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ABSTRACT

Acute lymphocytic leukemia (ALL) is a hematologic malignancy induced by the uncontrolled proliferation of
lymphoid progenitor cells. It is the most frequent malignancy in the pediatric population and it requires prompt
treatment. Thus, comprehending its pathophysiological mechanisms is of paramount importance. Matrix
metalloproteinases (MMPs) are a group of enzymes that degrade components of the extracellular matrix and have been
shown to promote the progression of leukemia. Moreover, polymorphisms of genes encoding these enzymes are
known to contribute to higher susceptibility to various cancers and poorer prognosis. This narrative mini-review
explores the role of MMPs in the pathophysiology of ALL, the association between the polymorphism of their
respective genes and the risk of ALL carcinogenesis and metastasis, as well as the potential role of the enzymes as
clinical markers and therapeutic targets in ALL.
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Introduction

Acute lymphocytic leukemia (ALL) is a hematologic
malignancy characterized by the clonal proliferation
of immature lymphoid progenitor cells — predomi-
nantly of B or T cell origin — within the bone marrow,
peripheral blood, and extramedullary sites [1]. It is the
most common type of cancer in the pediatric
population, but it can also manifest in adults,
where the prognosis is generally less favorable [2].
As a rapidly progressing form of leukemia, ALL
requires prompt and aggressive treatment, indicating
the need for a better understanding of the biological
mechanisms through which it progresses [1,3].

Matrix metalloproteinases (MMPs) are a group of
enzymes within the large family of calcium-dependent
zinc-containing endopeptidases; they play a crucial
role in the remodeling of the extracellular matrix
(ECM) and are involved in the degradation of various
components of the ECM, including collagen, elastin,
and glycoproteins [4]. MMPs are important for normal
physiological processes such as tissue remodeling,
wound healing, and embryogenesis, but they can also
contribute to pathological conditions when their
activity is dysregulated [5]. The overexpression of
MMPs is associated with many types of cancer, as
they can facilitate tumor invasion, metastasis, and
inflammation [6,7]. Although MMPs are predomi-
nantly studied in solid tumors, they also play a role in
hematologic malignancies, including leukemia [8,9].
This narrative mini-review aims to explore the role of
MMPs in the carcinogenesis and progression of ALL.

MMPs and ALL biology

While MMPs are crucial for physiological functions
such as tissue reorganization, their overexpression has
been associated with different malignancies [10].
Specifically, ALL patients with MMP-9 and MMP-14
overexpression in bone marrow biopsies have been
found to show poorer prognosis and lower overall
survival compared to other ALL patients [11].
Moreover, in bone marrow biopsies of ALL patients,
a statistically significant correlation has been disco-
vered between MMP-2 overexpression and the presence
of extramedullary infiltration, suggesting that the
latter enzyme is associated with ALL migration [12].
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Indeed, MMP-2 and MMP-9 are known to promote
the migration, infiltration, and dissemination of
leukemic cells into extramedullary tissues, thereby
worsening  disease  development [13]. MMPs
contribute to the remodeling of the bone marrow
microenvironment, which is vital for the survival of
leukemic cells. By degrading extracellular matrix
components such as laminin, fibronectin, and
collagen, they help establish a supportive environment
for these cells [14]. More specifically, MMP-2 is
known to degrade type | collagen, promoting the
migration of leukemic cells [15]. Furthermore,
MMP-9 has the potential to degrade type IV collagen
— an essential element of osseous tissue — and at the
same time activate inflammatory factors, including
interleukin 1-beta (IL-1p) and transforming growth
factor-p, which are known to promote proliferation
and drug resistance in ALL [6,16,17]. MMP-14 is
known to degrade laminin, an essential component in
the adhesion of ALL cells to the basement membrane;
its cleavage therefore promotes the motility of
malignant cells.

In addition to ECM degradation, MMP activity is
closely linked to intracellular signaling cascades. In
detail, MMP-mediated ECM cleavage can activate the
mitogen-activated protein kinase/extracellular signal-
-regulated kinase (MAPK/ERK) pathway, enhancing
leukemic cell proliferation and survival [18].
Moreover, MMP-driven release of cytokines such as
IL-1B can potentially activate the nuclear factor-kap-
pa B (NF-xB) signaling pathway, contributing to
chemoresistance and microenvironmental modulation
[17]. It is worth mentioning that MMPs also facilitate
angiogenesis, establishing an environment that
promotes the survival and proliferation of leukemic
cells [19]. More specifically, MMP-1 and MMP-9
have been shown to promote angiogenesis in the
environment of ALL cells [13].

