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Review
Proteases are important for multiple processes during
malignant progression, including tumor angiogenesis,
invasion and metastasis. Recent evidence reveals that
tumor-promoting proteases function as part of an ex-
tensive multidirectional network of proteolytic interac-
tions, in contrast to the unidirectional caspase cascade.
These networks involve different constituents of the
tumor microenvironment and key proteases, such as
cathepsin B, urokinase-type plasminogen activator and
several matrix metalloproteinases, occupy central nodes
for amplifying proteolytic signals passing through the
network. The proteolytic network interacts with other
important signaling pathways in tumor biology, involv-
ing chemokines, cytokines, and kinases. Viewing these
proteolytic interactions as a system of activating and
inhibiting reactions provides insight into tumor biology
and reveals relevant pharmaceutical targets. This review
examines recent advances in understanding proteases in
cancer and summarizes how the network of activity is
co-opted to promote tumor progression.

Proteolytic networks in cancer
Proteases, once thought of as little more than cellular
garbage disposals or extracellularmatrix (ECM) degraders,
are one of the largest groups of enzymes in the human
genome. There are 570 known humanproteases [1], coupled
with a smaller group of endogenous protease inhibitors that
tightly regulate their activity.While proteasesmediate both
terminal protein degradation and ECM remodeling, recent
findings have revealed their functions in tumors to be
significantly more complex and varied. Several hallmarks
of aggressive cancer are adirect result of proteolytic activity,
including, but not limited to, tumor cell invasion into the
stroma,angiogenesisandmetastasis [2].Aseparategroupof
cascading proteolytic interactions controls apoptosis, which
cancer cells must escape in their progression to malignancy
[3]. Finally, proteases are involved in protein degradation
and can activate other proteases and/or signalingmolecules
through specific cleavage of pro-peptides.

There are five human protease classes categorized by
their catalytic mechanism (aspartic, cysteine, metallo, ser-
ine and threonine). Likewise, endogenous inhibitors exhib-
it specificity in their targets; cystatins predominantly
inhibit cysteine proteases, serpins are most effective
against serine proteases and tissue inhibitors of metallo-
proteinases (TIMPs) target metalloproteinases. There is
some flexibility to these interactions, however, as certain
serpins can also inhibit cathepsins, and some cystatins can
inhibit metalloproteinases [4,5]. Similarities exist among
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members of the same family of proteases but each protease
has its own distinct pattern of expression and activity
allowing for specificity of targets, interactions and effects.
The progression to malignancy is often associated with
deregulation of the normal mechanisms regulating prote-
olysis, resulting in numerous proteases having dramati-
cally altered (and often significantly upregulated) activity
in cancer. As a result, many different proteases have been
implicated as potential therapeutic targets (Box 1).

As our understanding of the scope of proteolytic activi-
ties increases, our view of a protease changes from that of
an enzyme acting independently to one that considers its
position in a vast network of proteolytic interactions [6,7].
This network is influenced by activating and inhibiting
reactions, and can modulate angiogenesis, tumor cell inva-
sion, ECM composition and integrity and signaling path-
ways in the tumor microenvironment. New findings
highlight the multiple mechanisms by which cancer cells
co-opt proteolytic networks, including interactions with
the stroma (Box 2), upregulation of activating proteases,
and even cellular uptake of proteases secreted by stromal
cells. This review is focused on recent data showing how
proteases interact with each other, endogenous inhibitors
and other signaling molecules in a coordinated fashion to
regulate tumor progression.

Interactions of proteases within smaller, interconnected
cascades
Individual proteases, with their broad range of targets,
multitude of activation mechanisms and proposed impact
on tumor progression and metastasis, cannot be fully
understood without placing them in the proper context
of upstream and downstream proteases serving as activa-
tors or substrates. Proteases are synthesized as inactive (or
marginally active) zymogens and require cleavage, usually
by other proteases, for activation. Much like the well-
studied kinase cascades that control cellular proliferation,
proteases also function in vertical relation to each other,
amplifying signals as targets increase at each step. As our
understanding of protease biology grows, we can gain
insights into tumor biology by examining their intercon-
nectivity, as illustrated by several recognizable cascades of
proteolytic interactions. Each example below features
prominent proteases as central nodes that can serve as
major regulatory hubs for the whole cascade. Smaller
cascades centered on these nodes can then be connected
to form a network of proteolytic activity (Figures 1 and 2).

