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Preface

This book entitled “Role of Proteases in Cellular Dysfunctions” is the second book
on Proteases for the Series “Advances in Biochemistry in Health and Disease.” It is
now well known that proteases are found everywhere, in viruses and bacteria as well
as in all human, animal, and plant cells, and play a role in a variety of biological
functions ranging from digestion, fertilization, and development to senescence and
death. Under physiological conditions the ability of proteases is regulated by endog-
enous inhibitors. However, when the activity of proteases is not regulated appropri-
ately, disease processes can result in, as seen in Alzheimer’s disease, cancer
metastasis and tumor progression, inflammation, and atherosclerosis. Thus it is evi-
dent that there is an absolute need for a tighter control of proteolytic activities in
different cells and tissues.

For scientists working on proteases, it is important to consider the components
that are intimately involved in the activation/inhibition of proteases. Additionally,
proteases regulate a plethora of cell functions via interactions with other enzymes/
proteins in cells. Efficacy of protease inhibitors to treat diseases has also been rec-
ognized and is currently an important field of research. This book is the result of the
commendable effort by a large group of world leading experts to provide excellent,
comprehensive, and up-to-date reviews on the subjects in the field. It contains 23
chapters contributed by experts in their respective fields and elucidates the crucial
role of proteases in biological processes, including how proteolytic function and
regulation can be combined for new strategies for the development of therapeutic
interventions.

The book consists of three parts in specified topics based on current literatures
for a better understanding for the readers with respect to their subject-wise interests.
The first section of this book covers a brief idea about the neuronal disorders and the
involvement of proteases such as calpains, caspases, and matrix metalloproteases
(MMPs). The second section covers the deadly disease, cancer, and its relation to
ubiquitin—proteasomal system, MMPs, and serine proteases. The last section is
about the role of proteases such as calpains, MMPs, and serine protease as well as
urokinase-type plasminogen activator receptor (uPAR) in causing cardiovascular
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defects. The readers will find these chapters both stimulating and interesting. We
hope that this book will prove useful for graduate students and also researchers, who
have an interest in cellular proteolytic events.

As editors of this book, we are greatly indebted to the authors for the time and
effort they spent in making the book as an advancement of knowledge in this field.
We would also like to thank Prof. Dilip Kumar Mohanta, Vice Chancellor, University
of Kalyani, West Bengal, India, and Prof. Bimal K Ray, University of Missouri,
Columbia, Missouri, USA, for their encouragement. The time and efforts of
Dr. Vijayan Elimban and Mrs. Eva Little (St. Boniface Hospital Research) during
the editing of this book are highly appreciated. We are also grateful to Ms. Melanie
Tucker and Ms. Rita Beck (Springer, New York) for their understanding as well as
patience for the preparation of this book.

Winnipeg, MB, Canada Naranjan S. Dhalla
Kalyani, WB, India Sajal Chakraborti
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Proteases and Neural Disorders



Chapter 1
Role of Calpain in Immunobiology
of Neurodegenerative Diseases

Nicole Trager, Azizul Haque, Swapan K. Ray, Arabinda Das,
and Naren L. Banik

Abstract Calpain is a Ca**-dependent protease that significantly contributes to the
pathogenesis of demyelinative and neurodegenerative diseases and injuries of the
central nervous system (CNS). Studies from our laboratory and other laboratories
clearly indicate that calpain plays crucial roles in pro-inflammatory immune
responses to perpetuate inflammation in multiple sclerosis (MS), which is a demy-
elinative and neurodegenerative disease of the CNS, and experimental autoimmune
encephalomyelitis (EAE), the animal model of MS. Calpain mediates its pro-
inflammatory roles with activation of nuclear factor-kappa B (NF-kB), promotion
of synthesis of cytokines and chemokines, maintenance of Th1/Th2 imbalances,
and reactive astrogliosis and microgliosis in MS and EAE. Besides, calpain is
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4 N. Trager et al.

known to take part in promoting activation of caspases for neurodegeneration in a
wide range of diseases and injuries of the CNS. Recently, there is a great interest in
developing water-soluble and cell-permeable small molecule inhibitors of calpain
for treatment of MS and other neurodegenerative diseases. Although exciting results
are being reported showing efficacy of experimental calpain inhibitors in preclinical
models, these inhibitors have not yet been successfully used for treatment of MS
and other neurodegenerative diseases in humans.

Keywords Calpain ® Neurodegeneration ® Neurodegenerative diseases * Inflammation
* Calpain inhibitors ® Multiple sclerosis

1 Introduction

Often, diseases are caused by a specific cellular dysfunction with a common under-
lying pathway. Neurodegenerative diseases have been a recent topic of this type of
investigation. Uncovering a common underlying pathway that results in neuronal
damage can lead to understanding of several neurological diseases and development
of therapeutics as well. A number of laboratories have been shedding light on one
cellular protease, calpain, which can be a common variable in the development and
progression of neurodegenerative diseases.

It has been shown that upregulation of calpain and deregulation of calcium
homeostasis participate in a variety of pathological processes of the diseases such as
multiple sclerosis (MS), Parkinson’s disease (PD), stroke, spinal cord injury (SCI),
traumatic brain injury (TBI), Huntington’s disease (HD), amyotrophic lateral scle-
rosis (ALS), Alzheimer’s disease (AD), muscular dystrophy (MD), and cataract
formation. Calcium ions are intracellular messengers involved in the regulation of
important cellular functions, including synaptic activity, membrane excitability,
exocytosis, and enzyme activation. Neurons do possess mechanisms to regulate
intracellular calcium levels, but it is also known that a dramatic increase in the cyto-
plasmatic levels of calcium is the first indicator of a trigger for neuronal death [1-3].
Thus, calpain, a calcium ion-dependent protease, could be activated under these
conditions and be a significant contributor in neuronal injury. While calpain can be
directly involved in neuronal injury through intracellular calcium ion deregulation,
it is becoming clear that calpain also acts on the immune system along with how it
interacts with nervous system and the development and advancement of neurode-
generative disorders. Many of the neurodegenerative disorders also result from an
inflammation or calpain-initiated immune components, which activate inflamma-
tory arms of several immune pathways in the host. These inflammatory events are
often implicated in the development and continuation of various neurodegenerative
disorders including MS. Researchers are now uncovering how calpain affects the
cells of the immune system during these disorders and are suggesting a common
pro-inflammation pathway.
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2 Calpain Isoforms and Functions

In 1964, calpain was first found in the central nervous system (CNS) [4]. Calpain is
an intracellular protease that is present in the cytoplasm as an inactive form [5, 6].
Research has revealed 14 large subunit members and at least one small subunit
member of the mammalian calpain family [7]. Calpains 1, 2, 4, 5, 7, and 10 [8—13]
are ubiquitously expressed, whereas others are tissue specific: calpain 3 (skeletal
muscle) [10], calpain 6 (placenta) [14], calpain 8 (smooth muscle) [15], calpain 9
(stomach) [15], calpain 11 (testis) [16, 17], calpain 12 (skin after birth) [18], and
calpain 13 (testis and lung) [16]. There are two dominant isoforms of calpain,
micro-calpain (p-calpain or calpain 1) and milli-calpain (m-calpain or calpain 2)
[19-21]. This nomenclature stems from the concentration of Ca?* that is needed for
activation of p-calpain or m-calpain (2-80 mM and 0.2-0.8 mM Ca*', respectively).
The catalytic subunits of calpain found in the CNS include isoforms 1, 2, 3, 5, and
10 [5, 6]. The typical calpain isoform consists of an 80 kDa catalytic subunit and a
30 kDa regulatory subunit. The regulatory subunit possesses a hydrophobic, glycine-
rich domain for membrane association. Each subunit contains an EF-hand domain,
a characteristic of the most Ca**-binding proteins [6].

The specific physiological function of calpain is still a topic of continuing
research, but calpain is clearly involved in numerous intracellular signaling sub-
strates. After the activation of calpain by Ca*, it is able to interact with a large
number of substrates including cytoskeletal proteins, growth factor receptors, mito-
chondria, actin-binding proteins, tubulin, microtubule-associated proteins (MAP2,
tau), and neurofilaments [21, 22]. Calpain was first thought to be involved in just
necrosis, but it is currently known to be involved in apoptosis, cell mobility, cell
cycle progression, cell fusion, and many other important processes [23]. These cal-
pain activities are modulated by interactions with calpastatin, which a specific
endogenous protein inhibitor of calpain [24, 25].

3 Calpain Upregulation in Neurodegenerative Diseases

Neurodegenerative disorders such as AD, PD, HD, MS, and ALS manifest in vari-
ous stages of adulthood and involve the dysfunction and ultimate death of neurons
in the CNS. While the etiology underlying each disorder varies, the pathological
mechanisms, at least in part, converge on impaired intracellular calcium homeosta-
sis, leading to activation of calpain. Calpain has been implicated in tissue degenera-
tion in CNS trauma [26, 27], cerebral ischemia [28], MD [29, 30], PD [31], AD [32,
33], EAE, MS [34, 35], ALS [36], and HD [37]. Increased activity of calpain has
also been found in the cerebrospinal fluid (CSF) of MS patients [38].

Accordingly, calpain inhibition has proven to be neuroprotective [39, 40].
Most of the aforementioned studies suggest a direct involvement of calpain in
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Table 1.1 Calpain in pathogenesis of neurodegenerative diseases

Neurodegenerative

disease Hypothesized calpain involvement Ref #

CNS trauma Neurofilament protein degradation, cleavage of membrane, [26, 27]
and cytoskeletal proteins leading to cell death

Cerebral ischemia Calpain inhibition shows neuroprotective effect, suggesting [28]
calpain’s involvement in neuron death

Muscular dystrophy Calpain is increased in muscular dystrophic mice and is [29, 30]
correlated with loss of important enzymes

Parkinson’s disease High levels of activation disrupt the structural and functional [31]

integrity of the spinal cord
Alzheimer’s disease High levels of activation correlate with abnormal proteolysis [32, 33]
underlying the accumulation of plaques

Multiple sclerosis Direct cleavage of myelin and activation of inflammatory [34, 35]
T cells

ALS Calpain activates caspase cascade to motor neuron death [36]

Huntington’s disease  Inhibits NMDA receptor trafficking and function [37]

neurodegeneration, but there is also evidence that calpain plays a role in many other
cellular events that lead to immune activation and release of inflammatory media-
tors involved in neurodegeneration (Table 1.1).

4 Calpain and Immunobiology of MS

MS is a demyelinating disease associated with neurodegeneration in the central
nervous system (CNS). MS is thought to result from an attack on myelin proteins by
autoreactive T helper (Th) cells, thus making it also an autoimmune disorder.
Calpain has been shown to be involved in T cell activation and migration [41-44];
and since calpain expression has been shown to be increased in infiltrating inflam-
matory cells in MS tissue [34] and in EAE spinal cord [45], calpain is thought to
play a key role in the migration of T cells into the CNS. In MS, Th1 and Th17 cells
play crucial roles in the pathogenesis of the disease. Th2 and T regulatory (Treg)
responses have been shown to be pivotal in controlling MS. Researchers have shown
calpain to be involved in the deregulation of Th1-/Th2-type responses in MS patients
and EAE animals [45—47]. In addition, calpain activity and expression are increased
in reactive endogenous glial cells (astrocytes, microglia) in MS [34]. Calpain has
also been shown to be involved in different signaling pathways leading to apoptosis
and necrosis [27, 48], suggesting that calpain plays a crucial role in cell death in this
demyelinating disease as well as other neurodegenerative diseases.

Signal transducers and activators of transcription (STATs) mediate many cytokine-
mediated responses, including those seen in autoimmune diseases [49, 50]. Various
STAT molecules are substrates of calpain [51]; however, depending on whether these
signaling molecules are involved in pro-inflammatory or anti-inflammatory cytokine
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production, calpain differentially alters their activity. STAT4 protein, which is critical
for the induction of the inflammatory Th1 immune response, is activated by IL-12
and induces the transcription of IFN-y [52, 53]. Similarly, STAT3 is needed for
inflammatory Th17 immune response. In contrast, anti-inflammatory Th2 immune
response requires STAT6 protein and is activated by IL-4 [54]. Calpain acts as a
negative regulator by degrading STAT6 by a Ca*-dependent mechanism [47, 51,
55], suggesting that calpain plays a role in signaling events leading to Th1-/Th2-type
responses through modulation of STAT6 or other transcription factors. Interestingly,
IL-4 inhibits activation of osteoclasts, a bone disorder often seen in MS patients, in
vitro through inhibition of NF-kB and JNK activation in a STAT6-dependent manner
[56]. It has also been reported that STAT6 is cleaved by calpains and in vivo treat-
ment with calpain inhibitors prevented loss of STAT6 protein [47]. Our laboratory
has been working on a hypothesis that activation of STAT6 and inhibition of NF-xB
and JNK pathways by calpain inhibition may lead to amelioration of inflammatory
processes in MS. Since STAT1, STAT4, and T-bet are important for Thl subtype
activation and proliferation, and since STAT6 and GATA3 are important for Th2
subtype activation, it seems plausible that controlling these signals may result in
inflammatory/anti-inflammatory balance(s) in MS patients.

Cytokines are key regulators of immune responses, and blocking their actions
has become an important modality in treating inflammatory disorders in MS. Pro-
inflammatory Thl cells produce interleukin-2 (IL-2), interferon-gamma (IFN-y),
IL-12, and tumor necrosis factor-alpha (TNF-a), and Th17 cells produce IL-17A,
IL-21, and IL-22. Anti-inflammatory Th2 cells produce IL-4, IL-5, IL-13, and low
levels of IL-10 and, in some cases, transforming growth factor-beta (TGF-f), while
T regulatory (Treg) cells produce higher levels of IL-10 and TGF-f [57]. Researchers
have shown that Th1 cytokines are upregulated, while Th2 cytokines are downregu-
lated in MS [58]. In MS patient, blood calpain inhibition has been shown to help
restore this Th1/Th2 balance by decreasing Thl and increasing Th2 cell markers
[59]. Similarly, studies have shown that IL-17 mRNA levels are reduced in MS
patient’s PBMCs following treatment with calpain inhibitors [59]. A recent study in
EAE, the mouse model of MS, shows that the Th2/Treg cytokines IL-4 and IL-10
are significantly increased in animals treated with calpain inhibitors [60], suggest-
ing arole for calpain in disease severity. These emerging data in the field are signifi-
cant in that they strongly support the hypothesis that blocking calpain may shift Th
profiles away from the inflammatory Th1/Th17 profile associated with MS relapse
and toward a protective Th2/Treg profile associated with MS remission. A further
understanding of the mechanisms of T cell deregulation in MS and calpain’s contri-
bution to these pathways is necessary.

T cell activation requires a co-stimulatory response, which lead to production of
cytokines, depending on the local environment of the cell. The primary signal is
given by the interaction of the T cell receptor (TCR) on the surface of the T cell with
the major histocompatibility class II protein (MHCII) upon the surface of antigen-
presenting cells (APC) [61]. A major co-stimulatory signal is given by the interac-
tion of T cell surface CD28 molecule with APC cell surface molecules B7-1 (CD80)
or B7-2 (CD86) [62]. The result of proper TCR/MHCII and co-stimulation can
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result in significant proliferation of T cells [62, 63]. Researchers have shown that a
rise in Ca®* levels, liberation of diacylglycerol (DAG) [64, 65], and co-stimulation
through CD28 are responsible for the activation of a number of signal transduction
pathways that eventually lead to the synthesis of cytokines through activation of
transcription factors, which include nuclear factor-kappa B (NF-xB) [45, 66] and
nuclear factor of activated T cells (NFAT) [67, 68]. NF-kB has been shown to
promote synthesis of IL-2 and other inflammatory factors after calpain-mediated
activation, indicating that calpain may play a role in NF-xB-driven gene expression.
Interestingly, researchers have also shown that increases in Ca®" lead to the
stimulation of calcineurin, which dephosphorylates NFAT at several sites, allowing
translocation of NFAT to the nucleus [69, 70]. While there might be a significant
link between calpain and NFAT in MS, no studies on NFAT and MS have been
reported, and it remains an area that needs further investigation. However, it remains
a possibility that calpain is involved in T cell activation and deregulation of Th
subpopulations through NFAT and STAT signaling pathways, and calpain inhibition
may decrease these inflammatory events in MS.

Migration of immune cells into the CNS and demyelination are hallmarks of MS
pathology [71]. One key cytokine involved in chemotaxis and migration of immune
cells is IL-8. IL-8 and IL-8 receptors (CXC1, CXC2) have been shown to be upregu-
lated in MS brain tissue [72], implicating this chemokine as a major player in migra-
tion of immune cells in MS. It is known that Thl cells differentially express
chemokines receptors CCRS5, CXCR3, CXCR6, and CX3CRI1, and they migrate to
sites of Thl inflammation where the ligands for these chemokine receptors are
upregulated [73-75]. Th2 cells are known to differentially express chemokine
receptors CCR3, CCR4, and CCRS8 and migrate to sites of inflammation where the
ligands for these receptors are expressed [73—75]. Migration of Th1 and Th2 cells
may be differentially regulated by STAT6, which particularly regulates Th2 cell
trafficking. STAT can also regulate the recruitment of Th1 cells through the induc-
tion of chemokine ligands RANTES, CXCL9, CXCL10, CXCL11, and CXCL16
[73-75]. Higher levels of chemokine ligands for CCRS and CXCR3 have also been
found in inflammation, suggesting that the inhibition of chemokine recruitment may
help block migration of inflammatory T cells [73—77]. It has been shown that inhibi-
tion of calpain reduces T cell migration. In specific, CCL2 action migration is
slowed or stopped upon treatment with calpain inhibitor [44]. These studies show
that calpain has a direct involvement not only in the activation of possible disease
causing T cells but also in their active migration to the CNS.

Chemokine receptors are distinct to certain cell types and significantly influence
immune responses in inflammation. It has been reported that CXCR3, CCRS5, and
CCRY7 receptors influence Thl [47, 51], and CCR3, CCR4, and CCRS receptors
influence Th2 [78—81] profiles. In this scenario, chemotaxis appears to be selective.
For instance, Thl cells selectively migrate in response to IFN-a-inducing protein
(IP-10), which binds to CXCR3, and macrophage inflammatory proteins (MIPs),
which are ligands for CCRS5 [81, 82]. Interestingly, recent studies involving T cells
from STAT6—/— Balb/c mice suggest that STAT6 may differentially regulate expres-
sion of Th1/Th2 chemokine receptors [83]. As mentioned before, STAT6 is a
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Table 1.2 Calpain’s effects on the immune system
Immune Calpain
target Function Calpain activation inhibition Ref #
STAT 6 Transcriptional factor Directly cleaves Results in more  [51]

of Th2 Cells
1L-2 T cell activation cytokine Leads to synthesis of cytokine  Results in less [41]
CD25 T cell activation cytokine Leads to synthesis of cytokine  Results in less [41]
CCR2 T cell pro-migration Increased migration Results in less [42, 44]

chemokine toward CCL2 migration

toward CCL2

IFN-y Th1 inflammatory cytokine  Leads to synthesis of cytokine  Results in less [46]
IkB alpha Inhibitor of NFxB, marker Degrades Results in more  [45]

of unactivated cells
IL-12 Th1 inflammatory cytokine  Leads to synthesis of cytokines Results in less [59]
IL-17 Th17 inflammatory cytokine Leads to synthesis of cytokines Results in less [59]
1L-23 Th17 inflammatory cytokine Leads to synthesis of cytokines Results in less [59]
IDO Immune inhibitory Degrades Results in more  [59]

substrate of calpain, and thus, it can be construed that calpain’s actions on STAT6
can be directly involved in T cell chemotaxis.

Another avenue of calpain influence on the immune system regulation is through
the enzyme indoleamine 2,3-dioxygenase (IDO). IDO is known to degrade the
essential amino acid tryptophan and other downstream metabolites that suppress
effector T cell function and favor the differentiation of regulatory T cells [59, 84,
85]. IDO is also significantly expressed in a variety of immune cell types, including
APCs, and is associated with many aspects of immunopathology. These findings
suggest that IDO is a possible molecular target for therapeutic intervention of
inflammatory autoimmune responses particularly by calpain inhibition. Recent
studies showed that calpain inhibition elevated IDO gene expression in MS PBMCs,
which was markedly decreased upon calpain activation [59]. All of these findings
were summarized in Table 1.2.

5 Calpain as a Therapeutic Target in MS

Calpain obviously plays a strong role directly and indirectly in the progression and
retention of inflammatory T cell responses, which in turn lead to neurodegenerative
pathology in the CNS. Calpain has also been shown to play crucial roles in lympho-
cyte activation, migration, cell death, cell cycle progression, cell fusion, and many
other important processes in the host.

Accumulative evidence suggested that calpain inhibition could be a viable treat-
ment avenue in inflammatory autoimmune and neurodegenerative diseases. Currently
there are no calpain inhibitors approved for clinical use in neurodegenerative
diseases, but some are being researched in the animal models of these diseases,
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Fig. 1.1 A schematic representation of calpain’s role in inflammation, demethylation, and cell
death

specifically MS [45, 60, 86]. For similar mechanistic reasons, calpain inhibition
therapy has also been a topic of interest in PD, ALS, and AD [2, 31, 32, 36, 87].
Currently, there are new orally available calpain inhibitors that may possibly be
used in future clinical trials for treating MS and other neurodegenerative diseases
[88]. The following diagram shows potential roles of calpain in inflammation,
demyelination, and neuronal/glial cell death (Fig. 1.1). Obviously, successful
inhibition of calpain could significantly inhibit inflammation, demyelination, neuro-
degeneration, and thus pathogenesis in MS and other diseases of the CNS. Calpain
so far seems to be an intractable target. Development of water-soluble and cell-
permeable calpain inhibitor is not as easy as previously thought. However, remark-
able progress has been reported in this area, and all these endeavors are expected to
produce clinically useful calpain inhibitors for treatment of demyelinative and
neurodegenerative diseases in humans in the near future.

6 Conclusions

Neurodegenerative diseases are incurable, complex, and not completely understood.
In MS, the role of the immune system in the pathobiology of the disease is well
explored, but not completely understood. Calpain’s role in MS and other neurode-
generative disease processes is an avenue of continuing research. But it is clear that
calpain has a vital role in the progression and stabilization of inflammation involved
in neurodegeneration in MS. The relationship is as complex as the chicken and the
egg, which comes first? And do you need both to have both? Based on recent
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progress, it is clear that calpain is both involved in activation and migration of
immune cells, which then leads to neurodegeneration and activation of the immune
system, creating a vicious cycle in progression of disease. This type of pattern has
been hypothesized in other related neurodegenerative diseases such as PD and AD,
but it is not well documented. Overall, calpain is a pathogenic protease that can be
targeted but not without consequences. As with many treatments, a smoking gun is
unlikely, but calpain inhibition is a promising target to help inhibit both the inflam-
matory and the neurodegenerative arms of multiple syndromes.
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Chapter 2
Calpain Interactions with the Protein
Phosphatase Calcineurin in Neurodegeneration

Christopher M. Norris

Abstract Dysregulation of intracellular Ca’* is a major cause of neurologic
dysfunction and likely plays an important role in the pathophysiology of numerous
acute and chronic neurodegenerative conditions. The Ca**-dependent protease, cal-
pain, and the Ca*/calmodulin (Ca*/CaM)-dependent protein phosphatase, calci-
neurin, are primary effectors of multiple deleterious functions arising from altered
Ca?* handling. Increasing evidence suggests that the calpain-dependent, irreversible
conversion of calcineurin to a constitutively active phosphatase occurs in intact cel-
lular systems as a result of injury and disease. In this chapter, a brief overview of
calpain and calcineurin functions in nervous tissue is given, followed by a more
in-depth discussion of calpain/calcineurin interactions in vitro and in vivo. Particular
emphasis is placed on recent studies that have identified calpain proteolysis of cal-
cineurin as a key step in neurodegeneration associated with acute neurologic insults
as well as chronic terminal diseases, like Alzheimer’s.

Keywords Protease ¢ Phosphatase ¢ Calcium ¢ Ischemia ¢ Alzheimer’s
 Neurodegeneration * Dementia

1 Introduction

The calcium ion (Ca?*) is a ubiquitous messenger involved in countless, diverse cel-
lular functions. In biological systems, Ca?* leads a dual existence of sorts. On the
one hand, Ca®* is essential for life. In the nervous system, the release of neurotrans-
mitters, remodeling of growth cones and dendritic spines in response to extracellular
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stimuli, activation and termination of transcriptional programs at the proper stages
of development, and many, many other cellular functions depend critically on Ca?*.
On the other hand, Ca?* is also commonly the prelude to cellular degeneration and
death. Studies in the early mid-1980s suggested that neuronal Ca** regulation is
disrupted during normal aging, leading to deleterious changes in neuronal excitabil-
ity and plasticity [1-4]. Around the same time, cytosolic Ca** overload was demon-
strated to be one of the primary mechanisms of neuronal death following excitotoxic
insults [5-7]. These findings led to the hypothesis that Ca** dysregulation is a gen-
eral mechanism for neurologic dysfunction and/or neurodegeneration associated
with aging, stroke, acute brain injury, and progressive neurodegenerative diseases
[1-3, 8-13]. Today, the Ca>* hypothesis remains viable but has evolved in important
ways to emphasize selective changes in discrete Ca®* signaling mechanisms in dif-
ferent cell types and/or in different disorders (e.g., see [14-23]).

Of the numerous Ca”*-sensitive proteins and enzymes, the protease calpain and
the phosphatase calcineurin have emerged as two of the most common effectors of
Ca?*-induced dysfunction and degeneration. Interestingly, calpains and calcineurin
are present in many of the same subcellular domains and exhibit similarly high lev-
els of activity following many of the same types of insults. Comparable changes in
the expression/activity of calpains and calcineurin have also been observed in sev-
eral distinct neurodegenerative diseases and/or conditions, while pharmacologic
and genetic inhibitors of these enzymes ameliorate deleterious changes in common
biomarkers. Taken together, the evidence suggests that calpain/calcineurin interac-
tions may be a fundamental neurodegenerative mechanism and an opportune target
for future therapeutic strategies. The purpose of this chapter is to provide a brief
review of calpains and calcineurin and their roles in neurologic dysfunction, with
particular emphasis placed on calcineurin signaling and the ramifications of calci-
neurin proteolysis in human neurodegenerative disease. Outstanding comprehen-
sive reviews of the biochemistry and regulation of each of these Ca*-dependent
enzymes (as well as historical backgrounds) can be found here [24—27] (for calpain)
and here [28-30] (for calcineurin).

2 Calpain
2.1 Calpain Structure

Calpains are a family of intracellular, nonlysosomal cysteine proteases that belong
to the papain superfamily of proteases. Calpains are regulatory proteases found in
most mammalian species and show varying degrees of sensitivity to fluctuating Ca*
concentrations. Calpain proteins are heterodimers consisting of a large (~80 kDa)
catalytic subunit and a smaller (28 kDa) regulatory subunit derived from different
genes (Fig. 2.1). The catalytic subunit is made up of four distinct domains (I-IV),
including a regulatory Ca?* binding domain (IV) containing five EF-hand motifs; a
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“C2-like” domain (III) that includes Ca** and phospholipid binding sites; a catalytic
domain (IT) that consists of at least two Ca?* binding sites along with two proteolytic
core subdomains (ITa and IIb) that come together upon Ca** binding to form a func-
tional cysteine protease core domain (CysPc); and an N-terminal domain (I) that
may be autolyzed upon activation of the holoenzyme. Though relatively poorly
understood, the regulatory subunit appears to remain associated with the catalytic
subunit during activation [31] (contrary to earlier findings, e.g., see [32]) and is
essential for maintaining the stability of the catalytic subunit in vivo. The regulatory
subunit contains two domains (I and II): a glycine-rich domain (I) believed to regu-
late calpain interactions with membranes and/or membrane-related proteins and a
Ca?* binding domain (II) that includes five EF-hand motifs.

In humans, there are more than a dozen calpain (or calpain-like) catalytic subunit
genes (termed CAPNI, CAPN2, CAPN3, ...), while there are at least two distinct
regulatory subunit genes (CAPNSI and CAPNS2). These genes are expressed in
most cell types and/or tissues, though some genes can show tissue-type specific
expression. The best characterized calpain holoenzymes consist of CAPNI or
CAPN2 and are commonly referred to as p- and m-calpains, respectively (or cal-
pains 1 and 2). CAPN1/p-calpain is activated by micromolar concentrations of
Ca?"in vitro, while CAPN2/m-calpain is activated when Ca?* is in the millimolar
range. In addition to Ca?*, the catalytic activity of calpain is also held in check by
endogenous proteins called calpastatins. These proteins very specifically suppress
the activity of p- and m-calpains and are the only known endogenous proteins to
serve this function. Unlike the calpain catalytic and regulatory subunits, there is
only one human gene for calpastatin (CAST), though splicing variations can give
rise to many distinct protein products [25, 27].

While Ca?* is clearly the critical activating factor for calpains—binding to
EF-hand motifs on both subunits as well as to multiple other binding sites within the
catalytic and C2-like domains—the precise biochemical mechanisms/interactions
that couple Ca?* binding to increased protease activity have remained surprisingly
elusive. One of the central issues is that concentrations of Ca** required for calpain
activation in vitro seem too high to be physiologically relevant, since cytosolic Ca**
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concentrations are not likely to rise into the high micromolar range. This has led to
much speculation that an additional biochemical event—such as autolysis, subunit
dissociation, and/or the binding of some other cofactor—is necessary for calpain
activation [24].0f these possibilities, Ca**-dependent autolysis of the N-terminal
region of the large calpain subunit has been widely accepted as an essential step in
calpain activation. Early studies showed that autolysis reduces the Ca** concentra-
tion for activation of both p and m-calpain in vitro [25]. However, many later studies
have shown that autolysis is not necessary for activation in vivo, though it may still
play an important regulatory function (for in-depth discussions, see [24, 25, 27]).
Conversely, it has been suggested (i.e., [24]) that Ca* elevations in cellular micro-
domains (e.g., in postsynaptic spines and/or immediately adjacent to Ca** channels)
may indeed be high enough to meet calpain activation requirements without the
need of autolysis. In this case, calpain activation would only be brief due to the rapid
drop in Ca*" concentration in these microdomains and/or due to inhibition by cal-
pastatins. Prolonged calpain activation would therefore only occur under pathologic
conditions in which Ca?* levels are chronically elevated and/or calpastatin function/
expression is downregulated [24].

2.2 Calpain Functions in Nervous Tissue

Calpains are highly expressed in nervous tissue and have long been recognized for
their important roles in modulating cellular structure and function. Numerous sub-
strates for calpains have been identified and include cytoskeletal proteins, mem-
brane receptors, ion channels, protein kinases, protein phosphatases (as discussed
later), other proteases, and many other protein targets. Consequently, calpains are
believed to take part in numerous and diverse signaling cascades. For a comprehen-
sive list of calpain substrates and description of calpain functions, see [25, 27]. One
of the earliest proposed functions of calpain in nervous system was the rapid,
activity-dependent degradation of cytoskeletal proteins, such as spectrin, leading to
the structural reorganization of dendritic spines and other neuronal processes [33—
37]. Subsequently, calpain was also shown to target key glutamatergic receptors
[38—42], as well as the proteins that modulate glutamate receptor expression/func-
tion including membrane-anchoring proteins [43—45] and protein kinases and phos-
phatases [46—48]. Calpain-mediated cleavage of protein kinases, such as protein
kinase C, and phosphatases, such as CN, results in high levels of kinase/phosphatase
activity that can persist long after the restoration of basal Ca®* levels [46, 48]. The
reorganization of the dendritic cytoskeleton, along with the generation of so-called
memory molecules by calpain, may be critical to the expression and maintenance of
long-term synaptic potentiation (LTP) and other forms of synaptic plasticity
involved in neurodevelopment and cognition.

In addition to these beneficial functions, calpains also mediate numerous delete-
rious functions and are commonly implicated in neurodegenerative processes
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associated with severe Ca®* dysregulation [26]. High levels of calpain expression/
activity (or downregulation of calpastatins) are consistently found in primary neural
cultures exposed to ischemia/hypoxia, glutamate/kainate, amyloid-f peptides (Ap),
and numerous other neurotoxic insults (e.g., [36, 48-51]). In intact animal models,
elevated forms of activated calpain (both p and m) have been reported in the brain
within hours following injury due to carotid artery occlusion [52, 53], glutamate/
kainate insult [48, 54], controlled cortical impact [55], or fluid percussion [56, 57].
In many of these same studies, calpain inhibitors exhibited strong neuroprotective
and/or nootropic properties. Aberrant calpain activation also appears to be an excel-
lent biomarker for chronic, progressive neurodegenerative disorders including
Alzheimer’s disease (AD) [50, 58, 59], Parkinson’s disease [60], multiple sclerosis
[61], and glaucoma [62, 63], to name a few. Moreover, similar to acute injury mod-
els, inhibition of calpains using pharmacologic or genetic approaches generally
ameliorates functional and pathologic changes in cell culture and/or animal models
of these disorders [50, 64—-69].

The cellular mechanisms for calpain-mediated neurotoxicity can be difficult to
pin down and may vary considerably depending on the brain region/cell type inves-
tigated or on the nature of the injury or disease state. One of the difficulties is that
calpain interacts with so many different target proteins linked to cell death and
degeneration. Indeed, distinct proapoptotic factors including caspase-3, BAX,
apoptosis-inducing factor, and several others are directly targeted by calpains and
have been proposed to mediate the deleterious actions of calpains in nervous tissue
[52, 70-74]. Another complicating issue is that calpains interact extensively with
other Ca* signaling mechanisms, many of which play a critical role in regulating
Ca?* homeostasis. For instance, several kinds of Ca** channels and pumps respon-
sible for shuttling Ca?* from the cytosol to the extracellular space, or into intracel-
lular stores, are degraded by calpains leading to elevated cytosolic Ca** levels
[75=77]. Calpains also appear to be involved in the cleavage of the pore-forming
subunit of the L-type voltage-sensitive Ca?* channel to a smaller, higher-conductance
channel [78]. Each, or all of these changes, would be expected to exacerbate Ca*
dysregulation, promoting further calpain activation and/or hyperactivation of other
Ca’*-dependent enzymes.

Herein lies an additional complication: Does hyperactivation of other Ca*-
dependent enzymes following injury arise simply from increased Ca*" binding or
from direct calpain-mediated proteolysis? High activity levels resulting from increased
Ca?" binding is perhaps less troublesome because an ebb in cytosolic Ca*" levels
would be expected to result in a corresponding decrease in enzyme activity. Calpain-
dependent activation, on the other hand, would appear to be a far greater threat to the
cell because the resulting proteolytic enzyme fragments are generally uncoupled from
their normal regulatory mechanisms and prone to dangerously high and enduring
activity levels. The Ca?*-/calmodulin-dependent protein phosphatase, calcineurin, is
one potential target of calpain. The following sections will discuss the structure and
function of calcineurin, with particular emphasis on recent studies that have uncov-
ered important calpain/calcineurin interactions in neurodegeneration and disease.
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3 Calcineurin

3.1 Calcineurin Structure

Calcineurin, or protein phosphatase 3 (PPP3, formerly protein phosphatase 2b), is a
nearly ubiquitously expressed serine/threonine protein phosphatase and the only
known phosphatase to exhibit direct regulation by Ca*/CaM. Calcineurin is typi-
cally found in intact cells as a heterodimer (see Fig. 2.2a) consisting of a catalytic
subunit (CN A or PPP3C, ~61 kDa) and a smaller regulatory subunit (CN B or
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Fig. 2.2 Calcineurin and its regulation by calpain proteolysis. (a) Schematic illustration of the
structure of the CN A catalytic and CN B regulatory subunits. See text for a description of these
subunits and their domains. (b) Cartoon illustration of the regulation of CN A activity by Ca?*/
CaM, the CN A AID, and calpain proteolysis. Under normal conditions when intracellular Ca**
levels are low, CN A activity is held in check by the CN A AID. When Ca** levels rise, Ca?*/CaM
binds to the CN A subunit displacing the AID from the catalytic domain, resulting in high levels of
phosphatase activity. Under abnormal conditions, like severe Ca?* dysregulation, the protease cal-
pain cleaves CN A at several locations near the C terminus, thus removing the AID. Without the
AID, the CN A catalytic domain is no longer occluded resulting in high levels of phosphatase
activity, even after the local Ca?* concentration falls to basal levels. (¢) Schematic illustration of the
57,48, and 45 kDa CN A fragments generated by calpain-dependent cleavage, as demonstrated by
Wau et al. [48]. (d) Western blot showing CN A« proteolysis to 57 and 48 kDa fragments in primary
hippocampal neural cultures 24 h after addition of neurotoxic amyloid-f peptides (Af). The lower
37 kDa band in the CN A« blot was not sensitive to local Ca** levels nor to the addition of calpain,
suggesting it represents a nonspecific band, a calpain-insensitive fragment, or an alternative splice
variant. Proteolytic breakdown of the calpain substrate, a-spectrin, occurred in parallel with CN A
proteolysis. Blockade of calpain activity with calpeptin prevented CN Aa proteolysis to 57 and
48 kDa fragments. However, a specific caspase 1 inhibitor (Z-YVAD-FMK) was without effect.
Blot shown in panel d was from Mohmmad Abdul et al. [50] and used with permission



2 Calpain/Calcineurin Interactions in CNS Disease 23

PPP3R, ~19 kDa). The catalytic subunit contains the catalytic core region, CN B
binding domain, a Ca**/calmodulin binding domain, and an autoinhibitory domain
(AID) near the C-terminus that lies over the cleft of the catalytic domain and pre-
cludes substrate binding when cytosolic Ca** levels are low [79]. The regulatory CN
B subunit is a calmodulin-like Ca?* binding protein with four EF-hand motifs, two
of which show very high affinity for Ca** and are likely occupied at normal resting
Ca?* levels (<10 nM). Ca** binding to CN B is thought to increase the physical asso-
ciation between CN A and CN B and appears to promote low levels of catalytic
activity [80]. Early in vitro experiments suggested that the physical association
between CN A and B could only be disrupted under supraphysiologic conditions,
such as protein denaturation [80]. However, recent investigations on intact primary
neurons indicate an increased physical association between catalytic and regulatory
subunits in response to neurotoxic stimuli [81], suggesting the possibility that these
subunits are not always bound to one another in vivo. These observations are con-
sistent with other work showing that the CN B subunit can associate with and regu-
late specific target proteins in a CN A-independent manner [82—-85]. Additional
distinct roles of the CN B subunit in neurologic function are largely unknown but
will likely be forthcoming in the next few years.

There are two major CN A isoforms expressed in brain (CN Aaor PPP3CA and CN
Ap or PPP3CB), of which, the CN A« isoform is the most abundant [86]. A “testis”-
specific CN A isoform (CN Ay or PPP3CC) is also expressed in nervous tissue but at
comparatively much lower levels. At least two regulatory CN B isoforms (CN Ba and
CN Bp or PPP3R1 and PPP3R2) have been characterized. CN Ba exhibits similar
expression patterns as CN Aa and CN AP, while CN Bp is testes specific [30].
Although isoform-specific differences in tissue distribution and cellular function have
been well characterized outside of the brain, much less is known about the expres-
sional/functional differences of CN Aa and CN Af inside the brain. However, as dis-
cussed in a later section, studies from our lab have shown that CN A« is the isoform
that exhibits the most striking changes and is most susceptible to calpain-mediated
proteolysis during the progression of Alzheimer’s disease (AD) [14, 50, 87].

3.2 Calcineurin Function in Nervous Tissue

Calcineurin is perhaps best known and characterized in T and B lymphocytes where
it coordinates transcriptional programs involved in lymphocyte activation, cytokine
production, and lymphocyte anergy [88, 89]. However, calcineurin is most abun-
dantly expressed in brain, especially in regions like the hippocampus [90], which is
important for learning and memory and highly susceptible to age-related neurode-
generative disease [91, 92]. In fact, calcineurin was originally named for its high
abundance in nervous tissue and its critical dependence on Ca?* [93]. In healthy
brain tissue, calcineurin is primarily enriched in neurons [86, 94] where it is highly
expressed in dendrites and postsynaptic spines. Glial cells, in contrast, appear to
express very low levels of calcineurin under normal conditions [94]. However, after
injury, or during aging and age-related neurodegenerative disease, activated glial
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cells (especially astrocytes) can label very intensely for the presence of calcineurin
[87, 95-97]. As discussed below, the major functions of calcineurin are likely very
different in neurons and glia.

