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Preface

I thought that my voyage was at its end at the last

limit of my power that the path before me was closed,
provisions were all exhausted and the time had come for me
to take shelter in a silent obscurity.

But, I find that thy will knows no end in me.

And, when old words die out on the tongue

new melodies break forth from the heart and where

the old tracks are all lost new country is unveiled

with its wonders.

(Rabindranath Tagore (Gitanjali: Song of offerings)

The history of research on proteases is relatively old, which has been initiated in
the late eighteenth century, although in recent times it has gained a tremendous
momentum because of their widespread applications, especially in biotechnology
and medicine. There are many ways in which proteases elicit both the beneficial and
detrimental effects on the functioning of living beings, and this has prompted
researchers to study their roles in health and disease.

Recent research revealed that about 2% of all gene products are proteases, indi-
cating that it is one of the important functional groups of proteins. Notably, it seems
difficult to know how a protease can be distinguished from another related one. On
one side, scientists are engaged in understanding the basic mechanisms of the
potentiality of different types of proteases in a variety of disease progression and
evaluation of relevant therapeutics; on the other side, researchers are trying to
answer two fundamental questions: How does knowledge of one protease help in
the understanding of related proteases? How can a novel protease’s role be truly
ascertained?

Research on renin inhibitors as potential anti-hypertensive drugs started in the
early 1970s. Some early peptide-like inhibitors showed significant inhibitory activ-
ity towards renin but lacked adequate bioavailability. After decades of research, the
first bioavailable renin inhibitor aliskiren was approved and marketed in 2007; how-
ever it was discontinued in 2011 due to its side effects. Notably, the success of
inhibitors of angiotensin-converting enzyme (ACE) and p-blockers for the treat-
ment of hypertension have supported the concept that protease inhibitors can prove
useful as successful drugs. Peptidomimetic inhibitors, which bind at the active site
of matrix metalloproteases (MMPs), have been tested, and most MMP inhibitors in
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clinical development are hydroxamate derivatives such as batimastat and marimas-
tat, although nonpeptide MMP inhibitors such as AG3340 and Bay-12-9566 have
also shown their efficacy in preventing different types of cancer. Despite the success
achieved in understanding fundamental scientific information and in designing
some highly valuable drugs by exploring active site targeted inhibitors, the limited
number of protease inhibitors introduced during the past decade as well as several
failures indicates a need for basic research on disease-causing proteases for more
details. In this book, we believe that different authors in their respective chapters
provided some novel information, which will eventually help to unravel many bar-
riers that pharmacologists and drug designers are experiencing currently.

This book is intended to provide comprehensive treaties of physiological and
pathological implications of some proteases. We would like to express our apprecia-
tion to all the contributors for their enthusiasm and perseverance in bringing this
book to fruition. We wish to thank Dr. Madhurima Kahali (Biomedicine, Springer,
New Delhi), Sowndarya Kumaravel and F. Avilapriya for all the very important
initiating effort towards achieving this goal. Finally, we like to thank Prof. Sankar
Kumar Ghosh (Vice Chancellor, University of Kalyani) for his encouragement.

Kalyani, West Bengal, India Sajal Chakraborti
Manitoba, Winnipeg, Canada Naranjan S. Dhalla
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Physiological and Pathological
Functions of Mitochondrial Proteases

Clea Barcena, Pablo Mayoral, Pedro M. Quiros,
and Carlos Lépez-Otin

Abstract

Mitoproteases display an essential role in the preservation of mitochondrial
homeostasis under regular and stress conditions. These enzymes perform tightly
regulated proteolytic reactions by which they participate in mitochondrial pro-
tein trafficking, processing and activation of proteins, protein quality control,
regulation of mitochondrial biogenesis, control of mitochondrial dynamics,
mitophagy, and apoptosis. In this chapter, we have revised the physiological
functions of the intrinsic mitochondrial proteases, analyzing their roles in the
different compartments of this organelle and their connection to human pathol-
ogy, primarily cancer, neurodegenerative disorders, and multisystemic diseases.

Keywords
Mitochondria * Mitoproteases * Mitochondrial dynamics ¢ Cancer * Aging °
Neurodegenerative disorders

1.1 Introduction

Due to their prokaryotic origin, mitochondria possess some structural characteris-
tics that make them remarkably different from other organelles of eukaryotic cells.
They have a double membrane with an intermembrane space, being the inner mem-
brane expanded by the formation of numerous foldings named cristae. Enclosed
among these cristae, we can find the mitochondrial matrix, where several copies of
mitochondrial DNA genome are contained. Mitochondria play essential biological
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functions, fundamental for the generation of most of the cell supply of adenosine
triphosphate (ATP), the source of chemical energy within the cells.

The complex structure and the relevance of the mitochondrial function within the
organisms justify the need to set an organization of the molecules that collaborate in
the maintenance of the assembly and function of this energy machine, among which
proteases are gaining an increasing attention. Proteases have been considered for
many years just as performers of the catabolic reactions in the organisms; however,
we are currently beholding a surprising and unexpected increment in the studies of
these enzymes, positioning them as multifunctional molecules carrying essential
functions in health and disease [1-3]. The study of proteases contained in the mito-
chondria, named mitoproteases, has also experienced an exciting expansion. Until
very recently, they were seen only as members of the quality control system of
mitochondria, in charge of the degradation of misfolded and damaged proteins or
being responsible for the processing of proteins imported from cytosol into mito-
chondria [4]. Nevertheless, in recent years, we have witnessed an impressive prog-
ress in the knowledge of their functions, becoming increasingly evident that they are
not merely actors of the catabolic functions of mitochondria. Instead, mitoproteases
perform precise and tightly regulated proteolytic roles that determine time-specific
functions of regulatory proteins.

Due to this increased knowledge and interest in the study of mitochondrial pro-
teases, we have recently proposed the concept of mitodegradome to define the com-
plete set of proteases and homologues that function in mitochondria from cells and
tissues of an organism [5]. The mitodegradome would therefore modulate in an
efficient and irreversible way the function of mitochondria in order to adapt these
organelles to the diverse stress situations that they face, especially given the fact that
there is an absence of de novo synthesis of mitochondria. This characteristic is of
special relevance in post-mitotic tissues, endowing mitochondria and the mitode-
gradome an important role in health and aging. Consistent with this, malfunction or
deregulation of mitochondrial proteases has been associated with numerous pathol-
ogies such as metabolic impairments, cancer, inflammatory diseases, and neurode-
generative disorders [6-8], as well as with the control of aging and longevity [9].

Mitoproteases have the common feature of their location in the mitochondria,
which can be exclusive or shared with the cytosol. Beyond this characteristic, they
form an assorted group attending to their proteolytic diversity. To set some clarity in
this complex grouping, we have recently organized the mitoproteases according to
their function, localization, and proteolytic nature in three groups: intrinsic or resi-
dent mitoproteases, which exert their function exclusively in this organelle regard-
less of the compartment in which they act; the pseudo-mitoproteases, which have a
protease structure but are catalytically impaired; and transient mitoproteases, which
are translocated into mitochondria only in some particular circumstances [5].

Among these three groups of defined mitoproteases, the intrinsic or resident
mitoproteases are the most relevant, and it will be the main focus of this chapter. All
the enzymes that belong to this group exert their function essentially in mitochon-
dria, being considered as the bona fide mitochondrial proteases. In this group,
we can find 20 enzymes, divided into 1 cysteine, 7 serine, and 12 metalloproteases.
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The only member in the subgroup of cysteine proteases is the deubiquitinase USP30,
which participates in the quality control system in the outer membrane [10]. By
contrast, the metalloproteases are represented by members of seven different
families, which exert a variety of functions in mitochondria. This subgroup includes
the processing peptidases PMPCB, MIPEP, XPNPEP3, METAPID, ATP23, and
OMATL; the ATP-dependent proteases AFG3L2, SPG7, and YMEI1LI; the oligopep-
tidases NLN and PITRM1; and the relatively unknown enzyme OSGEPL1. Finally,
the serine proteases are represented by beta-lactamase (LACTB); the processing
peptidases IMMPL1, IMMPL?2, and PARL; the ATP-dependent proteases LONP1
and CLPP; and the quality control protease HTRA2. Interestingly, many of these
proteolytic enzymes are widely distributed from bacteria to mammals. In fact, there
are bacterial orthologues of nearly all human mitochondrial proteases, including
different oligopeptidases and aminopeptidases belonging to the M3 and M24 metal-
loprotease families; the highly conserved families of ATP-dependent proteases,
such as Lon, ClpP, and FtsH proteases (orthologous of LONP1, CLPP, and the AAA
proteases AFG3L2, SPG7, and YMEILI, respectively); the ATP-independent
stress-response metalloprotease HtpX (orthologous of OMA1); and the serine pro-
teases DegP and DegS (orthologous of HTRA2) (Table 1.1).

Functionally, the mitoproteases include the classical proteases involved in the
import of proteins to mitochondria and in the protein quality control system.
However, it is now recognized that mitoproteases exert a variety of functions within
mitochondria, including mitochondrial protein trafficking, processing and activa-
tion of proteins, protein quality control, regulation of mitochondrial biogenesis,
control of mitochondrial dynamics, mitophagy, and apoptosis [5].

The present chapter discusses the different proteolytic functions of mitoprote-
ases in the mitochondrial compartments, focusing on recent advances of the study
of this group of enzymes. Additionally, we present an overview of the role of these
enzymes in human pathology.

1.2  Physiological Roles of Mitoproteases
1.2.1 Proteolysis in the Outer Membrane

The mitochondrial outer membrane plays essential roles in mitochondrial biogene-
sis, as well as in the control of mitochondrial dynamics and mitophagy. Since the
amount of proteins in the outer membrane is lower compared with the inner mem-
brane, the function of mitoproteases in the outer membrane is to regulate the fusion
and fission machinery in order to maintain the integrity of the mitochondrial net-
work. Apart from the intrinsic mitoproteases, transient proteases and the cytosolic
ubiquitin proteasome system also collaborate in the regulation of these processes,
maintaining the quality control in this membrane [11]. Actually, the only mitochon-
drial protease that exerts its biological function in the outer membrane is the deubiq-
uitinating enzyme USP30. The role of this enzyme is to inhibit the function of
mitofusin 1 and mitofusin 2 by specifically removing the non-degradative
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Table 1.1 Intrinsic mitochondrial proteases

Mitochondrial Associated pathology
Symbol Class Localization function in humans
OMA1 Metallo | Inner membrane Mitochondrial Improves cisplatin
dynamics, chemosensitivity
mitophagy, and
apoptosis
PARL Ser Inner membrane Mitophagy and Type 2 diabetes,
apoptosis Parkinson’s-like disease,
neuronal injury, and
cerebral ischemia
AFG3L2 Metallo Inner membrane PQC and Dementia, ataxia
mitochondrial spinocerebellar, spastic
biogenesis paraplegia
SPG7 Metallo | Inner membrane PQC and Spastic paraplegia,
mitochondrial ataxia, chronic
biogenesis ophthalmoplegia, type 2
diabetes, coronary artery
disease
YMEILI1 Metallo | Inner membrane PQC and -
mitochondrial
biogenesis
IMMPIL Ser Inner membrane Protein import -
and activation
IMMP2L Ser Inner membrane Protein import Thyroid cancer, Tourette
and activation syndrome
LACTB Ser Intermembrane Mitochondrial -
space biogenesis
NLN Metallo | Intermembrane PQC -
space
ATP23 Metallo | Intermembrane PQC and -
space processing
peptidase
HTRA2 Ser Intermembrane PQC, mitophagy, | Cancer, Parkinson’s
space and apoptosis disease, essential tremor,
neuronal injury, and
cerebral ischemia
OSGEPL1 Metallo | Matrix Mitochondrial -
biogenesis
CLPP Ser Matrix PQC Acute myeloid
leukemias, Perrault
syndrome
PITRM1 Metallo | Matrix PQC Alzheimer’s disease
LONP Ser Matrix PQC and Cancer, CODAS
mitochondrial syndrome
biogenesis
METAPID | Metallo | Matrix Protein import Colon cancer
and activation
MIPEP Metallo | Matrix Protein import -

and activation

(continued)



1 Physiological and Pathological Functions of Mitochondrial Proteases 7

Table 1.1 (continued)

Mitochondrial Associated pathology
Symbol Class Localization function in humans

PMPCB Metallo | Matrix Protein import -
and activation
XPNPEP3 Metallo | Matrix Protein import Nephropathy
and activation

USP30 Cys Outer membrane Mitochondrial Parkinson’s disease
dynamics and
mitophagy

PQC protein quality control

ubiquitylation marks [12]. Consequently, the inhibition or depletion of USP30 in
human cells induces fusion, with a concomitant increment in interconnected mito-
chondria [10]. Recently, it has been observed that this effect is maintained in cells
deficient in mitofusins [12], suggesting a regulation independent of these mitoproteins.
Additionally, it has been described that USP30 also blocks parkin-mediated mitoph-
agy through the removal of ubiquitin moieties from damaged mitochondria [13].

1.2.2 Proteolysis in the Intermembrane Space

Mitoproteases located at the intermembrane space mainly exert quality control
functions. All the proteases associated with this region are ATP-independent
enzymes, which is probably due to the compartmentalization of the intermembrane
space, keeping it separated from the ATP production area. Among these proteases,
we can find HTRA2 and ATP23, which participate in protein quality control; NLN,
an oligopeptidase; and LACTB, whose function is still unknown.

HTRAZ2 is a trimeric serine protease with crucial roles in the degradation of oxi-
dized proteins [14] and in the inhibition of mitophagy. This last function can be
exerted under stress conditions through the degradation of parkin when liberated to
the cytosol or by processing the intramitochondrial Mulan E3 ubiquitin ligase [15,
16]. Mouse cells deficient for this enzyme accumulate mutations in the mtDNA,
which has led to suggest that this mitoprotease also collaborates in the maintenance
of mtDNA integrity [17]. The decline in mitochondrial mass and membrane poten-
tial after loss of HTRAZ2, resulting in ATP depletion, is also remarkable [18].
HTRAZ2 also regulates cell death through different pathways. First, it seems to stim-
ulate TNF-induced necroptosis as well as a secondary germ cell death pathway in
Drosophila melanogaster [19, 20]. However, its most studied role in cell death is the
promotion of apoptosis, through two different and somewhat opposing ways. Thus,
some studies suggest that its activation by PARL avoids aggregation of pro-apoptotic
proteins, as BAX, in the outer membrane [21]. Conversely, it has also been sug-
gested that, during apoptosis, HTRA2 autoactivates itself before being released to
the cytoplasm, where it cleaves and inactivates anti-apoptotic proteins, such as
X-linked inhibitor of apoptosis protein (XIAP) and the tumor-suppressor WT1 [22,
23], which finally results in the promotion of apoptosis.
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PRELID1

Mitochondrial dynamics

Apoptosis and mitophagy
Matrix

Fig. 1.1 Mitochondrial proteases in the inner membrane. Intrinsic mitochondrial proteases
that exert their role in the inner membrane. The proteolytic activities of mitoproteases in this com-
partment are vastly diverse, participating in protein import, mitochondrial dynamics, and regula-
tion of apoptosis and mitophagy

Among the quality control proteases, we can also find ATP23 (XRCC6BP1) [24,
25]. Although the function of this metalloprotease in mammals has not been con-
firmed yet, its yeast orthologue participates in the quality control of mitochondria
through the degradation of lipid transfer proteins that are highly conserved in the
course of evolution. The high functional conservation that is usually found among
mitoproteases from yeast to mammals suggests that ATP23 might play a similar role
in mammalian mitochondria [25].

NLN is supposed to be an oligopeptidase that functions in the intermembrane
space. It is also known as neurolysin or mitochondrial oligopeptidase M and can be
found both in the cytosol and inside of mitochondria [26].

Finally, among the mitoproteases from the intermembrane space, we can find
LACTB, whose function has not been completely defined yet. However, as it is
known to form internal filaments, it has been proposed to possess a structural func-
tion through the compartmentalization and structuration of the intramitochondrial
membrane [27].

1.2.3 Proteolysis in the Inner Membrane
The mitoproteases located in the inner membrane are diverse and participate in

several if not all mitochondrial processes that occur in this compartment (Fig. 1.1).
Among them, we can find the ATP-dependent proteases mAAA (SPG7 y AFG3L2)
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and iAAA (YMEILL1), which participate in the quality control of the inner
membrane, in the mitochondrial biogenesis, and in the regulation of mitochondrial
dynamics. iAAA, and its only subunit YMEI1L1 protease, has its active site oriented
to the intermembrane space, whereas mAAA, composed in humans of AFG3L2 and
SPGT7 (or paraplegin), has its active site oriented to the matrix [28, 29]. mAAA and
iAAA proteases exert their quality control role through different mechanisms. First
of all, these proteases degrade damaged or non-assembled subunits of the electron
transport chain, so their absence provokes the malfunction of oxidative phosphory-
lation (OXPHOS) caused by the accumulation of defective complexes [29-31].
Besides, mAAA subunit AFG3L2 is critical to the maintenance of inner membrane
integrity under aberrant protein accumulation caused by the loss of temporal and
spatial coordination in the assembly of the oxidative phosphorylation complexes
[32]. AAA proteases also have a role in mitochondrial biogenesis. Some years ago,
it was observed that yeast cells without mAAA had a respiratory deficiency as a
consequence of damaged mitochondrial translation as well as a defective processing
of the ribosomal subunit MrpL32 [33]. It was later defined that this protease con-
trols the assembly of mitochondrial ribosomes and the synthesis of mitochondrially
encoded respiratory chain subunits [32]. mAAA protease, and in particular its sub-
unit AFG3L2, also has a role in calcium homeostasis as it induces mitochondrial
fragmentation through the processing of OPA1, thereby decreasing calcium uptake
[34]. Also, in the case of iAAA (YMEILI), it degrades the translocase subunit
TIM17A as a consequence of the stress response, decreasing protein import into
mitochondria [35]. Additionally, YMEI1L1 protease also modulates cardiolipin lev-
els and the resistance to apoptosis by degrading PRELID1 (known as Ups| in yeast),
a protein that prevents apoptosis by complexing to TRIAP1, a p53-regulated pro-
tein, and mediating this way the intramitochondrial transport of phosphatidic acid,
necessary for cardiolipin synthesis and consequently apoptosis resistance [36].
Mitoproteases in the inner membrane also have a role in mitochondrial dynamics
(Fig. 1.1). OMAL, an ATP-independent protease, is a stress-response protease that
functions together with the AAA proteases. It is activated under different stress
conditions, such as oxidative and heat stress, and membrane depolarization [37].
As aresult, it carries the proteolytic cleavage of all long forms of OPA1, inhibiting
this way the fusion process [38—40]. OMAI1 negatively regulates itself by auto-
processing in order to control and limit the stress response [37]. The processing of
the inner membrane fusion protein OPA1 by OMA1 and/or YMEIL1, as well as the
regulation of the abundance of mitofusins and DRP1 at the outer membrane, serves
to regulate mitochondrial dynamics. In particular, the processing of OPA1 by
YMEILI seems to provide a connection between mitochondrial dynamics and
OXPHOS function dependent on the metabolic state [41]. Actually, it has been
recently reported that depolarization of the mitochondrial membrane leads to OMA1
activation, and depending on the energy status of the cell (ATP levels), YMEIL1
will degrade OMAL1 (high levels) or OMA1 will degrade YMEILI1 (low levels),
allowing cells to adapt mitochondrial dynamics to distinct cellular insults [42]. It has
also been described that a third and unknown cysteine protease is able to cleave OPA1
in the C-terminal region, apparently an event that occurs in the liver after a meal.
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The exact nature of this additional processing of OPA1 is still unknown; however, it
seems to be dependent on mitofusin 2 and independent of OMA1 [43]. In conso-
nance to this, cells from Omal-deficient mice are unable to process and inactivate
OPAL1. For this reason, these cells are protected against mitochondrial fragmenta-
tion, and consequently they show an increase in highly connected mitochondria
[39]. On the other hand, Ymelll-deficient mice cells have constantly activated
OMAL, so they show fragmented mitochondria [44]. As a consequence of this regu-
lation of mitochondrial dynamics by OMA1 and AAA proteases, Omal-null mice
have an unbalanced OPA1 processing, being unable to adapt mitochondrial dynam-
ics to stress conditions in the cells. As a result, these mutant mice are obese and have
a defective thermogenesis, proving the connection between the control of metabolic
homeostasis and the regulation of mitochondrial dynamics [39, 45]. Very recently,
it has also been described that loss of Omal in yeast cells leads to elevated ROS
levels and activation of stress survival responses in a TORC1-mediated way, linking
mitochondrial quality control and TOR signaling in the response to stress stimuli [46].

Mitoproteases of the inner membrane also participate in the regulation of apop-
tosis by different mechanisms (Fig. 1.1). For example, mitochondrial fusion serves
to maintain the integrity of cristae, avoiding this way the release of pro-apoptotic
proteins and protecting against apoptosis. Probably for this reason, the absence of
YMEILI1 leads the processing of OPA1 by OMALI, causing a loss of the cristae
integrity and mitochondrial fragmentation and eventually an increased susceptibil-
ity to apoptosis [44]. OMALI also has a role in the regulation of mitophagy, as altera-
tion of its activity stabilizes OPA1 and prevents mitochondrial fragmentation, a
process that is required in order to elicit mitophagy [47]. On the contrary, it can be
activated by the pro-apoptotic proteins BAX and BAK [48] and by other stress
stimuli [37]. As a result of the degradation of OPA1, cytochrome c is released pro-
moting apoptosis. Consequently, deficiency in this metalloprotease protects against
apoptotic stimuli [39, 49].

PARL is a rhomboid intramembrane protease located in the inner membrane and
with known roles in mitophagy and autophagy. In the first case, its function is
related to the degradation of the mitochondrial kinase PINK1, which triggers the
binding of parkin protein to depolarized mitochondria in order to induce mitophagy.
Other mitoproteases participate in the processing of PINK1. Thus, under normal
conditions, PINK1 enters the mitochondria, and once there, it is processed by MPP
[50]. In addition, it is cleaved and consequently destabilized by PARL, leading to its
release from mitochondria in order to be degraded by the ubiquitin-proteasome sys-
tem in the cytosol [51]. Afterwards, PINK1 is recycled in a process still poorly
understood involving other mitoproteases such as mAAA, CLPP, and LONP1 [50].
PARL also regulates mitophagy by participating in the degradation of PGAMS [52],
a phosphatase that activates mitophagy and necrosis under stress conditions. Its
degradation by PARL would therefore prevent mitophagy [53, 54]. Finally, PARL
also has a role in the regulation of apoptosis in a HTRA2-independent manner,
through the remodeling of cristae and the control of cytochrome c release during
apoptosis [55, 56]. Accordingly, mice deficient in PARL show an increased apopto-
sis that leads to a premature death [55].
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Fig. 1.2 Matrix mitochondrial proteases. Intrinsic mitochondrial proteases situated mainly in
the matrix. Their roles in this compartment are predominantly the processing of imported peptides,
maintenance of mtDNA, and degradation of misfolded or damaged proteins

The last mitoproteases from the inner membrane are IMMPI1L and IMMP2L,
processing peptidases that eliminate hydrophobic signals from proteins that have
been imported into the intermembrane space after being processed by MPP [57].
These two mitoproteases also promote the assembly of yeast translocase inner
membrane (TIM) complexes through the cleavage of specific carboxy-terminal
subunits [58].

1.2.4 Proteolysis in the Mitochondrial Matrix

Among the ATP-dependent proteases that exert their function in the mitochondrial
matrix, we can mention LONP1 and CLPP, which participate in quality control,
mitochondrial biogenesis, and mitochondrial stress response (Fig. 1.2). LONP1 is a
serine protease highly conserved through evolution. It participates in the quality
control of the matrix by degrading oxidized, misfolded or mutated proteins, ensur-
ing cell viability. Therefore, it can respond to different stress stimuli that can be
potentially harmful [59, 60], as well as to normal conditions that require a recondi-
tioning of the protein homeostasis in mitochondria. LONP1 has been shown to
degrade several proteins in mammals, including succinate dehydrogenase subunit 5
(SDHS), aconitase, glutaminase C, cytochrome ¢ oxidase isoform COX4-1, ste-
roidogenic acute regulatory protein (StAR), mitochondrial transcription factor A
(TFAM), cystathionine-f-synthase (CBS), heme oxygenase-1, and 5-aminolevulinic
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acid synthase (ALAS1) [61-68]. Probably due to this wide spectrum of action, mice
knockout for LONP1 exhibit an early embryonic lethality. However, mice heterozy-
gous for the deletion of Lonpl show alterations in mitochondrial respiration and in
the OXPHOS system, probably causing an inability for metabolic reconversion in
malignant cells and thereby showing a decreased tumoral susceptibility. This study
has clearly demonstrated the indispensable role of LONP1 in life and disease [69].
This mitoprotease also has a role in mitochondrial biogenesis, as it functions as a
DNA-binding protein that upon stress conditions is released from mtDNA and
degrades the transcription factor TFAM. This way, LONP1 controls mtDNA main-
tenance as well as mitochondrial gene expression [68, 70, 71].

The other ATP-dependent protease with proteolytic function in the mitochon-
drial matrix is the serine protease CLPP (Fig. 1.2). It is known that CLPP forms the
complex CLPXP together with the chaperone CLPX; however, its function is still
not completely clear. It has been related to the degradation of misfolded proteins
and, consequently, to the mitochondrial unfolded protein response (UPR™) in
Caenorhabditis elegans [72]. However, it has been recently reported that its deletion
in DARS2-deficient mice, a mouse model of UPR™, alleviates their mitochondrial
cardiomyopathy, suggesting that CLPP does not participate in mammalian UPR™
[73]. It has also been described that CLPP absence in mice provokes hearing loss,
infertility, and growth retardation, probably through the accumulation of CLPX
subunits and mtDNA [74].

Apart from these two ATP-dependent proteases, mitochondrial matrix also needs
processing peptidases engaged in the import of proteins to mitochondria and oligo-
peptidases that deal with the peptides that result from the degradation of damaged
proteins by LONP1, CLPP, and mAAA proteases (Fig. 1.2). Among them we find
PITRM1, an oligopeptidase from the pitrilysin family. This metalloprotease also
shows a presequence processing role that is critical for correct mitochondrial func-
tion [75-77]. PITRM1 degrades the mitochondrial amyloid fB-protein in human
cells [78] and, in yeast, it has also been observed that amyloid p-protein can in turn
inhibit the yeast orthologue of PITRM1, impairing this way the processing activity
of MPP. This would trigger the accumulation of preproteins in mitochondria, link-
ing accumulation of amyloid p-protein to mitochondrial dysfunction [77].

As explained before, most of mitochondrial proteins are encoded in the nucleus
DNA. In order to be translocated into the mitochondria after being synthesized in
the cytosol, these proteins carry mitochondrial import signals that, once inside of
the organelle, need to be removed. This action is performed by the so-called mito-
chondrial processing peptidases, a group of enzymes that includes PMPCB, MIPEP,
METAPI1D, and XPNPEP3 [79]. PMPCB (also known as 3-MPP) is responsible for
the processing of the majority of mitochondrial proteins, thus being the most impor-
tant mitochondrial protein peptidase [80]. It forms a heterodimer with its non-
protease homologue PMPCA (a-MPP), resulting in the MPP complex [81]. PMPCA,
although without protease activity, facilitates the proteolytic processing of PMPCB
by recognizing and binding to the mitochondrial targeting presequences from the
imported proteins [82]. As already stated, PMPCB is the major mitochondrial pro-
cessing peptidase. However, there are other processing peptidases with more defined
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targets and essential roles in the maturation and stabilization of the imported pro-
teins. Among them, we can mention the mitochondrial intermediate peptidase or
MIPEP (Octl in yeast) that cleaves octapeptides from cytosolic proteins imported
into the mitochondria, whereas the aminopeptidase XPNPEP3 (also known as
Icp55) cleaves one single amino acid from the amino terminus of MPP-processed
substrates [83, 84]. Finally, the mitochondrial Met aminopeptidase METAP1D (also
known as MAP1D) cleaves the Met residue from the amino terminus of some proteins
encoded in the mitochondrial DNA, generating functionally active proteins [85].

Another proteolytic enzyme that functions in the mitochondrial matrix is
OSGEPLI1, whose role is still unknown although some studies suggest that it could
participate in the mtDNA maintenance, as demonstrated for its orthologous proteins
Kael(OSGEP)/YgjD in multiple organisms [86].

1.3  Pathological Contributions of Mitoproteases
1.3.1 Mitochondrial Proteases in Cancer

The essential role of metabolism and bioenergetic remodeling in malignant pro-
cesses [87, 88] has led to an increment in the studies that relate the function or
malfunction of mitoproteases to different stages of cancer, from its first appearance
to its progression and metastasis. Ten years ago, it was already observed that the
expression of the aminopeptidase METAP1D was increased in colon cancer cells
and that its downregulation was related to a reduction of the tumorigenic potential
[89]. Nowadays, we know that several other mitoproteases are also implicated in the
oncogenic process with antagonistic roles. For example, HTRA2 displays both pro-
and anti-oncogenic roles as it degrades the tumor-suppressor protein WT1 [23], but
also prevents cell invasion by modulating the cytoskeleton after being released to
the cytosol following p53-dependent activation [90]. In this context, the mitoprote-
ase OMALI also responds to p53 stimulation, being upregulated and improving cis-
platin chemosensitivity in gynecologic cancer cells by promoting mitochondrial
fragmentation [91]. Also, a genetic study of risk of developing thyroid cancer has
associated the presence of certain SNPs in the mitoprotease IMMP2L to this type of
malignancy [92]. Furthermore, it was recently reported that CLPP is overexpressed
in human acute myeloid leukemias and that its inactivation selectively kills the
tumorigenic cells by inhibiting oxidative phosphorylation and mitochondrial metab-
olism [93]. Moreover, CLPP downregulation in human cancer cells seems to confer
sensitivity to cisplatin therapy [94].

Besides this, LONP1 protease is the mitoprotease most studied for its relation to
cancer. It has been consistently reported to promote tumorigenesis, as its upregula-
tion protects malignant cells from different stresses, favoring their oncogenic poten-
tial [95]. Moreover, it has been observed that its upregulation in several tumors is
related to a worsened prognostic. On the contrary, downregulation of LONP1
decreases the tumorigenic properties of cancer cells [69, 96—102]. Its implication in
tumorigenesis might be explained by its role in the adaptation to the hypoxic
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Fig. 1.3 Mitochondrial proteases in neurodegenerative diseases. Mitochondria need to adapt
constantly to a changing environment in order to maintain their homeostasis. A deregulation of this
status, such as an increment in reactive oxygen species (ROS), a disproportionate stress stimuli, or
accumulation of mutations in mtDNA, might lead to malfunction of mitoproteases and the accu-
mulation of an excess of misfolded or damaged proteins. In a healthy situation, this should be
solved by activation of the mitophagy pathway. However, under pathological conditions or muta-
tions in mitoproteases, mitophagy might be inhibited, causing different pathologies such as neuro-
degenerative disorders

conditions that are found in tumors in a HIFla-mediated way [64]. More specifi-
cally, it has been observed that LONP1 induces the necessary metabolic switch in
tumor cells and protects them from entering senescence [69]. Indeed, it was recently
described that increase in LONP1 levels in tumor cells facilitates survival to apop-
tosis through the increase stability of the HSP60-mtHSP70 complex [103].

1.3.2 Mitochondrial Proteases in Neurodegenerative Diseases

Besides their implication in cancer, mitoproteases have been classically related to
neurodegenerative diseases. The inability to solve the excessive accumulation of
unfolded or oxidized proteins and deficiencies in the proteolytic function of these
enzymes prompts a loss of proteostasis that can be added to defects in mitochondrial
dynamics and mitophagy. These defects in mitochondrial function can be a conse-
quence of certain mutations, a result of aging or a combination of both. Eventually,
the inability to remove defective mitochondria or its malfunction causes neurode-
generative disorders such as Parkinson’s or Alzheimer’s disease (Fig. 1.3). Actually,
mutations in HTRA2 have been reported to impair the clearance of a-synuclein
deposits in mitochondria, participating in the pathogenesis of Parkinson’s disease
[104, 105]. Alterations in HTRA2 have also been proved to cause hereditary essen-
tial tremor in humans, which can be related to a later development of Parkinson’s
disease [106]. In fact, missense mutations in Htra2 in mice cause a neuromuscular
alteration, whereas its complete absence induces a neurodegenerative disorder that
resembles Parkinson’s disease [107, 108]. Mutations in PARL also cause a
Parkinson’s-like syndrome [109], probably due to its essential role in the processing
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of PINK1 and PGAMS. Finally, the deubiquitylase USP30 has also been implicated
in Parkinson’s disease by opposing to parkin-mediated autophagy, thereby promoting
this neurodegenerative disorder [13].

Apart from their implication in Parkinson’s disease, PARL and HTRA2 have
also been linked to striatal neuronal injury cerebral ischemia [110]. Additionally,
intragenic deletions in IMMP2L are known to cause Tourette syndrome, while
SNPs and CNVs in this gene have been associated with several neurodevelopmental
disorders as well as with autism [111-113]. Meanwhile, the already exposed role of
PITRM1 in the degradation of amyloid B-protein accumulation involves an obvious
implication in the pathology of Alzheimer’s disease [78].

The ATP-dependent protease mAAA has also been implicated in neurological
disorders by mutations in its two different subunits. Mutations in both AFG3L2 and
SPG7 cause spastic paraplegia and ataxia disorders [114—-116], whereas mutations
in SPG7 have also been related to chronic ophthalmoplegia owing to the associated
defects in mtDNA maintenance [117, 118]. Indeed, deletion of Afg3I2 subunit in
mice causes hyperphosphorylation of Tau protein and defective mitochondrial
anterograde transport, leading to a neurological alteration that resembles axonal
degeneration disorders observed in humans. Deletion in mice of the other mAAA
subunit, Spg7, also causes axonopathy and abnormal mitochondria, developing a
neurodegenerative disorder [119, 120]. More recent studies with mice deficient for
the mAAA subunits have demonstrated their relevance for neurological function
and their implication in cerebellar degeneration [121]. Apart from its relevance in
correct axonal maintenance, AFG3L2 has also been implicated in dementia and
neurodegeneration through its essential role in mitochondrial protein synthesis and
Purkinje cells’ survival [122-125]. Interestingly, antioxidants such as
N-acetylcysteine or vitamin E have been observed to restore mitochondrial function
in neurons with a depletion in AFG3L2, opening new horizons for therapeutic
approaches in neurodegenerative disorders [122].

1.3.3 Mitochondrial Proteases in Multisystemic Diseases

Finally, the essential role of mitochondria in every tissue of the body implies that its
incorrect function is related to several other metabolic and multisystemic diseases.
For example, type 2 diabetes has been related to mutations or SNPs in SPG7 and
PARL. Moreover, mutations in SPG7 have also been linked to coronary artery dis-
ease [126, 127]. Furthermore, it was recently reported that cardiac-specific ablation
of Ymelll in mice induced dilated cardiomyopathy and heart failure through an
increase in mitochondrial fragmentation due to constant activation of OMAT1 and
consequent OPA1 proteolysis. Interestingly, deletion of Omal rescued these altera-
tions [128]. Additionally, the essential function of OMA1 in the adaptation of mito-
chondrial dynamics to different stress stimuli is consistent with the observation that
mice deficient in this mitoprotease show an obesity phenotype when fed a high-fat
diet. The observed obesity is also accompanied with an impaired thermogenesis, an
increment in hepatic steatosis and a marked alteration of glucose metabolism [39, 45].
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Conversely, absence of the oligopeptidase NLN in mice provokes an increased glu-
cose tolerance, insulin sensitivity, and gluconeogenesis [129]. Similarly, transgenic
mice for Lactb also show an obesity phenotype [130]. Moreover, mutations in
XPNPEP3 in humans induce abnormal cilia in kidneys and a severe nephropathy as
a consequence [131]. Furthermore, mutations in the ATP-dependent protease CLPP
cause Perrault syndrome, a heterogeneous condition characterized by sensorineural
hearing loss and ovarian failure [132]. Finally, it has been recently described that
mutations in LONP1 are behind the genetic cause of CODAS syndrome, a multisys-
temic disease that is presented as a developmental disorder with anomalies at sev-
eral levels, including cerebral, ocular, dental, auricular, and skeletal [133, 134].

1.4 Conclusions

The study of mitoproteases has experienced an enormous expansion in the last years
owing to the discovery that their functions are much more complex and refined than
the merely catabolic reactions involved in the quality control of mitochondria. In
fact, mitoproteases exert essential roles in order to regulate the energetic responses
to different internal and external stresses, as well as to control the trafficking
between cytosol and mitochondria, the correct mitonuclear communication, and the
tight coordination of apoptotic signals. The complexity that this area of knowledge
was acquiring made it necessary to establish an organization of the proteases located
in mitochondria. For this reason, we have recently classified the mitoproteases by
their spatial action, distinguishing between intrinsic or resident mitoproteases,
pseudo-mitoproteases, and transient or roaming mitoproteases [5]. In the first
group, we have included those mitoproteases that exert their function mainly in
mitochondria, even though some of them can be sporadically found in cytosol. The
second group encloses molecules with a protease structure but with an impaired
catalytic activity. Finally, the group of transient or roaming mitoproteases includes
those mitoproteases that although their main function takes place in a different part
of the cell, they translocate into mitochondria in some situations such as apoptosis
or autophagy. In this chapter, we have revised the physiological function of intrinsic
mitoproteases according to the compartment of mitochondria where they exert their
main function (Table 1.1). This way, we have compiled the proteolytic activities that
can be found in the outer membrane, in the intermembrane space, in the inner mem-
brane, and in the matrix. In all compartments, we can detect mitoproteases with
functions related to mitochondrial dynamics, trafficking and processing of other
peptides, quality control, apoptosis or mitophagy.

Finally, we have conducted a revision of the implication of the different mitopro-
teases in pathology (Table 1.1). In this context, we have revised the implication of
mitoproteases in cancer, where they can act as protumoral (METAP1D, CLPP, and
LONP1) and as tumor suppressors (OMA1 and IMMP2L) or may exert a dual role
(HTRAZ2). Also, we have studied the relation of mitoproteases in neurodegenerative
disorders, including Parkinson’s disease (HTRA2, PARL, and USP30), spastic
paraplegia and ataxia (AFG3L2 and SPG7), dementia (AFG3L2), or Tourette
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syndrome (IMMP2L). At last, we have examined the literature connecting mitopro-
teases with a variety of multisystemic disorders, such as type 2 diabetes (SPG7 and
PARL), cardiac disease (SPG7 and YMEILI1), obesity (OMA1l and LACTB),
abnormal kidney micromorphology (XPNPEP3), Perrault syndrome (CLPP), and
CODAS syndrome (LONP1). This way, mitoproteases prove to be intimately related
to the maintenance of the equilibrium between health and disease, not only in rela-
tion to energy homeostasis but also in the development of cancer, neurological syn-
dromes, and multisystemic disorders.
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The Role of Matrix Metalloproteinase-2
and Metalloproteinase-9 in Embryonic Neural
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Abstract

Neural crest cells (NCCs) are transient cell populations that are initially residing
at the dorsal-most part of the neural tube of the developing vertebrate embryo. At
well-defined time points, NCCs detach from the neural tube as they undergo
epithelial-to-mesenchymal transition (EMT) and migrate in distinct pathways to
their final destinations. There, this unique cell population differentiates into a
great variety of cell types including bone and cartilage tissues of the head and
face, connective tissue of the heart, skin melanocytes, adipocytes, enteric neu-
rons, and most of the peripheral sensory neurons, glia, and Schwann cells. Matrix
metalloproteinases (MMPs) are a large family of matrix-degrading enzymes,
which are divided into several subfamilies according to their structure and sub-
strate specificity. The gelatinases subfamily, which includes MMP-2 and MMP-9
solely, is the most investigated group. Both MMP-2 and MMP-9 were previously
reported to be expressed in embryonic NCCs and to have a role in their EMT and
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migration processes. In this review we present the most recent data regarding the
role of MMP-2 and MMP-9 in embryonic NCCs and in their various derivatives
in later embryonic stages and in adults.

Keywords
Neural crest cells « Matrix metalloproteinases ® MMP-2 « MMP-9 ¢ Gelatinases
* Osteoblasts * Chondrocytes * Melanocytes ® Adipocytes ¢ Enteric nervous sys-
tem ¢ Glial cells * Schwann cells * Embryo ¢ Epithelial-to-mesenchymal
transition

2.1 Introduction

Neural crest cells (NCCs) are a transient cell population that resides at the dorsal-
most part of the neural tube (NT) of the developing vertebrate embryo. The NCCs
detach from the neuroepithelium in a gradual synchronized manner from head to
tail and migrate in distinct well-characterized pathways throughout the embryonic
axis to their final destinations [1-3]. There, this unique cell population differentiates
into a great variety of cell types including most of the peripheral sensory neurons,
glia and Schwann cells, smooth muscle cells, connective tissue of the heart, skin
melanocytes, and the secreting cells of several endocrine tissues as the thymus,
thyroid, and adrenal glands [2, 4, 5]. Moreover, cranial NCCs contribute also to the
majority of bone and cartilage tissues of the head and face such as the frontal, nasal,
premaxillary, maxillary, mandibular, and temporal bones; Meckel’s cartilage; jaw,
ear, and hyoid cartilages; and tooth dentin [4, 6—10].

Due to their fundamental contribution to this vast number of cell types and
organs, their appropriate formation and migration are crucial for normal embryonic
development. Defects in these processes will lead to various birth disorders and
pathologies such as different heart defects, albinism, malformation of craniofacial
structures including cleft palate/lip, mal-innervation of the digestive tract (which
leads to Hirschsprung’s disease), and several other congenital syndromes like
DiGeorge, Treacher Collins, and Waardenburg [5, 9]. Furthermore, some of the
most aggressive tumors derive from NCC origin (i.e., glioblastoma, melanoma, cra-
nial chondrosarcoma); as such, the process of NCC migration together with their
ability to differentiate into many derivatives is in common with metastatic cancer
cells [11, 12].

In order to engage in migration, NCCs undergo epithelial-to-mesenchymal tran-
sition (EMT) after which they acquire motility. EMT is a major process involved in
many physiological and pathological conditions in embryos and adults and requires
fundamental changes in the cells and their surrounding environment, such as break-
age of cell-cell interactions, rearrangement of cell cytoskeleton, and remodeling of
the extracellular matrix (ECM) [13—15]. Therefore, EMT is mandatory for NCCs in
order to transform from being immotile neuroectodermal cells with typical cell-cell
and cell-matrix connections to mesenchymal-separated cells with the ability to



2 The Role of Matrix Metalloproteinase-2 and Metalloproteinase-9 in Embryonic... 29

migrate throughout various stereotypic pathways. The NCC EMT process involves
degradation of the basal membrane around the dorsal NT, rearrangement of their
cytoskeleton (i.e., via the modulation of RhoA/Rho-kinase, calponin, alpha-catenin),
loss of adhesion molecules, and remodeling of the ECM [2, 16-22]. Major signaling
factors such as BMP and Wnt, as well as several transcriptional regulators like Snail
and Sox9, were also found to act as regulators of NCC EMT [23-30]. However, the
putative executers of these processes to trigger the cell separation and migration are
still much less investigated.

2.2 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of twenty eight currently known
secreted or membrane-bound enzymes with an ability to degrade different compo-
nents of the ECM and basal laminae of diverse cell types. These soluble proteases
are mainly secreted in their latent form as proenzymes or inactive zymogens that
require proteolytic activation by different proteases, including MMPs. They are
active in neutral pH and require zinc and calcium ions for their proteolytic function.
MMP’s activity is also closely regulated by several endogenous inhibitors. In tissue
fluids, the main MMP inhibitor is a2-macroglobulin, a large serum protein, which
binds MMPs and creates an irreversibly complex. However, the most thoroughly
studied MMP inhibitors are the tissue inhibitors of MMPs (TIMPs), small mole-
cules of 21-28 kDa which bind MMPs and reversibly block their activity. TIMPs
are anchored to the extracellular matrix or secreted extracellularly, and thus far, four
human TIMPs have been characterized, which differentially bind and influence the
various MMPs [31-37].

The MMP family can be divided into five subgroups according to their structure
and main, but not exclusive, substrates: (1) matrilysins, which degrade non-collagen
components in the ECM, such as fibronectin, laminin, and proteoglycans; (2) col-
lagenases and stromelysins, which mainly degrade a number of collagen types; (3)
gelatinases, comprise of MMP-2 and MMP-9, which degrade with high-affinity
gelatin, the product of collagen degradation; (4) membrane-type MMPs (MT-MMPs),
collagenases that differ from the other groups by being anchored to the cell mem-
brane via a transmembrane domain; and (5) other MMPs, which do not fit to either
group and are known to degrade several different substrates [31-34].

The structure of MMPs includes four domains: pre-domain, pro-domain, cata-
lytic domain, and hemopexin domain. The pre-domain is located in the N-terminus
of the MMP protein and responsible for targeting the protein to the endoplasmic
reticulum in order to be secreted. The pro-domain has a conserved sequence which
includes several cysteine residues that connect to the zinc ion which prevents cata-
Iytic activity; this domain is being cleaved after the secretion of MMPs for their
activation. Activation of the zymogen is usually mediated by intracellular furin-like
proteinases that target the furin recognition motif between the pro-domain and the
catalytic domain. The catalytic domain binds three ions: a zinc and a calcium ion which
stabilize its structure and a second zinc ion that is needed for the enzyme activity.
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Specifically, the gelatinase catalytic site has a fibronectin domain which improves
the degradation of denatured collagen (gelatin). Finally, the hemopexin domain,
found in the c-terminal of MMPs, is attached through the hinge region to the cata-
Iytic domain and is folded to a structure of four-bladed § propeller which is involved
in substrate recognition and TIMP binding. MT-MMPs (MMP-14, MMP-15, MMP-
16, and MMP-24) have an additional domain that anchors them to the cell membrane
as a transmembrane domain or glycosylphosphatidylinositol (GPI) [32, 33, 38].

Members of the MMP family are implicated in many physiological processes
which involve proteolytic cleavage or remodeling of the ECM during embryogene-
sis, angiogenesis, and tissue repair, via their involvement in cell proliferation, dif-
ferentiation, apoptosis, and migration [39, 40]. They also control key reproductive
events such as ovulation, embryo implantation, breast involution, and more [32, 41].
On the other hand, imbalance between the expression/activity of MMPs and TIMPs
is linked to different pathological conditions such as in tumor invasion and metasta-
sis, arthritis, nephritis, fibrosis, endometriosis, and diseases such as multiple sclero-
sis and Alzheimer’s [41-44].

2.3  MMP-2 and MMP-9 in the Onset of NCC Migration

The gelatinase subfamily of MMPs is composed of two members: MMP-2, a 72-kDa
protein also known as gelatinase A, and MMP-9, a 92-kDa protein also known as
gelatinase B. MMP-2 and MMP-9 are implicated in hydrolysis of gelatin and col-
lagen type IV as well as in the cleavage of other ECM proteins such as elastin,
laminin, fibronectin, and aggrecan [10, 45, 46]. Both gelatinases are secreted as
zymogens and known to be processed extracellularly into their active form.

Studies from several labs, including ours, have revealed that MMP-2 and MMP-9
are required for the EMT process and migration onset of NCCs. A previous study
from Duong and Erickson had shown that in the chick embryo, MMP-2 is expressed
in the dorsal neuroepithelium at the time when trunk NCCs begin to undergo EMT,
suggesting that MMP-2 is involved in their detachment [47]. To assess whether
MMP-2 is necessary for this process, the researchers have used a general pharma-
cological inhibitor of many MMPs or a specific antisense morpholino oligomer
designed to prevent the translation of MMP-2; both treatments prevented NCC
dispersion from the trunk level of the NT, in ex-vivo explants and in the embryo
in-vivo. However, none of these treatments affected the motility of the NCCs once
they have undergone EMT, indicating that MMP-2 has a restricted role during the
onset of NCC migration, while they detach from the neuroepithelium and undergo
EMT [47]. Whether MMP-2 is also implicated in the migration of cranial NCCs was
not addressed in this work, but our lab recently found that indeed cranial chick
NCCs express MMP-2 during their detachment from the NT and early migration
(Fig. 2.1A, A').

Recent work from our lab has investigated the role of the other gelatinase, MMP-
9, in promoting NCC delamination and migration, using the chick embryo as a
model system [48]. In this study, MMP-9 was found to be expressed in NCCs prior to,
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Hindbrain

Fig. 2.1 The expression of MMP-2 and MMP-9 in migrating chick NCCs. (A, A’)
Immunofluorescence labeling of MMP-2 protein in the cranial level of a 12-somite-stage whole-
mount chick embryo, using MMP-2 antibody (green); MMP-2 is expressed in actively migrating
NCCs as they detach from the NT (arrowheads) and during their migration (arrows). Panel A’ is
an enlargement of the boxed areas in panel A. (B) An ex-vivo explant of NCCs obtained from the
hindbrain of 6-8-somite-stage embryo showing immunofluorescence labeling of MMP-9 protein,
using MMP-9 antibody (green); MMP-9 is expressed in actively migrating NCCs as they detach
from the explanted NT (arrowheads) and also during their migration as separated mesenchymal
cells (arrows). Panel B’ is an enlargement of the boxed areas in panel B. Blue staining (DAPI)
represents cell nuclei

and during, their migration in the cranial and trunk axis levels (Fig. 2.1B, B’). The
role of MMP-9 in executing NCC EMT and further migration was examined using
loss and gain-of-function methods; addition of a specific MMP-9 pharmacological
inhibitor or an antisense morpholino oligomer against MMP-9 mRNA inhibited the
EMT and migration processes of NCCs, in explants and in-vivo. In contrast, addi-
tion of exogenous MMP-9 to NCC progenitors was sufficient to promote their
migration ahead of time, as well as to rescue the effect of the MMP-9 inhibition on
NCC migration. By analyzing possible substrates for MMP-9, our findings strongly
suggested that MMP-9 executes NCC migration by degrading N-cadherin and lam-
inin, two adhesion proteins, and that their degradation and/or downregulation in
cell-cell and cell-basal lamina interactions, respectively, has been demonstrated to
be necessary for NCC EMT [21, 48-50]. Together, these studies have shown that
both gelatinases MMP-2 and MMP-9 play a role in executing NCC migration in the
chick embryo.

Albeit the demonstrated role of MMP-2 and MMP-9 in early stages of NCC
development in the chick embryo, their expression pattern or function in NCCs of
other species, such as mouse, frog (Xenopus laevis), or teleost fish (Zebra fish), was
not yet reported. Notably, in the zebra fish embryo, MMP-2 was found to be
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expressed from as early as one-cell stage through at least the 72 first hours of devel-
opment, and its inhibition via injection of MMP-2 antisense morpholino oligomer
greatly impaired zebra fish development [51]. In agreement with these data, Keow
and colleagues have used a probe to tag the active form of MMP-2 and demon-
strated the distribution of active MMP-2 in the developing zebra fish embryo [52].
The localization patterns of active MMP-2 that was presented in this study seemed
reminiscent of the migration streams of NCCs. Therefore, similarly to the chick
embryo, a role for MMP-2 in executing zebra fish NCC migration is possible
although not directly tested. Furthermore, MMP-9 was also found to be expressed
in the zebra fish embryo, throughout the first 5 days postfertilization [53]. In this
study, the researchers showed that in 10-somite-stage old embryo, MMP-9 expres-
sion was localized to the anterior midline region of the embryonic mesoderm,
whereas later on, MMP-9 was expressed around the head and eyes. These patterns
of MMP-9 may implicate for its expression and role in the different stages of zebra
fish NCC development.

24  MMP-2 and MMP-9 in NCC Derivatives in Embryos
and Adults

Both MMP-2 and MMP-9 have been identified and characterized in different NCC
derivatives including craniofacial cartilage and bone, cardiac cushion cells which
contribute to the heart valves and septum, melanocytes, adipocytes, enteric neurons,
and different neural supporting cells such as glia and Schwann cells. We present
here the main findings according to gelatinases’ tissue localization and function.

2.4.1 Cranial Cartilage and Bone

NCCs from the cranial axial level generate the majority of bone and cartilage cra-
niofacial tissues including tooth dentin. The cranial NCC population migrates from
different regions of the developing brain: the forebrain, midbrain, and hindbrain
domains. NCCs that arise from the forebrain and rostral midbrain colonize the fron-
tonasal and periocular regions, while caudal midbrain-derived NCCs populate the
maxillary component of the first pharyngeal arch. Collectively, these NCCs give rise
to the upper jaw, palatal mesenchyme, and extrinsic ocular muscles. The hindbrain
is transiently partitioned into seven segments called thombomeres. NCCs from
these thombomeres migrate in discrete segregated streams into the first through
sixth pharyngeal arches, where they form the jaw, middle ear, hyoid, and thyroid
cartilages [6, 8, 54, 55]. Different markers and signaling transducers were reported
to be involved in the specification of cranial NCCs. This includes Sox10, Notch,
Neuregulinl, BMP2, Neurogenin2, Hox genes, and more [56, 57]. For example,
Hoxa2 was found to be essential for proper patterning of structures derived from the
cranial NC since targeted inactivation of Hoxa2 resulted in lethality at birth and
malformations of craniofacial elements derived from cranial NC [58-60].
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Due to their important contribution to most of the craniofacial structures, most
congenital craniofacial anomalies arise due to defects in NCC formation, prolifera-
tion, migration, and/or differentiation. For instance, inappropriate formation or
migration of cranial NCCs has been described in detail as a major cause for Treacher
Collins syndrome (TCS) [9, 61]. Cell-lineage tracing performed in mouse models of
TCS revealed no migratory defects in cranial NCC migration [62]. Yet, fewer
migrating NCCs were observed in TCS embryos compared with their wild-type lit-
termates. This deficiency in NCC number resulted from extensive neuroepithelial
cell apoptosis combined with reduced proliferation rate of the progenitor and
migrating NCCs. Indeed, the protein treacle was found to play key role in ribosome
maturation and therefore regulates NCC survival and proliferation [62, 63]. It was
also demonstrated that the reduced proliferation rate results in nucleolar stress acti-
vation of p53 which in turn transcriptionally activates numerous pro-apoptotic
effectors, which collectively are responsible for the high levels of NCC death
observed in the pathogenesis of TCS [64].

In concomitant with the expression of MMP-2 and MMP-9 in early migrating
NCGCs, these gelatinases were also found in cranial NCC derivatives as craniofacial
bones and cartilage. For example, MMP-2 and its activator MMP-14 (which will be
discussed later), but not MMP-9, were found to be co-localized and to display
gelatinolytic activity in the mesenchyme surrounding the palatal folds in E13.5—
15.5 mouse embryos [65]. The results of this study suggested that MMP-2 has an
important role not only in the process of palatal shelf fusion but also in their eleva-
tion, to create eventually normal palate. In addition, Chin and Werb have described
previously that MMP-2 mRNA is strongly expressed in Meckel’s cartilage and in
mesenchymal areas of mandibles in E13—15 mouse embryos, whereas MMP-9
together with TIMP-1 and TIMP-2 was found mostly in the ossifying areas of the
mandibles [66]. In line with these MMP-2 roles, defects in NCC development were
shown to cause cleft lip/ plate [67-70]. Moreover, both MMP-2 and MMP-9 were
recently found by our lab to be expressed in chondrocytes in-vitro and in rat chon-
drosarcoma cell line (Fig. 2.2A, B and C, D, respectively) [71, 72]. Yet, the direct
link between NCCs and MMP-2 in this common congenital malformation awaits
further research.

Furthermore, during mandibular arch development, MMP-9 was found in the
cartilage tissues together with MMP-13 (a known activator of MMP-9), where a
general inhibition of both resulted in dramatic defects in Meckel’s cartilage [66, 73,
74]. Moreover, MMP-9 was reported to be expressed and to possibly have a role
during rat odontogenesis, a process in which EMT, motility, and active remodeling
of the dental primordia take place [75]. Notably, while cranial NCCs significantly
contribute to tooth and mandible formation, these studies did not examine whether
the described defects are linked to MMP’s roles in NCCs.

Surprisingly, knockout (KO) mice for each gelatinase did not result in any
marked cranial NCC-related defect [76, 77]. So far, most studies focused on the
effect of the single KO of MMP-2 or MMP-9 on long-bone development in postna-
tal stages. For example, MMP-2-KO mice were reported to be significantly smaller
at birth compared to control littermates and showed bone abnormalities such as loss
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Fig.2.2 The expression of MMP-2 and MMP-9 in mouse chondrocyte, rat chondrosarcoma,
and human melanoma cell lines. Immunofluorescence labeling of MMP-2 and MMP-9 proteins
using MMP-2 (A, C, E) or MMP-9 (B, D, F) antibodies, in mouse chondrocyte cell line ATDC5
(red) (A, B), rat chondrosarcoma cell line (green) (C, D), and human melanoma cell line A375SM
(green) (E, F). Blue staining (DAPI) represents cell nuclei

of bone density. Yet, mild craniofacial defects have also been reported, such as
shorter upper and lower jaws, nose, and overall skull length, which may imply on
NCC developmental defects, although this has not been specifically examined [77,
78]. In support of this finding, a genetic missense mutation in the human MMP-2
gene has been described as causing inherited osteolytic/arthritic syndrome, which
was suggested to be caused by the impairment of MMP-2 activity in bone and ECM
remodeling [79]. Noticeably, patients with this syndrome suffer from several facial
defects, which may also be due to the loss of MMP-2 in developing cranial NCCs.
All of this data suggests a role of MMP-2 in the development of cranial NCCs.
However, whether the MMP-2-KO has any effect on the early stages of NCC migra-
tion has not been examined yet.

In addition, Vu and coworkers found that MMP-9-KO mice presented shorter
long bones, as the tibia and femurs, compared with those of wild-type littermates.
These bones had a lengthened zone of hypertrophic cartilage in their growth plates
due to inhibition of chondrocyte apoptosis which is normally regulated by MMP-9.
Yet, similar to the MMP-2-KO mice, no clear cranial bone defect was reported [76].
One possible explanation for the normal NCC phenotypes in the mutants is the
presence of the other gelatinase in NCC but not in the hypertrophic chondrocytes,



2 The Role of Matrix Metalloproteinase-2 and Metalloproteinase-9 in Embryonic... 35

which may compensate for the ablated gene and enables cell migration and ECM
remodeling during NCC development. Therefore, future studies will be needed to
investigate whether double KO for MMP-2 and MMP-9 genes affects cranial NCC
migration and leads to major craniofacial defects in the mice. Surprisingly, such
double KO line was not yet reported in the literature, which may indicate for its
lethality.

The possible involvement of MMP-2 and MMP-9 in craniofacial development
was also demonstrated in zebrafish embryos [80]. In this study, the researchers
examined the mechanism by which antenatal usage of glucocorticoids (GC) induces
teratogenic effects, as was previously described as causing fetal growth restriction
and cleft palate [81]. Hillegass and colleagues have shown that GC treatment
increases MMP-2, MMP-9, and MMP-13 mRNA levels and causes abnormal cra-
niofacial development [80]. Although these studies have not directly examined the
relation to NCC development, these data strongly suggest that GC-induced increase
in MMPs affects cranial NCC ontogeny and therefore results in abnormal craniofa-
cial development.

2.4.2 Heart

During cardiac development, NCCs that arise from the mid-otic up to the caudal end
of the third somite level, termed “cardiac NCCs”, migrate beneath the ectoderm into
pharyngeal arches III, IV, and VI. Eventually, a subset of these cells invades the
outflow tract of the developing heart and contributes to the formation of the heart
valves and septum [5, 82-85]. The importance of NCCs to heart development was
demonstrated in a series of studies in different embryonic models in which pre-
migratory cardiac NCCs were ablated, resulting in a subsequent loss of NCC deriva-
tives in the developing cardiovascular system leading to defects of the cardiac
outflow tract, valve formation, and aortic arch arteries [86-90].

Yet, data on a possible link between cardiac NCC and MMP-2/MMP-9 activity
is so far limited to avian embryos; MMP-2 mRNA was found to be expressed in
cardiac NCCs of quail and chick embryos, and its activity levels were increased
with the initiation of cushion NCC migration [91-93]. Moreover, Cai and Brauer
have demonstrated how injection of a general MMP inhibitor (KB8301) to chick
embryos at stages before cardiac NCCs begin to migrate caused major anomalies in
cardiac morphogenesis, which was correlated with a decrease in MMP activity [94].
These data demonstrate that MMP-2 is expressed and acts during chick cardiac
morphogenesis and suggests that perturbation of endogenous MMP activity may
lead to NCC-related congenital defects. Further studies will be required in other
embryonic models to analyze how conserved is the activity of MMP-2 in cardiac
NCC, whether MMP-9 is also implicated in cardiac NCC development, and what is
the mechanism of action of MMP-2 in heart morphogenesis.
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2.4.3 Melanocytes

The NC is the major, if not the sole source of all pigment cells in the developing
vertebrate, except those of the retina. The melanocyte progenitors reside in the ven-
tral most part of the dorsal NT and are the last ones to emigrate in a dorsolateral
migratory pathway [95, 96]. All pre-migratory NCCs in the dorsal NT express
FoxD3, Sox10, and Pax3. The NCC-derived melanoblasts continue to express
Sox10 and Pax3 during their delamination and migration, while they downregulate
FoxD3 and upregulate Mitf when they exit the NT [2, 97, 98].

Many signaling cues and migration regulators have been reported to affect mela-
nocyte specification and migration [95, 97, 99]. Yet, data regarding MMP-2/
MMP-9 in embryonic melanocytes is limited. The expression of MMP-2 was so far
reported in melanophores of frog embryos (Xenopus laevis), where it was also
shown to promote melanophore migration [100]. This study used a chemical
genomic screen and a functional approach to discover modulators of melanophore
migration and identified one molecule, termed NSC 84093 that selectively inhibited
melanophore migration via inhibition of MMP-2.

Much more knowledge exists regarding gelatinases in adult melanocytes. For
instance, Simonetti et al. [101] analyzed the expression patterns of MMP-2 and
MMP-9 in benign and invasive lesions of human melanomas. The results showed
that invasive melanoma cells express MMP-2 and MMP-9 and that MMP-2 is pres-
ent in both the melanoma cells and in the tumor-surrounding stromal or host cells
[101]. In addition, MMP-9 was found to be variably expressed in the radial growth
phase of primary melanoma cells, indicating that MMP-9 is correlated with early
invasive stages of melanoma [102]. On the other hand, a different study argued that
MMP-9 expression is absent during early stages of melanoma but present in
advanced stages [103].

These data are in agreement with other studies which demonstrated MMP-2 and
MMP-9 in melanoma cell lines or in-vivo [38, 104—106]. For example, both gelati-
nases were investigated for their involvement in canine cutaneous melanocytic
tumors and were found to be expressed in both benign and malignant lesions.
However, MMP-2 expression was significantly higher in benign melanocytic tumors
than in malignant counterpart. In contrast, MMP-9 expression was elevated in
malignant melanocytic tumors compared with benign tumors [38]. These results
suggested that malignancy is associated with an increase of MMP-9 and a decrease
of MMP-2 expression and that a switch in gelatinases’ expression profile might
occur during tumor progression, involving not only emergence of MMP expression
but also its downregulation. Furthermore, our lab also found that both MMP-2 and
MMP-9 are expressed in human melanoma cell line A375SM (Fig. 2.2E, F, respec-
tively). The large amount of data regarding MMP-2 and MMP-9 in adult melano-
cytes as compared to embryos may result from a restricted activity of gelatinases
only to pathological conditions. However, as melanoma invasion resembles in many
instances to embryonic NCC migration [12], it is highly possible that the limited
knowledge on expression/activity of gelatinases in embryonic melanocytes is due to
insufficient research in this field.
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2.4.4 Adipocytes

In contrast to other NCC derivatives, the adipocytes lineage of NCCs has not been
carefully explored in the past. Billon et al. [107] have demonstrated that in the quail,
both cephalic and trunk NCCs can differentiate into adipocytes ex-vivo, in an explant
system [107]. These adipocytes had been shown to express the typical adipocyte
differentiation markers such as CEBPa, PPARy, and FABP4. Moreover, the
researchers used Sox10-Cre transgenic mice to map NCC derivatives in order to
genetically demonstrate that mice NCCs contribute to adipocytes also in normal
development in-vivo [107].

Studies in adult tissues have shown that adipocytes express both gelatinases
[108-111]. Human adipocytes and pre-adipocytes release MMP-2 and MMP-9, and
this secretion is modulated during adipocyte differentiation. Moreover, inhibition of
these MMP activities resulted in a blockage of adipocyte differentiation [108].
Secretion of both gelatinases was also increased during adipocyte differentiation of
murine 3T3F442A pre-adipocyte cell line [108]. Differentiation of adipocytes leads
to cell hyperplasia which is one of the changes in adipose tissue that leads to obe-
sity, along with hypertrophy of the cells and increased angiogenesis [112, 113]. As
different MMPs in general, and MMP-2 and MMP-9 in particular, have a central
role in angiogenesis [76, 114—116], it was speculated that both gelatinases have a
dual role in the development of adipose tissue and obesity by increasing the differ-
entiation rate of pre-adipocytes to adipocytes on the one hand and by increasing
angiogenesis on the other [108].

However, the role of MMP-2 in adipogenesis in-vivo remains elusive with con-
troversial data. For instance, nude mice that were injected with MMP-2 knockdown
pre-adipocytes showed small decrease in adipose tissue markers, but the tissue itself
did not differ in weight or size from control [110]. In contrast, other studies showed
that mice lacking MMP-2 or its activator MMP-14 presented impaired adipose tis-
sue development [117-119].

Moreover, the expression of TIMP-1 was also found in pre-adipocytes and adi-
pocytes and was strongly inhibited when pre-adipocytes entered differentiation
[108, 120]. Furthermore, TIMP-1 expression in 3T3F442A pre-adipocyte cell line
was also associated with enhanced gelatinase expression and activity, which may
suggest its untraditional role as a gelatinases activator [120].

2.4.5 Enteric Neurons

The enteric nervous system which innervates the gastrointestinal tract consists of
different neurons and glial cells that are distributed in two intramuscular plexuses
along the gut and control the smooth muscle contractile activity [121, 122]. Back in
1954, Yntema and Hammond were the first to reveal that the neurons which inner-
vate the gut are originated from vagal NCCs [123]. They demonstrated that upon
ablation of the vagal region of the NC in avian embryos, enteric ganglia failed to
form along the gut. Other studies also showed that vagal NCCs provide the majority
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of enteric precursors, whereas sacral NCCs arising caudal to the 28th somite con-
tribute a smaller number of cells to the hindgut region only [124-126]. Vagal and
sacral NCCs express different transcription regulators such as Sox10, endothelin
receptor B (EndRb), Phox2b, receptor tyrosine kinas (RET), and low-affinity nerve
growth receptor p75 [125, 127-129]. Different studies show that inappropriate NCC
development and/or migration leads to mal-innervation of the gut and may also
result in Hirschsprung disease, a congenital disease characterized by the absence of
enteric ganglia (aganglionosis) along variable lengths of distal colon [2, 121, 122].
This congenital aganglionosis, which occurs in 1 in 5000 live births, is limited to the
rectosigmoid colon in 80% of cases and most commonly presents with the failure of
a newborn to pass meconium within 48 h of life [130, 131].

MMP-2/MMP-9 activity was found to be required for enteric NCC migration
and network formation [125, 132]. At first, a broad-spectrum hydroxamate-based
MMP inhibitor, named GM6001, was used in order to examine the possible role of
MMPs in the migration of enteric mouse and rat NCCs and in the formation of the
neural network within the developing gut [132]. Next, the researchers examined
specifically the involvement of either MMP-3, MMP-8, or MMP-2/MMP-9 in these
processes, using specific pharmacological inhibitors, and revealed that MMP-3 or
MMP-8 inhibition had no effect on enteric NCC migration, whereas MMP-2/
MMP-9 inhibition significantly decreased the distance that enteric NCCs migrated
in the developing gut and the complexity of the neural network that the cells formed
[125].Whether impaired activities of MMP-2/MMP-9 in enteric NCCs may be asso-
ciated directly or indirectly with gut aganglionosis awaits further research.

2.4.6 Glial Cells

The NC is the source of all glial cells of the peripheral nervous system, including
the peripheral nerves and the sensory, sympathetic, parasympathetic, and enteric
ganglia [133]. NCCs that migrate from the NT in a ventral direction give rise to
neurons in dorsal root sensory ganglia and to peripheral glial cells [134]. The
peripheral glial cells include three types of cells, the satellite cells of the sensory and
autonomic ganglia, the Schwann cells lining the peripheral nerves, and the enteric
ganglia [135, 136].

MMPs in general, and MMP-2 and MMP-9 in particular, were reported previ-
ously in Schwann cells [137-139]. For example, Asundi et al. [137] have shown that
syndecan-3 shedding in Schwann cells, a process that can have important conse-
quences on cell adhesion, morphology, and migration, is being mediated by the
proteases of the MMP family. The researchers also reported that analysis of MMP
expression by gene microarray techniques has shown that Schwann cells express
MMP-14 mRNA at very high levels. However, they mentioned that other mRNAs,
including MMP-2 and MMP-9, were absent from Schwann cells [137]. Contradicting
data was demonstrated in a different study, in which both MMP-2 and MMP-9 were
found to increase the neurite-promoting potential of Schwann cell basal lamina and
were also found to be upregulated in a degenerated nerve [139]. Furthermore,
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Table 2.1 The expression and role of MMP-2 and MMP-9 in NCC derivatives. Summary of
the data presented in this review regarding the expression and role of MMP-2 and MMP-9 in vari-
ous NCC derivatives; cranial cartilage and bone, connective tissue of the heart, melanocytes, adi-
pocytes, enteric neurons, and glial cells. Other NCC derivatives as the secreting cells of different
endocrine glands as the thymus, thyroid, and adrenal are not discussed in this review

NCC derivative Tissue/cell type MMP-2 | MMP-9 | References
Cranial cartilage | Palatal folds of E13.5-15.5 mouse + - [65]
and bone embryo
Meckel’s cartilage and mandibles of |+ + [66, 73]
E13-15 mouse embryos
Odontoblasts during odontogenesis - + [75]
in rats
Zebra fish craniofacial structures + + [80]
Heart Quail and chick cushion cells + - [91-94]
Melanocytes Frog melanophores + - [100]
Benign and invasive human + + [101-106]
melanoma lesions
Canine cutaneous melanocytic + + [38]
tumors
Adipocytes Pre-adipocytes during their + + [108, 118,
differentiation into adipocytes 119]
(human and murine)
Enteric neurons Enteric nervous system formation in |+ + [125, 132]
mouse embryos
Glial cells Schwann cells of rats, mice, and + + [137-140]
humans

MMP-2 immunoreactivity was also found in Schwann cells in human brain tissues
and was suggested to play a role in antiproliferative activity which may balance
between proteolytic and protease inhibitor activity; such a balance is crucial for
both normal neuronal development and for neuronal response to injury [138].

Indeed, studies using damaged peripheral nerves were conducted to clarify the
exact role of MMPs in Schwann cells. For example, Kobayashi et al. examined the
role of MMPs in the development of mechanical allodynia through myelin-binding
protein (MBP) degradation after rat L-5 spinal nerve crush (L-5 SNC) injury [140].
After conducting the L-5-SNC injury, the researchers found increase in MMP-9 but
not in MMP-2 or MMP-7-mRNA levels, two other known regulators of MBP deg-
radation. While they found no gelatinolytic activity of MMP-9 in uninjured nerves,
the L-5-SNC injury caused major increased gelatinolytic activity of MMP-9. On the
other hand, moderate gelatinolytic activity of MMP-2 was observed before the
injury, and no change was noticed afterward [140].

Finally, MMP-3, which is a known activator of MMP-9 [141], was found to be
expressed in microglial cells and ischemic neurons [142]. Another novel finding in
this study was the presence of MMP-2 in normal astrocytes. These results suggested
that MMP-2 is important in the repair process and could contribute to angiogenesis
and glial scar formation (Table 2.1).
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2.5 Activators and Repressors of MMP-2 and MMP-9
in NCCs

As was described before, MMP-2 and MMP-9 are secreted as latent zymogens and
require an in-situ cleavage of the pro-domain for activation. This cleavage is often
made by another already activated MMP or by several serine proteases. Two known
activators of MMP-2 are MT1-MMP and MT3-MMP, which are also known as
MMP-14 and MMP-16, respectively [143-146]. In a study conducted on mouse
fibroblasts, the activation of MMP-2 by both MMP-14 and MMP-16 was found to
form a ternary complex with the inhibitor TIMP-2, which is bound to the catalytic
domain of the MT-MMP. Then, the pro-MMP-2 binds through its hemopexin
domain to the C-terminus end of the same TIMP, and finally, a second-free MMP-14
molecule adjacent to the complex cleaves the pro-domain of the MMP-2 and acti-
vates it [146]. A different study demonstrated how MMP-2 expression is mediated
by MMP-16. The researchers showed how MMP-16 suppression resulted in decrease
in MMP-2-mRNA levels, whereas in parallel, TIMP-2 levels increased. In concomi-
tant, an increase in MMP-2-mRNA levels and decrease in TIMP-2 levels were
shown upon MMP-16-overexpression treatment, suggesting that MMP-16 posi-
tively regulates MMP-2 function [145, 147].

Despite the fact that the similarity between MMP-2 and MMP-9 regarding their
activity and structure may suggest resemblance in their activation, no data has been
demonstrated yet linking MMP-14 or MMP-16 directly to MMP-9 activation pro-
cess. However, other mechanisms of MMP-9 activation are known. For example,
MMP-9 is known to be activated indirectly via the MMP-14/MMP-2 axis; after
MMP-14 activates pro-MMP-2 together with TIMP-2, the activated MMP-2 acti-
vates in turn the pro-MMP-9 [148, 149]. Another known mechanism in which pro-
MMP-9 is being activated is via the MMP-14/MMP-13 cascade in which MMP-14
activates pro-MMP-13, and then activated MMP-13 cleaves directly pro-MMP-9 to
its active form [150, 151]. Activation of pro-MMP-9 by other MMPs besides
MMP-2 and MMP-13 has also been reported in several organs and cell types. This
includes MMP-1, MMP-3, MMP-7, MMP-10, and MMP-26 [148-150, 152-154].

In consonant with the data gathered on MMP-2 and MMP-9 expression and roles
in NCCs, both of their activators, MMP-14 and MMP-16, were also found to be
expressed in migrating NCCs and in some of their derivatives. Data gathered from
frog embryos show expression of MMP-14 at the timing of NCC migration as well
as at later stages, and it was further demonstrated that MMP-2 expression is subse-
quent to the expression of MMP-14 in NCCs of these embryos [143, 155]. Moreover,
MMP-14 expression was also found in migrating frog melanocytes [100].
Furthermore, MMP-16 was reported to be expressed in the frog embryo during
development and to activate MMP-2 [145]. However, this expression has never been
demonstrated to correlate with migrating NCCs or with NCC markers. In addition,
very recently our lab found that MMP-16 is expressed and has a role in executing
NCC migration in the avian embryo [156]. In this study, we demonstrated that
MMP-16 is expressed in migrating cranial chick NCCs, and by using loss- and



2 The Role of Matrix Metalloproteinase-2 and Metalloproteinase-9 in Embryonic... 41

gain-of-function methods, we revealed that MMP-16 is required for normal NCC
migration. Inhibition of MMP-16 attenuated NCC migration, and upon excess
MMP-16 treatment, the NCC migration was enhanced and precocious. Furthermore,
the effect of inhibiting MMP-16 was rescued by addition of MMP-9 which sug-
gested that MMP-16 is upstream to MMP-9, which was previously shown to be
required for NCC migration [48]. The mechanism by which MMP-16 promotes
NCC migration was also described and, similarly to MMP-9, was found to involve
N-cadherin and laminin, which leads to the detachment of the NCCs and to their
migration [156].

