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Abstract

Cancer cells evolve in the tumor microenvi-
ronment (TME) by the acquisition of charac-
teristics that allow them to initiate their 
passage through a series of events that consti-
tute the metastatic cascade. For this purpose, 
tumor cells maintain a crosstalk with TME 
non-neoplastic cells transforming them into 
their allies. “Corrupted” cells such as cancer-
associated fibroblasts (CAFs), tumor-
associated macrophages (TAMs), and 
tumor-associated neutrophils (TANs) as well 
as neoplastic cells express and secrete matrix 
metalloproteinases (MMPs). Moreover, TME 
metabolic conditions such as hypoxia and 
acidification induce MMPs’ synthesis in both 
cancer and stromal cells. MMPs’ participation 
in TME consists in promoting events, for 

example, epithelial-mesenchymal transition 
(EMT), apoptosis resistance, angiogenesis, 
and lymphangiogenesis. MMPs also facilitate 
tumor cell migration through the basement 
membrane (BM) and extracellular matrix 
(ECM). The aim of the present chapter is to 
discuss MMPs’ contribution to the evolution 
of cancer cells, their cellular origin, and their 
influence in the main processes that take place 
in the TME.
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Abbreviations

5-FU	 5-Fluorouracil
ADAMS	 A disintegrin and 

metalloproteinases
ADAMTSs	 ADAMs with thrombospondin 

motifs
ADFs	 Adipocyte-derived fibroblasts
AM	 Adrenomedullin
AP-1	 Activator protein-1
AR	 Androgen receptor
ASCs	 Adipocyte/stromal stem cells
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BASCs	 Bronchio-alveolar stem cells
bFGF2	 Basic fibroblast growth 

factor-2
BM	 Basement membrane
BMDMCs	 Bone marrow-derived mesen-

chymal stem cells
bmMSCs	 Bone marrow mesenchymal 

stem cells
CAAs	 Cancer-associated adipocytes
CAFs	 Cancer-associated fibroblasts
CCL2	 Chemokine C-C motif ligand 2
CM	 Conditioned medium
COX2	 Cyclooxygenase 2
CSCs	 Cancer stem cells
CXCL12	 C-X-C motif chemokine 12
CXCR4	 Chemokine receptor-4
DFSP	 Dermatofibrosarcoma 

protuberans
ECM	 Extracellular matrix
ECs	 Endothelial cells
EGFR	 Epidermal growth factor 

receptor
EMT	 Epithelial-mesenchymal 

transition
endMT	 Endothelial-mesenchymal 

transition
ENO-1	 Enolase-1
Epo	 Erythropoietin
ER	 Estrogen receptor
EREG	 Pan-HER ligand epiregulin
ERK	 Extracellular signal-regulated 

kinase
Et-1	 Endothelin-1
ETP	 Endotrophin
ETS	 E-twenty-six-1
EVs	 Extracellular vesicles
FASLG	 FAS ligand
FIH-1	 Factor-inhibiting HIF-1
FOXC2	 Forkhead box protein C2
FoxP3+	 Recruit forkhead box P3
Fru-2,6-P2	 Fructose 2-6 biphosphate
FSP-1	 Fibroblast-secreted protein-1
FZD	 Frizzled
GPI	 Glycosylphosphatidylinositol
GSCs	 Glioma stem cells
HA	 Hyaluronic acid
HGF	 Hepatic growth factor
HIFs	 Hypoxia-inducible factors

HSCs	 Hematopoietic stem cells
Hsp-90	 Heat shock protein-90
HuVECs	 Human umbilical vein endo-

thelial cells
IFN-γ	 Interferon-γ
IGF-1	 Insulin-like growth factor-1
IL	 Interleukin
IL-2Rα	 Interleukin-2 receptor α
JNK	 c-Jun N-terminal kinase
KDR	 Kinase insert domain receptor
KIF1B	 Kinesin-like protein 1B
KitL	 Kit ligand
KLF8	 Kruppel-like factor 8
LECs	 Lymphatic endothelial cells
LLC	 Lewis lung carcinoma
LN	 Lymph node
LOX1	 Lectin-type oxidase LDL 

receptor 1
LPS	 Lipopolysaccharide
LRP1	 Low-density lipoprotein 

(LDL) receptor-related 
protein 1

LVs	 Lymph vessels
LYVE-1	 Lymphatic vessel endothelial 

hyaluronan receptor-1
MAPK	 Mitogen-activating protein 

kinase
MaSCs	 Mammary stem cells
MCP-1	 Monocyte chemotactic 

protein-1
MCs	 Mast cells
M-CSF	 Monocyte colony-stimulating 

factor
MDSCs	 Myeloid-derived suppressor 

cells
MHC	 Major histocompatibility 

complex
MICA	 MHC class I-related chain 

molecules A
MM	 Multiple melanoma
MMPs	 Matrix metalloproteinases
MMRN2	 Multimerin-2
MMT	 Mesenchymal-mesenchymal 

transition
MSLN F	 Mesothelin
MT-MMPs	 Membrane-type MMPs
NE	 Neutrophil elastase
NF-κB	 Nuclear factor κB
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NGAL	 Neutrophil gelatinase-associ-
ated lipocalin

NGF	 Nerve growth factor
NHE1	 Na+/H+ exchanger 1
NK	 Natural killer
NKG2D	 Natural killer group 2D
NRP-2	 Neuropilin-2
NSCLC	 Non-small cell lung cancer
OPN-MZF1	 Osteospondin-myeloid zinc 

finger 1
PAI	 Plasminogen activator 

inhibitor
PAR-1	 Protease-activated receptor-1
PDA	 Pancreatic ductal 

adenocarcinoma
PDGF-BB	 Platelet-derived growth 

factor-BB
PDGFRβ	 Platelet-derived growth factor 

receptor β
PEA-3	 Polyoma enhancer activator 

protein-3
PECAM-1	 Platelet endothelial cell 

adhesion molecule-1
PF4	 Platelet factor-4
PFK-1	 Phosphofructokinase-1
PFK-2/FBPase-2	 6-Phosphofructo-2-kinase/

fructose-2,6-bisphosphatase
PGK1	 Phosphoglycerate kinase-1
PI3K	 Phosphoinositide 3-kinase
PPARγ	 Peroxisome proliferator-acti-

vated receptor-γ
Rac	 Rho-related C3 botulinum 

toxin substrate
RANTES	 Regulated on activation, 

normal T cell expressed and 
secreted (CCL5)

ROCK	 rhoA-dependent kinase
ROS	 Reactive oxygen species
SCCs	 Squamous carcinoma cells
SCF	 Stem cell factor
SCs	 Stem cells
SDF-1	 Stromal cell-derived factor 1
sE-Cad	 Soluble E-cadherin
SERPINE1	 Serine protease inhibitor E1
sKitL	 Soluble kit ligand
Sp-1	 Specific protein-1
TAMs	 Tumor-associated 

macrophages

TANs	 Tumor-associated neutrophils
TCF	 T-cell factor
TECs	 Tumor endothelial cells
TFPI-2	 Tissue factor pathway 

inhibitor-2
TGFβ	 Transforming growth factor-β
TIGAR	 TP53-induced glycolysis and 

apoptosis regulator
TIMPs	 Tissue inhibitors of 

metalloproteinases
TME	 Tumor microenvironment
TNFRSF11B	 Tumor necrosis factor receptor 

superfamily member 11 b
TNFα	 Tumor necrosis factor-α
TXF/LEF1	 T-cell factor/lymphoid 

enhancer factor 1
uPAR	 Urokinase plasminogen activa-

tor receptor
VEGF	 Vascular endothelial growth 

factor
VHL	 Von Hippel-Lindau
VSMCs	 Vascular smooth muscle cells
ZEB1	 Zinc finger E-box-binding 

homeobox 1
α-SMA	 α-Smooth muscle actin

5.1	 �Introduction

Neoplastic cells from solid tumors are the conse-
quence of a dynamic evolutionary process in 
which cells acquire characteristics that allow 
them to survive in a stressful microenvironment 
until they detach from the primary tumor and dis-
seminate to create a metastatic colony [1]. 
Moreover, tumor cells at the metastatic site face a 
new tissue microenvironment in which they must 
develop strategies to subsist. Thus, to ensure the 
evolution of cancer cells, a complex interplay 
among neoplastic cells and the surrounding 
microenvironment is established, transforming 
this niche into their own tumor microenviron-
ment (TME) [2]. Molecules, such as growth fac-
tors, chemokines, cytokines, structural and 
non-structural extracellular matrix (ECM) pro-
teins, and basement membrane (BM) compo-
nents, as well as different types of cells are part of 
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the TME [3]. Likewise, changes in TME meta-
bolic circumstances such as nutrient decrease and 
hypoxic and acidic conditions drive tumor cells’ 
development [1]. Moreover, epithelial-
mesenchymal transition (EMT), anoikis (apopto-
sis resistance), angiogenesis, and 
lymphangiogenesis are processes that take place 
in the TME during cancer progression. 
Furthermore, the TME from the primary tumor 
participates in the preparation of the pre-
metastatic niche in a distant tissue [4].

The matrix metalloproteinases (MMPs) are 
TME proteins with an important participation in 
cancer evolution. These enzymes can modify 
several BM and ECM elements; they also release 
and activate growth factors, cytoskeletal proteins, 
chemokines, adhesion molecules, and cytokines 
[5]. Furthermore, MMPs are not only released to 
the extracellular medium but are also located in 
different cell organelles such as mitochondria, 
nucleus, cell membrane, cytoplasmic vesicles, or 
specific granules [6]. Due to the functions and 
ubiquity of MMPs, they participate in all cancer 
progression steps, and therefore, they are consid-
ered as prognostic markers and therapeutic 
targets.

Because of the relevant role played by MMPs 
in cancer, the aim of this chapter is to review how 
MMPs contribute to tumor cells’ preparation in 
the TME to continue with the next steps of the 
metastatic process. Particularly, this chapter 
points out the interaction between TME bio-
chemical conditions and MMPs’ expression, the 
processes that take place in the TME in which 
MMPs are involved, and the association between 
different TME non-neoplastic cells and MMPs’ 
functions.

5.2	 �The Matrix 
Metalloproteinases (MMPs)

5.2.1	 �MMPs’ Basic Molecular 
Structure

MMPs are endopeptidases that depend on zinc 
and calcium ions for their enzymatic activity. So 
far, 28 MMPs have been characterized in verte-

brates, of which 24 are present in humans. 
According to their structural organization and 
substrate specificity, MMPs are grouped into col-
lagenases, gelatinases, matrilysins, stromelysins, 
glycosylphosphatidylinositol-anchored MMPs, 
transmembrane type I and II, and other MMPs 
(Fig. 5.1) [7].

Most MMPs share a basic protein structure 
that consists of an amino-terminal signal peptide, 
a pro-peptide that contains the PRCGXPD 
sequence that includes the cysteine-SH group 
linked to a zinc ion at the catalytic site, a catalytic 
cleft, a proline-rich linker region, and a carboxy-
terminal hemopexin-like motif that participates 
in enzymatic regulation and substrate specificity 
(Fig.  5.2). Besides this basic structure, other 
domains are present in MMPs; for example, 
membrane-type MMPs (MT-MMPs) sometimes 
have a furin recognition site between the pro-
peptide and the catalytic center that participates 
in the intracellular activation of MMP zymogen 
forms [6]. Likewise, fibronectin and vitronectin 
motifs are part of the gelatinases (MMP-2 and 
MMP-9) and MMP-21 catalytic domains, respec-
tively [6]. Similarly, MMP-9 contains a type V 
collagen-like region.

