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Abstract

Matrix metalloproteinases (MMPs) have long been recognized as key mediators of tumor
invasion and metastasis due to their capacity to degrade extracellular matrix components.
However, clinical failure of broad-spectrum MMP inhibitors has revealed a more com-
plex and context-dependent role for these proteases in cancer. Among them, macrophage
metalloelastase, MMP-12, has emerged as a particularly intriguing enzyme with both
tumor-promoting and tumor-suppressive functions. Predominantly expressed by tumor-
associated macrophages, MMP-12 occupies a unique position at the interface of proteolysis,
inflammation, and immune regulation within the tumor microenvironment. Accumulating
evidence from experimental models and clinical studies demonstrates that MMP-12 can
exert potent anti-tumorigenic effects, primarily through inhibition of angiogenesis. Mecha-
nistically, MMP-12 generates angiostatin and other anti-angiogenic fragments, suppresses
vascular endothelial growth factor signaling, and reduces tumor vascularization, thereby
limiting tumor growth and metastatic expansion. In several cancer types, including lung,
colorectal, and hepatocellular carcinoma, elevated MMP-12 expression has been associated
with reduced tumor progression and improved patient outcomes. Conversely, MMP-12
can also promote tumor progression through extracellular matrix remodeling, facilitation
of invasion, and modulation of inflammatory pathways, particularly in environments
characterized by chronic inflammation or immunosuppressive macrophage phenotypes.
These seemingly contradictory roles are governed by multiple context-dependent factors,
including macrophage polarization, tumor type, disease stage, and microenvironmental
cues such as hypoxia and cytokine signaling. In this review, we comprehensively examine
the molecular regulation, functional mechanisms, and clinical relevance of MMP-12 in
cancer. We highlight the dualistic nature of MMP-12 activity and discuss its implications
for therapeutic strategies, emphasizing the need for selective and context-aware targeting
approaches rather than broad inhibition of MMP activity.

Keywords: matrix metalloproteinase-12 (MMP-12); tumor microenvironment; extracellular
matrix remodeling; angiogenesis; cancer biology

1. Background
Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases that

regulate extracellular matrix (ECM) turnover, tissue remodeling, wound repair, embryonic
development, and overall tissue homeostasis [1]. Their catalytic activity depends on a Zn2+

ion within the active site, which enables them to cleave a broad range of ECM components,
including fibrillar and non-fibrillar collagens, fibronectin, laminin, vitronectin, elastin, and
basement membrane-associated glycoproteins [2]. Because of this ECM-degrading capacity,
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MMPs have long been considered important regulators of cancer invasion and metasta-
sis [3]. By disrupting the structural barriers that normally restrict tumor expansion, MMPs
can facilitate tumor cell migration, local tissue invasion, intravasation, and dissemination
to distant organs [4,5]. This concept initially led to the development of broad-spectrum
MMP inhibitors, many of which were designed to block the catalytic Zn2+ ion in the con-
served active site [6]. Although these inhibitors showed promising anti-tumor effects in
preclinical models, their clinical translation was largely unsuccessful. The major limitations
included poor selectivity among MMP family members, inadequate bioavailability, limited
therapeutic efficacy, off-target interactions, and dose-limiting toxicities, particularly mus-
culoskeletal adverse effects [7,8]. These failures prompted a major re-evaluation of MMP
biology and revealed that MMPs are not simply tumor-promoting enzymes [9]. Instead,
individual MMPs can exert either pro-tumorigenic or anti-tumorigenic effects depending
on tumor type, disease stage, cellular source, substrate availability, and the biochemical
and immunological context of the tumor microenvironment [10,11].

Among MMP family members, matrix metalloproteinase-12, also known as MMP-12
or macrophage metalloelastase, has emerged as a particularly complex and biologically
intriguing protease [12]. MMP-12 is distinct from many other MMPs because it is pre-
dominantly produced by macrophages, including tumor-associated macrophages, rather
than being expressed mainly by tumor cells or stromal fibroblasts [13]. This cellular origin
places MMP-12 at a critical intersection between matrix remodeling, inflammation, immune
regulation, and tumor biology [14]. Structurally, MMP-12 contains the conserved features
of secreted MMPs, including a signal peptide, a pro-domain that maintains the enzyme
in a latent form, and a catalytic domain containing the Zn2+-binding motif required for
proteolytic activity (Figure 1) [15]. The structural organization of MMP-12, especially its
catalytic domain and substrate-binding regions, contributes to its strong elastolytic activity
and its ability to process a diverse set of ECM and non-ECM substrates [16].

The substrate profile of MMP-12 is broad and includes elastin, fibronectin, laminin,
vitronectin, type IV collagen, and heparan sulfate proteoglycans. This enzymatic versatility
allows MMP-12 to influence tissue architecture, inflammatory responses, and the genera-
tion of bioactive fragments within the tumor microenvironment [17]. Its ability to degrade
elastin is particularly relevant in tissues rich in elastic fibers, such as the lung and vascular
wall, and has been extensively studied in pulmonary diseases, including emphysema,
chronic obstructive pulmonary disease, asthma, and allergic airway inflammation [18].
Beyond pulmonary pathology, MMP-12 has also been implicated in cardiovascular dis-
ease, neurological disorders, inflammatory conditions, bone-related diseases, and multiple
cancers, including lung, colorectal, breast, liver, prostate, and skin cancers [19]. In cancer,
MMP-12 can promote tumor progression in a context-dependent manner by degrading
ECM and basement membrane components, remodeling the tumor microenvironment to
facilitate invasion and metastasis, and modulating inflammatory and immune signals that
support tumor growth, angiogenesis, immune evasion, and poor clinical outcome [20].
On the other hand, MMP-12 can also function as an anti-tumorigenic protease. One of
the best-described mechanisms is its ability to generate angiostatin-like fragments from
plasminogen. These fragments inhibit endothelial cell proliferation and suppress tumor an-
giogenesis, thereby limiting the blood supply required for tumor growth and expansion. In
some experimental cancer models, particularly lung carcinoma models, higher MMP-12 ex-
pression has been associated with reduced tumor vascularization and slower tumor growth.
MMP-12 may also contribute to anti-tumor immunity in settings where macrophages adopt
a pro-inflammatory, M1-like phenotype. In this context, MMP-12-producing macrophages
may participate in tumor suppression rather than tumor promotion [10].
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Figure 1. Domain architectures of human matrix metalloproteinases. Schematic representation of
the major domain organizations across the human MMP family. Most MMPs contain a signal peptide,
propeptide, catalytic domain, hinge region, and hemopexin-like domain, whereas matrilysins lack
the hemopexin domain, gelatinases contain fibronectin type II repeats within the catalytic domain,
membrane-type MMPs contain either transmembrane/cytoplasmic domains or a GPI anchor, and
MMP-23 has a unique structure containing transmembrane, cysteine-array, and immunoglobulin-like
domains. Created using Microsoft Copilot 365 and reviewed by the authors.

The apparently contradictory roles of MMP-12 highlight the importance of biological
context. The outcome of MMP-12 activity appears to depend on several interconnected
factors, including the phenotype of macrophages within the tumor microenvironment, the
type and stage of cancer, local cytokine signaling, oxygen tension, substrate availability, and
the balance between ECM degradation and generation of anti-angiogenic fragments [20].
For example, MMP-12 produced by pro-inflammatory macrophages may contribute to
anti-tumor immunity and angiogenesis inhibition [21], whereas MMP-12 produced in
a chronically inflamed or immunosuppressive tumor microenvironment may support
matrix degradation, tumor invasion, and metastasis [22]. Therefore, MMP-12 cannot be
classified as uniformly beneficial or harmful in cancer. Rather, it should be viewed as
a dynamic regulator whose biological effect is shaped by the surrounding cellular and
molecular environment.