Interestingly, studies in MMP-14-KO mice demonstrated several skeletal defects,
as well as other malformations. These mice showed multiple craniofacial defects,
which may imply on perturbed NCC development [157]. Surprisingly, MMP-16-KO
mice had no clear phenotype besides small retardation of growth [158]; yet MMP-
14 and MMP-16 double KO mice demonstrated an aggravation of the MMP-14-KO
phenotype; some craniofacial bones did not ossify; all mice demonstrated severe
cleft palate that led to perinatal lethality, as well as to several other major craniofa-
cial defects, which may all be attributed to impaired NCC development. Also, these
mice were about 30% smaller than wild types [158]. Notably, although MMP-
14-KO mice exhibited some malformations, it is only the MMP-14/MMP-16 double
KO that causes lethality. However, this study did not examine the KO effect on
NCCs and whether the KO affects MMP-2/MMP-9 expression or activity. These
findings, along with the similarities between both proteins, imply on resemblance of
activity and on compensation that may occur in the single MT-MMP KO by the
other MT-MMP [158]. Further studies will be needed to evaluate the effects of
MMP-14/MMP-16 on different stages of NCC ontogeny.

2.6 Conclusion

The gelatinases, MMP-2 and MMP-9, are expressed and/or play important roles
during NCC EMT and early migration in various embryonic species. Alternation in
the expression and activity of these proteases in older embryos or adults in different
NCC derivatives (i.e., cranial structures, melanocytes, heart septum and valves, adi-
pocytes, enteric neurons, glial cells, etc.) leads to impaired development or malfor-
mations of various tissues. Yet, further investigations are needed in order to
determine whether the role of these gelatinases in early stages of NCC development
is linked to the later functioning of the different NCC derivatives or whether the
early and late activities of MMP-2 and MMP-9 are two independent processes.
Moreover, it is important to uncover the conservation in their roles in different spe-
cies and the way they are regulated by their activators and inhibitors in the unique
NCC population and descendants. Finally, other derivatives of the NCCs such as
smooth muscle cells, the thymus and adrenal glands, and more were out of the
scoop of this review, and the plausible expression and role of MMP-2 and MMP-9 in
these cell types and tissues should be further examined.
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Abstract

Skeletal muscle is a highly plastic tissue that undergoes physiological or patho-
logical remodeling in response to various stimuli such as exercise, immobiliza-
tion, injury, disease, or aging. This remodeling process implies subtle or more
profound changes to skeletal muscle structure and composition that involves
extracellular matrix (ECM) degradation by matrix metalloproteinases. The bal-
ance between matrix metalloproteinases (MMPs) and their physiological inhibi-
tors, the tissue inhibitors of metalloproteinases (TIMPs), regulates tissue
homeostasis. Upregulation of MMPs and/or TIMPs correlates with vascular
growth and enlargement in endurance-exercised individuals or with inflamma-
tion and regeneration of muscle fibers in injured or diseased muscles. They, fur-
ther, contribute to the development of fibrosis by regulating cytokine/chemokine
production and release/activation of growth factors. Those induce phenotypic
transformation and favor the production of ECM components. It is, therefore,
important to define the exact pattern of MMP/TIMP expression and regulation in
normal and diseased muscles in order to identify potential targets for therapeutic
approaches or biomarkers for specific disease entities and therapeutic
follow-up.
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3.1 Introduction

Skeletal muscle is the most abundant tissue in the human body and is prone to modi-
fications in response to variation of functional demands, traumatic injury, aging, or
disease. Development, hypertrophy, hyperplasia, atrophy, degeneration/regenera-
tion, or fibrosis are all remodeling events that modify tissue composition, architec-
ture, vascularization, or innervation. Variations of fiber size, gene expression,
contractile parameters, or capillary density result from signaling events that influ-
ence cell-cell and/or cell-matrix interactions and modify the balance between
MMPs and TIMPs.

Considered for a long time as a stable tissue, skeletal muscle has a remarkable
capacity to adapt to different types of stimuli throughout life. Since their initial
formation until the end of life in aging individuals, the development and adaptation
of skeletal muscles are governed by an interactive cross talk between these muscles
and their environment. The amplitude of cellular, molecular, or structural modifica-
tions induced by remodeling stimuli varies from subtle changes of gene expression
and cell and tissue architecture to more profound modifications leading, for exam-
ple, to total reconstitution of adult skeletal muscle tissue after severe trauma. The
course of remodeling includes modifications to the ECM that surrounds muscle
fibers, to the morphology of skeletal muscle fibers (formation, maturation, atrophy,
or hypertrophy), or to muscle architecture (necrosis, regeneration, angiogenesis,
fibrosis) and function (shift from slow to fast and vice versa, decrease or improve-
ment of contractile parameters).

The ECM, formed by a complex and dynamic network of macromolecules,
engulfs normal adult skeletal muscle fibers and serves as a support tissue. It is not a
static structure. It contributes to structural integrity of muscle fibers and plays a role
in signal transduction. It also has an essential role in key aspects of cell biology
through the production, degradation, or remodeling of ECM components. Physical
and biochemical properties of the ECM vary with the functional status of skeletal
muscles. Modifications of ECM composition or physical properties such as rigidity,
porosity, topography, and insolubility may have functional repercussions on
anchorage-dependent biological functions such as cell division, cell migration, and
tissue polarity. Defects in ECM components (laminin and type VI collagen), or
other proteins participating to the molecular link between ECM and nucleus (lam-
inin A-C or Emerin), via cytoskeletal elements (intermediate filaments, desmin), are
responsible of several types of muscular diseases [1-7]. The MMP/TIMP balance
regulates cellular microenvironment that affects myoblast proliferation, migration,
and differentiation and potentially modifies cell fate. Cells exposed to cryptic frag-
ments resulting from ECM hydrolysis, to growth factors liberated from the ECM or
to cytokines or chemokines, respond to these stimuli by modifying their functional
status and regulating MMP/TIMP expression [8, 9].

Enzymes of both serine and matrix metalloproteinase family degrade ECM com-
ponents. Collectively, the different MMP family members degrade all ECM compo-
nents despite a certain substrate specificity of each member [10]. Tissue homeostasis
is characterized by the balance between basal levels of MMP expression/activity
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and their physiological inhibitors, the TIMPs. Transient increase of MMPs associ-
ates with various physiological or pathological remodeling situations such as ovula-
tion, uterine resorption after pregnancy, bone development, angiogenesis, mammary
involution, wound healing and exercise, immobilization, and injury or disease of
skeletal muscles [11-24]. In normal situations, bursts of MMP expression under-
score the tight regulation of MMP/TIMP expression and the essential role played by
MMP/TIMP balance in tissue homeostasis. Strong evidence also points to the role
played by MMPs in the pathogenic process in inflammatory diseases and other
pathological conditions with focal or generalized tissue destruction. The degrada-
tion of certain ECM components (laminin, fibronectin) [25, 26], while others are
preserved (laminin(s) that serves as a guidance cue for re-innervating axons) [27,
28] during the degeneration/regeneration process, indicates that selective regulation
of MMP expression/activation probably occurs for the accomplishment of a specific
task.

As far as we know from mice models of MMP deficiency, these enzymes are
dispensable for embryogenesis probably because of functional redundancy, enzy-
matic compensation, or adaptive development. However, studies in animal models
point to their essential role after birth as regulators of microenvironmental changes
in remodeling tissues including development or disease [29]. MMPs are involved in
cell migration by creating space for cells to migrate. They modulate cell functions
by producing specific substrate-cleavage fragments with independent biological
activity. They regulate tissue architecture through effects on the ECM and intercel-
lular junctions and can activate, deactivate, or modify the activity of signaling mol-
ecules. MMP and related ADAM (a disintegrin and metalloproteases) and ADAM-TS
(ADAMSs with thrombospondin repeats) families are involved in shedding growth
factors, which are synthesized as cell-membrane-bound precursor forms, or cell-
surface-adhesion molecules such as syndecan-1. The wide range of MMP targets
that range from peptide growth factors going through tyrosine kinase receptors, cell
adhesion molecules, cytokines and chemokines, as well as other MMPs and unre-
lated proteases has considerably extended their role. MMPs have evolved from
simple hydrolytic enzymes to regulators of signal transduction, of innate and adap-
tive immunity, and modifiers of cellular/molecular phenotype.

3.2 MMPs and TIMPs in Skeletal Muscles: Expression
and Role

The involvement of a metallo-endopeptidase activity in myoblast fusion is reported
for the first time by Couch and Strittmatter in the early 1980s [30, 31], but the iden-
tity of the enzyme(s) and its mode of action remained unsolved. A decade later, the
role of Meltrin-alpha or ADAM-12, member of the metalloproteinase/disintegrin
protein family, is identified in C2C12 cell fusion [32]. We know now that different
members of the MMP family have, either directly or indirectly, a role in myogenic
cell migration and fusion. Obviously, cell fusion occurs between neighboring cells,
and MMPs favor myogenic cell migration by helping myogenic cells come into
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Fig. 3.1 Expression of MMP-2, MMP-14, and TIMP-2 in primary cultures of human myogenic
cells, immunofluorescence (panel A), zymography (Panel B), and immunoblotting (Panel C)
Panel A: immunolocalization of MMP-14 and TIMP-2 in human myogenic cells (myoblasts) and
(myotubes). MMP-14 labeling is patchy and spreads along the surface of the cells, whereas
TIMP-2 is detected in certain cell nuclei. Panel B: MMP-2 is secreted into conditioned medium of
myoblasts and myotubes. Panel C: MMP-14 is detected in both myoblasts and myotubes. MW
molecular weight, Mb myoblasts, Mt myotubes

close contact. These features, used in experimental settings of therapeutic trials,
proved to have a relative success depending on the measured outcomes. On one
hand, MMP overexpression is used to improve the efficiency of cell therapy for the
treatment of animal models of Duchenne muscular dystrophy (DMD) [33, 34] and
resolve fibrosis [35]. On the other hand, MMP-9 inhibition in young and old mdx
mice models of DMD had opposite effect on the structure and function of muscles
of dystrophic mice confirming the dual role played by MMP-9 in skeletal muscles
[36-39].

3.2.1 MMPs /TIMPs in Skeletal Muscle Cells

Myogenic cells of various animal species ranging from mice to men express MMP-
1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-10, MMP-14, and MMP-16 [21, 40—
47]. Human and murine myoblasts and myotubes constitutively express MMP-14,
TIMP-2, and pro-MMP-2 (Fig. 3.1, unpublished results) but not MMP-9. However,
myoblasts of different embryological origins may have different MMP expression
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patterns [34]. Myoblasts isolated from masseter have a constitutive MMP-9 expres-
sion, whereas myoblasts isolated from limb muscles do not [40, 44]. In the latter,
MMP-9 is induced by TNF-a [48], phorbol ester [21, 43], and factors released from
damaged muscles [21, 49]. Similarly, tumorigenic human rhabdomyosarcoma and
C2C12 mouse myogenic cells express different MMP levels and variety that corre-
late with different invasive or fusion capacities [34, 50, 51]. Myoblasts also respond
differently to cytokines and growth factors. Serum fibronectin, platelet-derived
growth factor-BB (PDGF-BB), transforming growth factor-p (TGF-), or insulin
growth factor-1 (IGF-1) do not affect MMP-9 expression in adult mouse myoblasts,
whereas tumor necrosis factor-o (TNF-a) and basic fibroblast growth factor (f-FGF)
induce MMP-9 expression. However, none of these growth factors affects MMP-1
or MMP-2 expression [52].

In normal adult skeletal muscles, the exact panel of MMP/TIMP proteins/activ-
ity/mRNA expressed is still not clearly defined. However, one can assume that basal
levels of MMP/TIMP protein/mRNA would be detected in the various cell types
composing the muscle. Gelatinases A and B—both proteins and activity—are the
most documented together with MMP-1 and MMP-14, but data about other MMPs
remain elusive and often restricted to mRNA expression. In normal adult muscles,
in situ zymography, which does not allow the distinction between MMP-2 and
MMP-9, reveals a weak gelatinase activity in the sarcoplasm, endomysium, and
perimysium [19, 33, 53]. Intracellularly, gelatinase activity localizes to mononucle-
ated cells, presumably fibroblasts, endothelial or satellite cells, and patchy spots
within the sarcoplasm [33]. It probably corresponds to MMP-2 which is the only
gelatinase detected by gel zymography in normal muscle extracts [21]. Recent
reports confirm intracellular localization of MMP-2 in type I and type II fibers
where it is more prominent [54].

3.2.1.1 Role of MMPs in Myogenic Cells

Different and multiple MMPs and TIMPs play a role in myoblast migration and/or
fusion and probably interfere in muscle fiber maturation, remodeling, and regenera-
tion. Myogenesis in vitro involves myoblast cell cycle arrest, migration, and fusion
to form multinucleated myotubes with centrally located nuclei that migrate to the
periphery upon maturation of myofibers in vivo. Factors that affect either myogenic
cell migration or fusion necessarily affect myogenesis/regeneration.

MMPs Contribute to Cell Migration

MMPs/TIMPs have been involved in myoblast migration in ex vivo or in vivo exper-
iments. Upon culture of mandibular explants of young embryos in presence of pro-
tease inhibitors, morphogenesis is altered only when hydroxamic acid, a specific
MMP inhibitor, is used [55]. Furthermore, MMP inhibition by large-spectrum
inhibitors or siRNA decreases or inhibits cell migration in vitro [42, 46]. On the
contrary, treatment of myoblasts by MMPs, by substances that induce MMP over-
expression/activation, or, eventually, by gene transduction increases myogenic cell
migration in all cell model systems and migration assays. MMP-1 [56], MMP-2,
and MMP-7 [41, 42] as well as concanavalin that induces MTI1-MMP
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overexpression and MMP-2 activation [57] or TNF-alpha that increases MMP-9
levels [48] all favor myogenic cell migration and dissemination far from the injec-
tion site after these cells are grafted at a single location. Data point to a specific role
of MMP-9 in cell migration as neither MMP-2 overexpression nor higher overall
gelatinolytic activity can compensate for MMP-9-induced cell migration [34].
Specific MMP-9 inhibition decreases the migration of human primary myoblasts
[44], whereas the addition of exogenous MMP-9 disrupts the balance with TIMPs
and improves migration [34].

MMPs Contribute to Cell Fusion

Besides ADAM-12, the enzyme required for myotube formation [32], other MMPs
have been involved in myogenic cell fusion. Overexpression of various MMPs in
myoblasts increases their propensity to form myotubes and generates more fibers
than parental control, upon grafting into dystrophic muscles [41]. However, despite
strong evidence for MMP/TIMP implication in the fusion process, it is difficult to
ascertain whether one or several MMP/TIMP couple(s) operate in this process.

The first protein duo involved in cell fusion of masseter myoblasts is TIMP-1/
MMP-9 because of inverse regulation during myogenesis in vitro. Upregulation of
TIMP-1 concomitantly to MMP-9 downregulation suggested that mononucleated
myogenic cells express MMP-9 to allow migration and then upregulate TIMP-1 to
halt migration and authorize cell fusion [44]. However, this observation does not
apply to all myogenic cell types. In C2C12 cell lines, frequently used as a model
system for in vitro myogenesis, high TIMP-1 levels inhibited cell migration without
affecting myoblast fusion [34].

The second set of MMP/TIMP proteins reported to function in cell fusion is
MMP-2/MMP-14/TIMP-2 [45]. Pros and cons exist in favor and against each one of
the partners. The conjunction of TIMP-2 upregulation during myogenic cell fusion
[45] and decrease of muscle mass in TIMP-2 knockout mice led to suggest its
involvement in cell fusion [58, 59]. Once more, TIMP-2 upregulation proved to be
insufficient to induce myoblast fusion in vitro [34], and the atrophy of muscle fibers
observed in TIMP-2-deficient mice results from abnormalities of muscle innerva-
tion [34]. The second partner, MMP-14, is presented as a multilateral regulator of
muscle differentiation in vitro [47] and is thought to act at a specific stage of myo-
blast fusion. Inhibition of MT1-MMP by shMT1-MMP partially inhibits myoblast
fusion, whereas treatment with BB94, a large-spectrum inhibitor, totally inhibits
myotube formation [47]. Data indicate there is functional complementarity between
MMP-2 and MMP-14. Stable transfection of these proteases in myoblasts favors
cell fusion of the grafted cells with regenerating myofibers. It increases the number
of myonuclei within regenerated myotubes without affecting the total number of
formed myotubes. In contrast, MMP-14 deficiency does not prevent muscle fiber
formation in vivo. MMP-14-deficient mice are born with severe generalized abnor-
malities of skeletal and extra-skeletal connective tissue, defective angiogenesis, and
skeletal muscles with centrally located myonuclei indicative of defective matura-
tion. These mice die prematurely by 3—12 weeks of age [47, 60]. Concerning the
third member, MMP-2, the initial reports describe no major abnormalities of
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MMP-2-deficient mice. They present as normal, fertile, but have slower growth rate
[61]. Closer examination reveals marked age-related bone density loss, bone abnor-
malities, craniofacial defects, sclerotic cranial sutures, and articular cartilage
destruction [62] resembling human Multicentric Osteolysis with Arthropathy
(MOA) [63]. This explains slower growth rate that may have functional repercus-
sion on skeletal muscle architecture. Indeed parallel alignment and skeletal muscle
fiber organization depend on mechanical tension induced by bone growth [64].
MMP-2 and MMP-14 double mutant mice [65] die immediately after birth with
respiratory failure, abnormal blood vessels, accumulation of ECM components, and
small centrally nucleated muscle fibers that remind of myofiber immaturity in cen-
tronuclear myopathies. Central nucleation is a characteristic feature of incomplete
maturation of myofibers during development. It can be due to gene defects or to the
absence of appropriate vascularization. Besides the indirect effect these proteins can
have on muscle fiber maturation through vascular defects, in vitro data indicate they
have a complementary not an overlapping role on myotube formation [65].

The third set of proteins that influences myotube formation is TIMP-3/MMP-9.
TIMP-3 regulates myogenesis via miR-206-TIMP3-TACE-TNF-a-p38 signaling
pathway. It acts by regulating autocrine release of TNF-a, known to induce MMP-9
upregulation [48]. The perturbation of TIMP-3 downregulation, which occurs tran-
siently during myoblast fusion or muscle regeneration, blocks TNF-a release, p38
MAPK activation, myogenic gene expression, and myotube formation. On the con-
trary, supplementation at physiological concentration of TNF-a rescues myoblast
differentiation regulated by miR-206 that promotes myogenesis and mediates
TIMP-3 downregulation [66]. The active role of these proteins in myogenic cell
fusion is corroborated in regenerating soleus in which overexpression of TIMP-3
impairs the release of TNF-a, downregulates myogenic gene expression, and delays
the formation of new fibers.

Finally, the addition of TIMP-1, TIMP-2, or TIMP-3 or overexpression of RECK,
the membrane-localized MMP inhibitor, inhibits myotube formation [47]. Myogenic
regulatory factors (MRFs), which determine myogenic cell fate, regulate RECK
expression: MyoD suppresses promoter activity while MRF4 activates it [67].

3.3  MMPs in Remodeling Skeletal Muscles

Remodeling skeletal muscles undergo intra- and/or extracellular modifications that
cover a wide range of adaptive behavior. Skeletal muscle fibers atrophy in response
to denervation [20], immobilization [17], aging [68], and cancer [69] but improve
their contractile performance in acute or long-term exercise that induce hypertrophy
or hyperplasia [70]. Eccentric exercise, especially when the task is novel, produces
muscle soreness and, possibly, strength loss as a secondary consequence of strain-
induced muscle damage [71]. Chemicals, trauma, or disease cause also muscle dam-
age and induce a regenerative response similar to wound healing [64]. These
modifications imply the occurrence of interactive cross talk among several partners
including MMPs and TIMPs. The cascade of regulatory mechanisms varies with the
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nature and time frame that govern MMP/TIMP induction/activation/regulation, in
physiological and pathological remodeling situations [72].

3.3.1 Skeletal Muscle Plasticity

Physical and chemical signals allow the body to increase or decrease skeletal mus-
cle size throughout adulthood. In adult mammals, an increase in muscle mass occurs
primarily as an increase in muscle fiber size (hypertrophy) rather than muscle fiber
number (hyperplasia) [70]. The most vigorous muscle hypertrophy is accompanied
by ECM remodeling [73], in response to increase of anabolic hormonal signaling or
strength training. Hemodynamic and mechanical stimuli activate satellite cells,
increase angiogenesis, favor the proliferation of capillary-associated cells, and reg-
ulate MMP activity in the absence of any significant inflammation. Among the
enzymes modified by physical activity are MMP-2 and MMP-14 [70, 74, 75].
MMP-2 is increased with high-intensity exercise and is particularly prominent in
skeletal muscles with high percentage of fast muscle fibers [16]. MMP-9 is induced
after a single bout of exercise [72, 76]. High-intensity exercise is required to pro-
mote the expression of MMP-2 in skeletal muscles, and the influence of exercise on
MMP-2 expression is dominant in muscles containing a high percentage of fast
fibers [16]. Visualization of gelatinase activity by high-resolution in situ zymogra-
phy localized MMP-2 activity in myonuclei in endurance-trained rat soleus mus-
cles, while activated satellite cells are identified as the source of MMP-9 upregulation
that occurs within few hours of exercise [53]. Endurance training induces various
biochemical modifications, hypertrophy, and transition of muscle fiber types accom-
panied by an increase of capillary density [77]. In this whole system setting, auto-
crine/paracrine networks may explain the induction of angio-myogenesis. In
response to non-injurious exercise, moderately and highly trained athletes have sys-
temic pro-inflammatory molecules produced in plasma [78], but there is no clear
evidence indicating that exercise induces an inflammatory response in muscle tissue
[79]. Induction of mild inflammatory response after a single bout of exercise is rapid
and resolves within 24 h. With chronic loading, both muscle and tendon show adap-
tive changes with increased collagen production and MMP/TIMP changes indica-
tive of matrix turnover [79]. Pro-inflammatory molecules and MMPs can mediate
mobilization of stem cells [80] and angiogenesis [81, 82]. Peroxisome-proliferator-
activated receptor (PPAR)-0 activation induces direct transcriptional activation of
MMP-9 which, at turn, degrade insulin-like growth factor-binding protein (IGFBP)-
3. This results in IGF-1 receptor (IGF-1R) activation in surrounding target cells,
augmented angiogenesis, and improved regeneration [83]. Various other stimuli
induce MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-12, and MT1-MMP in
vascular tissues [18].

In skeletal muscle, expression at basal levels of MMP-2, TIMP-1, IGF-1, and
ciliary neurotrophic factor, conveys an advantage for aged persons to adapt to resis-
tance training [84]. Specific MMP-1 and MMP-9 polymorphisms correlate with
increased body mass and muscle strength in elderly exercised women. Increased
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cell body mass and maximal isometric strength correlate with G insertion in MMP-1
(G+/—-1607), while homozygote for 21 or less CA repeats in MMP-9 (cytosine-
adenine microsatellite) gains more isometric strength than carriers of longer micro-
satellites [85]. On the contrary, muscle fiber atrophy in response to unloading,
immobilization, denervation, or aging involves MMP-2 activity [86, 87] although
both MMP-2 and MMP-9 gelatinases are upregulated [88—92]. In such cases, MMP-
2-deficient mice show preserved laminin and type IV collagen and less muscle atro-
phy than MMP-9-deficient mice [93]. Upregulation of MMP-2 activity is reported
in denervated muscles after stretching associated or not to electrical stimulation
[86], but this response seems to be restricted to atrophic muscles because single or
repetitive stretching sessions fail to regulate MMP-2 levels in normal muscles [94].

3.3.2 Skeletal Muscle Degeneration and Regeneration

Muscle regeneration is the tissue-specific wound healing response to experimental,
accidental, or disease-induced muscle injuries. It follows the typical stages of
wound healing response during which degeneration/regeneration cycles recapitu-
late skeletal muscle fiber formation after an initial phase of necrosis and inflamma-
tion [64]. A successful regenerative process implies a perfect coordination of
cellular and molecular interactions between the various tissue components and
leads to tissue reconstitution after substantial remodeling of ECM components.
Deregulation of this process by delayed vessel growth, perturbation of inflamma-
tory reaction, and proliferation of fibrous tissue negatively affect the efficiency of
muscle regeneration.

During muscle regeneration, the regulation of MMPs follows a time course that
parallels biochemical, molecular, and structural modifications observed in various
types and extent of muscle injuries [95]. Classically, transient upregulation of
MMP-2 and MMP-9 occurs in experimental muscle injuries [12, 21, 96-98] and in
patients with chronic critical limb ischemia (CLI) or with peripheral arterial occlu-
sive disease (PAD) [99] with a time frame that depends on the amplitude of tissue
destruction. Cardiotoxin injury of skeletal muscles induces massive tissue destruc-
tion and prolongation of MMP-2 and MMP-9 upregulation by comparison to mod-
els with restricted injuries. Within the first week, free gelatinase activity increases
progressively and peaks at day 7 before returning to control values when skeletal
muscle fibers have already regenerated. During this time interval, two consecutive
regulations of gelatinase expression and activation take place: first, a rapid induc-
tion of MMP-9 in inflammatory cells and activated satellite cells [21] that upregu-
late adrenomedullin (ADM), insulin-like growth factor (IGF-I and IGF-1I), MMP-9,
and monocyte chemoattractant protein (MCP)-1 necessary for angiogenesis, tissue
regeneration, and phagocyte recruitment after injury [49] and, second, a simultane-
ous decrease and activation of latent MMP-2 within the first 24—48 h followed by a
progressive reconstitution of latent and active MMP-2 concomitantly to myofiber
regeneration/maturation by the end of the first week [21, 97, 100]. Within this time
frame, increased processing of MT1-MMP from latent MMP-14 (63 kDa) to the
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fully active soluble 50 kDa form, which retain its ability to process MMP-2, follows
TIMP-2 reduction [12] suggesting the implication of MMP-2/MMP-14/TIMP-2 in
either myoblast fusion or angiogenesis. Additionally, MMP-3 and TIMP-1 are
upregulated 24 h after injury, and then TIMP-1 decreases 2 days later, whereas
MMP-3 increase is followed by a decrease of active MMP-3 [101]. Other MMPs
such as MMP-10 and MMP-13, the murine homologue of human MMP-1, are
important for efficient muscle regeneration [102, 103]. MMP-13 expression is pro-
nounced after myoblast fusion and myotube formation in vitro [103], and its levels
correlate with the extent of tissue damage [104]. MMP-10 is also critical for skeletal
muscle maintenance and regeneration [102]. MMP-10-deficient muscles display
impaired recruitment of endothelial cells, reduced levels of ECM proteins, dimin-
ished collagen deposition, and decreased fiber size, which collectively contribute to
delayed muscle regeneration. MMP-10 acts via a CXCR4/SDF1 signaling axis that
proved essential for efficient skeletal muscle regeneration [105].

Damaging exercise induced by downhill running in human volunteers releases
MMP-2, MMP-9, TIMP-1, and MMP-2/TIMP-2 complex into circulation [106].
The acute increase of TIMP-1, MMP-2, and TIMP-2 does not correlate with muscle
damage, but the elevated levels of circulating MMP-9 correlate with the increase of
the number of circulating leukocytes induced by exercise.

Finally, MMPs are largely involved in tendon degeneration, rupture, and healing
[107, 108]. Diagnostic and therapeutic opportunities in orthopedics are provided by
MMPs and TIMPs [109] with clear correlation between increase in MMPs and poor
healing in rotator cuff muscles [110]. The increase of MMP-1 and MMP-13 in rota-
tor cuff synovial fluid correlates with decreased healing in the tendon-bone repair
site. On the contrary, blockade of MMPs improves tendon-to-bone healing by
increasing fibrocartilage and collagen organization and improving the scar strength
[111, 112].

3.4 Deregulation of MMPs in Skeletal Muscle Diseases

Deregulation of MMP/TIMP balance has been described in various neuromuscular
diseases, but the exact role they play in these diseases is still largely unknown.
Interestingly, their use as biomarkers for prognostic use or therapeutic follow-up
has been reported in Duchenne muscular dystrophy (DMD) and amyotrophic lateral
sclerosis (ALS).

3.4.1 Inflammatory Myopathies

Chronic muscle inflammation and muscle weakness characterize inflammatory
myopathies [113]. They were the first neuromuscular diseases to be investigated for
MMP involvement in the pathogenesis of the diseases particularly in light of accu-
mulating evidence in favor of their role in modulating innate immunity and
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inflammation [24, 114]. This makes them good targets for the control of inflamma-
tory conditions [115].

All inflammatory myopathies have in common the upregulation of MMP-9 in
muscle tissue. High MMP-2 and MMP-9 levels are reported in muscle homogenates
of polymyositis, dermatomyositis, and inclusion body myositis (IBM) patients
[116-118], but distinct MMP expression patterns are revealed by immunolabeling.
MMP-9 antibodies label atrophic myofibers [117, 119] although Choi et al. [118]
report that labeling is restricted to CD8* cytotoxic T cells. MMP-2 labeling has
similar distribution but weaker intensity, whereas MMP-7 antibodies strongly label
myofibers invaded by inflammatory cells only in polymyositis [119]. Further,
MMP-1 overexpression is localized in mesenchymal cells resembling fibroblasts
and around the sarcolemma. MMP-1 and MMP-9 protein overexpression is con-
firmed by transcript upregulation in polymyositis, in dermatomyositis, and to a
lesser extent in IBM [117]. Finally, muscle biopsies of sporadic inclusion body
myositis (s-IBM) patients show a co-localization of MMP-2 and beta-APP labeling
in rimmed vacuoles, indicating a potential involvement of MMP-2 in the formation
of amyloid deposits [118]. TIMP levels remain unchanged and MMP levels in the
serum are not modified [117].

3.4.2 Muscular Dystrophies

Muscular dystrophies (MD) are a group of myopathies that weaken the musculo-
skeletal system and hamper locomotion. Progressive skeletal muscle weakness,
defects in muscle proteins, and loss of muscle cells and tissue usually characterize
skeletal muscles of affected patients [120]. Muscular dystrophies do not have an
available treatment or cure, but physiotherapy, aerobic exercise, and low-intensity
catabolic steroids help to maintain muscle tone [121].

Duchenne muscular dystrophy (DMD) is the emblematic form of these diseases.
It is the most frequent and most severe X-linked recessive muscle disorder as it
affects 1 in 3500 newborn boys and leads to death in the second or third decade of
life [122, 123]. DMD and its milder form Becker muscular dystrophies (BMD) are
due to mutations in the dystrophin gene leading, respectively, to the absence or the
expression of a partially functional protein. Dystrophin is a constitutive element of
the “dystrophin-glycoprotein complex” that anchors the cytoskeleton to the ECM
through the outer membrane of muscle cells. Thereby, modifications that affect
these proteins result in defective scaffolding that leads to the disruption of the cell
membrane during muscle contraction and eventual weakening and wasting of myo-
fibers. Interestingly, a number of severe forms of hereditary neuromuscular diseases
such as Duchenne or Fukuyama muscular dystrophy have secondary abnormalities
of dystroglycan [124—127] identified as an MMP target. In patients with sarcogly-
canopathy, MMPs process p-dystroglycan and liberate a 30 kDa proteolytic frag-
ment [128]. The disruption of the link between extracellular matrix and cell
membrane hence leads to deleterious evolution to which MMPs/TIMPs participate
in DMD or other dystrophies raising important interrogations about their regulation
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TIMP-1 Control DMD

Fig. 3.2 TIMP-1 immunolocalization in normal (Control) and DMD muscles showing increased
labeling of endomysial space with TIMP-1 antibody in DMD muscles by comparison to control
muscles. Note the labeling of intramuscular vessels and nerves

and role in these diseases and their potential use as biomarkers or targets in these
pathologies. Their role in pathological and physiological processes involving the
dystrophin-glycoprotein complex has been reviewed recently [129].

In DMD patients, muscle fibers are lost and replaced by fibro-fatty tissue as a
consequence of recurrent cycles of degeneration-regeneration cycles and exhaus-
tion of regenerative capacity. Continuous necrosis-regeneration with its inflamma-
tory component, cytokine production, generation of reactive oxygen species, release
of growth factors, and production and activation of MMPs/TIMPs perpetuates con-
stant remodeling of skeletal muscles. The restoration of dystrophin to the sarco-
lemma can be achieved by cell or gene therapy and result in the interruption of these
vicious cycles [130-133].

Dystrophic muscles exhibit MMP-2 and MMP-9 in both x-linked muscular dys-
trophy (mdx) and canine x-linked muscular dystrophy (CXMD) [19, 21], whereas
only MMP-2 is reported in normal muscles. MMP-9 is also upregulated in the serum
of adult mdx mice [38] and is overexpressed throughout life span (Alameddine,
unpublished results), and gelatinase activity is localized in necrotic fibers, inflam-
matory cells, and endomysium [33]. Differences in MMP expression patterns have
been associated with different time course and amplitude of inflammation and
regeneration in mdx muscles and experimental injuries [11]. Other MMP, ADAMTS,
and TIMP genes are differently regulated in mdx muscles including MMP-3, MMP-
8, MMP-9, MMP-10, MMP-12, MMP-14, MMP-15, Adamts2, and TIMP-1 mRNA
or activity thatis increased. On the contrary, MMP-11, Adamts1, Adamts5, Adamts8,
TIMP-2, and TIMP-3 mRNA are downregulated [37]. CXMD muscles also evi-
denced upregulation of MMP regulatory molecules, MT1-MMP, TIMP-1, TIMP-2,
and RECK [19].

In DMD muscles, TIMP-1, TIMP-2, and MMP-2 transcripts are upregulated, and
MMP-2 activity is increased [134]. TIMP-1 levels are also elevated in the serum,
plasma, and muscles of muscular dystrophy patients like in patients with fibrotic
diseases (Fig.3.2 unpublished results). It correlates with TGF-f1 levels in DMD and
congenital muscular dystrophy (CMD) but not with Becker muscular dystrophy
patients [135]. TGF-B1 is released from decorin that is degraded by MMP-2.
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TGF-p1 modulates the ability of cells to synthesize various ECM components and
may modify the protein pattern produced by DMD fibroblasts upon their transfor-
mation to myofibroblasts. It increases MMP-7 that contributes to fibrosis
[136-138].

3.4.3 Neurogenic Myopathies

Neurogenic myopathies are muscle diseases due to defects of peripheral nervous
system with secondary muscle manifestations. Among them are Amyotrophic
Lateral Sclerosis (ALS), Spinal Muscle Atrophy (SMA), Guillain-Barre Syndrome
(GBS), and Chronic Axonal NeuroPathies (CANP) in which MMPs have been
involved in the pathogenesis of the disease. Most of these pathologies have abnor-
malities of neuromuscular transmission, and despite evidence concerning the
involvement of MMP-2 and MMP-9, we still ignore how other MMPs and princi-
pally MMP-3 are regulated. This enzyme has the particularity of degrading agrin
that participates to the formation and stabilization of neuromuscular junctions
(NMJs) [139-141], while agrin degradation leads to destabilization of NMJs and
sarcopenia [142, 143]. Mice lacking MMP-3 exhibit higher levels of agrin and
increased size and number of AchR in junctional folds [144—146]. Prolonged dener-
vation preserves normal topography of NMJs and preserves agrin and musk at the
denervated endplates [147] confirming the role of MMP-3 in the remodeling of
NMJs.

As for the other MMPs, experimental evidence shows that initial MMP-9 increase
in sciatic nerves and muscle tissue that occurs after axotomy is followed by its
increase in the sera [148]. Transient or long-term denervation that results from nerve
crush or axotomy is accompanied by remodeling of the nerve, muscle, and NMJs
[149], increased turnover of ECM molecules, and proliferation of Schwann cells in
the injured nerves. It does not modify MMP-2 and MMP-9 immunolocalization to
NMIJs, Schwann cells, and perineurium but differentially regulates expression levels
of these enzymes. Denervated mouse muscles show persistent MMP-2 labeling at
NMIJs, but its activity and intensity are decreased in intramuscular nerves. On the
contrary, MMP-9 labeling persists at NMJs but is enhanced in degenerated intra-
muscular nerves suggesting its involvement in axonal degeneration [20]. This is
corroborated by high MMP-9 levels that correlate with selective vulnerability and
denervation of fast muscles in ALS patients. In the presence of mutant SODI,
MMP-9 expressed by fast motor neurons themselves enhances the activation of
endoplasmic reticulum (ER) stress and is sufficient to trigger axonal dieback [150].
On the contrary, reduction of MMP-9 function using gene ablation, viral gene ther-
apy, or pharmacological inhibition significantly delayed muscle denervation.

In ALS patients, strong MMP-9 immunoreactivity reflects later or chronic stages
of denervation and allows to differentiate between affected and non-affected patients
[116]. Both pro and active forms of MMP-9 are elevated in the sera of ALS patients,
whereas elevated TIMPs and MMP-9 activity are reported in postmortem ALS brain
tissue, plasma, and CerebroSpinal Fluid (CSF) [151, 152]. Longitudinal monitoring
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of various MMP family members in the serum and CSF of ALS patients failed to
establish a correlation between MMPs and TIMP-1 expression and the age of
patients despite the elevation of MT1-MMP, MMP-2, MMP-9, and TIMP-1 in the
serum of the majority of cases particularly in mild ALS patients. There is, however,
a positive correlation between increased levels and disease duration [153]. The dif-
ference of MMP-2 and MMP-9 levels is particularly significant between mild and
severe subgroups establishing MMP-9 as a candidate therapeutic target for ALS
[150].

Monitoring MMP expression in transgenic mice models of ALS indicates they
can be used as biomarkers of disease evolution and follow-up of treatments [154—
157]. High gelatinase levels are the common factor linking pathology, response to
oxidative stress and cytokine release in symptomatic mice [155]. MMP-9 levels are
modulated throughout the course of disease progression in mice. MMP-9 elevation
in the sera corresponds to an early stage of disease progression and declines at end
stage [156], observation that reminds MMP-2 and MMP-9 increase in mild rather
than in severe cases in human patients [153]. At last, in a mouse model of neur-
aminidase 1 deficiency which results in a neurodegenerative disease in human indi-
viduals, muscle biopsies show expansion of epimysial and perimysial spaces,
extensive sarcolemmal invaginations, and infiltration of myofibers by fibroblast-like
cells and ECM. MMP-2, MMP-9, and cathepsin increase in mice muscles associ-
ates with a “unique” pattern of muscle damage, progressive cytosolic fragmenta-
tion, and overt myofiber atrophy that may explain neuromuscular manifestations
reported in patients with type II form of sialidosis [158].

3.5 MMPs/TIMPs Are Involved in Inflammation and Fibrosis
of Diseased Skeletal Muscles

Normal wound healing involves transitory and highly organized response consisting
of interrelated dynamic phases with overlapping time courses that lead to tissue
replacement [159]. All successive stages, (1) hemostasis, (2) inflammation, (3)
migration and proliferation, and (4) remodeling, necessitate high levels of extracel-
lular proteolytic activity [160]. Interference with any of the inflammatory, prolifera-
tive, or regenerative phase jeopardizes the success of the repair process possibly
leading to fibrosis. Building up of fibrosis results from deregulation between syn-
thesis and hydrolysis of ECM components [161] normally accomplished by MMPs
and enzymes of the plasminogen activation system [162—-164]. Dysregulated MMP/
TIMP balance [33, 162] and excessive or low-grade inflammation contribute to the
development of fibrosis and exacerbation of pathological features or organ dysfunc-
tion [114, 165] in dystrophic or severely injured muscles.



3 The Matrix Metalloproteinase and Tissue Inhibitors of Metalloproteinase Balance... 63

3.5.1 MMP Involvement in Skeletal Muscle Inflammation

The initiation and progression of tissue remodeling involve a prior step of degrada-
tion and reorganization of the ECM scaffold to which inflammation is an indispens-
able contributor. However, if the inflammatory process is continuous, it may result
in deleterious evolution of the disease with organ dysfunction and exacerbation of
pathological features.

In a number of experimental injury models or different muscle pathologies,
MMP overexpression correlates with the intensity of the inflammatory reaction or
the persistence of low-grade inflammatory reaction [11, 21, 36, 38, 166]. Considering
that white blood cells produce MMPs to facilitate their migration [167] and regulate
their function [168, 169], one may predict that MMP levels increase concomitantly
to inflammation. Indeed, MMP-9 is produced by inflammatory cells [170] and
stored in granules [171-173] ready to be released during cell transmigration through
vessel/capillary walls. Inflammatory cells also regulate MMP-9 production in a
manner that resembles sequential variations of MMP-9 at the early stages of muscle
regeneration [174]. Of the muscle diseases cited here-above, MMP elevation associ-
ates with inflammation in muscular dystrophies and inflammatory myopathies, but
not in neurogenic myopathies in which it associates with tissue remodeling [116,
151-153].

During skeletal muscle degeneration/regeneration cycles in animal models or
dystrophic patients, the presence of inflammatory cells [175-178] correlates with
high MMP-9 in blood vessels, mononuclear cells, regenerating fibers [11, 19, 21,
38, 179], and the serum of dystrophic mice and DMD patients [166, 180]. MMP-1
signal and TIMP-1 and MMP-2 mRNAs localize in areas of degeneration/regenera-
tion and high density of macrophages, whereas TIMP-2 transcripts distribute more
homogeneously in mesenchymal fibroblasts [134, 179]. Similar to what is observed
in dystrophic muscles, several MMPs including MMP-1, MMP-2, MMP-7, and
MMP-9 are increased in correlation with the density of inflammatory cells in these
myopathies [117, 119, 181].

Recent evidence indicates a potential benefit of controlling muscle inflammation
or inhibiting MMP-9 activity by various natural or chemical compounds to improve
skeletal muscle regeneration in dystrophic animal models [36-38, 182]. However,
the potential use of MMP inhibition should be considered with great precaution as
it may prove deleterious at the long term. The beneficial effect observed upon
MMP-9 inhibition in young dystrophic mice [39] is completely reversed by its long-
term inhibition which results in the development of fibroadipogenic tissue in old
MMP-9-deficient mdx mice. Further, experimental data clearly indicate certain
MMPs are necessary for the regenerative process [102, 105] and for improving
myogenic cell engraftment in dystrophic skeletal muscles [34, 35].
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3.5.2 MMP/TIMP Involvement in Skeletal Muscle Fibrosis

The robust regenerative ability of skeletal muscle can be impaired in case of severe
injuries or in dystrophic muscles in which massive muscle loss yields a reparative,
stabilizing fibrotic response that proceeds more rapidly than the growth of new mus-
cle fibers. Recurrent wound healing response in dystrophic muscles generates, in
cascade, molecular modifications that influence tissue reconstitution. In the first
stage, a dysregulation between hydrolysis and synthesis of ECM components occurs
in favor of hydrolysis and is followed by a resolution phase during which inhibitors
are upregulated. Therefore, continuous cycles of necrosis-regeneration in dystro-
phic muscles may be associated to increase of both MMPs and TIMPs, as observed
in DMD muscles [180].

Inflammatory cells contribute to the development of fibrosis by producing cyto-
kines/chemokines [178, 183—185] that upregulate MMPs which, at turn, regulate
the cytokines, their ligands, and receptors [186, 187]. MMPs also activate growth
factors such as transforming growth factor beta (TGF-f) and connective tissue
growth factor (CTGF) [188-190]. Each of these growth factors is reported to induce
phenotypic transformation of myoblasts into myofibroblasts [191, 192], whereas
CTGEF also induces MMP upregulation [193]. Additionally, activated MMPs and a
disintegrin and metalloproteinase (ADAM) signal through their receptors and
downstream mitogen-activated kinases to activate the transcription of immediate-
early genes that mediate fibrosis [194]. ADAM-17 (tumor necrosis factor-a convert-
ing enzyme, TACE, or MT4-MMP) and ADAM-12 are influential actors in the
pathogenesis of inflammatory and fibrous connective tissue diseases. TACE overex-
pression and activation activate Epidermal Growth Factor Receptor (EGFR) and
stimulate type I collagen expression [195]. It induces transcriptional regulation of
MMP-2 and ADAM-12 that activates TGF-p signaling independently of its protease
activity [188]. TNF-a release by TACE stimulates collagen synthesis in fibroblasts
[196], whereas TNF-a inhibition significantly reduces necrosis [197, 198], the lev-
els of TGF-B1, and type I collagen mRNA in mdx mice [199].

Serious indications, although not proven experimentally, indicate that TIMPs are
involved in muscle fibrosis. Substantial proliferation of fibrotic tissue correlates
with the elevation of TIMP-1 in the serum and endomysium of muscles of DMD
patients and dystrophic mouse models [180] and (Fig. 3.2). In cells derived from
heart muscles, all four TIMPs are reported to induce fibroblast cell proliferation, but
only TIMP-2 upregulates collagen production [200]. This needs to be confirmed in
skeletal muscle tissue.

3.6 Conclusion and Perspectives

A subtle balance between MMPs and TIMPs operates at the intracellular and extra-
cellular levels to regulate homeostasis of skeletal muscle tissue. The role of certain
MMPs has been clarified in skeletal muscle tissue remodeling. MMP-2 and its acti-
vator MMP-14 are linked to angiogenesis and vessel growth [201], and MMP-2
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contributes to satellite cell activation by mediating HGF shedding from extracellu-
lar matrix in response to NO [202]. Furthermore, MMP-9 and MMP-10 are essen-
tial for muscle regeneration, and one may predict that other MMPs may prove
essential for this process, particularly those involved in stem cell activation and
recruitment or in efferocytosis and macrophage maturation (M1-M2 transition).
An important question that remains unsolved is to understand how two of the
best-known and most explored MMPs, namely, MMP-2 and MMP-9, are involved
in apparently two contradictory events. On one hand, MMP-2 is involved in muscle
fiber atrophy [86, 87, 90, 93, 203] under denervation, immobilization, or unloading
conditions. On the other hand, it is involved in muscle fiber hypertrophy and satel-
lite cell activation upon functional overload [70]. A tentative explanation resides in
the specific activation of intracellular or membrane-localized MMPs in response to
a given stimulus. As for MMP-9, it is shown to be deleterious for skeletal muscle
structure and function [36-38, 204, 205], whereas converging data argue in favor of
its importance in skeletal muscle formation. Constitutive expression of active
MMP-9 in skeletal muscle cells induces muscle fiber hypertrophy [206], and its
inactivation decreases muscle and whole body mass and affects cross-sectional
areas and fiber-type distribution [207]. Moreover, long-term inhibition leads to
adverse effects and the development of fibroadipogenic tissue [39]. Such contradic-
tory results are, essentially, based on serum or whole muscle extracts that neglect
the complexity of skeletal muscles and the diversity of its cellular components.
These cells may respond differently to the same stimulus, a possibility that under-
scores the need for in-depth investigation, by various means including immunolo-
calization and in situ zymography, of the nature of cells producing a given protease
and how MMP production and activation are affected by the experimental or disease
conditions. We also need to document MMP expression and regulation in the high
number of diseases affecting skeletal muscles in order to identify potential targets
or biomarkers of these pathologies. Circulating MMP-9 is already identified as a
marker of DMD [180], and lately adamts5 has been identified as a treatment-
responsive biomarker in dystrophic mice and validated in human patients [208].
Lastly, it is important to discuss the effects of MMP modulation in skeletal mus-
cle remodeling. MMP overexpression or inhibition has been applied in animal mod-
els of muscle atrophy or muscular dystrophy to investigate their therapeutic benefit.
Tetracycline therapy proved beneficial to limit muscle atrophy induced by immobi-
lization [17], and chemical or genetic MMP-9 inhibition in mdx mice had beneficial
effects reproduced by substances such as L-arginine, nitric oxide (NO) donors,
doxycycline (Dox), and minocycline (Min). These substances decrease MMP-9 lev-
els and orchestrate inflammation toward the “repair mode” favoring preservation of
structural integrity and reducing fibrosis in different mouse models [205, 209-211].
However, long-term absence of MMP-9 in mdx mice impairs the development of the
myogenic program, reduces muscle force, and leads to the development of fibroad-
ipogenic tissue [39]. On the contrary, MMP-9 or MMP-1 overexpression by myo-
genic cells improves myoblast engraftment, favors gene complementation, and
helps resolve fibrosis upon grafting into dystrophic muscles [34, 35, 212]. Such
contradictory results raise legitimate interrogations about the opportunity to
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conduct clinical trials using MMP inhibition for the treatment of muscular dystro-
phies. This is particularly important to highlight that the inhibition of all the other
MMPs investigated until now proved to have detrimental effect on skeletal muscle
regeneration/maturation [102, 201].
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Role of BMP1/Tolloid like Proteases
in Bone Morphogenesis and Tissue
Remodeling
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Abstract

BMP-1/ tolloid like proteases collectively referred as BTPs are members of the
astacin family of metalloproteases belonging to the metzincin clan. Four mem-
bers of BTP are identified in humans; BMP-1, mTLD, mTLL1 and mTLL2.
The BTPs are involved in several pathophysiological diseases including bone
morphogenesis, fibrosis, tissue remodeling and tumor progression. BTPs are
important regulators to activate several growth factors and helps to release
anti-angiogenic fragments from parent proteins. Three dimensional structure of
BTPs reveal the presence of a highly unusual disulphide bridge present within
the cysteine-rich loop region in the active site. The activity of BTPs is controlled
mainly by activators. The only endogenous inhibitor of mammalian BTPs is
o2-macroglobulin. Several small molecular inhibitors of BTPs have been
reported. Further studies will help to explore the full spectrum of activities of
BTPs which will help in recognition of BTPs as new targets for future
therapies.
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4.1 Introduction

Bone morphogenic proteinl/ tolloid like proteases commonly referred to as the
BTPs [1] belong to astacin family of zinc metalloproteases and are involved in sev-
eral pathophysiological diseases of bone morhogenesis, tissue repair and tumor pro-
gression. They are characterised having a unique 18 amino acid signature sequence
(HExxHxxGxxHxxxRxDR) which is a part of an approximately 200 amino acid
astacin-like protease/catalytic domain, followed by several CUB (for complement
C1r/Cls, uEGF, BMP-1) and EGF domains (Fig. 4.1). The BTPs belongs to the
metzincin clan [2] which includes astacins, the matrix metalloproteases (MMPs)
and the ADAMs/ADAMTSs present in humans. In mammals there are four BMP-1-
like proteases: bone morphogenetic protein-1 and mammalian tolloid are alternative
spliced products of the same gene [3] and also mammalian tolloid-likel and 2 [4].
The entire BMP-1/ tolloid like protease subfamily is referred to as the BTPs. Several
disorders related to bone in vertebrates have been identified with this class of
proteins.

BMP-1lor Procollagen C-proteinase is a multi-domain, glycosylated, secretory,
monomeric zinc endopeptidase. Structural studies indicate that the zinc atom is
penta-coordinately bound to all the astacins except in bone morphogenetic protein-1
(BMP-1), where the tyrosine residue does not participate in binding to the active site
zinc atom. Structurally catalytic domain of BTPs is closely related to the digestive
enzyme astacin from the crayfish Astacus astacus with a sequence identity of above
35% (Table 4.1 and Fig. 4.2). Low resolution crystal structures available for the
catalytic domain of BMP-1 indicates that the protease exist as a monomer in solu-
tion whereas both mTLD-1 and mTLL-1 exist as dimers [5]. Crystal structure of

BMPI SIGNAL PRO- PROTEASE CUBI1 | CUB2 | EGF1 | CUB3
PEFTIDE | PEPTIDE

mTLD, SIGNAL PRO- PROTEASE CUEBL | CUBZ | EGF1 CUB3 | EGF2 | CUB4 | CUBS
mTLL1. -2 PEFPTIDE | PEPTIDE

Fig. 4.1 Domain structure of BTPs. The BTPs consists of a signal peptide, pro-peptide, an prote-
ase/ catalytic domain followed by several CUB (for complement C11/Cls, uEGF, BMP-1) and
EGF (epidermal growth factor) domains

Table 4.1 BMP-1/ Tolloid-like Proteases in human

UniProt Total Length of Identity
Protease Species/tissue ID length protease domain (%)
BMP-1/ Embryos, tissues P13497 986 121-321 (201) 35.3
mTLD
TLL1 Embryos, tissues 043897 1031 148-348 (201) 37.1
TLL2 Embryos, tissues QI9Y6L7 866 150-350 (201) 36.6

Note: Sequence identity of protease domain with astacin. Abbreviations: BMP-1-bone morphoge-
netic protein-1, m7TLD mammalian tolloid, 7LL/ tolloid like 1, TLL2 tolloid like 2
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Fig. 4.2 Multiple Sequence alignment of protease domain of BTPs and astacin. Identical (con-
served), strong and weak residues represented as green, cyan and orange colour respectively.The
abbreviation for species are the same as used in Table 4.1

Fig.4.3 X-ray structure of BMP-1 solved at 1.27 A resolution. Disulphide bridges and important
residues in substrate recognition involved at active site are represented as stick. Catalytic zinc is
represented as CPK model

BMP-1 (Fig. 4.3) indicates it has a deep active site cleft within which is the three
conserved His residues binding to the catalytic zinc. But unlike the prototypical
protease astacin and other members of the family that a conserved tyrosine in
BMP-1 is not involved in binding zinc at the active site [6]. BTPs differ from the
other astacin like proteases in having a highly unusual additional disulphide bond in
the active site region. This occurs in the cysteine-rich loop region and is believed to
control the access of substrates through change in conformation [6]. Like other
astacin like proteases, the catalytic domain of BMP-1 consist of a 100 residue
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N-terminal domain and a C-terminal domain separated by the active site cleft. The
N-terminal domain contains a five stranded p- sheet as also two long helices. The
C-terminal domain contains few regular secondary structures. The two disulphide
bonds present in the other astacin members is conserved in BMP-1 (Cys®-Cys® and
Cys*-Cys!?) with another additional disulphide bridge between Cys®* and Cys® [7].

BMP-1/tolloid like proteinases (BTPs) has been detected in species from
Drosophila to human. Procollagen C-proteinase (also called bone morphogenetic
protein-1) of the astacin family cleaves procollagen and non-collagen substrates
into the insoluble fibrillary collagen. It also processes prolysyl oxidase to its active
form which is responsible for catalyzing the cross-linking of collagen fibrils thereby
contributing to the structural stability of collagen [7]. BTPs are important regulators
to activate several growth factors such as BMP-2/—4, TGF-p/1, GDF-8/—11 and
IGFs and helps to release anti-angiogenic fragments from parent proteins [8].
This chapter summarises the recent advances on the structure, function and diverse
role of BTPs of the astacin family and discusses their role as potential targets in
therapeutic use. Table 4.1 describes the different members of the BTP’s reported so
far in human.

4.2 Structure of the Protease Domain of BTPs

The sequence similarity among the metalloprotease domain of several BTPs and
astacin is indicative of the fact that the metalloprotease domain structure of BTPs is
similar to that of astacin. Among the proteases of known three dimensional struc-
tures, digestive enzyme astacin (PDB ID: 1AST, 1QJJ and 1QJI share 35% sequence
identity with TLL-1/BMP-1) is most closely related to BTPs. All BTPs are charac-
terised by the presence of a highly unusual disulphide bridge between two adjacent
cysteine residues present in the cysteine-rich loop region of the active site.

4.2.1 Primary Structure

The protease domain of BTPs containing about 200 amino acid residues consist of
two sub-domains separated by a deep active site cleft with the catalytic zinc at its
bottom.

4.2.2 X-ray Structure

Bone morphogenetic protein-1 (BMP-1) was initially found in bone extracts. It can
induce bone formation at ectopic sites. BMP1 is a zinc-dependent metalloprotein-
ase. The BMP-1 molecule contains an astacin-like catalytic domain, three CUB
domains and an EGF (epidermal growth factor) domain which is located between
the second and third CUB domains (Fig. 4.1). The CUB 1 domain is required for the
secretion of the molecule. Glu483 on the p4-B5 loop of CUB2 is essential for the
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proteinase activity of BMP1. BMP-1, an astacin family member belongs to the
metzincin clan which includes (in humans) the astacins, the meprins, the matrix
metalloproteinases (MMPs), and ADAMs/ADAMTSs. BMP1 is the most active
form. The isolated protease domain is relatively promiscuous, where specificity is
conferred by the BMP-1 non-catalytic domains [9]. Procollagen C-proteinase (PCP)
activity is one of the most important functional activities of BMP-1. Some residues
are important for PCP activation such as Cys62, Cys65, Cys66, Lys86, Glu93 and
Lys176 [10] and Cys84 is important for stability of BMP1 [11].

4.3  Substrate Specificity

Comparing the structure of catalytic domain of astacin from crayfish Astacus asta-
cus it is found to be closely related to BMP-1/TLL-1 (Fig. 4.4).Three histidines, a
tyrosine and a water molecule coordinated with Zn**ion at the active site is unique
in astacins and serralysins enzyme family. Surprisingly these structural homologs
have different substrate specificity. Astacins specificities are dominated by small
aliphatic side chain in P1’ and a proline in P2’, whereas BMP-1/TLL-1 prefers
strictly an Asp in P1" and Asp/Glu in P2’ site [12]. Furthermore, BMP-1 crystal and
molecular structure reveals a unique conformation of a small cysteine-rich loop
within the active site cleft, which suggests that the flap movement is required to
control substrate recognition. Therefore in comparison to astacin, BMP-1/TLL-1
protease’s substrate specificity governed not only by S1’ pocket but also registered
by a unique cysteine-rich loop. Although they have conserved catalytic residues but
the most structural differences between BMP-1 and astacin are around the substrate-
binding pocket. A confirmed basic residue in S1’ fits well with the specificity of
BMP-1 to counter opposite charge acidic amino acid, aspartate in the P1’ position.

Fig. 4.4 Superimposition of TLL-1(pink) on BMP-1 (cyan). Important residues involved in sub-
strate recognition are represented as stick. Catalytic zinc is represented as CPK model
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BMP-1 S1° pocket is larger than astacin due to open conformational loop
near Argl76.

In summary the cysteine-rich loop and the disulfide bonded network of BMP-1
clamps its substrate into a favourable position for catalysis [6].The unusual hydro-
phobic character and the flexibility of the cysteine-rich loop have not been observed
for astacin or other related matrix metalloproteases. This loop controls substrate
selectivity, therefore may guide in designing potent inhibitors of BMP-1/TLL-1
proteases against potential human metalloproteases anti-targets.

4.4 Biological Roles of BTPs

BTPs have involved as interesting therapeutic agents for treatment of healing bone
fractures, periodontal bone defects, enhancing bone response around alloplastic
materials implanted in bone and also in prevention of osteoporosis. In dentistry,
bone morphogenetic proteins have been tested in periodontal, implant and restor-
ative endodontic procedures [13].

4.4.1 Matrix Assembly

Properties of several connective tissues differ by tensile strength, elasticity and
resistance to compressive loads. Composition and organization of matrix as also the
cross linking which stabilizes the structural networks of extracellular matrix (ECM)
proteins are responsible for properties of different connective tissues [14, 15]. The
deamination of specific lysins by oxidation in the structure of collagen and elastin
helps to trigger the formation of cross-links in the structure is carried out by the
Lysyl oxidases. BTPs are the main enzymes for rate limiting step of fibril formation,
in regulation of cell responses to tissue stiffness. In bone and dentin, mineralization
causes a further degree of stiffness. Small integrin-binding ligand N-linked glyco-
proteins usually have increase glycosylation and phosphorylation sites and also
bind calcium. The acidic domains of these proteins on release by proteolysis helps
in the enhancement of their calcium binding ability. Substrates of BTPs such as
dentin matrix protein-1 (DMP-1) and dentin sialophosphoprotein (DSPP) presents
the above property which are well-described substrates of BTPs [16].

A direct effect on growth factors by BTPs can trigger simultaneously matrix
assembly and increase the synthesis of matrix proteins. These functions are impor-
tant related to development, growth and tissue repair by BTPs.

4.4.2 Activation of Signalling Molecules
The expression of a large number of proteases including BMP-1 and mTLD, prote-

ase inhibitors and growth factors can positively or negatively be modulated by TGF-
B1[17, 18]. The upregulation of some essential ECM matrix proteins like collagen
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and fibronectin can be induced by TGF-p1 [8]. The activation of TGF-f1 can take
place both in a proteolytic or non-proteolytic manner. BMP1 plays an important role
in the proteolytic pathway [19]. It is also known that BTPs contribute to the mainte-
nance of high levels of TGF-f1 by stimulating the degradation of soluble betaglycan
and CD109, two antagonists of TGF-f [16]. Several members of the TGF-f or IGF
superfamilies can be triggered by BTPs that targets different pathophysiological
processes such as morphogenesis, muscle growth, tumor progression and dorso-
ventral patterning [20-22]. BTPs can also help to degrade several proteins that
shows angiogenic properties. BTPs can convert prolactin and growth hormones into
effective anti-angiogenic molecules [23] and remove the pro-metastatic potential of
angiopoietin-like protein2 [24].

4.5 BTP’s and Disease

The involvement of BTPs in a wide range of diseases in human have been reported.
Since BMP-1 also known as Procollagen C-Proteinase have been shown to be
responsible for a number of diseases in human, BMP-1 can be used as new target for
drug therapy.

4.5.1 Fibrosis

Procollagen C-proteinases and procollagen C-proteinase enhancers (PCPEs) are
important druggable targets for preventing excess deposition of collagen in fibrosis.
In a rabbit skin model of hypertrophic scarring, the scar was reduced when a small
molecule inhibitor of BTPs was injected into the rabbit [25]. This may be due to
reduce collagen deposition followed by wounding. Transcription of PCPE-1 is up-
regulated in hypertrophic and keloid scars [26]. BMP-1 and PCPE-1 was found to
be expressed in a mouse model of corneal scarring [27]. Increasing the amount of
circulating mTLD in a rat model resulted in renal fibrosis. PCPE-1 level was up-
regulated in a rat model of liver fibrosis [28]. BTPs have been associated with car-
diac fibrosis. Human samples with myocardial fibrosis showed an increased
expression of PCPE-1 at protein levels linked to aortic valve stenosis [29]. The
potentiality of PCPEs for anti-fibrotic therapies as new drug targets corroborate
with the findings.

4.5.2 Bone Disorders

Bone disorders have been attributed to the role of BTPs. Missense mutations in the
BTPs cleavage sites of procollagenal and a2 chains have been describes in osteo-
genesis imperfect (OI) [30]. This leads to delay in procollagen processing which
results in increase in bone mineral density together with susceptibility of bone fracture.
Recent studies have identified homozygous missense mutations in BMP-1/mTLD in
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recessive forms of OI [31-33]. This also results in defective processing of
procollagen and perturbs fibril formation resulting in bone disorders.

4.5.3 Cancer

BMP-1 includes a group of signature extracellular matrix proteins linked with tumor
metastasis has been confirmed by proteomic study [34]. BMP-1 and PCPE-1lare
desmoplastic markers associated with colorectal cancer [35]. microRNA and miR-
194 downregulation of BMP-1 expression reduce metastasis of lung by reducing the
level of TGF-B activation and MMP-2/-9 expression [36]. Angiogenesis is an
important component of metastasis. PCPE-1 is one of the five proteins required for
formation of endothelial cell lumen [37]. Results indicate that BMP-1 and PCPE-1
are noted components of tumor microenvironment. Future studies will unfold the
inhibition of BMP-1 activity and its significant impact on metastasis and cancer.

4.6 Modulators of BTPs
4.6.1 Activators

Regulations of BTPs are controlled by different types of activators. Procollagen C
proteinase enhancers (PCPE) are the first activators of BTPs. The two isomeric form
of PCPEs are PCPE-1 and PCPE-2. Both isomers are found at high level in heart
[38]. Periostin is substrate specific enhancer of BTPs, strongly expressed during
development and matrix assembly [39]. Another two activators are fibronectin and
chordin [40, 41].

4.6.2 Inhibitors

Inhibition of Procollagen C-Proteinases/BMP-1 may interfere in the progression of
fibrosis and are thus important druggable targets as excessive fibrillogenesis of
collagen can lead to diseases like keloids, formation of surgical adhesions and
deep-seated fibrosis of organs. Some small molecules functioning as inhibitors of
PCP have been reported. Small molecule inhibitors such as EDTA, 1,10-phenanth-
roline [42] N-ethylmaleimide (NAM) [43], UK3863 [44] and glutamic acid/diamino
acid derived hydroxamates also inhibit BMP-1. Hydroxamate derivatives of diamino
acids were reported to act as successful inhibitors of PCP [45]. Bone morphogenic
protein 1 is inhibited by an exogenous inhibitor called sizzled protein which is a
member of secreted frizzled-related protein (sFRP) family from Xenopus laevis
shown to strongly inhibit other human tolloid isoforms mTLD and mTLL-1 [46].
Endogenous macromolecular inhibitor a-2 macroglobulin present in serum also
inhibits BMP-1 [47].
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Quantitative structure activity relationship (QSAR) describes a set of physio-
chemical properties or molecular descriptors to a response variable which could be
a biological activity of the chemicals [48]. Some sulphonamide derivatives as PCP
inhibitors were studied by QSAR which helps to design and synthesis of new PCP
inhibitors that can be used for treatment of fibrotic condition [49].

4.7  Conclusion and Future Perspectives

The involvement of the BMP-1 /tolloid like proteases (BTPs) in several chronic
fibrotic conditions like pulmonary, renal and liver fibrosis, scleroderma and muscle
wasting indicates that these enzymes can be good therapeutic targets for the design-
ing of potent, specific inhibitors at physiological condition. BTP activities are con-
trolled by substrate specific activators rather than inhibitors. BTPs are therapeutic
targets to prevent deposition of excess collagen in fibrosis. Cardiac fibrosis has been
related to BTPs and associated proteins. BTPs are associated with bone genetic
disorders. BMP-1 and PCPE-1 (Procollagen C-proteinase enhancers) are thus
important components of the tumor microenvironment. Future studies will help to
unveil if the inhibition of BMP-1and PCPE-1 can have an important role in tumor
progression and metastasis. The designing of specific BTP inhibitors for the treat-
ment of metalloprotease-associated diseases is an important goal for future disease
management.
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Abstract

N-Mpyristoyltransferase (NMT) catalyzes the amide-linked addition of the myris-
toyl (C14:0) moiety to the amino-terminal glycine of substrate molecules. The
upregulation of NMT in cancerous states was originally reported by our group,
and subsequently this protein has drawn significant interest as a therapeutic tar-
get. However, the regulation of this enzyme in various physiological states is still
in a state of infancy. NMT possesses PEST sequences and is a target for m-
calpain-mediated degradation. The two isoforms, NMT1 and NMT2, interact
differentially with the proteases caspase-3 and m-calpain. Recently, we have
shown that the interaction of these isoforms (i.e., NMT1 and NMT2) with cas-
pases regulates co- and posttranslational protein myristoylation. In this chapter,
we have discussed the findings of the regulation of NMT functions by various
proteases and the effects of proteolytic processing of NMT on its biochemical
behavior.
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5.1 Introduction

The process of protein lipidation acts as a critical regulator for proper targeting of
numerous cellular proteins to their destined sub-cellular localizations i.e., to various
membranes, membrane domains, and organelles [1, 2]. The lipid moiety attached in
the prevalent forms of lipidic modification in eukaryotes includes (1) a 14-carbon
myristoyl chain, (2) a 16-carbon palmitoyl chain, (3) isoprenoids (15-carbon farne-
syl or 20-carbon geranylgeranyl), and (4) glycosylphosphatidylinositol (GPI)
anchors [3]. The addition of the C14:0 (myristoyl) group to proteins, referred to as
“myristoylation,” is unique among these processes. A stable amide bond between
the C14:0 group and the exposed amino-terminal glycine renders the half-life of the
myristoyl moiety on the protein equivalent to the half-life of the polypeptide chain
backbone [4, 5]. The catalytic subunit of cAMP-dependent protein kinase was the
very first myristoylated protein discovered, blocked at the N-terminus by
n-tetradecanoic acid, and a similar modification was soon reported in the -subunit
of calcineurin [6, 7]. Furthermore, isoform-specific protein myristoylation has been
shown for many proteins to aid in their tissue-specific cellular roles [8, 9].

The process of protein myristoylation is catalyzed by the enzyme
N-myristoyltransferase (NMT; EC 2.3.1.97) and involves the covalent transfer of a
myristoyl group (C14:0) to the amino-terminal glycine moiety of substrate protein
molecules [4, 5, 10-12]. The enzyme is found ubiquitously distributed in lower and
higher eukaryotes [13]. The availability of an N-terminal exposed glycine moiety is
an absolute requirement and the modification usually occurs on a general consensus
motif of GXXXS/T (where X is any amino acid) [4, 14]. However, the availability
of Ser/Thr at position 5, downstream of N-terminal acceptor glycine, is not a man-
datory requirement. In such cases, Asp/Gln at the penultimate position to the accep-
tor glycine acts as a facilitator of myristoylation [9, 15, 16]. Protein myristoylation
takes place in either of the following two ways: (i) in a co-translational manner,
when the protein chain being synthesized on the ribosome (after the synthesis of up
to 100 amino acids) is subjected to the removal of the initiator methionine, by the
enzyme methionine aminopeptidase, thus exposing a penultimate N-terminal gly-
cine, and (ii) in a post-translational fashion, when an internal glycine within a poly-
peptide is exposed following a proteolytic cleavage event, mostly in the apoptotic
states [12, 17, 18].

The process of protein myristoylation follows the ordered reaction mechanism,
the apoenzyme first binds to the ligand myristoyl-CoA (MYR) allowing to form a
binary complex of NMT-MYR which subsequently binds to protein/peptide sub-
strates. The catalytic transfer of myristoyl from the donor MYR to acceptor glycine
occurs through direct nucleophilic addition-elimination reaction. After the
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Fig. 5.1 N-Myristoyltransferase structure showing bound myristoyl-CoA in the N-terminal half
of the enzyme

formation of an enzyme-product complex from the enzyme-substrate complex, the
sequential release of CoA and myristoyl-peptide follows, thus allowing to complete
the cycle [19, 20]. The enzyme is highly selective for MYR in vitro and in vivo [4,
14, 17]. NMTs have an architecture consisting of a saddle-shaped f-sheet flanked
by a-helices and are members of the GNAT superfamily of enzymes [19, 20]. The
regions corresponding to N- and C-terminal portions of the enzyme reflect a pseudo-
twofold symmetry. The MYR binding site is located within the N-terminal portion,
whereas the C-terminal segment provides for the occupancy site of the substrate-
peptide/protein (Fig. 5.1). NMTs show very high common preferences for MYR but
possess varying peptide substrate specificities [4, 21].

5.2  Differential Regulation of N-Myristoyltransferase
Isoforms

NMT, in the mammalian species, exists in two major isoforms, NMT1 and NMT2
[12]. The two human isoforms (h(NMT1 and hNMT?2) reflect divergence only in the
amino-terminal domains and share an overall ~77% identity [21]. These two iso-
zymes, hNMT1 and hNMT?2, are encoded by different genes, have been cloned and
show differential specificities. The knockdown of hNMT1 is detrimental to tumor
growth in vivo and is thus considered a potential novel cancer target [22—-26]. The
knockdown of hNMT1 also results in defective myelopoiesis in mice, thus indicat-
ing its essentiality in cellular development [27]. Among the two isoforms of human
NMTs, hNMT 1, but not ANMT2, exists in multiple isoforms. hNMT2 appears as a
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single 65 kDa protein, whereas four distinct isoforms (from 49 to 68 kDa) of
hNMTT are observed in cells [21]. The first report on the multiple isoforms of NMT
came from studies on bovine brain NMT, and further, isozymes with varying size
and tissue distribution have been reported from a variety of sources [21, 28-31].
Five isoforms of NMT exist in the murine leukemia cell line L1210, whereas two
isoforms were reported in bovine brain cortex [29, 32]. Later it was reported that the
bovine brain contains a heterogeneous mixture of NMT subunits [30]. To date it is
not fully understood how the in vivo regulations are conferred on to the NMT
isoforms.

N-Mpyristoylation lies upstream of multiple pro-proliferative and oncogenic path-
ways, and thus NMT is a validated target for therapeutic interventions in cancer [12,
23-26]. The selective knockdown using small interfering RNAs (siRNAs) against
NMT isozymes in human cells shows that targeting NMT isozyme induces apopto-
sis, with depletion of hNMT2 having a 2.5-fold greater response than hNMT1, and
that the loss of hNMT?2 shifts the expression of the Bcl-family proteins toward
apoptosis [24]. The silencing of hANMT 1 inhibits cell replication associated with a
loss of activation of c-Src and its target FAK. Also the signaling through the c-Raf/
MEK/ERK/EIk pathway is reduced [24]. However, the two isoforms have been sug-
gested only to have partially overlapping functions, and hNMT 1 is more critical for
tumor cell proliferation [24]. It is recently reported that in HeLa cells, upon NMT
inhibition, the cell death occurs via apoptosis which is following, or concurrent
with, accumulation in the G1 phase [33]. In response to NMT inhibition, the cell
cycle regulation-associated proteins are downregulated, whereas the proteins
involved in the endoplasmic reticulum stress and unfolded protein response are
upregulated in the HeLa cells as well as breast (MCF-7, MDA-MB-231) and colon
(HCT116) cancer cell lines [33].

This chapter discusses how the interaction of NMTs with various proteases regu-
lates the biochemical behavior of N-myristoyltransferase and why cells need to
allow for the proteolytic processing in demand to diversified physiological
requirements.

5.3  Regulation of NMT Functions by Proteases

The sequence of both human NMT isoforms contains a higher percentage of Pro
(P), Glu (E), Ser (S), and Thr (T) amino acid residues forming a PEST sequence
which may act as an intramolecular signal for rapid proteolytic degradation [34].
Calpains, Ca**-dependent neutral proteases, recognize PEST signature and are
responsible for the degradation of PEST-containing proteins [35]. An earlier study
from our laboratory suggested that bovine cardiac NMT1 activity is completely
abolished by m-calpain in vitro [36]. Degradation of NMT by m-calpain is shown to
be inhibited by the calpain inhibitor, calpastatin [36]. Furthermore, we have reported
earlier that in colorectal adenocarcinomas, the activity and expression of m-calpain
is significantly higher [37]. The two isoforms, NMT1 and NMT2, in human colorec-
tal adenocarcinoma tissues and human colon cancer cell lines (HCCLs) show
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Fig.5.2 Interaction between NMTs (NMT1 and NMT2) and proteases (m-calpain and caspase-3)
by immunoprecipitation analysis in human colon cancer. Lanes I and 4, human normal colorectal
sample; lanes 2 and 5, human adenocarcinoma samples; and lanes 3 and 6, HT29 colon cancer cell
line (For details see Selvakumar et al. [38])

differential interactions with m-calpain and caspase-3 [38]. It was observed that
NMT1 interacts with m-calpain in normal, adenocarcinoma, and HT29 colon cancer
cell line (Fig. 5.2A, lanes 1-3), whereas NMT2 does not (Fig. 5.2A, lanes 4-6).
These findings suggest that the two NMT isoforms may regulate cellular signaling
differently and have been discussed elsewhere in details [39]. It is also observed that
overexpression of calpastatin downregulates calpain activation but increases
caspase-3-like activity and also accelerates the appearance of apoptotic nuclear
morphology [40]. Besides being degraded by calpain, calpastatin may also be a
target for degradation by caspases during apoptosis [41]. It is possible that calpain
might be indirectly activated by caspase-3 via calpastatin degradation.
Immunoprecipitation analysis shows that both in normal and cancerous samples,
NMT?2 interacts with caspase-3 (Fig. 5.2B, lanes 4-6), whereas NMT1 does not
(Fig. 5.2B, lanes 1-3). These findings reveal that NMTs may be involved in the
calpain/caspase-mediated pathway during the development of cancer [38, 39]. The
differential interaction of the two isoforms of the NMT with m-calpain and caspase-
3 is remarkable. m-Calpain showed to interact with NMT1 only, whereas NMT2
with caspase-3, indicating that a differential regulation may exist for NMT1 and
NMT?2 by m-calpain and caspase-3 [38] (Fig. 5.3).

