig-

nancies, the concept of a “malignant hematopoietic proteoglycome” describes the network 

of proteoglycans expressed by normal hematopoietic cells, malignant cells, and compo-

nents of the bone marrow microenvironment. These proteoglycans act as multivalent reg-

ulators by integrating signals for adhesion, cell trafficking, differentiation, survival, ma-

trix remodeling, and therapeutic response. In normal bone marrow, molecules such as 

perlecan, agrin, decorin, biglycan, versican, CD44, syndecans, glypicans, and NG2/CSPG4 

contribute to the architecture and function of the hematopoietic niche. In malignant con-

ditions, its aberrant or ectopic expression can promote bone marrow infiltration, tumor-
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stroma interactions, angiogenesis, osteolysis, immune evasion, and drug resistance, as oc-

curs with CD44 in leukemias, syndecan-1/CD138 in multiple myeloma, and NG2/CSPG4 

in leukemia subtypes associated with genetic rearrangements [193,194]. 

In hepatocellular carcinoma and melanoma, direct evidence of bone metastasis is 

more limited, but data link glypican-3/GPC3 to circulating tumor cells in hepatocellular 

carcinoma and glypican-6/GPC6 to metastatic progression in melanoma [220–222]. In pri-

mary bone tumors, such as osteosarcoma or giant cell tumor, alterations in syndecan-4, 

fibronectin, lumican, and decorin have been described [223–226], suggesting that proteo-

glycans also play a role in the biology of tumors originating in the bone compartment. 

Table 7. Proteoglycan/GAG/ECM axes in other bone-tropic solid tumors and comparative bone-

niche diseases. 

Tumor or Dis-

ease 

Main PG/GAG/ECM 

Axis 

Dominant Functional Contri-

bution 
Evidence Directness Translational Interpretation Ref. 

Lung cancer 

Lumican, HSPGs, 

HPSE, HA-CD44, 

MMPs 

Lumican promotes adhesion, 

migration, invasion, FAK acti-

vation, MMP2/9 activity, and 

bone metastatic seeding. 

HSPG/HPSE axes may support 

angiogenesis and growth-fac-

tor release. 

Direct for lumican; 

mixed/extrapolated for 

other axes. 

Lumican is the strongest non-

breast/non-prostate bone-metas-

tasis example; other axes require 

validation. 

[2,172,227] 

Renal cell carci-

noma 

HSPGs, per-

lecan/HSPG2, HPSE, 

VEGF-associated ECM 

May support angiogenesis, 

vascular invasion, matrix re-

modeling, and tumor–stroma 

interaction. 

Mostly extrapolated. 

PG-specific mechanisms remain 

insufficiently validated in renal 

cancer bone metastasis. 

[3,17] 

Thyroid and 

other endocrine 

cancers 

HSPGs, HA-CD44, 

integrins, MMPs 

May regulate adhesion, ECM 

remodeling, vascularization, 

and local invasion. 

Extrapolated. 

Should be presented as a plausi-

ble ECM-related mechanism, not 

as a proven PG-driven bone-me-

tastasis axis. 

[2,14] 

Hepatocellular 

carcinoma 
GPC3, HSPGs, HPSE 

GPC3 may contribute to dis-

semination through WNT/β-

catenin, FGF-related signaling, 

and HSPG-dependent tumor–

stroma interaction. 

Extrapolated for bone me-

tastasis. 

GPC3 is relevant in HCC biology 

but not validated as a bone-me-

tastasis-specific biomarker. 

[2,220] 

Melanoma 
GPC6, HSPGs, HA-

CD44, MMPs 

May contribute to metastatic 

progression, invasion, migra-

tion, and ECM remodeling. 

Extrapolated for bone me-

tastasis. 

GPC6 should be discussed as a 

metastatic-progression marker, 

not as a validated skeletal-tro-

pism mechanism. 

[2,220–222] 

Multiple mye-

loma 

SDC1/CD138, HPSE, 

HSPGs, perlecan, 

decorin, biglycan. 

