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Abstract

Changing the characteristics of cells from epithelial states to mesenchymal properties is a key process involved in developmental
and physiological processes as well as in many diseases with cancer as the most prominent example. Nowadays, a great deal of
work and literature concerns the understanding of the process of epithelial-to-mesenchymal transition (EMT) in terms of its
molecular regulation and its implications for cancer. Similar statements can certainly be made regarding the investigation of the
more than 500 proteases typically encoded by a mammalian genome. Specifically, the impact of proteases on tumor biology has
been a long-standing topic of interest. However, although EMT actively regulates expression of many proteases and proteolytic
enzymes are clearly involved in survival, division, differentiation, and movements of cells, information on the diverse roles of
proteases in EMT has been rarely compiled. Here we aim to conceptually connect the scientific areas of “EMT” and “protease”
research by describing how several important classes of proteolytic enzymes are regulated by EMT and how they are involved in
initiation and execution of the EMT program. To do so, we briefly introduce the evolving key features of EMT and its regulation
followed by discussion of protease involvement in this process.

Keywords Metalloprotease - Deubiquitinating enzyme - Desumoylating enzyme - Transmembrane serine protease - Cathepsin

1 Introduction to key characteristics of EMT

Epithelial-to-mesenchymal transition (EMT) is an evolution-
arily conserved program of cellular plasticity that allows po-
larized, immotile epithelial cells to loosen their cell-cell adhe-
sion, detach from neighboring cells, and to convert into motile
mesenchymal cells (Fig. 1). As the term transition implies,
EMT is not a binary switch but a gradual transformation
through numerous hybrid and intermediate E/M-states in a
reversible manner.

Historically, EMT has first been described in embryo-
genesis, but already in the early 1980s, Greenburg and
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Hay were able to observe EMT in adult tissues [1].
EMT processes are physiologically activated during tissue
and organ development such as gastrulation, heart forma-
tion, neural crest migration, somitogenesis, and palate for-
mation [2]. In the adult organism, EMT is transiently ac-
tivated as a response to injury for example during wound
healing in the skin or during the postovulatory ovarian
remodeling process [3, 4]. In contrast, pathologically
sustained EMT is a key mechanism of tissue fibrosis in
multiple organs and plays a role in the pathophysiology of
skin, renal, and liver fibrosis leading to tissue degenera-
tion [5—7]. Importantly, pathological activation of EMT is
also frequently detected in tumorigenesis [8].

Induction of EMT is mediated by cues from the micro-
environment, such as TGF-f3 and Wnt-ligands as well as
cell-intrinsic signals such as metabolic stress or oncogenic
mutations in the RAS-Raf-Erk pathway (Fig. 1) [9-11].
Both intrinsic and extrinsic signals converge to provoke
the expression of EMT-inducing transcription factors
(EMT-TFs) for signal transmission. A small number of
transcription factors function as core EMT-TFs. They be-
long to the Snail (SNAIL, SLUG), basic helix-loop-helix
(TWIST1), and ZEB (ZEB1, ZEB2) families. These fam-
ilies are not related, and the members differ in structure
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Fig. 1 Cellular characteristics during EMT. A) Changes in cellular
morphology and extracellular matrix organization during EMT.
Immotile epithelial cells loosen their cell—cell contacts (desmosomes,
gap-, tight-, adherens junctions), detach from neighboring cells and con-
vert into motile mesenchymal cells. Concomitantly, remodeling of extra-
cellular matrix to a state of radially aligned fibers supports cell motility.
Intracellular (such as DUBs, SENPs, cathepsins), membrane bound (e.g.,
ADAMSs, MT-MMPs, TTSPs), and extracellular proteases (MMPs) con-
tribute to these processes by influencing cell signaling, breakdown of the
basement membrane, and remodeling of the extracellular matrix. B)
Molecular processes underlying the cellular plasticity during EMT.
Cues from the microenvironment (gray box) converge and lead to

and size, stability, spatiotemporal expression patterns, and
target gene profile [12]. EMT-TFs control the expression
of proteins implicated in cell-cell junctions (Claudins,
Desmoplakin, Placophilins, Occludin, ZO-3) [13-15], cell
polarity (Crumbs3, LGL2, PATJ) [16], cytoskeletal struc-
ture (reviewed in [17]), and extracellular matrix degrada-
tion (MMP-1, MMP-2, MMP-7, MMP-9, MMP-14,
MMP-15) [18-22]. The common denominator of all core
EMT-TFs is the direct or indirect repression of the key
epithelial gene E-cadherin. This dynamic regulation of
adherens junctions triggers signaling pathways and alter-
ations in the organization of the actin cytoskeleton that are
involved in cell motility. The complex signaling network
that regulates EMT is active on epigenetic, transcriptional,
and post-transcriptional level and includes signaling
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induction of EMT-transcription factors. The following gradual loss of
epithelial characteristics is accompanied by a re-organization of the actin
cytoskeleton leading to an elongated cell shape with loss of cell-cell
adhesion, gain of front-rear polarity, and increased invasive and migratory
abilities. Molecular markers characteristic of different EMT-states, like E-
cadherin and Epcam as well as N-cadherin and Vimentin, are shown. In
general, enhanced proteolysis is characteristic for cells that underwent
EMT. Abbreviations: ADAM—a disintegrin and metalloprotease;
DUB—deubiquinating enzyme; MMP—matrix metalloprotease; MT-
MMP—membrane type matrix metalloprotease; ROS—reactive oxygen
species; TTSP—type Il transmembrane serine protease family; SENP—
sentrin specific protease