A recent study has shown that both forms of human NMT (i.e., NMT1 and
NMT?2) are cleaved upon execution of apoptosis [42]. The timing of the cleavage of
NMTs is in parallel with that of the apoptotic marker PARP-1, suggesting it is due
to the action of caspases. The cleavages of NMT1 and NMT?2 result in the decrease
of molecular mass by ~11 and ~10 kDa, respectively. The general and caspase-8-
specific inhibitors completely block the cleavage of NMT1, whereas caspase-3-
specific inhibitor shows only partial protection against fragmentation. However,
NMT?2 cleavage is abrogated by all of these caspase inhibitors [42]. The findings
suggest that NMT1 is a substrate for both caspase-3 and caspase-8 and NMT2 is
likely a substrate of caspase-3 but not caspase-8. Identification of the amino-termi-
nal residues of the cleaved fragments revealed that caspase-8-mediated NMT1
cleavage (~48 kDa) occurs mainly after Asp’> with minor cleavage at Asp* [42].
However, it is suggested that the Asp*3-NMT1 fragment generated by purified cas-
pase-8 might be nonphysiological. The caspase-3-mediated NMT1 cleavage results
in a single ~48 kDa fragment corresponding to a cleavage at Asp’. N-terminal
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Fig. 5.3 Schematic illustration of interaction between NMTs (NMT1 and NMT?2) with m-calpain
and caspase-3. NMT exists in two major isoforms, NMT1 and NMT2, which interact differentially
with calpain and caspase 3

sequencing of the caspase-3 cleavage products of NMT2 revealed that the process-
ing of NMT?2 was at both Asp® and Asp®” [42]. The primary sequence information
reveals that the caspase cleavage sites for both NMTs are located in the amino-ter-
minus portion of the molecule. The caspase cleavage, either by caspase-3 or cas-
pase-8, does not involve the carboxy-terminal catalytic domain of NMTs, and the
caspase-cleaved enzymes retain their catalytic activity [42]. Of particular interest in
the N-terminus of the enzymes, there is a presence of a poly-lysine block in the
cleaved portion of the enzyme. This poly-lysine block is the part of the ribosomal
targeting signal in consistence with a co-translational protein myristoylation model.
The co-translational myristoylation requires the proximity of NMT within the pro-
tein synthetic complex (ribosomal complex) to timely capture its substrate when
prompted by an appropriate N-myristoylation consensus signal available on a pro-
spective nascent polypeptide [31]. The cleavage of the NMT1 leads to a cytosolic
relocalization (>55%) from the predominantly membrane-bound form (64%),
whereas NMT2 relocalizes to membranes (>80%) from the predominantly cytosolic
(62%) when cleaved [31].

We have shown that the amino-terminal region of the catalytic module of NMT1
shows variability both in length and nature of the amino acids among the ortholo-
gous NMTs (Fig. 5.4) [43]. The minimal sequence length upstream of a 3;axA’
conserved region is found in Trypanosoma brucei and Trypanosoma cruzi. The T.
brucei and T. cruzi NMTs lack the sequence length parallel to the region corre-
sponding to the first 28 amino acids of the catalytic domain of human NMTI1
(Fig. 5.4). Using biochemical analyses on the purified recombinant proteins, we
have shown that the deletion of the 28 residues at N-terminus enhances the
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Fig. 5.4 Sequence comparisons of the N-terminal region orthologous NMTs from divergent spe-
cies reflecting differences in the sequence lengths. The first conserved residues across all sequences
are shown in red boxes (For details see Kumar and Sharma [43])

myristoyltransferase activity by ~2.3-fold without affecting the stability of the
enzyme [43]. It has been previously observed that the differential processing in vari-
ous apoptotic states results in diverse N-terminal regions which correspond to cleav-
age at positions 20 and 35 in the catalytic domain [44]. The observed physiological
isoforms encountered in the apoptotic states closely serve the domain boundaries of
the purified recombinant proteins employed in the biochemical analyses in our labo-
ratory. The N-terminal truncation mutant in our study is closer in domain boundary
to the physiological isoform generated by caspase-3-mediated cleavage at Asp’.
This deletion distinguishably enhances V,,,,, by ~2-fold for MYR as compared to the
catalytic module of NMT1; however, the affinity for MYR is reduced (Fig. 5.5a).
On the other hand, the peptide binding affinity is enhanced with a concurrent
increase in the V,,,, by ~1.7-fold (Fig. 5.5b). The truncation increases the enzymatic
efficiency for peptide substrate without changing its efficiency toward MYR [43].

54  Summary

N-Myristoylation was primarily discovered as a co-translational modification that
occurred on amino-terminal glycine residue of a translating nascent polypeptide
chain bound to the ribosome. In consistence with this, the human NMTs reflected to
possess a poly-lysine cluster facilitating it to tether to the ribosome. However, subse-
quently it has become widely documented that N-myristoylation occurs on many
proteins in a post-translational fashion as well. The post-translational myristoylation
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Fig.5.5 Enzymatic activity of the catalytic domain (h(NMT1s) and N-terminal truncation in cata-
lytic domain (A28-hNMT1s) was measured under standard assay conditions as described (43). (a)
Michaelis-Menten analysis of the myristoyl-CoA (MYR) and (b) Michaelis-Menten analysis of
peptide substrate by the proteins used in study (For details see Kumar and Sharma [43])

usually occurs after a proteolytic cleavage event, which allows for the unmasking of
a glycine residue at internal positions, mostly in the apoptotic states. The proteolytic
cleavage of NMTs itself alters its sub-cellular localization either through the removal
of ribosome-targeting domain containing the poly-lysine region in NMT1 or that of
anegatively charged domain upstream of the poly-lysine domain in NMT?2. The ribo-
some binding and/or membrane binding is mediated by poly-lysine domain and the
caspase-mediated cleavage and of NMT1, and therefore the removal of the polybasic
domain of hNMTT1 translocates the caspase-cleaved NMT1 to cytosol from its pri-
marily membrane-bound state. In cells undergoing apoptosis, a disproportionate
number of substrates become quickly available following proteolytic cleavage and
require being N-myristoylated to perform their physiological functions. This
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increases the demand for the myristoylation process, and to meet physiological
requirements for myristoylation of the substrates, cells could undergo an increased
synthesis of the NMT enzyme. However, the rate of polypeptide synthesis may not
match the requirements within the rapid time scales of apoptosis. The removal of the
ribosome-binding poly-lysine domain might represent the controlling features for
the rapid relocalization of NMTs for the prompt post-translational myristoylation of
substrate proteins available after the caspase cleavage events during apoptosis.
Furthermore, the proteolytic processing as observed earlier may serve to meet the
increased demands of myristoylation by removal of the N-terminal regulatory
regions, and therefore enhancing the turnover rates of peptide substrates.
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Abstract

Since a century ago, an intricate relationship exists between cancer progression
and thromboembolism. In various case studies, thromboembolic complications
have been found to maintain an intricate relationship with the progression of
various tumours like breast, lung, colon and glioblastoma. Moreover, coagula-
tion factors have also been reported to be involved for metastatic augmentation
complications in cancer patients with elevated levels of complication in cancer-
associated thrombosis. Production and protease activity of various coagulation
factors like thrombin and tissue factor (TF)-FVIIa complex affect tumour pro-
gression and propagation actively. TF exerts both coagulant as well as PAR2-
dependent cancerous activity by eliciting various cell survival signalling
pathways, like P42/44MAPK and PI3K/AKT. However, the molecular elucida-
tion of the role of these coagulation factors in cancer-associated thrombosis and
metastatic progression has not been understood till date.
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6.1 Introduction

The phenomenon of blood coagulation has been studied enormously in the last
few decades. Although intrinsic factors involved in blood coagulation are not fully
understood, its relation to various other pathophysiological and systemic disorders
has been uncovered through several research studies. Blood coagulation is a com-
plex series of enzymatic cascade reactions processed either by one or both the
pathways: intrinsic and extrinsic. The concept of the coagulation cascade was first
proposed in the year of 1964, which deals with the conversion of inactive protease
precursors (zymogen) into their activated form. The extrinsic coagulation process
is initiated by tissue factor (TF) on the cell surface [1]. In veins and arteries,
coagulation factor VII (FVII) circulates as zymogen (inactive), and an endothelial
layer forms a lining between the bloodstream and the extravascular layer where
TF, the receptor for FVII, resides. Damage of the endothelial lining exposes TF to
the blood, where it binds with its ligand FVII and form TF-FVIIa proteolytic
active binary complex. This activated complex then activates FX to FXa, which
binds with its cofactor FVa, and converts prothrombin into thrombin. Further,
thrombin activates platelets and proteolytically activates soluble fibrinogen to
insoluble fibrin, which eventually in conjugation with activated platelets forms
mesh-like structure, known as blood clot [2]. In the intrinsic pathways, FVIIIa
with its ligand FIXa forms tenase FVIIIa-FIXa complex in the presence of Ca®* on
membrane surface, which plays a crucial role to generate FXa and finally leads to
activation of downstream cascade in a similar fashion that of extrinsic pathways.
TF-FVIIa binary complex formation is the key step to initiate blood coagulation,
where FVIIa acts as serine protease; on the other hand, TF acts as cofactor for
FVIla. Free FVIla has very less proteolytic activity, but TF allosterically modifies
FVIla conformation in such a manner that FVIIa proteolytic activity gets enhanced
several folds than that of free form. Structurally, FVII consists of four domains:
GLA domain (contains gamma-carboxyglutamate-rich residues), two epidermal
growth factor domains (EGF1 and EGF2) and serine protease (SP) domain as
shown in Fig. 6.1. Although allosteric modifications imparted by TF on FVIIa are
still under investigation, so far it is known that upon activation of FVIla from
FVII, a proteolytic cleavage occurs in the single peptide bond between Arg152 and
Ile 1539 that results to the formation of two peptide chains (heavy chain and light
chain) linked covalently by a single disulphide bond. The newly generated
N-terminal Tle153"® of FVIla (heavy chain) makes a salt bridge with Asp343(99
by spontaneous insertion of its N-terminal tail into the cavity (the chymotrypsin
numbering is denoted in superscript with parentheses). It has been reported that
TF-binding promotes N-terminal insertion, which accounts for allosteric regula-
tion of FVIIa [3]. Like FVII, human FX and FIX also belong to same chymotryp-
sin homology family, having the catalytic triad of residues, namely, His®?, Asp‘!%?
and Ser', in the protease domain (heavy chain). FX circulates in blood as zymo-
gen form; upon proteolytic cleavage between Arg194!> and I1e19549 by TF-FVIla
complex, it gets activated to form FXa, an active serine protease with 52-residue
activation peptide release. FIX is also a single-chain protein, in which



6 Role of Tissue Factor-FVlla Blood Coagulation Initiation Complex in Cancer 103

Serine Protease

As %‘: .A ..

Position of Catalytic
triad (CT)

=

Factor Vlla Tissue Factor :rF-FVIIa‘ c;m.‘ple‘x

Fig. 6.1 Structure of TF-FVIla with membrane lipid bilayer. In the left panel, cartoon diagram of
FVIla, showing four domains GLA (green), EGF1 (pink), EGF2 (blue) and serine protease (SP)
(cyan) domain. Full length TF is shown in blue colour ribbon representation. The catalytic triad
residues (His57, Ser195 and Asp102) are located in SP domain in TF-FVIIa complex, as shown in
stick representation in the right panel. Bound calcium ions with Gla residues of GLA domain are
shown in red colour ball representation

proteolytic cleavage occurs between two regions: Argl145-Alal46 and Argl180¢-
Val18119 with a 35-residue activation peptide release upon activation of FIXa [4].

Recently, TF has converged the focus of attention due to its diverse role in differ-
ent pathological and nonhemostatic conditions [5]. TF is a transmembrane glyco-
protein (47-kDa molecular weight), having 263 amino acids in length, comprising
of an extracellular (219 amino acids), single transmembrane-spanning domain (23
amino acids) and a cytosolic tail region (21 amino acids). TF contains post-
translational modification in asparagine residues (11, 24, 137 and 261) by N-linked
glycosylation [6]. At present the effect of N-linked glycosylation is not completely
understood. In addition to post-translational modifications, extracellular part of TF
contains two disulphide bonds, which is formed between Cys49-Cys57 and Cys186-
Cys209. TF plays a crucial role in the initiation of blood coagulation [7]; it has also
major contributions in maintaining haemostasis [8]. TF is constitutively present on
cell surface of fibroblasts, pericytes, epithelial cells, etc., and in some abnormal
conditions, TF can also get expressed in monocytes and endothelial cells [9-11]. TF
is an essential factor for normal development of embryo, absence of which leads to
a defective angiogenesis and causes embryonic lethality in mice [12, 13]. It is evi-
dent from various studies of TF in different cell types that TF exists into two popula-
tions on the cell surface: active TF (decryptic) and cryptic TF (inactive) [14, 15]. On
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cell surface, the majority of TF is non-functional and only small fraction of TF is
functionally active [16]. Active TF binds to factor VIla and cleaves FX, FIX and
peptidyl substrate. However, cryptic TF can bind FVIIa but with reduced affinity
and cleaves a peptidyl substrate but not FX. Recent studies suggest that TF also
exists in soluble forms (sTF), which is generated either by alternative splicing
(called alternatively spliced human tissue factor, asHTF) or proteolytic cleavage
[17].

As mentioned earlier, apart from coagulation TF-FVIIa protease complex has
diverse activities. This complex may affect the process of metastasis through vari-
ous cellular signalling pathways, among which tumour angiogenesis at the site of
secondary tumour growth will form. It also leads to the production of proteins that
provide a favourable environment for metastasis and apoptosis inhibition, and
majorly it acts as an adhesion molecule for the survival of cancer cells [18]. In this
chapter, we are trying to highlight the role of TF-FVIla proteolytic complex in the
context of various cellular signalling pathways promoting the progression and prop-
agation of cancer cell.

6.2  Tissue Factor-FVlla Acts as a Signal Transducer

Till now the impact and contribution of coagulation proteases TF-FVIIa and its
association with various cellular signalling pathways have been well accepted to get
detail picture of this complex as a signal transducer [19-21]. During endothelial
disruption, TF acts as a cofactor for FVIIa and forms TF-FVIla protease-activated
complex, which initiates various signalling pathways by cleaving and activating
proteinase-activated receptor (PAR) family proteins [22, 23], which are seven trans-
membrane domain cellular receptors that get activated by self-ligation of the proteo-
Iytically cleaved end of extracellular amino terminus. TF-FVIla activates directly
by cleaving after arginine residue of sequence NH,-SSKGRSLIGKV-COOH of
PAR?2 as shown in Fig. 6.2. PAR2 is generally present in human epithelial cells of
neuronal, intestinal, airway and vascular tissues. Its expression level gets elevated in
injured tissues or after inflammatory mediator treatment [24-26]. Here exposure of
the tethered ligand that folds back to the second extracellular loop results to activa-
tion of PAR2. Unlike PAR2, PAR1 gets indirectly activated by TF-FVIla proteolytic
complex through thrombin and FXa, cleaving after arginine residue in the sequence
NH,-LDPRSFLLRN-COOH, as shown in Fig. 6.2. PAR1 is the prototypical recep-
tor of thrombin, but is also activated by several other proteases, such as activated
protein C, MMP-1 (matrix metalloproteinase) and plasmin. Activation of specific
PAR subtypes is cancer dependent, for example, gene expression and their regula-
tion evoked by TF-FVIla through PAR2 in MDA-MB-231 cells occur in glioblas-
toma cell lines through thrombin-mediated activation of PAR1 [27]. TF-FVIla,
FXa, trypsin and tryptase activate PAR2, whereas thrombin and plasmin activate
PAR4 [28]. In mouse, PAR3 has been found to serve as a cofactor for PAR4 [29],
but in human it has been reported that PAR3 may also get directly activated by
thrombin [30]. After activation, PARs interact to heterotrimeric G-proteins, which
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Fig. 6.2 Protein structures of proteinase-activated receptors (PAR1 and PAR2). Amino acid
sequences and the protease cleavage site for receptor activation are shown in figure. Scissors sym-
bol indicate the cleavage sites after arginine residue

leads to initiate further signalling events [28]. PARs expression level is usually
found higher in various cancer types. Several evidences have revealed the intricate
correlation between aggressive behaviour of cancer cells and PAR expression [31-
34]. Ternary coagulation complex (TF-FVIIa-FXa) also cleaves and activates PAR2.
TFPI (tissue factor pathway inhibitor) suppresses PAR2 activation by targeting ter-
nary complex (involving FXa); however, the PAR2 signalling induced by TF-FVIIa
binary complex is not affected by TFPI, because binary complex is independent of
FXa.

Substantial evidences exist that TF plays pivotal role in the development of onco-
genic processes and specifically tumour metastasis [35]. Most human epithelial can-
cers have high levels of TF, and the experimental studies clearly demonstrate that
TF-driven tumour angiogenesis enhances tumour growth and promotes metastasis.
It is important to note that TF could enhance cell migration through activation of
PARs but may have the potential to initiate the migration in protease-independent
manners like binding with integrins, decreasing the interactions with extracellular
matrix by activating MMPs. Investigators reported that TF-dependent migratory
ability of SW620 colorectal cancer cells [36], glioma cells [37] and MDA-MB231
breast cancer cells [35] appears to be dependent on both the proteolytic activity of
FVIIa and the activation of PAR2. Experimentally it is evident that protein kinase C
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phosphorylates the serine residues of the cytoplasmic tail of TF [38]; however, the
role of the cytoplasmic domain of TF in stimulating signalling and TF-FVIla asso-
ciation in gene expression is not completely understood yet [39]. It is also reported
that both intra- and extracellular domains of TF are essential for the prometastatic
function of TF [40, 41]. More precisely both TF and FVIla contribute to tumour
progression through various signalling pathways and play a vital role in regulating
the activity of various oncogenes.

6.3 Role of TF-FVlla Protease Complex in Cancer
Progression

Binding of FVIla to TF results to a string of signalling events that regulates a broad
range of cellular responses, such as cell survival, gene transcription and cytoskeletal
changes, which are required for a cell to adequately respond to its local environment
and malignant transformation [42-44]. Signalling of TF-FVIIa via PAR2 activation
has been reported to be involved in the production of tumour-promoting molecules
and tumour growth, proangiogenic to the invasive behaviour of cancer cells [45].
These findings are also supported by a study on murine breast cancer model in
which genetic deficiency of PAR2 delays tumour growth and angiogenesis, and it
was not observed in PAR1-deficient mice [46]. PAR2 activation elicits calcium tran-
sients and activation of the major members of the MAPK family, p42/44, P38 and
JNK as shown in Fig. 6.3. In addition, Src-like kinase, PI3 kinase, the JAK/STAT
pathway and Rho GTPases Racl and Cdc42 are activated, culminating in cell sur-
vival and cytoskeletal rearrangements [28]. Activation of PAR2 in tumour cells trig-
gers the complex signalling mechanisms that affect both migratory and invasive
properties which leads to the secretion of chemotactic and proangiogenic factors
such as VEGF and IL-8 [47]. In colon cancer, PAR2 activation affects the decompo-
sition of the extracellular matrix by enhancing the expression of MMP2 and MMP9,
all of which promote metastasis and invasion [48]. In vitro and in vivo signalling
also demonstrates that PAR1 activation by thrombin in tumour and endothelial cells
also leads to proangiogenic behaviour that is involved with VEGF production and
signalling as well as MMPs secretion [49-51].

As shown in Fig. 6.3. activation of both the MAPK and PI3 kinase pathways by
PAR?2 activation contributes to a promalignant transcriptional programme and stim-
ulates the oncogenic protein synthesis. TF-FVIla-mediated PAR2 activation also
leads to the transcriptional activation and production of VEGF, CXCL1, Cyr6l,
CTGF, VEGF-C and IL-8 as well as of immunologic modulators, such as M-CSF
and GM-CSF [27, 35, 52]. TF-dependent signalling through PAR2 enhances the
inflammatory response, angiogenesis and cellular migration [53-56]. Being very
similar to PAR2, various pro-tumoural responses may get evoked by PAR1 [57].
PARI1 expression in epithelial tumours is elevated by the transcription factor Egr-1,
but inhibited by the tumour suppressor p53 protein [58]. Microarray analysis on
cancer cell lines proclaims that activated PAR1 and PAR2 induce similar pro-
tumoural responses [27]. Furthermore, PAR1 has been reported to induce oncogenic
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Fig. 6.3 Different protease-mediated factors (TF-FVIIa, FXa and thrombin) can activate various
cellular signalling through the activation of PAR family. Some of the pathways involving PAR2
activation are PI3K/AKT, P42/44 and P38 MAPK which leads to the enhanced transcriptional
activation of various genes (VEGF, UPAR, IL-8, etc.). In addition to this, cytoskeletal alteration
through Rac-1 also contributes to cancer progression. Another receptor PAR1 (activated by throm-
bin) also contributes to tumour progression by increasing various antiapoptotic proteins

transformation in NIH3T3 cells [59]. Overexpression and activation of PAR1 in
melanoma nonmetastatic cell lines stimulate the Akt/PKB signalling pathway,
resulting to a reduction in both Bim and Bax expression. It also diminishes the lev-
els of cleaved caspase-3 and caspase-9. In vivo experiment suggests that inhibition
of PAR1 activity decreases tumour growth, confirming effects stimulated by this
receptor [60].

Elevated PAR1 expression in MCF-7 cells promotes its in vivo tumour growth
potential [61]. PAR1 also promotes angiogenesis through VEGF production in vari-
ous melanoma models. In vivo study also demonstrated that blockade of both host
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and tumour PARI significantly decreases the tumour cell metastatic potential.
Analogous observations were made in mouse models that support the PAR1 involve-
ment in melanoma and breast cancer metastases [62]. Surprisingly, it has been men-
tioned that MMP-1 may act as a relevant PAR1 activator in the microenvironment
of cancer cells [63]. Although PAR1 signalling induces a similar series of proteins
in breast cancer cells, the activation of TF-FVIIa/PAR?2 axis appears to elicit a more
efficient production of these angiogenesis and immune regulators [27]. In mice har-
bouring a mammary tumour virus promoter-driven polyoma middle T antigen
(PyMT) cassette, PAR2 deficiency resulted in delay of angiogenic switch and a
concomitant reduction in tumour growth [46].

Lan et al. have reported that PAR2-induced cancer cell migration requires miR-
125b involvement by targeting Gab2 and that NSun2- dependent RNA methylation
contributes to the downregulation of miR-125b by PAR?2 signalling. This study pro-
poses the involvement of a novel epigenetic mechanism in which the altering
expression of miRNA-125b modulates the cancer cell migratory ability [64]. All
these studies suggest the importance of this binary complex as a key regulator dur-
ing cancer progression. While TF-dependent tumour growth is critically dependent
on PAR2 activation, TF-dependent metastasis is dependent on the formation of
thrombin [65]. TF-mediated PAR2 signalling is reported to be dependent to some
extent on P1l-integrins, as PAR?2 signalling could be diminished using a f1-integrin-
inhibiting antibody [65].

Yokota et al. reported in a hyperthrombotic mouse model (thrombomodulin defi-
cient) that a thrombin-mediated TF-dependent metastasis is associated with the
hyperactivity of platelets and the formation of platelet leukocyte aggregates [66].
Activated PARSs in blood cells, cancer and vessel wall cells by thrombin lead to the
transcriptional activation of many proangiogenic genes such as VEGF and its recep-
tor (VEGFR), MMP-2, basic fibroblast growth factor (bFGF), MAP, TF, angiopoi-
etin-2 (Ang-2) and PI3 kinases [67-72]. In vitro studies reported that VEGF
secretion from platelets and cancer cells occurs within few minutes of activation
[69]. Furthermore, PAR activation by thrombin induces production of reactive oxy-
gen species (ROS) via elevated expression of hypoxia-induced factor-1 (HIF-1)
[73]. HIF-1 activates the transcription and expression of VEGF gene in response to
fatty acid metabolism (arachidonic acid) [74]. These lines of experimental key find-
ings altogether suggest that the presence of TF and blood coagulation enzymes in
the microenvironment of tumour-associated cells plays a pivotal role in the neoplas-
tic progression, mainly through the stimulation of PAR1 and PAR2 receptors.

6.4 Role of TF-FVIla Protease Complex in Cancer
Propagation

Apart from proliferation, the property of metastasis contributes immensely in the
propagation and dissemination of cancer cells. The pivotal property of metastasis
requires the cells to change their shape through alteration in cytoskeletal dynamics
and the turnover of cell-cell as well as cell-matrix junctions to invade the
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surrounding tissues [75]. This invasion is facilitated by the secretion of proteolyti-
cally active matrix metalloproteinases (MMPs) to degrade extracellular matrix
(ECM) proteins and eventually promote tumour metastasis [76]. An important char-
acteristic feature of tumour cells is to promote angiogenesis, the formation of new
blood vessels from pre-existing vascular network. Although it is a normal physio-
logical phenomenon, tumour cells show an elevated level of angiogenesis to get
oxygen and nutrients and also to remove metabolic wastes [77]. Spreading not only
involves the direct movement of cells but also happens through the secretion of pro-
cancerous components from itself. It consists of cell-derived extracellular microves-
icles (eMVs) and small signalling molecules. Extracellular microvesicles are
cell-derived vesicles shed from almost all cell types and are primarily involved in
transporting mRNA, miRNA and proteins between cells [78]. eMVs include (i)
ectosomes (also called microvesicles, MVs, or microparticles, MPs) membranous
structures ranging from 100 to 1000nm in diameter generated by simple outward
budding of plasma membrane and can be pelleted down at 10,000 g and (ii) exo-
somes are endocytic origin and much smaller in size having diameter of 30-100 nm,
collected by centrifugation at 1,00,000 g [79]. Microvesicles (MVs) are circulatory
in nature, and growing evidence confirms their abundance in almost all body fluids
as blood, urine, saliva, synovial fluid or even in interstitial spaces between cells and
elsewhere [80]. TF-FVIla-mediated microvesicle release has a profound contribu-
tion in the propagation of cancer cells and their metastasis. As shown in Fig. 6.4, a
cancer cell (secreting cell) is shedding M Vs to transform the neighbouring recipient
cell to cancer cell. Previous studies have shown that various factors, like microRNA
(miRNA), mRNA along with pro-cancerous protein content in the MVs and exo-
somes, contribute to the enhancement of cancer propagation [78, 81-86].



110 A.Roy etal.

Over the past few years, emerging evidences indicate that these MVs act as an
important contributor to various disease progression like atherosclerosis, liver dis-
eases, cardiovascular anomalies, acute and chronic kidney injuries and cancer [87—
90]. Microvesicles are capable of inducing antiapoptotic properties to the recipient
cells [91, 92]. PAR2 activation in hypoxic cancer cells results in microvesicle gen-
eration [93]. Previous reports have already demonstrated the direct involvement of
PAR?2 in cancer cell proliferation and migration, although the detail mechanism still
remains unelucidated [94]. PAR activation leads to the generation of extracellular
microvesicles with both procoagulant and pro-cancerous activity.

6.5 TF-Mediated Recruitment of Macrophage to Tumour
Site and Their Role in Cancer Progression
and Propagation

Experimental and clinical experiments performed in the last 3—4 decades have
established the vivid role of the blood clotting system in supporting tumour progres-
sion and metastasis. Gil et al. have shown that the macrophage recruitment in
tumour microenvironment is mediated by TF-FVIIa-dependent clot formation in
tumour cells [95]. They have further shown that these clot-mediated recruitments of
tumour-associated macrophages (TAMs) are essential for the survival of tumour
cells. These TAMs provide a suitable microenvironment for tumour growth, tumour
survival, motility, tumour cell invasion, intravasation and angiogenesis [96].
Previous reports claim that ablation of TAMs from the tumour mass results in the
inhibition of tumour progression and metastasis. Inflammation mediated by IL-6,
TNF-a, IFN-y, IL-4, TGF-p, arginase-1, etc. in the tumour mass induces the recruit-
ment of macrophages [97, 98]. In turn these recruited macrophages secrete several
growth factors and cytokines which positively regulate the tumour cell division and
conversion of benign tumour to malignant one. Under the influence of CSF-1, TAMs
promote angiogenesis via production of VEGF [99]. Macrophages are also found to
promote neoangiogenesis in glioblastoma models [100]. Clot formations along with
recruitment of functional macrophages are needed to establish the premetastatic
niche in order to support tumour cell survival. TF expression is higher in cancer
cells and the surrounding stromal macrophages which lead to improved tumour
growth and metastasis. This is due to activation of signalling cascades via coagula-
tion proteases (FVIla, FXa and thrombin).

The microenvironment of a tumour mass is a complicated heterogenous system
that supports the tumour cells and positively affects the process of cancer progres-
sion and propagation [101]. A number of leukocytes having role in both adaptive as
well as innate immune responses get recruited to the tumour microenvironment in
response to different stimuli. Among these recruited immune cell population, mac-
rophages are the most prevalent and remain present in the tumour vicinity in all
stages of tumour progression [102]. Monocytes are the universal precursors of mac-
rophages. These precursor cells circulate in the blood for immune surveillance of
the entire body. During any tissue damage, a number of various cytokines get
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released from the affected cells, and concomitantly a gradient of these chemoattrac-
tant gets established from the affected area to the blood. Sensing these chemicals,
monocytes become activated and cross the endothelial barrier and finally reach to
the affected area where they differentiate into macrophages and contribute to the
wound healing procedure. The morphology of these differentiated macrophages is
very much heterogenous, and moreover they perform diverse type of functions
[103]. These macrophages can be subdivided into two categories: classically acti-
vated or M1 class and alternatively activated or M2 class [104], as shown in Fig. 6.5.
The role of macrophages in the tumour microenvironment is ubiquitous. Being pro-
inflammatory, M1 category of macrophage is a key player in immune system for the
suppression of cancer. On contrary M2 macrophage is anti-inflammatory and proan-
giogenic in nature [105].

As shown in Fig. 6.6, due to TF-FVIla proteolytic activity-mediated clot forma-
tion, TAMs get aligned along with the blood vessels to promote tumour cell intrava-
sation into the circulation, which is a vital phenotype of malignancy [106]. TAM
secretes epidermal growth factor (EGF) and other ligands of EGF family which
form a paracrine loop by interacting with CSF-1, synthesized by the tumour cell to
support directional tumour cell migration and invasion [107]. Abundant elevated
coagulation factors expression and macrophage infiltration have been observed in
various tumours. It was shown previously that FXIIa and TF-FVIIa treatment of
monocytic cell line THP-1 transform their phenotypic expression to M2-like pheno-
type of interleukin (IL)-4Me" TL-10beh tumour necrosis factor (TNF)-oMe" and
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Fig. 6.6 TAMs-dependent tumour cell intravasation into the circulation. Interaction of tumour
cells and its neighbouring TAMs through TF-FVIIa-mediated blood clot, leads to tumour progres-
sion and metastasis

transforming growth factor (TGF)-p"", It has been elucidated recently that TAM
activation by coagulation factors could induce VEGF/MMP-9 expression, which
promotes the invasion of cancer cells. Studies assess that HUVEC cells cocultured
with TAM (PMA-treated THP-1 macrophages cocultured with cancer cells) express
higher levels of FXIIa [108]. In the current scenario, the understanding behind the
metastatic progression of cancer cells by TAM has emerged a focus of attention in
the field of cancer. Lastly, transformation of TAM-like cells by coagulation factors
facilitates cancer cell migration and invasion.

6.6  Cancer-Associated Blood Coagulation Disorders

A proper equilibrium of coagulation inhibitors and coagulation factors must be
maintained in the body to maintain the normal dynamics of blood coagulation. A
reduced expression of natural coagulation prohibitors or their utilization may aggra-
vate procoagulative activity in cancer patients. In healthy individuals coagulation
inhibitors such as vitamin K-dependent coagulation inhibitors protein C and S and
antithrombin IIT (AT-IIT) compensate the procoagulative activity. Whereas in cancer
patients, lack of these coagulation inhibitors results in the enhanced clot formation
[109]. AT-III, which is a natural thrombin inhibitor, acts irreversibly to inactivate
thrombin, leading to the thrombin-antithrombin complex (TAT) formation. Higher
levels of TAT are associated with acute lymphatic leukaemia (ALL) [110, 111]. Due
to the lack of AT-III production, its concentration decreases in patients with dis-
seminated malignancy. Protein C inhibits the initiation of coagulation on the surface
of cancer cells and in small tumour blood vessels [112]. Activated form of protein
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C (APC) also inhibits blood coagulation by neutralizing activated factor V and fac-
tor VIII [113, 114]. In spite of the presence of high amount of protein C, TF-mediated
tumour-induced coagulation activation leads in hypercoagulability, mostly in dis-
persed malignancies.

Cancer patients often suffer from bleeding disorders in advanced malignant
stage, and defect in coagulation is also associated with disseminated intravascular
coagulation deep venous thrombosis (DVT) linked with malignancies like acute
promyelocytic leukaemia and prostate cancer [115]. In thromboembolism, a large
fraction of patients suffering from acute myelogenous leukaemia; renal, ovarian,
pancreatic, gastric and lung cancer; and non-Hodgkin lymphoma also show
enhanced level of thrombotic complications. As a consequence of abnormal blood
coagulation, these patients have high risk of cerebrovascular disease, peripheral
arterial/venous thrombosis and acute coronary syndrome-associated haemorrhagic
complications. Another major consequence of abnormal coagulation disorder is dis-
seminated intravascular coagulation (DIC), which is responsible for many malig-
nant diseases in acute form. Cancer cells release high level of coagulation stimulatory
factors like VEGF which activates the process of coagulation in damaged cancer
blood vessels and surrounding tissues with concordant production of fibrinogen and
fibrin degradation products. This local consumption of platelets and fibrinogen in
fast-growing tumours lead to the systemic fibrinogen and platelet deficiency [116].

6.7 Conclusion

As a whole, proteolytic activity of coagulation factors especially TF-FVIla com-
plex, thrombin and FXa has significant contribution in cancer progression and prop-
agation in various aspects. Several studies suggest that even picomolar concentration
of FVIla in the presence of TF can activate PAR2, which can regulate the switch
point for initiating various signalling pathways [117]. We have also summarized
that the signalling performed by TF/FVIla/FXa ternary complex promotes metasta-
sis which includes the enhanced development of blood vessels in the neighbourhood
and suppression of apoptosis [118, 119]. The general mechanisms underlying can-
cer transformations in normal cells are directed by the signalling pathways, elici-
tated by coagulation factor activation and the recruitment of TAM substantiate
TF-FVIla complex proteolytic activity in tumour cells. In summary, these studies
suggest that in therapeutic approach, the development of anticancer drugs with the
potential to bind to TF-FVIIa complex or individual proteins may have beneficial
effect in the treatment of such disease conditions. These inhibitors not only focus on
tumour therapy but also contribute significantly in the treatment of coagulation dis-
orders. Thus, specific inhibition of this binary complex functionally altered the
TAM-dependent tumour viability and metastasis.
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Metalloproteases in Adaptative Cell
Responses

Pavel Montes de Oca Balderas

Abstract

Throughout evolution, cells have acquired molecular mechanisms that enable
them to interact with and adapt to the extracellular milieu. In the last decade,
ectodomain shedding (ES) has emerged as a critical sensing mechanism of the
environment that may remodel cell membrane molecular repertoire, eliciting
dynamic intracellular responses. ES is the proteolytic release of the extracellular
domain (ectodomain) from cell membrane molecules (CMM). This proteolysis is
mediated mainly by matrix metalloproteases (MMPs) or disintegrin and metal-
loproteases (ADAMs). Virtually, all functional categories of CMM are subject of
this proteolysis; therefore, ES is involved in most cellular processes including
proliferation, apoptosis, migration, and differentiation or pathologies such as
inflammation or cancer. ES releases membrane molecule’s ectodomain to the
extracellular space where it can play biological functions. ES of transmembrane
molecules also generates membrane-attached terminal fragments comprising
transmembrane and intracellular domains. These fragments may be further pro-
cessed by intramembrane-cleaving proteases (i-CLiPs), a mechanism known as
regulated intramembrane proteolysis (RIP), which releases molecule’s intracel-
lular domain (ICD). Contrary to the initial hypothesis, fragments that result from
ES and/or RIP are not necessarily in the pathway of degradation. Instead, they
may carry out specific functions that cannot be performed by full-length native
molecules. Thus, ES has emerged as a switch that unmasks multifunctional activ-
ities of CMM. In this chapter, the general mechanism of ES is reviewed, and
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some considerations are formulated in an effort to disentangle the complexity
that this proteolytic mechanism and the processing of CMM clusters represent
for the understanding of cell signaling.

Keywords
Metalloproteases * MMP ¢ ADAM e “Ectodomain shedding” ¢ Signaling ¢ RIP ¢
i-CLiPs ¢ Transmembrane molecules

7.1 Introduction

The cell membrane has played a fundamental role in evolution because it is the
structure that maintains vital differences between the extracellular space and the
cytosol. However, this isolating role must also permit information exchange between
outside and inside of the cell. The flow of information at membrane level is itself
also critical for cell survival and its adaptation to the extracellular environment. This
function is carried out mainly by cell membrane molecules (CMM) that sense extra-
cellular space information and transduce it into intracellular signals that enable
dynamic adaptative cell responses to its environment. The messengers, receptors,
and intracellular transducers that mediate cell signaling have been the subject of
study through decades in cell biology. The work on this subject has resulted in the
identification and modus operandi of cell membrane receptors that belong to differ-
ent families, including the G protein-coupled receptors, the tyrosine kinase family
of receptors, or the tyrosine phosphatase family of receptors, to name a few. This
knowledge has even been translated into specific therapies for certain diseases.
However, and despite the advances in the field, the mechanisms that mediate cell
responses to the environment are far from being fully understood. One of the rea-
sons for this is the nonlinear, network-like complexity that cell signaling presents.
In this regard, the mechanism of ectodomain shedding (ES) has reached the arena of
cell signaling as an unexpected player that may help to understand the complexity
of this cell function.

Since the 1970s, CMM shedding was considered a mechanism that mediates
membrane molecule turnover, accounting it as an initial step in a degradative path-
way that concomitantly enables molecular release from cell membrane [1]. By then,
this mechanism was known to occur at higher rates in transformed, activated, or
proliferating cells in comparison with resting cells [1]. Shedding was known to be
an active metabolic process requiring respiration, protein synthesis, and energy,
although the responsible molecular mechanism was unknown [1]. Proteases that
mediate ES or sheddases started to be unmasked by the middle of the 1990s; since
then its number has augmented considerably, but more importantly, the number of
molecules that undergo ES in the cell has been growing incessantly [2—6]. Nowadays,
taking into account that all sort of CMM are subject to ES, it is considered that vir-
tually any CMM may undergo this proteolytic mechanism under certain circum-
stances. This assumption poses new challenges for the study of cell signaling and
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cell responses since sheddases are part of a web with high redundancy (one CMM
may be cleaved by different sheddases) and promiscuity (one sheddase may cleave
a large portfolio of CMM). Furthermore, since ES may yield functional molecular
fragments capable of cell signaling, not only from receptors but from all sort of
CMM, this mechanism has called for a reconsideration of the paradigms of cell
signaling [7-9].

7.2  Ectodomain Shedding and Metalloproteases

Today, the process of ES is defined as the proteolytic release of CMM extracellular
domain (ectodomain) from transmembrane molecules and those attached by differ-
ent bindings such as glycophosphatidylinositol (GPI) anchoring [10] (Fig. 7.1). All
functional groups of CMM include members that are subject to ES [2, 4, 6, 10, 11]
(see below). For this reason, ES is involved in a diverse array of cell functions in
which these membrane molecules participate including cell proliferation, apoptosis,
migration, differentiation, and signal transmission among others [6, 8, 10-12]. ES
is also involved in the regulation of relevant cell processes such as development and
inflammation or pathologies such as cancer, Alzheimer disease (AD), prion disease,
and degeneration [3, 6,9, 11, 13-17].

ES is carried out mainly by two different families of metalloproteases, also called
sheddases: the matrix metalloproteases (MMPs) and the A disintegrin and metallo-
proteases (ADAMs), both from the superfamily of metzicins [6, 8, 10, 11]. However,
some other proteases have been involved in ES such as plasmin, thrombin, or others
[8, 18, 19]. MMPs were initially described by their ability to cleave extracellular
matrix molecules; however, their catalog of substrates has diversified and now
includes CMM or even intracellular molecules [2, 4, 16, 20-22]. ADAMs were first
described as potential integrin-binding proteins involved in sperm-egg fusion [3].
MMPs and ADAMs are dependent upon Zn** and share similar catalytic domains
and prodomains [8, 10, 23, 24], whereas MMPs also depend on Ca?* [23]. Until
today, close to 30 different MMPs have been described that may be soluble or
attached to cell membrane by a transmembrane domain or GPI [11, 23]. On the
other hand, more than 30 ADAMSs have been described, all of them with transmem-
brane domains. From these, only 12 ADAMs have demonstrated or predicted active
metalloprotease domain [6, 24].

MMP’s and ADAM’s activity are regulated by different mechanisms, the first
being their gene expression that is under control of different kinds of stimuli [2, 6,
23, 24]. mRNA posttranscriptional regulation has also been described by its stabil-
ity, translation efficiency, and microRNA activity [25-27]. A critical regulatory step
of these proteases is their activation by proteolysis, since MMPs and ADAMs are
synthesized as zymogens that require cleavage of their prodomain to become active
[10, 23]. This activation step may be carried out by other already active metallopro-
teases or other proteases, a feature that has helped to forge the concept of the prote-
ase web [7, 28]. Their proteolytic activity may also be inhibited by their
compartmentalization [23] or by the so-called tissue inhibitor of metalloproteases
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Fig. 7.1 General scheme of ectodomain shedding (ES) and regulated intramembrane prote-
olysis (RIP), players, and their regulators. Different classes of transmembrane molecules undergo
ES releasing their ectodomain to the extracellular milieu. This proteolytic cleavage is mediated by
sheddases that are soluble or attached to the cell membrane by a transmembrane domain or other
anchoring. Sheddases’ cleavage site (arrow A) is mainly located in the so-called stem region, <30
amino acids upstream the transmembrane domain. ES may be constitutive or induced by ligand
binding, PKC activation, Ca** dynamics, reactive oxygen species (ROS), pH, and bacterial toxins or
inhibited by TIMPs. Target molecule posttranslational modifications such as ectodomain phosphor-
ylation (P) or glycosylation, as well as its structural conformation, modulate its ES. Lipid rafts, actin
dynamics, protein tyrosine kinases (P7K), and GTPase activity are also known to modulate
ES. Target molecule ES generates NTF and CTF that remain associated to cell membrane that may
further be subject to RIP mediated by an intramembrane-cleaving protease (i-CLiP). These prote-
ases cleave within the transmembrane domain or few amino acids downstream it (arrow B). This
second sequential proteolytic processing is regulated by intracellular posttranslational modifications
such as ubiquitination (Ub), palmitoylation, or phosphorylation (P). RIP releases target molecule
intracellular domain from cell membrane. Target molecule fragments generated by ES or RIP are
known to carry out extracellular, intracellular, or intranuclear signaling functions. Some reports
have demonstrated that multipass transmembrane molecules (MuPass) may also be sheddase or
i-CLiP targets. See text for details and references (Modified from Ref. [4])
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(TIMPs), four related proteins expressed by a wide array of cells [29]. In addition,
it has been demonstrated that ADAM-17 transmembrane domain regulates its target
specificity that can also be regulated by additional associated molecules or other
proteases [30-32]. On the other hand, ADAM-10 intracellular domain (ICD) has
been found to mediate its dimerization proposed to regulate its activity [33, 34] and
control its constitutive activity [31]. Together, these regulatory mechanisms allow
the spatiotemporal regulation of these enzymes and their activities. For more details
on the expression, regulation, and activation of these proteases, please refer to the
selected reviews and references therein [6, 11, 23, 24].

Although there is some consensus about the sequence specificity that some
MMPs recognize, mainly a Pro residue at P3 position [35-37], there does not seem
to be a sequence conservation in ADAM or MMP cleavage sites. In the same study
by Turk et al. (2001), it was shown that MMPs have different amino acid prefer-
ences near P3 position. Nevertheless, in most cases of ES, cleavage occurs within
transmembrane molecule stem region, that is, <30 amino acids upstream the trans-
membrane domain, a feature that has been considered more important than sequence
itself [10, 38]. Sheddase loose sequence specificity provides their high promiscuity
and redundancy and has some important implications for cell physiology (discussed
below) [10]. It is credited that CMM are preferentially cleaved by a particular shed-
dase; however, it is well known that the same target molecule may be cleaved with
different efficiencies by alternative sheddases [2, 3, 6]. This may become experi-
mentally evident when the main associated sheddase is absent in a cell or may
depend upon the cell model, tissue analyzed, or stimulation paradigm employed.
The high promiscuity and diversity of sheddases, as well as their loose sequence
specificity shared with the intramembrane-cleaving proteases (i-CLiPs) (see below),
may be the evolutionary result of the fundamental role played by this proteolytic
system in extracellular information sensing that conveys signals into the cell. The
phylogenetic conservation from prokaryotic cells supports the notion of its funda-
mental role [39, 40].

ES may occur in a constitutive ligand-independent manner as has been described
for y-protocadherins, TrkA, interleukin-2 receptor beta (IL-2Rp), or others [41-43]
or in a ligand binding-dependent manner as described for Notch, ephrinB2, or oth-
ers (Fig. 7.1) [44, 45]. As mentioned above, for some time it was believed that ES
downregulated CMM function, since it was considered that it depended fully on the
ectodomain [10]. Therefore, it was assumed that the remaining fragment attached to
the cell membrane comprising the transmembrane and intracellular domains was
nonfunctional; thus, ES was believed to be the initial step of a degradation pathway
for molecular turnover [1]. However, studies on this proteolytic processing have
demonstrated that this is not necessarily the case, since it has been found that ES
enables extracellular (EC) and intracellular (IC) fragments to carry out additional
functions beyond those of full-length native molecules, revealing their multifunc-
tional nature [2, 4, 6]. Membrane-attached intracellular terminal fragments may be
carboxy-terminal (CTF) or N-terminal (NTF) depending if the native molecule is a
type I (with extracellular N-terminal) or type II (with intracellular N-terminal)
transmembrane molecule. The activities of these fragments depend upon their IC
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nature. Interestingly, the work by Diaz-Rodriguez et al. [42] demonstrated that ES
of receptor tyrosine kinase A (TrkA) is a ligand-independent cell mechanism regu-
lated by the PKC pathway under control of different membrane receptors that gen-
erates IC fragments with tyrosine kinase activity. This clearly contradicts the notion
that ES performs a receptor downregulatory function or the initial step in a degrada-
tion pathway of cell molecule turnover. Moreover, experiments with IL-2Rf ES
demonstrated that its CTF may potentiate the proliferative response to cytokine
receptor activation, suggesting intracellular cross talk between full-length and shed-
ded receptors, even if full-length receptor binds a different cytokine [43].

The full array or additional functions of CMM may depend or not upon the
action of intracellular proteases that perform a second proteolytic process close to
or within the transmembrane domain (Fig. 7.1) [4, 46—48]. This second proteolytic
processing is known as regulated intramembrane proteolysis (RIP) and is performed
by the intramembrane-cleaving proteases (i-CLiPs) [4, 46-50]. These include (1)
presenilin (PS) from the y-secretase (y-sec) complex, (2) site 2 metalloproteases
(S2P), (3) signal peptide peptidase (SPP) and aspartyl proteases, and (4) rhomboid
serine proteases. The first three are believed to depend upon an initial ES to cleave
target molecules, although it has been suggested that SPP may cleave without previ-
ous ES [51], whereas rhomboid proteases may cleave independently of it [46-50].
RIP enables the release into cytoplasm of intracellular domains (ICDs) from shed-
ded molecules that may range from around a few amino acid residues (i.e., ~40
from syndecan-3) up to some hundreds (i.e., ~#800 from neurogenic locus notch
homolog protein [Notch]) [4, 46, 49]. As expected, length depends upon native mol-
ecule cytoplasmic domain size. Intracellular activities of some ICDs have already
been studied and are known to regulate cell survival, gene transcription, or kinase
activity among other functions [44, 52, 53]. However, for most CTFs, NTFs, and
ICDs generated by ES and/or RIP, their intracellular functions have not been estab-
lished or are suspected to be incomplete [53]. Notably, some ICDs have been
observed to translocate into cell nucleus; therefore, it is inferred that they have a
function within this cell compartment, as has been already demonstrated for Notch,
ErbB1, and others that regulate gene transcription [4, 48, 51, 52, 54-56].
Interestingly, it has been reported that nuclear localization may also be achieved by
membrane-tethered CTF, where it regulates gene transcription [57].

ES is known to take place in a constitutive or regulated manner by different
stimuli that include ligand binding [44, 45], PKC activation [38, 52, 58-60], tyro-
sine kinase activity [38], Ca** dynamics [59, 61-65], oxidative stress [66—68], cell
density [55, 69, 70], pH [71], or pathogen toxins [9]. Also, actin dynamics [72, 73],
dynamin function [74], and GTPase activation [64, 75] have been shown to modu-
late ES. Posttranslational modifications of target molecule such as glycosylation
[76, 77] and extracellular phosphorylation [78], as well as its structural conforma-
tion that precludes accessibility to sheddases [79], are also known to regulate ES
(Fig. 7.1). It has been demonstrated that O-glycosylation not only downregulates
ES, but in few cases it may upregulate it [77].
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On the other hand, nowadays it is accepted that ES is a prerequisite and the main
regulator for RIP, although some exceptions have been reported and rhomboid ser-
ine proteases are known to perform RIP without previous ES [46—48]. Similarly to
ES, target molecule posttranslational modifications beyond proteolysis such as
phosphorylation [44], palmitoylation [80], glycosylation [81], and ubiquitination
[82] have been reported to regulate RIP (Fig. 7.1). Likewise, there is loose sequence
specificity in cleavage site of those i-CLiPs analyzed, although it is commonly
located within the transmembrane domain or few amino acids downstream where
the only common motif are basic and hydrophobic amino acids [46, 47, 83]. Also, it
has been found that helix destabilization at cleavage site facilitates i-CLiP’s activity
[46, 47, 83]. In the case of PS, their target molecules are supposed to require short
(<30 amino acids) extracellular N-terminus tails generated after ES, apparently rec-
ognized by Nicastrin (also member of the y-sec complex), although this is still dis-
puted [46, 49, 50, 84, 85].

Cellular compartments where ES occurs have been investigated with different
target molecules and include the pathway from the Golgi apparatus to the cell mem-
brane and endosomes [2, 3, 6, 10, 86, 87]. In agreement with the accepted temporal
sequence that exists between ES and RIP, the last has been reported to occur in the
pathway from cell membrane to endosomes, and indeed the substrate traffic has
been found to regulate its RIP [46, 47, 87, 88]. In addition, a role of lipid rafts as
regulators or platforms where ES and RIP occur has been reported [46, 87, 89-91].
Also, ES has been found to occur in exosomes, where MPs have been found and are
proposed to participate in the production of exosomes and in cell target activation
through ES among other functions [92-94].

After examination of ES and RIP reports, a general scheme that includes recent
findings of transmembrane molecule intracellular fate may be delineated (Fig. 7.2).
In this scheme a considerable number of a given type of transmembrane molecule
undergo ES in a constitutive or stimulated manner. From the total number of NTF
or CTFs generated, some may carry out different intracellular functions including
intracytoplasmic signaling [43] or intranuclear transcriptional regulation by a ret-
rograde membrane trafficking pathway [57]. Concomitantly, or perhaps alterna-
tively, NTFs or CTFs may follow the lysosomal pathway where they are degraded
[43] or enter the exosome pathway through multivesicular bodies [92-94], whereas
only a minor fraction undergoes RIP releasing their ICDs [55]. From endosomes,
some transmembrane molecules may be recycled back to the cell membrane by
recycling endosomes [95]. Seemingly, a large population of ICDs may follow the
proteosomal pathway or other alternative undescribed degradative pathway [51,
96]. ICDs may directly regulate signal transduction pathways either by associating
with kinases or regulating its RIP [44]. Ultimately, only a very small fraction of
ICDs is translocated into the nucleus where it is involved in gene transcriptional
regulation [48, 51]. Accordingly to the idea proposed by Anders et al., ICD’s short
life and low abundance reflect their important regulatory roles, as well as the low
requirement of these fragments to fulfill their intracellular and intranuclear signal-
ing functions [55].
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Fig. 7.2 Transmembrane molecule intracellular fate after ES and/or RIP. A large diversity of
transmembrane molecules undergo ES and RIP in the cell membrane, although there are some
reports that indicate sheddase activity in the pathway from Golgi to cell membrane (arrow A). In
the cell membrane, these molecules are endocytosed and trafficked into the endosomal pathway
that is known to regulate RIP (arrow B). NTF and CTF generated by ES, as well as ICD generated
by RIP, may participate in cytoplasmic intracellular signaling by regulating i-CLiP (arrow B’) or
kinase function (arrow B”), directly as kinases or phosphatases or regulating molecular localiza-
tion. Concomitantly or perhaps alternatively, NTFs and CTFs may follow the multivesicular body
pathway (arrow C) and then degraded in the lysosomal pathway (arrow D) or secreted (arrow E)
in exosomes (Ex). From endosomes, some transmembrane molecules may be recycled back to the
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7.3  Cell Membrane Molecules Subject to Ectodomain
Shedding

As mentioned above, the spectra of CMM that undergo ES are wide and include all
sort of functional molecules. Receptors, growth factors, cytokines, receptor ligands,
cell adhesion molecules, and ion channels include members that have been reported
to undergo ES. Either with transmembrane domains or other membrane anchoring,
sheddases release extracellular soluble fragments from these molecules that in some
cases have been reported to carry out functions associated with signal regulation in
the EC milieu [4, 10]. Nevertheless, it must be considered that not all extracellular
fragments are released to the EC milieu, despite they may lack transmembrane
domain after processing. For instance, NMDAR subunit GIuN1 extracellular frag-
ment generated by MMP’s activity was not found in the culture supernatant [97].
This observation suggests that after generation, it undergoes other fate, perhaps
remaining attached to the extracellular matrix or cell membrane through some
molecular interaction, or even internalized and degraded [98].

Despite the full number of molecules that undergo ER has not been evaluated, in
a 2010 review [4] of the molecules expressed in the central nervous system (CNS)
that are subject to ES and/or RIP (including only those with transmembrane
domains), 110 molecules were found as target of ES. Of these, 9 were type II mol-
ecules, 93 were type I molecules, and only 2 were molecules with more than one
transmembrane domain or multipass. These molecules belonged to different func-
tional categories: 48 receptors, 21 receptor ligands, 25 involved in adhesion, 4 with
adhesion-receptor function, 4 proteases, 2 involved in antigen presenting, 2 channel
subunits, 1 with channel-adhesion function, 1 enzyme, and 2 without specific func-
tion described. In the receptor group, 11 belonged to the tyrosine protease kinase
family, 3 to the protein tyrosine phosphatase family, 1 G protein-coupled receptor
(GPCR), and 1 with guanylate cyclase activity. Despite these numbers are not
updated, since new molecules have been discovered to undergo ER or other mole-
cules have been found expressed in the CNS, the examples above are useful to
substantiate the large diversity of molecules that are subject to ER, despite their
function and biochemical or physicochemical properties.

<
<

Fig. 7.2 (continued) cell membrane by recycling endosomes (arrow G) or by a retrograde mem-
brane trafficking pathway (arrow F), targeted to the endoplasmic reticulum (ER, arrow F’) from
where they reach the nuclear envelope inner membrane (arrow F”) and participate in gene tran-
scription regulation in association with transcription factors (7F). A minor fraction of RIP-
generated ICDs is translocated into the nucleus through nuclear pores (arrow H) and carries out
transcriptional regulatory functions (arrow I), whereas the major fraction follows the proteasomal
pathway and is degraded (arrow J). Some work has suggested that transmembrane molecules may
be cleaved without prior ES by presenilin or cleaved by ES-independent i-CLiPs (K) (See text for
details and references. Modified from [4])
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In a more recent review [16], the authors counted 182 molecules as MMP’s tar-
gets. Nevertheless, this list included only 32 molecules reported as shedded
membrane-bound substrates that included receptors, receptor ligands, adhesion
molecules, and a plethora of molecules. Other categories of MMP’s target mole-
cules in this review included extracellular matrix molecules (38), soluble growth
factors and cytokines (12), cryptic factors (29), chemokines and cytokines (18),
immunity molecules (9), blood molecules (9), proteases and inhibitors (15), intra-
cellular proteins (13), and multitask or multilocated molecules (7).

Notably, in both reviews just a few multipass transmembrane molecules were
found to undergo ES, and none multipass transmembrane molecule has been
reported to undergo both ES and RIP. Indeed, multipass transmembrane molecules
ES and RIP are still under debate, despite some reports support this notion [6, 50].
These molecules are interesting in terms of ES and RIP because their processing
would implicate additional complexity not observed with single-pass transmem-
brane domains, since these molecules could yield a larger diversity of fragments.
This diversity and additional complexity would result from fragments with trans-
membrane domains with IC and EC loops, thus conferring the resulting fragments
with biochemical and biophysical properties that could result in specific functional
features different from those generated from single-pass transmembrane molecules.
In this regard, ES has been demonstrated for GluN1 (NR1) subunit of NMDAR that
is subject to activity-mediated ES in two different extracellular loops [97]. This
subunit is also target of ES by an exogenous MMP that regulates its function [99].
Moreover, in our recent reports, we have observed the generation of GluN1 frag-
ments that included different transmembrane domains and loops. Notably, in cul-
tured astrocytes this correlates with a metabotropic-like flux-independent NMDAR,
although causality was not established [100, 101]. In addition, GPCR PARI is a
MMP-1 target that generates Ca**-dependent signals in breast cancer cells [102].
Also, GPCR brain angiogenesis inhibitor 1 (BAIl) has been reported to undergo ES
generating the anti-angiogenic molecule vasculostatin [ 103]. More recently, GPCR’s
GPR37, GPR124, and GPR56 have also been reported as targets of ES [19, 104,
105]. In addition, in recent proteomic studies, other multipass membrane molecules
have been identified as ES targets including GPCR, ion channel subunits, transport-
ers, and others [106, 107]. On the other hand, GluR3 subunit from AMPAR is a
multipass transmembrane molecule that apparently undergoes RIP independently of
ES [108], whereas CXCR4 has also been reported to undergo y-sec cleavage [50].

MPs have been found in the cytosol or intracellular organelles such as the
nucleus, where their functions have been poorly studied and in some cases have
been related to apoptosis [2, 16, 20-22]. Likewise, it has been reported that some
nontraditional intracellular molecules are also targets of extracellular MPs, mainly
metabolic enzymes, cytoskeletal proteins, or chaperones. Despite it has been argued
that the extracellular presence of intracellular molecules is an artifact due to cell
lysis, independent degradomic approaches have identified this kind of molecules as
MMP’s targets [2, 16, 20]. The review of these non-common MP’s targets and loca-
tions is not the objective of the present chapter. For further information regarding
these topics, please refer to the reviews above cited and references therein.
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7.4  Considerations and Implications

ES influences most, if not all, CMM. Although initially considered a membrane
molecule ectodomain delivery mechanism or an initial degradative step of mem-
brane molecule turnover [1, 109], ES actually unveils the multifunctional nature of
CMM enabling them to carry out their full array of intracellular and extracellular
functions. These may further depend or not upon a second intracellular cleavage
denominated RIP that releases cell membrane molecule ICD into cytosol and, in
some cases, enables its translocation into the cell nucleus [4, 45, 48, 52, 57]. In these
compartments, ICDs may act as enzymes and transcriptional or signal regulators,
depending upon their intracellular domain nature [4, 42, 44, 45, 48, 52, 57]. Thus,
intracellular signal transduction that was initially believed to be the intrinsic func-
tion only of full-length membrane receptors is indeed also carried out by a large
diversity of CMM, including cell adhesion molecules, transmembrane receptor
ligands, and proteases among others. This signal transduction mechanism elicited in
receptor and membrane-bound receptor ligand-expressing cells has been termed
reverse signaling or bidirectional signaling [41, 51, 110]. Considering the wide
range of transmembrane molecules that are subject to ES, it seems plausible that
this proteolytic system is indeed a general switch that regulates function of most
transmembrane molecules, rather than an exceptional mechanism that some mem-
brane molecules require for proper action in vivo [109], a cell surface molecule
release mechanism [1], or sequential degradative steps of membrane molecule turn-
over that generate ICDs as by-products [1, 109].

Taking into account that ES and RIP of some transmembrane molecules may
occur (1) constitutively or triggered by non-specific extracellular or intracellular
stimuli such as oxidative stress, Ca** dynamics, or PKC activation and (2) within
given intracellular compartments and/or membrane domains such as lipid rafts or
endosomes and (3) that shedded receptors may cross talk with full-length receptors
or perform intracellular kinase activities, then it is tempting to speculate that after a
given stimulus and together with or independently from specific extracellular
ligands, bundles or clusters of transmembrane molecules may concomitantly and
stochastically be processed by ES and RIP (Fig. 7.3). This cluster processing would
then yield bundles of NTFs and CTFs along with ICDs that coexist with full-length
receptors and active MPs that collectively participate in intracellular signaling path-
ways (Fig. 7.3). These molecular ensembles or supramolecular entities could be
transported to organelles and regulate their functions such as gene expression in the
nucleus and ultimately determine adaptative cell responses. If true, this conjecture
would confirm that cell signaling is not a linear phenomenon involving “one
ligand = one receptor = signaling pathways.” Instead, cell signaling would be an
integrative response that results from the activation of canonical intracellular path-
ways accompanied by molecular bundles or ensembles of CMM that undergo ES
and/or RIP and their resultant fragments. Together, these molecular ensembles
would contain and carry the whole and specific information released from cell
membrane or intracellular vesicles in the context of a particular cell type, tissue, and
extracellular signal. In support of this idea, it is well known that CMM are not freely
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Fig. 7.3 The putative role of molecular bundles or ensembles processed by ES and/or RIP
and their NTFs, CTFs, and ICDs in cell signaling. (a) Under basal conditions, bundles or
ensembles of CMM in full-length form are organized in cell membrane regions such as lipid rafts
(thick black line in the membrane). In these conditions, MPs and i-CLiPs are inactive, and ES/RIP
does not occur or occurs in low levels. Under these conditions, cytoplasmic Ca* is also low and
PKC is not activated. (b) After ligand binding to its receptor (arrow panel A) or some unspecific
stimulus that rise cytoplasmic Ca** activates PKC and/or initiates actin dynamics (black arrow on
the left panel B), MPs and i-CLiPs are activated (black arrow on the right panel B) and ES and RIP
are initiated. Then bundles or ensembles of CMM are processed, generating CTFs, NTFs, and
ICDs from them. The specific processing of these CMM depends upon their identity but also from
the MPs and i-CLiPs expressed by the cell, helping to carve the specific intracellular response to a
particular stimulus. Beyond the canonical IC transduction pathways (TP)(open arrow panel B)
associated with a particular receptor (JAK/STAT, NFkB, etc.), the fragments generated by ES and/
or RIP play a role in IC signaling, as explained in the text and Fig. 7.2. Together, IC TP and
molecular fragments generated from CMM by ES and/or RIP and their IC activities induce the
adaptative intracellular response to a given stimuli or condition that includes, for example, gene
regulation within the nucleus (See text for details and references)
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moving in the membrane bilayer. Instead, molecules are grouped together, and their
movement is constrained by the interactions among them or by membrane biophysi-
cal properties that are given, for instance, by lipid rafts [111]. Moreover, this
arrangement into supramolecular entities seems to be a common strategy in the cell
that optimizes molecular interactions and therefore cellular responses [112—115].
Taking this conjecture further, the specific MPs and CMM expressed by each cell
would then suppose a unique supramolecular signaling entity of proteases, recep-
tors, their fragments, and activated signal transducers that would elicit specific
intracellular responses (Fig. 7.3). This conjecture could help to understand the old
fundamental question of cell biology regarding how different receptor-mediated
intracellular cascades are able to generate specific cellular responses, despite the
intracellular components are the same [114]. In addition, this may further account
for some of the variability, diversity, and redundancy observed in cell biology mod-
els; however, experiments are needed to test this idea.

Interestingly, complexity of this model would be increased because cleavage of
a given target molecule by more than one sheddase would open the possibility that
different cleavage sites are recognized and consequently that resulting fragments
generated have different N- or C- terminal sequences. These terminal sequence dif-
ferences may yield important distinct results, as they occur with a- and p-secretase
cleavage sites in amyloid precursor protein (APP) that differ by only two amino
acids. This generates extracellular fragments with different biochemical character-
istics that in one case result in pathological features. With this panorama, it is pos-
sible to conceive that this phenomenon may also occur with other shedded targets.
This may also occur with intracellular fragments, as demonstrated by ADAM-10-
CTFs generated by ADAM-9 or ADAM-15, which showed different intracellular
traffics, thus suggesting different intracellular functions [56]. Similarly, complexity
may still be increased since MP’s biochemical properties modify their function. In
this regard, it has been reported that the expression of membrane-tethered ADAM-9
or a soluble spliced variant has opposing functions in cancer cell migration [116].
At the same time, my unpublished observations suggest that intercellular contacts
cast additional intricacy to the ES mechanism that could be related to cell density
sensing, among other functions.

Thus, considering these observations, despite redundancy and promiscuity in
MP’s web, the set of sheddases expressed by a cell would be critical since shedded
molecules and resulting fragments size would vary accordingly (Fig. 7.3). This
would finally result into a specific response to a stimulus and/or localization and
fate of the molecular cluster and fragments. Moreover, involvement of different
sheddases in target molecule ES that depends upon cell type, tissue, or stimulus
analyzed together with their specific glycosylation pattern indicates that despite
their promiscuity and redundancy, sheddases display cell-type-specific specificity
as hypothesized by Arribas and Borroto [10]. It is possible that this cell-type-specific
specificity may provide the basis for the cell distinctive activation of intracellular
pathways that results in cell specialization or differentiation. This idea is further
supported by the spatial and temporal control in the expression of the sheddase, the
substrate, and the regulatory factors [38]. Moreover, consistently with this idea, ES
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specificity for lipopolysaccharide (LPS) or tetradecanoyl phorbol acetate (TPA)
activation has been recently demonstrated in immune-derived cells [117].

An additional important implication that rises from sheddases’ high promiscuity
and their self-proteolytic inter-regulatory interactions is the possibility that, when
experimental lack of cleavage of a given target molecule is observed in the absence
or inhibition of a particular sheddase x, this does not necessarily implies direct
involvement of sheddase x in target processing. Instead, it may hint that sheddase x
regulates indirectly through proteolytic processing of the sheddase involved directly
in target molecule processing. Thus, appropriate experiments should be designed in
order to conclude direct processing of a given target by a sheddase. Franzke et al.
have previously discussed direct and indirect sheddase involvement as a putative
reason that keeps sheddase identity of certain targets still under debate [61]. Also,
since there are no sheddase exhaustive listings and some are better studied than oth-
ers, this may lead to underestimate or overestimate their role. Finally, it is possible
that overexpression of target molecules or sheddases in experimental cell models
together with their high promiscuity may result in physiological nonrelevant cleav-
age by sheddases or i-CLiPs or other artifactual observations as previously dis-
cussed by Arribas and Borroto and Kirkin et al. [10, 51].

Other aspect to consider is that when CMM disappearance from cell membrane
is studied, despite endocytosis may be the main mechanism involved, ES should
also be considered, since intracellular mechanisms such as actin dynamics and
GTPase activation among others are known to mediate both processes [64, 72, 75,
118, 119]. In this regard, to my knowledge, the proportion of CMM that undergoes
ES or endocytosis in a cell has not been examined, although in some studies both
have been reported to occur to the same molecule [120]. Also, despite it is known
that some relationship exists between ES and endocytosis, this has been studied
only partially [74, 82, 121, 122]. These aspects could be relevant for differential
regulation of intracellular cell signaling pathways that are known to be closely asso-
ciated with endocytosis [123—125] but also, as reviewed here, with ES. Moreover, it
is possible that ES of certain molecules may regulate the mechanism of endocytosis
itself. The rational for this is that the force exerted by the cytoskeleton and the endo-
cytic machinery required to form an invagination and finally an endocytic vesicle
depends upon the number of membrane molecular attachments with the extracellu-
lar matrix. Thus, when these molecular attachments are cleaved by ES, the force
required is reduced and then endocytosis facilitated. However, to my knowledge,
this has not been proved experimentally.

Intriguingly, it has been reported that ADAM-10-ICD translocates into cell
nucleus only in 30% of transfected cells [56], in agreement with our unpublished
observations made with an IL-2Rp truncated construction mimicking a putative
IL-2RpB-ICD. This suggests that ICD’s nuclear translocation occurs in a regulated
manner, otherwise all ADAM-10-ICD or putative IL-2Rp-ICD-transfected cells
should show nuclear staining. This implication challenges the conception that any
protein smaller than 40 kDa freely diffuses into the cell nucleus, in spite of lacking
a nuclear localization signal (NLS) [126]. Nevertheless, considering these observa-
tions, it is possible to conceive that any protein smaller than 40 kDa without NLS
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enters the cell nucleus through nuclear pores under particular cell circumstances
(present in 30% of cells in the experiments described above). Therefore, it seems
that nuclear entrance of proteins below 40 kDa is mediated by an unspecific-
regulated mechanism rather than a free diffusion mechanism. However, more exper-
iments are required to explain these observations and test this possibility. Strikingly,
Pcdh-yA3-ICD that is <200 aa (~25 kDa) has a bipartite nuclear localization motif
[96]. An ICD of such size would be expected to enter the nucleus freely and would
not require a nuclear localization motif, unless it does so as part of a molecular
complex that impedes such free entrance. Interestingly, when ICD size of the mol-
ecules that potentially undergo ES and RIP is analyzed, most of them are under the
40 kDa cutoff [4], opening the possibility that these fragments may freely enter the
nucleus either by free diffusion or the putative unspecific-regulated mechanism.

7.5 Conclusions

The proteolytic system conformed by ES and RIP has emerged as an essential
mechanism that mediates cell interaction with its environment [4, 7, 48]. This sys-
tem acts as a regulatory switch of CMM that unveils their multifunctional identity
and the full array of intracellular signals elicited by cell interactions with its extra-
cellular milieu or neighboring cells that ultimately allow the adaptative cell
responses.

The literature on ES indicates that all functional categories of CMM may be
target of these proteolytic mechanisms, supporting the notion that under certain
physiological circumstances, any CMM may be target of this proteolytic system.
The stimuli that initiate CMM ES by sheddases are diverse and in some cases
unspecific (Ca2+, PKC, ROS, etc.), opening the possibility that bundles or clusters
of transmembrane CMM are processed yielding functional NTF, CTF, and ICD that
participate in intracellular cell signaling (Fig. 7.3). This could also happen even
with a specific messenger that initiates cell signaling, since intracellular Ca2+ rise
or PKC activity induces ES of certain CMM. Thus, cell signaling would actually be
the result of receptor activation by its ligand that results in its associated intracel-
lular pathway activation, together with the actions of many CMM that undergo ES
and yield functional NTF, CTF, and ICD that exert their function intracellularly
(Fig. 7.3). Then, the receptors expressed and the pool of MPs activated by the stimu-
lus together confer specificity to the response, as predicted earlier [10] and have
been reported recently [117]. Therefore, cell signaling seems to be the integrative
response of IC transduction pathways and CMM organized into supramolecular
complexes or ensembles and their fragments that sense the EC milieu and elicit
specific intracellular responses. This kind of signaling could help to understand the
old fundamental question of cell biology regarding how different receptor-mediated
intracellular cascades are able to generate specific cellular responses, despite the
intracellular components are the same [114], and could account for the different
responses observed among cell types to a given stimuli or even within the same
population of cells [101].



136 P. Montes de Oca Balderas

Regarding the therapeutic use of metalloprotease inhibitors to treat different
malignancies as has been proposed before [2, 6, 11, 14, 127], it is imperative that the
sheddase-substrate web is well known but also that the putative supramolecular
signaling entities and resulting fragments are considered. This would avoid unde-
sired side effects, as suggested by other authors, further considering recent work
reporting metalloprotease intracellular function [16, 21, 22, 128]. This could also be
related with particular off-target or individual effects by certain signaling regulatory
drugs. In this regard, several approaches have been employed trying to disentangle
the degradome of MPs or the sheddome in certain cell types [20, 106, 107, 117,
129]. One limitation of some of these valuable efforts is that they have aimed to
secreted proteins (the secretome), thus dismissing ES resultant fragments that are
not released. An additional detail is that in most of these efforts, only one MP’s
inhibitor has been used to validate ES, and it is known that no inhibitor acts on all
sheddases [127]. On the other hand, the same kind of analysis is necessary when PS
or other i-CLiP’s inhibitors are considered to treat different malignancies [46, 47,
130], due to the unexpected roles of these proteases and their products in intracel-
lular signaling. Nevertheless, when the still not well-understood intracellular roles
of CTFs, NTFs, and ICDs are appreciated, novel alternative therapeutic approaches
will be envisaged for the future.
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Proteases from Protozoa and Their Role
in Infection
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Abstract

One of the major classes of virulence factors acting in different host-pathogen
interaction systems is comprised of proteases. Pathogen-secreted or membrane-
associated proteases could be found to participate in different stages of establish-
ment of infection. They are explored as candidate drug targets due to their key
participation in the disease development process carried out by the pathogen. In
this chapter we present an extensive review of the proteases of different proto-
zoan parasites. Throughout the article we have made an effort to provide a com-
prehensive list of different proteases from various parasitic protozoa that have
been demonstrated to execute major functions in the respective infection pro-
cesses. Attempts have also been made to present their mode of action with respect
to host invasion and disease development.
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8.1 Introduction

Protozoan parasites constitute one of the most prevalent groups of disease-causing
pathogens worldwide. Included among a myriad of human diseases that are caused
by protozoan parasites are amoebiasis, leishmaniasis, malaria and trypanosomiasis.
An attempt to understand the disease-causing mechanisms of these pathogens over
the years has revealed a number of key components that are instrumental towards
host invasion and in-host survival of the pathogen. These effectors of disease estab-
lishment by the pathogen are primarily proteins exhibiting varied enzymatic activi-
ties. Pathogen-derived proteases are among one of these effectors and possibly the
most important ones. Protozoan proteases aid in their pathogenesis in many differ-
ent ways. For instance, they play a role in degradation of extracellular matrix that
enables the pathogen to invade host cells. Besides, they participate in direct cytoly-
sis and phagocytosis of target cells. In some cases protozoan proteases help in
immune evasion by the pathogen through modulation or degradation of host immune
molecules (Fig. 8.1). This contribution of protozoan proteases towards disease
development however is not limited to a particular class of enzyme; instead different
classes of proteases have been documented to participate in the virulence of the
pathogen. In this review we put forward an effort to present different aspects of
protozoan proteases in relation to their roles in pathogenesis.

Proteases belonging to almost all the major classes have been found to partici-
pate in the virulence of the associated pathogen. Included among them are cysteine,
serine and aspartyl proteases.

Protozoan proteases

Degradation of
extracellular matrix

Aid in immune evasion
by the pathogen

Phagocytosis of
target cells

Fig. 8.1 Schematic representation of different roles played by protozoan proteases in para-
site pathogenesis. Protozoan proteases play varied roles during host invasion by the parasite.
Included among these is the degradation of the host extracellular matrix that aid in the passage of
the parasite to the host cell surface. Besides, protozoan proteases also participate actively in the
degradation of host immune molecules like immunoglobulins, thereby enabling the pathogen to
evade host immune responses. Other activities of the protozoan protease involve cytolysis and
phagocytosis of target cells
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8.2 Protozoan Cysteine Proteases

Parasitic protozoan cysteine proteases have been found to be involved in all the
major steps of disease establishment starting from invasion of host cells till immune
evasion [1-3]. It is due to their key role in virulence of the associated pathogen that
in some cases cysteine proteases have been investigated elaborately for their poten-
tial to become promising drug targets [4].

8.2.1 Malaria Parasite Cysteine Proteases

Among the best characterized cysteine proteases of the malaria parasite Plasmodium
are the family C1 (papain family) of clan CA cysteine proteases. Genome sequence
analysis of Plasmodium has revealed that the parasite harbours many members of
this particular family of cysteine proteases that include falcipains, dipetidyl pepti-
dases, proteins related to serine-rich antisera (SERA) and a calpain homologue [5].

There are four falcipain genes within the genome of the parasite, among which
the proteins encoded by falcipain2 and falcipain3 have been found to catalyse
hydrolysis of native haemoglobin and denatured globin [6]. Genetic studies involv-
ing RNAi-mediated downregulation of both falcipainl and falcipain2 genes in
Plasmodium falciparum showed inhibited development of erythrocytic parasites
[7]. Haemoglobin hydrolysis is an important part of Plasmodium survival within the
bloodstream. During rapid asexual multiplication of the parasite within the erythro-
cyte, it takes up the erythrocyte cytosol to an acidic food vacuole through a special-
ized organelle called cytostome. It is within this acidic vacuole that the haemoglobin
is degraded [8]. Falcipains have a very intricate domain architecture that enables
them to specifically target erythrocyte haemoglobins for hydrolysis within the acidic
food vacuole. The primary structure of each of the four falcipains can be divided
into two domains, the N-terminal prodomain and the C-terminal mature domain.
While the N-terminal prodomain possesses a trafficking subdomain that guides the
localization of the protease to the acidic food vacuole, the C-terminal mature domain
comprises the haemoglobin-binding subdomain needed for substrate recognition
[9]. Due to their participation in one of the vital functions of plasmodium blood
stage cells that is absolutely essential for the survival of the pathogen within host
erythrocyte, falcipains are treated as promising candidates for drug targets against
malaria [10].

