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Abstract

Clear cell renal cell carcinoma (ccRCC) accounts for most kidney cancers, and
metastatic dissemination rather than the primary tumor causes most kidney-
cancer deaths. Degradation and reorganization of the extracellular matrix
(ECM) are prerequisites for local invasion, intravasation, and colonization of
distant organs, and matrix metalloproteinases (MMPs) are the principal effec-
tors of these processes. This narrative review synthesizes peer-reviewed evi-
dence published between 2021 and 2026 on the expression, regulation, mech-
anistic functions, and translational relevance of MMPs and their endogenous
inhibitors, the tissue inhibitors of metalloproteinases (TIMPs), in ccRCC in-
vasion and metastasis. Tissue and bioinformatic studies report overexpression
of gelatinases (MMP-2, MMP-9) and membrane-type MMP-14, together with
several other family members, in ccRCC; however, the direct ccRCC evidence
is largely transcriptomic and immunohistochemical, whereas part of the sup-
porting tissue-level data derive from mixed-histology renal carcinoma cohorts
rather than pure clear cell populations. Higher MMP expression or enzymatic
content generally associates with advanced stage, aggressive histology, and
shorter survival. Mechanistic work converges on a small set of regulatory axes,
including ERK/MAPK signaling through the transcription factors ETS1 and
activator protein 1 (AP-1), metabolic reprogramming through G6PD, and ep-
ithelial-mesenchymal transition (EMT) programs driven by SPOCKI1, CD44,
and FXR, each of which funnels into MMP induction. Dysregulation of
TIMPs, including TIMP-1 overexpression with pro-survival functions and
TIMP-3 loss, further tilts the proteolytic balance toward invasion, while non-
coding RNAs and macrophage-derived exosomes modulate the MMP/TIMP
axis within the tumor microenvironment. Translationally, MMPs show prom-
ise as components of prognostic models, radiomic predictors, and liquid-bi-
opsy readouts, but therapeutic targeting remains unrealized in ccRCC; the fail-
ure of broad-spectrum MMP inhibitors has shifted interest toward engi-
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neered, highly selective protein inhibitors and rational combinations with
anti-angiogenic and immune-checkpoint therapy. Realizing the clinical value
of the MMP axis in ccRCC will require activity-based biomarkers, ccRCC-spe-
cific interventional studies, and trial designs that account for the context-de-
pendent functions of individual family members.

Keywords
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1. Introduction

Kidney cancer imposed an estimated global burden of more than 430,000 new
cases and approximately 156,000 deaths in 2022, and its incidence continues to
rise in most regions [1]. Renal cell carcinoma (RCC) comprises a group of histo-
logically and molecularly distinct entities, of which clear cell RCC (ccRCC) is the
most common, accounting for roughly 70% to 80% of cases [2]. Although local-
ized ccRCC is frequently cured by surgery or ablation, approximately one third of
patients present with synchronous metastases or develop metachronous dissemi-
nation after nephrectomy, and metastatic disease remains the dominant cause of
kidney-cancer mortality [2] [3]. The biological behavior of ccRCC is anchored by
biallelic inactivation of the VHL tumor suppressor in the large majority of spo-
radic tumors, which stabilizes hypoxia-inducible factors, particularly HIF-2a, and
rewires transcriptional programs governing angiogenesis, metabolism, and cell
motility [4].

Therapy for advanced ccRCC has changed substantially in the past five years.
Combinations of immune-checkpoint inhibitors with tyrosine-kinase inhibitors
(TKIs) are now first-line standards, and the HIF-2a inhibitor belzutifan has vali-
dated the VHL-HIF axis as a direct drug target, first in VHL disease-associated
RCC and subsequently in previously treated advanced disease, where it improved
progression-free survival over everolimus [3] [5] [6]. Nevertheless, primary and
acquired resistance to these regimens is frequent, and long-term disease control is
achieved in only a minority of patients [7]. Hypoxia itself has emerged as a deter-
minant of both response and resistance in metastatic ccRCC, linking the defining
molecular lesion of this disease to its clinical intractability [8]. Understanding the
downstream machinery that converts hypoxic, VHL-deficient signaling into inva-
sive and metastatic behavior therefore remains a priority.

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that
collectively degrade essentially all components of the extracellular matrix (ECM)
and many non-matrix substrates [9]. Proteolysis of basement membrane and in-
terstitial matrix is a biochemical prerequisite for tumor cell escape from the pri-
mary mass, entry into and exit from the vasculature, and remodeling of metastatic

DOI: 10.4236/jbm.2026.149006

106 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149006

B. W. Liu, Y. X. Liao

niches. MMPs were implicated in kidney cancer decades ago, and their roles in
RCC pathophysiology have been reviewed periodically [10] [11]. However, the
evidence base has expanded rapidly since 2021, driven by single-cell and spatial
profiling of the ccRCC microenvironment, mechanistic studies of MMP regula-
tion, protein-engineering approaches to selective inhibition, and renewed interest
in ECM proteolysis as a modifier of anti-angiogenic and immunotherapeutic effi-
cacy. A critical synthesis of this recent literature is lacking.

This narrative review summarizes peer-reviewed evidence published between
January 2021 and July 2026 on the roles of MMPs and tissue inhibitors of metal-
loproteinases (TIMPs) in ccRCC invasion and metastasis. The review is organized
by theme rather than by chronology: we first outline MMP biology relevant to
cancer invasion, then synthesize expression and prognostic data in ccRCC, then
integrate mechanistic and microenvironmental findings, and finally evaluate
translational opportunities and their limits, closing with a critical appraisal and
outstanding questions for the field. An overview of the MMP/TIMP axis in ccRCC

invasion and metastasis discussed in this review is presented in Figure 1.
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Figure 1. The matrix metalloproteinase (MMP)/tissue inhibitor of metalloproteinases (TIMP) axis in clear cell renal cell carcinoma
(ccRCC) invasion and metastasis. Biallelic VHL inactivation stabilizes hypoxia-inducible factors and establishes a hypoxic transcrip-
tional program in ccRCC cells. Upstream signals, including ERK/MAPK-ETS1/AP-1, metabolic reprogramming (G6PD), nuclear
receptors (FXR), and epithelial-mesenchymal transition (EMT) drivers (SPOCK1, CD44, DSS1), converge on induction of MMP-2,
MMP-7, MMP-9, and MMP-14, while non-coding RNAs and macrophage-derived exosomes erode TIMP-mediated restraint
(TIMP-2, TIMP-3). Gelatinases and membrane-type MMP-14 then degrade basement-membrane and interstitial matrix at the in-
vasive front and at invadopodia, enabling local invasion, angiogenesis, and intravasation. In the circulation, MMP-9 has been asso-
ciated with circulating tumor cell (CTC) survival (association-based evidence); at distant sites such as bone, tumor and host com-
partments remodel a metastatic niche. Therapeutic entry points (red) include selective small molecules, engineered TIMPs, anti-
MMP-9 antibodies, and rational combinations with VEGF-pathway and immune-checkpoint inhibitors. HIF, hypoxia-inducible
factor; ECM, extracellular matrix; TAM, tumor-associated macrophage.
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2. Literature Search Strategy

PubMed was searched in July 2026 for articles published between January 2021
and July 2026, using combinations of the terms “matrix metalloproteinase”, indi-
vidual MMP and TIMP designations, “clear cell renal cell carcinoma”, “renal cell

» o« » o« » o«

carcinoma”, “invasion”, “metastasis”, “prognosis”, and related variants. English-
language original research and review articles were screened by title and abstract,
and studies judged directly relevant to ccRCC biology, or to general MMP mech-
anisms applicable to it, were included; reference lists of included articles were ex-
amined for additional recent sources. Because this is a narrative rather than a sys-
tematic review, no formal protocol was registered, and the synthesis emphasizes

thematic integration over exhaustive enumeration.