pathways, transcription factors, non-coding RNAs, and
also proteases [11, 23].

2 EMT in cancer progression and metastasis

EMT in cancer is associated with tumor initiation and progres-
sion, stemness, survival, and therapy resistance. Classically,
EMT has been thought to be critical for local invasion and
cancer cell dissemination in the body. Subsequently, the rever-
sal of EMT, termed mesenchymal-to-epithelial transition
(MET), is thought to allow disseminated tumor cells to colo-
nize the foreign soil at distant organ sites to form
macrometastases that are often dismal signs for the prognosis
of cancer patients [11, 24-26].
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However, EMT plays an active role not only in metastasis
but also in tumor initiation. In pre-malignant lesions,
oncogene-induced senescence, and apoptosis limit tumor
growth through the activation of the p19*™-p53 and
p16™“A_RB (retinoblastoma protein) oncosuppressive path-
ways. These fail-safe barriers prevent conversion from pre-
malignant lesions to invasive carcinomas. EMT-TF expres-
sion in pre-malignant tumor states promotes escape from
oncogene-induced senescence and provides survival advan-
tages under different stress conditions even before tumor cell
dissemination occurs. In this respect, TWIST, ZEB, and
SNAIL proteins regulate pS3 and RB signaling by repressing
the transcription of upstream activators (like p16™“* and
p15™4B) of either pathway as well as by directly downregu-
lating p53 levels [2, 11]. Hence, EMT-TFs actively weaken
tumor-suppressive signaling pathways that maintain epithelial
cell characteristics, thereby allowing progress toward
malignancy.

Carcinomas show a substantial intratumoral heterogeneity
of cancer cells, to which EMT contributes considerably
[27-29]. While a fraction of epithelial cells is likely to under-
go a full EMT, meaning transition from a fully epithelial into a
fully mesenchymal state, other cells only partially transform
and reside in a hybrid E/M state with simultaneous expression
of epithelial and mesenchymal markers. These intermediate E/
M states are associated with increased tumor-initiating abili-
ties and aggressive cancer progression [30-33]. In a compre-
hensive study, Pastushenko and colleagues identified seven
distinct transition states along the epithelial to mesenchymal
axis based on the expression of only six surface markers:
Epcam, Keratin-14, Vimentin, CD51/«xv-integrin, CD61/[33-
integrin, and CD106/Vcaml [32]. The authors further demon-
strate that these transition states differ in the degree of
stemness, plasticity, and metastatic ability. In addition, the
tumor cells show distinct transcriptional and chromatin land-
scapes and localize within different niches of a primary tumor.
Interestingly, according to the cell’s transitory state, it ex-
presses different chemokines, pro-inflammatory, and pro-
angiogenic molecules. Thereby tumor cells attract and regu-
late specific stromal cells, such as macrophages and fibro-
blasts, to shape a defined tumor microenvironment. All these
findings point to the fact that cells undergoing a partial EMT
express epithelial as well as mesenchymal markers, show high
tumor-initiating capacity, are prone to metastatic dissemina-
tion, and are resistant to chemotherapy.

3 Proteases in cancer progression, invasion,
and metastasis

Proteolysis contributes to tumorigenesis when conducted by
tumor cells or by proteases originating from cells of the tumor
microenvironment. Proteases have been shown to play various

roles at different steps of tumorigenesis and invasion—both
pro-tumorigenic as well as anti-tumorigenic—depending on
the type and grade of cancer. The contribution of proteases
to cancer progression and metastasis was long thought to be
limited to extracellular matrix (ECM) and basement mem-
brane breakdown as well as ECM-remodeling, thus enabling
cells to invade adjacent tissue. More recently, it became obvi-
ous that proteases contribute to carcinogenesis not only by
paving the way for tumor cells but also by influencing cell
signaling in mitosis, apoptosis, autophagy, and inflammation
[34-37]. In the clinics, most protease inhibitors failed due to
the redundancy and multifunctionality of the enzymes, which
led to considerable toxicity or even adverse effects [38, 39].
On the other hand, proteases possess great value as prognostic
markers, prodrug activators as well as tools for image-guided
surgery [40-42]. We focus this review on the role of proteases
in signaling processes leading to EMT and thus to invasion
and metastasis because the general functions of proteases in
tumor biology, and their possible roles as drug targets have
been extensively discussed in recent reviews [42—49].