Nevertheless, these associations may be influenced by
other variables, such as the patient’s age, leukemia
subtype, and treatment regimen. No studies stratifying
MMP expression findings by these variables have
been conducted yet, making it ambiguous whether
MMP overexpression is an independent prognostic
factor. Figure 1 summarizes the role of MMPs in the
pathophysiology of ALL.
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Fig. 1. Role of matrix metalloproteinases (MMPs) in the pathophysiology of acute lymphocytic leukemia (ALL)

Gene polymorphisms of MMPs and ALL

Polymorphisms of genes coding for MMPs have been
shown to play a potential role in ALL carcinogenesis
and metastasis, as illustrated in Table I. Specifically,
the MMP-2 -1306C>T, the MMP-9 -1562C>T, and the
MMP-7 -181A>G polymorphisms have been shown to
be associated with the pathophysiology of ALL. While
all three polymorphisms are linked to an increased risk
of carcinogenesis, it is important to note that the MMP-2
and MMP-9 polymorphisms are also associated with
a higher risk of metastasis, whereas the MMP-7
polymorphism does not show this correlation, indicat-
ing that the MMP-2 and MMP-9 enzymes may play
a more significant role in leukemia progression and
metastasis than MMP-7 [20,21,22]. This hypothesis
can be supported by the fact that MMP-2 and MMP-9

have exhibited a better ability to degrade the bone
microenvironment and osseous tissue [23,24].

The latter polymorphisms were studied in case-control
studies with relatively small cohorts (N < 300). Lin et
al. [20] investigated MMP-2 -1306C>T and MMP-9
-1562C>T in an adult population with a mean age of
48.0 + 8.1, whereas the other studies were conducted
among pediatric populations. All studies were
conducted in China and Taiwan with Asian majority
populations. Notably, the MMP-9 -1562T allele is
relatively common in Asian populations, but rare in
Caucasian populations, which may explain differences
in the results [25]. Thus, validation in prospective,
multi-ethnic cohorts is required before firm conclu-
sions can be reached.

Table I. Polymorphisms of matrix metalloproteinase (MMP) genes in acute lymphocytic leukemia (ALL)

Genotype correlated

Increased risk of Increased risk of

Polymorphism Genetic model with ALL carcinogenesis metastasis References
MMP-2 -1306C>T Dominant CT+TT v v 17
MMP-7 -181A>G Dominant AG + GG v X [20]
MMP-9 -1562C>T Dominant CT+TT v v [17,19]
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Discussion and conclusions

The findings discussed in this review highlight the
significant role of MMPs in the pathophysiology of
ALL. Among the various MMPs, MMP-1, MMP-2,
MMP-7, MMP-9, and MMP-14 have been found to be
associated with ALL progression. Despite these
insights, several questions remain unanswered. For
instance, while correlations between MMP expression
and prognosis have been established, the causal
relationship between specific MMPs and ALL
progression needs to be elucidated through functional
studies.

From a therapeutic perspective, targeting MMP
activity in ALL presents an intriguing opportunity.
The inhibition of MMPs has been explored in solid
tumors, with mixed success, but their potential in
hematologic malignancies remains underexplored
[26,27]. Previous attempts to use small-molecule
MMP inhibitors in solid tumor clinical trials were
largely disappointing due to a lack of selectivity,
off-target effects, and dose-limiting musculoskeletal
toxicities, which limited their long-term tolerability
[28]. The development of targeted inhibitors capable
of selectively blocking the activity of key MMPs,
such as MMP-2 and MMP-9 — without disrupting
physiological functions — represents a promising
avenue for therapeutic intervention. As research in this
field continues to evolve, integrating MMP-focused
strategies into existing treatment paradigms could
pave the way for more precise and effective
approaches to ALL management. Additionally, MMP
expression profiling could serve as a prognostic tool,
helping to stratify patients based on their risk of
metastasis and resistance to treatment, as already
suggested in other diseases [29].

Alternative approaches may help overcome these
limitations. For example, antibody-based inhibition of
MMPs may offer greater specificity and may reduce
systemic toxicity compared to broad-spectrum
inhibitors, as tested in some other malignancies [30].

Moreover, RNA interference technologies and
antisense oligonucleotides may be able suppress MMP
expression at the transcriptional level [31]. Such
approaches may provide a more favorable safety
profile and could be combined with conventional
therapies to prevent resistance and disease relapse, but
further research is certainly required in the field.
Future studies should prioritize  mechanistic
investigations to determine how MMPs interact with
the leukemic microenvironment at a molecular level.
Clinical research is also essential to assess whether
MMP expression levels correlate with specific ALL
subtypes, treatment responses, and long-term
prognosis. Additionally, genetic studies exploring the
impact of MMP polymorphisms on leukemia risk and
progression in diverse populations could further
enhance our understanding of disease susceptibility
and outcomes.

Beyond their role in risk stratification, MMP
polymorphisms may also carry potential clinical
utility as predictive biomarkers. For instance, the
MMP-2 -1306C>T and MMP-9 -1562C>T variants
have been associated with not only ALL
susceptibility, but also prognosis, suggesting a role in
predicting treatment responses [20]. Because MMPs
regulate extracellular matrix remodeling and activate
cytokine pathways that drive drug resistance,
genotyping of these polymorphisms could help
identify patients more likely to experience treatment
resistance or relapse, guiding the selection of more
intensive or targeted therapies [6,10]. Furthermore,
as MMP activity is linked to tissue remodeling
and inflammatory responses, genetic variants might
also influence chemotherapy-related toxicities, such
as musculoskeletal complications or inflammatory
side effects — though this hypothesis warrants
clinical validation [32]. Thus, incorporating MMP
genotyping into molecular risk assessment could
provide both prognostic and predictive value,
complementing existing stratification strategies in
ALL management.
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