Regulates myeloma–bone mar-

row adhesion, stromal interac-

tion, growth-factor signaling, 

angiogenesis, osteolysis, and 

drug resistance. 

Direct for bone marrow 

disease; comparative for 

solid-tumor bone metasta-

sis. 

Useful as a comparative PG-rich 

bone-niche disease, but not 

equivalent to solid-tumor metas-

tasis. 

[2,162,220,228] 

Osteosarcoma 

and primary 

bone tumors 

SDC4, fibronectin, 

lumican, decorin, 

HSPGs, MMPs 

Regulate adhesion, ECM or-

ganization, migration, differ-

entiation, invasion, and ma-

trix-dependent signaling. 

Direct for primary bone 

tumor biology; not direct 

for bone metastasis. 

Useful for comparison of bone-

matrix biology; should be clearly 

separated from metastatic solid 

tumors. 

[142,223,226]  

Giant cell tu-

mor of bone 

Decorin, lumican, colla-

gen-associated ECM, 

MMPs 

Altered ECM composition may 

contribute to osteolysis, local 

aggressiveness, and rare meta-

static potential. 

Direct for primary bone 

tumor biology; compara-

tive only. 

Not evidence of solid-tumor bone 

metastasis. Decorin/lumican 

should not be considered vali-

dated skeletal-metastasis bi-

omarkers or therapeutic targets.   

[223] 

Abbreviations: ECM, extracellular matrix; GAG, glycosaminoglycan; GPC3, glypican-3; GPC6, 

glypican-6; HA, hyaluronan; HCC, hepatocellular carcinoma; HPSE, heparanase; HSPG, heparan 

sulfate proteoglycan; MMP, matrix metalloproteinase; PG, proteoglycan; SDC1/CD138, syndecan-

1/cluster of differentiation 138; SDC4, syndecan-4; VEGF, vascular endothelial growth factor. Evi-

dence directness was classified as follows: direct evidence, when derived from patient bone metas-

tasis samples or In Vivo skeletal metastasis models; mixed evidence, when both bone-specific and 

extrapolated studies support the same axis; extrapolated evidence, when derived mainly from pri-
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mary tumors, non-bone metastatic sites, or general cancer models; and comparative evidence, when 

derived from multiple myeloma or primary bone tumors and used only to contextualize 

PG/GAG/ECM remodeling in the bone niche. 

9. Clinical and Translational Relevance 

9.1. Current Clinical Management and Unmet Needs 

Bone metastasis remains a major clinical challenge because current therapeutic strat-

egies rarely eradicate established skeletal disease and are often aimed at preventing or 

delaying skeletal-related events, reducing pain, preserving neurological function, and 

maintaining quality of life. Current management includes systemic therapies directed 

against the primary tumor, radiotherapy, orthopedic or neurosurgical intervention in se-

lected cases, radiopharmaceuticals, bisphosphonates, denosumab and supportive care 

[3,4]. Treatment selection depends on tumor type, extent of skeletal involvement, pain, 

neurological risk, mechanical instability, prognosis, and the overall therapeutic objective 

[3,4,106,215]. These approaches do not fully address the biological complexity of the met-

astatic bone niche, which is shaped by tumor cells, osteoblasts, osteoclasts, osteocytes, im-

mune cells, adipocytes, endothelium, and the extracellular matrix [3,48,106,138]. This net-

work regulates homing, dormancy, reactivation, bone remodeling, angiogenesis, and im-

munosuppression; therefore, future strategies should combine tumor control, preserva-

tion of bone architecture, and modulation of the metastatic niche. Therefore, proteogly-

cans are clinically relevant because they connect tumor-intrinsic signaling with bone re-

modeling, extracellular matrix organization, immune regulation, angiogenesis, dor-

mancy, and therapy resistance [37,75,142,143]. From this perspective, proteoglycans 

should not be viewed only as structural matrix components, but as dynamic regulators of 

the tumor–bone–immune–matrix interface. Their translational value can be organized 

into three major areas: biomarkers and niche-stratification tools, therapeutic targets, and 

modulators of treatment response. 