While not nearly as promiscuous as other related serine/threonine phosphatases
(e.g., protein phosphatase 1 and 2a), calcineurin nevertheless acts on a broad range
of substrates; many of which are directly involved in the structural and functional
regulation of synapses. In neurons, calcineurin has long been known to dephos-
phorylate a host of cytoskeletal proteins involved in the dynamic modulation of
dendritic spines, including MAP2b and cofilin [98—100]. Calcineurin has also been
shown to modulate (i.e., reduce) glutamate receptor activity and/or surface expres-
sion via direct dephosphorylation of glutamate receptor subunits [101, 102] and/or
through indirect activation of protein phosphatase 1 or other accessory proteins
[103, 104]. Through these interactions, neuronal calcineurin is widely believed to
play an essential role in mediating long-term synaptic depression (LTD) [105].

In addition to its close functional association with the cytoskeleton, calcineurin is
also one of the primary mechanisms for coupling fluctuations in cytosolic Ca*" to
changes in gene expression. In neurons, calcineurin-dependent dephosphorylation of
transcription factors, such as the cyclic AMP response element binding protein, is
widely believed to underlie long-term reductions in key synaptic proteins involved in
activity-dependent plasticity and cognitive function [106, 107]. Among the numer-
ous transcription factors that exhibit sensitivity to calcineurin, perhaps none are as
closely associated with calcineurin or are more important to overall calcineurin sig-
naling than nuclear factor of activated T cells (NFATSs). These transcriptions typi-
cally reside in the cytosol in a heavily phosphorylated state when the cell is at rest
and Ca?* levels are low. However, with cellular activation and elevated Ca**, NFATs
are bound tightly by calcineurin and dephosphorylated. This event leads to the trans-
port of NFATS into the nucleus, where they remain until they are re-phosphorylated
by a variety of “NFAT kinases” and transported back to the cytosol.

NFATs are clearly best known for their role in coupling calcineurin activation in
lymphocytes to the transcriptional induction of numerous cytokines and immune/
inflammatory mediators [108]. While much less is known about NFAT functions in
neural cells, the existing data suggest these calcineurin-dependent factors play
unique roles in different cell types and are likely key players in neurologic dysfunc-
tion and disease [14]. In neurons, activation of NFATSs leads to the upregulation of
proteins involved in Ca* signaling and homeostasis including inositol type 3 recep-
tors [109, 110]. In glial cells, NFATs play a critical role in the induction of immune/
inflammatory signaling factors, including a number of cytokines [111-113]. These
functions are similar to that observed in T and B lymphocytes, as well as other
peripheral immune/inflammatory cells [108]. Interestingly, glial-specific excitatory
amino acid transporters (EAATSs), particularly Glt-1/EAAT? (i.e., the major gluta-
mate transporter in the brain), also show high sensitivity to calcineurin/NFAT activ-
ity [87, 113]. However, unlike many cytokine factors, Glt-1/EAAT2 appears to be
downregulated by calcineurin/NFAT in response to inflammatory and/or neurotoxic
insults. Thus, in addition to its immune/inflammatory functions, the glial calcineurin/
NFAT pathway also appears to be critical for regulating glutamate homeostasis.
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Similar to calpain, calcineurin is often a “usual suspect” when it comes to neuro-
degeneration associated with Ca** dysregulation (e.g., see [114]). Through its
actions on cytoskeletal proteins and glutamate receptors, neuronal calcineurin has
been shown to mediate dendritic spine retraction and/or impaired synaptic function
in response to a variety of injurious stimuli (e.g., see [115—118]). Aberrant calcineu-
rin activity has also been linked to cell death cascades through the direct dephos-
phorylation of proapoptotic factors, such as BAD [119, 120], or through the
transcriptional induction of other proapoptotic proteins such as the Fas ligand
(FasL) [121]. In glial cells, calcineurin activity induces the expression of numerous
proinflammatory mediators [97, 111-113, 122] and promotes glutamate dysregula-
tion and excitotoxicity through activation of NFAT transcription factors [87, 113].
Finally, as alluded to above, the transcriptional and posttranslational modulation of
Ca?* channels and pumps by calcineurin may be a key mechanism for promoting
and maintaining neuronal Ca** dysregulation in aging and age-related neurodegen-
erative diseases [109, 123-125].

Consistent with these observations, elevated calcineurin activity/signaling is
often observed following acute injury to nervous tissue [126, 127] or during CNS
aging [128] and/or disease [58, 87, 118, 129, 130]. In aged animals and transgenic
animal models of AD, increased calcineurin activity/expression is linked to synaptic
dysfunction [131, 132], dendritic spine irregularities [133, 134], elevated neuroin-
flammation [97, 135, 136], and cognitive decline [128, 129]. In human brain tissue,
calcineurin/NFAT signaling is elevated during the emergence of clinical symptoms
associated with AD [50, 87] and continues to increase with the progression of amy-
loid pathology and dementia [87]. Suppression of calcineurin activity using com-
mercially available immunosuppressants, or through genetic manipulations,
provides strong neuroprotection in many experimental models of acute injury [137,
138]. Glial activation and neuroinflammation in animal models of AD or stroke are
also blunted by calcineurin inhibitors (or NFAT inhibitors) [132, 135, 136], as are
numerous other biomarkers including synaptic dysfunction/degeneration [132—134,
139], amyloid pathology [132, 140], and cognitive impairment[129, 132, 141, 142].
However, despite all this evidence implicating a causative role of calcineurin in
neurodegeneration, it deserves noting that other studies have shown that calcineurin
can also activate cell survival pathways in neurons [143] and help resolve harmful
neuroinflammatory signaling in glial cells under certain conditions [112, 144]. The
precise conditions and cellular mechanisms that transform calcineurin from cellular
protector to killer remain unclear and will require further investigation.

3.3 Mechanisms for Calcineurin Regulation

Clearly, changes in the activation state of calcineurin can spell the difference
between optimal physiologic function and neurodegeneration. Consequently, mul-
tiple mechanisms are available for keeping calcineurin activity in check and/or for
directing calcineurin to its proper substrates [29]. Anchoring proteins, such as
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A-kinase anchoring proteins (AKAPs), FK-506 binding protein 12 (FKBP12), and
postsynaptic density 95 (PSD-95), can help sequester calcineurin to the membrane,
thus limiting the access of calcineurin to cytosolic substrates. Usually, calcineurin is
anchored along with other protein kinases to provide rapid and dynamic regulation
over nearby membrane channels and pumps [145]. Moreover, membrane anchoring
of calcineurin close juxtaposition to ligand and/or voltage-gated Ca®* ionophores
(e.g., NMDA receptors and L-type Ca®* channels) allows calcineurin to respond
rapidly to, and/or provide feedback regulation over, Ca®* influx. In addition to
sequestration mechanisms, calcineurin activity is also directly modulated by a hand-
ful of endogenous proteins, the most widely studied of which are cabins (calcineu-
rin binding) and RCANs ((Regulator of Calcineurin) Down Syndrome Critical
Region) [146]. These modulating proteins have gone by several different names
(i.e., cabins—cains; RCANs—MCIPs and DSCRs) depending on the species investi-
gated. Cabins and RCANSs are highly expressed in brain and exhibit distribution
patterns similar to calcineurin. While both proteins can bind to and inhibit calcineu-
rin activity in vitro and in vivo (especially when inhibitors are overexpressed),
RCANSs may also facilitate calcineurin activity at physiologic levels, depending on
the presence of other accessory proteins, as well as the phosphorylation state of
RCAN [147, 148]. Finally, similar to calpains, calcineurin shows high redox sensi-
tivity. Oxidation of the Fe**~Zn?* binuclear center in the calcineurin A catalytic
domain, due to elevated superoxide and peroxide levels, is typically associated with
reduced calcineurin activity, and a number of antioxidants have been shown to pre-
serve calcineurin function [149].

3.4 The Importance of the Calcineurin AID

Among the numerous mechanisms for calcineurin regulation, none are more impor-
tant than Ca**/calmodulin and the calcineurin AID (Fig. 2.2a). Indeed, the interac-
tion between these mechanisms is what permits discrete and high-fidelity coupling
of calcineurin activity to local Ca?* gradients [150]. Calcineurin is exquisitely sensi-
tive to Ca*" and has a Kd to Ca**-saturated CaM in the picomolar range (28—100 pM)
[151]. This value is far lower than that for other CaM-regulated enzymes, including
the CaM kinases [152]. When Ca?* is very low, calcineurin phosphatase activity is
allosterically blocked by the AID (Fig. 2.2) [150]. Binding of Ca?* to the four
EF-hand motifs of the CN B subunit during elevations in cellular Ca** triggers a
conformational change in the CN A subunit, exposing the Ca?*/CaM-binding site.
Though Ca*/CN B can, by itself, stimulate low levels of phosphatase activity and
modulate the affinity of CN A for substrate phosphoproteins [80], it is the exposure
of the calmodulin binding domain and subsequent binding of Ca*/CaM that fully
unleashes catalytic activity. Indeed, this binding event physically displaces the AID
from the CN A catalytic core region [153], where it remains fully accessible to
phosphosubstrates for as long as Ca**/CaM is bound. Subsequently, when Ca** lev-
els in the cell fall, allosteric inhibition of the catalytic domain by the AID is rapidly
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restored as Ca?*/calmodulin dissociates from calcineurin. Without the AID, calci-
neurin loses much of its sensitivity to Ca?* and, as discussed below, becomes a
highly disruptive constitutively active phosphatase (Fig. 2.1) [48].

3.5 Early In Vitro Evidence for Proteolysis
of the Calcineurin AID

It has been known since the early to mid-1980s that calcineurin is susceptible to
proteolysis in vitro. Early studies showed that exposure of the CN A/CN B holoen-
zyme to trypsin or chymotrypsin produced an enzyme complex containing the CN B
subunit and a truncated ~40-46 kDa CN A subunit [154—156]. This proteolized CN
A fragment retained physical interactions with the CN B subunit, but was incapable
of binding Ca*/CaM, and did not require CaM for high enzymatic activity.
Application of trypsin/chymotrypsin to Ca*/CaM-bound CN A resulted in slower
rates of proteolysis with the additional appearance of 57, 55, and 54 kDa CN A frag-
ments, suggesting that Ca**/CaM binding offers some degree of protection from pro-
teolysis. Interestingly, these proteolytic fragments also retained the capacity to bind
to Ca?*/CaM. In subsequent studies, CN A was shown to undergo proteolysis in vitro
by exposure to Ca** and calpain [157, 158]. Similar to earlier work, calpain protein
was applied in vitro at different Ca** concentrations, in the presence or absence of
CaM. Again, proteolysis of CN A did not affect interactions with the regulatory CN
B subunit but did produce high levels of phosphatase activity independent of Ca?*/
CaM. However, unlike earlier studies with trypsin, the presence of Ca**/calmodulin
did not protect calcineurin from calpain and instead hastened the rate of proteolytic
cleavage. Under these conditions, calpain exposure produced CN A fragments of 55
and 48 kDa, which retained some capacity to bind to and/or respond to Ca>*/CaM
[157]. These results suggest that calpain-mediated proteolysis greatly reduces but
does not fully eliminate the responsiveness of CN A to Ca?*. In contrast to CN A, the
regulatory CN B subunit does not appear to be vulnerable to proteolysis.

3.6 Effects of Overexpressing Truncated CN A
in Intact Cell Systems

The proteolysis studies discussed above provided the first evidence that calcineurin
activity is held in check by an AID located near the CaM binding domain in the
C-terminus of the CN A subunit. Later work confirmed the existence of a C-terminus
AID; demonstrated that the AID physically obscures the CN A catalytic core when
Ca?/CaM is absent; and showed that the binding of Ca>*/CaM to CN A displaces
the AID from the catalytic region. Studies on calcineurin proteolysis also led to the
development of cDNA clones that encode an ~48 kDa C-terminus truncated CN A
fragment (ACN) that retains CN B binding properties but exhibits high levels of
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activity in the absence of Ca?*/CaM. The use of ACN, combined with newly devel-
oping gene delivery techniques, provided a convenient way to produce elevated
calcineurin signaling without stimulating key cellular receptors and/or indiscrimi-
nately raising intracellular Ca* levels, which, in turn, greatly increased our under-
standing of calcineurin’s role(s) in cellular physiology. A consistent theme to
emerge from ACN overexpression studies is that unchecked calcineurin activity,
whether in peripheral tissues or in brain, leads to severe cellular dysfunction and/or
death. In primary neuron cultures, ACN has been shown to induce numerous detri-
mental outcomes including postsynaptic spine retraction, dendritic atrophy, and/or
apoptosis [118, 119, 159]. In astrocytes, ACN was found to trigger cellular hyper-
trophy and induce numerous genes involved in immune/inflammatory signaling
[97]. In intact rodents, forebrain expression of ACN caused deficits in LTP and
spatial memory [160-162]. Interestingly, these alterations are very similar to those
observed in animal models of aging, injury, and or neurodegenerative disease in
which endogenous calcineurin activity is aberrantly high.

4 Calpain Proteolysis of Calcineurin
in Intact Nervous Tissue

Given the early evidence showing that calcineurin is highly susceptible to calpain-
mediated proteolysis in vitro, it is somewhat surprising that the first demonstrations
of calcineurin proteolysis in intact cellular systems were not provided until rela-
tively recently [48]. It’s possible that the presence of proteolyzed calcineurin in
neurologic disease and other disorders escaped detection because the majority of
commercially available calcineurin antibodies target the CN A carboxy-terminus
which is, of course, missing in smaller proteolyzed calcineurin fragments.
Regardless, in the early to mid-2000s, proteolysis of calcineurin was shown to occur
in both heart and neural tissue under pathologic conditions [48, 163, 164]. Western
blots of CN A (using a primary antibody targeting amino acid residues 264-283)
performed on primary neuronal cultures exposed to an excitotoxic glutamate insult
revealed at least three truncated CN A products in conjunction with an elevation in
Ca?*/CaM-independent calcineurin activity [48]. In the same study, a similar band-
ing pattern for CN A was observed in Western blots of whole hippocampal lysates
from mice treated with a kainic acid insult. However, when nervous tissue was
treated with distinct calpain inhibitors prior to the administration of glutamate/kai-
nite, CN A appeared as a single 60 kDa band. Using matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-ProTOF/MS), it was
shown that calpains induce cleavage of the CN A subunit in vitro at amino acid resi-
dues 392, 424, and 501 resulting in cleavage products of 45, 48, and 57 kDa, respec-
tively (see Fig. 2.2c). Note that these bands corresponded very closely to the CN A
truncation products observed in cell cultures following excitotoxic injury. These
results demonstrated that the majority of the AID remains intact in the 57 kDa CN
A fragment but is excluded from the 45 and 48 kDa fragments. In addition to lack-
ing the AID, the 45 kDa fragment (but not the 48 kDa fragment) is also devoid of
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the Ca?*/CaM binding domain. The work by Wu et al. [48] not only showed that
calcineurin undergoes calpain-mediated proteolysis in intact cellular systems but
that it also likely plays a significant role in driving pathologic outcomes. Consistent
with this study, investigations across multiple laboratories have discovered calpain-
dependent proteolysis in several distinct neurologic injuries and disease states
including Alzheimer’s disease, ischemia, and glaucoma. The major findings of
these studies are highlighted in Table 2.1 and discussed further below.

4.1 Calcineurin Proteolysis in Alzheimer’s Disease

Alzheimer’s disease (AD) is a devastating and terminal neurodegenerative disorder
leading to profound cognitive deficits, personality alterations, and the eventual loss
of most all daily life skills. The pathologic hallmarks of AD are extracellular Af
plaques, intracellular neurofibrillary tangles, and extensive neuronal degeneration
and neuronal death [165]. There is also ample evidence implicating neuroinflamma-
tion [166, 167], Ca** dysregulation [16, 20], and excitotoxic mechanisms [168, 169]
in the pathophysiology of the disorder and, by corollary, calpain, and calcineurin
signaling pathways, as well.

In 2005, it was demonstrated that changes in calpain and calcineurin during AD
are extensively and directly intertwined, providing a novel mechanism for AD-related
neurologic dysfunction and degeneration [58]. In this study by Liu et al., levels of
the 57 kDa CN A truncation product were detected at significantly higher levels in
medial temporal cortex of human subjects with severe AD pathology, compared to
age-matched, non-demented control subjects. Higher levels of the 57 kDa fragment
were directly correlated with levels of the 76 kDa active calpain fragment and,
importantly, corresponded to greater calcineurin phosphatase activity. Furthermore,
levels of proteolyzed calcineurin showed a direct positive correlation with neurofi-
brillary tangle load, suggesting that calpain/calcineurin interactions play an impor-
tant role in disease pathology. Consistent with this observation, a later study from
this group showed that calcineurin proteolysis in human neocortical regions coin-
cided with elevated phospho-tau levels [170]. These results are particularly intrigu-
ing because tau hyperphosphorylation in AD was previously suggested to result
from a decrease, rather than an increase, in calcineurin activity. It therefore appears
that the relationship between calcineurin phosphatase activity and tau pathology
may be different, or perhaps more complicated, than originally proposed.

Subsequent studies have provided further evidence that calcineurin is proteo-
lyzed and activated to a greater degree during the progression of AD, though there
are some discrepancies among the reports. In 2010, Wu et al. [118] observed
increased expression of calcineurin proteolytic fragments in human AD cortical tis-
sue, but unlike the Liu et al. study [58], the calcineurin truncation product associ-
ated with AD had a molecular weight of 48 kDa and was detected primarily in
nuclear fractions. Increased nuclear localization of the 48 kDa fragment corre-
sponded to increased nuclear levels of the NFAT3 isoform. Similar observations
were observed in primary neuronal cultures from transgenic amyloidogenic mice.
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Moreover, forced overexpression of the 48 kDa calcineurin fragment in wild-type
neuron cultures recapitulated dendritic dystrophy and spine loss typically observed
with elevated amyloid levels. Whether the 48 kDa calcineurin fragment found in
human AD tissue resulted from increased calpain-mediated proteolysis was not
investigated in this study.

A year later, Mohmmad Abdul et al. [50] reported an increase in the expression
of the 48 kDa CN A product in the hippocampus of human subjects diagnosed with
mild cognitive impairment (MCI): a putative transition state between normal age-
related cognitive decline and AD-related dementia [171]. Generation of the 48 kDa
fragment showed a direct positive correlation with levels of the activated calpain 1
fragment, suggesting an increased interaction between calpain and calcineurin dur-
ing the early clinical stages of AD. While both the CN Aa and CN A isoforms each
exhibited signs of proteolysis in human brain tissue, significant differences between
subject categories were only observed for the CN Ao isoform. Consistent with an
earlier report [172], proteolytic conversion of full-length CN A« to the 48 kDa frag-
ment as assessed by Mohmmad Abdul et al. [50] was also observed in primary rat
hippocampal cultures 24 h after treatment with cytotoxic amyloid peptides (also see
Fig. 2.2d). This proteolysis was associated with increased NFAT transcriptional
activity, elevated proteolysis of the NR2B isoform of the NMDA receptor, and
increased neuronal degeneration. Blockade of calpain activity significantly attenu-
ated each of these effects, while inhibition of caspase 1 was largely ineffective,
suggesting selective involvement of calpains in calcineurin proteolysis.

Interestingly, unlike the Wu et al. [118] report, the 48 kDa CN A fragment
reported by Mohmmad Abdul et al. [S0] was localized to cytosolic, rather than
nuclear, fractions. The reason for this discrepancy is unclear but may be due in large
measure to disease severity. Work on cardiomyocytes suggests that maintenance of
truncated calcineurin in the nucleus may be more disruptive to cellular structure and
function than cytosolic calcineurin [164]. It’s possible that the nuclear localization
of calcineurin AD brain results from a more toxic stage of Ca*" dysregulation. If
true, nuclear localization of proteolyzed calcineurin may reflect a critical transition
state between MCI and AD-related dementia.

4.2 Brain Ischemia/Hypoxia

Brain ischemia resulting from stroke or other vascular accidents can cause irrevers-
ible neuronal damage and/or death due to excitotoxicity and/or other deleterious
processes. Recent studies on several rodent species subjected to ischemic insults
(i.e., carotid artery occlusion) discovered the appearance of truncated CN A products
in damaged brain tissue, in conjunction with elevations in activated calpain and/or
with the breakdown of spectrin, a major calpain substrate [121, 173, 174]. In one
report by Shioda et al. [174], proteolysis of calcineurin to a 48 kDa fragment occurred
within hours of the ischemic insult and was associated with an increase in Ca?*/CaM-
independent phosphatase activity along with an increase in the nuclear localization
of NFAT4 in hippocampal CA1 pyramidal neurons. A follow-up study from this
group suggested that proteolytic activation of calcineurin after ischemia underlies
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delayed neuronal death in the hippocampus [121]. Neuronal loss was hypothesized
to occur via the nuclear translocation of NFAT4 and forkhead, followed by the tran-
scriptional induction of the proapoptotic factor, FasL. Indeed, each of the events in
this pathway was prevented in ischemic animals treated with the calcineurin inhibi-
tor, FK-506. In the Rosenkranz et al. study, a proteomics approach was used to iden-
tify modified proteins following perinatal hypoxic—ischemic brain damage in rats
[173]. CN A was among the proteins significantly upregulated after ischemia. In
addition to elevated levels of full-length calcineurin, several CN A truncation prod-
ucts were also observed including 54, 48, and 46 kDa fragments. The appearance of
these smaller calcineurin products were associated with reduced phosphorylation of
the calcineurin substrate, DARP32, suggestive of elevated calcineurin activity.

4.3 Glaucoma

Glaucoma is one of the leading causes of blindness and involves the progressive
death of retinal ganglion cells (RGC), followed by the degeneration of optic nerve
fibers. Increased intraocular pressure (IOP), which leads to RGC apoptosis and optic
nerve degeneration in experimental models (e.g., see [175, 176]), is widely believed
to be a primary cause of glaucoma [177]. In 2005, a study by Huang et al. [178]
reported on the progressive accumulation of a 45 kDa CN A fragment in rat retina
during treatments that increase IOP. A similar calcineurin proteolytic fragment was
also observed in retinal cell lysates harvested from transgenic mice that spontane-
ously develop increased IOP and other glaucoma-like symptoms. The appearance of
the 45 kDa CN A fragment coincided with a reduction in the phosphorylation state
of the proapoptotic factor BAD and an increase in the mitochondrial release of cyto-
chrome C. Consistent with previous reports linking calcineurin to mitochondrial
dysfunction and apoptosis [119, 159], pretreatment of rats with the calcineurin
inhibitor FK-506 suppressed the dephosphorylation of BAD, reduced cytochrome C
release, and ameliorated RGC death and degeneration. Using MALDI-ProTOF/MS
to identify cleavage sites in CN A, a follow-up study from the same research group
suggested that IOP-related calcineurin proteolysis is most likely attributable to the
activation of calpains, rather than other proteases, such as caspases [62].

5 Unresolved Issues and Future Avenues of Research

5.1 Calpain/Calcineurin Interactions in Brain:
Role of Different Isoforms and the Contribution
of Different Cell Types

There are multiple isoforms of calpain and at least two major CN A isoforms
expressed in brain. As alluded to above, we know relatively little about isoform-
specific differences in calcineurin, in terms of function and distribution in the brain.
However, our previous work on human AD tissue indicates that disease-related
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changes in both the subcellular localization and proteolysis of calcineurin are far
more prominent for the CN A isoform [50, 87]. It’s possible that the different CN
A isoforms show different patterns of co-localization with calpains or interact with
different affinities to the calpains, among other possibilities. One complicating fac-
tor in resolving this issue is that we don’t really know which cell types exhibit cal-
cineurin proteolysis. Most investigations of calpain/calcineurin interactions have
dealt with neurodegenerative processes in neurons (discussed above and see
Fig. 2.3). However, in recent years it has become increasingly clear that calcineurin
also appears at high levels in activated glial cells, especially astrocytes [97], where
it likely contributes to increased neuroinflammation during aging, injury, and dis-
ease. Calpains, too, are found in activated astrocytes and microglia with certain
types of injury [179-182], and there is evidence that several astrocyte-enriched pro-
teins, including the glial fibrillary acidic protein (GFAP) and vimentin, are targets
of calpain-mediated proteolysis [183, 184].

Early work in spinal cord tissue further showed that calpain inhibitors attenuated
several markers of gliosis following acute injury [185], suggesting that calpains
may help drive astrocyte activation. If so, neuroinflammatory signaling in glial cells
may be yet another disease-related process in which calpains and calcineurin are
common mechanisms (Fig. 2.3). This possibility raises an interesting dilemma: i.e.,
are calpain and calcineurin inhibitors neuroprotective because they suppress harm-
ful neuroinflammatory cascades? Or, do calpain and calcineurin inhibitors reduce
neuroinflammation by stemming neurodegeneration and/or apoptosis? The extent to
which calpain-mediated proteolysis contributes to calcineurin signaling in glial
cells is not presently known and difficult to assess in intact tissue with available
research tools. Although N-terminus antibodies to the CN A subunit detect the
appearance of full-length and truncated forms of CN A in Western blots, these anti-
bodies do not make a distinction between full-length and truncated forms in immu-
nohistochemistry applications. Thus, until a primary antibody is generated that
selectively identifies CN A proteolytic products (i.e., recognized proteolyzed but
not full-length CN A), it will be very difficult to determine where (i.e., which cell
type) calcineurin is actually proteolyzed in heterogeneous tissues, such as brain.

5.2 Are There More Effective Ways to Selectively Target
Calpain/Calcineurin Interactions for Therapeutic
Purposes?

The evidence to date suggests that calpain/calcineurin interactions are possibly an
important upstream mechanism of numerous deleterious changes associated with a
variety of neurodegenerative diseases. A critical question is this: can the physical
interaction between calpains and calcineurin be exploited for the development of
new treatment strategies? Separately, calpain and calcineurin inhibitors have shown
neuroprotective properties in numerous disease models. However, the use of these
inhibitors in the clinic is fraught with many difficulties. For instance, commercially
available calcineurin inhibitors are notorious for their numerous adverse effects,
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Fig. 2.3 Calpain/calcineurin interactions in neurons and astrocytes. Cartoons showing putative
functions/outcomes of calpain/calcineurin interactions in neurons (fop panel) and astrocytes (bot-
tom panel). Based on the literature discussed, calpain-mediated proteolysis of calcineurin in neu-
rons is strongly linked to neurodegenerative processes. Dephosphorylation of BAD leads to its
translocation to the mitochondrial membrane and the subsequent release of cytochrome C, fol-
lowed by caspase activation and apoptosis (e.g., see [119, 178]), while activation of NFAT3 and 4
isoforms triggers the transcriptional induction of the FasL proapoptotic factor and/or hastens the
degeneration of dendrites and synapses (e.g., see [118, 121]). Though astrocytic calpain/calcineu-
rin interactions (bottom panel) have yet to be investigated extensively, both appear at high levels in
activated astrocytes as a result of injury. In astrocytes, calpain-dependent proteolysis of calcineurin
could lead to extensive activation of the NFAT1 isoform followed by the upregulation of numerous
cytokines involved in neuroinflammation, as well as the downregulation of EAATSs resulting in
excitotoxicity (e.g., see [87, 97, 111-113]). Note that calpain/calcineurin interactions in either cell
type could lead to deleterious processes common to many neurologic disorders. CP calpain, CN
CN, Cyt. C cytochrome C, Mito. mitochondria, CaM calmodulin, AID autoinhibitory domain
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many of which are potentiated in elderly populations, who also show greatest sus-
ceptibility to neurodegenerative disease [186]. The relatively high level of toxicity
associated with these drugs is very likely due to their poor specificity. Indeed, the
most commonly used calcineurin inhibitors (cyclosporine and tacrolimus) are well
known to bind to an inhibit immunophilins [30], which participate in many
calcineurin-independent signaling cascades [187]. In addition, calcineurin is ubiq-
uitously expressed and has pleiotropic functions all of which are suppressed by
calcineurin inhibitors. Based on the toxic responses to these drugs, it seems clear
that many calcineurin and immunophilin-dependent signaling pathways are critical
for cell function and viability and should be left unperturbed.

The ideal drug or treatment would prevent calpain from proteolyzing CN A into
a constitutively active fragment but would not interfere with the normal activation
of calpains and calcineurin or interfere with the interactions of these enzymes with
other substrates. This would require extensive investigation into the molecular
mechanisms through which calpains recognize, bind to, and proteolyze the CN A
subunit. Is there something unique about the primary sequence of CN A that makes
it a good substrate for calpain? Is there a way that we could pharmacologically
modify the CN A subunit to permit normal Ca?*/CaM binding but exclude binding
of calpain? In this regard it may be instructive to consider strategies that have been
used successfully to disrupt calcineurin interactions with NFATS for the purpose of
developing safer and more effective immunosuppressive agents. Calcineurin inter-
acts with NFATs, in part, by binding to a specific amino acid substrate, PxIXIT,
located upstream from the NFAT DNA binding domain. In the late 1990s, Rao and
colleagues developed a peptide (i.e., MAGPHPVIVITGPHEE or VIVIT) based on
the PxIXIT sequence in an attempt to disrupt calcineurin/NFAT interactions [188].
VIVIT was shown to prevent NFAT activation as effectively as commercial calci-
neurin inhibitors but did not inhibit calcineurin catalytic activity, per se, in vitro.
Since this report, VIVIT has been used by many labs as an alternative to calcineurin
inhibitors for the study of diverse processes in numerous and distinct cell types.
Proof of principle studies on intact animal models has also shown the potential of
VIVIT as a prophylactic in allogenic tissue transplants [189] and as a neuroprotec-
tant in AD-like amyloid pathology [132, 133]. Development of similar peptide or
chemical-based reagents to selectively prevent calpain/calcineurin interactions
could have a similar impact on therapeutic strategies for treating neurodegenerative
disease. At the least, reagents of this type would rapidly advance our understanding
of the specific functional consequences of calpain/calcineurin interactions and
would therefore have great value to basic research.

6 Conclusions

Calpain and calcineurin are fascinating enzymes and important effectors of Ca?*-
mediated neurotoxicity. Recent work has shown us that calpain and calcineurin are
not merely regulators of their own discrete signaling pathways but interact exten-
sively. This interaction could prove to be a key step in the transition from normal
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cellular function to pathological function. Extensive work will be necessary to
determine not only when, but where, calpain/calcineurin interactions occur.
Moreover, a greater understanding of the molecular basis of this interaction could
lead to more specific and effective therapies for a variety of neurodegenerative
disorders and diseases.
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Chapter 3
Involvement of Caspases in the Pathophysiology
of Neurodegeneration and Stroke

Alakananda Goswami, Prosenjit Sen, Kuladip Jana, and Sanghamitra Raha

Abstract A family of proteases known as caspases is a key element in the
proteolytic machinery involved in apoptosis or programmed cell death. Apart from
their involvement in cell death, caspases are also associated with the developmental
process and other normal functions of adult organisms. Caspases are named such
because they constitute a family of cysteine proteases which always cleave an Asp
residue in their substrates. Stroke results from a rapid malfunctioning of the brain
due to lack of blood supply and is a major health threat producing mortality and
morbidity. Majority of strokes are ischemic (80 % of all strokes) and the rest are
hemorrhagic. Both forms of divergent cell death mechanisms, necrosis, and apopto-
sis are observed at different spatial region of ischemic attack. Involvement of mul-
tiple caspases in stroke has been documented with caspases 1, 3, 8, 9, and 11 playing
major roles. Many neurodegenerative diseases result from loss of functional neurons
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from the brain through enhanced death of neurons. Neurodegenerative diseases are
usually late onset and progressive. Among the most common neurodegenerative
disorders in aging populations worldwide, Alzheimer’s disease (AD) and Parkinson’s
disease (PD) definitely warrant mentioning. Abnormal protein deposits in specific
regions of the brain give rise to both these diseases triggering reactive oxygen spe-
cies formation and mitochondrial dysfunction. Caspases are activated by these
changes resulting in loss of neurons through cell death. In this review we provide a
brief overview of the involvement of caspases in diseases associated with the impair-
ment of brain function.

Keywords Stroke * Parkinson’s disease ® Alzheimer’s disease ® Caspase ® Apoptosis

1 Introduction

Knowledge of two fundamental types of cell death, apoptosis and necrosis, has
existed since long ago [1]. Cells are known to die in two different ways: traumatic
death through accidental injury or exposure to cytotoxic chemicals, resulting in swell-
ing, bursting, and flooding out the internal components [2, 3]. But cells may also
undergo a controlled death termed “apoptosis” or “programmed cell death.”
Apoptosis, a word coined in the nineteenth century [4] and described in Kerr et al. [5],
refers to a specific form of programmed cell death. In the face of an apoptotic trigger,
the major cellular regulatory systems will collapse and the internal cellular machinery
will be taken apart. The small pieces of the disintegrating apoptotic cells will finally
be consumed by neighboring cells. Apoptosis progresses through plasma membrane
asymmetry, condensation of nucleus and internucleosomal cleavage of DNA [6].
Finally, apoptotic cell forms “apoptotic bodies” which is rapidly consumed by phago-
cytes without causing any localized inflammation [7]. Apoptosis, or programmed cell
death, plays a central role in the development and homeostasis of all multicellular
organisms, for the proteolytic cleavage of a broad spectrum of cellular targets, leading
ultimately to cell death. Alterations in apoptotic pathways have been linked to numer-
ous human pathologies such as cancer and neurodegenerative disorders [8].

A proteolytic system of the apoptotic machinery involves a family of proteases
known as caspases as the core component [9, 10]. Caspases are essential in cells for
apoptosis in development and almost every stage of adult life. The critical involve-
ment of a cysteine protease Ced-3 in apoptosis was first discovered in the nematode
Caenorhabditis elegans [11]. Since then, ample evidence has demonstrated that the
mechanism of apoptosis is evolutionarily conserved. Caspases are a family of cys-
teine proteases which always cleave an Asp residue in their substrates, and thus they
are named “caspase”: c, cysteine protease and “asp,” strong aspartate preference
[12]. In C. elegans cell death, the most important elements are the two genes Ced-3
and Ced-9. Homology of these genes was found with vertebrate counterparts: the
caspase family and the Bcl-2 family [11, 13]. This knowledge facilitated the entry
of apoptosis into the mainstream of modern biology. Thus, the importance of
caspases began with the discovery that the C. elegans Ced-3 gene encodes a
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Fig. 3.1 The caspase family. Three major groups of caspases are presented diagrammatically
according to functional segments. The CARD, DED, and the four surface loops (L.1,L.2,1.3,L.4) that
shape the catalytic groove are indicated. The catalytic residue Cys is shown as a red line at the
beginning of loop L2. Group I: Apoptosis initiator caspases; Group II: Inflammatory caspases;
Group III: Apoptosis effector caspases

homologue of the independently identified human interleukin-1p-processing
enzyme (ICE) [14] involved in inflammation. The caspases work on a specific
sequence in their target proteins, typically cleaving next to aspartate amino acids.
Expression of either Ced-3 or ICE in mammalian cells induced cell death. ICE
became the first member (caspase 1) of a family of proteases dependent on a cyste-
ine nucleophile to cleave motifs possessing aspartic acid (aspase) [15]. Identification
of at least 14 distinct mammalian caspases has taken place; their orthologs were
found to be present in species as diverse as the nematodes to the dipteran and the
lepidopteran (Fig. 3.1). Even though the first mammalian caspase, caspase 1 or ICE,
was identified as a key mediator of inflammatory response, 8 of the 14 caspases were
described to possess apoptotic functions. Of the 14 members of the caspase family,
seven are classified [16] as cytokine-processing enzymes comprising caspase 1 [17],
caspase 4 [18], caspase 5 [19], caspase 11, caspase 12, caspasel3, and caspase 14
[20], and the other seven are classified as apoptosis-related enzymes comprising
caspase 2 [21], caspase 3, caspase 6, caspase 7, caspase 8 [22], caspase 9 [23], and
caspase 10. The caspases 2, 8, 9, and 10 trigger apoptosis and are known as upstream
or initiator caspases; they activate the executioner or downstream caspases compris-
ing caspases 3, 6, and 7 which ultimately execute apoptotic cell death [12, 24, 25].
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Caspases carry out inflammatory, death-inducing, and normal developmental
functions. Many disease processes are accompanied by activation of many cas-
pases. Here we plan to concentrate on the vital roles played by caspases in the brain
which are associated with ischemic stroke and neurodegenerative disorders such as
PD and AD.

2 Structural Aspects of Caspases

Caspase proteins are formed as inactive zymogens containing N-terminal prodo-
mains. Key regulatory proteins such as Rb (retinoblastoma protein) are cleaved sup-
pressing cell-cycle progression, and nucleic acid synthesis is inhibited through
damage to polymerases. Cleavage of the major enzymes required for homeostasis
and repair results in the destruction of these vital mechanisms. Cytoplasmic actin
and nuclear lamins are specifically dismantled. Fragmentation and condensation of
the genetic material takes place through activation of the DNA fragmentation factor
(DFF). The lipids in the cell membrane are subtly changed, signaling to neighboring
cells that the apoptotic process inside the cell is on. Crystallographic studies revealed
that the active caspase is a tetramer of two heterodimers, thus containing two active
sites. Upstream initiator caspases are capable of autocatalytic activation and gener-
ally have a long prodomain. Downstream effector caspases need initiator caspases
for their activation by cleavage. A well-designed amino acid library scan identified
an optima of four amino acid motif situated N-terminal to the aspartic acid cleavage
site for each caspase, which helps define substrate specificity as well as specific
peptide inhibitors for caspases [26]. In General, caspases are specific proteases rec-
ognizing at least four contiguous amino acids, named P4, P3, P2, and P1, and are
known to cleave after the C-terminal residue (P1), usually an Asp. Although the P1
residue was thought to be exclusively Asp, recent studies indicate that some cas-
pases can also cleave after Glu [27].

Caspases are zymogens; structurally all procaspases contain a highly homolo-
gous signature motif protease domain, distinctive of the family of caspases. The
protease domain is divided into two subunits, large subunit of about 20 kDa, p20,
and a small subunit of about 10 kDa, p10 [20, 28]. In a number of procaspases, the
p20 and p10 subunits are separated by a small linker sequence. This is followed by
N-terminal prodomain of variable length. Caspases are usually divided into three
major groups based upon length, structure, and function of the prodomain. Group I
(inflammatory caspases) are the caspases with long prodomains (over 100 amino
acids); group II are initiator of apoptosis caspases, while group III are effector cas-
pases with a short prodomain of 20-30 amino acids.

The long prodomains contain distinct structural motifs which belong to “death
domain” (DD) superfamily. DDs are 80—-100 residue long motifs involved in the
transduction of the apoptotic signal. This superfamily consists of the “death effector
domain” (DED) and the “caspase recruitment domain” (CARD). A novel motif
termed as the “death-inducing domain” (DID) was also recently identified.
Procaspases 8 and 10 each contain two tandem copies of DEDs, whereas the CARD
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domain is found in caspases 1, 2,4, 5, and 9 and caspase 3 [29]. Each of these motifs
interacts with other proteins by homotypic/homophilic interactions and has
important roles in procaspase activation. DD superfamily members are identified by
structural similarity that includes six or seven antiparallel, amphipathic a-helices.
Structural likeness of all recruitment domains is indicative of a common evolutionary
origin [30]. But DD and CARD contacts occur through electrostatic interactions,
whereas DED connections are made by hydrophobic interactions [31]. Cleavage of
a procaspase at the specific Asp-X bonds results in the formation of the mature
caspase, which comprises the heterotetramer p20—p10 and causes release of the
prodomain. Studies on active caspases 1 and 3 suggest release of large and small
subunits from the procaspase through proteolytic processing and requiring both
subunits for the protease activity. X-ray structures determined for mature caspases
1,2,3,7,8,and 9 indicated that the overall structural design of all caspases is simi-
lar and revealed that the mature caspase is a heterotetramer with two adjacent small
subunits surrounded by two large subunits [20]. In the caspase heterotetramer, the
two heterodimers align in a head-to-tail fashion. Correspondingly, two active sites
are positioned at the opposite ends of the molecule making up four active sites in the
heterotetramer. The active center comprises amino acid residues from both subunits.
The activation of procaspase involves the proteolysis of inter-domain linker and
subsequently of the prodomain [10]. Caspase activation may proceed through auto-
activation via oligomerization [32], death receptor, or mitochondrial pathway-
induced transactivation and proteinase-evoked proteolysis (granzyme B, cathepsin
G, calpains, and apoptotic serine proteinase (p24)) [23, 29].

3 Pathways Which Influence/Activate Caspase Cascade

Four pathways to caspase activation during apoptosis have been established as fol-
lows: (a) mitochondria-mediated pathway, (b) death receptor-mediated pathway, (c)
granzyme B-mediated pathway, and (4) the endoplasmic reticulum (ER)-mediated
pathway.