Caspases and apoptosis

All tumors must escape apoptosis in order to progress
towards malignancy. One of the best known proteolytic
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Box 1. Proteases implicated as potential therapeutic targets

Owing to the multitude of proteases upregulated during cancer

progression, several pharmaceutical companies have undertaken

efforts to target different types of cancer via inhibition of proteases.

The results have been a mixture of success and failure. MMPs are

obvious therapeutic targets because of their upregulation in several

different types of cancer; however, clinical trials using broad-

spectrum MMP inhibitors have failed to show any significant impact

on tumor development [30]. In contrast, bortezomib is a proteasome

inhibitor that has been approved by the FDA for the treatment of

relapsed multiple myeloma and mantle cell lymphoma. Bortezomib

inhibits the proteasome by blocking the activity of the 26S subunit

[58]. Because of its effectiveness in treating multiple myeloma,

bortezomib has been tested as a single or combination therapy in

solid tumors [58], and researchers are developing improved protea-

some inhibitors, some of which have been tested in clinical trials

[59].

The range of proteases targeted by pharmacological inhibitors in

current clinical trials is quite broad. Several companies have

developed inhibitors of cathepsin K, a cysteine cathepsin that

degrades bone in osteolytic metastases, with some of these inhibitors

reaching phase I and II clinical trials [60]. Another commonly

upregulated protease, uPA, is the target of an inhibitor being tested

in a phase II clinical trial (NCT00499265) as a combination therapy

with gemcitabine for patients with non-resectable pancreatic cancer.

One surprising addition to the list of anti-cancer agents is the drug

nelfinavir, an HIV protease inhibitor. Interestingly, nelfinavir induces

apoptosis in cancer cells through a mechanism independent of the

mitochondria, and is now the subject of several clinical trials [61]. This

is similar to results seen with the HIV protease inhibitors indinavir and

saquinavir, which were shown to inhibit angiogenesis in a murine

model of Kaposi’s sarcoma [62]. Another phase I/II clinical trial

(NCT00086723) is seeking to use the activity of tPA to generate

angiostatin, an antiangiogenic peptide derived from plasminogen

[63]. Surprisingly, instead of inhibiting tPA, investigators in this study

are examining the ability of recombinant tPA to increase the levels of

angiostatin and thereby inhibit angiogenesis. The results of this study

will need to be thoroughly evaluated in light of the ability of tPA to

activate tumor-promoting proteases (Figure 1). As novel proteolytic

inhibitors continue to be developed, the success of bortezomib and

failure of broad-spectrum MMP inhibitors will help researchers direct

new therapeutic strategies and clinical trials, with the eventual goal of

improved cancer treatments.
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cascades involves caspases leading to apoptotic cell death.
Largely separate from proteolytic networks that cancers
frequently co-opt during tumor progression, this chain of
interactions was one of the first characterized proteolytic
cascades and serves as a prototype. Although the caspase
cascade can have multiple entry points, the end result is
always cell death, an outcome that does not re-activate the
cascade. The finality of the caspase cascade stands in stark
contrast to the proteolytic interactions that are discussed
later in this review. Even so, the caspase cascade is inte-
gral to tumor biology, and has been the subject of extensive
investigation as researchers seek to understand the inter-
play between the caspase cascade and its regulators, and
how those interactions are misregulated in cancer. Cas-
pase regulation is incredibly complex and a detailed sum-
mary is beyond the scope of this Review, and other recent
literature covers this topic [3].