MMPs are synthesized as zymogens with the 
exception of MMP-23 that has no pro-peptide 
sequence. The pro-peptide “cysteine switch” 
with the zinc ion at the catalytic center forms a 
sphere-like structure that prevents substrate 
binding [8]. Conformational changes in the pro-
domain modify the cysteine switch causing a 
partial activation of the enzyme. This first step of 
the pro-enzyme activation may be provoked by a 
proteolytic cleavage of the pro-peptide by tryp-
sin, other MMPs, or plasmin, by the substrate 
binding to MMP exosites (sites outside the cata-
lytic domain) that induces an allosteric activa-
tion, and by the chemical modifications that 
directly affect the thiol-zinc link produced for 
example by reactive oxygen species (ROS). 
Then the MMP removes the pro-peptide by an 
autocatalytic process to obtain full enzymatic 
activity [5]. Pro-MMPs can be also activated 
through their furin site by furin-like convertases 
and by forming activation complexes (see 
below).
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5.2.2	 �MMPs’ Enzymatic Activity 
Regulation

MMPs are involved in many physiological 
events such as inflammation, embryogenesis, 
wound healing, neurite growth, and immunity, 
but a dysregulation in their enzymatic activity 
may cause tissue damage as seen in many non-

cancerous diseases such as fibrosis, rheumatoid 
arthritis, epidermolysis bullosa, and aortic aneu-
rysm [9]. Therefore, the enzymatic activity of 
MMPs must be strictly controlled by the tissue 
inhibitors of metalloproteinases (TIMPs). The 
inhibitory capacity of TIMPs is located at the 
N-terminal region that chelates the zinc ion from the 
MMP catalytic cleft forming a 1:1 stoichiometric 

Fig. 5.1  MMPs’ classification. Human MMPs have been 
categorized according to their molecular structure and 
substrate specificity into different groups: collagenases, 
gelatinases, stromelysins, matrilysins, transmembrane 

type I, transmembrane type II, GPI-anchored, and others. 
GPI glycosylphosphatidylinositol, MMPs matrix 
metalloproteinases

Fig. 5.2  Basic molecular structure of active MMPs. 
Domain structure is organized in most MMPs in a signal 
peptide, a pro-peptide that contains a cysteine that binds 
to a zinc ion in the catalytic motif that maintains the 

enzyme in an inactive form, a catalytic region that requires 
zinc and calcium ions for its activity, a hinge motif rich in 
proline, and an hemopexin domain
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complex [10, 11]. The C-terminal domain is 
involved in the formation of MMP activation 
complexes. Besides MMPs’ inhibition, TIMPs 
also block the enzymatic activity of a disintegrin 
and metalloproteinases (ADAMs) and ADAMs 
with thrombospondin motifs (ADAMTSs). Four 
different TIMPs have been identified: (1) TIMP-1, 
a 28-kDa glycosylated protein that can inhibit 
ADAM-10 and most MMPs except some 
MT-MMPs; (2) TIMP-2, a 21-kDa non-
glycosylated protein that blocks MMPs and 
ADAM-12 enzymatic activity; (3) TIMP-3, a 
glycosylated molecule with a molecular weight 
of 24/27 kDa, capable of inhibiting the activity 
of MMPs, ADAMs, and ADAMTs; and (4) 
TIMP-4, a 22-kDa non-glycosylated protein that 
interferes with the activity of MMPs and ADAM-
17, ADAM-18, and ADAM-33 (Table  5.1). 
Interestingly, TIMPs have other functions 
besides inhibiting the enzymatic activity of 
MMPs. For example, TIMP-2 participates in the 
activation of pro-MMP-2 through the formation 
of the pro-MMP-2/TIMP-2/MMP-14 complex. 
Briefly, two MMP-14 molecules dimerize in the 
cell surface and then the N-terminal region of 
TIMP-2 binds to the catalytic center of one 
MMP-14 followed by the binding of the hemo-
pexin pro-MMP-2 region with the C-terminal 
domain of TIMP-2. The free MMP-14 cleaves 
the pro-peptide and the active MMP-2 is released 
[12]. This pro-MMP-2 activation mechanism is 
carried out in the neoplastic cell invadopodia 
during the invasion process. Likewise, TIMP-1 
also forms the pro-MMP-9/TIMP-1/MMP-3 
activation complex in which a large MMP-3 stoi-
chiometric amount is necessary to saturate 
TIMP-1 and activate pro-MMP-9 [13]. The abil-
ity of TIMPs to bind to other ligands enables 
them to participate in processes such as apopto-

sis, cell proliferation, and angiogenesis, besides 
ECM turnover [11, 14].

5.2.3	 �Control of MMPs’ Expression

MMPs are regulated at the genetic level by 
growth factors, glucocorticoids, cytokines, reti-
noic acid, and interleukins [15]. MMPs have 
three different types of promoter sites: (1) pro-
moters with an activator protein-1 (AP-1) 
(~70 bp) and a TATA box (~30 bp) with the pres-
ence of a polyoma enhancer activator protein-3 
(PEA-3) binding site located upstream, (2) pro-
moters with a TATA box but no AP-1 site, and (3) 
promoters with no TATA box but with multiple 
GC boxes that are attaching zones for specific 
protein-1 (Sp1) and Sp3. For more details, see 
Yan C and Boyd DD [15].

Epigenetic processes, such as histones H3 and 
H4 acetylations that stimulate the synthesis of 
MMPs and promoter cytosine methylation in 
CpG that blocks MMPs’ expression, are other 
ways to control the production of MMPs [15]. 
Likewise, regulation of MMPs’ synthesis is 
mediated by the stabilization and destabilization 
of the transcripts with the participation of trans-
acting RNA-binding proteins as well as several 
microRNAs at the post-transcriptional level [6].

5.3	 �TME Metabolic Conditions

TME is constituted by all the elements that sur-
round the neoplastic cells and includes different 
types of cells, ECM components, secretory vesi-
cles, exosomes, and signal molecules, all of 
which are immersed in particular metabolic con-
ditions that drive cancer progression.

Table 5.1  TIMPs’ molecular characteristics

Feature TIMP-1 TIMP-2 TIMP-3 TIMP-4
MW (kDa) 28 21 24/27 22
N-glycosylation site 2 0 1 0
Localization Soluble/cell surface Soluble/cell surface ECM/cell surface Soluble/cell surface
Pro-MMP interaction Pro-MMP-9 Pro-MMP-2 Pro-MMP−2/−9 Pro-MMP-2

MW molecular weight, MMP matrix metalloproteinase, TIMP tissue inhibitor of metalloproteinase
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5.3.1	 �Extracellular 
Microenvironment 
Acidification and MMPs

Genetic mutations involved in tumorigenesis 
may provoke changes in the glucose metabo-
lism of cancer cells. Warburg’s first studies 
demonstrated that neoplastic cells increase 
their glucose uptake changing from an aerobic 
to an anaerobic glycolysis even though O2 con-
centrations suffice for cell requirements [16]. 
This is the so-called Warburg effect. The 
molecular mechanisms involved in this tumor 
metabolic change are not well known, but it 
has been pointed out that mutations in the 
phosphoinositide 3-kinase (PI3K)/Akt path-
way are implicated in glucose transporter 
Glut1 recycling, internalization, and activity 
augmenting its presence at the cell membrane 
[17–19]. The increase in glucose intake, 
together with a rise of hexokinase-2, phospho-
fructokinase-1 (PFK-1), and PFK-2 activities 
caused also by mutated PIK3, favors the anaer-
obic glycolysis with the subsequent lactate 
acid production and acidification of the TME 
[19]. Likewise, loss of p53 functions favors the 
Warburg effect since this molecule stimulates 
the expression of TP53-induced glycolysis and 
apoptosis regulator (TIGAR) that degrades 
fructose 2-6 biphosphate (Fru-2,6-P2) because 
of its similarity with the 6-phosphofructo-2-ki-
nase/fructose-2,6-bisphosphatase (PFK-2/
FBPase-2) phosphatase domain [20]. Fru-
2,6-P2 low levels provoke a decrease in the 
PFK-1 activity and an increase in the FBPase-1 
action causing the inhibition of the glycolysis 
pathway. This change in glucose metabolism 
protects DNA from damage due to ROS pro-
duced during aerobic glycolysis [20].

The excessive production of lactic acid 
decreases the TME pH to around 6.4~7.0 [21]. 
TME acidification provokes an increase in cell 
membrane protrusions such as filopodia and 
invadopodia as well as lysosomes and exosomes 
trafficking to these structures allowing the loca-
tion of MMPs and cathepsin B on the cell mem-

brane. Moreover, pro-MMP-2 activation is 
carried out by cathepsin B instead of the classi-
cal mechanism in which the zymogen requires 
the pro-MMP-2/TIMP-2/MMP-14 complex for 
activation [22]. Further, it has been confirmed 
that this cysteine protease is able to activate pro-
MMP-2 in HT29 colon cancer cell invadopodia 
in acidic conditions. Therefore, an increase of 
TME acidification due to lactic acid secretion or 
by the Na+/H+ exchanger 1 (NHE1) increases 
MMP-2 activity through cathepsin B action [21, 
22]. Likewise, an increase of active MMP-2, 
MMP-9, and cathepsin B secretion in invadopo-
dia in MDA-MB-231 metastatic breast cancer 
cells under acidic conditions has been observed 
[23]. Moreover, the NHE1 located in the invado-
podia creates an acidic extracellular microenvi-
ronment suggesting a role of NHE1  in 
pro-MMP-2 and pro-MMP-9 activation [23]. 
Similarly, other membrane structures are 
affected by acidic conditions. Such is the case 
for caveolae that are dynamic invaginations of 
the cell membrane involved in signal transduc-
tion, endocytosis, and mechanical stress protec-
tion [21]. Caveolae have cathepsin B binding 
protein S100A10, plasminogen activator recep-
tors, and plasminogen receptors [21]. Moreover, 
one of the caveolae plasminogen receptors is 
enolase-1 (ENO-1) that contributes to the 
Warburg effect through the downregulation of 
oxidative phosphorylation [24]. Interestingly, 
caveolae contain NHE1 and the voltage-gated 
sodium channel (NaV) 1.5 that, besides control-
ling H+ efflux, enhances NHE1 function increas-
ing acidic conditions in the pericellular 
environment and cathepsin B activation [25]. In 
addition to cathepsin B’s participation in pro-
MMPs’ activation, the presence of the urokinase 
plasminogen activator receptor (uPAR) in cave-
olae favors the activation of plasminogen to 
plasmin and in turn the activation of pro-MMPs 
[26]. Interestingly, ENO-1 indirectly partici-
pates in pro-MMP-2 and pro-MMP-9 activation 
since this enzyme interacts with plasminogen, 
uPA, and uPAR in neoplastic cells’ surface 
favoring cell invasion [27].
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5.3.2	 �Hypoxia and MMPs’ 
Expression in the TME

The excessive proliferation of cancer cells 
together with a deficient blood supply produces 
regions with low pO2 in solid tumors [28]. Levels 
below 10 mmHg of O2 favor tumor cells’ anaero-
bic glycolysis contributing to the TME acidifica-
tion. In response to these metabolic conditions, a 
change in the gene expression pattern of neoplas-
tic cells is produced [29]. Such is the case of the 
overexpression of the hypoxia-inducible factors 
(HIFs) [28]. HIFs are transcription factors com-
posed of an HIF-1α or HIF-2α subunit and a con-
stitutive HIF-1β chain [30]. HIF metabolism is 
regulated by O2 concentrations. When O2 levels 
are normal, Pro-402 and Pro-564 from the HIF-α 
subunits are hydroxylated and the subunits bind 
to the von Hippel-Lindau (VHL) E3 ubiquitin 
ligase complex for their degradation by the ubiq-
uitin proteasome system. In contrast, when O2 
concentrations are low, HIF-α subunits translo-
cate to the nucleus where they dimerize with 
HIF-1β chain and form a complex with the coact-
ivator CBP/P300. This complex is responsible of 
the expression of many proteins from the glycol-
ysis pathway and glucose transporters as well as 
proteins synthesized during angiogenesis and the 
metastatic processes [30, 31]. HIF transcription 
activity can be blocked by its binding to the 
factor-inhibiting HIF-1 (FIH-1) that interferes 
with the interaction among the coactivator and 
HIF-1. Additionally, there is another α-subunit 
called HIF-3α [32]. This α-chain has different 
isoforms with different functions according to 
their structure and tissue location. For example, 
some full-length HIF-3α act as transcription acti-
vators in hypoxic conditions while others com-
pete with HIF-1α and HIF-2α for binding to 
HIF-1β when HIF-1β is not enough. Likewise, 
some truncated HIF-3α isoforms behave as nega-
tive regulators of HIF-1α and HIF-2α, and other 
truncated variants have constitutive transcription 
functions [32].