3. Matrix Metalloproteinase Biology Relevant to Cancer
Invasion

Twenty-three human MMPs share a conserved catalytic architecture built around
a zinc-binding motif, and they are conventionally grouped by domain organiza-
tion and substrate preference into collagenases, gelatinases, stromelysins, matri-
lysins, membrane-type MMPs, and other minor classes [9]. Beyond the catalytic
domain, ancillary modules such as hemopexin-like domains and fibronectin-type
inserts govern substrate recognition and exosite interactions, features that have
become central to the design of selective inhibitors discussed later in this review
[9]. All MMPs are synthesized as inactive zymogens whose propeptide shields the
catalytic zinc; activation occurs through proteolytic removal of the propeptide or
through allosteric and oxidative mechanisms, providing a first layer of regulation
that is spatially restricted to the cell surface or the pericellular environment [9]
[12]. A second layer is provided by the four TIMPs, which bind active MMPs with
high affinity and, at balanced stoichiometry, confine proteolysis to defined micro-
domains [13]. The biological output of the system is therefore determined not by
MMP abundance alone but by the local ratio of activated enzyme to inhibitor, a
point that has direct consequences for interpreting expression studies in ccRCC
tissue.

MMP biology extends well beyond bulk matrix degradation. Gelatinases A and
B (MMP-2 and MMP-9) cleave type IV collagen of basement membranes but also
process cytokines, growth-factor precursors, and cell-surface receptors, thereby
modulating inflammation, angiogenesis, and immune-cell trafficking within tu-
mors [12] [13]. Membrane-type 1 MMP (MT1-MMP, MMP-14) occupies a spe-
cial position in invasion: anchored to the plasma membrane, it concentrates pro-
teolysis at the leading edge of migrating cells, activates pro-MMP-2 in a ternary
complex with TIMP-2, and is enriched at invadopodia, the actin-rich protrusions
through which cancer cells penetrate matrix barriers [14] [15]. Several MMPs also
execute intracellular and even nuclear functions, including roles in DNA-damage
responses and transcriptional regulation, which complicates the interpretation of

both expression data and inhibitor studies [14]. These properties explain why
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MMP activity in tumors is pro-invasive in most contexts but can be anti-tumor-
igenic in others, and they foreshadow the difficulties encountered in clinical trans-

lation.

4. Expression and Prognostic Significance of Matrix
Metalloproteinases in Clear Cell Renal Cell Carcinoma

Evidence from human tissue indicates that gelatinase dysregulation is a consistent
feature of renal carcinoma, but also that abundance and activity must be distin-
guished. In a cohort of 302 RCC tumors analyzed by immunohistochemistry, ex-
pression of MMP-2, MMP-9, and the adhesion receptor CD44 varied with histo-
pathological subtype and was evaluated as a candidate prognostic panel in clear
cell and non-clear cell disease [16]. Direct biochemical measurement adds an im-
portant qualification: in homogenates of human renal carcinoma, MMP-9 content
was higher than that of MMP-2, yet its specific activity was not correspondingly
elevated, indicating that a substantial fraction of the enzyme remains latent or in-
hibitor-bound in tumor tissue [17]. This discordance cautions against equating
immunoreactivity or transcript level with proteolytic output and argues for activ-
ity-based readouts in future biomarker work. It also has a practical corollary: tis-
sue-level measurements average contributions from malignant, stromal, and im-
mune cells, so localization data from immunohistochemistry and single-cell stud-
ies are needed to attribute proteolytic activity to specific compartments [16] [17].

Membrane-type MMPs show a similar pattern of selective upregulation. In
paired comparisons within human renal carcinoma specimens, MMP-14 ex-
ceeded MMP-15 in expression, protein content, and enzymatic activity. This com-
parison is restricted to the two membrane-type MMPs examined in the cited re-
nal-carcinoma cohort and identifies MMP-14 as the more highly expressed and
more active of the two in that setting, without implying dominance over other
membrane-anchored proteases [18]. Consistent with a functional role, tran-
scriptomic analyses of clear cell tumors have associated high MMP14 expression
with poor prognosis, and MMP-12 has emerged as an independent predictor of
postoperative relapse in conventional (clear cell) RCC [19] [20]. Beyond tissue,
plasma levels of MMP-1, measured together with other circulating proteins, differ
between RCC patients and controls and have been proposed as components of
minimally invasive diagnostic panels [21]. Germline variation may also contrib-
ute: MMP9 genotypes have been associated with RCC susceptibility and clinical
features, suggesting that constitutive differences in MMP-9 expression influence
disease risk [22].

Large-scale transcriptomic studies have extended these observations across the
MMP family. Systematic characterization of MMP family members in kidney clear
cell carcinoma datasets identified coordinated dysregulation of multiple family
members, several of which correlated with stage, grade, and survival, supporting
their evaluation as a biomarker panel rather than as isolated markers [23]. MMP-

9 occupies a recurrent position in such analyses: combined assessment of MMP9
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and insulin-like growth factor binding protein 1 (IGFBP1) correlated their expres-
sion with the immune microenvironment and tumor progression in ccRCC, and
an MMP family-based risk model stratified patient outcomes, with serum amyloid
Al (SAA1) identified as an upstream promoter of ccRCC migration acting
through an ERK-AP1-MMP axis [24] [25]. Efforts to move these signals toward
the clinic include a computed-tomography radiomics model that noninvasively
predicted MMP9 expression status and carried prognostic information, an ap-
proach that could eventually embed MMP biology into routine imaging [26].
Taken together, the expression literature supports four generalizations. First,
upregulation of gelatinases and MMP-14 is reproducible across assay platforms
and cohorts, but the evidence base is heterogeneous: the direct ccRCC-specific
data are mainly transcriptomic and immunohistochemical, whereas the biochem-
ical tissue measurements supporting gelatinase and MMP-14 upregulation were
obtained in mixed-histology renal carcinoma cohorts, so the strength of this con-
clusion differs by molecule and cohort composition. Second, higher MMP expres-
sion or content generally tracks with adverse clinicopathological features and
shorter survival, although effect sizes and optimal cut-offs vary between studies.
Third, several tissue studies analyzed mixed-histology RCC cohorts rather than
pure clear cell populations, and their findings should be extrapolated to ccRCC
with caution [16]-[18] [21] [22]. Fourth, the field remains disproportionately re-
liant on transcript-level inference from public datasets; protein-level and, espe-
cially, activity-level measurements are scarce, and the available biochemical data
indicate that they cannot be replaced by transcript surrogates [17]. The cellular
sources of the measured enzymes, which bulk tissue studies cannot resolve, are
considered in the microenvironment section below. Key findings for the individ-

ual family members discussed in this and the following sections are summarized
in Table 1.

Table 1. Selected matrix metalloproteinases and tissue inhibitors implicated in clear cell renal cell carcinoma invasion and metastasis.

P ti R tati
Molecule Class Key findings in ccRCC/RCC (2021-2026) rogr‘los‘ ¢ epresentative
association references
Plasma levels differ between RCC patients and controls; Associated with
MMP-1 Collagenase . . . [21]
proposed for diagnostic panels disease presence
High

MMP-2 Gelatinase A

MMP-7 Matrilysin

Elevated tissue content; induced by ERK/MAPK-ETSI,
SPOCKI1-Snail/Slug, and FRL1-MAPK axes; activated at

Mediates FXR-driven EMT and carcinogenesis in ccRCC Linked to EMT

expression/content  [14] [16] [17],
linked t i 27] (28] [31
the cell surface by MMP-14 inked to aggressive  [27] [28] [31]
features

30
models phenotype [30]

Higher tissue content than MMP-2, but specific activity not ~ Poor prognosis,

MMP-9 Gelatinase B

correspondingly elevated (a substantial fraction latent or immune infiltration, [17] [22] [24]-
inhibitor-bound); induced by G6PD and CD44-HAS1;  association with CTC [26] [29] [32]

expression associated with CTC survival (transcriptomic, survival; [50]

association-based); germline genotypes modify RCC risk radiomics-predictable
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Continued
MMP-12 Macrophage Independently predicts postoperative relapse in Independent adverse [20]
metalloelastase conventional RCC prognostic factor
Exceeded MMP-15 in expression, content, and activity in Upregulation
MMP-14 , nexp ) Y presta [14] [15] [18]
(MT1-MMP) Membrane-type the cited renal-carcinoma cohort; activates pro-MMP-2;  associated with poor [19]
invadopodia-associated prognosis
Promotes anoikis resistance and immunosuppression;
Endogenous . - . :
TIMP-1 nhibit accelerates tumorigenesis via EMT (non-canonical Poor prognosis [35] [36]
inhibitor
functions)
Endogenous Target of macrophage exosomal miR-193a-5p;
TIMP-2 . g ] & phag o p Context-dependent [40]
inhibitor TIMP-2-dependent vasculogenic mimicry
Downregulated in tumor endothelial cells by
hypertension-associated signaling Loss facilitates
Endogenous . . . . .
TIMP-3 hibit (miR-21-5p/TGFBR2/P38/EGR1) and in tumor cells by invasion; risk [37]-[39]
inhibitor

FKBP51-mediated autophagic degradation; polymorphism modification
interacts with cadmium exposure

Note: Reference numbers correspond to the numbered reference list of the main text. CTC, circulating tumor cell; EMT, epithelial-
mesenchymal transition; RCC, renal cell carcinoma.