Among the other members of the clan CA cysteine proteases, besides falcipains,
dipeptidyl aminopeptidases (DPAP) are the ones that also catalyse haemoglobin
hydrolysis within the food vacuoles of host erythrocytes [11, 12]. Plasmodium
genome codes for three dpap genes. DPAP1 has been shown to be absolutely essen-
tial for the survival of the pathogen since viable forms of DPAP/ deletion strains
could never be generated by applying different genetic approaches [12]. However
DPAP2 deletion studies involving the effect of DPAP1 and DPAP2 inhibitors
MLA4118S in both the human parasite P. falciparum and rodent parasite P. berghei
indicated an additional role of Plasmodium dipeptidyl aminopeptidases in the
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transmission of the disease [13]. Besides, a forward chemical genetic study involv-
ing a library of 1200 covalent serine and cysteine protease inhibitors revealed a
possible role of DPAPs in the erythrocyte rupture by the parasite in coordination
with a subtilisin family serine protease PfSUB1 [14]. All these studies indicate a
vital contribution of Plasmodium DPAPs in different stages of the pathogenic devel-
opment of the malaria parasite. Suitable drugs that could target these aminopepti-
dases therefore pose great promise for controlling the spread of the disease. Another
very important target for drug development against malaria could be the only cal-
pain homologue of Plasmodium sp. Regulated knockdown studies of the respective
gene in Plasmodium falciparum revealed its necessity in the cell cycle progression
of the pathogen to maintain a proper disease cycle [15].

Serine-rich antigen (SERA) family of cysteine-like proteases is another group of
Plasmodium proteases with possible roles in maintaining the disease cycle of the
pathogen. Plasmodium genome codes for 9 SERA genes [16, 17], among which
several codes for proteins that contain an atypical serine residue at the active site
instead of a canonical cysteine residue. Studies have shown that SERA family mem-
bers act as substrates of PESUB1 [18] and possibly play a role in PfSUB1 induced
release of Plasmodium cells from the erythrocytes (egress). Attempts to generate
SERA 1, SERA 4, SERA 5 and SERA 9 deletion strains of Plasmodium falciparum
revealed the lethal nature of ASERA 5 strains indicating an important blood stage
function of this particular SERA protein [19]. Moreover a twofold increase in
expression of SERA 5 in SERA 4 null strains is in support of the common notion of
functional redundancy among different members of SERA family of proteins.

8.2.2 Entamoeba histolytica Cysteine Proteases

Entamoeba histolytica is the causative agent of human amoebiasis. The parasite
genome codes for 50 cysteine protease genes, most of which are expressed only
under conditions of host invasion [20]. Studies have also shown that E. histolytica-
derived secretory products contain a large proportion of cysteine proteases consti-
tuting important virulence factors [21]. During invasion of the host tissue, the
parasite trophozoites first adhere themselves to the colonic epithelia. This initial
interaction with the host tissue takes place through protein-protein interactions
between parasite Gal/GalNAc-lectin and mucin glycoproteins of human colon [22,
23]. Subsequent stages involve rapid degradation of colonic mucus by the parasite
secretory proteases. This leads to induction of cell death in colonic epithelial cells
either through apoptosis or necrosis [24-26]. Entamoeba cysteine proteases consti-
tute as a major contributor to all these molecular events. For instance, studies led by
Kris Chadee and group demonstrated for the very first time the involvement of E.
histolytica-secreted cysteine proteases in the disruption of MUC2 polymers of the
intestinal mucous layer [27]. In a later study by the same group, the role of indi-
vidual E. histolytica-secreted cysteine proteases in the degradation of the colonic
mucus layer was identified. In this study, through antisense inhibition of E. histo-
Iytica cysteine protease 5 (EhCP5), it has been shown that cysteine



8 Proteases from Protozoa and Their Role in Infection 147

protease-deficient trophozoites exhibited a reduced activity towards degradation of
protective colonic mucus barrier. These cells however were not at all compromised
in their ability to disrupt Chinese hamster ovary (CHO) monolayers devoid of a
mucous layer when tested under ex vivo conditions [28]. Further research involving
detailed study of molecular dynamics of E. histolytica cysteine proteases interacting
with the extracellular matrix (ECM) of colonic epithelia demonstrated the perturba-
tion of colonic ECM by E. histolytica cysteine protease A5 (CP-AS5) [29]. These
studies also demonstrated direct interaction of CP-A5 with the cell surface integrins
of human colonic epithelia leading to secretion of proinflammatory cytokines [30].
Besides CP-A5 protease has also been found to bring its effect on remodelling of
ECM through activation of host matrix metalloproteases (MMPs) [31]. Through
these studies the role of cysteine proteases in disruption of cells beyond epithelia
has also been evidenced. For instance, CP-A5 has been found to aid trophozoites to
invade the layer of loose connective tissue, “lamina propria,” beneath the colonic
epithelium. Accordingly inhibition of the CP-A5 expression is associated with a
mark reduction in the invasive property of the amoebic trophozoites [32]. The
importance of cysteine proteases as virulence factors of E. histolytica could further
be accessed by their ability to restore pathogenicity in avirulent strains of the patho-
gen when expressed ectopically [33]. Besides EhCP5 and CP-AS, other cysteine
proteases also play significant roles in defining the disease pathology associated
with amoebiasis. At this point EhCP112 is definitely worth a mention. EnCP112
together with an adherence domain-containing protein, EhADh112, form a 112
KDa surface adhesin of E. histolytica. Named as EhnCPADH, this surface adhesin
plays a significant role in adhesion and subsequent phagocytosis of the host cells.
Accordingly the protein complex was found to translocate from plasma membrane
to phagocytic vacuoles during phagocytosis of the target cells [34]. Further studies
to characterize the function of the said complex came up with the observation that
the constituent cysteine protease (EhCP112) by itself is capable of disrupting cell
monolayers through digestion of extracellular protein matrix [35, 36]. These studies
involving recombinant EhCP112 also revealed the ability of the protein to execute
peptidase function over a wide pH range. Further support in favour of EhCP112
being important for E. histolytica pathogenesis came from RNAi-mediated gene
silencing studies within the pathogen. For instance, Mario A Rodriguez and his
group demonstrated reduced virulence of E. histolytica trophozoites in response to
RNAi-mediated silencing of Ehcpl12 gene [37].

8.2.3 Leishmania Cysteine Proteases

Genome data of L. major reveals a group of about 65 cysteine proteases encoded by
the parasite that are grouped into 4 clans and 13 families [38]. Most of these cyste-
ine proteases have the potential to serve as important virulence factors, thereby
playing crucial roles in establishing host-pathogen interactions. Among these cyste-
ine proteases, those belonging to clan CA, family Cl1, are the best studied in
Leishmania, for example, cathepsin L-like CPA and CPB and cathepsin B-like CPC
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cysteine proteases. These cysteine proteases also show a stage-specific induced
expression. CPA and CPB, for example, are found in higher levels in amastigotes
than in stationary phase promastigotes [39]. Further evidence in support of the abso-
lute necessity of cathepsin L-like cysteine proteases for the survival of the parasite
within the macrophages is demonstrated by the pathogen retarded growth in the
presence of cysteine protease inhibitors [40]. Later studies involving specific inhibi-
tors of cathepsin B family proteases revealed a similar role of this class of proteases
as well in the parasite survival within the host macrophages. A detailed investigation
into the mechanism however showed an induced production of biologically active
form of transforming growth factor  (TGF-f) within the infected host macrophages
[41]. Although initially noted in L. amazonensis and L. major, later studies involv-
ing L. chagasi also demonstrated localized production of activated TGF-B1 at the
site of maximum parasite invasion within liver tissue [42]. Studies led by Lashitew
Gedamu could finally link the incidences of activated TGF-f induction, Leishmania
infection and the parasite survival within host tissue. In this study Gedamu and his
group showed that it is cathepsin B of L. donovani as well as L. chagasi that can
cleave host TGF-f precursor into its active form [43]. Possibly this induced produc-
tion of biologically active TGF-p is the basis of the parasite growth and survival
within the host macrophages. It is because of this important role of Leishmania
cysteine proteases in the virulence of the parasite that a lot of efforts have been
made during the past years to develop cysteine protease inhibitor-based cure for the
disease. As a part of this approach, several natural products including different fla-
vones and quercetin have been screened for their ability to inhibit L. Mexicana
cathepsin L-like cysteine protease CPB [44]. Besides, different peptidomimetic
compounds have also been shown to have specific inhibitory activities towards
cathepsin B-like cysteine protease such as CPC in L. major [45]. Cysteine prote-
ases, specially the cathepsin L- and B-like proteases due to their tremendous contri-
bution towards parasite growth and survival within host tissue, constitute some of
the most popular targets to treat leishmaniasis. Nevertheless there always remains a
question of specificity of the inhibitors towards parasite cysteine proteases in par-
ticular. This is because humans also contain cathepsin-like cysteine proteases, and
thereby any cross-reactivity of the inhibitor with human proteases may lead to det-
rimental outcomes.

8.3 Serine Proteases from Parasitic Protozoa

Serine proteases are among the most abundant group of proteases in different organ-
isms. This class of proteases has gained tremendous functional diversity during the
course of evolution [46, 47]. Among the many biological functions exhibited by
parasite serine proteases, involvement in defining the pathogenicity of concerned
protozoan parasites is one. Serine proteases are found to play a significant role in the
pathogenicity of several parasitic protozoans including the genera Plasmodium and
Entamoeba.
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8.3.1 Serine Proteases from Plasmodium falciparum

Plasmodium falciparum genome codes for proteases belonging to different clans of
serine protease such as chymotrypsin-/trypsin-like, subtilisin-like and rhomboid
proteases [48]. Among these, those belonging to subtilisin-like serine protease clans
have been studied extensively over the years and have been found to play major
roles in disease development by the pathogen. P. falciparum genome codes for three
serine protease genes that code for proteases belonging to subtilisin-like serine pro-
tease family. These are named as PfSUB1, PfSUB2 and PfSUB3. These proteases
specifically PESUB1 and PfSUB2 have been found to play a role in both egress and
invasion of host tissue during asexual blood stage lifecycle of the parasite [14, 18,
49]. In fact PfSUB1 was initially identified as an essential serine protease that is
released from the parasite micronemes into the parasitophorous vacuolar space just
before egress [18]. This release of PESUBI1 is found to be dependent on Plasmodium
falciparum cGMP-dependent protein kinase G (PfPKG) activity and increased
intracellular Ca?* levels [50, 51]. Besides aiding in parasite egress, PfSUBI also
primes the outer surface of malaria merozoites for subsequent erythrocyte invasion.
This priming step involves processing of three merozoite surface proteins MSP-1,
MSP-6 and MSP-7 that is necessary for subsequent erythrocyte invasion.
Accordingly inhibition of PfSUBI1 activity has been found to be associated with
increased accumulation of unprocessed MSPs on the merozoite surface [52].
Besides MSPs, PISUBI catalyses the proteolytic processing of a number of proteins
from merozoite, parasitophorous vacuole or parasitophorous vacuolar membrane
indicating multiple roles of the protein in the lifecycle of the parasite [53]. In addi-
tion to PESUB1, PfSUB2 also participates in proteolytic maturation of merozoite
MSPs and apical membrane antigen 1 (AMAL1). For instance, MSP1 proteolytic
processing needs both PISUB1 and PfSUB2. While PISUBI1 catalyses primary pro-
cessing of the protein just prior to egress, PESUB2 catalyses secondary processing
during erythrocyte invasion [54]. Expression of the gene coding for PfSUB2 is
tightly regulated with the protein being available strictly during the merozoite dif-
ferentiation stage. At this stage the protein is actually stored within the apical secre-
tory organelle called microneme, and during merozoite release it is translocated to
the posterior pole within the merozoite dense granules where it participates in the
late stage of erythrocyte invasion by the parasite [49, 55]. This trafficking of PESUB2
between merozoite micronemes and merozoite cell surfaces is regulated by auto-
catalytic protease activity of the protein. While the transmembrane domain of
PfSUB2 is necessary for microneme targeting, the cytoplasmic domain is required
for surface translocation of the protease following release from merozoite micro-
nemes [56]. Unlike PfSUB1 and PfSUB2, very little is known about the molecular
mechanism of action of the third subtilisin-like serine protease from Plasmodium
falciparum, PfSUB3. Although not directly experimentally demonstrated, the
observation that the expression of the protein is induced at the late asexual blood
stage of the parasite indicates a possible involvement of the protease in the merozo-
ite egress and invasion processes [57]. Besides, a recent study identified profilins as
the substrate of PfSUB3 [58]. Since eukaryotic profilins are multifunctional
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proteins with a primary role in regulation of actin filament assembly, a probable
function of the protease in Plasmodium motility, virulence and immune evasion has
been envisaged. Another class of proteases that have been found to play a role in
cleavage of microneme proteins thereby enabling host cell invasion by the pathogen
are thomboid proteases [59]. For example, a plasma membrane-localized
Plasmodium falciparum rhomboid protease PfROM4 catalyses the cleavage of
erythrocyte-binding antigen 175 (EBA175) expressed on the merozoite cell surface
[60]. EBA175 aids in the initial binding of merozoites with the erythrocytes through
their interactions with erythrocyte surface glycophorin A. Many of the Plasmodium
surface adhesins other than EBA175 alone have been found to be processed by the
parasite thomboid proteases PFROM1 and PfROM4 during the disengagement of
the merozoite from the erythrocyte binding for the subsequent host cell invasion
process. Included among these surface adhesins are TRAP, CTRP, MTRAP,
PFF0800c and others [61]. Besides a role in general shedding of Plasmodium cell
surface adhesins, rhomboid proteases have also been found to have significant con-
tribution towards proper modification of parasitophorous vacuole that aid in parasite
development within the host [62]. Also in the case of Plasmodium berghei ROM3,
PbROM3, a vital role in sporogony has been demonstrated [63].

8.3.2 Serine Proteases from Other Apicomplexan Parasites

Plasmodium spp. are not the only members of apicomplexan parasites that exhibit
ample use of serine proteases in their virulence mechanisms. Similarly, significant
contribution of serine proteases could be noticed in the molecular mechanisms of
host cell invasion by Toxoplasma gondii. Being an obligate intracellular pathogen,
T. gondii spends its entire lifecycle within a specialized parasitophorous vacuole
formed in the cytoplasm of infected cells [64]. During its survival within the vacu-
ole, the parasite produces many subtilisin-like serine proteases which play impor-
tant roles in the establishment of infection by the pathogen like TgSUB1. TgSUBI1
is processed within the secretory pathway of the parasite and finally secreted as
smaller products by the microneme [65]. Secreted and processed TgSUB1 then par-
ticipate in the processing of various micronemal proteins, thereby regulating adhe-
sive properties of different cell surface macromolecular complexes that are involved
in host cell invasion [66]. Besides TgSUBI1, T. gondii also possess other subtilisin-
like serine proteases like TgSUB2. A genetic approach to study the function of
TgSUB2 revealed its indispensible nature with respect to pathogen survival. The
protein undergoes autocatalytic processing during its passage through the pathogen
secretory pathway and localizes to rhoptries where it associates with ROP1. TgSUB2
therefore functions as a rhoptry protein maturase [67]. Among serine proteases
other than subtilisin-like family, rhomboid proteases of 7. gondii also contribute
significantly to the host cell invasion by the pathogen. Rhomboid proteases are
intramembrane serine proteases. 7. gondii genome codes for five nonmitochondrial
rhomboid proteases. However the expression of each of these rhomboid proteases is
dependent on the morphological form of the parasite. While TgROM1, TgROM4
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and TgROMS are expressed in the tachyzoite stage which is responsible for disease
development by the parasite, TeROM2 and TgROM3 are expressed in the oocyst
stage that is involved in transmission of the pathogen [68]. The key protease activity
necessary for host cell invasion by 7. gondii is provided by TgROMS that catalyses
the cleavage of MIC2 cell surface adhesin [68]. Although majority of the serine
proteases from 7. gondii are needed during host cell invasion which is the primary
step of establishing infection, there are instances available in the literature that
shows important roles of these proteases in the intracellular survival of the pathogen
as well. For example, genetic studies revealed key functions of TgROMI in the
intracellular growth of 7. gondii [69]. Besides, TgROM4 has been demonstrated to
maintain the normal apical-posterior gradient of 7. gondii cell surface adhesins
which is a prerequisite for efficient cell motility and successful host cell invasion by
the pathogen [70]. However despite their individual roles in adhesin cleavage, host
cell invasion and regulation of intracellular growth of 7. gondii, none of the rhom-
boid proteases are indispensible for the pathogen lifecycle [71]. This gives us a
glimpse of the redundant pathways maintained by the pathogen comprising differ-
ent classes of proteases to ensure host invasion by the pathogen and its subsequent
survival within the host environment.

8.3.3 Trypanosoma Serine Proteases

Trypanosomes are unicellular flagellated protozoa, most of which are transmitted to
vertebrate hosts by means of blood-feeding insects. These parasites cause various
fatal diseases in human like Chagas disease caused by Trypanosoma cruzi and
sleeping sickness caused by Trypanosoma brucei. One of the primary steps in the
establishment of disease by these parasites involves colonization of suitable host
cells. T. cruzi, for example, is capable of invading various types of mammalian cells
upon release into the host bloodstream through the bite of insect vectors. Once in
contact with a target cell, the parasite initiates invasion process that is found to be
linked with recruitment and fusion of host cell lysosomes at the invasion site [72].
This lysosome-mediated host cell entry of trypanosomes is however dependent on
increased intracellular calcium influxes within host cytoplasm [73]. One of the key
parasite enzymes involved in regulation of these calcium-signalling events is a ser-
ine protease called oligopeptidase B. Accordingly 7. cruzi mutants lacking oligo-
peptidase B gene were found to be defective in both host cell invasion and
establishment of infection [74]. Homologues of this key serine protease have also
been reported in 7. brucei. But unlike 7. Cruzi oligopeptidase B, T. Brucei oligopep-
tidase B exhibits trypsin-like enzyme specificity [75]. In addition to oligopeptidase
B, another class of secreted serine oligopeptidase has been reported in 7 cruzi. This
oligopeptidase however is secreted into the extracellular milieu through flagellar
pockets of the parasite. Moreover intracellular localization of the protein within the
reservosomes which are the acidic organelles present in the posterior region of the
parasite indicates a possible involvement of the protein in the general proteolysis
activities of the organelle [76]. A signal peptide peptidase having serine protease
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activity further adds on to the list of serine proteases essential for the survival of the
parasite. Genetic deletion strains of 7. brucei for the abovementioned genes showed
defective growth both in vivo and in vitro [77].

8.3.4 Entamoeba Serine Proteases

When it comes to the question of serine proteases involved in pathogenicity of
Entamoeba sp., the predominant role played by the rhomboid proteases comes to
the forefront. For instance, E. histolytica genome codes for four rhomboid prote-
ases, among which only one possesses catalytic residues necessary for exhibiting
proteolytic activity [78]. This ROM1 protein is usually localized within the parasite
surface. Upon phagocytosis of erythrocytes, however, it relocalizes to internal vesi-
cles. The localization is again altered during surface receptor capping when it could
be found at the base of the cap. The protease has been found to catalyse the cleavage
of the heavy subunit of Gal/GalNAclectin (Hgl) in vitro indicating a possibility of
Hgl to be one of the physiological substrates of ENROM1 [78]. Accordingly E. his-
tolytica strains that are silenced for EhROM I exhibited defects in both adhesion and
phagocytosis. However no changes in either cap formation or complement resis-
tance could be noticed in the said strain [79]. Although these observations were
obtained primarily in the non-virulent strains of the parasite, genetic deletion stud-
ies of ROM1 in virulent strains revealed even more novel functions. ROM1-deleted
virulent strains of E. histolytica exhibited defective motility indicating a possible
role of the protease in the amoebic motility [8].

8.4  Protozoan Aspartyl Proteases and Their Role
in Pathogenesis

One of the best characterized and explored protozoan aspartyl proteases playing
significant role in pathogen virulence includes plasmepsins from Plasmodium sp.
Primarily, the protease aids haemoglobin degradation within the parasite food vacu-
ole. The resulting degradation products that include mainly amino acids serve as
both nutrient and energy sources for the survival of the pathogen within intra-
erythrocytic environment [80]. Haemoglobin degradation function for plasmodial
plasmepsins however has been successfully assigned for only four of the total ten
members, namely, plasmepsins I, II, and IV and histoaspartic protease. Among
them a detailed study on the mechanism of trafficking of cytosolic plasmepsin II to
the acidic food vacuole of the parasite has been done. This particular study revealed
an initial transport of the protein through the secretory system to the cytostomal
vacuole. Within the cytostomal vacuole, the protease binds to its substrate haemo-
globin from where it is carried to the food vacuole where the actual degradation of
the haemoglobin takes place [81]. Moreover when it comes to the rest of the six
plasmepsins, the functions are mostly uncharacterized. Nevertheless a very unique
function could be demonstrated for one of the members, plasmepsin V by Goldberg
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DE and colleagues [82]. According to their study, plasmepsin V plays a key role in
the cleavage of the PEXEL motif within the Plasmodium exported proteins while
they are still present within the parasite endoplasmic reticulum. PEXEL is an essen-
tial signature motif for plasmodial exported proteins [83]. These PEXEL proteins
thus processed are then exported to the erythrocyte cytoplasm through an ATP-
driven translocon channel. Plasmodium exportome thus translocated and deposited
to erythrocyte cytosol plays a key role in suitable orchestration of the host environ-
ment for subsequent survival of the pathogen. Anything interfering in the normal
protein export process of the parasite therefore might alter the virulence of the
organism. Plasmepsin V hence can be considered to play a significant contribution
towards the pathogenicity of Plasmodium falciparum.

8.5 Protozoan Proteases as Drug Targets

It is due to their very important roles in the disease development process of the para-
sitic protozoans that the proteases could be targeted for chemotherapy of the con-
cerned disease. There are several instances available in the literature where one or
more of the key virulence-related proteases of the parasite are targeted to control the
respective disease. One such example of drug development against parasite prote-
ases dates back to 1996. During this period Erickson JW and his group designed a
series of low molecular weight compounds with potential to inhibit a key serine
protease of Plasmodium plasmepsin I that is involved in haemoglobin degradation
[84]. Further studies in this direction led to the discovery of an adaptive inhibitor for
the entire plasmepsin group of serine proteases of Plasmodium. Adaptive inhibitors
in general are targeted to and are specific to one of the members of a family of pro-
teins but have the flexibility to inhibit other members as well although with less
efficiency. This particular adaptive inhibitor against Plasmodium plasmepsin family
is targeted to plasmepsin II but can also inhibit plasmepsins IV and I and HAP with
almost equal efficiency [85]. Likewise aspartic acid proteases from other protozoan
parasites have also been evaluated extensively for their potential to become compe-
tent drug targets [86]. Cysteine proteases and serine proteases also serve as attrac-
tive targets for drug discovery against protozoan infection. However the greatest
hindrance in such drug development programmes involves specificity of the prote-
ase inhibitors used. In order to be accurate in imparting its inhibitory activities to
parasite proteases and not to similar family of host proteases, a drug needs to be
designed in accordance with the unique structure function relationship of the para-
site protease [87].

8.6 Conclusion

Protozoan proteases play key roles in the process of disease development by patho-
genic protozoa. These proteases participate in almost every essential step during the
infection of the host. Their contribution in the disease process starting from the
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initial recognition of the host cell receptors to their final entry within the host cell is
well substantiated in the literature. This class of protozoan proteases however is not
limited to any specific family of protease, but almost all the major family of proteo-
Iytically active enzymes are involved. These proteases therefore serve as promising
drug targets to control respective infection processes. However active research is
ongoing to identify more and more unique protease targets in different protozoan
parasite systems that can be used for development of suitable drugs against the
associated diseases.
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Regulation of Extracellular Matrix
Remodeling and Epithelial-
Mesenchymal Transition by Matrix
Metalloproteinases: Decisive Candidates
in Tumor Progression

Y. Rajesh and Mahitosh Mandal

Abstract

Tumor biology is intricate and multifaceted. The genetic and epigenetic altera-
tions accelerate normal cells to transform into aggressive malignant phenotype.
Molecular principles of invasion and metastasis are indeed indispensable for pro-
found understanding of tumorigenesis. The seeding pioneer cells from growing
tumor eventually discharge from the original clump of mutant cells, invading
adjacent tissues and mobilizing to distant sites. This attribute of cancer cells
reduces patient’s survival rate and prognosis. Inquisition of mechanistic approach
for metastasis is bestowed by two processes—extracellular matrix (ECM)
remodeling and epithelial-mesenchymal transition (EMT). Proteases pave the
way for invaders by breaking down the ECM and releasing pro-invasive factors
from cell surface and ECM. Indeed, highly conserved EMT program leads to
dissemination of single tumor cells from primary tumors. The zinc-dependent
matrix MMPs are the most important effectors in these processes and frequently
overexpressed in most of the tumors. Besides proteolysis, by activating or deac-
tivating several growth factors, MMPs affect tumor neoangiogenesis and prolif-
eration. The tissue inhibitors of metalloproteinases (TIMPs) play a central role in
complex regulation of MMPs. An apt equilibrium between TIMPs and MMPs is
significant in cell invasion and metastasis. These concepts are encouraged for
pursuing MMPs as a signature for predicting metastasis and also as therapeutic
target. A comprehensive understanding regarding enzyme-substrate interactions
and regulation and specific MMPs’ functionality in cancer addresses that MMP
inhibitors (MMPIs) should be specific in terms of MMP or degrading definite
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substrates. The scientific and clinical drive for second-generation MMPIs
through the development of pharmaceutical reagents and clinical trials determin-
ing the therapeutic benefit to cancer patients should be geared up.

Keywords
Invasion * Metastasis ® Extracellular matrix (ECM) ¢ Epithelial-mesenchymal
transition (EMT) » Matrix metalloproteinases (MMPs)

9.1 Introduction

The malfunctioning in cellular activities that are pivotal for growth, differentiation,
and tissue integrity leads to cancer. Failure in growth control results in amassing
cells and producing tumor. The key risk and underlying reason behind tumor-related
deaths are not primary tumors, but the secondary tumors, i.e., metastasis. The phe-
notypic and biochemical alterations in relation to growth factors, cell-cell adher-
ence, and genetic expression occur during metamorphosis of a normal cell into
invasive cell [1].The attributes acquired by a healthy cell in the course of transfor-
mation to malignant one are cell division in the absence of external growth stimula-
tory signals, growth in spite of exogenous growth inhibitory signals, evading
apoptosis, neoangiogenesis, potent immortalization, and invasion and metastasis
[2]. The molecular principles of invasion and metastasis are indispensable for pro-
found understanding of tumorigenesis. Furthermore, the issue is immensely signifi-
cant since 90% of all cancer deaths are attributed to metastasis. The conventional
therapeutic approaches target rapidly proliferating cells. New insights toward
molecular progression of invasion and metastasis might pave the way for new,
highly specific and potential tumor management strategies. The prerequisite for this
resolution is further research in the field, for the better comprehension of these
processes.

9.2 Invasion and Metastasis: The Critical Players of Cancer
Progression

9.2.1 Invasion

Cellular invasion is a cohesive procedure involving pathological processes (develop-
ing embryo, repairing tissue, healing wound, and immunity check) that are well cho-
reographed in the body. Basically, the chemo signals (hormones, growth factors/
metabolites), physical signals (tissue stiffness, cell density/cellular pattern and organi-
zation), and physicochemical proceedings (diffusion, cell activation and deactivation)
influence the migrating cells in a tissue. Mutational alterations in cellular invasion
signaling lead to arthritis, atherosclerosis, aneurism, multiple sclerosis, chronic
obstructive pulmonary disease (COPD), and cancer. Ninety percent of cancer-related
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deaths are attributed to this only. Cell invasion occurs as single cells or as collection
of cells in sheets or clusters on the basis of cell type and host tissue matrix. In cancer,
invasion occurs with less homogeneity. However, in leukemia, lymphoma, sarcomas,
and glioma, cells invade heterogeneously in pattern of single cells. But in tumors from
epithelial origin, collective cell configurations infiltrate poorly into structured clusters
or sheets. They expand, dedifferentiate (epithelial-mesenchymal transformation
(EMT)), and disseminate as single cells, ensuing metastasis and poor prognosis [3].
We will be focusing on single cell invasion (key mode of invasion in cancer). Cellular
invasion is associated with immunity, angiogenesis, and metastasis.

9.2.1.1 Immune Response

Immune cell invasion is a chief component, essential for infiltrative potential.
Normally, in immune response against infection, cells infiltrate the disrupted sites
with the help of various growth factors and cytokines’ released form blood clot
comprising cross-linked fibrin and extracellular matrix (ECM) proteins. The ECM
deposition is carried out by neutrophils, monocytes, and lymphocytes. Subsequently,
fibroblasts’ invasion offers contractile force for wound closure. Implication of inva-
sion signaling in immune cell migration during tissue repair is also associated with
disease progression such as in cancer [4]. The type of immune cells prevailing in
tumor microenvironment even aids as prognostic factor. It has been also proposed
that macrophages and mast cells maintain tumor inflammation, tumor growth pro-
motion, and tumor growth management by lymphocytes [5]. Hence, invading the
potential of macrophages and mast cell inhibition might attribute significantly
toward anticancer drive.

9.2.1.2 Angiogenesis

New vasculature sprouts by penetrating the tissue matrix and provides nutrients to
tissue in morphogenesis and regeneration. Angiogenesis in cancer occurs due to
deficit of nutrient diffusion and oxygen exchange [6], and this erratic signaling
forms new blood vessels with altered structure. The tumorigenic abnormalities lead-
ing to enhanced permeability and retention (EPR) effect are poorly aligned, and
irregular-shaped endothelial cells result in large fenestrations, leaky vasculature,
and deficient lymphatic drainage. This EPR effect could be exploited for delivering
macromolecular drugs [7]. Many anti-angiogenic strategies targeting endothelial
cell invasion are under clinical evaluation. The combinational approaches inhibiting
both endothelial and tumor cells’ invasion are on the horizon [8].

9.2.1.3 Lymphangiogenesis

Lymphangiogenesis refers to sprouting lymph vasculature for draining waste, dur-
ing morphogenesis and regeneration. It has a huge role in tumor progression and
metastasis and in tumors lacking sufficient lymphatic vessels causing EPR effect.
However, in lymph node metastasis (breast, colon, and prostate), the primary route
is lymphatic vasculature [9], and in some tumors, pro-lymphangiogenesis factors
promote lymph node metastasis [10]. Hence, lymphangiogenesis inhibitors might
effectively target tumor metastasis.
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9.2.1.4 Cancer Metastasis

The features that are involved in cancer metastasis are invading tumor cells to blood/
lymph vessel, intravasation, extravasation, and forming a secondary tumor by invad-
ing into the tissue. In brain tumors, the cancer cells infiltrate in the organ of origin
via cellular invasion signaling rather than metastasizing to other organs. This results
in poor survival outcome. Therefore, inhibiting cancer cells invading potential
would aid in improvising the therapeutic outcome. Likewise, poor survival outcome
is found in breast cancer metastasis. In breast cancer, cells metastasize to the lungs
and bone marrow [11].

9.2.2 Metastasis

In cancer, metastasis is the foremost cause of mortality in patient. The scientific and
clinical drive has to be geared up to unravel the poorly understood mechanisms of
metastasis. The enhanced knowledge in genetic/cellular behavior and biological
proceedings in cancer progression has added some new prospects in the diagnosis,
prognosis, and treatment of metastasizing diseases. Fine understanding regarding
the barrier’s role and paracellular permeability allowed formulating a new path
toward regulation of trespassing cancer cells and invading cells. The EMT bio-
marker offers new opportunity in the field of both prognostic methods and therapeu-
tic target for the metastatic prospective of a primary tumor. Angiogenesis has been
already established as a significant area in cancer therapy. A method directed toward
the detection of organ-specific spreading of solid tumors may grant a new approach
for targeting metastatic tumor cells. The genetic and epigenetic basis of metastasis
and the acquisition of ability to complete a series of steps involved in metastasis
during emergence of secondary tumors has to be revealed. Enormous challenges
have to be sorted out to anticipate these lines of research into clinical practice [11].

9.2.2.1 Mechanism Underlying Metastasis

Cell migration bypasses the physical resistance of 3D tissue networks involving dif-
ferent strategies depending upon the tumor type and surrounding tissue. The differ-
ent patterns of invasion are:

* In squamous cell esophageal cancers, invasion occurs through cone-like
arrangements.

* In breast cancers (lobular), cells migrate through ECM as single-file patterns.

* In thyroid cancers (anaplastic), invasion is carried out by single and sparse cells.

Single-cell migration involves isolated and dispersed tumor cells in an adjacent tis-
sue, whereas in collective cell invasion, healthy adjacent cells are being displaced
by moving cancerous tissue. Actually, cancer cells migrate and invade through the
ECM as single cell in fibroblast-/leukocyte-like fashion.

For establishing secondary sites of tumor growth, cancer cells leave the primary
tumor by losing adhering potential and gaining migratory and invasive capability, to
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disseminate to distant organs. This cascade is convoyed by variations in gene
expression and functions (loosing epithelial markers and gaining mesenchymal
markers), permeation of basement membrane, invasion of surrounding tissues, and
accession to blood and lymph vasculature. After intravasation, survival, and dis-
semination, target organs are recognized for further extravasation to develop as sec-
ondary tumors [12].

Invasion and Cell Migration

Cells with migratory potential invade tissues and vessels through extending cell
membrane protrusions under the influence of cyclic actin polymerization and depo-
lymerization. Initially, cells adhere to ECM via integrin- and FAK-containing com-
plexes. Then cells contract through actin-myosin 2 followed by the disruption of
cellular adhesion at the trailing edge. It has been reported that ECM remodeling and
degradation facilitate invasion through proteases/integrins and other adhesion
receptors on the cell surface. Cadherins and other cell-cell adhesion molecules in
migrating cell sheets or clusters assist intercellular adhesion. In the absence of
EMT, collective tumor cell migrates through Podoplanin (small transmembrane gly-
coprotein) via actin reorganization involving RhoA/ROCK and ezrin pathway.
Single-cell migration occurs in slow, “mesenchymal” or in fast, “amoeboid”
(requires no proteolytic ECM remodeling) fashion. The adhesion and signaling
molecules involved in migration and invasion are integrins, CD44, and IgCAMs
[13]. The Friedl group highlighted that upon blocking protease function cells switch
from mesenchymal to amoeboid fashion of migration [14].

Tumor Cell Dissemination and Epithelial-Mesenchymal Transition

During invasive progression, epithelial tumor cells breach the basement membrane
and form rigid sheet organized by adjacent belts of cell-cell adhesion molecules.
This underlying process involves EMT [15, 16]. Reduced cell polarity and epithe-
lial protein’s expression (E-cadherin, occludin, claudins, cytokeratins, or catenin
proteins), spindle-shaped morphology, increased migratory potential and mesen-
chymal proteins (N-cadherin, vimentin, tenascin C, laminin-p1 or collagen type VI
a) are the characteristic features of EMT [17]. The pathways involved here are
RTKs, TGFB, WNT, NOTCH, hedgehog [18, 19], and NF-kB [20]. The transcrip-
tion factors regulating EMT transcriptome program are the Snail family (SNAI1/
Snail, SNAI2/slug), ZEB family (ZEB1, ZEB2), and TWIST1, TWIST2, and E12/
E47 [19].

EMT promotes metastasis by [21]:

e Loss of cell-cell adhesion in invading tumor cells, as shown in E-cadherin knock-
out mouse models).

e Protein-degrading enzymes (matrix metalloproteinases (MMPs) that aided tis-
sue/vessel invasion are overexpressed in the tumor stroma).

* Exposed cryptic sites by cleaving ECM components (laminin 5/collagen IV)
stimulate migration/angiogenesis.
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e Activity of small GTPase is affected by the released 8-catenin from dissolved
E-cadherin complex.

e E-cadherin activity modulates RTK signaling by stimulating/repressing the
EGFR activity.

e E-cadherin modulates B-catenin signaling prominently in colon cancer.

e The Snail and Twist family inhibits apoptosis. Twist interferes with the cellular
differentiation and oncogene-induced senescence.

9.2.2.2 Organ-Specific Metastasis

Cancerous cells from a primary tumor eventually develop into a secondary tumor
through a series of interrelated and sequential steps. During metastasis maximum
circulating tumor cells fail to grow at distant sites. Latent period ranging from cou-
ple of years (as in breast cancer) to few months (as in lung cancer) exists between
infiltrating cancer cells at distant site, colonization, and progression to a secondary
tumor. The organs generally assailed by metastases are the bone, lung, liver, brain,
and adrenal medulla. Lungs are the common site of metastasis for many primary
tumors as they only first filter the tumor cells spreading through blood circulation,
whose venous output directly flows into the lungs. The incidence of pulmonary
metastasis is highest in testis, melanoma, osteosarcoma, and head and neck tumors.
During metastasis to solid organs, the liver is one of the most common sites. In case
of lung, breast, melanoma, renal, and colorectal tumor patients, cells frequently
metastasize to the brain. Bone metastasis is mostly seen in prostate, breast, and lung
cancer [22-24].

9.2.3 Regulatory Mechanisms in Invasion and Metastasis

The protein families that play a role in invasion and metastasis are enlisted in
Table 9.1, where some proteins are products of promoter/suppressor genes or targets
of proteins encoded by these genes. For instance, DNA-binding HIF fails to degrade
upon tumor suppressor von Hippel-Lindau (VHL) protein’s mutation; subsequently,
CXCR4 gene (encoding motility factor receptor attracting metastatic cells) gets
constitutively activated. The key players in distinct activities of invasive cells are the
members of these protein families. The proteins crucial in homotypic and hetero-
typic cell-cell adhesion that counteract primary invasion and stimulate metastasis
are cadherins and IgCAMs [26]. Apart from mechanistic role, they extensively par-
ticipate in signal transduction through their association with cytoplasmic compo-
nents and undergo ectodomain shedding for regulating invasion by their soluble
fragments. Integrin receptors and their ECM protein ligands mechanistically regu-
late cell-matrix adhesion and de-adhesion from cell to matrix and vice versa. This
interaction arrests cells in the matrix, assists migration and motility factors + recep-
tors, and stimulates locomotory machinery of cancer cells through their invasion
pathways [27]. Proteases pave the way for invaders by breaking down the ECM and
releasing pro-invasive factors from cell surface and ECM. Proteases with inactive
precursors get activated by other proteases, whereas active forms are neutralized by
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Table 9.1 Protein families influencing invasion and metastasis [25]

Gene type Gene involved Role of protein Type of progression
Promoter ERBB2 (HER2, | Receptor tyrosine kinase Metastasis
genes Neu)
FGF3 Heparin-binding growth factor Invasion and
metastasis
KRAS,, Hras Small GTPases Invasion
MADH, Transcription factor Metastasis
MYC HLH transcription factor Invasion
PI3K-y Protein and lipid tyrosine kinase Invasion
S100A4 Calcium binding Metastasis
SNAI1 Zinc finger transcription factor Invasion
SRC Non-receptor tyrosine kinase Invasion
Suppressor CDH, Calcium-dependent cadherins Invasion and
genes metastasis
KAIL TCR/CD3 tetraspanin coreceptor Metastasis
MADH, Transcription factor Invasion
MAP-K, Serine/threonine kinase Metastasis
PTEN Protein and lipid phosphatase Invasion
TIMP, Protease inhibitor Invasion
TP53 Regulator of transcription; growth | Invasion
arrest and apoptosis
TXNIP Thioredoxin-binding protein Metastasis
VHL Proteasomal degradation; Invasion
Transcription regulation

specific inhibitors. Normally, cells are anchorage dependent, and when they are
released from their substratum, they undergo apoptosis. But, invasive cancer cells
evade apoptosis via activation of growth and survival pathways and inactivation of
death pathways. The abovementioned proteins participate in integrated invasion
programs by forming multi-protein complexes, such as B-catenin assist as invasion
suppressor in E-cadherin/catenin complex and as invasion promoter in APC/
GSK-3p complex. These types of networks mediate positive and negative invasion
signaling pathways [28] in terms of invasion factors binding to specific receptors,
implicated in invasion and metastasis.

9.3  Processes Involved in Inquisition of Mechanistic
Approach of Tumor Progression

The cancer biology is intricate and multifaceted. During genetic and epigenetic
changes, normal cells transform into aggressive malignant phenotype. The manipu-
lation of migrating behavior of tumor generally affects proliferation/apoptosis or
both. Rather than regulating the migrating behavior of diffuse tumor, envision of
interventions that specifically target the invasive phenotype should be addressed.
The distant settlements of cancer cells are a bad news, with significantly reduced
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survival rate and poor prognosis. However, cancer cells depending on feedback and
paracrine signaling from other tumor cells and stromal cells have a profound influ-
ence on carcinogenesis and metastasis. It is well established that hallmarks of can-
cer include cell growth and metastasis facilitated by MMPs and TGF-f3, which
remodel the ECM. Indeed, highly conserved EMT program gives rise to dissemina-
tion of single tumor cells from primary tumors. Thus, it would be valid saying that
inquisition of the mechanistic approach of distant settlements/metastasis is being
bestowed by two processes—ECM and EMT.

9.3.1 Extracellular Matrix (ECM) Remodeling in Tumor
Progression

In cancer development, local microenvironment/niche of a cell has an important role
to play. The major components of niche are composite grid of ECM macromolecules
with distinct physical, biochemical, and biomechanical properties. It has a significant
and regulatory role during embryonic development, tissue development, and organ
homeostasis, but its deregulation results in cancer progression. The components of
ECM are proteins and polysaccharide macromolecules (collagen, elastin, fibronectin,
and laminin) [29]. The macromolecules constituting ECM glycosaminoglycans
(hyaluronan, chondroitin and dermatan sulfate, heparan sulfate, keratan sulfate), pro-
teoglycans, and fibrous proteins are produced by the adjacent cells attached to ECM.

e Hyaluronan resists compressive forces, creates cell-free pockets, and acts as
lubricating agent [30].

e Chondroitin level increases during brain injury, contributes in the regeneration of
damaged neurons, and limits the production of new neurites [31].

e In coagulation cascade, dermatan sulfate binds to thrombin and increases the
activity of active protein C [32]. These are majorly regulated by TGF-f [33].

e During skeletal muscle regeneration, the concentration of heparin sulfate glycos-
aminoglycans increases. This influences the hedgehog, wingless, and other
developmental pathways [34].

e The glycosaminoglycans perform as cofactors, coreceptors, stabilizers (for
growth factors/cytokines/chemokines), enzyme activity regulators, signaling
molecules (in wound healing/tumorigenesis/infections), and targets (for patho-
gen binding/invading cells) [32].

ECM serves as scaffold (tissue organization), biochemical and biomechanical cues
(cell growth/survival/migration/differentiation), and modulator (vascular develop-
ment/immune functioning). It aids in stem cell regulation and prevention of tumor
cells” invasion by conserving cellular polarity and architecture [35]. In cancer pro-
gression, abnormal ECM directly promotes cellular transformation and metastasis.
ECM deregulation varies the stromal cells’ activity and activation of tumor-associated
angiogenesis/inflammation, resulting in a tumorigenic microenvironment.
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9.3.1.1 Deregulated ECM Dynamics: A Player in Cancer Initiation
and Progression

The salient feature in tissue fibrosis is excess ECM production or reduced ECM
turnover. The prognostic indicators of breast cancer treatment are breast density,
reflecting elevated collagen and proteoglycan levels. Enhanced deposition, reduced
remodeling, or amplified posttranslational modifications (crosslinking of certain
ECM components) reflect increased breast density and high collagen content. The
remarkable changes noted in the architecture of tumor-associated ECM are highly
linearized collagen I in breast tumors and either adjacently oriented to epithelium or
projected perpendicularly into the tissue. Consistently, many ECM components are
frequently overexpressed in cancer, and deregulated biomechanical properties can
be oncogenic. Upregulated integrin signaling promotes cell survival and prolifera-
tion, upon increased collagen deposition or ECM stiffness owing to LOX overpro-
duction. Even deregulation of ECM remodeling evades apoptosis. Tissue invasion is
promoted by MMPs, which removes the physical barrier posed by basement mem-
brane [35, 36]. The role of ECM remodeling in cancer initiation and progression has
been depicted in Fig. 9.1. However, ECM of tumor basement membrane is porous
and leaky and even promotes tumor cell metastasis during cancer progression.

9.3.1.2 Disruption of the Basement Membrane and ECM

Basement membrane (BM) is an integral contributor to epithelial structure, provid-
ing physical boundary as well as a signaling substrate orienting cells via integrin-
based adhesions. In developing state, the BM of epithelial tumors acts as a barrier to
the invading transformed cells. Tumor cells that proteolytically disrupt the BM
attain the potential for metastasizing and malignant progression. Usually, the activ-
ity of ECM proteases is under tight control governed by specific localization, auto-
inhibition, and secreted tissue inhibitors. But in cancerous condition, this tight
regulation is disrupted by diverse mechanisms and proteolytic activities on base-
ment membrane and interstitial extracellular matrices. Additionally, a diverse array
of bioactive cleaved peptides generated by extracellular proteases facilitate tumor
invasion and modulate migration, cancer cell proliferation and survival, and tumor
angiogenesis [37]. During different stages of cancer progression, deciphering activ-
ities of pro- and antimetastatic components of extracellular proteases separately will
aid in designing clinically effective generation of protease inhibitors.

Malignant transformation is facilitated by actin-rich protrusions, termed invado-
podia, under the influence of integrin-mediated adhesion and focal adhesion forma-
tion, and MMP-mediated matrix degradation aided tumor cell invasion, followed by
tumor cell migration (via elevated Rho and Rac GTPase activity), actin assemblage,
and actomyosin-dependent cell tension. Thereafter, migratory phenotype is dictated
by dominant Rho family GTPase activity; mesenchymal migratory phenotype is dic-
tated by Rac GTPase activity, while amoeboid migration is favored by high RhoA
GTPase activity. Regularly, Ras oncogene stimulates Rho activity (for promoting
amoeboid migratory phenotype), whereas pS3 reduces RhoA activity (for inhibiting
tumor cell migration). During metastatic cascade, EMT favors metastasis of trans-
formed cells. This is nurtured by TGF-p secreted by infiltrating immune cells or
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C) MMP Signaling Pathway

Fig.9.1 (a) ECM Remodeling — The chronic inflammation/ tissue injury, TGFp, connective tissue
growth factor (CTGF), IL13 and other factors stimulate the chief ECM producer (fibroblasts and
myofibroblasts) for more ECM production. This ECM contributes towards positive feedback loop
by further stimulating fibroblasts for continuous production of ECM. Resultant fibrosis is a major
risk for developing cancer. Tumor cells induce fibroblast activation, endothelial cell proliferation
and leucocyte recruitment; in contact with stromal cells and effect of growth factors. Activated
fibroblasts and endothelial cells express MMPs and secrete growth factors/ ECM components. The
leucocytesdisplays activated phenotype under influence of MMPs, cytokines and chemokines. The
MMP derived from both the tumor and stromal cells hastens ECM degradation and growth factor
release, increasing stromal cell activation and remodeling process. The tumor cells promotecell
migration, invasion, survival, and proliferation. (b) EMT — Under the influence of EMT regulators
(Slug/Snail/Twist) stimulated growth factors and cytokines, the epithelial cells undergo mesenchy-
mal transition. This enhances the mesenchymal motility of the cells. They even attain the ability of
invading the vascular regions. The expression levels of mesenchymal markers (N Cadherin/
Vimentin/ Fibronectin) also get upregulated. (¢) MMP Signaling Pathway — Various signals inte-
grate towards MMP’s promoter activation. This ultimately results in elevation in MMP’s expres-
sion level. Thus, influencing the cell’s migratory and invasive potential

through ECM degradation. Cancer metastasis is stimulated by ECM stiffness pro-
moting TGF-B-induced EMT and a basal phenotype. Conversely, metastases could
be prevented by inhibiting collagen crosslinking and reducing matrix stiffening [38].

9.3.2 Epithelial-Mesenchymal Transition (EMT) in Tumor
Progression

EMT plays a critical role in the embryonic development, formation of body plan,
differentiation, and tissue repair. It is a highly conserved cellular program allowing
polarized, immotile epithelial cells to convert into motile mesenchymal cells.
Adbversely, it promotes invasion and metastasis, induces stemness, averts apoptosis
and senescence, and contributes to immunosuppression.
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Basically, EMT is a biologic process allowing the interaction of a polarized epi-
thelial cell with BM. It endures multiple biochemical changes, assuming mesenchy-
mal phenotype. The molecular processes involved in EMT are activation of
transcription factors, expression and reorganization of specific cell-surface proteins
and cytoskeletal proteins, production of ECM-degrading enzymes, and varied spe-
cific microRNA expression. Consequently, the involved factors are being exploited
as EMT biomarkers [39].

9.3.2.1 Correlation of EMT with Cancer Progression and Metastasis

The hallmarks of primary epithelial cancers are elevated epithelial cell proliferation
and angiogenesis [40]. The EMT activation in acquisition of invasive potential and
eventual metastatic dissemination is the critical mechanism involved in malignant
transformation [16]. In vitro and in vivo studies demonstrate that carcinoma cells
acquire mesenchymal phenotype and express mesenchymal markers (SMA, FSP1,
vimentin, and desmin) [41]. These typical cells are seen at the invasive front of pri-
mary tumors eventually entering into the invasion-metastasis cascade [16]. The cor-
relation of EMT with cancer progression has been illustrated in Fig. 9.1. The
EMT-inducing signals stemming from the tumor-associated stroma include HGF,
EGF, PDGF, and TGF-p, which subsequently induce EMT transcription factors
(Snail, Slug, zinc finger E-box binding homeobox 1 (ZEB1), Twist, Goosecoid, and
FOXC2) [16, 42]. These transcription factors, once expressed and activated, pleio-
tropically choreograph the EMT drive under the influence of intracellular signaling
like ERK, MAPK, PI3K, Akt, Smads, RhoB, p-catenin, lymphoid enhancer-binding
factor (LEF), Ras, c-Fos, and integrins. The EMT program is mediated by the dis-
ruption of cell-cell adherence junctions and integrin-driven cell-ECM adhesions.
Intense research also intensifies that TGF-p regulates tumor progression and metas-
tasis [39]. The signaling pathways involved in TGF-f-induced EMT are:

e Smad proteins mediated TGF-p-induced EMTs via ALK-5 receptor facilitating
motility [43]. Signaling pathways mediating 3-catenin and LEF cooperation with
Smads induce EMT [44, 45]. Studies also demonstrate that TGF-p/Smad/LEF/
PDGF axis induces EMT phenotype.

e p38 MAPK and RhoA-mediated TGF-p induce EMT under integrin influence.
Fibulin-5 augments TGF-p-induced EMT in a MAPK-dependent mechanism.
TGF- induces EMT in Ras-transformed cells (via MAPK) [46, 47].

e Raf mediates TGF-f-induced EMT promoting invasiveness [48].

e COX-2 inactivates Smad signaling and enhances TGF-p-induced EMT through
PGE2-dependent mechanism [49].

The link between loss of E-cadherin expression and EMT has been well established
[50]. Furthermore, in EMT, upon ectopic expression of E-cadherin containing
[B-catenin binding site, epithelial cell adhesion complexes reorganize suppressing
cell proliferation. Such cells lose mesenchymal phenotype [45]. The mutations in
E-cadherin gene make EMT cells more susceptible to EMT and metastasis [51].
The actions of EMT-inducing transcription factors facilitating acquisition of
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mesenchymal phenotype illustrate the central role played by E-cadherin loss [52]. A
correlation between loss of E-cadherin and Wnt signaling or high expression of
Snail in nucleus has been reported. The expression of Snail and E-cadherin is
inversely correlated with the prognosis of breast cancer and oral cancer patients [53,
54]. Some labs also report that MMP-3 facilitates genomic instability via Raclb-
and ROS-induced EMT [55] and noncoding microRNA regulation of EMT program
(miR200 and miR205 inhibiting the E-cadherin expression repressors, ZEB1 and
ZEB2 maintaining epithelial cell phenotype) [56, 57]. A loss of miR200 in breast
cancer is correlated with increased expression of vimentin and decreased levels of
E-cadherin [58], but miR21 upregulation facilitates TGF-p-induced EMT [59].

Here, it is also important to record the association between proteases and ECM
network. Invasion is favored by Snail and Zeb that induce the metalloprotease
expression for basement membrane’s degradation. By increasing the ROS cellular
levels, MMP-3 triggers EMT by inducing Snaill expression. FGF1-induced MMP-
13 and Eplysin via TGF-p also trigger EMT. In colon cancer, metastasis is being
promoted by overexpression of transmembrane serine protease TMPRSS4-induced
EMT through Zeb transcription and E-cadherin downregulation. EMT, invasion,
and metastasis are also being promoted by an ECM protein “Periostin” secreted by
osteoblasts via PI3K/Akt interaction with integrins [60].

9.4  Aspect of Extracellular Proteases in Tumor Progression

The tumor cells invade and metastasize by breaching ECM and several tissue layers.
For this, activation of proteolytic enzymes is a must, and apart from ECM proteins,
other components such as glycosaminoglycans are also degraded. Perhaps zinc-
dependent MMPs are vital in this process and are frequently overexpressed in most
of the tumors. The endopeptidases are secreted by macrophages, mast cells, and
fibroblasts. The cellular substrates involved in MMP’s degradation are fibronectin,
collagen, laminin, and proteoglycans. Actually in ECM, soluble MMPs are secreted
as inactive proenzymes which are activated by other enzymes [61]. By activating or
deactivating several growth factors, MMPs also affect tumor neoangiogenesis and
proliferation. The tissue inhibitors of metalloproteinases (TIMPs) play a central role
in complex regulation of MMPs. An apt equilibrium between TIMPs and MMPs is
of essential relevance in cell invasion and metastasis.

9.4.1 Role of Matrix Metalloproteinases in Cancer

Advanced cancer research dealing with intended role of proteolysis in tumor inva-
sion and metastasis analyzed the role of MMPs in tumor progression through identi-
fied members of MMP family (as secreted enzymes + ECM components as substrate)
and elevated expression of MMPs. This motivated many laboratories for designing
proof-of-principle experiments. Initial experiments justified that the endogenous
MMP inhibitors modulated the MMP activity by manipulating the levels of TIMPs.
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These advances encouraged for pursuing MMPs as therapeutic targets, but unlikely
the number of MMPs expanded to more than 20. Their expression pattern deter-
mines cell- and tissue-specificity. The expansion of MMPs’ role affecting angiogen-
esis and growth of both benign and malignant tumors, substantially the range of
potential relevant substrates, got broadened. The development of pharmaceutical
reagents and initiation of clinical trials targeting MMPs enhance the therapeutic
benefit to cancer patients [1]. Further understanding of MMP biology, their regula-
tion, expression pattern in different types of tumor, role in invasion, metastasis,
ECM remodeling, EMT and tumor growth, and biomarkers will finely tune our
knowledge in developing anticancer therapeutics by potentially inhibiting MMPs.

9.4.2 MMP Biology

MMPs are zinc-dependent endopeptidases of metzincin family of enzymes coding
highly conserved zinc-binding motif. They are also known as matrixins degrading
all kinds of ECM proteins and acting upon various bioactive molecules. MMPs
cleave cell-surface receptors, release apoptotic ligands (like FAS ligand), and
mediate chemokine and cytokine activation or inactivation [62]. MMPs regularly
affect cellular proliferation, differentiation, migration, apoptosis, angiogenesis,
and host defense. The MMPs’ physiological and cellular function includes cell
migration through ECM degradation, changes in cellular behavior, and modifica-
tion in the activity of biologically active molecules by direct cleavage/their inhibi-
tors/their release. They are released as inactive proenzymes, activated by factors
and TIMP. Brew et al. reported that imbalance in the MMP and TIMP levels might
lead to pathological conditions [63]. Various reports validate correlation between
overexpression of MMPs and inflammatory, malignant, and degenerative diseases
[64, 65].
The structural sketch of MMPs defines three domains, namely:

e Propeptide domain—keeps the enzyme inactive. The conserved cysteine residue
interacts with zinc in the active site to inhibit binding and cleavage of the sub-
strate. The enzyme gets activated upon proteolytic cleavage intracellularly (by
furin) or extracellularly (by other MMPs/serine proteinases such as plasmin) of
this domain [66].

e Catalytic domain—zinc-binding motif is its structural signature. The active site
comprises of Zn?* ion bound by three histidine residues forming a shallow groove
that binds to the substrate.

* Hinge region—the 75 amino acids’ long linker region that connects the catalytic
domain to the C-terminal domain is essential for enzyme’s stability.

e Hemopexin-like C-terminal domain—its polypeptide chain organizes into four
B-sheets that symmetrically arranges around a central channel, resulting into
four-bladed p-propeller structure. The structural flat surface is involved in inter-
actions between proteins determining substrate specificity (e.g., TIMP).
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An interface between cysteine-sulfhydryl group (propeptide domain) and zinc ion
(bound to catalytic domain) keeps the enzyme in inactive form. Actually, MMPs
synthesized as inactive zymogens require proteolytic removal of propeptide domain
for activation. Major MMPs are activated extracellularly under the influence of ser-
ine proteinases or other activated MMPs. Some MMPs (MMP-11, MMP-28, and
MT-MMPs) are intracellularly activated by furin-like serine proteinases [66].
MMP-2 gets activated at the cell surface involving MMP-14 (MT1- MMP) and
TIMP-2 via unique multistep pathway (TIMP-2 binds to MMP-14 at amino termi-
nal and pro-MMP-2 at carboxy terminal, and then cleavage of non-inhibited MMP-
14 occurs from bound pro-MMP-2, and for MMP-2 activation, the removal of
residual portion of MMP-2 propeptide is necessary) [67]. Thrombospondin-1 shows
inhibitory action on activated MMP-2 and MMP-9 by binding to pro-MMP-2 and
pro-MMP-9 [68]. The well-established endogenous MMP inhibitors are TIMP-1,
TIMP-2, TIMP-3, and TIMP-4 reversibly inhibiting MMPs in 1:1 stoichiometric
fashion [69].

Proteolytic degradation of ECM’s structural components by MMPs enhances the
cell migratory potential (such as cleavage of laminin 5 and collagen type IV results
in the “cryptic sites” that enable migration [70, 71] and cleavage of IGF-BP and
perlecan releases IGFs and FGFs [72, 73]. However, MMP-2 and MMP-9 influence
the release of TGF-f} from an inactive extracellular complex [74]. MMPs even target
cell adhesion molecules such as E-cadherin and CD44 resulting in the release of
extracellular domain fragments. This mechanism increases the invasive potential of
the cells [75, 76]. It has been also observed that MMP-14 cleaves a-v integrin sub-
unit precursor. This enhances the migratory potential of cancer cells. Additionally,
MMPs cleave proteinase inhibitors (serpins) and even other MMPs [66].

9.4.3 MMP Expression in Tumor and Underlying Mechanism

Since long it is understood that proteinase activity is essential for tumor cells to
invade and metastasize to distant sites, where the potentially invasive cells first
attach to BM via cell-surface receptors (integrin) and administer extracellular pro-
teolytic action, and cellular locomotive action is initiated, depending on chemo-
tactic factors. Since proteolysis of BM and ECM components is considered to be
an essential step in cancer invasion and metastasis, tumor proteases are consid-
ered to be accessible targets for therapeutic intervention. It is evident that MMP
activity contributes to early-stage tumorigenesis, angiogenesis, and later events of
invasion and metastasis. Let us now overview the role played by MMPs in tumor
progression.

The MMPs are abundantly expressed in malignant disease. A survey on tumor-
associated MMPs is shown in Table 9.2. Literature findings reveal that a positive
correlation exists between level of MMPs expression and tumor grade. Alongside,
research on levels of endogenously produced inhibitors reveals that elevated MMP
levels and reduced TIMP levels define the aggressiveness of a tumor [81-84]. These
findings led to a concept stating that aggressive, invasive, and metastatic potential of
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a tumor is influenced by proteolytic degradation, owing to the imbalance between
proteases and their inhibitors. The protein level data reveals that MMPs are mostly
produced by stroma surrounding the tumors in response to signals from tumor cells
through soluble factors or by cellular contact. The MT1-MMP acts as receptor and
activator of gelatinase A (produced by surrounding stromal cells). It has been also
observed that advanced tumor cells undergoing EMT express a range of elevated
MMPs. The MMP levels are usually assayed by zymography, immunoblotting,
ELISA, and IHC.

In tumorigenesis, MMPs potentially affect both cellular proliferation and apop-
tosis by altering BM and ECM substrates [85, 86]. Apart from BM and ECM com-
ponents being the potential substrates for MMPs, growth and apoptotic factors also
provide the basis for MMPs’ effect on cellular processes, ultimately leading to the
establishment and growth of tumors. Such potentiating role of MMPs in processing
or releasing of such factors has to be certainly assessed. The various signaling path-
ways integrate for promoting MMP activity and subsequent cell migration and inva-
sion. This network has been illustrated in Fig. 9.1. The MMPI inhibition targeting
growth factors or their receptors has been reported [87]. The gelatinase A activity
can accomplish the cleavage of FGF type 1 receptor [88]. Such an event maintains
its ligand-binding ability, which may further modulate growth and angiogenesis-
allied activities of FGF. Other reported MMP substrates are EGFR ligands such as
amphiregulin, TGF-a, and HB-EGF [87, 89]. TNF-« is also processed to its soluble
form by several MMPs in vitro [90]. The growth factor’s activity can also be syn-
chronized by sequestering or by binding proteins (BPs), for instance, IGF-BPs regu-
late IGF’s bioavailability by checking its interaction with receptors. Accumulating
evidences demonstrate potential cleavage of IGF-BPs by various MMPs [91, 92];
hence, free IGF increases tumor cell’s proliferation rate. Some ECM proteins even
sequester growth factors [93]. For instance, an ECM protein “decorin” binds to
TGF-, being substrate of matrilysin, stromelysin-l, and gelatinase A upon enzy-
matic cleavage release of TGF-f [94]. The action of MMPs on ECM proteins results
in death signals transmitted to cells through integrin, a cell-matrix adhesion mole-
cule [95]. E-cadherin controls tumor growth, and loss of this aids in overcoming the
normal contact inhibition of cellular proliferation [96].

9.4.4 MMPs in Tumor Invasion and Metastasis

The invasiveness of tumor cells in correlation with metastasis can be evaluated
quantitatively in vitro using embryonic chick heart invasion assay [97], amnion
invasion assay [98], and matrigel invasion assay [99, 100]. Such assays showcase
a correlation between invasive ability and MMP’s expression. The examination of
increasing metastatic variant of murine melanoma cells expressing type IV col-
lagenase [101] involved a collagen degradation assay. The study implicated that
collagenase activity increases with the metastatic potential of cells. In case of
natural MMP inhibitors—TIMPs [98]—protease inhibitors blocked tumor cell
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proliferation, attachment to amnion, and migration through noncoated filters.
Schultz and colleagues using recombinant TIMP-1 demonstrated that invasive
murine melanoma cells depend on metalloproteinase activity for invasion [102].
Some studies also demonstrate that sufficient level of MMP’s expression increases
invasion. The implantation of DU-145 cells in nude mice generated an invasive
phenotype through the expression of matrilysin [103]. Moreover, gelatinase A
activator MT1-MMP increased the invasive potential in three different tumor cell
lines [104].

The introduction of recombinant or transfected TIMPs modified MMP activity,
demonstrating the role of MMPs in in vivo metastatic models [105]. The adminis-
tration of recombinant TIMP (rTIMP) to mice bearing B16-FIO melanoma cells
significantly reduced the number but not the size of metastasis. This study indicates
that inhibition of proteinase activity does not affect the growth rate of tumor cells
[102]. The TIMP-2 distinctly reduced the tumor growth rate and moderately sup-
pressed hematogenous metastasis in mice bearing TIMP-2-transfected cell line. The
tumor growth rate was regulated by inhibiting tumor mass expansion and subse-
quent suppression of local invasion. Of late TIMP and TIMP-4 have been reported
as a metastasis inhibitor in a breast cancer mouse model [105]. The gelatinase
B-positive cells generated metastatic lesions in nude mice. The MMPI, batimastat
[BB-94], has significantly reduced the number of lung metastasis [106].
Radiolabeling of tumor cells before injecting serves the purpose of monitoring the
distribution of cells to organs and site of arrest. BB-94 was not able to arrest in the
lungs but prevented retention by blocking extravasation. In an ovarian cancer model,
it reduced the tumor size and increased the survival time [107]. CT1746, orally
active, and gelatinase A/B, stromelysin-1 specific MMPI, prolonged survival time
(51 to 78 days), reduced primary tumor growth (by 32%), and significantly reduced
total spread and tumor metastasis [108]. Multiple studies highlight that tumor inva-
sion and resulting metastasis mediated through MMPs could be controlled by both
natural and synthetic metalloproteinase inhibitors.

9.4.5 MMPs: Regulator Protein Family of ECM Remodeling
and EMT

As we all know, MMPs belong to metalloendopeptidase family which cleaves the
ECM protein components and thereby plays a fundamental role in tissue remodeling.
Since long MMPs were thought to function principally as ECM composition’s regula-
tors facilitating cell migration by removing barriers like collagen. However, the role
of MMPs in the regulation of growth factors and their receptors, cytokines, and che-
mokines, adhesion receptors and cell-surface proteoglycans, and a variety of enzymes
is well implicated. Therefore, MMPs play a significant role in controlling cellular
interactions in response to the environment. The proteolytic activity of MMPs leads to
important insight. On the basis of specificity for ECM proteins, MMPs are broadly
classified into collagenases, gelatinases, stromelysins, and matrilysins [109].
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Table 9.3 EMT traits and corresponding MMP expression in different cancer

Cancer model Specific EMT traits MMPs expressed References
Bladder cancer E-cadherin reorganization MMP-2 [111]
Breast cancer Lack of E-cadherin, vimentin and | Activation of [112]
invasive potential MT1-MMP, MMP-2
Bronchial cancer Altered vimentin expression and | MMP-3, MMP-9, and | [113, 114]
migratory potential MMP-11
Prostate cancer Loss of E-cadherin, vimentin, MT-MMP [115]
and invasive potential
Cervical cancer Loss of E-cadherin, vimentin, Activation of [116]
and invasive potential MT1-MMP, MMP-2
Squamous cell Loss of E-cadherin, vimentin MMP-2 [117]
carcinoma

EMT is a fundamental biological process in tumor metastasis. During which
transcription factors from zinc finger family (like Snail, Slug, Twist, and MMPs) are
upregulated. A highly invasive A431-III tumor subline displayed the correlation
between MMP levels and EMT promotion. Treatment with a broad-spectrum MMP
inhibitor (GM6001) reduced vimentin and fibronectin in A431-P and A431-II1 cells.
This indicates that the MMP-9 induced EMT in association to elevated invasion and
metastasis. Reports highlight that the prevalence of MMP-2, MMP-3, and MMP-9
leads to the disruption of cell adhesion by processing the cell-cell and cell-ECM
contact components and by interfering E-cadherin’s function. MMP’s procession of
E-cadherin initiates EMT and detaches tumor cells and transfers into the stroma;
stationary epithelial cells attain motility [110]. The EMT traits and corresponding
MMP expression in different cancer have been listed in Table 9.3. Hence, EMT-
associated MMPs are also a promising therapeutic target. The correlation among
MMPs and ECM remodeling/EMT in cancer progression has been also finely
depicted in Fig. 9.1.

9.4.6 MMPs as Biomarkers in Cancer

Clinically, several biomolecules assisting diagnostic decision-making for cancer
patients have been developed. A biomolecule has to be sensitive and specific enough
to employ as a diagnostic marker. They can be detected in the blood, serum, saliva,
or urine. In cancer patients, body fluids with elevated levels of numerous MMPs
have been reported. This aroused the question whether MMP profiling of body flu-
ids can be employed as a cancer diagnostic marker. It is very appealing since it
unlocks the way for quick, noninvasive test convenient for screening large popula-
tions with increased risk of cancer. A study involving 300 colon cancer cases dem-
onstrated high serum level of MMP-9 in malignant and premalignant lesions in
comparison with benign lesions. The selected threshold value showed sensitivity up
to 99% and specificity up to 63% [118]. A quick and noninvasive analysis predicting
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the suspicion of cancer would be effective in terms of both time and resources. The
serum MMP-9 levels are currently being employed as an accurate test for colon
cancer patients [119]. There are also evidences displaying the presence of MMP-2
and MMP-9 as a marker of bladder and prostate cancer [120, 121]. Additionally,
studies involving tissue fluids of different cancers assessed the diagnostic value of
MMP-2, MMP-7, and MMP-9 and/or TIMP-1 and TIMP-2 [77]. However, these
tests fail to demark the patients with malignant tumors and benign tumors or an
inflammatory disease. Similar genre of MMPs are upregulated in different types of
cancer as well as in inflammatory diseases, hence IHC is often employed in clinical
pathology as a differentiating tool for benign and malignant tumors and also among
different type of cancers. Recently, research has established MMP-11 to be more
effective in this context [122, 123].

The standard treatment procedure involves surgical abscission of tumor followed
by adjuvant therapy like radio/chemo/hormonal therapy or angiogenic/kinase inhib-
itors. The treatment procedure implemented might pose adverse effects, and inabil-
ity to identify patients with low risk of tumor recurrence might be overtreated.
Recent development of biomarkers predicting the chances of relapse has contrib-
uted toward treatment stratification. There are accumulated evidences addressing
the potential of MMPs and TIMPs as prognostic markers in different cancer.
However, owing to conflicting results, it is not that easy to draw general conclusions
concerning prognostic value of MMPs/TIMPs in cancer. The possible reasons
behind this are [77]:

e Since MMPs are multifunctional in nature and their specific role depends on the
acting substrate in a biological situation such as variation between patients,
organs, phases of tumorigenesis, and progression.

e TIMPs are multifaceted proteins and their MMP-independent roles are in start-
ing phase.

e Variations in the parameters considered for studying such as:

— MMP/TIMP level in blood/urine or tissue samples/extracts
— Enzymatic activity or total expression at transcription/translation level
— Separating active enzymes and proenzymes or MMP/TIMP expressing cell

types

Therefore, a confirmatory approach for validating the findings to establish MMPs/
TIMPs as a prognostic marker in the field of cancer has to be generated.

9.5 MMPs: Therapeutic Intervention

Since long, MMPs were considered to be matrix-degrading enzymes and MMPIs to
downregulate the invasive and metastatic potential. Clinically, the drugs were not
able to offer survival benefit to patients and sometimes reduced the survival rate,
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and severe adverse effects were also reported. The reasons behind the therapeutic
failure which helped in modifying the therapeutic strategy involving MMPs are:

e The patients enrolled in clinical trials were in advanced stage, and MMPs are
involved in early stages of tumorigenesis, and the drugs targeting MMPs might
be effective if applied in nonmetastatic patients.

e Preclinical mouse experiments involving MMPIs were generally successful, as
they were administered before developing metastasis.

e The first-generation MMPIs come under broad-spectrum inhibitors inhibiting
both tumor-promoting and tumor-repressing MMP activities.

e Level of MMP expression in patients enrolled for clinical trials should be checked
and administered as adjuvant therapy with conventional cytostatic drugs or radia-
tion [124].

These findings indicate that new MMPIs developed should be specific in terms of
MMP or degradation of certain substrates. This is challenging because the active
sites of MMPs are very similar among MMP family members. But different MMPs
have different subsites/pockets in active site clefts. The substrate specificity is
defined by the ability of the cleaving substrate to fit into these pockets [125]. Instead
of targeting the active site Zn ion, such subsites should be focused for designing
more specific MMPIs [126]. Additionally, targeting exosites or noncatalytic sites in
MMPs may inhibit detrimental effects of MMP, as it is known that large protein
substrates require cross talk between active site and noncatalytic domains for effi-
cient cleavage [127]. An example displaying exosite’s requirement is collagenases
(MMP-1) which aided cleavage of triple-helical collagen. The large triple-helical
cord is processed (unwinding hemopexin domain of collagenases acts as un-
helicase) to fit into the cleft of active site and hydrolyzed [128, 129]. Targeting
exosites of defined substrates might aid in inhibiting specific MMP functions only,
not their entire activity. However, comprehensive understanding regarding enzyme-
substrate interactions and regulation and role of specific MMPs in different cancers
will certainly aid in designing such drugs. Another possibility is targeting MMPs at
expression level [130, 131] or generating specific cytostatic drugs as prodrugs by
exploiting the advantage of elevated MMP expression in tumors. Prodrug approach
would release higher concentrations of active drug in the tumor environment after
being processed by cancer-associated MMP and successively reduce the adverse
effects in other tissues. The MMP synthesis could be usually inhibited by agents
which avert them from associating with the molecules mediating their activities to
the cell surface or impeding their enzymatic activity. The different approaches
inhibiting MMP gene transcription, targeting extracellular factor signal transduc-
tion pathways or nuclear factors that stimulate genetic expression and downregulate
MMP production, have been illustrated in Table 9.4.
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9.6 Conclusion

It is immensely significant to observe that 90% of cancer deaths are attributed to
metastasis. The underlying molecular principles of invasion and metastasis would
aid in profound understanding of tumorigenesis. New insights toward molecular
progression of invasion and metastasis might pave the way for new, highly specific,
and potential tumor management strategies. The prerequisite for this resolution is
further research. Cancer cells leave the primary tumor to disseminate to distant
organs. This cascade is convoyed by variations in gene expression and functions,
such as loss of epithelial markers and gain of mesenchymal markers. The genes
determining these activities are defined as metastasis initiation genes, promoting
cell motility, EMT, ECM degradation, angiogenesis, or evasion of immune system.
ECM deregulation varies the stromal cell behavior, switch on tumor-associated
angiogenesis, and inflammation. EMT is implicated in promoting carcinoma inva-
sion and metastasis. Apart from endowing cells with migratory and invasive proper-
ties, EMT induces stemness, averts apoptosis and senescence, and contributes to
immunosuppression. The EMT program is mediated by the disruption of cell-cell
adherence junctions and integrin-driven cell-ECM adhesions.

Proteases pave the way for invaders by breaking down the ECM and releasing
pro-invasive factors from cell surface and ECM. A diverse array of bioactive cleaved
peptides generated by extracellular proteases facilitate tumor invasion and modulate
migration, cancer cell proliferation/survival, and tumor angiogenesis. During differ-
ent stages of cancer progression, deciphering activities of pro- and antimetastatic
components of extracellular proteases will aid in designing clinically effective gen-
eration of protease inhibitors. It is also important to record the association between
proteases and ECM network. Tumor cells breach through ECM via activation of
proteolytic enzymes. The MMP family member’s functionality (as secreted enzymes
+ ECM components as substrate) and elevated expression of MMP motivate several
laboratories for designing principle experiments and scrutinizing the MMPs’ role in
tumor progression. These advances are encouraged for pursuing MMPs as therapeu-
tic targets. Further understanding of MMP biology, their regulation, expression pat-
tern in different types of tumor, role in invasion, metastasis, ECM remodeling, EMT
and tumor growth, and biomarkers will finely tune our knowledge in developing
anticancer therapeutics (by potentially inhibiting MMPs). The second-generation
MMPIs developed should be specific in terms of MMP or degradation of certain
substrates. MMPs should be targeted at expression, transcription, extracellular fac-
tors, signal transduction pathways, or nuclear factor level. The development of phar-
maceutical reagents and initiation of clinical trials via strategic inhibition of MMPs
would aid in paradigm shift in cancer therapy.

Acknowledgments We gratefully acknowledge the Department of Science and Technology
(DST)—INSPIRE—India.



9 Regulation of Extracellular Matrix Remodeling and Epithelial-Mesenchymal... 187

References

11

12.

14.

15

17.

18.
19.

20.

21.

22.

23.

24.