9.2. Proteoglycans as Biomarkers and Niche-Stratification Tools 

Proteoglycans may provide information that is complementary to conventional bi-

omarkers. Whereas classical biomarkers often reflect tumor lineage, receptor status, ge-

nomic alterations, or tumor proliferation, proteoglycans can inform on the functional state 

of the extracellular matrix, including matrix stiffness, ligand sequestration, adhesion, in-

vasion, angiogenesis, inflammatory remodeling, immunomodulation, and therapeutic re-

sistance [37,75,142]. Their core proteins, glycosaminoglycan chains, sulfation patterns, sol-

uble ectodomains, and proteolytic fragments may reflect ongoing matrix remodeling and 

tumor–stroma communication [42,142,144]. Several analytical sources could be consid-

ered for proteoglycan-based biomarker development, including primary tumor samples, 

bone metastasis biopsies, circulating tumor-associated fragments, extracellular vesicles, 

serum or plasma proteoglycans, and proteolysis-derived matrikines [142,143]. For exam-

ple, SDC1/CD138 has established value in multiple myeloma [187–189]. Circulating SDC1 

has also been associated with chemotherapy resistance in castration-resistant prostate can-

cer [186]. HSPG2/perlecan and its fragments have been proposed as indices of invasion in 

prostate cancer [26]. In breast cancer, proteoglycan-expression signatures may help dis-

tinguish aggressive phenotypes and matrix-remodeled tumors [25]. This context-depend-

ent plasticity suggests that proteoglycans may function not merely as tumor-associated 

biomarkers but also as dynamic indicators of tumor microenvironment status, metastatic 

niche remodeling, matrix organization, and treatment vulnerability. 

9.3. Therapeutic Targeting of Proteoglycan-Regulated Axes 
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From a therapeutic standpoint, proteoglycan-regulated pathways offer several po-

tential intervention points. These include enzymatic remodeling of heparan sulfate by 

heparanase/HPSE, extracellular editing of heparan sulfate sulfation by SULF1/SULF2, 

HA-CD44/RHAMM-dependent signaling, syndecan-mediated co-receptor activity, per-

lecan/HSPG2-dependent growth-factor storage, MMP- and cathepsin-mediated proteoly-

sis, LOX/LOXL2-mediated matrix stiffening, integrin–FAK/Src mechanotransduction, and 

decorin-dependent antagonism of receptor tyrosine kinase signaling 

[22,31,103,142,144,175,183,190]. Heparanase inhibition may reduce the release of heparan 

sulfate-bound growth factors, chemokines, and morphogens, thereby limiting angiogen-

esis, invasion, osteolytic signaling, and metastatic niche remodeling [34,102,144,229,230]. 

Modulation of SULF1/SULF2 activity could alter heparan sulfate-dependent signaling 

gradients and modify the availability of WNT, FGF, VEGF, and other ligands within the 

metastatic microenvironment [35,103,113,143,175,176]. Targeting the HA-CD44/RHAMM 

axis may reduce tumor-cell plasticity, migration, stemness-associated programs, and re-

sistance to therapy, especially in HA-rich and inflammatory tumor niches [31,97,98,209]. 

Decorin-based approaches are also attractive because decorin can antagonize multiple re-

ceptor tyrosine kinases and suppress pro-angiogenic, pro-invasive, and pro-metastatic 

signaling pathways [59,79,170,171,231]. 

In addition, extracellular matrix-directed strategies may improve the effectiveness of 

conventional therapies by modifying mechanical barriers, proteolytic remodeling, and 

drug penetration. Current evidence indicates that the extracellular matrix is not only a 

physical scaffold, but also an active regulator of metastatic dissemination, therapeutic re-

sistance, and immune exclusion [15,143,182–184]. Therefore, proteoglycan-targeted strat-

egies are likely to be most effective when combined with tumor-directed therapy, antire-

sorptive agents, radiotherapy, radiopharmaceuticals, immunotherapy, or matrix-normal-

izing interventions rather than used as isolated treatments. 