5. Mechanistic Roles of Matrix Metalloproteinases in Clear
Cell Renal Cell Carcinoma Invasion and Metastasis

5.1. Extracellular Matrix Proteolysis and Basement-Membrane
Breach

The most direct route by which MMPs promote ccRCC dissemination is proteol-
ysis of the physical barriers that confine tumor cells. Type IV collagen of the base-
ment membrane is a preferred substrate of MMP-2 and MMP-9, and the elevated
gelatinase content documented in renal carcinoma tissue provides the enzymatic
capacity for local barrier destruction [12] [17]. MMP-14 complements the soluble
gelatinases by focusing proteolysis at the cell surface and by activating pro-MMP-
2 at the invasive front, a cooperation that couples pericellular and extracellular
matrix degradation [14] [18]. Invadopodia, whose assembly and function depend
on MT1-MMP and associated proteases, offer a structural framework for this ac-
tivity: these protrusions degrade matrix at defined contact points and are increas-
ingly recognized as druggable structures in metastatic disease [15]. Although most
of this framework derives from pan-cancer studies, the finding that MMP-14 ex-
ceeded MMP-15 in expression, content, and activity in the cited renal-carcinoma

cohort suggests that the same machinery operates in ccRCC [18].

5.2. Intracellular Signaling Networks Converging on Matrix
Metalloproteinase Induction

Mechanistic studies in ccRCC models published since 2021 converge on a limited
set of signaling nodes that drive MMP transcription. The ERK/MAPK cascade is
the most consistently implicated: ERK signaling was shown to upregulate MMP2
through the ETS family transcription factor ETSI in clear cell tumors, and the
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acute-phase reactant SAA1 promoted ccRCC cell migration through an ERK-AP1
axis that induced multiple MMPs [25] [27]. Formin-related protein 1 (FRL1) sim-
ilarly enhanced proliferation and aggressive phenotypes of ccRCC cells through
MAPK/MMP2 signaling [28]. Metabolic reprogramming feeds into the same
pathway: glucose-6-phosphate dehydrogenase (G6PD), a rate-limiting enzyme of
the pentose phosphate pathway, upregulated Cyclin E1 and MMP9 to promote
ccRCC progression, linking the characteristic metabolic rewiring of this disease to
its proteolytic machinery [29]. Nuclear-receptor signaling contributes as well,
with the farnesoid X receptor promoting ccRCC carcinogenesis through an MMP-
7-regulated EMT pathway [30]. The recurrence of ERK-AP1/ETSI1 across these
otherwise diverse studies points to a convergent regulatory node for MMP induc-
tion in ccRCC, although this convergence is inferred from independent models
rather than demonstrated within a single experimental system; it nonetheless

nominates this node as a candidate point for therapeutic interception.

5.3. Coupling between Epithelial-Mesenchymal Transition and
Matrix Metalloproteinase Expression

Epithelial-mesenchymal transition (EMT) equips carcinoma cells with motility
and invasiveness, and in ccRCC the EMT program is tightly interwoven with
MMP regulation. The proteoglycan SPOCKI, overexpressed in ccRCC and asso-
ciated with poor prognosis, promoted malignant progression by triggering a
Snail/Slug-MMP-2 axis, placing MMP-2 downstream of canonical EMT tran-
scription factors [31]. CD44, a stemness-associated adhesion molecule enriched
in aggressive ccRCC, facilitated migration and invasion through hyaluronan syn-
thase 1 (HAS1)/MMP9 signaling [32]. Extending this theme to the metastatic
niche, DSS1, a BRCA2 cofactor found upregulated in metastatic ccRCC, impaired
autophagic flux and thereby activated EMT, enhancing both tumor growth and
distant metastasis in experimental models [33]. The EMT-MMP coupling has a
therapeutic dimension: EMT not only drives invasion but also contributes to
sunitinib resistance in RCC, so MMP induction downstream of EMT may partic-
ipate in both dissemination and treatment failure [34]. A qualification is nonethe-
less warranted: EMT in ccRCC is increasingly recognized as a partial, context-
dependent state of epithelial plasticity rather than a single canonical, binary pro-
gram, and the studies cited above differ in how they operationalize EMT. MMPs
should therefore not be portrayed uniformly as downstream executors of one ca-
nonical EMT program,; rather, within the plasticity states captured by each model,
they appear to act predominantly as effectors of EMT-linked signaling rather than
as its initiators, which may still explain why their expression so consistently marks

aggressive disease.

5.4. Tissue Inhibitor of Metalloproteinase Dysregulation Tips the
Proteolytic Balance

Because TIMPs set the ceiling on net proteolytic activity, their dysregulation can
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be as consequential as MMP induction itself, and the ccRCC literature illustrates
both arms of this balance. TIMP-1 behaves paradoxically as a pro-tumorigenic
factor: it shaped an immunosuppressive microenvironment and promoted ccRCC
progression by regulating anoikis resistance, and independent work linked TIMP1
to poor prognosis and accelerated tumorigenesis through EMT signaling [35]
[36]. These findings indicate that TIMP-1 functions in ccRCC extend beyond
MMP blockade and include cytokine-like, pro-survival activities. TIMP-3, in con-
trast, acts as an invasion brake whose loss facilitates disease, and its regulation
illustrates the contribution of non-malignant compartments: hypertension-asso-
ciated signaling reduced TIMP3 in tumor endothelial cells through the miR-21-
5p/TGFBR2/P38/EGR1 axis, releasing a paracrine restraint on ccRCC cell prolif-
eration and migration, while in tumor cells FKBP51 enhanced invasion by in-
creasing autophagic degradation of TIMP3 [37] [38]. A TIMP3 polymorphism
that interacted with blood cadmium levels to modify RCC risk further links envi-
ronmental exposure to this inhibitory pathway [39]. TIMP-2 has been assigned a
context-dependent role through studies of macrophage-tumor crosstalk, in which
exosomal transfer altered TIMP-2-dependent vasculogenic mimicry [40]. The
overall pattern in ccRCC is therefore a double hit on the inhibitory arm: gain of
TIMP-1’s non-canonical pro-survival functions together with erosion of TIMP-3-

mediated restraint.