The structural features of MMP-12 are especially important for understanding its bio-
logical behavior and therapeutic targeting. Like other MMPs, MMP-12 shares a conserved
catalytic Zn2+-binding site, which explains why broad-spectrum active-site inhibitors often
lack selectivity. However, MMP-12 also contains structural elements around the catalytic
cleft and substrate-binding pockets that may be exploited to design more selective in-
hibitors. Available crystallographic studies of MMP-12 have provided valuable insight
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into its catalytic domain architecture, substrate recognition, inhibitor-binding modes, and
structural determinants of selectivity. These data are essential for the rational design of next-
generation MMP-12-targeted agents that avoid the limitations of earlier broad-spectrum
MMP inhibitors. Several pharmaceutical efforts have attempted to develop MMP-12 in-
hibitors, either as selective agents or as dual or multi-target inhibitors against related MMPs
such as MMP-9, MMP-13, or MMP-2 [23]. These include compounds developed for inflam-
matory lung diseases, cystic fibrosis, asthma, sarcoidosis, inflammatory bowel disease, and
cancer-associated indications. However, as with many MMP-targeted strategies, clinical
progress has been limited by challenges related to selectivity, safety, and disease-context
dependency [24,25]. These limitations emphasize the need for more refined approaches
that consider not only enzymatic inhibition but also the biological setting in which MMP-12
is active.

This review focuses on the structural biology of MMP-12 and its dual roles in cancer.
It first summarizes the general biology of MMPs, and it then examines the structural and
regulatory features of MMP-12, including its catalytic domain, Zn2+-dependent activity
and substrate specificity. Next, the review evaluates evidence supporting the tumorigenic
functions of MMP-12, particularly its roles in extracellular matrix degradation, tumor
invasion, inflammation, and metastasis. It also discusses the anti-tumorigenic activities of
MMP-12, including angiostatin generation, suppression of angiogenesis, and macrophage-
mediated anti-tumor responses. Finally, the review considers how tumor type, macrophage
polarization, disease stage, and the tumor microenvironment determines whether MMP-12
functions as a tumor promoter or tumor suppressor. By integrating structural, biological,
and translational perspectives, this review aims to provide a balanced framework for
understanding MMP-12 as both a therapeutic target and a context-dependent regulator of
cancer progression.

2. Structural Features of MMP-12
MMP family members are commonly grouped into six major classes based on their

structural organization, substrate preference, and cellular localization. These include colla-
genases, gelatinases, stromelysins, matrilysins, membrane-type MMPs, and other MMPs,
such as MMP-12, MMP-19, MMP-20, MMP-21, and MMP-23 [26,27]. Functionally, these
groups also differ in their predominant substrate preferences. Gelatinases (MMP-2 and
MMP-9) efficiently process gelatin and basement-membrane components, including type
IV collagen, as well as elastin, fibronectin, and laminin. Collagenases (MMP-1, MMP-8, and
MMP-13) are distinguished by their ability to efficiently cleave native fibrillar collagens,
whereas stromelysins (MMP-3, MMP-10, and MMP-11) act on a broad range of non-fibrillar
ECM substrates but do not efficiently cleave intact fibrillar collagen. Matrilysins (MMP-7
and MMP-26) have broad substrate repertoires despite their relatively simple domain ar-
chitecture, while membrane-type MMPs mediate localized pericellular proteolysis and can
process ECM components as well as other pro-MMPs [27,28]. The remaining MMPs show
more heterogeneous substrate preferences; notably, MMP-12 displays strong elastolytic
activity while also processing gelatin, fibronectin, laminin, vitronectin, and several collagen
types [29].

Although these groups share the conserved catalytic machinery characteristic of MMPs,
they differ in domain composition, substrate-binding regions, membrane association, and
biological function [14]. Collagenases are distinguished by their ability to cleave the native
collagen triple helix into characteristic one-quarter and three-quarter fragments, a function
that allows them to remodel fibrillar collagen-rich tissues [30]. In addition to collagen
degradation, collagenases can process several ECM and non-ECM substrates, including
protease-activated receptor-1, IL-8, TNF-α, and insulin-like growth factor-binding pro-
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teins [29,31–34]. Gelatinases are structurally unique because they contain fibronectin-like
repeats within their catalytic domain, which enhance their ability to bind gelatin and dena-
tured collagens [35,36]. This structural feature enables gelatinases to participate extensively
in collagenous ECM remodeling through the degradation of collagens, fibronectin, aggre-
can, vitronectin, laminin, non-ECM substrates, and pro-TNF-α [33,37]. Stromelysins have a
general domain organization similar to collagenases but do not efficiently cleave native
fibrillar collagens. Instead, they degrade a broad range of other ECM components and
contribute to protease activation cascades by removing propeptide domains from latent
MMPs, including pro-MMP-9 [38–40]. Matrilysins, particularly MMP-7/matrilysin-1, have
a compact domain architecture because they lack the hinge and hemopexin-like domains
present in many other MMPs [41,42]. MMP-7 participates in ECM degradation and tissue
remodeling, including embryo implantation and postpartum uterine involution, and is
implicated in cancer progression through cleavage of ECM, basement membrane, non-ECM,
and cell-surface substrates such as laminin, type IV collagen, fibronectin, elastin, proteo-
glycans, entactin, E-cadherin, β4-integrin, TNF-α, and Fas ligand [43–46]. Membrane-type
MMPs comprise six membrane-anchored subtypes: MT1-, MT2-, MT3-, and MT5-MMP con-
tain a transmembrane domain with a short cytoplasmic tail, whereas MT4- and MT6-MMP
are glycosylphosphatidylinositol-anchored, enabling localized pericellular proteolysis that
supports cell migration, invasion, angiogenesis, and experimental metastasis in cancer
models [47–50].

Among the less conventional MMPs, MMP-12 is the most extensively investigated
and is often referred to as macrophage metalloelastase because of its strong association
with macrophage biology [51–53]. MMP-12 is predominantly associated with macrophages
but can also be expressed by lung structural cells, including airway epithelial and smooth
muscle cells, under inflammatory conditions. In macrophages, MMP-12 is markedly reg-
ulated by activation state: classical stimulation with LPS/IFN-γ up-regulates MMP-12,
while alternative activation with IL-4 also increases its expression [54,55]. Other mem-
bers of this subgroup are less well characterized. MMP-19 is expressed by macrophages,
fibroblasts, monocytes, and endothelial cells through pathways involving ERK1/2 and
p38 signaling [56]. MMP-20, also known as enamelysin, was initially cloned from porcine
enamel organ and subsequently identified as the human homolog from odontoblastic
cells; although mainly associated with tooth development, altered MMP-20 expression
has also been reported in malignancies such as pancreatic ductal adenocarcinoma and
laryngeal squamous cell carcinoma [57,58]. MMP-21 was cloned from human placental
cDNA, whereas MMP-23 was cloned from an ovarian cDNA library; however, compared
with many other MMP family members, relatively fewer studies have investigated their
biological and pathological functions [59,60].

Structurally, MMP-12 shares the conserved architecture typical of secreted MMPs and
belongs to the metzincin superfamily. Members of this superfamily contain a conserved
zinc-binding catalytic sequence, commonly represented as HExxHxxGxxH/D, and an
invariant methionine-containing 1,4-β-turn known as the Met-turn [61,62]. Full-length
pro-MMP-12 is secreted as an approximately 54-kDa inactive zymogen, which is processed
to active forms of approximately 45 kDa and, after further removal of the hemopexin
domain, approximately 22 kDa. Its N-terminal propeptide contains the conserved cysteine-
switch motif, PRCGXPD, in which the cysteine thiol coordinates the catalytic Zn2+ ion
and maintains the enzyme in a latent state [37,63]. Activation of pro-MMP-12 requires
disruption of the cysteine–zinc interaction within the propeptide, allowing the catalytic site
to become accessible. The active catalytic domain is approximately 22 kDa and contains
the conserved HEXXHXXGXXH zinc-binding motif required for proteolytic activity. The
C-terminal hemopexin-like domain is approximately 23 kDa and is structurally related
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to hemopexin/vitronectin-like domains [64,65]. This domain contributes to substrate
recognition, macromolecular interactions, and functional specificity. Based on structural
similarity, MMP-1 and MMP-13 are among the MMPs most closely related to MMP-12,
with approximately 49% structural similarity reported among these enzymes [16,66]. The
three-dimensional organization of MMP-12 and the principal structural elements of its
catalytic domain are illustrated in Figure 2.

Figure 2. Structural organization and key features of human MMP-12. (A) Three-dimensional
structure of MMP-12 showing the catalytic (CAT, cyan) and hemopexin-like (PEX, magenta) domains
connected by a flexible linker (LINK). (B) Detailed view of the catalytic domain highlighting major
structural and substrate-recognition elements, including the S-loop, S1′ loop, βIV and βV strands, αB
and αC helices, the catalytic zinc ion (Cat. Zn), and the conserved zinc-binding motif. Metal ions are
shown as spheres. Zinc ions are shown as gray spheres, and calcium ions are shown as green spheres.
Molecular structures were visualized and rendered using PyMOL version 3.1.3.