On the other hand, neoplastic cell invasion 
increases during hypoxic conditions and there-
fore the possibility that HIFs are involved in the 
regulation of MMPs’ expression. For instance, 

HIF-1α controls MMP-9 expression in 
MDA-MB-231 breast cancer cells and regulates 
MMP-15 transcription in pancreatic cancer cells, 
non-small lung cancer cells, and cervical cancer 
cells [33, 34]. Likewise, experiments done with 
HIF-1α siRNA demonstrated a downregulation 
of MMP-2 and MMP-9 expression together with 
a decrease in glioma cell migration capacity 
under hypoxic conditions [35]. Moreover, 
MMP-1 and MMP-3 synthesis was controlled by 
HIF-1α in bone marrow mesenchymal stem cells 
(bmMSCs) [36]. Furthermore, MMP-2 upregula-
tion and E-cadherin downregulation was observed 
in hypoxic conditions induced by the use of 
cobalt chloride in esophageal cancer cells in 
which HIF-1α control was also involved [37]. 
Additionally, HIF-1α can upregulate MMP-13 
expression in cells and in exosomes from naso-
pharyngeal carcinoma cells [38]. Likewise, an 
increase of MMP-7, MMP-14, and E-twenty-
six-1 (ETS-1) synthesis but not of MMP-2 was 
detected in HepG2 and Hep3B hepatoma cell 
lines in hypoxic conditions [39]. However, this 
increase was independent of HIF-1α regulation 
since their expression was neither affected by the 
HIF-1α inhibitor TX-402 nor by the use of the 
HIF-1α-dominant negative vector (pHIF1αDN) 
suggesting an independent HIF-1α pathway for 
the transcription regulation of these genes. It is 
interesting to note that ETS-1 is a transcription 
factor that controls the synthesis of different 
MMP genes even though the increase observed in 
EST-1 expression in this study was not accompa-
nied by the rise of other MMPs, for example, 
MMP-1, MMP-9, and MMP-13, that are aug-
mented in ovarian and nasopharyngeal cancer 
cell lines [40, 41].

Likewise, while hypoxia determines MMP-14 
expression in hepatoma cells, low O2 concentra-
tions have no effect on this MMP’s synthesis in 
breast cancer cells. Moreover, hypoxia induces 
MMP-14 translocation to invadopodia due to its 
effects on the small GTPase rhoA in these cells 
[42]. Additionally, MMPs’ expression could be 
regulated indirectly by HIF-1α. Such is the case 
of MMP-1 synthesis controlled by the chemokine 
receptor-4 (CXCR4) and MMP-17 whose tran-
scription is induced by Slug (also known as 
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Snail2); the expression of both molecules is regu-
lated by HIF-1α [43, 44].

5.4	 �MMPs’ Induction 
of Epithelial-Mesenchymal 
Transition

Under TME pressure, neoplastic cells develop 
migration capacities through their transformation 
from well-differentiated cells into mesenchymal-
like cells [45]. This process is known as epithelial-
mesenchymal transition (EMT). During EMT, 
epithelial cells lose their intercellular interactions 
such as the adherent junctions in which the main 
protein is E-cadherin [46]. E-cadherin extracel-
lular domain forms dimers that bind to E-cadherin 
dimers from other cells while the C-terminal 
intracellular region links to actin filaments 
through catenins such as β-catenin [46]. The 
expression of E-cadherin is directly or indirectly 
downregulated by the transcription factors zinc 
finger E-box-binding homeobox 1 (ZEB1), 
ZEB2, forkhead box protein C2 (FOXC2), 
Kruppel-like factor 8 (KLF8), E47, Snail (also 
called as Snail-1), Slug, and Twist involved in 
EMT [47]. In this context, the expression of 
ZEB1, ZEB2, Twist, Snail, and Slug genes is 
upregulated by MMP-14 [48]. Therefore, when 
MMP-14 is increased, mesenchymal markers 
such as N-cadherin, vimentin, and fibronectin are 
augmented. MMP-9 has also been implicated in 
EMT induction. Inhibition of MMP-9 expression 
using siRNA or the MMPs’ inhibitor GM6001 
decreases vimentin and fibronectin expression as 
well as the migration capacity of highly invasive 
A433 cervical carcinoma cells [49]. Moreover, 
MMP-9 knockdown also reduced Snail expres-
sion, whereas downregulation of Snail dimin-
ished MMP-9 expression together with a 
diminution of the mesenchymal marker synthesis 
and of the invasion ability. These results point out 
the existence of a regulatory loop between 
MMP-9 and Snail expression. Furthermore, loss 
of E-cadherin expression in A549 non-small cell 
lung cancer (NSCLC) cells increases epidermal 
growth factor receptor-(EGFR)-mitogen activat-
ing protein kinase/extracellular signal-regulated 

kinase (MAPK/ERK, also known as MEK/ERK) 
activity with an increase of ZEB1 and MMP-2 
expression [50]. Interestingly, downregulation of 
ZEB1 provokes a decrease in MMP-2 synthesis 
and in cell invasion abilities [50]. Likewise, Snail 
expression can be regulated by ROS. In this con-
text, SCp2 mouse mammary epithelial cells cul-
tured with exogenous MMP-3 express 
Rho-related C3 botulinum toxin substrate 
(Rac)-1b, an isoform from Rac-1. Rac-1b in turn 
releases ROS to the cytosol. ROS induce the 
expression of Snail and therefore the downregu-
lation of E-cadherin and the upregulation of EMT 
markers [51].

Besides downregulation of E-cadherin expres-
sion, EMT can be stimulated by the proteolysis 
of E-cadherin extracellular domain. In this con-
text, the shedding of the E-cadherin ectodomain 
by several proteases including MMP-3, MMP-7, 
MMP-9, and MMP-14 has been reported [52–
54]. Furthermore, breast cancer cells that express 
the osteoblast differentiation transcription factor 
known as RUNX2 are able to overexpress 
MMP-2 that in turn sheds the N-terminal 
E-cadherin region releasing an 80-kDa soluble 
E-cadherin (sE-Cad) fragment [55]. These cells 
also express MMP-11, MMP-12, and MMP-16, 
but their role in E-cadherin processing is not 
clear. The sE-Cad fragment is able to bind to the 
human EGFR also known as HER or ErbB. This 
binding may be stronger than the one with EGF 
[56]. Moreover, sE-Cad is able to form com-
plexes with the four EGFRs favoring cancer pro-
gression by the activation of the MAPK/ERK and 
the PKI3/mTOR/Akt signaling pathways [56]. 
Likewise, the exposure to culture medium from 
breast cancer cells enriched with sE-cad caused 
an increase in the synthesis of MMP-2, MMP-9, 
and MMP-14, as well as in the invasion capacity 
of human bronchial epithelial cells [57]. 
Furthermore, sE-Cad can disrupt adhesive junc-
tions by its binding to full-length E-cadherin 
extracellular domain [58].

On the other hand, the E-cadherin intracellular 
domain forms a complex with β-catenin attached 
to the cell membrane thus preventing its tran-
scription activities. When E-cadherin is cleaved, 
it releases β-catenin to the cytosol in which the 
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canonical Wnt signaling avoids its degradation 
with its subsequent accumulation and nucleus 
translocation [59]. Then, β-catenin forms a com-
plex with the T-cell factor/lymphoid enhancer 
factor 1 (TXF/LEF1) inducing the synthesis of 
Twist, Snail, Slug, and c-myc that favors EMT 
and cancer progression, as well as MMP-3, 
MMP-7, MMP-14, and MMP-26 expression 
[60]. Interestingly, MMP-3 plays a role in Wnt 
pathway regulation through its interaction with 
Wnt3a favoring β-catenin nucleus translocation 
and transcription functions [60]. Regarding the 
non-canonical Wnt pathway, expressions of the 
Wnt5a ligand and its receptor Ror2 are induced 
by Snail; this complex regulates the synthesis of 
MMP-2 and MMP-13  in epidermoid carcinoma 
and osteosarcoma cells, respectively [61]. 
Likewise, Wnt5a is upregulated in human LNCaP 
prostate cancer cells that overexpress MMP-14 
[54]. Moreover, suppression of Wnt5a synthesis 
using three different siRNAs inhibits cell migra-
tion capacity provoked by MMP-14 expression. 
In spite of these results, there are controversies 
about Wnt5a’s role in cancer progression. These 
differences are due to the existence of two Wnt5a 
isoforms, Wnt5a-long (-L) and the truncated iso-
form Wnt5a-short (-S) [62]. Wnt5a-S upregula-
tion promotes cell proliferation while Wnt5a-L 
has opposite effects in neuroblastoma and breast 
and cervical cancer cells that seem to grow inde-
pendently of the canonical pathway [62]. 
Furthermore, Wnt5a-S knockdown decreases cell 
proliferation and induces apoptosis with an 
increase in FAS ligand (FASLG) expression and 
with downregulation of the tumor necrosis factor 

receptor superfamily member 11 b (TNFRSF11B) 
in HCT116 colon cancer cells [63].

EMT provides neoplastic cells with mesen-
chymal characteristics that allow them to invade 
the surrounding tissue. For example, experiments 
done in HT29 colon adenocarcinoma cells that 
overexpress Snail show that the latter drives 
cathepsin B and MMP-2 to cell membranes 
increasing MMP-2 pericellular activity [22]. 
Moreover, EMT and MMPs are involved in the 
acquisition of stem cell characteristics. In this 
context, SCC9 human oral squamous cell carci-
noma cells that overexpress MMP-14 have a 
fibroblast-like morphology and an increase in 
ZEB1, ZEB2, Twist, N-cadherin, fibronectin, and 
vimentin expression [64]. These cells also have 
self-renewal, apoptosis, and neomycin resistance. 
A summary of MMPs’ effects on EMT factors 
and the impact on some molecules involved in 
EMT is presented in Table 5.2.

5.5	 �The Role of MMPs 
in the Evolution 
of Neoplastic Cells

TME metabolic conditions drive the evolution of 
tumor cells provoking the presence of a great 
diversity of cancer cells with variations in differ-
entiation grade, metastatic abilities, cell biomark-
ers, and therapeutic response. There are several 
theories that try to explain neoplastic cell hetero-
geneous population in solid tumors: (1) the hier-
archical or cancer stem cell (CSC) theory, (2) the 
stochastic or clonal model, (3) the CSC dynamic 

Table 5.2  MMPs’ interactions with EMT

MMP Effect on EMT EMT Effect on MMPs
MMP-2, MMP-3, MMP-7, MMP-9, 
MMP-14

E-cadherin cutoff β-catenin ↑ MMP-3, MMP-7, MMP-14, 
MMP-26

MMP-3 β-catenin nucleus 
translocation

sE-Cad ↑ MMP-2, MMP-9, MMP-14

MMP-3 ↑ Snail ↓ E-cadherin Snail ↑ MMP-2, MMP-9, MMP-13
MMP-9 ↑ Snail Wnt5a ↑ MMP-14
MMP-14 ↑ Slug, Snail, Twist, ZEB1, 

ZEB2
ZEB1 ↑ MMP-2

EMT epithelial-mesenchymal transition, MMP matrix metalloproteinase, sE-Cad soluble E-cadherin
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scheme, (4) the horizontal gene transfer mecha-
nism, and (5) the cell fusion model [6]. TME 
metabolic characteristics have influence on neo-
plastic cell evolution. For example, glioma cells 
isolated from human brain tumors, grown in low 
pH (6.5), expressed the glioma stem cell (GSC) 
markers Oct4, Nanog, and Oli2, developed the 
ability to establish neurosphere-like structures 
in  vitro, and increased their tumor formation 
capacity in an in vivo experimental model [65]. 
Interestingly, the exposure of glioma cells to 
acidic stress also increased the expression of vas-
cular endothelial growth factor (VEGF), an 
angiogenic factor, and of HIF-2α in normoxic 
conditions. The expression of HIF-2α was asso-
ciated with the maintenance of GSCs [65]. 
Moreover, prostate cancer cells (PC3 cell line) 
cultured in acidic medium (pH  6.5) acquired 
CSC-stemness markers, such as CD133, CD44, 
Oct4, and Klf4, increased their cell viability, 
enhanced their capacity to form cell colonies, 
and raised MMP-9 and VEGF synthesis and 
secretion [66].