3.1 Mitochondria-Mediated Pathway

Chemotherapeutic agents, UV radiations, oxidative stress, and growth factor with-
drawal appear to mediate apoptosis via mitochondrial pathway. In apoptosis mito-
chondria undergoes two major changes: first, the outer mitochondrial membranes
become permeable to proteins, resulting in the release of proteins normally found in
the space between the inner and outer membranes (include cytochrome c¢ and
apoptosis-inducing factor); and secondly, the transmembrane potential of inner
mitochondrial membrane is reduced [33, 34]. The release of cytochrome c forms a
heptameric wheel-like caspase-activating apoptosome. The components of apopto-
some (Cyto C, Apaf-1, dATP, and procaspase 9) lead to the formation of a situation
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Fig. 3.2 Schematic overview of caspase signaling in two pathways of apoptosis. Engagement of
either the extrinsic or the intrinsic death pathways leads to the activation of the initiator caspases
by dimerization at multiprotein complexes. In the extrinsic pathway, the DISC is the site of activa-
tion for caspase 8 and interaction with its ligands, death receptors recruit adaptor protein, and ini-
tiator caspases. The active sites are represented by red stars. Active initiator caspase activate the
effector caspase to induce apoptosis. Stimulation of the intrinsic death signals stimulate mitochon-
dria directly resulting in the release of cytochrome c that bind to an adaptor protein Apaf-1 and
recruit initiator caspase 9. Active caspase 9 activates effector caspases to induce apoptosis. Caspase
9 is shown as having one active site as seen in its crystal structure. However, the number of active
sites in vivo is unknown. Following activation, the initiator caspases then cleave and activate the
effector caspases 3 and 7 to induce apoptosis

for processing and activation of caspase 9. Caspase 9 has a CARD in the N-terminus,
which is the key site to associate with Apaf-1 and cytochrome c [20, 35]. Activation
of caspase 9, in turn, cleaves effector caspases, e.g., caspases 3, 6, and 7 [36]
(Fig. 3.2). The effector caspases cleave the target proteins resulting in a disciplined
and controlled way to cell death. In this pathway of apoptosis, caspases 3 and 9 are
the most important as their activities influence the process of apoptosis as well as
the type of cell death. Deregulation of this type of apoptotic process can lead to
many diseases and pathological disorders including cancer, autoimmunity, and neu-
rodegeneration. Therefore, caspases, the major executioners of cell death, could be
used as potential targets for the development of therapeutic approaches.
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3.2 Death Receptor-Mediated Pathway

The involvement of membrane receptors is required in death receptor pathway.
Members of tumor necrosis factor receptor (TNFR) superfamily of which TNFR
and Fas are best characterized and share a distinct death domain (DD) within their
cytoplasmic tails [37]. After their association with corresponding DD-containing
ligands, oligomerization, and/or a conformational change in the receptor occur.
Then recruitment of an adaptor molecule, Fas-associated death domain (FADD) or
TNF receptor-associated death domain (TNFADD), and procaspase 8 (probably
procaspase 10 also) form the death-inducing signaling complex (DISC) [38, 39].
TNFR2, a TNF receptor-related member without a death domain, engages only
TNF receptor-associated factor-2 (TRAF2) and consequently do not have an effect
on the TRADD-dependent apoptotic pathway [38]. At the DISC, procaspase 8§ is
processed and caspase 8 ensures the direct activation of caspase 3 [20]. Thus, the
mitochondrial pathway and the death pathway converge on caspase 3. Caspase 3
then can cleave a series of proteins such as PARP, a DNA repair enzyme, nuclear
lamins, gelsolin, and fodrin [20]. The two apoptotic pathways can be linked through
Bid (usually found in the cytosol and is cleaved by caspase 8 to form a truncated
protein, tBid), a proapoptotic BH3-only member of the Bcl-2 family of proteins
[40]. tBid translocates to the mitochondria where tBid activates Bax, initiating the
release of cytochrome c¢ and mitochondrial dysfunction [37]. A cross talk between
the receptor and mitochondria-mediated pathways can amplify caspase activation
necessary for apoptosis. In fact, more recent studies focus on multiple signal trans-
duction cascades that trigger cells to undergo apoptosis (Fig. 3.2).

3.3 ER-Mediated Pathway

If cells are exposed to endoplasmic reticulum (ER) stress, caused by agents such as
tunicamycin (a special inhibitor of N-glycosylation in the ER) and brefeldin A (an
inhibitor of ER/Golgi transport), misfolded or unfolded proteins (as ER is the site of
assembly of polypeptide chains) accumulate in the ER lumen [41]. Thus, ER is
another center of regulation for cell death [42]. In this pathway, caspase 12, specifi-
cally localized on the cytoplasmic (outer) side of the ER, is thought to be an initiator
caspase and plays a very important role [43]. Like most other members of the cas-
pase family, caspase 12 needs separation of the prodomain for activation. Several
likely molecular mechanisms for the processing of caspase 12 have been proposed.
Caspase 12 is initially processed at the N-terminal region by the protease calpain,
which is activated by ER stress. Caspase 12 is an inactive enzyme in humans, and it
has also a caspase recruitment domain, like caspase 9; so it may be possible that like
caspase 9, caspase 12 is also activated by its association with an Apaf-1-like protein
[44, 45]. A Bcl-2 protein targeted to the ER, Bcl-2/cb5, inhibits ER-stress-mediated
cytochrome c release [46]. Thus, the release of cytochrome c has a critical role in
ER-stress-mediated apoptotic pathway.



54 A. Goswami et al.
3.4 Granzyme B-Mediated Pathway

The two major populations of cytotoxic lymphocytes, natural killer cells and
cytotoxic T lymphocytes (CTLs), have an essential role in the clearance of virally
infected cells and tumor cells. The central mechanisms of cytotoxicity used by these
cells are the stimulation of the Fas death pathway and granule exocytosis [47].
In granule exocytosis, two proteins are required: perforin (pore-forming protein
facilitates the delivery of other granule components into target cells) and granzyme
B (serine proteinase with substrate specificity similar to caspase family of apoptotic
cysteine proteinase). The architecture of the substrate-binding site of granzyme B is
designed to accommodate and cleave hexapeptides [48]. Cell death can be induced
by granzyme B through two complementary pathways: a cytosolic pathway which
includes activation of proapoptotic caspases and a nuclear pathway possibly com-
prising a cell-cycle-regulating protein and/or Cdc2 kinase activation. They play an
important role in human pathologies such as transplant rejection, viral immunity,
and tumor immune surveillance. Releasing from the CTL, granzyme B binds to
receptor and is endocytosed but remains arrested in endocytic vesicles until released
by perforin. In the cytosol, the granzyme B targets caspase 3 and triggers the cas-
pase cascade which culminates in apoptosis. However, granzyme B initiates caspase
processing, but it cannot fully process procaspase 3. The full activation may involve
other proapoptotic mediators such as cytochrome ¢, Smac/Diablo, and Htra2/omi,
which are released from mitochondria. Bcl-2 overexpression inhibits the release of
these proapoptotic molecules from the mitochondria, bringing about cell survival
even in the presence of partial procaspase processing by granzyme B [49]. Other
reports have demonstrated that in the absence of caspases, granzyme B can still
initiate mitochondrial events via the cleavage of Bid [48].

4 Caspases and Neurodegenerative Diseases

Neurodegenerative diseases result from loss of functional neurons from the brain.
Many neurodegenerative diseases are late onset and progress as the patient ages.
In many aging populations across the globe, incidence of Alzheimer’s disease and
Parkinson’s disease is becoming increasingly prevalent [50, 51]. Apart from the
aging process, no common causative factors may be common to the diseases.
However, subcellular changes documented in the brains affected by the two diseases
bear many similarities (Fig. 3.3). Abnormal protein aggregates are observed in the
brains affected by both these diseases [52].

4.1 Parkinson’s Disease

Both motor and cognitive dysfunctions are salient features of Parkinson’s disease
(PD) [53]. Progressive loss of motor function resulting in resting tremor, abnormal
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gait, rigidity, and dementia is often observed in Parkinson patients. Both neurotoxic
substances and genetic mutations may be the cause of disease initiation. The disease
is characterized by progressive loss of dopaminergic neurons in the substantia nigra.
a-synuclein is a protein which accumulates in these neurons, and protein aggrega-
tion triggers oxidative stress and mitochondrial malfunction. Loss of dopaminergic
neurons through cell death is an important element in Parkinson’s disease pathol-
ogy. a-synuclein is thought to be a key player in the cytotoxicity as expression of the
mutant forms of the protein, or overexpression of the normal gene may result in cell
death [53-57]. Cell death is triggered by a-synuclein accumulation in the presence
of dopamine in human neuronal cells revealing the reason for selectivity of the toxic
effects for dopaminergic neurons [57]. Accumulation of protein aggregates which
includes a-synuclein triggers apoptosis mediated by reactive oxygen species [55].
Experimental Parkinson’s disease-like symptoms were produced in animals through
administration of neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) or 6-hydroxydopamine (6-OHDA) [55, 58, 59]. It was found that under
these experimental conditions, significant activation of caspases, namely, caspases
8,9, and 3 occurred [55, 59, 60]. Similar results were obtained when human neuro-
nal cell lines were treated with these neurotoxins [61]. Increasing the expression of
mutant a-synuclein in PC 12 cells resulted in induction of mitochondrial cell death
pathways corroborated by mitochondrial cytochrome c release and heightened
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activity of caspases 9 and 3. Inhibitors of caspases 9 and 3 partially reversed the
cytotoxicity [62]. Furthermore, endoplasmic reticulum (ER) stress was also detected
to be present as expression of mutant a-synuclein triggered the activation of caspase
12, and specific inhibitors of these caspases resulted in a complete inhibition of cell
death [63]. Presence of activated caspase 3 was demonstrated in the substantia nigra
of PD patients [64, 65]. Researchers have reported that in 1-methyle-4-phenyl-
1,2,3,6-tetrahmydropyridine (MPTP)-induced Parkinsonian syndrome, gene dis-
ruption of caspase 3 protected mice from PD-like symptoms and decreased tyrosine
hydroxylase expression in the nigra-striatum [59]. Inherited forms of PD result from
mutations in certain genes among which mutation in LRRK?2 is very common.
Primary neuronal cells expressing mutant LRRK2 activate caspase 8 through
increased activity of the cell death receptor pathway [66].

4.2 Alzheimer’s Disease

Among the neurodegenerative disorders affecting the elderly population,
Alzheimer’s disease (AD) is most common. The disease progresses by causing
gradual memory loss and cognitive impairment [67]. Postmortem examination of
brains of AD patients revealed the presence of beta-amyloid (Ap) plaques and neu-
rofibrillary tangles (NFT) in neurons of brain regions responsible for learning and
memory [67, 68]. AP aggregates predominantly comprised AP plaques. Ap is pro-
duced in neurons through the actions of enzyme f and y secretase on amyloid
precursor protein (APP). Two predominant forms of Af are produced through
action of y secretase. The shorter form with 40 amino acids residues is known to be
less toxic, and a longer form with 42 amino acids is more toxic and forms oligo-
mers resulting in Ap aggregates [51, 67, 69]. NFTs are composed of the protein tau.
In a normal brain, tau is associated with microtubules and is involved in axonal
transport [70].

In AD tau is hyperphosphorylated and loses its normal function and produces
NFTs. Hyperphosphorylation of tau is preceded by AP oligomer formation [51].
Oxidative stress and mitochondrial dysfunction have been associated with both Af
oligomer formation and tau pathology in AD.

Considerable evidence exists for potentially linking caspase activation and Af
and NFT formation. However, studies on animal models directly confirmed this
hypothesis. LaFerla and colleagues developed triple transgenic mice [71], termed
3xTg-AD mice expressing mutant PS1 (presenilinl a gene affected by familial AD),
APP, and tau. A progressive development of both plaques and tangles with plaques
taking place prior to tangle formation was observed in these mice. Rohn and his
colleagues [72] also generated mice which overexpressed antiapoptotic protein Bcl-
2, termed as 3xTg-AD/Bcl-2. Overexpression of Bcl-2 in the neurons of 3xTg-AD
mice blocked the caspase activation and the cleavage of tau leading to its accumula-
tion within neurons. That caspase cleavage of tau is an important step towards NFT
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formation was indicated by the absence of fibrillary tangle formation in 3xTg-AD
mice overexpressing Bcl-2 even in the presence of high protein levels of tau.
Caspase 8 and consequently caspase 3 activation through death receptor signaling
were linked to Ap toxicity in neuronal cell lines [73]. The exposure of primary corti-
cal neurons to AP of 42 amino acids resulted in a loss of mitochondrial membrane
potential, increase in ROS levels, and activation of caspase 9 and caspase 3 [74].
Induction of the extrinsic apoptotic pathway resulting in the activation of caspase 8
and 9 through tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
death receptors DR4 and DR5 by Af oligomers has also been documented in human
microvascular cerebral endothelial cells [75]. In neuronal LANS cells, AP oligomers
were shown to activate mainly caspase 9, but insoluble aggregates activated mainly
caspase 8 suggesting that they are unable to activate an internal pathway. The
authors suggest that the aggregates mimic the extracellular plaques and activate a
death receptor activating caspase 8, whereas the diffusible oligomers may cross the
neuronal membrane triggering the intrinsic apoptotic pathway [76].

A crucial role for caspase 6 [77] in axonal degeneration has been described in a
neurodegenerative disorder like AD. Induction of the extrinsic apoptotic pathway
takes place through activation of death receptor 6 (DR6) by N-terminal APP frag-
ment (NAPP) fragment cleaved by f-secretase. Activation of DR6 leads to an
increase in caspase 6 activity with consequent axonal degeneration which is an
important feature of AD.

The studies discussed above suggest a clear indication that caspases are involved
in the etiology associated with AD and PD. Therefore, a question whether targeted
inhibition of this class of proteases will offer an effective approach to treat this dis-
ease may be raised. To get the answer to this question, it may be important to look
for pharmacological agents which target caspases. The pan-caspase inhibitor
N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl-ketone (Z-VAD-fmk) was used
on the transgenic mouse model of amyotrophic lateral sclerosis (ALS) decreasing
mortality and delaying the time of onset [78]. Z-VAD has been investigated for the
treatment of many neurodegenerative disorders like ALS, Huntington’s disease, PD,
and also for acute neurological trauma like ischemia [78-80]. Unfortunately, clini-
cal development of Z-VAD was discontinued, and a number of other molecules have
been developed for clinical application. Quinolyl-valyl-O-methylaspartyl-[-2,
6-difluorophenoxy]-methyl ketone (Q-VD-OPh) is a more recent, broad-spectrum
caspase inhibitor that showed therapeutic potential [81]. Q-VD-OPh appears to be
much better than Z-VAD in many respects including greater potency, selectivity,
stability, and cell permeability [81, 82]. Also, Q-VD-OPh may cause lesser toxic
side effects than Z-VAD even at very high doses. Above all, Q-VD-OPh may be able
to cross the blood—brain barrier. Since this is always the deciding factor when devel-
oping a drug for brain disorders, satisfying this criterion may establish Q-VD-OPh
in the treatment of these diseases. Treatment with Q-VD-OPh in animal models of
PD, Huntington’s disease and stroke confirms its role as a neuroprotective agent
[81-83]. Using animal models of AD, caspase inhibitors like Q-VD-OPh could be
tested for their efficacy in preventing or halting the damage brought about by AD.
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5 Caspases and Stroke

A rapid malfunctioning of the brain due to lack of blood supply is generally termed
as stroke. Worldwide stroke is one of the leading threats of death. According to the
causative, stroke is classified broadly into two categories, ischemic and hemor-
rhagic. Eighty percent of strokes are ischemic and the remainders are hemorrhagic
[84]. Even these subclasses can cross talk as it has been found that hemorrhages
develop inside the ischemic region as well as pre-hemorrhages can be the cause of
ischemic attacks [85]. The term ischemia means reduction in blood supply to the
particular organ. For brain, it is called cerebral ischemia, which may be focal or
global in nature. Numerous factors including atherosclerosis, thrombosis, embo-
lism, occlusion, hypoglycemia, and hypertension contribute to the development of
ischemic stroke [86-90].

Ischemic stroke initiates a number of events including neuronal injury, oxidative
damage, disruption of ionic homeostasis, altered microvascular permeability, and
inflammation either temporally or spatially. The brain does not store glucose so the
effects due to ischemia initiate very rapidly, but it may continue hours after ischemic
onset. Due to ischemic attack, decrease in blood flow at the core reaches below the
threshold value for neuronal viability that causes complete energy depletion at the
center and increasing energy gradient from center to outer periphery. This periph-
eral region is called the penumbra. Due to absolute energy depletion, neurons at
attacked region become electrically silent and the ultimate outcome of it is neuronal
death. Necrosis and apoptosis, both mechanistically divergent cell deaths, are
observed at different spatial region of ischemic attack. Due to massive energy deple-
tion, the center of the attacked region experiences necrotic cell death [91, 92].
Whereas predominant apoptotic cell death is observed at penumbra [92, 93]. Brain
cells face death insult not only at the time of ischemia but also during reperfusion,
a sudden return of blood flow to the oxygen-starved energetically compromised tis-
sue, and the efficacy is as severe as ischemia [94].

Caspases are the most active participants of the apoptotic process. After exten-
sive work on caspases since 20 years, the role of caspase in cerebral ischemia and
brain death has been understood more deeply. So a new therapeutic direction of
stroke opened up targeting these caspases. The role of multiple caspases in stroke is
documented in the literature, but the task of caspases 1, 3, 8,9, and 11 is more pre-
dominant. Most of the studies have been performed in rodent model. Extensive
study in human model is still needed to understand the cerebral ischemia in human
more closely. According to the modes of action, caspases may be categorized in two
classes: a) inflammatory and b) apoptotic. Previously it was considered that inflam-
matory pathways and death pathways are independent. But recent studies strongly
established the fact that released inflammatory cytokine can disrupt the blood—brain
barrier and can be one of the main components for causing cerebral edema, which
is considered as the obligatory factor for ischemic attack. Status and role of different
caspases in stroke are discussed below.
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5.1 Caspase 1 and Caspase 11

Caspase 1 and caspase 11 are reported as inflammatory response inducers. The
information that during ischemic stroke in rodent, cytokine IL1-f levels get elevated
and less cell death occurs after ischemic attack in IL1-f null mice strongly supports
the contribution of this cytokine in ischemic damage [95]. Caspase 1 proteolytically
cleaves proinflammatory IL1-f to inflammatory IL1-f [96]. Overexpression of
dominant negative form of caspase 1 prevents maturation of proinflammatory IL1-f
[96]. Recent study in genetically caspase 11 knockout mouse showed prevention
against stroke [97] and lipopolysaccharide-mediated immune response [98].
Caspase 1 and caspase 11 levels get elevated after ischemic attack [99, 100].
Neuroprotection against ischemic damage of genetically knockout caspase 1 or cas-
pase 11 mouse further establishes the role of caspase 1 and caspase 11 in ischemic
damage [99-103].

5.2 Caspase 2

Some studies showed increase in caspase 2 expression during ischemia [100], but
no such direct evidence has been found that suggest an importance of caspase 2 in
ischemia. Even caspase 2 knockout mice are not protected from transient or global
ischemia [104]. It should be noted in this context that caspase 2 knockout mouse
showed increase of caspase 9 and Diablo/Smac in neurons, and therefore caspase 2
may play an indirect effect in ischemic injury [105].

5.3 Caspase 3

The most studied member in the caspase family is caspase 3. Increase in both tran-
scriptional and translational levels for caspase 3 and also activation of caspase 3 are
reported after ischemic challenge [100, 106, 107]. Moreover, a mouse lacking cas-
pase 3 showed less ischemic infarcts strongly establishing the involvement of cas-
pase 3 in ischemic injury [108].

5.4 Caspase 6 and Caspase 7

Effector caspases, caspase 6 and caspase 7, are poorly expressed in the brain cell.
Elevation of mRNA and protein of caspase 6 and mRNA of caspase 7 is observed
after ischemic injury [100, 109]. Due to lack of extensive studies, the role of these
effector caspases in ischemic injury is not conclusive.



60 A. Goswami et al.
5.5 Caspase 8

Increase in transcription, translation, and activation is observed for caspase 8 after
ischemic stress [100, 109]. Knockout of caspase 8§ is lethal for the mice, so no data
is available for genetically knocked out mouse [110]. Overall data suggest that cas-
pase 8 has a definite role in ischemic death pathways.

5.6 Caspase 9

Caspase 9 levels remain unaltered after ischemia [100]. But many groups reported
enhanced mitochondrial release of cytochrome c to cytosol and thus increase in
apoptosome complex after ischemic insult [111]. Therefore, the role of caspase 9 is
not conclusive. Even knocking out caspase 9 is lethal so experiments could not be
performed in adult caspase 9 knockout mouse.

5.7 Caspase Inhibitors, a New Target for Stroke Therapy

Till now there are no such remedies for progressive neuronal death shortly after a
stroke. Tissue plasminogen activator (tPA), which degrades the blood clot, is the
only FDA-approved drug for ischemic stroke. Even tPA has large limitations mainly
due to short treatment window and medical contradictions, like hypertension [112].
Since cell death is the primary concern after ischemic attack and caspase is the key
regulator of this cell death, targeting caspase may be the new approach to reduce the
neuronal death and thus prevent ischemic injury. Death receptor blockage, genetic
manipulation, or use of catalytic inhibitor can be adopted to fight against the neuro-
nal cell death. Introduction of antibody against death receptors after 30 min of
stroke reduced the neural injury in rodent model [113]. As mentioned earlier,
expression levels change in different caspases after ischemic insult, and genetic
knockout of caspase 1, 3, 6, and 11 gives neuroprotection against stroke. Therefore,
genetic alterations caused by knockdown of the caspases may be a logical approach.
Recently caspase 3 siRNA-loaded carbon nanotubes has been introduced into corti-
cal motors in rodent model, which gave protection against stroke to the region where
it was introduced [114]. Short peptides, based on optimal substrate motif, have been
examined as catalytic inhibitors of caspases in rodent model to manipulate the cata-
Iytic activity of caspase. Such inhibitors Z-VAD (benzyloxycarbonyl-Val-Ala-Asp)
and putative caspase 3 inhibitor DEVD showed neuroprotection against stroke
[115]. But due to the high doses required for inhibition and lack of specificity, these
peptides can never be tested in clinical trial. Incorporation of the natural protein
inhibitors (inhibitors of apoptotic proteins, IAP) against caspase can be a strategy to
overcome neural cell death. The only disadvantage is the cellular impermeability of
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these proteins. Recently a new approach has been adopted to make these proteins
permeable by anchoring some carrier molecules. Penetratin 1 is anchored with the
XBIR3 domain of X-linked inhibitor proteins (XIAP) and administered in stroke
[116]. Results show promising inhibition of intrinsic apoptotic pathway and neuro-
protection in rodent model. The biggest challenge to prepare small molecule drugs
against stroke is crossing the blood—brain barrier (BBB). Recently intranasal deliv-
ery of drugs has been used to achieve to some extent success to reach CNS bypass-
ing BBB [117]. Although new approaches are coming up, more investigations are
needed to attain a potent therapy for stroke.

6 Conclusions

We have explored the involvement of the apoptotic process, more specifically the
major perpetrator, the caspase family enzymes, in the sudden damage to the central
nervous system caused by stroke or a more chronic insult by the degenerative disor-
ders of the nervous system. We have presented different viewpoints about the effi-
cacy of targeting caspases as means to block cell loss in the brain. Our review also
attempts to shed light on the importance of looking seriously for suitable caspase
inhibitors which will find clinical applications. Although the use of caspase inhibi-
tors in clinical therapies is still a phenomenon of the future, recent research sum-
marized here indicates that this approach may hold some promise for development
of therapeutic strategies.
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Chapter 4

Matrix Metalloproteinases in Ischemia—
Reperfusion Injury in Brain: Antioxidants
as Rescuer

Sibani Sarkar, Somnath Chatterjee, and Snehasikta Swarnakar

Abstract Cerebral ischemia—reperfusion (CIR) injury exerts a potential threat on
neuronal cell survival. Cerebral ischemia, a type of stroke, ensues due to occlusion
of oxygen in common carotid arteries and blockage of nutrients in brain tissues.
It is the most common and lethal neurological disorder especially in the aged indi-
viduals. When neuronal cells become deprived of sufficient oxygen because of low
blood flow rate following ischemic stroke, a cascade of events occurs, leading to cell
death by toxicity and oxidative stress. Oxidative stress appears to be an important
role in CIR injury wherein a large amount of reactive oxygen species generated by
the mitochondria provokes the release of cytochrome ¢ and other apoptotic proteins,
leading to defective gene expression and subsequent cell death. Under CIR, natural
defense mechanism fails to protect neurons from oxidative damage. Matrix metal-
loproteinases (MMPs), mainly MMP-2 and MMP-9, are elevated after cerebral
ischemia which are involved in accelerating matrix degradation, disrupting the
blood-brain barrier (BBB), and increasing the neuronal infarct size. Some com-
pounds (flavonoids, antioxidants, MMP inhibitors) show the potency as neuropro-
tectant against CIR. Question arises how to reduce the cytotoxicity of the compounds
and overcome the BBB permeability? Over the past few years, different vesicular
formulations, especially liposome and nanocapsule, have received attention as
effective modality in enhancing therapeutic concentration while rescuing CIR. This
chapter is focused on the mechanism of MMPs’ action during CIR injury and to
delineate the effect of MMP inhibitors and antioxidants with their different formula-
tions in modulating MMP activity.
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1 Introduction

CIR is a medical emergency that can cause permanent neurological damage,
complications, and even death. Risk factors for CIR include elderliness, high blood
pressure, transient ischemic attack (TIA), diabetes, high cholesterol, tobacco smok-
ing, and arterial fibrillation [1, 2]. CIR, which is one of the major leading cause of
death worldwide [3, 4], occurs due to oxygen occlusion and obstruction of blood
flow or cerebrovascular hemorrhage in brain arteries. Reperfusion injury, opposite
to cerebral ischemia, occurs when blood supply returns to the tissue after a period
of lack of oxygen during ischemia. The absence of blood flow reduces supply of
oxygen and nutrients during the ischemic period while after the restoration of circu-
lation creates a condition of inflammation and oxidative damage via induction of
oxidative stress rather than restoration of normal function. Oxidative stress occurs
very early after the ischemia—reperfusion injury. Oxidative damage to BBB usually
leads to vascular leakage and rupture in ischemic brain tissue [5]. Arachidonic acid
released from brain phospholipids during CIR is a major source of free radical gen-
eration which in turn mediates BBB disruption and brain edema [6, 7]. White blood
cells when carried to the previously ischemic area by the reflowing blood release a
host of inflammatory factors such as interleukins and free radicals and give rise to
an inflammatory response which is partially responsible for the reperfusion tissue
damage. White blood cells may also bind to the endothelium of small capillaries,
obstructing them and leading to more severe damage in ischemic condition [6]. On
the onset of ischemia restored blood flow reintroduces oxygen within cells and it
damages cellular proteins, DNA, and the plasma membrane by causing oxidative
stress that, in turn, causes apoptosis.

In prolonged cerebral ischemia (60 min or more), hypoxanthine is formed as
breakdown product of ATP metabolism. The enzyme xanthine oxidase acts on
molecular oxygen and produce superoxide anion (O,™") and hydroxyl radicals (OH").
Xanthine oxidase (XO) also produces uric acid which may act both as prooxidant
and as scavenger of ROS (H,0,, O,, OH"). Excessive nitric oxide (NO) produced
during reperfusion insult reacts with superoxide radical to produce peroxynitrite
(ONOO’) that attack the cell membrane lipids, proteins, and glycosaminoglycans
causing further tissue damage. Reperfusion injury thus also cause hyperkalemia [8].
CIR causes significant elevation in infarct size, XO activity, O, production, lipid
peroxidation, and significant depletion of endogenous antioxidants (i.e., reduced
glutathione (GSH), superoxide dismutase (SOD), and total tissue sulthydryl (T-SH)
groups systems) in brain and often leads to impairment in short-term memory and
motor coordination.

Brain is the most susceptible organ to the ischemic damage and subsequent reper-
fusion injury [7, 8]. Superoxide dismutase (SOD), catalase, glutathione peroxidases
(GSHPx), and vitamin C and E levels in neuronal tissue become insufficient to com-
bat the ROS production after cerebral ischemia—reperfusion [9, 10]. Thus, oxidative
damage contributes significantly to neuronal cell death during ischemia—reperfusion
injury. So, free radicals are important pathophysiological mediators of cellular
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Fig. 4.1 Reactive oxygen species are generated as a consequence of ischemia—reperfusion injury
and antioxidants or neuroprotectants reduce oxidative stress by modulating MMPs. Antioxidants
reversibly act through interaction among neurons, astrocytes, microglia, and cerebral blood ves-
sels. MMPs attack the basal lamina of endothelial cells and disturb the BBB integrity, leading to
infiltration of inflammatory cells (e.g., neutrophils, macrophages)

injury in CIR [11]. These ROS are normally produced in very low amounts as
mitochondrial metabolites by activated microglia and endothelial cells [12]. A num-
ber of events predispose of the brain to ischemia—reperfusion insult by ROS forma-
tion (Fig. 4.1). After reperfusion, a number of events predispose of the brain set off
a cascade of biochemical and molecular sequelae due to the production of ROS [13].
Among the ROS, O is believed to be directly toxic to neurons, leading to central
nervous system (CNS) damage [14]. Additionally, total sulthydryl (T-SH) oxidation
mediated by these free radicals released during ischemia—reperfusion also partici-
pates in xanthine dehydrogenase (XDH)-XO reversible oxidative conversion. Both
mechanisms occur due to a conformational change in flavin adenine dinucleotide
(FAD) binding domain of the xanthine dehydrogenase [15].

The endothelial cells forming the BBB in the brain are highly specialized struc-
ture to restrict important parts of the brain, restricts the entry of foreign particle into
the extracellular environment of the brain due to the endothelial tight junction pres-
ent thereat, but during CIR, parenchymal bleeding is responsible for the leakiness of
BBB. Astrocytic end feet encircling endothelial cells were thought to aid in the
maintenance of BBB, but recent research indicates that the brain microvessel endo-
thelial cells (BMEC) render important morphological characteristics such as the
presence of tight junctions between the cells, the absence of fenestrations, and a
diminished pinocytic activity. In acute cerebral ischemia, fine-tuned chemokine
responses lead to recruitment of T cells, macrophages, and mast cells into the brain
tissue. After CIR, different cytokines such as tumor necrosis factor (TNF-a) and
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interleukin-1 (IL-1) and cell adhesion molecules are found to be activated and
upregulated [16]. The lymphocytes infiltrate the BBB-releasing proteases, particu-
larly MMP-2 and MMP-9 which help in BBB breakdown. On release of other che-
moattractants, polymorphonuclear neutrophils and monocytes enter the brain
parenchyma and impose massive oxidative stress on the reperfused tissue, thus
resulting in structural and functional change of BBB [17].

Generally, thrombolysis promotes matrix degradation in the ischemic brain paren-
chyma by MMP-9 activation [17], which imposes oxidative stress via upregulation
of inducible proinflammatory enzymes such as nitric oxide synthase (NOS) [18]. It
also induces vascular disturbances by downregulating endothelial NOS (eNOS) [19,
20]. As a consequence, neuronal injury occurs in a caspase-8-dependent pathway
which is regulated by activated protein C [17, 21]. Thrombolytic therapy or tissue
plasminogen activator (tPA) therapy of acute CIR increases both reperfusion damage
and hemorrhage risk. The fact that the half-life of tPA itself is short (8—12 min) [22]
and exemplifies the profound influence of tPA on acute ischemic injury. Although,
till date, the common effectors propagating the actions of tPA remain unknown.

Oxidative insults during CIR result in damage in vulnerable regions of the brain
which causes other neurodegenerative diseases. Posttranscriptional regulation is
involved in modulating antioxidant enzyme activities during aging. Furthermore,
the rate of mitochondrial generation of the O, increases gradually with aging. The
increase of oxidative potential and loss of proper antioxidant defense appear to be
crucially involved in aging of the brain [23]. So, by introducing biological antioxi-
dants, attempts are made to protect those cells from ROS-mediated damage in CIR
[24-29]. In cerebral ischemia and reperfusion injury, antioxidant compounds such as
vitamins C and E, p-carotene, and glutathione are tested for their efficacy to protect
neuron from oxidative attack, but endogenous antioxidant therapy has not been
found to be an effective approach to counter this disease condition [30-33]. Most in
vivo and clinical studies on the effects of lipid soluble antioxidant supplementation
in combating neurological diseases and aging have focused on vitamin E [34].
It is reported that high doses of vitamin E result in its elevated plasma levels, but fails
to increase Vitamin E levels in cerebrospinal fluid (CSF). In spite of therapeutic
inconvenience, conjugated antioxidants have been applied against cerebral reperfu-
sion injury [28, 29, 34]. Hence, it is necessary to replenish this exhausted antioxidant
population by introduction of large amount of exogenous antioxidants as drug which
will act as neuroprotectant to counter the CIR-mediated oxidative attack [35, 36].
This article is focused on the contribution of antioxidant by inhibiting the molecular
pathway of apoptosis after CIR and also attenuating the inhibitory activity.

2 Cerebral Ischemia—-Reperfusion

CIR, a type of cerebral attack or stroke, ensues when blood flow to the brain gets
obstructed resulting in occlusion of oxygen and deprivation of nutrients. Cerebral
stroke are of two major types: (1) ischemic stroke and (2) hemorrhagic stroke.
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The cerebral ischemic stroke occurs due to the blood clot formation which prevents
entry of blood into the brain. As a consequence, brain cells suffer from the lack of
nutrients and oxygen eventually leading to their death. There are four reasons
behind ischemic stroke occurrence, namely, (a) thrombosis (obstruction of blood
vessel by local blood clot) [5], (b) embolism (obstruction due to an embolus formed
elsewhere in the body) [2], (c) systemic hypoperfusion (general decrease in blood
supply, e.g., in shock) [37], and (d) venous thrombosis [38]. Depending on where
the blood clot forms, cerebral ischemic stroke can be divided into two subtypes,
thrombotic stroke where the clot forms inside the cerebral blood vessels and embolic
stroke where the clot forms elsewhere in the body but travels toward the brain until
they become lodged in a narrow artery causing a blockage. Generally, 87 % of the
cerebral strokes are of ischemic type and the remaining are hemorrhagic. Cerebral
hemorrhagic stroke, on the other hand, results from rupture of blood vessel or an
abnormal vascular structure. Hemorrhagic stroke occurs due to high blood pressure
or aneurism when a weakened portion of the blood vessel balloons out, ruptures,
and causes bleeding in the brain. Besides ischemic and hemorrhagic stroke, TIA is
also known as pre-cerebral stroke that is regarded as a warning sign of an impending
major cerebral stroke. This is a minor cerebral stroke which is also usually caused
by blood clot but generally does no significant damage. TIA produces a temporary
stroke and then subsides. CIR disables the function of the affected area which even-
tually leads to an inability to move limbs on one side of the body, inability to under-
stand or formulate speech, and an inability to see one side of the visual field [2], a
condition also known as paralysis.

Following CIR, the affected brain tissue ceases to function when it suffers an
oxygen-deprived condition for more than 60-90 s and up to 3 h. After ischemia,
blood flow burst in during reperfusion that result in tissue death or infarction (for
this reason fibrinolytic or antepsin are given only until 3 h since the onset of stroke).
Reperfusion injury is caused by return of blood flow resulting in progression of
vasogenic edema, hemorrhagic transformation, and an increase in stroke volume.
Following cerebral ischemia, the injured area of brain tissue (ischemic penumbra
[39]) becomes low in energy due to oxygen and glucose deficiency, and as a conse-
quence energy-dependent processes (such as ion pumping) necessary for cell sur-
vival fail. Under such condition, anaerobic metabolism occurs in the brain.
Unfortunately, this kind of metabolism produces less ATP but releases lactic acid as
by-product which is an irritant that can potentially destroy cells by disrupting the
normal acid—base balance in the brain. One of the major causes of neuronal injury
is the release of the excitatory neurotransmitter glutamate. The concentration of
glutamate outside the cells of the nervous system is normally kept low levels by the
so-called uptake carriers, which are powered by the concentration gradients of ions
(mainly Na*) across the cell membrane. However, CIR disrupts this ion gradient
homeostasis causing reversal of glutamate transporters direction and thus releasing
glutamate into the extracellular space. Glutamate acts on receptors on nerve cells
(especially NMDA receptors), producing an influx of calcium which activates
enzymes that digest the cellular proteins, lipids, and nuclear materials. Calcium
influx also triggers several reactions leading to the activation of lipases and
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endonucleases, resulting in the failure of mitochondria which leads further towards
energy depletion and cell death by apoptosis [14]. Ca®* activates influx of acid-
sensing ion channels (ASICs), thus mitochondrial membrane truncated bid interacts
with apoptotic proteins (Bad and Bax) releasing cytochrome ¢ (Cytc) or apoptosis-
inducing factor (AIF) into cytosol. Cytc then binds with apoptotic protein-activating
factor-1 (Apaf-1) and procaspase-9 to form an “apoptosome,” which activates cas-
pase-9 and subsequently caspase-3. Activated caspase-3 cleaves nDNA repair
enzymes, such as poly(ADP-ribose) polymerase (PARP), which leads to nDNA
damage and apoptosis. Two distinct phases of neuronal cell death, apoptosis or pro-
grammed cell death and necrosis may occur following CIR. Although cellular injury
mechanisms are different, they coexist within injured brain (neurons in the core
being necrotic and in the penumbra being apoptotic) and is related to duration and
severity of ischemic insult.

Cerebral ischemia leads to the release of IL-1 and TNF-a by ischemic neurons,
and glia generate adhesion molecules (selectin, integrin, intercellular adhesion mol-
ecules) in the cerebral vasculature which results in the breakdown of BBB and
edema formation. This is also disrupted by enhanced secretion of IL-1 and proteases
while TNF-a plays a dual role in the ischemic brain.

Many studies have shown that IL-1p, TNF-a, FGF, and EGF are associated with
MMP-9 [40-43] through the MEK1-Erk, P38, and PI3K-Akt signaling pathways in
monocytes and neutrophils under CIR [44—47]. MMP-9 promoter sequence con-
tains AP-1 binding site and NF-xB binding that promotes the transcription of
MMP-9 expression [48, 49]. Another study of using MMP-9 and chimeric knock-
outs lacking MMP-9 either in leukocytes or in resident brain cells has shown that
MMP-9 is to be the key player in promoting leukocyte recruitment and subsequent
BBB breakdown and neuronal injury [50, 51]. The elevated expression of MMP-2
and MMP-9 is severely responsible for BBB breakdown after cerebral ischemia
[52-54]. Reports shown that while MMP-9 responses dominate the acute phase of
CIR, MMP-2 elevations, on the other hand, seem to occur in the delayed phases
[53]. MMP-9 involvement in infarct growth has been elucidated by studies showing
its upregulated presence in infarct tissue as well as in the peri-infarct areas [55, 56].
When the integrity of BBB is lost, inflammatory cells can infiltrate the brain, which
are otherwise inhibited by tight junctions in BBB endothelial cells, causing hemor-
rhage, vasogenic edema, and neuronal cell death. Studies have shown Pro-MMP-9
levels in plasma at 24 h to be related with final infarct volumes [57], and its level
along with that of activated MMP-9 levels in brain homogenates has progressively
increased after permanent middle cerebral artery occlusion. MMP-9, followed by
laminin, was reported to be the most powerful and only predictor of the infarct vol-
ume and size [58, 59], suggesting MMP-9 as a potential therapeutic target for the
treatment of stroke. High plasma levels of MMP-9 are also shown to be indepen-
dently associated with hemorrhagic transformation in acute ischemic stroke [60]
and the baseline MMP-9 level was the only factor independently associated with
late hemorrhagic infarction [61]. In addition to MMP-2 and MMP-9, MMP-3 has
been found to be a contributing factor in cleavage of the cerebral matrix agrin and
subsequent BBB opening after CIR and during neuroinflammation [62, 63]. CIR
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also induces oxidative stress which is implicated in tissue injury and death via
oxidation of lipids, proteins, and nucleic acids in ischemic tissues or through
indirect redox signaling pathways [64—66]. During reoxygenation by spontaneous
or thrombolytic reperfusion following ischemia, oxygen serves as a substrate for
pathophysiologically relevant enzymatic oxidation reactions in the cytosolic as well
as subcellular organelles to produce O, and H,0O, [67]. At the period of reperfu-
sion, the endogenous oxidative defenses (namely, SOD, GSHPx, and catalase) fail.
Small molecular antioxidants like GSH, ascorbic acid, and a-tocopherol are per-
turbed and fail in subsequent replenishment of antioxidants. NOS, cyclooxygenases
(COX), XDH, XO and NADPH oxidase, myeloperoxidase, and monoamine oxi-
dase are few of the prooxidant enzymes which are known to participate in oxidative
stress-induced injury in cerebral ischemia. Among the three isoforms of NOS exis-
tent in the CNS parenchyma, neuronal NOS (nNOS) and endothelial NOS (eNOS)
actin a Ca**-dependent mode to induce cell death by N-methyl-p-aspartate (NMDA)
receptor activation [68], whereas induced NOS (iNOS) acts in a Ca?*-independent
manner. Several in vitro and in vivo studies and in vivo ischemia studies have shown
that while NO produced by nNOS and iNOS has been associated to ischemic brain
damage [69], while NO produced by eNOS, on the other hand, neuroprotection by
increasing the cerebral blood flow in the penumbra [70] through vasodilative activi-
ties. Indeed, eNOS is reported to be upregulated in the cerebral cortex and hippocam-
pus after transient global cerebral ischemia and reperfusion in indomethacin-sensitive
mechanisms [71], whereas induction of iNOS and the formation of 3-nitrotyrosine
under oxygen—glucose deprivation are found to kill cerebral endothelial cells by
apoptosis [72]. Under cerebral ischemic condition, iNOS-induced NO has been
found to enhance COX-2 activity which is also evident from the presence of iNOS-
positive neutrophils in close proximity to COX-2-positive neurons [73].