Although MMP-12 and other MMPs share a broadly conserved three-dimensional
fold, important structural differences exist within the active-site region, particularly in
the S1′ pocket [67]. The size and shape of this pocket are major determinants of substrate
recognition and inhibitor binding, and these differences are largely governed by sequence
variation, the length and conformation of the S1′ loop, and the position of key amino acid
residues surrounding the catalytic cleft [68]. MMP-1 and MMP-7 contain larger amino
acid side chains, such as arginine and tyrosine, which restrict the S1′ pocket and create
a smaller, more closed binding cavity [69]. In contrast, MMP-2, MMP-8, MMP-9, and
MMP-12 contain leucine in corresponding regions, resulting in a more open and larger S1′

pocket [70]. The S1′ loop of MMP-12 resembles that of MMP-8, as both enzymes contain a
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similar helical turn around residues Asp244–Phe248. However, unlike MMP-8, whose S1′

subsite is partly closed by Arg214, the MMP-12 S1′ pocket is more open and extends as a
channel toward the protein surface. More broadly, MMP-12, MMP-8, and MMP-14 share a
relatively long S1′ specificity loop, whereas MMP-2 and MMP-9 have shorter S1′ loops and
narrower/intermediate S1′ pocket architectures [15,71].

3. Expression Patterns in Normal and Tumor Tissues
MMP-12 expression is relatively restricted under physiological conditions and is most

prominently observed in macrophages, particularly in response to inflammatory stim-
uli [72]. In normal tissues, MMP-12 is mainly associated with macrophage-driven wound
healing, tissue remodeling, and host-defense responses, whereas in pathological settings,
including cancer, its expression is often upregulated in the tumor microenvironment, where
it is produced predominantly by tumor-associated macrophages, although expression by
tumor cells and other stromal components has also been reported in a context-dependent
manner [73]. Beyond cancer, MMP-12 expression is particularly prominent in the lung
during infectious and inflammatory responses, where alveolar and recruited macrophages
represent major cellular sources [74]. During bacterial infection, macrophage-derived
MMP-12 can be mobilized to phagolysosomes and contribute directly to intracellular
bacterial killing, and MMP-12 deficiency has been associated with impaired clearance
of both Gram-positive and Gram-negative bacteria in experimental lung and peritoneal
infection models [75]. MMP-12 expression is also increased during pulmonary infection
with pathogens such as Pneumocystis and Pseudomonas aeruginosa, with MMP-12-expressing
macrophage populations particularly evident during Pneumocystis infection and contribut-
ing to infection-associated inflammatory and tissue-remodeling responses [74,76]. MMP-12
regulation has additionally been reported during systemic inflammatory conditions rele-
vant to sepsis, including experimental endotoxemia, where LPS exposure can markedly
induce MMP-12 expression and activity [77]. These findings further illustrate that MMP-12
expression is highly dependent on tissue location, inflammatory state, and the phenotype
of the responding macrophage population.

The level and functional consequences of MMP-12 expression vary substantially
across cancer types; in lung cancer, some studies have linked macrophage-derived MMP-
12 to reduced tumor vascularization, generation of angiostatin, and improved patient
prognosis, supporting a context-dependent anti-tumorigenic role, although other reports
associate high MMP-12 expression with recurrence, metastasis, or poorer survival [21]. In
contrast, in other malignancies, elevated MMP-12 levels have been linked to enhanced
invasion and tumor progression [20]. The cellular source and activation state of MMP-12-
producing macrophages likely determine its function, because MMP-12 expression can
reflect distinct TAM polarization programs; pro-inflammatory M1-like macrophages are
generally associated with anti-tumor immunity, whereas alternatively activated M2-like
TAMs more often promote immunosuppression, angiogenesis, matrix remodeling, invasion,
and tumor progression [78,79]. This highlights the importance of considering not only
expression levels but also cellular context when interpreting the role of MMP-12 in cancer.

4. Regulation of MMP-12 Expression and Activity
MMP-12 is secreted as an approximately 54-kDa inactive zymogen in which the

conserved cysteine residue of the propeptide coordinates the catalytic Zn2+ ion and prevents
substrate access to the active site. Activation requires disruption of this cysteine-switch
interaction and removal of the N-terminal propeptide, generating an approximately 45-kDa
catalytically active enzyme [80–82]. A distinctive feature of MMP-12 is its rapid additional
C-terminal processing, including autocatalytic cleavage, which removes the hemopexin-
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like domain and generates a mature approximately 22-kDa catalytic-domain form [83,84].
Thus, MMP-12 maturation involves sequential N-terminal and C-terminal processing, with
activation of the catalytic domain preceding further proteolytic removal of the C-terminal
region [80,85,86]. The 22-kDa catalytic form retains strong proteolytic activity, including
elastolytic activity, indicating that the catalytic domain alone is sufficient for substantial
substrate degradation [87]. Although autolytic processing is an important mechanism,
the precise pathways governing MMP-12 maturation under different physiological and
pathological conditions remain incompletely defined [88].

MMP-12 expression and activity are tightly controlled by multilayered regulatory
mechanisms acting at transcriptional, post-transcriptional, and post-translational levels,
reflecting the need to precisely regulate this protease because its biological effects can
be either tumor-promoting or tumor-suppressive depending on the cellular and tissue
context [89]. In cancer, these regulatory mechanisms are profoundly influenced by the
tumor microenvironment (TME), particularly by inflammatory signals, hypoxia, and cellu-
lar crosstalk between tumor and stromal compartments [90]. Inflammatory regulation of
MMP-12 is highly dependent on both the nature of the stimulus and the activation state of
the responding cell. Cytokines and growth factors can regulate MMP-12 through distinct
transcriptional pathways rather than simply increasing its expression uniformly [55,91,92].
For example, GM-CSF induces MMP-12 transcription in monocytic cells through increased
AP-1 binding to a proximal AP-1 site within the Mmp12 promoter [93]. IL-4 and IL-13 can
also promote macrophage MMP-12 expression through IL-4Rα-dependent STAT6 activa-
tion, providing a mechanistic link between cytokine-driven macrophage activation and
MMP-12 production [94]. Conversely, the effects of inflammatory stimuli vary with cellular
and temporal context, and MMP-12 is additionally regulated beyond transcription. In
LPS/IFN-γ-stimulated macrophages, Mmp12 translation is repressed during early inflam-
mation despite relatively modest transcriptional changes, whereas MMP-12 production
recovers during the resolution phase [95,96]. Thus, transcriptional and translational mecha-
nisms cooperate to determine the magnitude and timing of MMP-12 production during
inflammatory responses.

Macrophage polarization is another important determinant of MMP-12 expression,
as MMP-12 is strongly linked to activated macrophage states and may be elevated in
pro-inflammatory/M1-like macrophages, while alternatively activated/M2-like TAMs can
show distinct, context-dependent patterns of MMP-12 expression that may either diminish
or contribute to tumor-promoting remodeling depending on the tumor microenviron-
ment [78,89,97]. This polarization-dependent regulation underscores the importance of
cellular origin in determining the functional consequences of MMP-12 activity within
the TME. Hypoxia adds an additional layer of regulation because macrophages preferen-
tially accumulate within poorly vascularized and oxygen-deprived regions of many solid
tumors, where HIF-1α and HIF-2α reshape macrophage transcriptional and functional pro-
grams [98,99]. Importantly, recent evidence provides a more direct mechanistic connection
between hypoxia and MMP-12 expression. Exposure of bone marrow-derived macrophages
to 1% O2 increased Mmp12 expression, while stabilization of HIF-2α enhanced transcrip-
tional regulation of Mmp12; ChIP-qPCR further demonstrated increased HIF-2α occupancy
at the Mmp12 promoter. These findings indicate that hypoxia can directly influence MMP-
12 expression through HIF-2α-dependent mechanisms in addition to indirectly altering
macrophage phenotype and cytokine signaling. Within tumors, such regulation is likely to
occur alongside hypoxia-induced changes in angiogenesis, immune function, metabolism,
and extracellular-matrix remodeling, thereby further contributing to the context-dependent
biological effects of MMP-12 [100–102].
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It is important to note that the conventional M1/M2 macrophage classification rep-
resents a simplified framework and does not fully capture the phenotypic diversity of
macrophages within tumors. Tumor-associated macrophages exist across a dynamic spec-
trum of activation states shaped by cytokines, metabolites, hypoxia, extracellular-matrix
signals, interactions with tumor and stromal cells, and therapeutic pressure [103]. Individ-
ual macrophages may therefore simultaneously display features traditionally attributed to
both M1- and M2-like states or adopt transcriptional and functional programs that do not
conform to either category. Accordingly, the terms M1-like and M2-like are used here as
descriptive reference points rather than as discrete macrophage populations [104]. MMP-12
expression and function should therefore be considered within this broader continuum
of macrophage states, in which local environmental cues, cellular localization, substrate
availability, and associated proteolytic networks collectively determine whether MMP-12
activity favors tumor suppression or tumor progression [105].