. Leber MF, Efferth T (2009) Molecular principles of cancer invasion and metastasis. Int

J Oncol 34:881-895

. Hahn WC, Weinberg RA (2002) Rules for making human tumor cell. N Engl J Med

347:1593-1603

. Veiseh O, Kievit FM, Ellenbogen RG, Zhang M (2011) Cancer cell invasion: treatment and

monitoring opportunities in nanomedicine. Adv Drug Deliv Rev 63(8):582-596

. Coussens LM, Werb Z (2002) Inflammation and cancer. Nature 420:860-867
. Pages F, Galon J, Dieu-Nosjean MC, Tartour E, Sautes-Fridman C, Fridman WH (2010)

Immune infiltration in human tumors: a prognostic factor that should not be ignored.
Oncogene 29:1093-1102

. Friedl P, Gilmour D (2009) Collective cell migration in morphogenesis, regeneration and

cancer. Nat Rev Mol Cell Biol 10:445-457

. Maeda H, Sawa T, Konno T (2001) Mechanism of tumor-targeted delivery of macromo-

lecular drugs, including the EPR effect in solid tumor and clinical overview of the prototype
polymeric drug SMANCS. J Control Release 74:47-61

. Cook KM, Figg WD (2010) Angiogenesis inhibitors: current strategies and future prospects.

CA Cancer J Clin 60:222-243

. Tammela T, Alitalo K (2010) Lymphangiogenesis: molecular mechanisms and future prom-

ise, cell 140 (2010) 460-476. Cell 140:460-476

. Alitalo K, Tammela T, TVP P (2005) Lymphangiogenesis in development and human dis-

ease. Nature 438:946-953

. Martin TA, Ye L, Sanders AJ, Lane J, Jiang WG (2000) Cancer invasion and Metastasis:

molecular and cellular perspective. Madame Curie Biosci Database:1-34
Yilmaz M, Christofori G, Lehembre F (2007) Distinct mechanisms of tumor invasion and
metastasis. Trends Mol Med 13(12):535-541

. Van Zijl F, Krupitza G, Mikulits W (2011) Initial steps of metastasis: cell invasion and endo-

thelial transmigration. Mutat Res Rev Mutat Res 728(1-2):23-34

Sabeh F, Shimizu-Hirota R, Weiss SJ (2009) Protease-dependent versus -independent can-
cer cell invasion programs: three-dimensional amoeboid movement revisited. J Cell Biol
185:11-19

. Christofori G (2006) New signals from the invasive front. Nature 441:444-450
16.

Thiery JP (2002) Epithelial-mesenchymal transitions in tumour progression. Nat Rev Cancer
2:442-454

Jechlinger M, Grunert S, Tamir IH, Janda E, Ludemann S, Waerner T, Seither P, Weith A,
Beug H, Kraut N (2003) Expression profiling of epithelial plasticity in tumor progression.
Oncogene 22:7155-7169

Massague J (2008) TGFbeta in cancer. Cell 134:215-230

Huber MA, Kraut N, Beug H (2005) Molecular requirements for epithelial-mesenchymal
transition during tumor progression. Curr Opin Cell Biol 17:548-558

Huber MA, Azoitei N, Baumann B, Grunert S, Sommer A, Pehamberger H, Kraut N, Beug H,
Wirth T (2004) NF-kappaB is essential for epithelial-mesenchymal transition and metastasis
in a model of breast cancer progression. J Clin Invest 114:569-581

Geiger TR, Peeper DS (2009) Metastasis mechanisms. Biochim Biophys Acta Rev Cancer
1796(2):293-308

Debois IM (2002) TXNXM : the anatomy and clinics of metastatic cancer. Kluwer Academic
Publisher, Dordrecht

Schouten LJ, Rutten J, Huveneers HA TA (2002) Incidence of brain metastases in a cohort
of patients with carcinoma of the breast, colon, kidney, and lung and melanoma. Cancer
95:2698-2705

GR M (2002) Metastasis to bone: causes, consequences and therapeutic opportunities. Nat
Rev Cancer 2:584-593



188

Y. Rajesh and M. Mandal

25

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.
41.
42.

43.

44.

45.

46.

47.

48.

. Martin TA, Ye L, Sanders A et al (2000) Cancer invasion and metastasis: molecular and cel-
lular perspective. 1-7

Birchmeier W BJ (1994) Cadherin expression in carcinomas: role in the formation of cell
junctions and the prevention of invasiveness. Biochim Biophys Acta 1198:11-26

Trusolino L, Bertotti ACP (2001) A signalling adapter function for alpha6p4 integrin in the
control of HGF-dependent invasive growth. Cell 107:643-654

Mareel M LA (2003) Clinical, cellular, and molecular aspects of cancer invasion. Physiol Rev
83:337-376

Arakaki PA, Marques MR, MCS (2009) MMP-1 polymorphism and its relationship to patho-
logical processes. J Biosci 34(2):313-320

Alberts B (2008) Molecular biology of the cell, 5th edn. Garland Science, New York
Friedlander DR et al (1994) The neuronal chondroitin sulfate proteoglycan neurocan binds
to the neural cell adhesion molecules Ng-CAM/L1/NILE and N-CAM, and inhibits neuronal
adhesion and neurite outgrowth. J Cell Biol 125(3):669-680

Trowbridge JM, RLG (2002) Dermatan sulfate: new functions from an old glycosaminogly-
can. Glycobiology 12(9):117R-125R

Bassols A, JM (1988) Transforming growth factor beta regulates the expression and struc-
ture of extracellular matrix chondroitin/dermatan sulfate proteoglycans. J Biol Chem
263(6):3039-3045

Hacker U, Nybakken K, NP (2005) Heparan sulphate proteoglycans: the sweet side of devel-
opment. Nat Rev Mol Cell Biol 6(7):530-541

Lu P, Weaver VM, Werb Z (2012) The extracellular matrix: a dynamic niche in cancer pro-
gression. J Cell Biol 196(4):395-406

Lu P, Takai K, Weaver VM, Werb Z (2011) Extracellular matrix degradation and remodeling
in development and disease. Cold Spring Harb Perspect Biol 3(12):1-24

Pickup MW, Mouw JK, Weaver VM (2014) The extracellular matrix modulates the hallmarks
of cancer. EMBO Rep 15(12):1243-1253

Gupta GP, Massagu J (2006) Cancer metastasis: building a framework. Cell 127(4):679-695
Kalluri R, Weinberg RA (2009) Review series the basics of epithelial-mesenchymal transi-
tion. J Clin Invest 119(6):1420-1428

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100:57-70

Yang J, Weinberg R (2008) Epithelial mesenchymal transition: at the crossroads of develop-
ment and tumor metastasis. Dev Cell 14:818-829

Jechlinger M, Grunert S, Beug H (2002) Mechanisms in epithelial plasticity and metasta-
sis: insights from 3D cultures and expression profiling. ] Mammary Gland Biol Neoplasia
7:415-432

Zeisberg M et al (2003) BMP-7 counteracts TGFbetal- induced epithelial-to-mesenchymal
transition and reverses chronic renal injury. Nat Med 9:964-968

Kim K, Lu Z, Hay ED (2002) Direct evidence for a role of beta-catenin/LEF-1 signaling
pathway in induction of EMT. Cell Biol Int 26:463-476

Eger A, Stockinger A, Schaffhauser B, Beug HA, Foisner R (2000) Epithelial mesenchymal
transition by c-Fos estrogen receptor activation involves nuclear translocation of beta-catenin
and upregulation of beta-catenin/lymphoid enhancer binding factor-1 transcriptional activity.
J Cell Biol 148:173-188

Bhowmick NA et al (2001) Transforming growth factor-betal mediates epithelial to mes-
enchymal transdifferentiation through a RhoA-dependent mechanism. Mol Biol Cell
12(12):27-36

Bhowmick NA, Zent R, Ghiassi MM, M, Moses HL (2001) Integrin beta 1 signaling is nec-
essary for transforming growth factor-beta activation of p38MAPK and epithelial plasticity.
J Biol Chem 276:46707-46713

Watanabe T et al (2001) Molecular predictors of survival after adjuvant chemotherapy for
colon cancer. N Engl ] Med 344:1196-1206



9 Regulation of Extracellular Matrix Remodeling and Epithelial-Mesenchymal... 189

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.
65.

66.

67.

68

69.

70.

71.

Neil JR, Johnson KM, Nemenoff RA, Schiemann WP (2008) Cox-2 inactivates Smad signal-
ing and enhances EMT stimulated by TGF-beta through a PGE2-dependent mechanisms.
Carcinogenesis 29:2227-2235

Tepass U, Truong K, Godt D, Ikura MA, Peifer M (2000) Cadherins in embryonic and neural
morphogenesis. Nat Rev Mol Cell Biol 1:91-100

Muta H et al (1996) E-cadherin gene mutations in signet ring cell carcinoma of the stomach.
Jpn J Cancer Res 87:843-848

Medici D, Hay ED, Olsen BR (2008) Snail and slug promote epithelial-mesenchymal transi-
tion through beta-catenin-T-cell factor-4-dependent expression of transforming growth fac-
torbeta3. Mol Biol Cell 19:4875-4887

Blanco MJ et al (2002) Correlation of snail expression with histological grade and lymph
node status in breast carcinomas. Oncogene 21:3241-3246

Yokoyama K et al (2001) Reverse correlation of Ecadherin and snail expression in oral squa-
mous cell carcinoma cells in vitro. Oral Oncol 37:65-71

Radisky DC et al (2005) Raclb and reactive oxygen species mediate MMP-3-induced EMT
and genomic instability. Nature 436:123-127

Korpal M, Lee ES, Hu G, Kang Y (2008) The miR-200 family inhibits epithelial-mesenchymal
transition and cancer cell migration by direct targeting of E-cadherin transcriptional repres-
sors ZEB1 and ZEB2. J Biol Chem 283:14910-14914

Gregory PA et al (2008) The miR-200 family and miR-205 regulate epithelial to mesenchy-
mal transition by targeting ZEB1 and SIP1. Nat Cell Biol 10:593-601

Park SM, Gaur AB, Lengyel E, Peter ME (2008) The miR-200 family determines the epithe-
lial phenotype of cancer cells by targeting the E-cadherin repressors ZEB1 and ZEB2. Genes
Dev 22:894-907

Zavadil J, Narasimhan M, Blumenberg MA, Schneider RJ (2007) Transforming growth fac-
torbeta and microRNA: mRNA regulatory networks in epithelial plasticity. Cells Tissues
Organs 185:157-161

Thiery JP, Acloque H, Huang RYJ, Nieto MA (2009) Epithelial-mesenchymal transitions in
development and disease. Cell 139(5):871-890

Weinberg RA (2006) The biology of cancer. Garland Science, New York

Van Lint PLC (2007) Chemokine and cytokine processing by matrix metalloproteinases and
its effect on leukocyte migration and inflammation. J Leukoc Biol 82:1375-1381

Brew KNH (2010) The tissue inhibitors of metalloproteinases (TIMPs): an ancient family
with structural and functional diversity. Biochim Biophys Acta 1803:55-71

Johnson LL, Dyer RHD (1998) Matrix metalloproteinases. Curr Opin Chem Biol 2:466-471
Massova I, Kotra LP, Fridman RMS (1998) Matrix metalloproteinases: structures, evolution,
and diversification. FASEB J 12:1075-1095

Sternlicht MDWZ (2001) How matrix metalloproteinases regulate cell behavior. Annu Rev
Cell Dev Biol 17:463-516

Deryugina EI, Ratnikov B, Monosov E, Postnova TI, DiScipio R et al (2001) MT1-MMP ini-
tiates activation of pro-MMP-2 and integrin alphavbeta3 promotes maturation of MMP-2 in
breast carcinoma cells. Exp Cell Res 263:209-223

. Rodriguez-Manzaneque JC, Lane TF, Ortega MA, Hynes RO, Lawler J et al (2001)

Thrombospondin-1 suppresses spontaneous tumor growth and inhibits activation of matrix
metalloproteinase-9 and mobilization of vascular endothelial growth factor. Proc Natl Acad
Sci U S A 98:12485-12490

DR E (2001) Matrix metalloproteinase inhibitors in cancer therapy. In: Clende. Humana
Press, Totowa

Giannelli G, Falk-Marzillier J, Schiraldi O, Stetler-Stevenson WG Q V (1997) Induction of
cell migration by matrix metalloprotease-2 cleavage of laminin-5. Science (80-)277:225-228
Xu J, Rodriguez D, Petitclerc E, Kim JJ, Hangai M et al (2001) Proteolytic exposure of a
cryptic site within collagen type IV is required for angiogenesis and tumor growth in vivo.
J Cell Biol 154:1069-1079



190

Y. Rajesh and M. Mandal

72

73.

74.

75.

76.

71.

78.

79.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

. Maies S, Mira E, Barbacid MM, Ciprés A, Fernandez-Resa P et al (1997) Identification of
insulin-like growth factor-binding protein-1 as a potential physiological substrate for human
stromelysin-3. J Biol Chem 272:25706-25712

Whitelock JM, Murdoch AD, Tozzo RVUP (1996) The degradation of human endothelial
cell-derived perlecan and release of bound basic fibroblast growth factor by stromelysin, col-
lagenase, plasmin, and heparanases. J Biol Chem 271:10079-10086

Yu QSI (2000) Cell surface-localized matrix metalloproteinase-9 proteolytically activates
TGF-beta and promotes tumor invasion and angiogenesis. Genes Dev 14:163-176

Nog V, Fingleton B, Jacobs K, Crawford HC, Vermeulen S et al (2001) Release of an invasion
promoter E-cadherin fragment by matrilysin and stromelysin-1. J Cell Sci 114:111-118
Kajita M, Itoh Y, Chiba T, Mori HOA (2001) Membrane-type 1 matrix metalloproteinase
cleaves CD44 and promotes cell migration. J Cell Biol 153:893-904

Hadler-Olsen E, Winberg JO, Uhlin-Hansen L (2013) Matrix metalloproteinases in can-
cer: their value as diagnostic and prognostic markers and therapeutic targets. Tumor Biol
34(4):2041-2051

Coussens LM, Fingleton B, Matrisian LM (2002) Matrix metalloproteinase inhibitors and
cancer—trials and tribulations. Science 295(80):2387-2392

Anfinsen CB Christian B (1995) Adv Prot Chem 47. (Academic Press)

. Nagase H, Visse R, Murphy G (2006) Structure and function of matrix metalloproteinases
and TIMPs. Cardiovasc Res 69(3):562-573

Davies B, Miles DW, Happerfield LC, Naylor MS, Bobrow LG, Rubens RD, Balkwill FR
(1993) Activity of type IV collagenases in benign and malignant breast disease. Brit J Cancer
67:1126-1131

Davies B, Waxman J, Wasan H et al (1993) Levels of matrix metalloproteases in bladder
cancer correlate with tumor grade and invasion. Cancer Res 53:5365-5369

Jung K, Nowak L, Lein M, Priem F, Schnorr D, Loening SA (1997) Matrix metalloprotein-
ases [ and 3, tissue inhibitor of metalloproteinase-1 and the complex of metalloproteinase- [
tissue inhibitor in plasma of patients with prostate cancer. Int J Cancer 74:220-223

Halaka A, Bunning R, Bird C, Gibson M, Reynolds J (1983) Production of collagenase and
inhibitor (TIMP) by intracranial tumors and dura in vitro. J Neurosurg 59:444-461
Boudreau N, Sympson C, Werb Z, Bissell M (1995) Suppression ofiCE and apoptosis in
mammary epithelial cells by extracellular matrix. Seience 267:891-893

Alexander CM, Howard E w, Bissell MJ, Werb Z (1996) Rescue of mammary epithelial cell
apoptosis and entactin degradation by a tissue inhibitor of metalloproteinase- 1 transgene.
J Cell Biol 135:1667-1677

Arribas J, Coodly L, Vollmer P, Kishimoto TK, Rosejohn S, Massagué J (1996) Diverse cell
surface protein ectodomains are shed by a system sensitive to metalloprotease inhibitors.
J Biol Chem 271:11376-11382

Levi E, Fridman R, Miao H, Ma Y, Yayon A, Vlodavsky I et al (1996) Matrix metalloprotein-
ase 2 releases active soluble ectodomain of fibroblast growth factor receptor. Proc Natl Acad
Sci U S A 93:7069-7074

Suzuki M, Raab G, Moses M, Femandez C, Klagsbrun M (1997) Matrix metalloproteinase- 3
releases active heparin-binding EGF-like growth factor by cleavage at a specific juxtamem-
brane site. J Bio Chem 272:31730-31737

Gearing AJ, Beckett P, Christodoulou M, Churchill M, Clements JDAH et al (1994)
Processing of tumour necrosis factor-a precursor by metalloproteinases. Nature 370:555-557
Thrailkill KM, Quarles LD, Nagase H, Suzuki K, Serra DM, Fowlkes JL (1995)
Characterization of insulin-like growth factor-binding protein 5-degrading proteases pro-
duced throughout murine osteoblast differentiation. Endocrinology 136:3527-3533

Rajah R, Nunn SE, Herrick DJ, Grunstein MM, Cohen P (1996) Leukotriene d-4 induces
MMP-1, which functions as an IGFBP protease in human airway smooth muscle cells. Am
J Phys 15:1014-L1022



9 Regulation of Extracellular Matrix Remodeling and Epithelial-Mesenchymal... 191

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Vlodavsky I, Korner G, Ishai-Michaeli R, Bashkin P, Bar-Shavit R, Fuks Z (1990)
Extracellular matrix-resident growth factors and enzymes: possible involvement in tumor
metastasis and angiogenesis. Cancer Metast Rev 9:203-226

Imai K, Hiramatsu A, Fukushima D, Pierschbacher MD, Okada Y (1997) Degradation of
decorin by matrix metalloproteinases: identification of the cleavage sites, kinetic analyses
and transforming growth factor-betal release. Biochem J 322:809-814

Frisch SM, Francis H (1994) Disruption of epithelial cell-matrix interactions induces apopto-
sis. J Cell Biol 124:619-626

StCroix B, Sheehan C, Rak J, Florenes V, Slingerland J, Kerbel R (1998) E-cadherin-
dependent growth suppression is mediated by the cyclin-dependent kinase inhibitor p27Kip]1.
J Cell Biol 142:557-571

Mareei M, Kint J, Meyvisch C (1979) Methods of study of the invasion of malignant C3H
mouse fibroblasts into embryonic chick heart in vitro. Virchows Arch B 30:95-111
Thorgeirsson U, Liotta L, Kalebic T, Margulies I, Thomas K, Rios-Candelore ME et al (1982)
Effect of natural protease inhibitors and a chemoattractant on tumor cell invasion in vitro.
J Natl Cancer Inst 69:1049-1054

Repesh L (1989) A new in vitro assay for quantitating tumor ceH invasion. Invas Metast
9:192-208

Hendrix M, Seftor E, Seftor R, Fidler I (1987) A simple quantitative assay for studying the
invasive potential of high and low metastatic variants. Cancer Lett 38:137-147

Liotta LA, Tryggvason K, Garbisa S, Hart I, Foltz CM, Shafie S (1980) Metastatic potential
correlates with enzymatic degradation of basement membrane collagen. Nature 284:67-68
Schultz, R., Silberman, S., Persky, B., Bajkowski, A., and Carmichael D (1988) Inhibition
by human recombinant tissue inhibitor of metalloproteinases of human amnion invasion and
lung colonization by murine BI6-F1O melanoma cells. Cancer Res 48:5539-5545

Powell W ¢, Knox JD, Navre M, Grogan TM, Kittelson J, Nagle RB et al (1993) Expression
of the metalloproteinase matrilysin in DU-145 cells increases their invasive potential in
severe combined immunodeficient mice. Cancer Res 53:417-422

Deryugina E, Luo G, Reisfeld R, Bourdon M, Strongin A (1997) Tumor cell invasion through
matrigel is regulated by activated matrix metalloproteinase-2. Anticancer Res 17:3201-3210
Gomez D, Alonso D, Yoshiji H, Thorgeirsson U (1997) Tissue inhibitors of metalloprotein-
ases: structure, regulation and biological function. Eur J Cell Biol 74:111-122

Chirivi RGS, Garofalo A, Crimmin MJ, Bawden LJ, Stoppacciaro AB, PD et al (1994)
Inhibition of the metastatic spread and growth of BI6-BL6 murine melanoma by a synthetic
matrix metalloproteinase inhibitor. Int J Cancer 58:460-464

Davies B, Brown PD, East N, Crimmin MJ, Balkwill FR (1993) A synthetic matrix metal-
loproteinase inhibitor decreases tumor burden and prolongs survival of mice bearing human
ovarian carcinoma xenografts. Cancer Res 53:2087-2091

An ZL, Wang XE, Willmott N, Chander SK, Tickle S, Docherty AJP et al (1997) Conversion
of highly malignant colon cancer from an aggressive to a controlled disease by oral adminis-
tration of a metalloproteinase inhibitor. Clin Exp Metastas 15:184—195

Stamenkovic I (2003) Extracellular matrix remodelling: the role of matrix metalloprotein-
ases. J Pathol 200:448-464

Lin CY et al (2011) Matrix metalloproteinase-9 cooperates with transcription factor snail to
induce epithelial-mesenchymal transition. Cancer Sci 102(4):815-827

Gavrilovic J, Moens GTJ et al (1990) Expression of transfected transforming growth factor
alpha induces a motile fibroblast-like phenotype with extracellular matrix-degrading poten-
tial in a rat bladder carcinoma cell line. Cell Regul 1(13):1003-1014

Gilles C, Polette MCC et al (2001) Contribution of MT1-MMP and of human lam-
inin-5 gamma2 chain degradation to mammary epithelial cell migration. J Cell Sci
114(16):2967-2976

Buisson AC, Zahm JMPM et al (1996) Gelatinase B is involved in the in vitro wound repair
of human respiratory epithelium. J Cell Physiol 166(2):413-426



192

Y. Rajesh and M. Mandal

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Legrand C, Gilles CZJ et al (1999) Airway epithelial cell migration dynamics. MMP-9 role
in cell-extracellular matrix remodeling. J Cell Biol 146(2):517-529

Daja MM, Niu XZZ et al (2003) Characterization of expression of matrix metalloprotein-
ases and tissue inhibitors of metalloproteinases in prostate cancer cell lines. Prostate Cancer
Prostatic Dis 6(1):15-26

Gilles C, Polette MPJ et al (1994) Epithelial-to-mesenchymal transition in HPV-33-
transfected cervical keratinocytes is associated with increased invasiveness and expression of
gelatinase A. Int J Cancer 59(5):661-666

Yokoyama K, Kamata NFR et al (2003) Increased invasion and matrix metalloproteinase-2
expression by Snailinduced mesenchymal transition in squamous cell carcinomas. Int J Oncol
22(4):891-898

Hurst NG, Stocken DD, Wilson S, Keh C, Wakelam MIJIT (2007) Elevated serum matrix
metalloproteinase 9 (MMP-9) concentration predicts the presence of colorectal neoplasia in
symptomatic patients. Br J Cancer 97(7):971-977

Wilson S, Wakelam MJ, Hobbs RF, Ryan AV, Dunn JA R, VD et al. (2006) Evaluation of the
accuracy of serum MMP-9 as a test for colorectal cancer in a primary care population. BMC
Cancer 6(258)

Eissa S, Ali-Labib R, Swellam M, Bassiony M, Tash FE-Z, TM. (2007) Noninvasive diag-
nosis of bladder cancer by detection of matrix metalloproteinases (MMP-2 and MMP-9) and
their inhibitor (TIMP-2) in urine. Eur Urol 52(5):1388-1396

Roy R, Louis G, Loughlin KR, Wiederschain D, Kilroy SM L, CC et al (2008) Tumor-specific
urinary matrix metalloproteinase fingerprinting: identification of high molecular weight uri-
nary matrix metalloproteinase species. Clin Cancer Res 14(20):6610-6617

Cribier B, Noacco G, Peltre BGE (2002) Stromelysin 3 expression: a useful marker for the
differential diagnosis dermatofibroma versus dermatofibrosarcoma protuberans. J Am Acad
Dermatol 46(3):408-413

Kim HJ, Lee JY, Kim SH, Seo YJ, Lee JH, Park JK et al (2007) Stromelysin-3 expression in
the differential diagnosis of dermatofibroma and dermatofibrosarcoma protuberans: compari-
son with factor XIIla and CD34. Br J Dermatol 157(2):319-324

Morrison CJ, Butler GS, Rodriguez DOC (2009) Matrix metalloproteinase proteomics: sub-
strates, targets, and therapy. Curr Opin Cell Biol 21(5):645-653

Terp GE, Cruciani G, Christensen ITJF (2002) Structural differences of matrix metallopro-
teinases with potential implications for inhibitor selectivity examined by the GRID/CPCA
approach. J Med Chem 45(13):2675-2684

Cuniasse P, Devel L, Makaritis A, Beau F, Georgiadis D M, M et al. (2005) Future chal-
lenges facing the development of specific active-site-directed synthetic inhibitors of MMPs.
Biochimie 87(3-4):393-402.

Chung L, Shimokawa K, Dinakarpandian D, Grams F FG, H N (2000) Identification of the
(183)RWTNNFREY(191) region as a critical segment of matrix metalloproteinase 1 for the
expression of collagenolytic activity. J Biol Chem 275(38):29610-29617

Chung L, Dinakarpandian D, Yoshida N, Lauer-Fields JL F, GB Visse R et al (2004)
Collagenase unwinds triple-helical collagen prior to peptide bond hydrolysis. EMBO
J23(15):3020-3030

Manka SW, Carafoli F, Visse R, Bihan D, Raynal N F, RW et al (2012) Structural insights
into triple-helical collagen cleavage by matrix metalloproteinase 1. Proc Natl Acad Sci U S A
109(31):12461-12466

Kousidou OC, Mitropoulou TN, Roussidis AEKD, Theocharis ADKN (2005) Genistein sup-
presses the invasive potential of human breast cancer cells through transcriptional regulation
of metalloproteinases and their tissue inhibitors. Int J Oncol 26(4):1101-1109

Mitropoulou TN, Tzanakakis GN, Kletsas D KH, NK K (2003) Letrozole as a potent inhibitor
of cell proliferation and expression of metalloproteinases (MMP-2 and MMP-9) by human
epithelial breast cancer cells. Int J Cancer J Int du Cancer 104(2):155-160

Hua J MR (1996) Inhibition of matrix metalloproteinase 9 expression by a ribozyme blocks
metastasis in a rat sarcoma model system. Cancer Res 56:5279-5284 56:5279-5284



9 Regulation of Extracellular Matrix Remodeling and Epithelial-Mesenchymal... 193

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

Yonemura Y, Endo Y, Fujita H, Kimura K, Sugiyama K et al (2001) Inhibition of peritoneal
dissemination in human gastric cancer by MMP-7-specific antisense oligonucleotide. J Exp
Clin Cancer Res 20:205-212

Kondraganti S, Mohanam S, Chintala SK, Kin'Y, Jasti SL et al. (2000) Selective suppression
of matrix metalloproteinase-9 in human glioblastoma cells by antisense gene transfer impairs
glioblastoma cell invasion. Cancer Res 60:6851-6855, 60:6851-6868

Elkin M, Reich R, Nagler A, Aingorn E, Pines M et al (1999) Inhibition of matrix metallo-
proteinase-2 expression and bladder carcinoma metastasis by halofuginone. Clin Cancer Res
5:1982-1988, 5:1982-1988

Silletti S, Kessler T, Goldberg J, Boger DL C DA (2001) Disruption of matrix metallopro-
teinase 2 binding to integrin alpha vbeta 3 by an organic molecule inhibits angiogenesis and
tumor growth in vivo. Proc Natl Acad Sci U S A 98:119-124

Liu S, Netzel-Arnett S, Birkedal-Hansen HLS (2000) Tumor cell-selective cytotoxicity of
matrix metalloproteinase-activated anthrax toxin. Cancer Res 60:6061-6067

Hidalgo MES (2001) Development of matrix metalloproteinase inhibitors in cancer therapy.
J Natl Cancer Inst 93:178-193

Koivunen E, Arap W, Valtanen H, Rainisalo A, Medina OP et al (1999) Tumor targeting with
a selective gelatinase inhibitor. Nat Biotechnol 17:768-774

Falardeau P, Champagne P, Poyet P, Hariton C DE (2001) Neovastat, a naturally occurring
multifunctional antiangiogenic drug, in phase III clinical trials. Semin Oncol 28:620-625
Garbisa S, Biggin S, Cavallarin N, Sartor L, Benelli R et al (1999) Tumor invasion: molecular
shears blunted by green tea. Nat Med 5:1216

Jiang MC, Liao CFLP (2001) Aspirin inhibits matrix metalloproteinase-2 activity, increases
E-cadherin production, and inhibits in vitro invasion of tumor cells. Biochem Biophys Res
Commun 282:671-677

Ala-aho R, Johansson N, Grénman R, Fusenig NE, L6pez-Otin C et al (2000) Inhibition
of collagenase-3 (MMP-13) expression in transformed human keratinocytes by interferon-
gamma is associated with activation of extracellular signal-regulated kinase-1,2 and STAT1.
Oncogene 19:248-257

Ma Z, Qin HBE (2001) Transcriptional suppression of matrix metalloproteinase-9
gene expression by IFN-gamma and IFN-beta: critical role of STAT-lalpha. J Immunol
167:5150-5159

Slaton JW, Karashima T, Perrotte P, Inoue K, Kim SJ et al (2001) Treatment with
low-dose interferon-alpha restores the balance between matrix metalloproteinase-9 and
E-cadherin expression in human transitional cell carcinoma of the bladder. Clin Cancer
Res 7:2840-2853

Mengshol JA, Mix KSBC (2002) Matrix metalloproteinases as therapeutic targets in arthritic
diseases: bull’s-eye or missing the mark? Arthritis Rheum 46:13-20

Lal A, Glazer CA, Martinson HM, Friedman HS, Archer GE et al (2002) Mutant epider-
mal growth factor receptor up-regulates molecular effectors of tumor invasion. Cancer Res
62:3335-3339

Muraoka RS, Dumont N, Ritter CA, Dugger TC, Brantley DM et al (2002) Blockade of
TGF-beta inhibits mammary tumor cell viability, migration, and metastases. J Clin Invest
109:1551-1559

McGaha TL, Phelps RG, Spiera HBC (2002) Halofuginone, an inhibitor of type-I collagen
synthesis and skin sclerosis, blocks transforming growth- factor-beta-mediated Smad3 acti-
vation in fibroblasts. J Invest Dermatol 118:461-470

Simon C, Goepfert HBD (1998) Inhibition of the p38 mitogen-activated protein kinase by SB
203580 blocks PMA-induced Mr 92,000 type IV collagenase secretion and in vitro invasion.
Cancer Res 58:1135-1139

Johansson N, Ala-aho R, Uitto V, Grénman R, Fusenig NE et al (2000) Expression of colla-
genase-3 (MMP-13) and collagenase-1 (MMP-1) by transformed keratinocytes is dependent
on the activity of p38 mitogen-activated protein kinase. J Cell Sci 113:227-235



194

Y. Rajesh and M. Mandal

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Futamura M, Kamiya S, Tsukamoto M, Hirano A, Monden Y et al (2001) Malolactomycin
D, a potent inhibitor of transcription controlled by the Ras responsive element, inhibits Ras-
mediated transformation activity with suppression of MMP-1 and MMP-9 in NIH3T3 cells.
Oncogene 20:6724-6730

Zhang Y, Thant AA, Machida K, Ichigotani Y, Naito Y et al (2002) Hyaluronan-CD44s sig-
naling regulates matrix metalloproteinase-2 secretion in a human lung carcinoma cell line
QG90. Cancer Res 62:3962-3965

Karin MCL (2001) AP-1--glucocorticoid receptor crosstalk taken to a higher level.
J Endocrinol 169:447-451

Al ST et al (2002) Inhibition of activator protein-1 binding activity and phosphatidylinositol
3-kinase pathway by nobiletin, a polymethoxy flavonoid, results in augmentation of tissue
inhibitor of metalloproteinases-1 production and suppression of production of matrix meta.
Cancer Res 62:1025-1029

Mohan R, Sivak J, Ashton P, Russo LA, Pham BQ et al (2000) Curcuminoids inhibit the
angiogenic response stimulated by fibroblast growth factor-2, including expression of matrix
metalloproteinase gelatinase B. J Biol Chem 275:10405-10412

Adams J, Palombella VJ, Sausville EA, Johnson J, Destree A et al (1999) Proteasome inhibi-
tors: a novel class of potent and effective antitumor agents. Cancer Res 59(59):2615-2622
Ala-aho R, Grénman R, Seth PKV (2002) Adenoviral delivery of p53 gene suppresses expres-
sion of collagenase-3 (MMP-13) in squamous carcinoma cells. Oncogene 21:1187-1195
Annabi B, Lachambre MP, Bousquet-Gagnon N, Page M, Gingras D et al (2002) Green tea
polyphenol (—)-epigallocatechin 3-gallate inhibits MMP-2 secretion and MT1-MMP-driven
migration in glioblastoma cells. Biochim Biophys Acta 1542:209-220

Bassi DE, Lopez De Cicco R, Mahloogi H, Zucker S, Thomas G et al (2001) Furin inhibition
results in absent or decreased invasiveness and tumorigenicity of human cancer cells. Proc
Natl Acad Sci U S A 98:10326-10331

Khatib AM, Siegfried G, Chrétien M, Metrakos PSN (2002) Proprotein convertases in tumor
progression and malignancy: novel targets in cancer therapy. Am J Pathol 160:1921-1935
Huang X, Chen S, Xu L, Liu Y, Deb DK et al (2005) Genistein inhibits p38 map kinase acti-
vation, matrix metalloproteinase type 2, and cell invasion in human prostate epithelial cells.
Cancer Res 65:3470-3478

Wang S, Cheng Y, Wang F, Sun L, Liu C et al (2008) Inhibition activity of sulfated polysaccha-
ride of Sepiella maindroni ink on matrix metalloproteinase (MMP)-2. Biomed Pharmacother
62:297-302

Berton A, Rigot V, Huet E, Decarme M, Eeckhout Y et al (2001) Involvement of fibronectin
type Il repeats in the efficient inhibition of gelatinases a and B by long-chain unsaturated fatty
acids. J Biol Chem 276:20458-20465

Huxley-Jones J, Clarke TK, Beck C, Toubaris G, Robertson DL et al (2007) The evolution of
the vertebrate metzincins; insights from Ciona intestinalis and Danio rerio. BMC Evol Biol
7:63

Fujita M, Nakao Y, Matsunaga S, Seiki M, Itoh Y et al (2003) Ageladine a: an antiangiogenic
matrix metalloproteinase inhibitor from the marine sponge Agelas Nakamurai. ] Am Chem
Soc 125:15700-15701

Lelieévre Y, Bouboutou R, Boiziau JCT (1989) Inhibition of synovial collagenase by actino-
nin. Study of structure/activity relationship. Pathol Biol 37:43—46



Proteases and Protease Inhibitors 1 0
in Male Reproduction

V.S. Gurupriya and Sudhir C. Roy

Abstract

From the development of the spermatozoa within the seminiferous tubule of tes-
tis to the fertilization events that occur in female reproductive tract, all the repro-
ductive processes in mammals are regulated by a highly orchestrated and
integrative mechanism. Several proteases and their protease inhibitors form an
important part of this mechanism. So far, vast arrays of proteases have been iden-
tified in the reproductive system of mammals playing critical role in the major
events associated with the several male reproductive processes. Several endoge-
nous inhibitors of these proteases are also produced in the male reproductive
tissues/fluids that cater to the role of regulating the protease production/degrada-
tion, activation/inactivation, etc. Thus, there exist a fine balance between the pro-
duction of these proteases and their regulators for maintaining the blood-testes
barrier and the gamete development. A disturbance in this equilibrium leads to
progression of reproductive failures including azoospermia, impaired sperm
functions, low fertilizing efficiency, etc. and culminates in infertility cases. This
chapter focuses on an account of such proteases and the protease inhibitors with
their role in mammalian male reproduction.
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10.1 Introduction

The productive function of mammalian male reproductive system is dependent on
the outcome of an integrated network of reproductive hormones, nervous system,
cytokines, growth factors, and several other known and unknown biomolecules. The
system acts in a coordinated way to produce, store, and transport spermatozoa and
seminal plasma and finally to release the semen into the female reproductive tract
where it can fertilize the ova to produce an offspring. Before fertilization, mamma-
lian spermatozoa must undergo a defined physiological process known as “capacita-
tion” in the female reproductive tract, which is associated with hyperactivated sperm
motility and protein tyrosine phosphorylation. During acrosome reaction, the
release of acrosomal enzymes including proteases at proper time and place aids in
sperm penetration to the zona pellucida and fusion with the oocyte plasma mem-
brane. Proteases play important roles during the initial stages of testes development,
spermatogenesis, and epididymal maturation until the fertilization events that occur
in female reproductive tract. An array of proteases including serine proteases,
adamalysin-related proteinases (ADAMs), matrix metalloproteinases (MMPs), and
protease inhibitors such as serine protease inhibitors (SERPINS), serine protease
inhibitors Kazal type (SPINKs), Kazal inhibitors, and tissue inhibitor of metallopro-
teinases (TIMPs) are found to play important roles in the most of these male repro-
ductive events. However, in an organism, a control of proteolysis by the proteases is
accomplished through a balance of production, degradation, and inactivation of pro-
teases, via interaction with endogenous protease inhibitors with the intention that
protease action should be precise in terms of time and place. In addition to the pro-
tease inhibitors, the expressions of proteases are also regulated by nervous system,
sex hormones, and growth factors accountable for maintaining the male reproduc-
tive system. When one of these mechanisms of regulation fails, it can result in the
onset or progression of reproductive failures that may end up with infertility. Hence,
a proper understanding of the protease/protease inhibitor system in mammalian
male reproduction may pave the way to counterbalance the disturbance in equilib-
rium of the proteases and their regulators that predispose to male reproductive
disorders.

10.2 Proteases and Protease Inhibitors in Mammals

Proteases are proteolytic enzymes catalyzing cleavage or hydrolysis of peptide
bonds in proteins through a mechanism called proteolysis. Proteolysis is the key
mechanism for controlling the activity of many proteins including shedding of cell
surface protein domains; activation or inactivation of cytokines, hormones, and
growth factors; exposure of hidden protein domains for exhibiting functional roles
entirely different from the parent molecule; and degradation of multiple extracellu-
lar matrix (ECM) components of basement membrane facilitating cell migration,
invasion, etc. [1]. As illustrated in Fig. 10.1, proteases are categorized based on their
hydrolysis mechanism as exopeptidases and endopeptidases. The exopeptidases
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Fig. 10.1 Classification of proteases: The proteases are classified based on the hydrolysis of
peptide bonds in proteins as exopeptidases and endopeptidases. The exopeptidases are further clas-
sified based on the identity of the liberated fragment as aminopeptidases, carboxypeptidases,
dipeptidyl peptidases, tripeptidyl peptidases, peptidyl dipeptidases, dipeptidases, tripeptidases,
omega peptidases, etc. and the endopeptidases based on the catalytic site present as serine prote-
ases, metzincins, threonine, cysteine, and aspartic proteases

attack only the peptide bonds confined at/or close to the amino- or carboxy-terminal
portion of peptide chains. The endopeptidases attack the internal peptide bonds in
the polypeptides. The exopeptidases can be classified further based on the size or
identity of the liberated fragment as aminopeptidases, carboxypeptidases, dipepti-
dyl peptidases, tripeptidyl peptidases, peptidyl dipeptidases, dipeptidases, tripepti-
dases, omega peptidases, etc. Dipeptidyl-peptidase IV purified from porcine seminal
plasma and carboxypeptidase C identified from human seminal plasma are exam-
ples for exopeptidases.

The endoproteases are divided into five subclasses depending on their catalytic
sites as metzincins, aspartic, cysteine, threonine, and serine proteases (Fig. 10.1). In
metzincins, zinc is present at their catalytic sites. They also exploit an activated
water molecule to attack the peptide bond in the substrate. Metzincins are subdi-
vided into four distinct families: matrixins, adamalysins, astacins, and serralysins.
Matrixins and adamalysin-related proteases play fundamental role in many physio-
logical processes. Matrix metalloproteinases (MMPs) or matrixins are extracellular
matrix (ECM)-digesting enzymes and are Ca?*- and Zn**-dependent endopeptidases
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active at neutral pH. They use a metal ion to polarize a water molecule to hydrolyze
the peptide bond in the substrate [2]. MMPs are secreted as latent forms which can
be activated by chaotropic agents or by cleavage of the inhibitory propeptide by
MMP family of proteases or the plasminogen activator of the urokinase type. The
active MMPs have a relative molecular mass of about 10 kDa less than the latent/
pro-forms. MMPs are also involved in the release and activation of growth factors
and cytokines [3]. MMPs can be broadly classified into four groups: (i) collagenases
that are active against native collagen, (ii) gelatinases that have high activity against
gelatin and denatured and type IV collagens, (iii) stromelysins that degrade noncol-
lagen ECM components, and (iv) membrane-type MMPs (MT-MMPs) that are
transmembrane molecules mainly cleaving ECM components at the same time acti-
vating other MMPs also [4]. Adamalysin-related proteinases also known as ADAMs
(a disintegrin and metalloprotinease) contain a disintegrin domain having specific
role in cell adhesion and proteolytic processing. In mice and human, respectively, at
least 34 and 26 ADAM genes have been identified so far [5]. Unlike mammals,
avian genome lacks ADAM1-7 and ADAM30 genes [6]. ADAMTS (a disintegrin
and metalloproteinase with thrombospondin type 1 motifs) are the soluble counter-
parts of the ADAMs. They contain thrombospondin type 1 motifs that help in ECM
association, inflammation, angiogenesis, etc.

In aspartic proteases, an aspartate is present at the catalytic site to attack the
peptide bond linkage in the substrate. The digestive proteases like pepsin and
cathepsin H of the spermatozoa are some of the examples of aspartic proteases.
Cysteine proteases have at their catalytic sites Cys molecules that act as nucleo-
philes [7]. Cysteine proteases are common in plants and animals, act as lysosomal
enzymes, and exhibit tissue-specific expression for bone growth and lung function
[8, 9]. Many of the cathepsins, calpains I and II in seminal fluid belong to the class
of cysteine proteases [10, 11]. Threonine proteases are classes of proteases having
the catalytic site with Cys, Ser, or Thr to act as a nucleophile [7].

Serine proteases are the most common protease in the both insects and mammals
[12]. Serine proteases have a conserved catalytic triad of a His, Ser, and Asp to
coordinate a water molecule. Serine protease family can be subdivided into 16 sub-
families including plasminogen activators (PAs), type Il transmembrane serine
proteases (TTSPs), kallikreins, and serine protease with trypsin-like specificity [7].
Plasminogen activators (PA) are trypsin-like proteases that help in the conversion of
plasminogen to plasmin and digestion of fibronectin, laminin, vitronectin, etc. [13].
They are physiological activators of pro-/latent metalloproteases (MMPs) for col-
lagen degradation [14]. Two classes of PAs are known in mammals: the tissue-type
plasminogen activator (t-PA) and the urokinase-type plasminogen activator (u-PA).
Both catalyze the activation of plasminogens. The u-PA is associated with the physi-
ological and pathological tissue remodeling, whereas t-PA is mainly involved in
thrombolysis and neurobiology. Type II transmembrane serine proteases (TTSPs)
interact with the cell surface and soluble or secreted proteins, cell matrix compo-
nents, and proteins on surrounding cells. TTSPs are synthesized as zymogens and
are activated by cleavage of arginine or lysine present at the highly conserved acti-
vation motif and remain as membrane bound after activation. Kallikrein family of
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Fig. 10.2 Classification of major protease inhibitors: Protease inhibitors are classified based
on the type of protease they inhibit as metalloproteinase inhibitors, serine protease inhibitors,
aspartic protease inhibitors, threonine protease inhibitors, and cysteine protease inhibitors. The
serine protease inhibitors include major proteases such as trypsin inhibitors, Kazal inhibitors, plas-
minogen activator inhibitors, etc.

proteases is present in many animal species including human, rat, mouse, etc. and
found to express in tissues including the prostate, breast, ovary, and testis. Plasma
and tissue kallikreins are the two categories coming under kallikrein family. The
kallikreins have a main role in regulation of blood pressure and semen liquefaction
[15]. Serine protease with trypsin-like specificity includes acrosin- and testes-
specific serine proteases [16]. Acrosin has an enzymatic activity for the limited pro-
teolysis of the zona pellucida and a lectin-like carbohydrate-binding activity for
binding of acrosome-reacted sperm to the zona [17, 18]. Testes-specific serine pro-
teases play different roles in spermatogenesis and are required for germ cell survival
during meiosis. They also help in sperm-oocyte interaction and penetration of the ZP.

An overactivity of proteases may cause premature activation of pathways in tis-
sues leading to tissue damage. Their action needs to be controlled by protease inhib-
itors by keeping the proteases in its pro-form or zymogen form so as to maintain the
tissue integrity, cell migration, cell signaling, cell surface and tissue remodeling,
tissue support, repair, growth and development, etc. [19]. More than 2% of human
genes belong to the class of proteases or protease inhibitors [7]. It shows the impor-
tance of balanced mechanism of proteolysis in mammalian system. The protease
inhibitors are broadly classified into five groups based on the type of protease they
inhibit: (i) metalloproteinase inhibitors, (ii) serine protease inhibitors, (iii) aspartic
protease inhibitors, (iv) threonine protease inhibitors, and (v) cysteine protease
inhibitors (Fig. 10.2). Among these, the metalloproteinase inhibitors and the serine
protease inhibitors are most commonly associated with the reproductive functions
of mammals. Tissue inhibitors of metalloproteinases (TIMPs) are natural inhibitors
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of matrix metalloproteinases (MMPs). TIMPs are 21-34 kDa proteins possessing
N-terminal MMP inhibitory domain. The C-terminal domain is involved in formation
of complexes with the proenzymes, thus regulating the MMP activation process.
They are mostly resistant to heat denaturation and proteolytic degradation. They
inhibit the proteolytic activity of MMPs up to the gene expression levels by
cleavage of the latent forms or by inhibition of active MMPs [4, 20]. The TIMP-1,
TIMP-2, and TIMP-4 are secreted, whereas TIMP-3 is ECM associated. TIMPs
vary in their solubility characters, interaction with proMMPs, and expression pattern.
The serine protease inhibitors, most commonly known as SERPINSs, inhibit the
activity of many classes of serine proteases including plasminogen activators.
SERPINSs include the trypsin inhibitors such as Kunitz-type inhibitors, Kazal inhibi-
tors, plasminogen activator inhibitors, etc. The soya bean trypsin inhibitor (STI) of
the pancreas and ovomucoid is an example of trypsin inhibitors. Serine protease
inhibitors Kazal type are popularly known as SPINKs, and several members of this
group, e.g., SPINK1-2, SPINK4-9, SPINK13-14, have been identified from differ-
ent mammalian species [21-23]. The primary function of SPINK family of protease
inhibitors is regulation of serine protease activities to prevent uncontrolled proteoly-
sis [24]. Imbalance between SPINKSs and serine proteases causes diseases, such as
pancreatitis, skin barrier defects, and cancer [25]. PA inhibitors are generally known
as PAIs which includes the clades-A, clades-B, and clades-E.

10.3 Role of Proteases and Protease Inhibitors in Male
Reproduction

Proteases play an important role in several processes of male reproduction including
initial testes development, spermatogenesis, epididymal sperm maturation, and
spermatozoa-associated fertilization events that occur in female reproductive tract.
Before fertilization, a mammalian spermatozoon must spend some finite time in the
female reproductive tract to undergo a defined physiological and biochemical pro-
cess known as “capacitation” [26-29]. The capacitation process is characterized by
two landmark events such as hyperactivated motility of sperm and protein tyrosine
phosphorylation, and these lead to acrosome reaction of spermatozoa before fertil-
ization [30-32]. Acrosome reaction is the fusion of the sperm plasma membrane
with the outer acrosomal membrane, uncovering the inner acrosomal membrane
resulting in vesiculation and the discharge of acrosomal enzymes including prote-
ases at the proper time and place that can aid in sperm penetration to the zona pel-
lucida and oocyte plasma membrane. Protease activity must be strictly controlled by
protease inhibitors by keeping the sperm proteases in its zymogen form to maintain
the tissue integrity and reproductive roles of spermatozoa [33]. Equilibrium between
proteases and their inhibitors should be maintained for conserving blood-testis bar-
rier integrity and gamete development [34]. A disturbance in this equilibrium leads
to progression of reproductive failures including azoospermia, impaired sperm
functions, low fertilizing efficiency, etc. that may culminate in infertility cases. The
schematic representation of the role of proteases and their inhibitors, the importance
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Fig. 10.3 Schematic depiction of the role of proteases and protease inhibitors: Different
classes of proteases are involved in several male reproductive processes like spermatogenesis,
sperm maturation, capacitation, acrosome reaction, and fertilization. Their action must be strictly
controlled by protease inhibitors by keeping the sperm proteases in its pro-form or zymogen form
to maintain the tissue integrity and reproductive roles of spermatozoa. Some of the examples of
proteases/protease inhibitors involved in various male reproductive processes have been indicated
in boxes

of maintaining the equilibrium between proteases, and their regulators are depicted
in Fig. 10.3 and Fig. 10.4.

In mammals, MMPs play vital roles in several physiological processes that are
associated with male reproduction. MMP-2 and MMP-9 have been demonstrated in
mouse fetal testes [35]. In human and mouse testes, the expressions of MMP-18,
MMP-23, MMP-26, and MMP-28 were detected [36—39]. In dogs, the expression of
metalloproteinase and semen parameters are positively correlated [20]. Latent forms
of the matrix metalloproteinases in semen are inversely correlated with sperm qual-
ity trait and ejaculate volume in dogs and humans [20, 40]. Both latent and active
forms of MMP-9 and MMP-2 are present in canine seminal fluid with predominant
expression of latent forms [41]. Expressions of MMP-2, MMP-9, TIMP-1, and
TIMP-2 were detected in the testes, epididymis, and ejaculated semen of dogs, and
MMP-2 was present in spermatozoa from all the developmental stages as well as in
ejaculated semen, and thus MMP-2 could be considered as a marker for predicting
the quality of semen [42]. MMP-2 has been detected in the inner acrosomal mem-
brane of bull, human, and mouse spermatozoa [43]. In mouse spermatozoa, MMP-2
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Fig. 10.4 Schematic depiction of imbalance between proteases and their inhibitors: The loss
of equilibrium between proteases and their inhibitors may cause premature activation of pathways
or tissue damage affecting blood-testes barrier, gamete development, epididymal sperm matura-
tion, sperm-egg binding during fertilization, etc. leading to reproductive disorders that culminate
in infertility cases

inhibition demonstrated decreased fertilization in vitro [43]. Using zymography, in
ram epididymal fluids, at least five, and in boar and stallion at least seven, gelatino-
lytic bands were detected [44]. Of these, two (54—66 kDa) gelatinolytic bands were
found to be metalloproteinases. In turkey seminal plasma, two metalloproteinases
of 58 and 66 kDa were detected [45]. In buffaloes, metalloproteinases of 42, 95, 52,
and 33 kDa were detected in spermatozoa, and those of 78, 68, 62, and 98 kDa were
detected in seminal plasma [46]. Similarly, in cattle, metalloproteinases of 62, 42,
85, and 78 kDa were detected in spermatozoa, and those of 68, 78, and 75 kDa were
detected in seminal plasma [46]. MMP-12 is solely produced by macrophages, and
its presence in leucocytospermic human seminal plasma revealed its role in predict-
ing the inflammatory conditions in male genital tract [47].

ADAMTS (a disintegrin and metalloproteinase with thrombospondin type 1
motifs) are zinc-dependent metalloproteinases and lack a transmembrane domain
but instead contain a thrombospondin motif that helps in extracellular membrane
association, inflammation, angiogenesis, etc. Of 19 ADAMTSs, only 2 ADAMTSs,
viz., ADAMTS2 and ADAMTS20, display testis-specific expressions [6]. In human,
the levels of ADAMTSI and ADAMTSS were negatively correlated with sperm
count and motility [48]. In mouse, ADAMTS2 null mutation demonstrated increased
spermatogonia and decreased mature spermatozoa in testes [49]. ADAM?2 is absent
from human spermatozoa but present in testes. It is present in both spermatozoa and
testes of mouse and monkey [6]. In mouse, the expression of ADAM31 gene was
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demonstrated in Leydig cells [50]. ADAMTSs are largely involved in sperm-egg
recognition [51]. In mouse, ADAMTSI10 is secreted from the testis during the later
stages of spermatogenesis and incorporated into the acrosomal domain of develop-
ing spermatids [52]. Testicular tissue extracts demonstrated ADAMTS10 of 65 kDa,
whereas spermatozoa from different segments of epididymis displayed ADAMTS10
of 50 kDa. During epididymal maturation, this particular protease is processed
before being expressed on the surface of the peri-acrosomal region of the sperma-
tids and mature spermatozoa. Like ADAM?2, the ADAMTS10 also plays an impor-
tant role in sperm adhesion to the zona pellucida in mouse and lost following
acrosomal exocytosis. The use of galardin, a broad-spectrum inhibitor of metallo-
proteinases or anti-ADAMTS10 antibody, demonstrated reduced sperm-zona inter-
action. Expression of ADAMTS12 has been demonstrated in developing testicular
chords at day 7 in chicken embryo [53]. In rat, expression of ADAMTS16 has been
demonstrated in embryonic and adult testes. ADAMTS16 null rat models showed
loss of sperm progenitor cells, azoospermia, cryptorchidism, and infertility [54]. A
70 kDa ADAMTS20 has been characterized from human and mouse testis during
prenatal developmental stages [55]. Predominant expression of bovine ADAMTSL3
has been demonstrated in testis compared to other tissues [56].

Of the proteases, metzincins, serine- and cysteine proteases are the most abun-
dant proteolytic enzymes in rat, mouse, and human genome [6]. Plasminogen acti-
vators are present in the sperm head and seminal plasma of various mammalian
species [57, 58]. They are vital for the drive of spermatocytes across the blood-testes
barrier, binding, and penetration of the spermatozoon through the layers surround-
ing the egg [59]. The prostate glands synthesize the t-PA in human [60]. The Sertoli
cells control spermatogenesis by producing PA [61]. The u-PA receptor (u-PAR)
synthesized by germ cells is present on the surface of spermatids and mature sper-
matozoa whereas plasminogen and u-PA in the seminiferous tubules. The PAs from
seminal plasma bind to the u-PAR present in the cell membrane of the spermato-
zoon and enhance local generation of plasmin. This locally generated plasmin-
induced proteolysis may be an essential step for stimulating sperm motility toward
the lumen of the seminiferous tubule, initiation of sperm capacitation, hyperactiva-
tion, and fertilizing capacity [62, 63]. The pachytene and diakinetic spermatocytes
express t-PA [64]. The t-PA and u-PA, located on the outer acrosomal membrane
and plasma membrane of human spermatozoa, may participate in sperm maturation,
capacitation, acrosome reaction, and binding of spermatozoa to the zona pellucida
[65]. The spermatozoa stored in the vas deferens retain almost no u-PA activity,
whereas the ejaculated spermatozoa have precise u-PA activity on their cell surface,
mostly around the head region. Hence, during ejaculation the u-PA secretion from
the accessory glands may be activated and may bind to the surface of the spermato-
zoa via its specific receptors [66]. Moreover, the u-PA is one of the enzymes involved
in sperm surface modification during sperm maturation [66, 67]. The u-PA-mediated
proteolysis enables spermatozoa to move toward the ampulla of the fallopian tubes
and prevents adhesion of spermatozoa to fibrin deposits on the tubal mucosa and
promotes capacitation and fertilization at the ampulla of the fallopian tubes. Sertoli cells
are mainly considered the main source of t-PA in rodent testis [68]. Urokinase PA is
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detected in the stereo-ciliated epithelial cells and in the lumen of the vas deferens of
mice [66]. There are evidences for urokinase PA expression in the seminal vesicles
and epididymis of mice and monkeys and t-PA mRNA in the epididymis of mon-
keys [59]. Rat and monkey epididymal epithelial cells also secrete both t-PA and
u-PA, and the PA activities (PAA) seemed to be diminished toward the cauda epi-
didymis [59]. This confirms the role of the PA in sperm maturation process.

The kallikreins have important role in motility, penetration, and migration of
sperm through the cervix and uterus [69]. Leydig cells are the unique site of expres-
sion of kallikrein-21, kallikrein-24, and kallikrein-27 in the testis [7, 70]. Kallikrein-
like proteases (KLKs) such as KLK-2, KLK-3, KLK-4, KLK-5, KLK-8, KLK-11,
KLK-12, KLK-14, and KLK-15 are also secreted by the prostate and help in semen
liquefaction [71]. KLK-14 has been recognized as a potential activator of KLK-3
(also known as prostate-specific antigen, PSA) from prostatic fluid. Further, its abil-
ity to degrade seminogelin I and II from seminal vesicle causes release of trapped
spermatozoa from the seminal clot/semen coagulum thereby allow sperm motility
and capacitation [72]. The semen liquefaction is activated within 5-20 min post-
ejaculation and regulated by the action of eppin (an epididymal protease inhibitor),
KLK-3, and other KLKSs (kallikrein-like proteases) in the prostatic fluid. Eppin (or
SPINLW1) is a member of Kunitz-type and the whey acidic protein (WAP)-type
protease inhibitor gene family [73]. Human-ejaculated spermatozoa are coated with
eppin over the head and tail regions [73—75]. The C-terminal region of eppin (aa
75-133) binds a fragment of semenogelin (Sg, aa 164-283) secreted from seminal
vesicles and prevents the action of KLK-3 on Seminogelin [76]. Human epididymis
protein-4, commonly known as HE-4, is an epididymal protease inhibitor. HE-4 has
been detected in human seminal fluid [77]. The inhibitory nature of HE-4 on differ-
ent serine, aspartyl, and cysteine proteases has demonstrated it as a cross class pro-
tease inhibitor [77].

Acrosin is a serine protease present in acrosome of spermatozoa and is involved
in the recognition, binding, and penetration of the spermatozoa of/into the zona pel-
lucida of the oocyte. It is the most widely studied and well-characterized acrosomal
enzyme [78]. In mouse, rat, human, and swine, acrosin gene is localized on chromo-
somes 15, 7, 22, and 5, respectively [79-81]. Acrosin is present as an inactive pre-
cursor, namely, proacrosin in acrosome of freshly ejaculated sperm [82]. Upon
acrosome reaction, proacrosin is autoproteolyzed into most stable active forms by
an intrazymogen mechanism, and later it is delivered to the extracellular milieu [83,
84]. Acrosin is conserved among birds and mammals [85]. The presence of proac-
rosin/acrosin system was demonstrated in turkey spermatozoa [86]. Apart from
acrosin, several other enzymes with properties similar to acrosin have been identi-
fied in mammalian spermatozoa [87]. Acrosin II of molecular mass 30.9 kDa is an
acrosin-like protease similar to other avian acrosins [88]. The presence of trypsin-
like activity in turkey and chicken spermatozoa extract has been demonstrated [89].
Kotlowska et al. [90] detected the sperm amidase activity and acrosomal serine
proteases activity in turkey spermatozoa. Serine proteases of molecular weight 29
and 88 kDa have been detected in turkey seminal plasma [45]. In fresh and frozen/
thawed dog spermatozoa, proacrosin, alpha-acrosin, and beta-acrosin with 40, 32,
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and 27 kDa bands, respectively, are identified by in vitro capacitation studies [91,
92]. The proacrosin to acrosin conversion during sperm-zona interaction has been
demonstrated in boar spermatozoa [93, 94]. The three molecular forms of 64, 38,
and 25 kDa human acrosin have been identified [95]. A direct correlation between
the levels of proacrosin/acrosin activity with the fertilizing potential was observed
in human spermatozoa [96]. The amino acid sequence of mouse proacrosin has a
high degree of homology with that of porcine, human, and rat [97-100]. Serine
protease of mouse sperm is different from other rodents and mammals. The amount
of acrosin and gelatinase activity has been shown to be less for mouse sperm when
compared with rat and hamster sperm [101]. The mouse proacrosin has an extra Cys
residue at positions 143 and 144 and may cause incorrect formation of a disulfide
bridge and prevent the acrosin activity. The crystal structures of pig and ram acro-
sins have been identified [16]. The presence of acrosin in ram epididymal fluids
suggested that it may be released from dead spermatozoa [44]. Both proacrosin and
acrosin have been purified from porcine, guinea pig, and human cauda epididymal
and ejaculated spermatozoa [102—-104]. In porcine spermatozoa, proacrosin with
molecular weight 55 and 53 kDa and active forms with molecular sizes of 49, 43,
and 35 kDa have been identified [93, 98, 105]. Analysis N- and C-terminal sequence
of the five forms of boar proacrosin demonstrated that conversion of 55 kDa proac-
rosin to the 35 kDa mature acrosin occurs by removal of three C-terminal segments
and cleavage of a peptide bond near the N-terminus [98, 105]. This peptide bond
cleavage is responsible for the initiation of the protease activity of acrosin [98, 105].
Genomic and cDNA sequences of acrosins were characterized from human, bovine,
boar, and mouse [99, 106, 107]. Two forms of proacrosin with different molecular
masses (55 and 53 kDa) and three different forms of acrosin, named o (49 kDa),
(35 kDa), and y (25 kDa), have been identified in ejaculated boar spermatozoa
[108]. It has been suggested that the acrosin activity can be used as an index for
assessing the fertility check in males [109]. Serine proteases other than acrosins
have also been detected in mouse sperm acrosome [110].

The murine testis-specific serine proteases (TESP) are located as a gene cluster
on chromosome 9F2-F3. Prss42/Tessp-2 is expressed in sperm membrane and cyto-
plasm, Prss43/Tessp-3 in the sperm membranes, and Prss44/Tessp-4 in the cyto-
plasm of the secondary spermatocytes and spermatids. Thus, these serine proteases
play different roles in spermatogenesis and are required for germ cell survival dur-
ing meiosis [111]. In mouse spermatozoa, the testes-specific serine proteases,
namely, TESP1, TESP2, and TESP4, were identified in the acrosome, TESP3 from
the spermatogenic cells of the testis, and TESP5 on the cauda epididymal sperm
membranes. The 42 and 41 kDa isoforms of TESP5 were identified in mouse sperm
extract [112]. Since these isoforms are glycosylphosphatidylinositol (GPI) anchored
and are located in the lipid rafts of mouse sperm membranes, TESPS is suggested to
play important role in signal transduction at the sperm surface that help in sperm-
zona binding [113, 114].

Two serine proteases, namely, BSp66 and its dimeric form BSp120, have been
identified in bovine and hamster spermatozoa [87, 115]. In hamster spermatozoa,
BSp66 is involved in sperm-oocyte interaction [87]. Proteases such as aspartate
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aminotransferase, hyaluronidase aminotransferase, and lactic dehydrogenase have
been identified in buffalo and cattle spermatozoa [116]. Collagenase-like peptidase
has been detected in human semen, rat, and bull epididymal spermatozoa and testes.
A 110 kDa collagenase has been purified from rat testes [117]. Cathepsin-D prote-
ases were identified from mouse testes [118]. Dipeptidyl protease-1I was detected in
guinea pig sperm acrosome [119]. Calpain II of 80 kDa has been detected in porcine
sperm acrosome [120]. Aryl amidases were detected in bull spermatozoa [121].

Two proteases, namely, seminin and seminal pepsin, were identified in human
seminal plasma with optimum pH 7.5 and 2.5-3.5, respectively [122]. Seminin-like
protease was also identified in dog, rabbit, and bull seminal plasma [123]. Basic
arginine esterase activity has been detected in human seminal plasma [124]. The
molecular forms of 29-88 kDa, 37 kDa, 38-44 kDa, and 28-32 kDa turkey seminal
plasma enzymes (TSPE) were identified in turkey seminal plasma [125]. Amidases
were detected in vas deferens and testicular/epididymal fluids of turkey, guinea
fowl, and chicken [125]. More protease activity was observed in vas deferens of
turkey compared to testicular and epididymal fluids of guinea fowl and chicken. A
32-34 kDa prostate-specific antigen was identified in human seminal fluid [126].
In human seminal plasma, prostate-specific antigen is secreted from the prostate
gland [126]. TMPRSS2, a type II transmembrane serine protease (TTSP), was
found to express in epithelium of prostate gland and ejaculated semen in human
[127].

TIMP-1 and TIMP-2 have been detected in human and bovine seminal plasma
[128-130]. In bovine, TIMP-2 is suggested to play important role in fertility [130].
Expression of TIMP-1-3 has been demonstrated in mouse and human fetal testis
[35, 131]. TIMP-2 was detected in Leydig cells during mouse gonad developmental
stages [132]. TIMP-2 has been detected in caput fluid of ram and boar epididymis
and in caput and caudal fluids of stallion epididymis [44].

The Kazal inhibitors are present in seminal plasma and spermatozoa of different
mammalian species. The Kazal inhibitors include acrosin inhibitors, acrosin-trypsin
inhibitors, ovoinhibitors, etc. Three isoforms of acrosin inhibitors were detected in
boar-ejaculated spermatozoa. In boar, these acrosin inhibitors were secreted from
seminal vesicle to the ejaculated semen [133]. Human acrosin-trypsin inhibitor
(HUSI-II) was identified in human seminal plasma [134]. Acrosin inhibitor of
6.1 kDa has been identified in chicken seminal plasma [135]. The acrosin inhibitors
protect the reproductive tissues, seminal plasma proteins, and viable spermatozoa
from acrosin released from dead or damaged spermatozoa [136]. An ovoinhibitor
has been identified and characterized from turkey seminal plasma, epithelium of
ductus deferens, and epididymis [137]. The ovoinhibitor is demonstrated to have
inhibitory action on subtilisin, trypsin, and elastase and antibacterial activity against
Bacillus subtilis and Staphylococcus aureus in vitro [137]. The ovoinhibitor is sug-
gested to have important role in maintaining the microenvironment for spermatozoa
in the epididymis and ductus deferens in turkey [137].

Among the SPINKs that are identified from mammals, some are expressed in the
epithelial cells of the male reproductive and some are involved in the process of
fertilization [23]. The expression of SPINKL (SPINK-like) has been demonstrated
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in mouse seminal vesicle [138]. SPINKL was demonstrated to inhibit sperm capaci-
tation and sperm motility in vitro [138]. SPINKL-bound spermatozoa were detected
from the uterus but not from the oviduct. In mouse, the SPINKL was demonstrated
to inhibit the capacitation-related signals such as cholesterol efflux, calcium influx,
and cAMPi in uterine spermatozoa [139]. In mouse, SPINK2 expression has been
demonstrated in spermatogenic cells and mature sperms in testes [140]. Mutation in
SPINK?2 locus demonstrated impaired spermatogenesis, loss of testicular integrity,
and reduced sperm number and serine protease-mediated germ cell apoptosis.
SPINK3 expression has been demonstrated in seminal vesicle and plasma mem-
brane of apical hook of spermatozoa [141]. It is also known as Caltrin or calcium
transport inhibitor. In mouse, the SPINK3- spermatozoa binding reduced [Ca*']; in
the head and suppressed the acrosome reaction in spermatozoa before encountering
egg. Release of sperm-bound SPINK3 by SPINK3-inhibiting trypsin-like activity
(SITA) in uterine luminal fluid demonstrated restoration of sperm fertilization abil-
ity [141]. Expressions of SPINKS, SPINK10, SPINK11, and SPINK12 have been
demonstrated in mouse epididymis [142]. In rat, specific expression of an androgen-
responsive SPINK13 has been demonstrated in epididymal tissues and spermatozoa
[23]. RNAi knockdown of SPINK13 gene in rat has demonstrated enhanced acroso-
mal exocytosis and fertility defects both in vivo and in vitro. SPINK13 is involved
in proteolytic processing of epididymal proteins required for sperm maturation.

SERPIN-E1 is commonly known as plasminogen activators inhibitors (PAls).
PAIs play crucial role in spermatogenesis, spermatozoa capacitation, and fertiliza-
tion [62]. PAI-1 has been identified from rat, mouse, and monkey testes [68]. In rat,
the highest expression of PAI-1 mRNA has been detected in the germinal cells of
testes [143]. Sertoli cells have also demonstrated to secrete PAI-1 to the adluminal
compartment of seminiferous tubules [144]. PAI-1 is suggested to protect the Sertoli
cell barrier during passage of pre-leptotene spermatocytes across the blood-testes
barrier and prevents the release of developing spermatid in spermiation process. In
monkey, the increased expression of PAI-1 has been demonstrated in caput epithe-
lial cells compared to that of initial and caudal regions of the epididymis [59]. PAI-1
is suggested to play major role in regulation of epididymal sperm maturation. PAIs
were also detected in human-ejaculated spermatozoa and seminal plasma [145,
146]. PAI-1 was detected in the head, middle piece, and tail regions of human and
rhesus monkey spermatozoa [65].

SERPIN-E2 is generally known as protease nexin-1. SERPIN-E2 was identified
from mouse seminal vesicle. The mouse deficient in SERPIN-E2 genes demon-
strated fertility defects [147]. In mouse, SERPIN-E2 was detected in seminal vesic-
ular secretions, epithelium of the seminal vesicle, epididymis, and vas deferens
[148]. SERPIN-E2 was also detected on the acrosomal cap of testicular and epi-
didymal spermatozoa. In ejaculated spermatozoa, SERPIN-E2 was detected mostly
from the uncapacitated spermatozoa and was found to inhibit the sperm capacitation
signals and sperm-zona binding in vitro. The presence of SERPIN-E2 in uncapaci-
tated mouse spermatozoa suggested that it may act as a decapacitation factor in
fertilization [148].
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SERPIN-AS is also known as protein C inhibitor (PCI) or PAI-3. Presences of
SERPIN-b6b and SERPIN-b6¢c have been identified from mouse germ cells. In
mouse, SERPIN-b6 is suggested to play role in testes development, spermatogenesis,
and fertilization process [149]. Three SERPINs were electrophoretically detected in
turkey seminal plasma [45]. Of these, two were from testes and epididymis, and the
third was from ductus deferens and seminal plasma.

Some partially characterized protease inhibitors, namely, inhibitor-I and inhibi-
tor-1I of molecular weight 8.7 kDa and 6.8 kDa, were detected in seminal plasma
and ejaculated spermatozoa of bulls [150]. The inhibitor-I was found to inhibit bull
sperm acrosin, bovine trypsin, chymotrypsin, and porcine plasmin. The inhibitor-II
has been shown to inhibit bovine trypsin, chymotrypsin, porcine plasmin, and pan-
creatic and urinary kallikreins. Kunitz-type proteinase inhibitor of 9.5-12 kDa has
been detected from porcine seminal vesicular fluid [151]. Protease inhibitors of 86
and 26 kD have been demonstrated in both buffalo and cattle seminal plasma [46].
However, between the two species, the cattle seminal plasma demonstrated com-
paratively higher protease inhibitor activities than buffaloes.

10.4 Conclusions

A vast array of proteases and protease inhibitors have been identified in the male
reproductive organs of mammals playing critical role in the major events associated
with the several male reproductive processes including spermatogenesis, epididy-
mal sperm maturation, capacitation, and fertilization. Protease inhibitors have
important role for regulating the protease production/degradation, activation/inacti-
vation, etc. There exists a fine balance between the protease and their regulators for
maintaining the above male reproductive processes including tissue integrity, blood-
testes barrier, and the gamete development. A disturbance in this equilibrium leads
to progression of reproductive failures such as azoospermia, impaired sperm func-
tions, low fertilizing efficiency, etc. that culminate in infertility cases. Although
there have been considerable knowledge in many aspects of mammalian male
reproductive health, a better understanding of the protease and protease inhibitors
may in turn help in developing the accurate methodologies or specific approaches
for improving the sperm function and male fertility.
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Abstract

Cysteine cathepsins are lysosomal hydrolases that belong to the papain family of
cysteine proteases. This group comprises of 11 members and a majority of them
are endo-proteases. They are initially synthesized as inactive zymogens, which
are then processed into their active forms in the acidic and reducing environment
of the lysosomes. The most striking element of cysteine cathepsins is their active
site that contains a catalytic triad of a cysteine, histidine, and an asparagine resi-
due. Originally, turnover and degradation of intracellular proteins was consid-
ered the only function of cysteine cathepsins. However, substantial evidences
accumulated over the years have established their role in several physiological
and pathological processes. Tissue-specific distribution and gene knockout anal-
ysis of these housekeeping proteases established their several physiological
functions including antigen presentation, bone and tissue remodeling, keratino-
cyte differentiation, extracellular matrix degradation, cell cycle regulation, and
death. Expression and activity of these proteases are tightly regulated, and their
deregulation has been reported in a variety of pathological conditions such as
cancer, lung diseases, metabolic disorders, atherosclerosis, cardiomyopathy,
rheumatoid arthritis, osteoporosis, etc. These proteases have been proposed to be
potential drug targets, and some of their inhibitors are under phase I clinical trial.
This chapter presents an overview of the structure, synthesis, mode of action,
regulation of expression and activity, and physiological as well as pathological
role of lysosomal cysteine cathepsins.
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11.1 Introduction

Proteolysis (protein degradation) is essential for several physiological functions
such as angiogenesis, tissue remodeling, wound healing, senescence, immune
response, protein turnover as well as trafficking, cell survival, proliferation, migra-
tion, signaling, and death [1-3]. The most abundant and ubiquitously present class
of enzymes called proteases catalyzes this process. These enzymes irreversibly
hydrolyze proteins and polypeptides into their constituent peptides and eventually
into amino acids. They cleave peptide bonds either from the terminal ends (exopep-
tidases) or within the peptide chain (endopeptidases). Their actions determine the
fate of target proteins, which result in rapid and efficient amplification of an organ-
ism’s response to a physiological signal [4].

The complete repertoire of human proteolytic enzymes termed as degradome
comprises of approximately 600 proteases/peptidases [5]. Based on their catalytic
mechanism(s), mammalian proteases have been classified into five different sub-
groups such as matrix metalloproteinases (MMPs) and serine, cysteine, threonine,
and aspartic proteases as shown in Fig. 11.1 [6]. While these proteases play vital
role(s) in multiple cellular processes, their uncontrolled activity can be detrimental.
Therefore, specific endogenous inhibitors for each class of proteases are present in
the cell to safeguard against the potential damage caused by the undesired proteo-
lytic activity [7]. MMPs and cysteine and serine proteases are inhibited by tissue
inhibitors of metalloproteinases (TIMPs), cystatins, and serpins, respectively [8].
The biological activity of proteases is also influenced by both their spatial and tem-
poral expression along with the cellular microenvironment (e.g., pH conditions, cal-
cium ion concentration, and redox potential).

Proteases, their endogenous substrates, products, activators, and inhibitors form
the proteolytic networks [9]. Majority of the proteases are expressed as inactive
zymogens and require processing by other proteases amplifying the number of tar-
gets at each successive step [10]. Decades ago, proteases came into the limelight for
their pathological role in cancer invasion and metastasis [11]. Aberrant proteolysis
is implicated in many pathological conditions such as inflammation, cancer, vascu-
lar diseases, rheumatoid arthritis, neurodegenerative processes, and liver diseases
like fibrosis [10].

Proteases
(~600)
Serine Cysteine Aspartic Threonine Metallo-
Proteases Proteases Proteases Proteases proteinases
(176) (150) (21) (28) (194)

Fig. 11.1 Classification of human proteases. Human degradome includes five distinct classes of
proteases. The number of members in each class is indicated in parenthesis
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This chapter will focus on properties, localization, and regulation of cysteine
cathepsins. In addition, an attempt has been made to delineate their role in various
physiological and pathological processes such as antigen presentation, neovascular-
ization, protein turnover and degradation, cell death, tumor invasion, and metastasis
as well in cardiovascular disorders.

11.2 Cysteine Cathepsins

Cathepsins are a large and diverse group of enzymes ubiquitously present in all organ-
isms ranging from prokaryotes to mammals. These peptidases were first discovered in
the acidic gastric juice by Willstitter and Bamann in the year 1929 and were named as
“cathepsin” which means fo digest. Later in the year 1955, Christian de Duve identi-
fied the membranous sacs (lysosomes) enriched in acid hydrolases [12]. Lysosomal
enzymes were characterized in the due course of time, and it was discovered that
cysteine cathepsins play a major role in the degradation of proteins internalized by
endocytosis/phagocytosis and in autophagy. However, under certain physiological
and pathological conditions, cathepsins can also be secreted into the cytosolic and
extracellular compartments and retain their proteolytic activity [13]. Cellular function
and general properties of cysteine cathepsins have been summarized in Table 11.1.