5.5. Non-Coding RNA and Exosomal Regulation of the Matrix
Metalloproteinase/Tissue Inhibitor Axis

Post-transcriptional regulation adds a further layer of control that is intensively
studied in ccRCC. These studies differ in mechanistic specificity, and we dis-
tinguish them accordingly. Two studies demonstrate direct regulation of an
MMP/TIMP component: circular RNA CSNK1G3 upregulated miR-181b to pro-
mote growth and metastasis through TIMP3-mediated EMT, illustrating how
competing-endogenous-RNA networks can release MMP activity by depleting in-
hibitors [41]; and tumor-associated macrophages transferred miR-193a-5p within
exosomes to ccRCC cells, promoting progression through TIMP2-dependent vas-
culogenic mimicry, a process by which tumor cells form perfusable vascular-like
channels that facilitate dissemination [40]. By contrast, the miR-146b-5p/SEMA3G
axis regulated EMT in ccRCC without a demonstrated MMP- or TIMP-mediated
mechanism, and the broader literature cataloguing exosomal non-coding RNAs
as systemic modulators of RCC progression likewise addresses tumor progression
and therapeutic potential rather than a defined MMP/TIMP target; these two
sources are cited as context for the regulatory environment rather than as evidence
of direct MMP/TIMP control [42] [43]. Collectively, the mechanistically direct
studies extend MMP regulation beyond the tumor cell itself and implicate inter-
cellular RNA traffic in setting the proteolytic tone of the tumor, whereas the re-

maining evidence is associative with respect to the MMP/TIMP axis.
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6. Matrix Metalloproteinases at the Interface with the
Tumor Microenvironment and the Metastatic Cascade

Invasion and metastasis unfold within a microenvironment that ccRCC cells share
with stromal and immune populations, and recent single-cell and spatial studies
have reframed MMP biology as a collective property of this ecosystem rather than
of tumor cells alone. The ECM of ccRCC is extensively remodeled and carries
prognostic information in its own right, with matrix organization and composi-
tion varying across tumor regions [44]. Single-cell transcriptomic atlases of ad-
vanced and localized kidney cancer have resolved the cellular sources of matrix-
remodeling programs: cancer-associated fibroblasts, tumor-associated macro-
phages (TAMs), and the malignant cells themselves each contribute distinct rep-
ertoires of proteases, inhibitors, and matrix substrates [45] [46]. In RCC with ve-
nous tumor thrombus, a pattern of locally aggressive spread in which tumor ex-
tends into the renal vein and inferior vena cava, fibroblast activation protein
(FAP)-positive fibroblasts orchestrate microenvironmental remodeling, linking
stromal activation to the distinctive intravascular growth of this disease [47]. My-
eloid populations, long recognized as MMP-9 suppliers in many tumors, execute
metastasis-promoting functions that include matrix degradation, angiogenesis,
and suppression of anti-tumor immunity [13] [48]. In this framing, the gelatinase
measured in a tumor homogenate originates from several cell types, and thera-
peutic targeting of stromal MMP sources may be as important as targeting the
malignant compartment. This compartmental view also reconciles an apparent
paradox in the expression literature: transcript-level signals attributed to “tumor”
MMP-9 in bulk datasets may in part reflect infiltrating myeloid cells, which
strengthens rather than weakens the case for MMP-9 as a microenvironmental
drug target [23] [48].

The later steps of the metastatic cascade also bear an MMP signature. A tran-
scriptional metastatic signature derived from single-cell data predicted survival in
ccRCC; because this evidence is prognostic and association-based, it indicates that
dissemination-related programs are detectable early in primary tumors but does
not by itself establish that the signature causally encodes metastatic capacity,
which would require functional validation [49]. Circulating tumor cells (CTCs)
must survive hemodynamic shear and immune attack in the bloodstream, and
comparative transcriptomics identified MMP9 and TYRO protein tyrosine kinase
binding protein (TYROBP) as genes associated with CTC survival in ccRCC
through adaptation to the tumor immune microenvironment; this evidence is
transcriptomic and association-based, and a causal contribution of MMP-9 to
CTC survival remains to be validated functionally [50]. At the distant site, single-
cell profiling of ccRCC bone metastases revealed a distinct ecosystem in which
insulin receptor (INSR)-positive endothelial cells play a pivotal role, underscoring
that colonization involves reciprocal remodeling between tumor and host tissue
[51]. Clinical detection of these steps is advancing in parallel: systematic evalua-

tion of CTC detection methods in RCC and broader liquid-biopsy approaches
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now offer platforms through which MMP-related readouts could be captured lon-
gitudinally during therapy [52] [53]. Hypoxia, the defining feature of VHL-defi-
cient ccRCC, permeates each of these steps and has been shown to shape thera-
peutic response and resistance in metastatic disease, providing a mechanistic
thread that connects the primary lesion to the metastatic niche [8].

Angiogenesis deserves separate emphasis because it is both a hallmark of
ccRCC and a process tightly coupled to MMP activity. MMP-9 releases matrix-
bound pro-angiogenic factors and remodels the perivascular matrix during vas-
cular sprouting, and MMPs more generally shape the tumor microenvironment
in which vessels form [12] [13]. The relationship is not unidirectional: pharmaco-
logical inhibition of MMPs was reported to support amoeboid angiogenesis, an
alternative, protease-independent mode of vascularization that hampered VEGF-
targeted therapies through myosin light chain and ERK signaling [54]. This ob-
servation derives from non-renal cancer models, and whether the same compen-
satory route operates in ccRCC is untested; even so, it carries a caution for a dis-
ease treated predominantly with VEGF-pathway inhibitors: MMP blockade could,
in principle, relieve one invasive mechanism while unleashing another, and any

therapeutic strategy directed at proteolysis must anticipate such escape routes.

7. Translational and Therapeutic Implications

7.1. Matrix Metalloproteinases as Biomarkers in Clear Cell Renal
Cell Carcinoma

The biomarker literature supports a role for MMPs as components of prognostic
instruments rather than as standalone tests. Family-wide expression signatures
stratify outcome in ccRCC, and MMP-14, MMP-12, and MMP-9 have each been
associated with relapse or survival in independent cohorts [19] [20] [23]-[25].
Noninvasive assessment is a particularly attractive direction: a CT-based radi-
omics model predicted MMP9 expression and prognosis, raising the possibility of
imaging surrogates for proteolytic activity, and CTC and liquid-biopsy platforms
provide repeat access to tumor material across the treatment course [26] [52] [53].
Several qualifications temper this promise. Most models are retrospective and sin-
gle-cohort; cut-offs and assay platforms differ between studies; and, as noted
above, transcript and antigen measurements do not reliably report enzymatic ac-
tivity [17]. Prospective validation in ccRCC-specific cohorts, ideally with activity-
based or imaging readouts, is the necessary next step before any MMP-related bi-

omarker can inform standard of care.

7.2. Therapeutic Targeting of Matrix Metalloproteinases: Lessons
and New Directions

The therapeutic history of MMP inhibition is a cautionary tale that the ccRCC
field should study carefully. Broad-spectrum small-molecule inhibitors, devel-
oped largely in the 1990s, failed in phase III trials across several cancers because

of dose-limiting musculoskeletal toxicity, poor selectivity among family members,
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and trial designs that ignored the context-dependent and sometimes protective
functions of individual MMPs [55] [56]. Medicinal-chemistry and patent litera-
ture from the past five years documents sustained efforts to overcome these bar-
riers through improved selectivity, alternative zinc-binding chemotypes, and
structure-based design [55]-[57]. The most conceptually advanced strategies now
exploit protein engineering rather than small molecules: engineered variants of
TIMP-2 with narrow MMP-9 specificity inhibited cancer-cell invasion and prolif-
eration, directed evolution produced TIMP-1 variants selective for MMP-9, and
engineered protein inhibitors more broadly have achieved discrimination be-
tween closely related MMP catalytic domains that small molecules cannot match
[58]-[60]. Antibody-based inhibition has likewise been evaluated only preclini-
cally in this context: the anti-MMP-9 antibody andecaliximab was tested as an
anti-invasive therapeutic in head and neck squamous cell carcinoma models, and
the evidence cited here (Reference 61) is therefore preclinical rather than a clinical
trial [61]. None of these agents has yet been tested in ccRCC. Two practical barri-
ers explain this gap beyond the historical toxicity of the class: ccRCC-specific pre-
clinical efficacy data for selective inhibitors are almost entirely lacking, and no
validated biomarker exists to stratify patients by MMP dependency. The tools for
a selective, biomarker-guided trial nonetheless now exist.