The context-dependent functions of MMP-12 are unlikely to arise from intrinsic dif-
ferences in the MMP-12 molecule itself, but rather from differences in the molecular en-
vironment in which the enzyme is produced and activated. Macrophage polarization
determines not only the amount of MMP-12 released, but also the accompanying cytokines,
proteases, endogenous inhibitors, extracellular-matrix composition, and available sub-
strates that surround the enzyme [106]. In an M1-like, pro-inflammatory setting, MMP-12
activity may occur together with anti-tumor immune responses and preferential process-
ing of substrates such as plasminogen, favoring angiostatin generation, suppression of
vascularization, and restriction of tumor growth. In contrast, M2-like or immunosuppres-
sive tumor-associated macrophages are embedded within a microenvironment enriched
in matrix-remodeling signals, growth factors, regulatory immune cells, and altered pro-
tease/inhibitor networks [21,107]. Under these conditions, the same MMP-12 catalytic
activity may preferentially contribute to degradation of extracellular-matrix and basement-
membrane components, processing of cytokines and chemokines, and establishment of
an invasion-permissive and immunosuppressive niche. Importantly, these differences
can occur even within the same tumor because macrophages occupy spatially distinct
microenvironmental niches with different substrate availability, oxygen tension, cytokine
exposure, and local TIMP concentrations [108,109]. Thus, the biological consequence of
MMP-12 activity is determined not simply by whether the enzyme is expressed, but by
the polarization state and spatial localization of its cellular source together with the local
repertoire of accessible substrates and interacting proteolytic regulators.

Multiple intracellular pathways integrate inflammatory and stress-related cues to regu-
late MMP-12 expression, with MAPK cascades, particularly ERK, JNK, and p38, enhancing
cytokine-driven transcriptional responses, while PI3K/AKT signaling may also contribute
in selected cellular contexts, including IL-1β-induced MMP-12 expression in airway smooth
muscle cells and macrophage activation programs [63,110,111]. Crosstalk among MAPK,
PI3K/AKT, NF-κB, and related inflammatory pathways can further amplify or modulate
MMP-12 transcription in a context-dependent manner, while post-transcriptional mecha-
nisms, including mRNA stability, RNA-binding proteins, microRNAs, and translational
control, likely provide additional layers of regulation, although these mechanisms re-
main less well characterized for MMP-12 than for inflammatory gene regulation more
broadly [112]. These processes enable rapid adaptation to environmental changes within
the tumor microenvironment, allowing dynamic regulation of MMP-12 expression in re-
sponse to fluctuating inflammatory and metabolic conditions. At the post-translational
level, MMP-12 activity is mainly controlled by proteolytic activation of latent pro-MMP-12
and by endogenous inhibitors such as TIMPs and α2-macroglobulin; like other MMPs,
pro-MMP-12 requires propeptide removal to expose the catalytic site, a process that can
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occur through autocatalytic processing or protease-dependent cascades in the extracellu-
lar/tumor microenvironment [87,113]. Once activated, MMP-12 is regulated by endogenous
tissue inhibitors of metalloproteinases (TIMPs), which bind MMP catalytic domains in
a 1:1 stoichiometric complex and inhibit proteolysis by coordinating the catalytic Zn2+

ion [114]. Although all four mammalian TIMPs (TIMP-1, TIMP-2, TIMP-3, and TIMP-4)
can inhibit multiple MMP family members, their expression, localization, and affinities for
individual MMPs differ, making the local TIMP repertoire an important determinant of
net proteolytic activity [115]. For MMP-12, direct evidence supports regulation by TIMP-1
and TIMP-2. TIMP-1 can physically associate with MMP-12 in vivo; during experimental
liver fibrosis, increased MMP-12–TIMP-1 complex formation was observed in advanced
disease, indicating that changes in TIMP-1 availability can restrict MMP-12-dependent
elastin degradation [116]. TIMP-2 also directly inhibits MMP-12 catalytic activity, including
cell-associated MMP-12, although TIMP-2-bound MMP-12 can remain associated with
cellular membranes, indicating that inhibition of catalysis does not necessarily abolish
spatial localization of the enzyme [117]. TIMP-3 differs from the other TIMPs because of
its strong association with the extracellular matrix and broad metalloproteinase inhibitory
profile; thus, its localization may provide spatial control of extracellular MMP activity,
although direct quantitative characterization of TIMP-3 inhibition of MMP-12 remains
comparatively limited. TIMP-4 is less extensively characterized in relation to MMP-12, and
current evidence is insufficient to define a specific MMP-12–TIMP-4 regulatory interaction.
Therefore, MMP-12 activity in tissues is determined not simply by its expression and acti-
vation, but by the abundance, localization, and availability of individual TIMPs within the
surrounding microenvironment [118].

Spatial and temporal regulation adds further complexity to MMP-12 function in the
tumor microenvironment, as localized secretion by macrophages, compartmentalization
within distinct tissue niches, and interactions with extracellular-matrix components can
concentrate MMP-12 activity in specific regions where it exerts context-dependent effects
on matrix remodeling, inflammation, angiogenesis, invasion, or tumor suppression [21,65].
Collectively, these regulatory mechanisms highlight that MMP-12 is not constitutively
active but is instead dynamically controlled by a network of inflammatory, hypoxic, and
signaling inputs. This tight regulation underlies its context-dependent functions in cancer,
providing a mechanistic basis for its dual roles in tumor suppression and tumor progression.

5. Anti-Tumorigenic Role of MMP-12 in Cancer
MMP-12 is one of the clearest examples of why MMPs should not be regarded as

uniformly tumor-promoting enzymes. Although many MMPs contribute to extracellular
matrix degradation, invasion, and metastatic dissemination, substantial experimental
and clinical evidence indicates that MMP-12 can also exert tumor-restraining functions in
specific cancer contexts (Figure 3). These protective effects are most strongly associated with
inhibition of tumor angiogenesis, suppression of tumor growth, limitation of metastatic
outgrowth, and improved clinical outcomes in selected malignancies (Table 1). Therefore,
MMP-12 represents a context-dependent protease whose biological impact depends on the
tumor type, cellular source, substrate availability, and the angiogenic or immune balance
within the tumor microenvironment.

A major mechanism underlying the anti-tumorigenic activity of MMP-12 is its abil-
ity to suppress endothelial-cell proliferation through the generation of angiostatin from
plasminogen [107,119]. MMP-12 is particularly efficient among MMP family members at
producing biologically active angiostatin, and angiostatin generated by MMP-12-treated
plasminogen directly inhibits the proliferation and differentiation of human microvas-
cular endothelial cells in vitro. Consistent with this mechanism, macrophages lacking

https://doi.org/10.3390/ijtm6030038

https://doi.org/10.3390/ijtm6030038


Int. J. Transl. Med. 2026, 6, 38 11 of 27

MMP-12 show a markedly reduced capacity to generate angiostatin-mediated inhibition
of endothelial-cell proliferation [120]. Once generated, angiostatin can act directly on
endothelial cells through several mechanisms. Binding of angiostatin to α/β-subunits of
ATP synthase on the endothelial-cell surface contributes to its anti-proliferative activity,
as blockade of this interaction substantially reduces the inhibitory effect of angiostatin
on endothelial proliferation [121]. Angiostatin can also reduce endothelial-cell number
by promoting apoptosis rather than simply arresting cell-cycle progression, suggesting
that its anti-angiogenic effect involves selective loss of proliferating endothelial cells [122].
Together, these mechanisms explain how MMP-12-mediated plasminogen cleavage can
decrease the pool of proliferating endothelial cells required for neovascularization, thereby
reducing microvessel formation and restricting tumor growth.

