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A b s t r a c t

The progression of tumor formation is a multifactorial process that involves changes at different levels. Within
this intricate molecular and cellular landscape of tumorigenesis, specific enzymes, namely matrix metallopro-
teinases (MMPs), emerge as pivotal contributors. They may influence this process at the level of tissue remodel-
ling, angiogenesis, changes in cell signalling, invasion and metastasis, but may also serve as prognostic markers
or therapeutic targets.  Although the function of MMPs has been known for a long time, their specific role in the
pathogenesis of brain tumors has only begun to be investigated in the last three decades. Deregulation of MMPs
expression, frequently observed in brain tumor tissue, is associated with malignant phenotype, dependent on the
grade of malignancy and associated with a worse prognosis. They participate in tissue remodelling under physio-
logical and pathological conditions, which predetermines their action especially in the process of invasion and
migration of tumor cells into the surrounding tissue. Related to their potential in tumor progression, they are also
being investigated as possible targets in anticancer therapy. It would be very difficult to characterize in detail the
role of all known MMPs in the context of brain tumor pathogenesis, so we have selected those that have an essen-
tial effect in this issue.
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INTRODUCTION

Gliomas represent the prototypical and prevalent tumors of brain tissue, stemming from
the transformation of glial cells, constituting approximately 90% of all cells within the ner -
vous system. In 2021, the fifth edition of the WHO classification for central nervous system
(CNS) tumors was published, which is the sixth updated version of the international stan-
dard for the classification of brain and spinal cord tumors. In addition to histological and
immunohistochemical characterization, the latest classification is based on the irrepla ceab le
role of molecular diagnostics in these tumors (1).

Glioblastoma multiforme (GBM) belongs to WHO grade IV glioma group and represents
53.8% of all gliomas (2). Glioblastoma is one of the most common and aggressive brain
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neoplasms with a relatively unfavourable prognosis and a median survival of only 12 –15
months after the diagnosis. Surgical resection followed by radiation therapy and che mo -
therapy has been a conventional therapy for almost three decades. Due to the rapid growth
with a high degree of infiltration into the surrounding tissues, a perfect surgical resection
of GBM is still a major issue and the disease is in many cases recurrent (3). Although
Temozolomid (TMZ) has been a standard chemotherapeutic in the treatment of glioblas-
toma, since its approval in 2005, the response to its use among brain tumor cells varies (4).
The development of TMZ resistance in a significant number of patients is one of the main
reasons for the failure of GBM treatment. The origin and progression of glioblastoma is
multi factorial, so it involves a combination of genetic and environmental factors. In this
process, specific enzymes called matrix metalloproteinases (MMPs) undoubtedly play a
multi faceted role, contributing to tumor invasion, angiogenesis, and disturbances in cell
signalling or immune modulation.

MMPS IN CENTRAL NERVOUS SYSTEM

A total of 23 human matrix metalloproteinases (MMPs), known so far as zinc-dependent
endopeptidases, are key in the degradation of the extracellular matrix (ECM) (table 1) (5).
Of these, more than 10 different types have been detected in the mammalian central nervous
system at both transcriptomic and proteomic levels (6). Studies have demonstrated that
MMPs exhibit a varied expression profile depending on the developmental program of neu-
ronal tissue. Several MMPs, including MMP-2, -9, -11, -12, -13, -14, -15, and -24, show
a developmental regulation, while others such as MMP-3, -7, and -10 remain unchanged
during this process (7). Based on their sub-cellular distribution and specificity for compo-
nents of the ECM, the MMPs are divided into membrane-type matrix metalloproteinases
(MT-MMPs), collagenases, gelatinases, stromelysins, and matrilysins. The ECM, which com-
prises various proteins like fibronectin, thrombospondin-1, laminin, and osteopontin, holds
significance in cancer progression. These ECM proteins impact the tumor behaviour by
affecting cell movement and the formation of new blood vessels (angiogenesis). The interplay
between cancer cells and ECM elements is crucial for various stages of cancer deve lopment,
including cell transformation and carcinogenesis not only in CNS tissue (8,9).

MMPS AND BRAIN CARCINOGENESIS

Despite cancer cells produce MMPs in small quantities, they leverage their influence by
stimulating neighbouring host cells to produce MMPs through the secretion of interleukins,
interferons, growth factors, and other extracellular MMP inducers in a paracrine manner
(10). Normal cells surrounding the cancer cells can also secrete MMPs that attach to the
surface of cancer cells and can be utilized by them (11).

