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Abstract: Proteolytic enzymes are highly relevant in dif-
ferent processes of cancer progression. Their interplay
with other signalling molecules such as cytokines repre-
sents important regulation of multicellular cross-talk. In
this review, we discuss protease regulation mechanisms
of cytokine signalling in various types of cancer. Addition-
ally, we highlight the reverse whereby cytokines have an
impact on protease expression in an autocrine and parac-
rine manner, representing complex feedback mechanisms
among multiple members of these two protein families.
The relevance of the protease-cytokine axis is illustrated
in glioblastoma, where interactions between normal mes-
enchymal stem cells and cancer cells play an important
role in this very malignant form of brain cancer.

Keywords: cellular cross-talk; glioblastoma; invasion;
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Introduction

Proteases (also termed proteolytic enzymes, protein-
ases and peptidases) irreversibly catalyse the hydrolysis
of peptide bonds by attacking the carbonyl group of the
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peptide bond. Each protease is assigned to a family on the
basis of similarities in the primary structure, and families
that are homologous are grouped together in clans. A clan
comprises proteases with the same catalytic mechanism,
based on the active site amino acid, i.e. aspartic, cysteine,
glutamic, metallo, serine, threonine, but there are also
proteases where these are unknown or mixed in addition
to the asparagine peptide lyases (Rawlings et al., 2016).
Proteases are deposited in the comprehensive MEROPS
database, where on June 2016 over 4400 protease genes
were  described  (http://merops.sanger.ac.uk/about/
merops.shtml). Intracellular and secreted proteases are
responsible for both total protein degradation and limited
proteolysis that control various key physiological pro-
cesses such as cell cycle progression, cell death, tissue
remodelling, homeostasis, wound healing and immune
responses (Lopez-Otin and Bond, 2008).

To preserve homeostasis under normal physiological
conditions, protease activity is tightly regulated at differ-
ent levels, from genetic and epigenetic factors controlling
gene expression and protein biosynthesis, and post-
translational modifications that affect trafficking and
compartmentalisation of proteins, to zymogen activation.
Ultimately, activity is also controlled by the abundance of
selective endogenous protease inhibitors (Lah et al., 2006;
Turk et al., 2012). Collectively, the complex network and
interactions between proteases, their inhibitors and sub-
strates is called the degradome (Lopez-Otin and Overall,
2002), the functionality of which is dependent on cellu-
lar context and tissue physiology. Furthermore, proteases
are involved in a highly organised network of proteolytic
events and a hierarchical cascade of steps, which Turk
et al. (2012) described as protease signalling, where the
initial proteolytic step does not cause complete substrate
degradation, but rather its activation, thus initiating a
chain of reactions that lead to specific biological effects.

In humans, 1208 and 1857 known and putative pro-
teases and protease inhibitor genes have been identi-
fied, respectively (Rawlings et al., 2016), representing
~7% of the genome (Verbovsek et al., 2014, 2015). When
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homeostasis is challenged, the protease-inhibitor-
substrate balances may become disrupted, resulting in
altered protease signalling. This may be either the cause
or the consequence of a diseased state, as is the case in
various inflammatory conditions, neurodegenerative and
cardiovascular diseases, viral infections, atherosclerosis
and osteoporosis. In cancer, the altered protease signal-
ling is termed the “cancer degradome” (Lépez-Otin and
Overall, 2002). Protease signalling is coupled to other
types of cellular signalling, altogether being involved in
various biological and pathological processes. Typical
examples in cancer are the interplay between kinases and
proteases (Lopez-Otin and Hunter, 2010), and between
proteases and cytokines (Mason and Joyce, 2011) that
modulate angiogenesis, extracellular matrix (ECM) com-
position and integrity, cancer cell invasion and other
signalling pathways in the tumour microenvironment
(TME). In tumour progression, the deregulation of pro-
tease homeostasis plays a highly relevant role (Lah et al.,
2006; Lopez-Otin and Bond, 2008; Verbovsek et al., 2014,
2015), where cancer and stromal cells contribute to a
complex proteolytic network within the TME (Mason and
Joyce, 2011), having both pro- and anti-tumorigenic effects
(Lopez-Otin and Matrisian, 2007).