The caspase cascade starts with the initiator caspases,
suchas caspases 2, 8, 9 and 10 [3,8]. These initiator caspases
can directly or indirectly activate the effector caspases 3, 6
and 7 through cleavage of their prodomains. Once activated,
these effector caspases cleave a variety of cellular sub-
strates, with the end result being apoptosis. Initiation of
signaling that leads to activation of the cascade generally
comes from one of two sources: the intrinsic pathway, in-
volvingreleaseof cytochrome c fromthemitochondria, or the
extrinsic pathway, involving activation of death domain
receptors on the cell surface. The importance of the initiator
caspases such as caspase 8 for induction of apoptosis [3] is
demonstrated by the embryonic lethality of the caspase 8
knockout mouse [9] and by evidence showing that loss of
caspase 8 leads to cell survival and promotes metastasis in
neuroblastoma [10]. One potential way to bypass loss of
caspase 8 is via cytotoxic T lymphocyte-mediated release of
granzyme B into the cell, which can indirectly activate
caspase 3 and trigger apoptosis [11]. GranzymeB is directly
downstream of at least two other proteases, as it can be
activated by cathepsin C (which is itself downstream of
cathepsin L and S [12]) and cathepsin H [13] (Figure 1),
demonstrating that regulation of apoptosis occurs at many
levels. Positive and negative regulation of the effector cas-
pases highlights their importance as a crucial node in the
caspase cascade. Inhibition of caspases is accomplished by
several endogenous protease inhibitors,most notably XIAP,
which canbe inactivatedbyanumberofproteases, including
several cysteine cathepsins [14]. Interactions such as this
allow a connection between the caspase cascade and other
proteolytic networks.

Cathepsin B

In contrast to the unidirectional caspase cascade, the
proteolytic network that promotes tumor progression
involves a wide variety of bidirectional interactions that
affect numerous tumor-promoting processes. The cysteine
protease cathepsin B is one of the most prominent pro-
teases in the example of a proteolytic network shown in
Figure 1, and is upregulated in many different tumor
microenvironments [15]. One protease that can convert
pro-cathepsin B to active cathepsin B is cathepsin D
[16], an aspartic cathepsin that also activates cathepsin
L, a key cysteine cathepsin that is integral to the in vivo
activation of the matrix-degrading enzyme heparanase
[17]. Cathepsin B can be activated by a series of other
proteases, including cathepsin G, urokinase-type plasmin-
ogen activator (uPA), tissue-type plasminogen activator
(tPA) and elastase [18]. Elastase and cathepsin G can both
be activated by cathepsin C [19], revealing another layer of
regulation on top of the interactions of these two serine
proteases with cathepsin B. Finally, cathepsin B can un-
dergo auto-activation under certain conditions, further
expanding the mechanisms of cathepsin B regulation
[20]. This broad spectrum of activating proteases empha-
sizes the central importance of cathepsin B to proteolysis,
and can be used as the starting point of a small network
centered on this important protease (Figure 1). The inter-
action between cathepsin B and uPA is reciprocal, as
cathepsin B can activate uPA [21]. This example of reci-
procity underscores the view that proteolytic interactions
are part of a complex network as opposed to a simple
unidirectional cascade.
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Box 2. Proteolytic contributions from different stromal cells in the tumor microenvironment

In addition to cancer cells, stromal cells are critical for the

contribution of certain proteases to developing tumors, emphasizing

the intricate complexity of the proteolytic network in the tumor

microenvironment. Fibroblasts, endothelial cells, and infiltrating

immune cells all contribute proteases, including cysteine cathepsins,

various MMPs and uPA (Figure I) [24,29,47,64–68]. Infiltrating

immune cells, especially tumor-associated macrophages, are some

of the major contributors of stromal proteases to the tumor

microenvironment. As the cellular composition of tumors varies

from tumor to tumor, and within tumors, so too will the structure of

the proteolytic network. Thus, a full understanding of protease

involvement in tumor progression will need to take into account

proteases expressed by tumor cells as well as those expressed by

stromal cells. Targeting stromal proteases has the added advantage

of directing therapy toward targets provided by cell types with stable

genomes, likely resulting in a reduced probability of tumors evolving

resistance.