In severe cases of cerebral ischemia, direct mitochondrial swelling and damage
occur which causes the inhibition of ATP synthesis and increased ROS production
and thus directly causing necrotic cell death. In addition to usual signaling pathway,
superoxides can directly regulate cytochrome c-dependent apoptosis. Some reports
have shown that overexpression of CuZnSOD reduced the levels of activated cas-
pase-3 [74] and caspase-9 [75] after transient focal cerebral ischemia.

APE/Ref-1, a constitutive multifunctional protein that is also known as a redox
factor for redox-regulation-sensitive AP-1 transcription factors [76], is found to be
involved in DNA-base excision repair of oxygen radical-induced AP site [77].
Downregulation of APE expression is associated with apoptosis [78] possibly by
incomplete repair of AP sites which lead to mutagenesis and genetic instability. The
early rapid reduction of apurinic/apyrimidinic endonuclease (APE), which appears
to be sensitive to oxidative stress, has been reported in vulnerable hippocampal CA1
neurons after transient global cerebral ischemia [79, 80], which is also supported by
the fact that overexpression of CuZnSOD prevents the early reduction of APE in the
ischemic brain [81]. In addition to AP-1, many other transcription factors like
NF-kB, HIF-1, SP-1, and EIK-1 are known to be redox sensitive [82]. NF-xB is
particularly known for its role in regulation of the redox state of a cell [83]. Oxidative
stress-mediated activation of NF-xB during reperfusion is detrimental to the
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ischemic brain. But due to the involvement of NF-kB in various other cellular
functions, its particular role in ischemic brain can be illusive. While overexpression
of SODI in mice reduces the activation of NF-xB thus leading to reduction of
infarction after transient focal cerebral ischemia, on the other side, pSO (a compo-
nent NF-xB dimer) knockout mice exhibit increased vulnerability of hippocampal
neurons to excitotoxic injury [84]. The highly inducible iNOS gene which contains
a NF-kB-responsive element at the 5’ region [85] may suggest the importance of
oxidative stress-induced NF-xB signaling after cerebral ischemia and reperfusion.
Apart from iNOS, the downstream inducible genes also include COX-2, MMP-9,
intercellular adhesion molecules (ICAM-1), HOX genes, and cytokines, which are
known to be involved in neuronal injury and blood—brain barrier compromise and
inflammatory response after cerebral ischemia. MMP-9 promotor sequence con-
tains AP-1 and NF-xB binding site that promotes the transcription of MMP-9. The
role of NF-kB activation in regulating these inducible genes is also supported by the
finding that overexpression of CuZnSOD in SOD1 mice reduces the expression of
MMP-9 and COX-2 after brain injury in CIR [52, 86-88].

3 Antioxidants and Their Formulation
in Arresting CIR Injury

The production of ROS is the major detrimental factor in reperfusion injury after
CIR [89-91], and endogenous antioxidant enzymes are believed to be the major
mechanism behind detoxifying the effects by ROS. Antioxidants have been the
focus of interest for the last several years for developing therapeutic agents in atten-
uating CIR injury and other neurodegenerative disorders.

SOD, an endogenous antioxidant, catalyzes the dismutation of superoxide free
radicals and plays an important role in the defense against free radical-induced dam-
age in reperfusion and helps in reducing the infarct size after CIR. Three isoforms
of SODs, copper/zinc SOD (CuZnSOD, SOD1), manganese SOD (MnSOD, SOD2),
and extracellular SOD (ECSOD, SOD3), are major antioxidant enzymes. CuZnSOD
is a major cytosolic enzyme that is constitutively expressed in mammalian cells and
has been involved in various CNS disorders. MnSOD is a mitochondrial antioxidant
enzyme, whereas ECSOD is an isoform that is localized in extracellular space, cere-
brospinal fluid, and cerebral vessels [92-94]. These three SODs dismutate O, and
form H,0,, which is then scavenged by peroxisomal catalase or GSHPx at the
expense of GSH which is also an endogenous antioxidant and is regenerated from
oxidized GSH by GSH reductase in the presence of NADPH.

CuZnSOD dismutates O,™ to H,O,; overexpression of SODI in the presence of
developmentally low activities of the catalytic enzymes GSHPx and catalase leads
to an increased production of H,O, and may explain the increased brain injury
observed after hypoxia—ischemia in neonatal SOD1 transgenic mice.

CuZnSOD has been extensively used in experimental studies on CIR. It is very
difficult to use this enzyme for the treatment of cerebral ischemia by systemic
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administration because of its short half-life (6 min) and it fails to pass the BBB.
However, it has been shown that modified enzyme with an increased half-life, such as
polyethylene glycol-conjugated CuZnSOD, is used successfully to reduce infarction
volume in rats with CIR. Liposome-entrapped CuZnSOD also has an increased half-
life of up to 4.2 h, BBB permeability, and cellular uptake and is reported to be protec-
tive against cerebral ischemia and traumatic brain injury [95, 96].

Overexpression of CuZnSOD (SOD1) in transgenic mice resulted in a reduction
of infarction volume, edema formation, and better neurological outcomes after tran-
sient CIR [97]. In contrast, target disruption of SOD1 in mutant mice resulted in a
marked exacerbation of cerebral infarction and edema formation after transient
middle cerebral artery (MCA) occlusion [98]. These results suggest that the consti-
tutively expressed CuZnSOD has a potential role in reducing CIR. Overexpression
of MnSOD (SOD2) has also been reported to show neuronal protection against
oxidative stress after transient CIR as well as ECSOD (SOD3). SOD1 dismutates
superoxide to H,O,; overexpression of this enzyme in the presence of developmen-
tally low activities of the catalytic enzymes GSHPx and catalase leads to an
increased production of H,0, and may explain the increased brain injury observed
after hypoxia—ischemia in neonatal SODI transgenic mice.

We all know that ROS are directly as well as indirectly involved in signaling cel-
lular pathway in neuronal damage after CIR. During reperfusion, these endogenous
antioxidants act as a defensive agent and likely to be disturbed as a result of over-
production of ROS by cytosolic and mitochondrial system, thus fails to replenish
damage in ischemic brain tissue.

The causative role of ROS in ischemic brain injury has not yet been determined.
The recent development and availability of transgenic and knockout mutant rodents
that either overexpress or are deficient in antioxidant genes have provided powerful
tools for the molecular and cellular mechanisms of signaling pathways, direct oxi-
dative damage, or both that are involved in ischemic brain injury. Endogenous anti-
oxidants are not enough to combat with oxidative load, and for this reason, sufficient
exogenous antioxidants are needed.

Vitamin E, a potent chain breaking lipid soluble antioxidant, reacts with lipid per-
oxyl radicals and terminates the peroxidative chain reaction and reduces oxidative
damage. Reduction of serum vitamin E levels after CIR is directly related to the more
production of free radicals. Reduction of vitamin C, a water-soluble antioxidant in the
human body, is also directly related to the more production of ROS after reperfusion
injury in CIR. It may be due to the exhaustion of antioxidant in the neutralization of
free radicals which are formed largely after CIR. Uric acid, the most abundant endog-
enous antioxidant, may protect against oxidative modification of endothelial enzyme
and preserves the ability of endothelium to mediate vascular dilatation.

Quercetin is an important flavonoidal antioxidant which can be found in fairly
large amounts in fruits, vegetable oils, red wine, and tea [97, 99, 100]. Owing to its
polyphenolic hydroxyl groups, quercetin exhibits its antioxidant property and is
effective against neurodegenerative diseases [101-104]. To fight against the oxida-
tive attack produced during cerebral stroke, the present-day challenge is to isolate
nontoxic antioxidants of herbal origin that can be selectively targeted to brain.
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Ginkgo biloba is the best-selling herbal product in the world which is also a good
antioxidant. It is an extract from the green leaves of the Ginkgo tree which is native
to Asia but is also grown worldwide. The active ingredients in the extract are the
Ginkgo flavone glycoside, bilobalide, and terpene lactones including ginkgolides A,
B, and C. Ginkgo biloba extract has been shown to produce neuroprotective effects
in different in vivo and in vitro models [105]. Ginkgo biloba has been reported as a
potent component to protect neurons from both necrotic and apoptotic death in cere-
bral ischemia model [106]. Flavonoids, e.g., ginkgo biloba and quercetin, have long
been considered as great antioxidants for their extraordinary free radical scavenging
properties that are especially effective against cerebral ischemia-induced lipid per-
oxidation and subsequent cell death.

Cytidine 5’ diphosphocholine (CDP-choline), a neuroprotective drug used in
cerebral stroke [107] has shown beneficial effects in a variety of neurodegenera-
tive brain injury cases because of its possible protective effect on cell membrane
integrity [108]. But CDP-choline therapy is not an effective approach in combat-
ing CIR-induced neurodegeneration. CDP-choline is known to get hydrolyzed
into and accumulate as cytidine and choline when administered orally or i.v.
[109]. The uptake of cytidine and choline into the brain from the circulation is
dependent on transporters located at the BBB. Some antioxidant compounds
which are hydrophilic and of size less than 50 nm can cross the BBB easily and
can possibly prevent CIR damage easily. For this reason, different vesicular for-
mulations, namely, liposome and nanoencapsulation, are necessary to carry the
therapeutic compounds to their target in the brain. Liposomes are well-accepted
forms of drug carriers not only because of their biocompatible nature but also
because of the negative biological response they elicit as a drug carrier in the liv-
ing system [110]. Although it is unlikely that large size liposomes (~100 nm) are
able to cross the BBB [111], liposomes less than 100 nm are known as effective
drug carriers to the CNS, especially during CIR [112]. Again, receptor-mediated
carriers are also often used. The mannose receptor is a transmembrane glycopro-
tein which is expressed in brain cells, particularly on the macrophages and
microglia [113], and facilitate endocytosis of any mannosylated moieties binding
to liposomes. Mannose receptor expression is noticed in perivascular, meningeal,
and choroid plexus macrophages in normal, diseased, and inflamed brain [114].
Thus, because of the presence of these mannose receptors, mannosylated lipo-
somes are effective in site-specific drug delivery to cerebral tissue [115, 116]. To
reduce the size (less than 50 nm) extruder is used for liposomal drug preparation.
Liposome encapsulated compounds are found efficient in delivering its antioxi-
dant components to the ischemic brain [117].

Nanoencapsulation, on the other hand, has been well accepted in present age as a
potent drug delivery mechanism because of its nontoxic, biodegradability, nonim-
munogenic, and sustained drug-releasing ability in biological system. The important
technological advantages of nanoencapsulation also include high stability in biologi-
cal system, high carrier capacity, high feasibility of incorporation of both hydro-
philic and hydrophobic substances, and feasibility of different routes of administration
including oral application. These properties of nanocapsules enable improvement of
drug bioavailability and reduction of losing frequency [100, 118, 119].
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4 Effect of MMPs in ECM Remodeling After Cerebral
Ischemia—Reperfusion

The extracellular matrix (ECM) plays a crucial role in maintaining tissue architec-
ture and organ homeostasis. It provides the basic scaffold, which is necessary for the
organization of cells into tissues. ECM also regulates various cellular functions by
acting as a reservoir of myriad growth factors and cytokines [120, 121]. The ECM is
composed of a variety of noncellular, biological macromolecules such as proteins,
glycoproteins, proteoglycans, and polysaccharides [122, 123]. The specialized com-
ponents of the ECM structure such as the basement membrane, which separates
endothelium from stroma, comprise of type IV collagen; laminin; fibronectin; linker
proteins such as nidogen and entactin, which connect collagens with other protein
components; and various growth factors and proteases [124]. Another specialized
structure known as interstitial matrix, which is primarily made up of stromal cells, is
rich in fibrillar collagens, proteoglycans, and various glycoproteins such as tenascin-
C and fibronectin (Fig. 4.2) that contribute to its high charge and hydration state and,
most importantly, to the tensile strength of tissues [125].
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Fig. 4.2 BBB is formed by inter-endothelial cell tight junctions and adherens junctions. The
extracellular matrix (ECM) of the basement membrane, pericytes, and astrocytic end feet supports
the BBB architectural integrity. Laminin, collagen, fibronectin, perlecan, integrin, and dystrogly-
can are the main components of ECM. Endothelial cells and astrocytes contribute to the permeabil-
ity and stability of the BBB in the brain
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ECM remodeling is mainly evident during development and maturation. In some
cases while extensive tissue remodeling is a part of normal physiology (e.g., bone,
mammary gland, adult hippocampus during memory formation, etc.) for some tis-
sue sites, it can also be a consequence of some pathological and repair processes
(e.g., neuronal death caused by metabolic perturbations, inflammation, wound heal-
ing, oncogenesis, etc.). MMPs play pivotal roles in both cell-cell and cell-ECM
interactions by proteolytically degrading or activating cell surface and ECM pro-
teins, which in turn influence cell proliferation, differentiation, migration, and, ulti-
mately, survival as well. Cells under physiological conditions employ a variety of
strategies to regulate these MMPs at different levels, i.e., at transcriptional, localiza-
tion and trafficking, activation of zymogen forms, and inhibition of active forms by
its respective endogenous inhibitors (TIMPs). TIMPs are found to regulate MMP
activities during tissue or ECM remodeling, which is supported by the fact that a
particular TIMP deficiency has shown to have similar phenotype to that of integrin
mutants [126]. During remodeling of adult tissues, respective development-
associated molecules are upregulated or are reexpressed which otherwise would
have been downregulated. Such examples of molecules of the CNS include tenas-
cin-C, an oligomeric glycoprotein [127]; neurocan, a chondroitin sulfate proteogly-
can [128]; and the polysaccharide hyaluronan [129]. While tenascin-C and
hyaluronan are more permissive to cellular migrations and complex remodeling
events [130, 131], on the other hand, neurocan, which connects both tenascin-C and
hyaluronan, is somewhat inhibitory for tissue plasticity [132, 133]. Neurocan, apart
from its moderate yet constitutive activity in adult rat brain, is generally proteolyti-
cally processed by MMP-2 which separates the hyaluronan-binding domain from
the tenascin-binding part of the molecule [53, 128].

During maturation of the CNS, characteristic changes in the composition of the
molecules of the extracellular matrix occur which, in many cases, typically involve
replacement of proteins with members of the same protein family and thus permit-
ting the maintenance of the overall structural organization [134—136]. As, for exam-
ple, neurocan, versican V1 splice variant, tenascin-C, and cartilage link protein are
the typical molecules abundant in developing rodent brain while their homologues
brevican, shorter versican V2 splice variant, and tenascin-R are major molecules
present particularly in the adult rodent brain [137-139]. Based on their abundance,
close temporal expression, and avid physical interactions, brevican and tenascin-R
are considered as a representative molecular pair of mature brain matrix molecules,
while neurocan and tenascin-C, on the other side, are regarded as representatives of
developing juvenile brain matrix [140, 141].

Tenascin-C has also been implicated in the induction and activation of MMPs
[120, 127]. Two serine-type proteolytic systems, the plasminogen activator/plasmin
system and neuropsin, and their substrates, laminin and fibronectin, respectively,
play vital roles in remodeling [142]. The neuroprotective effect of plasminogen acti-
vator or plasminogen deficiency was attributed to the maintenance of interstitial
depositions of laminin-10 [143]. ADAMTS1 and ADAMTS4 are involved in the
proteolytic processing of aggrecan, brevican, and the versican V1 and V2 variant
that are the prominent constituents of the adult brain ECM and also play a part in the
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pathological matrix remodeling processes [144—-146]. ADAMTS1 and ADAMTS4
recognize a defined, centrally localized cleavage site and thus produce an N-terminal
hyaluronan-binding glycoprotein fragment and a C-terminal proteoglycan fragment
as cleavage products [147]. It has also been reported that tenascin-C mRNA and
MMP-9 are significantly upregulated under such disease conditions [148, 149]. In
the brain, the extracellular space volume fraction condenses from about 40 % at
early developmental stages to about 20 % in adulthood [150] which becomes occu-
pied by the ECM [151]. Hyaluronan, the primary space-filling molecule of the ECM,
can aggregate with the lectican family chondroitin sulfate proteoglycans (versican,
neurocan, and brevican) to form lampbrush-like superstructures [152—154]. The lec-
ticans have a terminal globular domains that are separated by an elongated, highly
glycosylated core region. The link proteins that are able to bind to both the other
components consist of two hyaluronan-binding link modules identical to the hyal-
uronan-binding N-terminal globular domains of the lecticans and a module of the
immunoglobulin type. The C-terminal globular ends of the lecticans have been
found to bind to glycolipids and various glycoproteins [153, 155]. For example,
fibulin-2, a dimeric glycoprotein, is reported to interact with the C-terminal domain
of versican, thus playing a role in cross-linking two versican molecules [156].

Oligomeric glycoproteins of the tenascin family, namely, tenascin-R and tenas-
cin-C and recently added member tenascin-N, are found to be especially suitable for
cross-linking hyaluronan aggregates in the CNS. Interactions of these molecules
with the C-terminal domains of lecticans have been found to be highly promiscuous
and particularly specific. For example, tenascin-C can specifically and avidly inter-
act with C-terminal domain of neurocan, but not as such with that of brevican, while
tenascin-R shows its preference towards the C-terminal domain of brevican
[157-159].

5 Role of MMPs and Their Inhibitors in CIR Injury

CIR injury can result in the loss of structural integrity of brain tissue and blood ves-
sels, partly through the release of MMPs, which are zinc-dependent endopeptidases
that break down collagen, hyaluronic acid, and other elements of connective tissue.
Other proteases also contribute to this process. The loss of vascular structural integ-
rity results in a breakdown of the protective BBB that contributes to cerebral edema,
which can cause secondary progression of the brain injury [160]. The MMP activity
is often inhibited by various specific and nonspecific inhibitors. These nonspecific
inhibitors include 2-macroglobulin, 1-antiprotease, and BB-94. Among the specific
inhibitors, the most important physiological inhibitors are the tissue inhibitors of
metalloproteinases or TIMPs. TIMPs are the coding proteins of multigene family,
and their expression is tightly regulated during development and tissue remodeling.
A total of four types of TIMPs (Table 4.1) have been found in vertebrates. They
form the high-affinity complexes with activated MMPs at the molar ratio of 1:1 and
inhibit the degradation of ECM by blocking the MMP catalytic domain [161].
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Table 4.1 Characteristic features of different TIMPs

Characteristics TIMP-1 TIMP-2 TIMP-3 TIMP-4

Molecular weight 28 21 24/27 22

Localization Soluble Soluble or cell surface ECM Soluble or cell surface
Interacting MMPs Pro-MMP-9 Pro-MMP-2 Pro-MMP-2/-9 Pro-MMP-2

TIMP-1 inhibits the activity of most MMPs except for MT1-MMP and MMP-2
while TIMP-2 inhibits majority of MMPs except MMP-9. Again, while TIMP-3
inhibits MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13, TIMP-4, on the other
hand, inhibits MMP-1, MMP-3, MMP-7, and MMP-9. Apart from its inhibiting
activities, TIMP-2 can form complexes with MT1-MMP in the cell membrane to
activate MMP-2 activity [162, 163]. Corresponding to MMPs, TIMPs play a nega-
tive role in the regulation of the ECM metabolism by preventing MMP activation
and inhibiting their functions and thus affecting the extent of protein breakdown
duration of injury [164]. An imbalance in MMP and TIMP concentration often
leads to an overall increase in MMP activity, thus playing a crucial role in excessive
matrix degradation under pathological conditions [54]. Apart from their MMP-
specific inhibitory activities, TIMP-1 and TIMP-2 are multifunctional proteins with
different biological activities. TIMP-1 and TIMP-2 have been shown to have a
growth factor-like activity and also to inhibit the angiogenesis while TIMP-3 is
reported to be associated with apoptosis [165].

TIMPs inhibit the MMPs activity in two ways. In zymogen activation step,
TIMP-2 and TIMP-1 are reported to form stable complex with pro-MMP-2 and pro-
MMP-9, respectively. Again in the stage of activated MMPs, both TIMP-1 and
TIMP-2 can directly form a tight complex with the activated MMP-9 and MMP-2,
respectively, to inhibit their activity [166].

MMP-2 and MMP-9 have been found in CNS particularly in perivascular cells,
brain vascular endothelial cells, astrocytes, and microglias under normal physiolog-
ical conditions. Microglias in activated state have also been found to secrete MMP-
9. Human hippocampal pyramidal cells have also been reported to synthesize
MMP-9. Several reports suggested MMP-9 expression in the developing mouse
embryo brain, suggesting that MMP-9 is related to neurodevelopment. On the other
hand, MMP-2 also is often associated with regeneration of axons. Along with their
normal physiological roles, MMPs are also believed to play an important role in
various pathologic processes of CNS diseases such as in CIR injury [167].

It is reported that the MMP-2 and MMP-9 play a key role in the process of injury
and the formation of atherosclerotic lesions, which are one of the major risk factors
for developing cerebral ischemia. The overexpression of gelatinases (MMP-2 and
MMP-9) by the endothelial cells covered on the plaque can dissolve collagen and
significantly alter the plaque composition that leads to the relative increase of the
lipid content and thus increases plaque instability. As a result, the plaque cap thins,
splits, and eventually leads to cerebral ischemia [168, 169]. It is found that while
MMP-1, MMP-8, and MMP-12 are important in maintaining atherosclerotic plaque
stability [170], the rupture of atherosclerotic plaque depends on the proportion and
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activity of MMP-9 [171]. Under normal condition, cerebral vascular endothelial
cells express small basal amount, if any, of MMP-9, while focal increase of MMP-9
activity is regarded as an early warning of acute plaque rupture [172]. Under isch-
emic and reperfusion condition, brain tissue produces MMP and some other active
proteases that lead to the rapid and significant degradation of microvessels [173].
These MMP, especially MMP-2 and MMP-9, activity increases and ultimately leads
to cerebral microvascular and BBB permeability, thus resulting in BBB damage,
inflammatory cell invasion, and cerebral edema [52, 54, 164, 174]. MMP-9 plays a
proinflammatory role in ischemic brain tissue by helping neutrophil and other leu-
kocytes migrate from the blood into the ischemic tissue, subsequently causing BBB
damage by proteolyzing microvascular basement membrane and eventually leading
to neurological damage [50].

Studies have demonstrated that increased MMP- 9 acts on the tight junctions and
basement membrane of the BBB endothelial cells which leads to eventual BBB dam-
age, increase permeability, and vasogenic brain edema with the worst being the occur-
rence of herniation [175]. MMP-2 and MMP-9 expressed by macrophages may
contribute to their exudation into the ischemic lesions and thereby promote wound
healing after focal stroke [54]. Activated MMP-9 are also found to act on the cell
apoptosis cascade in the damaged area after transient cerebral ischemia [176]. MMP-9
can also cause damage by degrading the myelin basic protein of brain white matter
after ischemic brain. It is reported that like MMP-2 and MMP-9, MMP-1 not only had
a direct proteolytic role by digesting collagen types I, II, and IIT but also played a
pivotal part in the MMP (importantly MMP-2 and MMP-9) activation cascade [58].

Studies have shown that exogenous inhibitors could reduce the ischemic and
reperfusion injury by reducing the burden of increased MMP activity after CIR [54,
164]. Thus, MMP inhibitors may be looked upon as a new potential treatment
modality for combating CIR injury [177]. MMP inhibitors are indeed found to
reduce the incidence of acute plaque rupture by reducing MMP-9 activity. Cerebral
ischemia and subsequent reperfusion cause the increased proportion of TIMPs
which combine with their corresponding MMPs and inhibits their function to stabi-
lize the ECM and thus significantly reduces BBB damage and brain edema after
ischemia. The initial BBB breakage during CIR injury was linked to increased
MMP-2 level while later opening was correlated with increased MMP-9 activity
[55, 164, 178, 179].

6 Avenues in the Future: Targeting MMPs
for Therapy in CIR Injury

In the normal individual, cerebral vascular endothelial cells do not or negligibly
express MMP-9. But after the induction of cerebral ischemia-reperfusion, brain tissue
can produce some active MMPs and consequently lead to the degradation of
microvessels [172], increase in cerebral microvascular permeability, invasion of
inflammatory cells, and cerebral edema [52, 54, 164, 174]. The activity of MMP-9
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is normally increased in the early stages of stroke and proinflammatory response,
while the activity of MMP-2 act in the repair phases of stroke. It has been shown
that MMP-9 is expressed in neutrophil 1 week after infarction while the macro-
phage expresses matrilysin and MMP-2 1 week later. The level of MMP-2 is higher
in the previous history of cerebral ischemia [179]. Thus, MMP-9 plays an important
role in secondary brain damage while MMP-2 is involved in tissue repair and
regeneration.

Application of MMP-9 monoclonal antibody significantly reduces the infarction
volume in a rat model of ischemia [54]. It is reported that matrix metalloproteinase
inhibitors and MMP-neutralizing antibodies can reduce the vasogenic brain edema
and infarction volume [55]. In addition, MMP inhibitors are also effective in pre-
venting atherosclerosis and ischemic brain damage. So, reducing the activity of
MMP-9 is one of the important targets for the therapy of CIR.

The balance between MMP and TIMP is very much crucial in any given normal or
pathophysiological condition. TIMP-1 and TIMP-2 play important roles in endoge-
nous repair particularly during angiogenesis, reestablishment of cerebral blood flow,
and regulation of the neurogenic response. Increase in TIMP-1 and TIMP-2 level is
found to be concurrent with the decreased MMP-9 and MMP-2 levels, respectively,
which further illustrates the importance of their respective proportions in the system
[164]. The use of commercially available synthetic inhibitors of MMPs like BB-94
and BB-1101 further confirms the relation between BBB opening and brain edema
following CIR and MMPs, as their application was found to reduce or even prevent
both the consequences of CIR [54, 164, 174]. Hence, MMP inhibitors can well be
employed for cerebrovascular disease treatment [177]. MMP inhibitors are found to
combine with the divalent cation in vitro and inhibit the leukocyte-associated MMP
function, thus reducing reperfusion injury. In support, MMP inhibitors and MMP-
specific antibodies can reduce the vasogenic cerebral edema and infarction volume
[55]. Urokinase or rt-PA in conjugation with the synthetic MMP inhibitors (BB-94,
BB-1101, doxycycline, etc.) can well be used in thrombolysis treatment which will
reduce the extent of hemorrhage after thrombolysis and the thrombolytic time win-
dow can be extended [178, 180]. The reason behind the fact working efficiency being
the fact that MMP inhibitors’ early application, before subsequent rt-PA, or urokinase
treatment will result in inhibition of MMP-1, MMP-2, MMP-3, and MMP-9 (which
are the key players of BBB damage), thus maintaining BBB and blood vessel integ-
rity and increasing the overall safety of thrombolytic therapy [174, 179].

It has been demonstrated that the novel roles for MMPs and TIMPs in the regula-
tion of neuronal cell death and apoptosis are through the MMP modulation of excito-
toxicity, anoikis, death receptor activation, and neurotrophic factor bioavailability.
MMPs and TIMPs provide therapeutic targets to abrogate neuronal death and can
continue for weeks to months within the penumbra surrounding the necrotic core of
the infarct. MMP inhibition is considered to be a therapeutic target, so when, where,
and how it provide either detrimental or beneficial effects during the injury and repair
phases during injury? MMP inhibitors are excellent candidates for therapeutics if
administered selectively at the appropriate time points. MMP-9 has been suggested to
be a promising therapeutic agent because its activity rises after CIR and either genetic
or pharmacological inhibition of MMP-9 shows protection against CIR [148].
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7 Conclusion

In CIR, MMPs play an important role by degrading the ECM and destroying the
BBB which leads to brain edema, secondary brain injury, and ultimately cerebral
infarction. MMP inhibitors are found to be effective in preventing the ischemic
brain damage. Thus, MMPs may be regarded as a new potential target for CIR
therapy and MMP inhibitors can be used as therapeutic agent in cerebrovascular
diseases. In addition, vesiculated compound that attenuate MMP activity may also
be looked upon as a next generation therapeutic neuroprotectant in combating the
CIR injury. Thus, nanoformulation using biocompatible and biodegradable com-
pound can be an attractive and effective means in designing a novel drug delivery
mode for treatment of CIR.
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Abstract Cell-matrix homeostasis is vital in the CNS. In a large number of CNS
disorders, abnormal activation of extracellular proteases may disrupt neuronal func-
tion by degrading neurovascular matrix integrity. This chapter surveys the role of a
key family of extracellular proteases, the matrix metalloproteinases (MMPs), in
stroke and brain injury. Blood-brain barrier (BBB) leakage and brain edema is a
critical part of stroke pathophysiology. A large body of data in both experimental
models as well as clinical patient populations suggests that MMPs may disrupt BBB
permeability and interfere with cell—cell signaling between neuronal, glial, and vas-
cular compartments. Hence, ongoing efforts are underway to validate MMPs as
potential therapeutic targets as well as biomarkers in stroke. Because BBB perturba-
tions may also occur in neurodegeneration, MMPs and associated neurovascular
mechanisms may also be potential targets in a broader range of CNS disorders.
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1 Introduction

The concept of the neurovascular unit emphasizes that central nervous system
(CNS) function requires cross talk between all cell types in neuronal, glial, and
vascular compartments. In order for these cell—cell signals to operate, intercellular
matrix integrity is vital. Hence, any disorders that abnormally activate extracellular
proteolysis may disrupt matrix homeostasis, interfere with normal cell-cell and
cell-matrix signaling, and further amplify disease pathophysiology. In this regard,
enzymes from the family of matrix metalloproteinases (MMPs) have been shown to
play significant roles in a wide spectrum of CNS disorders including stroke, brain
trauma, and neurodegeneration. This chapter will survey the role of MMPs in medi-
ating neurovascular injury in the context of stroke.

2 The Blood-Brain Barrier and Edema

From a clinical standpoint, disruption of neurovascular matrix most clearly mani-
fests as damage to the blood-brain barrier (BBB). The BBB comprises a critical
interface between the CNS and the rest of the body. Its primary function is to help
regulate the microenvironment of the CNS. To do so, the BBB functions both as a
true barrier and a dynamically controlled influx/efflux transport system for handling
a wide of metabolic and signaling factors.

Historically, the BBB was thought to be solely mediated by tight junctions
between cerebral endothelial cells [1, 2]. However, recent data now suggest that the
system is much more complicated. Astrocytes and pericytes are now known to be
vital contributors in barrier function as well [3, 4]. Additionally, the BBB is now
also considered as part of the “neurovascular unit”—a concept that emphasizes the
importance of cell—cell signaling between all cell types residing in neuronal, glial,
and vascular compartments [5—7]. Hence, BBB leakage in CNS disorders can be
thought of as merely one manifestation of neurovascular unit dysfunction [8, 9].

In the context of brain injury and disease, BBB leakage and neurovascular unit
dysfunction is most clearly observed clinically as brain edema. Classically, brain
edema has been defined as either cytotoxic (swelling and intracellular accumulation
of water in astrocytes and neurons) or vasogenic (accumulation of water in extracel-
lular space) in origin [10, 11]. In acutely ill patients, brain edema most commonly
leads to central and systemic complications due to elevations in intracranial pres-
sure, regardless of whether the edema is “cytotoxic” or “vasogenic.” Indeed, it is
now accepted that these theoretical concepts underlie a more complicated reality
where BBB dysfunction and leakage comprise a mix of extracellular and intracel-
lular responses in multiple cell types.

The spatial and temporal evolution of BBB leakage and edema is also compli-
cated, depending on the type of injury or disease. There are many mechanisms at
play, including loosening of tight junctions, alterations in transporters, alterations in
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pinocytosis, degradation of matrix lamina, etc. In acute stroke, biphasic patterns of
BBB permeability have been described with openings and closings taking place
during ischemia—-reperfusion [12]. The BBB is not an inert static barrier, intact or
breached. But rather, BBB permeability and transport are dynamically regulated—
with various degrees of opening and closing depending on the nature of molecular
factors or size of tracers involved.

Ultimately, the BBB is an interface where all components of the neurovascular
unit come together. Connecting all these elements together is the neurovascular
matrix with substrates including collagen, laminin, fibronectin, etc., all vulnerable
to MMP degradation. Hence, overactivation of MMPs after stroke or brain injury
will disrupt the neurovascular matrix, interfere with cell—cell signaling, and induce
a wide spectrum of neurological dysfunction. Due to the limited scope of this chap-
ter, the reader is referred to many excellent reviews on MMPs, the BBB, and brain
for more in-depth dissections of these important topics [13—17].

3 Matrix Metalloproteinases and the Neurovascular Unit

When stroke or brain injury occurs, MMPs become dysregulated and further amplify
damage to the neurovascular matrix. MMPs comprise a large family of extracellular
zinc endopeptidases [14]. But in the context of stroke, the largest amount of data may
exist for the gelatinases MMP-2 and MMP-9. In animal models of focal and global
cerebral ischemia, MMPs are upregulated, and treatment with MMP inhibitors pre-
vent neuronal cell death, decrease infarction, and improve outcomes [18-20].
Knockout mice that lack MMP-9 show significantly reduced brain cell death after
cerebral ischemia or traumatic brain injury [21-24]. Conversely, transgenic mice that
overexpress tissue inhibitors of metalloproteinase (TIMP) have better outcomes [25].
Mechanistically, the data in animal models fit well with the premise that high
levels of MMPs can damage neurovascular matrix and cause BBB injury, edema,
and hemorrhage [13]. Degradation of various basal lamina and tight junction pro-
teins has been correlated with BBB leakage and blockade of MMPs reduce edema
[21, 23]. Matrix proteolysis and BBB disruption was reduced in knockout mice
lacking MMP-9 [23]. MMP activation and BBB leakage also appears to coincide
with the generation of free radicals. And as neurovascular injury continues to evolve,
recruitment of cytokines and vascular adhesion molecules add onto the accumulat-
ing tissue damage and may even further amplify MMPs and inflammation [26].
Beyond vascular leakage per se, MMP-mediated proteolysis of neurovascular
matrix may also interfere with homeostatic signals between different cell types in
the neurovascular unit. Resting matrix signaling via integrins is vital for normal cell
function. Disruption of extracellular matrix by MMPs can induce anoikis in neurons
and cerebral endothelial cells [27, 28]. In animal models, degradation of matrix cor-
relates with cell death [29]. In a nonhuman primate model of focal cerebral isch-
emia, areas where matrix antigens are lost correspond to growing regions of
collapsing penumbra and dying cores [30]. The importance of these matrix signals
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is further confirmed in fibronectin knockout mice in which neuronal apoptosis and
brain damage are amplified after cerebral ischemia [31].

From a molecular perspective, matrix coupling may also help sustain trophic cou-
pling between cells of the neurovascular unit. For example, cerebral endothelial cells
may be a rich source of trophic factors such as FGF and BDNF, and this type of
vascular neuroprotection is a critical defense against multiple insults such as hypoxia,
oxidative stress, and perhaps even amyloid-beta [32, 33]. In white matter, an analo-
gous oligovascular unit may exist. Cerebral endothelial cells and astrocytes also may
produce trophic factors that sustain and protect oligodendrocyte precursor cells
against injury [34, 35]. By interfering with these vital interactions between multiple
cell types, MMP-mediated disruption of matrix—trophic coupling in the gray and
white matter may significantly contribute to stroke and trauma pathophysiology.

4 Biphasic Properties of Matrix Metalloproteinases
and Brain Plasticity

MMPs play a deleterious role during acute stroke by augmenting BBB disruption,
edema, hemorrhage, and brain injury. However, emerging data now suggest that
MMPs may play biphasic roles. During the acute stages of stroke, MMPs are delete-
rious. But during delayed phases of stroke recovery, MMPs may play surprisingly
beneficial roles [36, 37]. In part, this duality of MMP phenotype may be related to
its original physiologic roles in normal development of brain morphology [38]. In
developing brain, these proteases modify extracellular matrix to allow newborn
cells to migrate and neurites and axons to extend and connect. Additionally, MMPs
may also facilitate the actions of other signaling molecules. For example, MMP-9
may be an “angiogenic switch” by processing and releasing bioactive VEGF to
promote vascular growth and/or remodeling [39]. MMP-9 has also been implicated
in associative learning in the hippocampus. The broad-spectrum MMP inhibitor
FN-439 interferes with long-term potentiation [40]. MMP-9 knockout mice display
deficits in learning and memory [41].

During stroke recovery, the brain attempts to remodel. MMPs may be recruited
as part of this endogenous recovery process. So blocking MMPs at the wrong place
or wrong time may worsen outcomes. Following focal cerebral ischemia in mice,
endogenous neurogenesis is amplified in the subventricular zone and newborn
neuroblasts are diverted from their original rostral migratory stream toward the
damaged brain [42]. This process requires MMPs, and delayed blockade of MMPs
disrupts neuroblast migration [43]. At 2 weeks after focal strokes in rats, a second-
ary upregulation of MMPs in peri-infarct cortex can be detected in astrocytes and
endothelial cells [44]. Late blockade of MMPs in this model system is damaging
since MMPs appear to mediate VEGF processing, compensatory angiogenesis, and
stroke recovery [44]. Hence MMP inhibitors can sometimes lead to beneficial
reductions of acute edema, while resulting in impaired long-term recovery [45].
Similar biphasic properties of MMPs may also exist in spinal cord injury, where
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MMP-2 is increased together with reactive gliosis [46]. But genetic deletion
of MMP-2 exacerbated white matter damage and decreased motor recovery [47].
Of course, not all MMP-mediated plasticity is guaranteed to be beneficial. How
MMPs augment normal or abnormal rewiring in recovering brains after stroke or
trauma remains to be fully elucidated.

5 Matrix Metalloproteinases in Clinical Stroke

Because MMPs can degrade the neurovascular matrix and interfere with cell—cell
signaling between neuronal, glial, and vascular cells, they have been proposed as
potential biomarkers in clinical stroke and brain injury. Plasma levels of MMP-9 are
elevated during acute stages of both ischemic and hemorrhagic stroke and appear to
be correlated with poor neurological outcomes [48, 49]. In animal models of
embolic stroke, tPA amplifies MMP-9 [50]. Emerging clinical data may be consis-
tent with the experimental literature. Patients with higher plasma levels of MMP-9
may be more susceptible to hemorrhagic transformation following tPA thromboly-
sis for acute ischemic strokes [51, 52].

In addition to serving as positive protein signals in plasma, MMP responses have
also been detected in genetic and brain compartments of stroke patients. After isch-
emia or brain injury, circulating blood cells show rapid alterations in gene expres-
sion. In particular, responses in MMP-9 genes are highly conserved [53, 54]. In the
brain parenchyma itself, MMP-9 positive astrocytes colocalize with peri-hematoma
edema [55]. After ischemic strokes, MMP-9 positive neutrophils appear to coincide
with local disruptions in microvessels [56, 57]. Taken together, these signals are
broadly consistent with data and mechanisms derived from experimental models.