The role of various protease classes
in cancer

The most extensively studied class of proteases in cancer
are matrix metalloproteases (MMPs), which are the zinc-
dependent endopeptidases, classified on the basis of
protein-domain structure and sequence homology into
the four main subclasses: collagenases (MMP-1, MMP-8
and MMP-13), MMPs of the stromelysin subclass (MMP-3,
MMP-10, MMP-11, MMP-7 and MMP-26), gelatinases (MMP-2
and MMP-9) and membrane-type MMPs, termed MT1-MMP
to MT6-MMP, alternatively classified as MMP14-17, MMP-24,
and MMP-25 (Cathcart et al., 2015; Rawlings et al., 2016).
These MMPs directly degrade ECM proteins, but differ
in substrate specificity. MMPs are counteracted by their
endogenous tissue inhibitors TIMPs (1-4), nearly all of
them playing a distinct role in cancer progression (Yama-
moto et al., 2015). Besides the MMP activity regulation by
TIMPs, extracellular MMP activity is also regulated by their
binding to ECM proteins and cell surface molecules, such
as integrins (B1 subunit) and tetraspanins and by endo-
cytotic trafficking (Yamamoto et al., 2015). A related pro-
tease family consists of a disintegrin and metalloprotease
with thrombospondin motifs (ADAMTSs), which mostly
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act in the pericellular milieu. These proteases can be
secreted by cancer and stromal cells and may contribute
to modifying the TME by multiple mechanisms, related to
both oncogenic and tumour-protective functions (Cal and
Lopez-Otin, 2015).

Another frequently investigated class of proteases in
cancer progression are the serine proteases, subdivided
with respect to their substrate specificity as trypsin-like
and chymotrysin-like serine endopeptidases (Rawlings
et al., 2016). Among these serine endopeptidases, the
plasminogen/plasmin activator system and kallikreins
have received most attention in oncology. Urokinase-
type plasminogen activator (uPA), its receptor (uPAR)
and serpin inhibitors PAI-1 and 2 comprise the cancer
membrane degradome system, which activates plasmino-
gen to plasmin, a feedback activator of PAs and various
MMPs that then degrade ECM proteins (Lah et al., 2006;
Mason and Joyce, 2011). In concert with cysteine cath-
epsins, uPA/uPAR signalling induces activation of a pro-
teolytic cascade, which facilitates cancer cell invasion.
Besides proteolytic activity, the uPA/uPAR system has
important proteolyisis independent functions in cancer
cell invasion, as plasma membrane linked uPAR interacts
directly with integrins and vitronectin, thereby mediat-
ing cell adhesion and migration (Rao Malla et al., 2013).
Because expression of uPA, uPAR and PAI-1is increased in
many types of cancers, they were among the first proteins
that were proposed as prognostic biomarkers for cancer
patients, in particular for breast cancer (Schrohl et al.,
2003; Lah et al., 2008).

Human tissue kallikreins (hKs) comprise the family
of 15 homologous secreted serine proteases with trypsin
or chymotrypsin-like activities and are aberrantly
expressed in different types of cancers, as recently
reviewed (Avgenis and Scorilas, 2016). The best known
is hK3 (prostate-specific antigen, PSA) used as a bio-
marker for detection and prognosis of prostate cancer,
although its relevance is questionable, as it is also highly
increased in inflammation that is not related to neo-
plasms (Diamandis 2012). Despite the fact that roles of
distinct hKs in cancer are not completely understood,
studies indicates that hK-mediated pericellular prote-
olysis may be important in cancer cell invasion, angio-
genesis and growth in particular due to modulating the
activities of various cytokines, growth factors and other
proteases (Avgenis and Scorilas, 2016). As mentioned
above (L6pez-Otin and Matrisian, 2007), not all proteases
are tumour promoting and, for example, Strojnik et al.
(2009) found downregulation of hK6 in glioma progres-
sion, although expression of this kallikrein in tumours
had no impact on patients’ survival.
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Originally recognised by their intralysosomal activ-
ity, cysteine proteases such as papain-like cathepsins
and caspases are now known to be active in other subcel-
lular compartments as well extracellularly, and cysteine
proteases and caspases are implicated in cancer develop-
ment and progression. Human cysteine cathepsins com-
prise an 11-member family: cathepsins B, C, F, H, K, L/V,
0, S, Z, X and W (Kos et al., 2015; Rawlings et al., 2016).
Although initially associated with increased metabolism
and lysosomal protein degradation in cancer cells, diverse
and distinct other functions of cathepsins have later been
revealed, for example, their involvement in resistance
development to therapeutics (Olson and Joyce, 2015).
The expression pattern of cathepsins in different types of
cancer is rather diverse and again, not all cathepsins are
pro-tumorigenic in all cancers. For example, Reinheckel
et al. (2012) demonstrated that cathepsin L possesses
tumour suppressor anti-proliferative activity in the Rip1-
Tag2 mouse model, but enhances tumorigenesis in APCmi
and K14-HPV16 mice. We found that in glioblastoma
cathepsin L upregulation has an anti-apoptotic effect by
increasing caspase 3 synthesis (Kenig et al., 2011), sup-
porting earlier reports that cathepsin L facilitates drug
resistance (Lankelma et al., 2010).