One of the most important metalloproteinases in the context of brain tumors are gelatina -
ses MMP-2 and MMP-9. Gelatinases are primarily responsible for the degradation of gelatin
and collagens facilitating tumor cell invasion into the surrounding healthy brain tissue. They
are often overexpressed in high-grade gliomas, correlating with the increased invasive
potential of these malignancies (12). Among other processes, they are also involved in the
neovascularization of the tumor mass and can participate in the disruption of the blood-
brain barrier (13). Dobra et al. examined the MMP-9 content of small extracellular vesicles
(sEVs) from patients with tumors with a different invasion capacity. They found a relation
between low MMP-9 level in sEVs and improved survival of glioblastoma patients, and MMP-9
levels showed a positive correlation with aggressiveness. These findings suggest that vesi -
cu lar MMP-9 level might be a promising prognostic marker for brain tumors (14).
Experiments with glioma cells U251 and nude mice showed that the expression of MMP-2
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and MMP-9 in recurrent gliomas was significantly higher than those in primary gliomas and
radiotherapy increased the expression of MMP-9 proving a poor prognosis in glioma recu rrence.
This suggests that MMP-9 may be an important target also in radiosensitization of gliomas
(15). MMP-2 and MMP-9 have been also shown to present an increased activity in cortex
neuronal nuclei after focal cerebral ischemia. Their increased gelanolytic activity in nucleus
occurs to be linked with MMP-dependent cell death triggering neuroinflammatory reactions
(16).  

Collagenase MMP-13 plays a crucial role in initiating the invasive progression of glioma
due to its proteolytic activity. Its expression is notably higher in glioma compared to the sur-
rounding normal brain tissue, especially in advanced grades of glioma. Some resear chers
propose MMP-13 as a potential biomarker for tracking the progression of glioblastoma
(GBM). A stimulation of a highly invasive glioma cell line U251 in vivo with endothelin
resulted in an increased expression of MMP-13, MMP-9, and enhanced cell migration. The
addition of MMP-13 and MMP-9 inhibitors successfully mitigated this heightened cell
migration (17,18).

ECM-degrading enzymes play a significant role in influencing the survival of metastatic
cells by modulating the process of apoptosis. In particular, MMP-7 contributes to the sur-
vival of tumor cells by cleaving the Fas ligand. This cleavage action removes the ligand from
the cell surface, thereby preventing it from stimulating the Fas death receptor. The Fas
death receptor is a powerful mediator of innate apoptotic pathways (19). By evading apopto sis
through this mechanism, malignant cells not only escape cell death but also potentially
develop a resistance to chemotherapeutic treatments. 

Matrix metalloproteinase-14 (MMP-14), also recognized as membrane-type matrix metallo -
proteinase 1 (MT1-MMP), is attached to the cell membrane and possesses the ability to activate
other MMPs. It specifically activates proMMP-2 directly and indirectly influences MMP-2
and MMP-9. MMP-14 can enzymatically break down potent inhibitors of central nervous
myelin, including BN-220. Moreover, MMP-14 is capable of digesting proteins with adhesion
functions. Interestingly, MMP-14 is not limited to extracellular processes; it is also involved
in intracellular activities. It passes along the tubulin cytoskeleton and plays a role in intra-
cellular recycling pathways. Abnormalities in MMP-14 expression are associated with mitotic
spindle aberrations and chromosomal instability, ultimately leading to a malignant transfor -
mation of neoplastic cells (20).

An important key element of tumor cell growth and proliferation is angiogenesis. This
process can be stimulated by various signalling molecules produced by tumor cells or by
surrounding tissue. MMPs play a significant role in the formation of new blood vessels to
supply nutrients and oxygen to the growing tumor. Malignant cells and endothelial cells
release MMPs to remodel the ECM, creating a path for new blood vessels to grow. They
contribute to the release and activation of various angiogenic factors, such as vascular
endothelial growth factor (VEGF) or basic fibroblast growth factor (bFGF), both potent
inducers of angiogenesis often bound to the ECM (21). One of the extensively studied MMPs
involved in angiogenesis is the aforementioned MMP-14. MMP-14 is a key effector in the
generation of pro-angiogenic factor VEGF. It interacts with cell surface molecules such as
CD44 and sphingosine 1-phosphate receptor 1 (S1P1), promoting endothelial cell migration.
Furthermore, MMP-14 is crucial in the proteolytic degradation of anti-angiogenic factors
like decorin. Moreover, there is an evidence suggesting that MMP-14 can degrade pro-trans-
forming growth factor-beta (pro-TGF-β) and endoglin (TGF-β receptor), indicating its pivotal
role in vessel maturation and angiogenesis, respectively (22). Additionally, MMP-14 seems
to be indispensable in determining ECM adhesion and the formation of tubes by human
endothelial cells through the modulation of MMP-2 expression. This underscores its signi -
ficant involvement in regulating angiogenesis-related functions in human endothelial cells
(23).