Figure 3. Dual context-dependent roles of MMP-12 in cancer. MMP-12, also known as macrophage
metalloelastase, is mainly produced by tumor-associated macrophages and can exert either anti-
tumorigenic or tumorigenic functions depending on the biological context. In anti-tumorigenic
settings, MMP-12 promotes plasminogen cleavage and angiostatin generation, suppresses VEGF
signaling, reduces endothelial proliferation and angiogenesis, decreases microvessel density, and
limits tumor growth or metastatic outgrowth. In tumor-promoting settings, MMP-12 contributes
to extracellular matrix degradation, tumor-cell invasion and migration, inflammatory cytokine
remodeling, immune suppression, metabolic adaptation, and metastasis. The final outcome of MMP-
12 activity is determined by tumor type, macrophage polarization state, disease stage, and tumor
microenvironmental factors such as hypoxia, cytokine signaling, substrate availability, and angiogenic
balance. Created using Microsoft Copilot 365 and reviewed by the authors.

Direct evidence for the anti-tumor effects of MMP-12 comes from a murine B16-
BL6 melanoma model. Forced expression of MMP-12 in MMP-12-deficient melanoma
cells markedly reduced primary tumor growth and tumor vascularization and disrupted
vascular architecture. Angiostatin-like fragments were detected in both tumors and serum,
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supporting an angiostatin-associated anti-angiogenic mechanism [123]. In an orthotopic
CT-26 colon carcinoma model, MMP-12 expression similarly suppressed primary tumor
growth and microvessel formation. VEGF mRNA and protein levels were also significantly
reduced, suggesting that MMP-12-mediated suppression of tumor vascularization in this
model was associated with decreased VEGF expression [124]. A separate CT-26 colon cancer
study specifically investigated angiostatin generation by MMP-12. MMP-12-expressing
tumors showed reduced microvessel density and slower tumor growth, while plasminogen-
derived angiostatin fragments were detected within the tumors, providing direct evidence
that MMP-12 can generate angiostatin in vivo [125].

The therapeutic potential of this anti-angiogenic activity was further demonstrated
using intratumoral delivery of MMP-12 in CT-26 tumors. Repeated delivery using HVJ-
cationic liposomes reduced tumor size and microvessel density and increased tumor-
cell apoptosis. Angiostatin generation was also detected in the treated tumors, support-
ing an MMP-12-mediated anti-angiogenic mechanism [126]. Evidence from Lewis lung
carcinoma metastasis models supports a protective role for host-derived MMP-12, as
MMP-12-deficient mice developed larger pulmonary metastatic lesions despite similar
micrometastatic seeding, indicating that macrophage-derived MMP-12 primarily restrains
post-seeding metastatic outgrowth by reducing tumor microvessel density and promot-
ing an angiostatic tumor microenvironment rather than by preventing initial metastatic
colonization [21]. Host- and tumor-specific protease profiling further supports a protec-
tive role for stromal MMP-12 in lung cancer, as MMP-12 was upregulated in lung tumor
stroma, while MMP-12-null mice developed a greater number of large Lewis lung tumors
associated with increased CD31-positive vasculature and reduced circulating K1–K4 angio-
statin species, indicating that host-derived MMP-12 can limit tumor vascularization and
metastatic outgrowth [127].

Clinical evidence in hepatocellular carcinoma suggests that MMP-12 may have anti-
tumorigenic significance in selected contexts, as human macrophage metalloelastase/MMP-
12 expression was associated with angiostatin generation, hypovascular tumor features,
and improved postoperative survival, with multivariate analysis identifying MMP-12
expression as an independent prognostic factor for overall survival [128]. In a related
HCC angiogenesis study, MMP-12 expression was significantly associated with hypovas-
cular tumors, whereas MMP-12-negative tumors were more frequently hypervascular,
suggesting that MMP-12 may influence tumor vascularity by shifting the balance toward
anti-angiogenic activity, including angiostatin generation, relative to pro-angiogenic medi-
ators such as VEGF [129]. MMP-12 has also been associated with favorable outcomes in
colorectal carcinoma, as human macrophage metalloelastase expression inversely corre-
lated with depth of intestinal wall invasion, lymphatic invasion, and vascular invasion,
while patients with MMP-12 overexpression showed significantly better survival and a
tendency toward lower tumor microvessel density, supporting a potential protective role
through reduced angiogenesis and invasion-associated progression [130]. Another col-
orectal cancer study reported that MMP-12 expression was higher in primary tumors
without hepatic metastasis than in those associated with liver metastasis, suggesting that
MMP-12 expression may be linked to reduced metastatic potential in some colorectal can-
cer contexts [131]. Additional clinical evidence from gastric cancer showed that human
macrophage metalloelastase/MMP-12 expression was increased in tumor tissues compared
with normal gastric tissues, yet MMP-12-positive cases had less frequent lymph node metas-
tasis and better two-year survival than MMP-12-negative cases, suggesting that MMP-12
expression may be associated with reduced metastatic spread and improved prognosis
in this setting despite its matrix-degrading capacity [132]. MMP-12 may also suppress
tumor angiogenesis through angiostatin-independent mechanisms, as MMP-12 released
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from breast cancer cells was shown to cleave uPAR domain 1 on microvascular endothelial
cells, impairing endothelial invasion and capillary morphogenesis and reducing tumor
vascularization and growth in vivo without detectable angiostatin generation under those
experimental conditions [133].

Compared with its effects on blood-vessel angiogenesis, the influence of MMP-12
on tumor lymphangiogenesis and lymphatic vessel density remains less clearly defined.
In colorectal cancer, MMP-12 expression has been inversely associated with lymphatic
invasion, while MMP-12-positive gastric cancers have shown a lower frequency of lymph-
node metastasis; however, these clinical studies did not directly quantify lymphatic vessel
density [130,132]. Additional mechanistic evidence suggests that macrophage-derived
MMP-12 may participate in remodeling of the perilymphatic microenvironment. In a breast
cancer model, podoplanin-expressing tumor-associated macrophages localized in close
proximity to lymphatic vessels, exhibited high matrix-remodeling activity, and showed
accumulation of MMP-12 around tumor lymphatics. Disruption of this macrophage–
lymphatic interaction reduced lymphangiogenesis and lymphatic tumor dissemination,
although MMP-12 was not isolated as the sole mediator of these effects [134]. Interestingly,
the vascular consequences of MMP-12 may differ between blood and lymphatic vessels, as
MMP-12 has also been linked to reduced blood-vessel angiogenesis through generation
of antiangiogenic products and reduced tumor microvessel density [21]. In a corneal
injury model, Mmp12 deficiency markedly enhanced blood-vessel angiogenesis but did not
significantly alter LYVE-1-positive lymphatic vessel outgrowth compared with wild-type
mice [135]. These observations suggest that the effects of MMP-12 on lymphatic remodeling
are context-dependent and remain less well characterized than its established effects on
tumor angiogenesis, warranting further direct investigation of MMP-12-dependent changes
in lymphatic vessel density and function.

Together, these studies demonstrate that MMP-12 can act as a tumor-suppressive
protease in several experimental and clinical settings. Its anti-tumorigenic functions appear
to involve angiostatin generation, inhibition of endothelial-cell proliferation, reduction
of tumor microvessel density, suppression of VEGF-associated angiogenic signaling, and
interference with endothelial migration pathways. Importantly, these findings help explain
why early broad-spectrum MMP inhibitors failed clinically: blocking all MMP activity
may also inhibit protective MMPs such as MMP-12. Therefore, therapeutic strategies
targeting MMP-12 must be designed with caution. In tumors where MMP-12 supports
angiostatin generation, macrophage-mediated angiostasis, or improved prognosis, inhi-
bition of MMP-12 could be harmful rather than beneficial. A more rational approach
requires distinguishing tumor-promoting from tumor-suppressive MMP-12 activity based
on tumor type, disease stage, cellular source, and the angiogenic balance of the tumor
microenvironment.

Mechanistically, the tumor-suppressive effects of MMP-12 appear to arise through
several complementary proteolytic pathways rather than through a single anti-angiogenic
mechanism. Cleavage of plasminogen generates angiostatin, which directly suppresses
endothelial-cell proliferation and survival and thereby limits neovascularization [107,121,136].
MMP-12 can also reduce pro-angiogenic signaling, including VEGF-associated pathways,
and can inhibit endothelial migration and capillary morphogenesis through cleavage of
endothelial substrates such as uPAR. The relative contribution of these mechanisms is likely
determined by substrate availability, cellular source, and the local proteolytic environment,
providing a mechanistic explanation for why MMP-12-mediated tumor suppression varies
among experimental and clinical settings [137,138].
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Table 1. Anti-tumorigenic Roles and Mechanisms of MMP-12 in Cancer.