Protease involvement in EMT occurs in three distinct steps:
first, EMT leads to differential expression of a variety of pro-
teases. Second, proteases function as EMT executors by pro-
moting cell motility and invasion by degrading basement
membrane and ECM. Third, proteases upregulated in tumor
cells can themselves act as EMT initiators. Those processes
are linked because proteolytic liberation of cytokines and
growth factors from the ECM results in induction of protease
expression thereby establishing a positive feedback loop. Of
note, EMT is not mandatory for cells to invade adjacent tissue.
It has been shown that there are various ways for cells to move
and invade, from amoeboid and mesenchymal single-cell mo-
tility to multicellular streaming and collective migration of
which the amoeboid invasion is independent of protease ac-
tivity [50, 51]. In the following sections, we will review the
ability of some major protease classes to induce the EMT
process during cancer invasion and metastasis.

4 Metalloproteases and serine proteases
as extracellular EMT triggers

Cells secrete a plethora of proteases to the extracellular space
and express a large number of transmembrane proteases func-
tioning near the extracellular surface of the plasma membrane.
We will discuss three major classes of extracellular proteases:
matrix metalloproteases (MMP), ADAMs (a disintegrin and
metalloprotease), and extracellularly acting serine proteases.
In embryogenesis and physiological tissue repair, extracel-
lular proteolysis is an integral part of an organized morphoge-
netic program. In the complex cancer environment, however,
this physiological program is hijacked, and high extracellular
protease levels are induced. Notably an increased expression
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or activity of MMPs, ADAMs, and transmembrane serine
proteases has been demonstrated for almost every type of
human cancer. This correlates with advanced tumor stage,
increased invasion, and metastasis as well as decreased sur-
vival [52-54]. Extracellular protease contribution to cancer
progression and metastasis is mainly due to three mechanisms:
(1) proteases are often upregulated in invasive cancer cells
undergoing an EMT and degrade or modify ECM and cell-
cell contacts. (2) Proteases can activate stromal cells, which in
turn produce more proteolytic enzymes thus driving cancer
progression. (3) Proteases in the microenvironment can direct-
ly induce EMT in epithelial cells.

The protease substrates comprise cell adhesion molecules
such as E-cadherin, CD44, or av-integrin [55-57]. Several
metalloproteases, including MMP-3, MMP-7, MMP-9,
ADAM10, and MT1-MMP, were shown to be involved in
E-cadherin cleavage [55, 58-61]. Further, growth factors
and their receptors with links to the EMT program such as
FGF receptor 1, members of the EGF receptor family, or the
HGF receptor c-met are extensively influenced by extracellu-
lar proteolysis [62—65]. The phenomenon that pericellular pro-
teolysis can directly induce EMT has been shown in several
epithelial cell types including the lung, kidney, prostate, and
mammary cells [59, 66-71]. In fact, it is often very difficult to
discriminate whether increased motility and invasiveness is
due to EMT-induced protease expression or protease-
induced EMT.

4.1 Typical matrix metalloproteinases

For MMP-3, also known as stromelysin-1, it was shown al-
ready in the late 1990s that overexpression of the secreted
protease reduced the levels of keratins, induced the expression
of Vimentin, and led to the loss of E-cadherin and (3-catenin
from cell—cell contacts [59]. In 3D culture, these cells lost their
differentiation and gained invasiveness, clearly indicating that
these cells converted from an epithelial to a mesenchymal
phenotype. Some years later, Radisky et al. established that
the observed changes are due to MMP-3 dependent stimula-
tion of Rac1b expression, a constitutively activated splice var-
iant of Racl [72]. Subsequently, Raclb induced EMT in
mouse mammary epithelial cells by rising levels of cellular
reactive oxygen species. This led on the one hand to the ex-
pression of the EMT activator SNAIL and, on the other hand,
to oxidative damage to the DNA, genomic instability and thus
malignant transformation. Interestingly, the EMT induction by
MMP-3 seemed to depend on protein composition and stiff-
ness of the ECM [73, 74]. The intertwining roles of MMP-3
and other MMPs on EMT induction and ECM remodeling
highlight these enzymes as important promotors of tumor pro-
gression and metastasis.

MMP-19 expression was linked to poor prognosis of non-
small cell lung cancer (NSCLC), and its overexpression
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promoted EMT, migration, and invasion in multiple NSCLC
cell lines independently of its enzymatic activity [75]. The
mechanism by which MMP-19 promotes EMT remains to
be elucidated. Of interest, Pastushenko et al. linked MMP19
expression to a late stage of EMT proposing it as prognostic
marker for full EMT rather than early or intermediate stages
[32, 76].