Beyond their utility as biomarkers, MMPs have also been pursued as potential
therapeutic targets. In animal models of focal cerebral ischemia, MMP inhibitors
reduce infarct volumes when administered early during acute ischemic strokes.
Consistent with its proposed mechanisms, MMP inhibitors appear to be especially
effective in terms of reducing brain edema and hemorrhage. One aspect of this
pathophysiology with particular clinical relevance may be the relationship between
MMPs and tPA thrombolysis. tPA is known to bind several lipoprotein receptors in
cerebral endothelium that can upregulate MMP-9 [58]. Therefore, it is possible that
some of the hemorrhagic transformation complications seen in tPA-thrombolysis
patients may be caused by an inadvertent increase in MMPs [51, 52]. An obvious
question is whether clinically acceptable compounds can be used as MMP inhibi-
tors in stroke thrombolysis. In this regard, minocycline has been proposed as a
potential “re-purposed drug” to target MMP-9 [59]. In experimental clot-based
models of focal stroke in hypertensive rats, minocycline plus tPA as combination
stroke therapy seems to suppress MMP-9, decreases hemorrhagic transformation,
and widens the therapeutic time window for safe and effective reperfusion [60].
Based in part on these experimental data, clinical trials have been started [61]. Initial
findings are promising as minocycline appeared to dampen plasma MMP-9
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biomarker levels, as hypothesized [62]. Nevertheless, some caution might be
warranted. As discussed earlier, MMP blockade may interfere with endogenous
recovery after brain injury, and long-term use of minocycline worsened outcomes in
an ALS clinical trial [63].

Although the majority of clinical MMP data has been collected in ischemic
strokes, recent efforts extend the role of these proteases to hemorrhagic strokes as
well. MMPs are upregulated in subarachnoid hemorrhage patients, and blood and
CSF levels of MMP-9 may track vasospasm and clinical outcomes [64].
Mechanistically, MMPs contribute to early brain injury and may also process gelso-
lin that can further amplify neuroinflammation [65]. In experimental models of sub-
arachnoid hemorrhage, MMP inhibition improves outcomes [66]. Whether these
targets work clinically remains to be determined.

6 Neurovascular Abnormalities and Neurodegeneration

The data implicating MMPs in neurovascular matrix injury appear to be strongest in
stroke and brain trauma. However, accumulating data now suggest that similar
mechanisms may operate in other CNS disorders. MMP-2 may be upregulated in
the brain tissue of human patients with Parkinson’s disease [67]. Blockade of MMPs
can decrease cell death, neuroinflammation, and functional impairment in some
experimental animal models of Parkinson’s disease [68]. MMPs are also induced by
and can process amyloid [69, 70]. In Alzheimer’s disease and cerebral amyloid
angiopathy, abnormal activation of MMPs may contribute to the BBB pathophysiol-
ogy and neurodegeneration [71].

BBB leakage is commonly associated with edema in stroke and brain trauma.
But BBB disturbances may also be important in other CNS disorders including
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, ALS, multiple scle-
rosis, etc. [16]. Furthermore, BBB dysfunction is not always a binary “open or shut”
phenomenon. There may be gradations in BBB permeability that reflect subtle per-
turbations in cell—cell signaling within the entire neurovascular unit. Therefore,
MMP-mediated perturbations in neurovascular matrix integrity may impact a wide
spectrum of neurodegenerative disorders.

7 Conclusions

The extracellular matrix within the neurovascular unit comprises a critical locus
where cell—cell signaling operates. Damage to the neurovascular matrix disrupts
function in the entire neurovascular unit. In this chapter, we briefly surveyed the
roles of MMPs as mediators of neurovascular injury. In the context of stroke, a large
body of preclinical data and accumulating clinical findings support a role of MMPs
both as biomarker and as potential target. However, some caution may also be
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warranted since MMPs can play biphasic roles after brain injury—deleterious in the
acute phase but potentially beneficial in delayed remodeling and recovery. Further
dissection of the complex actions of MMPs in neurovascular function is warranted.
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Chapter 6

The Role of Proteases in Embryonic Neural
Crest Cells

Avi Bar, Irit Shoval, Efrat Monsonego-Ornan, and Dalit Sela-Donenfeld

Abstract As the embryo develops, multiple cellular events of division, differentiation,
migration, and invasion occur. Cells are formed at specific locations and migrate
along different axes to various destinations, by acquiring diverse types of molecular
machineries and processes. One such process is the epithelial-to-mesenchymal tran-
sition (EMT), in which epithelial cells with highly ordered shapes and contacts
transform into mesenchyme in order to start migration. Consequently, these sepa-
rated cells react to intracellular and extracellular signals to travel through different
microenvironments along stereotypical, long-distance migratory routes to their pre-
cise homing targets. Different types of proteases are necessary to execute such com-
plex events. One excellent system to evaluate cell movements during embryonic
development is the population of neural crest cells. These unique cells are initially
formed as part of the neural epithelium, but then they undergo a dramatic EMT after
which they extensively migrate and differentiate into various fates including cranio-
facial skeleton, skin pigments, and peripheral nerves. In this review, we will discuss
the central roles of proteases, mainly the family of matrix metalloproteases, in facili-
tating neural crest cell migration, and propose an integrative model to suggest the
orchestrated action of two such proteases in these developmental events.
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1 Introduction

Neural crest cells (NCC) comprise a discrete embryonic cell population, vertebrate’s
specific, which arises from the dorsal margins of the neural tube. This multipotent
population of cells responds to an array of signals, including cellular communica-
tion between NCC themselves, as well as secreted factors from neighboring tissues,
and migrates via known and defined routes in the embryo, where they differentiate
in the anterior—posterior axis to a vast number of derivates. These include most of
the sensory neurons, ganglia, and Schwann cells of the peripheral nervous system,
as well as the pia and arachnoid matters that cover the brain and spinal cord; 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, and
tooth dentin; and connective tissues in the cardiac system such as the septa of the
heart outflow tract and cushion cells of the heart valves. NCC also develop into all
skin melanocytes and yield the secreting cells of endocrine tissues such as the thy-
mus, thyroid, and adrenal glands [1-8].

The development of NCC, which begins approximately at week 3 in humans and
embryonic day 8 (E8) in mice [9, 10], involves many steps from early induction up
to final differentiation and relies on accurate genetic plan, specific factors, and
expression pattern: (1) while born at the lateral edges of the neural plate, NCC
acquire a unique specification program that distinguishes them from their neighbor-
ing neuroepithelial cells; (2) after the closure of the neural tube, they localize to the
dorsal-most part of the neural tube and face a dramatic epithelial-to-mesenchymal
transition (EMT) that enables them to separate and to begin to migrate extensively
throughout the embryo in a well-controlled process; (3) they are required to stop
migrating, home, and differentiate in various embryonic tissues to form their aston-
ishing range of cell types [2, 11-14]. Given the complex ontogeny and multipotency
of NCC, it is not surprising that numerous birth defects are associated with NCC.
Abnormal NCC development has been shown to be responsible for the majority of
craniofacial congenital defects as well as to pathologies in skin pigmentation, inner-
vations, heart, and secretion glands. Few examples include cleft palate, craniosyn-
ostosis, neurofibromatosis, dysautonomia, Hirschsprung’s disease, and persistent
truncus arteriosus. Many types of syndromes including DiGeorge, craniofrontona-
sal, velocardiofacial, Treacher Collins, and Waardenburg are also associated with
NCC defects. Intriguingly, although the migration and differentiation of NCC are
highly regulated, several of the most aggressive tumors, including melanoma, neu-
roblastoma, and glioblastoma, are of NCC origin [11, 15-20].

2 NCC and the Extracellular Matrix

The inductive signals for NCC formation include bone morphogenetic proteins
(BMPs), Wats, fibroblast growth factors (FGFs), and retinoic acid (RA), which
are also highly crucial for many other processes in embryonic development.
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These signals set off an array of cascades which lead to NCC survival, segregation,
and delamination from the dorsal neural tube [1, 3, 21-24]. One central finding
showed that BMP4, along with its secreted inhibitor noggin, are active in the dorsal
neural tube in a dynamic pattern to regulate emigration of neural crest progenitors
from the neuroepithelium. The balance between these two factors was shown to be
at highly importance for this process which involves an intimate crosstalk between
the embryonic paraxial mesoderm and neural primordium [22, 23]. Another recent
study elucidated the role of FGF and RA in regulating the timing of NCC migration.
FGF was found to prevent NCC EMT (through the MAP kinase pathway), whereas
RA signaling triggers EMT, and the balance between the two signaling factors
determines the right timing for noggin and Wnt expression, which are required for
NCC delamination [24]. These and many other studies indicated an interface
between different signaling molecules and pathways, in the complex process of
NCC EMT and migration.

The processes of EMT and migration of NCC involve dramatic changes in cell
behavior and extracellular matrix (ECM). These includes modifications in cell-
matrix interactions, such as the breakdown of the basal lamina of the neural tube,
switches in the expression of cell—cell and cell-matrix adhesion molecules, changes
in cytoskeleton assembly, development of motility, and the expression of guidance
molecules [2, 3, 11, 16, 25, 26]. Taking into consideration these dramatic changes
in ECM properties and cell interactions, the composition and remodeling of the
ECM should play a central role in the acquiring of cell motility. The ECM is com-
posed of a complex mixture of insoluble molecules including collagens, glycopro-
teins, and proteoglycans. In addition, to provide a solid-state support for cells, it
also acts as a reservoir for embedded cytokines and growth factors, as well as by
harboring cryptic information within the molecules that makes up the ECM network
itself. Receptors at the cell surface provide signals for cells to sense their microen-
vironment and react to stimuli. Therefore, the state of macromolecules within the
ECM and its interaction with neighboring cells are of critical importance [27, 28].

Proteolysis is a major process leading to changes in the ECM by affecting the
adherence of cells to the ECM, the release of bioactive fragments, the sequestering
of growth factors and cytokines, as well as the shedding of receptors on the cell
surface [28]. Previous studies described that the ECM plays an active role in the
migration of NCC by regulating the migration itself, as well as by providing direc-
tional cues via permissive and nonpermissive molecules, such as fibronectin, several
laminin and collagen isoforms, and aggrecan [29-31]. For instance, ECM mole-
cules which hold opposing effects on NCC migration are thrombospondin-1 and
F-spondin. These two extracellular proteins participate in many cell-to-cell and cell-
to-matrix communications and were shown to be implicated in neural cell adhesion
and neurite extension [32, 33]. Thrombospondin-1 and F-spondin promote and
inhibit NCC migration, respectively, and hence mediate directional migration of
NCC into the rostral half of the somite, rather than to its caudal half [34, 35].

Detachment of cell—cell contacts is a critical event to allow EMT and separation
of NCC to single mesenchymal cells. Cadherins are a large family of calcium-
dependent, cell-cell adhesion molecules. Members of this family are widespread
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and the alternation in their expression patterns is highly important for NCC emigra-
tion. Prior to migration, NCC transform from the epithelial form, which expresses
type I cadherins (such as E-cadherin and N-cadherin), to mesenchymal form, which
expresses type II cadherins (such as cadherin-5, cadherin-7, and cadherin-11). This
shift in the distribution of cadherins is critical for the NCC to migrate [36—41]. Type
II cadherin 6b is also required to be downregulated in NCC upon migration from the
dorsal neural tube and was shown to control the timing for NCC delamination in
embryos [42—44]. Finally, laminins are a family of glycoproteins which are major
component of basement membranes (basal laminae). Laminin has a principal role in
allowing NCC migration [29-31, 45, 46], and its absence results in NCC migration
abnormalities [42]. Laminin role in NCC is coupled with integrin receptors, to
mediate the adhesion and migration of the cells, as functional knockout of integrins
using antisense oligonucleotides results in reduced attachment of NCC to laminin in
vitro and reduced migration in vivo [47].

3 Matrix Metalloproteinases in the ECM

Given the pivotal role of the ECM in NCC delamination and migration, both as a
surrounding and supporting matrix, and as the provider of directional cues, it is
highly plausible to speculate involvement of matrix remodeling proteases in these
processes. A significant family of proteases that acts in the ECM is the matrix
metalloproteinases (MMPs). At present, at least 28 family members have been
reported [48]. Each MMP has distinct but often overlapping substrate specificity,
and together they can cleave numerous extracellular substrates, including virtually
all ECM and basal-lamina proteins [49]. The MMPs are grouped to four subfamilies
according to their domain structure and substrate specificity: collagenases, gelatin-
ases, stromelysins, and the membrane-type MMPs (MT-MMPs), which are collage-
nases that contain a transmembrane domain and are hence anchored to the cell
membrane. All MMPs have an N-terminal signal sequence that enables their extra-
cellular secretion. The N-terminal pre-domain is followed by a propeptide that
maintains enzyme latency (pro-MMP) until the pro-domain is removed. Next is the
catalytic domain that contains the conserved zinc-binding motif, since MMPs
depend on metal ions for their catalytic activity. Following are a specific cleavage
site and a binding site. A secondary substrate-binding site is located outside the
active site itself [5S0-52]. Most MMPs have a hemopexin-like domain that is involved
in tissue inhibitor of MMPs (TIMP) binding, substrate binding, and some other less
understood proteolytic activity. In addition to their ECM substrates, MMPs also
cleave cell-surface molecules and other pericellular nonmatrix proteins, thereby
capable to regulate cell behavior in several ways [53]. MMPs influence diverse
physiologic and pathologic processes, including tissue morphogenesis and growth,
wound repair, inflammatory diseases, and cancer [49, 54]. For example, gelatinases
A (MMP2) and B (MMP9) were shown to be overexpressed in a variety of malig-
nant tumors, where their overexpression and activity are often associated with tumor
aggressiveness and poor prognosis, thus making gelatinases as cancer biomarker
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[55]. Both gelatinases, as well as membrane-bound collagenase MMP14 (MT1-
MMP), were also reported to directly regulate angiogenesis [56]. Intriguingly, in
addition to their secretion and localization at the membrane or the ECM, MMPs
were also reported to be expressed in the cell nucleus in different tissues, suggesting
their ability to cleave also nuclear matrix proteins. The existence of nuclear matrix
has been studied and revealed functions in DNA replication, transcription, and RNA
splicing, indicating possible role of MMPs in such processes [57-61]. For example,
among MMPs localized to the cell nucleus are the gelatinases in cultured reactive
astrocytes [62] and the stromelysin MMP3 (stromelysin-1), which is not only local-
ized to the nucleus but possesses a transcription factor-like function [63]. Moreover,
the ECM itself was suggested to affect gene expression [64], which strengthens the
role of MMPs in gene expression regulation. Yet, much is unknown regarding such
possible intracellular roles of MMPs in embryos and adults.

As multiple MMPs exist within an organism, each with its own profile of expres-
sion, accumulation, activation, inhibition, and clearance, as well as its own, some-
times broad, range of preferred substrates, multiple control levels of MMP activity
are required. In vitro evidences have shown that MMP expression is regulated by
several cytokines and growth factors, including interleukins, FGF, and transforming
growth factor-p (TGF-f). Many of these stimuli induce the expression/activation of
c-fos/c-jun, which bind to activator protein-1 sites within several MMP promoters
[49, 50, 65, 66]. In addition to being differentially regulated at the level of transcrip-
tion, the activation of pro-MMP into an active protease is stepwise and can be
achieved by protease cleavage of the pro-domain. Since some MMPs were found to
activate other members of the family, a specific hierarchy among these proteins is
crucial to be maintained [49, 57, 66].

MMP activity is also controlled by endogenous inhibitors. Tissue inhibitor of
metalloproteinases (TIMP) is a family of four members termed TIMP1-4. The
overall shape of the TIMP molecules is like a wedge, which slots into the active-site
cleft of an MMP in a substrate-like manner, thus preventing MMP activity. Among
the TIMPs, TIMP3 is also capable of inhibiting other types of proteases such as a
disintegrin and metalloproteinases (ADAMs) and aggrecanases, whereas TIMP2
holds inhibition ability but also assists in the activation of pro-MMP?2, in a context-
dependent manner [66]. According to the importance of TIMPs in the MMP’s activ-
ity balance, they hold diverse biological function, including cell differentiation,
signaling, cytoskeleton changes (leading to growth and migration), invasion, angio-
genesis, and apoptosis. Like MMPs, TIMPs are also present in the nucleus, which
further strengthens the possibility for transcription influence by TIMPs themselves,
as well as by MMPs [57, 58, 66, 67].

4 The Role of MMPs in NCC Migration

Given the importance of the ECM in NCC motility, and the fundamental role of
MMPs in remodeling the ECM, effects of MMPs in promoting the detachment of NCC
from the neural tube and facilitating their migration in the embryo are anticipated.
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Fig. 6.1 The expression of MMPs and ADAMs in neural crest cells. (a, b) Immunofluorescence
labeling of neural crest cells (NCC) using MMP9 (green) and HNK1 (red) antibodies. (a) A trans-
verse section from the trunk level of an embryo of 25 somites. (b) An ex vivo explant of NCC
obtained from the hindbrain of 6-8 somite-staged embryo. Blue staining (DAPI) represents cell
nuclei. White arrowheads indicate MMP9- and HNK 1-positive NCC. Panel a’ is an enlargement of
the boxed areas in panel a. Reproduced with permission, Developmental Biology, Monsonego-
Ornan et al., 2012 [70]. (¢) Immunohistochemistry on a cross section of an E9.5 mouse embryo
demonstrating expression of MMP-8 (arrow) in NCC migrating in the dorsal lateral pathway under
the surface ectoderm and in the ventromedial pathway between the neural tube and a somite.
Adapted with permission, Matrix Biology, Giambernardi et al., 2001, [71]. (d) In situ hybridization
on stage 22 Xenopus laevis embryo using MMP14 antisense riboprobe. Streams of migratory NCC
express MMP14 are evident (arrow). Reproduced with permission, Developmental Dynamics,
Harrison et al., 2004, [72]. (e) In situ hybridization on a transverse section obtained from the trunk
level of day 4 chick embryo, using ADAM 10 antisense riboprobe. Expression persists in the dorsal
neural tube, dermis, myotome, and mesonephros. Adapted with permission, Developmental Biology,
Hall and Erickson, 2003, [137]. Abbreviations: se surface ectoderm, nt neural tube, s somite, CC
cephalic neural crest, TNC trunk neural crest, de dermis, mt myotome, and mes mesonephros

A first support for MMP’s role in NCC can be supplied by their expression patterns
in several models. For instance, MMP2 was demonstrated in chick NCC when they
undergo EMT at the dorsal neural tube [68] and later in cardiac NCC when they
migrate into the heart [69]. Moreover, we have recently discovered that the other
member of the gelatinases subfamily, MMP9, is expressed in emigrating NCC of
avian embryos along the entire cranial-trunk axis of the dorsal neural tube, as well as
in motile NCC and in their migration routes in the surrounding mesoderm [70]
(Fig. 6.1a, b). The secreted collagenase, MMPS, was found in mice embryonic NCC
and in their melanocyte derivatives in adults [71] (Fig. 6.1c). MMP14 was reported
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to be expressed in cranial and trunk NCC in frog (Xenopus laevis) (Fig. 6.1d) [72]
and chick embryos (Roth L., Blum M., and Sela-Donenfeld D, unpublished results).
At later stages of NCC development, when they differentiate into craniofacial skel-
etal derivatives, multiple types of MMPs, such as MMP3 and gelatinases MMP2&9,
were also demonstrated in many craniofacial tissues [73-77].

Whether the expression of MMPs in NCC is associated with their activity to pro-
mote their development in mammalians is an important question. One support for the
function of MMPs in cranial NCC development in humans originated from the dis-
covery of mutations in the MMP2 gene. Individuals with these mutations manifest a
disorder involving characteristic facial features such as a sclerotic cranial sutures,
narrow nasal bridge, and bulbous nose. As these tissues largely arise from NCC, such
defects may be attributed to their impaired development. Yet, other pathologies con-
nected to ECM degradation were also found in these patients, in NCC-unrelated tis-
sues, such as in the body skeleton [78—80]. MMP2-null mice also displayed defects
in the development of both cranial and long bones [81, 82], although the phenotype
was less severe than the human syndrome. Furthermore, mice mutated for the other
gelatinase, MMP9, showed no defects in a known NCC derivate, although exhibiting
impaired angiogenesis in the growth plate of adults [83]. On the other hand, an asso-
ciation between craniofacial impairments and MMP9 polymorphism was suggested
in humans [84]. Along this line, a different set of experiments found that general
MMP inhibition altered Meckel’s cartilage development in mice [85, 86] and that
MMP2 acts in the leading processes of cranial NCC when they migrate from the first
branchial arch to the nasal primordia, as well as in ECM remodeling during peri-
odontitis and in postnatal development of cranial sutures [77, 87, 88]. Since MMP2
and MMP?9 are the only existing gelatinases, a possible compensation between these
MMPs may explain the weak or no effect in NCC in the single knockout mice versus
their effects on NCC in more restricted experimental systems. Hence, while the
abovementioned studies suggest an involvement of gelatinases in the ontogeny of
mammalian NCC, future studies are required to examine their activity during earlier
embryonic stages as well as to assess for their compensatory actions.

Further support for the function of MMPs in mammalian cranial NCC arises
from the analysis of MMP14 null mice, which displayed some cranial features simi-
lar to those found in the MMP2 human mutation [89]. Since MMP14 was shown to
activate MMP?2 in vivo in lung and skin tissues [90], it is possible that a deficiency
in either of these enzymes led to the common pathology in craniofacial NCC devel-
opment. Moreover, mice deficient for both membrane-type MMPs, MMP14 and
MMP16, were found to be born with multiple developmental defects in collagen-
rich tissues, including a severe dysfunction in palatal shelf formation, and to die
shortly after birth. This phenotype indicates for the critical role of MT-MMPs in the
development of craniofacial NCC derivatives in utero. Whether these non-secreted
MMPs act directly on NCC and their ECM or act by activating other soluble MMPs
remains unclear [91, 92]. Finally, an association between a polymorphism in MMP3
and cleft lip/palate has been observed [93]. As MMP3 was also shown to be
expressed during palatal morphogenesis [73, 94], it is possible that this protease
also plays a role in the development of cranial NCC derivatives. Taken together,
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while multiple evidences suggest an involvement of MMPs in the correct forming
of the cranium and face in mammalians, their possible activity during early stages
of NCC development awaits further research.

Additional work examining the direct role of MMPs in murine NCC was carried
out in the enteric nervous system. This system is formed by extensive migration of
cervical and lumbar NCC into the gut, where they differentiate into autonomic neu-
rons responsible for the gut peristaltic movements [95, 96]. MMP2 activity was
reported to be important for the migration of the enteric NCC in mice embryos and
for the formation of the neural networks within the developing gut [97]. In this
study, Ret™* mice, which express GFP in all enteric NCC, were utilized. When
explants of mid-plus hindgut from E11.5 mice were cultured in the presence of a
general gelatinase (MMP2/MMP9) inhibitor, the migration distance of enteric NCC
was reduced. To verify which of the gelatinases is central to this process, gelatinase
activity was assessed by gelatin zymography assay in gut samples, revealing MMP2
but not MMP9 activity to be essential for enteric NCC migration in mammalian.
Yet, as no gut-related disorder was reported in MMP2-null mice [81, 82], this
research further supports the hypothesis of compensation between different MMPs
in the genetic mice mutants.

The direct role of MMPs in executing the EMT and migration of NCC in young
embryos was more thoroughly investigated in other embryonic models. In the chick
embryo, application of a synthetic MMP inhibitor into the cell-free space, adjacent
to the pre-migratory cardiac NCC at the second somite level, inhibited their ability
to migrate [98]. Furthermore, concordantly to showing MMP?2 localization in pre-
migratory avian NCC, Duong and Erickson [68] utilized tools to inhibit MMP2 in
vivo and ex vivo using pharmacological inhibitors and electroporation of
morpholino-antisense oligonucleotide sequence against MMP2 that prevents its
translation. These treatments prevented NCC from undergoing EMT and detaching
from the dorsal neural tube. Yet, prevention of MMP2 activity in NCC that were
already commenced in migration did not prevent their motility suggesting that
MMP?2 is involved in promoting EMT but not motility of NCC. However, another
study claimed that MMP?2 plays a slightly later role in the avian embryonic NCC
which is restricted to cardiac NCC movements [69].

In Xenopus laevis embryos, both MMP2 and MMP14 were suggested to play an
essential and specific role in melanophore migration [99]. This study was conducted
using a small molecule compound (NSC 84093) that selectively inhibited the migra-
tion of melanophores. As MMP2 and MMP14 were shown to be expressed in these
NCC derivatives, this study suggested that NSC 84093 acts as a putative MMP2/14
inhibitor. These findings were confirmed using specific MMP2 and MMP14 anti-
sense morpholinos, which led to a loss of the dorsal and lateral stripes of melano-
phores in the developing embryo. Notably, a more dramatic effect was gained in the
MMP14 morphants compared to MMP2 morphants, in agreement with the pheno-
types gained in the similar knocked-out mice [81, 82, 89]. As MMP2 zymogen was
previously found to be activated by MMP14 in vivo [90], such a result may support
the hypothesis of MMP14 acting to promote NCC migration upstream to MMP2, in
addition to possible other MMP2-unrelated mechanisms.
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Fig. 6.2 MMP?9 is required for neural crest cell migration in avian embryos. (a, b) Chick embryos
of 12 somite-stage were injected into the neural tube with control (a) or MMP?9 inhibitor I (b) solu-
tions, both containing the membrane fluorophore CM-Dil. The following day embryos were har-
vested, transverse frozen sections were obtained from the hindbrain axial level, and
immunofluorescence was conducted. Panels a” and b’ are enlargement of the boxed areas in panels
a and b. Red represents CM-Dil labeled cells, green represents migratory NCC which express
HNKI1, and blue (DAPI) represents nuclear staining. White arrows in a mark Dil- and HNK1-
positive NCC, which are missing in b. (¢, d): Bright field images of isolated neural tubes obtained
from the caudal trunk levels of 16 somite embryos grown for 16 h in control conditioned media (c)
or in MMP9-containing media (d). Dashed circles represent borders of NCC migration area, which
significantly enlarges upon MMP9 addition. (e, f) Chick embryos of 12 somite stage were injected
into the neural tube with control media (e) or MMP9-enriched media (f). Embryos were harvested
6 h later and forwarded to transverse sectioning followed by immunofluorescence using laminin
antibody. Green represents laminin and blue (DAPI) represents nuclear staining. Gaps in laminin
(red arrows) are wider in the basement membrane around the neural tube treated with excess
MMP9 (f), compared to control (e). (g, h) Isolated neural tubes were obtained from the hindbrain
level of 68 somite-old embryos and allowed to grow for 16 h to allow NCC migration. The next
day, explants were added with control media (g) or MMP9-containing media (h) for 30 min and
analyzed using anti-N-cadherin (N-cad) antibody. Typical N-cad staining is observed in the cell
membranes of early migrating NCC (green) of control explants (g). Excess MMP9 abolished
N-cad staining in NCC surface (h). Blue (DAPI) represents nuclear staining, and white lines repre-
sent borders of neural tubes. Abbreviation: NT neural tube. Adapted with permission, Developmental
Biology, Monsonego-Ornan et al., 2012, [70]

We have recently discovered a new player that participates in the delamination and
migration of avian NCC, MMP9 [70]. MMP9 was found to be expressed in pre-
migratory and migratory NCC along the entire rostral-caudal axis of the embryo as
well as along NCC migratory pathways in the nearby mesoderm (Fig. 6.1a). Inhibition
assays using a specific pharmacological inhibitor against MMP9 [100] in the head
and trunk regions of the embryo showed the requirement of active MMP9 in the pro-
motion of both EMT and migration of NCC, which were significantly diminished in
this experiment (Fig. 6.2a). Molecular knockdown experiments were also carried out
by electroporating an antisense morpholino against MMP9 into the pre-migratory
NCC, which resulted in a similar prevention of NCC migration in the embryo, with-
out perturbing their viability or earlier specification. The reciprocal affect of excess
MMP?Y, either via adding MMP9-enriched media to ex vivo explants or by overex-
pression MMP9 cDNA into the neural tube in vivo, resulted in accelerated EMT and
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migration of NCC, compared to controls (Fig. 6.2b). This effect also appeared in
younger areas of the neural tube where typically NCC are not yet engaged in migra-
tion, implicating for the sufficient application of MMP?9 to trigger the separation and
migration of NCC. This impact of MMP9 was associated with loss of epithelial mor-
phology and enhanced transition toward mesenchymal phenotype of NCC, together
with a dramatic reduction of the neuroepithelial cell marker N-cadherin, in the treated
embryos. Analysis of the mechanism by which MMP9 executed the migratory phase
of NCC revealed its function in breaking N-cadherin and the integrity of laminin at
the basement membrane around the dorsal neural tube to enable the cell emigration
(Fig. 6.2¢). Together, these findings, illustrated in Fig. 6.4, revealed for the first time
the prominent role of MMPO in the EMT and migration of NCC in the avian model,
which is mediated through its digestive activity on ECM components.

Since MMPs are highly homologous between vertebrates and seem to be involved
in NCC migration and differentiation in several species, it is logical to expect a well-
established, evolutionary conservation of their activities. However, in contrast to
avian, amphibian, and mammalians, in zebrafish embryos much less is known about
MMPs’ involvement in NCC. Nevertheless, several reports described disruptions in
zebrafish craniofacial morphogenesis upon knockdown of MMP2, MMP9, MMP13,
and MMP14 [101, 102]. Further indirect support for the involvement of MMPs in
zebrafish cranial NCC was provided in a study where elevation of glucocorticoids
increased the embryonic expression of MMP2, MMP9, and MMP13, which was
linked to changes in craniofacial morphogenesis [102, 103]. Craniofacial abnormali-
ties were also induced by gasoline oxygenates along with decreased MMP2 and
MMP9 transcript level in zebrafish embryos [104]. Finally, as cell invasion factors
and remodeling of the ECM were suggested to be required for NCC migration in the
zebrafish [105-107], it is highly plausible that MMPs play a key role in this process.

Given MMP roles in early NCC stages and in the subsequent development of their
derivates, it is expected that TIMPs may also be involved in NCC ontogeny, where they
can play a role in either inhibition and/or facilitating MMP activity. TIMP2 was shown
to be expressed and specifically involved in regulation of early migrating cardiac NCC
in the chick by facilitating MMP2 activation [108]. TIMP2, along with TIMP3, was
elucidated to possess an important, but unique, role in early cardiac development in
chick. TIMP2 was predominantly associated with continued cardiac cushion develop-
ment, and TIMP3 was predominantly associated with myocardial remodeling [109].
Furthermore, TIMP1 and TIMP2 mRNA transcripts were localized to the ossifying
areas along the outer edges of mice Meckel’s cartilage, indicating a potential role in
forming this structure [85, 86]. TIMP3 affects head and axial tissue formation, where
overexpression during frog embryogenesis leads to defects in the head and in the dorsal
axis [110]. Altogether, these data implicate for the significant effects TIMPs hold on
NCC, both in early NCC migration and in later NCC derivatives.

A non-desired outcome of NCC is the developing of cancer, such as neuroblas-
toma, which is a common pediatric solid tumor derived from primordial NCC.
MMPs are pivotal for the progression of many types of cancer, where their expres-
sion is tightly correlated with tumor aggressiveness and poor prognosis [56, 111].
Concomitantly, MMP2 and MMP9 were found to be expressed in neuroblastoma
[112], where MMP2 activity in these cells was found to be strongly associated with
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elevated MMP14 levels, advanced stages of the tumor, and poor clinical outcome in
these patients [113]. Furthermore, TIMP3 was reported to successfully restrict the
NCC-derived neuroblastoma growth in mice [114]. MMP2 and MMP9 were also
reported to exhibit reduced expression and activity upon treating NCC-derived
human tumor cell lines with the anticancer drug valproic acid (VPA), whereas
TIMP1 expression was increased following exposure to VPA [115]. These reports
elucidate not only the involvement of MMPs in cancer tumors of NCC origin but
also the role of TIMPs in these processes and the importance of the delicate balance
between MMPs and TIMPs in normal and malignant tissues.

Another type of cancer which originates from the melanocyte derivative of NCC
in the skin is melanoma. This highly invasive tumor exploits many similarities to the
well-controlled program of embryonic NCC migration, including the expression of
MMP?2 and additional EMT and cell migration genes, such as Myb [116]. A recent
study which compared between the transcriptomes of normal NCC and aggressive
melanoma revealed a significant upregulation of MMP2 expression in the cancer
cells compared to embryonic NCC [117]. Hence, unraveling the regulatory mecha-
nisms that govern the controlled expression of MMPs in naive embryonic NCC
would be significant for better understanding of these differences as well as for devel-
oping innovative treatments for the nonregulated expression of MMPs in cancer.

In addition to MMPs, several other intrinsic factors, such as members of the
Twist and Snail families of transcription regulators, control NCC development and
tumor progression. Since both processes share multiple cellular characteristics, any
information on the regulation of EMT and cell motility via a crosstalk between
MMPs and intracellular factors may be beneficial for developmental biology and
cancer research [25, 27, 36, 49, 56, 118]. Indeed, additionally to their well-
established ability of MMPs to cleave ECM components, several studies have shown
an intracellular function of MMPs in the expression of the transcriptional repressor
factor Snail, which is an important pro-tumorigenic factor in many cells. Snail acts
by repressing the expression of E-cadherin during several EMT processes, including
in NCC, leading to the separation and spreading of cells [119-124]. In mouse mam-
mary epithelial cells, treatment with MMP3 led to the expression of an alternatively
spliced form of the small GTPase protein Racl, which in turn stimulated the expres-
sion of Snail. Although the data was not presented, the authors imply that similar
effect was mediated by MMP9, but not MMP2 [124]. Therefore, while we have
recently discovered that MMP?Y is capable to cleave E-cadherin and laminin in NCC
to promote their separation [70], it awaits to be discovered whether, in addition to its
direct proteolytic actions on ECM substrates, it also modulates migration of NCC in
the embryo’s expression regulation of central genes such as Snail.

5 The ADAM Family of Metalloproteinases in NCC

In addition to MMPs, the large family of a disintegrin and metalloproteinases
(ADAMs) has also been shown to participate in promoting NCC development [125].
So far, 40 family members have been identified in the mammalian genome [126, 127]
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and also in other species [128]. The ADAM:s are type I membrane-anchored metal-
loproteinases with an extracellular domain and disintegrin and cysteine-rich domains
[128]. Their substrates include cell adhesion molecules, ECM proteins, growth fac-
tors, and cytokines, as well as receptors and ligands of signaling pathways [129]. The
ADAMs are widely expressed in embryos and adults and play fundamental roles
during different developmental processes by their ability to regulate cell-cell and
cell-matrix interaction upon cleaving the extracellular domains of cell-surface pro-
teins and the ECM. Through these functions, ADAMs modulate differentiation,
migration, and even transcriptional activation in different cells [130].

Different studies have investigated the proteolytic ability of ADAMs to shed
cell-surface proteins that can either activate (i.e., Notch or epidermal growth factor
(EGF) ligands) or inactivate cleaved proteins (i.e., ephrin, cadherins), leading to
different extracellular and intracellular outcomes [129]. Apparently, the ectodomain
shedding by ADAMs is the rate-limiting step before further cleavage events within
the plasma membrane. This process, termed regulated intermembrane proteolysis
(RIP), is best known for Notch proteolysis [131], in which ADAMs cleavage is fol-
lowed by further cleavage by the y-secretase complex, generating an active intracel-
lular Notch domain that transduces signaling events into the cell nuclei.

Another major group of ADAM substrates are the cadherin family of adhesion
molecules. For instance, ADAMs were found to control the cleavage of N-cadherin
in mouse and chick embryos [132-135] and of cadherin-11 in Xenopus laevis
embryos [136]. As these cadherins are crucial players in NCC development and
migration, the participation of ADAMs in these processes was assumed. Indeed,
ADAMs were shown to be localized in several embryonic models to NCC and sur-
rounding tissues. For example, ADAMI10 is expressed in dorsal neural tube of avian
embryos and in emigrating NCC in vitro [137] (Fig. 6.1e), as well as in colocaliza-
tion with N-cadherin in the neural tube of E9.5 mouse embryos [134]. Other
ADAMs, such as ADAM12 and ADAM13, were found in later NCC derivatives in
chicks, such as in craniofacial structures, as well as in the mesoderm which is tightly
contacted with migratory NCC [138, 139]. Concomitantly, in Xenopus laevis,
ADAMI13 and ADAMI19 were both demonstrated in the somitic mesoderm, the
neural tube, and cranial NCC [140, 141]. Together, these expression data fit well
with the possibility of ADAMs playing roles in the modulation of NCC migration.

Determination of ADAM’s function in NCC development using mice knocked-
out for ADAMs is not yet possible, since most mutants die early in development due
to deficits in multiple cellular pathways. For example, ADAM10-deficient mice die
at E9.5 and show multiple Notch-related defects of the developing central nervous
system, somites, and cardiovascular systems [142]. Moreover, these mutants are
much smaller than WT mice, probably due to abnormal high accumulation of cad-
herins, compared to WTs [133]. Yet, these mice were used to develop ADAMI10-
deficient fibroblast cell lines and to demonstrate the ability of ADAMI10 to cleave
cadherins, leading to reduction in cell—-cell adhesion and promotion of cell migra-
tion and separation in vitro. Experiments using these fibroblasts also showed that
the accumulation of cadherins at the fibroblast cell membranes sequestered
[-catenin, leading to prevention of its translocation to the nucleus and alterations in
intracellular signaling [133, 134].
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Concomitantly with these findings, ADAM10 was demonstrated to promote
NCC EMT in the trunk of avian embryos, via its cleavage of N-cadherin in pre-
migratory NCC [135]. In its typical cell-surface localization, N-cadherin negatively
regulates NCC delamination by maintaining their epithelial cell-cell contacts in the
dorsal neural tube, whereas its downregulation enables them to undergo EMT [43,
135] (Fig. 6.3a, b). N-cadherin was reported to be cleaved extracellularly by
ADAMI10 in HEK?293 cells and in primary cultured cells from the cerebral cortex of
fetal mice [143], generating a C-terminal fragment, termed CTF1, which was fur-
ther processed by y-secretase to form the soluble intracellular CTF2 fragment,
which is in turn involved in the regulation of gene expression in multiple different
systems [134, 144, 145]. In the context of NCC, Shoval et al. revealed that upstream
control of BMP signaling in triggering NCC delamination [22, 23] is mediated by
its ability to promote N-cadherin degradation through ADAMI10 activity. The abil-
ity of BMP to trigger NCC EMT was blocked by the addition of GI254023X, a
specific ADAMI0 inhibitor, which preserved N-cadherin in its intact structure
(Fig. 6.3d—g). As such, the persistent N-cadherin actively antagonized p-catenin-
dependent signaling induced by BMP/Wnt and consequently prevented NCC migra-
tion. Conversely, the CTF2 end-product of N-cadherin cleavage by ADAMI10 was
found to rescue the inhibitory effect of GI254023X and to actively promote NCC
migration by enhancing p-catenin-dependent signaling in the nucleus (Fig. 6.3c, h, 1).
Thus, ADAMI10 cleavage of N-cadherin was suggested to play a key role in NCC
emigration by converting the negative modulation of N-cadherin into a stimulatory
intracellular signal, downstream of BMP [135], as illustrated in Fig. 6.4.

