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Preface

Growth, survival, transformation, and metabolic activities at the cellular level are
regulated by multiple intracellular and extracellular signaling transduction path-
ways. These pathways are the fundamental factors regulating human health. Human
cells and animal models have been used widely to study the basic mechanisms of
the signaling pathways and to develop therapeutic strategies toward human dis-
eases. In this book, we review recent progress in elucidating these signaling path-
ways, their molecular regulation, and how their dysregulation may lead to cell
death, metabolic and developmental diseases, and cancer. Highlighted topics include
pathways mediated by microRNAs, TGF-p, Wnt, or HIF-1 and their relation to
epithelial-mesenchymal transition, tumor microenvironment, and tissue develop-
ment; DNA damage-mediated cellular response; G protein-coupled receptor signal-
ing pathways; and the role of HGF/SF-MET signaling pathway in cancers and its
activation mechanisms. The molecular design of small molecule inhibitors for tar-
geting specific signaling pathways also is reviewed since it is becoming an impor-
tant approach toward drug discovery.

While many books about signal transduction introduce how intracellular signals
are regulated and transduced, this book is focused on the relationship between the
regulation of signal transduction and clinical relevance. We also integrated how cell
lines and animal models were used to facilitate the study of signaling pathways and
preclinical applications. As such, this book is designed for medical students as well
as researchers in the biomedical sciences.

Tokorozawa, Japan Nariyoshi Shinomiya, M.D., Ph.D.
Miyazaki, Japan Hiroaki Kataoka, M.D., Ph.D.
Johnson, TN, USA Qian Xie, M.D., Ph.D.

September 5, 2017
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Chapter 1

Using Genetically Engineered Mouse Models
to Study Wnt Signaling in Bone Development
and Disease

Zhendong A. Zhong, Nicole J. Ethen, and Bart O. Williams

Abstract The skeleton supports the body structure and reserves calcium and other
inorganic ions, and more roles played by bone are being proposed. The balance
between bone formation (by osteoblasts and osteocytes) and bone resorption (by
osteoclasts) controls postnatal bone homeostasis. For the past decade, a vast amount
of evidence has shown that Wnt signaling plays a pivotal role in regulating this bal-
ance. Therefore, understanding how the Wnt signaling pathway regulates skeletal
development and postnatal homeostasis is of great value for human skeletal health.
We will review how genetically engineered mouse models (GEMMs) have been and
are being used to uncover the mechanisms and etiology of bone diseases in the con-
text of Wnt signaling.

Keywords Wnt signaling ¢ Bone development ¢ Transgenic mice ¢ Conditional
knock out ¢ Cre-loxP  Tissue-specific promoter

Abbreviations

CKO Conditional knockout

Fzd Frizzled

GEMMs  Genetically engineered mouse models

GOF Gain of function

KO Full-body knockout

Lrp Low-density lipoprotein-related receptor protein
LBM Low bone mass

LEF Lymphoid enhancer factor

LOF Loss of function
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MSC Mesenchymal stem cell

M-CSF  Macrophage colony-stimulating factor

NA Not applicable

OE Overexpression

OMIM Online Mendelian Inheritance in Man catalog
OPG Osteoprotegerin

RANKL  Receptor activator of nuclear factor kappa-B ligand
TCF T-cell factor

1.1 Wnt/B-Catenin Signaling

Wht signaling is initiated by a conserved Wnt family of secreted glycolipoproteins,
through B-catenin-dependent mechanisms (also known as canonical Wnt signaling)
or in a B-catenin-independent manner (noncanonical Wnt signaling) [1, 2]. We will
focus on the better characterized p-catenin-dependent Wnt signaling pathway,
which plays fundamentally important roles in regulating cell fate decision, cell pro-
liferation, and oncogenic events. In brief, without an upstream Wnt engaging the
Whnt receptors, a “destruction complex” forms in the cytoplasm, where axin exists
in the complex that includes the adenomatous polyposis coli (Apc) protein and the
serine/threonine protein kinase GSK3 (glycogen synthase kinase 3). GSK3 phos-
phorylates B-catenin and targets it for ubiquitin-dependent degradation. When a
Wnt engages a receptor complex (containing a member of the frizzled family of
seven-transmembrane receptors and either Lrp5 or Lrp6), this induces the phos-
phorylation of the cytoplasmic tail of Lrp5/6, creating a binding site for axin. The
recruitment of axin to the plasma membrane interferes with the ability of the
destruction complex to recruit B-TrCP for ubiquitinylation and consequently blocks
degradation of p-catenin. Then B-catenin accumulates in the cytoplasm and translo-
cates into the nucleus (possibly due to other signaling events such as Racl activa-
tion), where it complexes with members of the LEF/TCF family of DNA-binding
proteins to activate transcription of target genes (Fig. 1.1). This pathway is being
intensively investigated, more components are being discovered, and more details
about the pathway regulation are being unraveled.

1.2 Wnt/p-Catenin Signaling in Human Skeletal Diseases

The first line of evidence toward the role of Wnt signaling in bone was the finding
that loss-of-function mutations in low-density lipoprotein-related receptor 5 (LRPS)
are the cause of osteoporosis-pseudoglioma (OPPG) syndrome, a rare disease char-
acterized by dramatic bone mass reduction and leukocoria. Further analyses showed
that LRP5 was expressed in osteoblastic cells, which suggested that LRP5-mediated
signaling in those cells might be responsible for this skeletal developmental defect
[3]. Shortly after two independent groups reported LRP5 gain-of-function muta-
tions that caused high bone mass of variable severity in two different families [4, 5].
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Fig. 1.1 Wnt/p-catenin (canonical) signaling pathway. Wnts are expressed and then lipid-modified
by Porcupine in the endoplasmic reticulum (ER) compartment and are secreted out of the cell
membrane with Wntless (Wls). Swim is proposed to be an extracellular carrier for Wnts to travel.
In the absence of an upstream ligand, the receptor Fzd and coreceptor LRP5/6 are inactive.
Cytoplasmic p-catenin will be recruited into a “destruction complex” consisting of axin, APC,
CK1, and GSK3. This “destruction complex” facilitates the phosphorylation of p-catenin by GSK3
and subsequent ubiquitinylation (Ub) by p-TrCP, an E3 ligase. Because ubiquitinated p-catenin
will be degraded in the proteasome, little f-catenin is accumulated in the cytosol or translocated
into the nucleus, and the transcription repressor groucho occupies TCF/LEF. The signaling inactiv-
ity could be caused by unavailability of a coreceptor due to DKK1/SOST binding LRP5/6, inac-
cessibility of the receptor due to RNF43/ZNRF3 binding to Fzd for ubiquitinylation and
degradation, or by the absence of active Wnts due to sFRP/Tiki/Notum and others binding to Wnts
directly or enzymatically inactivating them.
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Other missense mutations in LRP5 were associated with enhanced bone density in
ten families and isolated patients [6]. Further, a loss-of-function mutation within an
EGF-like domain of human LRP6, which is another important Wnt coreceptor, was
identified to be associated with osteoporosis and metabolic syndrome in humans
[7]. These findings implied an important role for LRP5 in regulating bone develop-
ment and homeostasis, presumably through the Wnt/pB-catenin signaling pathway.
Other mutations in Wnt receptors related to human skeletal diseases are listed in
Table 1.1.

Table 1.1 Skeletal phenotypes in mouse strains with germ line/global knockouts (KOs)

Gene Phenotype(s) and related human skeletal disorders Ref.

Wnht ligands | Wntl Swaying mice showed propensity to fractures and severe [55, 56]
osteopenia due to defects in osteoblast activity. Wntl
mutation recently found to be associated with osteogenesis
imperfecta (OMIM: 166210)

Wnt3a Homozygotes died by 12.5 dpc. Heterozygote had low bone | [20, 57]
mass (LBM) phenotype

Wnt3 Hypomorphic mutation (Vt) in Wnt3a caused exhibit [58]
vertebral abnormalities

Wnt4 Homozygotes died at birth. Delayed chondrocyte [59, 60]
maturation. Severe joint fusion with concomitant loss of
Wnt9a

Wnt5a Homozygotes died at birth. Shortened skeletal elements and | [57, 61,
loss of digits. Decreased 62]

hypertrophic chondrocytes and ossification
that was most severe in distal bones. Heterozygotes showed
LBM. Robinow syndrome (OMIM: 180700)

Wnt7a KO or inactivating mutation caused frequent loss of [21] [63]
posterior digits and ectopic dorsal formation of sesamoid
bones in paws. Al-Awadi/Raas-Rothschild/Schinzel
phocomelia syndrome (OMIM:276820)

Wnt9a/14 | Homozygotes died at birth. Decreased size and [60]
mineralization of appendicular bones. Ectopic cartilage
nodules in cranial sutures and joints. Fusions of wrist and
ankle bones

Wnt9b Hypomorphic mutation (clfl) in Wnt9b caused cleft palates. | [64]
No skeletal assessments
Wnt10b | Homozygotes were viable. LBM. Split-hand/split-foot [65] [66]
malformation 6 (OMIM: 225300)
Wntl6 Homozygotes were viable. Reduced appendicular cortical [67, 68]
bone mass and strength. Wnt16 KO mice had reduced
cortical but not trabecular bone mass
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Table 1.1 (continued)

Gene

Phenotype(s) and related human skeletal disorders

Ref.

Whnt (co-)
receptors

Fzd2

Homozygotes have reduced viability and cleft palate.
Skeletal elements smaller but normal shape

[69]

Fzd8

Homozygotes displayed osteopenia with normal bone
formation and increased osteoclastogenesis

[70]

Fzd9

LBM due to decreased bone formation. Williams-Beuren
syndrome (OMIM: 194050)

[71]

Lrp5

Different Lrp5 knockout models have been made by
targeting different Lrp5 gene regions. Homozygotes were
viable and showed LBM. Osteoporosis-pseudoglioma
syndrome (OMIM: 259770)

(31,
72-75]

Lrp6

Homozygotes died between E14.5 and birth. Numerous
abnormalities including truncation of the axial skeleton,
limb defects, and urogenital malformation. Heterozygotes
had normal skeletogenesis and BMD but reduced BV/
TV. Hypomorphic mutations (Cd, Rs) of Lrp6 caused
skeletal defects, such as vertebral malformations, delayed
ossification of the digits

Coronary artery disease, autosomal dominant 2
accompanied by low bone mass (OMIM: 610947)

[75-79]

Lrp4

Homozygous knockout died at birth. LOF mutations in
Lrp4 (dan, mdig, mte, mitt) could cause brachydactyly and
syndactyly on all limbs with duplications out of plane.
Shortening and fusing of appendicular skeletal elements.
Functional Lrp4 deficiency (Lrp4ECD) caused LBM.
Cenani-Lenz syndactyly syndrome (OMIM: 212780);
Sclerosteosis 2 (OMIM: 614305)

[80-83]

Other
secretion
factors

Wis

Homozygotes could not survive beyond E10.5 and showed
defects in embryonic axis formation

[84]

Dkkl

Homozygotes died at birth. Severe craniofacial
malformation as well as fused and ectopic digits.
Heterozygotes had no overt phenotype. However, BV/TV,
mineral apposition rate, osteoblast surface, and mechanical
resistance were increased. There was no change in
osteoclasts

[85, 86]

Dkk2

Homozygotes were viable. Osteopenia with major defects in
mineralization rates. Increased osteoclast numbers, but no
change in osteoblasts

[87]

Sost

Homozygotes were viable. High bone mass similar to
Lrp5-A214V (HBM mutation) with primary enhancement
of cortical bone. Fracture healing was also enhanced.
Sclerosteosis 1 (OMIM: 269500)

[88-90]

Sfrpl

Homozygotes were viable. Skeletal elements and bone
accrual normal but reduced age-related trabecular bone loss
that was most pronounced in females

[91]

Sfip2

Homozygotes were viable. Shortened metacarpals/
metatarsals and phalangeal bones with delayed ossification
and a reduction of hypertrophic chondrocytes

[92]

(continued)
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Table 1.1 (continued)

Gene Phenotype(s) and related human skeletal disorders Ref.
Intracellular | Axinl Homozygotes died at E9.5. Heterozygotes had tail [93] [94]
factors bifurcation and rib fusion. LOF mutations (Fu, Fu-kb)

showed similar phenotypes with incomplete penetrance.
Caudal duplication anomaly (OMIM: 607864)

Axin2 Homozygotes were viable but commonly developed [95-98]
craniosynostosis due to enhanced mineralization and
ossification of the cranial sutures. Protection against
age-related decreases in BMD and BV. Homozygotes of
LOF mutation in axin2 (canopus, canp) died during
gestation with shortened or doubled tails. Oligodontia-
colorectal cancer syndrome (OMIM: 608615)

Gsk3a Viable mice were recovered with complete loss of Gsk3a in | [99]
a heterozygous Gsk3f background. These mice were
dwarfed with shorter limb bones and vertebrae.
Chondrocyte zoning was normal however, there was
metachromasia and decreased Col2al expression. Cultured
chondrocytes had no change in p-catenin protein levels,
cellular localization, or signaling ex vivo

Gsk3p Homozygotes died 24 h after birth. Cleft palate. Decreased | [100-
ossification of the skull, ear bones, and cranial base. In 102]
contrast, heterozygous mice had increased cortical and
trabecular bone mass, with no change in growth plate
morphology. Bone formation rates were increased

Loss-of-function mutations of sclerostin (SOST), a Wnt antagonist, were found
to be the causal events in sclerosteosis and Van Buchem’s disease, which are both
rare high-bone-mass genetic disorders [8]. SOST can bind Lrp5 and Lrp6 to sup-
press Wnt/fB-catenin signaling [9]. LRP4 is an LDL receptor that closely resembles
the extracellular domain of Lrp5/6, which was recently identified as a Wnt/p-catenin
signaling antagonist presumably serving as a receptor of SOST [10, 11]. Two homo-
zygous missense mutations in LRP4, which lead to LRP4 loss of function, were also
identified as causes of sclerosteosis in human patients [12]. A key characteristic that
makes the SOST gene particularly important and attractive for therapeutic targeting
is that it is primarily expressed in osteocytes [9]. Thus, targeting SOST for osteopo-
rosis treatment may cause fewer undesired side effects in non-skeletal tissues
(reviewed in [13]). A number of pharmaceutical companies have generated different
kinds of SOST inhibitors or neutralizing antibodies, including a small-molecule
SOST inhibitor from OsteoGeneX that is in preclinical development [14].
Romosozumab, an anti-sclerostin antibody from Amgen, was reported to increase
bone mineral density in healthy postmenopausal women, presumably and mecha-
nistically due to both enhanced bone formation and repressed bone resorption [15].
Blosozumab, another SOST antibody developed by Eli Lilly, appears to have similar
effects [16].

Alterations in Wnt signaling identified in human skeletal diseases indicate a piv-
otal role for this pathway in bone. With more sophisticated screenings, the revolu-
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tion of sequencing technology and an improved understanding of the Wnt signaling
pathway, ever more genetic changes within Wnt signaling components, are being
identified as related to or causal to human bone mineral density or specific skeletal
diseases (Table 1.1). Using genetically engineered animal models, we can not only
confirm the importance of these genes in bone development and homeostasis but
also explore potential therapeutic interventions targeting the Wnt signaling
pathway.

1.3 Transgenic and Germ Line Knockout Models

The first so-called “transgenic” mice that facilitated the expression of exogenous
proteins in specific tissues were created by pronuclear injection of appropriately
designed segments of DNA into one-cell embryos shortly after fertilization (Fig. 1.2,
top left panel). Typically, the DNA segment would contain promoter sequences that
drove expression of an included cDNA with the necessary polyadenylation signal in
a tissue of interest [17]. These models provided important insights into biological
functions for many decades but were limited by the fact that the insertion of the
DNA segment is a somewhat random process, so the expression level of the trans-
gene may be heavily influenced by the site of insertion.

The next development was the ability to create mice carrying targeting gene
inactivation in the germ line. The techniques that facilitated these approaches were
first described in the late 1980s, and their importance in many areas of biomedical
research is best illustrated by the fact that the pioneering investigators were awarded
the Nobel Prize in Physiology and Medicine in 2007 [18]. These revolutionary tech-
niques exploit the ability to identify clones of mouse embryonic stem cells in which
a specific recombination event has occurred. The creation of these genetically engi-
neered mouse models (GEMMs) could take many months, but the biological insights
from the resulting GEMMs made these investments of time and resources
worthwhile.

Compared with overexpressing a specific gene in a transgenic mouse model,
knockout mouse models provide valuable clues about what genes can do in physi-
ological settings. Since mice share many genes with humans, observing the char-
acteristics of a knockout mouse model allows researchers to better understand
how similar genes in humans may cause or contribute to diseases. The initial gene
function characterization is usually performed on germ line knockout mice. A
historical footnote is that one of the first genes chosen for targeted inactivation in
the mouse germ line was Int/ (later called WntI) [19]. The involvement of the
Whnt/B-catenin signaling pathway in skeletal development was first observed in
Wnt3a and Wnt7a knockout embryos: Wnt3a-targeted embryos had axial defects
and Wnt7a-targeted embryos showed limb-development defects [20, 21].
Although germ line knockouts of important genes would cause embryonic death
or serious developmental defects, it is still the most efficient and convenient way
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Fig. 1.2 Knockout and transgenic mouse models. Transgenic mice: Transgenic mice that facilitate
the expression of exogenous proteins in specific tissues are created by pronuclear injection of
appropriately designed segments of DNA (“fusion gene”) into one-cell embryos shortly after fer-
tilization. The fusion gene contains promoter sequences that drive expression of an included cDNA
with the necessary polyadenylation signal (p(A)) in a tissue of interest. Since the insertion of the
DNA segment is a somewhat random process, the offspring are analyzed for transgene integration,
and then the positive founders are used to establish transgenic lines with stable expression of the
transgene. Global knockout: A targeting construct contains part of the gene for homologous recom-
bination (exon 1/2 and 7/8), a selectable marker (TK), and a reporter gene (neo, also another select-
able marker). This construct is injected into mouse embryonic stem cells in culture, and then the
cell clones with correct recombination will be used to contribute to the mouse’s tissue via blasto-
cyst injection. The resulting chimeric mice, where the modified cells make up the reproductive
organs, are selected for via breeding with wild-type mice. Conditional knockout: A conditional
targeting vector typically contains a part of critical exons flanked by LoxP sites and a selective
marker (“Neo”) flanked by FRT sites. Upon gene targeting in ES cells, the vector can change an
endogenous gene through homologous recombination and subsequently be screened by treatment
with antibiotics (neo) or with PCR. After blastocyst injection, chimeric mice are identified with
PCR and further crossed with a FLP deleter mouse to remove the neo gene, subsequently generat-
ing an inheritable conditional allele. When bred with a Cre mouse, the “floxed” mouse carrying the
conditional allele will permanently remove the floxed exon(s) in the Cre-expressing tissues
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to study a novel gene. These approaches generated significant insights into how
genes from the Wnt signaling pathway regulate skeletal development (Table 1.1).
However their embryonic lethal character often precluded the detailed character-
ization of bone homeostasis.

1.4 Bone-Specific Conditional Knockout Models

The advances in Cre-lox recombination systems to create enhanced GEMMs have
helped to study gene function in specific tissues or cell types. The Cre-lox system
was identified in bacteria [22]. A loxP (locus of X-over P1) site is a 34-base-pair
consensus sequence containing a core domain of 8 base pairs flanked on each side
by a 13-base-pair palindromic sequence [23]. The Cre recombinase is 38 kDa and
catalyzes recombination between two of its sequence recognition (loxP) sites, result-
ing in the elimination of sequences flanked by the loxP sites. This led to the develop-
ment of numerous mouse strains in which essential portions on a gene are flanked by
loxP sites (so-called “floxed” strains). If the Cre gene is expressed in a cell type via
the use of well-characterized tissue-specific promoter, Cre-mediated recombination
leads to loss of gene function in that particular cell type (Fig. 1.2, right panel).
Therefore, the specificity of Cre expression controls where the conditional knockout
will occur. To regulate Cre expression spatially and temporally, the Cre recombinase
gene is inserted into the genome under the transcriptional control of one of the pro-
moters that would be active in a particular cell type and at a particular stage during
skeletal development. Several Cre strains have been created via pronuclear injection
followed by random integration of the expression plasmid, while others have been
developed using homologous recombination in mouse embryonic stem cells to tar-
get Cre expression to occur from endogenous promoters [Fig. 1.3].

1.4.1 Bone-Specific Promoters

In order to accurately evaluate the role of a gene in a particular tissue/cell type
using the Cre/lox system, the promoter specificity and penetrance (the percent-
age of target cells that express Cre) are two major considerations. To character-
ize the Cre activity, a reporter mouse model that harbors a loxP-flanked DNA
STOP sequence in front of a reporter gene (LacZ or EGFP) in the genome is
widely used (Fig. 1.4). Upon being crossed with a Cre strain, the STOP codon
would be removed to activate the downstream reporter gene expression in those
tissues/cells where Cre activity is present. X-gal (an analog of lactose) staining
is widely used to locate which cells express a LacZ reporter gene that produces
B-galactosidase enzyme [24]. More recently, scientists have developed more
sensitive reporter models using similar strategies, such as the mT/mG model
with dual-fluorescent protein labeling [25]. Using the mT/mG reporter mouse
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Fig. 1.3 Osteochondral cell differentiation and bone-specific promoters. Chondrocytes, osteo-
blasts, and some other cell types likely originate from common skeletal progenitor cells.
Chondrocytes and osteoblasts express different sets of genes throughout their maturations. The
corresponding bone-specific promoters target osteoblasts and chondrocytes at different maturation
stages

line, our laboratory was able to detect earlier osteocalcin promoter activity in
osteoblasts than could be detected with the LacZ system [26, 27]. Such reporter
systems are important in assessing Cre activity, because many promoters have
extraskeletal expression patterns that need to be carefully considered in inter-
preting phenotypes. By comparing the phenotypes of conditional knockout ani-
mals with multiple and independent Cre strains, we can often better evaluate
and compare the roles of a specific gene at various stages of a lineage or in
closely related cell types.

We next will review conditional knockouts that happen in three of the major cell
types within the skeleton: osteoblast, chondrocyte, and osteoclast. These three cell
types regulate bone development and bone remodeling, and they are involved in the
pathogenesis of skeletal diseases such as osteoporosis and osteoarthritis. The inter-
play between osteoblasts and osteoclasts regulates the balance between bone for-
mation and bone resorption to maintain skeletal homeostasis [Fig. 1.5]. Some
promoters are active in the precursors to both osteoblasts and chondrocytes (such as
Prrx1-Cre and Dermo1-Cre). More profound phenotypes may be observed in con-
ditional knockout models with Cre drivers that are expressed earlier and in more
cell types. GEMMS have demonstrated that Wnt signaling is important for the com-
mitment of mesenchymal stem cells (MSCs) to the osteoblast lineage. However
constitutive activation of Wnt signaling may prevent osteoblastic terminal differen-
tiation [28, 29].
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Fig. 1.4 Cre reporter strains. A “LacZ” cassette contains a LacZ gene preceded with a STOP
codon. The STOP codon will be removed upon exposure to a Cre recombinase to allow LacZ
expression. Similarly, an “mT/mG” cassette contains a tdTomato gene (red fluorescent) preceding
a GFP gene, so that it expresses tdTomato until a Cre removes the “tdTomato-STOP” cassette and
activates the GFP expression. These transgene cassettes are inserted into ROSA26 genome locus
to facilitate ubiquitous expression. Upon being crossed with a tissue-specific Cre driver (the osteo-
calcin promoter, for example), Cre activity can be detected by X-gal staining, direct fluorescence
microscopy examination, or anti-GFP immunohistochemistry

1.4.2 Osteoblast-Specific Knockouts

Osteoblasts are specialized, differentiated products of mesenchymal stem cells
(MSCs), and they are terminally differentiated into osteocytes once they are imbed-
ded in bone matrix. Osteoblasts synthesize large amounts of cross-linked collagen
and smaller amounts of several other proteins, including osteocalcin and osteopon-
tin, to allow for the formation of the organic matrix of the bone. The osteoblastic
lineage is defined at different stages based on biological behavior and transcription
markers, and more cell stage-specific markers are being discovered. Using the cor-
responding promoters, one can delete a gene at a specific maturation stage. So far,
most evidence suggests that Wnt/p-catenin signaling in osteoblasts inhibits bone
resorption or augments bone formation (Table 1.2). Our group and others have pro-
posed that Wnt/B-catenin signaling in osteoblasts could regulate osteoclast activity
by regulating osteoprotegerin (OPG) expression [28, 30]. OPG inhibits osteoclasto-
genesis by binding to RANKL and preventing it from interacting with RANK on
osteoclast precursors, and OPG protects the skeleton from excessive bone
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Fig. 1.5 Bone formation and bone resorption. Bone homeostasis is regulated by the balance
between osteoblast-mediated bone formation and osteoclast-mediated bone resorption. The activi-
ties of osteoblasts and osteoclasts are coupled at least partially through secreted factors. Osteoclasts
or osteoclast activity stimulates osteoblast differentiation or homing to bone resorption site by
secreting BMP, Wnt, TGF-, IGF-1, SPHK1, and other factors. RANKL, M-CSF, and Wnt5a are
key factors for osteoclast differentiation and maturation, which are expressed by osteoblasts.
Another secreted factor from osteoblasts, OPG, acts as RANKL decoy receptor and inhibits
RANKL-RANK interaction, therefore impairing osteoclast maturation

Table 1.2 Skeletal phenotypes in mouse strains with conditional knockouts (cKOs)

Cre line
Gene (targeted tissue) Phenotype(s) Ref.
Lrp5 | CMV-Cre Similar phenotype to the other Lrp5-KO mice [103]
(Germ line)
Dermo1-Cre Normal skeletogenesis. No other skeletal [103]
assessments
(2.3kb)Collal- No change in bone mass with Collal-Cre, but [31]
Cre or Villin-Cre | reduced bone mass with Villin-Cre
(intestines)
Dmpl1-Cre No change in bone mass with Villin-Cre, but [34]
(osteocytes) or reduced bone mass with Dmp1-Cre
Villin-Cre
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Table 1.2 (continued)
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Cre line
Gene (targeted tissue) Phenotype(s) Ref.
p-Catenin | Col2al-Cre) or Homozygotes died shortly after birth. Skeletal [104]
Dermol-Cre defects from Col2al-Cre crossings include
shortened limbs, loss of tarsal synovial joints
leading to bone fusion and domed skulls. Dermo1-
Cre produced a more severe phenotype
Brn4-Cre (neural | Malformation of hind limbs, including truncation or | [105]
tube and hind absence of tibia, fibula, and digits
limbs)
(2.3kb) Homozygotes were viable. Decreased bone mass. [30]
Collal-Cre Increased osteoclast activity. No change in
osteoblasts.
Ocn-Cre Homozygotes died within 1 month of birth with [28]
decreased bone mass. Increased osteoclast activity
Prrx1-Cre Mice died at birth. Appendicular bones were [40]
shortened, partially fused, with loss of distal
structures and mineralization. Growth plate
chondrocyte zoning was normal, but bone collars
were absent
Dermol-Cre Homozygotes exhibited an inhibition of [40,
commitment to the osteoblast lineage with severe 106]
defects in skeletogenesis
Osx1-Cre-TetOff | Severe skeletal defects due to a lack of fully [107]
differentiated osteoblasts, which resulted in no
mineralization or ossification of bone
PPARYy-tTA Heterozygotes were osteoporotic with decreased [42]
(osteoclast trabecular and cortical bone mass. Increased
progenitors) + osteoclast number, and surface area with no change
TRE-Cre in osteoblasts. Interestingly, homozygotes were
osteopetrotic, similar to, but not as severe as the
f-catenin GOF allele
Dmp1-Cre Homozygotes were viable. Growth retardation and | [108]
early lethality at 3-5 months. Early onset cortical
and cancellous bone loss in both the appendicular
and axial skeleton. Osteoclast number and activity
were elevated, with no change in osteoblasts
Col2al-Cre-ERT2 | Reduced hypertrophic chondrocyte zone, [109]
(chondro-osteo disorganization of prehypertrophic chondrocytes,
progenitors- and a reduction of the primary ossification center.
inducible) By E18.5, there was a failure of vascularization of
the cartilage lacunae
Osx1-Cre-ERT2 | Tamoxifen induced recombination was performed in | [110]
(tamoxifen 2-month-old mice. Osteopenia developed by day 21
inducible) characterized by reduced Tb.N and increased Tb.Sp,
but no change in trabecular thickness. Decreased
cortical bone by day 49. Osteoclast numbers and
activity were elevated at day 21 and beyond. Serum
PINP levels and osteoblast numbers were decreased
at day 8 but elevated in the subsequent time points

(continued)
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Cre line
Gene (targeted tissue) Phenotype(s) Ref.
Porcn | Sox2-Cre Heterozygous females were viable. Shortened or [111]
(epiblast) absent limbs and digits with variable severity. No
skeletal or bone specific Cre model assessments.
Focal dermal hypoplasia (OMIM: 305600)
Msx2-Cre (hind | Shortened hind limbs and syndactyly of digits [111]
limb ectoderm) or | (Msx2-Cre). Shortened limbs and loss of digits, but
Prrx1-Cre no syndactyly (Prrx1-Cre)
Chimeras FRT-Neo cassette created a hypomorphic allele in [112]
chimeras. 9/17 resulting male and female chimeras
had absent, fused, or shortened digits on limbs and
vertebral abnormalities
Ella-Cre or Viable male and female mice in low yield with [112]
Hprt-Cre (germ abnormal hair follicle development (Ella-Cre).
line) Hprt-Cre resulted in heterozygous females in low
yield. Frequent axial truncations and neural tube
malformations in embryos. No skeletal or bone
specific Cre model assessments
Prrx1-Cre Similar to the Barrott et al. mouse but with [112]
syndactyly of soft tissue and no loss of digits.
Wis Ocn-Cre Progressive decreases in BMD, trabecular, and [47]
calvarial bone, as well as cartilage starting at 20
days of age. <20% of mice survived over 2 months.
Massive decreases in BV/TV and cortical bone by 7
weeks. Decreased serum osteocalcin. Increased
TRAP staining
Prrx1-Cre Homozygotes died at weaning. Limbs were [113]
hypoplastic, shortened, with truncated autopods.
Ossification, chondrocyte hypertrophy, and
osteogenesis were also impaired
Msx2-Cre Truncated autopods in all limbs, but shortened [113]
zeugopods only in hind limbs. Defective suture
fusion and ossification of the skull
Dermol-Cre Reduced mineralization, malformation, and/or [114]
absence of skeletal elements during skeletogenesis.
Loss of hypertrophic chondrocytes
(2.3kb)Collal- No defects in skeletogenesis or bone mineralization |[114,
Cre or Osx-Cre at embryonic stage. Adult bone phenotype was 115]
similar to Ocn-Cre-driven wls cKO mice
Col2al-Cre Shortened long bones, loss of bone collar formation, | [114]

decreased bone mineralization, and reduced
chondrocyte maturation
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resorption by osteoclasts. Some evidence suggested that -catenin and cofactors
could directly bind to the promoter region of the OPG gene and activate its tran-
scription [30]. Currently, several OPG analogs or RANKL antibodies are being
evaluated for improving bone homeostasis in clinical trials.

Another model proposes that Lrp5, a Wnt coreceptor, controls osteoblast differ-
entiation by regulating the amount of serotonin that is secreted from intestinal
enterochromaffin cells. The varying serotonin levels that bind to their receptors on
osteoblasts then regulate differentiation and bone formation [31-33]. However, a
great deal of evidence supports the model described above, in which the activity of
the Wnt signaling pathway within the osteoblast is regulated to control skeletal
development and homeostasis [33—35]. The reasons for the discrepancies between
these two models remain unclear.

1.4.3 Chondrocyte-Specific Knockouts

Both chondrocytes and osteoblasts are derived from mesenchymal stem cells
(MSCs). Chondrocytes in the growth plate will further differentiate into hypertro-
phic chondrocytes, which support endochondral ossification. Although we do not
focus on osteoarthritis in this review, articular chondrocytes play important roles in
maintaining articular cartilage and joint function. The dysregulation of articular car-
tilage by Wnt/B-catenin signaling in chondrocytes is directly connected to the pro-
cess of cartilage degeneration in osteoarthritis [36, 37, 41]. It’s important to note
that a recent fate-mapping study convincingly showed that all tested promoters pro-
posed to have “chondrocyte-specific” activity (including Acan, Col2, and Sox9, all
of which are important transcription factors during chondrogenesis) could be chased
into osteoblastic and other lineages, which means deleting genes in chondrocytes
may also delete genes in the osteoblastic lineage [38]. Higher Wnt/p-catenin signal-
ing in osteoprogenitor cells favors osteogenesis over chondrogenesis, while lower
Whnt/B-catenin signaling seems to do the opposite [35, 39, 40]. In committed chon-
drocytes, Wnt/p-catenin signaling actually promotes chondrocyte proliferation and
maturation [29, 37, 41], so it is important to interpret the phenotypes of conditional
knockout animals based on the Cre driver’s specificity and timing.

1.4.4 Osteoclast-Specific Knockouts

Conditionally activating p-catenin in any stage of the osteoclast lineage could cause
osteopetrosis with suppressed bone resorption. However, inactivation of p-catenin
in osteoclast precursors (driven by PPARYy or Tie2 promoter) showed dose-depen-
dent effects: fB-catenin heterozygosity enhanced osteoclast differentiation, but
[B-catenin deletion suppressed osteoclast precursor proliferation. Deletion of
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B-catenin in more committed stages of osteoclast differentiation (driven by the
LyzM or Ctsk promoter) enhanced osteoclast differentiation and bone resorption
in vivo [42]. More recent work showed that Wnt3a could inhibit osteoclastogenesis
by inactivating NFATc1 in osteoclast progenitors through the B-catenin-independent
and Lrp5-/6-dependent signaling pathway, while RANK-Cre-driven Lrp5/6 dele-
tion also suppressed osteoclast precursor proliferation [43].

1.5 Gain-of-Function Mutations and Transgenic Models

In some cases, mutations can cause gene products to become constitutively active.
For example, single amino acid mutations (such as A214V or G171V) in the LRP5
gene, which are found in high-bone-mass human patients, can reduce the ability of
the endogenous inhibitor SOST to bind both Lrp5 and Lrp6 and thus increase bone
formation caused by mechanical load [4, 5, 34]. Another example is the deletion of
exon 3 in the PB-catenin gene, causing stabilized p-catenin protein that cannot be
phosphorylated, so that -catenin is constitutively activated and causes profound
effects on target tissues (Table 1.3).

As discussed above, transgenic models often contain genes of interest that are
driven by an endogenous promoter (by targeted insertion at a selected locus) or an
exogenous promoter (inserted into the genome by random or homologous recombi-
nation). Although these caveats require some caution in interpreting the resulting
phenotypes, the creation of GEMMs remains among the most powerful methods for
studying mammalian gene function and regulation, because it can be carried out on
the whole organism or in a tissue-specific manner. For example, to understand the
novel SOST gene’s function in bone, the initial study was performed with a trans-
genic mouse model with osteoblast-specific expression of mutant SOST (driven by
the mouse osteocalcin promoter, OG2) [44], which has been shown to be associated
with sclerosteosis [8, 45]. Please refer to Table 1.4 for more examples of transgenic
mouse models that manipulate Wnt/B-catenin signaling in the skeleton.

1.6 Detection of Wnt/-Catenin Signaling Change
in Genetically Modified Animals

After a gene linked to regulation of the Wnt pathway has been genetically modified,
confirmation that it affects Wnt signaling in target cells is necessary before charac-
terizing the skeletal phenotypes. A reporter mouse strain (BAT-GAL) that expresses
[-galactosidase driven by a promoter with multimerized LEF/TCF-binding sites is
a sensitive tool to detect Wnt/p-catenin signaling changes. In the presence of acti-
vated f-catenin, f-galactosidase expression will be activated and can be detected by
its substrate, X-gal [46] (Fig. 1.6). Several other models can detect Wnt signaling
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Table 1.3 Skeletal phenotypes in mouse strains with gain-of-function mutations
Cre line
Gene Mutations (targeted tissue) | Phenotype(s) Ref.
Lrp5 One amino
acid change
increases
signaling
capacity
A213V Germ line Increased cortical bone mass, BV/TV, [34, 90]
(mimics Tb.N, and Tb size with a decrease in Tb
human Sp. Increased mechanical resistance.
Lrp5- Endosteal hyperostosis, autosomal
A214V) dominant (OMIM: 144750)
A213V Dmpl-Cre , Global increases in bone mass with [34]
(mimics Prrx1-Cre, or Dmp1-Cre that mimicked global
human Villin-Cre Lrp5-A214V expression. Increased bone
Lrp5- (intestine) mass in limbs only with Prrx1-Cre. No
A214V) change in bone mass with Villin-Cre.
Osteosclerosis (OMIM: 144750)
G170V Germ line Global increases in cortical bone mass, [34, 90]
(mimics BV/TV, Tb.N, and trabecular thickness
human with a decrease in Tb.Sp. Greater
Lrp5- enhancement of endosteal bone
G171V) formation during development and in
response to load. Osteopetrosis (OMIM:
607634)
G170V Dmp1-Cre, Global increases in bone mass with [31, 34]
(mimics Prrx1-Cre, Dmp1-Cre that mimicked global
human (2.3kb) Lrp5-G171V expression. Increased bone
Lrp5- Collal-Cre, or mass in limbs only with Prrx1-Cre.
G171V) Villin-Cre Villin-Cre showed no effect on bone
(intestine) mass in one study (Cui et al., 2011), but

resulted in global bone mass
enhancement in another (Yadav et al.,
2008). Additionally, the latter group
showed no enhancement of bone mass
when Collal-Cre was used to activate
Lrp5-G171V in bone. High bone mass
(OMIM: 601884)

(continued)
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Cre line
Gene Mutations (targeted tissue) | Phenotype(s) Ref.
p-Catenin | Exon 3
deletion
causes
constitutive
f-catenin
activation
Col2al-Cre or Heterozygotes died around E18 with [116]
Dermol-Cre severe and generalized chondrodysplasia.
Reduced endochondral bone size
Brn4-Cre (neural | Enlarged hind limb buds during [105]
tube and hind development
limbs)
(2.3kb) Heterozygotes failed to thrive and died [30]
Collal-Cre shortly after weaning. Skeletal assessments
revealed greatly increased bone mass and
cartilaginous deposits in long bones and
vertebrae. Osteoblast numbers were
normal, but Collal expression was
increased. Osteoclasts were decreased
Prrx1-Cre Heterozygotes died at birth with loss of | [40]
limb and the skull bones
Osx1-Cre-TetOff | Heterozygotes died at birth. Shortened [107]
(Tetracycline long bones with premature ossification
inhibitable) and mineralization. Loss of hypertrophic
chondrocytes
Col2al-Cre- Tamoxifen-induced recombination at 3 [37]
ERT?2 (tamoxifen | or 6 months resulted in a loss of articular
inducible) cartilage 2 months later
Col2al-Cre- Tamoxifen-induced recombination at [109]
ERT?2 (tamoxifen | E13.5 followed by skeletal assessments
inducible) at several embryonic time points.
Disordered chondrocyte zoning.
Increased thickness of the perichondrial
bone collars in limbs. TRAP staining
showed no change in osteoclast activity
Axin2-rtTA (Wnt | Expansion and increased ossification of | [117]
responsive cells) | cranial sutures. Fully mature osteoblast
+ TRE-Cre differentiation was inhibited. No
[functions as a additional skeletal assessments
doxycycline
inducible
axin2-Cre]
PPARYy-tTA Severe osteopetrosis with a 27-fold increase | [42]
(osteoclast in the BV/TV ratio. Trabecular bone and
progenitors) + cortical bone mass were both increased.
TRE-Cre Histomorphometry revealed large decreases
[functions as a in osteoclast number and surface area, with
doxycycline no effect on osteoblasts. The osteopetrotic
inhibitable phenotype was already evident in
PPARY-Cre] 15-day-old pups. Osteopetrosis could also

be induced by removing Dox in adult mice
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Table 1.4 Skeletal phenotypes in transgenic mouse strains
Gene Transgene Target tissue Phenotype(s) Ref.
Wnit4 R26-Flox- Col2al-Cre Dwarfism with increased [118]
Neo-Wnt4 (osteochondral hypertrophic chondrocytes in
progenitors) growth plates of long bones.
Normal BMD
Wnt5a Col2a-Wnt5a | Osteochondral Shortened skeletal elements and | [62]
progenitors delayed ossification. Increased
growth plate cartilage with a
large zone of undifferentiated
chondrocytes with a low index
of proliferation
WntSa B-Actin- Germ line Axis duplication during early [119]
Wnt8a embryo development
(Gallus
gallus)
Wnt9a/14 Col2a-Wnt9a | Osteochondral Homozygotes died by 16.5 dpc. | [104]
progenitors Decreased cartilage
Wnt10b FABP4- Adipocytes (adipose | Mice were viable. Increased [65]
Wntl0b tissue and bone Tb.N and decreased Tb.Sp.
marrow) Increased mechanical resistance.
Decreased rate of age-related
and ovariectomy-induced bone
loss
Wnt5b Col2a-Wnt5b | Osteochondral Similar phenotype as Col2a- [62]
progenitors Whnt5a mice, but the
undifferentiated chondrocytes
were highly proliferative
Dkk1 Col2al-Dkkl, | Osteochondral There was no change in the [120,
Coll0al- progenitors, overall pattern of cartilage or 121]
Dkk1, or hypertrophic bone development in
Tie2-Dkk1 chondrocytes, or chondrocyte overexpression of

endothelial cells

Dkk1 Overexpression in
endothelial cells resulted in
smaller skeletal elements,
abnormal hypertrophic
chondrocytes, reduced Tb size
but an increase in Tb.N. TRAP
staining and osteoclast numbers
at the hypertrophic chondrocyte-
trabecular bone interface were
decreased. The mineral
apposition rate was unaffected

(continued)
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Gene Transgene Target tissue Phenotype(s) Ref.
Dkkl (2.3kb) Mature osteoblasts | Reduced BMD and trabecular [122]
Collal-Dkkl BV. Osteoblast surface area and
number were reduced.
Osteoclasts were normal
Dkk2 Col2al-Dkk2, | Osteochondral There was no change in the [120]
Coll0al- progenitors, overall pattern of cartilage or
Dkk2, or hypertrophic bone development in
Tie2-Dkk2 chondrocytes, or chondrocyte or endothelial
endothelial cells overexpression of Dkk2
SOST Ocn-SOST Osteoblasts and Mice were viable but osteopenic | [44]
osteocytes with disorganized bone
architecture, thin cortices,
reduced trabecular bone, and
chondrodysplasia. Decreased
osteoblast surface and reduced
bone formation rate, with no
change in resorption markers
Sfrp4 SAP-Sfrp4 Various Decreased rate of bone [123]
acquisition from 5-15 weeks
after birth. Decreased BV/TV
and Tb size
Sfrp4 Transgene Mature osteoblasts | Similar phenotype as the [124]
(2.3kb) SAP-Sfrp4 transgenic mice
Collal-Sfrp4
Tcfl (Tcf7) | Col2al-Tcf7 | Osteochondral Reduced skeletal element size, |[125]
Ap-catenin- progenitors endochondral ossification,
binding chondrocyte maturation, and
domain proliferation
Lefl (2.3kb) Mature osteoblasts | Increased trabecular BV and [126]
Collal- osteoblast activity, but no
Lefl1AN change in osteoblast number.
isoform Osteoclasts were normal
Sfrp4 (2.3kb) Mature osteoblasts | Osteoblast-targeted expression | [124]

Collal-Sfrp4

of Sfrp4 in mice results in low
bone mass

activity in cells and have been widely used with great success. In addition, immuno-
histochemical analysis of B-catenin or downstream targets is also routinely per-
formed to detect the signaling changes [47](Fig. 1.6).
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B-Catenin IHC X-gal staining

A/A

Fig. 1.6 Wnt/p-catenin signaling detection. An example of a conditional mouse model with osteo-
blast-specific Wntless (wls) knockout is shown. Anti-p-catenin IHC on distal femur is shown to
indicate lower B-catenin in the mutant trabecular bone. BAT-GAL transgenic mice (also called
p-catenin/TCF/LEF reporter transgenic mice) can express [-galactosidase in the presence of acti-
vated p-catenin, so X-gal staining (blue) can identify those cells with activated B-catenin signaling
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1.7 Conclusion

A “pipeline” project that aims to knock out every gene in the genome individually
has predicted that about 10% of all genes can affect bone strength in one way or
another [48]. Further evidence for this assessment was recently provided by Lexicon
Genetics, which reported the results of their efforts to screen large numbers of
GEMMs to identify new regulators of skeletal development and homeostasis. The
fact that the Notum gene, recently linked to direct regulation of the Wnt pathway in
other systems [49, 50], was identified as a novel, targetable regulator of bone
homeostasis speaks to the power of these types of approaches [51].