Cancer Type/Context Evidence for Tumor Suppression Mechanism Ref.

Melanoma

Forced expression of MMP-12 in
MMP-12-deficient B16-BL6 melanoma cells
suppressed primary tumor growth, reduced
tumor vascularization, disrupted vascular

architecture, and generated angiostatin-like
fragments in tumors and serum.

Generation of angiostatin from plasminogen,
inhibition of tumor angiogenesis, reduced
microvessel formation, and creation of an

angiostatic tumor microenvironment.

[123]

Colon carcinoma/CT-26 model

MMP-12 expression in CT-26 colon carcinoma
cells suppressed primary tumor growth, reduced

microvessel formation, decreased VEGF
expression, and produced angiostatin fragments.

Angiostatin generation, suppression of
VEGF-mediated angiogenic signaling,

reduced endothelial-cell proliferation, and
decreased tumor vascularization.

[124]

Colon cancer gene-delivery model

Intratumoral delivery of MMP-12 using
HVJ-cationic liposomes reduced tumor size,

microvessel density, and tumor-cell proliferation,
while increasing apoptosis and generating

angiostatin within tumors.

MMP-12-mediated angiostatin production,
inhibition of angiogenesis, reduced

tumor-cell proliferation, and induction of
apoptosis through a less angiogenic tumor

microenvironment.

[126]

Lewis lung carcinoma metastasis

MMP-12-deficient mice developed larger
pulmonary metastatic lesions despite similar

micrometastatic seeding, suggesting that
host-derived MMP-12 restrains

metastatic outgrowth.

Macrophage-derived MMP-12 reduces
tumor microvessel density, promotes

angiostatic conditions, and limits
post-seeding metastatic expansion rather

than initial metastatic colonization.

[21]

Lung tumor stroma/host-derived
MMP-12

MMP-12 was upregulated in lung tumor stroma,
and MMP-12-null mice developed more large

lung tumors with increased CD31-positive
vasculature and reduced circulating

angiostatin species.

Stromal MMP-12 limits tumor
vascularization through angiostatin

generation and suppression of
angiogenesis-dependent tumor growth.

[21]

Hepatocellular carcinoma,
selected cohorts

MMP-12 expression was associated with
angiostatin generation, hypovascular tumor

features, and improved postoperative survival;
MMP-12 expression was identified as an

independent prognostic factor for
overall survival.

Angiostatin-mediated inhibition of
angiogenesis, reduced tumor vascularity,

and shifting the angiogenic balance toward
anti-angiogenic activity.

[128]

Hepatocellular carcinoma
vascularity context

MMP-12-positive tumors were more often
hypovascular, whereas MMP-12-negative

tumors were more frequently hypervascular.

Regulation of tumor vascularity through
anti-angiogenic activity, including

angiostatin generation and possible
counterbalance of

VEGF-driven angiogenesis.

[129]

Colorectal carcinoma

MMP-12 expression inversely correlated with
depth of intestinal wall invasion, lymphatic

invasion, and vascular invasion; patients with
MMP-12 overexpression showed better survival

and lower tumor microvessel density.

Reduced angiogenesis, decreased
microvessel density, and limitation of

invasion-associated progression.
[130]

Colorectal cancer with liver
metastasis

MMP-12 expression was higher in primary
tumors without hepatic metastasis than in
tumors associated with liver metastasis.

Possible suppression of metastatic potential
through angiogenesis inhibition, stromal
remodeling, and restriction of vascular or

lymphatic dissemination.

[131]

Gastric cancer

MMP-12-positive tumors showed less frequent
lymph node metastasis and better two-year

survival compared with
MMP-12-negative tumors.

Reduced metastatic spread, possible
inhibition of angiogenesis, and limitation of

lymphatic dissemination despite
matrix-degrading capacity.

[132]

Breast cancer endothelial-cell
context

MMP-12 released from breast cancer cells
cleaved uPAR domain 1 on microvascular

endothelial cells, impairing endothelial invasion
and capillary morphogenesis and reducing
tumor vascularization and growth in vivo.

Angiostatin-independent inhibition of
angiogenesis through uPAR cleavage,

impaired endothelial migration, reduced
capillary formation, and decreased tumor

vascularization.

[133]

6. Tumorigenic Role of MMP-12 in Cancer
Although MMP-12 has been reported to exert anti-tumorigenic effects in selected

contexts, accumulating evidence also supports its role as a tumor-promoting protease
in several malignancies (Table 2). Like other members of the MMP family, MMP-12 can
contribute to cancer progression through degradation of extracellular matrix components,
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remodeling of the tumor microenvironment, and facilitation of tumor cell migration and
invasion. Its strong elastolytic activity and ability to process multiple matrix and non-
matrix substrates allow MMP-12 to modify both the structural and signaling landscape of
tumors. In addition, because MMP-12 is produced by macrophages and, in some cancers, by
tumor cells themselves, it may connect proteolytic remodeling with inflammation, immune
regulation, and metastatic dissemination. One mechanism by which MMP-12 may promote
tumor progression is through degradation of extracellular-matrix and basement-membrane
components, including elastin, fibronectin, laminin, entactin, vitronectin, and type IV
collagen fragments, which can weaken structural tissue barriers and thereby facilitate
local invasion, stromal infiltration, and metastatic dissemination in a context-dependent
manner [139]. In addition to directly degrading extracellular matrix, MMP-12 can modulate
cytokines, chemokines, and other bioactive molecules in the tumor microenvironment,
thereby reshaping inflammatory signaling and immune-cell recruitment in ways that may
either promote or restrain tumor growth, invasion, immune evasion, and therapy resistance
depending on the cancer context [140].

The tumor-promoting function of MMP-12 has been particularly emphasized in some
lung cancer studies, where MMP-12 is elevated in non-small cell lung cancer (NSCLC),
including adenocarcinoma and squamous cell carcinoma, and has been associated with
tumor-cell invasiveness, local recurrence, metastatic disease, and poorer survival, poten-
tially through effects on extracellular-matrix remodeling, inflammatory signaling, EMT-
related programs, and angiogenesis-associated pathways [141]. In lung adenocarcinoma,
inhibition or knockdown of MMP-12 has been reported to reduce tumor cell proliferation
and invasion, supporting the idea that MMP-12 actively contributes to malignant behavior
rather than acting only as a passive biomarker [142,143]. More recent systems-level analyses
further suggest that MMP-12-regulated gene networks are enriched in extracellular-matrix
organization, PI3K-AKT signaling, focal adhesion, and immune-related pathways, support-
ing the view that MMP-12 may influence lung cancer progression through coordinated
effects on matrix remodeling, survival/migration signaling, cell–matrix adhesion, and
tumor-immune interactions [144]. These findings provide additional mechanistic support
for the contribution of MMP-12 to lung cancer cell growth, migration, clonogenic survival,
and metastatic potential.

MMP-12 has also been implicated in hepatocellular carcinoma in a context-dependent
manner, with earlier studies linking MMP-12 expression to angiostatin generation and
improved survival in some cohorts [129], whereas more recent evidence shows that MMP-
12 is overexpressed in HCC tissues compared with matched non-tumor liver tissues and
is associated with larger tumor size, elevated serum alpha-fetoprotein levels, and poor
overall survival, suggesting that MMP-12 can also support HCC progression in specific
clinical contexts [145]. Importantly, MMP-12 expression has also been positively correlated
with FOXP3-positive regulatory T-cell infiltration, suggesting that MMP-12 may contribute
to an immunosuppressive tumor microenvironment and through this mechanism, MMP-12
may promote immune escape and support tumor progression in HCC [22].

In castration-resistant prostate cancer (CPRC), MMP-12 has been reported to promote
tumor progression by mediating crosstalk between CRPC cells and adipocytes, as high
MMP-12 expression is observed in CRPC tissues and MMP-12 silencing reduces tumor-cell
migration, invasion, and xenograft growth, partly through disruption of lipid-utilization
and autophagy pathways involving CD36/CPT1 and P62/LC3 signaling [146].