We argue that ccRCC is a rational setting in which to revisit MMP-directed
therapy, for three reasons. First, the expression and mechanistic data converge on
a small number of family members, principally MMP-2, MMP-9, and MMP-14—
recognizing that this evidence combines direct ccRCC studies (transcriptomic,
immunohistochemical, and mechanistic) with biochemical data from mixed-his-
tology renal carcinoma cohorts—which narrows the target space for selective
agents [16]-[20] [25]. Second, the disease is treated with VEGF-pathway inhibi-
tors and immune-checkpoint blockade whose efficacy is modulated by matrix
proteolysis, offering rational combination strategies, although the amoeboid-an-
giogenesis data demand careful sequencing and pharmacodynamic monitoring
[7] [54]. Third, metastatic ccRCC retains its driver biology, including hypoxia sig-
naling, across the treatment course, so a downstream executor of invasion such as
the MMP axis is unlikely to be silenced by selective pressure against upstream
nodes [7] [8]. Against these considerations stands the historical record, which
teaches that indiscriminate inhibition of this family is toxic and futile [55]. A cred-
ible path forward would pair a selective inhibitor or engineered TIMP with an
activity-based companion biomarker, tested first in biomarker-selected, meta-
static ccRCC cohorts, with pharmacodynamic readouts of target engagement and
prespecified monitoring for the musculoskeletal toxicity that ended earlier pro-
grams [55] [56].

8. Limitations of the Current Evidence

This review and the literature it summarizes share several limitations. As a narra-

tive rather than systematic review, the synthesis is subject to selection and inter-
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pretation biases, although the search strategy was specified and the inclusion win-
dow was restricted to recent, peer-reviewed work. Within the primary literature,
transcript-level analyses of public datasets predominate, and the biochemical data
caution that transcript abundance is an imperfect surrogate for proteolytic activity
[17] [23]. Mechanistic studies rely heavily on cell lines and xenografts whose mi-
croenvironments differ from human ccRCC, and almost no interventional study
of an MMP-directed agent has been performed specifically in this disease. In cov-
erage, this review does not attempt exhaustive treatment of all 23 family members:
MMPs for which recent ccRCC-specific evidence is scarce, including stromelysins
and membrane-type MMPs other than MMP-14, are not discussed individually,
and their roles in this disease remain open questions. Finally, publication bias to-
ward positive mechanistic findings is likely, and contradictory or null results are

underrepresented in the cited evidence.

9. Conclusion

Evidence published between 2021 and 2026 positions matrix metalloprotein-
ases as central executors of invasion and metastasis in clear cell renal cell car-
cinoma. Gelatinases and MMP-14 are consistently upregulated across ccRCC
transcriptomic and immunohistochemical studies, with corroborating biochemi-
cal evidence from mixed-histology renal carcinoma cohorts that should be extrap-
olated to pure clear cell disease with caution; their induction is driven by conver-
gent ERK/MAPK-ETS1/AP-1 signaling, metabolic reprogramming, and EMT
programs; and their activity is further unleashed by TIMP-3 loss and TIMP-1
overexpression, all within a microenvironment whose stromal and immune com-
partments both supply and respond to proteolysis. The translational opportunity
is real but unrealized: MMP-related readouts are promising components of prog-
nostic and imaging biomarkers, yet none has been prospectively validated for clin-
ical use, and no selective MMP-directed agent has been tested in ccRCC despite a
mature protein-engineering toolkit. The field’s priorities are correspondingly
clear. Activity-based and spatially resolved measurements should replace tran-
script surrogates in biomarker development; selective inhibitors should be evalu-
ated in biomarker-selected ccRCC cohorts with rational combinations against
VEGF and immune-checkpoint pathways; and trial designs must respect the con-
text-dependent, occasionally protective functions of this protease family. If these
conditions are met, the MMP axis could move from a descriptive marker of ag-
gressive disease to an actionable component of ccRCC management; until then,
its direct impact on the standard of care lies in refining prognostic stratification
and in identifying the patient subsets most likely to benefit from future protease-

directed trials.

Declaration on the Use of Artificial Intelligence Tools

During the preparation of this work, the authors did not use any artificial-intelli-

DOI: 10.4236/jbm.2026.149006

117 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149006

B. W. Liu, Y. X. Liao

gence-assisted writing tools. All content was written, reviewed, and edited solely

by the authors, who take full responsibility for the integrity and accuracy of the

manuscript.

Author Contributions

B. L. conceived the review, performed the literature search, and drafted the man-

uscript. B. L. curated and verified the references. Y. L. supervised the work and

critically revised the manuscript. All authors read and approved the final version.

Conflicts of Interest

The authors declare no conflicts of interest.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

Bray, F., Laversanne, M., Sung, H., Ferlay, J., Siegel, R.L., Soerjomataram, I., et al
(2024) Global Cancer Statistics 2022: GLOBOCAN Estimates of Incidence and Mor-
tality Worldwide for 36 Cancers in 185 Countries. CA: A Cancer Journal for Clini-
cians, 74, 229-263. https://doi.org/10.3322/caac.21834

Young, M., Jackson-Spence, F., Beltran, L., Day, E., Suarez, C., Bex, A., et al. (2024)
Renal Cell Carcinoma. 7The Lancet, 404, 476-491.
https://doi.org/10.1016/s0140-6736(24)00917-6

Bex, A., Ghanem, Y.A.,, Albiges, L., Bonn, S., Campi, R., Capitanio, U., et al (2025)
European Association of Urology Guidelines on Renal Cell Carcinoma: The 2025 Up-
date. European Urology; 87, 683-696. https://doi.org/10.1016/j.eururo.2025.02.020

Liao, C., Hu, L. and Zhang, Q. (2024) Von Hippel-Lindau Protein Signalling in Clear
Cell Renal Cell Carcinoma. Nature Reviews Urology, 21, 662-675.
https://doi.org/10.1038/s41585-024-00876-w

Jonasch, E., Donskov, F., Iliopoulos, O., Rathmell, W.K., Narayan, V.K., Maughan,
B.L., et al (2021) Belzutifan for Renal Cell Carcinoma in Von Hippel-Lindau Disease.
New England Journal of Medicine, 385, 2036-2046.
https://doi.org/10.1056/nejmoa2103425

Choueiri, T.K., Powles, T., Peltola, K., de Velasco, G., Burotto, M., Suarez, C., et al.
(2024) Belzutifan versus Everolimus for Advanced Renal-Cell Carcinoma. New Eng-
land Journal of Medicine, 391, 710-721. https://doi.org/10.1056/nejmo0a2313906

Santoni, M., Mollica, V., Rizzo, A. and Massari, F. (2025) Dynamics of Resistance to
Immunotherapy and TKI in Patients with Advanced Renal Cell Carcinoma. Cancer
Treatment Reviews, 133, Article ID: 102881.
https://doi.org/10.1016/j.ctrv.2025.102881

Vuong, L., Cornish, A.E., Pfeil, J., Khandwala, Y., Jiang, H., Zheng, D.X.T., et al.
(2026) Hypoxia Shapes Both Therapeutic Response and Resistance in Metastatic
Clear Cell Renal Cell Carcinoma. Cancer Cell, 44, 1477-1495.e15.
https://doi.org/10.1016/j.ccell.2026.05.007

Piperigkou, Z., Mangani, S., Kremmydas, S., Koletsis, N.E. and Karamanos, N.K.
(2026) A Guide to the Types, Structures, and Multifaceted Functions of Matrix Met-
alloproteinases in Cancer. 7he FEBS Journal, 293, 3717-3757.
https://doi.org/10.1111/febs.70296

Hashmi, F., Mollapour, M., Bratslavsky, G. and Bourboulia, D. (2021) MMPs, Tyro-
sine Kinase Signaling and Extracellular Matrix Proteolysis in Kidney Cancer. Uro-

DOI: 10.4236/jbm.2026.149006

118 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149006
https://doi.org/10.3322/caac.21834
https://doi.org/10.1016/s0140-6736(24)00917-6
https://doi.org/10.1016/j.eururo.2025.02.020
https://doi.org/10.1038/s41585-024-00876-w
https://doi.org/10.1056/nejmoa2103425
https://doi.org/10.1056/nejmoa2313906
https://doi.org/10.1016/j.ctrv.2025.102881
https://doi.org/10.1016/j.ccell.2026.05.007
https://doi.org/10.1111/febs.70296

B. W. Liu, Y. X. Liao

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

logic Oncology: Seminars and Original Investigations, 39, 316-321.
https://doi.org/10.1016/j.urolonc.2020.04.034

Krikou, E., Anastasiou, I.A., Sarantis, P., Gakiopoulou, H., Theochari, I., Grigori-
adou, D, et al (2026) Advances in Extracellular Matrix Metalloproteinases: Implica-
tions for Renal Cell Carcinoma Pathophysiology, Diagnostics, and Therapeutics.
Medicines, 13, Article 9. https://doi.org/10.3390/medicines13010009