We hope that this review has provided a convincing argument for the critical role
that GEMMs have played in our understanding of how Wnt signaling regulates skel-
etal development and homeostasis. While the last three decades of using GEMMs have
led to many exciting discoveries, we predict that these insights will grow exponentially
in the near future. The recent demonstration that CRISPR/Cas9 technology can quickly
and efficiently generate mouse models in weeks that used to take months (if not years)
to create will expedite our ability to study gene functions in laboratory animals [52].
We expect to see the technical feasibility of faster generation of genetically modified
animals and more studies on gene interactions by simultaneously knocking out mul-
tiple genes. It is clearly an exciting time to be contributing to scientific knowledge via
the use of GEMMS. Perhaps even more important is the fact that CRISPR/Cas9 (and
related [53]) technology will allow the rapid genetic manipulation of many other
model systems that will advance our knowledge of normal development and disease.
Provided that this powerful system is handled in an ethical manner [54], it is likely to
revolutionize methods to gain biological insights. In fact, it already has done so.
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Chapter 2

Role of the Receptor-Mediated Signaling
Pathways on the Proliferation

and Differentiation of Pluripotent Stem Cells

Toshiaki Ishizuka

Abstract Several receptor-mediated signaling pathways are involved in the self-
renewal or differentiation of pluripotent stem cells such as embryonic stem (ES)
cells or induced pluripotent stem (iPS) cells. The activation of the JAK/STAT path-
way induced by leukemia inhibitory factor (LIF) plays a critical role in the self-
renewal of mouse ES or iPS cells. However, it has been demonstrated that fibroblast
growth factor 2 (FGF2) maintains self-renewal of human ES or iPS cells by support-
ing stable expression of the extracellular matrix proteins through the activation of
the PI3K/Akt pathway. Recent studies confirm that both the MEK/ERK and the
PI3K/Akt pathways are involved in the self-renewal of both mouse ES cells and iPS
cells. We have also revealed that stimulation of either a;-adrenoceptor or angioten-
sin II type 1 receptor (AT,R) leads to an increase in human iPS cell proliferation via
Gg-dependent MEK/ERK and PI3K/Akt signaling pathways independent of FGF2.

Activation of the Smad signaling pathway by bone morphogenetic proteins
(BMPs) and activin/nodal has been shown to promote cardiovascular differentiation
of mouse and human ES or iPS cells. In addition, treatment with isoproterenol (a
B-adrenoceptor agonist) enhances the cardiovascular differentiation of human iPS
cells exposed to activin A, BMP4, and FGF2. As stimulation with -adrenoceptors
promotes cAMP and PKA activation, the cardiovascular differentiation of the cells
may be enhanced by cAMP/PKA-dependent signaling pathways.

It has been found that treatment with retinoic acid (RA) during embryoid body
(EB) formation induces the differentiation of mouse ES cells into neural progenitor
cells (NPCs). RA treatment increases the level of active cAMP response element-
binding (CREB) protein by enhancing the activity of c-Jun N-terminal kinase
(JNK). It has been revealed that stimulation of either B-adrenoceptors or 5-HT,
receptors enhances the RA-induced differentiation of mouse iPS cells into NPCs
through activation of the cAMP/PKA signaling pathway and the enhancement of
CREB phosphorylation.
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This review focuses on the role of the receptor-mediated signaling pathways in
the proliferation and differentiation of pluripotent stem cells. Understanding the
receptor-mediated signaling pathways that influence the proliferation and differen-
tiation of pluripotent stem cells may be useful in the development of culture condi-
tions that promote the therapeutic effects of regenerative medicine.

Keywords Guanine nucleotide-binding protein-coupled receptors (GPCR) e
Pluripotent stem cells ¢ Extracellular signal-regulated kinase (ERK) ¢ PI3K/Akt
cAMP/PKA

2.1 Introduction

As embryonic stem (ES) cells derived from the inner cell mass of mammalian blas-
tocysts have the ability to grow indefinitely while maintaining pluripotency [1, 2],
human ES cells are expected to prove useful in understanding disease mechanisms,
screening for safe and effective drugs, and treating patients with various diseases
and injuries [3]. However, the use of human embryos to generate ES cells faces ethi-
cal concerns and risk of immunogenicity/allograft rejection. To circumvent the
therapeutic limitations of human ES cells, Takahashi et al. [4] generated induced
pluripotent stem (iPS) cells from adult human dermal fibroblasts by the retrovirus-
mediated transfection of four transcription factors, namely, Oct3/4, Sox2, c-Myc,
and Klf4. They also demonstrated that human iPS cells are similar to human ES
cells in morphology, proliferation, surface antigens, gene expression, epigenetic sta-
tus of pluripotent cell-specific genes, and differentiation into cell types of the three
germ layers in vitro. However, the reprogramming efficiency of human somatic
cells into iPS cells is very low in spite of the development of modified methods. In
addition, the capacity for human iPS cells to differentiate into poorly regenerated
cells, such as neural cells or cardiomyocytes, is also low. Thus, understanding of the
mechanisms controlling the signaling pathways in the processes of reprogramming
or differentiation may offer therapeutic advantages [5].

2.2 Role of the Receptor Signaling Pathways on Proliferation
of Pluripotent Stem Cells

Smith and Hooper [6] and Smith et al. [7] demonstrated that self-renewal of mouse
ES cells is dependent on paracrine signals from feeder cells such as mouse embry-
onic fibroblasts (MEF) on which the cells were cultured. It has also been established
that the factor required for self-renewal of mouse ES cells is leukemia inhibitory
factor (LIF) [8, 9]. LIF is a member of the family of interleukin-6 (IL-6)-type
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cytokines and binds directly to the LIF receptor-p (LIFRf) that subsequently het-
erodimerizes with the signal transducer glycoprotein 130 (gp130) [10]. The forma-
tion of a trimeric complex composed of LIFRp, gp130, and LIF leads to the
activation of Janus kinase — the signal transducer and activator of the transcription
(JAK/STAT) and mitogen-activated protein kinase (MAPK) pathways, which are
essential for the proliferation of mouse ES cells [11]. However, several reports
have suggested that the proliferation of mouse ES cells is mediated by the signaling
pathways activated by other receptor types such as receptor tyrosine kinases (RTK),
guanine nucleotide-binding protein-coupled receptors (GPCR), and wingless-
typemouse mammary virus tumor integration site family (Wnt) receptors.

Kim et al. [12] revealed that the epinephrine-enhanced proliferation of mouse ES
cells cultured with LIF is mainly through both - and p-adrenoceptors, which are
the most common GPCR. They also showed that os-, 0a-, Pi-, Po-, and Ps-
adrenoceptors were expressed in the cells. It is well known that stimulation of o;-
adrenoceptors couples the receptor to guanine nucleotide-binding protein q
polypeptide (Gq) protein. This coupling to Gq activates phospholipase C (PLC),
leading to an increase in inositol-1,4,5-triphosphate (IP;) and 1,2-diacyl glycerol
(DAG), both of which induce intracellular calcium elevation and protein kinase C
(PKC) activation [13]. Conversely, p-adrenoceptor stimulation activates the stimu-
latory alpha subunit of guanine nucleotide-binding protein (Gs) and adenylyl
cyclase, which promote cyclic adenosine monophosphate (cAMP) and protein
kinase A (PKA) activation [14]. Kim et al. [12] suggested that the activation of
extracellular signal-regulated kinase (ERK) is mainly involved in the epinephrine-
induced proliferation of cells via either «;-adrenoceptor-dependent PKC or
[-adrenoceptor-dependent PKA. In addition, Prenzel et al. [15] showed that activa-
tion of either «;- or f-adrenoceptors leads to the extracellular release of epidermal
growth factor (EGF) receptor ligands at the cell surface by matrix metalloproteases.
Kim et al. [12] also observed that epinephrine activates the PI3K/Akt pathway via
a,- or f-adrenoceptor transactivation of the EGF receptor in mouse ES cells. These
findings suggest that epinephrine stimulates proliferation via ERK through cAMP/
PKA, Ca**/PKC, and PI3K/AKkt signaling pathways in mouse ES cells.

Han et al. [16] showed that angiotensin II (Ang II)-induced increase of DNA
synthesis and proliferation in mouse ES cells cultured with LIF were due to the
stimulation of angiotensin type 1 receptors (AT;R). The activation of AT,Rs, which
are Gg-coupled receptors, induced inositol phosphate formation and Ca*/PKC-
dependent ERK activation. They also revealed that Ang II activates the PI3K/Akt
pathway via AT |R transactivation of EGF receptor in mouse ES cells. Thus, their
results indicate that Ang II-induced DNA synthesis and proliferation may require
two parallel signaling pathways: (1) AT,R-mediated Ca**/PKC/ERK and (2) AT,R-
induced transactivation of EGF receptor-dependent PI3K/Akt.

Ishizuka and Watanabe [17] reported that stimulation with a selective -
adrenoceptor agonist phenylephrine increases DNA synthesis and proliferation
of mouse iPS cells cultured in a medium with LIF. The study showed that the
phosphorylation of either ERK or Akt in the cells cultured with LIF was
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Fig. 2.1 Mechanism of the signaling pathways involved in the DNA synthesis and proliferation of
mouse pluripotent stem cells. Gq, guanosine 5'-triphosphate-binding protein q; PIP2,
phosphatidylinositol-4,5-bisphosphate; DG, diacylglycerol; IP3, inositol-1,4,5-triphosphate

enhanced by phenylephrine, and a selective a;-adrenoceptor antagonist blocked
the enhancement. DNA synthesis enhanced by phenylephrine is inhibited by
either a PI3K inhibitor or a MEK inhibitor. Conversely, under LIF-free condi-
tions, phenylephrine treatment slightly increased phosphorylation of ERK or
Akt and did not affect DNA synthesis. These findings suggest that phenyleph-
rine-induced phosphorylation of ERK or Akt, without LIF-induced JAK/STAT
activation, may be insufficient for DNA synthesis in mouse iPS cells. However,
stimulation with o;-adrenoceptors in the presence of LIF may augment phos-
phorylation of ERK or Akt synergically with LIF-induced JAK/STAT activation
and enhance DNA synthesis (Fig. 2.1). Thus, these results confirm that both
MEK/ERK and PI3K/Akt are self-renewal-mediating pathways in both mouse
ES cells and iPS cells.

Landgraf et al. [18] showed that mouse ES cells express nicotinic acetylcholine
receptors (nAchR). Several previous studies suggest that stimulation with nAchR
enhances the growth of endothelial progenitor cells [19, 20]. We revealed by immu-
nofluorescence staining that a,-nAchR and a;-nAchR are expressed on mouse iPS
cells [21]. Treatment with nicotine increases DNA synthesis of the cells, which is
inhibited by pretreatment with antagonists of either ay-nAchR or a;-nAchR. In
addition, treatment with nicotine increases the intracellular Ca** level and
calmodulin-dependent protein kinase II (CaMKII) phosphorylation. However, treat-
ment with nicotine does not affect the phosphorylation of either ERK, Akt, or JAK/
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STAT in the cells. Thus, the CaMKII signaling pathway may be involved in the
proliferation of mouse iPS cells without affecting MEK/ERK, PI3K/Akt, or JAK/
STAT.

Daheron et al. [22] reported that LIF cannot sustain self-renewal of human ES
cells. In addition, it has been shown that the JAK/STAT pathway is not essential for
maintaining pluripotency and self-renewal in human ES cells [23, 24]. However,
Kim et al. [25] have demonstrated that fibroblast growth factor 2 (FGF2) maintains
the self-renewal of human ES cells by supporting stable expression of the extracel-
lular matrix proteins through the activation of the PI3K/Akt pathway. We revealed
that treatment with either phenylephrine (a selective a;-adrenoceptor agonist) or
Ang II enhances DNA synthesis in human iPS cells cultured in the absence of FGF2
[26]. We also showed that the enhancement of DNA synthesis by either phenyleph-
rine or Ang II is suppressed by pretreatment with PD98059 (a MEK inhibitor) and
LY294002 (a PI3K inhibitor). Moreover, the phosphorylation of Akt and ERK in the
cells is enhanced by either phenylephrine or Ang II. Both a;- adrenoceptor and
AT R are Gqg-coupled receptors. In this study, siRNA directed against Gq inhibited
DNA synthesis and the phosphorylation of ERK and Akt induced by phenylephrine
or Ang II. Thus, activation of a;-adrenoceptor or AT ;R may lead to an increase in the
proliferation of human iPS cells via Gq-dependent MEK/ERK and PI3K/Akt sig-
naling pathways independent of FGF2 (Fig. 2.2).
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Fig. 2.2 Mechanism of the signaling pathways involved in the DNA synthesis and proliferation of
human pluripotent stem cells



34 T. Ishizuka

2.3 Role of Receptor Signaling Pathways in Differentiation
of Pluripotent Stem Cells into Cardiovascular
Progenitor Cells

Bone morphogenetic proteins (BMPs) belong to a transforming growth factor-p
(TGFp) superfamily and play critical roles in cell differentiation during embryonic
development [27]. BMPs activate Smad 1/5/8 signaling via activin receptor-like
kinase (ALK)1, ALK2, ALK3, and ALK6. TGFp, activin, and nodal activate Smad
2/3 via ALK4, ALKS, and ALK7 [27, 28]. Although TGFp, activin, and nodal main-
tain pluripotency of human ES cells [29, 30], blockade of BMP signaling is essen-
tial to maintain pluripotency [31, 32]. It has been revealed that the activation of the
BMP signaling pathway promotes differentiation of human ES cells into mesoderm
[33] or hematopoietic cells [34]. Several studies have demonstrated that stimulation
with BMP and TGFp/activin/nodal promotes cardiovascular differentiation during
embryonic development [35, 36] and cardiovascular differentiation from ES cells
[37]. In the mouse embryo and the mouse ES cell differentiation model, Flk-1*
(fetal liver kinase-1, also known as kinase insert domain protein receptor (KDR))
cells are identified as cardiovascular progenitor cells which display the capacity to
generate cardiomyocytes, vascular endothelial cells, and vascular smooth muscle
cells [38]. Kattman et al. [39] also reported that combined stimulation of activin A
and BMP4 induces Flk-1* cells in serum-free cultures of embryoid bodies (EB)
generated from mouse ES cells or iPS cells. Yang et al. [40] showed that after induc-
tion with combinations of activin A, BMP4, FGF2, VEGF, and dickkopf homolog 1
(DKK1, an inhibitor of Wnt signaling), human ES cell-derived EBs generate KDR*
cardiovascular progenitor cells. On the other hand, it has been documented that
KDR? cells can be induced from human ES cells or iPS cells after stimulation with
activin A and BMP4 [39].

Bai et al. [41] found that combined stimulations of BMP2, BMP4, BMP7, FGF2,
and VEGF promote differentiation of human ES cells into CD34*CD31* cells,
which have the potential to give rise to vascular endothelial cells and smooth muscle
cells. As the pretreatment with dorsomorphin, an inhibitor of Smad 1/5/8 phos-
phorylation, blocked the differentiation into CD34*CD31* cells, BMP/ Smad sig-
naling may be critical for vascular progenitor development of human ES cells
(Fig. 2.3).

Yan et al. [42] reported that stimulation of mouse ES cell-derived EB with iso-
proterenol (a nonspecific B-adrenoceptor agonist) enhanced their differentiation
into cardiomyocytes. In addition, they found that the effect of isoproterenol was
eliminated by pretreatment with a f§;-, f,-adrenoceptor antagonist, or SB203580 (a
specific p38 MAPK inhibitor). It has been revealed that the culture of mouse EB
with dibutyryl-cAMP (a cAMP analogue) enhances cardiac differentiation [43] or
retinoic acid-induced differentiation into vascular smooth muscle cells [44]. We
have demonstrated the involvement of f-adrenoceptors in the differentiation of
human iPS cells into cardiovascular progenitor cells [45]. The induction of differen-
tiation into KDR* cells was performed on feeder cells in a differentiation medium
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Fig. 2.3 Mechanism of the signaling pathways involved in the cardiovascular differentiation of
mouse/human pluripotent stem cells. Gq, guanosine 5’-triphosphate binding protein s; ATP, ade-
nosine 5’-triphosphate; cAMP, cyclic adenosine 3’,5'-monophosphate; ALK, activin-like kinase

with activin A, BMP4, and FGF2. When the iPS cells that were exposed to activin
A, BMP4, and FGF2 were treated with isoproterenol, the expression of KDR was
increased compared to that of the cells without isoproterenol. Pretreatment with
either a P1- or P2-adrenoceptor antagonist inhibited the isoproterenol-induced
increase in KDR expression. In addition, pretreatment with both H89 (a PKA inhib-
itor) and SB203580 (a specific p38 MAPK inhibitor) inhibited the effect of isopro-
terenol. Stimulation of f-adrenoceptors, which are Gs-coupled receptors, promotes
cAMP and PKA activation [14]. These findings suggest that cardiovascular differ-
entiation of both ES cells and iPS cells is enhanced by cAMP-/PKA-dependent
activation of p38 MAPK (Fig. 2.3).

2.4 Role of Receptor Signaling Pathways
in the Differentiation of Pluripotent Stem Cells into
Neural Progenitor Cells

Retinoic acid (RA) is the biologically active form of vitamin A and has been shown
to play an important role during embryogenesis [46]. In particular, RA influences
neural development in the early stages of central nervous system development. Shan
et al. [47] found that during EB formation, RA induces differentiation of mouse ES
cells into neural progenitor cells (NPCs). Thus, RA is thought to be one of the most



36 T. Ishizuka

important inducers of neural differentiation in mouse ES cells [48]. As RA treat-
ment increases the level of active cAMP response element-binding (CREB) protein
by enhancing the activity of c-Jun N-terminal kinase (JNK), Shan et al. [47] suggest
that CREB plays a role in RA-induced NPC differentiation. The activity of CREB
is triggered by phosphorylation on Ser133, which recruits the CREB-binding pro-
tein to the initiator complex and thereby promotes transcription [49]. The phos-
phorylation of CREB on Ser133 is reported to be induced by cAMP/PKA-, Ca**-, or
the neurotrophic factor-dependent signaling pathway [50].

Di-Gregorio et al. [51] demonstrated that the activation of the BMP signaling
pathway inhibits premature neural differentiation of the mouse embryo [51]. In
mouse ES cells, BMP signaling has negative effects on neural differentiation [52,
53]. It has been reported that the induction of important downstream proteins of the
BMP signaling pathway can inhibit the neural differentiation of ES cells and can
sustain self-renewal in collaboration with LIF [54]. Zhang et al. [55] demonstrated
that BMP4 inhibits the derivation of epiblast stem cells from mouse ES cells and
suppresses the neural commitment of epiblast stem cells and promotes their non-
neural differentiation. Okada et al. [48] reported that treatment with noggin (an
inhibitor of BMP signals) enhances RA-induced differentiation of mouse ES cells
into nestin* Sox1* NPCs. In addition, inhibition of activin has been shown to pro-
mote neural differentiation of human ES cells and iPS cells [56, 57]. As it is known
that BMPs activate Smad 1/5/8 signaling and activin/nodal activates Smad 2/3 [27,
28], it is speculated that Smad signaling may modulate the neural lineage commit-
ment of pluripotent stem cells. However, Zhang et al. [55] showed that BMP4
reduced ERK phosphorylation in mouse ES cells and that FGF2 rescued BMP4-
reduced ERK phosphorylation. They also found that FGF2 recovered BMP4-
inhibited neural commitment of mouse ES cells. Matulka et al. [58] discovered that
the inhibition of the activin/ALK4 pathway by SB431542 not only inhibits the
phosphorylation of Smad 2/3 but also enhances the phosphorylation of ERK. They
further demonstrated that the activation of ERK signaling occurs in SB431542-
induced neural differentiation of mouse ES cells. Thus, suppression of the ERK
signaling pathway, by either BMP4 or activin, may partially lead to the inhibition of
neural differentiation.

Activation of the cAMP/PKA signaling pathway can facilitate neuronal develop-
ment by inducing mesenchymal stem cells (MSCs) to differentiate into neural lin-
eage cells [59-61]. Activation of f-adrenoceptors is known to stimulate the Gs and
adenylyl cyclase, which promote the cAMP/PKA signaling pathway [14]; we there-
fore examined the effect of f-adrenoceptor activation on the neural differentiation
of mouse iPS cell-derived EBs. Although treatment with isoproterenol (a nonspe-
cific f-adrenoceptor agonist) alone did not affect the expression of nestin (a specific
marker for NPCs), isoproterenol enhanced RA-induced nestin expression [62].
Pretreatment of EBs with either atenolol (a specific ;-adrenoceptor antagonist) or
H89 (a PKA inhibitor) inhibited the isoproterenol enhancement of ATRA-induced
nestin expression.
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It has been suggested that serotonin (5-hydroxytryptamine; 5-HT) stimulates
adult hippocampal neurogenesis [63], thereby creating a mechanistic link between
the suppression of adult neurogenesis and the pathogenesis of major depression, as
well as explaining the mechanism underlying the action of antidepressants [64, 65].
It has also been shown that the activation of 5-HT;, or 5-HT, receptors promotes
proliferation and differentiation of NPCs [66, 67]. We have shown that mouse iPS
cells express both 5-HT,, and 5-HT, receptors and, to a lesser extent, 5-HT 4 recep-
tors [68]. Treatment with 5-HT enhances the RA-induced expression of nestin and
phosphorylation of CREB. Pretreatment with either GR113808 (a specific 5-HT,
receptor antagonist) or H89 inhibits these effects of 5-HT. As with 3-adrenoceptors,
5-HT, receptors also couple to Gs, which stimulates adenylyl cyclase and promotes
the cAMP/PKA signaling pathway. It has been suggested that CREB plays a role in
RA-induced differentiation of mouse ES cells into NPCs [47]. Phosphorylation of
CREB can be triggered through the activation of the cAMP/PKA signaling pathway
[14, 69]. Thus, these findings suggest that the stimulation of either f-adrenoceptors
or 5-HT, receptors enhances RA-induced differentiation of pluripotent stem cells
into NPCs through the activation of the cAMP/PKA signaling pathway and the
enhancement of CREB phosphorylation (Fig. 2.4).
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Fig. 2.4 Mechanism of the signaling pathways involved in the neural differentiation of mouse
pluripotent stem cells
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2.5 Closing Remarks

This review is focused on the role of the receptor-dependent signaling pathways in
the proliferation and differentiation of pluripotent stem cells. Establishing a more
robust and efficient methodology to propagate tissue stem cells from pluripotent
stem cells is critical for these cells to be used as a source of regenerative therapy for
tissue damage or tissue injury. Thus, understanding the receptor-dependent signal-
ing pathways which influence the proliferation and differentiation of pluripotent
stem cells may be useful in the development of culture conditions that promote the
therapeutic effects of regenerative medicine.
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Chapter 3

Regulation of microRNA Expression

by Growth Factors in Tumor Development
and Progression

Hiroshi Itoh, Sotai Kimura, and Seiji Naganuma

Abstract MicroRNAs (miRNAs) are a class of noncoding small RNAs (22-25
nucleotides) that regulate cell proliferation and various cellular functions by inter-
fering with the translation of target messenger RNAs (mRNAs). Altered expression
of miRNAs is found in various human malignancies, and indeed, we previously
reported that the expression of miR-205 and miR-21 was altered in human head and
neck squamous cell carcinoma (HNSCC), by miRNA microarray analysis. We also
confirmed that the expression of miR-200c and miR-27b was directly regulated by
hepatocyte growth factor (HGF) in HNSCC cell line, HSC3. These results suggest
the significance of miRNAs as a key regulatory molecule for achieving various
functions of growth factors. Altered miRNA expression might contribute enhanced
progressive and invasive characteristics, such as epithelial-mesenchymal transition
(EMT), of malignant tumors by regulating the translation of growth factor-induced
functional molecules. There are a growing number of reports that describe the trans-
lational regulation of growth factors, their receptors, and intracellular signaling
molecules by miRNAs in various tumors. However, less of the reports describe the
regulation of miRNA expression by a growth factor itself. In this article, we review
the relation of tumor development and progression by growth factors with miRNA
expression, especially the regulation of miRNA expression by growth factors, and
focus on the cooperative interactions of miRNAs, their mRNA targets, and growth
factor signaling, in the context of tumor progression.
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3.1 Introduction

Tumor development and progression involve many cellular functions, such as cell
proliferation, migration, invasion, and metastasis via blood and lymphatic vessels.
These processes are tightly regulated by signal transduction cascades of growth fac-
tors (GFs), their receptors (GFRs), and intracellular signal transduction molecules
(reviewed in [1]). Various GFs including epidermal growth factor (EGF), fibroblast
growth factor (FGF), hepatocyte growth factor (HGF), insulin-like growth factor
(IGF), transforming growth factors (TGF)-f, vascular endothelial growth factor
(VEGF), and platelet-derived growth factor (PDGF) have been derived from human
tumors. Their specific receptors, such as EGF receptor (EGFR) and HGF receptor,
namely, MET, were also expressed in various human tumors, so that the tissue- or
organ-specific expression of GFs and GFRs is responsible for cellular growth and
functions mainly in autocrine or paracrine manner [1]. GFRs are similar single-pass
transmembrane proteins having an intracellular tyrosine (called as receptor tyrosine
kinase; RTK) for most of GFRs or serine/threonine kinase domain for TGF-f} recep-
tor [1, 2]. Of interest is that their roles in tumorigenesis are very similar with those
in embryogenesis [3]. GFs regulate and maintain the extracellular matrix (ECM)
with stromal cells including fibroblasts, myofibroblasts, and endothelial cells, as
well as blood cells including various inflammatory cells both in tumorigenesis and
embryogenesis.

MicroRNAs (miRNAs) are recently identified noncoding small RNAs (22-25
nucleotides) that regulate cell proliferation and various cellular functions by inter-
fering with the translation of target messenger RNAs (mRNAs) (reviewed in [4]). In
addition to modulate gene expression of GFs themselves, miRNAs also play regula-
tory roles in GF-induced signaling molecules, resulting in tumor development and
progression [4, 5]. GFs are regulated by abundance of certain miRNAs and modu-
late the abundance of proteins necessary for GF-induced signaling cascades [6].
Altered expression of miRNAs is known to induce tumor growth and progression,
and indeed, we previously reported that the expression of miR-205 and miR-21 was
altered in human head and neck squamous cell carcinoma (HNSCC), by miRNA
microarray analysis [7].

In this article, we review the relation of tumor development and progression by
GFs with miRNA expression, especially the regulation of miRNA expression by
GFs, and focus on the cooperative interactions of miRNAs, their mRNA targets and
GF signaling, in the context of tumor progression. We also discuss the possibility of
miRNAs as diagnostic, prognostic, and therapeutic markers for various tumors.

3.2 Signal Transduction and Functions of Growth Factors

GFs are compact polypeptides binding to their specific transmembrane receptors,
most of them are RTKs [1, 2]. After binding of a GF to its specific receptor, the
intracellular domain of GFR is phosphorylated, and the signal is simultaneously
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transduced into the downstream signaling pathways, such as the mitogen-activated
protein kinase (MAPK) pathway, the phosphatidylinositol 3-kinase (PI3K) path-
way, phospholipase C-y pathway, or transcription factors such as the signal trans-
ducers and activators of transcription (STATs) or SMAD proteins [1, 2]. These
signal transduction cascades are essential for tumor development and progression,
because the signaling molecules involved in these cascades can receive various
oncogenic mutations in the initiated cells, namely, cancer stem cells, for clonal
expansion of the tumor [8]. Indeed, oncogenic mutations are frequently seen in GFs
and GFRs as well as protein kinase cascade molecules downstream of GFRs in vari-
ous malignant tumors, (e.g., malignant melanoma (B-RAF), pancreatic cancer
(RAS), breast cancer (ErbB-2/HER2), and brain tumor (EGFR)) [6]. GFs show
various cellular functions mainly in paracrine manner in case of non-tumorous
physiological condition such as embryogenesis and wound healing, but many can-
cer cells acquire the ability to synthesize GFs in addition to their specific receptors
[9]. In such cases, cancer cells have constitutive autoactivation pathway in several
distinct mechanisms. For example, overexpression of GFRs may enable cancer cells
to become hyperresponsive to GFs, and indeed ErbB-2/HER2 gene amplification is
frequently found in breast cancer [10]. Also, GFRs can get the ligand-independent
signaling by specific gene mutations or deletions, and indeed EGFR is frequently
mutated in brain tumors with EGF-independent autoactivation [11]. Similarly, the
mutation of signal transducer molecules downstream of GFR such as RAS, which is
mutated up to 25% of human cancers, may also show autonomic growth [12], and
the effector molecule of TGF-f3, namely, SMAD4/DPC4, is also mutated and inac-
tivated in pancreatic cancer [13].

Tumor progression involves the following several steps: expand growth in pri-
mary site, disruption and penetration of basement membrane by cancer cells, inva-
sioninto adjacent tissues and enter the vascular or lymphatic systems (intravasation),
departure from the bloodstream (extravasation), and subsequent colonization and
regrowth in distant organs (metastasis) [14]. Thus, GFs and their signaling path-
ways play critical roles in this process. Cancer cells also show the morphological
changes from the nest of epithelial cells into individual spindle-shaped mesenchy-
mal-like cells, called as epithelial-mesenchymal transition (EMT) [14, 15].
Constitutive signaling of GFs via the tyrosine kinase domain may provide the sec-
ond hits of tumor progression. TGF-f, HGF, and FGFs may induce EMT and
enhanced invasive potential of cancer cells by upregulating various secreted prote-
ases (e.g., the matrix metalloproteinases, MMP-2 and MMP-9) and downregulat-
ing protease inhibitors (e.g., the tissue inhibitors of metalloproteinases TIMPs)
[16, 17]. At the same time, GFs also induce several molecular switches of adhe-
sion: downregulation of the epithelial E-cadherin and upregulation of the mesen-
chymal N-cadherin [18]. Moreover, they also induce the expression of potent
E-cadherin repressors (e.g., ZEB-2 and Twist) [18]. Generation of new vessels
(neovascularization) is also critical for tumor growth, and angiogenic growth fac-
tors, such as VEGFs, FGFs, and TGF-f, play important roles in such phenomenon
[19, 20]. VEGF antagonists are already used for the patients with colonic or renal
cancer [21].
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3.3 Biogenesis and Functions of microRNAs

As described briefly in the introduction, miRNAs are noncoding small RNAs (22-25
nucleotides) that regulate posttranscriptional gene expression by hybridizing to the
3’-untranslated regions (UTRs) and interfering translation of their target mRNAs [4].
One miRNA may regulate the expression of thousands of different mRNAs, while
some different miRNAs may regulate one same mRNA. To date, 2588 miRNAs have
been identified and listed in the miRBase database (release 21: June 2014), and their
genes are located in both protein-coding and noncoding regions of all chromosomes
except for the Y chromosome [22]. Approximately 30% of protein-coding genes are
thought to be under translational control by miRNAs and to be involved in a variety
of cellular processes, including the regulation of cellular differentiation, proliferation,
and apoptosis [4, 23]. Under normal physiological conditions, individual miRNAs
show strict tissue-specific and developmental stage-specific expression especially in
embryogenesis [24]. Therefore, aberrant expression of miRNA induces various
human tumors, and they are clearly classified by miRNA expression profiles [5].

As shown in Fig. 3.1, miRNAs are generated by finely regulated multistep pro-
cesses [25-27]. Briefly, they are initially transcribed by RNA polymerase II as long
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Fig. 3.1 Schematic representation of miRNA biosynthesis
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primary transcripts with hairpin structures (pri-miRNAs) and are processed by
Drosha to approximately 70-nucleotide precursor miRNAs (pre-miRNAs). After
transport of the pre-miRNAs to the cytoplasm, mature single-stranded miRNAs are
excised from the pre-miRNAs by RNase III enzyme, namely, Dicer, and then they
are incorporated into the RNA-induced silencing complex (RISC). Finally, miRNAs
regulate the gene expression binding through partial complementarity for the most
part to the 3’-UTR of target mRNAs. When the nucleotide sequence of miRNA is
perfectly matched to target miRNA sequence, the protein translation completely
represses by cleaving and degrading the mRNA transcripts. On the other hand, a
limited base-pair matching of miRNAs to target mRNA sequences leads to partial
inhibition of the protein translation. Since miRNA is a negative regulator of gene
expression targeting several hundreds of distinct mRNAs, a single miRNA can dras-
tically affect various cellular processes involving cell proliferation, apoptosis, dif-
ferentiation, and migration [27-30].

In the past few years, it has been reported that miRNAs have crucial roles in
tumorigenesis (reviewed in [31]). First report of the relation of miRNA with malig-
nant tumor described the deletion of the miR-15 and miR-16 loci in the majority of
samples from patients with B-cell chronic lymphocytic leukemia (BCLL) [32].
Subsequently, altered miRNA expression has been reported in various tumors [5,
30]. In these tumors, it has been shown that miRNAs have key roles in tumor initia-
tion, progression, and metastasis by using both loss-of-function and gain-of-function
experiments in human-cultured tumor cells, transgenic mouse models, and knock-
out mouse models [33, 34]. Overexpression of the miR-17-92 cluster correlates
with the expression of MYC and accelerates tumor development in a mouse model
of B-cell lymphoma [35]. On the other hand, many other miRNAs function as tumor
suppressors. For example, the let-7 family of miRNAs targets important oncogenes
such as MYC, RAS family members (HRAS, KRAS, and NRAS), and high-mobil-
ity group AT-hook 2 (HMGA?2) and suppresses the development of various tumors
[36-38]. Thus, altered miRNA expression patterns in malignant tumors might be
useful markers for diagnosis and prognosis of cancer patients as well as new thera-
peutic targets for various types of human cancer [5, 30, 39, 40]. Almost all cellular
functions including cell proliferation, differentiation, survival, metabolism, genome
stability, inflammation, invasion, and angiogenesis are under the control of miRNAs
to affect tumor development and progression [31].

While each miRNA functions as either oncogene or tumor-suppressive gene,
total miRNA expression level is generally suppressed in various tumor tissues com-
pared with normal counterparts, [26]. Indeed, the downregulated expression of
miRNA processing machinery components such as DROSHA and DICER (see
Fig. 3.1) are observed in some malignant tumors including lung and ovarian cancers
and neuroblastoma, and they are associated with advanced tumor stage and poor
prognosis in the patients with these tumors [41-43]. This global suppression of
miRNA expression was initially provided by the mouse model of lung cancer with
gene deletion of the miRNA biogenesis pathway [44]. Thus, the miRNA biogenesis
pathway can have an important role in cancer progression and might be impaired in
various tumors. Indeed, it is recently reported that mutations and/or dysregulation of
miRNA biogenesis pathway components affect pathophysiological relevance of the
miRNA biogenesis machinery in human tumors [45-50].
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3.4 Growth Factors and their Receptors Regulated by
microRNAs

MicroRNAs can regulate the expression of GFs, GFRs, and their intracellular effec-
tor molecules, such as RAS and RAF, directly or indirectly [6, 23]. For example,
EGFR family receptors can be regulated by multiple miRNAs and be extensively
examined elsewhere [6]. Among many miRNAs regulating EGFR, miR-7 was identi-
fied as the first miRNA to downregulate EGFR directly in glioblastoma and lung and
breast cancers [51, 52]. In addition to induce tumor-suppressive actions by regulating
EGFR, miR-7 can also regulate the downstream signaling pathway at multiple sites.
Indeed, EGFR downstream molecules, AKT and ERK1/2, are downregulated by
miR-7 in several human cancer cell lines showing decreased invasiveness and cell
cycle arrest [51, 52]. Similarly, miR-128 was the first miRNA identified as an
upstream regulator of EGFR, and the loss of heterozygosity (LOH) of miR-128 gene
was frequently detected in lung cancer, in correlation with patient survival and prog-
nosis when treated with an EGFR-specific tyrosine kinase inhibitor [53]. Other miR-
NAs including miR-23b/27b, miR-133a, miR-133b, miR-146a, miR-146b-5p,
miR-219-5p, miR-302b, and miR-608 can also regulate directly EGFR [54-62]. In
addition, some miRNAs could target the effector molecules downstream of EGFR
pathway. For example, miR-124, miR-147, and miR-193a-3p inhibit G1/S transition
and cell proliferation by targeting EGFR-driven cell cycle proteins [63]. KRAS,
BRAF, and MEK?2 are also regulated by miR-143 and miR-145 in colorectal and
prostatic cancers [64—66]. Both miR-27a (miR-27a-3p) and the complementary miR-
27a* (miR-27a-5p) target EGFR as well as AKT and mammalian target of rapamycin
(mTOR) in HNSCC cell lines [67]. Other members of the EGFR/ERBB family are
also regulated by miRNAs in various human tumors [6]. HER2/ERBB?2 was reported
to be regulated by miR-552, miR-541, miR-193a-5p, miR-453, miR-134, miR-498,
and miR-331-3p, using miRNA gain-of-function screens and two HER2-amplified
cell lines [68]. miR-331-3p was also found to target HER2 directly in glioblastoma
and prostate cancer cell lines [69, 70]. HER3/ERBB3 and the downstream signaling
molecules were downregulated by miR-148b, miR-149, miR-326, and miR-520a-3p
[71]. miR-125a and miR-125b target both HER2 and HER3 in breast cancer cells and
consequently inhibit phosphorylation of ERK and AKT, while miR-193a-3p directly
targets HER4/ERBB4 [72]. Overexpression of miR-193a-3p followed by repression
of HER4 resulted in decreased proliferation, migration, invasion, and EMT, as well
as increased apoptosis of lung cancer cells in xenograft tumor models [73, 74]. Also,
miR-302 inhibited proliferation and invasion of esophageal squamous cell carcinoma
cell line and induced apoptosis by targeting HER4 [75].

GFs and GFRs other than EGF and EGFR families are also regulated by certain
miRNAs. TGF-f, an inflammation-related cytokine that functions in both tumor
suppression and promotion, and its signaling pathway molecules are reported to
be associated with many miRNAs [76]. Most members of the TGF-f signaling
pathway are known to be targeted by one or more miRNAs [76-78]. Multiple
binding sites for miR-744 is located in the proximal TGF-p1 3’-UTR, and miR-744
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transfection inhibited endogenous TGF-B1 [79]. Suppression of miR-18a and
miR-24 accounted for the derepression of two TGF-p1 processing factors, throm-
bospondin-1 (THBS1) and furin, respectively [80]. Ectopic expression of latent
TGF-B1 reduces THBS1 protein expression and is associated with increased
expression of let-7 and miR-18a [81]. On the other hand, downregulation of miR-
30 or miR-200 upregulates TGF-pR I and Smad?2 to induce the EMT and invasive
potential of anaplastic thyroid carcinomas [82], and miR-128a promotes letrozole
resistance by targeting TGF-PR I in breast cancer cells [83]. To date, many miR-
NAs targeting TGFp, TGF-BR, and their downstream effector molecules have
been identified [76-78].

The expression of HGF and its specific receptor MET pathway is also regulated by
various miRNAs. Direct targeting of HGF by miR-16 regulates proliferation and
migration in gastric cancer cells [84], and miR-206 inhibits HGF-induced EMT and
angiogenesis in non-small cell lung cancer via MET/PI3K/AKT/mTOR pathway
[85]. miR-26a and miR-198 suppress angiogenesis and inhibit migration and invasion
of hepatocellular carcinoma cells by targeting HGF and MET signaling pathway,
respectively [86, 87]. miR-34 family including miR-34a, miR-34b, and miR-34c neg-
atively regulates MET and suppresses tumor growth and metastasis [88]. Many other
miRNAs are reported to be involved in the expression of HGF/MET pathway [89].

As for other GFs and GFRs, IGF-1 signaling pathway regulates critical biological
processes including development, homeostasis, and aging, and the expression is regu-
lated by several miRNAs involving miR-1, miR-7, miR-99a, miR-145, miR-182, miR-
223, and miR-320 [90]. FGF2 inhibits EMT through miR-20a-mediated repression of
canonical TGF-f signaling [91]. miR-212 downregulation contributes to the protective
effect of exercise against nonalcoholic fatty liver, and miR-577 inhibits pancreatic
[-cell function and survival by targeting FGF-21 [92, 93]. microRNA-9 regulates car-
diac fibrosis by targeting PDGFR-f in rats [94], and some other miRNAs regulate
angiogenesis by targeting VEGF [95, 96]. In this way, there are a growing number of
the reports describing the regulation of GFs, GFRs, and their intracellular effector
molecules by miRNAs, and the list, although not all, is shown in Table 3.1.