The transmembrane protease MMP-14, also known as
MT1-MMP, has been shown to be differentially expressed
during partial EMT of tumor-initiating murine breast can-
cer cells [77]. It is upregulated and correlates with clinical
stage in squamous cell carcinomas of the upper digestive
tract [78, 79]. Esophageal or oral squamous cancer cells
with high MMP-14 levels underwent morphological
changes from an epithelial morphology to a fibroblast-
like appearance, increased cell motility and invasion.
MMP-14 activity was associated with SNAIL-mediated
transcriptional repression of E-cadherin and increased ex-
pression of mesenchymal markers [78, 79]. MMP-14 ex-
pression in prostate adenocarcinoma cells activated TGF-f3
signaling, one of the key signaling pathways to trigger
EMT in cancer cells [80]. This induced CUX1 and subse-
quently Wnt5a leading to EMT. Mesenchymal LNCaP
cells reverted to an epithelial phenotype upon inhibition
of MMP-14 or TGF-3. MMP-14 catalytically increased
the availability of active TGF-f3 without affecting total
TGEF-f levels, which caused the induction of EMT in ad-
jacent cells. Thus, MMP-14 increases tumor invasiveness
through activation of TGF-3 signaling and subsequent
EMT in a paracrine and autocrine fashion, which high-
lights the importance of the microenvironment. TGF-f3 sig-
naling is also implicated in EMT induction by other
MMPs, such as MMP-8. MMP-8 and TGF-31 accumulate
in highly invasive hepatocellular carcinoma (HCC) cell
lines and in HCC specimens from patients [8§1]. MMP-8
was able to restore TGF-f31 expression in TGF-31-
depleted HCC cells via the activation of PI3K/Akt/Racl
pathway. On the other hand, MMP-8 expression was re-
stored in MMP-8 depleted cells by TGF-31 treatment in-
dicating a reciprocal activation of MMP-8 and TGF-31.
This positive feedback loop was associated with poor pa-
tient outcome. A similar mechanism where MMP activa-
tion and TGF-31 activation are linked has been shown for
MMP-9 in esophageal squamous cell carcinoma [82]. Here
TGF-B1 induced MMP-9, which in turn mediated the
downregulation of E-cadherin leading to EMT. In A549
lung adenocarcinoma cells, MMP-28 was induced by
TGF-f signaling, leading to loss of cell surface E-
cadherin and the proteolytic liberation of active TGF-f3
from latent TGF-3 complexes [66]. Again, MMP inhibi-
tion or neutralizing antibodies against TGF-[3 were able to
abolish EMT. Interestingly, an increasing number of stud-
ies demonstrate that MMPs, such as MMP-2, MMP-9, and
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MMP-14, can stimulate TGF-31 activity by cleaving latent
TGF-B-binding protein-1. This happens in a complex in-
terplay between MMPs, TGF-{3, and urokinase-type plas-
minogen activator (uPA) [83, 84].

4.2 Transmembrane metalloproteases interacting
with integrins

ADAMs (a disintegrin and metalloprotease) are transmem-
brane proteins implicated in multiple biological processes
such as cell adhesion, proliferation, migration, and proteoly-
sis. Ectodomains of other transmembrane proteins are their
main substrates. Thus, ADAMs participate in the processing
of growth factor and cytokine precursors and receptors as
wells as other adhesion proteins. With regard to their sub-
strates, it is not surprising that dysregulation of ADAM activ-
ity has been shown to be implicated in cancer development
and progression [53, 85, 86]. The disintegrin domain of
ADAMs has been shown to interact with various integrins
thereby further multiplying and diversifying their functions
[87].

In HCC, ADAM9 was shown to be upregulated by IL-6
through the JNK signaling pathway. This led to NADPH ox-
idase 1-induced ROS generation and EMT, which could be
blocked by ADAMO9 knockdown [88]. A positive correlation
of ADAMY expression with IL-6 or SNAIL expression in
human HCC tissue samples demonstrated the clinical signifi-
cance of these findings. ADAM10 and ADAMI17 are critical
sheddases for a variety of cell surface receptors [89].
ADAMI10 cleaves E-cadherin in its ectodomain, which mod-
ulates cell-cell adhesion and migration as well as subcellular
localization of 3-catenin and thus its downstream signaling
and EMT [60]. Atapattu et al. found an active form of
ADAMI0 being predominant in cancers compared with
healthy tissue, and that this isoform is linked to an active
Notch signaling, chemoresistance, and stemness [90].
Increased ADAM17 expression has been linked to lung ade-
nocarcinoma [91]. In this study, the authors further showed
that ADAM17 regulates E-cadherin and Vimentin expression
in lung adenocarcinoma cell lines toward a mesenchymal phe-
notype and affected cell invasion. They suggest expression
control of ADAM17 by miR-326, which is known to be in-
volved in invasion and EMT. However, the molecular mech-
anism how ADAM17 regulates EMT in lung cancer needs
further investigation.