Figure I shows the major cell types found in the tumor

microenvironment, and lists some of the proteases (selected from the

network in Figure 1) that they contribute. The green arrows represent

cancer-promoting interactions; however, several of these proteases

and cell types can have context-dependent tumor-suppressing effects,

as indicated by the red inhibitory lines. Some of the data ascribing

protease expression to particular cell types have come from studies

using normal cells and tissues, and therefore the ability of all cells to

express each protease listed in different tumor microenvironments is

not firmly established. However, the potential for these cell types to

contribute the listed proteases to the tumor microenvironment must be

taken into consideration when examining the proteolytic network in

cancer. The abundance of stromal proteases allows for increased

complexity of the proteolytic network in the tumor microenvironment

because proteases not usually expressed by tumor cells are now

present and can cleave additional substrates. References for stromal

cells expressing specific proteases are: macrophages [24,29,46,57,67–

69], neutrophils [29,67,70–73], lymphocytes [13,29,70,72,74], fibroblasts

[29,67,68,75], endothelial cells [29,64,68,76], pericytes [77], Tie 2-

expressing monocytes [78], mesenchymal stem cells [79,80] and mast

cells [29,72,81].[()TD$FIG]
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Figure I. Proteolytic contributions from various stromal cells.
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Cathepsin B can cleave awide variety of targets depend-
ing on its subcellular localization in the tumor microenvi-
ronment; activation, secretion, or cell surface translocation
of this normally lysosomal enzyme occurs in both tumor
and stromal cells [22–24]. Some of the best-known cathep-
sin B substrates are ECM proteins (discussed later), sev-
eral prominent proteases (Figure 1) and inhibitors of other
proteases (Figure 2b). This ability to inactivate endoge-
nous inhibitors provides an indirect mechanism for cathep-
sin B to increase the activity of other proteases (Figure 2b),
and increases the complexity of the network.
230
Urokinase-type plasminogen activator (uPA)

Best known for its ability to convert plasminogen into
plasmin, uPA has attracted attention for its wide range
of targets as well as its prominent location in the proteo-
lytic network. Activation of uPA, which is dependent on
the binding of pro-uPA to uPAR [25], can be achieved by
plasmin [18], creating a feedback loop by which plasmin
and uPA can activate each other, or be activated by ca-
thepsin B. Alternatively, kallikreins (KLK) 2, 4 and 12 can
activate pro-uPA (Figure 1) [26]. Beyond plasmin and
cathepsin B, some of the direct or indirect targets of
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Figure 1. Different interactions within a proteolytic network. Visualizing proteolytic interactions as a network of coordinated cascades reveals that the network has multiple

entry points, interactions are multidirectional, and signals can be amplified in many directions. Examining protease–protease interactions specifically shows that several

proteases occupy nodes in the network and function as key regulators of proteolytic activity. Additionally, interactions involve proteases of different families and can

proceed along many different pathways, allowing for some proteases to compensate for the absence of others. References for proteolytic interactions not described in the

main text: cathepsin D activates cathepsin L [18], cathepsin L activates cathepsin Z [90], cathepsin B activates cathepsin D, MMP2 and MMP3 [18,75], tissue-type

plasminogen activator (tPA) activates cathepsin B and plasmin [91], MMP14 can activate MMP2 [92], MMP2, MMP14 and plasmin can activate MMP13 [93], MMP14 activates

MMP8 [94], MMP26 can activate KLK4 [26], and furin activates MMP11 and MMP14 [31].
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uPA arematrixmetalloproteinases (MMPs). For example,
the uPAR–uPA system is involved in the activation of
MMP2 via a mechanism dependent on contributions from
stromal fibroblasts [27]; additionally, over-expression of
uPA and uPAR in the basal epidermis and hair follicles
leads to increased activation of MMP2 and MMP9 [28].
These findings highlight the complexity of proteolytic
interactions in the tumor microenvironment, which are
dependent on proteases provided by tumor cells and
on proteolytic contributions from various stromal cells
(Box 2).