Table 3.1 MicroRNAs that target various GFs, GFRs, and their intracellular effectors

miRNAs Target GF-related genes Regulation | Ref.

Let-7 RAS Down [4]

miR-1 Met, PIK3CA, IGF Down [89] [90]
miR-7 EGFR, IGFR Down [51][52] [90]
miR-9 PDGFR Down [94]

miR-16 HGF Down [84]

miR-18 TGFp Down [81]

miR-20a TGFpR2, FGF Up [76] [91]
miR-21 Met, EGFR, TGFpR2 Up [76] [89]
miR-23b EGFR Down [54]

(continued)
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Table 3.1 (continued)

miRNAs Target GF-related genes Regulation | Ref.
miR-24 TGFp Down [81]
miR-26a HGF Down [86]
miR-27a/b Met, EGFR, MAP2K4 Down [54] [64] [89]
miR-30b/c Met, EGFR Up [89]

TGFp, PDGFR Down [82]
miR-34 family Met, PDGFR, MAP2K 1 Down [88]
miR-99a IGFR Down [90]
miR-103/203 Met, EGFR Down [89]
miR-106a TGFpR2 Up [76]
miR-124 EGFR Down [63]
miR-125a/b HER2, HER3 Down [72]
miR-126 VEGFR Down [95]
miR-128 EGFR, TGFpR Down [53][83]
miR-130 Met, EGFR Down [89]
miR-133a/b EGFR, TGFp Down [55] [56] [57]
miR-134 Met, EGFR, PDGFR, HER2 Down [68]
miR-141 MET Up [89]
miR-143 EGFR Down [64] [65] [66]
miR-145 EGFR, IGF Down [64] [65] [66] [90]
miR-146a/b EGFR Down [58] [59]
miR-147 EGFR Down [58] [59]
miR-148b HER3 Down [71]
miR-149 HER3 Down [71]
miR-182 Met, IGFR Down [89] [90]
miR-193a-3p EGFR, HER4 Down [63] [73] [74]
miR-193a-5p HER2 Down [68]
miR-199a Met, ERK2 Down [89]
miR-200 family TGFp, TGFpR Down [32]

MET Up [76]
miR-206 HGF Down [85]
miR-212 FGF Up [82]
miR-219-5p EGFR Down [60]
miR-221/222 Met, EGFR, kit, PDGFR Up [89] [96]
miR-223 IGFR Down [90]
miR-302b EGFR, HER4 Down [61] [75]
miR-320 IGF-1 Down [90] [96]
miR-326 HER3 Down [71]
miR-331-3p HER2 Down [68] [69] [70]
miR-340 MET Down [89]
miR-409-3p MET Down [89]
miR-449a Met, Down [89]
miR-453 HER2 Down [68]
miR-497 VEGFR Down [95]
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Table 3.1 (continued)

miRNAs Target GF-related genes Regulation | Ref.
miR-498 HER2 Down [68]
miR-503 VEGFR, FGF Down [95]
miR-520a-3p HER2, HER3 Down [68] [71]
miR-541 HER2 Down [62]
miR-552 HER2 Down [62]
miR-577 FGF Down [93]
miR-599 TGFp Down [76]
miR-608 EGFR Down [62]
miR-613 MET Down [89]
miR-744 TGFp Down [79]
miR-7515 Met, AKT, ERK1/2 Down [89]

3.5 microRNAs Regulated by Hepatocyte Growth
Factor (HGF)

While many miRNAs directly regulate the expression of GFs, GFRs, and their
intracellular effector molecules, the expression of miRNA is also controlled or
influenced by GFs, conversely. Several studies reported that the expression pro-
files of miRNAs were drastically changed by the stimulation of cultured cells
with specific growth factors. Among these GFs affecting the expression of
miRNA, we focused on HGF, a multifunctional pleiotropic growth factor that acts
as mitogen, motogen, and/or morphogen in a variety of cells including epithelial
and endothelial cells [97-99]. It is also known to be a scatter factor (SF) [97] and
involved in tumor-stromal interactions, angiogenesis, and EMT [100, 101]. MET
is a specific receptor tyrosine kinase for HGF and upregulated in various tumors.
HGF/SF and MET signaling is transduced to the nucleus and induces the expres-
sion of genes for the progressive and invasive characteristics of various tumors in
paracrine or autocrine manner [98, 99, 102]. Indeed, HGF/SF is reported to pro-
mote cell migration and angiogenesis [103], to upregulate the expression of pro-
angiogenic cytokines IL-8 and VEGF through the activation of MEK and PI3K
signaling pathways [104], and to induce the expression of MMPs through the
upregulation of the transcription factor E1AF [105]. However, although HGF/SF
is a multifunctional growth factor, how HGF/SF and MET signaling induces the
expression of each specific downstream functional gene have not yet been eluci-
dated in detail. We recently demonstrated that several miRNAs affecting the
translation of HGF-induced downstream functional molecules could also be regu-
lated by HGF itself [106]. In this paper, we examined the expression of miRNAs
that regulate cell proliferation and functions by interfering the translation of tar-
get mRNAs, with or without HGF stimulation in HNSCC cell line HSC3. Among
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several miRNAs that the expression was altered after HGF stimulation, we
focused on miR-200c and miR-27b, both of which were drastically downregu-
lated after HGF stimulation, because of their unique target mRNAs affecting
HGF-induced functional molecules. One of target mRNAs for miR-200c is a tran-
scriptional regulator of E-cadherin, ZEB1 [107, 108]. In our study, ZRB1 mRNA
was upregulated 6 h after HGF stimulation, and its downstream functional mole-
cule E-cadherin mRNA was downregulated 12 h after HGF stimulation. Therefore,
through the downregulation of miR-200c, HGF might have an important role for
EMT and cancer cell migration and scattering. On the other hand, one of target
mRNAs for miR-27b has recently been reported to be ST14/matriptase that is a
cell surface proteinase for ECM degradation and HGF activation [109]. In our
study, ST14/matriptase mRNA expression was not drastically altered after HGF
stimulation, but its translated protein was drastically upregulated by western blot-
ting. Thus, translational suppression of ST14/matriptase mRNA might be inter-
rupted by downregulated miR-27b without destruction of ST14/matriptase
mRNA. ST14/matriptase might inhibit cell growth as well as cell invasion and
migration as a tumor suppressor [109]. However, other reports showed that ST14/
matriptase is overexpressed in 100% of primary squamous cervical tumors, and
40% of cervical adenocarcinoma cell lines [110] participates in mammary epithe-
lial cell growth and morphogenesis through HGF activation [111] and enhances
cell adhesion in colorectal cancer cells and squamous cell carcinogenesis [112,
113]. Thus, ST14/matriptase may have different functions in different cancer cell
types. In addition, HGF might be autoactivated by upregulated ST 14/matriptase
through downregulation of miR-27b after HGF simulation. Taken together, miR-
200c and miR-27b downregulated after HGF stimulation might play an important
role for EMT mediated by ZEB 1/E-cadherin and tumor invasion and HGF auto-
activation mediated by ST 14/matriptase, respectively. Altered expression of miR-
NAs directly regulated by HGF might contribute enhanced progressive and
invasive characteristics, by regulating the translation of HGF-induced down-
stream functional molecules.

Several miRNAs other than miR-200c and miR-27b were also downregulated
after HGF stimulation in miRNA microarray analysis (106, see Table 3.2).
Let-7a and miR-16, well-known tumor-suppressive miRNAs described above
[114-116], were markedly downregulated after HGF stimulation. Let-7 family
miRNAs including let-7a are downregulated in various human malignancies and
negatively regulate RAS oncogenes that are most frequently activated in many
cancers [37, 114, 117]. Downregulation of let-7 family miRNAs is also shown
to cause radioresistance and results in poor prognosis [118]. On the other hand,
the expression of miR-16 induces apoptosis by targeting anti-apoptotic gene
BCL2 and is downregulated in many human malignancies including hemato-
logical cancer [32, 114, 119]. It has been recently reported that suppression of
MYC oncogene by miR-23a/b enhances mitochondrial glutaminase expression
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Table 3.2 Differential expression of miRNAs after HGF stimulation in HNSCC cell line HSC3
cells by statistical analysis of miRNA microarray (see ref. 106).

miRNA ‘ Fold increases ‘ Predicted target gene ‘ Ref.
Downregulation (<0.5 fold)
1 |Let-7a 0.16 RAS, myc [37]
2 |miR-23a 0.20 myc [120]
3 | 'miR-205 0.25 MED1 [121]
4 | miR-200c 0.25 ZEB1 [107]
5 |miR-27a 0.36 ZBTB1 [122]
6 | miR-27b 0.44 ST14/Matriptase [109]
7 | miR-16 0.47 BCL2 [32]
Upregulation (>3.0-fold)
1 | miR-200a 3.89 ZEB2, CTNNB1 [107]
2 | miR-141 11.90 ZEB2 [108]

Each value was shown in net intensity after quantile normalization

and glutamine metabolism [120]. On the other hand, target mRNAs of miR-205
and miR-27a were reported to be a transcriptional coactivator MED1 and a tran-
scription factor ZBTBI, respectively, although their functions and roles in
human tumors are still limited [121-123]. miR-205 might also regulate EMT by
targeting ZEB1 and SIP1 in collaboration with miR-200 family miRNAs includ-
ing miR-200c and target HER3 oncogene in human breast cancer [107, 108,
124]. It has been recently reported that low-level expression of miR-205 is a
prognostic marker of HNSCC and that downregulation of microRNAs of the
miR-200 family and miR-205 followed by an altered expression of classic and
desmosomal cadherins were observed in spindle cell carcinoma of the head and
neck with EMT [125, 126]. Therefore, in addition to miR-200c, downregulation
of miR-205 after HGF stimulation might also play an important role in tumor
progression in association with EMT. Conversely, upregulated miRNAs after
HGF stimulation were limited. In our study, miR-200a and miR-141 were sig-
nificantly upregulated, both of which are considered to regulate the translation
of ZEB2 mRNA [107]. ZEB2 is a transcription factor that regulates the tran-
scription of EMT-associated genes in cooperation with ZEB1 [107, 108]. Thus,
upregulated miR-200a and miR-141 might be coordinated with downregulated
miR-200c and miR-205 and then play an important role in the translational reg-
ulation of EMT-associated genes after HGF stimulation.

In this way, HGF signaling cascades involve in tumor progression and invasion
through MET receptor tyrosine kinase in paracrine or autocrine manner by directly
regulating the transcription of downstream functional molecules as well as by inter-
fering the translation of these molecules through miRNAs regulated by HGF itself.
The schematic representation of possible roles of miRNAs regulated by HGF is
shown in Fig. 3.2.
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Fig. 3.2 Schematic representation of predicted signaling pathways and functions of miRNAs
regulated by HGF

3.6 microRNAs Regulated by Other Growth Factors

GFs other than HGF also regulate the expression of miRNA. Among them, EGF is
most widely examined by Kedmi M et al. and other investigators. They showed that
dynamic and coordinated changes in expression of miRNAs were identified in nor-
mal mammary epithelial cells following stimulation with EGF [127, 128]. In this
study, both up- and downregulation of distinct groups of miRNAs were observed in
less than 60 min after EGF stimulation. A group of 23 miRNAs immediately down-
regulated by EGF stimulation were overrepresented among miRNAs that showed
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lower expression in breast cancer tissue compared to the surrounding normal tissue
in the same patient [127]. Since breast cancer cell line MCF10A cells migrated in
response to EGF stimulation [129, 130], the migratory response of these cells could
be controlled by both up- and downregulated miRNAs. Among miRNAs immedi-
ately upregulated by EGF stimulation, miR-15b was expressed significantly higher
in different breast cancer subtypes. Metastasis suppressor 1 (MTSS1), a lipid-binder
cytoskeletal protein and a novel target of miR-15b, was downregulated after EGF
stimulation and affected the migration and invasion ability of normal and cancer
cells, and indeed, the expression was lost in some advanced cancers [128].
Conversely, among the miRNAs immediately downregulated by EGF stimulation,
miR-191 targets one of the immediate early genes (IEGs) called EGR1 and sup-
presses cell migration [128]. Although many other miRNAs immediately down-
regulated by EGF stimulation can also target IEGs, such as FOS and JUN
proto-oncogenes, they inhibit the expression of IEGs in the steady state without
EGF stimulation. However, these miRNAs are immediately downregulated by EGF
stimulation, and the IEGs are rapidly upregulated. Interestingly, miR-155, one of
the miRNAs immediately downregulated by EGF stimulation, directly targets FOS,
but the oncogenic viral form of c-FOS, namely, v-FOS, harbors a shorter 3'-UTR
than the c-FOS 3’-UTR, which does not include miR-155’s target sequence. Thus,
the transcript of v-FOS is not inhibited by miR-155 and is thought to show consti-
tutional oncogenic ability. Also, other predicted targets of the miRNAs immediately
downregulated by EGF stimulation involved in molecular functions that relate to
EGF signaling, such as cellular development, proliferation, cell morphology, cell
death, and cell-to-cell signaling and interaction [131]. On the other hand, miR-31,
miR-181b, and miR-222 were upregulated in oral cancer cells with EGF stimulation
mediated by AKT and C/EBPp signaling pathway [132]. Increased expression of
miR-31 was also observed in EGF-stimulated mammary cells and directly targets
synaptojanin 2 (SYNJ2), a lipid phosphatase [128]. miR-31 downregulates tran-
siently SYNJ2 expression and then upregulates SYNJ2 again back to baseline
expression level. The expression of SYNJ2 was negatively correlated with miR-31
expression and associated with poor prognosis in patients with breast or brain can-
cer [133]. Overexpression of SYNJ2 enhanced tumor growth and metastasis in mice
and increased formation of invadopodia and lamellipodia, actin-filled cellular exten-
sions involved in invasion and migration, respectively [133]. In addition to the
immediate response, the delayed response to EGF stimulation (3—12 h post stimula-
tion) is also seen in miRNAs targeting both apoptotic and anti-apoptotic genes.
Especially, miR-134, miR-145, miR-146b, miR-432, and miR-494 had many apop-
totic and anti-apoptotic targets including the interferon pathway [134]. miR-221/222
is identified as a regulator of apoptosis and is induced by not only EGFR but also
MET [135]. The miR-30 family is induced by SRC inhibitors and downregulated by
oncogenic GF signaling molecules such as EGF and HGF as well as MAPK-
regulated transcription factor, ERG, in association with EMT [136]. Therefore, sev-
eral miRNAs induced by GFs seem to act cooperatively to support cellular
proliferation and functions of various tumors.
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Aberrant expression of some miRNAs controlled by GF signaling pathways
implicates in the pathogenesis of not only cancers but also other diseases. miR-21 is
a well-known oncogenic miRNA and is upregulated in nearly all tumor samples
[137], by targeting the transcripts of tumor suppressor genes such as programmed
cell death protein 4 (PDCD4), tropomycinl (TPM1), and phosphatase and tensin
homolog (PTEN) [138-140]. Since TGF-f signaling is often associated with vari-
ous tumor types, increased expression of miR-21 is, in part, due to aberrant activa-
tion of TGF-f signal [141]. Similarly, upregulation of miR-21 can be initiated by
cardiac stress, resulting in cardiac hypertrophy or fibrosis in a MAPK/ERK pathway-
dependent manner [137]. On the other hand, let-7 family of miRNAs is well known
as a tumor-suppressive miRNA and targets several oncogenes including MYC and
RAS family of oncogenes and high-mobility group A2 (HMGA?2) [37, 142-143].
Biogenesis of let-7 is inhibited by ERK1/2-mediated pathway, and the expression is
often lower in tumor samples than in normal tissues, unlike miR-21 [144] (Fig. 3.3).

The interaction between TGF-f signaling and miRNAs has also been investi-
gated extensively, and TGF-f pathway signals could either inhibit or promote
miRNA maturation [145, 146]. Davis et al. showed that TGF-f treatment resulted in
the upregulation of pre-miRNAs and mature miRNAs, but not that of pri-miRNAs
[147]. Smad proteins have also been shown to control the transcription of miRNA-
coding genes by binding to miRNA promoter genes under control of TGF- [146,
148, 149]. miR-21, miR-181, miR-494, miR-455-5p, and miR-10 are prominently
upregulated by TGF-f signaling [76—78]. A meta-analysis revealed that high miR-
21 levels are related to poor overall survival of various human tumors [150]. The
expression of miR-21 induced by TGF-f is markedly higher in cancer cells and
contributes to chemoresistance in breast cancer cells by targeting the MutS homolog
2 (MSH2) [151]. Wang et al. demonstrated that miR-181b mediated by TGF-f pro-
motes the generation of hepatocellular carcinoma by targeting the tissue inhibitor of
metalloprotease 3 (TIMP3) [152]. Similarly, Liu et al. showed that miR-494 upreg-
ulated by TGF- is required for the accumulation and activity of MDSCs via target-
ing of PTEN [153]. The level of miR-10b expression upregulated by TGF-f
signaling pathway correlates with clinical progression of primary breast carcinomas
[154, 155]. Upregulation of miR-455-5p by the TGF-B-SMAD signaling axis pro-
motes the proliferation of oral squamous cancer cells by targeting UBE2B [156]. In
this way, TGF-p upregulates many miRNAs including miR-27a, miR-183, miR-
182, miR-155, and miR-451 [76-78], but miR-200, miR-34a, miR-203, miR-584,
and miR-450b-5p are conversely downregulated by the TGF-f/Smad signaling
pathway [76-78]. Gregory et al. reported that all five members of the miR-200 fam-
ily (miR-200a, miR-200b, miR-200c, miR-141, and miR-429) are markedly down-
regulated in cells showing EMT in response to TGF-f [107]. Yang et al. demonstrated
that elevated TGF-f activity associated with the persistent presence of hepatitis B
virus in liver tissues suppresses the expression of miR-34a, leading to enhanced
production of the chemokine CCL22, which recruits regulatory T cells to facilitate
immune escape [157]. Xu et al. showed that miR-203 is downregulated in renal cell
carcinoma, and FGF2 is a direct target of miR-203. Ding et al. demonstrated that
TGF- represses the expression of miR-203 to promote EMT and tumor metastasis
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Fig. 3.3 Schematic representation of predicted signaling pathways and functions of miRNAs regu-
lating or regulated by various growth factors

[158, 159]. Similarly, miR-584 is reported to be a potential tumor suppressor, and
the expression is negatively regulated by TGF-f} in a number of breast cancer cells
[160]. TGF-p1 was shown to exert its function by suppressing miR-450b-5p, which
significantly inhibited the growth of rhabdomyosarcoma and promoted the expres-
sion of MyoD [161]. As for angiogenetic GFs, FGF regulates TGF-f} signaling and
EMT via control of let-7 miRNA expression [162]. PDGF-BB enhances the prolif-
eration of cells in human orbital fibroblasts by suppressing PDCD4 expression via
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upregulation of microRNA-21 [163] and miR-15b induced by PDGF signaling is
required for vascular smooth muscle cell proliferation [164]. Table 3.2 shows the
list of miRNAs regulated by various GFs, although not all.

3.7 Growth Factor and microRNA Crosstalk Network

Two-way interactive regulation of GFs and miRNAs in various tumors may result in
feedback regulatory loops in which a single miRNA is targeting a specific pathway
and is also regulated by the same pathway at the same time. For example, several
miRNAs directly targeting EGFR are also regulated by EGFR signaling pathway.
Among one of these miRNAs, miR-34a is immediately upregulated by EGF stimu-
lation, but it is also directly regulating EGFR [127, 128]. Indeed, miR-34a acts as a
tumor suppressor in the development of chordoma through this complex regulation
[62]. miR-7 is a well-established regulator of EGFR, but it was also shown to be
regulated by EGFR signaling pathway. Activation of EGFR in lung cancer cells can
stimulate miR-7 expression in an ERK-dependent manner, suggesting that EGFR
induces miR-7 expression via the RAS-ERK pathway [165]. Feedback loops of
specific miRNAs are also found in the different components of the EGFR pathway.
For example, miR-143 and miR-145 regulate the EGFR pathway genes KRAS,
BRAF, and MEK?2 [64, 65], but EGFR signals also downregulate these tumor sup-
pressor miRNAs through ERK1/2 in a murine model of colon cancer and lung can-
cer cells [166, 167]. Also, EGFR regulates the expression of miRNAs targeting
other molecules of the same signaling pathway. The expression level of miR-21 is
regulated by EGFR via the activation of beta-catenin and AP-1 and is suppressed by
the EGFR inhibitor, AG1478, suggesting that the EGFR can also regulate miR-21
expression [168, 169]. On the other hand, miR-21 regulates EGFR and AKT signal-
ing through VHL/beta-catenin and the PPARa/AP-laxis [168]. Taken together,
these GF and miRNA crosstalk networks are thought to play an important role in
cellular proliferation and various cellular functions involved in tumor development
and progression (Table 3.3).

3.8 Concluding Remarks

GF signaling is essential for tumor development and progression and, therefore, is
often targeted by antitumor drugs [170]. Since aberrant expression of miRNA is
extensively found in cancer and the profiling of miRNAs can be detected in tumor
samples as well as in patient fluids, miRNA is thought to be very useful as diagno-
sis, prognosis, and therapeutic markers [40, 171-173]. For example, as a first
reported case, reduced expression of let-7 in human lung tumors is associated with
shortened postoperative survival [174]. Because miRNAs are highly stable in vari-
ous patient samples including tissue and blood samples, the use of let-7 and other
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Table 3.3 MicroRNAs regulated by various GFs
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miRNAs Regulating GFs ‘ Target genes ‘ Ref.
Downregulation

Let-7 family HGF, FGF, TGFp RAS, myc [106]
miR-16 HGF BCL2 [106]
miR-23a HGF myc [106]
miR-24 TGFp TPIM [76]
miR-27a HGF ZBTBI1 [106]
miR-27b HGF, TGFp ST14/Matriptase [106]
miR-30 family EGF, HGF ERG [6]
miR-34a TGFp CCL22 [157]
miR-142-3p TGFp Unknown [76]
miR-145 EGF ERK1/2 [6]
miR-155 EGF, TGFp FOS [76] [131]
miR-191 EGF EGRI1 [76]
miR-200 family HGEF, TGFp ZEBI [106]
miR-203 TGFp FGF [158] [159]
miR-205 HGEF, TGFp MED1 [106]
miR-584 TGFp PHACTRI1 [160]
miR-450-5p TGFp ENOX2, PAX9 [161]
Upregulation

miR-7 EGF ETS2 [128]
miR-15b EGF, PDGF MTSSI1 [128] [164]
miR-20a/b EGF, FGF TGFp [128]
miR-21 TGFp, PDGF MSH2 [150] [151]
miR-27 TGFp MAPK [76]
miR-31 EGF SYNJ2 [128]
miR-141 HGF ZEB2 [106]
miR-146a EGF, TGF CYLD [76]
miR-181b EGF, TGFp AKT, CEBPg, TIMP3 [132][152]
miR-200a HGF ZEB2, CTNNB1 [106]
miR-221/222 EGF, HGF AKT, CEBPf [132]
miR-455-5p TGFp UBE2B [156]
miR-494 TGFp PTEN [153]

miRNAs as various biomarkers has been facilitated [171, 175]. Furthermore, the
expression of miRNAs has been shown to be highly tissue specific and so that
miRNA profiling might be able to determine the developmental origins of specific
tumors [40, 176, 177]. In past few years, the global expression pattern of miRNAs
has been used to classify the tumors of various organs [178—184]. Indeed, a miRNA
microarray analysis identifies the primary origin of different types of tumors [175,
185]. In addition, Nair et al. reported that the changes of miRNAs most frequently

associated with poor outcome were downregulation of let-7 and upregulation of
miR-21 [186]. In the context of GF signaling, relative abundance of subsets of
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EGF-regulated miRNAs in breast cancer models have been shown to correlate with
the abundance of miRNAs in breast cancer patients [127, 128]. Thus, miRNAs
could likely become major diagnostic and prognostic markers in the near future, and
the crosstalk regulation of miRNAs and GF signals is expected to control patient
response to therapeutic interventions, such as monoclonal antibodies. Resolving
miRNA and GF crosstalk networks and understanding their functional roles could
improve the future cancer treatments to avoid the therapeutic resistance in various
cancer patients.
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Chapter 4

Regulation of EMT by TGF-f Signaling
in Cancer Cells

Masao Saitoh

Abstract The transforming growth factor (TGF)-f pathway mediates a broad spec-
trum of cellular processes and is involved in several diseases, including cancer. TGF-f3
can suppress tumorigenesis by inhibiting cell-cycle progression and stimulating apop-
tosis in the early stages of cancer, suggesting that it acts as a tumor suppressor during
cancer initiation. However, TGF-f can also act as a tumor promoter at later stages of
cancer progression. TGF-f plays fundamental roles in cancer cells and various types of
cells in the cancer microenvironment, leading to angiogenesis, suppression of antitu-
mor immunity, fibroblast differentiation, extracellular matrix deposition, and induction
of the epithelial-mesenchymal transition (EMT). The EMT plays crucial roles in
appropriate embryonic development and also functions in adults during wound healing,
organ fibrosis, and tumor progression. Many secreted factors are implicated in this
process. Among them, TGF-f induces the EMT by propagating intracellular signals
and activating transcription factors. This review describes new insights into the molecu-
lar mechanisms underlying induction of the EMT by TGF-f in cooperation with signals
from growth factors and oncogenic signals such as Ras and also discusses the signals
that induce the EMT through transcriptional and posttranscriptional regulation.
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OEF1 d-crystallin/E2-box factor 1
R-Smad Receptor-regulated Smad

4.1 Canonical and Noncanonical Signaling of TGF-f§

Transforming growth factor (TGF)-f is a prototypic member of a large superfamily
of more than 40 secreted cytokines, including TGF-$1, TGF-p2, TGF-f3, bone
morphogenetic proteins (BMPs), growth differentiation factors (GDFs), activins,
and myostatin [1]. These pleiotropic cytokines regulate numerous biological func-
tions, including proliferation, apoptosis, differentiation, and migration, in various
types of cells, thereby regulating a broad spectrum of biological processes in
embryos as well as adult tissues [2]. TGF-p is initially synthesized as the inactive
pro-TGF-p form, which consists of latency-associated peptides (LAPs) and latent
TGF-B-binding proteins (LTBPs) assembled together with disulfide bridges between
specific cysteine residues. The TGF-p large latent complex is deposited in the extra-
cellular matrix (ECM) of most tissues and in granules of platelets. It is activated by
plasmin and matrix metalloproteinases and by certain environmental conditions,
such as low pH levels, reactive oxygen species (ROS) induced by irradiation, and
mechanical stresses [3, 4]. Activated TGF-f can bind to transmembrane serine/
threonine kinase receptors type I (TBR-I) and type II (TPR-II), which are expressed
in almost all cell types, and thus transduce downstream signals. In the canonical
TGF-p signaling pathway, TGF-p induces formation of a hetero-tetramer receptor
complex, consisting of two TPR-IIs and two TPBR-Is, in which TPR-I is phosphory-
lated and activated by the kinase of TGF-f-bound TPR-II [5]. Following receptor
activation, Smad2 and/or Smad3, which associate with the TGF-f receptor complex
and are phosphorylated by the kinase of TPR-I, form a complex with Smad4 and
translocate to the nucleus. There, the Smad complex regulates the transcription of
target genes in cooperation with other nuclear cofactors [6].

Receptor-activated Smads (R-Smads, Smad2, and Smad3 in TGF-f signaling)
are phosphorylated at multiple sites by upstream kinases. TPR-I in the TGF-p-
bound receptor complex phosphorylates the C-terminal serine residues of R-Smads.
On the other hand, mitogenic signals cause phosphorylation of R-Smads at specific
sites in the proline-rich acidic linker region, which connects between the N-terminal
Mad homology (MH1) domain and the C-terminal MH2 domain. Linker phosphor-
ylation leads to retention in the cytoplasm and promotion of ubiquitin-dependent
degradation, resulting in negative regulation of TGF-f signaling [7]. In addition,
phosphorylation of the linker region of Smad3 is required to transduce signals inde-
pendent of TGF- [8, 9]. Recent work showed that linker phosphorylation at threo-
nine 179 of Smad3 is dispensable for regulation of the alternative splicing machinery
dependent on the mRNA-binding protein PCBP1, which is independent of Smad4
[10]. Hence, the physiological significance of phosphorylation of the linker region
remains controversial and may be dependent on cellular context.

TGF-f can also transduce signals independent of Smads, the so-called nonca-
nonical signaling pathway. Activation of Erk by TGF-f in epithelial and cancer cells
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promotes cell migration, whereas TGF-f inactivates the Erk pathway in some epi-
thelial cells during the EMT [11]. In addition, ShcA activation by TGF-f promotes
the formation of ShcA/Grb2/Sos complex and in turn activates Ras signals, resulting
in apoptosis or cell migration via various MAPK signaling pathways [12]. Further,
the PI3K/Akt and mTOR/S6K pathways have been implicated in mediating some
cellular functions of TGF-f [13]. TGF- can rapidly activate the RhoA and Cdc42/
Racl pathways to promote cell motility and formation of stress fibers, and RhoA
inhibitors suppress the induction of the EMT by TGF-p [14]. Together with numer-
ous reports describing noncanonical pathways involving TGF-p, this evidence sug-
gests that such pathways also play critical roles in regulating TGF-p-mediated
cellular functions.

4.2 Dual Roles of TGF-p Signaling in Cancer

TGF-fB was initially identified as a factor that induces proliferation and transforma-
tion of fibroblasts [15]. TGF-p has a growth-inhibitory effect on normal epithelial,
endothelial, neuronal, and immune cells. Genome-wide transcriptional profiling
studies performed in normal human epithelial cell lines from the mammary gland,
skin, and lung have identified a common set of genes that are transcriptionally regu-
lated by TGF-f in order to mediate its cytostatic effects: induction of the expression
of the cyclin-dependent kinase inhibitors CDKN2B (encoding pl5/INK4B),
CDKNI1A (encoding p21/Cip/Waf1), and p27/Kip1 and repression of the family of
inhibitor of DNA-binding proteins ID1, ID2, and ID3 and repression of growth-
inducing transcription factors, such as c-Myc [16]. In some cases, TGF-f also induces
apoptosis of epithelial cells via TGF-B-inducible early response gene-1 (TIEG1), the
death-associated protein kinase DAPK, the adaptor protein Daxx, GADD45f, Bim,
and ARTS [17]. In mouse models, ectopic expression of dominant-negative TPR-II
in the epidermis promotes hyperplasia or malignant conversion of epithelial cells,
whereas TGF-f§ overexpression in the epidermis decreases proliferation of keratino-
cytes and protects mice from tumorigenesis and hyperplasia. In various types of
tumors, TGF-f signaling is impaired by mutations in signaling components. In par-
ticular, the Smad4 gene in chromosome 18q21 is deleted or mutated in 60% of pan-
creatic and 30% of colorectal cancers. Based on these observations, TGF-$
predominantly acts as an inhibitor of cell proliferation in most normal tissues and is
considered to act as a tumor suppressor during cancer initiation [18].

These genetic alterations and insensitivity to TGF-p are not detected in all
types of cancers. In cancer microenvironments containing many kinds of cells,
fibroblasts and macrophages differentiate into cancer-associated fibroblasts
(CAFs) and tumor-associated macrophages (TAMs), respectively, possibly in
response to stimulation by “education” signals, such as cytokines or growth fac-
tors, secreted from cancer cells [19]. Microenvironments containing CAFs and
TAMs are sometimes called as reactive stroma, which promote motility and pro-
liferation of cancer cells by regulating the expression and secretion of components
of the ECM, matrix metalloproteinases (MMPs), and cytokines from stromal cells
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[20]. CAFs, which are among the most important cell types in the cancer
microenvironment, control cancer cell viability by secreting molecules directed
toward cancer cells, known as “reeducation” signals [21]. TGF-p, which is fre-
quently overexpressed in cancer tissues, acts as an “education” signal to regulate
cell viability and cellular functions of fibroblasts, immune cells, and endothelial
cells in the cancer microenvironment. However, in cooperation with other growth
factors or cytokines, it serves as a “reeducation” signal to facilitate proliferation
and motile properties of cancer cells by helping them evade immune surveillance
and by promoting angiogenesis and lymphangiogenesis. In addition, chronic
exposure of cancer cells to TGF- results in repression of Smad expression and
loss of TGF-p-mediated growth inhibition, elevated cell motility and invasion, and
marked changes in cell morphology, leading to the epithelial —-mesenchymal tran-
sition (EMT) [22, 23]. Therefore, TGF-f in cancer tissues promotes cancer pro-
gression by modulating cancer cells themselves, as well as normal cells present in
cancer microenvironments.

4.3 Transcriptional Factors in the EMT

EMT, a phenotypic conversion that facilitates embryonic development and wound
healing during physiological processes, was initially described by developmental
biologists [24, 25]. EMT is also associated with the progression of pathological
conditions including fibrosis and cancer. EMT involves dramatic cellular changes
in which epithelial cells loosen attachments to neighboring cells, acquire an elon-
gated morphology, and display increased motility. In addition, the EMT process is
also accompanied by dissolution of adherens junction proteins, such as E-cadherin,
[-catenin, y-catenin, and p120 catenin and by disruption of tight junctions such as
Zo-1, occludin, and claudins, resulting in dissociation of epithelial cells and loss
of apical—basal polarity. Conversely, the EMT induces expression of mesenchy-
mal marker proteins such as N-cadherin, vimentin, and fibronectin, thereby facili-
tating attachment to the ECM, and acquisition of mesenchymal features such as
spindle-shaped morphology and reorganization of actin stress fibers [26]. Cancer
cells undergoing EMT exhibit more aggressive phenotypes, including resistance
to drugs and stresses, inhibition of senescence and anoikis, and acquisition of
immunosuppression and stem cell-like features (Fig. 4.1). Recent work showed
that EMT cells contribute significantly to recurrent metastasis formation after
chemotherapy in lung and pancreatic cancer cells [27, 28]. These phenotypic
changes are regulated by crucial roles of extracellular matrix components and
soluble factors, which regulate several transcription factors, known as key EMT
regulators. These include the Snai family of zinc-finger transcription factors
(Snail, Slug, and Smuc), the dEF1 family of two-handed zinc-finger factors
[8-crystallin/E2-box factor 1 (8EF1)/zinc-finger E-box-binding homeobox (ZEB)
1 and Smad-interacting protein (SIP) 1/ZEB2], and the basic helix-loop-helix fac-
tors Twist and E12/E47.



4 Regulation of EMT by TGF-f Signaling in Cancer Cells 75

Epithelial-like Mesenchymal phenotypes

‘ phenotypes Migration/invasion
Drug/stress resistance
Anoikis

Senescence
Cancer cells

Immunosuppression

‘ Stem cell-like features

EMT

Fig. 4.1 Features of the epithelial-mesenchymal transition (EMT)

4.4 Phosphorylation of Snail and §EF1 During EMT

Posttranslational modifications determine protein fate and localization within the
cell. Similar to B-catenin, Snail possesses a typical GSK-3f phosphorylation (Ser-
97 and Ser-101) motif within its nuclear export signal and promotes ubiquitin-
mediated proteasome degradation by p-TrCP, a process dependent on
GSK-3p-mediated phosphorylation [29]. Ser-246 phosphorylation by p21-activated
kinase (PAK1) promotes localization of Snail into the nucleus and thereby facili-
tates its transcription-suppressive effect on E-cadherin [30]. Ser-11 phosphorylation
by protein kinase D1 (PKD1) results in its nuclear export and degradation by an E3
ligase, F-box protein 11 (FBXOI11) [31]. 8EF1 and SIP1 are well-characterized
members of the SEF1 family that are involved in the TGF-p-induced EMT in mouse
epithelial cells and breast cancer cells [32]. SEF1 and SIP1 were initially identified
as molecules that regulate development in mice [33, 34]. SEF1 activates TGF-f§
signaling by forming a complex with the transcriptional activators p300 and PCAF,
whereas SIP1 inhibits signaling by antagonizing R-Smads via direct binding to
R-Smads (Postigo, 2003). However, E-cadherin is transcriptionally suppressed by
both factors in response to TGF-f. In addition, ERK1/2 phosphorylates SEF1 at Ser-
867 and inhibits its transcriptional suppression effect [35]. However, no phosphory-
lation of SIP1 has been reported to date.

4.5 Upregulation of Snail and 6EF1 by TGF-f

Many of these signaling pathways, e.g., Wnt, fibroblast growth factors (FGFs),
hepatocyte growth factor (HGF), epidermal growth factor (EGF), TGF-fs, and
Notch, promote the EMT during embryonic development and cancer invasion [36,
37]. TGF-B, a key factor in the induction of the EMT, promotes metastasis by upreg-
ulating key EMT regulators. The molecular mechanism of TGF-f-induced Snail
during EMT in epithelial and cancer cells remains controversial. Snail induction by



76 M. Saitoh

TGF-p in mouse epithelial NMuMG cells and pancreatic cancer Panc-1 cells is
independent of treatment with cycloheximide, an inhibitor of protein synthesis, sug-
gesting that Snail is a direct target of TGF-p/Smad signaling [32]. However, TGF-f
induces Snail in NMuMG cells through the embryonic chromatin factor HMGAZ2,
an immediate-early and direct target of TGF-f/Smad signaling, suggesting that
Snail is an indirect target of TGF-f/Smad signaling [38]. Because NMuMG cells
show biphasic induction of Snail by TGF-f, Snail may be induced directly and indi-
rectly by TGF-f/Smad signaling at the early and late phase, respectively. TGF-§
also induces 8EF1 and SIP1 in NMuMG cells and several types of cancer cells
through downregulation of Id proteins in a manner dependent on Smads [39, 40].
Because SEF1 and SIPI function redundantly, silencing of both proteins, but not
either one alone, inhibits induction of the EMT by TGF-f3 [32].

TGF- also cooperates with oncogenic (constitutively active) K-Ras to induce
the EMT, especially expression of Snail. The K-RasG12V mutation has been
detected in various types of cancer cells, including Panc-1, lung cancer A549, and
prostate cancer PC-3 cells. When K-Ras in these cells is silenced by its specific
siRNA, TGF-p fails to induce Snail expression. In HeLLa and Madin—Darby canine
kidney (MDCK) cells with wild-type K-Ras, TGF-f does not drastically upregu-
late Snail and can only do so following ectopic expression of RasG12V. When
epithelial cells are transformed with oncogenic Ras, they not only become resis-
tant to growth inhibition by TGF-f but also undergo an EMT with invasive and
metastatic phenotypes [41, 42]. Oncogenic Ras dramatically enhances Snail
expression in collaboration with TGF-f, whereas Ras signaling suppresses TGF-§
signaling via linker phosphorylation of R-Smads, inhibits translocation of the
R-Smads, and promotes their degradation (Fig. 4.2a) [41]. When four putative
phosphorylation sites in the linker region or all serine—proline (S/P) sites in Smad3
are mutated, the resultant mutants can still promote Snail induction (Fig. 4.2b), as
in the case of wild-type Ras, suggesting that phosphorylation of S/P sites in
Smad3 is indispensable for Snail induction by TGF-f. In a screen of an siRNA
library targeting transcription factors, signal transducer and activator of transcrip-
tion 3 (STAT3) was identified as a mediator that synergizes the TGF-p and Ras
signals. Overexpression of STAT3 enhanced Snail induction, whereas protein

TGF-B
||

Smads ). Ras

| Smads
¥ 4 o
ST aSCiigeigae, -
- ;
TGF-B  TGF-p TGFp
e Ras Ras Ras
STAT3

Fig. 4.2 Synergism between TGF-f} and other signals for EMT induction. (a) RasG12V enhances
TGF-f-induced Snail and EMT but suppresses TGF-p-induced Smad7 (a representative target
gene of TGF-p) and growth inhibition. (b) STAT3 mediates TGF-p-induced Snail expression
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inhibitor of activated STAT3 (PIAS3) inhibited the enhancement of Snail pro-
moter activity induced by TGF-p and Ras. Importantly, the putative STAT3-
binding elements in the Snail promoter regions were not required for
STAT3-mediated Snail induction [43]. The detailed underlying mechanism
remains unclear, but STAT3 and PIAS3 are partly involved in Snail induction by
TGF-p in cooperation with Ras signals.

4.6 Synergistic Induction of EMT by TGF-f
and Other Signals

Cancer invasion/metastasis and EMT are promoted by TGF-f signaling in coopera-
tion with several intracellular signals. Smad complexes induced by TGF-f associate
with the transcription coactivators TAZ and YAP, which are regulated by the Hippo
pathway [44, 45], and efficiently regulate TGF-f target genes including EMT mark-
ers. In addition, Smad3 and Smad4 interact and form a complex with Snail, which
also interacts with YAP and TAZ in bone marrow-derived skeletal stem/stromal cell
functions [46, 47]. TGF-f activates its type II receptor kinase and then phosphory-
lates the polarity complex protein Par6 to form a complex with the ubiquitin ligase
Smurfl. In turn, Smurf1 ubiquitylates and degrades the small GTPase RhoA, which
initiates the EMT through local depolymerization of actin microfilaments and disas-
sembly of tight and adherens junctions [48]. Recent work showed that the atypical
protein kinase Ci1 (PKCt) potentiates the phosphorylation of Par6 by the TPR-II
kinase in a complex with the TGF-p receptors [49]. TPR-I induces the EMT, inde-
pendently of Smad signals, by transducing downstream signals to PI3K/AKT,
mTOR, Src tyrosine kinase, p38 MAPK, and focal adhesion kinase (FAK), whose
signaling is coupled to activation of the integrin-p1, TRAF6-p300, and the Rho fam-
ily of small GTPases.

Several growth factors, including FGF2, FGF4, EGF, and HGF, enhance the
TGF-B-induced EMT in epithelial and cancer cells [11, 41]. Tumor necrosis factor
(TNF)-a also enhances induction of the EMT by TGF-f through NF-kB signals in
lung cancer A549 cells [50]. Thus, although many studies reported that the EGF or
other growth factors induce the EMT in epithelial cells, as well as cancer cells, we
cannot rule out the possibility that the EMT is facilitated by autocrine TGF-§
secreted from these cells. Indeed, cancer cells autonomously produce large quanti-
ties of TGF-f, and blockade of autocrine TGF-f alters multiple cellular phenomena,
including induction of apoptosis by antitumor drugs or serum depletion [51].
Therefore, EMT in cancer cells is regulated by TGF-f secreted from cancer cells
themselves in cooperation with other growth factors secreted from cells in the can-
cer microenvironment, such as CAFs and macrophages. EMT resulting from syner-
gism in cancer cells surrounding the tumor nest may be associated with invasion
into the stroma, suggesting that expression of E-cadherin is preferentially repressed
at the invasive edge of a metastatic cancer, but not in the central region of the tumor
nest. Single cancer cells that invade into tissues can lose E-cadherin expression and
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Fig.