ADAMI12 plays a role in the context of TGF-3-induced
EMT [92]. In this paper, a correlation was shown between
ADAM12 expression and EMT markers in human breast can-
cer cell lines and tissue. TGF-f3-induced EMT increased the
expression of the membrane-anchored long form
(ADAMI2L) and expression of ADAMI12L alone was suffi-
cient to induce EMT and chemoresistance in MCF10A cells as
a function of the cytoplasmic tail of ADAMI12L. The authors

observed changes in phosphorylation of SMAD3, Akt and Erk
suggesting a contribution of ADAMI12 to TGF-3-induced
EMT through TGF-f3 receptor-dependent and independent
pathways. In pituitary adenomas, a correlation between
ADAMI12 expression and EMT was observed as well [93].
Silencing of ADAM12 led to significant inhibition of the pro-
cess. The proposed mechanism of this study is the ectodomain
shedding of EGFR ligands and thus enhanced EGFR/Erk sig-
naling by ADAM12. Erk pathway signaling was also shown
to be affected by ADAMIS5 expression in breast carcinoma
[94]. Najy et al. verified the ability of ADAMIS to cleave E-
cadherin in response to growth factor deprivation in breast
cancer cells. Interestingly they found the cleaved fragment in
complex with HER2 and HER3 receptors in these cells, ap-
parently stabilizing HER2/HER3 heterodimerization. This led
to enhanced receptor activation and Erk signaling.

4.3 Transmembrane (TMPRSSs) and secreted serine
proteases

The hepsin/TMPRSS (transmembrane protease/serine) sub-
family of the type 2 transmembrane serine protease (TTSP)
family has seven members: hepsin, TMPRSS2, TMPRSS3,
TMPRSS4, TMPRSS5/spinesin, MSPL (mosaic serine prote-
ase large-form), and enteropeptidase [95]. Due to their com-
mon transmembrane domain, TTSPs are membrane-bound
proteases and their activity is typically confined to the cell
surface mainly regulating cell-cell and cell-matrix interac-
tions. Aberrant expression of TMPRSS has been observed in
several cancers [96]. TMPRSS4 was found overexpressed in
lung cancer tissues and in a variety of human cancer cell lines
[97]. Knockdown of TMPRSS4 in lung and colon cancer cell
lines decreased invasion and cell-matrix adhesion whereas
overexpression in SW480 colorectal cancer cells resulted in
ZEB2 induction, E-cadherin loss, and an EMT phenotype
[97]. The role of TMPRSS4 in EMT induction has also been
shown in HCC [98]. In this work, TMPRSS4 stimulated the of
Raf/MEK/Erk1/2 pathway leading to activation of the EMT-
TFs SNAIL and SLUG. Recently, a role for TMPRSS3 in
EMT induction in gastric cancer was attributed to activation
of Erk1/2 and PI3K/Akt signaling [99]. However, information
on the direct molecular targets of the transmembrane serine
proteases remained sparse. In contrast, TMPRSS2 activation
of pro-HGF to the mature HGF was identified as critical step
for downstream signaling of the HGF-receptor c-MET leading
to EMT and motility of prostate cancer cells [100]. TMPRSS2
was strongly expressed in high-grade prostate cancers as well
as in most prostate cancer metastases, and a TMPRSS?2 inhib-
itor suppressed metastasis in a mouse model of prostate
cancer.

Another recently emerging role of membrane-anchored
serine proteases in cancer is their ability to cleave and activate
protease-activated receptors (PARs). PARs (PAR1-PAR4) are
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transmembrane G protein—coupled receptors activated by pro-
teolytic cleavage of their extracellular domain. When the N-
terminal part is cleaved, the resulting fragment serves as a
ligand activating the receptor and subsequently starting the
G protein-dependent signaling cascade. A variety of proteases
is able to cleave PARs, among them proteases from the coag-
ulation cascade, the digestive tract, and inflammatory cells.
PAR?2 in particular has been shown to be overexpressed in a
variety of advanced-stage tumors. TMPRSS control the
timing and strength of PAR signaling by activating these re-
ceptors. Furthermore, proteases adjacent to PAR2 tether PAR2
signaling to local membrane microdomains thereby providing
topically restricted input of PAR2 on cellular signaling net-
works [101].