Matrix metalloproteinases (MMPs)

In cancer biology, MMPs are some of the most extensively
studied proteases owing to their frequent over expression
in many different cancers and their ability to degrade a
multitude of substrates [29]. However, clinical trials using
broad-spectrumMMP inhibitors to treat pancreatic, brain,
lung, or renal cancer were largely disappointing, possibly
because of the large number of MMPs with potentially
opposing functions [30]. There are 24 different MMPs in
mammals, characterized by conserved pro-peptide and
catalytic domains and a zinc ion in their active site [31].
Simply categorizing these genes as MMPs, however, does
not do justice to the level of diversity in substrates and
interactions for this family. As can be expected with such a
large family of proteases, multiple mechanisms exist for
the activation of MMPs, with different MMPs relying on
different mechanisms. In addition to cathepsin B, one of
the most commonly proposed activators for MMPs is furin,
a serine protease that cleaves at the RXKR or RRKR
sequence contained in approximately one-third of MMPs
[31].

Our understanding of MMP activation is further com-
plicated by the fact that individualMMPs (e.g., MMP9) can
be activated through multiple distinct mechanisms. In one
pathway, plasmin activates MMP3, which can in turn
activateMMP9 [32]. Alternatively, MMP9 can be activated
in wound healing by a chymotrypsin-like serine protease
(recently identified as cathepsin G [33]) through a process
231
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Figure 2. Mechanisms of proteolytic regulation within the network. (a) Endogenous protein inhibitors can regulate proteolytic activity at many points in the network,

allowing for tight regulation (or deregulation, if inhibitor expression is downregulated) of proteolytic activity. (b) Several proteases have been shown to degrade

endogenous inhibitors, giving them the ability to increase the activity of other proteases indirectly. These interactions add further complexity to the network, and

demonstrate how proteolytic signals can flow in multiple directions through different mechanisms. References for proteolytic interactions not described in the main text:

cathepsin B can inactivate some serpins and TIMPs [95,96], serpinB13/hurpin and serpinB3/SCCA1 inhibit cathepsin L [97,98], cathepsin L inactivates serpinA1 [99], and

several MMPs can inactivate a variety of serpins [29].
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that is inhibited by serpinA3 [34]. Two other possible
mechanisms for MMP activation are autoactivation [35]
and activation via oxidation [36]. Interestingly, MMP2
cannot autoactivate under the same conditions that lead
232
to activation of MMP9, demonstrating the different prop-
erties of two relatively similar members of the MMP
family. Finally, mast cell chymase protease-4 (MCP-4)
can potentially also activate MMP9 (and MMP2)
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(Figure 1) asMCP-4 null mice have increased abundance of
proMMP2 and proMMP9 [37]. Finally, other MMPs have
displayed the ability to activate different MMP family
members (Figure 1).

The activity of theMMP family is quite complex and can
vary fromoneMMPto thenext, as illustrated by the recent
finding that deletion ofMmp2,Mmp7 orMmp9 in a mouse
model of prostate cancer had differential effects on tumor
burden, metastasis, and angiogenesis [38]. Additionally,
membrane-type MMPs, such as MMP14, are integrally
important for matrix remodeling, allowing cancer cells to
migrate across the basement membrane [39]. Over the
past few years, new proteomic techniques, such as the
combination of terminal amine isotopic labeling of sub-
strates (TAILS) with isobaric tag for relative and absolute
quantitation (iTRAQ), have been developed that allow for
broad, unbiased, and even in vivo, analysis of proteolytic
substrates with greater sensitivity and specificity than
previously achieved [40]. These techniques have first been
utilized in the analysis ofMMPbiology, resulting in amore
comprehensive understanding of physiologically relevant
MMP interactions. For example, a recent cell-based prote-
omic screen has revealed novel substrates for MMP2,
including cystatin C (resulting in decreased inhibition
of cathepsin L) [41], and proteases such as cathepsins B
andL [42]. As these proteomic approaches are expanded to
other proteases, the wealth of information generated will
provide a more complete picture of the proteolytic inter-
actions in the tumor microenvironment. Strategies such
as these are currently of utmost importance becausemuch
of the available proteolytic interaction data were deter-
mined through in vitro assays, making the complete in
vivo picture of the proteolytic network difficult to assem-
ble. These wide-ranging unbiased screens will allow for a
much more detailed and accurate analysis of the dynamic
nature of the proteome in the tumor microenvironment
(reviewed in [43]).