4.3 Immunohistological
staining with anti-E-
cadherin antibody. Arrows
indicate the normal
appearance of E-cadherin
in cancer cells of the tumor
nest. Arrowheads in black
indicate partial suppression
of E-cadherin (partial
EMT) in cancer cells at the
invasive edge, whereas
arrowheads in white
indicate almost complete
loss of E-cadherin (i.e.,
complete EMT), probably
in the invading cancer cells

increase expression of key EMT regulators, similar to the phenotypes of fibroblasts
in stromal tissue [52] (Fig. 4.3).

4.7 Regulation of the EMT at the RNA Level

Several noncoding RNAs, microRNAs (miRNAs), and long noncoding RNAs
(IncRNAs) have been shown to play a role in the EMT. In addition, alternative
mRNA splicing during the EMT is regulated by the epithelial splicing regulatory
proteins ESRP1 and ESRP2. The miRNAs of the miR-200 family target and repress
OEF1 and SIP1. TGF-p downregulates the expression of many of the miR-200 fam-
ily of miRNAs, including miR-200a, miR-200b, miR-200c, miR-141, and miR-429.
miR-200 s downregulate expression of the mRNA of TGF-f ligand during the early
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Fig. 4.4 Schematic illustrations of EMT regulated by transcriptional and posttranscriptional
mechanisms during induction of the EMT by TGF-p. TGF- upregulates the key EMT regulators
and decreases expression of ESRPs, leading to changes in alternative splicing events. FSP,
fibroblast-specific protein; SMA, smooth muscle a-actin

phase of the EMT, generating a regulatory feedback loop [13]. Conversely, TGF-f3
suppresses miR-200 s via binding of SEF1 and SIP1 to two loci in the miR-200
silencer element, resulting in a double-negative feedback loop (Fig. 4.3) [53]. At the
late phase of the EMT, the miR-200 locus becomes hypermethylated [54]. miR-34
and Snail negatively regulate each other [55], as do miR-203 and Slug [56]. miR-
99a and miR-99b are induced by TGF-f and then negatively regulate TGF-f signal-
ing by affecting both R-Smad phosphorylation and mTOR [57, 58].

TGF-f signaling regulates the expression of several IncRNAs during the EMT.
IncRNA-HIT, IncRNA-ATB, and Malatl are required for TGF-fB-mediated EMT
and cancer cell invasion [59-61]. In a recently proposed model known as the
“ceRNA theory” [62], miRNAs miR-25 and miR-200 target both the SIPI and
PTEN mRNAs, both of which possess the common miRNA recognition elements
(MRES). Attenuation of the SIP/ mRNA liberates the miRNAs, which then bind to
PTEN mRNA, resulting in a reduction in PTEN protein levels. Importantly, this
process is independent of protein coding. Thus, suppression of SIP1 mRNA leads to
activation of the PI3K/AKT pathway in human cancer cells. Therefore, several
types of machinery mediated by ceRNAs might be involved in EMT induction
through multiple gene expression networks in cancer cells. However, a ceRNA
involved in the TGF-B-induced EMT has not yet been identified.

The alternative splicing machinery is also involved in regulation of the EMT by
TGF-p. ESRPI and ESRP2, also known as RNA recognition motif—containing pro-
teins Rbm35a and Rbm35b, respectively [63], bind directly to hexamers containing
repeats of UGG or GGU motifs, which are enriched in alternatively spliced regions.
ESRPs induce switching of alternative splicing of FGFRs from the epithelial IIIb
isoform to the mesenchymal IIIc isoform. TGF-p downregulates ESRPs during the
EMT through direct transcriptional repression by SEF1 and SIP1 and thus sensitizes
the cells to FGF-2 and FGF-4, which in turn enhance the EMT in cooperation with
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TGF-p [64]. In addition to the FGFRs, ESRPs alter the splicing profiles of CD44,
Ste. 20-like kinase, p120 catenin, Rac1, and Mena [a member of the enabled (Ena)/
vasodilator-stimulated phosphoprotein (VASP) family of proteins] [65, 66]. The
alternative splicing machinery is required for changes in cellular morphology dur-
ing EMT. Thus, ESRPs play crucial roles in alternative splicing and transcriptional
regulation during the EMT in cancer cells.

4.8 Epigenetic Regulation of EMT Regulators

Breast cancers are classified into two subtypes, luminal and basal-like, correspond-
ing to two distinct types of epithelial cells found in the normal mammary gland [67].
The basal-like subtype is associated with aggressive behavior and poor prognosis.
Most cell lines with low E-cadherin levels and high SEF1/SIP1 levels are catego-
rized into the basal-like subtype [64]. ESRPs, whose expression patterns are similar
to that of E-cadherin, are also expressed at low levels in the basal-like subtype and
are repressed by direct binding of SEF1/SIP1 to their promoter regions. Integrin o3
(ITGA3) is highly expressed in the basal-like subtype of breast cancer cells, whereas
ESRPs, c-Ret, and RGS16 are poorly expressed in this subtype [52, 68]. Interestingly,
in the basal-like subtype, the ERK pathway is constitutively activated and upregu-
lates expression of ITGA3, 8EF1, and SIP1. However, the mechanism underlying
the high phosphorylation level of ERK1/2 in the basal-like subtype of breast cancer
cells has not yet been elucidated. SEF1 interacts with DNA methyltransferase 1
(DNMT1) and some components of the nucleosome remodeling and deacetylase
(NuRD) complex, including metastasis-associated proteins (MTAs) and the methyl-
CpG-binding domain (MBD) family of proteins [69]. Previous studies reported that
Snail also interacts with DNMT 1, as well as multiple chromatin-modifying proteins
including LSD1 (histone lysine-specific demethylase), PRC2 (polycomb repressive
complex 2), and Suv39H1 (histone methyltransferase responsible for the trimethyl-
ation of H3K9) [70, 71]. Thus, it seems that SEF1 and Snail regulate both the meth-
ylation status and chromatin modification of E-cadherin gene, acting as
transcriptional repressors both directly at the transcriptional level and indirectly at
the epigenetic level during the EMT associated with cancer progression.
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Chapter 5

The Functional Interplay Between Pro-
oncogenic RUNX2 and Hypoxia-Inducible
Factor-1oo (HIF-1ox) During Hypoxia-Mediated
Tumor Progression

Toshinori Ozaki, Mizuyo Nakamura, Takehiko Ogata, Meijie Sang,
and Osamu Shimozato

Abstract Solid tumor tissues often have functional and phenotypical heterogene-
ities, arising at least in part from the local hypoxic tumor microenvironment (gener-
ally O, concentration is less than 2%). The elevated level of hypoxia is tightly
associated with genetic instability, tumor progression, drug resistance, and/or poor
clinical outcome after treatment, indicating that hypoxia exerts a strong selection
pressure for the survival of cancer stem cells (CSCs) within tumors and also permits
their maintenance. Thus, it has become urgent to precisely clarify the molecular
basis of how hypoxia could contribute to the acquisition and/or maintenance of the
aggressive phenotypes of this deadly disease. Meanwhile, cells keep genomic integ-
rity to avoid genetic instability-mediated tumorigenesis through the proper stress
response under normoxia. Upon hypoxia, hypoxia-inducible factor-loe (HIF-1ox)
which has an O,-sensing ability accumulates and then facilitates tumor development
through an induction of vascular endothelial growth factor (VEGF)-dependent
angiogenesis. Therefore, the hypoxic HIF-1a/VEGF regulatory axis plays a vital
role during the malignant tumor progression. Intriguingly, pro-oncogenic runt-
related transcription factor 2 (RUNX?2) has an ability to stimulate HIF-1a-mediated
induction of VEGF. Recently, we have found for the first time that RUNX2 contrib-
utes to the acquisition of drug-resistant phenotype of malignant tumor cells. In this
review, we focus on the functional interplay between HIF-1a/VEGF and RUNX2
within the hypoxic tumor microenvironment. Finally, we would like to discuss the
potential therapeutic strategy targeting this tumor hypoxia.
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5.1 Introduction

Accumulating evidence strongly suggests that tumor cell microenvironments
including hypoxia play a pivotal role in the acquisition and/or maintenance of
malignant phenotypes of advanced tumors. Although tumor cells with a higher pro-
liferation rate consume a large amount of oxygen and nutrients, they are exposed to
a serious hypoxic condition. To survive under these severe conditions, hypoxic
response takes place within tumors [1, 2].

One of the initial molecular events in response to hypoxia is the stabilization and
activation of hypoxia-inducible factor-1a (HIF-1a). HIF-1a, which recognizes and
binds to HRE (hypoxia-responsive element) within its target gene promoter/enhancer,
is a basic helix-loop-helix family of transcription factor. Under normoxia, the amount
of HIF-1a is kept at an extremely low level within cell nucleus through von Hippel-
Lindau (VHL) E3 ubiquitin ligase-mediated proteasomal degradation system [3].
Upon hypoxia, VHL is dissociated from HIF-1a, and thereby HIF-1a becomes stable
without proteolytic degradation. Stabilized and activated HIF-1a then induces the
expression of its numerous target gene products such as pro-angiogenic vascular
endothelial growth factor (VEGF), erythropoietin, and enolase [4, 5].

As expected, VEGF plays a central role in hypoxic response to assist the survival
of a certain population of tumor cells exposed to serious hypoxic conditions. VEGF
promotes the formation of new blood vessels around hypoxic areas, which supply
hypoxic tumor cells with the enough amount of oxygen as well as nutrients, and
then a certain subset of tumor cells acquires much more malignant phenotypes
including the enhanced drug resistance and the increased metastatic potential [6-9].
Indeed, it has been shown that the aberrant overexpression of VEGF is closely asso-
ciated with poor clinical prognosis of the patients with a variety of aggressive
tumors [10, 11]. With these in mind, HIF-1a/VEGF regulatory axis in response to
hypoxia has been considered to be one of the promising molecular targets for cancer
therapy [12].

The evolutionarily conserved small noncoding RNAs, termed microRNAs (miR-
NAs), regulate their target gene expression primarily through the posttranscription
level in a sequence-specific manner [13]. Of interest, increasing evidence strongly
indicates that miRNAs are implicated in the regulation of various cellular processes
such as hypoxic response [14]. For example, it has been described that miR-622
directly targets HIF-Ia and then significantly impedes HIF-1a-mediated tumor cell
migration as well as invasion in response to hypoxia [15]. On the other hand, miR-
630, a HIF-1a-induced miRNA, contributed to the promotion of tumor growth and
metastasis [16]. Thus, it is likely that a certain set of miRNAs involved in hypoxic
response might serve as critical prognostic indicators and also potential molecular
targets for future cancer therapy.
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Runt-related transcription factor 2 (RUNX2) is one of the RUNX family mem-
bers composed of RUNX1, RUNX2, and RUNX3. It has been well established that
RUNX2 is a master regulator of osteoblast differentiation and bone formation.
RUNX2-deficient mice displayed a complete loss of bone formation [17, 18].
Consistent with these observations, RUNX2 transactivates a variety of its target
genes implicated in osteogenesis such as type I collagen, osteopontin, and osteocal-
cin [19]. However, this previous point of view has been challenged by the findings
showing that, in addition to osteogenesis, RUNX2 has a strong oncogenic potential.
Firstly, it has been shown that aberrant overexpression of RUNX2 is detectable in
numerous tumor tissues [20-22]. Secondly, RUNX2 has an ability to transactivate
several tumor cell invasion-related genes including MMP-9 and MMP-13 [23, 24].
Lastly, we have found that depletion of RUNX?2 significantly improves drug sensi-
tivity of various tumor cells ([25, 26]).

In the present review article, we describe the basic background of hypoxic
response of tumor cells and then discuss the potential therapeutic strategies which
might overcome hypoxic response-mediated malignant progression of tumor cells
based on our current observations.

5.2 Hypoxia-Inducible Factor-1 (HIF-1) and Hypoxic
Response of Tumor Cells

To survive, the majority of solid tumor cells exhaust a lot of nutrients and oxygen
provided from the surrounding normal vasculature, and thereby tumor tissues become
hypoxic (insufficient oxygen levels). Hypoxic tumors appear to become much more
aggressive (the reduced cell death, the enhanced drug resistance, the higher resistance
to radiotherapy, and the increased metastatic potential) [27-30]. Consistent with
these observations, tumor hypoxia is an independent poor prognostic factor for the
survival of tumor patients irrespective of treatment modality [31, 32].

To increase their mass under this serious hypoxic condition, tumor cells require
the additional nutrients and oxygen. The angiogenesis (the formation of new blood
vessels) which plays a pivotal role in malignant tumor progression as well as metas-
tasis is a multistage biological process tightly regulated by a balance between pro-
angiogenic and anti-angiogenic signalings [33, 34]. The tumor angiogenesis, which
is one of the hallmarks of the hypoxic tumors, is implicated in the accelerated pro-
liferation rate of the vascular endothelial cells [8].

The vascular endothelial growth factor (VEGF) (also known as VEGF-A), which
is the most important angiogenic secreted dimeric glycoprotein, promotes these
angiogenic processes such as the vascular endothelial cell proliferation and the
development of the tumor vessels under the hypoxic condition [35]. As described
[36], VEGF family is composed of several structurally and functionally related pro-
teins including VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and
placental growth factor. Among them, VEGF-A has been the most studied member
of VEGF family. Since the secretion of VEGF from the hypoxic tumor cells has
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been shown to trigger the advanced tumor development [6, 7, 9], VEGF-mediated
formation of tumor vessels is one of the essential hypoxic responses of tumor cells.
Therefore, preventing these processes might contribute at least in part to prohibit
both aggressive tumor progression and metastasis [10, 11].

Transcriptionally active hypoxia-inducible factor-1 (HIF-1), a basic helix-loop-
helix family of transcription factor, is a heterodimer made up of o- and f-subunits.
Under normal conditions, HIF-1a is continuously produced and simultaneously
degraded through ubiquitin-proteasome breakdown system driven by von Hippel-
Lindau (VHL) E3 ubiquitin ligase, whereas HIF-1p is constitutively expressed and
kept at constant level within cell nucleus [3]. The immediate molecular response to
hypoxia is stabilization of HIF-1a. Upon hypoxia or loss of functional VHL, HIF-1a
is stabilized, forms a heterodimeric complex with HIF-1p, and binds to hypoxia-
responsive elements (HREs) within its target gene promoters to trigger a concerted
transcriptional response [5]. Among HIF-1-target genes, VEGF is the extensively
studied HIF-1-regulated gene [4]. HIF-1-mediated deregulated expression of VEGF
leads to the development of hypoxic tumors through the promotion of the angiogen-
esis as mentioned above. As expected, the aberrant expression of VEGF has been
shown to be associated with the poor prognosis of various types of human tumors
[37, 38] (Fig. 5.1). Therefore, prohibition of VEGF-mediated pro-angiogenic path-
way improved the efficacy of various anticancer drugs on breast, cervix, stomach,
lung, colon, rectum, and ovary carcinomas [39—41].

5.3 Maintenance and Propagation of Cancer Stem Cells
(CSCs) Under Hypoxia

It has been well known that phenotypic and functional heterogeneity is a common
property of a variety of solid tumors, arising at least in part from tumor cell micro-
environments. According to cancer stem cell (CSC) theory, which might recapitu-
late the primary tumors, only a small subset of tumor cell population has a strong
pro-oncogenic potential. A subset of tumor cells which expresses cell surface nor-
mal stem cell markers such as CD24 and CD44 has been shown to be much more
tumorigenic [42]. In support of these findings, it has been described that malignant
glioma and colon cancer include CSCs [43, 44]. Growing evidence indicates that
CSCs cause the acquisition of malignant phenotypes of advanced tumors including
drug resistance and recurrence after therapy [45].

Since hypoxia is one of the critical properties of tumor cell microenvironments,
it is possible that hypoxia-induced HIF-1a might contribute to the maintenance and/
or survival of CSCs. Bos et al. demonstrated that the expression level of HIF-1a
protein in breast cancer tissues is larger in poorly differentiated than well-
differentiated lesions, indicating that HIF-1a plays a role in the maintenance of the
undifferentiated state of aggressive tumors [46]. Soeda et al. found that hypoxia
promotes cell survival of undifferentiated CD133-positive glioma-initiating CSCs
through the activation of HIF-la, whereas CSC differentiation is markedly
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prohibited under hypoxia [47]. CD133 has been considered to be one of the molecu-
lar markers of CSC population [48]. Based on their results, depletion of HIF-1a led
to a massive reduction in the sphere-forming ability of glioma CSCs. Collectively,
CSCs are obviously dependent on HIF- 1« for their survival, self-renewal, and tumor
growth.

Moreover, Heddleston et al. found that hypoxia increases number of CSC popu-
lation and enhances the stem-like phenotype of the established tumor cell lines [49].
Similarly, Dong et al. described that hypoxia potentiates CSC sphere formation and
causes an increase in number of CD44-positive colon cancer CSC subpopulations
[50]. From their observations, the expression level of inhibitor of DNA-binding
protein 2 (Id2) in colon cancer CSCs was significantly elevated in response to
hypoxia through the activation of pro-oncogenic Wnt/f-catenin signaling pathway.
Consistently, silencing of /d2 markedly attenuated hypoxia-mediated CSC sphere

VHL —I
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—I Survival/Angiogenesis-mediated invasion and metastasis

Fig. 5.1 HIF-la is a critical determinant for hypoxic response. Upon hypoxia, HIF-1a becomes
stabilized and transactivates its target genes including VEGF. VEGF-mediated angiogenesis con-
tributes to the acquisition and/or maintenance of malignant phenotypes of aggressive tumors
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Fig. 5.2 Molecular basis of hypoxic response of cancer stem cells (CSCs). When CD44-/CD133-
positive cancer stem cells (CSCs) within tumors are exposed to hypoxia, in addition to HIF-1a,
Whnt/B-catenin  pro-oncogenic pathway becomes activated and promotes Id2-mediated
tumorigenesis

formation and also tumor metastasis in vivo. Intriguingly, highly aggressive pancre-
atic and colon cancer cells expressed a large amount of Id2 [51, 52].

Together, in addition to HIF-1a, Wnt/p-catenin-dependent augmentation of 1d2
might be involved in the maintenance and/or survival of CSCs in response to
hypoxia (Fig. 5.2).

5.4 Regulatory Role of MicroRNAs in Response to Hypoxia

MicroRNAs (miRNAs) are evolutionarily conserved small noncoding regulatory
RNAs of around 22 nucleotides in length, which recognize and bind to the
3’-untranslated regions (3’-UTR) of their target mRNAs, repressing their translation
[13]. Bioinformatic analysis indicates that more than 30% of protein-coding genes
might be regulated by miRNAs [53]. A growing body of evidence strongly suggests
that numerous siRNAs act as tumor suppressors or oncogene products. For exam-
ple, Cheng et al. demonstrated that miR-622 has an ability to downregulate HIF-1a



5 The Functional Interplay Between Pro-oncogenic RUNX?2 and Hypoxia-Inducible 91

and then prohibits metastatic spread of lung cancer in mouse xenograft model [15].
Xue et al. found that hypoxia-mediated repression of miR-15-16, which targets
angiogenic FGF2, promotes tumor angiogenesis and metastasis [54].

In contrast, Rupaimoole et al. found that miR-630 reduces the expression level
of Dicer, which is involved in miRNA biogenesis, and stimulates tumor growth as
well as metastasis [16]. Ge et al. described that miR-421 targets E-cadherin as
well as caspase-3 and then stimulates metastasis [55]. According to their results,
the expression level of miR-421 was significantly higher in advanced gastric can-
cer tissues than localized ones. Similarly, Devlin et al. revealed that miR-210 is
upregulated in response to hypoxia and contributes to tumor metastasis [56]. In
addition, miR-382 has been shown to be angiogenic miRNA targeting tumor sup-
pressor PTEN (phosphatase and tensin homolog) [57]. Since the expression of
miR-630, miR-421, miR-210, and miR-382 has been shown to be regulated by
HIF-1a, it is worth noting that a certain subset of miRNAs responsible for
hypoxia-induced tumor invasion/metastasis participates in HIF-la-mediated
oncogenic pathway. In this connection, several miRNAs implicated in hypoxic
response might provide potential therapeutic clues to overcome malignant pheno-
types of advanced tumors.

5.5 Pro-oncogenic Property of Runt-Related Transcription
Factor 2 (RUNX?2)

Runt-related transcription factor 2 (RUNX2) is a nuclear sequence-specific tran-
scription factor responsible for the induction of bone formation and osteoblast dif-
ferentiation. Indeed, RUNX2-deficient mice died just after birth and exhibited a
complete loss of bone formation [17, 18]. In support of these observations, RUNX2
transactivates a number of osteogenic indicators such as type I collagen, osteopon-
tin, and osteocalcin through RUNX2-responsive elements within their promoter
regions [19].

Meanwhile, accumulating evidence demonstrated that RUNX2 is highly
expressed in a variety of tumor tissues as compared to their corresponding nor-
mal ones. For example, Pratap et al. described that RUNX?2 is aberrantly overex-
pressed in breast and prostate cancers [21]. Kayed et al. demonstrated that
pancreatic ductal adenocarcinoma tissues highly express RUNX2 as compared to
the normal pancreas [20]. In addition, Wang et al. revealed that the expression
level of RUNX?2 is higher in ovarian cancer tissues than normal ovarian ones [22].
Lastly, Boregowda et al. found that RUNX2 is highly expressed in melanoma
tissues relative to melanocytes [58]. Accordingly, it has been shown that the
expression level of RUNX2 is employed as a prognostic indicator of non-small
cell lung carcinoma patients [59]. These observations imply that, in addition to
osteoblast differentiation and bone formation, RUNX2 has a strong pro-onco-
genic potential in vivo.
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Recently, we have found for the first time that RUNX2 is tightly linked to the
drug-resistant phenotype of malignant tumor-derived cells such as osteosarcoma
U20S cells and pancreatic cancer AsPC-1 cells ([25], [26]). The drug resistance has
been considered to be one of the hallmarks of advanced tumors [30]. From our
observations, siRNA-mediated knockdown of RUNX2 remarkably improved adria-
mycin (ADR) and gemcitabine (GEM) sensitivity of U20S and AsPC-1 cells,
respectively.

5.6 Functional Implication of RUNX2 in the Regulation
of the Hypoxic Response

Since RUNX2 has a pro-oncogenic function, it is conceivable that RUNX2 might
be closely implicated in the regulation of hypoxic response. Of interest, Pratap
et al. described that RUNX2 transactivates tumor cell invasion-related MMP-9
gene in bone metastatic tumor cells [24]. Similarly, Mendoza-Villanueva et al.
found that RUNX2 directly regulates the expression of MMP-13 and promotes
the malignant invasion of breast cancer cells [23]. Forced expression of RUNX2 in
prostate cancer cells stimulated their invasiveness [60]. In accordance with these
observations, depletion of RUNX2 resulted in a significant reduction of migration
and invasion rate of colon cancer cells [61]. Furthermore, it has been described
that pro-oncogenic PI3K/AKT pathway directly or indirectly augments the
expression and the transcriptional activity of RUNX2, while RUNX2 also stimu-
lates PI3K/AKT pathway, indicating that this positive feedback loop regulatory
mechanism is one of the major driving forces during the malignant tumor cell
progression [62]. Thus, it is possible that RUNX2 participates in the acquisition
of the malignant phenotypes of the aggressive tumors such as invasion and
metastasis.

Consistent with the above-mentioned findings, it has been also shown that
RUNX2 has an ability to enhance VEGF transcription [63]. Of note, Lee et al.
revealed that RUNX?2 stabilizes HIF-1a through the inhibition of VHL-mediated
ubiquitination of HIF-1a and stimulates the transcriptional activity of HIF-1a [64].
Kwon et al. reported that RUNX2 forms a complex with HIF-1« in cell nucleus and
is then efficiently recruited onto VEGF promoter region [65]. Additionally, it has
been described that hypoxia-mediated induction of RUNX2 drives the malignant
progression of numerous tumors through the direct upregulation of anti-apoptotic
Bcl-2 [66]. Together, it is likely that RUNX?2 potentiates HIF-1a and thus promotes
angiogenesis-mediated tumor cell invasion and/or metastasis in response to hypoxia
(Fig. 5.3).
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Fig. 5.3 RUNX2 augments HIF-1a-dependent hypoxic response. RUNX?2 directly interacts with
HIF-1a, enhances its sequence-specific transactivation ability, and thereby augments HIF-1a-
dependent hypoxic response

5.7 Future Therapeutic Strategy Targeting Hypoxic
Response

As described above, hypoxia-dependent tumor angiogenesis plays a critical role in
the promotion of invasion and/or metastasis. These findings prompted us to develop
anti-tumor drugs which block HIF-la-/VEGF-induced angiogenesis. To our
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knowledge, a number of VEGF-targeting drugs have been produced and approved
for clinical treatment. For example, bevacizumab, a monoclonal antibody against
VEGF-A, has been approved for the treatment of the patients with renal cancer [67].
In addition to VEGF, blocking VEGF receptor (VEGFR)-mediated signaling might
be a promising approach to develop anti-tumor drugs. Recently, Li et al. described
that a small chemical compound termed DW 10075 selectively prohibits kinase
activity of VEGFR [68]. However, chemotherapeutic drugs targeting HIF-1lo/
VEGF/VEGFR have limited efficacy against malignant tumors and sometimes
cause adverse effects [69].

Given that RUNX2 further stimulates HIF-1a-mediated induction of VEGF [63],
it is highly possible that depletion of RUNX2 suppresses an aggressive progression
of malignant tumors through the downregulation of VEGF. Intriguingly, several
lines of evidence imply that certain miRNAs might regulate the expression of
RUNX2. For example, the diminished expression of miR-135 or miR-203 led to the
enhancement of RUNX2 expression in metastatic breast cancer cells [70]. According
to their results, miR-135 and miR-203 were highly expressed in normal breast epi-
thelial cells, whereas RUNX2 was undetectable. In contrast, metastatic breast cancer
tissues expressed RUNX2 but not miR-135 or miR-203.

Similarly, exogenous expression of miR-34c in osteosarcoma cells decreased the
expression level of RUNX2 [71]. Thus, it is likely that miRNA-mediated downregu-
lation of RUNX2 causes the efficient suppression of malignant phenotypes of the
aggressive tumors.

Alternatively, we have found that siRNA-mediated silencing of RUNX2 improves
the efficacy of anti-tumor drugs [25, 26]. Unfortunately, it has been well known that
siRNA is extremely unstable and thus its effect is transient. To overcome this weak-
ness, Zorde Khvalevsky et al. developed a local prolonged siRNA delivery system
(termed LODER) [72]. According to their results, LODER system blocked the deg-
radation of siRNA and released intact siRNA slowly into tumor cells over a few
months. Collectively, it is suggestive that LODER system overcomes the present
siRNA delivery obstacles, and thus siRNA-mediated knockdown of RUNX2 by
employing LODER as a delivery system is an attractive therapeutic strategy for the
treatment of the patients with malignant tumors.

5.8 Conclusion

A growing body of evidence implies that tumor microenvironments composed of
several cell populations including tumor cells play vital roles in the regulation of the
malignant tumor progression under severe hypoxic condition. Hypoxia-dependent
stabilization and nuclear access of HIF-1a stimulate the expression of VEGF, which
contributes to tumor cell survival, invasion, and metastasis through the formation of
new blood vessels. Meanwhile, RUNX2 is associated with HIF-1a and further
potentiates its sequence-specific transactivation ability. Thus, RUNX2/HIF-1a
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regulatory axis is essential for VEGF-mediated malignant tumor progression in
response to hypoxia, and RUNX2 might be one of the attractive molecular targets
for cancer therapy.
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Chapter 6
DNA Damage: Cellular Responses, Repair,
and Cancer Treatment

Brian M. Cartwright, Phillip R. Musich, and Yue Zou

Abstract The maintenance of genomic stability in the face of endogenous and
exogenous sources of DNA damage requires a robust and comprehensive cellular
response. This response, appropriately deemed the DNA damage response (DDR),
facilitates changes in the cellular environment promoting and coordinating cell
cycle arrest, DNA repair, and cell death in cases of extreme or prolonged genomic
insult. Initiation of DDR is primarily elicited by three members of the PIKK
(phosphatidylinositol-3-kinase-like kinase) family: ATM (ataxia-telangiectasia
mutated), ATR (ataxia-telangiectasia and Rad3-related), and DNA-PK (DNA-
dependent protein kinase). While all three are required for proper genomic mainte-
nance, DNA-PK lacks the capacity to elicit many of the effects induced by ATM or
ATR. For this reason, DNA damage signaling (DDS) generally is considered to
occur mainly through ATM and ATR. Recent studies, however, have implicated that
DNA-PK can regulate DDS through hindrance of ATM-DDS, giving rise to an
evolving view in which all three PIKK family members are essential for regulation
of DDS, but not its initiation. This chapter presents a discussion of the signaling
within human systems induced by DNA damage as well as an overview of the roles
of DDS in promoting DDR-mediated cell cycle arrest, DNA damage repair, and
changes to other cellular processes. Within this context, the roles of DDR in current
and proposed chemotherapeutics will be explored.
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6.1 Introduction

Every day cells are faced with a barrage of genomic insults from endogenous and
exogenous sources. Inevitably, these insults lead to DNA damage which must be
repaired to maintain genomic integrity. Cells respond to DNA damage by initiating
various signaling events. This marks the beginning of the DNA damage response
(DDR), and these events lead to activation of cellular pathways ranging from cell
cycle arrest, DNA repair, and even cell death in cases of excessive damage. Because
of these diverse signaling events, the DDR can regulate cellular fate to promote
genomic fidelity on multiple levels. The importance of the DDR is further high-
lighted by the fact that individuals deficient in DDR function are typically cancer-
prone as well as exhibit a wide variety of other pathological complications [1-4].

The DDR is primarily initiated by three PIKK (phosphatidylinositol-3-kinase-like
kinase) family members: ATM (ataxia-telangiectasia mutated), ATR (ataxia-
telangiectasia and Rad3-related), and DNA-PK (DNA-dependent protein kinase).
ATM, ATR, and DNA-PK are serine/threonine kinases that maintain genomic integ-
rity through direct regulation of DDR. While all three kinases are required for proper
genomic maintenance, DNA-PK is typically seen as dispensable for overall DNA
damage signaling (DDS) [3]. Recently, however, studies have challenged this notion
with findings that DNA-PK can regulate ATM activity through direct phosphoryla-
tion of ATM as well as potentially mediate cell cycle arrest through Aurora B [5, 6].

In the following sections, the roles of ATM, ATR, and DNA-PK in response to
DNA damage will be addressed. First will be a discussion of the roles of the major
DDR pathways and PIKK family members in regulation of cell cycle arrest and
DNA repair. Then, after briefly reviewing other DNA damage-induced responses,
the potential role of chemotherapeutics in eliciting or modulating DDS and the
DDR will be considered.

6.2 Maintaining Genomic Fidelity: Cell Cycle Control
and DNA Repair

After cells experience DNA damage, there is a complex interplay of signaling path-
ways. These pathways, mainly orchestrated through ATM and ATR, lead to a fine-
tuned response which alters cell cycle progression, nucleotide metabolism, and
other parameters involved in promoting an optimal environment for maintaining
DNA integrity [2, 4]. The following sections address cell cycle checkpoint activa-
tion and control, various types of DNA repair, and the multifaceted interplay through
which checkpoint activation modulates the DDR.



6 DNA Damage: Cellular Responses, Repair, and Cancer Treatment 101

g GaM . Intra-M
ALY A Vi A Vil Ve Sreckeet! Checipon
3 Ny e
D D4 9
ATR L
@ g @ /@ G2 Lo
| | o)

SN SN

G1)

N 1 i 5 -

RS Intra-S

M \‘ checkpoint Gis

ez ) & ® shcport
e T ) )
/ RRRI / ! Predominant Checkpoint
@ @ 3 Activating Pathways
G1/S: ATM-Chk2
l \ / l Intra-S: ATR-Chk1
. G2/M: ATR-Chk1
G1/8 S Phase G2/M Spindle Intra-M*: ATR-Chk1/ATM-Chk2

Transition Progression Transition Formation

Fig. 6.1 Cell cycle regulation by the DNA damage checkpoints. DDS through ATM, ATR, and
DNA-PK control the cell cycle at multiple levels. ATM and ATR are the primary regulators of cell
cycle arrest through their downstream substrates, kinases Chk2 and Chk1 respectfully. Chk1 and
Chk2 phosphorylate multiple targets resulting in either their direct inhibition, degradation, or acti-
vation of negative regulatory function. DNA-PK is thought to play a lesser role in DDS, though it
has been shown to regulate ATM activity as well as potentially be involved in spindle formation
checkpoint (*intra-M checkpoint). DNA repair pathway engagement is cell cycle-dependent.
Where BER, NER, and NHEJ occur in all phases of the cell cycle, HR and ICLR only occur during
S and G2 phases

6.2.1 Cell Cycle: Checkpoint Control and Arrest

When cycling cells incur DNA damage, they activate processes to arrest cell cycle
progression. This arrest prevents the accumulation of mutations in both themselves
as well as potential daughter cells. While the exact regulation of cell cycle progres-
sion is out of the scope of this review, it is important to note that DDS mediated by
both ATM and ATR regulate the cell cycle through downstream modulation of cell
cycle progression factors (Fig. 6.1).

ATM and ATR function to regulate the cell cycle in response to different stresses
and largely during different phases of the cell cycle. ATM and its effector kinase
Chk2 (checkpoint kinase 2) respond mainly to DNA double-strand breaks (DSBs).
While ATM is active throughout the cell cycle, it plays a predominant role during
the G1 phase of the cycle and into the G1/S transition. During this phase, the cells
are preparing to synthesize new DNA, and damage occurring during G1 leads to
activation of ATM through autophosphorylation on its Ser1981 residue which leads
to the dissociation of the ATM dimer to monomer and further phosphorylation of
ATM at Ser367, Ser1983, and Ser2996 [7, 8]. ATM then phosphorylates Chk2 on
Thr68, leading to its activation and priming the cell cycle arrest cascade [3, 9]. Chk2
has a myriad of substrates; however, two are of primary interest regarding cell cycle
arrest: cdc25A and p53. Chk2 phosphorylates the protein phosphatase cdc25A on
Ser123, limiting its activity as well as targeting it for ubiquitination and subsequent
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proteasomal degradation. Restriction of cdc25A activity prevents the removal of the
inhibitory phosphoryl groups attached to Thrl4 and Tyrl5 of CDK2 (cyclin-
dependent kinase 2). CDK2, when complexed with cyclin E, is required for the
progression from the G1 to the S phase of the cell cycle. Therefore, reduction of
cdc25A activity facilitates arrest of the G1/S transition due to decreased activation
of CDK2 [9, 10]. In addition to down regulation of CDK2 through inactivation and
removal of cdc25A, ATM and Chk2 coordinate the induction of p21WVAFVCP! which
directly inhibits CDK?2 through interaction via its N-terminal Cyl motif [11]. This
induction is part of a three-step mechanism. The first step is the phosphorylation of
p53 on Ser20 by Chk2, leading to a conformational shift in p53 allowing for its dis-
sociation from its normal sequestering protein MDM2 (mouse double-minute 2
homolog), an E3 ubiquitin ligase. This dissociation allows the second step to occur
in which p53 is further phosphorylated by ATM at Serl5. Modification of this site
increases the transcriptional activity of p53 resulting in the induction of p21WAFI/Cipl,
The third step involves ATM phosphorylation of MDM2 on Ser395, serving as a
backup mechanism to prevent its rebinding to p53 and, thus, ensuring proper p53
activation and induction of increased transcription of DDR protein genes [9, 12].

While the G1/S checkpoint is initiated through ATM, ATR and its effector kinase
Chk1 (checkpoint kinase 1) are the primary activators of the intra-S (primarily in
response to DNA damage-induced replicative stresses) and G2/M checkpoints.
Longer single-strand DNA (ssDNA) generated through replicative stress or DSB end
resection is rapidly coated with replication protein A (RPA), the RPA-ssDNA com-
plex recruits ATR-ATRIP (ATR-interacting protein) as well as Rad17 and the 9-1-1
(Rad9-Rad1-Husl) complex. Binding of the 9-1-1 complex to RPA is a signal for
TopBP1 (topoisomerase-binding protein 1) recruitment [13—16]. TopBP1 is an allo-
steric regulator of ATR, promoting ATR activation through its autophosphorylation on
Thr1989 [17-19]. After complexing with claspin, activated ATR then phosphorylates
Chkl on Ser317 and Ser345 to elicit intra-S and G2/M checkpoint activation and
arrest of cell cycle progression [20]. Like Chk2, Chk1 also phosphorylates cdc25A on
Ser123, leading to its inhibition and targeted ubiquitin-mediated degradation. While
this action promotes the G1/S checkpoint, it also serves as a safeguard should cells be
able to complete DNA repair and reenter the cell cycle. Additionally, this functions to
facilitate the intra-S checkpoint through the inability of phosphorylated CDK2 to
form an active CDK2/cyclin A complex, resulting in premature stalling or termination
of DNA synthesis [20, 21]. The intra-S checkpoint is mediated further by parallel
phosphorylation of p53 by ATR and the subsequent gene induction cascade as pre-
sented previously through p53 with respect to ATM and Chk2.

In addition to p21™AFYCirl induction, p53 also promotes the transcriptional upregu-
lation of GADDA45 and 14-3-3 which both regulate the G2/M checkpoint upon ATM
and ATR activation. GADD45, commonly known as GADD45a, functions to directly
bind to and suppress CDK1 (cyclin-dependent kinase 1) while it is in complex with
cyclin BI. In this way, binding of GADDA45 to the CDK1/cyclin B1 complex inhibits
CDKI activity and the transition from G2 into mitosis. Of importance also is the fact
that GADDA45 has no effect on the activity of the CDKl/cyclin E complex which is
active during G1 further tailoring GADDA45 as a G2/M checkpoint inducer [22]. The
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active forms of both Chkland Chk2 phosphorylate cdc25C at Ser216 priming it for
binding by the 14-3-3 complex which leads to the nuclear export and cytosolic
sequestration of cdc25C. This sequestration is necessary for G2/M checkpoint arrest
because cdc25C, a protein phosphatase similar to cdc25A, functions to remove inhibi-
tory phosphorylations from CDK1. Unphosphorylated CDK1, complexed with cyclin
B1, serves as the regulatory kinase for cell cycle progression from G2 into mitosis.
Therefore, like with CDK2, inhibition of the activating phosphatase leads to an
increased accumulation of inactive phosphorylated CDK1 [23]. These mechanisms,
however, are not alone in the regulation of the G2/M checkpoint; Chk1 also activates
Weel, a kinase that phosphorylates CDK1 on Thr14 and Tyr15. This phosphorylation
inhibits CDK1 activity. These phosphorylations by Weel enhance the inhibition of
CDKI1 brought about by the cytoplasmic sequestration of the protein phosphatase
cdc25C [24]. To further promote cell cycle arrest, downstream kinases activated by
ATM and ATR lead to phosphorylation of Plk1 (Polo kinase 1), targeting it for degra-
dation. The degradation of Plk1 promotes a prolonged and robust G2/M arrest by
Weel as under normal physiological conditions Plk1 phosphorylates Weel, leading to
its degradation and allowing for a normal G2/M transition [25].

Lastly, the intra-M, or mitotic spindle checkpoint, serves as a last line of defense
in protecting genomic integrity following DNA damage. Unlike the other check-
points, all three DDR PIKK family members are involved in the initiation of the
intra-M checkpoint. ATR functions through Chkl to activate the Aurora B kinase
which subsequently delays abscission and progression through cytokinesis [26].
Additionally, Chk1 phosphorylates Plk1 preventing its active role in promoting cen-
trosome formation and mitotic spindle assembly [25]. ATM and DNA-PK are impli-
cated in the intra-M checkpoint via regulation of Ku70 phosphorylation at Ser155
[5]. While it is unknown if this phosphorylation is dependent on ATM or DNA-PK,
this phosphorylation event is of importance as it leads to the interaction of Ku70
with Aurora B, inhibiting the latter’s kinase activity [5].

It is important to note that activation of ATR and ATM are both likely to invoke
the DDR and cell cycle arrest regardless of cell cycle phase due to known cross
activation and regulation between the DDS pathways [27-30]. In addition, recent
reports have shown that DNA-PK is capable of directly modulating ATM activation
through inhibitory phosphorylation of ATM, leading to reduced DDS through ATM
following DNA damage. Because of this, DNA-PK could potentially regulate ATM
induction of checkpoints and subsequent cell cycle arrest [6]. This implicates an
even more complex regulation of DDR than previously described.

6.2.2 DNA Damage Repair

Upon sensing of DNA damage, cells activate repair processes to restore genomic
integrity. Multiple DNA repair mechanisms have evolved to defend genomic integ-
rity against a variety of different endogenous and exogenous sources of DNA dam-
age (Fig. 6.2). Specific repair pathways engage depending on the type of lesions
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Table 6.1 Types of DNA repair and activating factors

DNA repair

pathway Types of damage

BER Alkylation, spontaneous depurination or depyrimidination, deamination,
oxidation, single-strand breaks

NER Bulky adducts (benzo(a)pyrene, photoproducts, etc.), intrastrand cross-links

MMR A > G mismatches, T > C mismatches, trinucleotide expansions, base
deletions

NHEJ/Alt-NHEJ | Double-strand breaks

HR Double-strand breaks

ICLR Inter- and intrastrand cross-links

present (Table 6.1). The following is a summary of major pathways as well as the
DDS effects that influence them.

6.2.2.1 Base Excision Repair (BER)

The most commonly occurring lesions in DNA are those arising from oxidation,
alkylation, or spontaneous depurination/depyrimidination (abasic site formation).
These lesions trigger the base excision repair (BER) process facilitating the removal
of the damaged base and processing of the newly generated abasic site (Fig. 6.3a).
The initial step in BER is hydrolysis of the N-glycosylic bond of the modified base
by various DNA glycosylases leading to the formation of an apurinic/apyrimidinic
(AP) site. The AP site then is modified by poly (ADP-ribose) polymerase 1 (PARP1)
through a process known as PARylation. PARylation is a process in which a poly-
mer of ADP-ribose (PAR) is added to DNA or proteins through consumption of
NAD* [1, 31]. This PARylation event generates the primary signal of DDS in BER
as PARylation of DNA, as well as auto-PARylation of PARPI1, leads to the recruit-
ment of several downstream proteins associated with BER including XRCC1 (X-ray
repair cross-complementing protein 1), OGG1 (8-oxoguanine glycosylase 1), and
others. This recruitment is based on binding to PAR chains facilitated through vari-
ous binding motifs [31].