Caspases are the most relevant proteases in ini-
tiation and execution of apoptosis and altered apoptotic
signalling pathways are one of the hallmarks of cancer
(Hanahan and Weinberg, 2011). The caspase cascade is
initialised by caspases 2, -8, -9 and -10, which in various
pathways directly or indirectly activate effector caspases
-3, -6 and -7 triggering apoptosis (Mason and Joyce, 2011).
Downregulation of caspases can lead to impaired apopto-
sis, higher cancer cell survival and therapy resistance. For
example, progression of some types of cancer, including
glioblastoma, has been associated with a lack of caspase-8
expression. On the other hand, caspase-8 was found to be
upregulated in other types of cancers and promotes malig-
nancy probably by its other non-apoptotic functions such
as inducing NF-«B signalling, altering endosomal traffick-
ing, regulating autophagy and enhancing cellular adhe-
sion and migration (Stupack 2013).

The interplay between mitochondrial and lysosomal
compartments in cell death has been established as well
as a distinct role of lysosomal cathepsins in apoptosis
(Droga-Mazovec et al., 2008). Cysteine cathepsins B, L, S
and K cleave Bid and Bcl-2 homologues, which can when
released from damaged lysosomes not only affect mito-
chondrial membrane integrity, but also enhance caspase
activity through degradation of the caspase endog-
enous inhibitor XIAP. Therefore, the cellular compart-
ment and context of lysosomal protease activity dictates
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the substrate targets and pro- versus anti-tumorigenic
functions.

Proteases in stromal cells

An additional complexity of the role of proteases in cancer
is related to their expression and regulation in tumour-
associated stromal cells, including endothelial cells,
fibroblasts, immune cells and mesenchymal stem cells
(Hanahan and Weinberg, 2011). As active participants
in TME, these stromal cell support cancer cell prolifera-
tion, invasion, metastasis and drug resistance (Bougnaud
et al., 2016). However, the expression pattern of proteases
in stromal cells and their processing may differ from that
of cancer cells, and thus may have a different impact on
tumour progression (Olson and Joyce, 2015). For example,
Gocheva et al. (2010) observed that cathepsins B and S
secreted from tumour-associated macrophages (TAMs) in
a Rip1-Tag2 pancreatic neuroendocrine tumour (PanNET)
mouse model are predominantly responsible for pancre-
atic tumour growth, angiogenesis and invasion in vivo.
In contrast, cathepsin L expressed by cancer cells has
a pancreatic neuroendocrine tumour promoting role.
This indicates that there are different and even opposite
effects of proteases expressed by cancer and stromal
cells, depending on the type of cancer. In other words,
the heterogeneity and plasticity of the tumour in response
to cancer cell evolution may differentially affect the pro-
tease web, depending on the cellular context. As a con-
sequence, selective pressure resulting from these cellular
cross-talks is also pushing cancer cells to compensation of
one type of protease, when this protease is not expressed
or inhibited, by the activation of other protease(s), as was
suggested by Akkari et al. (2016). It was demonstrated
that high amounts of cathepsin X are present in TAMs as
a functional compensation of cathepsin B and cathep-
sin S depletion in RT2 PanNET mouse model (cathepsin
B-/-S-/- RT2 mice). Interestingly, this compensation
occurs in a tumour stage-dependent manner, empasizing
the plasticity of the TME.