Fitting nodes into cascades: who’s on top?
The interaction of caspases in a cascade leading to cell
death has been established for some time and is not dis-
cussed further here (for a more extensive review of cas-
pases, see [3]). Even though some proteaseswith pro-tumor
functions can enhance the caspase cascade, the overall
cascade is independent of the tumor-promoting interac-
tions described above.

The major tumor-promoting roles ascribed to proteases
in the tumor microenvironment usually include migration,
invasion, angiogenesis, modulation of signaling pathways
and metastasis. Genetic, pharmaceutical and molecular
studies have implicated many proteases in each tumor-
promoting process, both individually and as larger groups,
indicating that proteases either have high levels of redun-
dancy in terms of substrates and activity, or that proteases
function in a coordinated manner and that perturbation of
one part of the cascade can impact the overall network. For
example, several proteases, including cathepsins B, H, L
and S, uPA (or its receptor), MMP2, MMP14 and MMP26
have been implicated in tumor angiogenesis and invasion
[44–48], indicating the importance of exploring approaches
to simultaneously target multiple proteases and under-
scoring the potential of blocking multiple nodes in the
proteolytic network.

Combining in vivo experiments with the abundance of
proteolytic interactions identified from the available in
vitro data suggests that proteases function in a coordinated
cascade in cancer biology [18,49,50]. In contrast to a global
network view, depicting proteolytic interactions solely as
cascades requires placing some proteases earlier in the
cascade than others; a task that is challenging owing to the
plethora of possible interactions. One possibility is to view
initiation of the cascade as interactions between proteases
that are likely to be intracellular, such as cathepsin D
activating cathepsin B (Figure 1), and then have the
cascade proceed from there. One major challenge to this
view is the existence of data showing that many cysteine
cathepsins, including cathepsin B, are translocated to the
cell surface and even secreted in many tumors, although
translocated proteases could still be activated by interac-
tions en route to the cell surface. Additionally, several
‘downstream’ proteases have the ability to activate cathep-
sin B themselves, making cathepsin B an imperfect candi-
date for being placed early in the chain of events. Recent
data provide evidence that a protease, in this case neutro-
phil elastase, is secreted by one cell type (neutrophils) and
taken up intracellularly by another cell type (tumor cells),
suggesting that proteases that are typically intracellular
could still interact with secreted proteases [51].

Another possibility is to give prominence to proteases,
such as uPA, that have the ability to activate a wide range
of other proteases (Figure 1). However, uPA can be acti-
vated by proteases that are later in the cascade, including
cathepsin B and plasmin. Additionally, none of these per-
spectives takes into account proteases capable of autoacti-
vation, such as furin [52] and cathepsin B (Figure 1). Self-
activating proteases can provide novel entry points into the
cascade and make it even more difficult to assign ‘up-
stream’ proteases.

A final complication of the cascade view for proteolytic
interactions is that some proteases have been found to
have tumor-inhibiting roles. In addition to caspases, these
proteases include cysteine cathepsins, serine proteases
and MMPs (reviewed in [53]). These tumor-suppressing
roles are context-dependent; in different environments
certain proteases can function to either inhibit or promote
tumor progression. For example, loss of cathepsin L dra-
matically impedes pancreatic islet cell carcinogenesis [47],
but enhances epidermal tumor progression [54]. This con-
text-specificity extends to other classes of proteases, as
several MMPs that can impair tumor progression, such as
MMPs 3, 9 and 11 [53], also have tumor-promoting effects
in other cases [29]. The ability of certain proteases to
inhibit tumor progression in specific environments will
need to be considered very carefully as researchers deter-
mine which proteases to target as anti-cancer therapies.