On the other hand, MMPs play a role in the 
acquisition and regulation of CSC functions. For 
example, it has been demonstrated that MMP-3 is 
involved in Wnt pathway control in mammary 
stem cells (MaSCs) [67]. In general terms, the 
canonical Wnt signaling favors stem cell charac-
teristics while the noncanonical Wnt route con-
trols cell proliferation. MMP-3 hemopexin 
domain and its hinge region bind to the nonca-
nonical ligand Wnt5b co-receptor site. Moreover, 
MMP-3 is able to cleave this Wnt5b region inter-
fering with noncanonical Wnt signaling, favoring 
the canonical Wnt pathway, and therefore pro-
moting MaSC proliferation and differentiation to 
CSCs [67].

Likewise, MMP-7 has a role in the transdiffer-
entiation from acinar to ductal cells that appar-
ently have progenitor cell-like properties 
contributing to the initial metaplastic lesions in 
pancreatic ductal adenocarcinoma (PDA) [68]. In 
vitro experiments demonstrated that MMP-7 
activates the Notch pathway producing a nestin-
positive intermediate followed by the adeno-ductal 
metaplasia that in turn gives rise to the metaplas-
tic duct lesion associated with PDA [68].

Similarly, MMP-9 overexpression was 
detected in hematopoietic stem cells (HSCs) 
from the bone marrow after 5-fluorouracil (5-FU) 
treatment [69]. This MMP promotes HSC differ-
entiation and migration due to the release of sol-
uble kit ligand (sKitL) from stromal cell 
membrane that binds to KitL receptor (c-Kit) in 
HSCs [69]. Moreover, myelosuppression induces 
stromal cell-derived factor-1 (SDF-1) expression 
in stromal and HSC cells and is responsible for 
MMP-9 synthesis [69].

Similarly, MMP-10 expression was observed 
in bronchio-alveolar stem cells (BASCs) that 
contain a driving Kras mutation (CMT167, a 
mouse cell line) [70]. These cells grow as non-
adherent oncospheres expressing stem cell mark-
ers such as CD133, Hey1, Hey2, Aldh1, Notch23, 
Notch4, and Nanog that get lost when MMP-10 
is downregulated. Comparable results were 
observed in MMP-10−/− Lewis lung carcinoma 
(LLC) oncosphere cultures [70]. Besides MMP-
10’s role in the regulation of stem cell gene 
expression and therefore in their maintenance, 
MMP-10 favors other stem cell functions such as 
colony expansion and tumor-initiating activity.

Likewise, MMP-14 plays a role in the regula-
tion of HSC differentiation and maintenance 
through the binding to FIH-1 [71, 72]. This inter-
action releases HIF-1α allowing the expression 
of genes such as SDF-1, KitL, interleukin-7 (IL-
7), and erythropoietin (Epo) involved in HSC 
development. Additionally, SDF-1 also maintains 
HSCs at the bone marrow through its binding to 
CXCR4 [73]. But the SDF-1-CXCR4 link can be 
disturbed by MMPs. For example, MMP-2 hemo-
pexin C region binds to SDF-1 to cleave and 
release a tetrapeptide from the N-terminal domain 
of SDF-1 blocking its binding to CXCR4 and 
thus promoting HSC migration [74]. Moreover, a 
mass spectrometry assay demonstrated that 
MMP-1, MMP-3, MMP-9, MMP-3, and MMP-
14 cleave SDF-1  in the same site that MMP-2 
does [74]. Likewise, MMP-8 from neutrophil 
granulocytes also promotes HSC mobilization by 
the disruption of SDF-1  N-terminal region, but 
the cleavage site is different from the other MMPs 
since MMP-8 releases a tripeptide from the 
N-domain [75]. It is important to mention that 
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SDF-1’s first two amino acids are involved in cell 
migration, whereas the next six amino acids par-
ticipate in SDF-1 binding to CXCR4 [75].

5.6	 �MMPs and Non-neoplastic 
Cells from the TME

Besides a great cancer cell heterogeneity, TME 
is constituted by blood endothelial cells (ECs), 
lymphatic endothelial cells (LECs), bone 
marrow-derived cells, pericytes, smooth muscle 
cells, adipocytes, neutrophils, tumor-associated 
macrophages (TAMs), neuroendocrine cells, 
lymphocytes, myeloid-derived suppressor cells 
(MDSCs), and cancer-associated fibroblasts 
(CAFs), and their interactions allow cancer pro-
gression. Only those cells with activities regu-
lated directly or indirectly by MMPs and cells 
that express MMPs in the TME and have a role 
in cancer progression are discussed in this 
chapter.

5.6.1	 �Immune Response Cells

TME comprises cells that participate in the 
immune response (Fig.  5.3). Therefore, tumor 
cells acquire molecular mechanisms to evade 
immune surveillance that includes MMPs’ par-
ticipation (Fig. 5.3). For example, cervical can-
cer cells decrease T-cell development by the 
secretion of MMP-2 and MMP-9 that in turn 
cleave the interleukin-2 receptor α (IL-2Rα) 
from the membrane of T cells blocking their pro-
liferation [76]. Likewise, tumor cells express on 
their membrane ligands that join the natural 
killer group 2D (NKG2D) receptors from the 
immune cytotoxic cells such as CD8+ T lympho-
cytes and natural killer (NK) cells [77]. The 
binding of these tumor ligands activates the 
immune response. There are three different types 
of NKG2D ligands: the UL16 binding proteins 
(ULBP), the major histocompatibility complex 
(MHC) class I-related chain molecules A 
(MICA), and MICB [77]. The expression of 
these tumor ligands might be regulated by the 
TME; for instance, hypoxia downregulates the 

expression of MICA through HIF-1α contribut-
ing to the escape of tumor cells from the immune 
surveillance [77]. Moreover, the proteolytic 
cleavage of MICA and MICB by MMPs pro-
duces the release of ligands that in turn compete 
for the immune cell receptors avoiding cytotoxic 
effects particularly from NK cells. In this con-
text, MMP-2 is able to cut off MICA from renal 
carcinoma cells, while MMP-9 cuts it from 
osteosarcoma cells [78, 79]. Moreover, MMP-14 
is involved in MICA shedding from prostate and 
breast cancer cells [80]. It is important to note 
that MMP-14’s role in MICA cleavage is inde-
pendent of MMP-2 and MMP-13 activation. 
Interestingly, the MMPs from CAFs may also 
participate in these evasion mechanisms. 
Melanoma cells cultured with conditioned 
medium (CM) rich in active MMPs from 
melanoma-associated fibroblasts decrease their 
susceptibility to NK-related cytotoxic effects, 
increase soluble MICA and MICB fragments 
released to the cultured medium, and reduce 
MICA and MICB expression in their cell mem-
branes [81]. These effects were reversed by the 
MMPs’ inhibitor GM6001. The CM comprised 
several MMPs including MMP-2, MMP-9, and 
MMP-14, but it was not clear which MMP was 
responsible for NKG2D shedding.

Tumors also suppress the immune response 
through the secretion and activation of trans-
forming growth factor-β (TGFβ) located in the 
ECM or released by other cells. TGFβ is synthe-
sized as a pro-protein in which the pro-peptide 
has a furin recognition sequence that is cleaved 
by furin, but other proteases such as thrombin, 
neutrophil elastase, plasmin, and MMPs can also 
disturb it [82]. In this context, MMP-2 and 
MMP-9 can activate TGFβ2 and TGFβ3 with 
little impact on TGFβ1 [82]. In contrast, MMP-
13 seems to have more effect on TGFβ1. 
Likewise, MMP-14 activates TGFβ when it is 
presented by αvβ8 integrin on cells’ surface [82]. 
TGFβ activation suppresses lymphocyte T pro-
liferation and differentiation and interferes with 
antigen presentation [83]. Moreover, active 
TGFβ from platelets downregulates tumor 
NKGD2 decreasing NK cell anti-tumor respon-
siveness [84].
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5.6.2	 �Tumor-Associated 
Macrophages (TAMs)

On the other hand, TAMs are the largest innate 
immune cell population in the TME. TAMs origi-
nate from monocytes that are attracted from 
blood circulation to the tumor by cytokines such 
as SDF-1 also called C-X-C motif chemokine 12 
(CXCL12), chemokine C-C motif ligand 2 
(CCL2), RANTES (Regulated on Activation, 
Normal T cell Expressed and Secreted, also 
known as CCL5), monocyte colony-stimulating 
factor (M-CSF), VEGF, and TGFβ, all of which 
are secreted by cancer and stromal cells [85]. In 
this context, there is a close interaction among 
TAMs and neoplastic cells in breast cancer [86]. 
Tumor cells release the M-CSF while TAMs 
express the CSF receptor (CSFR), and TAMs 
produce EFG, whereas neoplastic cells have the 
corresponding receptor. TAM polarization 
depends on TME conditions. Differentiation to 
classically activated M1 macrophages in response 
to lipopolysaccharide (LPS) and interferon-γ 
(IFN-γ) is observed in normoxic areas, and alter-
natively activated M2 cells emerge under the 
influence of IL-4 and IL-13 mainly in hypoxic 
zones [85]. M1 macrophages have cytotoxic phe-
notype since they secrete IL-6, IL-12, reactive 
nitrogen intermediates, tumor necrosis factor-α 
(TNFα), and ROS, while M2 macrophages par-
ticipate in ECM remodeling through the release 
of MMPs particularly the M2c phenotype and 
promote angiogenesis, neoplastic cell stemness, 
and chemotherapy resistance [85, 86]. Since M2 
macrophages are associated with cancer progres-
sion, in the present chapter, we focus on this type 
of TAMs. In this context, monocytes’ differentia-
tion into TAM M2 is driven by neoplastic cells. 
However, TAMs have influence on tumor cells’ 
behavior. Co-cultures of MKNI gastric carci-
noma cells with monocyte cells induce a morpho-
logic change together with a rise in the expression 
of α5 integrin in their cell membranes and high 
levels of secreted MMP-9 and fibronectin with an 
increase in their invasion capacity [87]. These 
monocytes’ effects on cancer cells are dependent, 
at least in part, on TNFα. Similarly, M2 cells 
from renal cell carcinoma synthesize high levels 

of IL-1β that induce tumor MMP-1, MMP-3, 
MMP-10, and MMP-14 expression in patients 
with advanced stages of the disease [88]. 
Moreover, M2-like macrophages are able to stim-
ulate the synthesis of MMP-2 and MMP-9  in 
SW480 human colon cancer cells with the induc-
tion of EMT and the increase in their invasive-
ness ability [89]. Likewise, TAM-like cells 
secrete high levels of MMP-9 [87]. In fact, 
MMP-9 has been considered as a marker of M2 
macrophages and therefore can be used to predict 
breast cancer patients’ outcome [90]. 
Furthermore, a co-localization of MMP-9 and 
MMP-11 in M2 macrophages was demonstrated 
in tissue samples from cutaneous squamous cell 
carcinoma [91]. MMP-1 and MMP-12 were also 
observed in TAMs together with deposits of peri-
ostin, a non-structural ECM protein, at the 
peripheral zones of dermatofibrosarcoma protu-
berans (DFSP) [92]. In this regard, treatment of 
CD163+-monocyte-derived macrophages with 
periostin and IL-4 stimulated the synthesis of 
MMP-1 and MMP-12, while periostin alone only 
augmented MMP-12 expression [92]. Interactions 
among neoplastic cells and TAMs through MMPs 
are outlined in Fig. 5.3.