These phenomena may be a reason that protease
inhibitors, such as MMP inhibitors, failed in clinical
trials as anti-cancer agents, because resistance to specific
protease inhibitors may be due to compensation by non-
targeted types of protease(s) (Cathcart et al., 2015). For
example, enhanced invasion of MMP-9-deficient tumours
is associated with homing of cathepsin B-expressing
leukocytes to invasive tumour fronts, facilitating inva-
sion (Shchors et al., 2013). Finally, inefficacy of protease
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inhibitors may be due to non-proteolytic roles of proteases
such as their interaction with other proteins (Kessen-
brock et al., 2015). For example, TAM-derived and cancer
cell-derived pro-form of cathepsin X promotes cancer
cell adhesion and migration through binding to the RGD
domain of integrins on cancer cell membranes (Kos et al.,
2015). Furthermore, inhibitors that target the hemopexin
domain (HPX) in MMPs, which is located at the C-terminal
of most MMP members and is crucial for protein-protein
interactions, block tumour growth (Kessenbrock et al.,
2015). Taken together, it means that the cellular context,
the redundancy and selectivity of proteases make thera-
peutic targeting of proteases in cancer difficult.

Protease signalling: cytokines as
protease substrates

Cytokines are a heterogeneous group of small soluble sig-
nalling molecules comprising chemokines, interleukins
(ILs), interferons (IFNs) and some growth factors such as
TGF-B (Seruga et al., 2008). Cytokines exert their function
via binding to their membrane-associated receptors. Each
group of cytokines binds to corresponding receptors, clas-
sified as type I and II cytokine receptors, immunoglobulin,
TNF, TGF-$ and chemokine receptors (Borish and Steinke,
2003). Cytokines are secreted by both cancer cells and
stromal cells, and act as means of communication among
these cells. Cytokines can act in autocrine or paracrine
manners to exert their functions such as regulating cell
proliferation in the TME. Additionally, cytokines enhance
cancer cell invasion and tumour angiogenesis by inducing
the expression of invasion-associated proteolytic enzymes
(Kenig et al., 2010; Sevenich and Joyce, 2014) as is dis-
cussed in the next chapter.

Chemotactic cytokines — chemokines play a crucial
role by regulating recruitment of immune cells to tumours.
The chemokine subfamily is classified according to the
position of the first cysteines at the NH,-terminus of the
protein into four groups: CXC, CC, C and CX3C. Chemokine
receptors are G-protein-coupled receptors and bind to
more than one type of chemokine. These chemokine
receptors are grouped into four classes depending on the
type of binding of the chemokine: CXCR, CC, CX3CRl,
XCR1. The chemokine receptors CXCR4, CXCR5, CXCR®6,
CCR6, CCR9 and CX3CR1 bind only one ligand (Borish
and Steinke, 2003). During cancer progression the pro-
tease network interferes with chemokine signalling and
thus affects recruitment and proliferation of immune
cells to the tumours, where they can have either pro- or
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anti-inflammatory and even immunosuppressive activity.
However, there is a high redundancy among chemokines
with respect to target cell selectivity and in many cases it
is difficult to ascribe a distinct role to a single chemokine
(Wolf et al., 2008).

Proteases affect cytokine expression by different sig-
nalling pathways and affect their activity post-translation-
ally by proteolytic processing. For example, cathepsin S
functions as transcriptional mediator of the pro-inflam-
matory chemokine CCL2/MCP-1 via type I transmembrane
glycoprotein CD74 in cancer cells. Within endosomes,
cathepsin S is the key protease responsible for the cleav-
age of CD74 and liberation of its intracellular domain
(CD74-ICD), being then translocated into the nucleus,
where it interacts with NFkB, that in turn regulates the
expression of CCL2/MCP-1, among others. Accordingly,
downregulation of cathepsin S expression in cancer cells
reduces macrophage recruitment to the tumour site and
correlates with reduced tumour growth in mice (Wilkinson
et al., 2015). Hu et al. (2014) demonstrated that activa-
tion of the uPA-uPAR axis in cancer cells increases gene
expression and protein secretion of IL-4 via ERK1/2 signal-
ling and TGF-B by a thus far unknown mechanism. Both
cytokines are responsible for increased mobilisation and
polarisation of macrophages towards the M2 status, which
promotes tumour progression.