In contrast to the transmembrane serine proteases, the se-
creted serine protease HTRA1 dampens cancer progression.
High HTRA1 levels were associated with favorable outcome
in breast cancer and other cancer entities [102, 103].
Epigenetic silencing mechanisms downregulate HTRA1 in
premalignant lesions, invasive breast carcinoma, and breast
cancer cell lines but not in normal mammary epithelium
[104]. HTRA1 knockdown in non-tumorigenic MCF10A
mammary cells triggered an EMT with all its molecular and
phenotypic hallmarks. Furthermore, HTRA1 knockdown re-
sulted in DNA damage response activation while HTRAI
overexpression prevented it. Consequently, the authors sug-
gested a tumor-suppressive and drug-sensitizing role for
HTRALI, although the molecular cues explaining these inter-
esting findings remain obscure to date.

5 Regulating EMT by removal of protein
modifications in the cytoplasm:
deubiquitination and desumoylation

Ubiquitination is a fate-determining event for proteins.
Modifying a target protein with the small proteinaceous ubiq-
uitin tag defines its activity, intracellular localization, and sta-
bility, the latter by enabling the degradation of poly-
ubiquitinated proteins by the proteasome [105, 106].
Ubiquitin ligases execute ubiquitination, which is frequently
reverted by deubiquitinating enzymes (DUBs) [107, 108]. The
human genome encodes for 102 putative DUB genes compris-
ing two main classes: cysteine proteases and metalloproteases.
The interplay of ubiquitin ligases and DUBs results in highly
dynamic post-translational modifications with impact on
many cellular signaling pathways. The ubiquitin-specific pro-
teases (USP) are the largest family of DUBs and have lately
come into focus as possible anticancer drug targets [109].
Interestingly, the ubiquitin-system regulates core EMT-
inducing transcriptional factors: USPs take an active part in
the induction of EMT by stabilizing EMT inducers like SLUG
and SNAIL and interfering with the main EMT inducing
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pathways like Wnt/3-catenin and hedgehog signaling. For
example it was shown that hypoxia-induced EMT in colorec-
tal cancer cells is mediated through USP47-dependent stabi-
lization of SNAIL [110]. USP47 is often upregulated in colo-
rectal cancer tissues as well as cell lines in which hypoxia
leads to activation of Sox9, a transcription factor that has been
shown to regulate EMT genes like E-cadherin, N-cadherin,
and Vimentin. Choi et al. could show that Sox9 also activates
USP47 transcription, and the subsequent stabilization of
SNAIL enabled this transcription factor to translocate to the
nucleus and regulate the expression of further EMT genes.
Along this line, USP10 and USP5 have been described to
deubiquitinate the EMT transcription factor SLUG thereby
preventing its degradation by the proteasome and promoting
EMT [111, 112].

In addition to their role in stabilizing EMT-TFs, USPs reg-
ulate the pathways inducing the key EMT-TFs. For example,
in osteosarcoma, USP7 induces EMT by direct binding to (3-
catenin, thus the Wnt/[3-catenin signaling pathway is activated
and EMT achieved [113]. Much work focused on the role of
USPs in TGF-f signaling [114]. USPs, such as USP4,
USP15, and UCH37 deubiquitinate the receptors of the
TGF-{3 superfamily [115-117]. This affects trafficking and/
or stability of the receptors. Furthermore, USPs are also in-
volved in regulating the signal mediators of TGF-[3, namely
the SMAD proteins. USP9x as well as the DUBs OTUB1 and
CYLD deubiquitinate SMAD4, SMAD2/3, and SMAD?7, re-
spectively [118—-120].

The small ubiquitin-like modifier (SUMO) is a posttrans-
lational modification similar to ubiquitin. The sentrin-specific
protease (SENP) family of endopeptidases cleaves the
isopeptide bond connecting SUMO with its target protein.
However, SENPs are also important for maturing pro-
SUMO to the form that can be ligated to its targets [121]. In
principle, SENPs can interfere with EMT again at the level of
the core EMT-TFs and with the intracellular signal transduc-
tion activating those. Compared with DUBs considerably few-
er investigations addressed SENPs in EMT. SENP2 has been
shown to interact with SMAD4 and desumoylate it [122]. In
consequence, cells gained motility and other EMT features.
An interesting feature is the interconnection of the ubiquitin-
and sumoylation-systems. For example, SENP1 and SENP 2
can regulate the Ubiquitin ligase Snurf2, which is involved in
TGF-{ signaling [123].