5.6.3	 �Tumor-Associated 
Neutrophils (TANs)

Even though circulating neutrophils have been 
considered as cells with a short lifetime and with 
cytotoxic effects, they are part of the TME and 
their presence has been correlated with a poor 
prognosis. Moreover, cytokines, such as IL-1, 
prolonged their life and contributed to neutrophil 
polarization allowing them to participate in can-
cer progression [93]. Like TAMs, there are two 
different types of tumor-associated neutrophils 
(TANs) with different functional characteristics. 
Monocytes exposed to IFNβ differentiate into the 
N1 type while stimulation by TGFβ promotes N2 
polarization [94]. N1 neutrophils are present in 
cancer early stages, have cytotoxic and anti-
tumoral functions, and are able to attract CD4+ 
and CD8+ lymphocytes to tumor lesions. In con-
trast, N2 cells possess immunosuppressive 
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characteristics since, under the influence of 
tumor IL-8, they can suppress CD8+ cytotoxic 
cells by the secretion of arginase 1, are able to 
recruit forkhead box P3 (FoxP3+) cells also 
known as Tregs cells that induce tumor growth 
and suppress anti-tumor response, and promote 
angiogenesis [94, 95]. TAN granules contain sev-
eral proteases such as cathepsin G, neutrophil 
elastase (NE), and MMPs that contribute to the 
ECM modification as well as to tumor growth 
and metastatic capacity (Fig.  5.3) [96]. For 
instance, NE and MMP-9 are involved in BM dis-
ruption favoring the release of VEGF that is a 
potent pro-angiogenic factor. In fact, TANs are 
one of the major sources of MMP-9 in TME. For 
example, MMP-9 was increased in TANs but not 
in TAMs in NSCLC tissue [97]. Further, it has 
been observed that MMP-9 was augmented in 
TANs compared to TAMs at the leading edge of 
the tumor in a model of murine pancreatic adeno-
carcinoma [98]. Interestingly, the MMP-9 
released by TANs is a TIMP-1-free pro-MMP-9 
while the MMP-9 secreted by other cells is in 
complex with TIMP-1 (see above) [99]. 
Additionally, only the TIMP-1-free pro-MMP-9 
from TANs is able to induce angiogenesis in 
in  vivo models. Furthermore, this TIMP-1-free 
pro-MMP-9 is activated through MMP-3 in col-
lagen on plants while it undergoes natural activa-
tion in in vivo models. Likewise, MMP-9 for its 
pro-angiogenic function requires both the cata-
lytic and the hemopexin domains [99]. TAN 
MMP-9 also promotes basic fibroblast growth 
factor-2 (bFGF2) activation that has pro-angio-
genic properties, too [99]. It is important to note 
that TAMs also produce TIMP-1-free pro-
MMP-9 through shutting down TIMP-1 expres-
sion when they are polarized to M2-like 
macrophages [100]. This TAM MMP-9 also 
induces angiogenesis; however, M2 macrophages 
release lower quantities of pro-MMP-9  in com-
parison to TANs that are able to rapidly secrete 
great amounts of pro-MMP-9 stored in their 
granules [100]. Additionally, MMP-9 enzymatic 
activity may be protected and enhanced by the 
neutrophil gelatinase-associated lipocalin 
(NGAL) released by neutrophils and cancer cells 
[101]. MMP-9 and NGAL form a complex that 

has been associated with an increase in angiogen-
esis and metastatic potential and therefore is con-
sidered as a bad prognosis marker for cancer 
outcome [102]. Likewise, TAN MMP-9 stimu-
lates tumor cell proliferation and reduces apopto-
sis [103, 104].

Likewise, tumor-infiltrating neutrophils 
recruited and polarized to TANs N2 by bladder 
cancer cells are able to increase neoplastic cell 
invasion capacity via upregulation of androgen 
receptor (AR) expression that in turn enhances 
MMP-13 synthesis [105].

On the other hand, neoplastic cells promote 
neutrophil extracellular trap (NET) production 
by neutrophils [106]. NETs are neutrophil DNA 
decorated with neutrophil peptides. In the case of 
cancer, among NETs’ components are cathepsin 
G, neutrophil elastase, and MMP-9. The func-
tions of NETs in cancer are not well defined but 
probably they favor tumor proliferation, 
resistance to apoptosis, detachment from the pri-
mary tumor, and induction of angiogenesis [106].

5.6.4	 �Mast Cells

Mast cells (MCs) are recruited from blood circu-
lation to the TME by CCL15 or stem cell factor 
(SCF) secreted by neoplastic cells. Likewise, 
TGFβ and cytokines such as IL-3, IL-4, IL-9, 
IL-10, IL-33, and SDF-1 contribute to MC 
growth and maintenance [107]. Once in the 
tumor, the TME might regulate MC behavior, and 
as TAMs and TANs, MCs differentiate into two 
types: MCs that contain tryptase (T-MCs) and the 
MCs that secrete tryptase and chymase (TC-MCs) 
[108]. Moreover, T-MCs can evolve to TC-MCs 
depending on the TME conditions such as the 
presence of IL-4, IL-6, nerve growth factor 
(NGF), and SCF [108]. Even though it was pos-
sible to identify different MC types, it is not clear 
which one has anti-tumor or pro-cancer 
characteristics.

Among their anti-cancer actions, MCs are 
able to engage cells from the innate immune sys-
tem to establish an anti-tumor immune response, 
tumor growth suppression by IL-1, IL-6 and 
TNFα secretion, apoptosis promotion, and inhi-
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bition of cell migration [109]. Conversely, MCs 
are able to induce cancer progression by increas-
ing tumor cell growth and ECM disruption to 
facilitate neoplastic cell mobilization and to pro-
mote angiogenesis [109]. Furthermore, MCs can 
provoke an immunosuppressive response to NK 
and T cells by releasing adenosine in the TME 
[107]. Likewise, cellular immunity is regulated 
by MC secretion of TNFα, IL-10, and histamine 
[109]. Interestingly, an intratumoral location of 

MCs is associated with a good prognostic which 
indicates that these MCs have anti-tumoral prop-
erties. In contrast, MCs that promote cancer pro-
gression are located at the tumor invasive front 
next to the neovascularization areas [109].

On the other hand, MCs synthesize and acti-
vate MMPs (Fig.  5.3). For instance, MMP-9 is 
produced by contact among MCs and activated 
lymphocytes through TNFα [110]. Moreover, 
MC MMP-2 as well as MMP-9 expression might 

Fig. 5.3  Crosstalk among neoplastic and inflammatory 
cells. Neoplastic cell (NC) interferes with the immune 
response through the release of MMP-2 and MMP-9 that 
inhibit T-cell proliferation. These MMPs and MMP-14 cut 
off MICA and MICB from tumor cell membranes to evade 
the immune response. MICA and MICB fragments bind 
to immune cell receptors contributing to a decrease in 
immune surveillance. Tumor cell MMP-2, MMP-9, 
MMP-13, and MMP-14 activate TGFβ blocking T-cell 
differentiation and antigen presentation. TAMs release 
TNFα that increases neoplastic cell MMP-9 expression 
while IL-1β induces MMP-1, MMP-3, MMP-10, and 
MMP-14. Periostin upregulates MMP-12 synthesis while 
periostin and IL-4 promote the expression of MMP- 1 and 
MMP-12 from TAMs. TAMs also produce MMP-9 and 

MMP-11. TANs release MMP-9 that favors angiogenesis. 
MMP-9 pro-angiogenic function is protected by NGAL 
synthesized by TANs and neoplastic cells. MMP-9 blocks 
tumor cell apoptosis and increases cell proliferation. MC 
MMP-9 expression is induced by activated T cells through 
TNFα. Likewise, MMP-2 and MMP-9 are stimulated by 
TGFβ and KitL. MC chymase promotes MMP-9 expres-
sion from NC. IL interleukin, IL-2Rα interleukin-2 recep-
tor α, KitL kit ligand, MC mast cell, MMP matrix 
metalloproteinase, MICA MHC class I-related chain mol-
ecules A, NC neoplastic cell, NGAL neutrophil gelatinase-
associated lipocalin, NK natural killer, TAN 
tumor-associated neutrophil, TAM tumor-associated mac-
rophage, TGFβ transforming growth factor-β

5  Matrix Metalloproteinases’ Role in Tumor Microenvironment



112

be regulated by TGFβ and KitL [111]. Likewise, 
MMP-9 is expressed in MCs in well-differentiated 
prostate adenocarcinomas but not in MCs from 
poorly differentiated tumors that show an 
enhanced MMP-9 location in cancer cells [112]. 
These results suggest that, through MMP-9, MCs 
are involved in prostate cancer development. 
Similarly, MCs also have the capacity to express 
MMP-1 although the specific function of this MC 
MMP in cancer progression has not been exam-
ined [113]. In this context, a correlation among 
MC density and MMP-9 has been reported in 
multiple melanoma (MM) patients with osteo-
lytic disease [114]. The role of MCs besides 
angiogenesis promotion is the increase of bone 
re-absorption in MM progression. Therefore, 
although MC MMP-1’s presence in this pathol-
ogy has not been described, it is possible that 
both MMP-9 and MMP-1 from MCs are involved 
in angiogenesis and bone re-absorption, 
respectively.

Likewise, MC chymase can stimulate MMP-9 
expression in A549 lung adenocarcinoma and in 
H520 squamous lung carcinoma cells [115]. 
Moreover, chymase also participates in EMT 
induction by shedding E-cadherin from tumor 
cell surface [115]. Furthermore, MC tryptase 
plays a role in the activation of MMPs and plas-
minogen activator (PA) [116].

5.6.5	 �Cancer-Associated Fibroblasts 
(CAFs)

The most abundant TME non-neoplastic cells 
are CAFs. Cell origin of CAFs is variable since 
they can derive from local fibroblasts, senescent 
fibroblasts, smooth muscle cells, pericytes, ECs, 
epithelial cells, adipocytes, hematopoietic stem 
cells, and bone marrow-derived mesenchymal 
stem cells (BMDMCs) [117, 118]. Neoplastic 
cells are responsible for the recruitment and 
transformation of cells into CAFs through the 
secretion of different growth factors and cyto-
kines [119]. Once cells arrive to the TME, they 
might transform into CAFs through different 
processes, for instance, (1) epithelial cells via 
EMT, (2) bmMSCs via the osteospondin-

myeloid zinc finger 1 (OPN-MZF1)-TGFβ1 
pathway, (3) resident fibroblasts through 
mesenchymal-mesenchymal transition (MMT), 
and (4) ECs via endothelial-mesenchymal transi-
tion (endMT) [118, 120]. These events are also 
induced by cancer cells. Interestingly, MMPs 
such as MMP-1, MMP-2, and MMP-14 from the 
neoplastic cells promote fibroblast MMT [119]. 
The maintenance of CAFs is mediated by para-
crine signals from neoplastic cells and, as it hap-
pens with them, CAFs may get independence 
from the TME by generating autocrine signals 
for survival [121, 122]. Activated CAFs are able 
to influence TME cells including cancer cells 
through the synthesis and secretion of growth 
factors, cytokines, and ECM structural and non-
structural proteins [123]. Likewise, interactions 
of CAFs with the ECM allow them to sense its 
stiffness and re-organize its molecules favoring 
neoplastic cell migration [124]. In this context, 
CAFs produce proteolytic enzymes such as lysyl 
oxidases and MMPs. It has been reported that 
active CAFs are able to express MMP-1, MMP-
2, MMP-3, MMP-9, MMP-11, MMP-13, MMP-
14, and MMP-19 (Fig. 5.4) [125]. These enzymes 
allow ECM remodeling through degradation of 
the BM and of some molecules from the intersti-
tial ECM.  Furthermore, cancer cells induce 
MMP synthesis from CAFs. For example, treat-
ment of human mammary primary fibroblasts 
with CM from breast carcinoma cells elevated 
MMP-1 expression and favored transdifferentia-
tion to CAFs [126]. Moreover, CAFs from pri-
mary breast cancer synthesized more MMP-1 in 
comparison to normal mammary fibroblasts. 
Besides its role in ECM degradation, MMP-1 is 
able to disrupt the protease receptor-1 (PAR-1) 
in a specific site that allows its activation and 
generation of PAR-1-dependent Ca2+ signals 
promoting tumor cell migration [127]. Moreover, 
PAR-1 expression is regulated by TGFβ through 
Smad3 and Smad4 with an increase of osteoclast 
differentiation, tumor growth, and angiogenesis 
in an in  vitro model of bone giant tumor cells 
[128]. TGFβ is activated by several MMPs; 
therefore, MMPs stimulate PAR-1’s functions in 
a direct and indirect manner in cancer progres-
sion [82]. Likewise, CAFs and neoplastic cells at 
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the invasive front move together across tracks 
formed by CAFs through ECM contraction in 
which rhoA-dependent kinase (ROCK) is 
involved and with the ECM remodeling by 
MMPs and the deposition of ECM components 
such as tenascin-C and fibronectin [129, 130].