9.4. Integration with Immunotherapy 

The integration of proteoglycan biology with immunotherapy is particularly relevant 

in bone metastasis. The bone marrow is an immune-rich microenvironment containing 

macrophages, T lymphocytes, NK cells, dendritic cells, MDSCs, and neutrophils, and 

other immune populations that can either restrict or promote metastatic progression de-

pending on their activation state and spatial organization [13,61,63,69,232]. Proteoglycans 

and GAG-rich matrices can influence this immune landscape by regulating chemokine 

availability, cytokine gradients, macrophage polarization, myeloid-cell recruitment, lym-

phocyte infiltration, and matrix stiffness [70,74–76,110]. This has therapeutic implications. 

Immune checkpoint inhibitors, anti-TGF-β approaches, MDSC-directed therapies, macro-

phage-targeted strategies, bispecific antibodies, and chimeric antigen receptor (CAR) T 

cell therapies may be affected by the physical and biochemical properties of the metastatic 

matrix [68,84,233,234]. Matrix stiffness, HA-rich barriers, proteoglycan fragments, and 

heparan sulfate-dependent chemokine presentation may contribute to immune exclusion 

or immunosuppressive niche formation [70–73,75,143]. 

9.5. Challenges for Clinical Translation 

Despite their translational potential, several challenges limit the immediate clinical 

application of proteoglycan-based strategies. First, proteoglycans are pleiotropic and 

highly context-dependent molecules. The same proteoglycan may promote tumor pro-

gression in one tumor subtype or metastatic niche, suppress tumor growth in another, or 

change function according to glycosylation, sulfation, proteolytic processing, cellular 

source, and matrix organization [15,37,42,142,182]. Second, many proteoglycans and ma-

trix-remodeling enzymes have essential physiological functions in bone, vasculature, 
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hematopoiesis, and immune regulation; therefore, non-selective systemic inhibition may 

cause toxicity or interfere with tissue homeostasis [144,182]. Third, most current evidence 

derives from in vitro systems, xenografts, engineered three-dimensional cultures, or indi-

rect biomarker studies, whereas validation in patient-derived bone metastasis specimens 

remains limited [48,138,195–197]. For these reasons, the most realistic translational strat-

egy is not broad inhibition of entire proteoglycan families, but context-specific targeting 

based on tumor type, lesion phenotype, matrix state, immune composition, and proteo-

glycan/GAG signatures. Future studies should integrate matrisome profiling, spatial pro-

teomics, single-cell and spatial transcriptomics, GAGomics, degradomics, extracellular-

vesicle analysis, and mineralized three-dimensional bone niche models to identify clini-

cally actionable proteoglycan-dependent vulnerabilities [182,198–204]. Such approaches 

may help stratify patients according to metastatic niche biology and guide the rational 

combinations of tumor-directed therapy, bone-targeted treatment, immunotherapy, and 

matrix-modulating interventions. 

10. Knowledge Gaps and Future Directions 

Despite increasing evidence that proteoglycans regulate bone metastatic progression, 

several conceptual, technical, and translational gaps remain. A major knowledge gap is 

the lack of integrated spatial maps of the metastatic bone matrix. Most studies focus on 

one or a few proteoglycans and rarely integrate core protein identity, GAG class, sulfation 

pattern, proteolytic fragmentation, cellular source, and spatial location within osteolytic, 

osteoblastic, or mixed lesions. This is important because extracellular matrix function de-

pends not only on molecular composition, but also on architecture, mechanics, proteolysis, 

and tissue organization [182]. Therefore, future studies should define proteoglycan net-

works as spatially organized matrix systems rather than as isolated molecules. 

Furthermore, there is limited characterization of proteoglycans in human bone me-

tastasis samples. Bone biopsies are difficult to obtain and process, decalcification can affect 

molecular analyses, and many studies rely on in vitro models or xenografts. Integrated 

analyses of single-cell RNA-seq (scRNA-seq), spatial transcriptomics, spatial proteomics, 

glycomics, GAGomics, degradomics, and insoluble matrix proteomics are needed to de-

termine which proteoglycans are produced by tumor cells, osteoblasts, osteoclasts, osteo-

cytes, fibroblasts, endothelial cells, or immune populations [19,198–204]. 