Siddhartha, R. and Garg, M. (2021) Molecular and Clinical Insights of Matrix Metal-
loproteinases into Cancer Spread and Potential Therapeutic Interventions. Toxicol-
ogy and Applied Pharmacology, 426, Article ID: 115593.
https://doi.org/10.1016/j.taap.2021.115593

Niland, S., Riscanevo, A.X. and Eble, J.A. (2021) Matrix Metalloproteinases Shape the
Tumor Microenvironment in Cancer Progression. International Journal of Molecular
Sciences, 23, Article 146. https://doi.org/10.3390/ijms23010146

Maybee, D.V., Ink, N.L. and Ali, M.A.M. (2022) Novel Roles of MT1-MMP and
MMP-2: Beyond the Extracellular Milieu. International Journal of Molecular Sci-
ences, 23, Article 9513. https://doi.org/10.3390/ijms23179513

Hao, Z., Zhang, M., Du, Y., Liu, J., Zeng, G., Li, H., et al (2025) Invadopodia in Can-
cer Metastasis: Dynamics, Regulation, and Targeted Therapies. Journal of Transla-

tional Medicine, 23, Article No. 548. https://doi.org/10.1186/s12967-025-06526-y

Chrabanska, M., Rynkiewicz, M., Kiczmer, P. and Drozdzowska, B. (2023) Does the
Immunohistochemical Expression of CD44, MMP-2, and MMP-9 in Association
with the Histopathological Subtype of Renal Cell Carcinoma Affect the Survival of
Patients with Renal Cancer? Cancers, 15, Article 1202.
https://doi.org/10.3390/cancers15041202

Mtynarczyk, G., Gudowska-Sawczuk, M., Mroczko, B., Bruczko-Goralewska, M., Ro-
manowicz, L. and Tokarzewicz, A. (2023) Higher Content but No Specific Activity in
Gelatinase B (MMP-9) Compared with Gelatinase a (MMP-2) in Human Renal Car-
cinoma. Cancers, 15, Article 5475. https://doi.org/10.3390/cancers15225475

Mlynarczyk, G., Tokarzewicz, A., Gudowska-Sawczuk, M., Mroczko, B., Novék, V.,
Novak, A., et al. (2024) MMP-14 Exhibits Greater Expression, Content and Activity
Compared to MMP-15 in Human Renal Carcinoma. International Journal of Molec-
ular Sciences, 25, Article 8107. https://doi.org/10.3390/ijms25158107

Zhao, Y., Ma, W, Jiang, F., Xie, Y. and Tang, L. (2022) Upregulation of Matrix Met-
alloproteinase 14 (MMP14) Is Associated with Poor Prognosis in Renal Clear Cell
Carcinoma—A Bioinformatics Analysis. Translational Andrology and Urology, 11,
1523-1534. https://doi.org/10.21037/tau-22-619

Beres, B., Yusenko, M., Peterfi, L., Kovacs, G. and Banyai, D. (2022) Matrix Metallo-
proteinase 12 Is an Independent Prognostic Factor Predicting Postoperative Relapse
of Conventional Renal Cell Carcinoma—A Short Report. Cellular Oncology, 45, 193-
198. https://doi.org/10.1007/s13402-021-00650-9

Guszcz, T., Sankiewicz, A. and Gorodkiewicz, E. (2026) Plasma Levels of Aromatase,
Cathepsin S and Matrix Metalloproteinase 1 in Renal Cell Carcinomas: Implications
for Tumor Progression and Diagnostic Value. Cancers, 18, Article 283.
https://doi.org/10.3390/cancers18020283

Liao, C.H., Tsai, C.L., Chang, S.Y., Lin, Y., Wang, Y., Huang, W., et al (2023) Impacts
of Matrix Metalloproteinase 9 Genotypes on Renal Cell Carcinoma. In Vivo, 37,
2452-2458. https://doi.org/10.21873/invivo.13351

Zhao, T.Y,, Li, X,, Li, M.F.,, Jamil, M. and Zhang, J.Y. (2023) Characterization and
Verification of MMP Family Members as Potential Biomarkers in Kidney Clear Cell

DOI: 10.4236/jbm.2026.149006

119 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149006
https://doi.org/10.1016/j.urolonc.2020.04.034
https://doi.org/10.3390/medicines13010009
https://doi.org/10.1016/j.taap.2021.115593
https://doi.org/10.3390/ijms23010146
https://doi.org/10.3390/ijms23179513
https://doi.org/10.1186/s12967-025-06526-y
https://doi.org/10.3390/cancers15041202
https://doi.org/10.3390/cancers15225475
https://doi.org/10.3390/ijms25158107
https://doi.org/10.21037/tau-22-619
https://doi.org/10.1007/s13402-021-00650-9
https://doi.org/10.3390/cancers18020283
https://doi.org/10.21873/invivo.13351

B. W. Liu, Y. X. Liao

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

Renal Carcinoma. American Journal of Cancer Research, 13, 3941-3962.
https://pubmed.ncbi.nlm.nih.gov/37818055/

Xu, T\, Gao, S., Liu, J., Huang, Y., Chen, K. and Zhang, X. (2021) MMP9 and IGFBP1
Regulate Tumor Immune and Drive Tumor Progression in Clear Cell Renal Cell Car-
cinoma. Journal of Cancer, 12, 2243-2257. https://doi.org/10.7150/jca.48664

Wei, H,, Li, Y., Zhang, J., Xu, C., Wei, D., Quan, C., et al. (2024) MMPs-Related Risk
Model Identification and SAA1 Promotes Clear Cell Renal Cell Carcinoma Migration
via ERK-AP1-MMPs Axis. Scientific Reports, 14, Article No. 9411.
https://doi.org/10.1038/s41598-024-59112-5

Sun, S. and Zhang, J. (2026) A CT-Based Radiomics Model for Noninvasive Predic-
tion of MMP9 Expression and Prognostic Evaluation in Renal Cell Carcinoma. Med-
icine, 105, €48992. https://doi.org/10.1097/md.0000000000048992

Chen, H.,, Li, W,, Yang, Z,, Liu, K,, Lu, B. and Wang, Z. (2024) ERK/MAPK Signalling
Pathway Regulates MMP2 through ETS1 in Renal Clear Cell Carcinoma. Current
Molecular Medicine, 24, 780-789.
https://doi.org/10.2174/1566524023666230529143837

Ma, G., Zhang, B, Fu, S,, Lu, J., Zhang, L., Shang, P., ef al (2023) Formin-Related
Protein 1 Facilitates Proliferation and Aggressive Phenotype of Clear Cell Renal Cell
Carcinoma through MAPK/MMP2 Pathway. Molecular and Cellular Probes, 71, Ar-
ticle ID: 101921. https://doi.org/10.1016/j.mcp.2023.101921

Zhang, Q., Ni, Y., Wang, S., Agbana, Y.L., Han, Q., Liu, W., et al (2022) G6PD Up-
regulates Cyclin E1 and MMP9 to Promote Clear Cell Renal Cell Carcinoma Progres-
sion. International Journal of Medical Sciences, 19, 47-64.
https://doi.org/10.7150/ijms.58902

Liu, J., Huang, S., Hou, Y., Fu, S., Wang, L., Hu, J., et a/ (2024) FXR Promotes Clear
Cell Renal Cell Carcinoma Carcinogenesis via MMP-7-Regulated EMT Pathway. Sci-
entific Reports, 14, Article No. 29411. https://doi.org/10.1038/s41598-024-80368-4

Lin, Y.W., Wen, Y.C,, Hsiao, C.H,, Lai, F., Yang, S., Yang, Y., et al (2023) Proteogly-
can SPOCKI1 as a Poor Prognostic Marker Promotes Malignant Progression of Clear
Cell Renal Cell Carcinoma via Triggering the Snail/Slug-MMP-2 Axis-Mediated Ep-
ithelial-to-Mesenchymal Transition. Cells, 12, Article 352.
https://doi.org/10.3390/cells12030352