Activated CAFs can also express MMP-2. 
Immunohistochemical analysis revealed a co-
localization of MMP-2 and α-smooth muscle 
actin (α-SMA) and vimentin, both CAF mark-
ers, at the perimeter of lung metastasis [131]. 
Moreover, a decrease in tumor lesions was 
observed in MMP-2−/− mice in comparison with 

Fig. 5.4  The interactions of CAFs with neoplastic cells. 
NCs induce normal fibroblast MMP-1 upregulation for 
their transdifferentiation into CAFs. Disruption of the BM 
and ECM is driven by several MMPs secreted by CAFs, 
promoting NC invasion and angiogenesis. Moreover, 
interstitial MMPs (collagenases) as well as MMP-2 are 
involved in the creation of paths for NC and CAF mobili-
zation. Likewise, ECM clg I and TGFβ stimulate FSP-1 
expression from CAFs and NCs. FSP-1 favors MMP-13 
EC expression that induces cell migration during angio-
genesis. MMP-2 and MMP-1 secreted by CAFs promote 

NC proliferation and invasion, respectively. Furthermore, 
CAFs participate in NC escape from the immune response 
through MMP-2, MMP-9, and MMP-14 MICA and 
MICB cutoff. CAFs cancer-associated fibroblasts, clg I 
type I collagen, EC endothelial cell, ECM extracellular 
matrix, FSP-1 fibroblast-secreted protein-1, MICA MHC 
class I-related chain molecules A, MICB MHC class 
I-related chain molecules B, MMP matrix metalloprotein-
ase, NC neoplastic cell, PAR-1 protease-activated recep-
tor-1, TGFβ transforming growth factor-β
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wild animals in which tumor cells were injected. 
The role of MMP-2 in tumor proliferation was 
tested when MMP-2−/− fibroblasts were cul-
tured in direct contact with tumor cells result-
ing in a decrease in the spheroid tumor growth 
[131].

CAFs are able to express MMP-13 and to 
induce its synthesis by other cells. This MMP is 
important in cancer progression since MMP-13 
increases the invasive growth of cancer cells 
and favors angiogenesis through the release of 
VEGF from the ECM [132]. Similarly, MMP-
13 activates TGFβ that, with type I collagen, 
stimulates the expression of fibroblast-secreted 
protein-1 (FSP-1) also known as S100A4  in 
CAFs and neoplastic cells [133]. FSP-1 can 
promote MMP-13 expression and its enzymatic 
activity in ECs favoring their migration during 
angiogenesis [134]. Furthermore, FSP-1 also 
activates plasminogen that has pro-angiogenic 
properties and induces EMT in cancer cells 
[133]. Likewise, TGFβ activation upregulates 
CXCR4, the SDF-1 receptor. The interaction of 
SDF-1 and CXCR4 increases neoplastic cell 
proliferation. Moreover, SDF-1 acts as a che-
moattractant for those cells that express CXCR4 
favoring the recruitment of EC precursors and 
the migration of cancer cells to LN and to other 
organs rich in SDF-1 [133]. Paradoxically, 
MMP-13 cleaves SDF-1 causing its inactiva-
tion [133]. In this context, more studies are 
needed to clarify the role and the molecular 
mechanism involved in SDF-1 regulation by 
MMP-13.

Another TME molecule that participates in the 
regulation of MMPs’ expression in CAFs is the 
plasmin inhibitor TFPI-2 (tissue factor pathway 
inhibitor-2). Assays done with lung fibroblasts 
cultured with CM from TFPI-2 silenced NCI-
H460 cells (an NSCLC cell line) showed an 
increase in MMP-1, MMP-3, and MMP-7 syn-
thesis [135]. Likewise, fibroblasts that overex-
press phosphoglycerate kinase-1 (PGK1) have 
high levels of SDF-1, vimentin, and α-SMA and 
an increase in their growth index. Moreover, 
these fibroblasts express high levels of MMP-2 

and MMP-3 that participate in prostate cancer 
cell invasion [136].

5.6.6	 �Adipocytes

Adipocytes are a major component of the 
TME.  They secrete cytokines, pro-angiogenic 
factors, and adipokines that favor tumorigenesis 
and cancer progression. Moreover, they are a 
source of fatty acids that supply the energetic 
requirements of neoplastic cells [137]. Adipocytes 
have a different distribution pattern throughout 
the tumoral tissue [138]. For instance, there are 
more adipocytes with a fibroblast-like cell mor-
phology and CAFs than mature adipocytes sur-
rounding neoplastic cells at the tumor invasive 
front. In this context, adipocytes from this region 
under the influence of neoplastic cells transdif-
ferentiate into adipocyte-derived fibroblasts 
(ADFs) via the activation of the Wnt/β-catenin 
pathway (Wnt canonical pathway) [139]. 
Interestingly, MMP-7 is expressed by ADFs 
probably as a consequence of the activation of the 
Wnt/β-catenin pathway (Fig.  5.5) [139]. It is 
important to note that other MMPs regulated 
through this mechanism at the transcriptional 
level (MMP-3, MMP-14, and MMP-26) can also 
be expressed by ADFs (see above). Likewise, 
ADFs acquire CAF markers such as FSP-1, type 
I collagen, and fibronectin but not α-SMA during 
their differentiation [140]. ADFs in turn develop 
into CAFs, although the specific mechanism is 
not clear.

Adipocytes also influence tumor cells by pro-
moting CSC characteristics. In this context, 
breast cancer cells that express the estrogen 
receptor (ER+) co-cultured with human adipo-
cytes (SGBS cell line) in hypoxic conditions 
demonstrated an increase of the EMT transcrip-
tion factors FOXC2 and TWIST together with an 
increase of N-cadherin expression and a decrease 
in E-cadherin synthesis [141]. Besides, adipo-
cytes had an increase in TGFβ, lectin-type oxi-
dase LDL receptor-1 (LOX1), and HIF-1α 
expression.
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On the other hand, cancer cells in close prox-
imity to adipocytes induce them to express MMP-
11 at the peritumoral area (Fig.  5.5) [142]. 
MMP-11 inhibits the differentiation of pre-
adipocytes to mature adipocytes and their main-
tenance by downregulation of peroxisome 
proliferator-activated receptor-γ (PPARγ) 
involved in adipogenesis. Moreover, MMP-11 
promotes adipocyte lipolysis, decreases the size 
and number of lipid droplets, and induces changes 
in adipocyte morphology with a loss of adipocyte 

markers and a reduction in cell size. These adipo-
cytes are called cancer-associated adipocytes 
(CAAs) that in turn may dedifferentiate into 
ADFs (see above) [142].

Activated CAAs secrete adipokines such as 
TNFα, leptin, hepatic growth factor (HGF) and 
IL-6, MMP-11, type VI collagen, and fibronectin 
[140]. In this regard, MMP-11 is able to cut off 
type VI collagen releasing a C-terminal fragment 
known as endotrophin (ETP) [143]. ETP induces 
EMT in tumor cells through its interaction with 

Fig. 5.5  TME different adipocyte types’ role in cancer 
progression. NCs induce EMT in adipocytes favoring dif-
ferentiation into ADFs that can synthesize MMP-3, MMP-
7, MMP-14, and MMP-26. NCs also promote adipocyte 
MMP-11 expression that in turn downregulates PPARγ 
blocking pre-adipocyte differentiation. MMP-11 pro-
vokes metabolic changes in adipocytes transforming them 
into CAAs. CAAs produce MMP-11 and clg VI. Moreover, 
MMP-11 degrades clg VI releasing a fragment called 
ETP.  ETP and TGFβ promote EMT and recruit macro-
phages and ECs to TME. CAAs express MCP-1 that acti-
vates pro-MMP-2. Leptin released by CAAs promotes 

MMP-2, MMP-7, MMP-13, and MMP-14 upregulation in 
NCs. Pre-adipocyte can induce MMP-9 expression and 
NC invasion capacity through miR301a regulation. ADF 
adipocyte-derived fibroblast, CAF cancer-associated 
fibroblast, CAA cancer-associated adipocyte, clg VI type 
VI collagen, EC endothelial cell, EMT epithelial-
mesenchymal transition, ETP endotrophin, MCP-1 mono-
cyte chemotactic protein-1, MMP matrix 
metalloproteinase, NC neoplastic cell, PPARγ peroxi-
some proliferator-activated receptor-γ, TGFβ transform-
ing growth factor-β
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the TGFβ and participates in the recruitment of 
macrophages and ECs [144]. Moreover, ECs 
migrate and organize vasculature structures more 
actively in the presence of ETP [144].

Adipocytes also secrete monocyte chemotac-
tic protein-1 (MCP-1) that favors tumor growth, 
migration, and invasion and participates in pro-
MMP-2 activation without increasing its synthe-
sis (Fig.  5.5) [145]. Likewise, pre-adipocytes 
have effects on the invasion capacities of pros-
tate cancer cells through the induction of 
miR301a that decreases AR expression with a 
subsequent TGFβ, Smad3, and MMP-9 upregu-
lation [146].

CAAs also release leptin, a 16-kDa protein 
that stimulates growth and proliferation of breast 
cancer cells when adipocytes are in close prox-
imity to neoplastic cells [140]. The effects on 
cancer cells are due to the leptin receptors 
(ObRs) [147]. ObRs are expressed in six iso-
forms, of which the long form called OB-Rb is 
present in cancer cell membranes. Leptin bind-
ing to OB-Rb induces the activation of several 
pathways such as PI3K/Akt, MAPK/ERK, and 
JAK/STAT3 involved in tumor cell proliferation 
and cancer progression. In this context, activa-
tion of JAK/STAT3 signaling pathway induces 
MMP-13 but not MMP-2, MMP-9, or MMP-7 
expression in pancreatic cancer cells (Fig.  5.5) 
[148]. These results were also observed in gli-
oma cells treated with leptin [149]. Moreover, 
OB-Rb overexpression was observed associated 
with MMP-13 upregulation and with an increase 
in lymph node (LN) metastasis in advanced 
stages of pancreatic cancer [148]. Likewise, ER+ 
breast cancer cells co-cultured with adipocyte/
stromal stem cells (ASCs) , in which leptin was 
knocked down, expressed lower levels of MMP-
2, IL-6, and serine protease inhibitor E1 
(SERPINE1) [150]. Moreover, when breast can-
cer cells mixed with leptin shRNA ASCs were 
implanted in the fat pad of mice, tumor growth 
and metastasis to the liver and lung were 
decreased in comparison with control animals 
[150]. Additionally, ASCs synthesize MMP-15 
involved in the migration of these cells through 
the ECM [151].

Leptin promotes activation of c-Jun 
N-terminal kinase (JNK) and ERK signaling 
pathways with the induction of MMP-7 expres-
sion in ovarian cancer cell lines that express 
OB-Rb [152]. The induction of MMP-7 synthe-
sis through JNK and ERK pathways was also 
observed in ovarian cancer cells that expressed 
mesothelin (MSLN) [153]. This protein induces 
MMP-7 upregulation via JNK, ERK 1/2, and 
Akt signaling pathways with an increase in the 
invasive potential of cancer cells. These find-
ings indicate that leptin and MSLN receptors 
activate the same molecular mechanisms to 
promote MMP-7 expression in ovarian tumor 
cells and probably the synergistic effects of 
both molecules are involved in ovarian cancer 
progression. Interestingly, silencing MMP-7 
reduces MMP-9 activity but not MMP-9 expres-
sion with no effects on MMP-2 [152]. In con-
trast, MMP-7 was able to induce pro-MMP-9 
and pro-MMP-2 activation in other experimen-
tal assays [154]. Moreover, these studies 
showed that MMP-7 dissociated the pro-
MMP-2/TIMP-2 complex and activated latent 
MMP-2 [154].