Proteases selectively cleave cytokines leading either
to activation or inactivation of cytokine function or altered
receptor specificity (Wolf et al., 2008). Some cytokines
thus require proteolytic activation to exert their function.
For example, both MMP-8, -9, and cathepsin L process
IL-8 into an up to 30-fold more active conformation after
N-terminal cleavage (Van Den Steen et al., 2003). Moreo-
ver, a positive feedback loop is created as IL-8 induces
MMP-8 and -9 release from inflammatory cells, which con-
tributes to ECM degradation. Additionally, elevated levels
of IL-8 in glioma cells trigger the epithelial-mesenchymal
transition (EMT) and enhances their invasiveness (Zhang
et al., 2015). Other examples are ADAM-17 and MMPs, such
as MMP-2, -9 and -14, that convert the inactive stromal mac-
rophage and T cell membrane-bound precursor of TNF-a
into the soluble pro-inflammatory cytokine. Active TNF-o.
then increases infiltration of tumour-promoting mac-
rophages into the tumour. TNF-o also increases cancer
cell proliferation via the transcription factor NF-xB (Kes-
senbrock et al., 2010).

On the other hand, proteases may inactivate cytokines
and alter their receptor binding, impairing cancer progres-
sion. For example, MMPs, such as MMP-1, -2,-3, -9, -13 and
-14, cleave CXCL12/SDF-1o that results in loss of its ability to
bind to its receptor CXCR4 (Manicone and McGuire, 2008).
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This specific MMP activity inhibits local chemotaxis of
endothelial cells of existing vessels and prevents tumour
angiogenesis (Yamada et al., 2015). Reduced chemotac-
tic activity of tumours towards lymphocytes, expressing
CXCR4 receptors, was found to be caused by cleavage of
its ligand CCL22, by the tumour-derived serine protease
CD26/dipeptidyl-peptidase IV (Mortier et al., 2016).

Proteases regulate cytokine bioavailability by pro-
teolytic processing of ECM proteins, that are the essential
cytokine binding partners. By limited proteolytic process-
ing of the ECM, active cytokines are liberated. Extracel-
lular MMP-2 and membrane-associated MMP-14 indirectly
activate TGF-f by releasing its binding to latent TGF-j-
binding protein 1 (LTBP-1), which is an ECM component
(Kessenbrock et al., 2010). TGF-B signalling in combina-
tion with cathepsin B activity in direct co-cultures of
human melanoma cells and fibroblasts in vitro activates
the fibroblasts in a similar manner as stromal fibroblasts
are activated in vivo, thereby inducing cancer cell inva-
sion (Yin et al., 2012). In addition, proteases orchestrate
recruitment of leukocytes and promote tumour-associated
inflammation by modulating cell surface proteoglycans.
For example, MMP-7 shedding of heparin sulphate proteo-
glycan syndecan-1 releases the CXCL1-syndecan-1 complex
from the cell surface to generate a chemokine gradient
for recruitment of tumour-promoting neutrophils into the
tumour (Wolf et al., 2008).

Proteases are also key players in the formation of
metastatic and cancer stem cell niches. For example,
MMP-9 is involved in pre-metastatic niche formation by
cleaving the cytokine c-KitL (soluble Kit ligand, stem cell
ligand), which releases c-KitL from the surface of stromal
cells such as endothelial cells and fibroblasts at second-
ary tumour sites distant to the primary tumour. This
cytokine then recruits hematopoietic progenitor cells from
the bone marrow into the niche to create a metastasis-
supporting TME, which sustains metastatic cell growth
(Kessenbrock et al., 2010). An example of proteases that
contribute to cancer stem cell niche formation are MMPs
and cathepsin K. The latter has been associated with
periarteriolar stem cell niches where it co-localises with
CXCL12/SDF-1c. (Hira et al., 2015). This chemokine attracts
glioblastoma cells into niches, where the cells become
glioblastoma stem-like cells. It is hypothesised that focal
activation and N-terminal SDF-1a. cleavage by cathepsin
K inactivates this chemokine, which possibly induces
release of stem cells from the niche and promotion of glio-
blastoma stem-like cell invasion as well as their differen-
tiation (Verbovsek et al., 2015).