Other members of the ADAM family were also found to participate in cranial
NCC development in frog embryos. Knockdown of ADAMI19 in Xenopus laevis
caused reduction in the expression of NCC markers, perturbation in the migration
of cranial NCC, and impairment in somite organization [146]. ADAMI13 was also
suggested to be involved in NCC de-adhesion and migration as well as in myoblast
differentiation in this species [140]. Interestingly, in Xenopus tropicalis, ADAMI13
was found to act earlier in the induction of cranial NCC. Cleavage of Ephrin B1/B2
by ADAMI13 in neural-progenitor cells was found to be required for prevention of
canonical Wnt signaling, which led to appropriate levels of Snail2 expression and to
NCC induction [147]. Furthermore, ADAM9 and ADAMI13 were found essential
for cranial NCC development in frogs upon cleavage of cadherin-11 [136]. At vari-
ance from N-cadherin, cadherin-11 is expressed in migrating NCC and necessary
for their mobility. The extracellular domain of cadherin-11, which is the end-prod-
uct of ADAM cleavage, was found to stimulate NCC migration. Moreover, this
extracellular fragment could also rescue the migration of cranial NCC that was
inhibited by knocking-down ADAM13, via a non-cell autonomous mechanism. For
instance, the cleaved cadherin-11 was shown not only to directly reduce cell adhe-
siveness but also to bind to full-length cadherin-11, thus reducing cadherin-11 cell-
cell interactions and facilitating motility. Notably, ADAMI13 function was recently
suggested to be required in the 3-dimentional context of the embryo, as inhibition of
cranial NCC migration upon ADAM13 depletion could only occur in vivo [148].
This study suggested that ADAM13 is involved in cleaving fibronectin and/or other
ECM proteins, resulting in the opening or widening of the dense 3-dimentional
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G1254023X + CTF2

Fig. 6.3 N-cadherin cleavage by Adam10 is required for the generation of EMT in neural crest
cells. (a—c) Transverse sections of chick embryos that were unilaterally electroporated with differ-
ent plasmids into the trunk level of the neural tube 20 h earlier. (a) Control GFP plasmid shows
typical early delaminating NCC (arrows) opposite to a dissociating somite. (b) Full-length
N-cadherin-GFP-expressing plasmid inhibits NCC delamination opposite to an already dissociated
somite (asterisk). (¢) The N-cadherin tail CTF2-GFP plasmid stimulates an enhanced NCC migra-
tion (arrows). (d—g) Bright field (d, f) and immunofluorescent images (e, g) of explanted neural-
tube primordia obtained 18 h after explantation. (e, g) High magnification of N-cadherin-stained
NCC explants. (d, e) Control-untreated explant shows migration of NCC with reduced N-cadherin
levels (arrows). The dotted line in (e) marks the border between the epithelial-N-cadherin-
expressing NCC and migrating mesenchyme NCC. (f, g) Treatment with GI254023X, an
ADAM10-specific inhibitor, blocks NCC delamination by maintaining full-length membrane-
bound N-cadherin. (h, i) Electroporation of neural tubes with the N-cadherin tail CTF2, the end-
product of ADAMI10 cleavage, followed by their explantation in the presence of GI254023X.
Explants were stained with antibodies directed to the intracellular domain of N-cadherin that also
react with transfected CTF2 which is evident in the cell nuclei. (h) Control explants in the presence
of ADAMI10 inhibitor show that cells retain membrane-bound N-cadherin immunoreactivity and
are adhered to each other. (i) Explants treated with CTF2 and ADAMI10 inhibitor show that NCC
expressing CTF2 in their nucleus have emigrated from the neural-tube, lack membrane immunos-
taining, and are detached from each other (arrows). Scale bar: 44 pm for a, b; 62 pm for ¢; 200 pm
for d, f; 20 pm for e, g; 72 pm for h, i. Abbreviations: NT neural tube, S somite. Adapted with
permission, Development, Shoval et al., 2007, [135]

ECM that surrounds the migrating cranial NCC. Yet, the mechanism of ADAMI13
function is not fully understood, since, unlike the end-product of N-cadherin, the
cleavage of cadherin-11 by ADAMI3 does not modulate p-catenin [136].
Interestingly, ADAM13 itself was also found to be cleaved by y-secretase, leading
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Fig. 6.4 A schematic illustration of the proposed activities of MMP9 and ADAM10 in executing
the detachment of neural crest cells from the neural tube. (a) Prior to migration, neural crest cells
(NCC, green) compose the dorsal-most part of the neural tube epithelia, where they retain cell—cell
and cell-matrix contacts. In order to undergo the epithelial-to-mesenchymal transition (EMT) and
engage in migration, secreted MMP9 (green) cleaves N-cadherin molecules (blue), basement
membrane proteins (laminin, black), and ECM components (dark yellow) around and adjacent to
NCC. ADAMIO0 (yellow) is anchored to NCC membranes, where it cleaves N-cadherin (blue). As
a result of the cleavage, soluble intracellular CTF2 fragment (red) is generated and enters NCC
nucleus. (b) Following these proteolytic activities, NCC are now separated from each without
N-cadherin contacts, the basement membrane/surrounding ECM is loosen, and they display a mes-
enchymal morphology that enables their migration

Laminin

to its cytoplasmic domain to be translocated into the nucleus and to activate tran-
scription of genes essential for NCC development. One such gene, Calpain8, was
found to retain the migration capacity of cranial NCC in embryos lacking the
ADAMI13 cytoplasmic domain. Another putative downstream candidate of
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ADAMI13 in promoting NCC migration is MMP13, as its expression was enhanced
by ADAMI13 cytoplasmic domain in NCC [149], raising the attractive hypothesis of
a crosstalk between different types of proteases in enabling NCC migration.
Altogether, multiple studies in different model organisms have found ADAM
family members to be critically involved in many aspects and stages of NCC devel-
opment through extracellular and intracellular mechanisms. Moreover, different
ADAM members were shown to compensate for the loss of a certain ADAM protein
in mediating NCC migration, indicating for a conserved role of ADAMs during
evolution [149]. Future studies will be required to further elucidate upstream regula-
tors and downstream target genes of ADAMs in normal and perturbed NCC devel-
opment. Developing of conditional knockout mice is also necessary to unravel the
role of ADAMs in mammalian NCC. Finally, a regulatory interaction between
MMPs and ADAMs in facilitating NCC migration requires further investigation.

6 Other Types of Proteases in NCC Migration

In addition to the central roles of MMPs and ADAM:s in promoting NCC EMT and
migration, some other proteases were also shown to be involved in these processes,
as well as in the development of later NCC derivatives. Plasminogen activator (PA) is
an inducible serine protease found in a variety of embryonic tissues. It was shown to
be produced by cephalic NCC during their onset of migration and their colonization
in the developing head and neck [150], indicating for its possible role in promoting
these processes. Furthermore, an additional secreted serine protease, urokinase-type
plasminogen activator (uPA), was found to regulate cranial NCC migration in vitro,
via catalysis of plasminogen to plasmin. In this study, addition of plasminogen/plas-
min to NCC enhanced their migration, which was prevented by blocking uPA activity
using anti-catalytic uPA antibody. This shows that plasminogen plays a role in NCC
migration, which is mediated by uPA activity [151]. Not surprisingly, uPA was also
found to be involved in the activation of several MMP family proteins [152]. uPA
from cultured hepatic stellate cells (HSC) significantly induced the activity of MMP2
and MMP?9 in cirrhotic tissues. Similarly, transfection of a vector encoding human
uPA into HSC which are not producing uPA resulted in overactivation of MMP3,
MMP2, and MMP9 [153]. Furthermore, uPA, along with MMP9, was reported to
activate pro-MMP13 in the joint fluid of patients suffering from osteoarthritis and
rheumatoid arthritis [154]. Plasmin was also reported to activate MMP3 and MMP9
[155]. While these studies suggest a regulatory network between MMPs and serine
proteases, it is not known whether these two players also interact in NCC.

Finally, dipeptidyl peptidase IV (DPPIV) is a cell-surface serine protease, which
is expressed in normal, noncancerous neuronal NCC derivatives in adults, where it
was shown to decrease the gelatinolytic activity of MMP9. However, its expression
is greatly decreased in cells derived from neuroblastoma. Interestedly, restoration of
DPPIV expression in neuroblastoma cells suppressed their tumorigenic potential,
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indicating for the regulatory role of this serine protease in preventing cell invasive-
ness, possibly through the modulation of MMP9. Whether this protease plays an
earlier regulatory role in embryonic NCC migration is not known [156].

7 Conclusions

MMPs and their inhibitors (TIMPs), as well as other proteases such as ADAMs and
serine proteases, hold great influence on controlling NCC EMT, migration, and tis-
sue formation on multiple levels, stages, and species. Alternation in the expression
and activity of these proteases lead to impaired NCC development and to related
malformations and disorders. The pivotal extracellular, cell surface, and intracellu-
lar roles of MMPs and ADAMs (as illustrated for MMP9 and ADAM10 in Fig. 6.4),
the regulatory cascade that modulate their expression and activity, and the possible
crosstalk between themselves and other proteins in the unique system of embryonic
NCC are only starting to be understood and await future research to be fully
unfolded. Furthermore, the similarity in MMPs involvement in metastatic cell inva-
sion and in the well-controlled process of embryonic NCC migration, together with
the fact that some of the highly aggressive tumors are derived from NCC progeny,
strengthens the need to fully characterize and compare the role and regulation of
proteases in these processes. Finally, new knowledge about MMPs and other prote-
ases in NCC will enable the better understanding and reducing congenital malfor-
mations, cancer, and other NCC-related disorders.
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Chapter 7
Proteases and Cancer Development

Shudong Zhu and Zhoufang Li

Abstract Dysfunction of proteases is observed in many cancers. Signaling and
functional roles of both intracellular proteases and extracellular proteases in the
development of cancer are discussed in this chapter. As mitochondrial proteases,
HtrA2/Omi regulates inhibitors of apoptosis proteins, while Lon protease degrades
misfolded proteins and maintains the stability of the mitochondrial genome. Caspases
are closely interconnected with mitochondria in apoptosis and serve as the major
executors of the apoptosis machinery. Cathepsin proteases have multiple substrates
including growth factors and extracellular matrix proteins. Matrix metalloproteinases
trigger the release of growth and angiogenic factors and modulate extracellular matrix
molecules. Changes of these proteases affect various aspects of cancer development,
including transformation, apoptosis, invasion, and metastasis of cancer cells.
Targeting these proteases is becoming an important approach to cancer treatment.

Keywords Protease ® Cancer ® Mitochondria ® Caspase ® Cathepsin ® Matrix metal-
loproteinase ® Apoptosis * Invasion * Metastasis

1 Introduction

Proteases are responsible for proteolysis, one of the most fundamental posttransla-
tional regulatory systems. They are involved in various physiological processes.
Dysfunction of proteases is observed in many cancers. Here we will discuss both
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intracellular proteases and extracellular proteases in cancer development, including
mitochondrial proteases, lysosome proteases, cytosolic proteases, and matrix metal-
loproteinases (MMPs). Figure 7.1 shows the network of the proteases in cancer
development (Fig. 7.1).

2 Mitochondrial Proteases in Cancers

Mitochondria are essential for the survival and proliferation of normal and cancer
cells. Besides their role as an energy factory for maintaining metabolism and prolif-
eration of cells, they are also part of the apoptosis machinery. Dysfunction of mito-
chondria may lead to the development of various cancers.

Mitochondrial proteases play crucial roles in cancer development directly or
indirectly. Some of them strictly control the quality of proteins in organelles by
degrading misfolded and non-assembled polypeptides. Others are key factors in the
apoptosis pathway. The roles of two mitochondrial proteases, including high tem-
perature requirement protein A2 (HtrA2/Omi) and Lon protease, in cancers are
summarized below.
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2.1 HtrA2/Omi

HtrA2/Omi is a serine protease in the mitochondrial intermembrane space. It is a
crucial regulator to maintain mitochondrial homeostasis, facilitating cell survival.
However, HtrA2 acts as a proapoptotic factor under stress. HtrA2/Omi is widely
expressed in a variety of cancer cell lines, including gastric cancer [1], ovarian can-
cer [2], prostate cancer [3, 4], and lymphoma [5].

HtrA2/Omi is associated with cancer development mainly because of its role in
apoptosis. It promotes apoptosis in human cells in a caspase-dependent manner, as
well as in a caspase-independent manner, via its proteolytic activity. In response to
apoptotic signals activated by cisplatin [6] and staurosporine [7], HtrA2/Omi under-
goes proteolytic processing, releasing the mature form of the protease from the
mitochondria into the cytoplasm, where its exposed N-terminal Ala—Val-Pro—Ser
motif mediates interaction with the BIR domains of its substrates, inhibitors of
apoptosis proteins (IAPs), including the X-linked inhibitors of apoptosis (XIAP),
cellular inhibitor of apoptosis protein-1 (cIAP1) [8], and cIAP2. Binding of HtrA2
with IAPs leads to the degradation of IAPs and activates caspase-3-dependent apop-
tosis pathway [7, 9, 10]. Hence, upregulation of Omi/HtrA2 sensitizes cells to apop-
tosis. On the contrary, decreased expression of HtrA2 increases the resistance of
multiple cell lines against apoptotic stimuli, reduces cell death, and was observed in
various human cancer cells [2, 9].

Besides the interaction of HtrA2 with IAPs and being involved in caspase path-
ways, other mechanisms of HtrA2 action have also been reported. For example,
HtrA2 controls cell proliferation through WARTS kinase [11]. HtrA2 can also elicit
its protease activity by cleaving the oncogenic Wilms’ tumor suppressor protein
WT1 at multiple sites under apoptotic stimuli. This leads to WT1’s removal from
gene promoter regions and enhances apoptosis [12]. Knockdown of HtrA2 prevents
its proteolysis activity on WT1 [13]. HtrA2 also binds to receptors, such as integrin
alpha 7 (ITGA7), and triggers cell death in cancers [4]. The activity of HtrA2 is
directly regulated by Akt, providing a mechanism by which Akt induces cell sur-
vival at the post-mitochondrial level [14].

Abundant work has been done to examine the precise mode of action and the
importance of HtrA2 in apoptosis in mammalian cells through biochemical, struc-
tural, and genetic studies. While the N-terminal Ala—Val-Pro—Se motif is crucial for
binding with the IAPs, both the N-terminal alanine and the catalytic serine residue
control the proapoptotic activity of mature HtrA2 protein. Ablation in either of the
sites reduces the ability, whereas inhibition of both sites completely blocks the pro-
apoptotic activity of HtrA2/Omi [10].

2.2 Lon Protease

Lon protease is an ATP-dependent serine peptidase. It plays vital roles in the degra-
dation of misfolded and damaged proteins and maintains the stability of the mito-
chondrial genome. Overexpression of Lon is associated with tumor transformation
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[15, 16]. Downregulation of Lon leads to massive apoptosis, disrupts mitochondrial
structure, and causes cell death [17].

Lon protease maintains the respiratory system in tumors through one of its sub-
strate, COX4-1 [18]. Cytochrome C oxidase (COX) is a terminal enzyme in the
respiratory electron transport chain of mitochondria. There are two isoforms of
COX4. COX4-1 is expressed under aerobic condition, whereas COX4-2 plays its
major role under hypoxia. Rapid proliferation of cells may lead to hypoxia, which
is lethal in normal cells. However, in malignant cells, the hypoxia induces Lon pro-
tease and COX4-2 expression through hypoxia-inducible factor-1 (HIF-1). COX4-1
is degraded by the Lon protease, whereas the level of COX4-2 is elevated to main-
tain the energy supply under hypoxia to promote tumor cell survival.

Lon protease also maintains the stability of the mitochondrial genome through
its chaperon activity. Alteration of mitochondrial DNA is reported in cancer cells
[19]. Mitochondrial DNA is in close proximity to the respiratory chain and is sus-
ceptible to high levels of reactive oxygen species (ROS) [20]. The D loop region
controls replication and transcription. This three-stand segment in the mitochon-
drial genome where Lon binds contains many hot spots of mutation in cancer cells.
However, despite our current level of knowledge, we still don’t fully understand the
precise mechanism by which Lon protease contributes to cancer development yet.

Biochemical and structural studies have revealed that Lon consists of three major
functional segments. The N-terminal domain (N domain) is responsible for interac-
tion with protein substrates. Blockage or mutation in N domain decreases its expres-
sion, reducing its proteolytic activity and even life cycle in Podospora anserina
[21]. The second part is related to ATP binding and hydrolysis. ATP stimulates the
proteolysis activity of Lon, whereas ADP inhibits this process [22]. The P domain
carries the catalytic binding sites [23]. However, the P domain itself doesn’t show
proteolytic activity on protein substrates, but only on small peptides [24].

Recently, several drugs targeting Lon protease such as the obtusilactone A and
sesamin have been shown to induce apoptosis in human lung cancer cells [25].
Synthetic triterpenoid CDDO and its derivatives also selectively inhibit Lon and
cause the cell death in lymphoma [26].

3 Caspases

Evasion of apoptosis is one of the hallmarks of tumor development. Caspases are
closely interconnected with mitochondria regarding their roles in apoptosis and
serve as the major executors of the apoptosis machinery. Of the 12 caspases so far
identified, 7 are involved in apoptotic pathways. CASP9, CASP2, CASPS, and
CASP10 are categorized as initiator caspases which are recruited to the apoptosome
when death stimulus occurs. The initiator caspases contain death-fold motifs, such
as caspase recruitment domain (CARD, as in caspase 2 and caspase 9) or death
effector domain (DED, as in caspase 8 and 10) at the prodomains. These initiator
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caspases further cleave the inactive pro-forms of members of another caspases fam-
ily, the effector caspases, including CASP3, CASP6, and CASP7, which cleave
protein substrates within cells and trigger the apoptotic process. Both groups of
caspases play vital roles in apoptosis.

There are two main apoptosis pathways. One is the extrinsic receptor mediated
and the other is intrinsic mitochondrial pathways. The extrinsic pathway is initiated
by extracellular ligands through oligomerization of cell surface receptor and assem-
bly of death-inducing signaling complex (DISC), whereas the intrinsic involves the
participation of mitochondrial proteins such as Bcl-2 family and assembly of apop-
tosome (Fig. 7.2). Cells utilize an advanced machinery to get rid of genetic or bio-
chemically abnormal cells through apoptosis. Repression of apoptosis, by either
antiapoptotic proteins or mutation of the apoptotic executors (the caspases), can
lead to cancers (Table 7.1) [27-31, 36, 44]. In particular, caspase 8 is associated
with advanced and invasive cancers. In addition, recent evidence suggests that cas-
pases per se could act as tumor suppressors. For instance, knockdown of caspase 2
not only promotes growth of mouse embryonic fibroblasts (MEFs) but also aggres-
sively accelerates tumor formation [32]. Here, we will take initiator caspase 8 and
effector caspase 3 as examples to illustrate the mechanisms by which caspases are
involved in cancers.
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Table 7.1 Alt'eratiop of Cancers Caspases References
caspase genes in various Breast Caspase 3,8, 10 [44]
cancers
Colorectal Caspase 7, 8,9 [28]
Gastric Caspase 2, 6, 8 [30]
Head and neck  Caspase 8 [28]
Hepatocellular ~ Caspase 8 [29]
Lung Caspase 8, 10 [31]
Neuroblastoma  Caspase 8 [36]

3.1 Caspase 8

Caspase 8 belongs to the family of cysteine proteases and is one of the initiator
caspases in the extrinsic apoptosis pathway [33]. The activation of caspase 8
depends on the DISC in mammalian cells [34].

Several mechanisms are involved in caspase 8-induced cancer development.
Caspase 8 plays a central role in the ligand-induced apoptosis of tumor cells. For
example, the extracellular ligands of cytotoxic T lymphocytes such as TNF family
death ligands (TRAIL, Fas/CD95 ligand, and TNF-a) interact with the correspond-
ing death receptors (TRAIL receptors, Fas/CD95, and TNFR1), which then recruit
adaptor proteins such as FADD in the cytosol, followed by recruiting pro-caspases 8.
Caspase 8 is generated, and the active caspase 8 is capable of cleaving and activating
downstream caspase 3 and other proteases. The cell death machinery is triggered
and the tumor cells die [35].

In addition, genetic mutation or alteration in the caspase 8 gene or its regulatory
sequence is associated with tumor formation. Silencing of caspase 8 caused by gene
deletion or promoter hypermethylation has been identified in pediatric tumors and
corresponding cell lines [36]. A six-nucleotide deletion in the promoter region of
caspases 8 reduced the expression level of caspase 8 protease and was associated
with squamous cell carcinoma of the head and neck cancer [37]. Other variants of
caspase 8 such as caspase 8 long (caspase-8L) have also been identified in tumors.
Caspase 8L is a splice variant produced by the insertion of a 136bp sequence
between exon 8 and exon 9. This insertion leads to a premature stop codon, generat-
ing a truncated caspase 8 with only the DED domains but lacking the C-terminal
proteolytic domain [38, 39]. This truncated, inactive caspase 8 can still be recruited
to the DISC complex due to its retention of DED domains [40, 41]. As a result,
caspase 8L acts as a dominant negative to the wild-type caspase 8 and therefore
prevents cell death [42, 43].

Moreover, caspase 8 may also have multiple effects on tumor development.
Caspase 8 can suppress oncogenic transformation, independent of its role in apop-
tosis. Loss of caspase 8 expression is often associated with amplification of the
MYCN oncogene and increased expression of the corresponding protein. However,
it is not clear if these two genetic alterations are functionally linked or if they just fit
into a two-hit model providing a permissive environment for tumor growth.
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3.2 Caspase 3 (Effector Caspase)

Caspase 3 belongs to the effector caspase family. It is both required in extrinsic and
intrinsic apoptotic pathways. Signals from caspase 8 (extrinsic) or from the com-
plex of caspase 9, apoptosis-activating factor 1 (Apaf-1), ATP, and cytochrome c
(intrinsic) cleave the procaspase 3 and activate caspase 3 and then further cleave and
activate caspases 6 and 7. Effector caspases target a broad spectrum of cellular pro-
teins, ultimately leading to cell death. The proteolytic activity of mature caspases
9 and 3 is inhibited by inhibitor of apoptosis proteins (IAPs). In turn, IAPs are
inactivated and caspase activity restored by regulatory proteins such as SMAC/
Diablo (second mitochondri-derived activator of caspases/direct IAP-binding pro-
tein with low p/) or HtrA2/Omi, which are released from the mitochondria (Fig. 7.2).

Disturbances of caspase 3 have been reported in several types of cancers. In a
screen of primary breast tumor samples for caspase 3 levels using PCR, northern
blot, and western blot, approximately 75 % of the tumors as well as morphologically
normal peritumoral tissue samples were found to lack caspase 3 transcripts and cas-
pase 3 protein expression [44]. Interestingly, upregulation of caspase 3 has also been
reported in clinical breast tumor samples, using immunohistochemistry [45, 46].
This discrepancy is likely due to the difference in the methods of analysis.

Structural and biomedical studies reveal that several mechanisms are involved in
cancer development in association with caspase 3. For example, the different obser-
vations in the previous reports may be due to the different forms of caspase 3 being
detected in cancer. CASP-3 gene can undergo alternative splicing, giving rise to two
forms, the wild-type caspase 3 and a short-form caspase 3s which has antiapoptotic
function [47]. Co-expression of two caspase 3 isoforms has been detected in diverse
tumor cell lines, as well as in breast carcinomas, where the ratio of expression levels
has been used as a prognostic marker to guide the use of cyclophosphamide-
containing chemotherapy in patients [48]. At present, the exact role of caspase 3 in
tumor formation/progression and tumor sensitivity to treatment is still unclear.

Inhibiting apoptosis is one of the important aspects of cancer; therefore finding
ways to reverse this inhibition, and thus activate caspases, is important in cancer
therapies and in the developing novel strategies in treating cancers. For instance,
inactivation of caspase 8 has been shown to cause resistance to current treatment
approaches; thus restoration of caspase 8 represents a promising therapeutic way to
treat human cancers. Regulators of the caspase family are also promising pharma-
cological tools for treating of cancers.

Recently, a report from oncogene shows that caspase 3 activation in dying tumors
cells in patients undergoing chemo- and radiotherapeutic regimens can not only
induce cell death but also proteolytically activates a cytosolic Ca?*-independent
phospholipase A2 (iPLA2) (Fig. 7.3). iPLA2 then adopts the plasma membrane
lipid as a substrate and produces arachidonic acid (AA) and releases soluble lipid
messengers, notably prostaglandin E2 (PGE2), in a cascade of enzymatic reactions.
The PGE2 stabilizes EP2 protein (a G-protein-coupled receptor expressed in the
surface of tumor cells), which promotes tumor cell proliferation possibly through
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the WNT-f-catenin signaling pathway [49]. The report suggests that therapies that
block the activation of caspase 3 alone may result in significant clinical and thera-
peutic failure.

4 Cathepsin Proteases

Cathepsin proteases are lysosomal peptidases ubiquitously expressed in animals.
Most of them are activated and take effect in lysosomes with only few exceptions
such as Cathepsin K, which takes effect in the extracellular matrix. Elevated
Cathepsin proteases have been reported in several types of cancers including breast
cancer [50-52], prostate cancer [53], colon cancer [54], and lung cancer [55]. Two
representative Cathepsin proteases, the aspartyl Cathepsin D and the cysteine
Cathepsin B, and their roles in cancers are summarized below.

4.1 Cathepsin D

Cathepsin D is a lysosomal aspartyl protease, a dimer of disulfide-linked heavy and
light chains. Mutations in the Cathepsin D gene are involved in the pathogenesis of
breast cancer and other diseases. Overexpression of Cathepsin D has been observed
in breast cancer and prostate cancer and is associated with poor prognosis [56-59].
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Cathepsin D has been implicated in activating growth factors, such as bFGF,
which is known to be able to promote cancer cell growth and angiogenesis [60].
More direct evidence supports such roles of Cathepsin D: While overexpression of
Cathepsin D was found to increase proliferation by reducing the cellular production
of unknown secreted growth inhibitors [61], Cathepsin D also promotes cancer cell
invasion and metastasis [62]. Interestingly, mutated Cathepsin D devoid of catalytic
activity did not lose its mitogenic activity in cancer and endothelial and fibroblastic
cells. Studies in estrogen receptor-positive breast cancer cell lines revealed that this
housekeeping enzyme is highly regulated by estrogens and certain growth factors
(i.e., IGF1, EGF). The regulation of Cathepsin D mRNA levels by estrogen is
mainly due to increased initiation of transcription [63]. In addition, cancer cells and
stromal cells overexpress pro-Cathepsin D [64]. The elevated pro-Cathepsin D in
the extracellular matrix (ECM) of tumors also suggests an extracellular mode of
action of Cathepsin D. The acidic environment of tumors facilitates the maturation
of the pro-Cathepsin D and triggers downstream signaling pathways, either through
some unknown cell surface receptor or to promote fibroblast outgrowth via a para-
crine loop. This overexpressed and hypersecreted pro-Cathepsin D also stimulates
motility and invasion of fibroblasts, or cancer cell angiogenesis, and results in
enhanced tumor—host homeostasis. However, the mechanism is not yet clear.

Cathepsin D can also attenuate the immune response in mouse tumor models
through its proteolytic activity, by degrading a series of chemokines including
MIP-1a, MIP-1b, and SLC [65]. MIP-1a and MIP-1b recruit immature dendritic
cells (DCs) to the tumor tissues, and then these immature DCs mature and express
SLC receptor CCR7, which initiates an antitumor immune response at sites of the
primary tumor [66, 67]. The cleavage of SLC by Cathepsin D interferes with the
migration of antigen-loaded mature DCs to secondary lymphoid organs and thus
attenuates the antitumor effect of the chemokines [68].

Researchers have tested major types of tumors for a correlation between
Cathepsin D expression and cancer progression stages and the clinical outcome.
Meta-analysis has established a correlation between high levels of Cathepsin D and
poor disease-free survival in node-negative breast cancer patients [69]. Cathepsin D
could also serve as a potential prognostic marker for lung cancer [55].

4.2 Cathepsin B

Cathepsin B belongs to the large family of cysteine Cathepsin proteases. Cysteine
cathepsin proteases play important roles in cancer development. The Cathepsin B,
as a major member in this family, is involved in several cancers, including breast
cancer and melanoma [70, 71]. Cathepsin B is upregulated at the levels of mRNA,
protein, and activity in these human cancers. For example, in inflammatory breast
cancer (IBC), high levels of Cathepsin B are detected in the caveolar membrane
microdomains. There is also a significant positive correlation between the expres-
sion of Cathepsin B and the number of positive metastatic lymph nodes in IBC.
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iTal?l(? 7.2 Cathepsins and Cathepsins Cancers Inhibitors
inhibitors Cathepsin B Melanoma CA-074
Breast cancer
Cathepsin D Pepstatin A
Cathepsin K Breast cancer, bone metastasis ~ MK-0882
Bone metastasis SB-553484
Cathepsin L SC-364671
Cathepsin S~ Rheumatoid arthritis RWJ-445380

Cathepsin B is proposed to be a prognostic marker for lymph node metastasis, and
elevated Cathepsin B activity correlates to poor therapy outcome [71].

Cathepsin B expression is increased in tumor cells, particularly at the invasive
edges with abundant stromal fibroblasts and inflammatory cells. Cathepsin B
enhances the tumor proteolysis. It degrades extracellular matrix proteins, such as
laminin and collagen IV, and activates the precursor form of urokinase plasminogen
activator (uPA). Alternatively, it binds to the annexin II heterotetramer (AlIlt) at the
caveolar region on the tumor surface, with the AlIlt binding site for Cathepsin B dif-
fering from that for plasminogen/plasmin or tissue plasminogen activator (tPA).
Activation of Cathepsin B on the cell surface by Allt leads to the regulation of
downstream proteolytic cascades. In addition, Allt also interacts with extracellular
matrix proteins, such as collagen I and tenascin-C, forming a structural link between
the tumor cell surface and the extracellular matrix. One assumption is that the com-
plexes formed by Cathepsin B, Allt, tPA, and tenascin-C facilitate the activation of
precursors of proteases and initiation of proteolytic cascades, hence promoting the
tumor cell detachment, invasion, and motility [72]. Increased secretion of pro-
Cathepsin B has also been observed in tumors. The intracellular trafficking and
location of Cathepsin B are also modulated in cancer cells [73].

Since Cathepsin B protease has recently emerged as an important member of
proteolytic enzymes in cancer progression and invasion, it is not surprising that
Cathepsin B inhibitors have been proposed as anticancer agents. Up to now, num-
bers of inhibitors of Cathepsin B have been identified either as endogenously
expressed molecules, such as cystatins, or as chemically synthesized agents, such as
CA-074. CA-074 significantly reduces the percentage of invading cells in mela-
noma [70] and limits bone metastasis in breast cancer [74]. Inhibitors for other
cysteine Cathepsins such as K, L, and S (the CLIK series) have also been developed
and tested in vivo [75-78]. In summary, Cathepsins in general have emerged as
promising pharmacological targets for cancer therapy. A lot of synthetic Cathepsin
inhibitors are under different stage of clinical trials (Table 7.2).

S MMPs

MMPs are a family of zinc-dependent endopeptidases that facilitate cancer develop-
ment by triggering the release of growth and angiogenic factors and by modulating
extracellular matrix molecules. MMPs are present in the extracellular matrix in an
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inactive form, and once activated, MMPs are further regulated by three major types
of endogenous inhibitors, a2-macroglobulin, reversion-inducing cysteine-rich pro-
tein with Kazal motifs (RECK) [79], and tissue inhibitors of metalloproteinases
(TIMPs) (reviewed in [80]). The bioactivity of TIMPs is further regulated posttrans-
lationally by processes such as inactivation by serine protease cleavage [81]. So far,
23 MMPs are identified in vertebrates and categorized into several classes. Among
them, MMP?9 is one of the most studied protease that is actively involved in cancer
development. Several other MMPs are also discussed briefly.

5.1 MMP9

The evidence for MMP9 contributing to neoplastic progression was from mouse
model studies, where eliminating MMP9 significantly reduced the incidence of pan-
creatic islet carcinomas [82] and cervical carcinogenesis [83], while reconstitution
of MMP9 restored cellular programs for the neoplastic progression and tumor
development [84, 85]. The infiltrated leukocytes in these cancers are the major
source of MMPO9.

Several mechanisms are involved in MMP9-associated tumor progression.
MMP9 alters the stromal microenvironment by mediating liberation of ECM-
sequestered growth-promoting factors, such as basic fibroblast growth factor (FGF-
2), or proteolytic cleavage of growth factor latent precursors, such as transforming
growth factor (TGF-a) [86]. MMP9 is also found to be an active regulator of tumor
angiogenesis: Vascular endothelial growth factor (VEGF) is a key factor in neoves-
sel formation. However, VEGF requires both high MMP9 and the VEGF receptor
(VEGEFR1) to activate the angiogenic program. Low expression levels of VEGFRI1
fail to induce subsequent metastatic cell growth in the presence of MMP9, while
increases of VEGFR1 combined with a population of endothelial cells capable of
inducing expression of MMP9 induce significant metastasis. It is now believed that
activated MMP?9 releases matrix-sequestered VEGFa to interact with its receptors,
to be able to stimulate efficient vascular remodeling and angiogenesis necessary for
metastatic cell growth and survival [82, 87]. Taken together, MMP9 not only induces
a microenvironment favorable for primary tumor growth but is also crucial for the
metastasis and survival of these metastatic cells [88, 89].

5.2 Other MMPs

Several other MMPs have been shown to enhance tumor progression. MMP1
increases susceptibility of chemical skin carcinogenesis [90]; MMP14, MMP2, or
MMP3/stromelysin-1 promotes mammary carcinogenesis [91], while reduction of
MMP11 attenuates chemically induced skin cancer [92]. Among them, MMP14 and
MMP?2 could release cryptic fragments of laminin-5 gamma 2 chain domain, which
binds to the EGF receptor on tumor cells, thus activating downstream signaling
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Fig. 7.4 MMPs and cancer progression. MMP matrix metalloproteinases, uPA urokinase plas-

minogen activator, EGF endothelial growth factor, FGF-2 basic fibroblast growth factor, TGF-a
transforming growth factor alpha, VEGF vascular endothelial growth factor

events that lead to tumor cell motility [93, 94]. Others such as MMP3 target the
adhesion molecule E-cadherin which will trigger progressive phenotypic conver-
sion of normal epithelial cells into the invasive mesenchymal phenotype, as observed
in mammary epithelial cells [95]. Most of these MMPs are capable of altering cell—
cell and cell-matrix interactions. While most MMPs promote tumor progression,
however, some MMPs also exhibit antitumor functions. For instance, MMPS8 (col-
lagenase 2) reduces skin tumor susceptibility [96].

The mechanisms by which MMPs contribute to the malignant transformation
and cancer metastasis are illustrated in Fig. 7.4. Due to the active involvement of
MMPs in tumor progression, they have been selected as potential targets for anti-
cancer therapy. Quite a lot of MMP inhibitors have been identified; however, the
results of clinical evaluation in cancer patients of these MMP inhibitors have not
been as promising as initially expected. The reason is not clear. In the case of
MMP9, although the MMP9 inhibitor attenuated or blocked its activity, as a feed-
back control, several other proteases in parallel have been upregulated in compensa-
tion for the loss of the MMP9 proteolytic activity. Therefore, therapies that target a
series of proteases or a protease pathway rather than an individual protease may
have better outcomes.
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6

Conclusions

Proteases including mitochondrial proteases, lysosome proteases, cytosolic prote-
ases, and matrix metalloproteinases play important roles in the development of vari-
ous cancers. Changes of these proteases affect various aspects of cancer development,
including transformation, apoptosis, invasion, and metastasis of cancer cells. More
details of the signaling pathways of the proteases are starting to be revealed.
Targeting these proteases shows promise in cancer treatment.
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Chapter 8
Matrix Metalloproteinase and Its Inhibitors
in Cancer Progression

Ajay K. Chaudhary, Anita H. Nadkarni, Shruti Pandya,
and Kanjaksha Ghosh

Abstract Matrix metalloproteases (MMPs) are a family of zinc-dependent
endopeptidases that participates in the degradation of various components of the
extracellular matrix (ECM) and basement membrane. The main functions of MMPs
are in wound healing, embryogenesis, angiogenesis, invasions, and tumor cell
metastasis. MMPs are involved in solid and hematological malignancy through
modification of cell growth, activation of cancer cells, and modulation of immune
functions. Several polymorphisms of different MMPs and their expression levels
have been well documented in different types of solid cancer. These polymorphic
variations were found to be associated with angiogenesis, cancer progression, inva-
sion, and metastasis. There is paucity of data available in the field of hematological
malignancies. Hence, the field of matrix biology of hematological malignancies is
an area of active exploration. Last 20 years, intensive drug discovery programs are
carried out in many clinical trials of matrix metalloproteinase inhibitors (MMPIs)
for cancer therapy. Number of MMP inhibitors (MMPIs) have been devolved for the
cancer treatment. However, their efficacy and action have not been confirmed, and
more data is required for better conclusions. For discovery of drug target motive, the
regulatory mechanisms of MMPs and its inhibitors may provide several new ave-
nues for the development of therapeutic intervention for the patient care.
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1 Introduction

Matrix metalloproteinases (MMPs) are the family of zinc-dependent endopeptidases
that degrades the various components of the extracellular matrix (ECM) and base-
ment membrane, which are normally found in the space between cells. This space
is known as extracellular matrix (ECM) space, and presence of proteins in this
space is known as extracellular matrix proteins (ECMP). It contains zinc or calcium
ions. Therefore, it is known as a family of zinc-dependent endopeptidases. Nowadays
more than 24 types of human MMPs have been discovered. It is highly involved in
wound healing, angiogenesis, and tumor cell metastasis.

The ECM plays an important role in the networking of molecules for the sup-
porting and dividing tissues. ECM space consists of structural proteins (collagen
and elastin) and specialized proteins (fironecting and laminin). The main composi-
tion of the ECM is related to the uniqueness of the specific tissues, so that each tis-
sue seems to have slightly different types of ECM. For example, ECM of the bone
marrow is mainly made up of collagen types I, II, and IV-VI, fibronectin, vitronec-
tin, laminin, and proteoglycans [1]. Another form of specialized ECM is the base-
ment membrane. The basement membrane is thin flexible mat that separates
epithelial cells from the underlying stroma. It provides a first barrier against cell
invasion, and therefore, the basement membrane is implicated in angiogenesis,
tumor growth, and metastasis [2].

1.1 History, Structure, and Classification of the MMPs

Jerome Gross and Charles Lapiere first described MMPs in 1962, who observed
enzymatic activity in tadpole tail metamorphosis [3]. Latter purified MMPs are iso-
lated from human skin by Eisen in 1968 [4]. The MMPs have a common domain
structure. The domain structure of MMPs includes the signal peptide domain, which
guides the enzyme into the rough endoplasmic reticulum (RER) during synthesis.
The propeptide domain sustains the latency of these enzymes until it is removed or
disrupted, the catalytic domain, which houses the highly conserved Zn?** binding
region and is responsible for enzyme activity. The hemopexin domain determines
the substrate specificity of MMPs, and a small hinge region helps the hemopexin for
the presentation of the substrate to the active core of the catalytic domain (Fig. 8.1).
Based on the substrate specificity, MMPs have been divided into distinct subclasses
such as collagenases (MMP-1, MMP-8, MMP-13, and MMP-18), gelatinases
(MMP-2, MMP-9), stromelysins (MMP-3, MMP-10, and MMP-11), matrilysins
(MMP-7, MMP-26), and other MMPs.
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Fig. 8.1 Basic domain structure of the gelatinases, modified from Visse and Nagase (2003) [S]. The
general structure of the MMPs consists of a signal peptide (pre-), a propeptide domain (pro-), a cata-
lytic domain with a highly conserved zinc-binding site, and a hemopexin-like domain linked to the
catalytic domain by a hinge region (Pre, signal sequence; Pro, propeptide with zinc-ligating thiol
(SH) groups; 11, collagen-binding fibronectin type II inserts; Zn, zinc-binding site; H, hinge region;
hemopexin, this domain contains four repeats with the first and last linked by disulfide bond)

1.2 Brief View of Collagenases, Gelatinases, Stromelysins,
and Matrilysins

Collagens are the main protein in connective tissues of the mammals. It is one of the
long, fibrous structural proteins called collagen fibers, and it plays an important role
in a major component of the ECM. Collagen supports most tissues and gives shape
to the cell structure and strengthens to the blood vessels which involved in the
development of tissue morphology. In addition to fibrillar collagens, collagenases
can cleave several other matrix and non-matrix proteins including growth factors,
and this way it regulates cell growth and survival. There are approximately 34 genes
associated with collagen formation.

Collagenases are important proteolytic tools for ECM remodeling during organ
development and tissue regeneration and also play an important role in many patho-
logical conditions including tumor progression and metastasis. Synthesis of colla-
genases is regulated by extracellular signals via cellular signal transduction
pathways at transcriptional and posttranscriptional level. Collagenases are synthe-
sized as inactive pro-forms, and once it is activated, their activity is inhibited by
specific tissue inhibitors of metalloproteinases known as TIMPs. Collagen-related
disorder commonly occurs due to the genetic defects or nutritional deficiencies that
affect the posttranslational modification, secretion, biosynthesis, or other processes
concerned in the production of normal collagen.