Leptin also enhances MMP-14 expression and 
membrane location in gastric cancer cells [155]. 
MMP-14 location on membrane surface depends 
on kinesin-like protein 1B (KIF1B) whose 
expression is also regulated by leptin. As was dis-
cussed earlier, leptin stimulates several signaling 
pathways involved in MMPs’ synthesis. In the 
case of MMP-14, the interaction between leptin 
and OB-Rb stimulates the Akt pathway for MMP-
14 and KIF1B expression [155]. Furthermore, 
the effect of leptin on MMP-14 synthesis requires 
the participation of Notch1 signaling. Blocking 
Notch1  in human extravillous trophoblast cells 
treated with leptin also reduced Akt phosphoryla-
tion and MMP-14 expression [156]. Therefore, 
the interaction among Notch1 and PI3K/Akt 
pathway is important to leptin-induced MMP-14 
expression.
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5.7	 �Extracellular Vesicles 
and MMPs

So far, we have reviewed the intricate crosstalk 
among the different cellular components of the 
TME including tumor cells in relation with 
MMPs’ participation in cancer evolution. This 
cellular communication induces the release of 
factors that stimulate MMPs’ synthesis and 
secretion as well as MMPs’ involvement in cel-
lular behavior and ECM disruption, promoting 
the detachment of neoplastic cells from the pri-
mary tumor and their passage through the next 
steps of the metastatic cascade. Most of these 
signals between cells are transmitted through 
extracellular vesicles (EVs) to neighboring cells 
or to distant sites such as the pre-metastatic 
niche. EVs are lipid bilayer structures that carry 
different molecules such as transmembrane pro-
teins, cytosolic proteins, lipids, DNA, microR-
NAs, and RNA transcripts. There are different 
types of EVs: microvesicles, exosomes, onco-
somes, and ectosomes [157]. EVs release their 
cargo molecules spontaneously or under some 
kind of stimuli at the pericellular space, ECM 
surrounding, into the corporal fluids such as 
lymph or blood, or into the target cells through 
membrane-to-membrane interaction, membrane 
fusion, or EV internalization [158]. Once EVs 
are in the cells, they may either be degraded 
with their cargo components, modified and 
remitted, or disrupted to release EV transported 
molecules that influence cells’ behavior. 
Transportation of macromolecules in EVs pro-
tects them from being degraded and allows them 
to maintain their integrity and activity. In this 
context, oncosomes (oncogenic-cargo EVs) are 
able to transport DNA sequences including 
KRAS and MYC, transcripts such as EGFRvIII 
and BRAF, or proteins with a pro-cancer activ-
ity [158].

Interestingly, some MMPs have been identi-
fied within exosomes. For example, pro-MMP-9 
and active MMP-9 in EVs were found in fibro-
sarcoma and breast cancer cells [157]. 
Moreover, latent and active forms of MMP-2 
and MMP-9 have been observed in ovarian can-
cer cells [159]. Additionally, heat shock pro-

tein-90 (Hsp-90) is transported in exosomes to 
the pre-metastatic niche where it is able to 
induce MMP-2 expression [159]. MMP-14 
together with β1 integrin is also carried in exo-
somes in melanoma and fibrosarcoma cells 
[160]. These exosomes are able to activate pro-
MMP-2 and to disrupt gelatin and type I 
collagen.

5.8	 �Escape Routes from TME

Besides orchestrating non-neoplastic cells’ 
behavior, tumor cells need to develop strategies 
to face TME metabolic changes to continue pro-
liferating and to design escape routes to migrate 
to other tissues. Such is the case of angiogenesis 
and lymphangiogenesis, processes in which 
MMPs also have an important role.

5.8.1	 �Angiogenesis

Angiogenesis consists in the generation of new 
vessels from preexisting ones under the stimula-
tion of TME conditions. Several angiogenic mod-
els have been proposed but the most studied is 
sprouting [161]. The cells involved in angiogen-
esis are called tumor endothelial cells (TECs) 
that may originate from normal ECs, bone 
marrow-derived progenitor cells, neoplastic cells, 
and CSCs [6]. TECs respond to different pro-
angiogenic factors such as adrenomedullin (AM), 
EGF, and VEGF [162, 163]. Moreover, TECs 
produce VEGF in an autocrine manner. Cancer 
cells as well as other cellular components from 
the TME also produce pro-angiogenic molecules. 
For instance, CAFs release TGFβ, SDF-1, and 
VEGF, and tumor cells produce VEGF, AM, 
EGF, angiopoietin, and bFGF among others 
[163]. TECs under the effects of angiogenic fac-
tors migrate and participate in the formation of 
tube structures and stabilization and maturation 
of the new vessels by the secretion of BM com-
ponents and pericyte recruitment [164].

Likewise, MMPs are also secreted from tumor 
and stromal cells contributing to angiogenesis 
(Fig. 5.6). For instance, MMP-1 increases vascu-
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lar endothelial growth factor receptor-2 
(VEGFR-2) in ECs that in turn binds to VEGF-A 
involved in blood vessel development [165]. The 
molecular mechanism consists in the proteolytic 
activation of PAR-1 by MMP-1. Then PAR-1 
activates the nuclear factor κB (NF-κB) pathway 
(p65/RelA), and its p65 subunit binds to the 

kinase insert domain receptor (KDR)/VEFR2 
promoter. Similarly, MMP-1 and MMP-2 
together with EGFR/pan-HER ligand epiregulin 
(EREG) and cyclooxygenase 2 (COX2) are 
implicated in the formation of tortuous, dilated, 
and leaky new blood vessels [166]. These mole-
cules are also involved in the increase of blood 

Fig. 5.6  Participation of MMPs in angiogenesis. NCs 
and SCs produce MMPs that modify EC behavior. MMP-1 
disrupts PAR-1 promoting EC expression of VEGFR2. 
MMP-7 degrades sVEGFR1 to enhance VEGF bioavail-
ability. MMP-9 releases VEGF from the ECM.  MMPs 
such as MMP-3, MMP-7, and MMP-19 cleave VEGFA 
releasing a 16-kDa fragment that binds to VEGFR2. 
MMP-1 and MMP-2 participate in tubulogenesis. 
Likewise, MMP-9 from TANs releases VEGF and bFGF-2 
from the ECM, participates in pericyte recruitment, and, 
with MMP-9 from other cellular sources, degrades 
MMNR2 from EC membranes. MMP-8 induces EC pro-
liferation and participates in EMT promoting TEC activa-
tion and migration. TECs secrete MMP-2 and MMP-9 to 
degrade BM during cell migration. MMP-14 from TEC 
membrane activates pro-MMP-2 favoring TEC migration. 
MMP-14 remodels the ECM to form the vascular guid-
ance tunnels. MMP-14 induces TEC aggregates that 

migrate and regulate tubulogenesis. MMP-14 favors 
VSMC transdifferentiation to a mesenchymal phenotype 
that participates in tube maturation. This MMP also pro-
motes pericyte recruitment. TECs secrete MMP-1 and 
MMP-10 to limit angiogenesis. Pericytes and TECs 
release TIMP-3 and TIMP-2, respectively, to avoid the 
collapse of new vessels. BM basement membrane, 
bFGF-2 basic fibroblast growth factor-2, EC endothelial 
cell, ECM extracellular matrix, EMT epithelial-
mesenchymal transition, MMP matrix metalloproteinase, 
MMNR2 multimerin-2, NC neoplastic cell, PAR-1 
protease-activated receptor-1, SC stromal cell, sVEGFR1 
soluble vascular endothelial growth factor receptor-1, 
TAN tumor-associated neutrophil, TEC tumor endothelial 
cell, TIMP tissue inhibitor of metalloproteinase, VEGF 
vascular endothelial growth factor, VEGFR2 vascular 
endothelial growth factor receptor-2, VSMC vascular 
smooth muscle cell
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vessel permeability and in tumor cell intravasa-
tion. MMP-7 also plays a role in angiogenesis. 
This MMP increases angiogenesis by the disrup-
tion of soluble VEGFR-1 blocking the sequestra-
tion of VEGF enhancing its bioavailability [167].

Regarding MMP-8, this MMP may partici-
pate indirectly in TEC activation and migration 
through the proteolytic cleavage of angiotensin I 
to angiotensin II [168]. Angiotensin II has the 
capacity of upregulating platelet endothelial cell 
adhesion molecule-1 (PECAM-1) expression 
that in turn favors β-catenin nuclear transloca-
tion and EC proliferation through the expression 
of CCND1, T-cell factor (TCF) 1B, TCF1E, and 
frizzled (FZD) genes. Moreover, MMP-8 knock-
down in human umbilical vein endothelial cells 
(HuVECs) inhibits the expression of these genes 
and cell proliferation [168]. Furthermore, 
MMP-8 can induce EC migration through the 
expression of EMT genes regulated by β-catenin 
(see EMT section). Likewise, MMP-9 makes an 
important contribution to angiogenesis. MMP-9 
from tumoral cells, CAFs, and TANs is able to 
disrupt the ECM releasing VEGF.  In this con-
text, pro-MMP-9 from TANs is not in complex 
with TIMP-1 allowing a rapid activation by 
MMP-3 with the subsequent activation of the 
pro-angiogenic factor bFGF-2 that is also 
embedded in the ECM.  This action of TANs’ 
MMP-9 occurs faster than the effect caused by 
MMP-9 from other sources [99]. Likewise, 
MMP-9 favors EC migration and allows sprout-
ing angiogenesis through the degradation of 
multimerin-2 (MMRN2) from the EC surface 
[169]. MMRN2 is involved in the disruption of 
the VEGFA/VEGFR2 signaling axis suppressing 
EC movement and angiogenesis progression 
[170]. Additionally, experiments done in MMP-
9−/−mice with neuroblastoma showed that new 
blood vessels were smaller in size and lower in 
number with a decrease in pericyte recruitment 
in comparison with MMP-9+/+ [171]. These 
authors also observed in neuroblastoma samples 
that MMP-9 was located mainly around blood 
vessels particularly in ECs suggesting its partici-
pation in vessel maturation. Similarly, when 
TECs are activated, they degrade BM compo-
nents trough the secretion of MMP-2 and 

MMP-9 to migrate to where angiogenesis is tak-
ing place driven by tip cells [164]. Additionally, 
TECs have high amounts of uPAR involved in 
the activation of plasminogen to plasmin. 
Plasmin is one of the physiological activators of 
pro-MMPs [26].

Likewise, MMP-14 is increased in TEC mem-
brane where it favors pro-MMP-2 activation and 
TEC migration. Moreover, MMP-14 also partici-
pates in vascular tunnel formation creating spaces 
in the ECM called vascular guidance tunnels by 
the degradation of ECM components [172]. 
MMP-14 also favors the formation of TEC aggre-
gates that participate in lumen formation. 
Functions of MMP-14 depend on the endothelial 
signaling complex formed by Jam-B, Jam-C, 
Cdc42-GTP, α2β1 integrin, and MMP-14. This 
complex regulates tubulogenesis [172]. Once the 
vascular guidance tunnel network is created, 
TECs regulate tube assembly and vascular 
remodeling. TECs also produce MMP-1 and 
MMP-10 that may induce vascular regression 
and/or the collapse of vascular guidance tunnels 
and tubes [172]. To avoid this effect and protect 
and stabilize the new vascular tubes, pericytes 
secrete TIMP-3 while TECs release TIMP-2 that 
also has the capacity to block MMP-2 and MMP-
14 suppressing type IV collagen degradation 
[173]. Moreover, pericytes with ECs are respon-
sible for new vessel BM assembly by the secre-
tion of ECM molecules such as type IV collagen, 
nidogen-1, nidogen-2, laminin, perlecan, and 
fibronectin [174]. Additionally, MMP-14 facili-
tates the dedifferentiation of vascular smooth 
muscle cells (VSMCs) that contribute to vessel 
maturation [175]. In this context, MMP-14 dis-
rupts low-density lipoprotein (LDL) receptor-
related protein 1 (LRP1) decreasing 
platelet-derived growth factor receptor β 
(PDGFRβ) polyubiquitin-directed degradation. 
Stimulation of PDGFRβ by platelet-derived 
growth factor-BB (PDGF-BB) downregulates the 
expression of contractile proteins such as cal-
ponin and SMA with the increase of vimentin 
transforming VSMCs from a contractile to a 
migrant phenotype. Furthermore, MMP-14 also 
increases PDGFRβ internalization in caveolae 
[175].
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Notwithstanding, not all MMPs have an 
angiogenic function. Such is the case of MMP-
19 that is expressed in the early stages of breast, 
skin, and colon cancer but is downregulated dur-
ing the disease progression, probably because of 
its anti-angiogenic function. In this context, 
MMP-19 expression was decreased in primary 
and metastatic nasopharyngeal carcinoma 
tumors as well as in cell lines due to promoter 
hypermethylation and to allelic detections 
[176]. Likewise, experiments done in HuVECs 
and HMEC-1 cells (dermal endothelial cells) 
cultured with CM from nasopharyngeal carci-
noma cells transfected with MMP-19 mutated in 
its catalytic region showed an increase in their 
vascular tube formation capacities while the 
wild-type MMP-19 has the opposite effects 
including VEGF synthesis inhibition [176]. 
These experiments demonstrated that the MMP-
19’s anti-angiogenic properties depend on its 
catalytic site. Moreover, MMP-19 also inter-
feres with VEGF displacement from the ECM 
reducing its bioavailability. In contrast, other 
authors have identified that MMP-3, MMP-7, 
MMP-9, and MMP-19, and in a lower degree 
MMP-1 and MMP-16, cleave VEGFA releasing 
a 16-kDa fragment [177]. Moreover, this pro-
teolytic event separates the VEGFA receptor 
binding domain from the ECM-attaching motif, 
and the soluble fragments generated in this way 
are able to phosphorylate the VEGFR promot-
ing angiogenesis [177]. Interestingly, not all 
VEGF isoforms are susceptible to MMPs’ pro-
cessing and therefore have a different angio-
genic behavior. Tumors that are VEGF 
MMP-resistant have vascular sprouting and 
branching with the organization of cords, while 
VEGF fragments correlate with endothelial 
migration and cell growing as sheets [177]. 
These findings do not discard the possibility that 
MMPs are able to release VEGF from the ECM 
during the angiogenesis process.