Du, T., Wu, Z., Wu, Y,, Liu, Y., Song, Y. and Ma, L. (2023) CD44 Is Associated with
Poor Prognosis of CCRCC and Facilitates CCRCC Cell Migration and Invasion
through HAS1/MMP9. Biomedicines, 11, Article 2077.
https://doi.org/10.3390/biomedicines11072077

Chen, X., Liu, Q., Wu, J., Zhou, P., Zhao, M. and Song, J. (2025) DSSI Inhibits Au-
tophagy to Activate Epithelial-Mesenchymal Transition in a Pro-Metastatic Niche of
Renal Cell Carcinoma. Nature Communications, 16, Article No. 6769.
https://doi.org/10.1038/s41467-025-62135-9

Zhang, M., Zhang, Y., Shen, F., Yan, M., Cheng, P., Teng, J., et al. (2026) Epithelial-
Mesenchymal Transition and Sunitinib Resistance in Renal Cell Carcinoma: Mecha-

nisms and Therapeutic Strategies. Frontiers in Pharmacology, 17, Article 1761280.
https://doi.org/10.3389/fphar.2026.1761280

Li, Q., Wei, K,, Zhang, X,, Lv, Y., Li, M., Zhou, C., et al (2023) TIMP1 Shapes an
Immunosuppressive Microenvironment by Regulating Anoikis to Promote the Pro-
gression of Clear Cell Renal Cell Carcinoma. Aging, 15, 8908-8929.

https://doi.org/10.18632/aging.205005
Shou, Y., Liu, Y., Xu, ], Liu, J., Xu, T., Tong, J., et al. (2022) TIMP1 Indicates Poor

DOI: 10.4236/jbm.2026.149006

120 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149006
https://pubmed.ncbi.nlm.nih.gov/37818055/
https://doi.org/10.7150/jca.48664
https://doi.org/10.1038/s41598-024-59112-5
https://doi.org/10.1097/md.0000000000048992
https://doi.org/10.2174/1566524023666230529143837
https://doi.org/10.1016/j.mcp.2023.101921
https://doi.org/10.7150/ijms.58902
https://doi.org/10.1038/s41598-024-80368-4
https://doi.org/10.3390/cells12030352
https://doi.org/10.3390/biomedicines11072077
https://doi.org/10.1038/s41467-025-62135-9
https://doi.org/10.3389/fphar.2026.1761280
https://doi.org/10.18632/aging.205005

B. W. Liu, Y. X. Liao

(37]

(38]

(39]

(40]

(41]

[42]

(43]

[44]

(45]

[46]

(47]

(48]

(49]

Prognosis of Renal Cell Carcinoma and Accelerates Tumorigenesis via EMT Signal-
ing Pathway. Frontiers in Genetics, 13, Article 648134.
https://doi.org/10.3389/fgene.2022.648134

Wang, C., Xu, H,, Liao, X., Wang, W., Wu, W., Li, W, et al (2023) Hypertension
Promotes the Proliferation and Migration of CCRCC Cells by Downregulation of
TIMP3 in Tumor Endothelial Cells through the miR-21-5p/TGFBR2/p38/EGR1 Axis.
Molecular Cancer Research, 21, 62-75.
https://doi.org/10.1158/1541-7786.mcr-22-0089

Mao, S., Zhang, D., Chen, L., Tan, J., Chu, Y., Huang, S., et al (2021) FKBP51 Pro-
motes Invasion and Migration by Increasing the Autophagic Degradation of TIMP3
in Clear Cell Renal Cell Carcinoma. Cell Death & Disease, 12, Article No. 899.
https://doi.org/10.1038/s41419-021-04192-8

Huang, C.Y., Chen, M.C., Wu, C.Y,, Lin, Y., Huang, Y., Shiue, H., et al. (2025) Inter-
action of Tissue Inhibitor of Metalloproteinase 3 Gene Polymorphism, Blood Cad-

mium and Total Urinary Arsenic Levels on Clear Cell Renal Cell Carcinoma. Scien-
tific Reports, 15, Article No. 10267. https://doi.org/10.1038/s41598-025-94807-3
Liu, Q., Zhao, E., Geng, B., Gao, S., Yu, H., He, X, et al (2022) Tumor-Associated
Macrophage-Derived Exosomes Transmitting miR-193a-5p Promote the Progression
of Renal Cell Carcinoma via TIMP2-Dependent Vasculogenic Mimicry. Cell Death
& Disease, 13, Article No. 382. https://doi.org/10.1038/s41419-022-04814-9

Li, W., Song, Y.Y., Rao, T., Yu, W., Ruan, Y., Ning, J., et al (2022) CircCSNK1G3 Up-
Regulates miR-181b to Promote Growth and Metastasis via TIMP3-Mediated Epithe-
lial to Mesenchymal Transitions in Renal Cell Carcinoma. Journal of Cellular and

Molecular Medicine, 26, 1729-1741. https://doi.org/10.1111/jcmm.15911
Tang, M. and Xiong, T. (2023) miR-146b-5p/SEMA3G Regulates Epithelial-Mesen-

chymal Transition in Clear Cell Renal Cell Carcinoma. Cel/ Division, 18, Article No.
4. https://doi.org/10.1186/s13008-023-00083-w

Zhu, J., Ding, Y. and Xu, Q. (2025) Exosomal Noncoding RNAs in Renal Cell Carci-
noma: Mechanisms, Roles, and Therapeutic Potential. Critical Reviews in Oncol-
ogyl Hematology, 213, Article ID: 104829.
https://doi.org/10.1016/j.critrevonc.2025.104829

Oxburgh, L. (2022) The Extracellular Matrix Environment of Clear Cell Renal Cell
Carcinoma. Cancers, 14, Article 4072. https://doi.org/10.3390/cancers14174072

Bi, K., He, M.X,, Bakouny, Z., Kanodia, A., Napolitano, S., Wu, J., et al. (2021) Tumor
and Immune Reprogramming during Immunotherapy in Advanced Renal Cell Car-

cinoma. Cancer Cell, 39, 649-661.e5. https://doi.org/10.1016/j.ccell.2021.02.015

Li, R, Ferdinand, J.R., Loudon, K.-W., Bowyer, G.S., Laidlaw, S., Muyas, F., et al
(2022) Mapping Single-Cell Transcriptomes in the Intra-Tumoral and Associated
Territories of Kidney Cancer. Cancer Cell, 40, 1583-1599.e10.
https://doi.org/10.1016/j.ccell.2022.11.001

Ma, ], Huang, Y., Chen, J,, Li, Y., Yao, R, Li, X,, et al (2025) FAP" Fibroblasts Or-
chestrate Tumor Microenvironment Remodeling in Renal Cell Carcinoma with Tu-
mor Thrombus. Nature Communications, 16, Article No. 9387.
https://doi.org/10.1038/s41467-025-64447-2

Kusmartsev, S. (2025) Metastasis-Promoting Functions of Myeloid Cells. Cancer and
Metastasis Reviews, 44, Article No. 61. https://doi.org/10.1007/s10555-025-10278-y

Alchahin, A.M., Mei, S., Tsea, L, Hirz, T., Kfoury, Y., Dahl, D., et al. (2022) A Tran-
scriptional Metastatic Signature Predicts Survival in Clear Cell Renal Cell Carcinoma.
Nature Communications, 13, Article No. 5747.