Another unresolved issue is the distinction between association and causality. Many 

studies link proteoglycans to metastasis through differential expression or correlative bi-

omarker analyses, but fewer studies demonstrate whether these molecules actively drive 

bone colonization, dormancy, reactivation, immune escape, or therapy resistance 

[37,42,70]. To address this, functional models should incorporate tumor cells together with 

osteoblasts, osteoclasts, osteocytes, endothelial cells, macrophages, neutrophils, lympho-

cytes, and native or biomimetic extracellular matrix. Mineralized three-dimensional cul-

tures, bone organoids, bone-on-a-chip systems, and multicellular co-cultures may be par-

ticularly useful for testing axes such as perlecan/HSPG2, SULF1/SULF2, HA-

CD44/RHAMM, and desmoplastic remodeling under controlled but physiologically rele-

vant conditions [195,197,235,236]. 

The proteoglycan–immune interface in bone metastasis also remains incompletely 

understood. Proteoglycans such as versican and biglycan can function as inflammatory 

matrix mediators, HSPGs and heparanase can regulate chemokine and growth-factor 

availability, and matrix stiffness can promote immune exclusion or favor a suppressive 

myeloid phenotype [71–74,76]. Although ECM immunoregulation is increasingly recog-

nized as a determinant of immune evasion and immunotherapy response, the specific 

contribution of proteoglycan/GAG remodeling to immune-cell positioning, activation, ex-

clusion, or suppression in metastatic bone lesions remains poorly defined 
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[73,75,94,143,159]. Future studies should integrate spatial immune profiling with proteo-

glycan/GAG mapping to determine whether matrix-targeted interventions can improve 

antitumor immunity in bone metastasis. 

Another critical gap concerns the role of proteoglycan remodeling in dormancy and 

metastatic reactivation. Osteoblastic factors and members of the TGF-β family, such as 

TGFβ2 and GDF10, can induce dormancy of prostate cancer cells through TGFβRIII–

p38MAPK–RB [83,180,181,237]. However, it remains unclear how matrix stiffness, GAG 

sulfation, proteoglycan fragmentation, heparanase activity, HA-CD44/RHAMM signaling, 

inflammatory remodeling, or osteoclast-dependent matrix turnover modify the switch be-

tween quiescence and metastatic outgrowth. This question is clinically relevant because 

skeletal relapse may occur years after treatment of the primary tumor, suggesting that the 

matrix may act not only as a scaffold for disseminated tumor cells but also as a regulator 

of long-term dormancy, survival, and reactivation. 

Finally, future research should move toward niche-informed precision medicine. 

This will require biomarkers that integrate imaging, serum bone turnover markers, ECM 

signatures, circulating proteoglycans or proteoglycan fragments, extracellular vesicle 

cargo, immune profiling, and tumor genomic data. Such integrated strategies could help 

classify bone metastases according to lesion phenotype, matrix state, immune composi-

tion, dormancy potential, and treatment vulnerability. From a therapeutic perspective, ra-

tional combinations should be explored, including antiresorptive agents or radiopharma-

ceuticals with ECM-modulating therapies, immunotherapy with TGF-β, heparanase, or 

HA-CD44/RHAMM modulators, and systemic therapies with matrix-normalization strat-

egies [22,31,106,143,183,190,229,230]. Therefore, the strategy should not involve eliminat-

ing the matrix but rather reprogramming the metastatic niche to be less prone to coloni-

zation, immunosuppression, reactivation, and therapy resistance. To organize these pri-

orities, Table 8 summarizes the major knowledge gaps, current limitations, proposed re-

search approaches, and expected translational impact of future proteoglycan-focused 

studies in bone metastasis. 

Table 8. Knowledge gaps and future directions for proteoglycan research in bone metastasis. 

Knowledge Gap Limitation Priority Impact Ref. 

Spatial mapping of the meta-

static bone matrix 

PGs are usually studied indi-

vidually, without spatial in-

tegration of core proteins, 

GAGs, sulfation, fragments, 

cell source, and lesion pheno-

type. 