On the other hand, as was mentioned above, 
angiogenesis must be controlled to prevent vas-
cular regression and protect new vessels’ integ-
rity. Besides TIMPs’ participation, MMPs’ 
activation is regulated by the presence of plas-
minogen activator inhibitor (PAI)-1 and PAI-2 

that interfere with plasmin production [178]. 
Likewise, platelet factor-4 (PF4) suppresses the 
effect of thrombin in the upregulation of MMP-1 
and MMP-3 expression blocking EC migration. 
Angiostatin is also involved in angiogenesis con-
trol. This molecule is the product of plasminogen 
cleavage and, besides other anti-angiogenic pro-
prieties, has the ability to inhibit EC mobilization 
through the downregulation of MMP-2 and 
MMP-14 in hypoxic conditions [179].

Additionally, disruption of the BM and ECM 
components, such as laminin, elastin, type IV 
collagen, proteoglycans, and fibronectin, by the 
activity of different proteases including MMPs, 
releases protein motifs known as matrikines and 
unmasks cryptic sites in the ECM called 
matricryptins [180, 181]. Matrikines and 
matricryptins are involved in the regulation of 
several processes during cancer progression. 
Regarding angiogenesis, matricryptins and 
matrikines can provoke TEC apoptosis and sup-
press TEC proliferation, mobilization, and tube 
construction [182]. Interestingly, TECs synthe-
size and secrete MMPs that degrade collagens 
type IV, XV, XVIII, and XIX, perlecan, and lam-
inin, whose proteolytic products have an anti-
angiogenic effect [183]. This TEC behavior 
probably is part of the molecular mechanism 
involved in angiogenesis regulation. For exam-
ple, endostatin, a matrikine, forms a complex 
with MMP-2 catalytic motif with the subsequent 
loss of its enzymatic activity and a decrease in 
tumor and endothelial invasiveness [184]. For a 
major review regarding matricryptins and 
matrikines with anti-angiogenic effects, see 
Gonzalez-Avila G et  al. [6]. Among the MMPs 
that participate in proteolysis of BM and ECM 
are MMP-2, MMP-3, MMP-7, MMP-9, MMP-
13, and MMP-20 [125, 181, 185].

Reasonably, communication among cells dur-
ing angiogenesis is regulated by molecules con-
tained in the EVs. For instance, tumor-derived 
EVs may contain pro-angiogenic factors such as 
VEGF, sphingomyelin, IL-6, IL-8, FGF, and 
miRNAs [186]. Remarkably, MMP-2, MMP-9, 
and MMP-14 expressed by ECs may be stored in 
cytoplasmic secretory granules and are released 
in EVs [187]. Moreover, VEGF and FGF increase 
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the number of EVs containing MMPs and stimu-
late a fast EV shedding. These growth factors 
also participate in MMP enzymatic activation. 
EV-associated MMPs have an autocrine effect on 
TECs increasing their migration and tubular 
structure formation abilities [187]. EC-derived 
EVs also contain β1 integrin for their interaction 
with the surrounding ECM.  Likewise, tumor-
derived EVs that contain the MMP inducer 
CD147 promote HuVECs’ MMP-1, MMP-2, and 
MMP-14 expression and increase their invasive-
ness and cord formation capacities [188]. 
Furthermore, EVs derived from ASCs stimulated 
with PDGF contain MMP-2 and MMP-9 that 
favor EC migration [186].

5.8.2	 �Lymphangiogenesis

Lymph vessels (LVs) are another route that neo-
plastic cells use to escape from the primary 
TME. As in the case of angiogenesis, lymphan-
giogenesis consists on the creation of new LVs 
from preexisting LVs or from veins [189]. In con-
trast to new blood vessels, LVs are irregular and 
leaky structures in which gaps between lymphatic 
endothelial cells (LECs) exist; they are devoid of 
pericyte and VSMC layers and have a poor 
deposit of BM components [189, 190].

Two mechanisms that may stimulate lym-
phangiogenesis have been identified. The first 
consists in cancer cell recruitment of endothelial 
progenitor cells from bone marrow that express 
VEGFR-3 with their later integration to the LV 
extensions. The second process involves the 
interaction of pro-lymphangiogenic factors with 
LECs from preexisting LVs [191]. Interestingly, 
there is evidence that, under the influence of 
tumor cells, macrophages may transdifferentiate 
into LECs, initially generating cell aggregates 
followed by vesicle formation and their integra-
tion into sprouting LVs [192]. However, macro-
phages exposed to pro-inflammatory molecules 
such as TNFα enhance the expression and release 
of VEGF-C favoring the sprouting of preexisting 
LVs [192]. Neoplastic cells induce lymphangio-
genesis by the release of HGF, VEGF-A, 
VEGF-C, and VEGF-D [193]. Likewise, other 

factors may also participate such as FGF-2, 
insulin-like growth factor-1 (IGF-1), IGF-2, 
endothelin-1 (Et-1), and PDGF-BB secreted by 
other cells, although the most relevant pro-
lymphangiogenic factor is VEGF-C/VEGF-D/
VEGFR-3 [193]. Active VEGFR-3 promotes 
LEC proliferation and migration and prevents 
their apoptosis through the activation of Akt, 
ERK, and p42/p44 MAPK pathways [194]. 
Additionally, VEGFR-3 interacts directly with 
PI3K inducing its phosphorylation that stimu-
lates LEC migration and tube formation [195]. 
VEGF-C and VEGF-D also attach to neuropilin-
2 (NRP-2) that is co-internalized with VEGFR-
3. Both molecules form a complex that drives 
initial lymphatic sprouting [189, 195]. Similarly, 
the binding of ET-1 to its receptor EB favors LEC 
proliferation and migration through the activa-
tion of p42/44 MAPK and Akt signaling path-
ways and by MMP-2 and MMP-9 expression 
that play a role in tube formation [196]. Notably, 
during LV formation MMP-2 can disrupt type I 
collagen matrix allowing LEC mobilization 
through this ECM component [197]. Moreover, 
lower MMP-2 expression alters LV formation 
and branching in zebrafish and mice models. 
Additionally, the use of the MMPs’ competitive 
inhibitor SB-3CT suppresses MMP-2 and 
MMP-9 activity and downregulates VEGF-C 
and VEGFR-3 expression inducing a decrease in 
lymphangiogenesis in a corneal model [198]. 
Likewise, MMP-13 increases VEGF-C expres-
sion through the activation of PI3K/Akt signal-
ing pathway favoring lymphangiogenesis and 
tumor metastasis [199].

MMP-14 also participates in lymphangiogen-
esis although with controversial roles. On the one 
hand, MMP-14 favors lymphangiogenesis by 
inducing LEC migration and LV sprouting, 
besides its role in pro-MMP-2 activation [200]. 
On the other hand, MMP-14 cuts off the lym-
phatic vessel endothelial hyaluronan receptor-1 
(LYVE-1) from LEC surface interfering with 
lymphangiogenesis signaling since LYVE-1 
binding to hyaluronic acid (HA) drives LEC 
growth [201]. Moreover, MMP-14 also sup-
presses macrophage VEGF-C expression through 
its binding to PI3K promoter with the subsequent 
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p110δ upregulation [201]. PI3Kδ in turn blocks 
NF-κB nuclear translocation and VEGF-C syn-
thesis. In this regard, MMP-16 may serve as a 
pro-lymphangiogenic factor since this MMP 
sheds MMP-14 from cell surface promoting LEC 
invasion [202]. Moreover, MMP-16 downregula-
tion switches cancer progression from a lym-
phatic to a blood invasion process in tumors 
produced by the implantation of melanoma cells 
in mice.

5.9	 �Comments and Future 
Trends

TME metabolic conditions as well as several 
non-neoplastic cells contribute to provide tumor 
cells with characteristics that allow them to pro-
ceed with the following steps of the metastatic 
cascade. Cancer cells acquire the ability to invade 
the BM and ECM components to reach new lym-
phatic and blood vessels. In both invasion and 
intravasation, MMPs play a paramount role. 
Likewise, tumor invasiveness, neoplastic cell 
morphology (spike, amoeboid, or mesenchymal 
forms), migration strategies as single or cell 
groups, and MMPs’ expression are dependent on 
ECM stiffness and composition [203–205]. For 
instance, cancer cell interaction with type IV col-
lagen promotes MMP-2 and MMP-9 release 
while MMP-1 and MMP-13 are secreted when 
cells bind to type I collagen [206, 207]. 
Meanwhile, during invasion MMPs are located in 
membrane extensions such as blebs, filopodia, 
and invadopodia [208–210]. In this context, pres-
ence of β1 integrin mediates localization of 
MMP-2, MMP-9, and MMP-14  in invadopodia 
to disrupt BM structures. Moreover, cells such as 
CAFs construct paths where tumor cells transit 
during invasion (see above). Once cancer cells 
arrive to blood or lymphatic vessels, they intrava-
sate and travel to different tissues to establish a 
new metastatic colony with an active participa-
tion of MMPs in all this journey [6]. Therefore, 
MMPs’ expression has been associated with 
tumor cell aggressiveness and metastatic poten-
tial, and consequently these enzymes are consid-
ered as bad prognosis biomarkers. However, 

some MMPs have protective effects particularly 
at the disease’s early stages. Such is the case of 
MMP-3, MMP-8, MMP-12, MMP-13, MMP-19, 
and MMP-26 [6]. Interestingly, MMP-11 has 
pro-cancer functions during the early stages of 
illness due to its anti-apoptotic properties and its 
effects on adipocytes (see above), but it also has 
metastatic protective capacities during late stages 
[211, 212]. Likewise, there are differences in 
MMPs’ expression and functions among cancer 
types. Therefore, it is important to establish a 
specific MMPs’ profile for each case taking into 
account the stage of the disease.

On the other hand, since MMPs play a role in 
all the steps of cancer dissemination, they have 
been considered as therapeutic targets. In this con-
text, several strategies have been developed to 
inhibit their enzymatic activity [213, 214]. 
However, the expected success has not been 
achieved due to side effects produced by the 
MMPs’ inhibitors and to the lack of improvement 
in patients’ survival rates. Moreover, matrix metal-
loproteinase inhibitors are not designed to block 
specific MMPs; therefore, MMPs with protective 
effects are also targets for these drugs with the sub-
sequent worsening of the disease. Nevertheless, 
the expectation of inhibiting MMPs’ functions led 
to the creation of alternative methods to drive a 
specific drug to a specific tissue, such as the use of 
nanotechnology [215]. In this context, several 
delivery systems have been developed to control 
different TME elements and processes including 
TAMs, CAFs, and angiogenesis [216]. 
Furthermore, nanotechnology has been used in the 
theranostic approach that allows specific diagno-
sis, treatment, and monitoring of therapy response 
[217]. For example, the inclusion of a cytotoxic 
drug such as docetaxel or paclitaxel with a chemi-
cal sequence that is cleaved by MMP-2 or 
MMP-9  in a nanosystem targeted to a specific 
tumor that overexpresses these MMPs has 
improved patients’ illness outcomes with fewer 
side effects [218, 219].

In summary, MMPs have a relevant role in 
TME with their participation in processes that 
allow neoplastic cells to acquire characteristics 
that secure their survival in adverse microenvi-
ronmental conditions. Moreover, MMPs provide 
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the escape mechanisms for cancer cells to detach 
from the primary tumor and invade the surround-
ing tissue searching for the way that conducts 
them to a new organ. Furthermore, MMPs also 
participate in the construction of these routes. 
Therefore, an early disease diagnosis with the 
knowledge of which MMPs are implicated in the 
TME may aid in controlling cancer progression 
in the very early stages of the disease.
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