Evidence from urothelial bladder cancer supports the clinical relevance of MMP-12 as
an immune-cell-derived biomarker, as elevated plasma MMP-12 levels were independently
associated with shorter overall survival, while single-cell transcriptomic analyses indicated
tumor-infiltrating macrophages as a likely source, suggesting that macrophage-derived
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MMP-12 may reflect a broader tumor-promoting microenvironment not fully captured by
tumor-cell-centered transcriptomic analyses [105].

In esophageal squamous cell carcinoma, MMP-12 is highly expressed in tumor cells
but absent from normal squamous epithelium, and its overexpression is significantly asso-
ciated with higher tumor grade, nodal metastasis, advanced TNM stage, shorter overall
survival, and independent poor prognostic value, suggesting that MMP-12 may promote
esophageal squamous cell carcinoma progression and serve as a potential prognostic
biomarker and therapeutic target [147]. In conventional renal cell carcinoma, MMP-12 is
overexpressed particularly in sarcomatous/aggressive tumors and is significantly asso-
ciated with larger tumor size, higher grade and stage, necrosis, shorter recurrence-free
survival, and a 2.4–2.8-fold higher risk of postoperative relapse, suggesting that MMP-12
acts as a pro-tumorigenic biomarker and independent predictor of recurrence in conven-
tional renal cell carcinoma [148].

Pan-cancer analyses indicate that MMP-12 has heterogeneous but clinically meaning-
ful associations across malignancies, with MMP-12 mRNA upregulated in multiple tumor
types and able to distinguish tumor from normal tissues in several datasets, while high ex-
pression is associated with poor prognosis in some cancers, including lung adenocarcinoma,
renal cancer, pancreatic cancer, sarcoma, esophageal cancer, and liver cancer, supporting
its potential value as a diagnostic/prognostic biomarker whose biological significance
depends strongly on tumor type and immune context [20].

The pro-tumorigenic effects of MMP-12 likewise involve multiple interconnected mech-
anisms. Proteolytic degradation of elastin, fibronectin, laminin, vitronectin, and basement-
membrane components can remove physical barriers to tumor-cell migration and generate
a matrix environment permissive for invasion [149]. MMP-12 can additionally process
cytokines and chemokines, thereby altering inflammatory-cell recruitment and signaling
within the tumor microenvironment [140]. In lung cancer, MMP-12-associated networks in-
volve PI3K-AKT signaling, focal adhesion, and immune-related pathways that may connect
extracellular proteolysis with tumor-cell survival and migration [144]. In hepatocellular
carcinoma, MMP-12 expression is associated with increased FOXP3-positive regulatory
T-cell infiltration and an immunosuppressive microenvironment [22], whereas in castration-
resistant prostate cancer, MMP-12 promotes tumor–adipocyte metabolic crosstalk involving
CD36/CPT1-dependent lipid utilization and P62/LC3-associated autophagy [146]. In a
cohort of 139 patients with HCC undergoing hepatectomy, MMP-12 mRNA was frequently
overexpressed in tumor tissue and was significantly associated with venous infiltration, el-
evated serum AFP, early postoperative recurrence, and poorer overall survival, supporting
MMP-12 as a marker of aggressive disease and adverse short-term prognosis despite not
remaining an independent predictor in multivariable analysis [150].

Overall, the tumorigenic role of MMP-12 appears to involve several interconnected
mechanisms, including extracellular matrix degradation, promotion of invasion and mi-
gration, modulation of inflammatory signaling, regulation of immune suppression, and
metabolic crosstalk with stromal components. These findings also explain why MMP-12
should not be viewed as a uniformly anti-angiogenic or tumor-suppressive protease. In-
stead, its function is highly context-dependent. In tumors where MMP-12 promotes matrix
remodeling, immune evasion, inflammatory signaling, or metabolic adaptation, selective
inhibition of MMP-12 may represent a promising therapeutic strategy. However, because
MMP-12 can also generate anti-angiogenic fragments in certain settings, therapeutic target-
ing should be designed carefully and guided by tumor type, cellular source, disease stage,
and the broader tumor microenvironment.
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Table 2. Tumorigenic Roles and Mechanisms of MMP-12 in Cancer.

Cancer Type/Context Evidence for Tumor Progression Mechanism Ref.

Lung cancer, especially
NSCLC and LUAD

MMP-12 is elevated in NSCLC,
including adenocarcinoma and

squamous cell carcinoma, and is
associated with invasiveness, local
recurrence, metastasis, and poorer
survival. MMP-12 knockdown or

inhibition reduces proliferation and
invasion in lung cancer models.

ECM remodeling, degradation of
structural barriers, promotion of

migration and invasion,
EMT-related programs, PI3K-AKT
signaling, focal adhesion pathways,

inflammatory signaling, and
immune-related

pathway modulation.

[141]

Hepatocellular carcinoma

MMP-12 is overexpressed in HCC
tissues and is associated with larger

tumor size, elevated serum AFP,
poor overall survival, and
increased FOXP3-positive

regulatory T-cell infiltration.

Immune suppression through Treg
infiltration, inflammatory
remodeling of the tumor

microenvironment, and possible
promotion of immune escape.

[22,150]

Castration-resistant
prostate cancer

High MMP-12 expression is
observed in CRPC tissues; MMP-12

silencing reduces tumor-cell
migration, invasion, and

xenograft growth.

Crosstalk between CRPC cells and
adipocytes, regulation of lipid

utilization and autophagy through
CD36/CPT1 and

P62/LC3 signaling.

[146]

Urothelial bladder cancer

Elevated plasma MMP-12 is
independently associated with

shorter overall survival; single-cell
analysis suggests tumor-infiltrating

macrophages as a likely source.

Macrophage-derived MMP-12 may
reflect or support a

tumor-promoting inflammatory
and immune-cell-rich

microenvironment.

[105]

Esophageal squamous cell
carcinoma

MMP-12 is highly expressed in
tumor cells but absent from normal

squamous epithelium;
overexpression is associated with

higher tumor grade, nodal
metastasis, advanced TNM stage,
shorter survival, and independent

poor prognosis.

Tumor-cell-derived MMP-12 may
promote invasion, nodal

dissemination, and aggressive
tumor progression through matrix

remodeling and local
tissue invasion.

[147]

Conventional renal cell
carcinoma

MMP-12 is overexpressed in
aggressive and sarcomatous tumors
and is associated with larger tumor

size, higher grade and stage,
necrosis, shorter recurrence-free

survival, and higher postoperative
relapse risk.

ECM degradation, stromal
remodeling, invasion,

necrosis-associated aggressiveness,
and promotion of recurrence-prone

tumor biology.

[148]

7. Reconciling Contradictory Findings Across Tumor Types
A direct comparison of studies within individual tumor types further illustrates why

MMP-12 expression alone cannot be interpreted as uniformly favorable or unfavorable.
Lung cancer provides one of the clearest examples. In Lewis lung carcinoma models, loss
of host-derived MMP-12 resulted in larger pulmonary metastatic lesions and increased
tumor vascularization, while stromal MMP-12 expression was associated with greater
angiostatin generation and restriction of metastatic outgrowth [21,107]. These studies
primarily implicate macrophage- or stromal-derived MMP-12 as an anti-angiogenic host
response. In contrast, studies of human non-small cell lung cancer have associated ele-
vated MMP-12 expression with local recurrence, metastasis, and poorer survival, while
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experimental knockdown of MMP-12 in lung adenocarcinoma cells reduced proliferation
and invasion [141,143]. Thus, the apparently contradictory findings may partly reflect
differences in the cellular compartment being examined: host- or stromal-derived MMP-12
can promote angiostasis, whereas tumor-cell-associated MMP-12 may favor malignant
growth and invasion. Differences in experimental endpoint are also important, because
suppression of vascularization and metastatic outgrowth is biologically distinct from direct
effects on tumor-cell proliferation and invasiveness.

Hepatocellular carcinoma provides a second example of conflicting associations. Ear-
lier clinical studies reported that MMP-12 expression was associated with angiostatin
generation, hypovascular tumors, and improved postoperative survival [129]. In contrast,
other studies have reported increased MMP-12 expression in HCC tissues in association
with larger tumor size, elevated serum α-fetoprotein, poor overall survival, and increased
FOXP3-positive regulatory T-cell infiltration [22,150]. These differences suggest that total
MMP-12 expression may represent distinct biological processes among patient cohorts.
In one setting, MMP-12 expression may reflect macrophage-associated proteolysis that
favors angiostatin generation and reduced vascularization, whereas in another it may occur
within an immunosuppressive and tumor-promoting microenvironment characterized by
regulatory T-cell recruitment and more advanced disease.