Gelatinase is a proteolytic enzyme that allows a living organism to hydrolyze
gelatin into its sub-compounds (polypeptides, peptides, and amino acids) that can
cross the cell membrane. Gelatinase family includes MMP-2 and MMP-9 gene. The
chromosomal locations of MMP-2 and MMP-9 genes are at chromosome number
16 (16q) and 20 (20q), respectively (Fig. 8.2a, b). It is characterized by gelatinases
A and B, respectively. Gelatinase A (MMP-2) and gelatinase B (MMP-9) are two
closely related members of the MMP gene family that efficiently degrade denatured
collagens [6]. The size of gelatinase A is 72 kDa and gelatinase B is 92 kDa, which
are capable of breaking down the ECM. MMP-2 and MMP-9 are key molecules
which participate in inflammation, autoimmunity, and cancer progression.
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Fig. 8.2 Chromosomal location of MMP-2 and MMP-9 gene. (a) Chromosomal location of MMP-2
is 16q13—q21. (The MMP?2 gene is located on the long (q) arm of chromosome 16 between positions
13 and 21.) More precisely, the MMP2 gene is located from base pair 55,513,080 to base pair
55,540,585 on chromosome 16. (b) Chromosomal location of MMP-9 is 20q11.2—q13.1. (The MMP9
gene is located on the long (q) arm of chromosome 20 between positions 11 and 13.) More precisely,
the MMP9 gene is located from base pair 44,637,546 to base pair 44,645,199 on chromosome 20

Stromelysin includes MMP-3, MMP-10, and MMP-11 gene type. It has a similar
domain arrangement as that of the collagenase, except they don’t cleaved interstitial
collagens. MMP-3 and MMP-10 digest a number of ECM molecules and participate
in proMMP activation. On the other hand, MMP-11 has very weak activity toward
ECM molecules but cleaves serpins more readily [7]. Overexpression of MMP-10
promotes tumor development, and this indicates that MMP-10 induction is an
important pathway which is activated in tumor cells by inflammatory cytokines
response [6]. The MMP-3 gene has been mapped on the long arm of chromosome
11g22.3, and the level of expression of this gene can be influenced by single-
nucleotide polymorphisms (SNPs) in the promoter region of their respective gene
[8] in many solid cancers. Matrilysins (MMP-7 and MMP-26) lack a hemopexin
domain. MMP-7 is synthesized by epithelial cells. Besides ECM components, it
processes cell-surface molecules such as Fas-ligand, pro-tumor necrosis factor-a,
and E-cadherin.

2 Regulation of Matrix Metalloproteinase

2.1 Transcriptional Regulation of MMPs

MMPs are highly regulated proteins. Its regulation is carried out at three levels; the
first level of regulation is transcriptional regulation, second is activation of latent
MMPs, and third is inhibition of MMPs [9]. In the process of transcriptional regula-
tion, MMPs have the fundamental ability to degrade all forms of matrix components,
and they are very precisely regulated at the transcriptional level. Most of the MMPs
are transcribed, whereas only some are constitutively expressed. Tumor growth
factor beta (TGF-f) superfamily are suggested to be associated with healing and the
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expression of MMPs genes is transcriptionally induced by oncogenic transforma-
tion, cytokines, as well as growth factors—including interleukins, interferons, EGF,
KGF, NGF, VEGF, PDGF, TNF-a, and TGF- [10].

The regulation of different MMPs also occurs at the protein level. MMPs are
secreted as latent enzymes, and this process can be achieved by activators and inhib-
itors. The expression of MMPs is primarily regulated at the level of transcription,
and their proteolytic activity requires zymogen activation. Many stimuli increase
the expression of c-fos and c-jun proto-oncogene products, and these activate the
activator protein-1 (AP-1) at proximal promoter regions of several MMPs such as
MMP-1, MMP-3, MMP-7, MMP-9, MMP-10, MMP-12, and MMP-13 types.
Several oncogenes and viruses induce MMP expression in malignant cell lines [11].

All MMPs are synthesized in the form of latent MMPs (zymogen). They are
secreted as proenzymes and require extracellular activation. When disturbances
occur in physiological and biological activity of the cell environment due to the
effect of xenobiotics and many environmental toxicants, then the activation is con-
trolled by latent proenzymes and inhibitors of the matrix metalloproteinases, known
as TIMPs, which are secreted by the MMP-producing cells. For this motive differ-
ent types of MMP inhibitors such as TIMP-1, TIMP-2, TIMP-3, and TIMP-4 are
produced to maintain the physiological activity of the cells.

2.2 Activation and Inhibition of MMPs

MMPs are normally synthesized as latent proenzymes. This can be achieved by
several proteolytic enzymatic activities, including serine proteinases together with
other MMPs. In vivo activation of MMP involves tissue and plasma proteinases and
bacterial proteinases activity together with oxidative stress. MMPs are usually acti-
vated at the cell surface, for example, activation of MMP-2 by a MMP-2/TIMP-2/
MT1-MMP complex. Several MMPs may also be activated intracellularly by furin
or related proprotein convertases [12]. MMP activity can be controlled by inhibition
in two ways: nonspecific endogenous inhibitors such as a2-macroglobulin and by
specific tissue inhibitors of MMPs known as TIMPs. Currently, four TIMPs (TIMP
1-4) are known to be expressed in vertebrates.

3 Role of Matrix Metalloproteinases in Cancer

3.1 Progression of Cancer, Tumor Angiogenesis,
and Metastasis

The stromal fibroblasts are the primary source of MMPs in the most malignant
tumors. The infiltrations of inflammatory cells are a prominent feature of many
progressive tumors. An inflammatory cell produces cytokines, which enhance the
expression of MMPs by tumor and stromal stimulation of cancer cell-platelet
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interactions. Stromal fibroblasts take part in the inhibition of many MMP functions,
as well as the proliferation of immune responsible cells, such as T cell and natural
killer (NK) cells.

Almost all tissues develop a vascular network that provides cells with nutrients and
oxygen and enables them to eliminate metabolic wastes. It is well known that angio-
genesis performs a critical role in the development of many types of cancer. Smaller
solid tumor (<2 mm?) cannot vascularize. Beyond the critical volume of 2 cubic mil-
limeters (>2 mm?), oxygen and nutrients have difficulty diffusing into the center of
the tumor cell, so it causes the state of cellular hypoxia that marks the initial onset of
tumor angiogenesis. New blood-vessel development is an important process in tumor
progression. It favors the transition from hyperplasia to neoplasia, i.e., the passage
from a state of cellular multiplication to a state of uncontrolled proliferation, which is
the characteristic of tumor cells. The endothelial cells that form the blood vessels
respond angiogenically by differentiating and secreting MMP, which digest the blood-
vessel walls to escape and migrate toward the site of the angiogenic stimuli.

The normal regulation of angiogenesis is governed by a fine balance between
factors that induce the formation of blood vessels and those that inhibit the angio-
genic process. When this balance is destroyed, it usually results in pathological
angiogenesis which causes increased blood-vessel formation in diseases. More than
20 endogenous positive regulators have been described, including growth factors,
matrix metalloproteinases, cytokines, and integrins (i.e., transmembrane receptors)
[13]. Growth factors such as vascular endothelial growth factor (VEGF), transform-
ing growth factors (TGF-beta), fibroblast growth factors (FGF), and epidermal
growth factor (EGF) have shown to induce the division in cultured endothelial cells
indicating a direct action of growth factor on these cells [14].

The tumor cells time to time induce the growth-stimulating signals to the neigh-
boring cells. The release of the extracellular proteins from the cell surface that
involves metalloprotease-directed proteolysis is referred to as ectodomain shedding.
MMPs participate in cell-surface proteolysis, leading to the release of several cell-
surface growth regulators. As MMPs degrade proteins in ECM, their primary func-
tion was considered to be the remodeling of ECM. However, MMPs also act on the
non-matrix substrates (e.g., chemokines, growth factors, growth factor receptors,
adhesion molecules, and apoptotic mediators) that give the rapid and critical cellular
responses required for tumor growth and progression.

3.2 Detection of MMPs in Solid Hematological Malignancies

The released or secreted MMPs can be detected by the zymography analysis. This
technique was first described in 1980 by C. Heussen and E. B. Dowdle [15]. Itis a
very sensitive technique. This is semiquantitative, which can be used to determine
the MMP levels [16]. The expression of MMPs can be analyzed by substrate zymog-
raphy. This method is based on the degradation of preferential substrate of MMPs.
Using this technique, one can determine whether the MMP is in active or latent
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form. To localize MMPs in tissue sections, in situ zymography can be performed.
TIMPs can be detected by reverse zymography, which is based on their ability to
inhibit MMPs. The techniques are the same except that the substrate differs depend-
ing on the type of MMPs or TIMPs to be detected. In zymography, the proteins are
separated by electrophoresis under denaturing sodium dodecyl sulfate (SDS), non-
reducing conditions. The separation occurs in a polyacrylamide gel containing a
specific substrate that is copolymerized with the acrylamide.

During electrophoresis, the SDS causes the MMPs to denature and become inac-
tive. After electrophoresis, the gel is incubated in an appropriate activation buffer.
During this incubation, the concentrated, renatured MMPs in the gel will digest the
substrate. After incubation, the gel is stained with Coomassie® Blue, and the MMPs
are detected as clear bands against a blue background of undegraded substrate [17].
The clear bands in the gel can be quantified by densitometry [18].

Gelatin zymography is used for the detection of the gelatinases, MMP-2, and
MMP-9. Casein zymography is used for the detection of stromelysins, MMP-1,
MMP-7, MMP-11, MMP-12, and MMP-13. Collagen zymography is used for the
detection of MMP-1 and MMP-13. Therefore, zymography is a valuable tool used
for MMP research.

3.3 Status of MMPs in Solid and Haematological Malignancies

The status of MMPs and its inhibitors in solid malignancies have been well docu-
mented. Many studies have documented association of different polymorphic asso-
ciations with cancers such as MMP-9 (-1562 C/T) in lung cancer [19], ovarian
cancer [20], colorectal carcinoma [21], oral squamous cell carcinoma (OSCC) [22],
oral submucous fibrosis [23], head and neck cancer [24], gastric carcinoma [25],
and oral cancer [26]. Above studies suggested that individuals carrying T allele
were more susceptible. On the other hand in hepatitis C cases, the frequency of C
alleles was higher in cirrhosis patients as compared to chronic hepatitis patients
[27]. It has been reported that oral submucous fibrosis (OSMF) and head and neck
squamous cell carcinoma (HNSCC) are most prevalent in Asian countries, because
of the habit of tobacco, smoking, and areca nut chewing [28, 29]. The polymorphic
associations of many MMPs susceptible to the disease have been reported in Asians.
Chang et al. also reported that areca nut ingredient such as arecoline inhibits the
gelatinolytic activity of the many MMPs in the mucosal layer [30].

The normal physiological process of the hematopoiesis, proliferation, differentia-
tion, and migration of the hematopoietic stem cells (HSCs) are regulated by their
complex interactions with the surrounding bone marrow (BM) microenvironment,
such as marrow stromal cells, cytokines, and extracellular matrix proteins [31].
Under steady-state conditions, most stem cells are maintained in GO phase of cell
cycle by contact with BM stromal cells [32]. Bergers et al. reported that release of
cytokines and growth factors from ECM membrane by MMPs can alter the stem
cells—stromal cells interaction and promote HSCs migration and differentiation [33].
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The main function of MMPs is the degradation of ECM. MMPs participate in the
turnover of ECM in the hematopoietic microenvironment, regulating the release of
hematopoietic stem cells and mature leucocytes from bone marrow (BM) to periph-
eral blood (PB). Recently, Chaudhary et al reported that polymorphic association of
different MMPs and its expression are involve in the progression of solid and hae-
matological malignancies and also discuss about the drug target therapy [34]. As in
solid tumors, MMPs participate in ECM proteolysis and growth factor or cytokine
release which are important to leukemia progression. The expression of MMPs,
especially gelatinases A and B (MMP-2 and MMP-9), was first described in adult
acute or chronic myeloid leukemia (CML) and myelodysplastic syndromes (MDS).
Kuittinen et al. studied the expression level of MMP-2 and MMP-9 in the clinical
course of acute lymphatic leukemia (ALL) and using immunocytochemical stain-
ing. They reported that remarkable difference in the expression level of MMP-2 and
MMP-9 between pediatric and adult ALL cases. In adult ALL patients 65 % of the
cases showed positive staining in blast cells for MMP-2 and 25 % for MMP-9 [35].
Ries et al. reported that the BM-MNCs produce MMP-9 and TIMP-1 in myelopro-
liferative malignancies and suggested that MMP-2 can be a potential marker for
dissemination in malignancies [36]. Travaglino et al. investigated potential role of
MMP-2 and MMP-9 expression in myelodysplastic syndrome (MDS) and com-
pared it with acute myeloid leukemia (AML). They reported high MMP expression
in AML blasts and suggested possible involvement of these enzymes in the invasive
phenotype of AML [37]. This may provide a useful tool for diagnosis and prognosis
and as strategies for targeting MMPs as a new cancer treatment.

4 Role of MMP Inhibitors in Drug-Targeted Therapy

4.1 MMP Inhibitors and Its Clinical Trials

The several approaches have been used to inhibit MMP gene transcription, which is
based on targeting extracellular factors, signal transduction pathways, or nuclear
factors that activate expression of inhibitor genes [38]. There are a number of matrix
metalloproteinase inhibitors (MMPIs) that are currently being tested in all three
phases of clinical trials against a variety of human cancers [39].

Peptidomimetic MMPIs are pseudopeptide derivatives that mimic the structure
of collagen at the cleavage site of MMPs. These substrate-based MMPIs are usually
broad spectrum and block MMP activity by occupying the substrate-binding site
and chelating the zinc. The earliest generations of these inhibitors are batimastat
(BB-94). It has low water solubility and not orally available. The next generation of
hydroxamate-based inhibitors is marimastat (BB-2516) and designed to be orally
available. It is commonly associated with musculoskeletal syndrome, probably due
to their off target effects on non-MMP metalloproteinases [40].

Another group of MMPIs is also known as chemically modified tetracyclines
(CMTs). They do not possess antibiotic activity [41]. CMTs may inhibit MMPs by
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binding to the key metal ions, such as zinc and calcium and which are involved in
regulation of MMP transcriptional activity [42]. Some of the CMTs which are used
as MMPIs include metastat (COL-3), minocycline, and doxycycline.

Several small molecule inhibitors targeted specifically to the ADAM (a disinteg-
rin and metalloproteinase, adamlysins) family of enzymes have also been recently
studied [43, 44]. Of these, INCB7839 (Incyte Corporation, Wilmington, DE) is in
phase II clinical trials against breast carcinoma and several other solid tumors. Such
inhibitors could be useful in targeting tumors dependant on epidermal growth factor
receptor (EGFR) signaling either as single agent or in a synergistic manner with
currently approved tyrosine kinase inhibitors (TKI) [45].

4.2 Status of the MMPs in Cancer Therapy

Many drugs have been designed as inhibitors of matrix metalloproteinases (MMPIs),
but no one has completely reached to the clinical utility level. The one compound
(Periostat™ CollaGenex Pharmaceuticals, New York, NY) has approved for clinical
use because of its ability to inhibit MMPs. This is used in periodontal inflammation
and its formulation is used as low-dose doxycycline. Initial clinical testing of MMPIs
was started over 20 years ago. There were problems in the design of the clinical trials
of these agents, which certainly contributed to their failure. As MMPs are promising
therapeutic targets, an intensive drug discovery program led to many clinical trials of
MMP inhibitors (MMPISs) for cancer therapy. However, until very recent reports of
success in gastric carcinoma, these trials have largely been disappointing.

5 Conclusions

In conclusion, as in solid malignancies, the role of different types of MMPs and its
tissue inhibitors has been well established, while in case of hematological malig-
nancies, no promising study has investigated so far. Even though the effects of
altered transcription of all MMPs are unclear, overexpression of MMPs caused by
promoter polymorphisms may enhance cancer progression by their role in degrada-
tion of the ECM. Thus, the altered expression of MMPs generated through func-
tional SNPs and the consequent effect on tumor microenvironment may contribute
to the patient-to-patient variability in different solid and soft cancer susceptibility.
Further studies of the in vitro, in vivo, and clinical trials are required to clarify the
exact biological roles of MMPs and TIMPs.
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Chapter 9
Ubiquitin—Proteasome System
in the Hallmarks of Cancer

Pushpak Bhattacharjee, Minakshi Mazumdar, Deblina Guha,
and Gaurisankar Sa

Abstract The paramount role of ubiquitin—protein conjugation for its ability to
regulate protein turnover and nonproteolytic signaling functions has been implicated
in the regulation of various biological and pathological phenomena. Malignant cells
utilize modified ubiquitination to augment or attenuate signaling pathways on the
basis of whether the outcome of this signaling is conducive or not for tumor growth
and survival. Hence, there lies a necessity for a fresh view at the ubiquitin-dependent
mechanisms that play an important role in human oncological diseases. To control
ubiquitination-dependent mechanisms of cell transformation within tumor
cells themselves, along with increased rate of protein synthesis, translation and pro-
tein quality control processes are often required to support the transforming events
for their contribution to the mechanisms of tumor progression. Given that ubiquitin
metabolism is governed by enzymes—El, E2, E3, E4, deubiquitinases (DUBs), and
the proteasome—the system as a whole is ripe for target and drug discovery in can-
cer. Recently, the hallmarks of cancer designated by Hanahan and Weinberg in 2011
comprise ten biological capabilities acquired during the multistep development of
tumor. Based on these hallmarks, the present review enlightened the role of ubiqui-
tination in every hallmark for rationalizing the complexities of neoplastic disease
and also discusses therapeutic implications targeting the ubiquitin—proteasome sys-
tem as well as synthetic and natural compounds with potent inhibitory effects.
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1 Introduction

Cancer research is an increasingly logical science, in which myriad phenotypic com-
plexities are manifestations of a small set of underlying organizing principles. The
circuit diagrams of heterotypic interactions between the multiple distinct cell types
that assemble and collaborate to produce different forms and progressively malignant
stages of cancer. Based on the signaling circuitry describing the intercommunication
between various cells within tumors, in 2000, Hanahan and Weinberg [1] distin-
guished six hallmarks of cancer comprising biological capabilities acquired during
the multistep development of human tumors. To provide further useful conceptual
framework for understating far greater detail and clarity, they revisit, refine, and
extend the concept of cancer hallmark in 2011 [2] and sought out (1) sustaining pro-
liferative signaling, (2) evading growth suppressors, (3) avoiding immune destruction,
(4) enabling replicative immortality, (5) tumor-promoting inflammation, (6) activat-
ing invasion and metastasis, (7) inducing angiogenesis, (8) genome instability and
mutations, (9) resisting cell death, and (10) deregulating cellular energetics as hall-
marks of cancer. In the light of these hallmarks, we aimed to revise the role of ubiqui-
tination in development and progression of cancer in the present review. The Nobel
Prize in Chemistry in 2004 was awarded to Aaron Ciechanover, Avram Hershko, and
Irwin Rose for the discovery of ubiquitin-mediated protein degradation. Eight years
later, it is clear that we have only scratched the surface of the complex mechanisms by
which ubiquitination regulates cancer cell signaling and biology. Critical cellular pro-
cesses are regulated, in part by maintaining the appropriate intracellular levels of pro-
teins, where de novo protein synthesis is a comparatively slow process, but proteins
are rapidly degraded at a rate compatible with the control of cell cycle transitions and
cell death induction. One of the major pathways for protein degradation is initiated by
the addition of multiple 76-amino acid ubiquitin monomers via a three-step process of
ubiquitin activation and substrate recognition. Polyubiquitination targets proteins for
recognition and processing by the 26S proteasome, a cylindrical organelle that recog-
nizes ubiquitinated proteins, degrades the proteins, and recycles ubiquitin. The critical
roles played by ubiquitin-mediated protein turnover in cell cycle regulation makes
this process a target for oncogenic mutations. Alterations in ubiquitination and deu-
biquitination reactions have been directly implicated in the etiology of many malig-
nancies. In general, specific cancers can result from stabilization of oncoproteins or
destabilization of tumor suppressor genes. Some of the natural substrates for degrada-
tion by the ubiquitin—proteasome system are growth-promoting factors that if not
properly removed from the cell can promote cancer.

2 Ubiquitin—Proteasome Dynamics

The ubiquitin—proteasome system (UPS) is comprised of ubiquitin, a three-enzyme
ubiquitination complex, the intracellular protein ubiquitination targets, and the pro-
teasome that is the organelle of protein degradation. The ubiquitination machinery
is present both in the cytosol and the nucleus. Ubiquitination involves a three-step
enzymatic reaction catalyzed by three different types of proteins, termed E1, E2, and
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E3 ubiquitin ligases [3]. The hierarchical organization of the ubiquitin—proteasome
enzymatic conjugation cascade places a single E1 enzyme at the top of the cascade
that activates ubiquitin for all subsequent downstream reactions and interacts with
all E2s. At the next stage, there are many E2 ubiquitin-conjugating enzymes (Ubc)
that have defined but broad specificity. The last phase of ubiquitination is mediated
by the E3 family of ubiquitin ligases, which is largely responsible for target protein
specificity. Each E2 interacts with several E3s, and each E3 targets several substrates
based on shared recognition motifs. Each E3 can interact with more than one E2,
and some substrates can be targeted by more than one E3. E3 ubiquitin ligases
include the following two main classes of enzymes: homologous to E6-associated
protein (E6-AP) C terminus (HECT) E3 ligases and really interesting new gene
(RING) E3 ligases. The RING finger proteins can be categorized into two distinct
groups, single- and multi-subunit proteins. Examples of single-subunit RING E3s
are the MDM2 oncoprotein, the E3 ligase of P53 [4] and CBL as well as the E3
ligase of receptor tyrosine kinases such as epidermal growth factor receptor and
platelet-derived growth factor receptor [5]. Other RING E3s include the Skpl-
cullin1-F-box protein family (SCF), which consists of multi-subunit complexes that
include a RING finger domain as one of several components. Another subset of UPS
is a large subcellular organelle, the proteasome, which is a multi-subunit 26S protein
complex, that is the site for ATP-dependent degradation of ubiquitin-tagged proteins
[6]. The proteasome is essentially a hollow cylinder-shaped particle that is deployed
to different sites in the cytosol or nucleus. The 26S proteasome is composed of two
major subunits that can assemble in an ATP-dependent manner [7]. The 20S cata-
lytic component contains multiple proteolytic sites, and the 19S regulatory compo-
nent contains multiple ATPases and a binding site for ubiquitin concatemers.
Degradation of a protein via the ubiquitin—proteasome pathway involves two
discrete and successive steps: (1) tagging of the substrate by covalent attachment of
multiple ubiquitin molecules and (2) degradation of the tagged protein by the 26S
proteasome complex with release of free and reusable ubiquitin. Conjugation of
ubiquitin, a highly evolutionarily conserved 76-residue polypeptide, to the protein
substrate proceeds via a three-step cascade mechanism (Fig. 9.1). Initially, the
ubiquitin-activating enzyme E1 activates ubiquitin in an ATP-requiring reaction to
generate a high-energy thiol ester intermediate, E1-S~ubiquitin. One of several E2
enzymes transfers the activated ubiquitin moiety from El, via an additional high-
energy thiol ester intermediate, E2-S~ubiquitin, to the substrate that is specifically
bound to a member of the ubiquitin—protein ligase family, E3. For the HECT domain
E3s, the ubiquitin is transferred once again from the E2 enzyme to an active site Cys
residue on the E3, to generate a third high-energy thiol ester intermediate,
ubiquitin~S-E3, before its transfer to the ligase-bound substrate. RING finger-
containing E3s catalyze direct transfer of the activated ubiquitin moiety to the
E3-bound substrate. E3s catalyze the last step in the conjugation process: covalent
attachment of ubiquitin to the substrate. The ubiquitin molecule is generally trans-
ferred to a e-NH, group of an internal Lys residue in the substrate to generate a
covalent isopeptide bond. In some cases, however, ubiquitin is conjugated to the
NH,-terminal amino group of the substrate. By successively adding activated ubiq-
uitin moieties to internal Lys residues on the previously conjugated ubiquitin mol-
ecule, a polyubiquitin chain is synthesized. The other modes of recognitions of
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Fig. 9.1 The ubiquitin—proteasome pathway. A ubiquitin-activating enzyme (E1) binds ubiquitin in
an adenosine triphosphate (ATP)-dependent step. Ubiquitin is then transferred to a ubiquitin-
conjugating enzyme (E2). A ubiquitin ligase (E3) helps transfer ubiquitin to the target substrate.
DUB deubiquitinating enzymes, AMP adenosine monophosphate, PPi pyrophosphate, Ub ubiquitin
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proteolytic substrates by ubiquitin—protein ligases are through peptide-induced allo-
steric activation, phosphorylation of either substrate or ligase enzyme or both, rec-
ognition in trans via an ancillary protein, recognition of the selectively abnormal/
mutated/un- and misfolded proteins, including also defective ribosomal products, or
recognition via hydroxylated proline substrate. The chain is recognized by the
downstream 26S proteasome complex. Proteins are degraded in a processive man-
ner by the proteasome; thus, a single protein is hydrolyzed to final products before
the next substrate enters [8]. This ordered process contrasts to the activity of cyto-
solic proteases that cleave proteins once before dissociating from their substrates.
Various protein components of the 26S proteasome have differential ability to bind
multiubiquitin chains in protein conjugates and may confer an additional degree of
specificity in the targeting of proteins for degradation [9]. Cleavage products in the
proteasome average six to ten amino acids in length, and eventual hydrolysis to
individual amino acids occurs in the cytosol [10]. Evidently, no part of the cell is out
of reach of the ubiquitin—proteasome regulatory system. Levels of proteins in the
nucleus, cytoplasm, ER lumen, as well as membrane proteins, are all kept in check
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by the ubiquitinating enzymes and the proteasome. Even the stability of mRNA can
be regulated via proteasome-dependent protein degradation. As an additional out-
come of this system, the peptide products of the proteasome are a critical factor in
deciding whether a cell will be recognized as infected or tumorigenic by the immune
system and destroyed, or recognized as self and spared.

An important step in the ubiquitin pathway involves the release of ubiquitin from
its various adducts. Release of ubiquitin plays an essential role in two processes, the
first of which is protein degradation. During degradation, it is important to release
ubiquitin from Lys residues of end proteolytic products, to disassemble polyubiqui-
tin chains and to “proofread” mistakenly ubiquitinated proteins. The second process
is ubiquitin biosynthesis. Ubiquitin is synthesized in a variety of functionally dis-
tinct forms. One of them is a linear, head-to-tail polyubiquitin precursor. Release of
the free molecules involves specific enzymatic cleavage between the fused residues
by deubiquitinating enzymes (DUBs). The last ubiquitin moiety in many of these
precursors is encoded with an extra C-terminal residue that has to be removed in
order to expose the active C-terminal Gly. In a different precursor, ubiquitin is syn-
thesized as an N-terminal fused extension of two ribosomal proteins and serves as a
covalent “chaperone” that targets them to the ribosome. Following their incorpora-
tion into the ribosomal complex, ubiquitin is cleaved [11].

Ubiquitin mediates many of its functions by interacting with highly specialized
ubiquitin-binding domains (UBDs) in downstream effector proteins. More than 15
UBDs (UBA, UIM, IUIM, UEV, GAT, CUE, PAZ, NZF, GLUE, UBM, UBZ, VHS,
etc.) have been discovered so far. The complexity of cellular signaling networks is
further increased by modifications with ubiquitin-like (Ubl) proteins, including the
small ubiquitin-related modifier (SUMO), neural precursor cell-expressed develop-
mentally downregulated 8 (Nedd8), interferon-stimulated gene 15 (ISG15), FAT10,
Atg8, and Atgl?2 [12], all of which regulate a variety of physiological processes.
The versatility of protein ubiquitination as a cellular regulatory mechanism is now
well established and appears to be comparable to that of phosphorylation, another
well-studied protein modification. Indeed, in many cases, protein phosphorylation
and ubiquitination go hand in hand in the regulation of many cellular processes
when phosphorylation typically precedes ubiquitination. Recognition of the wide-
spread applicability of these concepts will increasingly affect the development of
new means to treat human cancer.

3 Involvement of Ubiquitin on Different
Hallmarks of Cancer

3.1 Sustaining Proliferative Signaling

To retain the power of proliferation and survival, cancer cells develop few strategies.
One could be the alterations in ubiquitination and degradation of signaling receptors.
Such alterations include stabilization of pro-growth/pro-survival receptors as well as
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accelerated degradation of those receptors whose downstream signaling is detrimen-
tal for cell proliferation and viability. The mechanism behind such alteration includes
changes in levels and activities of specific ubiquitin ligases or affinity of substrates
to these ligases. Epidermal growth factor receptor (EGFR) is a molecule known to be
found on the surface of many cancer cells that can activate signals to promote cell
growth and cell division. EGFR ubiquitination prevents its recycling but promotes
the degradation of the internalized receptors in lysosome. Such events switch off the
signaling initiated by EGF and limit the magnitude and duration of pro-growth and
pro-survival responses [13]. Phosphotyrosine within the intracellular domain of
EGEFR is the site for the recruitment of the c-Cbl (for Casitas B-lineage lymphoma
protein) E3 ubiquitin ligase (Fig. 9.2). Upon EGFR activation, Cbl proteins are tyro-
sine phosphorylated by Src kinases [14]. However, phosphorylation of Cbl proteins
is not required for their interaction with EGFR. In addition, phosphorylation of Cbl
proteins enhances interaction with another adaptor protein, namely, Cbl-interacting
protein of 85 kDa (CINS85). Binding of Cbl to the activated EGFR and recruitment of
CINSS5 coupled EGFR is then mediated through clathrin-mediated endocytosis [15].
From the early endosome, the growth factor receptor can either be recycled to the
plasma membrane or it can be degraded. The decision to recycle or degrade appears
to be regulated in part by the E3 activity of Cbl proteins. Ubiquitination of the EGFR
increases its trafficking to the multivesicular body and eventually to the lysosome,
where it is degraded [16]. Interestingly, interactions of EGFR with an HECT-type
ubiquitin ligase Smad-ubiquitination regulatory factor II (Smurf2), which can ubiq-
uitinate, but stabilize EGFR by protecting it from c-Cbl-mediated degradation [17].

Met receptor tyrosine kinase (RTK) another important regulator of many biologic
functions in malignant cells, including cell proliferation, also undergoes
ubiquitination-dependent regulation [18] by c-Cbl. Mutant Met (Tpr-Met) partici-
pates in enhanced downstream signaling and transform mammalian fibroblasts and
epithelial cells [19]. The cause behind such effect is the deletion of juxtamembrane
tyrosine residue of Met (the recruitment site of c-Cbl) that fails to recruit c-Cbl, thus
impaired ubiquitination [20]. Akt, a serine/threonine protein kinase, is a key regula-
tor of cell proliferation and survival and is also known to be dysregulated in human
cancers. Constitutive activation of growth factor receptors is found in the majority of
glioblastomas and breast, endometrial, and prostate cancers. Tumor necrosis factor
receptor-associated factor 6 (TRAF6) was found to be a direct E6 ligase for Akt and
is essential for Akt ubiquitination, membrane recruitment, and phosphorylation upon
growth factor stimulation. The human cancer-associated Akt mutant displayed an
increase in Akt ubiquitination in turn contributing to oncogenic Akt activation [21].

Another family of transcription factor NFkB (nuclear factor-xB) regulates gene
expression important for cell proliferation and survival [22]. Constitutive activation
of NFkB is linked to its anti-apoptotic role in pre-neoplastic and malignant cells.
NFxB activation is regulated by ubiquitination of several signaling proteins of the
NFxB pathway [23]. Translocation of NFkB from cytoplasm to nucleus is initiated
by its release from the inhibitor IkB. Action of IkB is under the control of IkB
kinase (IKK), whose regulatory subunit IKK/SUMO promotes IkB phosphorylation
that recruits the E3 ubiquitin ligase SCF-f-transducin repeat-containing proteins
(BTRCP) to IxkB which in turn promotes Lys48-linked ubiquitination and protea-
somal degradation, thereby releasing NFxB [23, 24].
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Fig. 9.2 Certain examples of different substrate E3-ligase interactions: (a) p27 with SCF-SKP2,
(b) EGFR with c¢-Cbl, (c) cyclin D1 with APC, and (d) p5S3 with HPV-E6-18 and E6-AP. SCF-
SKP2 S-phase kinase-associated F-box protein 2, EGFR epidermal growth factor receptor, c-Cbl
Casitas B-lineage lymphoma protein, APC anaphase-promoting complex, HPV human papilloma-
virus, E6-AP homologous to E6-associated protein

3.2 Evading Tumor Suppressors

In addition to the hallmark capability of inducing and sustaining positively acting
growth-stimulatory signals, cancer cells must also circumvent powerful programs
that negatively regulate cell proliferation; many of these programs depend on the
actions of tumor suppressor genes. Dozens of tumor suppressors that operate in vari-
ous ways to limit cell growth and proliferation have been discovered through their
characteristic inactivation in one or another form of animal or human cancer. The
mostly known tumor suppressor is the guardian of genome p53, a sequence-specific



166 P. Bhattacharjee et al.

DNA-binding transcription factor. The tumor suppressor p53 plays a critical role in
maintaining the integrity of genome and preventing tumor development. p53 is acti-
vated when cells are subjected to DNA-damaging agents [25, 26], oncogene activa-
tion, hypoxia, and lack of growth factors. It has been demonstrated that the level of
p53 is mainly regulated at the posttranscriptional stage through ubiquitination-
dependent degradation [27, 28] and the ring-containing protein Mdm?2, the E3 that
ubiquitinates p53 keeps it at a low level in unstimulated cells. Ubiquitination of p53
by Mdm?2 also facilitates the export of p53 from nucleus to cytoplasm, where it
could not activate transcription of target genes [29]. Under oncogene activation, the
expression of Mdm2-binding protein, ARF, is transcribed from an alternate reading
frame of the INK4a/ARF locus and is increased; this directly inhibits Mdm2’s E3
activity and increases intracellular p53 level [30]. Enhancement of p53 degradation
has also been recognized as one of the strategies used by oncoviruses that stimulate
cell proliferation for the sake of their own life cycle [31]. Adenoviral E6 oncopro-
tein, a “high-risk” human papillomavirus (HPV) type, has also been demonstrated
to catalyze the ubiquitin-mediated degradation of p53 [32, 33]. E6 is a small protein
of about 150 residues composed of two 70-residue zinc-binding domains [34]. E6
interacts with E6-AP, an 850-residue E3 ubiquitin ligase [32]. E6-AP contains an
E6-binding site within a central 18-residue stretch comprising the “LxxLL” motif
that is found in several other targets of E6 [35]. The core domain of p53 appears to
contain an E6-binding site restricted to E6s of high-risk HPVs (Fig. 9.2). E6 binding
to this site is E6-AP dependent and is required for p53 ubiquitination and subse-
quent degradation and its subsequent degradation by the 26S proteasome [36].
Deubiquitination enzyme herpes virus-associated ubiquitin-specific protease
(HAUSP) can specifically remove ubiquitin from p53 and stabilize it, even in the
presence of Mdm2. Overexpression of HAUSP suppressed colony formation in a
p53-dependent manner, presumably through p53-induced growth arrest and/or
apoptosis. It is not known yet whether or how HAUSP is regulated by p53-inducing
stimuli such as DNA damage and oncogene activation [37].

A normal cell proliferates in response to mitogenic stimulus; in contrast, cancer
cells precede following their own tune. The later event occurs when the negative
feedback system fails to prevent uncontrolled proliferation. Looking at the detailed
picture of a normal cell cycle, it reveals a series of cyclins and cyclin-dependent
kinases (CDKs) are involved in regulation of cell cycle. Activities of CDKs are
dependent on the level of cyclins in the cell and CKI (CDK inhibitor). These cell
cycle regulators remain under the supervision of UPS, which is tightly linked to
cancer development as known from the reported evidences. S-phase kinase-
associated protein 2 (SKP2), a component of E3 ligase of the SCF complex, targets
the negative regulator of cell cycle p27 (Fig. 9.2). p27, a well-known tumor suppres-
sor, is one of the targets for degradation [24, 38]. It is evident that SKP2 expression
is inversely correlated with levels of p27 in many cancers and also with the grade of
malignancy in certain human tumors. Also, frequent amplification and overexpres-
sion of the SKP2 gene has been observed in lung cancers [39]. Among the cyclins,
cyclin E is the cell cycle regulatory protein that increases to a peak at G1-S transi-
tion and activates CDK. This commits the cell to the S-phase genomic duplication.
Reports show that aberrant accumulation and overabundance of cyclin E leads to
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premature S-phase entry, chromosome instability, and tumor formation [40, 41]. In
some cases where cyclin E is overexpressed, there exists defect in its ubiquitin-
mediated degradation. The gene encoding the F-box protein of SCF complex is
mutated in breast and ovarian cancer shows high level of cyclin E [42]. F-box and
WD-40 domain protein 7 (FBW7), another component of SCF complex, was bio-
chemically and genetically shown to act as a tumor suppressor. Well-known oncop-
roteins such as cyclin E, cMyc, JUN, Notch-1, and Notch-4 are the substrates for
FBW7 [43]. Mutations in FBW7 were found in ovarian cancer, breast cancer, lym-
phoma, and colorectal cancer. Such mutations might therefore result in impaired
degradation of the substrates and their subsequent accumulation, which might then
contribute to carcinogenesis. Beta-transducin repeat-containing protein (f-TRCP)
is a versatile F-box protein of SCF complex that targets several cell cycle regulators
EMI1/2 [44], WEE1A [45], and Cdc25A/B [46]. Genetic alteration of B-TRCP
genes in human cancers has been shown in several studies. Evidences indicate that
loss of function of B-TRCP activates the Wnt signaling pathway which is related to
human cancer development. Also, increased B-TRCP level is associated with
increased f-catenin activation. The anaphase-promoting complex/cyclosome
(APC/C) is an E3 ubiquitin ligase that plays an essential role in G1 phase and mito-
sis through the degradation of cell cycle proteins. APC/C also functions as a tumor
suppressor and is mutated in more than 70 % of colorectal carcinomas [47]. APC/C,
anaphase-promoting complex/cyclosome, promotes polyubiquitination and degra-
dation of mitotic cyclins and securin, which are required for termination of the
mitotic cycle and separation of the sister chromatids, respectively [48].

3.3 Avoiding Immune Destruction

Studies indicate that ubiquitination plays potent roles in regulating a variety of sig-
nals in both innate and adaptive immune cells. Among them E2 enzymes play a
major role in determining the length and linkage type of ubiquitin chains that are
formed [49]. For example, the E2 enzyme Ubc13 is required for interleukin-1 (IL-1)
and lipopolysaccharide (LPS)-induced MAP kinase activation but appears less
important for nuclear factor-kB (NFkB) signaling from these ligands in macro-
phages and fibroblasts [S0]. Ubc13 also appears to be dispensable for tumor necro-
sis factor (TNF)-induced NF«B signaling. In contrast, Ubc13 is important for T cell
receptor (TCR)-induced NFxB signaling in thymocytes [51]. It is possible that other
E2 ligases, such as Ubc5, can support K63 ubiquitin-dependent signals, depending
on the cell type and stimulus. The selectivity of E2s for certain subsets of E3
enzymes (and hence substrates) and the predilection of E2s to form particular ubig-
uitin chain linkages combine to render these enzymes important regulators as well
as mediators of ubiquitination. Ubiquitin replacement strategy is employed for test-
ing the requirements for specific ubiquitin chain linkage in cells. This strategy was
used to show that K63 ubiquitination is required for viral activation of interferon
regulatory factor-3 (IRF3) [52]. These studies and others uncovered the physiologi-
cal importance of K63 ubiquitin chains in immune signaling. In addition, functions
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of other non-K48 linkages have been described in immune cells. K33 linkages have
recently been described in T cells, where the E3 ubiquitin ligases Cbl-b and ITCH
appear to cooperatively promote K33-linked ubiquitination of T cell receptor-{
(TCRY). This modification inhibits TCRZ’s phosphorylation and association with
the tyrosine kinase Zap-70 and thereby restricts TCR signaling [53]. Hence, K33
ubiquitination can disengage TCRC from TCR signaling without inducing its pro-
teasomal degradation, providing an additional mechanism by which ubiquitination
can restrict signals. Utilization of this type of ubiquitin-mediated restriction of sig-
nals, rather than proteasomal degradation, allows cells to reutilize TCR{ without
spending energy on degrading and resynthesizing this protein. ITCH is an E3 ubig-
uitin ligase that plays a role in T cell receptor activation and signaling through
ubiquitination of multiple proteins including MKK4, a member of the MAP kinase
kinase family, which directly phosphorylates and activates the c-Jun NH2-terminal
kinases (JNK), in response to cellular stresses and proinflammatory cytokines.
ITCH contributes to a ubiquitin-dependent nonproteolytic pathway that regulates
inducible Foxp3 expression, a transcription factor necessary for induction of the
immunosuppressive functions in regulatory T lymphocytes in cancer [54].
Lineage-specific deletions of ubiquitin-modifying enzymes using LoxP-flanked
alleles have recently begun to unveil cell-autonomous functions for these enzymes in
mice. Tumor necrosis factor receptor-associated factors (TRAFs) are important sig-
naling adaptors that can mediate signals from TNF superfamily receptors to activate
various transcription factors. Mice deficient for TRAF2, TRAF3, or TRAF6 die in
utero or perinatally from multiple organ abnormalities, demonstrating their nonover-
lapping roles in mouse development [55]. TRAF6, the seminal E3 ligase shown to
synthesize nondegradative K63 ubiquitin linkages and activate NFkB signaling, is a
good example of the divergent functions that one E3 ligase can play in cell-specific
contexts. It was found that lineage-specific deletions of the genes encoding TRAFG6,
A20, and ACT]1 to illustrate the differing roles E3 ubiquitin ligases can play in differ-
ent cell types. In contrast to TRAF6’s roles in supporting NFkB and MAPK signals,
mice lacking TRAF6 specifically in T cells develop multiorgan inflammatory dis-
ease, indicating that TRAFG plays a T cell-intrinsic role in preventing spontaneous
inflammation. TRAF6-deficient T cells are resistant to both induction of T cell anergy
or immunologic tolerance and suppression by regulatory T cells [56]. Actl, originally
identified as an NFxB activator, is a positive signaling regulator of IL-17-mediated
responses in T cells by recruiting transforming growth factor-associated kinase-1
(TAK1) and TRAF6 [57]. Actl possesses a U box domain and functions as an E3
ubiquitin ligase that K63 polyubiquinates TRAF6. The ubiquinating activity medi-
ated by the Actl U box appears to be required for IL-17-dependent signaling [58].