The increased expression of various MMPs observed in brain tumors is the result of deregu -
lation of several intracellular signalling pathways that have long been a subject of increased
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interest. MMP-2 has been found to have intracellular activity and play a role in processes
occurring in the cell nucleus. MMP-2 directly interacts with p21 activated kinase 4 (PAK4)
which aberrant expression was found to be associated with an enhanced tumor progression
in various carcinomas. Complex PAK4/MMP-2 is supposed to regulate integrin mediated
pathways in gliomas and earlier study revealed that MMP-2 knock down glioma cells entered
on apoptosis pathway (24,25).

MMPS AS TARGETS FOR ANTICANCER THERAPY

Many MMPs have become interesting candidates for diagnostic tools and therapeutic
interventions in the context of cancer due to their key involvement at virtually every criti-
cal stage of tumor development. MMPs modulation can be approached through three pri-
mary strategies: transcriptional regulation, activation control, or direct inhibition. At the
transcrip tional level, the interference with extracellular factors, such as interferon, and
the blockade of signal transduction pathways like MAPK or ERK can effectively hinder
MMPs synthesis. Critical to MMPs inhibition is the modulation of nuclear transcription
factors, including NF-κB or AP-1 (26). Another key aspect of MMPs regulation is their acti-
vation process, given that they are initially secreted as inactive zymogens. Monoclonal
antibodies targeting MMPs are considered an effective means of inhibiting their activation.
Such antibodies have been successfully developed, for example, against gelatinase B (MMP-9)
as well as for MT1-MMP (MMP-14) (27,28). In healthy organisms, MMP activity is regulated
by endogenous TIMPs that are natural inhibitors of MMPs. High TIMPs levels lead to ECM
accumulation due to inhibition of the degradation processes, whereas low TIMPs activity
results in elevated proteolysis (29). TIMPs can also inhibit the growth, invasion and me -
tastasis of malignant tumors. On the other hand, there are non-specific inhibitors such as
α1-proteinase inhibitor and α2-macroglobulin that can affect the regulation of MMPs acti -
vity (30). 

Another strategy to exploit the potential of MMPs is their ability to recognize and cleave
peptides with specific sequences, making it a hot spot for targeted drug release studies (31).
In a recent study dealing with the treatment of GBM, MMP-2 was used for this purpose,
precisely because of its high expression in glioma tissue (32).

Despite encouraging results from preclinical studies targeting MMP inhibition as a poten-
tial cancer treatment, the results of phase III trials were ultimately disappointing. The lack
of success can be attributed to the inadequate design of the clinical trials, the specific pro -
per ties of the MMP inhibitors used, the limited understanding of the complex nature of
MMPs, and the differences between the results observed in mouse models and the patient
populations participating in the clinical trials (33). It is therefore extremely important to
show interest in extending the current knowledge of these multifactorial enzymes.

CONCLUSION

In recent years, matrix metalloproteinases (MMPs) have revealed novel biochemical pro -
perties that exhibit both extracellular and intracellular activities, including intranuclear
functions. These activities have been implicated in the invasiveness of brain tumors, parti -
cularly gliomas. Understanding the integral connection between MMP function and essential
cellular processes, such as apoptosis, cell migration, and angiogenesis – frequently impli-
cated in glioma pathogenesis – presents MMPs as potential tumor markers critical for deve -
loping targeted therapies.

A C T A  M E D I C A  M A R T I N I A N A  2 0 2 4   2 4 / 110



REFERENCES

1. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The 2021 WHO
Classification of Tumors of the Central Nervous System: a summary. Neuro-Oncol. 2021 Aug 2;
23(8):1231–51. 

2. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, et al. The
2016 World Health Organization Classification of Tumors of the Central Nervous System: a summa -
ry. Acta Neuropathol (Berl). 2016 Jun;131(6):803–20. 

3. Wen PY, Kesari S. Malignant gliomas in adults. N Engl J Med. 2008 Jul 31;359(5):492–507. 
4. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJB, et al. Radiotherapy

plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med. 2005 Mar 10;352(10):
987–96. 