Table 11.1 General properties and functions of cathepsins as revealed by knockout analysis

Phenotype of null
Cathepsin Catalytic activity Location mice References

Cathepsin B Endopeptidase, Ubiquitous Impaired prohormone | [224, 225]
carboxydipeptidase thyroglobulin
processing and
thyroid liberation,
trypsinogen
activation in
pancreatitis

Cathepsin C Aminodipeptidase Ubiquitous Defects in activation | [226]
(dipeptidyl of granzymes and
peptidase I) serine proteases

Cathepsin F Endopeptidase Ubiquitous Accumulation of [227]
lipofuscin in neurons
and
neurodegeneration

Cathepsin H Endopeptidase, Ubiquitous Impaired pulmonary | [228]
aminopeptidase surfactant protein B

Cathepsin K Endopeptidase Mainly in Osteopetrosis, [91, 224]
(cathepsin O2) osteoclasts, deposition of bone
ovary matrix, exhibits
clinical features of
pycnodysostosis,
reduced
thyroglobulin
processing

(continued)
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Table 11.1 (continued)

Phenotype of null
Cathepsin Catalytic activity Location mice References
Cathepsin L Endopeptidase Ubiquitous Reduced CD4+ T [13,224,
cell, epidermal 229, 230]

hyperplasia, periodic
hair loss, acanthosis,
hyperkeratosis,
dilated
cardiomyopathy,
impaired enkephalin
processing, reduced
thyroglobulin
processing, abnormal
bone development

Cathepsin O Endopeptidase Ubiquitous Normal [131]
Cathepsin S Endopeptidase Mainly in Impaired MHC class | [131]

APC ITand Il and CD 1

antigen presentation

Cathepsin V Endopeptidase Thymus and | Normal [13]
(cathepsin L2) testis,

cornea,

keratinocytes
Cathepsin X Endopeptidase, Ubiquitous Not reported [131]
(cathepsin Z) carboxymonopeptidase
Cathepsin W Endopeptidase Cytotoxic Immune defects [231]
(lymphomain) lymphocytes

11.3 Structure and Mode of Action

The primary structure of all cysteine cathepsins consists of a signal peptide, propep-
tide, and catalytically active mature functional enzyme [3] (Fig. 11.2). Cathepsins
are synthesized on rough endoplasmic reticulum (ER) as pre-proenzymes and con-
tain a 10-20 amino acid-long signal peptide required for their entry into the lumen
of ER. The signal sequence is then proteolytically cleaved by the signal peptidases
in ER followed by the glycosylation of proenzymes in ER trans-Golgi network
(TGN) [3]. Proteolytically inactive procathepsins possess a variable N-terminal pro-
region which is 36-amino acid long in cathepsin X to 251 amino acids for cathepsin
F. Propeptide acts as a potent reversible auto-inhibitor of the mature enzyme and
prevents inappropriate activation of the catalytically functional cathepsins [14].
Maturation of zymogens can be a pH-dependent autocatalytic event or requires pro-
cessing by other proteases, namely, pepsin, legumain, and cathepsin D occurring in
acidic endo-/lysosomal compartments [15]. These released propeptides retain their
inhibitory function and are degraded by surrounding proteases after performing
their task [16]. Moreover, the propeptide acquires its structural confirmation prior to
the remaining part of the enzyme and thus acts as a chaperone for the proper folding
of active cathepsin. In addition, the prodomain also facilitates the endosomal/
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Fig. 11.2 Primary structure of cysteine cathepsins. The primary structure of all cysteine
cathepsins consists of a signal peptide, propeptide, and catalytically active mature functional
enzyme. Cysteine cathepsins have been classified in three categories (“L like,” “B like,” and “F
like”). The members in each category have been arranged in the increasing order of the length of
their proregion

lysosomal targeting of the proenzyme through the mannose-6-phosphate receptor
(M6PR) pathway. The mature form of these enzymes contains disulfide-linked
heavy and light chain subunits with molecular weights ranging from 20 to 35 kDa
except for homotetrameric cathepsin C with a molecular weight of 200 kDa [17].
The crystal structure of cathepsins B, H, L, K, S, X, and C has been determined.
All cysteine cathepsin has a characteristic papain-like fold, which is constituted by
two different sub-domains: the helical core of the left-hand (L) and B-barrel of the
right-hand (R) domains [18]. These secondary structural elements along with active
site are highly conserved in all the members. N-terminal L-domain contains three
a-helices with the longest being the vertical or central helix. R-domain -sheets
form a coiled structure which is enclosed by a-helix at the bottom and is situated at
the C-terminal [16]. Highly conserved V-shaped active-site cleft is situated at the
center of both domains. The active site of cysteine proteases is occupied by the open
structural confirmations of the substrate which makes an alternate contact with the
backbone and side-chain atoms of both L- and R-domain amino acids [19]. Key
catalytic residues of the active site include cysteine (Cys25) residue and histidine
(His159) residue each located in different domain. The N-terminus of the central
helix of L-domain contains the reactive-site cysteine residue, whereas histidine is
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Fig. 11.3 Schematic representation of substrate-binding subsites in the active-site cleft and
catalytic activities of different cysteine cathepsins. Structural features determine the enzyme-
substrate interaction and hence the catalytic activity of cysteine cathepsins. Substrate-binding sites
of endopeptidase cathepsins F, O, S, K, V, L, and W (fop) and exopeptidase cathepsins B, C, H, and
X (left, a diaminopeptidase and, right, a dicarboxypeptidase) have been diagrammatically repre-
sented. Peptide-binding subsites within the active site of cathepsins have been denoted as S (S4 to
S3’). Each of these subsites interacts with seven different residues of the peptide/substrate, desig-
nated as P (P4 to P3’). Substrate-binding subsites N- terminus to the scissile peptide bond have
been labeled as S1-S4 (non-primed sites) and those located on the C-terminal side as S1'-S3’
(primed sites). Amino acid binding to these sites has been designated as P1-P4 and P1'-P3’,
respectively. In endopeptidases, all the subsites of active site accommodate the substrate amino
acid residues and are cleaved at the scissile bond marked by an arrow. Additional structural fea-
tures in exopeptidases (occluding loop of cathepsin B, mini-loop in cathepsin X, mini-chain in
cathepsin H, and exclusion domain of cathepsin C) restrict the access of the substrate to C- (car-
boxypeptidases) and N- terminal (aminopeptidases) subsites, respectively

positioned within the R-domain [16]. Catalytic triad consists of negatively charged
thiolate ion (Cys25), positively charged imidazolium ion (His159), and an aspara-
gine or aspartic acid residue (Asnl75) required for the activation of imidazolium
ring [19]. All cysteine proteases perform proton-transfer catalysis using Cys residue
as a nucleophile and His residue as a proton donor [16]. Nucleophilic cysteine
attacks the carbonyl carbon atom of the peptide bond that generates the tetrahedral
thioester transition intermediate which bears the negative charge on the carbonyl
oxygen (oxyanion) [18]. Negatively charged ion pair is also stabilized by helix
microdipole formed by catalytic Cys25 located at the N-terminus of a-helix and
preceding Glu19. These two residues also stabilize the transient tetrahedral interme-
diate by H-bond interactions and form an oxyanion hole. After the collapse of tetra-
hedral intermediate, a proton is transferred from the positively charged His159 to
the amino group of the cleaved peptide bond which results in the release of amine
components [19].

Catalytic activity of cysteine cathepsins varies depending upon the enzyme-
substrate interaction. As shown in Fig. 11.3, the substrate-binding pocket of these
enzymes contains seven subsites, four on one side of the Cys25 and the remaining
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three on its other side. Amino acid residue of the substrate at the N-terminal of the
scissile bond and the subsites of enzyme to which they bind are referred to as non-
primed, while the amino acid residue of the substrate located on the C-terminal side
of the scissile bond and their corresponding binding sites in the active cleft of the
enzyme are termed as primed sites (Fig. 11.3). These binding subsites are denoted
as S (5S4 to S3’) extending over a 25°A long domain of the protease that interacts
with seven residues of the peptide/substrate, designated as P (P4 to P3’) [20].
Structural analysis revealed that S2, S1, and S1’ are the well-characterized binding
sites in cysteine cathepsin where S2 site situated in the groove is occupied by hydro-
phobic and aromatic amino acids. Insights on the enzyme-inhibitor complexes
revealed that substrate residues P2, P1, and P1’ fit well into these binding sites and
hence act as major determinants of substrate selectivity. The binding area between
the substrate residues with the enzyme is further broadened by the presence of addi-
tional subsites S4, S3, S2’, and S3’ [21]. The substrate-binding site of endopepti-
dases along with two loops of L-domain binds specifically with the amino acid
residues at P3, P1, and P2 position of the peptide targeted for degradation. Also resi-
dues at P2 and P1’ positions of the substrate interact with amino acid residues of
R-domain loops of the enzyme [22]. The amino acid residue at the P2 position of the
substrate binds with both L- and R-domains and S2 pocket of the enzyme through
hydrogen bonding and therefore determines its ability to bind the active site [16].
Cysteine cathepsins have a highly structured extended propeptide which is held
in an opposite orientation over the substrate-binding cleft and thereby, physically
blocks enzyme-substrate interaction [19]. This propeptide interacts non-covalently
with the active site of all cysteine cathepsins except cathepsin X, where a disulfide
linkage between the cysteine residue in the active site and the proregion holds pro-
peptide over the substrate-binding pocket of the proenzyme [13]. Analysis of crystal
structures of endopeptidase cathepsins K, L, S, F, V, O, and W revealed that active-
site cleft is extended along the interface of L- and R- domains [21]. Substrate access
to the active-site cleft of exopeptidases is restricted due to the additional structural
elements (Fig. 11.3) such as a mini-loop of cathepsin X [23] and occluding loop of
cathepsin B [24]. These loops block the binding of substrate at the C-terminus
(primed side) of the active-site cleft limiting the access of substrate residues [25].
Dipeptidyl cathepsin B and monopeptidyl cathepsin X cleave the amino acid resi-
dues from the C-terminal of the substrate by using side-chain histidine residue(s) to
position the negatively charged carboxylic group of the peptidyl substrate at the
cleavage site. Cathepsin B contains an insertion of an 18-residue-long occluding
loop (Pro107, Asp124) and utilizes the adjacent imidazolium rings of His110 and
His111 to bind the carboxyl group of the C-terminal residue of the substrate [24].
However, the occluding loop of cathepsin B is very flexible as it gets displaced from
the substrate-binding site under the acidic pH, and therefore, it also exhibits endo-
peptidase activity [22]. The proregion of monocarboxypeptidase cathepsin X con-
tains three-residue-long “mini-loops” (between His23 and Tyr27) that extend toward
the active-site cleft and influence the access of substrate to the S” binding region of
the protease. Binding of the carboxylate group of P1’ residue is favored by H-bond
interactions with His23, Tyr27, and Trp202 in the S1’ region of active-site cleft [23].
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The active site of aminopeptidase cathepsins H and C is blocked by the parts of
their propeptide on the non-primed sides so that it can only be occupied by one or
two substrate residues [26]. Propeptide of cathepsin H contains an octapeptide mini-
chain, covalently linked by the disulfide bond to the enzyme that binds in the sub-
strate orientation to the active-site cleft [27]. Active site (S2 site) of cathepsin H is
occupied by the negatively charged carboxylic group of Thr83P at the C-terminus
of the mini-chain and anchors the positively charged N-terminus of a substrate to
the cleavage site. Attachment of mini-chain to the enzyme surface is enhanced by
the insertion of four residues (Lys155A, Asp155D) and glycosylation of Asnl11
[28]. Aminodipeptidase cathepsin C (dipeptidyl peptidase I, DPPI) exists as a tetra-
mer and contains four identical active sites on the external face. The structure of
each cathepsin C functional monomer is constituted by three domains, two domains
of the papain-like structure and an “exclusion domain.” Exclusion domain folds into
an eight-stranded p-barrel and bears no homology with any member of papain fam-
ily of proteases. Exclusion domains aid in tetrahedral structural arrangement and act
as an extension for the active-site cleft, hence assisting DPPI activity. In case of
cathepsin C, protruding p-hairpin (Lys82, Tyr93) and residues at N-terminus of the
massive exclusion domain obstruct the entry of substrate into the active site.
Hindering N-terminal of this exclusion domain of one dimer blocks the active-site
cleft of the next, while the C-terminus of R-domain binds to the f-barrel of the
adjoining exclusion domain of its neighboring partner [28]. The carboxylate group
of Aspl side chain oriented toward the substrate-binding site controls access of
N-terminal amino group of the substrate into the S2 binding pocket. In addition,
glycosylation of Asn5 residue in the N-terminal region of exclusion domain
improves the jamming of active-site cleft [26, 28]. Interestingly, attachment of car-
bohydrate rings to key residues in these blocking elements plays a pivotal role in
stabilizing their structure and simultaneously controls the access to active-site cleft
[16]. Therefore, cysteine cathepsins have no definite substrate selectivity as a result
of multiple interactions adding to the challenges faced in designing specific inhibi-
tors targeting these proteases.

11.4 Classification

Cathepsins have been classified on the basis of their structure, active site, and sub-
strate specificity into three different categories: (1) aspartic proteases (cathepsins D
and E), (2) serine proteases (cathepsins A and G), and (3) cysteine proteases consist-
ing of 11 lysosomal cathepsins (B, C, F, H, L, K, O, S, V, X, and W) [29]. Papain-
like proteases are the most abundant among the cysteine proteases belonging to the
CIA (clan CA) family [14]. Members of cysteine cathepsins exhibit diverse cata-
lytic activity, and a majority of them are endopeptidases (F, O, S, K, V, L, and W)
with wide variations in their substrate specificity. Additionally, cathepsins H and B
possess both endo- and exopeptidase activities, whereas cathepsins C and X are
exclusively amino- and carboxypeptidase, respectively [30]. Based on the length
and amino acid sequence of their proregion cysteine, cathepsins have been further
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divided into “cathepsin L-like” (cathepsins L, K, S, H, and V) and “cathepsin
B-like” (cathepsins B, C, O, and X) groups. With the exception of cathepsin H,
cathepsin L subfamily proregion is approximately 100 (96-99) amino acid residues
and contains consensus sequences ERF(X)NIN and GxNxFxD, whereas proregion
of “B-like” cathepsins only contains GxNxFxD motif and exhibits a wide variation
(38-206 amino acids) in its length [31]. Subsequent studies identified two more
cysteine cathepsins (F and W) and based on phylogenetic analysis placed them in
yet another group “F-like cathepsins.” The propeptide region of this group of
cathepsins contains a unique ERFNAQ motif [32].

11.5 Biosynthesis, Trafficking, and Localization

Cysteine cathepsins are synthesized as pre-proenzymes having N-terminal signal
peptide that directs the enzyme into the lumen of endoplasmic reticulum (ER)
(Fig. 11.4). The signal peptide is cleaved, and the inactive precursor undergoes
N-linked glycosylation subsequent to its entry into the ER [16]. High mannose oli-
gosaccharide on the protein is then phosphorylated in the trans-Golgi network
(TGN) to mannose-6-phosphate for its further targeting to the lysosomes. Cathepsins
are transported to the endosomal/lysosomal compartment by mannose-6-phosphate
receptor (M6PR) pathway [3]. Activation of cathepsins occurs either by the low pH
of the endosomes or through proteolytic processing by other protease such as pep-
sin, legumin, or cathepsin D [33]. Dissociation of the proregion is an autocatalytic
event for endopeptidases such as the cathepsins B, H, L, S, and K, whereas the
exopeptidases including cathepsins C and X are processed by other endopeptidases,
such as the cathepsins L and S [34]. In the acidic environment of lysosomes, the
mature enzyme exists as single- or double-chain forms linked by disulfide bonds
[16]. Cysteine cathepsins being intracellular proteases are usually but not exclu-
sively localized in the acidic and reducing endo-lysosomal vesicles. Under certain
circumstances, they are targeted to the plasma membrane or even secreted [13].
Cell-matrix interactions have been suggested to influence their localization and
activity [3]. Various negatively charged molecules such as glycosaminoglycans
(GAGsS) play a major role in autocatalytic activation of cysteine cathepsins [30, 35].
GAG binding induces a conformational change in the zymogen structure thus,
weakening the interaction between the propeptide and active domain of the enzyme,
thereby exposing the active site for processing [36]. Negatively charged GAG and
polysaccharide (dextran sulfate) binding to the cathepsins facilitate the autocatalytic
activation and confer protection against pH-induced changes under various patho-
logical conditions [35]. Mature cathepsins may also be secreted into the extracel-
lular space from late endosomes or lysosomes by Ca**-mediated fusion of lysosomes
with the cell membrane [37]. Relatively small but a significant portion (approxi-
mately 5%) of cathepsins is secreted as proenzyme from the TGN into the extracel-
lular milieu instead of them being targeted to the lysosomes. Particularly in
keratinocytes and thyrocytes, mature cysteine cathepsin from late endosomes/lyso-
somes enters the retrograde transport vesicles for their extracellular secretion [38].
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Fig. 11.4 Synthesis, sorting, and subcellular localization of cathepsins. Cysteine cathepsins
are synthesized as pre-proenzymes having N-terminal signal peptide that guides entry of the poly-
peptide chain into the ER. Signal peptide is removed and three-dimensional structural confirmation
is attained with the help of the proregion in the ER. Procathepsin undergoes disulfide bond forma-
tion and glycosylation with high mannose glycans that are later targeted to the TGN network.
Procathepsins are then tagged with M6P, which is used to target the protein to the endosomal/
lysosomal compartment through M6PR. Activation of cathepsins occurs either by the low pH of
the endosomes or through proteolytic processing by other protease and is transformed into
disulfide-linked heavy and light chains in the lysosomes (A). Leakage of lysosomal proteases can
trigger the cell death pathways (B). A portion of the cathepsins that escape the phosphorylation of
mannose residues pass through the exocytosis into extracellular compartments. Cysteine cathep-
sins being intracellular proteases are usually but not exclusively localized in the acidic and reduc-
ing endo-lysosomal vesicles. Relatively small but a significant portion (approximately 5%) of
cathepsins is secreted as proenzyme from the TGN into the extracellular milieu (C). Cathepsins are
either expressed by the transformed cells on their cell surface (caveolae) or secreted into the extra-
cellular locations for tumor invasion and metastasis (D). Truncated cathepsins lacking the signal
peptide as a result of alternative splicing and exon skipping are also detected in the unusual loca-
tions such as the nucleus or mitochondrial matrix (E)
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Secretion of active cathepsin from epithelial cells is required for proenzyme pro-
cessing and ECM remodeling in the pericellular environment [39, 40]. Cathepsins
are either expressed by the transformed cells on their cell surface or secreted into the
extracellular locations for tumor invasion and metastasis. Localization of cathepsin
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B has been extensively demonstrated in the microdomains of the plasma membrane
such as caveolae [41-43]. This cell surface-associated cathepsin B is involved in the
intraepidermal migration of keratinocytes and remodeling of ECM during wound
healing [44]. An alternative transport mechanism has been shown in case of the
fibroblasts, hepatocytes, and breast tumors where procathepsins B and H are routed
to late endosomes and lysosomes independently of M6P-mediated sorting at TGN
[3]. Thus, an alternative routing of cathepsins perhaps varies according to the cell
type and the availability of sorting signals. Furthermore, cathepsins lacking the sig-
nal peptide as a result of alternative splicing and exon skipping are also detected in
the unusual locations such as the nucleus or mitochondrial matrix where they induce
cell proliferation and apoptosis, respectively [3, 45]. Different isoforms of lyso-
somal proteases have been reported. Their abundance varies according to the sub-
cellular localization and the cell’s pathophysiological condition [46]. Truncated
cathepsin L lacking the signal peptide is trafficked into the nucleus where it medi-
ates the progression of cell cycle into the S phase by processing of CCAAT dis-
placement protein/cut homeobox (CDP/Cux). Nuclear cathepsin L has also been
reported in the proteolytic chopping of mouse histone H3 tail, thereby modulating
the expression of multiple genes [13].

Some cysteine cathepsins such as B, L, H, and X are ubiquitously distributed,
whereas others such as S, K, V, F, C, and W are limited to specific cell types and
tissues. For example, cathepsin K (also named as cathepsin O2) is predominantly
found in osteoclasts and is majorly involved role in bone remodeling [47].
Collagenolytic activity of cathepsin K is potentiated by interaction with GAGs such
as chondroitin and keratin sulfate which are the major components of cartilage tis-
sues. Similarly, cathepsin W is expressed in CD8-positive cells [48]; cathepsin S by
various antigen-presenting cells such as macrophages, dendritic cells, and lympho-
cytes [49]; and cathepsin V (also termed as L.2) which shares similarities to cathep-
sin L is majorly expressed in the testis and thymus [50]. Cathepsin O, on the
contrary, is highly abundant in colon cancer cell [51]. Increased secretion of cathep-
sins from tumor cells and activated immune cells, either as inactive form (proca-
thepsins B, L, and X) or as active enzymes (cathepsins B, H, K, L, S, and X),
suggests that their functions are controlled by their cellular localization [52].

11.6 Regulation of Expression and Activity of Cysteine
Cathepsins

Cathepsins are intracellular proteases which function optimally at acidic pH and
reducing environment of the lysosomes. These peptidases have also been described
in the cell nucleus, plasma membrane, and cytoplasm, and many of them are secreted
extracellularly in various physiological and pathological conditions. Proteolytic
activity of these enzymes can be regulated in several ways including pH and redox
status of the pericellular microenvironment, procathepsin activation, and inhibition
by endogenous inhibitors [21] . Furthermore, expression of cathepsins like any
other protein is also regulated at the level of transcription, mRNA splicing,
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translation, posttranslational modifications, and protein trafficking [52]. Due to the
importance of these proteases in various pathologies and change in expression pro-
file at various stages of disease development, their regulation has gained significant
attention in the recent past.

11.6.1 Transcriptional and Translational Regulation

The rate of transcription which plays a key role in the regulation of gene expression
is determined by the strength of the promoter. Promoters of both cathepsins L and
B have high G + C content, lack canonical TATA box, and contain binding sites for
several transcription factors including multiple Sp1 binding sites which resemble
the features of housekeeping genes [52-55]. Both these cathepsins are overex-
pressed in mouse and human tumors as a result of binding of Sp1 and Sp3 to the
GC-rich regions of their promoter [53, 55-57]. Furthermore, the binding sites for
NF-Y, Spl, and Sp3 are essential for the transcription of the gene encoding human
cathepsin L in melanoma cells [58]. The expression of cathepsin L is upregulated by
several growth factors, proinflammatory cytokines, oncogenes, and tumor promot-
ers [59-61]. Angiogenesis-promoting vascular endothelial growth factor (VEGF)
also upregulates cathepsin L expression in glioblastoma cells. A 47 base pair region
containing Sp1 and AP4 motifs plays a critical role in conferring VEGF responsive-
ness to cathepsin L promoter [60]. Interestingly, treatment of peritoneal macro-
phages with interferon (IFN)-a decreases the expression of cathepsin L without
affecting the levels of cathepsin S [62]. The regulatory region of human cathepsin L
contains multiple CpG islands which are methylated in lymphoma cells, thereby
silencing its expression in this malignancy [58]. Consistent with this observation,
promoter methylation downregulates the expression of cathepsin L in chronic
myelogenous leukemia patients during accelerated phase/blast crisis [63].
Erythroblast transformation-specific (Ets) family transcription factors regulate the
transcription of cathepsins K and C during bone and breast cancer progression [52].

Cathepsins are encoded by multiple mRNAs that contain variable length of 5’
and 3’ untranslated regions (UTRs) as a result of alternate splicing [64]. For instance,
human cathepsin L (hCATL) is encoded by at least five mRNA species, namely,
hCATL A, AL, AIl, and AIIl and B [65]. Among them, the first four are generated by
the alternate splicing of the same primary transcript. The full length of exon I (280
nucleotides) is retained in the transcript variant hCATL A, whereas 27, 90, and 145
nucleotides are spliced out from the 3’ end of this exon to generate Al, All, and AIII
variants, respectively. HCATL AlIl, the shortest variant, is most efficiently trans-
lated, whereas the longer mRNA species exhibit lower translational efficiencies [45,
65]. The fifth mRNA species hCATL B is transcribed from an alternate promoter
located in the first intron of human cathepsin L gene. The alternate promoter like its
proximal counterpart also lacks a canonical TATA box. However, it contains puta-
tive binding sites for several transcription factors like AP1, AP4, GATA-1, Lmo2,
NF-kappa B, etc. [66]. The most efficiently translated cathepsin L transcript AIlI is
abundantly expressed in cancers which may explain the elevated levels of the
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protease in malignancy [65]. In line with this, splice variant of cathepsin B lacking
Alu sequence containing exon 2 is translated more efficiently compared to other
variant(s) which may be responsible for overexpression of cathepsin B in malignan-
cies of the breast, colon, prostate, and brain [52, 67, 68]. Thus, alternative splicing
of cathepsin L and B pre-mRNA results in differential expression of these proteases
in different cell types. Hence, understanding of these molecular mechanisms is
essential to delineate the role of different mRNA variants in tumors.

Interestingly, the longest human cathepsin L splice variant A contains a func-
tional internal ribosomal entry site (IRES) which is involved in overexpression of
cathepsin L by hypoxia [69-71]. This IRES besides providing a translational con-
trol may also account for discrete mitochondrial and nuclear localization of the
cathepsin L which lacks the signal peptide at the N-terminus [13].

11.6.2 Zymogen Activation

As outlined above, N-terminal proregion of cathepsin precursor is essential for the
proper folding and targeting of precursor to the endocytic compartments.
Autoinhibitory proregion blocks the contact of substrate with active-site cleft by
binding the enzyme in opposite orientation and extended confirmation [13]. In
majority of cathepsins, this proregion forms the loose contact with intact zymogen
structure by non-covalent interactions such as salt bridges and hydrogen bonding
[62]. Cathepsin X exhibits an exceptional structure in which proregion is covalently
bonded by disulfide linkage with the active-site cysteine residue, thus avoiding the
autocatalytic activation [72]. Endopeptidases such as cathepsins B, H, L and K are
initially autocatalytically activated at mildly acidic pH followed by proteolytic pro-
cessing of the remaining procathepsin molecules [36].

11.6.3 pH

Lysosomal cathepsins function optimally at low pH (pH < 4.5) and have narrow
functional pH, ranging from 4 to 6 [62]. Acidic pH of lysosomal compartments
(pH < 5) destabilizes the interaction of the inhibitory propeptide and the active site
and thus facilitates the movement of propeptide from the normal position [14].
Furthermore, proenzyme after conformational change in propeptide structure exhib-
its very less catalytic activity that is just enough for the activation of other proca-
thepsins and hence initiates the bimolecular chain reaction [73]. Cathepsins not
only exhibit enzymatic activity at acidic pH but several of them retain significant
activity over a wide range of pH [18]. For example, cathepsin S is stable at pH rang-
ing from 4.5 to 8.0 with pH optima of 6.0. This perhaps facilitates its role in antigen
processing and presentation within less acidic compartments [74]. Ubiquitously
expressed cathepsin B also exhibits stability at neutral pH 7 with half-life of 15 min
and optima in the range of 4-6 presumably accounting for its presence in distinct
locations [75], while other cathepsins such as L, H, K, V, and F retain only partial
activity at neutral pH and, therefore, are less active outside lysosomes [76].
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11.6.4 Inhibitors of Cysteine Proteases

The most critical and preeminent control of cathepsins that has been spilled into the
cytosol is accomplished by their endogenous protein inhibitors including cystatins,
thyropins, and serpins [16]. These inhibitors based on their binding potencies and
physiological role have been divided into emergency and regulatory inhibitors [77].
Emergency inhibitors exhibit competitive and reversible binding and rapidly form a
complex with enzyme that remains associated for longer duration. This class of
inhibitors is more abundant than the enzymes and is localized in a distinct compart-
ment from that of the target enzyme [78]. Certain delayed inhibitors such as blood
plasma serpins are converted to emergency inhibitor by heparin. In contrast, regula-
tory type of inhibitors not only blocks but also modulates the proteolytic activity
[79]. Cystatins were first found in chicken egg white and exhibited their inhibitory
effects against only papain-related proteases [78]. These proteins have been well
characterized and belong to the MEROPS family I125. In humans, there are 12 mem-
bers in cystatin superfamily that have been classified into three families including
stefins (type 1), cystatins (type II), and kininogen (type III) [15]. Cystatins are low-
molecular-weight (10-13 kDa) competitive inhibitors that interact reversibly with
the lysosomal cysteine proteases and prevent the inadvertent tissue damage by regu-
lating the misplaced cathepsins. Cystatins are not very selective, and the picomolar
amount is enough to inhibit the endopeptidases [80]. An inhibitory domain of cys-
tatin is composed of five antiparallel B-sheets enfolded around a central a-helix. The
binding groove of papain is blocked by the wedge shape formed by flexible
N-terminal and two p-hairpin loops of cystatin. The two hairpin loops of cystatins
dock with the “prime” subsites of the substrate-binding sites, whereas the elongated
N-terminus interacts with the “unprimed” subsites [78].

11.6.4.1 Stefins

Stefins are present in the cytosolic compartments along with the low physiological
concentration in serum and are potent intracellular inhibitors due to their stability in
a wide pH range [16]. They exist as non-glycosylated single chain of approximately
100 amino acid residues [77]. In humans, this class comprises of two members,
cystatins A and B. Human cystatin A has been localized in the skin epithelium and
blood cells. On the contrary, human cystatin B is widely distributed mainly in the
cell cytoplasm. Interestingly, this inhibitor has also been detected in the nucleus
where it regulates the cathepsin L-mediated processing of histone proteins [15].

11.6.4.2 C(ystatins

Type 1II cystatins are the members of MEROPS subfamily 125B consisting of cys-
tatins C, D, E/M, F, G, S, SN, and SA [15]. Unlike the stefins, these inhibitors are
synthesized as pro-inhibitors with 20-26 amino acid residue signal sequence
required for their secretion into extracellular milieu [79]. Similar to type I cystatins,
they are usually non-glycosylated (except cystatins F and E/M), single-chain
polypeptides but larger in size having 120 amino acid residues. The most salient
feature is the presence of Pro-Trp and two conserved disulfide bonds at the
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C-terminal segment where the respective cysteine residues are held 10-20 amino
acids apart. The cystatins C, D, S, SA, and SN share >50% sequence homology,
while cystatins E/M, F, and G are only <35% identical in sequence [81]. They are
present in most biological fluids [77]. Cystatins S and SA are found in the saliva and
seminal fluids; cystatin SN is present in the saliva and tears [81]. Human cystatin E
is present in the amniotic fluid [15], and cystatin F also called as “leukocystatin” is
primarily expressed by the immune cells and the spleen [77]. Cystatin F-deficient
mice exhibit altered regulation of cysteine proteases due to impaired granule bio-
genesis in eosinophils resulting in defective immune response to combat the patho-
gens [82]. Cystatin G is mainly expressed in epididymal and spermatogenic cells
[15]. Cystatin C (also known as post-y-globulin) is one of the most thoroughly stud-
ied human cystatins. It is secreted into all body fluids, and its concentration is par-
ticularly high in seminal plasma and cerebrospinal fluid [81]. Cystatin C displays
broad-spectrum selectivity against all the papain-like proteases and cannot distin-
guish endo- or exopeptidases. Human cystatin C is a potent “emergency inhibitor”
which rapidly neutralizes the activity of lysosomal cathepsins that escaped in the
extracellular milieu [15].

11.6.4.3 Kininogens

Type III cystatins belong to 125C subfamily and comprise of three members includ-
ing high (HMWK, approximately 120 kDa) and low (LMWK, approximately 60
kDa) molecular weight kininogens in humans [83]. However, kininogen T has only
been described in rats [81]. These glycosylated inhibitors are synthesized as pre-
proteins. Both HMWK and LMWK are synthesized in the liver and are encoded by
splice variants generated as a result of alternate splicing of the same primary tran-
script. Human kininogens contain N-terminal heavy and C-terminal light chain con-
nected by a disulfide bond. Three cystatin-like domains (D1-D3) are present in their
heavy chain. However, only pentapeptide (QVVAG)-containing domains D2 and
D3 are able to inhibit cysteine proteases [15]. Cathepsins L, S, and H are strongly
inhibited by type III human cystatins, whereas cathepsin B is only weakly inhibited.
Higher concentration of kininogen is found in hepatocytes, spleen, and dermato-
phytes [81]. Both human kininogens are present in equal amount in the blood and
thus act as a potent inhibitor of cysteine proteases in circulation [77].

11.7 Physiological Functions of Cysteine Cathepsins

Assigning the specific roles to the cathepsin has been a challenging task owing to
the redundancy in their functions. However, lysosomal cysteine cathepsins perform
various important physiological functions as their deficiency in mice results in vari-
ous hereditary disorders. Traditionally, these peptidases were only thought to par-
ticipate in nonspecific proteolysis within the lysosome. However, this view is
rapidly changing, and these proteases are now being implicated in specific biologi-
cal roles.
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11.7.1 Extracellular Matrix (ECM) Degradation

ECM occupies the void space between the cells and provides the meshwork for
holding the cells embedded within the tissues. This noncellular component is also
an important mediator for cross talk between the cells, angiogenesis, wound heal-
ing, bone remodeling, and many other physiological processes. ECM is mainly
composed of fibrous proteins (elastin, collagen, laminins, and fibronectins), proteo-
glycans, water, and minerals. Deregulated synthesis and remodeling of ECM have
been attributed to fibro-proliferative disorders and cancers affecting almost every
organ of the body. In healthy tissue, ECM homeostasis is mainly monitored by
matrix-degrading proteases like MMPs, serine proteases, and cysteine cathepsins
[84]. ECM degradation is not necessarily restricted to the extracellular milieu, but a
number of ECM proteins are also acquired intracellularly by endocytosis [14]. ECM
proteins such as fibronectin; laminin; elastin collagen types I, IV, and XVII; and
tenascin C are well-characterized substrates for cysteine cathepsins [85]. Earlier, the
responsibility of bulk degradation of matrix proteins was solely assigned to MMPs.
However, this concept was challenged as treatment with MMP inhibitor does not
confer protection against ECM-related pathologies such as cancer, atherosclerosis,
and many other fibrotic conditions. Interestingly, pan-inhibitor E64D was able to
overcome the bone resorption by inhibiting cartilage degradation in osteoporosis
[14] and thus highlighted the specialized role of cathepsins in the maintenance of
tissue architecture. Collagen is the most abundant and viscoelastic structural com-
ponent of ECM that exists in right-handed triple superhelical confirmation. Highly
abundant forms of collagen, i.e., types I and II, are hydrolyzed only by specific
proteases such as MMP-1, MMP-8, MMP-13 and the cysteine protease, cathepsin K
[21]. The presence of additional C-terminal hemopexin domain in MMPs equips
them with the ability to unwind the collagen helical structure and hydrolyzes the
peptide bond in collagen helix into three-fourths and one-fourth telopeptides which
are in turn cleaved by other tissue proteinases [14]. In contrast, cathepsins lacking
such special structural features can only cleave the non-helical telopeptide regions
of collagens except for cathepsin K [86]. Cathepsin K contains additional GAG
binding site located opposite to the substrate-binding site which forms an oligo-
meric complex with ECM. Cathepsin K interaction with chondroitin sulfate resem-
bles “beads on a string-like arrangement” [87]. It cleaves within the collagen helix
at multiple sites as opposed to MMPs that specifically attack the peptide bond
between 775 and 776 amino acid residues [14]. Cathepsin V, on the other hand, has
the ability to form the complex with GAGs but lacks the collagenolytic activity.
Hence, the collagenolytic activity cannot alone be assigned to the formation of
cathepsin-GAG complexes but to its unique ability to accommodate proline resi-
dues in the P1 and P2 positions [88]. However, cathepsin K-like variant of cathepsin
L generated by mutating S2 subsite possessed the similar affinity for type I collagen
but lacked the collagenolytic activity supporting the critical role of both active-site
and GAG complex formation [89]. Cathepsin K along with cathepsins B, L, and S
degrades the telopeptide region of the collagen into monomers [21]. Cathepsin K is
overexpressed in osteoarthritis and rheumatoid arthritis patients, and its specific
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inhibitors display therapeutic effect [21]. As a result, it has been implicated as a
major player in the pathogenesis of osteoarthritis [14]. Consistent with this view,
genetic loss of cathepsin K in humans leads to pycnodysostosis characterized by
osteopetrosis, acroosteolysis, spondylolysis, and bone fragility [90]. Cathepsin K
knockout mice also develop osteopetrosis due to reduced bone resorption and
increased bone formation [91]. In addition, cathepsin K degrades other bone matrix-
associated proteins such as osteocalcin and osteonectin, playing a major role in the
proteolytic degradation of the cartilage [14]. Other cathepsins such as B, L, and S
also increase in the synovial fluids of rheumatoid arthritis which explains their func-
tion in collagen degradation and bone remodeling [92]. Genetic deficiency of
cathepsin L in the mouse model of arthritis abrogated the bone inflammation and
cartilage destruction confirming its role in joint destruction [93]. Elastin, another
element of the ECM, is required for the elasticity and flexibility of the tissues.
Human cysteine cathepsins V, S, and K exhibit significant elastin-degrading activi-
ties, whereas cathepsin L displays minimal elastolytic ability. Cathepsin K pos-
sesses elastin-degrading potential which exceeds that of all other mammalian
elastases; as a result, inflammatory cells may use this protease to degrade elastic
lamina [94]. In the absence of cathepsin K, elastin degradation is compensated by
cathepsins L and S [21].

Proteoglycans are the complex macromolecules found in interstitial matrix and
basement membrane of the tissues. These molecules consisting of core proteins and
covalently attached GAGs have also been listed among the various substrates
degraded by cathepsins [21]. GAGs form the complex with the cathepsins and
thereby regulate the matrix degradation and turnover. For example, collagenase
activity of cathepsin K is negatively regulated by dermatan, heparan sulfate, and
heparin [95]. Binding of chondroitin sulfate inhibits the cathepsin S-mediated col-
lagen degradation [96] and the elastolytic activity of cathepsins V and K [97].
Additionally, protein core of proteoglycans is also degraded by cathepsins.
Aggrecan, the major proteoglycan present in the cartilage tissue, is cleaved by
cathepsins such as B, K, L, and S [98]. Apoptotic endothelial cells secrete cathepsin
L which proteolytically processes basement membrane proteoglycan perlecan
releasing antiapoptotic endorepellin (LG3) from its C-terminal end [99].
Interestingly, the generation of neuroprotective LG3 peptide was attributed to the
cathepsin B activity rather than that of cathepsin L during cerebral ischemia [100].
Moreover, the degradation of basement membrane constituents such as nidogen 1
and nidogen 2 is mediated by cathepsin S expressed by keratinocytes [101].
Cathepsins L and B are also capable of degrading laminin present in the basal mem-
brane [21]. Cathepsin K was also suggested to play a crucial role in basement mem-
brane remodeling as mice lacking this protease showed the elevated levels of
collagen IV, laminin, E-cadherin, and occludin in the colon [102]. Cell adhesion
protein such as E-cadherin and B-2 integrins is also processed by the cathepsins B,
L, and S secreted by tumor cells [103]. Henceforth, regulation of this network of
proteases is vital for the ECM homeostasis.
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11.7.2 Mediators of Cell Death

Cell death is a biological process by which unwanted cells are eliminated through
apoptosis, necrosis, necroptosis, and autophagy [104]. All these pathways some-
times work simultaneously or in tandem to decide the cell fate [105]. Lysosomal
damage and subsequent drainage of its components in the cytoplasm can trigger the
cell death pathway [106, 107]. Lysosomal membrane permeabilization (LMP) can
progress to apoptosis, necrosis, autophagy, or necroptosis depending upon the type
of cellular injury, leakage of the cathepsins, as well as the expression of their inhibi-
tors [80, 108]. LMP is triggered by various agents such as reactive oxygen species
(ROS), lipid metabolites, lysosomotropic compounds, as well as by proapoptotic
factors such as Bax [109]. ROS such as hydrogen peroxide enter the lysosomes and
get transformed into highly reactive hydrogen oxide free radical in a step that is
facilitated by lysosomal iron that disrupts the lysosomal cell membrane by lipid
peroxidation [108].

Apoptosis (derived from the Greek word meaning fall off) is a programmed cell
death characterized by ATP-dependent biochemical pathways, defined morphologi-
cal changes, and activation of executioner caspases in the dying cell. The apoptotic
response is induced by either an intrinsic or extrinsic pathway based upon the source
of cellular stress. Microinjecting cathepsins into the cytoplasm can experimentally
induce apoptosis [110]. LMP can either be an initiating event leading to the caspase
signaling cascade or it can just be a supportive event amplifying the death signals
independent of caspase [111]. Release of cathepsins as a result of LMP triggers the
further downstream events of an intrinsic apoptotic pathway. Cathepsins B, H, L, S,
and K have been shown to activate the Bcl-2 family member proapoptotic Bid to
truncated (t-Bid) form which then facilitates the oligomerization of Bax and Bak
proteins [80]. This proapoptotic complex then translocates to mitochondria and
induces mitochondrial outer membrane permeabilization (MOMP) by forming the
pores [108, 112]. Cysteine cathepsins further facilitate apoptosis by degrading anti-
apoptotic proteins such as Bcl-2 and Bel-xL. They can also directly activate cas-
pase-3, caspase-7, and caspase-9 as well as degrade X-chromosome-linked inhibitor
of apoptosis (XIAP) and thereby expand the downstream apoptotic cascade [113].
The proapoptotic role of cathepsin B is further supported by the fact that genetic or
pharmacological inhibition of this protease reduced apoptosis in various experimen-
tal models of liver injury including tumor necrosis factor (TNF)-a-mediated hepa-
tocyte  apoptosis  [114-117], obstructive cholestasis [118],  hepatic
ischemia-reperfusion injury [119], and lipotoxicity [120]. Treatment with cholesta-
sis causing toxic bile salt, glycochenodeoxycholate, induces LMP, cathepsin B
translocation, caspase activation, and cell death in rat hepatocytes. Caspase inhibi-
tors and overexpression of the cathepsin inhibitor cystatin A reduced this toxicity
[121]. Cathepsin B translocation from lysosomes to the cytosol causes mitochon-
drial dysfunction and cytochrome c release which in turn induce apoptosis [120].
Redistribution of cathepsins to cytosol may activate classical mitochondrial path-
way of apoptosis. This redistribution may also induce caspase-dependent or caspase-
independent apoptosis [80]. LMP occurs as an early event followed by the release
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of cathepsin B into cytosol which induces caspase-independent apoptosis in
response to microtubule-destabilizing drugs in non-small cell lung cancer cells
[122]. However, the proapoptotic effect of cathepsin B is exerted through trypsino-
gen activation specifically in the case of the pancreas [123]. Cathepsin L contributes
in palmitic acid-induced lipotoxicity in neuronal cells (PC12) as its pharmacologi-
cal inhibition attenuates LMP, MMPs, and apoptosis [124]. In contrast, cathepsin L
also exhibits antiapoptotic role in cancer cells because its downregulation sensitizes
these cells to apoptosis in response to chemotherapeutic agents [125, 126].

Mitochondrial, lysosomal, and plasma membrane permeabilization are critical
features of necrosis. LMP is a delayed event in H,O,-mediated necrosis, while it is
an early step in TNF-a-induced necroptosis [108]. Cathepsin L cleaves DNA topoi-
somerase I during necrosis in diffuse systemic sclerosis. This is further corroborated
by the fact that 1.929 cells undergoing necrosis exhibit higher levels of cathepsin L
diffused into the cytoplasmic and nuclear compartments [127]. Similarly, ionophore
toxin nigericin induces cathepsin B redistribution causing caspase-1 activation and
interleukin (IL)-18 generation followed by necrosis in monocytic THP-1 cells [128].
Different cathepsins are involved in different types of adjuvant-mediated cell necro-
sis. For example, cathepsin C is involved in leucyl-leucine methyl ester-triggered
necrosis, whereas cathepsins B and S mediate alum-associated cytotoxic effects
[129]. Intracellular proteins are targeted to lysosomes by autophagy for cathepsin-
mediated degradation [111].

11.7.3 Antigen Presentation

Various cysteine cathepsins play important roles in MHC class II antigen presenta-
tion by degrading the antigenic peptides and processing of invariant chain (Ii) [130].
Specific cathepsins comprising L, S, F, and V are expressed by different types of
antigen-presenting cells (APCs) for the maturation of their antigenic complexes
[16]. Cathepsin S is expressed by most of the antigen-presenting cells including
dendritic cells, macrophages, and B cells. Spleen, lymph nodes, and vascular
smooth muscle cells also express high levels of cathepsin S [74]. It is the most
potent protease involved in immune response due to its activity over the broad pH
range. Interestingly, cathepsin S-null mice exhibit impairment in the invariant chain
(Ii) processing leading to deposition of MHC II complexes in the endosomes [2].
High levels of cathepsin S are secreted by the macrophages during various patho-
logical conditions like rheumatoid arthritis, atherosclerosis, and bronchial asthma
[62]. Due to the specific role of this protease in modulating the immune response, it
is considered a major therapeutic target, and its commercial inhibitor “celera” has
reached phase I clinical trial for the treatment of psoriasis [131]. Loss of cathepsin
L in mice results in impaired Ii processing to the class II-associated invariant chain
(CLIP) in the cortical thymic epithelial cells (cTEC), thereby confirming the role of
this protease in antigen presentation [2]. This incomplete processing of Ii fragment
in cathepsin L-deficient mice results in accumulation of I-Ab-bound p-12 and p18-
22 Ti fragments leading to the defect in thymic selection of CD4+ T cells, whereas



11 Physiological and Pathological Functions of Cysteine Cathepsins 237

the cathepsin L-deficient cTECs and splenic APCs do not show any such accumula-
tion of MHC II-bound Ii fragments [132]. However, cathepsin V that is exclusively
present in the thymus and testis performs the same function in humans [16]. The
p41 isoform of Ii specifically inhibits cathepsin L in APC where cathepsin S is the
major protease involved in antigen presentation [131]. Cathepsins X, B, and H may
also participate in antigen presentation, but they are not essential [133].

11.8 Cysteine Cathepsins and Human Pathologies

Given the role of cysteine cathepsins in maintenance of cellular homeostasis, altera-
tions in their expression, localization, and activity have been associated with the
development and progression of disorders like cancer [134], arthritis [92], neurode-
generative diseases [135], cardiomyopathies [136], obesity [137], liver fibrosis
[138, 139], lung and autoimmune disorders [15, 140], as well as in viral and para-
sitic pathogenesis [141, 142]. However, in this chapter, the role of cysteine cathep-
sins only in the pathogenesis of cancer, cardiomyopathy, and lung and metabolic
disorders has been discussed.

11.8.1 Cancer

Cancer is a multistage disease characterized by in situ development and prolifera-
tion of cancerous cells followed by dissemination of these cells to regional and
distant organs by “metastasis.” These metastatic cells leave the parent tumor and
colonize the other tissues to form a secondary tumor. Central to this process of inva-
sion and metastasis is the proteolysis of tissue scaffold holding the cells. As
described earlier, cysteine cathepsins can degrade the constituents of epithelial
basement membrane, cell-cell junctions, and ECM, which further facilitate intrava-
sation and extravasation of the cancer cells. They also have additional specialized
roles in various pro-tumorigenic processes like uncontrolled cell proliferation, sig-
naling, angiogenesis, loss of cell contacts, migration that subsequently influences
the tumor aggressiveness, and therapeutic resistance.

Elevated levels of cysteine cathepsins have been reported in cancers of the colon,
brain, bladder, prostrate, breast, lung, ovary, head and neck, pancreas, skin, and
bone [134, 143].Tumor-specific overexpression of various cysteine cathepsins is
summarized in Table 11.2. High levels of both cathepsins L and B serve as prognos-
tic markers in breast cancer and exhibit inverse correlation with disease-free and
overall survival of these patients [144]. Prognostic significance of cathepsin B in
patients with lymph node-negative disease is also documented [145]. Breast cancer
cells that metastasize to different organs exhibit different expression pattern of these
cathepsins. For example, the breast cancer cells that metastasize to brain express
high levels of cathepsins B, C, S, and L, while those metastasizing to the lungs
express high levels of cathepsins C, B, and L [146]. Interestingly, cathepsin L has
been used to predict the outcome of systemic adjuvant hormone therapy in patients
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Table 11.2 Tissue-specific overexpression of cathepsins in cancer

Cathepsin levels
Disease B |[C H K |L |S |Z |References
Colorectal cancer v v |/ [232-235]
Breast cancer v |/ v |/ [144]; [148]
Lung cancer v v v  / [156]; [143]; [157]
Pancreatic cancer v v [134]
Islet cell tumor v v v 1 [103,236]
Bone cancer v [237]
Ovarian cancer v v [150, 238]
Liver cancer v v [139]
Skin cancer v [158]
Pediatric acute v v [153, 154]
myeloid leukemia
Gallbladder cancer v v [134]

with hormone receptor-positive breast cancer, and elevated levels of this protease
suggest the poor outcome of the disease [147]. Levels of cathepsin H are also high
in the serum and tissues of breast cancer patients [148]. Overexpression of cathep-
sins B and L has been reported in the serum and tissues of patients suffering from
ovarian cancer [149, 150]. Similarly, cathepsins B and L are also increased in atypi-
cal invasive and aggressive meningiomas [151], gliomas [152], and hepatocellular
carcinoma [139] compared to their benign counterparts and may serve as potential
diagnostic markers. Expression of cathepsins L and B increases in parallel with
histological grade of pancreatic adenocarcinoma and correlates with short overall
survival after the surgical resection [134]. Increased levels of cathepsins L and B in
pediatric acute myeloid leukemia patients are strong markers for poor prognosis of
the disease [153, 154]. However, cathepsins B and H and plasminogen activator
inhibitor (PAI)-1 are considered more sensitive biomarkers and have a major prog-
nostic value in colorectal cancer [155]. As in other cancers, cathepsins B, L, H, and
S are also upregulated in lung cancer patients [143]. Enhanced levels of cathepsin B
correlate with hematogenous and intrapulmonary metastases of lung cancer cells
[156]. Moreover, tumors and tumor cell-infiltrated lymph nodes have high cathepsin
B activity which may be used as the predictor of poor prognosis in lung carcinoma
[157]. Similarly, stromal fibroblasts in squamous cell carcinoma of the skin overex-
press cathepsin K, which in turn promotes tumor invasion and metastasis by ECM
degradation and vascularization [158]. Overexpression of cathepsins B and L is also
reported in gall bladder cancer patients [159].

Formation of new blood vessels enhances the tumor vascularization and helps
tumor cells to reach the bloodstream and metastasize to the secondary sites. During
angiogenesis, endothelial cells proliferate, migrate, and invade the surrounding
perivascular stroma, forming tube-like structures that give rise to neocapillary net-
work. Various cysteine cathepsins such as B, L, S, and X have been implicated in
angiogenesis [19, 134, 160]. Several pro-angiogenic factors and inhibitors are also
the substrates for these cathepsins [14]. The use of the broad-spectrum inhibitor of
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cysteine cathepsins in the Rip1-Tag2 mouse model established the role of these
proteases in angiogenesis, tumor growth, and invasiveness within pancreatic islet
tumors. In these mice, genetic inhibition of cystatin C increases the formation of
vascular networks, while cathepsin S deficiency leads to impaired tumor angiogen-
esis and invasion [103]. Cathepsin S-deficient mice display defective microvessel
development despite high levels of VEGF and basic fibroblast growth factor (bFGF)
and promote angiogenesis by the degradation of anti-angiogenic peptides canstatin
and arresten [14]. Si-RNA-mediated knockdown of cathepsin S expression reduces
cell proliferation, invasion, and angiogenesis in human hepatocellular carcinoma
[161]. Similar to the findings in Rip1-Tag2 pancreatic cancer mouse model, cathep-
sin S overexpressed and secreted by both tumor and tumor-associated cells mediates
tumor growth and vascularization in the syngeneic model of colorectal cancer. Loss
of cathepsin S in these mice abrogates the formation of new blood vessels, cell
growth, and viability and thus further establishes the pro-tumorigenic role of this
protease [162]. Compared to benign tumors, increased cathepsin B levels are dif-
fusely distributed in microvessel of neoplastic prostate cancer. Cell surface-
associated overexpression of this protease is seen in highly metastatic prostate
cancer [163]. Similarly, downregulation of cathepsin B reduces the aggressiveness
and angiogenesis in gliomas [164, 165]. Cathepsin H is required for the develop-
ment of blood vessels, tumor growth, and invasion in the mouse model of pancreatic
islet cancer [166]. Although cathepsin L expressed by endothelial progenitor cell is
required for ischemia-mediated neovascularization, its role in tumor angiogenesis is
still not clear as deletion of this protease had no significant impact on the angiogen-
esis in Rip-Tag2 mice [52]. However, cathepsins L and S favor the generation of
laminin-derived pro-angiogenic factor-gamma 2 and induce the neoplastic progres-
sion [156, 167]. Anti-angiogenic effects of cathepsins L and S are mediated by
cleaving C-terminal of collagen XVIII that leads to endostatin formation [168].
Cathepsin B also contributes to angiogenesis by degrading the TIMPs which leads
to increase in the angiogenesis-promoting MMP activity [169].

Cathepsin activity and expression are mainly localized at the invasive edges of
the tumors which have been attributed to the ectodomain shedding of E-cadherin,
transmembrane proteins, and other cell surface-associated molecules enhancing the
invasion and migration of cancer cells [170]. Invasiveness of highly metastatic mel-
anoma cells is assigned to cathepsins B and L, and their downregulation and phar-
macological inhibition impair the invasive potential of human melanoma cells in
matrigel invasion assays [143]. Furthermore, overexpression of cathepsin L confers
highly invasive phenotype to nonmetastatic melanoma cells. Similarly, reduction in
cathepsins B, L, H, and S expression/activity lowers the invasive ability of glioblas-
toma cells [143]. Likewise, cathepsin B facilitates the invasion of esophageal cancer
fibroblasts, and cathepsin H performs the same role in prostate cancer [160]. It has
been proposed that cathepsin H mediates the processing of talin (actin- and p-integrin
tail-binding protein) which promotes activation of integrins and consequently
migration of prostate cancer cells [171]. Cathepsin X removes C-terminal Tyr139 of
profilinl, which abolishes its tumor-suppressor function. This cleavage also abro-
gates its ability to bind clathrin and enhance prostate cancer cell migration and
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invasion [172]. Coronin-3, a protein involved in the regulation of cytoskeletal
dynamics, facilitates gastric cancer cell migration and invasion by increasing the
expression of MMP-9 and cathepsin K [173]. Cancer cells that metastasize to the
bone secrete large amount of cathepsin K [174]. The invasive ability of breast can-
cer cells is associated with the proteolytic activity of cathepsin B at the tumor cell
surface [175]. Also, cell surface-associated clusters of proteases with cathepsin B
detected in caveolae of human colorectal carcinoma cells degrade type IV collagen,
thereby augmenting their invasive and migratory potential [176]. High cathepsin B
activity is also implicated in the pathogenesis of invasive and metastatic thyroid
carcinomas [160].

Cysteine cathepsins such as cathepsins L and Z are also involved in epithelial-
mesenchymal transition (EMT), another vital feature of tumorigenesis. Cathepsin L
plays an important role in transforming growth factor (TGF)-p1-mediated EMT,
and its downregulation reduces the migration and invasion of epithelial cancer cells
[177]. Similarly, its upregulation induces EMT in gastric cancer [178]. However,
cathepsin Z stimulates EMT in metastatic hepatocellular carcinoma by upregulating
the mesenchymal markers (fibronectin and vimentin) and downregulating the epi-
thelial markers (E-cadherin and a-catenin). This protease also exerts its metastatic
effect by influencing the ECM degradation through activation of other proteases
such as MMP-2, MMP-3, and MMP-9 [179].

Tumor metastasis relies on its surrounding microenvironment, which is a rich
source of proteases aiding the dissemination of the cancerous cells. Some proteases
directly impact the tumor growth and invasion, while others indirectly regulate the
expression of tumor- promoting molecules and signaling. Each cancer depending
upon its origin expresses a distinct set of proteases which promotes tumor progres-
sion. Therefore, in-depth understanding of these proteases and their behavior in the
tumor niche may prove useful in designing strategies for cancer therapeutics and
management.

11.8.2 Lung Diseases

Despite the crucial role of cysteine cathepsins in the maintenance of lung microen-
vironment, their deregulated expression and activity have been implicated in several
lung pathologies such as fibrosis, asthma, bronchopulmonary dysplasia, chronic
obstructive pulmonary disease (COPD), and silicosis [15]. Cysteine cathepsins dis-
play distinct immunostaining patterns in normal human lung tissue. Bronchial and
alveolar epithelial cells display intense staining for cathepsin K [180]. Cathepsin S
is located on the surface of ciliated cells and may favor the motility of cilia by pre-
venting unspecific binding with circulating plasma-derived proteins [181].
Cathepsins B and L are predominantly expressed in bronchial epithelial cells and
protect against airborne foreign particles and microbes. However, significant
amounts of cathepsin H are detected in macrophages, bronchial epithelial cells, and
type Il pneumocytes [180]. Type II alveolar epithelial cells also express cathepsin C,
while X and S are mainly present in macrophages [182].
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In lung fibrosis, the balance between repair and inflammatory pathway is regu-
lated by multifaceted cross talk between the cells and surrounding ECM [15].
Inflammatory cells (neutrophils and macrophages) in the airway get activated in
response to the lung damage and secrete proteases along with their inhibitors which
then disturb ECM homeostasis and alter the lung architecture [15]. Fibroblasts from
patients diagnosed with pulmonary fibrosis display higher-level expression and
activity of cathepsin K than the normal lung specimens. In line with this observa-
tion, cathepsin K expression is temporally upregulated in bleomycin-induced lung
fibrosis mouse model. Cathepsin K-null mice after bleomycin treatment display
aggravated fibrosis due to increase in the ECM deposition, upregulation of a-SMA
and vimentin, and decrease in collagen degradation by fibroblasts from these mice
[182]. Similarly, exposure of experimental animals to crystalline silica particles
induces pulmonary expression of cathepsin K [15]. The role of cathepsin K in pre-
venting silicosis is further strengthened by the observation that in response to silica
particles, silica-sensitive mouse strain (C57BL/6) expresses low levels of cathepsin
K mRNA in comparison with the resistant strain (BALB/c) [15]. The anti-fibrotic
role of cathepsin K is further confirmed by its ability to degrade fibrogenic cytokine
TGF-f1 and thus diminish the ECM accumulation [183]. Bronchoalveolar lavage
fluid (BALF) from silicosis patients has high levels of active cysteine cathepsins
such as B, H, K, L, and S [184]. Interestingly, loss of cathepsins B and L lowers the
expression of a-smooth muscle actin (SMA) in the fibroblasts from idiopathic pul-
monary fibrosis patients. In addition, TGF-p1-mediated transdifferentiation of
fibroblast is prolonged after treatment with cathepsin B inhibitor. This finding is
further confirmed by the observed increase in levels of cystatin C as opposed to
cathepsin B during TGF-p1-dependent differentiation of fibroblasts. Elevated cys-
tatin C levels inhibit cathepsin B and facilitate TGF-p1-mediated pulmonary fibro-
sis [185]. Cathepsin B is also upregulated in models and patients with interstitial
lung disease. Inflammation and progression of experimental pulmonary fibrosis can
be attenuated by the use of CA-074 Me, a specific inhibitor of cathepsin B [186]. On
the contrary, reduction in the extent of bleomycin-induced lung fibrosis by cur-
cumin is associated with the induction of cathepsins K and L expression [185].

COPD includes emphysema and chronic bronchitis mainly caused by cigarette
smoking and inhalation of particulate pollutants. Levels of cathepsins B, L, and S as
well as their endogenous inhibitor cystatin C are increased in smokers afflicted with
COPD [187]. The lungs of emphysema patients express high levels of cathepsin K
[15]. Similarly, cathepsins B, L, H, K, and S are upregulated in IL-13 and IFN-y
transgenic mouse models of emphysema. Treatment of these transgenic mice with a
common inhibitor of cysteine cathepsins attenuates lung inflammation and emphy-
sema and hence establishes the pathogenic role of these proteases in COPD [180].
Ozone-induced hyperresponsiveness and inflammation in BALB/c mice are associ-
ated with increased BAL levels of cathepsin S. Treatment of these mice with cathep-
sin S inhibitor decreased the levels of proinflammatory cytokines IL-6 and TNF-a.
These results further confirmed the role of cathepsin S in the oxidative stress-
induced airway hyperresponsiveness and suggest its utility as a potential therapeutic
target [188]. It is possible that cathepsin S mediates proteolysis of pulmonary ECM,
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basement membrane, and secretory leukocyte peptidase inhibitor (SLPI).
Degradation of SLPI, the endogenous inhibitor of human neutrophil elastase, tilts
the balance toward the breakdown of elastin causing loss of lung elasticity and
hence emphysema [189].

Involvement of cysteine cathepsins in the pathogenesis of cystic fibrosis is exten-
sively documented. High levels of active cathepsins B, L, and S have been detected
in BALF of cystic fibrosis patients compared to healthy subjects [15]. Cathepsins B
and S have been proposed as sputum markers of inflammation due to their remark-
able correlation with IL-8 and neutrophil elastase [190]. Cathepsins worsen cystic
fibrosis by degrading the antimicrobial molecules such as surfactant protein A, lac-
toferrin, SLPI, and human p-defensin-2 and p-defensin-3, thus increasing the vul-
nerability of the lungs to infection [184]. Furthermore, uncontrolled proteolysis is
enhanced as a result of hydrolysis of anti-proteinase such as human o,-proteinase
inhibitor by cathepsin L and kininogens by cathepsin B [15, 184]. Cathepsin S has
also been proposed as a biomarker for asthma pathogenesis [191]. It is upregulated
in experimental model of ovalbumin-induced allergic inflammation where the use
of selective inhibitor against this protease abrogated the inflammatory response
[192]. In addition, cathepsin F has also been linked to the heightened immunoreac-
tivity during asthma [193].

11.8.3 Cardiovascular Disorder

Cardiovascular dysfunctions such as hypertension, hypertrophic cardiomyopathy,
dilated cardiomyopathy, diabetic cardiomyopathy, myocardial infarction, athero-
sclerosis, aortic aneurysm, neointima formation, and neovascularization are charac-
terized by extensive ECM degradation and remodeling, a process in which the
involvement of various cysteine cathepsins has been discussed earlier [194]. The
major cysteine proteases implicated in cardiac dysfunctions are cathepsins B, L, S,
and K [195]. The role of these proteases in the cardiovascular disorders has been
established by studies in mouse model, patients, and cultured cardiac cells [196].
Angiotensin II, superoxide radicals, and cytokines stimulate the levels of these
cathepsins, and their overexpression in the heart correlates with disorders like
hypertension, coronary artery disease, and atherosclerosis [197].

Cathepsin L knockout mice exhibit abnormal heart rhythms and develop features
resembling human dilated cardiomyopathy characterized by interstitial myocardial
fibrosis and the appearance of pleomorphic nuclei in cardiomyocytes at 1 year of
age [198]. Cardiac fibrosis in cathepsin L-deficient mice results from decreased
ECM degradation due to lack of cardiac fibroblast-derived cathepsin L [198].
Pressure overload in cathepsin L knockout mice leads to activation of cellular stress
pathways that aggravate cardiac hypertrophy and dysfunction [199]. In contrast to
cathepsin L—/— mice, knockout of cathepsin K prevents contractile dysfunction and
cardiac hypertrophy [196]. Cardiac hypertrophy is caused due to inflammation,
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fibrosis, and apoptosis, which engage Akt/GSK-3f pathways that are inactivated by
cathepsin L [199]. The balance between cysteine cathepsins and their endogenous
inhibitor cystatin C plays a vital role in the normal myocardial ECM remodeling.
Consistent with this view, hypoxia-induced cardiac failure is associated with eleva-
tion of cystatin C levels, inhibition of cathepsin B activity, and myocardial deposi-
tion of collagen and fibronectin [200]. However, cathepsin B overexpressed in
myocardial necrotic zone has been implicated in cardiac cell death [201]. In contrast
to results in experimental models, levels of cathepsins B, L, S, and K are elevated in
human dilated and hypertrophic cardiomyopathies [13]. Elevated expression of
cathepsin L is seen in human abdominal aortic aneurysm and atheromata. High
serum levels of this cathepsin show strong positive correlation with arterial stenosis
suggesting its involvement in vascular diseases [202].

Atherosclerotic lesions involving arterial wall remodeling are also associated
with high activities of elastase, collagenase, and gelatinase [203]. Cysteine cathep-
sins due to their potent elastinolytic and collagenolytic activities lead to the genesis
and rupture of atherosclerotic plaques [136]. Apo E-deficient murine atherosclerotic
lesions exhibit high levels of cathepsins B, L, and S [194]. Cathepsins K, S, and L
are overexpressed in human atherosclerotic plaques. These proteases are mainly
localized in the macrophages, smooth muscle cells, and fibrotic and lipid-rich areas
of the plaque [137]. Expression of cathepsins K and S in the vascular wall facilitates
the elastin proteolysis which aids in smooth muscle cell migration and collagen
degradation of the fibrous cap [136]. Cathepsin K and S expression in the endothe-
lium of atherosclerotic coronary arteries positively correlates with the breaks in
elastic lamina, thus substantiating their role in neovascularization of atherosclerotic
lesions [204, 205]. Pro-inflammatory cytokines such as TGF-f, IFN-y, and IL-1
induce cathepsin L and S expression in human aortic smooth muscle cells and mac-
rophages [137, 202, 205]. The role of cysteine proteases in the development of
atherosclerosis has been studied in various knockout mouse models. Phenotypes
associated with the knockout of these proteases in the proatherogenic genetic back-
ground have been summarized in Table 11.3. These findings highlight the patho-
genic role of cysteine cathepsins in atherosclerosis.

Table 11.3 Role of cathepsins in atherosclerosis elucidated using experimental mouse model

Genotype of mouse model | Vascular phenotype
Genetic defect
Cathepsin | leading to Plaque | Plaque Collagen | Elastin
deletion | atherosclerosis |size | progression | content | breaks | Macrophages | Reference
K Apo E l l T l ) [239-241]
K LDLR = l l ) [242]
L LDLR l l l l [243]
S LDLR l l l l ! [241]
S Apo E l l l [244]
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11.8.4 Metabolic Disorders

Diabetes and obesity are the most common human metabolic disorders. Apart from
other factors, cysteine proteases such as cathepsins L, S, and K have been impli-
cated in their pathogenesis [206-208]. Diabetes-prone C57BL/6J mice demon-
strated differential expression of cathepsin L in their muscle tissues compared to the
resistant strain of mice. Cathepsin L gene expression in muscle tissues inversely
correlates with plasma glucose in these mice implying its association with glucose
intolerance [207]. Interestingly, basal cathepsin L mRNA levels were found to be
comparable in the muscle biopsies from monozygotic twin pairs discordant for type
2 diabetes and control subjects. However, cathepsin L mRNA levels were reduced
by post-insulin clamp in diabetic twins that correlated with insulin-mediated glu-
cose transport [207]. Cathepsin L deficiency confers protection against the insulitis
and autoimmune type 1 diabetes (T1D) in diabetes-susceptible NOD mice [209].
Protective effects of cathepsin L deficiency seen in NOD mice have been attributed
to increase in the ratio of T regulatory (Treg) cells that attenuate autoimmune
response [208]. Similarly, deletion of cathepsins S and B conferred only partial
protection against T1D [209]. In addition to protection by Treg cells, cathepsin L
inhibition curtails the CD8+ T cells cytotoxicity by inhibiting granzyme B and hin-
ders the development of T1D [210]. Cathepsin L degrades fibronectin, insulin
receptor (IR), and insulin-like growth factor-1 receptor and plays an important role
in fat deposition and glucose tolerance [211]. Cathepsin L knockout NOD mice
have leaner phenotype with lower levels of serum glucose and insulin but accumu-
late IR-B subunits, glucose transporter, and fibronectin in their muscles accounting
for enhanced insulin sensitivity and glucose utilization [211]. High cathepsin L lev-
els in obese and diabetic patients further supported its involvement in the metabolic
disorders [211]. Inhibition of the cysteine cathepsins B and L results in impaired
autophagy, and accumulation of cathepsins B, D, and L pro-forms and triggers the
caspase-dependent p-cell apoptosis cultured in hyperglycemic conditions [212].
Cathepsin S and H levels strongly correlate with pro-inflammatory cytokines in
the tear glands of NOD mouse model of Sjogren’s syndrome [213]. Compared to
healthy subjects, patients with type 2 diabetes have increased serum cathepsin S
levels [214]. This finding has been further corroborated by Jobs and coworkers, who
reported that elevation in serum cathepsin S levels leads to decreased insulin sensi-
tivity and higher susceptibility to develop type 2 diabetes [215]. Cathepsin S is
overexpressed in adipose tissue of obese patients and therefore may serve as a bio-
marker for adiposity [216]. Its role as a biomarker is further corroborated by the
observation that weight loss and amelioration of glycemic status following bariatric
surgery lead to reduced serum cathepsin S levels [217]. Diet-induced obesity in
cathepsin S —/— mice is associated with low blood and hepatic glucose and better
glucose tolerance compared to wild-type littermates [218]. Therefore, cathepsin S
inhibition may be of relevance in delaying the onset of diabetic phenotype.
Cathepsin K also is implicated in adipocyte differentiation and glucose metabo-
lism [219]. White adipose tissue of obese db/db mice expresses higher cathepsin K
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levels as compared to the wild-type littermates. Like cathepsin S, levels of cathepsin
K in white adipose tissue also display a decrease in obese mice undergoing weight
loss, and hence it has also been proposed to be a marker and therapeutic target for
obesity [220]. Subsequent studies suggest the involvement of cathepsin K in adipo-
cyte differentiation and pathogenesis of obesity. Blocking of cathepsin K using spe-
cific inhibitors can impair conversion of pre-adipocyte into adipocytes during the
early phase of cell differentiation [221]. Genetic ablation or pharmacological inhibi-
tion of cathepsin K leads to significant reduction in high-fat diet-induced weight
gain and serum insulin and glucose levels with increase in fat and muscle fibronec-
tin [222]. Upregulation of type I collagen as a result of cathepsin K inhibition abro-
gates pre-adipocyte differentiation [223]. Cathepsin K deficiency in mice also
attenuates the high-fat diet-induced cardiac hypertrophy and pumping defects and
alters subcellular distribution of intracellular Ca2+ in cardiac muscles [196]. Similar
to reports in mice, cathepsin K levels are significantly higher in obese individuals
and correlate with body mass index [221]. Thus, these consistent findings in mouse
models and human subjects confirmed the role of cathepsin K in obesity, and its
inhibition along with cathepsins S and L may potentially be used for treating this
morbid disease.

11.9 Future Perspectives

Cathepsins were long thought to remain functional only within the confines of
acidic lysosomal compartments, which implied that their role was limited to the
intracellular protein degradation and turnover. On the contrary, a number of studies
emphasized the role of cathepsin-mediated proteolysis in extracellular matrix deg-
radation. Rampant expression, activity, or cytosolic escape of the lysosomal
enzymes results in number of human pathologies. Cathepsins are usually overex-
pressed in cancer, and a majority of them are either secreted into the extracellular
tumor microenvironment or targeted to the surface of malignant cells. Cathepsins B,
L, and S have been used for diagnosis and predicting the outcome of chemotherapy
in various malignancies. Several clinical conditions such as disorders of the lungs,
heart, and kidney are caused due the overexpression and dysregulated ECM degra-
dation. Specific inhibitors of these proteases may potentially be used to protect
against the detrimental effects of their nonspecific proteolysis. However, targeting
them to the specific site remains a challenge.
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Abstract

Serine proteases, the largest human protease family, are found in many key
developmental and physiological processes in the biological system. Protease
signalling pathways are stringently controlled, and deregulation of proteolytic
activity results in the degradation of extracellular matrix which plays a major
role in cancer progression. The Type II transmembrane serine protease, hepsin,
matriptase-2 and TMPRSS4, and secreted serine protease, urokinase plasmino-
gen activator (uPA), kallikreins and HtrA, are closely related to cancer-associated
proteases and also involved in perturbation of uPA plasminogen system, matrix
metalloproteases (MMPs), upregulation of adhesion molecules like integrin fam-
ily, activation of intracellular signalling cascade, inhibition of apoptosis pathway
in various types of cancers which causes cell proliferation, invasion and metasta-
sis. Serpin, an endogenous serine protease inhibitor, regulates the homeostasis by
maintaining a delicate balance with the serine protease and prevents the process
of invasion and metastasis of cancer cells thus inhibiting tumour growth. This
chapter focuses on the role of serine proteases and their inhibitors in different
types of tumours associated with cancer prognostication and therapy.
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12.1 Introduction

Proteases occupy a pivotal position among biological molecules required for the
physiological roles in living systems and commercial biotechnology markets and
medical fields. They are called proteolytic enzymes or systemic enzymes, and their
catalytic function is to hydrolyse the peptide bond that links amino acids together in
a polypeptide chain. These are also called peptidase or proteinase (Fig. 12.1).

A large variety of proteases are found in intracellular or extracellular space in all
eukaryotic and prokaryotic cells. They are mainly located in different organelles of
eukaryotic cells such as the cytosol, mitochondria, vacuoles, lysosomes and endo-
plasmic reticulum. These intracellular proteases are involved in many important
functions such as regulating synthesis, activation and proteolysis of proteins. The
extracellular proteases are mostly secreted in the gastrointestinal tract of animals or
involve in the blood coagulation and complement cascade events. Consequently,
different organisms or different tissues have different sets of proteases.

12.1.1 Cellular and Physiological Functions of Protease and Their
Industrial Applications

Proteases exhibit many important cascades such as homeostasis and inflammation
which control the dynamics of protein turnover in various hierarchical levels of
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Fig. 12.1 Hydrolysis of peptide bond of protein by protease in the presence of water
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biological organisation. In thermodynamics, the hydrolysis of peptide bond is ener-
getically favourable, for example, the equilibrium constant, K., = 10°, which indi-
cates that proteolysis is irreversible and biological switches must be strictly
controlled.

Proteases involve in different biological roles such as signal transduction through
proteolysis of IkB-a: it is an inhibitory protein to release nuclear factor (NF-kB, a
transcription factor) that enters from cytoplasm to nucleus [1], has defensive role in
blood coagulation [2], displays the hydrolysed foreign proteins through major his-
tocompatibility complex (MHC class I) in immune system [3], acts as a develop-
ment process such as fertilisation [4] and, last but not the least, is useful for the
proliferation programme in cell system with the help of cyclin degradation and pro-
grammed cell death and controls the homeostasis of biological system [5, 6].

Proteases have also been utilised in the field of food processing such as manufac-
turing of sauces, aroma formation for the milk products, tenderisation of meat and
cold stabilisation of beer. These proteases are commonly used as a hypoallergenic
food for digesting milk proteins into small peptides to protect the babies from devel-
oping milk allergies.

12.1.2 Classification of Protease

A well-known database, MEROPS (http://merops.sanger.ac.uk), was first developed
by Barret et al. for the classification of proteases, their substrates and inhibitors on
the basis of their homologies of their significant sequences and structures [7]. This
database has hierarchical classification in which proteases are grouped into families
and clans.

Furthermore, proteases can also be broadly categorised into two major types,
exopeptidase and endopeptidases, characterised by their site of action of the peptide
bond. Usually, exopeptidases break the peptide bond nearer to the amino- or
carboxyl-termini of the substrate, while endopeptidases break peptide bonds distant
from to the amino- or carboxyl-termini of the substrate (within a protein
molecule).

On the basis of functional group/conserved amino acids found in the active site,
proteases are also categorised into four major groups as shown in Table 12.1.