Build spatial PG/GAG maps 

using matrisomics, spatial 

proteomics, spatial tran-

scriptomics, GAGomics, 

degradomics, and insoluble 

matrix proteomics. 

Define matrix-state signa-

tures for osteolytic, osteo-

blastic, mixed, dormant, in-

flammatory, and resistant 

niches. 

[182,198–204] 

Human bone metastasis vali-

dation 

Human bone biopsies are 

scarce, difficult to process, 

and affected by decalcifica-

tion; most evidence comes 

from models. 

Optimize workflows for 

fresh, frozen, FFPE, and de-

calcified bone metastasis 

samples. 

Improve clinical relevance of 

PG signatures and identify 

their cellular origin in human 

lesions. 

[19,48,138,195,196] 

Association versus causality 

Many studies are correlative 

and do not prove whether 

PGs drive colonization, dor-

mancy, immune escape, or 

resistance. 

Use gain- and loss-of-func-

tion studies in multicellular 

mineralized bone niche mod-

els. 

Prioritize causal PG-depend-

ent mechanisms as therapeu-

tic targets. 

[37,42,70,195,196,236] 

PG–immune interface 

The role of PG/GAG remod-

eling in immune-cell posi-

tioning, exclusion, activation, 

or suppression remains un-

clear. 

Combine spatial immune 

profiling with PG/GAG map-

ping in bone metastases. 

Support matrix-informed im-

munotherapy combinations. 
[62,63,65,70–73,75,76,143,159] 

Dormancy and reactivation 

How matrix stiffness, GAG 

sulfation, PG fragmentation, 

HPSE, HA-CD44/RHAMM, 

and osteoclast remodeling 

Model dormant and reac-

tivated tumor cells in endos-

teal and marrow-like niches. 

Identify biomarkers and in-

terventions to prevent late 

skeletal relapse. 

[80–84,86,101,121,179–181] 
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regulate reactivation is unre-

solved. 

Niche-informed precision 

medicine 

Current stratification relies 

primarily on tumor lineage, 

imaging, bone turnover 

markers, and systemic ther-

apy response. 

Integrate imaging, serum 

markers, circulating PG frag-

ments, EV cargo, ECM signa-

tures, immune profiling, and 

tumor genomics. 

Classify patients by niche 

state, matrix remodeling, im-

mune context, dormancy 

risk, and treatment vulnera-

bility. 

[22,31,106,142,143,183,185,19

0,229,230] 

Context-specific targeting 

Broad PG or enzyme inhibi-

tion may affect normal bone, 

vascular, hematopoietic, and 

immune functions. 

Target HPSE, SULF1/2, HA-

CD44/RHAMM, MMPs, ca-

thepsins, LOX/LOXL2, integ-

rin–FAK/Src, and decorin-

regulated RTK pathways se-

lectively. 

Reprogram the metastatic 

niche to reduce colonization, 

immune suppression, reacti-

vation, and therapy re-

sistance. 

[15,22,31,35,102,103,142–

144,175,182–184,190,229,230] 

Abbreviations: ECM, extracellular matrix; EV, extracellular vesicle; FAK, focal adhesion kinase; 

FFPE, formalin-fixed paraffin-embedded; GAG, glycosaminoglycan; HA, hyaluronan; HPSE, hepa-

ranase; LOX/LOXL2, lysyl oxidase/lysyl oxidase-like 2; MMP, matrix metalloproteinase; PG, prote-

oglycan; RHAMM, receptor for hyaluronan-mediated motility; RTK, receptor tyrosine kinase; Src, 

proto-oncogene tyrosine-protein kinase Src; SULF1/2, sulfatase 1/2. 

11. Conclusions 

Proteoglycans are emerging as functional components of the bone metastatic niche, 

capable of integrating signals from the extracellular matrix, tumor cells, the bone com-

partment, and the immune system. Beyond their structural functions, these molecules 

modulate key processes involved in metastatic progression, including extracellular matrix 

remodeling, tumor–bone crosstalk, osteolytic and osteoblastic niche formation, angiogen-

esis, immune evasion, metastatic dormancy, reactivation, and therapy resistance. 