In addition, previous reports have shown that protein deacetylases can influ-
ence DDS signaling of BER through the initial substrate specificity of glycosyl-
ases [32]. Examples include the effects of SIRT1 on TDG (thymine DNA
glycosylase) and APEl (AP-endonuclease 1). SIRTI deacetylation of TDG
changes the substrate specificity of TDG, whereas deacetylation of APEI pro-
motes binding with XRCCI1. In the case of TDG, the deacetylation by SIRT1
promotes excision of the nucleoside analogue 5-fluorouracil (5-FU), whereas
unacetylated TDG mainly targets methylated substrates [33, 34]. Loss of SIRT1
deacetylation has the potential of muting the DDR by preventing the recognition
of the lesion and the generation of the AP site. The same is true of APE1 whose
deacetylation at Lys6 and Lys7 by SIRT1 leads to interaction with XRCCI1. This
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APE1-XRCCI interaction promotes the glycosylase activity of APE1, enhancing
AP site generation [35].

Once PARP1 modifies the AP site, other repair proteins are recruited to finish
processing the AP site. WRN (RecQ or Werner protein), a helicase and exonuclease,
is recruited to stimulate polymerase p (POLp) binding for insertion of the missing
nucleotide or nucleotides. DNA ligase III (LIGIII) then ligates the DNA strand [36].
This process is DDS-independent; however, it has been shown that DDS-dependent
deacetylation of WRN by SIRT1 promotes its exonuclease activity in cases of long-
patch BER. In this way, signaling by SIRT1 functions to improve BER endonucle-
ase activity which leads to the removal of up to ten nucleotides [37]. Under
long-patch BER, polymerase & (POLJ) or polymerase € (POLe) catalyzes the repair
DNA synthesis; FEN1 (flap endonuclease I) then removes the displaced DNA
strand. The DNA strands are then ligated by DNA ligase I (LIGI) [32].

6.2.2.2 Nucleotide Excision Repair (NER)

Bulky DNA lesions, such as those caused by UV-induced photoproducts, polycyclic
aromatic hydrocarbons, and cross-linking chemotherapeutics (e.g., cisplatin), can
distort the DNA helical structure. Nucleotide excision repair (NER) repairs these
types of lesions (Fig. 6.3b). NER pathways come in two distinct forms: global
genome repair (GG-NER) and transcription-coupled repair (TC-NER) [38—40].

In human GG-NER, initial recognition of DNA damage is done by XPC (XP
complementation group C)-HR23B or together with DDBI1-DDB2/XPE
[damage-specific DNA-binding protein 1 or 2- xeroderma pigmentosum comple-
mentation group E (XPE)] upon UV irradiation. While the XPC-HR23B com-
plex can localize to damaged DNA by itself, the efficiency of recruitment is
enhanced following polyubiquitination by the DDB1-DDB2-CUL4A/B com-
plex. This polyubiquitination assists XPC in binding at the DNA lesion [41].
Once XPC binds to a bulky DNA adduct, transcription factor IIH (TFIIH) is
recruited. Two components of the TFIIH, XPB and XPD (XP complementation
groups B and D, respectively), mediate strand unwinding. The single-strand
DNA (ssDNA) generated is rapidly bound by RPA (replication protein A), and
XPA (XP complementation group A) is recruited for verification of the DNA
damage. XPA also appears to stabilize the repair intermediate and serves to
recruit the endonucleases XPG (XP complementation group G) and XPF-ERCC1
(excision repair cross-complementation group 1) [42, 43]. XPG facilitates the 3’
incision, while XPF-ERCC1 does the 5 incision [44, 45]. Then, the adducted
DNA fragment of 22-30 nucleotides is removed, followed by recruitment of
PCNA (proliferating cell nuclear antigen) by RFC (replication factor C). PCNA
loads one of three DNA polymerases (delta, epsilon, or kappa) onto the DNA
facilitating its repair synthesis. DNA ligase I or the ligase III-XRCC1 complex
then seals the DNA termini [38]. TC-NER follows a similar series of steps with
the exception that ERCC6/CSB (excision repair cross-complementing group 0,
Cockayne syndrome B) performs the initial damage recognition, not XPC-



6 DNA Damage: Cellular Responses, Repair, and Cancer Treatment 107

1/

a BER

ngase |

DNA pol 3 Various protein recruitment,

Further processing dependent on lesion

Fig. 6.3 Selected DNA damage repair pathways. DNA damage must be repaired to prevent muta-
tions from occurring within cells. (a—d) summarize some of the most common forms of DNA
damage repair. (a) Base excision repair (BER) [short patch of an apurinic site], (b) nucleotide
excision repair (NER) of a bulky aromatic adduct, (¢) nonhomologous end joining (c-NHEJ and
alt-NHEJ), (d) homologous recombination (HR)
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HR23B, and is followed by the removal of stalled RNA polymerase II from the
DNA lesion before repair proceeds. This is done through ubiquitin-mediated
removal and subsequent degradation that is dependent on ERCC6/CSB [46].

In addition, some other key events are involved in NER. For example, SIRT1
deacetylation of XPA promotes the interaction of XPA with other NER factors. This
serves to increase recruitment and activity of XPG and ERCCI-XPF [47].
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Additionally, ATR-mediated XPA phosphorylation enhances XPA stability by
inhibiting HERC2-medated ubiquitination and subsequent degradation [48].

6.2.2.3 Mismatch Repair (MMR)

Mismatching of bases typically occurs during replication or after the deamination of
cytosine in DNA. In brief, either MutSa (MSH2-MSHG6 heterodimer) or MutSp
(MSH2-MSH3 heterodimer) binds to the mispaired bases. MutSa preferentially
recognizes post-replicative mispairings as well as methylated bases, whereas MutSf
recognizes insertion repeats or deletion loops [49, 50]. Both versions of MutS then
serve as a scaffold signaling the recruitment of various factors to excise and replace
the mismatched or damaged DNA. Active HDAC 6 and 10 decrease the stability of
MSH?2 and enhance its degradation, indicating that acetylation of MSH2 is required
for scaffold stability and MMR [32].

6.2.2.4 Nonhomologous End Joining (NHE])

DSBs are repaired by two major pathways, the nonhomologous end joining (NHEJ)
and homologous recombination (HR). NHEJ corrects strands brakeage through
direct modification and ligation of broken strands without regard for sequence
homology. To date, two distinct forms of NHEJ have been discovered: classic-NHEJ
(c-NHEJ) and alternative-NHEJ (alt-NHEJ) (Fig. 6.3c) [51].

c-NHEJ initiates upon binding of Ku70/Ku80 heterodimer to the termini of
DSBs. This leads to the recruitment of DNA-PKs to the Ku70/Ku80-bound
DNA. Upon DNA binding, DNA-PK undergoes activation and autophosphorylation
at multiple sites in both its ABCDE (T2609, S2612, T2620, S2624, T2638, and
T2647) and PQR (S2023, S2029, S2041, S2051, S2053, and S2056) domains [52].
These events promote stability of the DNA-PK/DNA complex and facilitate end
interaction while recruiting other factors such as Artemis, XRCC4, XLF (XRCC4-
like factor), PNKP (polynucleotide kinase/phosphatase), and DNA ligase IV [53]. If
the broken DNA ends are not compatible for direct ligation by DNA ligase IV, they
are first processed. The Artemis nuclease is responsible for end resection during this
process. PNKP then modifies the ends of the DNA to be recognizable substrates for
DNA ligase IV by either removing or adding phosphoryl groups from the 3" and 5’
termini, respectively. While DNA-PK phosphorylates all of the proteins it recruits,
currently there is no evidence that any of these individual phosphorylation events
are necessary for NHEJ [54].

An early event following DNA-PK activation is the phosphorylation of histone
variant H2AX at Ser139; this phosphorylated form is known as YH2AX. This is an
important step as YH2AX serves to amplify the signal of the DSB and aids in the
recruitment of many factors involved in repairing the breakage by promoting chro-
matin reorganization. One of the factors recruited is ATM which modulates NHEJ
to either promote its efficiency or to promote a shift to HR [30, 55]. The molecular
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processes governing pathway decision for DSB repair are presented in the homolo-
gous recombination (HR) section (Sect. 2.2.5).

There are many factors which modulate c-NHEJ efficiency. PARylation by
PARP1 directly stimulates DNA-PK activity. The PARP1 binding to the DNA-PK/
Ku complex elicits a structural change in the complex, facilitating more efficient
repair [31]. PARylation of DSB termini also increases early recruitment of DNA
ligase IV through a scaffolding event caused by interaction between the BRCT
domain of DNA ligase IV and the PAR chains. This has the potential to promote a
more efficient repair due to decreased lag time in recruitment of DNA ligase IV
[56]. Deacetylation also plays a distinct role in NHEJ. KAP1 (KRAB-associated
protein-1) is deacetylated by SIRT1 which promotes chromatin relaxation and inva-
sion of NHEJ repair factors. SIRT1, as well as HDAC 1-3, deacetylates Ku70, pro-
moting its binding to DSB termini, and subsequently increases NHEJ efficiency.
Lastly, SIRT6 promotes DNA-PK localization to DSBs as well as DNA-PK/Ku
complex stability [32].

Alt-NHE]J is independent of both DNA-PK and Ku70/80. In alt-NHEJ, PARP1
recognizes DSBs which have already undergone end resection and have comple-
mentary microhomology regions (1-10 nucleotides) which have annealed. PARP1
then PARylates the termini of the breaks, signaling for DNA ligase III/XRCCI1
recruitment and ligation of what now appear as SSBs. Alt-NHEJ is more error prone
than c-NHEJ as it requires formation of microhomologies and greater amounts of
DNA may be resected prior to annealing to facilitate microhomology formation
[31,57].

6.2.2.5 Homologous Recombination (HR)

Homologous recombination is imperative for the maintenance of genomic stability
during development and preservation of stem cell populations. Active in S and G2
phases of the cell cycle, HR (Fig. 6.3d) requires both ATM and ATR kinases to
function.

In HR, the MRN complex, made up of Mrell, Rad50, and Nbsl, recognizes
DSBs leading to the recruitment of ATM. Once bound to the MRN complex, ATM
undergoes activation through autophosphorylation at Ser1981. Another early ATM
substrate in this process is histone H2AX which is rapidly phosphorylated at Ser139
to form YH2AX, which induces recruitment of MDC1. MDC1 serves to form an
adaptor complex with ATM-Nbs1 as well as with YH2AX. The MDC1-ATM-Nbsl
complex amplifies the YH2AX signal through further phosphorylation of H2AX,
while the MDC1-ATM-yH2AX complex recruits E3 ubiquitin ligase RNF8. RNF8
ubiquitinylates various histones surrounding the DSB site, serving to loosen the
local chromatin structure as well as provide a signal for recruitment RNF168,
another E3 ubiquitin ligase, through its ubiquitin-binding domain. RNF8 and
RNF168 function through the E2 ubiquitin ligase UBC13 to promote the recruit-
ment and retention of various NHEJ and HR factors: 53BP1, RAD18, BRCAI,
BRCA1-A, HERK?2, etc. [55, 58].
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For homologous recombination to continue, the DSB ends must have one strand
resected. One of three exonucleases performs this: Mrel 1, Exol, or CtIP [59-61].
The BRACI/BARDI complex enhances this resection and facilitates pathway
selection through direct displacement of 53BP1 from DSBs as well as through
recruitment of various factors required for the end resection through its BRCT
motifs. BRAC1 and 53BP1 are both recruited through RNFS signaling; however,
they function in a dynamically opposed manner. While BRAC1 promotes end resec-
tion and repair through HR, 53BP1 functions to inhibit end resection and promote
repair through NHEJ [58]. So why would BRAC1 and 53BP1 both be recruited by
the same initial signaling event? This can be attributed to 53BP1 being necessary for
effective ATM activation as well as being required for ATM-mediated checkpoint
kinase activity through Chk2 [62]. In this way, both BRAC1 and 53BP1 are required
for appropriate HR function if only to allow more time to complete the required
repair.

The BRACI/BARDI1 complex promotes the recruitment of Abraxas-RAPS0,
BRIP1 helicase, and CtIP. BRACI forms a complex with each protein partner to
form either BRAC1-A, BRACI-B, or BRACI-C, respectively. BRAC1-C functions
to induce end resection through CtIP’s exonuclease activity. The BRACI-A com-
plex regulates this resection to ensure that ends are not over processed. BRAC1-B
removes secondary DNA structures that occur during this process as well as allevi-
ating any occurring before end resection that might be due to cross-linking, replica-
tion fork stalls, or replication fork collapses [63, 64].

The ssDNA generated by end resection is rapidly bound by RPA. Following RPA
binding, recombination initiates with the Rad52-mediated loading of Rad51 recom-
binase onto the ssDNA of resected DSB. Rad51 displaces RPA from ssDNA and is
dependent on the BRAC2-PALB2 complex which functions to localize BRAC2 and
Rad51 to the ssDNA and allows for efficient Rad51 loading by BRAC2 [64, 65].
Rad51 plus other HR proteins forms the nucleoprotein filament that is responsible
for sister chromatid invasion. During this process, Rad51 mediates strand displace-
ment and invasion of the 3’ end of that strand into the sister chromatid, resulting in
the formation of a D-loop structure with the invading strand base-paired to the intact
complementary strand. DNA synthesis then extends the invading strand resulting in
Holliday junction formation. Once this junction is formed, the other 3’ strand of the
DSB enters the complex leading to formation of a double Holliday junction where
this strand then is elongated. The resolution of these structures is still not well
understood in eukaryotic systems, but several proteins such as BLM, MUSLX4, or
GENI1 could be implicated due to their helicase and nuclease activities [66—68].

In addition to the responses presented above, there are other measures which
help to ensure pathway selection and successful completion of HR. One example of
this is deacetylation of CtIP by SIRT6 which promotes its function in end resection.
SIRT6 depletion decreases the amount of RPA recruited to resected DSBs implicat-
ing its importance in supporting HR [69]. This contrasts with its function in support-
ing NHEIJ, as presented previously, and likely has cell cycle dependence, as HR is
only available during S and G2 phases.
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6.2.2.6 Interstrand Crosslink Repair (ICLR)

Some lesions are highly complex and require multiple pathways to repair them effi-
ciently. The repair of interstrand cross-links requires activation of NER and/or HR
in combination with the Fanconi anemia (FA) pathway. The combined process,
known as interstrand cross-link repair (ICLR) for simplicity, is initiated by either
XPC or ERCC6/CSB if the cross-link can be removed through NER or by the FA
pathway protein FANCM (Fanconi anemia complementation group M) if it is within
a stalled replication fork [41, 46, 70]. As NER was previously described (Sect. 2.2),
the following will address the role of FA in ICLR.

Initial recognition of an interstrand cross-link at a stalled replication fork is per-
formed by FANCM which is part of the Fanconi anemia core complex: FANCA,
FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, and FANCM. FANCM
along with binding partners FAAP24 and MHF1 forms a complex that supports the
DEAH-helicase activity of FANCM leading to strand displacement at the branches
of a stalled replication fork [71]. This promotes the accumulation of RPA on the
displaced ssDNA and subsequent likely recruitment and activation of ATR/ATRIP
as is seen in HR [72]. Simultaneously, FANCL induces ubiquitination on FANCD2
a Lys561. This is crucial for FANCD2/FANCI complex localization to the site of
DNA damage [73]. FANCD2/FANCI promotes the recruitment of FAN1 and SLX4
(FANCP) which function alongside XPF/ERCC4 (FANCQ) to perform incisions
upstream and downstream of the interstrand cross-link, respectively [74]. After the
incisions, HR takes over the DNA repair process. It is important to note that when
the FA pathway is referenced, there are several alternative names for HR proteins,
but otherwise they possess the same function. These are as follows: BRAC2
(FANCD1), PALB2 (FANCN), BRIP1 (FANCJ), and RAD51 (FANCO).

ATR serves a particular role in the FA pathway because its DDS activity is
required to ensure ICLR through the main FA complex as well as the FANCD2/
FANCI complex. First is the ATR-dependent phosphorylation of FANCM at
Ser1025 which is required for FA pathway activity and sufficient G2/M arrest [75].
ATR also activates the FANCD2/FANCI complex through phosphorylation of
FANCD?2 at Thr691 and Ser717 and FANCI at several SQ/TQ motifs [76, 77]. ATR
also phosphorylates FANCA at Ser1449 and promotes phosphorylation of FANCE
by Chkl [78, 79].The result of which in all instances promotes FANCD2 ubiquitina-
tion, recruitment to DNA damage sites, and activity [74].

6.2.3 Integrating the Signals: Checkpoint Regulation
of DNA Repair

When considering the DDR, it is essential to consider the transiently activated
checkpoints as well as its regulation of DNA repair as coordination between the two
systems is indispensable for successful maintenance of genomes. Also importantly,
the coordination is likely cell cycle-dependent in most cases. While this is based on
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the premise that some DNA repair protein expression is limited to certain phases of
the cell cycle, this concept has much broader implications when investigating inte-
grated control on pathway selection and repair efficiency [80-82].

The checkpoint control of DNA repair is seen at multiple levels stemming from
ATM, ATR, and DNA-PK activity. For instance, ATR regulates NER following UV
irradiation through direct binding and phosphorylation of XPA at Ser196 promoting
its stability and nuclear import following UV irradiation [83—86]. This process is
dependent on PKA phosphorylation of ATR at Ser435, and loss of this site leads to
reduced ATR-XPA binding as well as delayed XPA recruitment to sites of DNA
damage [87]. This effect is found to occur primarily in the S phase of the cell cycle
and to be p53 dependent. This is in contrast to XPA nuclear import during G1 or G2
phases in which XPA nuclear import is p5S3/ATR independent; in G1, the UV-induced
import is muted, while in G2, XPA accumulates in the nucleus regardless of DNA
damage [88]. Checkpoint control of NER is further enacted by pS3 which is a target
of all three apical kinases as well as secondary kinases, Chk1 and Chk2. p53 upreg-
ulates gene expression of NER proteins following a variety of genomic insults
resulting in increased DDB2, XPC, XPF, and XPG levels [89, 90]. Active p53 is
also known to be involved in the recruitment of XPC as well as TFIIH to sites of UV
damage where it facilitates improved DNA damage recognition and repair [91, 92].

Checkpoint control of DNA repair also extends to BER, HR, and NHEJ. BER activ-
ity is modulated through activated p53’s direct binding to three BER enzymes: APE/
REF1, OGGl1, and DNA polymerase beta. This binding stimulates the recognition, exci-
sion, and respective repair activities of these enzymes leading to enhanced BER [93, 94].
ATM, ATR, and DNA-PK all collaborate to promote effective HR through the regulation
of the RPA-p53 interaction [30]. The interaction of RPA-p53 typically promotes NHEJ
through sequestration of RPA; however, Ser37 and Ser46 phosphorylation of p53 by
ATM and ATR, respectively, along with RPA32 phosphorylation by DNA-PK leads to
dissociation of the RPA-p53 complex and a switching to HR [30, 95].

In addition to the effects listed previously, direct cycle control of DNA repair occurs
through cyclic expression of repair factors and regulation by cyclin dependent kinases.
In brief, many proteins involved in DNA repair are only expressed at certain points
throughout the cell cycle. For instance, gene-encoding proteins for mismatch repair are
almost exclusively expressed in S phase, whereas most genes for ICLR are expressed in
S-M phases. For more information regarding cell cycle expression of DNA repair pro-
teins, we would point interested readers to the recent work by Mjelle et al. as the topic is
quite expansive [80]. Cyclin-dependent kinases also play a role in promoting DNA
repair efficiency and pathway selection. CDK1, the cyclin associated with promoting
G2/M transition, is responsible for phosphorylation of CtIP at Ser327 and Thr847 lead-
ing to increased BRCA1 binding by CtIP and enhanced end resection favoring HR
repair [96, 97]. In contrast, CDK2, which is responsible for promoting the G1/S transi-
tion, phosphorylates CtIP at Ser276 and Thr315 leading to its inhibitory isomerization
by prolyl isomerase Pinl. This prevents end resection of DSBs in early G1 and early S
phases leading to the promotion of NHEJ over HR in these instances [98]. These events
represent a minor fraction of the cell cycle control of DNA repair. For more information,
we would suggest the recent works by Hustedt and Warmerdam [81, 82].
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6.3 Other Cellular Responses to DNA Damage

Cells respond to DNA damage in an assortment of ways in addition to the DDR. Most
of these responses are geared at increasing DNA repair efficiency and promoting
cell survival. Processes such as autophagy and inflammation serve to facilitate these
pro-survival responses; in contrast, there are times where the DNA damage is too
extreme to allow for cell survival. While cell death may be viewed as a negative
event, under normal conditions it serves to protect the organism from tumorigene-
sis. In cases of extreme DNA damage, ATM and ATR can initiate pro-apoptotic
signaling through the tumor suppressor p53. These responses, and their interplay
with processes previously mentioned, are detailed in the following sections.

6.3.1 Autophagy

Autophagy is a catabolic process by which proteins and organelles are degraded to
either remove damage or provide usable metabolic constituents in times of stress.
Typically, autophagy is induced under cellular damage or starvation; however, it
also can be induced by other taxing events such as DNA damage [99]. Several stud-
ies have established that the induction of autophagy following DNA damage is cyto-
protective and plays an integral role in protecting cells upon DNA damage induced
by chemotherapy, radiation, or other sources [100-102].
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The regulation of autophagy by the DDR occurs on multiple levels (Fig. 6.4).
The regulation of autophagy by the DDR can occur through ATM which phosphory-
lates cytoplasmic AMPK (5" adenosine-monophosphate-activated protein kinase)
on Thr172 resulting in its activation. This leads to the induction of autophagy by
two mechanisms. The first is inhibition of the kinase mTOR (mammalian target of
rapamycin) through activation of TSCI1/2 (tuberous sclerosis complex 1 or 2).
AMPK phosphorylation of TSC1/2 causes TSC1/2 interaction with mTOR, leading
to repression of mTOR activity. Under normal conditions, mTOR inhibits autoph-
agy through an inhibitory phosphorylation at Ser757 of ULK1 (Unc-51-like kinase
1), the kinase responsible for initiating autophagosome formation. The second is
direct activation of ULK1 by AMPK through phosphorylation of ULK1 at Ser317
[103-105]. In addition to this function in global autophagy, ATM has recently been
shown to mediate mitophagy and pexophagy, two specific types of autophagy tar-
geting mitochondria and peroxisomes, respectively, following exposure to oxidative
stress [106, 107]. Mitophagy and pexophagy induction by this mechanism could
have implications in lowering cellular ROS (reactive oxygen species) levels follow-
ing irradiation or other oxidative damaging therapies allowing for cancer cell resis-
tance and survival to therapies of this nature [106, 107].

Another activator of autophagy following DNA damage is PARP1. PARPI, like
AMPK, plays a bifunctional role in the activation of autophagy. The first is through
its global activity following oxidative DNA damage in which it PARylates both
DNA and proteins. This activity leads to the consumption of NAD* which eventu-
ally leads to a downstream depletion of ATP resulting in AMPK activation. As noted
previously, AMPK activation leads to autophagy induction through negative regula-
tion of mTOR through TSC1/2 and through positive regulation of the ULK1 [108].
In addition, PARP1 has recently been shown to be in complex with nuclear
AMPK. Under starvation, a cellular state characterized by oxidative stress and DNA
damage, nuclear AMPK is PARsylated and subsequently exported into the cytosol
[109]. The importance of this event is critical as it allows for early activation of an
autophagic response following DNA damage without the need for transcription to
occur. Additionally, activation in this fashion does not affect the independent ATM
activation of cytoplasmic AMPK [109]. In this way, the response is tailored to DDS
through PARP1.

ATM and PARPI represent just two components of the DDR in regulation of
autophagy. Several other proteins involved in the DDR regulate autophagy either
directly or indirectly. Examples include members of the sirtuin family of proteins
(SIRT1-7) as well as FIP200 and SQSTM 1/p62. While their influence on induction
of autophagy is well documented, many of the roles carried out by these proteins
regarding autophagy fall out of the realm of the DDR [110-113]. For this reason,
interested readers are referred to the recent review by Czarny and Blasiak for more
information [113].
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6.3.2 Inflammation

Another cellular response elicited by the DDR is the induction of inflammatory
cytokines through activation of NF-kB. Following various types of DNA damage,
ATM and PARP1 play a synergistic role in the activation of NF-kB [114]. PARP1
functions to upregulate gene expression of NF-kB as well as in its direct activation.
Upon DNA damage, PARP1 auto-PARylation serves as a signaling event for the
recruitment of IKKy as well as ATM and the E3-type small ubiquitin-like modifier
(SUMO) ligase, PIASy. This interaction leads to the SUMOylation of IKKy by
PIASy at Lys277 and Lys309, resulting in IKKy activation. Activated IKKy stimu-
lates NF-kB transcriptional activity and induction of proinflammatory cytokines
promoting cellular survival and chemotherapeutic resistance [115]. Additionally,
there is evidence that NF-xB is directly PARylated by PARP1; however, studies
conflict on the exact consequence of this modification [115-117]. In addition to
PARP1, ATM also plays a role in IKKY activation through phosphorylation of IKKy
at Ser85. In conjunction with the SUMO modifications elicited by PIASy, this pro-
motes binding and activation of NF-kB [114]. NF-kB activity leads to the induction
of BRCA2 and ATM transcription as well as the promotion of HR through enhanced
DNA end resection following DSBs [118].

While the activation of NF-xB is protective, there are times were pathogenic
induction of inflammation can occur following DNA damage. When exposed to
chronic DNA damage, p53 is continuously activated by ATM, ATR, and
DNA-PK. This can lead to the release of the proinflammatory protein HMGBI.
HMGBI has a variety of functions; however, in this context it is released as an
extracellular damage-associated molecular pattern (DAMP). DAMPs activate mac-
rophages and dendritic cells leading to the induction of TNFa, IL-1, and IL-6 [119].
This response causes a prolonged inflammatory state that can lead to both tissue
injury as well as tumorigenesis [120, 121].

6.3.3 Cell Death

In cases of severe DNA damage, both cycling and postmitotic cells must have pro-
grams in place to ensure that unrepairable damaged cells do not persist to become
cancerous. The most common way for cells to eliminate themselves when this
occurs is to trigger apoptosis, a highly regulated and energy-dependent form of cell
death. While there are many elicitors of apoptosis, this section will focus mainly on
the apoptotic pathways promoted through p53 as it is the main effector protein in
this process (Fig. 6.5a).

Following DNA damage and activation of apical kinases, ATM, ATR, and
DNA-PK rapidly phosphorylate p53 at Serl5. While many other phosphorylation
events occur upon p53, most serve to stabilize the protein and prevent it from rebind-
ing to its negative regulator, MDM?2. Ser15 phosphorylation serves to activate the



6 DNA Damage: Cellular Responses, Repair, and Cancer Treatment 117

WW ALY ALY YA
4

@ N
ATR PARP1
/ ATRIP -
! | '

- PARylation of proteins and DNA
Chk2

Release of AIF Overconsumption
/ \ from mitochondria of NAD+
Transcriptional Inhibition of ¥ ¥

Upregulation Bcl-2/Bcl-XL DNA Metabolic

| | fragmentation collapse

Noxa, PUMA, Bax/Bak oligomerization; \ \ i
Bax/Bak, Fas, etc. MOMP formation Parthanatos Necrosis

. S
Apoptosis

Fig. 6.5 DNA damage and cell death. Severe DNA damage can lead to the death of cells. This
typically occurs through one of three mechanisms: (a) p53-mediated apoptosis or (b) PARPI-
mediated parthanatos or necrosis. p53 can mediate apoptosis either directly or through induction
of gene transcription where it upregulates proteins involved in both the intrinsic and extrinsic
apoptosis pathways. In contrast to the regulated forms of death carried out by p53, PARP1 medi-
ates two versions of cell death that have little order. The first is parthanatos which involves export
of AIF from the mitochondria where it is then imported into the nucleus and causes non-specific
DNA fragmentation. The other, necrosis, is highly unregulated and is based on the overconsump-
tion of NAD* leading to decreased ATP production and metabolic collapse

transcriptional activity of p53, leading to upregulation of several pro-apoptotic
genes: Bax/Bak, Puma, Noxa, Fas, etc. [122, 123]. Puma and Noxa, both members
of the Bcl-2 family, serve to disrupt the binding of Bax and Bak to their respective
negative regulators Bcl-2 and Bel-XL. This allows for Bax and Bak to induce mito-
chondrial outer membrane permeabilization (MOMP) and the release of cytochrome
¢ through self- and hetero-oligomerization in MOMP complex formation. These
events lead to rapid apoptosome formation, culminating in apoptosis [124, 125].
Fas-ligand receptor, a pro-apoptotic receptor, also is upregulated upon p53 tran-
scriptional activation. This and other upregulated pro-death receptors serve to
facilitate pS3-dependent extrinsic apoptosis following DNA damage [125]. This is
in addition to the transcriptional activities of p53 listed previously in Sect. 2.1.

As well as transcriptional upregulation, p53 associates through its DNA-binding
domain with mitochondria where it directly promotes MOMP. This occurs through
p53 displacement of Bcl-2 and Bel-XL from Bax and Bak, respectively, and is inde-
pendent of p53’s transcriptional activity. It is thought, in this way, to act as a pro-
apoptotic BH3-like protein in its disruption of the anti-apoptotic functions of Bcl-2
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and Bcl-XL [126, 127]. As p53 phosphorylation allows p53 to change conformation
and bind DNA, it is possible that ATM, ATR, and DNA-PK DDS promote this direct
apoptotic function. This, however, is not without regulation as both ATR and ATM
also have both direct and indirect anti-apoptotic activities [128—130].

In addition to apoptosis, cell death following extreme DNA damage can occur
via autosis, parthanatos, or necrosis. Autosis, or excessive autophagy, can lead to
cell death through overstimulation of the autophagic mechanisms presented in Sect.
3.1 which leads to over catabolism of cellular components and metabolic collapse
[131]. Parthanatos and necrosis are two cell death processes primarily dependent on
PARP1 [1, 31]. In parthanatos, PARP1 induction of PARylation serves as a signal
leading to the release of AIF (apoptosis-inducing factor) from the mitochondria and
its import into the nucleus. Once in the nucleus, AIF cleaves DNA in a non-specific
fashion leading to its degradation and resulting in cell death. Necrosis results from
PARP1 overconsumption of NAD* leading to a deficiency of NAD*, loss of glyco-
lytic capability, and, ultimately, to metabolic collapse (Fig. 6.4b) [116].

6.4 Implication in Cancer: Chemotherapeutics and the DNA
Damage Response

Given the importance of the DDR in processing DNA damage, it is imperative to
consider the role of DDR in response to chemotherapy. Current chemotherapeutic
mechanisms range from protein inhibition to DNA-damaging agents. These can
target neoplasms dependent on genetic profile and origin. Due to the unique nature
of each cancer, a variety of screening techniques have been developed to identify
commonly occurring mutations allowing for more specific and targeted approaches
to be applied [132, 133].

The DDR is invoked following various chemotherapeutic treatments. The sim-
plest of which are those that lead to DNA damage (Table 6.2). These are the main-
stay of most treatment regimens and have long been used to treat neoplastic
malignancies. Agents in this category range from base-modifying agents (alkylators
and cross-linkers) to direct and indirect strand break inducers (antimetabolites,
topoisomerase inhibitors, mitotic inhibitors, and radiomimetics). These trigger the
DDR processes detailed previously within this chapter [133, 134]. These DNA-
damaging agents, pathways activated, and repair types initiated are summarized in
Table 6.2 for ease of reference.

While significantly effective treatments, DNA damage therapies are typically
highly toxic. In most instances, this toxicity is not limited to just cancer cells, but
also affects non-cancerous cells as well. Moreover, it is common for cancers to
develop a resistance to direct DNA-damaging agents alone over the course of treat-
ment due to acquired mutations [132, 133]. Because of this, there is a constant need
for development of alternative strategies for treatment. One way forward is through
profiling of mutations leading to deficiencies in various DDR pathways.

Many DDR proteins commonly contain mutations contributing to carcinogene-
sis. While this contribution can be through loss- or gain-of-function, the outcome is
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Table 6.2 DNA-damaging chemotherapeutics and DDR
DNA
Chemotherapeutic class DNA damage | DNA damage response | repair
(representative drug) induced pathway activated type
Alkylators DNA alkylation | ATM/ATR BER,
— Alkyl sulfonates (busulfan) MMR,
— Ethylenimine (altretamine, NER
thiotepa)
— Nitrogen mustards
(cyclophosphamide, ifosfamide)
— Nitrosoureas (lomustine,
streptozocin)
— Triazines (dacarbazine,
temozolomide)
Antimetabolites/nucleoside analogues | Mismatch, ATR/ATM BER, HR,
—  5-Fluorouracil replication MMR
— Cytarabine stress (SSB,
— Gemcitabine DSB)
Cross-linkers Inter- and ATR/ATM NER,
— Antitumor antibiotics intrastrand ICLR
(mitomycin-C) cross-links
— Platinums (cisplatin, carboplatin)
Topoisomerase inhibitors SSB, DSB, ATR/ATM NER,
— Topoisomerase I (topotecan, protein-DNA HR,
irinotecan [CPT-11]) topo-adducts NHEJ
— Topoisomerase II (etoposide
[VP-16], teniposide)
— Topoisomerase II (anthracycline
antibiotic, doxorubicin)
— Topoisomerase II (anthraquinone
antibiotic, mitoxantrone)
Mitotic inhibitors Mitotic collapse | ATM/ATR/DNA-PK HR,
— Taxanes (pacitaxel, docetaxel) leading to DSB NHEJ
— Epothilones (ixabepilone) formation
— Vinca alkaloids (vinblastine,
vincristine)
Radiomimetics SSB, DSB, base | ATM/ATR/DNA-PK BER, HR,
— Antitumor antibiotics oxidation NHEJ

(bleomycin, C-1027)

always an alteration of underlying pathways resulting in genomic instability.
Although these mutations, and subsequent genomic instability, contributed to carci-
nogenesis, they also can be exploited therapeutically. Synthetic lethality approaches
aim to increase toxicity of chemotherapeutics to neoplastic cells while simultane-
ously reducing toxicity in non-cancerous cells by exploiting these genetic deficien-
cies. In many cases, some individual therapeutics without adjuvant DNA-damaging
treatments can be sufficient to induce cancer cell death due to underlying genetic

deficiencies [132, 134].
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A good example of the synthetic lethality approach is the use of PARP1 inhibi-
tors in BRAC1- or BRAC2-deficient cancers. Inhibition of PARP1 leads to a defi-
ciency in BER and subsequent accumulation of SSBs either with the PARPI
inhibitor alone or in combination with additional DNA-damaging agents. This
leads to persistence of SSBs, resulting in DSBs and replication fork collapse dur-
ing S phase. As mentioned previously, BRAC1 and BRAC2 are necessary for HR,
and, as such, without functioning BRAC1/2, HR will not occur. Thus, tumors pos-
sessing mutations in these proteins are deficient in HR and must rely on other
forms of DNA repair to maintain genomic integrity when DSBs and replication
collapse occur. PARP1 inhibition also leads to reduced NHEJ and an absence of
alt-NHEJ, resulting in a mass accumulation of DNA damage as cells lack the abil-
ity to repair the damage. Sustained damage in this fashion leads not only to failed
DNA repair, but in many instances to cancer cell death [132—134]. To explore this
concept, Li et al. recently reported a way to induce “BRCAness” together with
PARP inhibition to produce synthetic lethality to non-BRCA-deficient drug-resis-
tant prostate cancers [135].

Additional synthetic lethality approaches involving the DDR are currently under
investigation. One such example is ATR inhibition in combination with either ionizing
radiation or cross-linking agents. Inhibition of ATR leads to a lack of cell cycle check-
pointactivation as well as direct failure of HR/ICLR following DNA damage. Furthermore,

Table 6.3 Role of current and potential chemotherapeutics targeting DDR

Role of current and potential chemotherapeutics targeting DDR

Cellular
Chemotherapeutic class | pathway
(representative drug) affected Effect on DNA damage response and signaling
Checkpoint kinase inhibitors
— Chkl ATR Cell cycle progression (mutation accumulation,
(LY2603618, ATM mitotic catastrophe, and potentiation of DNA
MK-8776) damage), reduced activation of Rad51 leading to HR
— Chk2 (PV1019, deficiency
VRX046617)* Cell cycle progression (mutation accumulation,
replication stress, and potentiation of DNA damage),
reduced activation of BRAC1/2 leading to inefficient
HR
Cyclin-dependent kinase inhibitors
- CDKIl1 CCA at G2/M | Potentiates cell cycle arrest induced by concurrent
- CDK2 CCA at G1/S | chemotherapeutic treatments, allows for the
- CDK4/6 CCAinGl1 accumulation of DNA damage and pro-apoptotic
— pan-CDK Complete signaling
CCA
DNA ligase IV inhibitor®
— L189, SCR7 NHEJ Inhibition of DNA ligase IV preventing ligation
following NHEJ, prolongation of DSBs and increased
ATM signaling

HDAC inhibitors®
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Table 6.3 (continued)
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Role of current and potential chemotherapeutics targeting DDR

Cellular
Chemotherapeutic class | pathway
(representative drug) affected Effect on DNA damage response and signaling
— Class I (HDAC |NER, NHEJ, | HR and NHEJ, accumulation of H3K56Ac, H4K16A,
1,2,3,8) p53 H4K91Ac preventing protein recruitment; p53,
— Class IIB MMR simulation of p53 transcription
(HDAC 6) BER, HR, MMR, increases MSH2 stability leading to better
— Class IIT (SIRT1, | NER, detection of mismatched bases
6,7) Alt-NHEIJ, p53 | BER, controls substrate specificity of TDG and
lessens APE1 activity (Sirtl), lessened activation of
WRN(Sirtl), lessened activation of PARP1 (Sirt6);
HR, activation of CtIP; HR/AIt-NHEJ, lessened
activation of PARP1 (Sirt6); NER, lessened XPA
binding to other NER factors (Sirtl); p53, potentiated
p53-induced apoptosis (Sirtl)
Ku70/Ku80 inhibitors?
— Vitas-M NHEJ Prevention of Ku70/80 binding to DNA leading to
STL127705, loss of NHEJ function
ZINC 09009828
MRN inhibitor*
—  Mirin HR, NHEJ Failure of MRN activation of ATM (loss of ATM
— PFMOI1, PEMO03, | (minor) dependent signaling), inhibition of MRE11 nuclease
PFM39 HR activity
Inhibition of MRE11 nuclease activity, promotion of
NHEJ
RADS!1 inhibitor?
- BO02, DIDS, RI-1, | HR Inhibition of RADS51 ssDNA-binding activity
RI-2 HR Inhibition of RADS51 binding to BRAC2, decrease in
— IBR2,IBR120 BRAC?2 recruitment to sites of DNA damage
RPA?
— TDRL551 HR, ICLR, Disruption of ssDNA-binding capacity and
NER replication, replication fork collapse, lessened
recruitment of ATR-ATRIP
PIKK family inhibitors
— ATM (KU-55933, | HR, ATM Increased accumulation of DNA damage due to loss
KU-60019)* HR, ICLR, of cell cycle control, inhibition of HR, reduced
— ATR (AZD3738, | ATR autophagic signaling following DNA damage
VE-821, VE-822/ | NHEJ Increased accumulation of DNA damage due to loss
VX-970) of cell cycle control, loss of HR and ICLR leading to
— DNA-PK increased strand breakage and NHEJ
(NU7026, Inhibition of NHEJ forcing the use of HR
KU-0060648)
PARP1 inhibitors
— Oliparib, Alt-NHE], Alt-NHE] and BER, failure to recruit XRCC1; HR,
Rucaparib, BER, HR lessened recruitment of MRE11 and RADS51 to
Veliparib (minor), NHE] | facilitate stalled replication fork restart; NHEJ,

lessened DNA-PK activation and failure to recruit
DNA ligase IV

“No inhibitors of this type have reached the clinical trial stage
"HDAC class ITA shows little effect on the DDR
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inhibition of ATR forces the use of the NHEJ pathway which can lead to further accumu-
lation of deleterious mutations as it is not a high-fidelity form of repair [136].

Many other inhibitors targeting the DDR are under development or already have
reached clinical trial (Table 6.3) [132-134, 136-140]. As can be noted from
Table 6.3, almost every aspect of the DDR is currently under investigation. With
advanced technologies increasing tumor profiling capability, there likely will be a
rise in synthetic lethality approaches using DDR proteins as targets. This will hope-
fully lead to increased chemotherapeutic efficiency as well as reduce off-target tox-
icity; both of which are essential for good patient outcome.

References

10.

11.

13.

14.

16.

17.
18.

19.

. Ciccia A, Elledge SJ. The DNA damage response: making it safe to play with knives. Mol

Cell. 2010;40(2):179-204.

. Sirbu BM, Cortez D. DNA damage response: three levels of DNA repair regulation. Cold

Spring Harb Perspect Biol. 2013;5(8):a012724.

. Marechal A, Zou L. DNA damage sensing by the ATM and ATR kinases. Cold Spring Harb

Perspect Biol. 2013;5(9).

. Sancar A, et al. Molecular mechanisms of mammalian DNA repair and the DNA damage

checkpoints. Annu Rev Biochem. 2004;73:39-85.

. Fell VL, et al. Ku70 Serine 155 mediates Aurora B inhibition and activation of the DNA dam-

age response. Sci Rep. 2016;6(37194):37194.

. Zhou Y, et al. Regulation of the DNA damage response by DNA-PKcs inhibitory phosphory-

lation of ATM. Mol Cell. 2017;65(1):91-104.

. Bakkenist CJ, Kastan MB. DNA damage activates ATM through intermolecular autophos-

phorylation and dimer dissociation. Nature. 2003;421(6922):499-506.

. Kozlov SV, et al. Autophosphorylation and ATM activation: additional sites add to the com-

plexity. J Biol Chem. 2011;286(11):9107-19.

. Falck J, et al. The ATM-Chk2-Cdc25A checkpoint pathway guards against radioresistant

DNA synthesis. Nature. 2001;410(6830):842-7.

Mailand N, et al. Rapid destruction of human Cdc25A in response to DNA damage. Science.
2000;288(5470):1425-9.

Abbas T, Dutta A. p21 in cancer: intricate networks and multiple activities. Nat Rev Cancer.
2009;9(6):400-14.

. Maya R, et al. ATM-dependent phosphorylation of Mdm?2 on serine 395: role in p53 activa-

tion by DNA damage. Genes Dev. 2001;15(9):1067-77.