Taken together, proteases affect cytokine signalling
in various ways; proteases directly activate or inactivate
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cytokines by proteolytic cleavage or liberate cytokines
from the ECM. As a consequence, cytokines (a) affect
recruitment and proliferation of immune cells, (b) impact
proliferation and migration of cancer cells, and (c) sustain
metastatic niches and cancer stem cell niches and thus
affect tumour cell homing. Proteases, released from both,
cancer cells and stromal cells are responsible for the fine
tuning of cytokine function in the complex TME, as shown
in Figure 1.

Cytokine signalling affects protease
activity

Cytokines, as major mediators of paracrine cell signal-
ling, are potent regulators of protease activity, virtually
affecting all types of cells in the TME (Figure 1). Pro-
inflammatory cytokines stimulate expression, secre-
tion and activation of MMPs in cancer cells, as well as
in various stromal cell types (Sevenich and Joyce, 2014).
Stromal cells secrete cytokines, which induce the expres-
sion of MMPs in cancer cells and thus promote their
invasion, as was illustrated by Kenig et al. (2010) in an
in vitro glioma and endothelial cell co-culture. Endothe-
lial cell-derived SDF-1o. upregulates the expression of
MMP-9 together with cathepsins B and S in glioblastoma
cells that enhance invasiveness. Similar observations
were made in vivo by Wang et al. (2013) when co-injecting
endothelial and hepatocellular carcinoma cells into nude
mice and found an increased tumorigenicity of the carci-
noma cells. This was associated with expression of MMP-2
and -9 in hepatocellular carcinoma cells, induced by the
cellular cross-talk via secreted CCL2/MCP-1, IL-8 and IL-16
(Wang et al., 2013).

A vast body of literature describes infiltrating inflam-
matory cells, such as macrophages, dendritic cells, mast
cells, as well as neutrophils and B and T lymphocytes that
produce a variety of pro-inflammatory cytokines, induc-
ing MMP activity in the TME. For example, macrophage-
derived IL-1B induces the expression of MMP-1, -3, -10 and
-14 in metastatic renal cell carcinoma via a mechanism
dependent on activation of the transcription factor CCAAT-
enhancer binding protein § (CEBPp) by IL-1 (Petrella and
Vincenti, 2012). On the other hand, cancer cells upregulate
by secretion of soluble cytokines the activity of MMPs in
stromal cells. For example, IL-6 is one of the major inflam-
matory cytokine in cancer progression. IL-6, produced by
breast cancer cells induces expression and secretion of
MMP-2 and -9 and cathepsin B from tumour-associated
monocytes in vitro (Mohamed et al., 2010).
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Figure 1: Proteases and cytokines as mediators of cellular cross-talk in the tumour microenvironment that promotes tumour progression.
Schematic presentation of interactions between cancer and stromal cells within the tumour microenvironment, that are mediated by the
protease-cytokine interplay. Cytokines induce protease expression and activity in stromal and cancer cells as well as induce their release,
whereas proteases can also induce cytokine expression. Proteases by proteolytic processing alter cytokine activity, their receptor specific-
ity and/or their bioavailability that may lead to altered cancer cell and stromal cell proliferation and migration, recruitment of other cell
types such as immune cells, fibroblasts and mesenchymal stem cells to the tumour site and angiogenesis of the tumour. On the other hand,
increased activity of proteases in tumour stroma affects ECM degradation, invasion, metastasis, angiogenesis and apoptosis.

Fibroblasts are an important component of the TME
and are a source of cytokines. For example, a dynamic
interplay between colon cancer cells and fibroblasts via
activated TGB-P signalling leads to activation of serine
protease uPA, its inhibitor PAI-1 and some types of MMPs,
as well as the autocrine TGF-3 loop in normal fibroblasts,
transforming them in cancer-associated fibroblasts
(CAFs), playing an important role in various types of
cancer (Hawinkels et al., 2014).