12.2 Serine Proteases

According to the MEROPS database, about 33% are serine proteases which are
categorised into 40 families and 13 clans in both eukaryotes and prokaryotes [7, 8].
Usually, the family name is derived from the nucleophilic Ser present in the
active site of the enzyme. The Ser amino acid of the active site cleaves the carbonyl
terminus of the peptide bond to form an acyl-enzyme intermediate [9].
Thus, serine proteases (or serine endopeptidases) prefers serine at the active site
for the hydrolysis of the peptide bond in proteins.
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Table 12.1. Classification of proteases

Class Mechanism Location Examples
Serine/threonine Endopeptidases have Soluble Trypsin, chymotrypsin,
active centres of serine/ subtilisin, elastase,
threonine in the catalytic coagulation factor X,
core proteasome, g-glutamyl
transpeptidase,
proteasome
Membrane Rhomboid family
Aspartic type The active site of an Soluble Pepsin, cathepsin, renin,
enzyme contains two HIV protease
highly conserved aspartate | Membrane Presenilins, signal peptide
residues bonded with peptidase
activated water in network
fashion
Cysteine type Carboxypeptidase use a Soluble Bromelain, papain,
cysteine in the catalytic cathepsins, caspases,
core calpain
Membrane -
Metallo type Carboxypeptidase use a Soluble Thermolysin, angiotensin-
metal ion in the catalytic converting enzyme
core Membrane Matrix metalloproteases

Usually, they are found in the form of zymogens (digestive enzymes are released
in inactive forms) to regulate the enzyme activities by controlling the specific acti-
vation of proteolysis.

The main division of serine proteases is based on the site of cleavage of specific
amino acids of the peptide bonds:

1. Trypsin such as serine peptidases prefers to cleave the peptide bonds which have
lysine and arginine at the cleavage sites.

2. Chymotrypsin such as serine peptidases prefers aromatic amino acids (phenyl-
alanine, tyrosine or tryptophan) at the cleavage site for the digestion of the pep-
tide bond.

3. Elastase such as serine peptidases prefers to cleave amino acids with short side
chain groups such as alanine in their cleavage site.

12.2.1 The Catalytic Mechanism

The prime contributors of amino acids for the catalytic mechanism of serine prote-
ase classes such as chymotrypsin (in eukaryote) and subtilisin (in prokaryote)
enzymes are their catalytic triad (Fig. 12.2). This triad is found in the active site of
enzyme and conserved in all serine proteases. The triad comprises of three amino
acids, namely, His57, Ser195 and Asp102, bonded in a network fashion (Fig. 12.2).
The position of each amino acid of the triad is far from one another in the primary
structure of the protein, but once folded, they will be in close proximity to the
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Fig. 12.2 Catalytic triad of serine protease consists of aspartic acid (Asp-102), histidine (His-57)
and serine (Ser-195)

enzyme. This explicit tertiary structure of the triad members is vital for the specific
catalysis of the enzyme.

Serine proteases follow ping-pong catalysis mechanism, and this involves forma-
tion of unstable enzyme-peptide intermediate by covalent catalysis mechanism, and
finally the intermediate is stabilised, and consequently the peptide fragment is
released [10].

The serine protease mechanism can be summarised in the following two steps:
acylation followed by de-acylation process in which a nucleophilic attack takes
place on the intermediate by water, which leads to the hydrolysis of the protein
(Fig. 12.3). The overall process of the reaction mechanism utilises the catalytic triad
(Asp-102-His-57-Ser-195) of serine protease. In this process, the serine-OH acts as
a nucleophile, while histidine-NH acts as a base catalyst to activate the serine but
later on it acts as an acid catalyst, whereas aspartate plays a supportive role by sta-
bilising the histidine in the whole reactions.

The detailed process is given in the following steps:

1. The peptide binds to the active site of the enzyme, in such a way that the sessile
bond of the protein (indicated by —N - C-) is placed into the active site (catalytic



262 N.K. Poddar et al.

His 57 His 57
Ser 195 Ser 195
CH,
CH CH,
Y " '
Asp 102 —— O ---H- I —_— -0
2 L - ¥
R—N-—-C=0 Cc—0O"
(a) | |
R R R R
{Substrate) Tetrahedral intermediate
His 57 His 57 i
Ser 195
CH, CH, Ser 195
i CH, B2
\ CH,
Asp102——0O---H—N_ _N--H O -— Asp102——O---H—N_ _N /
& - - g H (o]
0 ¢=0 |
P AR—N + C=0
(d) H R (e} | |
R R
A
N-tarminus of  Acyl-snzyme
peptide is intermediate
released
His 57 His 57
Ser 195 Ser 195
CH; | CH |
N CH, —_— CH,
! Ao F: \ i .
Asp 102 —— O---H---N. 4 .N—H---0 —»  Asp102— O---H—N_ _N:-—-H—0O  Enzymeis
g L “F regenerated
¥
O—C—0O
| H—0—C=0
(e) H R n |
Tetrahedral intermediate R

Fig. 12.3 Mechanism of a serine protease. In the acylation step, (a) substrate binds to active site
of enzyme. (b) Tetrahedral intermediate is formed due to nucleophilic attack of serine on carbonyl
part of peptide. (¢) Acyl-enzyme intermediate is formed by breakage of peptide bond of the sub-
strate. In the de-acylation step, (d—e) water acting as a nucleophile stabilises the cleavage peptide
of carbonyl carbon and gives rise to a new tetrahedral intermediate with the nitrogen of the histi-
dine. (f) Regeneration of the active site by releasing the product (Redrawn based on figure by Pratt
CW, Cornely K (2012) Essential Biochemistry, 3rd edn. Wiley, New York, p 170)

triad) of the enzyme and the carbonyl-C part of peptide is present close to the
nucleophilic serine [Fig. 12.3a].

2. First, the electron-rich —N atom of the histidine activates the serine residue of the
catalytic triad by extracting the —H atom from serine-OH and make it more
nucleophilic, and thus the serine-OH is more likely to attack the electron sink of
the carbonyl-C of the peptide. Consequently, a tetrahedral intermediate is gener-
ated in which a newly covalent bond is formed between the carbonyl-C of the
peptide and —O atom of serine, whereas the hydrogen part of serine is covalently
bond to —N atom of histidine as well as a pair of electrons from the double bond
of the —C = O moves to the —O atom of carbonyl part of peptide, creating a nega-
tive charge on the —O atom, and this causes an unstable carbonyl anion of the
peptide [Fig. 12.3b]. Moreover, the histidine residue carries a positive charge due
to the newly covalent bond with the serine-OH which is stabilised by the hydro-
gen bond of aspartic acid of the catalytic triad.
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3. Because of the positive charge in the histidine, the histidine donate the —H atom
to the —N atom of scissile bond of the peptide which results in the breaking of the
sessile bond in which the sessile bond is now covalently bond with the —H atom
of histidine. The negative charge on the oxygen atom that formed previously on
the —C = O moves back to recreate a double bond. Thus, the peptide bond break
results in the release of N-terminus part of the peptide, and C-terminus part of
the peptide is covalently attached to serine residue, generating an acyl-enzyme
intermediate. Now, the histidine residue of catalytic triad is back into the original
form as an acid catalyst [Fig. 12.3c].

4. After that, water comes to play an active role in this catalysis reaction. The
electron-rich nitrogen atom of histidine residue acts as a nucleophile and extracts
the proton of water, and this allows the —OH part of water to act as a nucleophile,
and because of this, it attacks the electron sink of —C = O part of the peptide. This
is exactly the same step as in 1. Now, the new -N-H bond is formed, and histidine
again carries a positive charge which is stabilised by the hydrogen bond of aspar-
tic acid of the catalytic triad. Once again, the electron pairs from the —C = O of
the substrate move back to the oxygen making it negative charge, as the bond
between the —OH of water and the carbonyl-C of the substrate is formed. Overall,
this generates other tetrahedral intermediate results in an unstable carbonyl anion
of peptide [Fig. 12.3d, e].

5. Finally, in order to neutralise the positive charge of histidine, the covalent bond
of -N-H of histidine residue is now breaking, and new covalent bond is formed
between -H atom of -N-H bond of histidine and —O atom of serine residue by
breaking the bond between the carbonyl-C of the peptide and oxygen atom of
serine. Now, the electron-deficient carbonyl carbon of the peptide regains the
previous double bond with the oxygen. Consequently the C-terminus of the pep-
tide is now released along the formation of new —OH group of water [Fig. 12.3f].
In a nutshell, the peptide is hydrolysed with the help of protease by adding —H
atom to N-terminus, and —OH atom is attached to C-terminus of the peptide bond
of the substrate.

In mammals, serine proteases take part in multiple functions of living organisms
such as protein digestion, blood coagulation, complement system, differentiation
and development [11, 12]. Serine protease can be broadly classified into the follow-
ing two broad classes based on their localisation within the extracellular space:

1. Secreted type
2. Membrane-anchored type

The secreted serine proteases are the well-characterised members of S1 family of
serine proteases which are produced from secretory vesicles into the extracellular
environment. Chymotrypsin, trypsin and thrombin are the prototype members of the
S1 family (Fig. 12.4). Other examples of secreted serine proteases such as uPA and
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Fig. 12.4 Classification of serine proteases: (1) secreted serine protease type ((i) chymotrypsin
type, (ii) role of uPA enzyme in pericellular proteolysis by binding to specific cell-surface recep-
tors uPAR (GPI-anchored type)) and (2) membrane-anchored type: (i) The human GPI-anchored
serine proteases, prostasin and testisin, (ii) Type 1 transmembrane serine protease, Tryptase y1,
(iii) The Type II transmembrane serine proteases (TTSPs): (a) the human airway trypsin-like
protease expressed in squamous cell carcinoma (HAT/DESC) subfamily; (b) hepsin/TMPRSS
subfamily which consists of SR, SEA and LDLA domains; (c) Matriptase subfamily, particu-
larly, Matriptase-2, which consists of SEA, two CUB and three LDLA domains; and (d) the
corin subfamily which consists of two FD domains, eight LDRA domains and one SR domain
(abbreviations: SR scavenger receptor domain (group A), SPD serine protease domain consist of
three catalytic residues histidine, aspartate and serine, FD Frizzled domain, LDLA LDL receptor
class A)

kallikrein involve in pericellular proteolysis by either activating zymogen forms of
other substrates or binding with the co-receptors (Fig. 12.4). These secreted serine
proteases exhibit various biological events such as tissue repair, immunity and nutri-
ent uptake [11].

In a recent decade, a structurally and functionally unique subgroup of S1 serine
proteases, termed broadly as the membrane-anchored serine proteases, has been
reported which are found to be directly anchored to the plasma membrane through
its amino- or carboxy-terminal domains [13] (Fig. 12.4). In compare with secreted
serine proteases, the membrane-anchored serine proteases are involved in a diverse
array of physiological functions such as epithelial barrier, fertilisation, cell signal-
ling, embryo development and tissue morphogenesis [11].
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On the basis of their structural features, they can be divided into subgroups and
are anchored to the membrane by three ways: (1) a carboxyl-terminal transmem-
brane domain through a GPI (glycosyl phosphatidylinositol) linkage which is added
post-translationally, (2) a carboxy-terminal transmembrane domain (Type I) and (3)
an amino-terminal transmembrane domain with a cytoplasmic extension (Type II
transmembrane serine proteases — TTSPs) [13, 14]. Type I serine proteases, Tryptase
y1 and the GPI-anchored serine proteases, prostasin and testisin contain a carboxy-
terminal hydrophobic extension that serves as a transmembrane domain (ranging
from 310 to 370 amino acids). GPI anchors have been known to modify C-terminal
domain of prostatin and testisin post-transcriptionally [15-17] (Fig. 12.4).

TTSPs are the group of membrane-anchored serine proteases with 17 members
and 19 members of humans and mice, respectively. TTSPs are trypsin-like (family
S1) proteases and have the potential to be linked to cellular membranes via a hydro-
phobic stretch at their amino terminus. These proteases have two parts, one with a
cytoplasmic amino-terminal signal anchor of variable length (20 to 160 amino
acids) and the other with a catalytic serine protease domain at the carboxyl-terminus.
All the membrane-anchored serine proteases are structurally conserved catalytic
domains and belong to S1 peptidase family. These serine proteases usually exist as
zymogens (inactive form); and their autoactivation cleavage occurs after a basic
amino acid residues present in a highly conserved activation motif producing a two-
chain form with their chains bonded by a disulphide bridge, eventually, separating
the pro- and catalytic domains with the catalytic domain remaining membrane
bound. Some examples of TTSPs are TMPRSS2, matriptase, hepsin and TMPRSS4
[18]. Therefore, they represent enzymes whose peptide bond cleaving activities are
specifically targeted to cellular membranes. They have been phylogenetically cate-
gorised into four subfamilies on the basis of C-terminal transmembrane domain: (1)
the human airway trypsin-like (HAT)/differentially expressed in squamous cell car-
cinoma gene (DESC) subfamily, (2) the hepsin/transmembrane protease serine
(TMPRSS) subfamily, (3) the matriptase subfamily, and (4) the corin subfamily
(Fig. 12.4). In compare with the GPI-anchored and Type I serine proteases, which
consist of SPD (serine protease domain) and membrane anchor, the TTSPs possess
a stem region which is C-terminal to SPD having a variety of modular structural
accessory domains (SEA, CUB, FD, SR) that are involved in protease activation,
localisation and substrate recognition to maintain the homeostasis of pericellular
microenvironment (Fig. 12.4).

Dysregulation of pericellular and extracellular proteolysis that involve the
membrane-anchored and secreted serine proteases, respectively, are the hallmarks
in various clinical disorders. Reports have shown that proteolytic breakdown of the
extracellular matrix (ECM) is the key step in spreading tumour cell [19, 20]. The
series of activities of proteases involved in tumour progression is collectively called
as the cancer ‘degredom’. A positive cooperativity between the aggressiveness of
tumour and the overexpression of many proteases has been detected [20]. In the
series of events in cancer progression, serine proteases may be involved in any of
the fundamental processes of tumorigenesis with unique specifications [13]. In nor-
mal physiological conditions, an endogenous anti-serine protease system known as
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serpins regulate the serine protease activity and maintain the balance between pro-
teases and their inhibitors in the organism. An imbalance between the proteolytic
and antiproteolytic may be of major significance in the cancer development. For
example, hepsin, a cell surface serine protease, and maspin, a serine protease inhibi-
tor, are both showing highly upregulated and downregulated, respectively, in pros-
tate cancer, and this causes an imbalance in cellular homeostasis which are believed
to promote tumour growth, invasion and metastasis. This shows that the improper
function of serine protease leads to cancer which will suggest the need of therapeu-
tic agents against the serine protease to prevent tumour progression and metastasis.
As a tumour biomarker, serine proteases are important in detecting certain cancers
at an earlier stage. For example, determination of coagulation factor levels and
serum prostate-specific antigen can be used for detecting thrombotic and prostate
cancer patients. Furthermore, targeting and modulation of overexpressed proteases
are the efficient selective approaches for the development of antitumour therapies
[21]. Due to the ever-increasing, newly found roles of serine proteases in cancer,
there has been increasing attention in the specific roles of members of serine prote-
ases and their inhibitors in array of diverse cancer progression. In this chapter, a
review of the role of these members of serine proteases (secreted type and mem-
brane anchored of TTSPs family) and their inhibitors in tumour progression has
been discussed in order to understand their therapeutic applications.

12.2.2 Secreted Serine Proteases and Its Role in Cancer

There are about 175 predicted serine proteases in humans. Most of them are found
to be secretory in nature that has major roles in a multiple metabolic functions in
maintaining the tissues homeostasis. For example, the uPA (urokinase plasminogen
activator) and kallikrein system participate in a range of physiological function
from cell growth, cell signalling to tissue remodelling process. However, dysregula-
tion expression of serine proteases leads to tumour invasion and cancer. In this sec-
tion, the main focus is on particular secreted serine proteases, which are reported to
be the vital causes of cancer progression and metastasis.

12.2.2.1 Urokinase Plasminogen Activator

At physiological condition, the uPA system is linked with various tissues remodel-
ling processes, immune system and inflammation, fibrinolysis, embryogenesis,
angiogenesis, cell migration and activation and differentiation of white blood cells.
The active form of uPA is mostly synthesised by cells, in tissues and extracellular
fluids with mild intrinsic activity [22].

The uPA system belongs to a serine protease family, playing an important func-
tion in tumour invasion and metastasis in cancer. The plasminogen activator (PA)
system comprises the two serine proteases, UPA and tissue plasminogen activator
(tPA), the two serpin inhibitors, plasminogen activator inhibitor-1 (PAI-1) and plas-
minogen activator inhibitor-2 (PAI-2) and the glycolipid-anchored uPA receptor
(uPAR). Both uPA and tPA catalyse the formation of active protease plasmin from
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the inactive zymogen, plasminogen, which can break down most extracellular pro-
teins. However, tPA mainly acts as a fibrin-dependent pathway for blood clot dis-
solution process [23]. While uPA performs through fibrin-independent pathway and
largely acts on the cell surface receptor-bound plasminogen activator like uPAR
which controls the pericellular proteolysis of the system, this involves in the degra-
dation of ECM and causes invasion and cancer metastasis [24] (Fig. 12.4). uPA and
uPAR are observed to be highly expressed in various human cancers in contrast to
the corresponding normal tissue. In this regard, uPAR is a highly glycosylated cell
surface protein which do not contain transmembrane and intracellular domains but
are attached to the cell membrane by a GPI anchor (Fig. 12.4).

uPA is a small trypsin-like protease having molecular weight of 53 kDa. It per-
forms the catalysis of zymogen, plasminogen, into its active form plasmin that facil-
itates the degradation of various ECM proteins such as fibronectin (FN), vitronectin
(VN) and fibrin which results in the loss of interactions between cells, leading to the
invasion of cancer cells [25]. In addition, it is also able to activate the inactivated
forms of various metalloproteases (MMPs) [26]. In this regard, uPA in combination
with uPAR plays a pivotal role in inducing the proteolytic cascade reactions that
promote tumour growth through the process of metastasis of cancer cells [27]. The
effect of uPAR on cancer cell migration is characterised on the basis of whether it is
protease dependent or not. The protease-dependent function is catalysed by uPAR-
bound uPA. Since uPAR has no transmembrane structure, its non-protease function
depends on the interaction with VN, integrin family, G-protein-coupled receptors
and growth factor receptors to relay its downstream signals [28]. Signalling through
uPAR activates Tyr kinases, Src, the serine kinase Raf, FAK and extracellular signal-
regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) pathway which
results in the broad modulation of cell proliferation, metastasis and cell-cell interac-
tions [29]. The universal functions of uPAR are proteolytic extracellular matrix deg-
radation for the progression of cancer, angiogenesis, modulation of cAMP levels for
downstream signalling and cell interaction with integrins, tyrosine kinases and ser-
ine/threonine kinases [30].

uPA, uPAR and also PAI-1 are constitutively expressed in human breast cancer.
In most of the cancers especially breast cancer, high levels of uPA and uPAR are
overexpressed, proposing the enhanced role in ECM degradation, migration and
adhesion and cancer invasion [31]. PAI-1 and uPA are the first novel tumour bio-
logical predictive factors found, in evidence with their clinical utility for breast
cancer [32]. uPA has also been observed to be a predictive marker in many types of
organ cancers such as cancers of the lung [33], bladder [34], stomach [35], etc.

Several studies suggest that uPA binds with uPAR that facilitate the cell migra-
tion process through diverse cell signalling pathways. In this regard, integrins are
crucial uPAR signalling co-receptors, and activation of integrin stimulates the focal
adhesion kinase (FAK) and, thereby also, activates Src/MEK/ERK-dependent sig-
nalling pathways, resulting in transcriptional activation of the uPA promoter, which
promotes tumour cell proliferation and tumour invasion (Fig. 12.5). Similarly, the
p38 MAPK and myosin light-chain kinase (MLCK) pathways are involved in
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uPA-promoted cell migration through MEK/ERK, PI3K/AKT and Ras/ERK signal-
ling pathways, respectively [36] (Fig. 12.5).

12.2.2.2 Kallikreins

In 1930, Kraut and colleagues coined the term kallikrein (kallikreas is the Greek
word for pancreas) from an identified substance (human kallikrein 1) that was pres-
ent at significant concentration in the pancreas. Human tissue kallikreins (hKs) are
secreted serine proteases that convert high molecular weight proteins into biologi-
cally active peptides known as kinins. There are two families of kallikreins, the tis-
sue and plasma kallikreins. Human plasma kallikrein cleaves high molecular weight
kininogen into a bradykinin which is a potent vasodilator nonapeptide (Fig. 12.6).
The only enzyme which has been found with appreciable kallikrein activity is kal-
likrein I (hK1, pancreatic-renal kallikrein) in human tissue kallikreins. There are a
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Fig. 12.6 Kallikrein’s signalling pathway system. Kallikreins activate the uPA system resulting in
the catalysis of plasminogen into active plasmin which in turn activates the pro-KLK proteins lead-
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ECM remodelling directly and/or indirectly via activation of pro-MMPs. Active kallikrein is
involved in the conversion of kininogen into kinin fragment which induces angiogenesis and other
pathological processes via activation of the cAMP, Akt/PKB and VEGF pathway

total of 15 tissue kallikreins genes named as KLK1 to KLK15 encoding hKl1 to
hK15 which are mostly regulated by steroid hormones [37]. Most of the kallikreins
are expressed in endocrine-related organs, such as the breast, ovary, prostrate and
testis. These are secreted by extracellular matrix. It has been known for decades that
the ECM degradation performs a crucial function in tumour metastasis through
extracellular proteolytic activity. The ECM maintains its own structural integrity
which involves various growth factors and signalling molecules. Therefore, imbal-
ances created by the activity of extracellular proteases modify the microenviron-
ment of the ECM which either directly or indirectly poses an impact on the number
of cell activity processes such as apoptosis, angiogenesis and metastasis via the
breakdown of ECM and non-ECM components [38]. This breakdown of ECM
results in the alteration of cell-cell and cell-ECM interactions which in turn perturb
the activity of growth factors and growth factor receptors and finally leading to
either tumour promoting or tumour-suppressive effects. This shows that it is a very
complex process and contains many factors. For example, the proteolytic activity of
kallikrein is found to be deregulated in tumours such as adenocarcinomas, and it is
also used in patient prognosis [38]. Similarly, several studies reported the overex-
pression of 12 KLK genes in ovarian carcinoma associated with steroid-hormone-
regulated cancer [39]. Interestingly, kallikreins are normally found to be
downregulated in breast, prostate and testicular tumours. Apart from steroid-
hormone-regulated cancers, kallikreins are deregulated in various tumour types
such as lung adenocarcinomas, pancreatic cancer and acute lymphoblastic leukae-
mia [38].

The current perception is that pericellular cascade is not only regulated by the
serine protease system of uPA, uPAR and plasminogen, but it has adverse impacts
on activation of MMPs, which is associated with the extracellular proteolysis in
tumorigenesis. Despite it, the activation of the uPA-uPAR-MMP proteolytic
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cascade by various hK-family members further widens their various routes in can-
cer progression. Thus, many members of proteolytic network especially kallikrein
family is involved in cascading reactions of tumour progression [38].

Angiogenesis is a process of differentiation of new capillary blood vessels from
pre-existing vessels. Angiogenesis is mainly controlled by the ratio of pro- and anti-
angiogenic growth factors exist in the blood. The increased ratio of pro-angiogenic
stimuli and inhibitory regulators activates or switches on the angiogenic process.

Human tissue kallikrein possesses potent angiogenic effects by processing many
elements of the extracellular matrix. It has been classified as a pleiotropic angio-
genic agent which catalyses the inactive form of kininogen into active form of kinin
peptides which in turn activate cAMP, Akt/PKB and VEGF (vascular endothelial
growth factor) pathways, and this promotes the process of angiogenesis [40]
(Fig. 12.6). KLKs may also participate in remodelling of ECM indirectly through
the MMPs, uPA and kinin signalling pathways [41-43]. The kallikrein family such
as KLK2, KLLK4 and KLK12 activates the uPA system, resulting in plasmin forma-
tion, and this activated plasmin causes the breakdown of a number of ECM proteins,
for example, fibronectin, proteoglycans and fibrin [28, 44-46] (Fig. 12.6). Similarly,
KLK1 and KLLK12 catalyse the conversion of kininogen to active kinin peptides and
bradykinin, and this promotes angiogenesis and metastasis through the activation of
downstream signalling pathways, for example, basic fibroblast growth factor
(bFGF) cAMP, Akt/PKB and VEGF pathways [45, 47, 48] (Fig. 12.6).

12.2.2.3 PSA/hK3 (Prostate-Specific Antigen)

PSA consists of a 240-amino acids long glycoprotein, and it comes under the cate-
gory of human glandular kallikrein family (hK3, a 33 kDa serine protease) [49].
PSA is mainly synthesised in prostrate ductal and acinal epithelium and is secreted
into seminal plasma. PSA plays an important role in semen liquefaction by hydro-
lysing semenogelin I and II in the seminal coagulum [50]. It has chymotrypsin-like
activity, does not hydrolyse synthetic substrates for plasmin and displays a weak
interaction with aprotinin, a plasmin inhibitor [51]. This suggests that PSA primar-
ily acts independently as a protease in protein degradation, and not via plasmin, like
uPA. PSA is organ-specific and is characteristically expressed in prostatic epithelial
cells, and its expression is regulated by androgens [52]. It has been observed that
proteolytic cascade pathways may also exist in the absence of MMPs but through
plasmin-dependent pathway which involves the degradation of type IV collagen, an
essential part of a basement membrane [53]. In this regard, urokinase performs a
pivotal role in the proteolytic cascade pathway in prostate cancer invasion.
Furthermore, kallikreins such as PSA can activate pro-urokinase to its active form,
and subsequently, uPA activates plasmin and, which in turn, can recruit collage-
nases from pro-collagenases which can cause massive degradation of ECM [54]. It
has been shown that the dissolution of ECM involve direct degradation of fibronec-
tin by uPA and degradation of fibronectin and laminin by plasmin before the degra-
dation of collagen matrix [54].
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12.2.2.4 HtrA1 (Prss11 or IGFBP-5)

HtrA1 (also known as Prss11 or IGFBP-5 or DegP) belongs to a family of high-
temperature requirement factor A (HtrA) of oxidative stress-response proteases. It
is a heat shock-induced envelope-associated serine protease and performs as a chap-
erone which is crucial for the survival of bacteria at elevated temperature [55, 56].
They are widely distributed from prokaryotes to eukaryotes. Evolutionarily, these
serine proteases have independent ATP conserved sequences and are believed to act
as a defence mechanism against cellular stresses including the proteolysis of the
misfolded proteins to maintain the homeostasis of the cell [57]. There are four
human HtrAs: HtrA1 [58], HtrA2 [59], HtrA3 (pregnancy-related serine protease,
PRSP) [60] and HtrA4 [61]. They carry out a number of biological functions such
as mitochondrial homeostasis, apoptosis and cell signalling, and their improper
functions lead to various clinical disorders [62, 63].

HtrAl is the first reported member of the human HtrA protein family isolated
from a normal fibroblast cell [64]. HtrA1 is downregulated in a variety of cancers
such as melanoma [65], glioma [66], ovarian tumours [67, 68], endometrial cancer
[68, 69], lung cancers [70], etc. Interestingly, studies have reported that overexpres-
sion of HtrA1 functions as a tumour suppressor either by inhibiting the cancer cells
or through the apoptosis of cancer cells [65]. Despite it, the mechanism of HtrAl
involved in cancer is still unexplored [71]. In cancer development, it was also proven
that HtrA1 and HtrA3 are the inhibitors of growth factor systems such as transform-
ing growth factor f (TgfP) family members which are the key regulators for cell
growth and differentiation in different tissues [72].

One of the most promising approaches in the discovery of drug cancer is to ratio-
nally identify such type of therapeutic agent which regulates the apoptotic process
[73]. The biochemical events in apoptosis is regulated by pro-apoptotic and anti-
apoptotic proteins which come under the category of Bcl-2 family anti-apoptotic
survival proteins such as inhibitors of apoptosis protein (IAP) family and caspases.
It was found that HtrA2/Omi functions as a promoter in apoptotic cell death [74].
The mature HtrA2/Omi is capable of inducing apoptosis in human cells and func-
tions as a caspase-independent system through its proteolytic activity and in a
caspase-dependent manner through the degradation of IAPs [75]. The function of
HtrA2 in tumorigenesis is not yet fully understood; however, its increased levels in
the cell upon apoptotic stimuli might prevent the cells from apoptosis which act as
a defence mechanism to malignancy. This suggested that HtrA proteins can be used
as a novel approach in cancer therapy.

12.2.3 Membrane-Anchored Serine Proteases

The membrane-anchored Type II serine proteases are identified as essential part of
the human degradome, and they function in the conversion of precursor molecules
into active molecules in the pericellular microenvironment, playing absolute func-
tions in tissues homeostasis and cancer [76]. The TTSP family is the recently known
protease family, and much is still to be explored. TTSPs have diverse roles in
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mammalian system, and their structural homology does not linked to a common
biochemical function. They are mostly participating in either hormone or growth
factor activation or in the initiation of proteolytic cascades. This suggests that they
are maintaining basic homeostasis by activating or deactivating the signalling mol-
ecules involve in the biochemical reactions.

Recently, great attention has been paid to the members of TTSP family such as
hepsin, matriptase-2 and TMPRSS4 for their vital physiological roles, role in
tumourigenic activity and distinctive regulatory mechanisms. These TTSPs are
being increasingly documented for their important roles in regulating the pericel-
lular microenvironment and thus providing new insights of their mechanisms of
mammalian health and diseases.

12.2.3.1 Membrane-Anchored Type Il Serine Proteases (TTSP)
and Its Role in Cancer

Hepsin

In the United States, about 2 lakhs of new cases of prostate cancer of adult men and
40,000 deaths were observed in 1995. The occurrence of prostate cancer is more
prevalent in the later age of 60 years and above, and about 80% of prostate cancers
are diagnosed of this age group [77].

Hepsin (TMPRSS1) is one of the members of Type II transmembrane serine
proteases and is expressed in prostate cancer [78]. Hepsin is mostly present in the
liver but is also found at trace amount in tissues of the stomach, kidney, prostate,
thyroid and inner ear. This subfamily is composed of seven members in human and
mice. It possesses only one additional domain in its stem region, a group A scaven-
ger receptor domain (SR) in addition to serine protease domain (SPD) (Fig. 12.4).

It can cleave and activate pro-uPA, pro-HGF, Laminin332 and pro-MSP [78]. It
activates pro-hepatocyte growth factor and is inhibited by hepatocyte growth factor
activator inhibitor-1B (HAI-1B) and hepatocyte growth factor activator inhibitor-2
(HAI-2) [79]. It is involved in the activation of various proteolytic cascades espe-
cially the activation of non-active proteases which leads to breakdown of the extra-
cellular matrix proteins. Moreover, this membrane-associated serine protease helps
in the blood coagulation pathway by converting factor VII to VIla resulting in the
formation of thrombin, deposition of pericellular fibrin as well as the activation of
PAR-1 (protease activated receptor) [80]. Hepsin was also to be highly expressed in
ovarian cancers [81-83].

The TMPRSS2 and TMPRSS4 are the Type II serine proteases that are highly
expressed in prostate and pancreatic cancers, respectively, and activate proteolytic
cascades which lead to metastasis events [84].

TMPRSS4

TMPRSS4 is a member of Type II transmembrane serine protease and is found to be
overexpressed mostly in the pancreas, the thyroid and cancer tissues. As compared
to hepsin, it possesses an additional low-density lipoprotein receptor class A
(LDLA) domain which is N-terminal to the SR and SPD domains (Fig. 12.4). The
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sor of E-cadherin) resulting in invasiveness and EMT. In the cell membrane, TMPRSS4 converts
the precursor of uPA (pro-uPA) to its active form which accelerate the invasiveness

molecular mechanism of TMPRSS4 for metastasis of cancer cells is still unclear.
However, it promotes the cancer progression by activating the loss of E-cadherin-
mediated cell-cell adhesion and facilitating the epithelial-mesenchymal transition
(EMT). The EMT is a process of conversion of epithelial cells into motile mesen-
chymal cells characterised by the change in the polarity of epithelial cells, cell-cell
adhesion, enhanced proteolytic activity, migratory capacity and invasiveness result-
ing in increased production of ECM components [85].

One of the factors that contribute to metastasis is the downregulation of
E-cadherin through E-cadherin transcriptional repressors/EMT-inducing transcrip-
tion factors, including the snail superfamily consisting snail and slug factors, and
this leads to EMT events in human epithelial cancer cells. In colon cancer,
TMPRSS4 significantly promoted FAK signalling pathway activation that includes
FAK, ERK1/2, Akt, Src and Racl activation which in turn stimulate the transcrip-
tion factors SIP1/ZEB2, resulting in E-cadherin loss, a major event found in EMT
(Fig. 12.7) [86-88]. Furthermore, interestingly, TMPRSS4 downregulates the
expression of RECK, an inhibitor of tumour angiogenesis, via the activation of
ERK1/2 pathway [89-91]. The overexpression of TMPRSS4 is the major event in
hepatocellular carcinoma (HCC) progression and can be used as a good predictive
biomarker for HCC.
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TMPRSS4 activates uPA by two ways, one through increased gene expression
(JNK and transcription factors Spl and Sp3 and AP-1 pathway) and another by
activating pro-uPA, and this leads to enhanced invasion [92] (Fig. 12.7).

Matriptase-2

Matriptase-2 or TMPRSS6 (80-90-kDa cell surface glycoprotein) belongs to a Type
II transmembrane serine protease family [93, 94]. Matriptase-2 comprises of a short
N-terminal cytoplasmic tail, a transmembrane domain, an extracellular stem region
containing a SEA domain (a single sea urchin sperm protein), two CUB domains
(urchin embryonic growth factor), three LDLA repeats and a C-terminal trypsin-
like SPD domain [93, 94] (Fig. 12.4). It was mostly found in breast and prostate
cancers [95, 96].

Matriptase-2 is a hepatic membrane serine protease and is expressed as zymogen
on the cell surface, and this inactive proenzyme undergoes shedding to a single
chain form followed by autoactivation by cleavage at conserved site represented as
RIVGG between the pro-domain and the catalytic domain, and the activated prote-
ase domain fragment remains on the membrane via a single disulphide bond linking
the pro- and catalytic domains [97, 98]. Matriptase-2 shows high homology in terms
of structure as well as its function with matriptase-1 [99], which is found to be over-
expressed in epithelial cells, and in various cancers [100]. Matriptase-2 is primarily
found to be expressed in human liver that shows connection with the dissolving of
extracellular matrix proteins including laminin and fibronectin [94]. It was estab-
lished that the degradome components such as hepsin, MTSP1, MMP26, plasmino-
gen activator inhibitor-1 (PAI-1), uPAR, MMP15, TIMP3, TIMP4, maspin and
RECK are associated with cancer progression in human prostatic tissues [101].

The protease activity can be controlled by its pericellular environment in various
ways. In our living system, it was found that several proteases can be activated in an
acidic environment such as cathepsins in lysosomes and pepsinogen in the stomach
[102-104]. It was also observed that the activity of matriptase is firmly controlled
by the chemical environment of the cell [105]. Like other secreted or lysosomal
proteases which are activated by an acidic pH, matriptase is also activated in the
same way but is unique in the sense that it is attached onto the surface of cells [106].
Matriptase is released as a zymogen and its autoactivation activity depends on
intrinsic activity of matriptase zymogen, non-catalytic domains of the enzyme and
post-translational modifications [107, 108].

This protease is mainly co-expressed with hepatocyte growth factor activator
inhibitor-1 (HAI-1) in the normal epithelial components of tissues, suggesting that
the protease activity of matriptase is tightly regulated [100, 109, 110].

Reports suggested that an imbalance of matriptase and HAI-1 ratio is the key
factor for the indication of a cancer-related proteolytic events. It is being shown that
the ratio of matriptase and HAI-1 has been increased in many cancers such as in
breast and prostate [111, 112]. Although the proper mechanism of the dysregulation
of matriptase activity is still not known, it may directly affect the cellular microen-
vironment via the activation or inactivation of downstream signalling molecules
leading to the breakdown of ECM components and cell-cell adhesion [113].



12 Role of Serine Proteases and Inhibitors in Cancer 275

12.3 Serpins for Diagnosis and Therapy in Cancer

The significance of regulated membrane-anchored and secreted serine proteases to
maintain homeostasis and its relation with these enzymes and cancer reflects that
these enzymes must be strictly controlled in normal physiological conditions.
Therefore, enzymatic breakdown of serine proteases is considered to be one of the
important regulators for maintaining cellular homeostasis. However, excessive
enzymatic activity is often an adverse effect on the cellular processes, and this can
also be associated with cancer. In conjunction with evolutionary development of
proteases, regulators for proteases have also been developed. These anti-regulators
of cellular serine protease are known as serpin. Selective serpins which are thought
to be correlated with progression or remission of selected cancers have been selected
for the critical reviews so that they can be used for diagnosis and therapy in
cancer.

12.3.1 Serpin

SERPIN (an acronym of SERine Protease INhibitors) is a protein superfamily rep-
resenting a core structure of 370-390 conserved amino acids residues with three 3
sheets (A, B, C) and seven to nine a-helixes. In humans, plasma serpins comprise
2%—10% of all proteins in the blood circulation and perform a crucial role in regula-
tion of a various types of biological functions.

In the serpin, a reactive centre loop (RCL) is found to be involved in the inhibi-
tion of proteases target. This RCL is about 2024 residues long and is present in the
extended conformation above the body of the serpin scaffold. Serpins use S
(stressed) which are in the native to R (relaxed) transition forms for inhibition of
serine proteases. During this transition, the long, flexible RCL of serpin interacts
with target protease by inserting itself into the centre of B-sheet A to form an extra
strand that locks it into a canonical (key-like) conformation via a non-covalent,
reversible mechanism [114]. This results into the distortion of the active site of pro-
tease which causes an irreversible covalent serpin-enzyme complex formation. This
mechanism is also known as suicide substrate mechanism.

The serpin suicide inhibitors such as a-antitrypsin, a-antichymotrypsin, anti-
thrombin and PAI-1 regulate coagulation pathway, neurotrophic factors, hormone
transport, inflammation, angiogenesis, hormone transport, blood pressure and vari-
ous biological processes. Surprisingly, not all the serpins are acting as protease
inhibitors but few of them are found to inhibit other types of proteases whereas
others are found to be non-inhibitors. For example, antigen-1 (SCCA-1) inhibits
cysteinyl proteases of the papain family. Non-inhibitory serpins exhibit various
important functions, including roles as chaperones, for example, the 47-kD heat
shock protein (HSP47) and hormone transportation like cortisol-binding globulin
[115]. Serpins such as PAI-1, maspin, neuroserpin, PEDF and SPINK1 have been
selected to understand further of their antitumour mechanisms in various type of
cancers.
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12.3.1.1 Plasminogen Activator Inhibitor-1

PAI-1 consists of 400 amino acid residues long glycoprotein, with molecular weight
varying from 38 to 70 kDa, on the basis of their degree of glycosylation and func-
tions in a wide variety of clinical and non-clinical conditions [116].

PAI-1 has a dual role in biological system. It inhibits uPA and tPA to prevent
plasminogen cleavage into active plasmin, and this results in the inhibition of the
process of carcinogenesis [117]. PAI-1 binding to the uPA/uPAR complex triggers
the internalisation of uPA/uPAR through low-density receptor-related protein-1
(LRP-1) via endocytosis, and this results in de-adhesion of plasma membrane
matrix which facilitate tumour growth and dissemination [118]. All forms of PAI
(activated, latent and cleaved) interact directly with LRP1 and enhance cell motility
via activation of the JAK/Stat 1 pathway. Studies have shown that in many cancer
patients, there were contradictory reports of having positive association between
high levels of PAI-1 in tumours and blood with poor clinical outcome. This contra-
dictory effect of PAI-1 has been elucidated by its pro-angiogenic activity (angio-
genic activity at low concentration and anti-angiogenic activity at high concentration)
and its anti-apoptotic of cells. The pro-angiogenesis activity of PAI-1 is postulated
to be associated with PAI-1 inhibition of plasmin-mediated cleavage of FAS-ligand
preventing the apoptosis of the endothelial cells [119]. Similarly, reports have
shown that a PAI-1 deficiency in mice and cancer cells has the ability to promote the
apoptosis process and also inhibit angiogenesis [120]. Nishioka et al. reported that
the deletion of PAI-1 in gastric cancer cells decreased down the tumourigenicity
[121]. These results revealed that PAI-1 can be used as a good therapeutic agent for
cancer.

12.3.1.2 Maspin (SERPINB5)

Maspin, a 42 kDa mammary serpin, was first reported as a class II tumour suppres-
sor in human breast cancer. It comes under the category of non-inhibitory serpin that
promotes the tumour cell towards apoptosis and inhibits invasion and metastasis,
and thus, maspin plays a vital role against tumour growth [122]. It is located in the
cytoplasm but is also secreted to the cell surface, where it has been postulated to
prevent angiogenesis and reduce the migration of many cell types in different exper-
imental models [123, 124]. Maspin in contrast to PAI-1 consists of a relatively short,
non-conserved, hydrophobic RCL, and therefore it is incapable of conversion of
stressed to relaxed transition form for inhibition. Furthermore, it is incapable to
inhibit either tPA or uPA as their postulated targets [125]. Because of these proper-
ties, maspin is considered as non-inhibitory category of serpin superfamily.
However, recently, it was shown that maspin has inhibitory effect against plasmino-
gen activators uPA and tPA, but they work only when these proteases are bound to
macromolecular cofactors, that is, tPA bound to fibrin and uPA on the cell surface
[126—-128]. The expression of maspin gene is controlled at the transcription level
and is found downregulated with the degree of malignancy. For example, the con-
centration levels of maspin are relatively very low in breast and prostate cancer cells
as compared to normal cells [129]. Many cancer studies have shown that the involve-
ment of cytosine methylation and chromatin condensation are associated with the
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deregulation of maspin expression during cancer progression [130]. This suggested
that an epigenetic mechanism which is involved in cytosine methylation, histone,
deacetylation and chromatin condensation inhibits and thus regulating the expres-
sion of maspin. Since, maspin is an inhibitor of angiogenesis, it regulates adhesion-
mediated cell signalling pathway through extracellular and cell-cell contact adhesion
molecules. For example, Maspin enhances the endothelial cell adhesion to FN, lam-
inin, collagen and vitronectin, leading to the activation of integrin family and FAK
signal transduction pathway. These cause the modulation of focal adhesion and
cytoskeleton reorganisation which finally prevent the degradation of EC compo-
nents and migration of tumorigenic cells [131, 132].

Numerous studies have reported that maspin suppresses tumour cells through
induction of apoptosis pathway. For example, mammary carcinoma cells transfected
with maspin gene provide the evidence of inhibition of invasion and metastasis in
nude mice [133]. Maspin was hypothesised to induce tumour cell apoptosis by mod-
ulating mitochondrial permeability transition and initiating apoptotic death [134].
Thus, such discoveries of molecular mechanisms regarding maspin-mediated apop-
tosis paved a new pathway for the treatment of cancer.

Reports have shown that maspin expression and ubiquitin-proteasome pathway
are inversely correlated with each other, where expression of maspin reduces with
the increase in chymotrypsin-like activity of the proteasome [135]. As the ubiquitin-
proteasome pathway modulates several biochemical events through protein regula-
tion, it is postulated that deregulation of proteasome function is an important factor
responsible for the malignancy of tumours [136]. Thus, the establishment of a new
distinct relationship between maspin and the ubiquitin-proteasome pathway also
provides an important clue for the suppression of a multitude of processes of tumour
and metastasis.

Recently, the use of maspin alone or in association with mammaglobin B (a sec-
retoglobin) is exploited as two biomarkers at different stages (cell proliferation and
pathological stage) of the detection of the breast cancer [137]. In context with the
epigenetic regulation of maspin, it was observed that in a pregnant woman, the
maspin gene promoter was unmethylated in foetus with respect to maternal blood
cell, and this opened a new avenue for developing further biomarkers for prenatal
diagnosis [138]. The established anti-tumorigenic/anti-metastatic characteristic of
maspin in cancer provides useful information regarding the development of thera-
peutic agents [139, 140]. In a nutshell, maspin can be exploited as an antitumour
agent in different cellular events such as actin cytoskeleton, apoptosis, proteasome
function, oxidative stress for the inhibition of cell invasion and angiogenesis.

12.3.1.3 Neuroserpin (SERPINI1)

Neuroserpin (NSP), a protease inhibitor of 46-55 kDa glycoprotein, was first recog-
nised as a secreted protein from cultured chicken neuronal axons and is predomi-
nantly present in both central and peripheral nervous systems [141, 142]. Neuroserpin
is a trypsin-type protease, preferentially inhibits tPA and to a minor extent uPA
plasmin, but shows no inhibition towards thrombin [143].
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Ischemic stroke is a single largest cause of stroke and accounts to be the second
largest contributor to mortality in the world [144]. It is due to the obstruction of a
certain cerebral artery resulting in an absence of blood flow to artery and brain tis-
sue, and this could induce an energy metabolism disorder which in turn perturbs the
ion gradients and an excessive release of excitotoxic neurotransmitters such as
dopamine and glutamate which ultimately leads to neuronal death [78, 145]. The
effective treatment for acute ischemic stroke is the administration of tPA within
3 hours on the onset of stroke. Meanwhile, tPA is capable of activating matrix
MMPs and converting plasminogen to plasmin which results in the blood brain
degradation [145, 146]. This extra administration of extravascular tPA beyond its
therapeutic window (hours) causes a more deleterious effect on the brain. However,
the adjuvant treatment with neuroserpin along with tPA is found to increase the
therapeutic window, and this could have better treatment for cerebral ischemia.
Thus, the neuroprotective effect of neuroserpin for the treatment of cerebral isch-
emia is dependent on the balanced expression of tPA which in turn regulates the
recanalisation of the occluded vessel [147]. It was observed that neuroserpin gene
is a cancer-associated gene and acts as a tissue-specific tumour suppressor gene in
the brain [148]. Like other members of serpin family such as maspin and pancpin,
this tissue-specific tumour-suppressive gene is found to be downregulated in brain
tumour and even absent in brain cancer cells. As mentioned before, tPA converts
inactive plasminogen into active plasmin which results in the breakdown of the
extracellular matrix that facilitates the invasion of cancer cells and enables tumour
migration. It was observed that neuroserpin functions in the inhibitory process of
tPA, and its absence in the CNS causes brain tumorigenesis. Based on this finding,
it may be suggested that neuroserpin may represent a new approach for cancer ther-
apy. Additionally, neuroserpin is a tPA-independent mediator of neurite such as out-
growth, cell-cell adhesion and N-cadherin and NFxB expression. The
tPA-independent regulatory effect of neuroserpin participates in tumorigenesis as
well as emotional and cognitive processes. These new finding of the multifaceted
roles of neuroserpin and its polymers will be helpful in designing better methods for
treating cancer-like diseases.

12.3.1.4 PEDF (SERPINF1)

Pigment epithelium-derived factor (PEDF) is a 50 kDa secreted glycoprotein con-
sist of 418 amino acids, and this was first described and purified from cultured
human foetal retinal pigment epithelium cells. It comes under the category of a non-
inhibitory member of the superfamily of serpin [149]. PEDF is a multifunctional
member and is widely present in foetal and adult tissues. It is a well-known protein
and plays important functions in many physiological and pathological processes
[150, 151]. PEDF exhibits a protective mechanism against tumour and represents as
a biomarker for prostate cancer patients. For example, it was recently found that the
PEDF level in the venous blood patients was significantly high. PEDF can decrease
tumour growth either indirectly through the inhibition of angiogenesis or directly
through the activation of cell apoptosis and/or differentiation process which inhibits
the process of invasion and metastasis. PEDF also works as a protective factor for
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neuronal components of the eye as well as an important inhibitor of the growth of
ocular blood vessels. It is a very selective inhibitor of angiogenesis, and it works
only on new blood-forming vessels, while the old cells have no such inhibitory
effect. It is also found to be a reversible process [152]. Dawson et al. were the first
who proposed that PEDF can regulate the blood vessel growth for angiogenesis at
hypoxia condition as it was found in tumours [153]. PEDF mediate the anti-
angiogenesis activity by effectively blocking the VEGF-driven vascular permeabil-
ity through internalisation and degradation of VEGF receptors, VEGFR-1 or
VEGFR-2, in VEGF-stimulated endothelial cells [154]. This shows that PEDF pre-
vents the angiogenesis process by nullifying the VEGF activity and inhibits the
tumour growth from becoming more malignant.

The PEDF acts as a regulation of cell proliferation, and invasion is gradually lost
with the aggressiveness of metastatic melanoma. It has been found that the expres-
sion of PEDF is reduced in many tumour grade of various forms of cancers such as
prostate adenocarcinoma, pancreatic adenocarcinoma and hepatocellular carcinoma
[155]. The molecular mechanism of PEDF to regulate the metastasis of cancer is yet
not fully understood, but few studies suggest that the VEGF/PEDF ratio and regula-
tion of MMPs function by PEDF are the key events that prevent cell invasion and
tumour dissemination.

Recent studies have shown that PEDF can also manifest its anti-angiogenesis
activity by selectively inducing the apoptosis of endothelial cell. In this regard,
Guan et al. observed that apoptotic cells are much higher in overexpressed PEDF in
prostate cancer cells as referenced to control [156]. PEDF induces apoptosis of
endothelial and tumour cells mainly by extrinsic and intrinsic pathways. The extrin-
sic pathway which is a cell surface death receptor-mediated pathway depends on the
activation of Fas/FasL death pathway, whereas in the intrinsic pathway, also called
as mitochondrial pathway, the apoptosis of cells is governed by mitochondrial per-
meability, manifested by Bcl-2 family proteins and caspases.

Another facet of PEDF is that it may exhibit antitumour activity by its ability to
promote tumour cell differentiation. Crawford et al. showed that the intratumoural
injection of rPEDF in primitive neuroblastomas which were grown in athymic mice
results in tumour cell differentiation, evidenced by less malignant appearing cells his-
tologically and immunohistochemical staining for neurofilament [157]. Filleur et al.
suggested that PEDF functions in prostate neuroendocrine differentiation through
feedforward mechanism [158]. Although very few studies have been done on this
aspect, this added ability to prevent tumour cell growth by differentiation of malignant
cells into normal phenotype is indeed promising and warrants further investigation.

Nowadays, PEDF has gained wide attention for the approach of making a poten-
tial endogenous agent for treating cancers. Therefore, drug delivery systems system
such as gene therapy route in the form of a viral vector, systemic administration of
naked PEDF (free, unmodified) or using nanoparticles for controlled release of
drugs are needed for the smart delivery of PEDF, to neoplastic sites which not only
results in tumour regression but also protects from any side effect [159]. For exam-
ple, a new approach was used in enhancing PEDF expression through specific plat-
inum-based chemotherapeutic phosphaplatin drugs [160].
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12.3.1.5 SPINK1 (Kazal Type 1)

The serine protease inhibitor Kazal type 1 (SPINK1) was first purified from bovine
pancreas as a pancreatic secretory trypsin inhibitor (PSTI) in 1948 by Kazal and
colleagues [161]. Similarly, Stenman et al. (1982) also isolated SPINK1 from the
urine of patients which were diagnosed with ovarian cancer, but they described it as
a trypsin inhibitor (TATT) which is known to be associated with tumour [162]. This
inhibitor consists of 56 amino acid residues containing three disulphide bonds and
a trypsin-specific binding site formed by Lys-Ile. The primary function of SPINK1
is to inhibit pancreatic and small intestinal serine proteases. SPINK1 is produced in
the acinal cells of pancreas where it prevents from autophagy of pancreas cells by
inhibiting the trypsin activity in acinar cells. This is because trypsinogen, a precur-
sor of trypsin, is also produced in the same cells and packed together with SPINK1 in
zymogen granule [163]. Under normal physiological condition, the conversion of
trypsinogen to trypsin is under strict control, and a balanced level of trypsinogen
and trypsin is needed in acinar cells. So, it serves as a significant role in preventing
the onset of pancreatitis [164].

SPINKI1 is overexpressed in various human organ cancers found in the colon,
breast, liver and urinary bladder [165, 166]. It has been reported that SPINKI is
found to be overexpressed in the prostrate, and its expression is directly propor-
tional to the tumour grade [162]. The mechanism of SPINKI1 involved in prostate
cancer and tumour progression is not yet clear. It was observed that tumours produc-
ing SPINK1 also produce trypsin, and this trypsin can activate MMPs of the matrix
leading metastasis of cancer. This shows that the imbalance secretion of SPINKI1
and trypsin is linked with the adverse prognosis in cancer [167]. Thus, SPINK1 can
be used as a good target for prostate cancer treatment.

It was proposed that SPINK1 can act as a growth factor because there are a lot of
structural similarities, and 50% amino acid homology was found in between
SPINK1 and epidermal growth factor (EGF). Thus, SPINKI1 is also thought to be
involved as a growth factor for tissue repair in inflammatory sites, and if it was pro-
longed, then it acts as a booster for cancerous cell [168]. Recently, it was reported
that SPINK1 induces EMT through activating epidermal growth factor receptor
(EGFR), causing proliferation of pancreatic and breast cancer cells [169].

For the specific therapy of cancer patients, it is necessary that specific or acti-
vated pathway, for that specific tumour should be targeted. Accordingly, small-
molecule inhibitors should be discovered which interfere with specific signalling
networks inside the cells. In this way, SPINK1 can be an excellent ‘druggable’ tar-
get [167, 170].
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and Diabetic Complications
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Abstract

Proteases catalyze the breakdown of proteins by hydrolysis of peptide bonds.
These enzymes are involved in a number of pathophysiological processes rang-
ing from the cellular to organism level. These processes include cell growth,
homeostasis, remodeling, renewal, division, metabolic pathways, tumor growth,
metastasis, etc. A number of proteases are found to be involved in mediating the
biochemical pathogenesis of metabolic syndrome such as diabetes and cardio-
vascular diseases. This chapter summarizes types of proteases, classification, and
their proteolytic function in diabetes-associated complications in the kidney, eye,
liver, heart, and lung. Understanding the role of proteases will provide insights
into the development of preventive and therapeutic modalities for diabetes and
diabetic complications.

Keywords
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13.1 Introduction

Proteases catalyze the breakdown of proteins by hydrolysis of peptide bonds. These
are omnipresent in all forms of life. Proteases perform a plethora of complex physi-
ological and pathological processes ranging from the cellular to organism level.
These processes include cell growth, homeostasis, remodeling, renewal, division,
tumor growth, metastasis, etc. These proteases also catalyze the proteolysis of pro-
hormones and other precursor molecules to their active forms. They also promote
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the entry of infectious agents into target cells and tissues and release membrane-
bound molecules facilitating the activation of signaling pathways in cells [1].

Extracellular proteases hydrolyze large proteins into amino acids for subsequent
absorption by the cell, whereas intracellular proteases play a vital role in regulation
of cell metabolism. Various proteases are shown to be involved in the pathogenesis
of metabolic disorders including diabetes. However, the information about their
mechanism of action is limited. Hence, this chapter summarizes types of proteases
and their mechanism of action in the context of diabetes and diabetic
complications.

13.2 Classification of Proteases (Types of Proteases)

Based on their site of action, proteases are subdivided into endopeptidases and exo-
peptidases. Endopeptidases cleave the peptide bonds that are away from the amino
or carboxy termini of the substrate, while exopeptidases cleave the peptide bonds
that are close to the termini of the substrate. Endopeptidases are classified into four
major groups based on the presence of functional group at the active site—aspartic
proteases, cysteine proteases, metalloproteases, and serine proteases [2].

13.2.1 Aspartic Acid Proteases

These proteases are commonly referred to as acidic proteases and have aspartic acid
(Asp) in their active site situated in “Asp-Xaa-Gly” motif, where Xaa can be Thr or
Ser. They have isoelectric points in the pH range of 3—4.5 and show optimal activity
at acidic pH (pH 3 to 4). Their molecular mass ranges from 30 kDa to 45 kDa. The
substrate-binding cleft can accommodate seven amino acid polypeptides [3, 6]. The
mechanism of action involves removal of a proton by aspartate leading to the activa-
tion of the water molecule and attacking the scissile bond to produce a tetrahedral
intermediate. Scissile amide’s protonation following the rearrangement reaction of
the intermediate results in the breakdown of the substrate into peptides [5].

13.2.2 Serine Proteases

Serine proteases are one of the most studied proteases with nearly 800 structures
recorded in the protein data bank (PDB). One-third of these structures are of trypsin
and thrombin [3]. Serine proteases have serine, histidine, and aspartate residues
forming the catalytic triad in their active site. These are found in both endopepti-
dases and exopeptidases. Serine proteases show optimum activity ranging from the
neutral pH (pH 7) to the alkaline pH (pH 11) and have isoelectric points ranging
from pH 4 to pH 6. Their molecular mass ranges from 18 kDa to 35 kDa (except the
protease found in the Blakeslea trispora with 126 kDa molecular mass) [4]. These
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proteases possess a broad substrate specificity including esterolytic and amidase
activities. The catalytic mechanism involves concerted action by the catalytic triad.
Histidine deprotonates the serine hydroxy group with aspartate and enables the
nucleophilic attack on the substrate carbonyl carbon. One exception is that intra-
membrane serine proteases function with a catalytic diad due to lack of aspartate
active site.

13.2.3 Cysteine Proteases

Cysteine proteases are found in both eukaryotic and prokaryotic organisms. They
have cysteine and histidine residues forming the catalytic dyad in their active site.
Cysteine proteases show maximum activity at the neutral pH, except lysosomal
proteases that are maximally active at acidic pH. The proteolytic action of these
proteases requires reducing agents, such as HCN or cysteine [8—10]. Similar to ser-
ine proteases, most cysteine proteases have a relatively shallow active site that can
accommodate short substrate segments such as a strand or protein loops (e.g.,
endogenous inhibitors, cystatins). Sulfur in cysteine as opposed to the serine in
serine proteases is used as the nucleophile for carrying out the proteolytic action on
the substrates.

13.2.4 Metalloproteases

The most diverse among the proteases require a divalent metal ion (Zn**) for their
activity. Approximately, 30 families are identified. Of them, 12 contained exopepti-
dases and 17 contained endopeptidases, while one of them contained both endo- and
exopeptidases. Water molecule hydrogen bonded to a glutamate, and the three donor
groups of the enzyme coordinate with the Zn?* while carrying out the nucleophilic
attack during the proteolysis [3].

13.3 Role of Proteases in Diabetes and Diabetic
Complications

Proteases likely arose as simple destructive enzymes in protein evolution that are
necessary for the generation of amino acids through protein catabolism in primitive
organisms. For many years, studies on proteases focused only on their role in pro-
tein catabolism. However, recent research have shed light on other functions of the
proteases; proteases act as site-specific scissors and catalyze specific proteolytic
reactions to produce new protein products. Proteases can be detrimental or benefi-
cial in the inflammatory process depending on the biological contexts, such as dis-
ease state, cell type, location, substrate availability, and inhibitors.
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13.3.1 Kidney

Among all the diabetic complications, diabetic nephropathy (DN) is the leading
cause of end-stage kidney disease worldwide. Moreover, the progressive decline in
kidney function in diabetic patients is positively correlated with all-cause mortality
and severe cardiovascular complications [11].

The kidney size is increased in the early phase of type I diabetes in human or in
experimental diabetes in rats. This increase in size is mainly due deposition of pro-
tein as a result of decreased protein catabolism and/or increased protein synthesis.
Both protein synthesis and degradation are energy dependent processes, which may
be regulated by various proteases. The lysosomes play a pivotal role in the break-
down of proteins in mammalian cells which involves sequestration of these proteins
in autophagic vacuoles, fusion of these vacuoles with primary lysosomes, and deg-
radation of proteins within the newly formed secondary lysosomes by highly active
proteases such as cathepsins B and cathepsin L.

The activities of these cathepsins were measured in kidneys from streptozotocin
(STZ)-induced diabetic rats by Olbricht et al. (1992) [12]. Cathepsins’ activities
decreased with an increase in kidney weight, which indicates renal hypertrophy in
STZ-injected rats. They also found decreased cathepsin activity in proximal tubule
segments and kidney cortex. Liver was a positive control in this study, and it was
found that liver weight and activities of these cathepsins were found elevated unlike
in the kidney. This indicates that diabetes might be associated with decreased
cathepsin activity independent of organ hypertrophy [12].

13.3.2 Proteases in Cataracted Eye

The clouding of the eye lens causes development of eye cataracts. Cataracted eye
contributes majorly for the vision loss observed in people over 40 years of age.
Diabetes is one of the primary contributing risk factor for the development of cata-
racts. The eye lens is made of specialized proteins, called crystallins. These include
a-, B-, and y-crystallins, which account for nearly 90% of the lens proteins.
a-Crystallin is a predominant lens protein composed of aA and aB subunits with
chaperone-like activity, and - and y-crystallins function as structural proteins.
Diabetes induces the activation of polyol pathway and increases oxidative stress and
nonenzymatic glycation of these lens proteins, which subsequently aggregate lead-
ing to the cataract development [13].

Various peptidases and proteases have been identified or isolated from lens and
lens epithelial cells. These include acyl-peptide hydrolase, aminopeptidase 111, cal-
pains, dipeptidase, caspases [3, 6, 7], cathepsin (B, D), matrix metalloproteases,
leucine aminopeptidase, serine-type protease, and trypsin-like protease. Lens pro-
teins are degraded into amino acids by subsequent hydrolysis by proteases and ami-
nopeptidases. Literature suggests both beneficial and detrimental effects of protease
activity in the lens. Peptide chaperones such as aA and oB released following the
cleavage of a-crystallin prevent aggregation and precipitation of unfolding proteins,
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similar to the full-length a-crystallin. On the other hand, aA-66-80 peptide gener-
ated following the proteolysis of aA-crystallin has been found to promote the for-
mation of protein aggregates [13, 14]. Further, aA-66-80 peptides are resistant to
downstream aminopeptidases and can suppress the degradation of other peptides.
Incomplete hydrolysis of peptides leads to protein aggregation in lens leading to
cataract formation [13-15].

13.3.3 Liver

Research findings on understanding the role of various proteases in the diabetic liver
are limited. Lysosome proteases are the main digestive enzymes in autophagic vacu-
oles in hepatocytes. Recent works on liver autophagy focus on glycogen digestion
and lipid digestion (lipophagy) [16—18]. Few studies have been done on the role of
lysosomal proteases in the diabetic liver [19] and has shown decrease in cysteine
proteases’ activity, especially cathepsin B in STZ-induced rat liver [19]. This
decrease in specific activity was attributed decreased expression levels of cathepsin
B and in the diabetic rat liver [19]. In another study by Uchimura et al. (2014) found
that serine protease prostasin ameliorates hepatic insulin insensitivity found in the
type 2 diabetes by decreasing the activation of toll-like receptor (TLR4) signaling
pathway [20].

13.3.4 Heart

Metabolic syndrome leads to cardiovascular diseases, and the underlying mecha-
nisms are far from clear. Various proteases such as MMP, calpain, cathepsin, and
caspase have been implicated in the pathogenesis of atherosclerosis, coronary heart
disease, and heart disease associated with obesity, insulin resistance, and hyperten-
sion [21]. Cathepsins and MMPs influence cardiometabolic diseases by modifying
the extracellular matrix. Additionally, MMPs and cathepsin also affect intracellular
proteins leading to cardiometabolic diseases. On the other hand, activation of cas-
pases and calpains influence NF-kB and apoptosis pathways. Clinically, proteases
are used as biomarkers of cardiometabolic diseases. Moreover, the protease inhibi-
tors have shown a beneficial cardiometabolic profile with unknown molecular
mechanisms.

Even though the functional association between cardiometabolic diseases and
proteases is well established, it is still unclear whether the increase in protease activ-
ity is the cause or the result of cardiometabolic disease. Inflammatory cytokines or
reactive oxygen species could activate proteases that lyses substrates involved in
cardiometabolic functions leading to diseased state. On the other hand, proteases
can upregulate inflammatory mediators resulting in vicious cycle. Exploring the
role of proteases in the pathophysiology of cardiometabolic disease may yield novel
therapeutic targets [21].
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13.3.5 Lung

Lung proteases were thought to be involved only in destruction of extracellular
matrix. However, they were found to be involved in infections, local inflammation
processes, and innate immunity too. Serine and metalloproteases modulate biologi-
cal functions by activation of various specific cell surface receptors, promoting
cytokine receptor shedding, cytokine and chemokine activation, and degradation
and proteolysis of cytokine-binding proteins. The inflammatory process that is
essential in host defense, if unregulated, leads to tissue injury, organ dysfunction,
and lung diseases [22-24]. Due to larger pulmonary reserves, symptoms of lung
damage due to diabetes appear at a later time than other organs. Hence, in spite of
the first report three decades ago, less importance is given to pulmonary complica-
tions of diabetes. However, recent attention is on subclinical pulmonary complica-
tions in diabetes such as a reduced lung diffusing capacity, elastic recoil, and
capillary volume [25, 26]. Another school of thought is that chronic high glucose
level as seen in diabetes nonenzymatically glycates proteins and peptides of ECM
leading to pathological changes in lungs [27]. Researchers have moved on from
identification of diabetic-specific lung deficits to explore mechanisms by which dia-
betes affects the lungs. One hypothesis is that lung complications are due to elastin
and collagen changes [28]. A dynamic balance between proteases and antiproteases
maintains the lung connective tissue, and any imbalance leading to relative increase
in proteases can cause lung injury [29]. Such an imbalance could be due to neutro-
phils that are the primary source of serine proteases, such as neutrophil elastase,
cathepsin G, and neutrophil protease. They can digest collagen, elastin, laminin, and
fibronectin in the lung ECM causing extensive lung damage [30]. However, the
mechanism of imbalance between protease and antiprotease in diabetes remains
obscure. Understanding the role of protease in lung inflammation will have signifi-
cant implication in health and disease.

13.4 Conclusions

Significant advances have been made in understanding the pathophysiology of pro-
teases, their regulators, and their receptors in diabetes; it is clear that proteases play
critical roles in many metabolic syndromes including diabetes. Elucidating these
roles is critical to our understanding of disease mechanisms. Targeting these prote-
ases could present us an innovative approach to treat or control metabolic diseases.
Animal studies show that the expression of these proteases is controlled by a variety
of stimulants such as cytokines, hormones, and ROS. Activated proteases degrade
intracellular proteins or ECM triggering metabolic diseases or tissue injury. These
insights in the role of proteases in metabolic diseases would provide novel treatment
avenues. Further studies are needed to understand the interaction between cellular
signaling pathways and proteases.
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Abstract

Proteases are ubiquitously present in several organisms including plants. In
plants, one of the rich sources of protease is latex. Over 110 latices of different
plant families are known to contain at least one proteolytic enzyme. The primary
role of proteases in latices is defense against pests/insects. Apart from the defen-
sive role in plants, latices are pharmacologically important and are integral com-
ponents in herbal management of wounds, where it is extensively used in
traditional medicines to stop bleeding and to promote healing of wounds. Plant
latex proteases exhibit both clot-inducing and clot-hydrolyzing properties. Clot
formation is vital for hemostasis, the initial phase of wound healing, whereas clot
hydrolysis is a prerequisite for the events of regenerative phase. Overall, the
plant latex proteases provide optimal conditions for physiological wound healing
by complementing the endogenous proteases in hemostasis, wound debridement,
microbial attenuation, cell proliferation, and angiogenesis. Further, complete
functional characterization of purified proteases from latex along with physico-
chemical characterization is very crucial to strengthen the existing knowledge
and will be pivotal in developing latex protease-based wound care supplements
with minimal side effects.
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14.1 Introduction

Proteases are the major class of hydrolytic enzymes which cleave the peptide bond
in the protein to give peptides and amino acids [1]. They are abundantly present in
the human system evidenced by human genome sequencing which revealed that
more than 2% of the genes encodes for proteases. Proteases mediate versatile and
complex array of functions apart from the primary roles in food digestion and intra-
cellular protein turnover [1-3]. Proteases are involved in the regulation of a large
number of key physiological processes such as hemostasis (coagulation), tissue
remodeling, wound healing, DNA replication, cell-cycle progression, cell prolifera-
tion, cell death, and immune response [2, 3]. In view of their ability to regulate key
physiological processes, proteases have been employed for treating specified clini-
cal conditions. Till date, the predominant use of proteases was restricted to cardio-
vascular disease [3, 4]. Of late, they are also emerging as useful therapeutic agents
in the treatment and management of debilitating conditions including sepsis, chronic
inflammatory disorders, cystic fibrosis, retinal disorders, and psoriasis [3, 5].

Although proteases are involved in the regulation of many key physiological
processes, they have not been typically considered as a drug class despite their
application in the clinic over the last several decades. In recent past, proteases have
emerged as an expanding class of drugs that hold great promise and are used for
treating a wide range of clinical conditions [3, 6]. In addition to the endogenous
proteases, exogenous sources of proteases have been widely studied and employed
for their therapeutic efficacies.

Microorganisms, insects, invertebrates, vertebrates, and plants constitute the
major sources of proteases [7—12]. Among these sources, microbial, animal (venom),
and plant latex proteases are widely employed for their therapeutic applications.
Although there are few studies on therapeutic applications, still there is significant
scope for exploring newer and potent proteases with therapeutic efficacy. Well-
characterized plant latex proteases like papain, chymopapain, and ficin are used for
treating wounds, cancer, digestive and viral disorders [13, 14]. In light of these
evidences and the recent findings pertaining to latex proteases, the present chapter
focuses on the role of plant latex proteases as wound healers and provides an over-
view of their application in wound healing.

14.2 Plant Latex Proteases

The presence of proteolytic enzymes in plant latex was first reported in 1940 [15].
Over 110 latices of different plant families are known to contain at least one proteo-
lytic enzyme [16]. More than 70 proteases have been purified from latices of differ-
ent plants belonging to various families, and the crystal structures of few proteases
are known, which are listed in Tables 14.1 and 14.2, respectively. The majority of
proteases found in latices belong to the cysteine and serine protease family; only
one is a member of the aspartate and metalloprotease family, and none of the prote-
ases reported till date belong to threonine, glutamic, and asparagine protease.
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Table 14.2 List of purified proteases with crystal structure

Protease

‘ Plant

‘ Molecular weight ‘ References

1. Cysteine proteases

A. Apocynaceae

Ervatamin A Ervatamia coronaria 27.6 [109]
Ervatamin B Ervatamia coronaria 26 [110, 111]
Ervatamin C Ervatamia coronaria 23 [110]

B. Asclepiadaceae

Calotropins DI Calotropis gigantea 23.8 [112, 113]
Calotropins DII Calotropis gigantea 24.2 [112]

C. Caricaceae

Caricain Carica papaya 23.3 [114]
CMS1IMS2 Carica candamarcensis 23 [115]
Glycyl endopeptidase Carica papaya 23.3 [116]
Mexicain Jacaratia mexicana 23.7 [60]
Papain Carica papaya 27 [117]

2. Serine proteases

A. Amaryllidaceae

Crinumin ‘ Crinum asiaticum ‘ 67.7 ‘ [76]

B. Asclepiadaceae

Cryptolepain ‘ Cryptolepis buchananii ‘ 79.5 ‘ [118]

C. Convolvulaceae

Carnein ‘ Ipomea carnea ‘ 80 ‘ [119]

The primary role of proteases in latices is plant defense against pests/insects. Many
of these proteases are cysteine proteases, although few insecticidal metalloproteases
and serine proteases have also been reported. The targets of protease toxicity range
from the insect midgut to the hemocoel (body cavity) to the cuticle [9, 120]. Apart
from the defensive role in plants, they are extensively used in industries as they are
active over a range of temperature and pH (frequently used in food processing,
tenderization of meat, brewing, cheese elaboration, bread manufacture, and in the
leather and textile industries) [16, 121]. On the other hand, therapeutically, plant
latex is one of the most preferred materials in traditional medicine for treating
bleeding and wounds [16].

14.3 Need of Plant Latex Proteases as Wound Healing Agents

Wounds are the inevitable events encountered during the lifetime of an individual
resulting from mechanical, chemical, or surgical damage, microbial infection, or an
underlying pathological condition [122]. The host aptly responds to a wound
through a series of events as a damage control response to restore the tissue integrity
and function [123]. This complex physiological response, termed wound healing, is
controlled and coordinated by immune cells, extracellular matrix (ECM), and com-
ponents of hemostatic system [124]. In spite of the efficient host response, some
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pathophysiological conditions and/or due to infections result in altered healing
response, in most cases ending up with delayed healing or non-healing chronic
wounds [125]. To overcome the complications leading to altered healing, wound
care and management is the remedy. Conventionally, the strategies of wound care
involve the administration of synthetic antibiotics and anti-inflammatory agents,
with or without debridement, with grafting as the last resort in extreme cases [126].
But these are associated with undesirable effects, including side effects, pain, dis-
coloration of the skin, and complications of histocompatibility and tissue rejection
[127]. These adverse effects need to be carefully addressed and overcome by com-
plementary medicinal strategies. In this regard, herbal medicines would be suitable
agents for wound care, since they provide optimal conditions to augment physiolog-
ical healing process by offering minimal adverse effects [128]. Latex, an important
plant-based component, is widely used for topical application on variety of wounds
and is an integral part in herbal management of wounds [129, 130]. The list of latex-
bearing plants used by tribal populations, folk medicinal practitioners, and research-
ers to promote wound healing is given in Table 14.3. In spite of vast information
regarding the extensive usage of latex to promote wound healing, very few reports
suggest the possible biochemical/molecular mechanism(s) of latex components in
general and proteases in particular. The functional (biochemical) characteristics of
only few purified proteases are reported. Complete functional characterization of
purified proteases along with physicochemical characterization is very crucial as
they can be developed into wound care supplements in the future with minimal side
effects (Table 14.1).