Wu X, Shell SM, Zou Y. Interaction and colocalization of Rad9/Rad1/Hus1 checkpoint com-
plex with replication protein A in human cells. Oncogene. 2005;24(29):4728-35.

Cortez D, et al. ATR and ATRIP: partners in checkpoint signaling. Science.
2001;294(5547):1713-6.

. Zou L, Elledge SJ. Sensing DNA damage through ATRIP recognition of RPA-ssDNA com-

plexes. Science. 2003;300(5625):1542-8.

Liu S, et al. ATR autophosphorylation as a molecular switch for checkpoint activation. Mol
Cell. 2011:43(2):192-202.

Kumagai A, et al. TopBP1 activates the ATR-ATRIP complex. Cell. 2006;124(5):943-55.
Mordes DA, et al. TopBP1 activates ATR through ATRIP and a PIKK regulatory domain.
Genes Dev. 2008;22(11):1478-89.

Lee J, Kumagai A, Dunphy WG. The Rad9-Hus1-Rad1 checkpoint clamp regulates interac-
tion of TopBP1 with ATR. J Biol Chem. 2007;282(38):28036—44.



6 DNA Damage: Cellular Responses, Repair, and Cancer Treatment 123

20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

. Zhou XY, et al. An ATM-independent S-phase checkpoint response involves CHK1 pathway.
Cancer Res. 2002;62(6):1598-603.

Bartek J, Lukas J. Chkl and Chk2 kinases in checkpoint control and cancer. Cancer Cell.
2003:3(5):421-9.

Yang Q, et al. Identification of a functional domain in a GADD45-mediated G2/M check-
point. J Biol Chem. 2000;275:36892-8.

Peng C. Mitotic and G2 checkpoint control: regulation of 14-3-3: protein binding by phos-
phorylation of Cdc25C on Serine-216. Science. 1997;277(5331):1501-5.

Harvey SL, et al. Cdkl-dependent regulation of the mitotic inhibitor Weel. Cell.
2005;122(3):407-20.

Zitouni S, et al. Polo-like kinases: structural variations lead to multiple functions. Nat Rev
Mol Cell Biol. 2014;15(7):433-52.

Mackay DR, Ullman KS. ATR and a Chk1-Aurora B pathway coordinate postmitotic genome
surveillance with cytokinetic abscission. Mol Biol Cell. 2015;26(12):2217-26.

Myers JS, Cortez D. Rapid activation of ATR by ionizing radiation requires ATM and Mrel 1.
J Biol Chem. 2006;281(14):9346-50.

Stiff T, et al. ATR-dependent phosphorylation and activation of ATM in response to UV treat-
ment or replication fork stalling. EMBO J. 2006;25(24):5775-82.

Matsuoka S, et al. ATM and ATR substrate analysis reveals extensive protein networks
responsive to DNA damage. Science. 2007;316(5828):1160-6.

Serrano MA, et al. DNA-PK, ATM and ATR collaboratively regulate p53-RPA interaction to
facilitate homologous recombination DNA repair. Oncogene. 2013;32(19):2452-62.

. Wei H, Yu X. Functions of PARylation in DNA damage repair pathways. Genomics
Proteomics Bioinformatics. 2016;14(3):131-9.

Roos WP, Krumm A. The multifaceted influence of histone deacetylases on DNA damage
signaling and DNA repair. Nucleic Acids Res. 2016;44(21):10017-30.

Maiti A, Drohat AC. Thymine DNA glycosylase can rapidly excise 5-formylcytosine and
S-carboxylcytosine: potential implications for active demethylation of CpG sites. J Biol
Chem. 2011;286:35334-8.

Madabushi A, et al. Histone deacetylase SIRT1 modulates and deacetylates DNA base exci-
sion repair enzyme thymine DNA glycosylase. Biochem J. 2013;456(1):89-98.

Yamamori T, et al. SIRT1 deacetylates APE1 and regulates cellular base excision repair.
Nucleic Acids Res. 2010;38(3):832-45.

Harrigan JA, et al. The Werner syndrome protein stimulates DNA polymerase beta strand
displacement synthesis via its helicase activity. ] Biol Chem. 2003;278(25):22686-95.

Li K, et al. Regulation of WRN protein cellular localization and enzymatic activities by
SIRT1-mediated deacetylation. J Biol Chem. 2008;283(12):7590-8.

Scharer OD. Nucleotide excision repair in eukaryotes. Cold Spring Harb Perspect Biol.
2013;5(10):a012609.

Mu D, Sancar A. Model for XPC-independent transcription-coupled repair of pyrimidine
dimers in humans. J Biol Chem. 1997;272(12):7570-3.

Sugasawa K, et al. Xeroderma pigmentosum group C protein complex is the initiator of
global genome nucleotide excision repair. Mol Cell. 1998;2(2):223-32.

Fitch ME, et al. In vivo recruitment of XPC to UV-induced cyclobutane pyrimidine dimers by
the DDB2 gene product. J Biol Chem. 2003;278(47):46906-10.

Marteijn JA, Hoeijmakers JH, Vermeulen W. Check, Check ...Triple Check: multi-step DNA
lesion identification by nucleotide excision repair. Mol Cell. 2015;59(6):885-6.

Li C, et al. Tripartite DNA lesion recognition and verification by XPC, TFIIH, and XPA in
nucleotide excision repair. Mol Cell. 2015;59(6):1025-34.

O’Donovan A, et al. XPG endonuclease makes the 3’ incision in human DNA nucleotide
excision repair. Nature. 1994;371(6496):432-5.

Gaillard PH, Wood RD. Activity of individual ERCC1 and XPF subunits in DNA nucleotide
excision repair. Nucleic Acids Res. 2001;29(4):872-9.



124

46

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

B.M. Cartwright et al.

. Gaillard H, Aguilera A. Transcription coupled repair at the interface between transcription
elongation and mRNP biogenesis. Biochim Biophys Acta. 2013;1829:141-50.

Fan W, Luo J. Sirtl regulates UV-induced DNA repair through deacetylating XPA. Mol Cell.
2010;39:247-58.

Lee TH, et al. Coordinated regulation of XPA stability by ATR and HERC2 during nucleotide
excision repair. Oncogene. 2014;33(1):19-25.

Duckett DR, et al. Human MutSAlpha recognizes damaged DNA base pairs continaing
06-methylguanine, O4-methylthymine, or the cisplatin-d(GpG) adduct. Proc Natl Acad Sci
U S A. 1996;93:6443-17.

Christmann M, et al. Mechanisms of human DNA repair: an update. Toxicology.
2003;193(1-2):3-34.

Wang M, et al. PARP-1 and Ku compete for repair of DNA double strand breaks by distinct
NHEJ pathways. Nucleic Acids Res. 2006;34(21):6170-82.

Goodarzi AA, et al. DNA-PK autophosphorylation facilitates Artemis endonuclease activity.
EMBO J. 2006;25(16):3880-9.

Goodwin JF, Knudsen KE. Beyond DNA repair: DNA-PK function in cancer. Cancer Discov.
2014;4(10):1126-39.

Neal JA, Meek K. Choosing the right path: does DNA-PK help make the decision. Mutat Res.
2011;711:73-86.

Lopez-Contreras AJ, Fernandez-Capetillo O. Signalling DNA damage. INTECH.
2012;8:233-62.

Li M, et al. The FHA and BRCT domains recognize ADP-ribosylation during DNA damage
response. Genes Dev. 2013;27(16):1752-68.

Deriano L, Roth DB. Modernizing the nonhomologous end-joining repertoire: alternative and
classical NHEJ share the stage. Annu Rev Genet. 2013;47:433-55.

Jackson SP, Durocher D. Regulation of DNA damage responses by ubiquitin and SUMO. Mol
Cell. 2013:49(5):795-807.

Sartori AA, et al. Human CtIP promotes DNA end resection. Nature. 2007;450(7169):509-14.
Nimonkar AV, et al. Human exonuclease 1 and BLM helicase interact to resect DNA and
initiate DNA repair. Proc Natl Acad Sci U S A. 2008;105(44):16906-11.

Paull TT, Gellert M. The 3’ to 5" exonuclease activity of Mre 11 facilitates repair of DNA
double-strand breaks. Mol Cell. 1998;1(7):969-79.

DiTullio RA, et al. 53BP1 functions in an ATM-dependent checkpoint pathway that is consti-
tutively activated in human cancer. Nat Cell Biol. 2002;4(12):998-1002.

Savage KI, Harkin DP. BRCAL, a ‘complex’ protein involved in the maintenance of genomic
stability. FEBS J. 2015;282(4):630-46.

Gudmundsdottir K, Ashworth A. The roles of BRCA1 and BRCA?2 and associated proteins in
the maintenance of genomic stability. Oncogene. 2006;25(43):5864—74.

Fradet-Turcotte A, et al. BRCAZ2 functions: from DNA repair to replication fork stabilization.
Endocr Relat Cancer. 2016;23(10):T1-T17.

Constantinou A, et al. Holliday junction resolution in human cells: two junction endonucle-
ases with distinct substrate specificities. EMBO J. 2002;21(20):5577-85.

Wu L, Hickson ID. The Bloom’s syndrome helicase suppresses crossing over during homolo-
gous recombination. Nature. 2003;426(6968):870—4.

Svendsen JM, Harper JW. GEN1/Yenl and the SLX4 complex: solutions to the problem of
Holliday junction resolution. Genes Dev. 2010;24(6):521-36.

Kaidi A, et al. Human SIRT6 promotes DNA end resection through CtIP deacetylation.
Science. 2010;329(5997):1348-53.

Clauson C, Scharer OD, Niedernhofer L. Advances in understanding the complex mechanisms
of DNA interstrand cross-link repair. Cold Spring Harb Perspect Biol. 2013;5(10):a012732.
Gari K, et al. The Fanconi anemia protein FANCM can promote branch migration of Holliday
junctions and replication forks. Mol Cell. 2008;29(1):141-8.



6 DNA Damage: Cellular Responses, Repair, and Cancer Treatment 125

72

73.

74.

75.

76.

71.

78

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

. Huang M, et al. The FANCM/FAAP24 complex is required for the DNA interstrand crosslink-
induced checkpoint response. Mol Cell. 2010;39(2):259-68.

Meetei AR, Yan Z, Wang W. FANCL replaces BRCA1 as the likely ubiquitin ligase respon-
sible for FANCD2 monoubiquitination. Cell Cycle. 2004;3(2):179-81.

Krishnan V, Tay LS, Ito Y. The Fanconi anemia pathway of DNA repair and human cancer.
In: Chen CC, editor. Advances in DNA repair. Rijeka, Croatia: InTech; 2015. p. 255-89.
Singh TR, et al. ATR-dependent phosphorylation of FANCM at serine 1045 is essential for
FANCM functions. Cancer Res. 2013;73(14):4300-10.

Ho GP, et al. Phosphorylation of FANCD2 on two novel sites is required for mitomycin C
resistance. Mol Cell Biol. 2006;26(18):7005-15.

Ishiai M, et al. FANCI phosphorylation functions as a molecular switch to turn on the Fanconi
anemia pathway. Nat Struct Mol Biol. 2008;15(11):1138-46.

. Wang X, et al. Chkl-mediated phosphorylation of FANCE is required for the Fanconi ane-
mia/BRCA pathway. Mol Cell Biol. 2007;27(8):3098-108.

Collins NB, et al. ATR-dependent phosphorylation of FANCA on serine 1449 after DNA
damage is important for FA pathway function. Blood. 2009;113(10):2181-90.

Mjelle R, et al. Cell cycle regulation of human DNA repair and chromatin remodeling genes.
DNA Repair. 2015;30:53-67.

Warmerdam DO, Kanaar R. Dealing with DNA damage: relationships between checkpoint
and repair pathways. Mutat Res. 2010;704(1-3):2—-11.

Hustedt N, Durocher D. The control of DNA repair by the cell cycle. Nat Cell Biol.
2016;19(1):1-9.

Wu X, et al. Phosphorylation of nucleotide excision repair factor xeroderma pigmentosum
group A by ataxia telangiectasia mutated and Rad3-related-dependent checkpoint pathway
promotes cell survival in response to UV irradiation. Cancer Res. 2006;66(6):2997-3005.
Shell SM, et al. Checkpoint kinase ATR promotes nucleotide excision repair of UV-induced
DNA damage via physical interaction with xeroderma pigmentosum group A. J Biol Chem.
2009;284(36):24213-22.

Li Z, et al. UV-induced nuclear import of XPA is mediated by importin-alpha4 in an ATR-
dependent manner. PLoS One. 2013;8(7):e68297.

Wu X, et al. ATR-dependent checkpoint modulates XPA nuclear import in response to UV
irradiation. Oncogene. 2007;26(5):757-64.

Jarrett SG, et al. PKA-mediated phosphorylation of ATR promotes recruitment of XPA to
UV-induced DNA damage. Mol Cell. 2014;54(6):999-1011.

Li Z, et al. XPA-mediated regulation of global nucleotide excision repair by ATR is
p53-dependent and occurs primarily in S-phase. PLoS One. 2011;6(12):28326.
Barckhausen C, et al. Malignant melanoma cells acquire resistance to DNA interstrand cross-
linking chemotherapeutics by p53-triggered upregulation of DDB2/XPC-mediated DNA
repair. Oncogene. 2014;33(15):1964-74.

Christmann M, et al. Adaptive upregulation of DNA repair genes following benzo(a)pyrene
diol epoxide protects against cell death at the expense of mutations. Nucleic Acids Res.
2016;44(22):10727-43.

Wang XW, et al. p53 modulation of TFIIH-associated nucleotide excision repair activity. Nat
Genet. 1995;10(2):188-95.

Wang QE, et al. Tumor suppressor p53 dependent recruitment of nucleotide excision repair
factors XPC and TFIIH to DNA damage. DNA Repair. 2003;2(5):483-99.

Zhou J, et al. A role for p53 in base excision repair. EMBO J. 2001;20(4):914-23.

Zurer 1, etal. The role of p53 in base excision repair following genotoxic stress. Carcinogenesis.
2004;25(1):11-9.

Romanova LY, et al. The interaction of p53 with replication protein A mediates suppression
of homologous recombination. Oncogene. 2004;23(56):9025-33.



126

96

97

98

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

B.M. Cartwright et al.

. Yu X, et al. The C-terminal (BRCT) domains of BRCALI interact in vivo with CtIP,
a protein implicated in the CtBP pathway of transcriptional repression. J Biol Chem.
1998;273(39):25388-92.

. Huertas P, Jackson SP. Human CtIP mediates cell cycle control of DNA end resection and
double strand break repair. J Biol Chem. 2009;284(14):9558-65.

. Steger M, et al. Prolyl isomerase PIN1 regulates DNA double-strand break repair by counter-
acting DNA end resection. Mol Cell. 2013;50(3):333-43.

. Klionsky DJ, Emr SD. Autophagy as a regulated pathway of cellular degradation. Science.

2000;290:1717-21.

Abedin MJ, et al. Autophagy delays apoptotic death in breast cancer cells following DNA

damage. Cell Death Diff. 2007;14:500-10.

Elliott A, Reiners JJ Jr. Suppression of autophagy enhances the cytotoxicity of the DNA-

damaging aromatic amine p-anilinoaniline. Toxicol Appl Pharmacol. 2008;232(2):169-79.

Apel A, et al. Blocked autophagy sensitizes resistant carcinoma cells to radiation therapy.

Cancer Res. 2008;68(5):1485-94.

Alexander A, Kim J, Walker CL. ATM engages the TSC2/mTORC1 signaling node to regu-

late autophagy. Autophagy. 2010;6(5):672-3.

Zhao M, Klionsky DJ. AMPK-dependent phosphorylation of ULK1 induces autophagy. Cell

Metab. 2011;13:119-20.

Tripathia DN, et al. Reactive nitrogen species regulate autophagy through ATM-AMPK-

TSC2-mediated suppression of mTORCI1. PNAS. 2013;110:E2950-E7.

Zhang J, et al. ATM functions at the peroxisome to induce pexophagy in response to ROS. Nat

Cell Biol. 2015;17(10):1259-69.

Valentin-Vega YA, Kastan MB. A new role for ATM regulating mitochondrial function and

mitophagy. Autophagy. 2012;5:840-1.

Hoyer-Hansen M, Jaattela M. AMP-activated protein kinases: a universal regulator of

autophagy? Autophagy. 2007;3:381-3.

Rodrigues-Vargas JM, et al. Autophagy requires poly(adp-ribosyl)ation-dependent AMPK

nuclelar export. Cell Death Diff. 2016;23:2007-18.

Yoon JH, et al. Role of autophagy in chemoresistance: regulation of the ATM-mediated

DNA-damage signaling pathway through activation of DNA-PKcs and PARP-1. Biochem

Pharmacol. 2012;83:747-57.

Rajendran R, et al. Sirtuins: molecular traffic lights in the crossroad of oxidative stress, chro-

matin remodeling, and transcription. J Biomed Biotechnol. 2011;2011:1-17.

Pankiv S, et al. Nucleocytoplasmic shuttling of p62/SQSTMI1 and its role in recruitment

of nuclear polyubiquitinated proteins to promyelocytic leukemia bodies. J Biol Chem.

2010;283:6783-9.

Czarny P, et al. Autophagy and the DNA damage response. Int J Mol Sci. 2015;16:2641-62.

Miyamoto S. Nuclear initiated NF-kB signaling: NEMO and ATM take center stage. Cell

Res. 2011;21:116-30.

Veuger SJ, Hunter JE, Durkacz BW. lonizing radiation-induced NF-kappaB activation

requires PARP-1 function to confer radioresistance. Oncogene. 2009;28:832—42.

Weaver AN, Yang ES. Beyond DNA repair: additional functions of PARP-1 in cancer. Front

Oncol. 2013;3:290.

Chang WIJ, Alvarez-Gonzalez R. The sequence-specific DNA binding of NFkappa B is

reversibly regulated by the automodification reaction of poly (ADP ribose) polymerase 1. J

Biol Chem. 2001;276:47664-70.

Volcic M, et al. NF-kappaB regulates DNA double-strand break repair in conjunction with

BRCA1-CtIP complexes. Nucleic Acids Res. 2012;40(1):181-95.

Andersson U, et al. High mobility group 1 protein (HMG-1) stimulates proinflammatory

cytokine synthesis in human monocytes. J Exp Med. 2000;192(4):565-70.

Kodama T, et al. Increases in p53 expression induce CTGF synthesis by mouse and human

hepatocytes and result in liver fibrosis in mice. J Clin Invest. 2011;121(8):3343-56.



6 DNA Damage: Cellular Responses, Repair, and Cancer Treatment 127

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

139.

140.

Yan HX, et al. p53 promotes inflammation-associated hepatocarcinogenesis by inducing
HMGBI release. J Hepatol. 2013;59(4):762-8.

Riley T, et al. Transcriptional control of human p53-regulated genes. Nat Rev Mol Cell Biol.
2008:;9(5):402-12.

Zilfou JT, Lowe SW. Tumor suppressive functions of p53. Cold Spring Harb Perspect Biol.
2009;1(5):a001883.

Vaseva AV, Moll UM. The mitochondrial p53 pathway. Biochim Biophys Acta.
2009;1787(5):414-20.

Brady CA, Attardi LD. p53 at a glance. J Cell Sci. 2010;123(15):2527-32.

Leu JI, et al. Mitochondrial p53 activates Bak and causes disruption of a Bak-Mcll complex.
Nat Cell Biol. 2004;6(5):443-50.

Chipuk JE, et al. PUMA couples the nuclear and cytoplasmic proapoptotic function of p53.
Science. 2005;309(5741):1732-5.

Korwek Z, et al. Inhibition of ATM blocks the etoposide-induced DNA damage response and
apoptosis of resting human T cells. DNA Repair (Amst). 2012;11(11):864-73.

Imanishi S, et al. Constitutive activation of the ATM/BRCA1 pathway prevents DNA
damage-induced apoptosis in 5-azacytidine-resistant cell lines. Biochem Pharmacol.
2014;89(3):361-9.

Hilton BA, et al. ATR plays a direct antiapoptotic role at mitochondria, which is regulated by
prolyl isomerase Pinl. Mol Cell. 2015;60(1):35-46.

Surova O, Zhivotovsky B. Various modes of cell death induced by DNA damage. Oncogene.
2013;32:789-3797.

McLornan DP, List A, Mufti GJ. Applying synthetic lethality for the selective targeting of
cancer. N Engl J Med. 2014;371(18):1725-35.

O’Connor MJ. Targeting the DNA damage response in cancer. Mol Cell. 2015;60(4):547-60.
Gavande NS, et al. DNA repair targeted therapy: the past or future of cancer treatment?
Pharmacol Ther. 2016;160:65-83.

Li L, et al. Androgen receptor inhibitor-induced “BRCAness” and PARP inhibition are syn-
thetically lethal for castration-resistant prostate cancer. Sci Signal. 2017;10(480).

Weber AM, Ryan AJ. ATM and ATR as therapeutic targets in cancer. Pharmacol Ther.
2015;149:124-38.

Mishra AK, et al. Chemical inhibitor targeting the replication protein A-DNA interac-
tion increases the efficacy of Pt-based chemotherapy in lung and ovarian cancer. Biochem
Pharmacol. 2015;93(1):25-33.

Velic D, et al. DNA damage signalling and repair inhibitors: the long-sought-after Achilles’
heel of cancer. Biomol Ther. 2015;5(4):3204-59.

Weterings E, et al. A novel small molecule inhibitor of the DNA repair protein Ku70/80.
DNA Repair (Amst). 2016;43:98-106.

Woods D, Turchi JJ. Chemotherapy induced DNA damage response: convergence of drugs
and pathways. Cancer Biol Ther. 2013;14(5):379-89.



Chapter 7
Met Activation and Carcinogenesis

Nariyoshi Shinomiya, Qian Xie, and George F. Vande Woude

Abstract MET is a tyrosine kinase receptor that transduces intracellular signaling
to activate the MAPK, PI3K-Akt, and cadherin pathways (among others). In cancer
cells, MET is activated upon stimulation by its only ligand, hepatocyte growth fac-
tor/scatter factor (HGF/SF), or becomes active due to mutations or amplifications
that produce constitutive activation of the MET kinase. The biological consequences
of HGF/SF-MET signaling include cell proliferation, cell cycle progression,
increased cell motility and invasive activity, and degradation of extracellular matri-
ces, which can lead to oncogenesis. Aberrant MET signaling contributes to the car-
cinogenesis of hereditary cancers and also plays a major role in the spread of cancer
cells; such signaling indicates a poor prognosis for cancer patients. Genetically
engineered mouse models are important tools for studying the spontaneous devel-
opment of tumors mediated by HGF/SF-MET signaling. Such tumors include carci-
nomas, sarcomas, and lymphomas, demonstrating the breadth of MET signaling as
driving force of cancer. In this chapter, we will discuss the role of HGF/SF-MET
signaling in carcinogenesis and the animal models used in developing therapeutic
strategies that target the HGF/SF-MET signaling pathways.
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Abbreviations

MET human MET
Met mouse Met

7.1 Introduction

Historically, MET was discovered as the Trp-MET oncogene and the MET proto-
oncogene, and molecular characterization was performed in 1986 [1]. One year
later, a fibroblast-derived protein which caused the scattering of epithelial cells was
found and named “scatter factor” (SF) [2]; it was later identified as a ligand of
MET. In 1989, human hepatocyte growth factor (HGF) was first cloned [3], and its
nucleotide sequence revealed that it was identical to SF and that both a- and f-chains
were contained in a single open reading frame. In the middle of the 1990s, the rela-
tionship between HGF/SF and Met was clarified by using knockout (KO) mouse
models. Using Met KO mice, Met was proved to have an essential role in the migra-
tion of myogenic precursor cells into the limb bud and diaphragm [4]. As a result,
skeletal muscles of the limb and diaphragm did not form in the KO mice, and they
died as embryos. Similarly, embryonic death with placental defects was observed in
mice lacking HGF/SF [5], and HGF/SF was found to be essential for the develop-
ment of important epithelial organs such as the liver [6]. Because the phenotypes are
quite similar between Met KO mice and HGF/SF KO mice [7], HGF/SF is consid-
ered to be the only ligand for Met, and Met the only receptor for HGF/SF.

HGF/SF-MET signaling also regulates a wide range of cancer cell functions such
as proliferation, cell cycle progression, and control of the expression of adhesion
molecules that induce extracellular matrix activation, migration, invasion, and neo-
vasculogenesis (Chap. 8).

To clarify the function of MET and its downstream signals, extensive experi-
ments were performed using normal as well as tumor cells. Upon stimulation by
HGF/SF, MET is phosphorylated, which initiates downstream signal. The phos-
phorylation of tyrosine 1234/1235 in the MET kinase domain is crucial to kinase
activation. The phosphorylation of tyrosine 1349 and tyrosine 1356 in the C-terminal
region provides a direct binding capability to GRB2 (growth factor receptor-bound
protein 2) and GAB1 (GRB2-associated binder 1), which transduce subsequent
downstream signals [8, 9]. Both the Gab1-Shp2-ERK/MAPK and Grb2-Ras—Raf-
ERK/MAPK pathways stimulate cell cycle regulators to induce cell proliferation
and cell cycle progression. The activation of extracellular matrix proteinases alters
cytoskeletal functions that control migration, invasion, and proliferation. Ras—Rac1/
Cdc42-PAK activation disrupts E-cadherin adhesion [10], which affects cell polar-
ity and actin cytoskeleton remodeling and enhances cell motility [11]. Gabl-Crk—
C3G-Rapl activation regulates paxillin, focal adhesion kinase, and integrins, and it
loosens cell junctions, which leads to cell migration and invasion [12]. Activation of
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GAB I-phosphatidylinositol 3-kinase (PI3K)-Akt/PKB pathway controls cell sur-
vival through the inhibition of apoptosis-related molecules such as Bad and cas-
pase-9 [13, 14].

Ligand-dependent activation of the MET tyrosine kinase is crucial for down-
stream signaling that confers proliferation, cell cycle progression, migration, and
motility on the cells under physiological settings. The Sema domain, which is the
extracellular domain that bears structural similarity to other semaphorin family
members, plays a critical role in MET activation by its ligand (see Fig. 8.1) [15-17].
Upon binding of HGF/SF with the MET Sema domain, the MET a-chain dimerizes,
leading to signaling [18, 19].

Under physiological conditions, HGF/SF is secreted by fibroblasts and binds to
heparan sulfate proteoglycans on cell surfaces and within the extracellular matrix
[20]. The extracellular matrix often serves as a carrier of exogenous growth factors
[21]. In response to inflammatory triggers, the pro-form of HGF/SF is proteolyti-
cally cleaved into an active o,fB-heterodimer, stimulating the proliferation and
migration of epithelial cells through MET activation [22]. It has been reported that
sulfated oligosaccharides promote HGF/SF heterodimerization and govern its mito-
genic activity [20], because heparin-like molecules stabilize HGF/SF oligomers,
thereby facilitating MET receptor dimerization and activation.

In normal cells, the activation of MET following stimulation by HGF/SF is tran-
sient. In tumors such as breast cancer and prostate cancer, constitutive MET signal-
ing induces an epithelial-mesenchymal transition (E-MT) (Fig. 7.1), ultimately

HGF/SF Cancer cells
paracrine

Fibroblasts ﬁ . . .
7 HGF/SF ®
autocrinec ' i:k
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Y a 3 %
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Fig. 7.1 MET signaling and cancer progression. HGF/SF-MET signaling is activated by either an
HGF/SF paracrine route, an HGF/SF autocrine route, or a MET overexpression and constitutive
activation, which induces an epithelial-mesenchymal transition (E-MT) and gives increased inva-
siveness to tumor cells
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leading to carcinoma [23].Various mechanisms can induce such MET pathway dys-
regulation, including ligand-dependent MET activation, MET mutation, MET
amplification, and transactivation via other membrane receptors [23]. Viral or bacte-
rial infection can also activate MET as an oncogene. In this chapter, we will mainly
discuss the molecular basis of MET oncogenic activation that leads to
carcinogenesis.

7.2 HGF/SF-MET Signaling Dysregulation and Cancer

7.2.1 HGF/SF-Dependent MET Activation
7.2.1.1 Paracrine HGF/SF Production by Stromal Cells

HGF/SF secreted from fibroblasts is also an important paracrine factor which
induces tumor invasiveness [24]. Cancer—stroma interactions play an important role
in the invasive growth of cancer cells [25]. Cross talk between invasive cancers and
host stromal fibroblasts (i.e., cancer-associated fibroblasts) is strongly involved in
the promotion of tumorigenesis [26], malignant cell proliferation [27], and invasion
into the extracellular matrix [28], which are all enhanced by HGF/SF secretion.
Factors upregulating the production of HGF/SF include IL-1, TNF [29], prostaglan-
dins [30], and others [31]. HGF/SF and IL-6 upregulate the expression of each oth-
er’s receptor, thereby promoting tumor malignancy [32]. By comparison the tumor
expression studies of MET and HGF/SF were conducted with sarcoma tumor lines
since MET expression in normal mesenchymal cells and tissues is low or nil, while
carcinomas and normal epithelial tissues express abundant MET and HGF/SF
expression.

7.2.1.2 HGF/SF-MET Autocrine Loop Activation

An HGF-MET autocrine loop significantly contributes to carcinogenesis.
Experimentally, NIH/3T3 cells transformed by overexpression of human MET and
HGF/SF were injected either subcutaneously or into the mammary fat pad of wean-
ling athymic nude mice, and tumorigenicity was tested [33, 34]. Explants of tumors
showed increased tumorigenicity as compared with primary transfectants.
Histopathological examination revealed that these tumors were invasive. In addi-
tion, the tumor explants that showed increased levels of both HGF/SF and MET
efficiently produced multifocal lung metastasis, suggesting the importance of the
HGF/SF-MET autocrine signaling mechanism in tumorigenesis as well as the
acquisition of metastatic potential. The most potent experimental HGF/SF and MET
signaling has been observed in ligand and receptor which are co-expressed in the
same cell and especially malignant when deficient in p53. Also, in a murine mam-
mary carcinoma model, co-expression of HGF/SF and Met was proved to contribute
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in part to sustained tyrosine phosphorylation of several signaling molecules such as
PI3 kinase, Src, focal adhesion kinase, and phospholipase C-y and to the growth and
development of an invasive phenotype [35].

The importance of the HGF/SF-MET autocrine loop has been reported for human
cancers such as colon cancer, lung adenocarcinomas, malignant mesotheliomas,
and ovarian and breast cancers. Molecular co-expression of HGF/SF and MET in
primary colon cancer is considered to predict a metastatic phenotype and correlates
well with an advanced stage and poor survival [36]. Xenografts of NCI-H358 human
lung adenocarcinoma cells having an active MET receptor showed that the auto-
crine loop contributed to the prominent glandular cell arrangement, functional
activity, and enhanced tumorigenicity [37]. Ovarian surface epithelium from fami-
lies with a history of ovarian cancer showed much higher MET expression than
epithelium from families having no such history, and exogenous HGF/SF was mito-
genic in the ovarian surface epithelium and was required in tumorigenic transforma-
tion [38]. This suggests that the HGF/SF-Met autocrine loop takes part in an
enhanced susceptibility to ovarian carcinogenesis.

In breast cancers, a Src/Stat3-dependent mechanism is involved in regulating
HGF/SF promoter activity and is linked to the transformation of mammary epithe-
lial cells by enhancing the HGF/SF-MET autocrine loop [39]. The existence of an
autocrine loop might be a useful indicator for predicting the molecular stage of
cancer cells. Disrupting this loop by using targeting antibodies or decoy molecules
[40, 41], small chemical molecules [42], genetic tools, etc., could be a good thera-
peutic strategy against cancer.

7.2.2 MET Mutation and Carcinogenesis

MET mutation has been reported to contribute to carcinogenesis or enhanced malig-
nancy in many cancers. The first recognized cases in humans were forms of papil-
lary renal carcinoma (PRC) in which the MET mutation activated intracellular
downstream signaling [43]. The introduction of mutant MET molecules into NIH
3T3 cells formed foci in vitro, and such cells injected into nude mice were tumori-
genic, which showed that MET mutation was involved in a key step of carcinogen-
esis. This transforming ability of PRC mutant MET correlated with activation of the
Ras pathway [44].

7.2.2.1 MET Point Mutations and Hereditary Cancers

Some point mutations in the MET gene activate the MET tyrosine kinase, which can
drive or facilitate the development of cancer. A series of reports have shown the
relationship between MET mutation and human cancers (Table 7.1). The most com-
mon form of mutation in the MET tyrosine kinase receptor has been identified in
both hereditary and sporadic forms of PRCs [43, 45—47]. Among those, most
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exon 14

brain glioma

Table 7.1 MET mutation and cancers in humans
Type of MET Mechanisms of
mutation Organs Cancer histology carcinogenesis References
Missense Kidney Hereditary papillary Facilitate transition to | [43, 45-47]
renal carcinoma the active form of the
(HPRC); multiple, MET kinase
bilateral papillary renal
carcinomas
Somatic Liver Childhood Acceleration of the [48]
mutations in the hepatocellular carcinogenesis in
kinase domain carcinomas childhood
hepatocellular
carcinomas not in adult
carcinomas; MET
mutation may have
some effect on hepatitis
B virus infection
Germ line Stomach Gastric cancer Mutated MET has [54]
juxta-membrane increased and persistent
missense tyrosine
(P1009S) phosphorylation
relative to the wild type
in response to HGF/SF
Somatic intronic | Lung Lung cancer Decreased [55]
mutations that ubiquitination and
lead to an delayed
alternatively downregulation;
spliced transcript, sustained activation of
a deletion of the phospho-MET and
juxta-membrane downstream MAPK on
domain resulting ligand stimulation
in the loss of Cbl
E3-ligase binding
Somatic Head and | Squamous carcinomas | The mutated MET [49]
mutations neck molecules are
(Y1230C and constitutively active
Y1235D) and confer an invasive
phenotype to
transfected cells
METY1253D- Head and | Squamous cell Association between [50]
activating point neck carcinoma (HNSCC) | MET Y1253D-
mutation activating point
mutation and decreased
distant metastasis- free
survival in advanced
HNSCC
Somatic splice Lung, Lung adenocarcinoma, | Exon skipping and [56]
site alterations at | brain other lung neoplasms, | MET activation
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mutations of the MET proto-oncogene were found in hereditary PRCs, whereas
non-inherited PRCs showed a low frequency of MET mutations [45]. In hereditary
PRCs, therefore, MET point mutations seem to be strongly involved in their patho-
genesis. Somatic missense mutations in the kinase domain of MET molecule are
known to produce childhood hepatocellular carcinomas [48]; based on the early
onset of this disease, mutations of that domain of MET might act to accelerate the
carcinogenesis.

MET-activating mutations also confer upon tumor cells invasive and metastatic
properties [49, 50], resulting in poor clinical prognosis. Transgenic mice harboring
mutationally activated MET developed metastatic mammary carcinomas in which
the Ras-Raf-MEK-ERK signaling pathway was activated, enhancing cellular motil-
ity [51]. Different mutations near the signal transducer docking site of MET (Y 1349
and Y 1356) produce different phenotypes of transformation and invasive/metastatic
activity [52]. Therefore, the main signal pathway used by a particular activating
MET mutation is thought to be a key in determining whether the cancer cell is more
proliferative or more invasive/metastatic.

A 2010 report indicated that aberrant HGF/SF-MET signaling that is often seen
in human PRCs had an ability to induce centrosome amplification and chromosomal
instability (CIN) via the PI3K-Akt pathway [53].

7.2.2.2 Other Types of MET Mutation and Cancers

While the ATP-binding site is the most important region for activating MET muta-
tions [47, 48], other regions are also involved. For example, a germ line juxta-
membrane missense MET mutation (P1009S) found in gastric cancer produces
prolonged tyrosine phosphorylation in response to HGF/SF [54]. Somatic intronic
mutations that lead to an alternatively spliced transcript are found in some lung
cancers [55]. Such mutations cause a deletion of the juxta-membrane domain,
resulting in the loss of Cbl E3-ligase binding, which ultimately delays the down-
regulation of MET because of decreased ubiquitination. Somatic splice-site altera-
tions at MET exon 14 have been recently reported in 0.6% (221 out of 38,028) of
tumor genomic profiles investigated [56].

In animal models, MET lacking the ectodomain but retaining the transmembrane
and intracellular domains became an oncogenic driver [57]. Tumors developed in
nude mice showed anchorage-independent growth and invasive activity.

7.2.3 MET Opverexpression and Cancer Progression

The overexpression of receptor tyrosine kinases (RTKs) is the most common abnor-
mality in human cancers. The overexpression of MET, which is observed in many
cancers, leads to ligand-independent receptor dimerization and activation [15].
Non-autocrine, constitutive activation of MET is found in human anaplastic thyroid
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carcinoma cells [58]. MET protein expression is reported to correlate with survival
in patients with late-stage nasopharyngeal carcinoma [59]. The dimerization of
MET, which is enhanced by O-glycosylation of MET by core 1 f1,3-
galactosyltransferase, is a key event in MET activation and subsequent signal trans-
duction inside the cells [60]. Besides dimerization, overexpression of MET itself is
a unique status. Overexpressed MET in tumor cells is hyperphosphorylated and can
form dimers even in the absence of its ligand, HGF/SF [16, 41], thereby activating
MET signaling and leading to oncogenic transformation. Transgenic mice that over-
express MET in hepatocytes developed hepatocellular carcinoma (HCC) [61], and
MET was considered to be activated by cell attachment rather than by ligand.

MET expression often correlates strongly with poor prognosis in a variety of
human cancers. For example, early-stage prostate cancers are reported to be gener-
ally androgen-sensitive and either Met-negative or weakly Met-positive (if expressed).
As cancer cells change from androgen-sensitive to androgen-insensitive, however,
the aberrant expression of HGF/SF and MET becomes obvious. Thus, the androgen
receptor (AR) negatively regulates the expression of MET [62] in a ligand-dependent
manner. AR interferes with the interaction between Sp1 and the functional Sp1 bind-
ing site within the MET promoter. Therefore, the combination of inhibiting the HGF/
SF-MET signaling pathway plus androgen ablation is considered a good option for
the treatment of prostate cancers. Suppressing Met expression by gene-targeting/
modifying technologies is an effective way to decrease HGF/SF-Met signaling [63].

Another example comes from the use of B16 melanoma cells for evaluating the
role of MET expression in cancer malignancies [64, 65]. On the one hand, high
MET expression in metastatic melanoma cells is ascribed to induction of the gene
rather than preferential selection of tumor cells expressing high levels of MET [66].
On the other hand, the liver metastasis melanoma cell line B16-LS9 shows a dra-
matic overexpression of MET, with the gene constitutively active and more respon-
sive to HGF/SF stimulation than in B16-F1, the parental line [67]. The relationship
between MET expression and the metastatic potential of melanoma cells was fur-
ther verified by testing three melanoma lines, B16-BL6, B16-F1, and B16-F10, for
their metastatic potential (Fig. 7.2). The strength of MET expression was B16-
F10 > B16-BL6 > B16-F1, and MET phosphorylation paralleled that order. After
intravenous injection of mice with melanoma cells, the MET phosphorylation order
correlated well with the lung weight (= amount of metastasized melanoma cells) as
expected, and the mouse death rate also showed the same order, which shows the
importance of MET activation in metastasis [68].

7.2.4 MET Amplification and Cancers

The relationship between amplification and carcinogenesis was first recognized when
NIH 3T3 mouse fibroblasts became spontaneously transformed and showed Met
amplification [69, 70]. Clinically, amplification of the human MET gene is frequent in
many types of cancers, including scirrhous-type stomach cancer [71] and other types
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Fig. 7.2 Met expression in B16 melanoma cells and cancer malignancy. (a) Three B6 melanoma
cell lines of common origin were used. The order of Met expression was F10 > BL6 > F1, and Met
phosphorylation was the same order. (b) Mice were injected intravenously with 1 x 10° B6 mela-
noma cells of three lines (BL6, F1, F10) and were sacrificed at Day 16 . Mice injected with F10
cells showed numerous black metastatic nodules in the lungs; mice injected with F1 cells showed
the lowest frequency of lung metastasis. (¢) The duration of mouse survival after IV injection with
1 x 10° B6 melanoma cells was F1 > BL6 > F10, suggesting a close relationship between Met
expression/phosphorylation and cancer malignancy

of gastric cancer [72], ovarian clear-cell adenocarcinoma [73, 74], glioblastoma [75],
hepatocellular carcinoma [76], and giant cell tumor of the bone [77]. Also, a signifi-
cant correlation between the amount of MET protein and an increased gene copy num-
ber has been shown in esophageal cancer [78], gastric cancer [79], and PRC [80].

MKN4S5 is a human gastric cancer cell line in which MET is amplified [81]. This
line is often used for analyzing ligand-independent MET activation mechanisms
(Fig. 7.3) and for the development of MET-targeting tools [82]. There is accumulat-
ing evidence about the relationship between MET expression and the aggressive-
ness of human carcinomas (https://resources.vai.org/Met/Index.aspx).

7.2.5 MET Transactivation Via Other Membrane Receptors

Transactivation of MET by other membrane receptors can produce cancer initiation
or progression. It has been reported that integrins such as LFA-1 (lymphocyte
function-associated antigen 1) and VLA4 (very late antigen 4) regulate cancer cell
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Fig. 7.3 MKN45 is a ligand-independent cell line. (a) In MKN45 cells from a poorly differenti-
ated gastric cancer, Met is constitutively active, and Met phosphorylation is independent of growth
factors (serum) or HGF/SF stimulation. SK-LMS-1, leiomyosarcoma; DU-145, prostate cancer;
PC3, prostate cancer; DBTRG, glioblastoma; DA3, mouse mammary carcinoma. Akt and
p44/42MAPK are Met downstream signals and are activated when stimulated with HGF/SF. (b)
RT-PCR confirms that MKN45 does not produce HGF/SF. DBTRG, MKN45, and PC3 are HGF/
SF-negative; SK-LMS-1 and hHGF-Tg mouse liver express HGS/SF

adhesion to the endothelium and the subsequent invasion into tissues. CD44 stimu-
lates the integrin-induced adherence of colon cancer cells to the endothelial cells.
CD44 stimulation also induces the expression of MET on cancer cells [83]. In this
system, HGF/SF further amplifies the LFA-1-mediated adhesion of cells stimulated
by CD44 signaling. In pancreatic cancer cells, a6,p4 integrin is known to upregulate
several genes in the epidermal growth factor receptor (EGFR) pathway and cooper-
ates with MET [84]. Fibronectin and vitronectin modulate the responses of endothe-
lial cells to HGF/SF and work as an important pro-angiogenic mediator [85].
Fibronectin and vitronectin can bind to HGF/SF and form complexes that strongly
promote MET—integrin association and lead to enhanced cell migration via a Ras-
dependent mechanism. Extracellular matrix adhesion-dependent activation of Met
is reported to be mediated by Src and the focal adhesion kinase (FAK) signaling
pathway during transformation of breast epithelial cells [86].