Viewing proteolytic interactions in networks provides
insight into in vivo results
Given the difficulty in finding a consistent entry point into
a unified cascade, an alternative is to unite the smaller
cascades discussed earlier. This provides a more accurate
view of proteolytic interactions in the form of a network of
233
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Figure 3. Interactions between the proteolytic network and other pathways. In addition to interactions with other proteases and endogenous inhibitors, proteases can

modulate the activity of kinase signaling networks, cell surface receptors, and signaling molecules such as chemokines, cytokines and growth factors. Depending on the

protease and target protein, these can take the form of activating or degrading cleavages, allowing the proteolytic network to control the flow of signals in tumor cells as

well as between tumor cells and the reactive stroma. Interactions are often bidirectional, as kinases also regulate many proteases via phosphorylation, and signaling

molecules can indirectly (via signal transduction pathways) upregulate proteases in response to changes in the tumor microenvironment.

Box 3. The ability of proteases to cleave and either activate or inactivate signaling pathways and kinase cascades

One rapidly growing area of protease research is at the interface

between proteases and growth factors, cytokines, and signaling

molecules. Kinases and phosphatases have long been understood to

interact in regulatory networks, such as those proposed for proteases

and their endogenous inhibitors. Interestingly, these two networks

are intertwined at several points because phosphorylation can

regulate the activity of many proteases, and proteases can control

the actions of a multitude of kinases. The interplay between kinases

and proteases was the subject of a recent review [82], and only a few

notable examples are briefly highlighted here. One prominent family

of proteases, a disintegrin and metalloproteinase (ADAM) family, can

both regulate and be regulated by kinase activity. For example,

ADAM10 has recently been shown to cause shedding of platelet-

derived growth factor receptor (PDGFR). Additionally, PDGFR can

stimulate the activity of ADAM17, although the mechanisms under-

lying these interactions remain to be elucidated [83]. Other ADAM–

kinase interactions include ADAM17-induced shedding of VEGFR2,

creating soluble VEGF decoys that can impair metastasis, phosphor-

ylation of ADAM9 by PKC and SRC, leading to ADAM9-mediated

shedding of other receptors, as well as ADAM12-induced activation of

SEC, YES1, PI3K and PKC, which then phosphorylate ADAM12,

leading to its cell-surface translocation [82]. Deubiquitylases, which

remove ubiquitin from proteins, are also notably regulated via

phosphorylation. Several components of the ubiquitin pathway,

including ubiquitin-specific proteases (a subset of deubiquitinating

enzymes), are substrates of ATM and ATR [82], providing tight control

over DNA damage response pathways. A final player in the

interactions between proteolytic regulation and kinases is the

proteasome, although the implications of phosphorylation on protea-

some activity are not fully understood. Both core and regulatory

subunits of the proteasome can be phosphorylated, possibly affecting

the assembly or activity of the proteasome [84]. The proteasome is

also essential for the terminal degradation of many proteins in

response to changes in their phosphorylation status, including

several proteins implicated in tumor progression, such as cyclin-

dependent kinases, MAP kinases and AKT. Further investigation of the

interactions between proteases and kinases may lead to therapeutic

strategies targeting proteins in both classes of enzymes, thus

allowing broader efficacy of inhibitors.