Cathepsins in the TME may originate from various
cell types (Mohamed et al., 2010; Mason and Joyce, 2011).
Pro-inflammatory IL-4 upregulates cathepsin B and S
expression in TAMs that enhances pancreatic cancer cell
invasion in vivo and in vitro, and promotes pancreatic
cancer growth as well as angiogenesis in a PanNET mouse
model (Gocheva et al., 2010). Increased levels of cathep-
sin K in fibroblasts enhances invasiveness of squamous
cancer cells in fibroblast/cancer cells co-cultures in vitro
by cancer cell derived IL-1o (Xie et al., 2011).

Cytokine-regulated activity of cathepsin L (Lankelma
et al., 2010; Kenig et al., 2011) and cathepsin B (Bruchard
et al., 2013) has been reported to be important in the
development of chemo-resistance. It has been also

shown (Tuomela et al., 2013) that cancer cells take DNA
from dead cancer cells, killed by chemo-therapy, induc-
ing expression of Toll-like receptor TLR9. This was medi-
ated by MMP-13 activation and downregulation of TIMP-3
expression.

Taken together, cytokines that are secreted into the
TME from endothelial cells, immune cells and fibroblasts
affect the expression of all classes of proteases in an auto-
crine and paracrine manner usually to promote tumour
progression.

Case study: interactions between
mesenchymal stem cells and
glioblastoma

An additional component of the TME are mesenchymal
stem cells (MSCs), although their exact role in brain tumour
and progression is still not fully understood (Barcellos-de-
Souza et al., 2013). Tumour-secreted cytokines and growth
factors such as TGF-B, VEGF and IL-8 (Motaln et al., 2012)
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Figure 2: Localization of MMP-9 and MMP-14 in MSCs, U87dsRED cells and their direct co-cultures (DC).

After 3 days of direct co-culturing in three different MSC-U87dsRED ratios (DC 1:3, 1:1and 3: 1), immunocytochemistry was performed.

Cells were fixed using 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA), permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) and
incubated with anti-MMP-9 (1: 100 dilution) or anti-MMP-14 (1: 200) primary antibody (both Abcam, Cambridge, UK), followed by incubation
with secondary antibody conjugated with Alexa Fluor 488 (green; Applied Biosystems, Carlsbad, CA, USA). Cell nuclei were stained with DAPI
(4’,6-diamidino-2-phenylindole; Life technologies, Carlsbad, MO, USA) and analysed by inverted fluorescence microscope Nikon (Tokyo, Japan;
200 x original magnification; scale bar=100 um). Images taken from DAPI and dsRED (blue nuclei, red U87 cells) and DAPI and MMP-9/MMP-14
(blue nuclei, green antibody) were merged, respectively. White arrows indicate protease expression in MSCs and red arrows in U87dsRED cells.

mediate tropism and homing of MSCs from bone marrow
or endogenous brain tissue niche to the brain tumour
glioblastoma (Schichor et al., 2012). Due to their high
expression of cytokines and their receptors, MSCs play an
important immunomodulatory role in TME. Furthermore,
we showed that MSCs in the presence of glioblastoma
cells overexpress and secrete a range of cytokines and
chemokines such as TGF-B, IL-1o. and B, IL-6, IL-8, CCL2,
CCL13, CCL20, CCL26, CXCL1-2, CXCL6, CXCL12, in particu-
lar CCL2/MCP1 (Motaln et al., 2012; Motaln and Turnsek,
2015). Increased levels of inflammatory cytokines enhance

in autocrine manner expression of proteases such as
MMP-2, -9 and -14 in MSCs that promote MSC motility
towards the tumour (Ries et al., 2007). Ho et al. (2009)
showed that MMP-1 is crucial for MSC migration toward
glioma in vivo, as well as in vitro. MMP-1 cleaves G-protein-
coupled receptor PAR1 on MSC surface, triggering intra-
cellular signalling, which promotes MSC glioma tropism.
Gutova et al. (2008) confirmed that MSC tropism is also
mediated through uPA and uPAR overexpression in GBM
cells, besides increased levels of cytokines IL-6, IL-8 and
CCL2/MCP-1 in conditioned medium of glioblastoma cells.
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Figure 3: Invasion of Dil-labelled MSCs (red) and U373 eGFP cells (green) out of mixed spheroids upon treatment with a selective inhibitor

of MMP-14.