6 Lysosomal proteases: EMT amplifiers
and mediators of cell motility

The proteases of the endolysosomal cell compartment, often
referred to as “the cathepsins”, have a high impact on cancer
progression in various cancer entities [46, 47]. Located inside
the acidic vesicles of cells, cathepsins have long been thought
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to merely digest the proteins shuttled to the lysosome. In re-
cent years, however, it became clear that cathepsins have mul-
tiple roles in many physiological as well as pathophysiologi-
cal processes related to neurodegenerative disorders, autoph-
agy and aging [124, 125], antigen presentation [126], and
cancer and metastasis [36, 48, 127]. This extended range of
pathological involvement is due to the fact that cathepsins can
be secreted from cells and can be active in the extracellular
space. Slightly acidified conditions, as found in inflammation
and cancer, support cathepsin stability and activity.
Extracellularly, cathepsins can degrade ECM proteins but
are also able to execute more selective membrane protein
cleavages near the cell surface [128]. Intracellularly, cathep-
sins can escape the lysosome by a so-far ill-defined process
called lysosomal membrane permeabilization and perform
specific cleavages in the cytosol and nucleus [129, 130].
Nucleocytosolic cathepsins are frequently associated with cell
death; however, as discussed below, also, more regulatory
functions have been ascribed to them.

Similar to the other proteases discussed in this review, ca-
thepsins interact with the TGF-[3 pathway. Kern et al. demon-
strated that lysosomal protease activity during EMT of normal
and malignant mammary epithelial cells was increased
[131]."While broad-spectrum cysteine cathepsin inhibition
had no effect on the TGF-{31-induced EMT signaling and
did not affect migration of normal mammary epithelial cells,
it did reduce the invasion of murine breast cancer cells.
Interestingly, overexpressed SNAIL promoted Cathepsin B
expression and secretion in colorectal cancer cells [132]. High
levels of Cathepsins B and Z promoted EMT in various tu-
mor cell lines and were associated with a more mesenchymal
phenotype [133]. Simultaneous knockdown or inhibition of
both cathepsins reverted the cells to a less aggressive,
epithelial-like phenotype that could represent a
mesenchymal-to-epithelial transition (MET). In HCC, a fre-
quently observed genetic alteration is amplification of
Cathepsin Z at 20q13.3 [134]. In line with the involvement
of this protease in EMT, increased motility, upregulation of
mesenchymal markers, and downregulation of epithelial
markers were found in Cathepsin Z overexpressing cells as
well as an upregulation of MMP-2,MMP-3, and MMP-9.

A complex involvement of cathepsins in the EMT program
was suggested for Cathepsin L: Burton et al. found a positive
feedback loop, where SNAIL promotes Cathepsin L activity
with subsequent cleavage-mediated activation of the tran-
scription factor CUX1 that induced again the transcription of
SNAIL [135]. It had been shown before that CUX1 is able to
stimulate migration and invasion by inducing the expression
of SLUG and SNAIL and thus leading to transcriptional re-
pression of E-cadherin and Occludin [136]. Hence, Cathepsin
L appears to ensure efficient execution of EMT by activating
CUXI1. Cathepsin L also has a role in EMT-mediated drug
resistance of lung cancer cells [137]. Cells resistant to DNA-

damaging drugs had a typical mesenchymal appearance and
EMT marker profile as well as high Cathepsin L levels.
Silencing of Cathepsin L reverted the drug resistance in those
cells. Similar observations were made for non-small cell lung
cancers, in which irradiation caused p53 mutations, Cathepsin
L overexpression, and EMT [138]. Furthermore, in MCF-7
breast and A549 lung carcinoma cells, knockdown of
Cathepsin L suppressed the TGF-3-mediated activation of
PI3K/Akt and Wnt signaling pathways, thereby abrogating
SNAIL expression and EMT [139].

7 Synopsis: EMT, proteases, and cancer

Our extensive literature survey revealed that multiple protease
classes are tightly linked to initiation, regulation, and execu-
tion of EMT as a key oncogenic mechanism (Table 1). Of
note, researchers studied the involvement of extracellular act-
ing proteases, i.e., MMPs, ADAMSs, and serine proteases, in
EMT more extensively than that of intracellular proteases.
Extracellular proteases often liberate and activate latent
EMT-inducing factors. A prominent example is the proteolytic
release of TGF-3 from latent TGF-f3 complexes by several
MMPs [83, 84]. Extracellular proteases also cleave and dis-
able cell adhesion molecules, as for example ADAM15 cleav-
ing E-cadherin, thereby ensuring effective EMT progression
[94]. Finally, extracellular proteases also cleave ECM
for remodeling the tumor stroma as prerequisite for cancer
invasion [140, 141]. Although there are clear-cut examples
for any of the steps of extracellular protease involvement in
EMT, the truth is probably that a given protease contributes to
several of the EMT stages, e.g., by liberating EMT-inducing
growth factors and degrading ECM. Furthermore, it is con-
ceivable that several extracellular proteolytic systems cooper-
ate in those tasks; however, those matters have not been ad-
dressed comprehensively yet and are subject to further explo-
ration by systems biology approaches [142].