DOI: 10.4236/jbm.2026.149006

121 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149006
https://doi.org/10.3389/fgene.2022.648134
https://doi.org/10.1158/1541-7786.mcr-22-0089
https://doi.org/10.1038/s41419-021-04192-8
https://doi.org/10.1038/s41598-025-94807-3
https://doi.org/10.1038/s41419-022-04814-9
https://doi.org/10.1111/jcmm.15911
https://doi.org/10.1186/s13008-023-00083-w
https://doi.org/10.1016/j.critrevonc.2025.104829
https://doi.org/10.3390/cancers14174072
https://doi.org/10.1016/j.ccell.2021.02.015
https://doi.org/10.1016/j.ccell.2022.11.001
https://doi.org/10.1038/s41467-025-64447-2
https://doi.org/10.1007/s10555-025-10278-y

B. W. Liu, Y. X. Liao

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(571

(58]

(59]

(60]

(61]

https://doi.org/10.1038/s41467-022-33375-w

Guo, L., An, T., Zhou, H., Wan, Z., Huang, Z. and Chong, T. (2023) MMP9 and TY-
ROBP Affect the Survival of Circulating Tumor Cells in Clear Cell Renal Cell Carci-
noma by Adapting to Tumor Immune Microenvironment. Scientific Reports, 13, Ar-
ticle No. 6982. https://doi.org/10.1038/s41598-023-34317-2

Zhang, H., Hou, J., Zhang, L., Luo, P., Zhang, H., Jiang, A., et al (2026) Single-Cell
Profiling of Bone Metastasis Ecosystems Reveals Pivotal Role of INSR*AEC in Clear
Cell Renal Cell Carcinoma. Zranslational Oncology; 64, Article ID: 102650.
https://doi.org/10.1016/j.tranon.2025.102650

Palmela Leitdo, T., Miranda, M., Polido, J., Morais, J., Corredeira, P., Alves, P., et al.
(2021) Circulating Tumor Cell Detection Methods in Renal Cell Carcinoma: A Sys-
tematic Review. Critical Reviews in Oncologyl Hematology, 161, Article ID: 103331.
https://doi.org/10.1016/j.critrevonc.2021.103331

Li, M., Li, L., Zheng, J., Li, Z., Li, S., Wang, K., et al (2023) Liquid Biopsy at the
Frontier in Renal Cell Carcinoma: Recent Analysis of Techniques and Clinical Appli-
cation. Molecular Cancer, 22, Article No. 37.
https://doi.org/10.1186/s12943-023-01745-7

Chilla, A., Anceschi, C., Frediani, E., Scavone, F., Del Rosso, T., Pelagio, G., et al.
(2023) Inhibition of MMPs Supports Amoeboid Angiogenesis Hampering VEGF-
Targeted Therapies via MLC and ERK 1/2 Signaling. Journal of Translational Medi-
cine, 21, Article No. 102. https://doi.org/10.1186/s12967-023-03954-6

Almutairi, S., Kalloush, H.M., Manoon, N.A. and Bardaweel, S.K. (2023) Matrix Met-
alloproteinases Inhibitors in Cancer Treatment: An Updated Review (2013-2023).
Molecules, 28, Article 5567. https://doi.org/10.3390/molecules28145567

Lin, H., Xu, P. and Huang, M. (2022) Structure-Based Molecular Insights into Matrix
Metalloproteinase Inhibitors in Cancer Treatments. Future Medicinal Chemistry, 14,
35-51. https://doi.org/10.4155/fmc-2021-0246

Banerjee, S., Baidya, S.K., Adhikari, N. and Jha, T. (2023) An Updated Patent Review
of Matrix Metalloproteinase (MMP) Inhibitors (2021-Present). Expert Opinion on
Therapeutic Patents, 33, 631-649. https://doi.org/10.1080/13543776.2023.2284935

Rotenberg, N., Feldman, M., Shirian, J., Hockla, A., Radisky, E.S. and Shifman, J.M.
(2024) Engineered TIMP2 with Narrow MMP-9 Specificity Is an Effective Inhibitor
of Invasion and Proliferation of Triple-Negative Breast Cancer Cells. Journal of Bio-
logical Chemistry, 300, Article ID: 107867. https://doi.org/10.1016/j.jbc.2024.107867

Shoari, A., Coban, M.A., Hockla, A., Rezhdo, A., Dimesa, A.M., Raeeszadeh-Sar-
mazdeh, M., et al. (2025) Directed Evolution of Metalloproteinase Inhibitor TIMP-1
for Selective Inhibition of MMP-9 Exploits Catalytic and Fibronectin Domain Inter-
actions. Journal of Biological Chemistry, 301, Article ID: 110258.
https://doi.org/10.1016/j.jbc.2025.110258

Rotenberg, N., Bentolila, N.Y. and Shifman, J.M. (2025) Engineered Protein Inhibi-
tors for Precise Targeting of Matrix Metalloproteinases. Trends in Biochemical Sci-
ences, 50, 919-930. https://doi.org/10.1016/j.tibs.2025.08.002

Allen, J.L., Hames, R.A., Mastroianni, N.M., Greenstein, A.E. and Weed, S.A. (2022)
Evaluation of the Matrix Metalloproteinase 9 (MMP9) Inhibitor Andecaliximab as an
Anti-Invasive Therapeutic in Head and Neck Squamous Cell Carcinoma. Oral On-

cology, 132, Article ID: 106008. https://doi.org/10.1016/j.oraloncology.2022.106008

DOI: 10.4236/jbm.2026.149006

122 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149006
https://doi.org/10.1038/s41467-022-33375-w
https://doi.org/10.1038/s41598-023-34317-2
https://doi.org/10.1016/j.tranon.2025.102650
https://doi.org/10.1016/j.critrevonc.2021.103331
https://doi.org/10.1186/s12943-023-01745-7
https://doi.org/10.1186/s12967-023-03954-6
https://doi.org/10.3390/molecules28145567
https://doi.org/10.4155/fmc-2021-0246
https://doi.org/10.1080/13543776.2023.2284935
https://doi.org/10.1016/j.jbc.2024.107867
https://doi.org/10.1016/j.jbc.2025.110258
https://doi.org/10.1016/j.tibs.2025.08.002
https://doi.org/10.1016/j.oraloncology.2022.106008

B. W. Liu, Y. X. Liao

Abbreviations
AP-1 activator protein 1
ccRCC clear cell renal cell carcinoma
CTC circulating tumor cell
DSS1 deleted in split hand/split foot 1
ECM extracellular matrix
EMT epithelial-mesenchymal transition
ERK extracellular signal-regulated kinase
ETS1 ETS proto-oncogene 1
FAP fibroblast activation protein
FRL1 formin-related protein 1
FXR farnesoid X receptor
G6PD glucose-6-phosphate dehydrogenase
HAS1 hyaluronan synthase 1
HIF hypoxia-inducible factor
ICI immune-checkpoint inhibitor
IGFBP1 insulin-like growth factor binding protein 1
INSR insulin receptor
MMP matrix metalloproteinase
RCC renal cell carcinoma
SAA1 serum amyloid Al
TAM tumor-associated macrophage
TIMP tissue inhibitor of metalloproteinases
TKI tyrosine-kinase inhibitor
TYROBP  TYRO protein tyrosine kinase binding protein
VHL von Hippel-Lindau
VM vasculogenic mimicry

DOI: 10.4236/jbm.2026.149006

123 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2026.149006

	Roles of Matrix Metalloproteinases in Invasion and Metastasis of Clear Cell Renal Cell Carcinoma: A Narrative Review
	Abstract
	Keywords
	1. Introduction
	2. Literature Search Strategy
	3. Matrix Metalloproteinase Biology Relevant to Cancer Invasion
	4. Expression and Prognostic Significance of Matrix Metalloproteinases in Clear Cell Renal Cell Carcinoma
	5. Mechanistic Roles of Matrix Metalloproteinases in Clear Cell Renal Cell Carcinoma Invasion and Metastasis
	5.1. Extracellular Matrix Proteolysis and Basement-Membrane Breach
	5.2. Intracellular Signaling Networks Converging on Matrix Metalloproteinase Induction
	5.3. Coupling between Epithelial-Mesenchymal Transition and Matrix Metalloproteinase Expression
	5.4. Tissue Inhibitor of Metalloproteinase Dysregulation Tips the Proteolytic Balance
	5.5. Non-Coding RNA and Exosomal Regulation of the Matrix Metalloproteinase/Tissue Inhibitor Axis

	6. Matrix Metalloproteinases at the Interface with the Tumor Microenvironment and the Metastatic Cascade
	7. Translational and Therapeutic Implications
	7.1. Matrix Metalloproteinases as Biomarkers in Clear Cell Renal Cell Carcinoma
	7.2. Therapeutic Targeting of Matrix Metalloproteinases: Lessons and New Directions

	8. Limitations of the Current Evidence
	9. Conclusion
	Declaration on the Use of Artificial Intelligence Tools
	Author Contributions
	Conflicts of Interest
	References
	Abbreviations