Cell-matrix adhesion of the cancer cells is also reported to be correlated with
constitutive activation of MET [87]. Fibronectin is a unique molecule for the inva-
sive and metastatic capacity of ovarian cancers [88], and through an a5, 1-integrin/
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MET/FAK/Src-dependent signaling pathway, Met downstream signaling is upreg-
ulated in an HGF/SF-independent manner. Also, cellular adherence is proved to be
an important event in eliciting ligand-independent activation of MET [89]. The
tyrosine phosphorylation of Met in mouse melanoma cells was compared before
and after attachment to substrata, and the results showed the involvement of
mechanical stimuli but not biochemical stimuli. This ligand-independent activa-
tion of Met occurred in several varieties of tumor cells but not in normal endothe-
lial cells.

Because co-activation of MET and EGFR mediated by cross talk between these
two molecules is thought to be involved in cancer progression, blocking both the
HGF/SF-Met and EGFR signaling cascades for cancer treatment may be a good
strategy for overcoming cross talk-related resistance to EGFR inhibitors [90, 91].
From this viewpoint, genomic profiling to see whether other genes are amplified in
MET-activated tumors is effective in predicting the effectiveness of molecular tar-
geting drugs [92]. Treating lung cancer with an EGFR inhibitor often induces resis-
tant tumors which have MET amplification [93], suggesting that MET amplification
could also be involved in resistance to other RTK inhibitors. The cross talk between
MET and other signaling pathways and its implications for therapeutics are dis-
cussed in Chap. 8 [91].

7.2.6 Infectious Disease-Mediated Activation of the MET
Pathway in Cancer

Many pathogens are thought to use the host HGF/SF-MET system to establish a
comfortable environment for infection [94]. The inflammatory process caused by
infection, in combination with the effect of viral/bacterial proteins, induces an HGF/
SF-dependent MET activation and pushes the cell cycle into S phase. MET activa-
tion and its subsequent biological effects are often mediated by an autocrine HGF/
SF circuit; for example, in viral-related carcinogenesis of human malignant meso-
thelioma [95]. In gastric cancers, EBV infection is reported to be associated with
abnormal MET expression [96].

The agent that is closely involved in gastric cancers is Helicobacter pylori.
The H. pylori virulence factor CagA associates with MET, activates intracellular
signaling, and induces the proliferation of gastric epithelial cells [97]. H. pylori
stimulates the Wnt/B-catenin pathway by activating MET and EGFR [98], which
presumably play a key role in the development of gastric cancers. The HGF/
SF-MET pathway has also been suggested to contribute to lymphomagenesis in
MALT (mucosa-associated lymphoid tissue) lymphoma after H. heilmannii
infection [99]. There is also accumulating evidence that hepatocellular carcino-
mas caused by hepatitis B virus (HBV) or hepatitis C virus (HCV) infection are
often associated with increased amounts of HGF/SF or increased MET activation
[100, 101].
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7.2.6.1 Helicobacter pylori and MET Stimulation in Gastric Cancer

H. pylori infection is considered to be involved in the carcinogenesis of gastric can-
cers by interacting with gastric epithelial cells and activating important oncogenic
signaling pathways. Recently we have shown that high MET expression is closely
related to a poor prognosis of gastric cancers with H. pylori infection, but this is not
the case without H. pylori infection [102]. The activity of H. pylori in the growth of
gastric cancers is ascribed to its lipopolysaccharide, which stimulates the Toll-like
receptor 4 pathway in cancer cells, causing proliferation, and attenuates the antitu-
mor activities of human mononuclear cells [103].

The relation of H. pylori to MET activation was recognized when it was found
that the H. pylori effector protein CagA [104] targets MET and promotes cellular
processes leading to a forceful motogenic response. Via a type I'V secretion system,
CagA is translocated into epithelial cells and modulates intracellular MET activity
[105]. Gastric epithelial cell invasion after CagA stimulation is mediated through a
MET-dependent signaling pathway and an increase in MMP-2 and MMP-9 activity
[106]. The CRPIA motif in non-phosphorylated CagA is thought to interact with
activated MET, which leads to sustained activation of the PI3K/Akt pathway and
ultimately to the activation of p-catenin and NF-xB signaling [107]. CagA is also
involved in H. pylori-induced loss of gastric epithelial cell adhesion [108].

7.2.6.2 Hepatitis Viruses and MET Activation in Liver Cancer

The MET activation pathway is considered one of the most important pathways
closely involved in hepatocarcinogenesis [109]. Significant increases in HGF/SF
and EGF in patients with active HBV infection have been reported. The activation
of those liver-regeneration factors may be a risk factor for establishing viral persis-
tence [110], thus contributing to the progression of chronic disease and ultimately
to hepatocellular carcinoma (HCC). Serum HGF/SF in patients with chronic hepa-
titis B was significantly correlated with serum alanine aminotransferase (ALT) and
HBYV DNA [111], suggesting that HGF/SF promotes viral replication and is involved
in the destruction of hepatocytes. In a model of HBV-associated HCC, HGF/SF
produced by cells in the inflammatory and cirrhotic lesions of a precancerous liver
plays a key role in hepatic oncogenesis by stimulating the production of liver regen-
eration nodules [112]. In the analysis of human HCC samples, the processed form
of p145 B-MET was significantly greater in tumor tissue than in non-tumor areas
[113]. This also suggests that processing of the MET pro-receptor is closely associ-
ated with regeneration and carcinogenesis of the liver.

The pathogenesis of liver tumors in mice expressing conditional transgenes of
MET in their hepatocytes has been studied [114]; the genotypes of the resulting
hyperplasia and benign and malignant tumors resembled those of the human coun-
terparts. This strongly supports an indispensable role for MET in the genesis of
human liver tumors caused by HBV and HCV infection, because hepatitis induces
the cycles of hepatocyte destruction and regeneration and HGF/SF-MET signaling
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is thought to be strongly involved in those steps. Another study using MET trans-
genic (Tg) mice showed that the prognostic significance of gene expression signa-
tures between mouse models and human samples was parallel and could be used as
biomarkers for HCC. Especially, mouse liver tumors were most similar to a subset
of patient samples characterized by activation of the Wnt pathway [100]. Mouse
models showing overexpression of HGF/SF have been reported to strongly promote
HB V-induced HCC progression [101]. The analysis of molecular signatures showed
that the patterns were similar to human HCC cases, with overall shorter survival in
both Myc/TGF-a-Tg and HGF/SF-Tg animals, suggesting the importance of these
genes in HBV/HCV-induced HCC.

7.3 Carcinogenesis and Mouse Models Targeting MET

Genetically modified mouse models have been powerful tools for studying the roles
of HGF and MET in cancer initiation and progression. In knock-in animals, the
HGF or MET genes are replaced with a mutated functional gene. Since the inserted
mutant gene is located exactly in the same place as the original and its expression is
controlled under the original promoter, the natural course of the effect of mutant
gene can be investigated. MET knockout models were produced for the analysis of
its biological function during embryogenesis. Because knocking out MET causes
embryonic death, conditional knockouts are used to eliminate MET expression in
adult mice. Human HGF transgenic mouse models are used to study the role of
HGF/SF-paracrine-dependent tumor growth and for preclinical evaluation of MET-
targeted therapeutics.

7.3.1 MET Knock-in Mouse Models and Carcinogenesis

Since MET-activating mutations were identified in human carcinomas, experimen-
tal approaches to clarify their transforming potential have been conducted both
in vitro and in animal models. Experiments using NIH 3T3 cells stably transfected
with murine MetP'>*N or MetM!28T mutations revealed a direct link between Met
endocytosis and tumorigenicity [115]. Those Met mutants exhibited increased
endocytosis or recycling activity and decreased degradation, leading to the accumu-
lation of Met molecules on endosomes, the activation of Racl GTPase, and ulti-
mately to loss of actin stress fibers and increased cell migration. Subcutaneous
grafting of the cells into nude mice showed a rapid formation of tumors.

Targeted mutations in the murine Met locus were used to create five knock-in
(KI) mouse lines (WT, D1226N, Y1228C, M1248 T, and M1248 T/LL1193 V) on a
C57BL/6 J;129/SV background [116, 117]. Each mutant line developed a unique
profile of tumors (Table 7.2). Sarcomas developed in MetP!?N, Met¥!?%C and
MetMI4BTLIIY [yt not in MetM!?%T, whereas carcinomas developed in MetM!>#T but
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Table 7.2 Met-activating mutations and carcinogenesis in mice

Tumor profile Tumor
Shorter | incidence

Type of Met mutation Sarcomas | Carcinomas | Lymphomas |life span | (%)
Wild type N Y Y N 44.4
D1226N Y N N Y 83.8
Y1228C Y N Y Y 89.5
M1248 T N Y Y N 58.8
M1248 T/L1193 V (double |Y N Y N 50.0
mutation)
Y yes; N no

Data are summarized according to the report by Graveel et al. [116]

not in other lines. Lymphomas were found in most lines but not in Met”'??N, Further,
MetP'22N and MetY'??%¢ showed a higher incidence of tumor formation than others,
suggesting they carry a higher tumorigenic potential. Glomerulonephritis and hydro-
nephrosis were observed in some activating Met-KI mice, but no renal carcinomas
were detected in those animals. Thus, activating mutations of Met were proved to be
a driving force for carcinogenesis, though the effects of such mutations in mice
seems to act differently from those in humans. Interestingly, nonrandom duplication
of mutant Met alleles was observed in the Met-KI animals. This may suggest that
secondary events beyond Met mutation are required for tumor progression, which
has been observed in human hereditary papillary renal carcinoma cases [118, 119].

Similar animal models on different genetic backgrounds developed different
tumor types. For example, murine lines with Met D1226N, M1248 T, or Y1228C on
the FVB/N background developed a high incidence of mammary carcinomas with
diverse histopathologies [120]. The MetM?248TLISV. KT line developed the most
aggressive type of mammary tumor, in which Met is highly expressed and proges-
terone receptor (PR) and ErbB2 are negative [121]. The tissue microarray analysis
of human breast cancers confirmed the importance of high MET expression: it sig-
nificantly correlated with the gene expression patterns of PR-negative/ErbB2-
negative tumors and with basal breast cancers.

7.3.2 HGF/SF-Tg Mouse Models and HGF/SF-Dependent
Tumor Growth

The importance of the HGF/SF-MET signaling in carcinogenesis has been proved in
several HGF/SF transgenic animal models, which develop malignant melanomas
[122, 123] and multifocal invasive ductal carcinomas of the mammary gland with
lung metastasis [124]. Livers of HGF/SF-Tg mice exhibit a significant increase in the
number of hepatocytes and in liver mass [125]. This proliferative stimulus is consid-
ered to trigger the formation of hepatocellular adenomas and/or carcinomas in most
Tg mice. HGF/SF may also play a critical role in lymphangiogenesis, thereby con-
tributing to lymphatic metastasis [126]. Mice expressing the HGF transgene only in
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Fig. 7.4 hHGF-Tg SCID mouse is a good model for predicting HGF/SF-dependent tumor growth.
(a) RT-PCR analysis showing that hHGF mRNA is produced in the liver of htHGF-Tg SCID mice.
(b) Heparin bead pulldown assay showing hHGF is found in the serum of hHHGF-Tg SCID mice.
(c) SK-LMS-1 is a MET-positive tumor cell and grows rapidly when xenografted into hHGF-Tg
SCID mice. Figures are from Zhang et al. [129]

the lung were used to test tobacco-induced lung carcinogenesis; the results showed
that lung cancers were preferentially induced and enhanced in those mice [127].

HGF/SF-Tg mice are also used to evaluate the growth and metastatic capability
of cancer cells, especially when they behave ligand dependently. Transplantation of
non-autocrine melanoma cells into HGF/SF-Tg mice revealed that activation of Met
was a key signal that enhanced metastatic colonization [128]. The authors generated
amouse strain transgenic forhuman HGF/SF on a severe combined immunodeficiency
(SCID) background [129] (Fig. 7.4). Because xenogeneic tumor cells can be easily
transplanted into this model and because they grow much faster than in regular
SCID mice if tumor cells express Met on their surface, it is a good tool for evaluat-
ing the effectiveness of anticancer drugs and diagnostic agents.

7.3.3 Conditional Met-KO Mouse Models
and Hepatocellular Carcinoma

Because Met knockouts are embryonic lethal [4], the indispensable role of Met in
adult mice was not clear in early studies, but conditional KO technology provided
new insights. Liver-specific Met-KO mice had significant impairment of liver regen-
eration after partial hepatectomy [130]. In that study, the activation of ERK1/2
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kinase during liver regeneration depended exclusively on Met; the cell cycle halted
and could not enter into S phase. In another model using a challenge with a necro-
genic dose of CCl,, Met-KO mice exhibited impaired recovery from centrolobular
lesions [131]; in this case, the scattering/migration of hepatocytes into diseased
areas (rather than hepatocyte proliferation) was impaired. Also, hepatocyte-specific
Met deletion disrupted redox homeostasis, and the mice showed a hypersensitive
reaction to Fas-induced liver injury [132]. Thus liver-specific Met KO models
showed dysfunction of hepatocytes under stressful conditions, but those mice lived
a normal life span unless they received obvious stresses to the liver [130].

A mouse model with conditional inactivation of Met in cardiomyocytes was
found to be prone to cardiomyocyte hypertrophy associated with interstitial fibrosis.
This shows a physiological cardioprotective role of Met in adult mice by acting as
an endogenous regulator of heart function through oxidative stress control [133].
Mice with pancreatic deletion of Met showed significantly diminished p-cell mass,
loss of regeneration, and decreased glucose tolerance, suggesting the crucial role of
HGF/SF-Met signaling in pancreatic function [134]. Thus, Met function in adult
mice appears to be involved in the proliferative/regenerative pathways of damaged
organs.

From the oncogenic viewpoint, the partial deletion of Met, such as deletion of the
ectodomain, upregulates Met phosphorylation and activates its downstream signal-
ing pathways [57]. In an experiment of chemically induced tumor initiation, condi-
tional Met-KO mice injected with N-nitrosodiethylamine showed a higher
prevalence of visible liver tumors and of glutamine synthetase-positive and glucose-
6-phosphatase-deficient liver lesions than did wild-type mice [135]. Glutamine syn-
thetase is a transcriptional target of 3-catenin and is therefore overexpressed in liver
tumors; glucose-6-phosphatase is usually absent or lower in activity in tumor
hepatocytes.

The authors have explored the role of HGF/SF-MET signaling in hepatocarcino-
genesis by using genetically engineered mouse models [101]. Because transgenic
mice carrying hepatitis B virus surface antigen (HBsAg-Tg mice) are reported to be
a good model for developing hepatocellular carcinoma (HCC) [136], we crossed
HBsAg-Tg mice with HGF/SF-Tg mice or with liver-specific Met-KO mice and
monitored the incidence of HCC (Table 7.3). B6 mice with liver-specific Met-KO
showed a higher incidence of HCC than B6 wild-type (WT) mice (30.0% vs. 8.3%)
but a much lower incidence than B6 HBsAg-Tg mice (94.6%). There was no sub-
stantial difference in the HCC incidence between B6 HBsAg-Tg mice and those
with liver-specific Met-KO (94.6% vs. 96.4%). Therefore, the effect of losing Met
on the development of HCC is considered to be limited. In contrast, HGF/SF-Tg
(C3H hHGF-Tg) mice showed a high HCC incidence (92.3%), and mice with both
C3H hHGF-Tg and HBsAg-Tg showed 100% incidence. The C3H strain was less
sensitive to HBsAg transgene-induced development of HCC than B6 (76.0% vs.
94.6%), so the effect of hHGF-Tg on hepatocarcinogenesis was remarkable. The
short average survival of hHGF-Tg animals also supports the importance of consti-
tutive/sustained activation of HGF/SF-Met signaling in the progression of HCC.



7 Met Activation and Carcinogenesis 145

Table 7.3 Genetically engineered mouse models and HCC incidence®

Total Number of | HCC

Mouse Average survival | number of | mice with | incidence

strain Genotype time (weeks) mice HCC (%)

B6 WT 87.1£225 24 2 8.3
HBsAg-Tg 73.5+17.9 37 35 94.6
Liver-specific Met-KO® 67.9 +30.6 20 6 30.0
HBsAg-Tg with 70.7+17.0 28 27 96.4
liver-specific Met-KO
HBsAg-Tg with 70.9 £23.5 12 9 75.0
homologous Met floxed
alleles (but not KO)

C3H WT 91.7+ 145 26 3 11.5
HBsAg-Tg 774 +15.9 25 19 76.0
hHGF-Tg 41.6 +4.7 13 12 923
hHGF-Tg with 49.0 +12.8 13 13 100
HBsAg-Tg

HCC hepatocellular carcinoma; WT wild type; hHGF-Tg human HGF/SF-transgenic; HBsAg-Tg
hepatitis B surface antigen-transgenic

“Modified from the report by Xie et al. [101]

"Liver-specific Met-KO was produced by crossing Alb-Cre/Met™** mice with Mer"*/x mice
because Alb-Cre/Met""* mice had become sterile

7.4 MET Therapeutics and Drug Resistance

Since MET became a promising anticancer target, many approaches have been
developed to target it. The authors have targeted the MET molecule directly using
siRNAs, which are effective against regular cancers and cancers in which MET is
activated ligand independently [82]. Currently, a wide variety of small molecules
that inhibit MET phosphorylation are under clinical trials [137, 138]. Other
approaches against ligand-independent MET activation include a MET therapeutic
protein antagonist [139] and an engineered, chemically modified antibody [140]. A
list of MET inhibitors and the status of clinical trials can be found in Chap. 8.

Because activating mutations and amplification of MET are involved in cancer
and because the behavior of cancer cells often results from an addiction to MET
signaling, MET is an attractive candidate for targeted therapies. However, cancer
cells often develop resistance to small-molecule inhibitors of MET during the treat-
ment course. Such resistance may be partly explained by an increase of a certain
type of mutated allele; for example, a M1268 T mutated allele in the time-of-
progression sample relative to the pretreatment sample was found in a patient with
papillary renal carcinoma [141]. Because drugs that inhibit certain mutant MET
variants are being developed [142], it seems important to investigate the relationship
between the type of mutation and its specific sensitivity to MET inhibitors. Also, a
resistance screen using specific inhibitors is important to predict resistance muta-
tions that could emerge during use of the inhibitor in patient treatment [143].
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Changes in the gene copy number may also contribute to resistance to MET-
targeting drugs. Retrospective studies in non-small-cell lung cancer have shown that
a higher MET copy number is a negative prognostic factor, and MET amplification
has been considered as one of the crucial events for acquired resistance in EGFR-
mutated lung adenocarcinomas that are resistant to EGFR tyrosine kinase inhibitors
[144]. This is because of intracellular cross talk between the MET and EGFR recep-
tors or their signal transduction pathways [90, 145]. Thus, co-inhibition of MET and
EGFR may be an effective strategy for overcoming the resistance of cancer cells to
tyrosine kinase inhibitors. Further, overexpression of MET is expected to be a pre-
dictive marker for some metastatic colorectal cancer patients who might benefit
from anti-EGFR therapy [146]. Because patients with MET overexpression showed
less disease control and shorter progression-free survival than those with normal
MET expression, the use of MET overexpression as a biomarker in combination
with other markers (such as BRAF and PIK3CA mutations) would be more effec-
tive than existing methods.

7.5 Conclusion and the Way Forward

Because the activation of HGF/SF-MET signaling—whether due to MET mutation,
MET overexpression, or strong activation of HGF/SF-MET autocrine/paracrine
loop—plays an important role for carcinogenesis, disruption of this pathway appears
as a good option for targeted therapies against specific cancers. Approaches to eval-
uate the molecular determinants that control MET signaling activation are being
developed as biomarkers to predict the effectiveness of such therapies. For example,
the monitoring of MET by IHC and FISH, of MET mutations, and of tissue HGF/SF
should provide good data for selecting suitable drugs [147]. The presence of activat-
ing MET mutations or amplifications are key events that predict cancer malignancy
and sensitivity to MET-targeting therapies [92, 101]. Resistance to MET small-
molecule inhibitors [148] and unexpected side effects from some small molecules
[149] have been reported, which will prompt efforts to develop more effective and
less toxic drugs. From the clinical viewpoint, how can we overcome resistance to
MET-targeting drugs [150] is an important issue and a long-term goal.
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Chapter 8
The HGF/MET Signaling and Therapeutics
in Cancer

Douglas P. Thewke, Jianqun Kou, Makenzie L. Fulmer, and Qian Xie

Abstract The Met proto-oncogene encodes MET tyrosine kinase protein which
is a receptor for hepatocyte growth factor/scatter factor (HGF/SF). HGF binds to
and activates MET to regulate diversified cellular and molecular activities such as
proliferation, motility, differentiation, and survival. Aberration of HGF/MET sig-
naling plays a proven role in promoting cancer initiation and malignant progres-
sion, providing a strong rationale for targeting the MET signaling pathway in the
treatment of cancer. Several anti-HGF and anti-MET monoclonal antibodies, as
well as small-molecule inhibitors of MET, are being evaluated in clinical trials
for the treatment of various cancers. In this chapter, we discuss the role of HGF/
MET signaling in cancer development and progression, the strategies for target-
ing MET signaling, as well as the promises and challenges of MET-targeted
therapeutics.

Keywords Hepatocyte growth factor e MET tyrosine kinase receptor ® Cancer pro-
liferation and invasion * Angiogenesis ® Cancer signaling pathway « MET-targeted
therapy

8.1 Introduction

Receptor tyrosine kinases (RTKs) are a family of high-affinity cell surface receptors
that share a similar structural motif comprising an extracellular N-terminal ligand-
binding domain, a single transmembrane-spanning domain, and an intracellular
C-terminal domain with tyrosine kinase activity [1]. As receptors for a wide variety
of polypeptide signals including growth factors, cytokines, and hormones, RTKs are
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critical regulators of many normal and important cellular processes. Over the past
two decades, substantial evidence has accumulated implicating dysregulation of
RTKSs and their downstream signal transduction pathways in the development and
progression of multiple types of cancer [2]. The MET proto-oncogene product,
MET, is an RTK important for modulation of signaling pathways during normal
development. Aberrant MET expression and dysregulated MET signaling occur in
various human malignancies and have been associated with enhanced metastatic
progression and poor clinical outcomes [3, 4].

8.1.1 Structure of MET and HGF

The MET proto-oncogene was first identified in a human osteosarcoma cell line in
1984 [5]. It is located on chromosome 7q21-31 and is primarily expressed
throughout development and adulthood on the surface of epithelial cells in various
organs including the kidney, liver, prostate, pancreas, and bone marrow [6—8].
However, MET expression has also been observed in other cell types, including
endothelial cells, neural cells, hepatocytes, and hematopoietic cells [9-14]. The
MET receptor results from proteolytic processing of a 170 kDa precursor protein
that results in a heterodimeric structure consisting of an extracelular 50 kDa
a-subunit disulfide linked to a transmembrane-spanning 140 kDa f-subunit
(Fig. 8.1). The extracellular region of MET contains several structural and func-
tional domains. The N-terminal 500 residues, including the entire a-subunit and
part of the B-subunit, form a semaphorin (Sema) domain, similar to those in sema-
phorins and plexins, which is critical for ligand binding and receptor dimerization.
The Sema domain is followed by a disulfide-rich plexin-semaphorin-integrin (PSI)
domain and four immunoglobulin-plexin-transcription (IPT) domains connected
to a single transmembrane-spanning segment [15]. The intracellular portion of
MET comprises a juxtamembrane region containing key residues (S975 and
Y 1003) involved in receptor downregulation and degradation, a tyrosine kinase
domain containing residues that modulate catalytic activity (Y1234 and Y1235)
[16], and a docking site domain in the C-terminal tail containing two tyrosine resi-
dues (Y1349 and Y1356) critical for coupling to downstream signaling pathways
affecting cellular proliferation, survival, migration, invasion, and tubulogenesis
[17, 18].

The ligand for MET is hepatocyte growth factor (HGF). It is a fibroblast-secreted
protein that is both a potent mitogen of hepatocytes and a scatter factor, which
induces motility of epithelial cells [19-21]. Similar to the maturation of MET, HGF
is first produced as a precursor protein, which is proteolytically processed to a
mature o/ heterodimer [22, 23] (Fig. 8.1). The HGF a-subunit has an N-terminal
hairpin loop followed by four kringle-like domains that participate in protein-
protein interactions. The f-subunit shares homology with serine proteases, but it has
no proteolytic activity.
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Fig. 8.1 The structure of MET and HGF. (a) The mature MET receptor is an o/f heterodimer that
results from the posttranslational processing of a precursor into an extracellular a chain that is disul-
fide linked to a single-pass transmembrane f chain. The extracellular portion of MET can be divided
into three separate domains: a Sema domain made up of the entire o chain and the N-terminal part
of the p chain, a PSI (plexin, semaphorin, integrin) domain, and a region containing four IPT (immu-
noglobulin-like domain in plexins and transcription factors) domains. The intracellular portion con-
sists of a juxtamembrane region containing residues (S975 and Y1003) involved in receptor
downregulation and degradation, a tyrosine kinase domain with key regulatory residues (Y1234 and
Y 1235), and a C-terminal multifunctional docking site containing two tyrosines (Y 1349 and Y1356)
essential for coupling to adapter and effector proteins. (b) Mature HGF is produced by proteolytic
processing of an inactive precursor which yields an active protein comprised of disulfide-linked o
and f chains. The o chain contains an N-terminal hairpin loop domain followed by four kringle
domains (K1-K4). The p chain has homology to serine proteases but lacks enzymatic activity

8.1.2 MET Signaling Mechanisms

MET signaling involves a complex network of multiple, discrete, and interacting
signaling cascades (Fig. 8.2). The cellular effects of MET activation are likely cell
type and context dependent but can include stimulation of epithelial to mesenchy-
mal transition, proliferation, survival, migration, and tubulogenesis [24, 25]. MET
signaling is activated by binding of HGF to the Sema domain followed by receptor
dimerization and autophosphorylation of Y1234 and Y1235 in the kinase catalytic
domain. Subsequent phosphorylation of Y1349 and Y1356 in the docking site
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Fig. 8.2 MET signaling pathways. Binding of HGF induces MET dimerization and transphos-
phorylation of Y1234 and Y1235 in the kinase domain. Subsequent phosphorylation of Y1349 and
Y1356 in the docking site domain creates functional recognition sites for a variety of adaptor
proteins and effector kinases including growth factor receptor-bound protein 2 (Grb2), Grb2-
associated adaptor protein (GAB1), SRC homology protein tyrosine phosphatase 2 (Shp2), the p85
subunit of phosphatidylinositol 3-kinase (PI3K), and signal transducer and activator of transcrip-
tion 3 (STAT3). This leads to activation of downstream pathways including the mitogen-activated
protein kinase (MAPK), PI3K/AKT, STAT, NFkB, and f-catenin pathways resulting in modulation
of cellular proliferation, differentiation, survival, migration, invasion, and tubulogenesis

domain enables recruitment and activation of MET substrate proteins [15]. Some
MET substrates are adaptor proteins such as growth factor receptor-bound protein 2
(GRB2) [26], GRB2-associated binding protein 1 (GAB1) [27], and Src homology
2-containing (SHC) [28], which couple to downstream signal transduction proteins.
Of note, MET phosphorylation of GAB1 plays a crucial role in the activation of
several well-studied intracellular signal transduction proteins, including phosphati-
dylinositol 3-kinase (PI3K), phospholipase Cy (PLCy), v-src sarcoma (Schmidt-
Ruppin A2) viral oncogene homolog (SRC), and others [18]. Other MET substrates,
such as SH2 domain-containing inositol 5-phosphatase 2 (SHIP2) [29], and signal
transducer and activator of transcription 3 (STAT3) [30, 31] become activated by
directly binding to the docking site domain [15].

Canonical signal transduction pathways primarily mediate the downstream
effects of MET activation. The mitogen-activated protein kinase (MAPK) cascade
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is stimulated by MET in the conventional fashion involving GRB2-mediated recruit-
ment of the guanine nucleotide exchange factor SOS and the subsequent activation
of RAS, Raf, MEK, and MAPK (ERK1/2). MAPK then acts on transcription factors
in the nucleus to alter the expression of multiple genes involved in cellular prolifera-
tion, migration, and cell cycle progression [32, 33]. MET-mediated sequestration of
the tyrosine phosphatase Src homology 2 domain-containing phosphatase 2 (SHP2)
further enhances signaling through the MAPK cascade [34, 35].

The PI3K/Akt pathway is stimulated when the p85 subunit of PI3K binds to
MET, either directly or indirectly by binding the adapter protein GAB1. Activation
of AKT then promotes cell survival by inhibiting the pro-apoptotic activity of
BCL-2 antagonist of cell death (BAD) and by activating MDM2, an E3 ubiquitin
ligase that targets pro-apoptotic proteins for proteasomal degradation [36]. MET
activation of AKT also stimulates protein synthesis and cellular growth by phos-
phorylating mammalian target of rapamycin (mTOR).

In some cell types, MET activates the expression of genes involved in prolifera-
tion, invasion, and survival by directly phosphorylating STAT3 transcription factors,
which induces STAT3 dimerization and nuclear translocation [30, 31, 37].
Expression of genes involved in proliferation and tubulogenesis is stimulated by
MET indirectly activating the NFkB pathway via the MAPK pathway [38]. Activated
ERK1/2 phosphorylates IkB kinase (IKK) which then phosphorylates IxBa, target-
ing it for polyubiquitination and rapid degradation and releasing NF-kB to migrate
into the nucleus to activate gene expression. MET activation of SRC family kinases
activates focal adhesion kinase (FAK) that contributes to cell migration and
anchorage-independent growth [39, 40]. Other signaling pathways, including the
Whnt/B-catenin (see below) and the Notch/Delta [41, 42], also appear to have critical
roles in MET-driven tumorigenesis.

8.1.3 Aberrant MET Signaling in Cancer

Aberrant MET signaling is significantly correlated with poor clinical outcomes in sev-
eral types of cancer, including solid tumors of the lung, breast, and ovary [43-47]. A
variety of mechanisms likely contribute to the activation of aberrant MET signaling in
different cancers (see Chapter 7). Principals among these mechanisms are the overpro-
duction of HGF, which results in ligand-dependent MET hyperactivity [48-51], and the
overexpression of MET, which produces hypersensitivity to normal HGF levels or
ligand-independent activation of signaling. Overexpression of MET primarily results
from gene amplification [47, 52-57] or transcriptional activation [58—62]. Less preva-
lent activating mechanisms include point mutations in MET coding regions and muta-
tions affecting alternative splicing of the primary mRNA transcript [63, 64]. Activating
point mutations in MET have been found to occur in the Sema domain which controls
receptor dimerization and in the juxtamembrane domain which functions in receptor
downregulation [65—68]. Point mutations in the MET tyrosine kinase domain have also
been noted in a few primary tumors, sometimes as a secondary response that contributes
to an acquired resistance to small-molecule tyrosine kinase inhibitors [63, 69—73].
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8.2 Proliferation and Invasion

A well-established hypothesis describing a phenotypic switch between tumor pro-
liferation and invasion is epithelial-mesenchymal transition (EMT). EMT is a criti-
cal phenotypic change during embryonic development when epithelial cells lose
cell-cell adhesion and transition into mesenchymal cells, which acquire the migra-
tory property to invade into extracellular environment and participate in organ for-
mation, such as neural crest and heart valve development and mesoderm and
secondary palate formation [74—76]. In cancer progression, EMT controls the
switch between cancer proliferation and metastasis (Fig. 8.3). Proliferative tumors
often show an “epithelial” morphology, with tight cell junctions. Following EMT,
the tumor cells become elongated and fibroblast-like; the tight cell junctions disap-
pear. Cells degrade the extracellular matrix (ECM), producing a more invasive and
migratory (mesenchymal) phenotype. The newly programmed mesenchymal cells

Growth factors
Adhesion molecules
Transcription factors Invasion

microRNAs
Microenvironment

Proliferation

EMT

Primary tumor Metastatic lesion
Epithelial phenotypes Mesenchymal phenotypes
Cell-cell attachment Cell detach from each other
Cell adhesion to ECM Loss of adhesion to ECM
High level of E-cadherin Loss of cell membrane E-cadherin
at cell membrane Gain of B-catenin in nuclear
Low level of B-catenin Lack of Proliferation
Proliferative Capable of migration and invasion

Non-invasive

Fig. 8.3 The theory of epithelial-mesenchymal transition (EMT). During the progression of can-
cer, growth factors (HGF, IGF, TGFp, Notch ligands, etc.) and other factors can initiate EMT of
carcinoma cells in order to facilitate their phenotypic switches from proliferation to invasion. The
EMT process is characterized by loss of epithelial markers such as E-cadherin and gain of mesen-
chymal markers such as B-catenin. The mesenchymal cancer cells acquire the ability to migrate
into surrounding tissues and blood circulations in order to localize at secondary sites where they
switch back to an epithelial phenotype (mesenchymal-epithelial transition, MET) and initiate
tumor growth
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migrate into blood or lymphatic circulation, where they reside until they encounter
suitable extravasation sites. At such sites, a mesenchymal-epithelial transition
occurs, in which the mesenchymal cells switch to the epithelial phenotype, becom-
ing less invasive and more proliferative. With this switch, the metastatic cells grow
into a secondary tumor, completing the metastasis process [75-78]. EMT is regu-
lated by various mechanisms including growth factors, adhesion molecules, tran-
scription factors, microRNAs, and the microenvironment, while alteration of MET
signaling has been identified as playing an essential role [78—82].

8.2.1 Met Receptor Internalization

HGEF is one of the classic factors initiating the EMT in cancer. Notably, in normal
epithelial cells, when HGF binds to MET and activates the signaling pathway, it
initiates two distinct biological processes through different substrates: by recruiting
Gabl, HGF triggers downstream RAS-MAPK pathways leading to biological func-
tions such as proliferation, invasion, and survival; by recruiting Cbl, HGF also initi-
ates MET internalization, ubiquitination, and degradation [83]. The latter pathway
serves as a preventive mechanism to avoid over activation of the MET pathway in
response to HGF stimulation, which is a cause of tumorigenesis. When stimulating
by HGF, the epithelial Madin-Darby canine kidney (MDCK) cells display signifi-
cant phenotypic changes including loss of cell-cell adhesion, breakdown of cell
junctions, and gain of cell scattering morphology indicating enhanced motility and
migration. This provides a popular model system to study MET pathway regulation
in EMT [68, 84-86]. Evidence showed that overexpression of mutant Cbl in MDCK
cells induces the scattering phenotype even in the absence of HGF stimulation [85]
and that introducing a mutant Cbl-binding domain into Met receptor provoked mes-
enchymal transformation leading to oncogenic activation in epithelial cells and
fibroblasts [68]. These results yielded two conclusions: first, Cbl is required for
MET internalization and degradation; second, loss of MET-Cbl binding causes
constitutive MET activation, resulting in EMT initiation and tumorigenesis [83].
Both conclusions were recently verified by the finding in human lung tumors of a
mutation within MET that leads to exon 14 skipping and a loss of the MET juxta-
membrane domain containing the Cbl-binding domain [87]. More importantly,
these tumor cells showed HGF-dependent tumor growth that is susceptible to MET
inhibitors [88].

8.2.2 The Cadherin/Catenin Interplay

The ability of HGF to stimulate the dissociation of MDCK cell-cell attachment and
change cells into a “scattering” morphology is associated with a reduced cell mem-
brane E-cadherin expression and increased f-catenin activation [85]. All these
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Fig. 8.4 Crosstalk between HGF and E-cadherin/p-catenin signaling. (a) The mature E-cadherin
protein contains three distinct domains: a highly conserved cytoplasmic domain, a single-pass
transmembrane domain, and an extracellular domain. The cytoplasmic tail of E-cadherin consists
of the catenin-binding domain, where catenin complex forms to stabilize E-cadherin at cell-cell
contact and as a major link to the actin cytoskeleton. E-cadherin forms a complex with four catenin
proteins, a-catenin, B-catenin, y-catenin, and p120 catenin [90]. (b) HGF binding to MET assem-
bles a complex with CD44 and oyf}s integrin, which facilitate signal transduction by MET, ezrin-
radixin-moesin (ERM), and Shc adaptor protein, promoting tumor motility [89]. The receptor
complex upregulates the expression of transcriptional repressors, such as Snaill and Snail2, ZEB1
and ZEB2, and Twist, leading to repression of E-cadherin in nuclear

findings support the hypothesis that cadherin and catenin are important adhesion
molecules in EMT [84, 89, 90] (Fig. 8.4a). Indeed, HGF promotes cancer cell inva-
sion through loss of E-cadherin at the cell membrane and activation of f-catenin
[91-93] (Fig. 8.4b). In tumors of epithelial origin, such as breast and prostate can-
cer, the highly proliferative tumor cells often display an “epithelial” phenotype,
with tight cell junctions accompanied by overexpression of E-cadherin at the cell
membrane. Loss of E-cadherin leads to tumor cell dissociation and an enhanced
ability to migrate [94] and is associated with poor prognosis in human cancer
patients [78, 95, 96]. As such, E-cadherin is a well-accepted biomarker of EMT in
cancer. In turn, the migrating tumor cells with a “mesenchymal” phenotype are
characterized by a loss of cell-cell attachment and cell membrane E-cadherin
expression, with a gain of f-catenin, N-cadherin, fibronectin, and vimentin, as mes-
enchymal markers [97]. B-Catenin directly binds to E-cadherin intracellularly and is
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a central component of the cadherin/catenin adhesive complex [98—101]. When
cells display the epithelial phenotype, phosphorylated E-cadherin binds to f-catenin
at the cell membrane and strengthens the cell-cell adhesion, which is essential for
proliferation. Reductions in E-cadherin expression allows f-catenin to translocate
into the nucleus, triggering cell-cell detachment and migration.

MET signaling can also induce EMT through HGF-independent mechanisms.
Cell-cell attachment directly activates MET in cancer cells but not in normal cells
[102]. Overexpression of wild-type human MET alone is sufficient to induce hepa-
tocellular carcinoma (HCC) in mice with a high level of f-catenin found in tumors
[102, 103]. Genomic analysis revealed 60% of MET-positive human HCC tumors
have mutations in the pB-catenin gene, CTNNBI [103, 104], and recent studies dem-
onstrated that co-expression of human MET and mutant B-catenin (S33Y or S45Y)
induced HCC formation in mice. Remarkably, these tumors all had active p-catenin
and MET, increased glutamine synthetase and cyclin-D1 functions, upregulated
MAPK/ERK and AKT/Ras/mTOR pathways, and resemble human HCC geneti-
cally and pathologically [104]. Based on these results, combination therapies target-
ing MET and the p-catenin pathway are under development as potential therapeutic
strategies for treating malignant human HCC.

8.2.3 The Wnt/f-Catenin Pathway

In MDCK cells, the HGF-mediated loss of E-cadherin, and subsequent nuclear
translocation of B-catenin, turns on Wnt-responsive genes. Moreover, co-stimulation
of HGF and a Wnt pathway ligand (Wnt3) expands p-catenin activation and EMT
[105]. Although under debate, studies have reported that within a heterogeneous
tumor, cells that undergo EMT acquire stem cell traits and are highly tumorigenic,
giving rise to the cancer stem cells (CSCs) [106, 107]. Notably, B-catenin not only
serves as a critical adhesion molecule via binding to cadherins in regulating EMT
(Fig. 8.4) but also is a transcription factor activated by Wnt signaling, a major path-
way regulating normal and CSC development. Thus, crosstalk between the HGF
and Wnt pathways overlap at the level of p-catenin in regulating EMT and CSCs
[108].

Recent studies revealed that crosstalk between HGF/MET and Wnt/fB-catenin
regulates CSC maintenance and cancer progression in colon cancer [109, 110]
(Fig. 8.5). In primary colon tumors specimens, nuclear -catenin localization was
predominantly observed in the invasive regions of colon carcinomas, supporting
high Wnt/B-catenin signaling activities in mesenchymal cells [111]. Moreover,
myofibroblast-secreted factors, specifically HGF, activate B-catenin transcription
and subsequently CSC clonogenicity. Significantly, HGF can revert differentiated
colon tumor cells back to an undifferentiated state with CSC profiles [109, 110]. As
such, stromal-derived HGF maintains colon CSC property via a paracrine fashion,
while the subsequent P-catenin activation promotes tumor invasive growth and
malignant progression (Fig. 8.5).
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Fig. 8.5 Interactions between MET and Wnt/p-catenin signaling in colon cancer stem cells. (a) In
the absence of Wnt ligand, cytoplasmic f-catenin binds to APC/Axin/GSK3f complex where
[-catenin is phosphorylated and degraded by the proteasome. (b) When Wnt ligand binds to the
membrane co-receptors Frizzled and LRP5 and LRP6, passing signaling through the Dishevelled
(DSH) proteins, the APC/Axin/GSK3p complex is inhibited, leading to B-catenin stabilization and
translocation into the nucleus where it binds to TCF/LEEF, to initiate Wnt target protein expression.
In colon cancer, stromal-derived HGF activates MET leading to Akt phosphorylation. Activated

Akt then inhibit GSK-3p, which stabilize p-catenin followed by translocation into the nucleus
[109, 110]

HGF can also activate Wnt pathways independent of p-catenin activation.
Canonical Wnt signaling is initiated by the phosphorylation of the membrane co-
receptors Frizzled (Fzd) and low-density lipoprotein receptor-related proteins 5
(LrpS) and 6 (Lrp6) leading to inhibition of glycogen synthase kinase 3f (Gsk3p).
Following Wnt pathway activation, f-catenin dissociates from the Gsk3p/Axin/
APC complex and translocates to the nucleus, where it binds to T-cell factor/lym-
phoid enhancer factors (TCF/LEF) to regulate transcription of specific Wnt target
genes (Fig. 8.5). In multiple cancer types, MET activation of Akt/NF-kB pathways
upregulates the expression of LEFI, leading to tumor invasion independent of
[B-catenin nuclear translocation [112].

8.2.4 Transcription Factors

Transcription factors such as Snail 1, Zeb1, and Twist are traditionally implicated in
promoting EMT in various systems of embryonic development and tumor progres-
sion. They also are capable of conferring stem cell-like properties, thus
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strengthening the relationship between EMT and stemness [106, 113]. HGF binding
to MET assembles a complex consisting of CD44 and a,fs integrin, leading to
expression of transcriptional repressors that downregulate E-cadherin expression
(Fig. 8.4b) [89]. Evidence supporting a role for HGF-mediated upregulation of
Snaill expression in the induction of EMT has been found in both MDCK and HCC
cells [91, 92]. HGF also can induce Zebl gene expression, resulting in a loss of
E-cadherin, which promotes EMT in head and neck squamous cell carcinoma [93].
In breast cancer, evidence shows that HGF induces upregulation of Twist to drive
EMT [114].