14.4 Role of Plant Latex Proteases on Different Phases
of Wound Healing

Wound healing is a complex response to tissue injury comprising of sequential and
overlapping phases: (a) hemostasis, (b) inflammatory, (c) proliferative, and (d)
remodeling phases [124] (Fig. 14.1). During physiological wound healing process,
many endogenous proteases are involved in the different phases of wound healing;
likewise, latex proteases used for treating wound will act on different phases of
wound healing. For example, procoagulant and thrombin-like proteases act in the
initial stages of wound healing and restore hemostasis (Fig. 14.2). Plasmin-like and
other ECM-degrading proteases help in the later stages of wound healing for
debridement, and some mitogenic proteases help in cell proliferation and angiogen-
esis (Table 14.1; Fig. 14.3a, b). Although, there is no conclusive evidence on plant
latex proteases mediating remodeling of collagen and other extracellular matrix
(ECM) components, the role of collagenolytic and other ECM-degrading proteases
can be attributed with tissue remodeling ability (Fig. 14.3c).
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Table 14.3 The list of latex-bearing plants used by tribal populations, folk medicinal practitio-
ners, and researchers to promote wound healing and related disorders

Family Plant names Type of wounds References
1. Altingiaceae Liquidambar orientalis Excision wounds [131]
2. Amaranthaceae Achyranthes aspera Wounds [131]
3. Anacardiaceae Mangifera indica Cracks, cuts, ulcer, and [132, 133]
wounds
Pistacia atlantica Wounds [134]
Semecarpus anacardium | Cuts and wounds [135]
Spondias pinnata Cuts and wounds [136]
4. Apiaceae Ferula assafoetida Ulcers [137]
5. Apocynaceae Allamanda cathartica Excision and incision wounds | [138]
Alstonia angustiloba Abscesses, boils, and skin [139]
sores
Alstonia scholaris Boils, burns, and wounds [131, 140]
Alstonia venenata Cuts and wounds [141]
Carissa carandas Wounds [135]
Holarrhena pubescens All types of wounds, aphthae | [133, 138,
and, ulcer in intestine 142]
Ichnocarpus frutescens Bleeding wounds [143, 144]
Plumeria obtusa Ulcers [139, 145]
Plumeria rubra Excision wounds, gingival [33, 133]
wounds, and ulcers
Rauvolfia serpentina Cuts, otorrhea, and wounds [133, 146]
Strophanthus Wounds [131]
sarmentosus
Tabernaemontana Cuts [133]
divaricata
Tabernaemontana Cuts and wounds [133]
heyneana
Vallaris solanacea Old wounds and sores [147]
Voacanga thouarsii Wounds [131]
Wrightia tinctoria Excision and fresh wounds [77, 131]

(continued)
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Table 14.3 (continued)

Family Plant names Type of wounds References
6. Asclepiadaceae Araujia sericifera Warts [148]
Asclepias curassavica Wounds [143]
Calotropis gigantea Corns, cuts, excision wounds, | [43, 129,
gingival wounds, incision 133]
wounds, otorrhea, and thorn
wounds
Calotropis procera Excision wounds [138]
Ceropegia juncea Ulcers [149]
Cryptolepis buchananii Cuts and wounds [133]
Cynanchum acutum Ulcers [149]
Cynanchum callialatum | Ulcers [149]
Gymnema sylvestre Cuts and wounds [149]
Hemidesmus indicus ‘Wounds [143]
Holostemma ada kodien | Blisters [131]
Schultes
Hoya lanceolata Boils [150]
Oxystelma esculentum Ulcers [149]
Pergularia extensa Wounds [131, 138]
Sarcostemma acidum Burns, chronic ulcers, and [142, 149]
wounds
Sarcostemma viminale Bleeding wounds [151]
(hemorrhage)
Tylophora indica Ulcers and wounds [149]
Tylophora fasciculata Wounds [143]
7. Asteraceae Calendula officinalis Chronic ulcers and wounds [152]
Cichorium intybus Ulcers and wounds [153]
Sonchus arvensis Burns [154]
Taraxacum officinale Corns, stomach ulcers, warts, | [152, 155]
and wounds
Tragopogon dubius Heel wounds [131]
8. Campanulaceae Asyneuma rigidum Burns [134]
9. Caricaceae Carica candamarcensis | Gastric ulcers and wounds [58, 131]
Carica papaya Burns and wounds [50]
10. Convolvulaceae | Argyreia speciosa Boils, ulcers, and wounds [156]
Ipomoea pes-caprae Wounds [157]
Ipomoea pes-tigridis Cuts and wounds [144]
11. Dipterocarpaceae | Vateria indica Wounds [131, 143]

(continued)
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Table 14.3 (continued)
Family Plant names Type of wounds References
12. Euphorbiaceae Croton bonplandianum Cuts and wounds [158, 159]
Croton macrostachyus Sores, warts, and wounds [160]
Croton megalocarpus Wounds [160]
Euphorbia agraria Wounds [134]
Euphorbia antiquorum Burns and wounds [129]
Euphorbia armena Inflamed wounds [134]
Euphorbia caducifolia Bleeding wounds and [131]
cutaneous eruptions
Euphorbia candelabrum | Warts and wounds [160]
Euphorbia cuneata Sores, warts, and wounds [131]
Euphorbia grantii Bleeding open wounds and [131]
tissue healing
Euphorbia helioscopia Skin eruptions [131]
Euphorbia hirta Warts and wounds [129, 161]
Euphorbia macroclada Warts [162]
Euphorbia neriifolia Wounds [143]
Euphorbia nivulia Ulcers and wounds [142, 163]
Euphorbia pallens Skin injuries and wounds [157]
Euphorbia pilosa Wounds [160]
Euphorbia primulifolia Syphilitic sores and warts [131]
Euphorbia prostrata Abscesses and warts [164]
Euphorbia pseudograntii | Abscesses, warts, and wounds | [164]
Euphorbia retusa Eczema and wounds [165]
Euphorbia rothiana Acne and boils [166]
Euphorbia seguieriana Inflamed wounds [134]
Euphorbia tirucalli Warts and wounds [160, 164]
Euphorbia thymifolia Scabies, warts, and wounds [143, 164]
Euphorbia unispina Leprosy sores [164]
Euphorbia virgata Bleeding wounds [183]
Excoecaria benthamiana | Warts [164]
Excoecaria grahamii ‘Worm sores [164]
Hevea brasiliensis Dermal and lip ulcers and [87, 168]
wounds
Jatropha chevalieri Abscesses, bleeding wounds, | [169]
and boils
Jatropha curcas Cuts, ulcers, whitlow, and [107, 133]
wounds
Jatropha glandulifera Bleeding cuts and mouth ulcers | [142]
Jatropha gossypifolia Ulcers and wounds [131]
Jatropha heynei Burns and cuts [142]
Jatropha mollissima Wounds [170]
Jatropha multifida Ulcers and wounds [169]
Pedilanthus tithymaloides | Wounds [168]
Phyllanthus emblica Wounds with maggots in cattle | [133]
Ricinus communis Wounds [168]

(continued)
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Table 14.3 (continued)
Family Plant names Type of wounds References
13. Moraceae Artocarpus heterophyllus | Burns, dog bite, and wounds | [133, 172]
Ficus auriculata Cuts and wounds [171]
Ficus benghalensis Cracks [132]
Ficus benjamina Boils [172]
Ficus carica Boils, inflamed wound [134]
Ficus hirta Wounds [172]
Ficus hispida Bleeding, dead space, and [173]
excision and incision wounds
Ficus lacor Blisters, boils, and ulcers [172]
Ficus neriifolia Boils [172]
Ficus palmata Thorn wounds [136]
Ficus racemosa Aphthae, blisters, boils, [133, 172]
cracks, cuts, and ulcers
Ficus religiosa Cuts and wounds [135, 172]
Ficus sarmentosa Boils [172]
Ficus semicordata Boils and ulcers [172]
Ficus sycomorus Boils and scabies [160]
Ficus virens Boils [146]
Milicia excelsa Excision wounds [174]
Morus nigra Oral wounds [162]
14. Papaveraceae Argemone Mexicana Blisters, dead space, and [138, 168]
excision and incision wounds
Chelidonium majus Warts [175]
15. Phyllanthaceae Phyllanthus niruri Offensive sores and ulcers [161]
16. Plumbaginaceae | Plumbago zeylanica Scabies [131]
17. Sapotaceae Bassia longifolia Wounds [143]
Madhuca indica Aphthae, cuts, ulcers in [133]
intestine, and wounds
Mimusops elengi Wounds [143]
18. Solanaceae Datura stramonium Wounds [168]
19. Thymelaeceae Agquilaria agallocha Edema, ulcers, and wounds [176, 177]
20. Urticaceae Cecropia peltata Warts and wounds [178]

14.4.1 Hemostasis

Hemostasis is the physiological process which maintains the flowing blood in fluid
state within the blood vessel, while it aims at providing thrombotic response follow-
ing injury to limit the blood loss [179]. As an exogenous hemostatic agent, latex is
an important plant-based component, which is widely employed in traditional sys-
tem of medicine because of its ability to stop bleeding from fresh wounds [180].
The use of topical hemostatic agents from natural sources is gaining importance in
wound care and management, owing to the efficacy and safety of naturally derived
hemostatic agents [181]. The property of latex to stop bleeding is mostly attributed
to proteases [182]. The majority of latex proteases exhibits procoagulant effect irre-
spective of the nature of proteases. Calotropis gigantea latex protease has been
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Fig. 14.1 Physiological events during the four phases of wound healing and the role of plant latex
proteases (PLPs). PLPs exhibiting specific function are given in Table 14.1

shown with procoagulant, fibrin(ogen)olytic, and thrombin-like activities. In con-
tinuation, Shivaprasad et al. have reported that the cysteine proteases from
Asclepiadaceae plant latices (Asclepias curassavica, Cynanchum pauciflorum, and
Pergularia extensa) exhibit thrombin-like activity and facilitate the formation of
clot even in the absence of Ca** ions [27]. Further, a cysteine protease “Pergularain
e I” from P. extensa with thrombin-like activity was purified and characterized [28].
Procoagulant proteases may act in blood coagulation cascade or affect platelet func-
tion to aid the process of clot formation. The available reports suggest the interfer-
ence of latex proteases only in common pathway, and their action on blood
coagulation cascade is indicated in Fig. 14.2.

14.4.2 Inflammatory Phase

Clinically, inflammation is the second stage of wound healing that shows character-
istic symptoms such as erythema, swelling, warmth, discomfort, and often associ-
ated with pain and functional disturbance [183]. The inflammatory phase ensures
that the injury-causing agent is attenuated, diluted, and neutralized. Collectively,
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during this phase, the injured region is prepared for healing [184]. Although there is
fine balance between inflammatory mediators regulating inflammatory phase of
wound healing, latex proteases have been reported to mediate the inflammatory
phase and its smooth transition to repair phase. Few antimicrobial (Amp48 from
Artocarpus heterophyllus, Cg24-1 from Cryptostegia grandiflora, and hevains from
Hevea brasiliensis) and anti-inflammatory (plumerin-R from Plumeria rubra) pro-
teases have been isolated from latices which help in attenuating the infection-
causing microbes. And mainly latex proteases have fibrinolytic (Amp48 from
Artocarpus heterophyllus, crinumin from Crinum asiaticum, hirtin from Euphorbia
hirta, LGP from Synadenium grantii, and plumerin-R from Plumeria rubra), gelati-
nolytic (serine protease from Ficus carica), and collagenolytic (serine protease
from Ficus carica) activities which help in wound debridement (Fig. 14.3a and
Table 14.1). Wound debridement is an important event during natural wound heal-
ing process and one of the vital aspects of successful wound management strategy.
It is the removal of nonviable/dead, contaminated tissue and foreign material from
the wound site, promoting the formation of granulation tissue and facilitating the
progression of ordered wound healing [5, 185]. The presence of necrotic tissue in
wound site mimics signs of infection and provides a suitable substrate for infecting
microbes [186]. It also slows down the vital repair events including matrix forma-
tion, angiogenesis, granulation, tissue formation, and epidermal resurfacing [186].
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Fig. 14.3 Plant latex proteases aid (A) inflammatory, (B) proliferative, and (C) remodeling phases
of wound healing

14.4.3 Proliferative Phase/Repair Phase

During the phase of repair, fresh tissue is layered in place of evacuated necrotic tis-
sue [188]. The way for the formation of fresh tissue will be paved by the process of
debridement of dead tissues by latex proteases in conjunction with endogenous pro-
teases which are prerequisite for proliferative phase. Plumerin-R isolated from
Plumeria rubra latex enhances wound healing by increasing the collagen formation
(Fig. 14.3b). Collagen plays a central role in the healing of wounds as it is a princi-
pal component of connective tissue and provides a structural framework for regen-
erating tissue [33].

Angiogenesis, revascularization, and enhanced vascular permeability are crucial
events to wound repair as they rescue tissues from ischemia. These events allow a
variety of cytokines, growth factors, and nutrients to reach the damaged tissue and
are also important for metabolite clearance. Further, proliferation of cells is impor-
tant to replace the damaged tissues. Few latex proteases from Carica candamarcen-
sis and Hevea brasiliensis have been shown with angiogenic and cell proliferative
properties (mitogenic) along with the ability to increase vascular permeability and
to activate the extracellular signal-regulated protein kinase (ERK) (Fig. 14.3b) [87,
189]. The ERK signaling cascade is a central MAPK pathway that plays a role in the
regulation of cellular processes such as proliferation, differentiation, and develop-
ment [190].

14.4.4 Remodeling Phase

The events of remodeling phase include the deposition of matrix and its subsequent
changes including the alignment of ECM molecules along the tension lines [191].
Tissue remodeling occurs throughout the wound repair process and can overlap
with the repair phase as it can begin as early as 1 week after injury and can last as
long as 2 years, depending on the extent of wound [192]. Endogenous matrix metal-
loprotease expression is very important in the remodeling of collagen and non-
collagen extracellular matrix (ECM) components [193]. In similar lines,
collagenolytic and other ECM-degrading proteases of latex may also mediate the
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maturation and alignment of newly synthesized ECM proteins resulting in wound
contraction apart from removal of dead tissue (Fig 14.3c). Interestingly, the latex
from Calotropis procera has been reported with the ability to reduce the bundles of
collagen fibers that are important for tissue remodeling [194]. Wrightia tinctoria
latex serine protease has been shown with excision wound healing upon topical
application with increase in collagen content. The same latex is also reported with
collagenolytic and gelatinolytic activities that may be responsible for wound heal-
ing and tissue remodeling [77]. Even though there are no strong evidences regarding
the role of latex proteases, it is worth looking for the role of latex proteases on the
above lines.

Overall, the plant latex proteases provide optimal conditions for physiological
wound healing by complementing the endogenous proteases in hemostasis, wound
debridement, microbial attenuation, cell proliferation, and angiogenesis.

14.5 Experimental Validation for Plant Latex Proteases
as Wound Healers

Wound healing potential of latex proteases is studied mostly in rodents (mice, rat,
rabbit, and guinea pig) by excision, incision, and burn models. In situ, wound
healing activity is assessed by cell proliferation assay in various cell lines. Purified
proteases from latex of few plants have been shown to promote wound healing in
experimental animals, and few are being used clinically as approved wound care
supplements. Papain and chymopapain either singly or in combination with essen-
tial factors are being used in management of wound-related complications [13,
195]. Papain is widely used for clinical debridement in case of chronic wounds
with overgranulated tissue. Few proteases from plant latices, namely, curcain
(Jatropha curcas) and plumerin-R (Plumeria rubra), have been reported to pro-
mote wound healing in experimental animals. Although proteases are extensively
used for debridement, some are hemostatic (ficins, Pergularain e I, LGP) or anti-
microbial (Amp48 and Cg24-I) or promote the collagenization and fibrosis pro-
cess (plumerin-R) [33, 107, 163]. Apart from the common mechanisms mentioned,
few latex proteases exhibit mitogenic activity (CMS2MS?2) evaluated in fibroblast
cell culture and show increased neovascularization and epithelialization (P1G10)
[52-54] (Table 14.1).

The reports from our lab also validate the use of latex for treating bleeding and
wounds by traditional practitioners. The benefits of latex proteases in the first phase
of wound healing, i.e., hemostasis, are due to procoagulant nature and thrombin-like
activity of proteases. And they also have beneficial effects in second phase of wound
healing, i.e., inflammatory phase, because of their fibrinolytic (plasmin-like activ-
ity), gelatinolytic, and collagenolytic activity which helps in wound debridement.
These results were also evaluated using purified proteases in mice model giving
substantial evidence [27, 28, 77, 94, 182, 196, 197]. Currently, we are engaged in
the elucidation of molecular mechanisms of plant latex proteases in hemostasis and
wound healing at the level of genus and species of latex-producing families.
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14.6 Conclusion and Future Perspective

Irrespective of the underlying mechanisms, proteases exhibit positive effect toward
wound healing. The scientific evaluation which explains the underlying molecular
mechanisms, efficacy, and adverse effects, if any, would direct the findings toward
development of potential wound care agents which can replace or supplement the
conventional therapy for effective management of wounds.
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Emerging Roles of Mitochondrial Serine 1 5
Protease HtrA2 in Neurodegeneration

Ajay R. Wagh and Kakoli Bose

Abstract

High temperature requirement mitochondrial serine protease A2 (HtrA2), com-
monly known as Omi/PRSS25, is primarily known for its protein quality control
function. Loss of this prime function of the protein results in neurodegenerative
diseases such as Parkinson’s, Alzheimer’s, Huntington’s and certain forms of
epilepsy. HtrA?2 belongs to the family of evolutionarily conserved proteases and
is one of the core determinants of mitochondrial quality control. HtrA2 helps
maintain normal mitochondrial functions during organelle biogenesis, metabolic
remodelling and stress. It has been very well established that under stressful
condition, HtrA?2 is released from the mitochondria into the cytosol and facili-
tates apoptosis by binding to several members of the inhibitors of apoptosis pro-
tein (IAP) family. On the contrary, in vivo knockout studies showed a phenotype
similar to Parkinson’s suggesting its involvement in neurodegeneration along
with maintenance of mitochondrial homeostasis. Therefore, presence of different
cellular pathways and its unique multitasking ability makes HtrA2 a potential
therapeutic target. This chapter discusses different facets of HtrA2 with main
focus on its role as a quality control protease and its association with neurode-
generative disorders.

Keywords
Mitochondrial protein quality control ® HtrA2 » Neurodegenerative disorders

A.R. Wagh ¢ K. Bose (b))

Integrated Biophysics and Structural Biology Lab, Advanced Centre for Treatment,
Research and Education in Cancer (ACTREC), Tata Memorial Centre,

Navi Mumbai 410210, Maharashtra, INDIA

e-mail: kbose@actrec.gov.in

© Springer Nature Singapore Pte Ltd. 2017 325
S. Chakraborti, N.S. Dhalla (eds.), Proteases in Physiology and Pathology,
DOI 10.1007/978-981-10-2513-6_15


mailto:kbose@actrec.gov.in

326 A.R.Wagh and K. Bose

15.1 Introduction
15.1.1 Overview of Mitochondrial Protein Quality Control

Mitochondria are dynamic, semiautonomous organelles present in eukaryotic cells
that play important role in energy metabolism and myriads of important physiologi-
cal processes. The critical functions of mitochondria include generation of ATP
through respiration, integration of several key metabolic and cofactor-generating
pathways and regulation of ion homeostasis as well as apoptosis [1, 2]. Imbalance
in mitochondrial homeostasis and integrity lead to severe pathophysiological conse-
quences often with the onset of certain disease conditions (Fig. 15.1). Numerous
studies implicate mitochondrial dysfunction as a fundamental factor for multiple
pathologies in humans that include cardiovascular disorders, myopathies, certain
cancers, type II diabetes and neurodegenerative diseases [1-12]. Neurodegenerative
diseases such as Alzheimer’s and Parkinson’s (AD and PD) are particularly pre-
dominant in elderly population who have been linked with age-associated decline in
mitochondrial health that leads to cellular damage [6, 8, 11, 13]. For example, sev-
eral PD-associated genes interfere with pathways regulating mitochondrial func-
tion, morphology and dynamics and hence challenge mitochondrial integrity.

To circumvent these undesirable situations, our cells have efficient surveillance
systems that ensure sustenance of mitochondrial functionality. This is achieved by
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Fig. 15.1 Perturbations in protein quality control. Cellular stress and lack of protein quality
control lead to aggregation of properly folded proteins in the mitochondrial membrane resulting in
a diseased cell
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detection and subsequent elimination of damage caused by harmful reactive oxygen
species (ROS) as well as stress- and mutation-induced aggregation of damaged and/
or denatured proteins.

Studies in the past have unravelled a system of interdependent quality control
mechanisms that ensured cell survival, where mitochondrial chaperones and prote-
ases are used as a first line of defence. Molecular chaperones promote proper pro-
tein folding and prevent aggregation, while proteases eliminate irreversibly damaged
proteins [14].

Heat-shock proteins HSP70 and HSP60, which work efficiently in the matrix
compartment of mitochondria, are responsible for the sorting, folding and disag-
gregation of proteins [15, 16]. Similarly, HSP70- and HSP90-type chaperones that
work in the cytosol prevent aggregation and facilitate transport of unfolded newly
synthesized or nascent polypeptides into mitochondria [17-19]. Several conserved
mitochondrial proteases execute both protective and regulatory functions such as
unfolded protein response (UPR) that requires proteolytic inactivation of negative
regulators [20]. Among all the mitochondrial quality control factors for proteins,
human HtrA?2 belongs to a new class of oligomeric serine proteases [14], which are
key components of a quality control system in the cell. HtrA2, the most well studied
among the HtrA family members, acts as a sentinel at the mitochondrial intermem-
brane space and maintains homeostasis by degrading unfolded and damaged
proteins.

In this chapter, we discuss the structural complexity, protease activity and allo-
steric property of serine protease HtrA2. Although its involvement in several differ-
ent cellular processes has been mentioned in this chapter, here we attempt to
highlight its role in protein quality control with implications in several neurodegen-
erative diseases.

15.1.2 The HtrA Family

The high temperature requirement A (HtrA) family of serine proteases belongs to
the core set of proteases found in cells and is widely conserved from prokaryotes to
humans [21]. They can be easily distinguished from other serine proteases based on
their complex oligomeric structures, which comprise a conserved catalytic protease
domain along with one or two carboxyterminal PDZ (postsynaptic density of
95 kDa, disc large and zonula occludens 1) domains in each monomeric subunit
[22]. The PDZ domains preferably bind to three to four C-terminal residues of target
proteins that help in specific protein-protein interactions. The N-terminal domains
of HtrAs exhibit significant sequence variability among the family members that
include single transmembrane domain (prokaryotic DegS and human HtrA2), signal
sequences, insulin-like growth factor-binding domains and serine protease inhibitor
domains (human HtrAl, HtrA3 and HtrA4) as illustrated in Fig. 15.2. Another
unique signature of this family is that their protease activities can be switched on
and off by a distinct mechanism.
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PDZ

Protease domain
Human HtrA1
(Full length)
1 22 33 100 98 Y157 206 364 382 473 480

Human HtrA2

(Full length)

1 40 105 125 133 136 150 343 364 445 458
Human HtrA3 (Full
length)
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Bacterial HtrA
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1 37 123 272 281 326 355
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Fig. 15.2 Domain organization of HtrA family members. Domain organization of different
HtrA protease family members. The numbers adjacent to each protein represent the size of each
protease and their individual domains. The main structural characteristics of HtrA family member
proteins are represented as boxes of different colours according to the key at the bottom of the
figure

All HtrA family proteins are involved in a protein quality control [22]. One of the
family members, DegP that is present in Escherichia coli (E. coli), has an additional
role of a chaperone that stabilizes specific proteins present in the cell [23]. In addi-
tion, HtrA proteases can activate or regulate various signalling pathways. This is
reflected in the multifaceted cellular functions with which they are associated such
as bacterial virulence, maintenance of the photosynthetic apparatus, proliferation,
cell migration and cell fate [22, 24, 25]. In mammals, several diseases are associated
with loss protease activity of HtrAs that include arthritis, cancer, age-related macu-
lar degeneration as well as Parkinson’s and Alzheimer’s diseases [26-30].

The variety of cellular functions that HtrAs are associated with primarily depends
on their cellular localization. Most HtrAs are localized extra-cytoplasmically; for
example, while in Gram-negative bacteria they reside in the cell envelope, in case of
Gram-positive bacteria, they are found in the extracellular space. Similarly, in
eukaryotes, they reside in mitochondria, chloroplasts, nucleus and extracellular
matrix.

Bacterial HtrAs are typically involved in various aspects of protein quality con-
trol, including the cellular response to protein folding stress and the degradation of
misfolded and mislocalized cell envelope proteins [22]. Likewise, eukaryotic HtrAs
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eliminate damaged photosynthetic proteins in chloroplasts, remove misfolded pro-
teins in diverse cellular organelles and extracellular space as well as regulate the
availability of growth factors in mammalian cells [30-33].

Till date, four human members of this family have been identified, and it has
been shown that they participate in protein quality control, regulation of cell prolif-
eration and cell migration [34, 35]. They are HtrA1 (L56, PRSS11) [36, 37], HtrA2
(Omi) [38, 39], HtrA3 (PRSP) [40] and HtrA4 [22]. Among all of them, structures
of HtrA1l and HtrA2 are well known. Recently, structure of unbound HtrA3 has
been solved, however with several missing loops [41]. While HtrA2 is the most
well-studied member of the human protease family, lesser information is available
on HtrA1 that has been found to be associated with several diseases such as arthritis,
cancer and Alzheimer’s disease [26-28, 30, 42]. However, very little information on
HtrA3 and no information on HtrA4 are currently available [43].

15.2 Mitochondrial Serine Protease HtrA2

Mitochondrion has an endosymbiotic origin; it contains several highly conserved
quality control proteases, which are present in its different sub-compartments. For
example, the mitochondrial matrix contains two soluble protease systems, Lon and
Clp protease [44, 45], while inner mitochondrial membrane accommodates
membrane-bound proteases, the i-AAA (ATPase associated with a variety of cellu-
lar activities) and m-AAA and rhomboid protease PARL/Pcpl (PARL, presenilin-
associated rhomboid like; Pcpl, processed in conjunction with m-AAA protease)
[46-48]. Moreover, HtrA2 and a number of different oligopeptidases reside in the
intermembrane space of mitochondria [29, 49, 50] (Fig. 15.3).

HtrA2 has been first identified as a proapoptotic molecule residing in mitochon-
dria that contributes to apoptosis through both caspase-dependent and caspase-
independent mechanisms [51-53]. The serine protease HtrA2 is a highly conserved
enzyme, whose functions and mechanism of action are very similar to its bacterial
counterparts DegP and DegS [35] that are stress-inducible quality control proteases.
Similar to the bacterial proteases, HtrA2 is oligomeric in nature which, in its active
form, functions as a pyramidal homo-trimer. It is the only mitochondrial protease
bearing a PDZ domain reported till date that recognizes exposed hydrophobic
stretches of misfolded proteins. Initial studies on HtrA2 have proposed its contribu-
tion to apoptosis, which is similar to proapoptotic Reaper family proteins found in
Drosophila melanogaster [54]. However, the primary function was considered to be
protein quality control based on the observation, where a transgenic mouse bearing
an HtrA2 mutation led to motor neuron degeneration 2 (mnd2) that exhibited mus-
cle wasting and premature death within 40 days. Interestingly, this mutation where
a serine residue was replaced by a cysteine (S276C) led to complete disruption of
HtrA2 enzymatic activity. Various studies from different groups implicate same
mutation in its human counterpart to be associated with progressive neurodegenera-
tive disorder especially Parkinson’s disease [55, 56]. However, further studies are
required to confirm its involvement in developing Parkinsonian phenotype.
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Fig. 15.3 Schematic representation of different mitochondrial quality control proteases. (a)
Figure depicting localization of quality control proteases in mitochondria. (b) Cartoon represent-
ing domain organization of these mitochondrial proteases. Description of each one of these prote-
ases has been provided in the text (Abbreviations: MTS, mitochondrial targeting sequence; TM,
transmembrane domain; AAA, triple-A domain (ATPase associated with various cellular activi-
ties); M41 protease, metal binding proteolytic domain; CC, coiled coil; IBM, inhibitor of apoptosis
(IAP)-binding motif; S1 protease, trypsin-like protease domain; PDZ, postsynaptic of 95 kDa, disc
large, zonula occludens; IMS; intermembrane space; IM, inner membrane)
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Chromosome 2

—

Fig.15.4 Localization and schematic organization of the HTRA2 gene. Illustration of HTRA2
gene on chromosome 2p13.1. The chromosomal localization has been zoomed below to show the
exons present in HTRA?2 (dark yellow)

15.2.1 Chromosomal Localization and Maturation of HtrA2

The nuclear-encoded HtrA2 gene with eight exons has its chromosomal localization
at 2p13.1 (Fig. 15.4). The gene codes for a 49 kDa polypeptide of 458 amino acid
residues. After complete translation, the full-length protein is targeted primarily to
the intermembrane space (IMS) [57], where it is attached through its N-terminal
transmembrane anchor to the inner membrane of mitochondria. During maturation,
the first 133 amino acids from the N-terminus get cleaved, and upon apoptotic stim-
ulation, it is released from IMS into the cytosol as a 36 kDa mature protease [51-53,
57] (Fig. 15.5). This cleavage exposes an internal tetrapeptide motif (AVPS) that
binds to inhibitors of apoptotic proteins (IAPs) such as XIAP, cIAP, etc. and relieves
their inhibition on caspases, thus promoting apoptosis.

15.2.2 Structural Features of HtrA2 Protein

The structure of mature form of human HtrA2 in a substrate-unbound form has been
solved by X-ray crystallography at 2.1 A (Fig. 15.6) [58] that provides a wide over-
view of the global structural organization of the inactive protease. It has a trimeric
pyramidal architecture with the short N-terminal region at the top and PDZ domains
residing at the base of the pyramid. Each protease domain comprises 7a-helices and
19p-strands, which fold into a compact globular structure. Apart from the p-strands,
the protease domain contains several loops, which are named according to the chy-
motrypsin nomenclature—LA (residues 170-174), L1 (302-306), L2 (323-329),
L3 (275-295) and LD (259-266). These regulatory loops harbour active site pocket
as well as accommodate the catalytic triad residues (Ser306, His198 and Asp228) in
the hydrophobic core of the serine protease domain. Therefore these dynamic
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Monomeric HtrA2

Residues involved in trimerization (labelled
in one monomeric subunit)

Monomeric HtrA2

Catalytic triad residues of HtrA2

Fig. 15.6 Structure of mature HtrA2. (a) Crystal structure of mature inactive (S306A) HtrA2
(PDB: 1LCY) protein with 7« helix and 19f-strands [58]. The trimerization residues have been
highlighted at the bottom of the figure. (b) Mature form of HtrA2 protein with catalytic triad (His
65, Asp 98, Ser 173). Different domains have been labelled and coloured differently. Images have
been created using PyMol, Delano Scientific, USA
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structural elements significantly define proteolytic activity, regulation and specific-
ity of HtrA2 through a complex and concerted allosteric mechanism [35]. The pro-
tease has been found to be functionally active in its trimeric form, which is mediated
primarily through its N-terminal region involving aromatic residues Tyr147, Phe149
and Phe256. The core serine protease domains that reside 25 A above the base of the
pyramid are surrounded by C-terminal PDZ domains on all three sides (Fig. 15.6).
PDZ, the protein-protein interaction modules, is known to recognize and bind to
specific hydrophobic residues usually in the C-termini of binding partners. The
canonical binding site in PDZ (G-®-G-® motif, where ® denotes hydrophobic resi-
dues) has been modified into YIGV in HtrA2, where the third residue (G) is invari-
ant [59]. This recognition sequence is deeply embedded in the intimate interface
between the PDZ and the protease domains. However, this linker region is mostly
absent in the crystal structure, probably due to its high dynamic behaviour [58]. The
PDZ domain packs against the protease domain through van der Waals contacts, and
the hydrophobic residues on strands 11 and 12 of the protease domain interact
with the hydrophobic residues from strand f14 and helix «5 of the PDZ domain.
Therefore, the PDZ binding groove remains unavailable for interaction with other
proteins in this ‘closed’ conformation.

15.2.3 Active Site Conformation

15.2.3.1 Catalytic Triad

A catalytic triad is a combination of three amino acids that are arranged in a specific
conformation in three-dimensional spaces so as to make the active site environment
conducive for substrate catalysis. In serine proteases, residues serine, histidine and
aspartate form the catalytic triad. A series of concerted non-covalent interactions
among these residues occur during substrate binding and catalysis. In general, the
histidine acts as a proton acceptor, thus increasing the nucleophilicity of the active
site serine. On the other hand, aspartate moiety aids in this process through several
hydrogen and electrostatic bonds with the histidine residue. These observations hint
towards the dynamic behaviour of the active site where rearrangement of side chains
of catalytic triad residues is essential for substrate binding and subsequent hydroly-
sis. In HtrA2, distance between N¢ atom of His and OY atom of Ser for each mole-
cule in the asymmetric unit has been found to increase from 4.1 A to 5.5 A with
heptameric substrate peptide binding [60]. The reactive hydroxyl (—OH) group of
the serine then acts as a nucleophile that attacks the carbonyl carbon of the scissile
peptide bond of the substrate subsequently leading to its cleavage [61]. The active
site pocket harbours several other residues that aid in the process of substrate recog-
nition and binding. Their physicochemical properties and stereochemical arrange-
ments are critical towards determining substrate specificity and affinity. However,
further research is required to identify more natural substrates so as to unambigu-
ously define HtrA2 substrate specificity.
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15.2.3.2 Oxyanion Hole

Oxyanion hole that comprises backbone amides or positively charged residues neu-
tralizes the negative charge on the tetrahedral transition state intermediate, thus pro-
moting catalysis by reducing energy of activation [61]. Therefore, proper orientation
of the oxyanion hole is extremely important for substrate catalysis. Activation of
HtrAZ2 is tightly controlled at different levels in the cell. Its oligomeric structure and
complex allosteric propagation provide a unique mechanism for proteolytic activa-
tion. Binding of proteins at the YIGV groove has been shown to relay a conforma-
tional change at the PDZ-protease interface, leading to flipping of a phenylalanine
(Phe 303) towards histidine (His 198) of the catalytic traid, which is essential for
proper oxyanion hole formation [62, 63].

15.2.4 Activation Mechanism of HtrA2

HtrA2 with a large trimeric structure (~110 kDa) undergoes a complex allosteric
mechanism of activation [63]. Allostery, which is often a signature of multidomain
proteins, helps enzymes to attain an active functional conformation through ligand
binding at a site distal to the catalytic pocket.

Allosteric regulation occurs by receiving an allosteric signal at a distal site of a
protein (e.g. binding of a modulator molecule). While binding of an allosteric acti-
vator causes shift in a protein’s structure from inactive (or tensed ‘T’) state to an
active (or relaxed ‘R’) state, the effect of an allosteric inhibitor is just the reverse.
According to the classical theory of allostery, the two conformational states, “T” and
‘R’, are always in a dynamic equilibrium [64].

The working model of HtrA?2 activation was first proposed by Shi and co-workers
way back in 2002. According to their model, ‘YIGV’ groove of PDZ when it inter-
acts with substrate/modulator induces a significant conformational change at the
PDZ-protease interface which unmasks the inhibitory effect of PDZ from the active
site. However, this model fails to explain a few vital observations such as why the
protease is active only in its trimeric form as well as what is the exact role of PDZ
in enzyme catalysis and allostery. Recently, Bose and co-workers revisited the
model and put forward their hypothesis on HtrA2 activation that highlights a com-
plex allosteric mechanism involving a series of conformational changes leading to
ligand binding and subsequent substrate cleavage [62, 63]. The new model empha-
sizes the role of N-terminal region in protease stabilization and intermolecular
PDZ-protease movement in proper active site and oxyanion hole formation that
subsequently lead to efficient substrate catalysis. The requirement of intermolecular
PDZ-protease interaction demonstrates the necessity of trimeric mature HtrA2 in
allosteric propagation and hence activation [60, 62]. HtrA?2 activation is schemati-
cally presented in (Fig. 15.7).

Till date, a wide repertoire of proteins binding to the C-terminal PDZ domain has
been found to stimulate the protease activity. Gupta et al. demonstrated that a pep-
tide corresponding to the cytoplasmic C-terminal tail of presinilin-1 increased the
proteolytic activity of HtrA2 towards generic serine protease substrate [-casein
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[65]. Furthermore, it has been shown that binding of certain peptides to the PDZ
domain leads to enhanced HtrA2 activity. Ligand specificity at PDZ domain was
determined to characterize its binding properties using peptide libraries fused to the
C- or N-terminus of a phage coat protein. Series of peptides binding to the isolated
PDZ domain were selected, and it was found that the peptide GQYYFV (termed
PDZ,,), which binds efficiently to PDZ, was able to stimulate HtrA2 activity that
was quantitatively determined using synthetic substrate peptides [66]. Thus, engage-
ment of binding partners with the PDZ domains results in opening up of access to
the catalytic site.

However, recent studies suggest a dual regulatory switch in HtrA2, since apart
from the classical mode of allosteric propagation, activation through N-terminal
‘AVPS’ tetrapeptide binding has also been observed, which adds complexity to its
overall mode of action [60]. However, further studies are needed to follow the com-
plex allosteric pathway at the molecular level and delineate the biological signifi-
cance of this tight regulation on HtrA2 activity.

15.3 HtrA2 in Mitochondrial Protein Quality Control

HtrA2 in the mitochondria mainly functions as an ATP-independent serine protease.
It is believed that the primary function of HtrA2 is the maintenance of mitochon-
drial homeostasis. Under normal physiological conditions, it acts as a quality con-
trol factor and promotes cell survival. Perturbations in its proteolytic activity lead to
the accumulation of unfolded proteins in mitochondria, dysfunction of the mito-
chondrial respiration and generation of reactive oxygen species that result in overall
loss of mitochondrial competency [33, 55, 56, 67]. Several studies such as the loss-
of-function missense S276C mutation of HtrA2 in transgenic mice have led to
motor neuron degeneration 2 or mnd2. Moreover, knockout mice carrying a homol-
ogous deletion of the HtrA2 gene exhibit phenotypes with features typical for the
Parkinsonian syndrome. Both these studies showed accumulation of unfolded pro-
teins in the mitochondria [33]. Ex vivo studies with both the mnd2 and HTRA2—/—
cell lines exhibited an increased number of atypical mitochondria. In addition, they
have been found to be more prone to death triggered by agents inducing intrinsic
pathway of apoptosis (e.g. etoposide) as well as the ones affecting mitochondrial
functions (e.g. rotenone) [55, 56]. Furthermore, two mutations (A141 and G399) in
protease domain of HtrA2 in humans have been identified in patients with
Parkinson’s disease. Both mutations cause reduction in the proteolytic activity as
well as influence morphology and function of mitochondria [68]. These observa-
tions indicate that the mitochondrial HtrA2 might act as a sentinel, which regulates
the levels of misfolded proteins in the organelle in a manner very similar to its bac-
terial counterparts, DegP and DegS [35, 69].
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15.4 Expression of HtrA2 in Brain Tissue

Normal brain tissue is represented by four different regions: cerebellum, cerebral
cortex, hippocampus and lateral ventricle wall. Anatomically and histologically, the
cerebral cortex is further subdivided into the outermost grey matter, the overlying
white matter and the innermost deep grey matter components. The hippocampus,
which is an important neuron-rich area in the brain, is closely associated with the
cerebral cortex and is located in the temporal lobe. The cerebral cortex comprises
neurons (nerve cells) and glial cells (supportive cells), whereas the white matter is
made up of primarily glial cells and myelinated axons from neurons. The tissue
distribution of HtrA2 protein varies from a ubiquitous to a highly specific expres-
sion. Northern blot analysis studies demonstrated that the expression of HtrA2 is
highest in the cerebral cortex, while its expression in other parts of the brain is
insignificant [39].

Defects in organelles such as mitochondria and the endoplasmic reticulum
directly activate stress responses. It has been very much clear that mitochondrial
dysfunction caused by loss of the serine protease HtrA2 results into a progressive
movement disorder in mice and has been linked to Parkinsonian neurodegeneration
in humans. Moisoi et al. found that loss of HtrA2 results in transcriptional upregula-
tion of some of the important nuclear stress-response genes, including the transcrip-
tion factor CHOP (C/EBP homologous protein) selectively in the cerebral cortex of
the brain [33]. In another study, UCF-101, a novel small molecule HtrA2 inhibitor,
has been successfully used to protect against cerebral ischemia/reperfusion injury in
mice. The study clearly demonstrated that treatment with UCF-101 significantly
reduced cerebral infarct size by about 16% with a concomitant improvement in
neurological behaviour. UCF-101 has also been helpful in reducing apoptotic cell
death in cerebral cortex [70].

Although HtrA2 has not been extensively studied in neurological disorders till
date, these important observations would certainly lead towards devising therapeu-
tic strategies to modulate HtrA2 functions with desired characteristics.

15.5 HtrA2 and Its Association with Neurological Disorders

Perturbation in the dynamic functions of HtrA2 protein, which include cell death
and cellular protein quality control, leads to distinctive defects in neurons and is
recognized as a key player in neurodegeneration. Two decades earlier, Gray and his
collaborators demonstrated the interaction between HtrA2 and presenilin-1 using a
yeast two-hybrid system, thus establishing its link with neurodegeneration [39].
Presenilin-1 is a catalytic component of y-secretase enzyme that is implicated in the
inherited forms of early-onset Alzheimer’s disease. This interaction was later on
validated in vitro along with characterization of presenilin-mediated regulation of
HtrA?2 protease activity [65]. Park et al. where in an in vitro system, demonstrated
interaction between HtrA2 and AD-associated amyloid 8 [71]. Similarly, in a break-
through in vivo study done by Jones et al. [55], a homozygous loss-of-function
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mutation (S276C) in the HtrA2 gene was identified in mnd2 mice leading to neuro-
degeneration, muscle wasting and death by 40 days of age. In another study, Martins
and co-workers generated HtrA2 knockout mice to emphasize the physiological
relevance of its protease activity. It was a clear observation that HtrA2 knockout
mice displayed neurodegenerative phenotype with Parkinsonian features [56].
Taken together, the similarity with the activities of bacterial HtrA2 homologues and
the fact that the loss of proteolytic activity in both mnd2 and HtrA2 knockout mice
result in enhanced sensitivity to stress, it can be said that this protease might play an
essential role in the mitochondria-related stress signals.

In the following sections, we summarize the available information pertaining to
the involvement of HtrA2 in the onset and progression of neurodegenerative dis-
eases, namely, Alzheimer’s disease (AD), Parkinson’s disease (PD) and Huntington’s
disease (HD).

15.5.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is one of the major health problems in the world. It is a
progressive and irreversible neurodegenerative disorder that is biochemically char-
acterized by the occurrence of various pathological features such as formation of
neurofibrillary tangles within neurons, progressive neuronal loss and accumulation
of amyloid (AP) in the walls of the blood vessels and senile plaques. This represents
the most common cause of dementia worldwide [72]. Mutations either in the pre-
cursor protein for AP (the f-amyloid precursor protein, APP) or in presenilin-1 (PS-
1) or presenilin-2 (PS-2) are the exclusive reasons for causing familial early-onset
forms of AD.

Amyloid beta (AP or Abeta) refers to a peptide comprising residues 3643
(~4 kDa) of amyloid precursor protein (APP) that acts as the main component of the
amyloid plaques, primarily found in the brains of Alzheimer’s patients. APP protein
is found in many tissues and organs, including the brain and spinal cord (central
nervous system), with mostly unknown functions. Researchers hypothesize that it
may be associated with other proteins on the surface of cells or help cells attach to
one another. Recent studies suggest that it helps direct the movement of nerve cells
during early brain development.

According to the amyloid cascade hypothesis, APP is cleaved by successive
actions ofa, - and y-secretases, a family of proteolytic enzymes that process sev-
eral transmembrane proteins including APP at the transmembrane region. While
cleavage by a-secretase does not lead to AP formation, - and y-secretases cleave at
N- and C-termini of APP, respectively, and are key players in A deposition.
y-secretase attacks the C-terminal end of the AP peptide, cleaves within the trans-
membrane region of APP and generates a number of isoforms of 39-43 amino acid
residues in length (Fig. 15.8) [73].

The most common isoforms are AP40 and AB42. The AP40 form is the more
common of the two, but Ap42 is the more fibrillogenic and toxic in nature due to its
high aggregation property and is thus associated with disease conditions. Mutations
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in APP associated with early-onset Alzheimer’s have been noted to increase the
relative production of AP42, and thus one suggested outcome of Alzheimer’s ther-
apy involves regulating the activity of - and y- secretases to produce mainly AB40
[74].

15.5.1.1 Formation of Amyloid Plaques

Considerable evidence has accumulated over the last 10 to 15 years that oligomers
play a central role in AD pathogenesis. Accumulation of extracellular amyloid
plaques in the brain is an essential feature of Alzheimer’s disease (AD). These
plaques principally consist of insoluble mass of oligomeric amyloid p-peptide
(Ap42), which comes from the sequential proteolytic processing of the amyloid
precursor protein (APP) during its transport from the endoplasmic reticulum (ER)
and Golgi to the plasma membrane. A peptides spontaneously aggregate into sol-
uble oligomers and mix to form insoluble fibrils specifically more in beta-sheet
conformation and are finally deposited in diffused senile plaques [75]. Several stud-
ies have shown that oligomers are toxic components both in vitro [76] and in vivo
[77] and that learning and memory deficits caused by oligomers in transgenic mouse
models can be reduced when oligomer levels are decreased by accelerating fibril
formation. So, it clearly seems at first sight that AD is linked up with an increased
production and secretion of the Ap42 to the extracellular space [78].

According to the previous reports, it has been observed that there is an accumula-
tion of AP peptide within neurons and mitochondria from AD brains [79-81]. In
addition to that, neurons from AD patient brain were found to contain abundance of
mitochondrially targeted APP that interrupt the basic functions of mitochondria
[82-84] as well as impair energy metabolism [82]. Based on these findings, it has
been suggested that intracellular Ap peptide accumulation and mitochondrial dys-
function play a central role in the pathogenesis of AD [12]. Therefore, turnover and
degradation of APP and the A peptide in the mitochondrial compartment appear to
be important for neuronal survival. In neurons, proteolytic processing of APP con-
stantly generates Af, and this intracellular Ap is prone to form oligomers [85-88].
Since oligomeric Af is known to be the most neurotoxic form of the peptide, neu-
rons need to adapt a mechanism for their detoxification under normal conditions
[89-92].

15.5.1.2 HtrA2 and Its Association with Ap Peptide

In the last few years, several studies reported some proteases that are involved in the
process of mitochondrial quality control, which include presequence peptidase
(PreP) [13] and serine protease HtrA2. Based on the structural similarities of HtrA2
with its bacterial homologue DegP, it is tempting to speculate that besides its pro-
teolytic activity, HtrA2 may also have a chaperoning function in the intermembrane
space of mitochondria. This property of HtrA2 assists in protein folding or in pre-
venting amyloidogenic peptide aggregation. As mentioned earlier, HtrA2 interacts
with C-terminal region of PS-1, which is a catalytic subunit of y-secretase found to
be involved in the processing of APP. Mutations in the gene encoding PS-1 selec-
tively enhance the levels of highly amyloidogenic peptide Ap42 and cause an
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increased death of neural cells by apoptosis and necrosis. This interaction has been
hypothesized to regulate HtrA2 activity and determines its release from the mito-
chondria during apoptosis [39] [65]. Moreover, it has been demonstrated that HtrA2
selectively interacts with and disaggregates more neurotoxic oligomeric Ap42
rather than its less toxic monomeric (AP42) form. Therefore, this interaction not
only protects neurons from the neurotoxic Af accumulation but also aids in the
decrease in proapoptotic activity of HtrA2, thus preventing death of neural cells.
This phenomenon has been aptly termed as ‘mutual detoxification’ [93].

Thus, HtrA2 aids in reducing the toxic effects of oligomeric A, which makes it
a potential therapeutic target in neurodegenerative diseases.

15.5.1.3 Regulation of Af Levels by Proteolytic Degradation

In transgenic (Tg) worms, C. elegans, the heat-shock proteins (HSPs), prevents cel-
lular stress through their interactions with intracellular AP, with subsequent attenu-
ation in AP-induced toxicity. Presence of quality control proteins in mammalian
mitochondria therefore suggests a similar mechanism, which might play an essen-
tial role in the neuronal detoxification of intracellular Ap. In neurons, ER- and
mitochondria-localized HtrA2 is a mammalian version of HSP that has been impli-
cated in binding and detoxification of toxic A for the following reasons. First,
HtrA2 is a neuroprotective homologue of the bacterial survival factor HtrA, the
major HSP that protects bacteria from heat stress [56, 96]. Second, HtrA2 expres-
sion is upregulated during neurogenesis, neuronal maturation as well as mouse
brain development. This increase in expression has been found to be similar to the
inducible HSPs, which protect Tg worms against intracellular Ap accumulation,
thus probably representing a protective response against accumulation of toxic
metabolites [95]. Finally, similar to HSPs in Tg worms [94], HtrA2 protease does
not directly degrade AP42 but clearly reduces the toxicity of Ap42 in neuronal cells
by disaggregating toxic oligomeric Af. As the major function of bacterial HSPs is
to refold rather than to proteolytically degrade denatured proteins, it is therefore not
surprising that HtrA2 reduces the neurotoxicity in a similar manner [93].

15.5.2 Parkinson’s Disease

Parkinson’s disease (PD) is the most common movement disorder and the second
most common neurodegenerative disease after Alzheimer’s that affects 1% of the
population over the age of 65. It is pathologically characterized by an exclusive
degeneration of dopamine releasing neurons of the substantia nigra pars compacta
in the brain and the presence of characteristic proteinaceous intracytoplasmic inclu-
sions, known as Lewy bodies in the affected brain areas [97]. Several reports pro-
posed that environmental factors, genetic sensitivity and ageing are important
components, which lead to the progression of this disorder [98—100].

Basically, the whole understanding of the molecular events in PD pathogenesis
has been greatly advanced by the identification and analysis of PD-associated genes
[101] that provided insights into the cellular mechanisms underlying PD
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Table 15.1 Parkinson’s disease-associated genes and their role in PD

Symbol Gene locus Name of gene Role in PD
Park 1 4q21-22 SNCA Confirmed
Park 2 6q25.2-q27 Parkin Confirmed
Park 3 2pl3 Unknown Unconfirmed
Park 4 4q21-q23 SNCA triplication -

Park 5 4pl3 UCLH1 Unconfirmed but possible
Park 6 1p35-p36 Pink1 Confirmed
Park 7 1p36 DJ1 Confirmed
Park 8 12q12 LRRK?2/dardarin Confirmed
Park 9 1p36 ATP13A2 Confirmed
Park 10 1p32 Unknown Confirmed
Park 11 2q36-27 Unknown Unconfirmed
Park 12 Xq21-q25 Unknown Confirmed
Park 13 2pl2 HtrA2 Confirmed
Park 14 22ql4.1 PLA2G6 Confirmed
Park 15 22q12—ql13 FBX07 Confirmed
Park 16 1932 Unknown Confirmed
Park 17 16q11.2 VPS35 Confirmed
Park 18 3q27.1 EIF4G1 Unconfirmed

pathogenesis [102, 103]. Over the past 20 years, mutations in several genes have
been definitively shown to mediate familial PD. Till date, 18 nuclear PD-related
genes (PARK) and some of their mutants have been implicated in the pathogenesis
of PD [104-111]. The PARK genes and their loci have been elaborated in Table 15.1.
Likewise, mutations in SNCA that encodes a-synuclein protein (PARKI) [106]
(a major component of Lewy bodies), PARK4 [105] and leucine-rich repeat kinase 2
(LRRK2)/dardarin (PARKS) [108, 109] have been found to be associated with
autosomal-dominant form of the disease. However, mutations in PARKIN (PARK?2)
[101, 104], DJ-1 (PARK7) [107] and PTEN-induced kinase 1 (PINKI, PARK6)
[112] that are mitochondrially associated proteins are mainly involved in autosomal
recessive forms of PD. Mutations in ATP13A2 (PARK9), which encodes a lyso-
somal ATPase, have also been found in an atypical, autosomal recessive Parkinsonism
[111]. More recently, mutations in two other PARK genes VPS35 (vacuolar protein
sorting-associated protein 35) (PARK17) [113, 114] and EIF4G1 (eukaryotic trans-
lation /nitiation factor 4 gamma 1) (PARKIS) [115] have been reported to cause
autosomal dominant form of PD.

HTRA2 (PARK13) [68] has also been implicated in autosomal recessive PD post
identification and characterization of two mutations that interfere with its protease
activity [116]. The first connection between HtrA?2 dysfunction and PD came from
the characterization of mnd2 mutant mice as described in Sect. 3. The mnd2 muta-
tion, leading to neurodegeneration, muscle wasting, involution of the spleen and
thymus and death by 40 days of age, was identified in the HTRA2 gene [55].
Moreover, a neurodegenerative phenotype with Parkinsonian features has been
described in the HTRA2 knockout mice [56]. A loss-of-HTRA2 study on the mouse
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model showed accumulation of unfolded proteins in mitochondria, a defective mito-
chondrial respiration and an enhanced production of reactive oxygen species in the
brain tissue cells [33]. Implication of HtrA2 in Parkinson’s has directed a lot of
application-based research in that area. Several studies suggest that defects in mito-
chondrial respiratory chain, impaired mitochondrial dynamics and mitochondrial
trafficking play a significant role in the mitochondrial dysfunction that takes place
in neurodegenerative disorders. Thus, human HtrA2, which enhances mitochondrial
bioenergetics, is an attractive potential therapeutics for betterment of mitochondrial
dysfunction in Parkinson’s disorder.

15.5.2.1 HtrA2 Variants and PD Pathogenesis

Most PD cases are due to sporadic mutations (i.e. they are of unknown cause).
However, 15-20% of PD patients have a family history of the disease, suggesting
that there is a strong genetic basis for development of Parkinson’s in this subgroup.
Since the molecular pathogenesis of sporadic PD and the basis for selective dopa-
minergic neuron loss remain unidentified, it is unclear whether gene mutations are
involved in the development of this disease in sporadic PD patients.

PD occurs due to two important reasons: sporadic mutations (i.e. they are with-
out known cause) and inherited (familial) mutations. According to the survey done
on US population, 15-20% of PD patients carry inherited form of the disease, sug-
gesting that how Parkinson’s disease is associated to the genetic. As of the molecu-
lar pathogenesis of sporadic PD and unidentified basis for selective loss of
dopamine-releasing neurons, it is still with a no known reason which shows associa-
tion between genetic mutations and sporadic PD patients that leads to the develop-
ment of disease.

Several single nucleotide polymorphisms (SNPs) of the HTRA2 gene have been
identified, and their relevance in PD has been studied. Unlike mouse mnd2 mutation
[55], genetic variation analyses in human have provided conflicting results regard-
ing the involvement of the HTRA2 gene in PD. A mutation screen of the HTRA2
gene using candidate gene approach that has been performed in German PD patients
resulted in the identification of a novel heterozygous G399S (rs72470545) muta-
tion. Another interesting A141S (rs72470544) polymorphism has also been linked
with PD (Fig. 15.9) [68]. Immunohistochemistry revealed that both these mutations
induced mitochondrial dysfunction associated with the altered mitochondrial mor-
phology. Moreover, studies on genetic variability of HtrA2 in Belgian population
reconfirmed its association with PD, where mutational analysis of patient samples
identified a new mutation (R404W) [117]. Similarly, from a study with a large
group in Taiwan, one variant, ¢.427C > G (i.e. Pro143Ala) in exon 1, was found in
early-onset PD patients. According to reports, the Prol43Ala variant is associated
with a greater rate of mitochondrial dysfunction, mitochondrial morphology disrup-
tion and apoptosis under conditions of increased oxidative stress [118].

However, contrary to these observations, studies with North American PD popu-
lation did not succeed in identifying HtrA2 as a PD risk gene [119]. Thus, genetic
makeup and variability in different parts of the globe might determine the role of
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Fig. 15.9 Pathogenic mutations and putative phosphorylation sites in HtrA2. (a) Locations
of PD-linked mutations A141S, G399S and R404W indicated in ‘red’ on the wild-type sequence
as well as on the crystal structure of HtrA2 (PDB: 1LCY). A141, G399 and R404 are surface
exposed residues. (b) The relative positions of phosphorylation sites in human HtrA2 are indicated
by circles above the serine residues

HtrA2 in PD pathogenesis. Further studies in this area are required to unambigu-
ously delineate the predisposition of HtrA2 mutations in PD pathogenesis.

Interestingly, the Scansite algorithm [120] that performs proteome-wide predic-
tion of cell signalling interactions and post-translational modifications identified
Ser142 and Ser400, in HtrA2 as putative phosphorylation sites for proline-directed
serine/threonine kinases. The importance of this lies in the fact that both these resi-
dues reside in close proximity to the mutations obtained in PD populations. Out of
the two sites, Ser400 is present in PDZ, a region well recognized as a protein-
protein interaction domain [66].

The other HtrA2 variants A141S [68] and P143A [118] found in PD patients are
close to the phosphorylation site S142, whereas G399S [68] and R404W [117] are
in the proximity of the S400 phosphorylation position (Fig. 15.9). These mutations
that are found in PD patients might be involved in blocking the important activity,
i.e. phosphorylation on those residues, and therefore have a detrimental role in the
activation of enzymes involved in important signalling pathways.
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15.5.2.2 HtrA2 and PINK1

Recent experimental evidence supports interaction between PINK1 and HtrA2 in
the mitochondria. It has been observed from an in vivo study that PINK 1-dependent
phosphorylation of HtrA2 increases its protease activity leading to increased sur-
vival against oxidative stress [121]. Study done on Drosophila melanogaster has
also demonstrated strong interaction between PINK1 and HtrA2 proteins, implicat-
ing a common pro-survival pathway [122, 123]. Interestingly, both PINKI and
HtrA2 appear to be important regulators of mitochondrial protein quality control.
While HtrA2 knockout mice showed an effective increase in ROS levels and an
accumulation of misfolded proteins in brain mitochondria, post-mortem of brain
tissue from PD patients with mutations in PINKI revealed an increased level of
misfolded mitochondrial respiratory complexes in the brain [124]. Interestingly,
HtrA2 has been demonstrated to rescue PINK1 functions in Drosophila system but
not vice versa [123, 125]. This observation reiterates the role of HtrA2 in mainte-
nance of mitochondrial integrity.

15.5.3 Huntington’s Disease (HD)

Huntington’s disease is one of the neurodegenerative disorders manifested by
unwanted choreatic movements, behavioural and psychiatric disturbances as well as
dementia. HD is caused by the abnormal repetition of a triplet CAG (glutamine)
repeat in exon-1 of the HD gene, resulting in elongated polyglutamine stretches in
the ubiquitously expressed protein product known as mutant huntingtin (Htt) [126].
This disorder is characterized by selective degeneration of medium-sized spiny neu-
rons in the striatum of brains in HD patients along with selective neuronal loss in
striatum. Although the exact mechanism of toxicity development by this mutant Htt
remains subtle, several processes including transcriptional dysregulation, abnor-
malities in mitochondrial energy metabolism, protein aggregation and oxidative
damage [127, 128] might be involved.

15.5.3.1 HtrA2 and Its Implications in Huntington’s Disease

The mutated gene that is responsible for causing HD has been identified more than
two decades earlier [129]. Although the effects of this mutant Htt have been studied
extensively, the mechanisms by which Htt causes neurodegeneration have not yet
been fully determined. However, transcriptional deregulation and mitochondrial
dysfunction [130] that contribute to the pathogenesis of HD have been implicated to
be the two probable candidates for the same [131-133].

Research by Inagaki and his collaborators on rat primary neurons revealed a con-
nection between the neuronal death and a selective downregulation of HtrA2 gene
by mutant Htt in striatal neurons; this pattern was reflected at the protein level as
well. These findings suggest a link between HtrA2 selective downregulation and
striatal neuron-specific pathology in HD [134].
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15.6 Concluding Remarks and Future Perspective

Recent progress in the structural and functional characterization of HtrA proteins
from prokaryotic and eukaryotic species has greatly enhanced our understanding of
this fascinating protein family. Human HtrA2 plays critical roles in protein quality
control within mitochondrial intermembrane space. It eliminates damaged cellular
components by protecting the cell from accumulation of toxic protein aggregates
that are responsible for neurodegeneration in Alzheimer’s and Parkinson’s disease.
Moreover, proapoptotic mammalian HtrA2 is implicated as a tumour repressor in
certain cancers due to its ability to induce apoptosis both in caspase-dependent and
caspase-independent manner. These unique features along with its ability to multi-
task make HtrA?2 an important therapeutic target both in cancer and neurodegenera-
tion. Synthetic HtrA2 inhibitor, UCF-101 [135, 136], has been found to reduce its
catalytic activity and hence apoptosis, which might have important applications in
several diseases including neurodegeneration. Further, understanding the molecular
mechanism of processing of APP by HtrA2, dissection of its interaction with prese-
nilin-1 and the inverse correlation between HtrA2 downregulation and Htt muta-
tions might shed light into its way of involvement in PD, AD as well as HD. In
addition, delineating the pathophysiological significance of newly identified phos-
phorylated residues in PD, and identification of HtrA2 modulators and substrates,
would certainly provide an opportunity to challenge a variety of mitochondrial dis-
eases associated with neurodegeneration.
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Abstract

Deubiquitinases (DUBs) are critical regulators of ubiquitin-mediated signaling
pathways through their ability to cleave the isopeptide bond that links ubiquitin
to target proteins. The human genome encodes at least 100 DUBs, grouped into
six families depending on sequence and structural properties. These proteolytic
enzymes have pivotal roles in ubiquitin homeostasis and control of protein stabil-
ity, and, consequently, their activities are tightly regulated by different mecha-
nisms. Due to their wide diversity, DUBs are involved in multiple biological and
pathological processes, including cancer. Accordingly, over the last years, many
mutations in DUB genes or changes in their expression levels have been related
to human malignancies. This chapter will focus on the description of the func-
tional complexity of these enzymes in physiological and pathological conditions.
We will review the involvement of DUBs in numerous biological processes and
highlight their critical implications in cancer. Finally, we will discuss the grow-
ing relevance of DUBs for the development of novel therapeutic strategies
against cancer.
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16.1 Introduction

Deubiquitinases, or DUBs, constitute a large group of proteases with the ability to
hydrolyze the isopeptide bond that links the C-terminal group of ubiquitin to the
e-amino group of lysine side chains of target proteins [1, 2]. For this reason, DUBs
have emerged as critical regulators of ubiquitin-mediated signaling pathways,
affecting to the function and stability of multiple proteins. The human genome
encodes at least 100 DUBs that are classified into six families according to struc-
tural features: ubiquitin-specific proteases (USPs), ubiquitin carboxy-terminal
hydrolases (UCHs), ovarian tumor proteases (OTUs), Machado-Joseph disease pro-
tein domain proteases (MJDs), JAMM/MPN domain-associated metallopeptidases
(JAMMs), and monocyte chemotactic protein-induced proteins (MCPIPs)
(Fig. 16.1) [3]. The JAMM family is the only group with zinc metalloprotease activ-
ity, whereas all the rest are cysteine proteases and rely on a catalytic triad of cyste-
ine, histidine, and aspartate residues located in their protease domain.

The USPs constitute the largest family of DUBs with more than 50 members [4].
Most of them share a conserved catalytic site within the USP domain, although the
existence of “non-protease” USPs has also been described. Furthermore, the activ-
ity and specificity of many USPs are conferred by the presence of additional domains
including the B-box domain that is present in CYLD; the zinc finger USP domain
located in USP3, USP5, USP39, USP44, USP45, USP49, and USP51; the ubiquitin-
interacting motif shared by USP25 and USP37; the ubiquitin-associated domain in
USP5 and USP13; the DUSP domain found in USP4, USP11, USP15, USP20,
USP33, and USP48; the exonuclease III domain present in USP52; and the ubiquitin-
like domain of USP4, USP7, USP14, USP32, USP47, and USP48 [4].

The other five DUB families are composed of fewer members. There are four
UCHSs in humans, UCHL1, UCHL3, UCHL5/UCH37, and BAP1, all of which tar-
get small peptides from the C-terminus of ubiquitin. UCHLS and BAP1 present an
additional C-terminal extension that mediates the trimming of polyubiquitin chains
from conjugated proteins and the interaction with the N-terminal ring finger of
BRCAL, respectively [5].

Regarding OTUs, there are 18 protein-coding genes in the human genome that
share an OTU domain and can be classified into four groups: otubains (OTUB1 and
OTUB2), A20-like OTUs (A20/TNFAIP3, Cezanne, Cezanne 2, TRABID, and
VCPIP1), OTUDs (OTUD1, OTUD2/YOD1, OTUD3, OTUD4, OTUDS, OTUDG6A,
OTUDG6B, ALG13, and a pseudogene, HIN1L), and OTULIN-like OTUs (OTULIN
and FAM105A) [6, 7]. The OTU core domain is composed of five pB-strands situated
between helical domains that vary in size among members of the OTU family [8].
Moreover, these enzymes exhibit additional domains, such as ubiquitin-binding
domains (A20, TRABID, and OTUB1), ubiquitin-interacting motifs (OTUDI and
OTUDS), and ubiquitin-associated domains (Cezanne) [2, 9].

Ataxin-3 (ATXN3), ATXN3L, JOSD1, and JOSD2 conform the Josephin family.
ATXN3 is the most studied member of this family due to the involvement of its
mutated form in spinocerebellar ataxia type 3 or Machado-Joseph disease [10].
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Fig. 16.1 Classification of human DUBs. Human DUBs are classified into six families repre-
sented separately and in different colors: USPs (red), UCHs (orange), OTUs (green), MJDs (light
green), JAMMSs (blue), and MCPIPs (purple). The catalytic core is indicated in plain light red if the
DUB is active and stripped if inactive. Additional domains are shown in different colors. DUBs are
represented with their N-termini oriented toward the center of the circle
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Moreover, ATXN3 modulates the ubiquitination status of substrates involved in
insulin-IGF-1 signaling, being indispensable for a normal life span [11].

The metalloproteinase family of JAMMSs is composed of 12 proteins, wherein
only 7 have catalytic activity: AMSH/STAMBP, AMSH-LP/STAMBPL1, BRCC36,
POH1/PSMD14, MYSM1, MPND, and CSN5/JAB1. JAMM DUB domain has
been studied in AMSH-LP and is composed of a JAMM core and two conserved
insertions that were suggested to confer Lys63-linked polyubiquitin specificity.
There is a high degree of sequence conservation between POH1, AMSH, and
AMSH-LP, supporting the existence of a common mechanism for ubiquitin recog-
nition and DUB catalysis in this family [12].

The last group of DUBs identified is the MCPIP1 family, which is composed of
seven members. MCPIP1 contains a functional ubiquitin-associated domain at the
N-terminus that is not required for DUB activity but mediates its interaction with
ubiquitinated proteins. Moreover, there is an N-terminal conserved region and a
CCCH-type zinc finger domain that is critical for MCPIP1 activity. Finally, there is
a Pro-rich domain at the C-terminus. Interestingly, in this class the catalytic domain
lacks the His box that is located outside the N-terminal conserved region [13].

16.2 Regulation of DUB Activities

DUBs have fundamental roles in ubiquitin homeostasis and protein stability. In this
regard, DUBs generate free ubiquitin through the ability to process ubiquitin pre-
cursors and also promote the stability of ubiquitinated proteins by preventing both
lysosomal and proteasomal degradation, depending on the nature of the ubiquitin
linkage [14]. Consequently, an additional level of regulation of DUB function
comes from the specificity for the ubiquitin chain linkages they processed (Fig. 16.2).
USPs and UCHs cleave indiscriminately most ubiquitin chain types, being Lys48-
or Lys63-linked polyubiquitin chains their most frequent targets. Interestingly, com-
plex mechanisms of action have also been described for some members of the
family. Thus, USP14 suppresses protein degradation by removing ubiquitin chains
en bloc, independently of chain linkage type [15]. On the other hand, JAMMs and
ATXN3 show a restricted specificity for Lys63-linked chains [12]. Similarly, most
human OTUs show intrinsic linkage specificity, preferring one or a small defined
subset of ubiquitin linkage types [7]. Although A20 only depolymerizes Lys63-
linked polyubiquitin, its function in inflammation is critically regulated by linear
ubiquitination levels [16]. Finally, OTULIN was described to exquisitely hydrolyze
linear ubiquitin chains [17].

Due to their importance in protein homeostasis, DUB activities are regulated
through a number of different mechanisms, such as transcriptional control of gene
expression, posttranscriptional modifications, changes in subcellular localization,
and activation mediated by interacting proteins [18]. Examples of transcriptional
regulation affect DUB-1, DUB-2, and DUB-3 [19-21], whose expression is induced
by inflammatory cytokines. Moreover, CYLD is induced by the activation of the
nuclear factor-kB (NF-kB) and MAPK kinase 3/6 (MKK3/6)-p38 pathways [22].
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Fig. 16.2 Ubiquitin chain types processed by DUBs. Representation of the specificity of DUB
families for different types of polyubiquitinated proteins and their cellular functions

Bcl10 promotes A20 expression through the activation of its promoter, which con-
tains NF-xB-binding sites [23], and Snaill mediates the transcriptional repression
of Cezanne2 in hepatocellular carcinoma [24]. Furthermore, miR-26b and miR-
4295 regulate USP9X and USP28, respectively, at posttranscriptional level [25, 26].

Many DUB functions are also regulated by posttranslational modifications.
Phosphorylation inhibits CYLD and USP8, while it activates A20, OTUDS5, USP1,
USP4, USP7, USP15, USP16, USP19, USP28, USP34, and USP37 [27-29].
Furthermore, ubiquitin and ubiquitin-like modifications also modulate DUB func-
tion. Thus, ATXN3 and UCHLI1 activities are modulated by ubiquitination [30, 31],
whereas USP25, USP28, and CYLD are regulated by SUMO conjugation [32-34].
Reactive oxygen or nitrogen species are also involved in regulating DUB activities
[35, 36]. Finally, USP1 and ATXN3 are inactivated by autoproteolytic cleavage,
whereas CYLD and A20 are inhibited through interaction with other proteases
[37-39].

As mentioned above, DUB activity can also be regulated by changes in subcel-
lular localization, which can facilitate the interaction with specific substrates.
USP36 localization in the nucleolus regulates its structure and function [40],
whereas USP30 modulates the morphological properties of mitochondria [41].
Moreover, USP1 contains two nuclear localization signals that mediate nuclear
import of the USP1/UAF1 complex [42]. The presence of ubiquitin-binding and
ubiquitin-like domains also contributes to regulate the activity and specificity of
several DUBs [2].
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Finally, the regulation of many DUBs is mediated by the association with their
interaction partners. Thus, USP1 plays a role in DNA damage repair by interacting
with UAF]1 [43]. Similarly, interaction of ASXL1 and ASXL2 with BAP1 is required
for ubiquitin binding and H2A deubiquitination [44, 45], and valosin-containing
protein (VCP/p97) interacts with ATXN3 to specify the cellular fate of its targets
[46]. In addition, guanosine5’-monophosphate synthase and USP7 form a deubiqui-
tination complex that is required to stabilize p53 [47]. Moreover, yeast DUB,
Ubp10, possesses multiple binding modules that regulate protein interaction and are
critical for ribosome biogenesis. Interestingly, its human homologue, USP36, con-
tains the same regions flanking its catalytic domain [48]. Several DUBs have been
reported to be integrated within large macromolecular complexes, such as protea-
some or COP9 signalosome, to become active [49]. Finally, a global proteomics
approach aimed at identifying proteins interacting with 75 DUBs uncovered a com-
plex landscape of more than 770 putatively associated proteins, thus reflecting the
complexity in the regulation of DUB functions [50].

16.3 Functional Relevance of DUBs

The wide functional diversity of DUBs has a profound impact on the regulation of
multiple biological processes such as cell cycle regulation, DNA damage repair,
chromatin remodeling, and several signaling pathways, which are frequently altered
in human diseases, especially in cancer [3]. In this section, we will discuss the cur-
rent knowledge of DUB functions within each of these biological processes.

16.3.1 Cell Cycle Regulation

Several members of the DUB superfamily are critical components of the core cell
cycle machinery and cell cycle checkpoint. Functional analysis links USP28,
USP36, and USP37 with the stability of c-Myc, a central modulator of cell growth,
proliferation, and apoptosis [51-53]. By contrast, USP10 antagonizes the transcrip-
tional activity of c-Myc and inhibits cell cycle proliferation through the stabilization
of SIRT6 [54]. USP4 regulates the mono-ubiquitination of PDK1, a master growth
factor signaling kinase that plays a critical role in cell proliferation and metabolism
[55], whereas USP7 has an essential role in cell proliferation through the regulation
of phosphatase and tensin homologue (PTEN) and FOXO localization [56, 57].
Furthermore, PTEN transcription is regulated by ATXN3 [58], and USP13 and
OTUD3 regulate PTEN protein levels by deubiquitination [59, 60]. Similarly,
UCHLS deubiquitinating activity modulates the transcriptional activity of E2F1, an
important transcription factor involved in cell cycle progression, DNA repair, and
apoptosis response [61].

Many DUBs are crucial regulators of events occurring in mitosis, such as CYLD
that modulates mitotic spindle orientation and regulates polo-like kinase 1 [62].
USP13 and USP37 antagonize anaphase-promoting complex (APC/C)-Cdhl
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function by inhibiting the ubiquitination of Skp2 and Cyclin A, respectively [63,
64]. Moreover, USP37 interacts with chromatin-associated WAPL, contributing to
sister chromatid resolution [65], and blocks cell proliferation by the deubiquitina-
tion and stabilization of p27 in medulloblastoma cells [66]. USP39 regulates Aurora
kinase B levels and is essential for spindle checkpoint integrity [67], whereas USP44
prevents the premature activation of APC/C through the stabilization of its inhibi-
tory Mad2-Cdc20 complex [68]. BRCC36 modulates functional bipolar spindle by
deubiquitinating the essential spindle assembly factor nuclear mitotic apparatus
[69]. In contrast, USP50 represses entry into mitosis through the regulation of
HSP90-dependent Weel stability [70].USP2 and USP17L2 stabilize cyclin D1 and
CDC25A, respectively [71, 72], and USP19 regulates cell proliferation in a cell
context-dependent manner, through both E3 ligase KPC1-dependent and KPC1-
independent mechanisms [73]. CSN5 prevents senescence and proper progression
of the somatic cell cycle [74], and BAP1 influences cell cycle progression at G1/S
by co-regulating transcription from host cell factor 1(HCF-1)/E2F-responsive pro-
moters [75]. Moreover, BAP1 forms a transcriptional complex with KLF5 and
HCF-1 that binds and partially represses p27 gene expression, promoting cell pro-
liferation [76]. Surprisingly, BAP1 deficiency in mice induces myeloid progenitor
proliferation through elevated expression of enhancer of zeste 2 polycomb repres-
sive complex 2 subunit (Ezh2) [77]. Finally, USP1 and USP33 are involved in the
regulation of centrosome duplication [78, 79], whereas USP44 controls centrosome
positioning, thus preventing aneuploidy [80].

16.3.2 DNA Damage Repair

Several DUBs are essential components of DNA repair mechanisms, which are fre-
quently altered in human malignancies. USP1 deubiquitinates Fanconi’s anemia
protein (FANCD?2), stabilizes CHK1, regulates the ubiquitination levels of prolifer-
ating cell nuclear antigen (PCNA), and interacts with UAF1 to promote double-
strand break repair through homologous recombination [37, 43, 81, 82]. Moreover,
USP3, USP16, USP26, USP37, USP44, OTUB1, BRCC36, and POH1 modulate the
RNF8¢c/168 pathway of double-strand break (DSB) repair [83]. POH1 and BAP1
facilitate homologous recombination repair through loading RADS51 at DNA dam-
age sites [84, 85], and USP11 and USP28 regulate the cellular response to mitomy-
cin C-induced DNA damage within the BRCA2 pathway and CHK2-p53-PUMA
pathway, respectively [86, 87]. USP9X regulates DNA damage responses through
the stabilization of CLASPIN [88], whereas USP17L2 and USP51 control H2AX
ubiquitination [89, 90]. Interestingly, Nishi and collaborators have demonstrated the
role of UCHLS in DNA damage repair by inhibiting NF-xB degradation [91].
Another important DUB with critical functions in DNA damage repair is USP7,
which is a critical regulator of RAD18 protein levels [92] and suppresses oxidative
stress-induced PCNA ubiquitination and mutagenesis [93]. Furthermore, ATM-
dependent downregulation of USP7 by the phosphatase PPMI1G leads to a
p53-dependent DNA damage response [94] and similarly to USP1, USP7 also
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regulates CHK1 protein levels through deubiquitination [95]. Additionally, USP7
has a critical regulatory function in transcription-coupled nucleotide excision repair
(TC-NER) by the stabilization of ERCC6 [96]. USP24 is also connected to NER by
controlling the stability of damage-specific DNA-binding protein 2 [97]. Finally,
USP47 has been identified as the enzyme responsible for the deubiquitination of the
base excision repair DNA polymerase (Polf), thus having an important role in DNA
repair regulation and genome integrity maintenance [98].

16.3.3 Chromatin Remodeling

It is well known that posttranslational modifications of histones regulate chromatin
structure dynamics and gene transcription. In this regard, several DUBs have been
described to deubiquitinate both H2A and H2B, such as USP3, USP7, USPI6,
USP21, USP22, MYSMI1, and BRCC36 [99, 100], although H2A is preferentially
targeted [101]. MYSMI1, USP7, USP22, and BRCC36 are part of the 2A-DUB,
polycomb repressive complex 1, SAGA, and BRCA1-A multisubunit complexes,
respectively [102—105]. Otherwise, USP3, USP16, and USP21 might exhibit differ-
ent chromatin regulatory mechanisms since they have not been found in any of these
complexes. Additionally, BAP1 associates with ASXL1 or ASXL2 in order to regu-
late H2A deubiquitination [44, 45]. By contrast, USP15 associates with SART3 and
specifically deubiquitinates H2B in free histones [106]. Similarly, USP49 deubiqui-
tinates H2B and regulates the cotranscriptional splicing of a large set of exons [107].

Besides histones, DUB can regulate gene expression by deubiquitinating other
chromatin-related substrates. USP21 deubiquitinates and stabilizes TIPS, which is
part of the NoRC, a chromatin-remodeling complex required for establishing repres-
sive chromatin structure at rtDNA promoters [108]. Furthermore, USP22 modulates
the protein stability of telomeric repeat binding factor 1 [100], whereas USP7 and
USP11 deubiquitinate MEL18 and BM1, two chromatin-bound polycomb repres-
sive complex 1 components that affect the expression of p/6™%# [105]. In addition,
USP7 has been recently described to deubiquitinate and stabilize the histone
demethylase PHFS [109] and UCHLS interacts with I1no80 chromatin-remodeling
complex [110].

16.3.4 Signaling Pathways

During the last decades, many DUBs have been described to regulate different sig-
naling pathways, which are