The evidence reviewed here indicates that proteoglycan function is highly context 

dependent. Their biological impact varies according to tumor type, stage of progression, 

cellular source, glycosaminoglycan composition, sulfation patterns, ectodomain shedding, 

and enzymatic remodeling of the metastatic microenvironment. This complexity prevents 

their interpretation as a homogeneous molecular family and supports their analysis as 

dynamic signaling networks rather than isolated structural components. 

Direct evidence of bone metastasis is strongest for selected proteoglycan/GAG-asso-

ciated axes, including versican and decorin in breast cancer models; perlecan/HSPG2 and 

MMP-7–Sema3A–FAK signaling in prostate cancer; SULF1/SULF2-dependent heparan 

sulfate remodeling in bone-niche models; and TGFβ-RIII/betaglycan-associated dor-

mancy signaling. In contrast, several proposed roles of proteoglycan expression, GAG sul-

fation, heparanase activity, HA-CD44/RHAMM signaling, proteoglycan shedding, and 

matrix-derived fragments in dormancy maintenance, reactivation, immune escape, and 

therapy resistance are incompletely validated across tumor types. 

Therefore, proteoglycans offer opportunities for biomarker discovery, patient strati-

fication, and therapeutic targeting of the bone metastatic niche. However, their clinical 

application requires validation in human samples, more representative experimental 

models of the bone microenvironment, and studies capable of distinguishing descriptive 

associations from causal mechanisms. A deeper understanding of how proteoglycans reg-

ulate interactions among tumor cells, bone, immunity, and extracellular matrix may facil-

itate new strategies to prevent bone colonization, limit metastatic progression, overcome 

dormancy-associated relapse, and optimize combination therapies targeting both tumor 

cells and the supportive metastatic niche. Future studies should integrate matrisome pro-

filing, spatial proteomics, single-cell and spatial transcriptomics, glycosaminoglycan om-

ics, degradomics, extracellular vesicle analysis, and three-dimensional bone niche models. 

These approaches are essential to identify which proteoglycan alterations are causal driv-

ers of skeletal metastasis, which are biomarkers of niche state, and which can be safely 

targeted for therapeutic benefit. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ADAMTS A disintegrin and metalloproteinase with thrombospondin motifs 

AKT Protein kinase B 

AR Androgen receptor 

ARG1 Arginase 1 

ASPN Asporin 

BGN Biglycan 

BMP Bone morphogenetic protein 

CAFs Cancer-associated fibroblasts 

cAMP Cyclic adenosine monophosphate 

CCL C-C motif chemokine ligand 

CCR C-C motif chemokine receptor 

CD Cluster of differentiation 

CD1d Cluster of differentiation 1d 

CD44 Cluster of differentiation 44 

RHAMM/CD168 Receptor for hyaluronan-mediated motility 

CREB cAMP response element-binding protein 

CSF-1 Colony-stimulating factor 1 

CSF-1R Colony-stimulating factor 1 receptor 

CSPG4 Chondroitin sulfate proteoglycan 4 

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4 

CXCL C-X-C motif chemokine ligand 

CXCR C-X-C motif chemokine receptor 

DCN Decorin 

DCs Dendritic cells 

DNAM-1 DNAX accessory molecule 1 
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ECM Extracellular matrix 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

eIF4E3 Eukaryotic translation initiation factor 4E family member 3 

EMT Epithelial–mesenchymal transition 

ERBB2/HER2 Erb-b2 receptor tyrosine kinase 2/human epidermal growth factor receptor 2 