5. Mondal S, Adhikari N, Banerjee S, Amin SA, Jha T. Matrix metalloproteinase-9 (MMP-9) and its
inhibitors in cancer: A minireview. Eur J Med Chem. 2020 May 15;194:112260. 

6. Fujioka H, Dairyo Y, Yasunaga KI, Emoto K. Neural functions of matrix metalloproteinases: plas-
ticity, neurogenesis, and disease. Biochem Res Int. 2012;2012:789083. 

7. Singh D, Srivastava SK, Chaudhuri TK, Upadhyay G. Multifaceted role of matrix metallopro -
teinases (MMPs). Front Mol Biosci. 2015 May 13;2:19. 

8. Dibdiakova K, Svec A, Majercikova Z, Adamik M, Grendar M, Vana J, et al. Associations between
matrix metalloproteinase, tissue inhibitor of metalloproteinase and collagen expression levels in
the adjacent rectal tissue of colorectal carcinoma patients. Mol Clin Oncol. 2022 Feb;16(2):41. 

9. Lukaszewicz-Zając M, Mroczko B, Kornhuber J, Lewczuk P. Matrix metalloproteinases (MMPs)
and their tissue inhibitors (TIMPs) in the tumors of central nervous system (CNS). J Neural Transm
Vienna Austria 1996. 2014 May;121(5):469–77. 

10. Jiguet-Jiglaire C, Boissonneau S, Denicolai E, Hein V, Lasseur R, Garcia J, et al. Plasmatic MMP9
released from tumor-infiltrating neutrophils is predictive for bevacizumab efficacy in glioblastoma
patients: an AVAglio ancillary study. Acta Neuropathol Commun. 2022 Jan 3;10:1. 

11. Noël A, Jost M, Maquoi E. Matrix metalloproteinases at cancer tumor-host interface. Semin Cell
Dev Biol. 2008 Feb;19(1):52–60. 

12. Turpeenniemi-Hujanen T. Gelatinases (MMP-2 and -9) and their natural inhibitors as prognostic
indicators in solid cancers. Biochimie. 2005 Mar 1;87(3):287–97. 

13. Rempe RG, Hartz AMS, Bauer B. Matrix metalloproteinases in the brain and blood-brain barrier:
Versatile breakers and makers. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow Metab.
2016 Sep;36(9):1481–507. 

14. Dobra G, Gyukity-Sebestyén E, Bukva M, Harmati M, Nagy V, Szabó Z, et al. MMP-9 as Prognostic
Marker for Brain Tumours: A Comparative Study on Serum-Derived Small Extracellular Vesicles.
Cancers. 2023 Jan 24;15(3):712. 

15. Zhou W, Yu X, Sun S, Zhang X, Yang W, Zhang J, et al. Increased expression of MMP-2 and MMP-9
indicates poor prognosis in glioma recurrence. Biomed Pharmacother Biomedecine Pharma cother.
2019 Oct;118:109369. 

16. Mannello F, Medda V. Nuclear localization of matrix metalloproteinases. Prog Histochem
Cytochem. 2012 Mar;47(1):27–58. 

17. Hsieh WT, Yeh WL, Cheng RY, Lin C, Tsai CF, Huang BR, et al. Exogenous endothelin-1 induces
cell migration and matrix metalloproteinase expression in U251 human glioblastoma multiforme.
J Neurooncol. 2014 Jun;118(2):257–69. 

18. Tsai CF, Yeh WL, Chen JH, Lin C, Huang SS, Lu DY. Osthole suppresses the migratory ability of
human glioblastoma multiforme cells via inhibition of focal adhesion kinase-mediated matrix
metalloproteinase-13 expression. Int J Mol Sci. 2014 Mar 4;15(3):3889–903. 

19. Strand S, Vollmer P, van den Abeelen L, Gottfried D, Alla V, Heid H, et al. Cleavage of CD95 by
matrix metalloproteinase-7 induces apoptosis resistance in tumour cells. Oncogene. 2004 Apr 29;
23(20):3732–6. 

A C T A  M E D I C A  M A R T I N I A N A  2 0 2 4   2 4 / 1 11



20. Ulasov I, Yi R, Guo D, Sarvaiya P, Cobbs C. The emerging role of MMP14 in brain tumorigenesis
and future therapeutics. Biochim Biophys Acta. 2014 Aug;1846(1):113–20. 

21. Quintero-Fabián S, Arreola R, Becerril-Villanueva E, Torres-Romero JC, Arana-Argáez V, Lara-
Riegos J, et al. Role of Matrix Metalloproteinases in Angiogenesis and Cancer. Front Oncol. 2019
Dec 6;9:1370. 