In this review, we have been focusing on the
deubiquitinating and desumoylating proteases as major repre-
sentatives of intracellular cytosolic proteases. These proteases
function in all intracellular EMT pathways with most experi-
mental work devoted to TGF-f3 signaling. In addition, DUBs
directly enhance EMT by stabilizing key EMT-TFs by remov-
al of degradation marks. However, most DUBs and SENPs
have multiple targets and several members of the protease
families can remove ubiquitin or SUMO from a given target
protein. As slightly different results have been obtained for
different cancer types and/or different cancer cell lines, one
should probably be aware of a great context specificity of the
observations made. On the other hand, this situation offers the
chance for therapeutic windows in which “EMT-proteases”
critical for a cancer type could be selectively targeted without
unacceptable general toxicity.
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Table 1 Overview over selected proteases implicated in cancer associated EMT and pathways involved
Protease family Protease Pathway Type of cancer/cells Citation
MMP MMP-3 Raclb, ROS, SNAIL breast [72]
MMP-8 TGF-31, PI3K/Akt/Racl HCC [81]
MMP-9 TGF-f31 ESCC [82]
MMP-14 TGF-f3, CUX1, Wnt5a Prostate [70, 80]
? Breast [77]
Snail, ESCC, SCC [78, 79]
ZEB1/TWIST
MMP-19 ? NSCLC [75]
MMP-28 TGF- LA [66]
ADAM ADAMO IL-6, INK, ROS HCC [88]
ADAMI10 E-cadherin/f3-catenin Keratinocytes, fibroblasts [60]
Notch CRC, gastric [90]
ADAMI12 TGF-f3, SMAD3, Akt, Erk Breast [92]
EGFR/Erk Pituitary adenoma [93]
ADAMI15 HER2/HER3, Erk Breast [94]
ADAM17 miR-326? LA [91]
(Membrane bound) Serine HTRAL (anti-tumor/EMT) ATM and DNA damage response Breast [104]
? HCC [103]
TMPRSS2 HGF/HGEFR, ¢-MET Prostate [100]
TMPRSS3 Erk/, PI3K/Akt Gastric [99]
TMPRSS4 ZEB2 Lung/other [97]
Raf/MEK/Erk, SNAIL, SLUG HCC [98]
Deubiquitinases and SENP1/SENP2 Snurf2, TGF-f3 NMuMG [123]
desumoylases lysosomal SENP2 TGF-B, SMAD4 Triple negative BC [122]
USP4, USP15, UCH37 Akt, SMADs, TGF-f3 receptor Glioblastoma [115-117]
(USP15)
USP7 Wnt/3-catenin Osteosarcoma [113]
USP9x, OTUBI1, CYLD SMAD4, SMAD2/3, SMAD7 Non-cancer cell lines [118-120]
USP10, USP5 SLUG HCC [111,112]
USP47 Sox9, SNAIL CRC [110]
Cathepsin B SNAIL CRC [132]
Cathepsin B/Cathepsin Z TGF-31/? Various cancer cell lines [133]
Cathepsin L SNAIL/CUX1 Prostate and breast [135]
SLUG, SNAIL, ZEB1/2 Lung [137]
p53 NSCLC [138]
TGF-f3, PI3K/Akt, Wnt, SNAIL Lung, breast [139]
Cathepsin Z ? HCC [134]

? Indicates no suggested mechanism

Surprisingly, also lysosomal proteases show strong as-
sociation with EMT progression. Part of the explanation
for those findings might be that cancer cells, and also fi-
broblasts and immune cells of the tumor microenviron-
ment, frequently secrete lysosomal cathepsins.
Subsequently cathepsins act as extracellular proteases as
discussed above. There has been much work on the action
of cytosolic and nuclear cathepsins, especially Cathepsin
L, on EMT regulation under conditions not inducing apo-
ptotic or necrotic lysosomal cell death. Remarkably, there
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is little evidence for interference of cytosolic cathepsins
with typical EMT signaling, i.e., TGF- and Wnt path-
ways. Instead, proteolytic activation of the transcription
factor CUXI1 results in subsequent transcriptional upregu-
lation of core EMT-TFs. Since EMT and EMT-TFs also
induce cathepsins, nucleocytosolic cathepsins appear to
function in positive feedback loops as EMT amplifiers.
To date, cathepsin involvement in EMT has not been much
studied in the context of the primary localization of these
proteases—the lysosome. This is surprising, because
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research of the past decade identified the lysosome as cen-
tral hub for cell signaling [143]. It might be worthwhile to
pursue along those avenues.

A final note is that many of the reports cited in this review
showed positive associations of protease expression, EMT,
and poor patient prognosis. However, studies scrutinizing
whether EMT protease expressions are indeed independent
prognostic factors are missing. In addition, one should not
stick to the dogma of proteases being poor prognostic factors
and EMT drivers. There is a longstanding notion of proteases
having tumor-suppressive functions [144, 145]. In this review,
one example for a potentially EMT-suppressive protease is the
serine protease HTRA1. We are convinced that further explo-
ration of this issues will result in both—exciting science and
benefit for cancer patients.
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