ERK Extracellular signal-regulated kinase 

FAK Focal adhesion kinase 

FGF Fibroblast growth factor 

FGFR Fibroblast growth factor receptor 

FOXP3 Forkhead box P3 

Gab1  GRB2-associated-binding protein 1 

GAG Glycosaminoglycan 

GDF10 Growth differentiation factor 10 

GLI2 GLI family zinc finger 2 

GPC3 Glypican-3 

GPC6 Glypican-6 

GPI Glycosylphosphatidylinositol 

HA Hyaluronan 

HAS2 Hyaluronan synthase 2 

HGF Hepatocyte growth factor 

HPSE Heparanase 

HSPG Heparan sulfate proteoglycan 

HSPG2 Heparan sulfate proteoglycan 2/perlecan 

HSPGs Heparan sulfate proteoglycans 

IFN-γ Interferon gamma 

IGF Insulin-like growth factor 

IGF1R Insulin-like growth factor 1 receptor 

IL Interleukin 

IL-8/CXCL8 Interleukin-8/C-X-C motif chemokine ligand 8 

iNOS Inducible nitric oxide synthase 

JAK Janus kinase 

JNK C-Jun N-terminal kinase 

LOX/LOXL2 Lysyl oxidase/lysyl oxidase-like 2 

MAMs Metastasis-associated macrophages 

MAPK Mitogen-activated protein kinase 

MDSCs Myeloid-derived suppressor cells 

MET Mesenchymal–epithelial transition factor receptor 

MFG-E8 Milk fat globule-EGF factor 8 

MHC Major histocompatibility complex 

MMP Matrix metalloproteinase 

MMP-7 Matrix metalloproteinase 7 

MMPs Matrix metalloproteinases 

NF-κB Nuclear factor kappa B 

NG2 Neuron-glial antigen 2 

NK cells Natural killer cells 

NKT cells Natural killer T cells 

NO Nitric oxide 

OPG Osteoprotegerin 

PD-1 Programmed cell death protein 1 

PD-L1 Programmed death-ligand 1 

PDGF Platelet-derived growth factor 

PDGFR Platelet-derived growth factor receptor 

PG Proteoglycan 

PGE2 Prostaglandin E2 

PI3K Phosphoinositide 3-kinase 

PKA Protein kinase A 

PKCα Protein kinase C alpha 

PTHrP Parathyroid hormone-related protein 
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p38 MAPK p38 mitogen-activated protein kinase 

RANK Receptor activator of nuclear factor-κB 

RANKL Receptor activator of nuclear factor-κB ligand 

RB Retinoblastoma protein 

RHAMM Receptor for hyaluronan-mediated motility 

Rho GTPase Rho guanosine triphosphatase 

ROCK Rho-associated coiled-coil kinase 

ROCK1 Rho-associated coiled-coil kinase 1 

ROS Reactive oxygen species 

RTK Receptor tyrosine kinase 

scRNA-seq Single-cell RNA sequencing 

SDC Syndecan 

SDC1 Syndecan-1 

SDC1/CD138 Syndecan-1/cluster of differentiation 138 

Sema3A Semaphorin 3A 

SHH Sonic hedgehog 

SLRP Small leucine-rich proteoglycan 

SMAD Suppressor of mothers against decapentaplegic proteins 

Src Proto-oncogene tyrosine-protein kinase Src 

SREs Skeletal-related events 

SRGN Serglycin 

STAT3 Signal transducer and activator of transcription 3 

SULF1/2 Sulfatase 1/2 

TAMs Tumor-associated macrophages 

TANs Tumor-associated neutrophils 

Tc17 IL-17-producing cytotoxic T cells 

TGF-β Transforming growth factor beta 

TGFβ-RIII Transforming growth factor beta receptor III/betaglycan 

Th T helper cell 

TLR Toll-like receptor 

Tregs Regulatory T cells 

VCAM-1 Vascular cell adhesion molecule 1 

VCAN Versican 

VEGFA Vascular endothelial growth factor A 

VEGF Vascular endothelial growth factor 

VEGFR Vascular endothelial growth factor receptor 

VEGFR2 Vascular endothelial growth factor receptor 2 

WNT Wingless/integrated signaling pathway 

WNT3A Wingless-type MMTV integration site family member 3A 

YAP/TAZ Yes-associated protein/transcriptional coactivator with PDZ-binding motif 

ZEB1 Zinc finger E-box-binding homeobox 1 
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