The proteases involved in interactions with cytokines are as varied

as the substrates themselves, and include cathepsin G producing

soluble RANK ligand, promoting osteoclast differentiation and bone

resorption [85]; MMP9 activating TFG-b in bone metastasis (following

cathepsin G-mediated activation of MMP9) [33]; and plasmin cleaving

IL-8 and CCL14, both leading to increased chemotaxis [86], among

many others (reviewed in [87]). Activation of signaling molecules by

proteases can lead to feedback loops through which chemokines,

cytokines and growth factors upregulate protease expression, as

demonstrated by the ability of IL-8 to upregulate MMP2 and MMP9 in

bladder cancer cells [88], and the induction of cathepsin activity in

tumor-associated macrophages by IL-4 [24]. Conversely, the serine

protease HtrA1 can negatively regulate TFG-b signaling by cleaving

and inactivating TFG-b [89]. These inactivating interactions (and many

others) show that proteases can potentially regulate both sides of cell

signaling in the tumor microenvironment, and underscore the

complexity of the proteolytic and signaling networks in cancer.
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small, interconnected proteolytic cascades (Figure 1). This
perspective allows for constant modulation of proteolytic
activity by any number of proteases, with up- or down-
regulation of the activity of one protease potentially affect-
ing the overall activity of the whole network [55]. The
network view also allows for compensation by one protease
for the loss of another, as demonstrated by the upregula-
tion of cathepsin Z (also known as cathepsin X) in response
to the loss of cathepsin B in a mouse model of breast cancer
[56,57], allowing for the continuous flow of signals through
the network in the absence of certain proteases.

Further interactions in the network come through indi-
rect interactions, often as a result of one protease cleaving
and inactivating the inhibitor of another protease
(Figure 2b), or by proteases modulating the activity and
availability of a signaling factor that can affect the abun-
dance of another protease (Figure 3). These interactions
enable proteases to indirectly increase the activity of other
proteases without physically interacting with them. Con-
versely, as evidenced by the ability of several MMPs to
degrade active plasmin (Figure 2b) [29], some proteases
can directly impact other proteases under certain condi-
tions. In normal physiology, this can serve to control and
prevent the over-activation of proteolytic pathways; the
extent to which this occurs in the tumor microenvironment
is still unclear but it could potentially serve to inactivate
tumor-suppressing proteases.

An additional level of indirect interactions in the pro-
teolytic network is through the ability of proteases to
cleave and either activate or inactivate signaling pathways
and kinase cascades (Box 3) in the tumor microenviron-
ment. This field of tumor biology is growing as an increas-
ing number of growth factors, cytokines, and chemokines
are found to be activated (and inactivated) via proteolytic
cleavage. A final level of complexity of the network in the
tumor microenvironment comes from stromal contribu-
tions to the proteolytic network (Box 2).

Conclusions
Our understanding of the proteolytic network in the
tumor microenvironment is expanding rapidly as the
result of an increased interest in protease biology and
new techniques that allow for comprehensive analysis of
protease activity in physiologically relevant conditions.
Much like the well established kinase signaling networks,
proteolytic networks consist of multiple points of entry/
activation, several key nodes through which a majority of
signals pass, and inhibitors/deactivators that can regu-
late activity of several different points in the network.
The examples of protease cascades and networks illus-
trated in this Review are not intended to be exhaustive
views of all possible interactions in ‘proteolytic space’, but
rather representative of recently discovered interactions
that might be important in cancer. Indeed, there are still
many proteases that are not currently connected to the
network but, as our understanding of protease biology
increases, proteases that previously were thought to act
alone will likely be connected to the larger overall web.
Additionally, increased understanding of how proteolytic
interactions impact signalingmolecules, ligand receptors,
and kinase networks (Figure 3) will help direct future
research into how tumor cells signal to and interact with
each other.

As cancer treatment advances to more specific agents
with less systemic toxicity, proteases are ideal therapeutic
targets owing to their frequent over-expression in many
cancers, their involvement in many different stages of
tumor progression and their accessible active sites. Under-
standing how inhibition of one protease can affect the
overall proteolytic balance of the tumor microenvironment
is crucial to enable researchers to design agents that target
proteases with maximal impact and minimal toxicity. The
inhibition of multiple proteases is likely to prove more
effective than targeting any individual protease, and de-
termining how proteases are positioned relative to each
other within the network will help guide effective targeting
strategies. Future research should thus seek to view pro-
teases as part of a complex network in order to achieve the
goal of effective targeting of proteases in cancer.
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