For monitoring of invasion of MSCs and GBM cells out of MSC/GBM mixed spheroids, MSCs were labelled prior to spheroid formation with
the fluorescent dye Vybrant Dil (Molecular Probes, Eugene, OR, USA). For mixed spheroid formation, Dil-MSCs and U373 eGFP cells were
mixed in a1:1ratio and seeded in medium containing 4% methylcellulose (Sigma-Aldrich) in U-bottomed 96-well plates (BD Biosciences,
San Jose, CA, USA), which were centrifuged at 850 g for 90 min, and then incubated overnight. Generated MSC/GBM mixed spheroids were
transferred in laminin-coated wells and treated with MMP-14 inhibitor NSC405020 (Tocris Bioscience, Bristol, UK) in a final non-cytotoxic
concentration 10 um, diluted in 0.1% DMSO, or with control (0.1% DMSO). Cell invasion was monitored using an inverted fluorescence micro-
scope with NIS elements software (Nikon; 40 x original magnification; scale bar=200 um) after 72 h. Images taken using either TRITC (red
Dil-MSCs) or FITC (green U373 eGFP cells) philtres were merged, respectively.

Glioblastoma-associated MSCs also affect endothe-
lial cells and immune cells in stroma, thus increasing
intra-tumoural protease activity, which facilitates tumour
progression. Macrophages, which express high levels
of cathepsins B, L and S are attracted to tumours by
cytokines such as IL-6 and CCL2/MCP-1 that are secreted
by activated MSCs (Akkari et al., 2016). Furthermore, the
MSCs promote macrophage polarisation into the tumour
promoting M2 type, that is associated with immunosup-
pressive effects (Jia et al., 2016).

MSCs may enhance cancer cell invasion in a parac-
rine manner via protease activty regulation, as Swamydas
et al. (2013) showed in vitro. MSCs in mammary cancer
cells activate MMP-9, -13 and -14 through chemokines
CCL-5 and CCL-9. Therefore, we were interested whether
protease expression and activity is also affected by direct
cross-talk between bone marrow-derived MSCs and glio-
blastoma cells. To analyse the cellular origin of invasion-
related proteases MMP-9 and -14 in direct co-cultures of
bone marrow-derived MSCs and glioblastoma cells and to
distinguish between the two cell types in the direct co-
culture set up, we used U87 cells, which stably expressed
dsRED fluorescent protein (U87 dsRED). Our preliminary
results of immunocytochemical analysis of MSC/U87
direct co-culture shows that both MSCs and U87 cells are

important sources of proteases such as MMP-9 and -14
(Figure 2). This indicates that MSC-derived MMPs also
contributed to the complex proteolytic signalling in the
glioblastoma TME, possibly regulating ECM degradation
and enabling glioblastoma cell invasion into surround-
ing healthy brain parenchyma. Furthermore, our unpub-
lished findings indicate that direct cross-talk between
MSCs and GBM cells in 3D-spheroids indeed enhances
U373 cell invasion via MMP-14 upregulation, as a selec-
tive MMP-14 protease inhibitor decreases both MSCs and
U373 cell invasion out of MSC/U373 mixed spheroids
(Figure 3). As secretion of CCL2/MCP-1, which is an acti-
vator of MMPs via ERK 1/2signalling (Yang et al., 2016),
is increased in direct MSC and glioblastoma co-cultures
(Motaln and Turnsek, 2015), it is possible that paracrine
signalling through CCL2 enhances MMP activity and
drives glioblastoma cell invasion.

Conclusions

Proteases are key regulators of cancer progression and
metastasis, and proteases in cancer cells as well as in
stromal cells, such as fibroblasts, MSCs, immune cells
and endothelial cells, are all part of the TME. These
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non-neoplastic cells actively contribute to the prolifera-
tive and invasive behaviour of cancer cells by secretion
of proteases and cytokines. As proteases and cytokines
exhibit both tumour-promoting and tumour-suppressive
functions, it is important to develop therapeutic strategies
that target tumour-promoting functions and restore those
that suppress tumorigenesis.
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