These comparisons also highlight an important limitation of expression-based analyses.
Measurements of Mmp12 mRNA or total protein in bulk tumor tissue do not distinguish
whether the enzyme originates from tumor cells, macrophages, or other stromal pop-
ulations, nor do they establish whether the detected MMP-12 is present as an inactive
zymogen or proteolytically active enzyme. Differences in tumor stage, cellular composition,
macrophage activation state, substrate availability, TIMP abundance, vascular pheno-
type, and analytical methodology can therefore produce apparently opposing associations
even within the same cancer type. Future studies combining single-cell or spatial expres-
sion profiling with measurements of MMP-12 proteolytic activity and substrate products
would be particularly valuable for distinguishing tumor-promoting from tumor-restraining
MMP-12 programs.

8. Clinical Development of MMP-Targeted Therapeutics and
MMP-12 Modulation

Clinical translation of MMP inhibition in cancer has historically been challenging.
Early broad-spectrum or partially selective MMP inhibitors, including marimastat, pri-
nomastat, and BMS-275291, progressed to Phase II and III oncology trials across several
solid tumors. However, these agents generally failed to improve progression-free or over-
all survival, while prolonged treatment was frequently complicated by musculoskeletal
toxicity [151]. For example, prinomastat did not improve survival when combined with
chemotherapy in advanced non-small cell lung cancer, and the addition of BMS-275291 to
paclitaxel/carboplatin similarly failed to improve survival [152,153]. These experiences
shifted the field away from broad catalytic-site inhibition toward more selective approaches
directed against individual MMP family members. Andecaliximab (GS-5745), a monoclonal
antibody targeting MMP-9, demonstrated encouraging activity in early-phase studies in
combination with chemotherapy; however, the Phase III GAMMA-1 trial in advanced gas-
tric or gastroesophageal junction adenocarcinoma did not demonstrate an overall-survival
benefit [154,155].

In contrast to the broader oncology experience, direct pharmacological inhibition of
MMP-12 has advanced clinically primarily in inflammatory and respiratory diseases rather
than cancer. AZD1236, an orally administered dual MMP-9/MMP-12 inhibitor, was evalu-
ated in Phase IIa studies in patients with chronic obstructive pulmonary disease [156,157].
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Aderamastat (FP-025), a highly selective oral MMP-12 inhibitor, subsequently progressed
through Phase I studies in healthy volunteers and a Phase II allergen-challenge study in
patients with allergic asthma [158,159]. These studies demonstrate that selective systemic
inhibition of MMP-12 is pharmacologically feasible in humans; however, to date, selective
MMP-12 inhibition has not been clinically evaluated as a cancer-directed therapy.

The opposite therapeutic strategy, enhancing MMP-12 activity, remains substantially
less developed. No direct pharmacological MMP-12 activator has entered clinical testing.
Instead, experimental enhancement of MMP-12 activity has largely relied on gene-transfer
or overexpression approaches. In murine melanoma and CT-26 colon cancer models, in-
creased MMP-12 expression or intratumoral MMP-12 gene delivery suppressed tumor
growth and vascularization, in part through generation of angiostatin from plasminogen.
Nevertheless, the context-dependent biology of MMP-12 argues against nonspecific sys-
temic activation. In tumors in which MMP-12 promotes angiostatin generation and limits
vascularization, preservation or localized enhancement of its activity could potentially be
beneficial, whereas in tumors in which MMP-12 drives extracellular-matrix remodeling,
invasion, inflammation, or immune suppression, selective inhibition may be more appro-
priate. Thus, future therapeutic development will likely require biomarker-guided and
spatially controlled strategies that distinguish tumor-promoting from tumor-restraining
MMP-12 activity.

9. Conclusions
MMP-12 represents one of the most compelling examples of the context-dependent

biology of matrix metalloproteinases in cancer. Historically, MMPs were viewed mainly
as tumor-promoting enzymes because of their ability to degrade extracellular matrix
components and facilitate invasion and metastasis. However, the clinical failure of broad-
spectrum MMP inhibitors and the growing body of experimental and clinical evidence
surrounding MMP-12 have clearly demonstrated that this view is overly simplistic. MMP-
12 can function either as a tumor promoter or as a tumor suppressor, depending on the
biological setting in which it is expressed and activated. Structurally, MMP-12 contains the
conserved catalytic architecture of secreted MMPs, including the Zn2+-dependent catalytic
domain and substrate-binding regions that allow it to cleave a broad range of ECM and
non-ECM substrates. These structural features explain its potent elastolytic activity and
its ability to remodel the tumor microenvironment. At the same time, they also enable
MMP-12 to generate bioactive fragments, most notably angiostatin from plasminogen,
which can suppress endothelial cell proliferation and inhibit tumor angiogenesis. Thus, the
same proteolytic capacity that allows MMP-12 to support matrix degradation and invasion
can, in other contexts, generate anti-angiogenic molecules that restrict tumor growth.

The anti-tumorigenic role of MMP-12 is most strongly linked to suppression of an-
giogenesis. In melanoma, colon cancer, lung metastasis models, hepatocellular carcinoma,
colorectal carcinoma, gastric cancer, and breast cancer models, MMP-12 has been asso-
ciated with reduced vascularization, lower microvessel density, angiostatin generation,
decreased VEGF-associated signaling, impaired endothelial-cell migration, and improved
clinical outcomes. These findings suggest that MMP-12 can create an angiostatic tumor
microenvironment that limits tumor expansion and metastatic outgrowth. In several stud-
ies, MMP-12 expression was associated not simply with reduced tumor burden, but with
a shift in the balance between pro-angiogenic and anti-angiogenic signals. In contrast,
MMP-12 can also promote tumor progression in other settings. Its ability to degrade elastin,
basement membrane proteins, fibronectin, laminin, type IV collagen, and other matrix
components can facilitate tumor-cell invasion and stromal infiltration. MMP-12 can also
modulate inflammatory signaling, cytokine and chemokine activity, immune-cell recruit-
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ment, epithelial–mesenchymal transition, and metabolic interactions within the tumor
microenvironment. In cancers such as lung adenocarcinoma, hepatocellular carcinoma,
castration-resistant prostate cancer, urothelial bladder cancer, and several tumor types iden-
tified in pan-cancer analyses, high MMP-12 expression has been associated with aggressive
disease features, immune suppression, invasion, migration, and poorer prognosis.

These opposing effects indicate that the biological outcome of MMP-12 activity is
determined by several interconnected factors. Tumor type is a major determinant, because
the same enzyme may correlate with favorable prognosis in one cancer but adverse out-
come in another. Disease stage is also important, as MMP-12 may restrain early tumor
expansion by limiting angiogenesis, while later contributing to invasion, inflammation,
or metastatic adaptation. The cellular source of MMP-12 is equally critical. Macrophage-
derived MMP-12 may reflect either anti-tumor immune activity or a tumor-supportive
inflammatory niche, depending on the polarization state of tumor-associated macrophages.
M1-like macrophages may favor anti-tumor immunity and angiostasis, whereas M2-like or
immunosuppressive macrophage populations may support matrix remodeling, immune
evasion, and tumor progression. The tumor microenvironment ultimately integrates these
variables. Local cytokines, hypoxia, inflammatory signals, substrate availability, TIMP
balance, angiogenic mediators, and immune-cell composition all influence whether MMP-
12 activity produces tumor-restraining or tumor-promoting effects. Therefore, MMP-12
should not be classified as simply beneficial or harmful in cancer. Instead, it should be
understood as a dynamic regulator whose function is shaped by its cellular, structural, and
microenvironmental context.

From a therapeutic perspective, this duality has important implications. Broad in-
hibition of MMP activity is unlikely to be effective and may even be harmful if it blocks
protective MMP-12 functions such as angiostatin generation or macrophage-mediated
angiostasis. Future strategies should therefore move toward selective and context-aware
approaches. In tumors where MMP-12 promotes ECM remodeling, immune suppression,
invasion, or metabolic adaptation, selective inhibition may be beneficial. Conversely, in
cancers where MMP-12 supports anti-angiogenic activity and improved prognosis, preserv-
ing or enhancing its function may be more appropriate. Overall, understanding how tumor
type, macrophage polarization, disease stage, and the tumor microenvironment determine
MMP-12 function will be essential for translating this complex protease into a clinically
useful biomarker or therapeutic target.
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