3.4 Enabling Replicative Immortality

DNA damage repair is important for a healthy cell to survive without a mutated or
uncorrected genome. As an error made during the replication if continued impacts
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on the genomic integrity and may lead to onset of cancer, several proteins sequen-
tially take part in correcting the erroneous DNA. Damage repair occurs at three
checkpoints at G1/S, G2/M, and an intra-S checkpoint in cell cycle. These check-
points are controlled by two essential kinases ATM and ATR. Structurally modified
chromatin and double-stranded DNA breaks are the substrates for ATM [22, 59]
while ATR is recruited at stalled replication forks [24]. Ubiquitin-mediated regula-
tion is an important feature for checkpoint activation. The checkpoint pathways
target the CDK regulators of the cell cycle like cyclins, CDK inhibitors, or Cdc25
(Cdc, cell division cycle) depending upon the stages of cell cycle in which DNA is
damaged. Phosphatase Cdc25A is a dual-specificity phosphatase that controls entry
into and progression through various phases of the cell cycle and is the substrate for
SCF-TrCP [40] in response to DNA damage resulting in cell cycle arrest. Another
ligase APC/C remains active in M and G1 phases. These target the Cdc20 for its
degradation during G1 or associate with CDHI to form a complex that functions
during G2/M phase. Also, APC/C participates in a p53-independent checkpoint
response in order to target the degradation of cyclin D1 (Fig. 9.2). Monoubiquitination
of the components of Fanconi anemia (FA) DNA repair pathway participates in
interstrand cross-links (ICL) during DNA replication. DNA ICL are recognized by
a protein complex comprising of Fanconi anemia complementation group M
(FANCM), FA-associated protein 24 (FAAP-24), and DNA-binding histone-fold
proteins MHF1 and MHF2. This complex recruits the FA core complex. Within the
core complex, FANCL interacts with UBE2T, an E2-conjugating enzyme, to ubiq-
uitinate FANCD2 and FANCI [44]. A significant repair pathway gets on following
a double-stranded break in DNA. Events following such damage are largely depen-
dent on the multifunctional E3 enzyme breast cancer type-1 susceptibility protein
(BRCAT1). Recruitment of BRCAT1 is mediated by a series of ubiquitination events,
initiated by RING finger 8 (RNF8) along with Ubc13. Among the large number of
proteins recruited at the breakage site, H2AX is one of them which encodes histone
H2A. RNF8 with its interacting partner Ubc13 ubiquitinylates H2AX and H2A at
the site of repair foci formation and plays a role in the repair of damaged chromo-
somes. RNF8 may serve as the master for orchestrating the events associated with
damage at the double-stranded break. Hence, depletion in RNF8 level might be a
failure in orchestration of the events during the double-stranded break repair [60].

3.5 Tumor-Promoting Inflammation

Recent data have expanded the concept that inflammation is a critical component of
tumor progression. Many cancers arise from sites of infection, chronic irritation, and
inflammation. Ubiquitination-mediated regulation of the inflammatory suppressor
homeodomain-containing transcription factor NKX3.1 was found very significantly
reduced in regions of inflammatory atrophy and in preinvasive prostate cancer.
Inflammatory cytokines tumor necrosis factor (TNF)-alpha and interleukin-1beta
accelerate NKX3.1 protein loss by inducing rapid ubiquitination and proteasomal
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degradation. TOPORS, ubiquitously expressed E3 ubiquitin ligase that ubiquitinates
P53, has also been shown to ubiquitinate the tumor suppressor NKX3.1 that leads to
its proteasomal degradation in prostate cancer cells [61]. In many chronic inflamma-
tory diseases and cancer-related inflammation, ubiquitination plays an eminent role
through TNF signaling. TNF receptor 1 (TNFR1) is ubiquitously expressed, whereas
TNFR2 is mainly expressed on lymphocytes and endothelial cells. The different
outcomes of TNF signaling originate at the apical signaling complex that forms
when TNF binds to TNFR1, the TNFR1 signaling complex (TNF-RSC). By inte-
grating recently gained information, it has given insight on the functional impor-
tance of the presence of different types of ubiquitination in the TNF-RSC, including
linear ubiquitin linkages generated by the linear ubiquitin chain assembly complex
(LUBAC), i.e., a Ub ligase (E3) that catalyzes head-to-tail ligation of Ub [62].
LUBAC mediates ubiquitylation of NFxB essential modulator (NEMO) with linear
Ub chains, which is required for efficient NFxB activation following TNF stimula-
tion [63]. However, it was recently shown that linear Ub chains can be attached to
NEMO and that this is important for NFxB activation [63].

Transforming growth factor-p (TGF-P) is a potent pleiotropic cytokine, that
affects the host immune/inflammatory reactions in the tumor microenvironment.
TGF-p is known to inhibit cell growth by transcriptional repression of growth-
promoting gene, e.g., Myc, but an aberrant TGF-f signaling can promote inflamma-
tion during tumor growth. High level of expression of the Smad-ubiquitination
regulatory factor II (Smurf2), an E3 ligase that downregulates TGF-f receptor 11
(TPRID) [64], correlates with poor prognosis in patients with esophageal squamous
cell carcinoma [65].

3.6 Activating Invasion and Metastasis

Research into the capability for invasion and metastasis characterized by epithelial
mesenchymal transition (EMT) has accelerated dramatically over the past decade as
powerful new research tools and refined experimental models as critical regulatory
genes have been identified. During cancer-associated EMT, epithelial cancer cells
acquire the ability to detach from their initial site, pass through the dismantled base-
ment membrane into adjacent tissues, and metastasize to distant sites. This event is
programmed in tune with the downregulation of epithelial cell markers and the
upregulation of mesenchymal counterparts. Cells that undergo EMT have a greater
capacity to migrate, to invade, and to resist therapies. Many signal transducers and
transcription factors involved in EMT are regulated by ubiquitination and the ubiqui-
tin—proteasome system. Zinc finger E box-binding homeobox (ZEB) protein ZEB1,
the most apical EMT transcription factor, is a very powerful inducer of EMT via its
transcriptional suppression of E-cadherin and zona occludens protein ZO-1 expres-
sion. ZEB1 has been found to be upregulated by E3 ligase cullin7/FBXW8 complex
(FBXWS stands for F-box/WD repeat-containing protein 8), resulting in downregu-
lation of E-cadherin and increased invasion of human trophoblastic cell lines.
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Another major transcription factor governing EMT, SNAIL is upregulated by NFxB
in a posttranslational manner; NFkB inhibits SNAIL phosphorylation by glycogen
synthase kinase 3 (GSK3p) and thus prevents subsequent ubiquitination by E3
ligase PTRCP and proteasome degradation [66]. Such fine regulation of SNAIL by
NFxB positively contributes to mesenchymal transition. Similarly, NFkB is a criti-
cal regulator of basic helix-loop-helix (bHLH) transcription factor TWIST which
regulates several hundred metastatic genes. Hence, a feed-forward loop is estab-
lished in this case, as TWIST activates transcription of kinase AKT2, an NFxB
activator [67]. ZEB1 as well as SLUG (also known as SNAIL2) has been found to
be upregulated by E3 ligase cullin7/FBXW8 complex, resulting in downregulation
of E-cadherin and increased invasion of human trophoblastic cell lines. Another
protein, Smad ubiquitination regulatory factor 2 (Smurf2) was originally identified
as the Smad E3 ligase that induces the ubiquitination and degradation of Smadl and
Smad?2 [68]. Reduction of Smurf2 expression with specific short interfering RNA in
metastatic breast cancer cells has been showed to induce cell rounding and reorga-
nization of the actin cytoskeleton, which are associated with a less motile and inva-
sive phenotype [69]. Gp78 is a RING finger E3 ubiquitin ligase identified as the
tumor autocrine motility factor receptor mediating tumor invasion and metastasis
also remains integral to the endoplasmic reticulum (ER) and involved in
ER-associated degradation (ERAD) of diverse substrates [70]. These studies antici-
pate the progress toward more translational efforts that exploit ubiquitin-related tar-
gets for the anticancer therapies.

3.7 Inducing Angiogenesis

The tumor-associated neovasculature, generated by the process of angiogenesis, is
governed by countervailing factors that either induce or oppose angiogenesis. The
well-known prototypes of angiogenesis inducers and inhibitors are vascular endo-
thelial growth factor (VEGF) and platelet-derived growth factor (PDGF). Secretion
of the above pro-angiogenic factors remains under the transcriptional regulation of
hypoxia-inducible factorla (HIF1a). Recent findings demonstrate a novel role for
protein ubiquitination in regulation of cancer-induced angiogenesis. To keep a con-
trol over the regulation of angiogenesis-promoting factors, Von Hippel-Lindau
(VHL) gene product acts as an antiangiogenic factor. The VHL gene encodes a com-
ponent of an SCF-like ubiquitin ligase and is mutated in patients suffering from the
familial cancer susceptibility, VHL-syndrome that is associated with cancer of the
kidney and tumors in the blood vessels of the central nervous system. Mutations in
components of the ubiquitination machinery can also cause malignancies. Mutations
in VHL predispose individuals to a wide range of malignancies, including renal cell
carcinoma, pheochromocytoma, cerebellar hemangioblastomas, and retinal angio-
mas. A hallmark of VHL™- tumors is a high degree of vascularization that arises
from constitutive expression of hypoxia-inducible genes, including the master
switch transcription factor HIF1 and VEGF. It has been recently shown that pVHL
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is a ubiquitin ligase [40] that is involved in targeting of HIF1 for ubiquitin- and
proteasome-mediated degradation [71]. Mutations in VHL prevent the degradation
of HIF a-subunits under normoxic conditions and are the cause behind the forma-
tion of hypervascular lesions and renal tumors [72]. Deregulated HIF-1a then trig-
gers the transcription of several genes encoding pro-angiogenic growth factors,
including VEGEF, platelet-derived growth factor (PDGF), and transforming growth
factor-a (TGF-a) [73]. As a consequence, these upregulated factors even under nor-
moxic condition trigger the formation of new blood vessels and tumor. Therefore, it
can be suggested that identification of molecules that inhibit the angiogenic signal-
ing of VEGF and its receptors will provide new avenues for development of better
and more effective agents to combat angiogenesis-associated diseases like cancer.

3.8 Genome Instability and Mutation

Genomic stability is maintained by a system which can detect and resolve the
defects by reducing the rate of spontaneous mutation in each cell generation. Rate
of mutation often increases in cells acquiring mutant genes which may lead ahead
to tumor development. Tumorigenesis-associated mutations in ubiquitin—protea-
some pathway can be classified into two groups: (1) those that result from loss of
function, mutations in a ubiquitin system enzyme or target substrate that result in
stabilization of certain proteins, and (2) those that result from gain of function,
abnormal or accelerated degradation of the protein target.

p53, which keeps a check on the genomic integrity of a cell, gets activated upon a
genomic insult and causes cell cycle arrest or apoptosis of the cell depending upon the
extent of the DNA damage. p53 itself remains under fine regulation by the ubiquitin
ligase protein which is necessary for the maintenance of an optimum level of the tar-
get protein. Mutant p53 (a single amino acid substitution in DBD) found in 50 % of
human cancer [74] fails to transactivate Mdm?2 as it normally does and hence accu-
mulation of mutated p53 prevails in tumor. Such inability of mutated p53 which is no
more regulated by the negative regulator Mdm?2 remains nonfunctional and shows a
halt to its tumor suppressive action. Recently it is reported that mutant p53 also under-
goes Mdm2-independent degradation where conformationally mutated p53 proteins
in cells are specifically recognized by molecular chaperones heat-shock protein90
(Hsp90) and heat-shock cognate70 (Hsc70), which present the substrates to the ubiqg-
uitin ligase chaperone-assisted E3 ligase C terminus of Hsc70-interacting protein
(CHIP), a U-box-dependent E3 ubiquitin ligase [75]. CHIP is able to degrade both the
wild type and the mutated form of p53. Downregulation of CHIP in some cancers has
shown reduced degradation of mutant form of p53, hence enhancing its stability. This
encourages mutant form of the tumor suppressor to promote various aspects of tumori-
genesis, including metastatic spread. Two proteins which remain extensively mutated
in serous ovarian cancer are FBW7, a substrate recognition component of an SCF-type
E3 ubiquitin ligase, and speckle-type POZ protein (SPOP) another ubiquitin ligase,
and are responsible for degradation of other proteins, hence regulating their turnover.
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SCF-FBW7 degrades several proto-oncogenes that function in cellular growth and
division pathways, including Myc, Notch, and Jun [76]. Even, protein encoded by
SPOP, in mutated form has also been reported to be found in prostate cancer.
Substrates recruited by SPOP and targeted for ubiquitylation via the CUL-3/SPOP
complex include Bmi-1, PIPK II f, and Daxx. These substrates are subsequently
degraded by the proteasome. In addition, SPOP itself becomes ubiquitylated by the
CUL-3-based ubiquitin ligase and is targeted for proteasomal degradation. Mutations
are also reported in genes involved in the ubiquitin-mediated proteolysis pathway.
One of them is protein encoded by VHL. Mutations in VHL are known to be associ-
ated with the development of clear cell renal cell carcinoma [77]. A better under-
standing of the ubiquitylation machinery will provide new insights into the regulatory
biology of cell cycle transitions and the development of anticancer drugs.

3.9 Resisting Cell Death

The tremendous progress in understanding the ubiquitination process over the last
couple of years made it possible to identify ubiquitination substrates and study the
role of ubiquitination in regulating the levels and functions of many apoptosis-
related proteins. Bcl-2 family proteins are critical regulators of apoptosis. The anti-
apoptotic members of the family such as Bcl-2, Bcl-xL, and Bcl-w all contain the
conserved Bcl-2 homology (BH) regions BH1, BH2, and BH3, which form a hydro-
phobic groove that binds to BH3 domain of other family members [78]. The Bcl-2
family has two types of proapoptotic members: the Bax and Bak subfamily and the
BH3-only proapoptotic members such as Bid, Bad, Bim/Bod, and PUMA [79].
Studies with gene-targeted cells indicated that the presence of Bax or Bak is required
for many forms of apoptosis [80], and each type of cell needs at least one of the
anti-apoptotic Bcl-2 family members to survive [81]. Besides being controlled
through transcription, phosphorylation, and proteolytic cleavage, it is becoming evi-
dent that Bcl-2 family members are regulated by ubiquitination and proteasome
degradation systems. The death-promoting multidomain Bcl-2 members Bak and
Bax also seem to be controlled by the proteasome. The oncoprotein human papil-
lomavirus E6 can inhibit apoptosis in differentiating keratinocytes, which express
high levels of Bak. Interestingly, the ubiquitin ligase E6-AP interacts with Bak,
which results in the degradation of Bak in vivo [82]. E6-AP-mediated p53 ubiquiti-
nation and subsequent degradation have already been discussed in evading growth
suppressor section (Fig. 9.2). Overexpression of Bcl-2-associated athanogene-1
(BAG-1), a protein that harbors ubiquitin domain (a domain that is related to ubig-
uitin), potentiates the anti-apoptotic effects of Bcl-2 in response to several apoptotic
stimuli. Furthermore, BAG-1 interacts with, and suppresses the actions of, the ubig-
uitin ligase seven in absentia homologue 1A (Siah-1A), which is induced by, and
contributes to the proapoptotic functions of, p53 [83].

Many molecules of the extrinsic apoptosis pathway are closely related to the
ubiquitination and proteasome system. For example, the intracellular domains of
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Fas and type-I TNF receptor bind with small ubiquitin-related modifier-1 (SUMO-1)
and Ubc9 [84], suggesting that they are targets of SUMO modification or may
function as a scaffold to promote sumoylation. The death receptor-associated pro-
tein Daxx can also bind with SUMO-1 and Ubc9 [85] and was conjugated with
SUMO-1 [86]. Since the SUMO-1- and Ubc9-binding site is overlapped with the
Fas-binding region of Daxx, it is conceivable that SUMO association or sumoylation
may affect signal transduction of death receptor. Since we now know that
sumoylation modulates many proteins and cellular processes, the mechanisms and
physiological significance of the earlier transfection experiments indicating that
overexpression of SUMO-1 altered the susceptibility to apoptosis remain to be
determined. Another Fas-associated protein, FAF1, contains a ubiquitin-like domain
required for the apoptosis induced by its overexpression [87]. c-FLIP contains two
death effector domains and acts as a dominant negative inhibitor of death receptor-
mediated activation of caspase 8. RING finger protein 34 (RNF34), E3 ubiquitin—
protein ligase, inhibits death receptor-mediated apoptosis through ubiquitination/
degradation of caspase 8 and caspase 10 [88]. Lack of this protein made cells
become highly sensitive to FasL or TNF [89]. The resistance of certain melanoma
cells to the death receptor ligand TRAIL has been attributed to the expression of
c-FLIP [90]. Further studies indicated that the downregulation of c-FLIP was due to
its ubiquitination and subsequent proteasomal degradation. Instead of direct c-FLIP,
phosphorylation, JNK promotes accelerated decay of c-FLIP, through activation of
the ubiquitin ligase ITCH, the first member of the HECT family of E3 ligases [91].
Ubiquitination is a critical process in regulating many signal transduction pathways,
transcription factors, and adaptor molecules that have profound effects on the
growth and death of cells. For example, suppressors of cytokine signaling (SOCS)
are a family of intracellular proteins that contain a center SH2 domain and charac-
teristic carboxyl-terminal SOCS box [92]. They are often induced by cytokines and
in turn suppress the Jak-Stat pathways that mediate the signal of cytokines, forming
a negative feedback to limit cytokines’ biological effects.

3.10 Deregulating Cellular Energetics

Proliferation in cancer cells is accompanied by activation of glycolysis, which
occurs even in the presence of a normal oxygen concentration. The purpose and
mechanism of this aerobic glycolysis, known as the Warburg effect [93], are still
unclear. This has led to the suggestion that aerobic glycolysis may be required for
new biomass formation [94]. The glycolysis-promoting enzyme 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase, isoform 3 (PFKFB3), and glutaminolysis-
regulating enzyme glutaminase 1 (GLS1) are degraded by the E3 ubiquitin ligase
APC/C-Cdhl. A decrease in the activity of APC/C-Cdhl in mid-to-late G1 releases
both proteins, thus explaining the simultaneous increase in the utilization of glucose
and glutamine during cell proliferation [95]. Glutamine provides energy through the
TCA cycle as well as nitrogen, sulfur, and carbon skeletons for growing and
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proliferating cancer cells [96]. PFKFB3 is also a substrate at the onset of S-phase
for the ubiquitin ligase SCF--TRCP, coinciding with a peak in glycolysis in mid-
to-late G1 page of cell cycle [95]. E3-ubiquitin ligase, VHL, responsible for HIF-1a
protein turnover under normoxic conditions, provided a direct link between glucose
metabolism and some forms of cancer. Glucose metabolism was required for
glucose-induced monoubiquitination in the cultured glioma cells. Monoubiquitinated
histone H2B (uH2B) is a semiquantitative histone marker for glucose. Loss of uH2B
occurs specifically in cancer cells of tumor specimens of breast, colon, lung, and
additional 23 anatomic sites. In contrast, uH2B levels remain high in stromal tissues
or noncancerous cells in the tumor specimens. Taken together this basic informa-
tion, Urasaki et al. have recently reported that glucose deficiency and loss of uH2B
are novel properties of cancer cells in vivo, which may represent important regula-
tory mechanisms of tumorigenesis [97]. Glucose-dependent insulinotropic polypep-
tide (GIP) released from duodenum and jejunum into the plasma during a meal
binds to its receptor (GIP-R). Interference of this binding results in impairment of
insulin secretion and variable degrees of glucose intolerance. In the diabetic range
with the glucose levels, the degree of ubiquitination is increased and the speed of
ubiquitination is accelerated. GIP-R is partially regulated, by the multivesicular
body (MVB) sorting pathway in islets, that it is degraded by ubiquitination and not
recycled following prolonged exposure of islets to glucose in the diabetic range and
that this explains the profound decrease in GIP-R levels seen after several hours of
exposure to elevated glucose levels [98].

Moreover, cancer cells seem to be highly dependent on de novo lipogenesis for
their proliferation and survival. The expression and activity of many enzymes
involved in fatty acid synthesis, i.e., ATP citrate lyase (ACL), acetyl-CoA carboxyl-
ase (ACC), and fatty acid synthase (FASN), are upregulated in many types of can-
cers. Alteration of lipid metabolism is another nearly ubiquitous change in tumor
cells. In fact, fatty acid oxidation is a dominant bioenergetic pathway in various
cancer cells. Fatty acid synthase (FASN), a key player in the de novo synthetic path-
way of long-chain fatty acids, has been shown to contribute to the tumorigenesis in
various types of solid tumors. In prostate cancer, the isopeptidase ubiquitin-specific
protease-2a (USP2a) has been found to interact with and stabilize FASN protein
through removing ubiquitins from FASN. USP2a is androgen regulated and overex-
pressed in prostate cancer, and its functional inactivation results in decreased FASN
protein and enhanced apoptosis [99].

4 Targeting Ubiquitin—Proteasome Pathway
in Cancer Therapy

There are multiple enzymes that modulate ubiquitin conjugation and deconjugation.
Particularly ubiquitin E3-ligases play a key role in the ubiquitin-mediated proteo-
lytic cascade as anticipated in the different hallmarks of cancer (Fig. 9.3 and
Table 9.1). Thus, targeting these enzymes offers a greater degree of specificity and
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Fig. 9.3 Role of ubiquitination on different hallmarks of cancer. Ubiquitins and their substrate
proteins that interfere with each of the acquired capabilities necessary for tumor growth and pro-
gression have been highlighted. EGFR epidermal growth factor receptor, TfRII transforming
growth factor-p receptor II, NFkB nuclear factor-kB, c-Cbl Casitas B-lineage lymphoma protein,
TRAF6 tumor necrosis factor receptor-associated factors 6, Smurf2 Smad-ubiquitination regula-
tory factor II, SCF Skpl-cullinl-F-box protein, Cdc cell division cycle, E6-AP homologous to
E6-associated protein, APC/C anaphase-promoting complex/cyclosome, STRCP f-transducin
repeat-containing proteins, MKK MAP kinase kinase, H2A histone 2A, H2AX genes coding for
histone H2A, RNF8 RING finger 8, NEMO NFxB essential modulator, LUBAC linear ubiquitin
chain assembly complex, FBXWS8 F-box/WD repeat-containing protein 8, ZEB zinc finger E box-
binding homeobox, ERAD endoplasmic reticulum-associated degradation, CHIP chaperone-
assisted E3 ligase C terminus of Hsc70-interacting protein, SPOP speckle-type POZ protein, Hsp
heat-shock protein, Hsc heat-shock cognate, PIPK2f phosphatidylinositol 5-phosphate 4-kinase
type-2 beta protein, VHL Von Hippel-Lindau, HIF 1« hypoxia-inducible factorle, Siah-1A seven
in absentia homologue 1A, PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, iso-
form 3, GLSI glutaminolysis-regulating enzyme glutaminase 1
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therefore a reduced potential for side effects. Below we discuss the current status of
small molecule therapeutics that target ubiquitin conjugation (E1, E2, and E3) and
deconjugation (DUBs). The three enzymes sequentially involved in target protein
ubiquitylation (E1-activating, E2-conjugating, and E3 ligase enzymes) are currently
active targets in anticancer drug discovery [100].

4.1 Targeting by Synthetic Drug

El catalyzes the first step in the conjugation of ubiquitin or a ubiquitin-like protein
to a target protein. An adenosine sulfamate analogue, MLN4924, inhibits the El
enzyme responsible for NEDDylation, the covalent addition of a ubiquitin-like pro-
tein, NEDDS, to specific target proteins including SCF-Skp2 [101], an E3 ligase
linked to cell cycle regulation. In the case of Skp2, NEDDylation results in pro-
growth activation, and MLN4924 is currently in phase II clinical trial for hemato-
logic cancers. Experimental inhibitors of E1 have also been reported, for example,
PYR-41, an irreversible ubiquitin E1 active site binder that enters cells and, while
possibly too reactive to be a clinical candidate, is nonetheless useful as a tool
compound [102].

Recently a small molecule selective allosteric site inhibitor of the E2 enzyme
hCdc34, named CCO0651, was reported [103]. Cdc34 ubiquitylates p27, among
other target proteins, and inhibition of p27 ubiquitylation and degradation is pre-
dicted to prevent tumor cell cycle progression. Thus, compounds such as CC0651
are in preclinical development as potential anticancer agents.

Inhibition of MDM?2 was one of many molecular oncology strategies employed
in the last 10-15 years to maximize p53 presence and activity in tumors [104], and
the two E3 ligase antagonists currently in clinical trial for cancer, RO5045337 (nut-
lin-3) and JNJ-26854165, are directed at MDM?2, specifically, at the regulation of its
substrate, pS3 [105]. Recently in our laboratory, functional restoration of pS3 was
achieved by nonsteroidal anti-inflammatory drug celecoxib via multiple molecular
mechanisms: (1) inhibition of p53 degradation by suppressing viral oncoprotein E6
expression, (2) promoting p53 transcription by down-modulating Cox-2 and simul-
taneously retrieving p53 from Cox-2 association, and (3) activation of p53 via
ATM-/p38MAPK-mediated phosphorylations at serine-15/serine-46 residues [106].
The nutlin compounds might not progress to clinical trial owing to poor animal
efficacy and that E3s in general are perhaps too complex for drug discovery.
Disulfiram, another compound, that is an FDA-approved drug for the treatment of
alcoholism was also found to have specific activity against zinc fingers and RING
finger ubiquitin E3 ligases that play an important role in cancer development. There
is ongoing clinical trial of disulfiram with copper gluconate against liver cancer and
disulfiram as adjuvant against lung cancer [107].

There are approximately eighty known DUBS, proteases that hydrolyze isopep-
tide or a-peptide bonds linking ubiquitin to its target protein. Many of these have
been validated as targets for cancer and other diseases [108]. In the past 15 years,
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tool compounds and/or preclinical development candidate small molecule DUB
inhibitors have been reported; these compounds were identified as inhibitors of sev-
eral DUBs and have a range of reported selectivities with respect to other DUBs and
other cysteine proteases [109]. A classic example of the strategy of ablating oncop-
roteins by inhibiting the DUBs that protect them from ubiquitylation and degrada-
tion is exemplified in the search for suitable inhibitors of USP7/HAUSP, one of the
first therapeutically relevant DUBs to be described. Although USP7, like all DUBS,
deconjugates ubiquitin from several target proteins, inhibition of USP7 promotes
the degradation of its primary cellular target, HDM2, resulting in net p53 stabiliza-
tion and activation [110].

The simple consequence of blocking cellular protein degradation in the protea-
some is the accumulation of ubiquitylated proteins of all sorts, which appears upon
first consideration to be an intolerable consequence for any cell. The proteasome
was thought of as the cell’s garbage disposal unit, and its blockade assumed to result
in a huge excess of unwanted proteins—a toxic event. On the contrary, however, this
global response has been harnessed to provide antitumor activity against multiple
myeloma and mantle cell lymphomas in patients, accompanied by manageable tox-
icity. In 2003 [111], bortezomib, a synthetic proteasome inhibitor developed by
Millennium Pharmaceuticals, Inc., which strongly indicates that the proteasome
would be a novel target for cancer treatment that binds reversibly to the 5 subunit
of the 20S degradation chamber of the proteasome and thereby inhibits it, was
approved by the FDA for treatment of relapsed refractory multiple melanoma, fol-
lowing impressive activity in clinical trials [112]. Subsequently, bortezomib was
approved for first-line treatment of multiple myeloma and for the treatment of
relapsed mantle cell lymphoma [113].

4.2 Targeting Through Natural Product

Two natural E1 inhibitors, panepophenanthrin and himeic acid A, have been iso-
lated from microorganisms. As the first natural E1 inhibitor, panepophenanthrin
was isolated from a mushroom strain, Panus rudis. This compound inhibits the for-
mation of an E1-ubiquitin thioester intermediate. A culture of the fungus Aspergillus
sp., isolated from the mussel Mytilus edulis galloprovincialis, showed strong El
inhibitory activity, and bioassay-guided fractionation of the culture afforded himeic
acid A as an El inhibitor [114]. This compound was found to inhibit the binding of
ubiquitin to the ubiquitin-binding site in the E1 enzyme. As himeic acid A cannot
inhibit El-like enzymes for other ubiquitin-like modifiers, at least, SUMO-1 and
ISG15 could be a specific inhibitor of the ubiquitin E1 enzyme. Subsequently, a
search for inhibitors of Ubc13-Uev1A interaction in natural resources revealed the
presence of leucettamol A in the marine sponge Leucetta aff. microrhaphis [115].
Girolline was originally isolated as an antitumor compound from a marine sponge,
but a phase I clinical study with this compound showed severe side effects in patients
and no apparent antitumor activity [116]. Ubistatin was discovered by searching a
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chemical library for an inhibitor of destruction box-dependent protein degradation
[117]. Tt was found that ubistatin binds to the ubiquitin chain of ubiquitinated pro-
teins and inhibits ubiquitin-dependent proteolysis. Thus, compounds inhibiting the
delivery system for ubiquitinated proteins could serve as novel inhibitors targeting
the ubiquitin—proteasome system. Punaglandins isolated from the soft coral 7elesto
riisei are highly functional cyclopentadienone and cyclopentenone prostaglandins
chlorinated at the endocyclic a-carbon position and inhibit ubiquitin isopeptidase
activity and exhibit antiproliferative effects more potently than J series PGs [118].

Chlorofusin, the first MDM?2 antagonist from natural sources, isolated from the
culture of a Fusarium sp. found to inhibit MDM2-p53 binding and was evaluated
with seven chromophore diastereomers of chlorofusin [119]. Since (—)-hexylita-
conic acid is unable to inhibit the interaction of p53 with COP1, another E3 of the
HECT-type for p53, it can be inferred that hexylitaconic acid binds to HDM2 pro-
tein. Several compounds inhibiting members of a family of E3 ligases known as
anti-apoptotic proteins (IAPs) have also recently entered clinical trial [120]. These
IAPs ubiquitylate proteins that are essential to apoptosis, eliminating their function
and, thus, blocking apoptosis. Analogues of Smac, a naturally occurring protein that
binds to the IAP, triggering its auto-ubiquitylation, subsume this function and
restore apoptotic activity.

Peptide aldehydes, the first proteasome inhibitors [121], are the most widely
used as molecular tools for the investigation of various cellular events. Tyropeptin
A, isolated from the culture broth of Kitasatospora sp., contains an aldehyde moiety
that can inhibit the chymotrypsin-like and trypsin-like activities of the proteasomes.
Fellutamide B was originally isolated from the marine-derived Penicillium felluta-
num as a cytotoxic compound [122] and found to induce the release of nerve growth
factor (NGF) from fibroblasts and glial-derived cells [123]. Fellutamide B was
tested for inhibitory activity against the proteasome and found to potently inhibit the
chymotrypsin-like activity along with the trypsin-like and caspase-like activities.
Natural products can also serve as an adjuvant chemotherapeutic drug for curing
resistant cancer cells. A recent report from our laboratory showed that curcumin
pretreatment of drug-resistant cells alleviated SMAR1-mediated p65NFxB activa-
tion by proteasomal degradation of its transcriptional repressor IkBa and hence
restored doxorubicin sensitivity [27].

5 Conclusion

The ubiquitin—proteasome system controls a wide range of cellular events in the
various hallmarks of cancer. Thus, the ubiquitin—proteasome system is emerging as
a significant target in anticancer therapies. In preclinical studies, few drug showed
antitumor activity against a variety of solid tumors, including breast, gastric, colon,
pancreas, and non-small lung cancers. In addition, several natural and synthetic
inhibitors targeting the proteasome have evolved. Although the mechanisms and
functions of the ubiquitin system have been investigated extensively, a
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comprehensive understanding of the complex ubiquitin—proteasome system as well
as the development of inhibitors of this system by searching natural sources and
chemical libraries and also by chemical synthesis is needed to develop efficient
anticancer drugs in the future.
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Chapter 10
Matrix Metalloproteinases in Cancer
Metastasis: An Unsolved Mystery

Shravanti Mukherjee, Argha Manna, Minakshi Mazumdar, and Tanya Das

Abstract Tumor progression is a complex, multistage process by which a normal
cell undergoes genetic changes that result in phenotypic alterations and acquisition
of the ability to spread and colonization to distant sites in the human body.
Understanding the molecular mechanisms of metastasis is crucial for developing
novel therapeutic strategies to combat metastatic cancers. Early studies established
the importance of the extracellular matrix on tumor cell growth and differentiation.
With time, the role of the extracellular matrix and matrix metalloproteinases
(MMPs), a family of degradative enzymes, in the regulation of tumor invasion,
metastasis, and angiogenesis was recognized. Initially, it was believed that the major
role of MMPs in metastasis was to facilitate the breakdown of physical barriers to
metastasis, thus promoting invasion and entry into and out of blood or lymphatic
vessels (intravasation, extravasation). However, recent evidence suggests that MMPs
may have a more complex and divergent role in metastasis as well as in cancer stem
cell maintenance. In the present review, the role of MMPs and their functional con-
tribution in metastasis have been revisited and discussed. Upcoming approaches
target MMPs and their inhibitors, e.g., tissue inhibitors of metalloproteinases
(TIMPs), genetically or pharmacologically, suggesting that MMPs are key regula-
tors of growth of tumors, both at primary and metastatic sites. These evidences pres-
ent MMPs as the important candidates in creating and maintaining an environment
that supports the initiation and maintenance of growth of primary and metastatic
tumors. Future endeavors to target matrix metalloproteinases would be important in
the development of novel therapeutic strategies against metastatic cancers.
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1 Introduction

Cancer originating from mutations in genes that regulate essential pathways of cell
function leading to uncontrolled outgrowth of tissue cells [1] seems to be one of the
leading causes of disease and mortality worldwide [2]. The tumors are complex
structures of malignant cancer cells embedded in vasculature and surrounded by a
dynamic tumor stroma consisting of various nonmalignant cells, such as fibroblasts
and myeloid cells. The milieu of the tumor microenvironment is akin to the inflam-
matory response in a healing wound, which promotes angiogenesis, turnover of the
extracellular matrix (ECM), and tumor cell motility. Understanding the molecular
mechanisms of this complex interplay between malignant cancer cells and the sur-
rounding nonmalignant stroma represents one of the major challenges in cancer
research. However, the past two decades of biomedical research have yielded an
enormous amount of information on the molecular events that take place during
carcinogenesis and the signaling pathways participating in cancer progression. Our
laboratory has also marked a significant contribution to elucidate the key molecular
machineries responsible for carcinogenesis along with the therapeutic approaches
using dietary polyphenols [3-8].

Metastasis is a cascade of linked sequential steps involving multiple host-tumor
interactions [9]. To successfully create a metastatic colony, a cell or group of tumor
cells must be able to leave the primary tumor, invade the local host tissue, enter the
circulation, arrest at the distant vascular bed, extravasate into the target organ inter-
stitium and parenchyma, and proliferate as a secondary colony. During invasion,
tumor cells disobey the social order of organ boundaries and cross into tissues where
they do not belong. The mammalian organism is divided into a series of tissue com-
partments separated by the extracellular matrix unit consisting of the basement
membrane and its underlying interstitial stroma [10]. The basal cells of the epithe-
lium or organ parenchymal side of this unit are attached to the basement membrane.
On the opposite side, the interstitial stroma contains stromal cells, fibroblasts, and
myofibroblasts. During all types of benign tissue remodeling, proliferative disor-
ders, and carcinoma in situ, the cell populations on either side of this connective
tissue unit do not intermix. Only during the transition from in situ to invasive carci-
noma do tumor cells penetrate the epithelial basement membrane and enter the
underlying interstitial stroma to interact with the stromal cells. Thus, a definition of
the behavior of the metastatic tumor cell is the tendency to cross tissue compartment
boundaries and intermix with opposite cell types [11]. The continuous basement
membrane is a dense meshwork of collagen, glycoproteins, and proteoglycans
which normally does not contain any pores large enough for passive tumor cell
transversal. Consequently, invasion of the basement membrane must be an active
process. Once the tumor cells enter the stroma, they gain access to lymphatics and
blood vessels for further dissemination.

Interactions of the tumor cell with the basement membrane can be separated into
three steps: attachment, matrix dissolution and migration. The first step is binding
of the tumor cell to the basement membrane surface-mediated cell-surface receptors
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of the integrin [12] and non-integrin [13] variety. Matrix receptors recognize
glycoproteins such as laminin, type IV collagen, and fibronectin in the basement
membrane. Two to eight hours after attachment, a localized zone of lysis is pro-
duced in the basement membrane at the point of tumor cell contact. Tumor cells
directly secrete degradative enzymes [14] or induce the host to elaborate proteinases
to degrade the matrix and its component adhesion molecules. Matrix lysis takes
place in a highly localized region close to the tumor cell surface [15], where the
amount of active enzyme outbalances the natural proteinase inhibitors present in the
serum, those in the matrix, or that secreted by normal cells in the vicinity. Locomotion
is the third step of invasion which propels the tumor cell across the basement mem-
brane and stroma through the zone of matrix proteolysis.

During metastatic dissemination, cancer cells activate a complex molecular
machinery to migrate through the surrounding extracellular matrix (ECM) and
intravasate into blood or lymphatic vessels [16]. To negotiate barriers to cell migra-
tion, cancer cells secrete their own proteolytic enzymes or induce their expression
in other cells through the release of cytokines (e.g., endothelial cells, tumor-
infiltrating fibroblasts or leukocytes) [17]. In particular, matrix metalloproteinases
(MMPs) are considered key players in tumor progression because of their ability to
remodel the ECM and cleave/activate membrane-bound and matrix molecules, and
cytokines that stimulate cancer cell migration and proliferation [18].

Studies conducted over more than 40 years have revealed mounting evidence
supporting that extracellular matrix remodeling proteinases, such as matrix metal-
loproteinases (MMPs), are the principal mediators of the alterations observed in the
microenvironment during cancer progression. MMPs belong to a zinc-dependent
family of endopeptidases implicated in a variety of physiological processes, includ-
ing wound healing, uterine involution and organogenesis, as well as in pathological
conditions, such as inflammatory, vascular and auto-immune disorders, and carci-
nogenesis [19]. MMPs have been considered as potential diagnostic and prognostic
biomarkers in many types and stages of cancer [20]. The notion of MMPs as thera-
peutic targets of cancer was introduced 25 years ago because the metastatic poten-
tial of various cancers was correlated with the ability of cancer cells to degrade the
basement membrane. Subsequently, a growing number of MMP inhibitors (MMPIs)
have been developed and evaluated in several clinical trials. Recent report from our
laboratory also suggested that downregulation of MMPs like MMP-2 and MMP-9
is prerequisite for the anti-migratory effect of the flavins in breast cancer cells [21].

2 Matrix Metalloproteinases: What Is So “Mysterious”
About These Enzymes?

The matrix metalloproteinases (MMPs), also called matrixins, are a group of geneti-
cally distinct but structurally related calcium-dependent zinc-containing endopepti-
dases that are involved in the degradation and repair of major macromolecular
components of extracellular matrix (ECM), connective tissue, and cell-surface-bound
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molecules. They are naturally occurring proteolytic enzymes found in most mammals
that are secreted especially by mesenchymal cells, macrophages, and polymorpho-
nuclear leukocytes [22]. A large set of experimental data indicated that MMPs play
essential roles in the processes of tissue remodeling and repair, morphogenesis,
angiogenesis, embryonic development, apoptosis, ovulation, neural development,
wound healing, chemotherapy-induced alimentary tract (AT) mucositis, cell adhe-
sion and proliferation as well [23]. Moreover, these enzymes have frequently been
detec