22. Sounni NE, Paye A, Host L, Noël A. MT-MMPS as Regulators of Vessel Stability Associated with
Angiogenesis. Front Pharmacol. 2011;2:111. 

23. Lee H, Chang KW, Yang HY, Lin PW, Chen SU, Huang YL. MT1-MMP regulates MMP-2 expression
and angiogenesis-related functions in human umbilical vein endothelial cells. Biochem Biophys
Res Commun. 2013 Jul 26;437(2):232–8. 

24. Kesanakurti D, Chetty C, Dinh DH, Gujrati M, Rao JS. Role of MMP-2 in the Regulation of IL-6/Stat3
Survival Signaling via Interaction With 5 1 Integrin in glioma. Oncogene. 2013 Jan 17;32(3):
327–40. 

25. Kesanakurti D, Chetty C, Rajasekhar Maddirela D, Gujrati M, Rao JS. Functional cooperativity by
direct interaction between PAK4 and MMP-2 in the regulation of anoikis resistance, migration and
invasion in glioma. Cell Death Dis. 2012 Dec;3(12):e445. 

26. Karin M, Chang L. AP-1—glucocorticoid receptor crosstalk taken to a higher level. J Endocrinol.
2001 Jun;169(3):447–51. 

27. Botkjaer KA, Kwok HF, Terp MG, Karatt-Vellatt A, Santamaria S, McCafferty J, et al. Development
of a specific affinity-matured exosite inhibitor to MT1-MMP that efficiently inhibits tumor cell
invasion in vitro and metastasis in vivo. Oncotarget. 2016 Mar 29;7(13):16773–92. 

28. Pruijt JF, Fibbe WE, Laterveer L, Pieters RA, Lindley IJ, Paemen L, et al. Prevention of interleu-
kin-8-induced mobilization of hematopoietic progenitor cells in rhesus monkeys by inhibitory
antibodies against the metalloproteinase gelatinase B (MMP-9). Proc Natl Acad Sci U S A. 1999
Sep 14;96(19):10863–8. 

29. Murphy G. Tissue inhibitors of metalloproteinases. Genome Biol. 2011 Nov 11;12(11):233. 
30. Westermarck J, Kähäri VM. Regulation of matrix metalloproteinase expression in tumor invasion.

FASEB J Off Publ Fed Am Soc Exp Biol. 1999 May;13(8):781–92. 
31. Chau Y, Tan FE, Langer R. Synthesis and Characterization of Dextran−Peptide−Methotrexate

Conjugates for Tumor Targeting via Mediation by Matrix Metalloproteinase II and Matrix Metallo -
proteinase IX. Bioconjug Chem. 2004 Jul 1;15(4):931–41. 

32. Hua D, Tang L, Wang W, Tang S, Yu L, Zhou X, et al. Improved Antiglioblastoma Activity and BBB
Permeability by Conjugation of Paclitaxel to a Cell-Penetrative MMP-2-Cleavable Peptide. Adv Sci.
2021;8(3):2001960. 

33. Vandenbroucke RE, Libert C. Is there new hope for therapeutic matrix metalloproteinase inhibi-
tion? Nat Rev Drug Discov. 2014 Dec;13(12):904–27. 

Received: 17.02.2024
Accepted: 13.03.2024

A C T A  M E D I C A  M A R T I N I A N A  2 0 2 4   2 4 / 112



A C T A  M E D I C A  M A R T I N I A N A  2 0 2 4   2 4 / 1 13

Table 1 Classification of matrix metalloproteinases (MMPs)

Subgroup

collagenases

gelatinases

stromelysins

matrilysins

membrane type MMP

others

Nomenclature

Collagenase-1
Collagenase-2
Collagenase-3

Gelatinase-A
Gelatinase-B

Stromelysin-1
Stromelysin-2
Stromelysin-3
Metalloelastase

Matrilysin-1
Matrilysin-2, Endometase

MT1-MMP
MT2-MMP
MT3-MMP
MT4-MMP
MT5-MMP
MT6-MMP
CA-MMP

RASI-I
Enamelysin

Epilysin

MMP number

MMP-1
MMP-8
MMP-13

MMP-2
MMP-9

MMP-3
MMP-10
MMP-11
MMP-12

MMP-7
MMP-26

MMP-14
MMP-15
MMP-16
MMP-17
MMP-24
MMP-25
MMP-23

MMP-19
MMP-20
MMP-18
MMP-22
MMP-27
MMP-28