8.3 Angiogenesis

Cancer progression is not determined by the tumor cells alone, but by the dynamic
interaction between the tumor cells and the host tissue in which the microenviron-
ment plays a major role in promoting or restricting tumor growth. Early studies have
shown that implanting cultured tumor cells into the cornea of a rabbit eye attracted
new capillaries growing from the limbus [115], while prolonged tumor dormancy
was observed when tumor cells were implanted in areas lacking vasculature such as
vitreous [116]. Thus, tumor cells produce soluble growth factors to initiate new
vasculature from pre-existing blood vessels in order to facilitate tumor growth and
metastasis, a process known as angiogenesis. During physiological angiogenesis,
microenvironmental stimuli can trigger the angiogenesis cascade. For example,
hypoxia can activate endothelial cells to express vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF), which initiate vessel sprouting
and endothelial cell proliferation. Activated endothelial cells then secrete matrix
metalloproteinases (MMPs) to degrade the ECM in order to migrate and reorganize
into tubular structures. In the case of cancer, the situation is more complicated, as
tumor cells themselves can produce abundant growth factors leading to activation of
endothelial cells. The CSCs can differentiate into endothelial cells carrying chromo-
somal abnormalities. In fast-growing tumors, cancer cells can form into poorly
organized vasculature known as “vascular mimicry” in order to supply blood for the
rapidly expanding tumor mass. Tumor growth often triggers inflammatory process
as noted by the attraction of immune cells to tumors. These cells, however, also
produce cytokines and proangiogenic factors such as IL-8 and IL-6, further compli-
cating the angiogenic network [117-119].

8.3.1 The VEGF and HGF Crosstalk

VEGF, named after its biological function as a protein that stimulates vascular
endothelial cell growth, is the most intensely studied angiogenic factor that initiates
neovascularization. HGF is a pleiotropic cytokine regulating proliferation,
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migration, and survival in many cell types including endothelial, epithelial, neuro-
nal, and hematopoietic cells. Both VEGF and HGF can induce angiogenesis either
alone or through crosstalk with each other [120, 121]. In the latter case, HGF can
upregulate VEGF mRNA and protein expression in endothelial cells. Studies
showed that HGF and VEGF exhibited similar effects on endothelial cell prolifera-
tion, migration, and capillary formation, and a combination of the two factors
enhanced efficacy either additively or synergistically [122, 123]. Although VEGF
and HGF both activate the MAPK pathway, they each utilize different signaling
modulators, such as Rho or Rac. While both are members of the Rho GTPase family
that regulates intracellular actin dynamics [124, 125], evidence shows that VEGF
preferentially utilizes Rho to activate endothelial cell tubulogenesis, whereas HGF
preferentially uses the Rac pathway [121, 126]. The Gabl adaptor protein plays a
unique role in HGF-mediated branching morphogenesis and tubule formation [127,
128]. Through a MET-binding domain that other Gab family members lack, MET
can recruit Gab1 without other associated proteins such as Grb2. The direct binding
of MET-Gab1 forms a more stable interaction allowing extended Gab1 phosphory-
lation and MAPK and AKT pathway activation, which facilitates endothelial cell
tube formation.

During tumor angiogenesis, many tumor cells upregulate expression of VEGF
and HGF, which sustains tumor growth via an autocrine loop and promotes endothe-
lial cell proliferation and tubule formation via a paracrine regulation. In HCC, over-
expression of HGF was observed to promote hepatocarcinogenesis through an
HGF-autocrine mechanism, resulting in high levels of VEGF expression and neo-
vascularization and demonstrating a dynamic interaction between the endothelial
and tumor cells via crosstalk of the two growth factors [129]. At the molecular level,
the Shc adaptor protein is essential for MET activation of VEGF expression in early
tumor angiogenesis [130].

Angiogenesis is a balance of proangiogenic and antiangiogenic factors [118,
131]. Thrombospondin 1 (TSP-1) is an antiangiogenic factor that induces endothe-
lial cells apoptosis and therefore limits vessel density in normal tissues and tumor
growth [118, 132]. Remarkably, HGF upregulates VEGF and suppresses TSP-1
expression in tumor cells, leading to tumors with high vascular formation in mouse
models [133]. Additionally, the HGF/MET axis upregulates urokinase activity [86,
134] and MMPs [135-137], leading to extracellular matrix (ECM) degradation that
is necessary for the sprouting of new tubes.

8.3.2 The Integrin Family

Integrins are transmembrane receptors that bridge cell-cell and cell-ECM interac-
tions and regulate the cytoskeleton, proliferation, and survival [138]. Integrins com-
prise heterodimeric a- and -subunits. In mammals, there are 18 a- and 8 -subunits
forming 24 integrins binding to distinct ligands; the matching of integrins and
ligands plays key roles during angiogenesis [139, 140]. In cancer, integrin signaling
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also mediates tumor cell proliferation, invasion, and survival. Overexpression of
integrins and ligands and crosstalk between integrins and growth factors mediate
tumor angiogenesis and progression. [141-143].

HGEF can activate integrins through several mechanisms and is highly associated
with the B-subunit. Upon HGF stimulation, activated MET recruits integrin 4 in
association with the sphingosine 1-phosphate receptor 1 (S1PR1) in endothelial
cells. Formation of this complex is necessary for activating Rac signaling and main-
taining vascular integrity [144, 145]. Recent studies also show that MET activation
mediates recycling of integrin B1 to the plasma membrane, a crucial step in modu-
lating endothelial cell spreading and initiation of angiogenesis. The recycling of
integrin B1 requires the small GTPase Arf6 as a regulator and is independent of
VEGF- or bFGF-mediated integrin activation [146, 147], therefore supporting the
strategy of utilizing MET as additional antiangiogenic target to improve the moder-
ate efficacy of VEGF inhibitors in clinical trials. HGF also binds to integrin ligands
such as fibronectin and vitronectin, which amplifies the Met-integrin pathway in
endothelial cells to facilitate angiogenesis [148]. The a6p4 integrin, a receptor of
laminin 5, is required not only for HGF-mediated tumor cell invasion [149] but also
for VEGF- or bFGF-mediated vasculature formation [150], providing an additional
target for antiangiogenic therapeutics.

Integrins contributing to cell migration and angiogenesis generally require focal
adhesion kinase (FAK) signaling. The N-terminal domain of FAK allows direct
binding with interaction proteins such as MET, EGFR, and integrins [151]. MET
activation of FAK signaling occurs either directly by binding of FAK with subse-
quent activation of the ERK signaling or indirectly via phosphorylation and activa-
tion of Src [152]. In lung cancer studies, direct interaction of FAK with MET is
required for HGF-promoted cell invasion and the level of FAK-MET interaction is
correlated with cancer cell invasiveness [153].

8.3.3 Hypoxia-Induced Tumor Angiogenesis

During cancer progression, rapid cancer cell proliferation together with vasculature
abnormalities such as blood vessel occlusion or hemorrhage from areas within the
solid tumors results in a hypoxic microenvironment. Tumor hypoxia is strongly
associated with tumor initiation, malignant progression, and resistance to radiation
and chemotherapy and is becoming an important issue in cancer treatment
[154-156].

The hypoxia-inducible factors (HIFs) have principal roles in O, deprivation-
mediated tumor progression [154, 157]. HIF-1 is a nuclear protein transcription
factor composed of o and f§ units and functions by responding to cellular oxygen
concentration. Under normoxic conditions, HIF-1a undergoes oxygen-dependent
degradation in the cytosol to keep HIF-1 activity low. However, when oxygen levels
decrease, HIF-1a degradation slows and HIF-1a accumulates and translocates into
the nucleus, where it dimerizes with HIF-1f to form the active HIF-1 complex.
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Fig. 8.6 Hypoxia-induced angiogenesis and multiple molecular pathways. Hypoxia-inducible
factors (HIFs) are transcriptional factors that primarily mediate O, deprivation-induced angiogen-
esis in tumors. Hypoxia upregulates HIF-1a in endothelial and tumor cells, leading to elevated
VEGF and HGF pathways, which are essential to endothelial cell survival, migration, and tube
formation. Extracellular matrix degradation is also promoted to facilitate sprouting of vasculature
and tumor invasion. Under normal situation, VHL mediates HIF-1a degradation. VHL mutation
results in HIF-1o accumulation in the cytosol and enhances its activity

HIF-1 then binds to hypoxia-responsive elements (HREs) in the promoters of target
genes to activate their expression.

The HIF pathway mediates the primary cellular response to low oxygen levels,
promoting both short- and long-term adaptation to hypoxia. During cancer progres-
sion, when rapid tumor growth requires a sustained local blood supply, a long-term
adaptation to hypoxia is achieved primarily through angiogenesis (Fig. 8.6). VEGF
is one of the primary HIF-1 target genes [158]. In endothelial cells, HIF-1a pro-
motes expression of VEGF and receptors VEGFR-1 and VEGF-R2, creating an
autocrine VEGF signaling loop that is essential to endothelial cell survival, prolif-
eration, migration, and tube formation. Loss of HIF-1a inhibits xenograft tumor
growth due to inhibition of tumor vascularization [159, 160].

HIF-1 also regulates the HGF/MET axis and promotes invasive tumor growth
[58, 161, 162]. HGF is secreted as a single-chain precursor (pro-HGF), which is
cleaved by HGF activator to become a mature HGFo/p heterodimer with biological
activity. Under hypoxia, HIF-1o upregulates HGF activator expression in pancreatic
cancer cells, resulting in increased maturation of HGF and aberrant MET signaling
[163]. HGF also protects cells from hypoxia-mediated endothelial injury and apop-
tosis by upregulating Bcl-2 and Bcl-xL [164, 165]. The promoter of MET contains
HRE:s, through which HIF-1 binds and activates Met oncogene transcription. This is
consistent with higher MET expression being observed in the more hypoxic regions
of tumors and may result in increased responsiveness to HGF and induction of inva-
siveness [58]. Moreover, HIFs also regulate ECM degradation, constructing a
microenvironment favorable for tumor invasion and angiogenesis [166].
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While HIF-1a is the major activator of angiogenesis, mutation of the tumor sup-
pressor gene von Hippel-Lindau (VHL) tremendously enhances the activity of
HIF-1a, especially in renal cell carcinoma, where VHL mutation is frequently
observed (Fig. 8.6). Because VHL mediates HIF-1a polyubiquitination and protea-
somal degradation, inactivating mutations in VHL result in HIF-1a accumulation in
the cytosol [154, 158, 167]. Primary renal cell carcinomas overexpress MET associ-
ated with VHL [58]. In the absence of VHL-mediated degradation, HIF-1a consti-
tutively elevates VEGF and HGF pathways and ECM degradation, contributing to
tumor angiogenesis and invasive growth.

8.4 Targeting Met Pathway in Cancer

8.4.1 Anti-HGF and Anti-MET Monoclonal Antibodies

Several different strategies have been developed to target the transformative mecha-
nisms driven by aberrant MET signaling (Fig. 8.7). Rilotumumab (AMG-102),
ficlatuzumab (AV-299), and HuL.2G7 (TAK701) are monoclonal antibodies (mAbs)
that bind and neutralize HGF, thereby inhibiting ligand-receptor interaction and pre-
venting activation of downstream signaling pathways. These mAbs are under evalu-
ation in clinical trials as either monotherapies or in combination therapies with
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Fig. 8.7 Inhibition of MET signaling in cancer therapies. Anti-HGF and Anti-MET monoclonal
antibodies interfere with HGF binding to MET, preventing MET dimerization. Selective MET
tyrosine kinase inhibitors (TKIs) block MET kinase activity, while nonselective MET TKIs inhibit
the kinase activity of MET and other tyrosine kinases. Combination strategies employ MET inhibi-
tors along with inhibitors of receptors such as EGFR and VEGFR which function with MET to
promote cell proliferation, survival, migration, and angiogenesis
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various small-molecule inhibitors [168—173]. Similarly, mAbs targeting MET, such
as onartuzumab (MetMab), CE-355621, DN-30, and LY2875358, are being devel-
oped to compete with HGF for binding to MET and to induce receptor internaliza-
tion and degradation [174—177]. Of these, only MetMab has reached the clinical
evaluation phase of development [178—180]. However, phase III trials failed to
show clinically meaningful efficacy, and the study was halted, partially due to the
lack of effective biomarkers for selecting patients [181].

8.4.2 Selective MET Tyrosine Kinase Inhibitors

Another promising strategy for blocking aberrant MET signaling is to target its
intracellular tyrosine kinase activity with small-molecule tyrosine kinase inhibi-
tors (TKIs). Tivantinib is a selective MET TKI under clinical investigation for
use in therapies for some forms of lung cancers [182, 183], colon cancer [184],
triple-negative breast cancer [185], and hepatocellular carcinoma [186, 187] .
Several other MET-selective TKIs, such as capmatinib and volitinib, have shown
efficacy in preclinical and clinical trials when used alone or in combination
therapies [188-190].

8.4.3 Nonselective MET Tyrosine Kinase Inhibitors

Other TKIs under clinical investigation are nonselective and, in addition to inhib-
iting MET signaling, inhibit the activity of other tyrosine kinases. Crizotinib
inhibits MET kinase activity as well as the activity of anaplastic lymphoma kinase
(ALK) [191] and was approved by the FDA for the treatment of some late-stage
lung cancers expressing ALK [192] but may also be effective in non-small cell
lung cancers with aberrant MET signaling [193]. Cabozantinib inhibits MET as
well as VEGFR2, AXL, RET, KIT, and FLT3 [194] and has gained FDA approval
for use in the treatment of medullary thyroid cancer [195] and advanced renal
cancer [196]. Cabozantinib, alone or in combination with other TKIs, is also cur-
rently under investigation for utility in the treatment of non-small cell lung cancer
[197, 198], prostate cancer [199], and breast cancer [200]. Foretinib inhibits
MET, VEGFR2, PDGFR, RON, FLT-1, FLT-4, and TIE2 [201, 202] and is under
evaluation for the treatment of pancreatic cancer [203], renal cancer [204, 205],
metastatic breast cancer [206], squamous cell carcinoma and gastric cancer [207,
208], as well as several cancers [209, 210]. Several other nonselective TKIs,
including golvatinib and merestinib, are being investigated for potential antican-
cer activities [211-213].
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8.4.4 Combination Therapies Involving MET Inhibition

The fact that the only MET inhibitors to have gained FDA approval to date are non-
selective TKISs, crizotinib and cabozantinib, suggests that combination therapies
involving MET inhibitors may be promising strategies for providing an overall
clinical benefit. Since aberrant MET signaling has been associated with resistance
to monotherapies targeting the EGFR pathway, combination therapies using mAbs
and/or small-molecule TKIs to simultaneously inhibit both MET and EGFR signal-
ing are under clinical evaluation [182-184, 214-219]. Other studies, based on the
evidence linking MET signaling and angiogenesis, are investigating the efficacy of
dual inhibition of MET and VEGEF signaling pathways [220-223].

8.5 Summary

The success of molecular cancer therapeutics depends on the identifications of
essential signaling pathways that contribute to oncogenesis and the discoveries of
molecular targets that control pathway activity. Over the past 30 years, compelling
evidence has shown that the HGF/MET signaling elicits important role in cell sur-
vival, proliferation, and invasion, whereas aberrant MET pathway activities pro-
mote cancer initiation and progression. With strong molecular basis, variable MET
inhibitors are developed for assessing the therapeutics in human cancer [224]. As
MET inhibitors are entering clinical trials, however, the therapeutic efficacy remains
controversial, mainly due to a lack of patient stratification approach. It is important
to develop predictive biomarkers to stratify patients vulnerable to MET therapeutics
[181]. Same as other single RTK inhibitors, specific MET inhibitor can induce drug
resistance due to the rapid signaling bypass; thus, combination strategies to inhibit
MET signaling with other molecular pathways such as integrins, angiogenic path-
ways, and hypoxia pathways are to be developed to improve the therapeutic efficacy
for treating malignant human cancer.
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Chapter 9
Pericellular Activation of Peptide Growth
Factors by Serine Proteases

Hiroaki Kataoka and Tsuyoshi Fukushima

Abstract The growth, survival, and metabolic activities of multicellular organisms
at the cellular level are regulated not only by intracellular signal transduction path-
ways but also by systemic homeostasis and the pericellular microenvironment. The
significance of the pericellular microenvironment is also established in tumorigen-
esis and malignant progression of transformed cells, in which processing of bioac-
tive molecules by extracellular proteases has significant roles. Proteolytic activation
of peptide growth factors in the pericellular microenvironment enables the induc-
tion of outside-in signaling in constituent cells in both physiological and pathologi-
cal settings. This chapter will review the current knowledge of pericellular activation
of peptide growth factors by serine proteases, with the main focus on activation of
hepatocyte growth factor (HGF) that transduces signals through the MET receptor
tyrosine kinase. There are two mechanisms for HGF activation in vivo: serum acti-
vation and cellular activation. Type II transmembrane serine proteases are
membrane-anchored proteases that are part of cellular HGF-activating machinery.
In the past decade, evidence for the roles of these proteases in cancer progression
has been rapidly emerging.

Keywords Protease e HGF » TTSP ¢ Matriptase * Hepsin e HAI-1 « HAI-2

9.1 Growth Factors That Require Extracellular
Proteolytic Activation

Many intracellular pathways execute posttranscriptional modification of synthe-
sized proteins, including glycosylation, phosphorylation, ubiquitination,
SUMOylation, and sulfurylation. However, in extracellular spaces, tools for the
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modulation of secreted proteins are limited, and thus protein degradation occurring
through proteolytic processing is a major modality to alter protein structure and
function. Peptide growth factors are proteins that transduce signals into cells that
express their specific receptors, and this process is critically involved in many
developmental, physiological, and pathological phenomena in vivo. These growth
factors are secreted from cells or expressed on cell surfaces; however, in many
cases, they must be processed by proteases to establish an efficient paracrine or
autocrine stimulation loop (Table 9.1). For example, transforming growth factor
(TGF)-p complexes with latency-associated peptide (LAP) in the extracellular
milieu. Whereas integrin-mediated conformational change of the complex is critical
for the activation, protease-mediated LAP degradation accelerates the activation
process [1] (Fig. 9.1a). Meanwhile, some epidermal growth factor (EGF) receptor
ligands such as heparin-binding EGF-like growth factor (HB-EGF), TGF-a, and
amphiregulin are expressed as membrane-bound growth factors, and proteolytic
shedding is required to transduce their signals to cells apart from the producing
cells. Matrix metalloproteases (MMPs), the disintegrin and metalloprotease
(ADAM) family (particularly ADAM-17), and the serine protease plasmin have all
been proposed to participate in the degradation of inhibitory proteins or the shed-
ding of membrane-bound growth factors [2—4] (Table 9.1). Among MMPs, mem-
brane-bound type | MMP (MMP-14) is preferentially expressed in neoplastic tissues
and has a significant role in activating peptide growth factors in cancer tissues [5].
On the other hand, some peptide growth factors are secreted as inactive precursor
forms, such that activation by limited proteolysis is critically required for their func-
tion (Fig. 9.1b). This group of growth factors includes hepatocyte growth factor

Table 9.1 Examples of growth factor activation in cancer microenvironment

Growth factors Proteases Mechanism of activation
IGF-1, -2 MMP-7, -3; ADAM-28 Degradation of complexed protein (IGF
binding protein)
VEGF-A MMP-1, -3, -13; ADAM-28 Degradation of complexed protein
(connective tissue growth factor)
TGF-p MT1-MMP; MMP-13; Degradation of complexed protein
Plasmin (latency-associated peptide)
HB-EGF ADAM-17 and other ADAMs; Shedding of extracellular domain
MMP-7; MT1-MMP
Amphiregulin ADAM-17 Shedding of extracellular domain
TGF-a
HGF/SF HGFAc; Matriptase; Hepsin: Conversion of proform to active form
TMPRSS13; TMPRSS11D by limited proteolysis
MSP HGFAc; Matriptase; TMPRSS11D | Conversion of proform to active form
by limited proteolysis
PDGF-C Matriptase; uPA Conversion of proform to active form
by limited proteolysis
PDGF-D Matriptase Conversion of proform to active form
by limited proteolysis

Serine proteases are underlined
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Fig. 9.1 Examples of extracellular activation of peptide growth factors. (a) Activation of TGF-f
by proteolytic degradation of the inhibitory binding protein, LAP. (b) Activation of HGF by lim-
ited proteolysis of inactive pro-HGEF. In both cases, serum protease (i.e., serum activator) and cell
surface protease (i.e., cell surface activator) can be involved in activation

(HGF), macrophage stimulating protein (MSP), platelet-derived growth factor
(PDGF)-C, and PDGF-D (Table 9.1). These peptide growth factors have a basic
amino acid at the P1 position in the activation cleavage site, suggesting that a tryp-
sin-like extracellular protease is responsible for the induced activation.

In 1992, Shimomura et al. identified a very efficient HGF-activating activity in
fetal bovine serum (FBS)-supplemented culture-conditioned medium of Chinese
hamster ovary cells and purified a novel serine protease from FBS [6]. This activity
resulted in the cleavage of the Arg494-Val495 bond in the HGF precursor (pro-
HGF) to generate a two-chain active form of HGF that transduces signals upon
binding to its specific receptor tyrosine kinase MET [7]. This serum pro-HGF-
activating protease was designated as HGF activator (HGFAc), and its human coun-
terpart was purified from human serum and the cDNA was cloned [8]. HGFAc is
homologous to coagulation factor XII and is synthesized mainly by the liver and
circulates as a zymogen (pro-HGFAc) [9]. At sites of tissue injury, thrombin acti-
vates circulating pro-HGFAc [10] and induces a robust activation of pro-HGF,
which is required for the subsequent regeneration phase [9, 11]. Serum HGFAc is
also an efficient activator of MSP that has structural homology with HGF and serves
as a ligand of the Receptor d’Origine Nantais (RON) receptor tyrosine kinase. Upon
activation by HGFAc, MSP might be involved in regulating macrophage functions
at the sites of tissue injury and inflammation [12, 13].

On the other hand, to maintain homeostasis and physiological activity, a local-
ized, serum-independent activation system of these growth factors is also necessary



186 H. Kataoka and T. Fukushima

for a normal tissue microenvironment and also in the developmental processes.
Moreover, even in pathological conditions, localized pericellular growth factor acti-
vation is needed; for example, invading cancer cells require outside-in signals medi-
ated by autocrine and paracrine growth factors such as HGF for motility and survival
[14, 15]. HGF-induced paracrine signaling via MET is also necessary to maintain
cancer stem cells [16, 17]. Thus, there is rapidly accumulating evidence to indicate
that membrane-anchored serine proteases are key components of cell machinery
involved in the activation of growth factors, including HGF, in the pericellular
microenvironment [18, 19].

9.2 Membrane-Anchored Serine Proteases

Type II transmembrane serine proteases (TTSPs) form a large family of membrane-
anchored proteases, and in humans the family includes 17 serine proteases [18, 20]
(Fig. 9.2). TTSPs have a single-pass transmembrane domain near the N-terminus
and a short intracellular domain. The longer extracellular portion contains a con-
served serine protease domain that has the catalytic triad of His, Asp, and Ser char-
acteristic of the S1 fold subfamily of peptidases. All TTSPs have a cleavage
preference for substrates with Arg or Lys (basic amino acid) in the P1 position [18].

Membrane-anchored serine proteases

‘ Type Il transmembrane serine proteases ‘

(TTSPs family)
Membrane-bound bikunin-type

serine protease inhibitors
(HGFACc inhibitors: HAI)

\ w, |
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Fig. 9.2 Domain structures of human membrane-anchored serine proteases and membrane-
anchored serine protease inhibitors (HAI-1, HAI-2)
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They can be divided into some subfamilies depending on additional domain struc-
tures, for example, matriptase subfamily four low-density lipoprotein (LDL)-
receptor class A domains; two complement C1r/Cls, Uegf, Bmpl (CUB) domains;
and a sperm protein, enterokinase, and agrin (SEA) domain (Fig. 9.2). The cell
surface localization of TTSPs is reasonably advantageous for processing pericellu-
lar or cell surface bioactive molecules. In fact, the processing functions of some
TTSPs are critical for maintaining normal homeostasis. For example, corin is essen-
tially required for the activation of atrial natriuretic peptide that has roles in cardio-
vascular and renal functions [21]. Matriptase is expressed in most epithelial cells
and is essential for epithelial integrity and barrier function [22]. Hemojuvelin pro-
cessing by transmembrane protease, serine 6 (TMPRSS6, also known as matriptase-
2), is a key step in iron metabolism, and defects in TMPRSS6/matriptase-2 activity
are associated with iron-refractory iron deficiency anemia [23]. Furthermore,
researchers are drawing attention to the roles of TTSPs in pathological conditions
such as cancer [20]. In addition to TTSPs, type I transmembrane protease and gly-
cosylphosphatidylinositol (GPI)-anchored proteases are known as membrane-
anchored serine proteases (Fig. 9.2), and interactions between these proteases and
TTSPs are present. The interaction between matriptase and prostasin is the well-
known example of this interplay; matriptase activates prostasin and vice versa [18].

9.3 Emerging Roles of TTSPs in Cancer

The cancer cell microenvironment plays a critical role in malignant progression and
consists of a complex mixture of neoplastic cells and host-derived stromal cells,
such as immune/inflammatory cells, cancer-associated fibroblasts (CAF), and endo-
thelial cells [14]. In this microenvironment, extracellular matrix proteins as well as
matricellular and cellular proteins in cancer cells and stromal cells are modified, and
pericellular proteolysis plays a significant role in the degradation, activation, or
other processing to reveal latent activity of these proteins. These reactions in cancer
tissues resemble those involved in inflammation and wound repair such that tumors
are sometimes referred to as “wounds that never heal” [24]. A mutual interaction
between cancer cells and stroma cells can orchestrate enhanced growth factor pro-
duction and activity in tumor tissue. For example, cancer cells stimulate CAFs to
produce pro-HGF that is subsequently activated by pericellular HGF-activating pro-
tease to induce MET-induced signaling in cancer cells and endothelial cells [7, 15].
Therefore, extracellular activation of paracrine peptide growth factors by proteases
is a key step in facilitating mutual interactions between cancer cells and stromal
cells.

Recently, increasing evidence has highlighted how carcinogenesis and malignant
progression of tumors is aided by TTSPs, with particular focus on matriptase, hep-
sin, TMPRSS2, and TMPRSS4 [18, 20, 25]. The proposed mechanisms by which
these TTSPs facilitate cancer progression involve activation of bioactive molecules
such as peptide growth factors and other zymogens, as well as protease-activated
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receptor 2 (PAR-2) [18, 20]. Degradation of extracellular matrix protein such as
laminin is also proposed. However, other as yet unknown mechanisms may also
have a role [25, 26]. Nonetheless, pericellular activation of pro-HGF by TTSPs,
particularly matriptase and hepsin, has been of significant interest to researchers
studying cancer-related TTSPs.

9.4 Pericellular Activation of HGF by TTSPs in Tumor
Tissues

As already discussed, there are two major mechanisms for pro-HGF processing
in vivo: (a) triggering of the serum activation system (e.g., HGFAc) after tissue
injury accompanied by thrombin generation and (b) triggering of the cellular activa-
tion system (e.g., TTSPs). Although both systems likely function in activating HGF
in cancer tissues [7, 19, 27, 28], the cellular activation system could have superior
significance for carcinogenesis and also for cancer cells in hypovascular regions or
the invasion front with a fibrotic stromal reaction. Indeed, localized pericellular acti-
vation of HGF is reported to be important for cancer cells to evade apoptosis, main-
tain a stem cell-like phenotype, and invade the stroma [15]. Among TTSPs,
matriptase, hepsin, TMPRSS13, and the human airway trypsin-like protease (HAT)
are known to have pro-HGF processing activity [18, 29, 30]. Because of the molecu-
lar similarity between HGF and MSP, all of these HGF activators also activate MSP
to transduce RON-mediated signaling to macrophages, epithelial cells, and cancer
cells. In fact, HGFAc and matriptase are major serum and cellular activators of MSP,
respectively [12, 31], and hepsin and HAT also serve as cellular activators [32, 33].

Matriptase, which was initially identified in breast cancer cells [34] and is also
known as membrane-type serine protease 1 (MT-SP1) [35], is one of the most stud-
ied TTSPs [18, 20]. Among HGF-activating TTSPs, matriptase likely exerts the
highest specific activity for pro-HGF processing [36], and this activity might be
highly important in cancer biology. In mice, transgenic matriptase expression in
epidermal keratinocytes under control of the keratin 5 promoter causes squamous
cell carcinoma [37]. This phenomenon is mediated by the MET-AKT-mTOR (mam-
malian target of rapamycin) signaling axis initiated by matriptase-mediated HGF
activation [28]. Consequently, head and neck squamous cell carcinoma patients with
high matriptase expression tend to have a worse prognosis [38]. Inflammatory breast
cancer, a subtype of breast cancer with poor prognosis, likely uses the matriptase/
HGF/MET axis for invasive growth [39]. Another example of matriptase involve-
ment in cancers is high-grade malignant B-cell lymphoma wherein diffuse large
B-cell lymphoma and Burkitt lymphoma cells frequently overexpress matriptase
and show enhanced pericellular HGF activation [40]. Consequently, inhibition of
matriptase activity significantly suppresses the proliferation of lymphoma cells [40].

Hepsin is another efficient HGF-activating TTSP that is believed to be involved
in cancer progression. Hepsin (also known as TMPRSS1) was initially identified in
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liver and hepatocellular carcinoma (HCC) cells [41]. Earlier findings showed that
suppression of hepsin expression inhibited the growth of several cultured cell lines
in vitro. Therefore, hepsin was reported to be a protein required for mammalian cell
growth [42]. However, the phenotype of hepsin knockout (KO) mice indicated that
hepsin is not essential for embryonic development, normal morphology of major
organs, or liver regeneration [43], although a subsequent study revealed that hepsin
KO mice exhibit a profound hearing loss [44]. Regarding the role of hepsin in can-
cers, extensive studies have been done in prostatic cancers, in which hepsin enhances
invasion and metastasis of prostatic cancer cells [45, 46]. Similar observations were
reported for ovarian cancer cells [47]. Meanwhile, renal cell carcinoma patients
with higher hepsin mRNA levels had a poorer prognosis [48]. The mechanisms by
which hepsin promotes invasion and metastasis are as yet unclear. Whereas hepsin-
mediated degradation of the extracellular matrix may be responsible for its proinva-
sive function [45], hepsin processing activities for pro-HGF and pro-MSP followed
by signaling through MET and RON receptor tyrosine kinases may also underpin
the enhanced invasion and metastasis mediated by hepsin [32, 47].

9.5 Other Molecules Regulated by TTSP-Mediated
Activation in Tumor Tissues

Recent studies revealed that PDGF-C and PDGF-D are also matriptase-dependent
peptide growth factors in cancer tissues and contribute to breast and prostatic cancer
progression [49-51]. In prostatic cancer, PDGF-D levels were associated with both
Gleason score and tumor stage. Moreover, PDGF-D induced activation and shed-
ding of matriptase through B-PDGF receptor signaling [52]. Therefore, mutual
amplifying interactions between PDGF-D signaling and matriptase-mediated reac-
tions are likely established in the prostatic cancer microenvironment and may con-
tribute to malignant progression. Moreover, matriptase efficiently activates PAR-2,
a seven transmembrane a-helix G protein-coupled receptor that is expressed in can-
cer cells, vascular cells, and CAF [53-55], as well as other proteases that are known
to be involved in cancer progression, such as urokinase-type plasminogen activator
(uPA) [56]. Like matriptase, hepsin activates not only HGF but also MSP, uPA, and,
notably, matriptase zymogen [53, 57].

9.6 Hepatocyte Growth Factor Activator Inhibitor (HAI):
Regulators of TTSPs

HAI was initially purified from culture-conditioned medium of MKN45 gastric
adenocarcinoma cells and was identified as a cell surface inhibitor of HGFAc [58,
59]. A second HAI was also purified from MKN45-conditioned medium [60]. These
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protease inhibitors were designated as HAI-1 and HAI-2, and the current official
symbols for these two inhibitors are SPINT1 (serine peptidase inhibitor, Kunitz type
I) and SPINT2, respectively. cDNA cloning revealed that HAI-2/SPINT2 was iden-
tical to placental bikunin, which was reported independently by another group as a
novel Kunitz-type inhibitor that is abundantly expressed in the placenta [61]. Both
HAI-1/SPINT1 and HAI-2/SPINT?2 are type I transmembrane proteins with two
extracellular Kunitz-type serine protease inhibitor domains (Fig. 9.2). Therefore,
their biological activities may be limited to the cellular surface or pericellular
microenvironment. Although HAI-1/SPINT1 and HAI-2/SPINT2 show similar
structural features, the N-terminus of HAI-1/SPINT1 has an N-terminus with eight
cysteines (MANEC) domain as well as an LDL-receptor class A domain between
the two Kunitz domains, both of which are absent in HAI-2/SPINT2 (Fig. 9.2).
Despite the initial discovery of HAI-1/SPINT1 and HAI-2/SPINT2 as cellular
inhibitors of HGFAc, recent studies demonstrated that both HAIs are critical regula-
tors of TTSPs [18, 20].

HAI-1/SPINT1 is expressed in most epithelial cells and placental trophoblasts
[62—-64] and inhibits all the main HGF-activating serine proteases, including
HGFAc, matriptase, hepsin, TMPRSS13, and HAT [18, 19]. Kallikrein 1-related
peptidase (KLK)-4 and KLK-5 are also sensitive to HAI-1/SPINT1, and the ability
of both KLKs to activate pro-HGFAc suggests an involvement in HGF-activating
machinery in vivo [65, 66]. Among these proteases, matriptase is one of the most
important cognate proteases of HAI-1/SPINT1 [18, 67]. Indeed, a matriptase-
HAI-1/SPINT1 complex can be observed both in in vitro cell-based assays and in
in vivo body fluids [67, 68]. Dysregulation of matriptase activity in the pericellular
microenvironment occurs if cellular levels of HAI-1/SPINT1 are insufficient. In
fact, reduced cell surface HAI-1/SPINT1 expression resulted in increased extracel-
lular matriptase activity [69, 70], which enhanced the invasiveness of various types
of carcinoma cells [26, 71-73] as well as infiltration of CAFs [55]. In accordance
with these findings, matriptase-induced skin carcinogenesis in mice was signifi-
cantly suppressed when Hai-1/Spintl was concomitantly expressed in keratinocytes
with induced matriptase expression [37]. In patients with oral squamous cell carci-
noma (OSCC), decreased cell surface HAI-1/SPINT]1 in the cancer cells correlated
with a more invasive histology of the invasion front, increased number of CAFs, and
the presence of lymph node metastasis [71]. Moreover, mice with intestine-specific
deletion of Spint!/ showed increased tumorigenesis in a chemical carcinogen-
induced colon cancer model and an Apc mutation-induced intestinal tumor model in
mice, accompanying enhanced HGF activation in the intestinal mucosa [74, 75].
The insufficient HAI-1/SPINT1 function may arise in cancer cells not only by
reduced SPINTI gene transcription but also by enhanced shedding by metalloprote-
ases, including MT1-MMP, from the cell surface [26, 74, 76].

Like HAI-1, HAI-2 is also preferentially expressed in epithelial cells and the
placenta and efficiently inhibits the major HGF-activating proteases [7, 20].
However, its role in vivo remains unclear. Recently, a missense mutation in the
SPINT2 gene was found to be associated with a syndromic form of congenital
sodium diarrhea, indicating that HAI-2/SPINT? has a crucial role in the intestinal
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tract [77]. Indeed, HAI-2/SPINT?2, but not HAI-1/SPINT1, is required for the
proper cell surface localization and activation of matriptase acting as a specific
molecular chaperone for matriptase trafficking in intestinal epithelial cells [78].
Therefore, the roles for HAIs in the regulation of TTSP functions are very com-
plex depending on the cell type and situation, as is evidenced by the diverse
expression patterns of HAI-2/SPINT?2 in cancers. HAI-2/SPINT?2 is significantly
downregulated in HCC [79], renal cell carcinomas [80, 81], glioblastomas [82],
medulloblastomas [83], and melanomas [84] by hypermethylation of the SPINT2
promoter. In these cancer cells, engineered restoration of HAI-2/SPINT?2 expres-
sion suppressed the invasive growth of these cells, indicating that HAI-2/SPINT2
is a tumor suppressor. On the other hand, HAI-2 is overexpressed in some cancer
types, such as pancreatic ductal adenocarcinoma [85]. In prostatic cancers,
SPINT2 mRNA levels were not decreased, but HAI-2/SPINT2 immunoreactivity
was reduced [86], and HAI-2/SPINT?2 suppressed the invasive growth of prostatic
cancer cells by regulating matriptase activity [87]. Thus, there is clearly a need
for further studies on the pathophysiological functions of HAI-2/SPINT2 to
obtain a better picture of the dynamics that occur in cancer cells and the cancer
tissue microenvironment.

9.7 Conclusion and Future Perspectives

The extracellular activation of growth factors and transduction of their signals
through specific cell surface receptors must be a tightly regulated phenomenon that
includes both positive and negative controls. This chapter introduces the crucial and
complex roles of pericellular proteases in the activation of peptide growth factors,
with a focus on HGF and molecules involved in HGF-activating machinery in
tumors, in which matriptase, hepsin, HGFAc, and their inhibitors HAI-1/SPINT1
and HAI-2/SPINT2 have crucial roles (Fig. 9.3). Matriptase is also important in the
pericellular activation of other growth factors such as MSP, PDGF-C, and
PDGE-D. The pericellular activation system described in this chapter may thus be a
promising tumor microenvironment target that can be exploited to control the
malignant progression of the cancer cells. Furthermore, the N-terminal Kunitz
domain (KD1) of HAI-1/SPINTI is known to be the functional domain for inhibi-
tion of HGFAc and major HGF-activating TTSPs, and thus KD1 may be useful for
targeting of these proteases. In fact, recombinant KD1 suppressed metastatic spread-
ing of prostatic and pancreatic cancer cells in mouse models [46, 72]. Generation of
neutralizing antibodies against these proteases may thus be a useful approach, and
a specific antibody acting as an allosteric inhibitor of catalytic activity that binds at
the periphery of the substrate binding site of the protease has been reported [88, 89].
This allosteric inhibition mechanism may have implications for the development of
innovative strategies to regulate cancer-associated proteases such as TTSPs and
HGFAc. Development of synthetic chemicals that specifically inhibit these HGF-
activating proteases may provide a more sophisticated and cost-effective approach
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Fig. 9.3 Schematic drawing of pericellular activation of HGF and MSP in tumor tissues. Tissue
injury-induced activation system mediated by HGFAc and cellular activation system mediated by
TTSP such as matriptase and hepsin are functioning in the activation. Matriptase also activates
PDGF-C, PDGF-D, uPA, and PAR-2, which may also contribute to malignant progression of the
tumor

to control excess growth factor activities in cancer tissues. These agents are cur-
rently being investigated, and several promising compounds have already been
reported [90-93].
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Chapter 10
Molecular Designing of Small-Molecule
Inhibitors for Apoptosis Regulation

Atsushi Yoshimori and Sei-Ichi Tanuma

Abstract Apoptosis is a distinctive mode of programmed cell death, which is
involved in organ life cycle in multicellular organism. Dysregulation of apoptotic
processes has been implicated in a wide variety of diseases, such as cancer, neuro-
degenerative disorders, and ischemic injury. To date, many kinds of key proteins in
apoptotic processes have been identified and targeted for therapeutic strategies.
Several effective small molecules have been designed to modulate the key regula-
tory proteins, such as Bcl-2, XIAP, MDM2, and caspases. This chapter reviews the
current development of small-molecule inhibitors targeting apoptosis regulatory
proteins, and as an example, our structure-based approaches for the designing of
caspase-3-specific inhibitors will be described.

Keywords Apoptosis ® Protein-protein interactions ® Structure-based drug design ©
Small molecules

10.1 Introduction

Apoptosis is a process of programmed cell death, which enables to eliminate dam-
aged and harmful cells to maintain homeostatic cellular balances in multicellular
organism [1, 2]. The processes of apoptosis are typically characterized by morpho-
logical features, such as cell shrinkage, nuclear condensation, and apoptotic body
formation [3, 4]. A biochemical hallmark of apoptosis is internucleosomal DNA
fragmentation [5]. Apoptosis is stimulated by exogenous and endogenous factors,
including oxidative stress, ultraviolet radiation, and viral infection [6—8]. These
stimuli activate apoptotic pathway, which leads to remove abnormal cells in organs.
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Since apoptosis is a highly controlled process of cell elimination and plays a funda-
mental role in tissue homeostasis, dysregulation of apoptotic signalings causes
many human diseases [9].

Abnormal activation of apoptosis causes neurodegenerative disorders, liver
injury, viral infection, and so on [8, 10, 11]. For example, increased hepatocyte
apoptosis contributes to liver injury and fibrosis. IDN-6556 (pan-caspase inhibitor)
decreased liver injury and fibrosis in a murine model of nonalcoholic steatohepatitis
[12]. Caspases are a family of cysteine protease, which are one of the executors of
apoptotic processes [13]. IDN-6556 has been used in clinical trials for the treatment
of a number of hepatic diseases [14]. Meanwhile, suppression of apoptosis causes
cancer, premalignant diseases, metabolic disorders, and so on [15-17]. One of the
hallmarks of human cancers is the resistance to apoptosis [18]. Thus, modulation of
the apoptotic signalings has been proposed as a new strategy for cancer therapy, and
many drug targets have been identified for the development of anticancer drugs
[19]. For example, inhibitor of apoptosis family proteins (IAPs) have been shown to
promote pro-survival signaling and inhibit apoptotic signaling cascades [20].
Notably, X-linked TAP (XIAP) interacts directly with caspase-3, caspase-7, and
caspase-9 and interferes with the activation of the caspases [21, 22]. AT-401 (IAP
antagonist) effectively inhibits tumor growth in a MDA-MB-231 xenograft model
and is in clinical trials for a treatment of human cancer [23].

To date, many kinds of key proteins in apoptotic signalings have been identified
and targeted for the discovery of pharmaceuticals for apoptotic diseases, such as
cancers and neurodegenerative disorders [19]. Moreover, X-ray crystal structures of
their key proteins have been solved during the course of both basic science and
structure-based drug design researches [24-27]. This chapter reviews mainly the
current development of small-molecule inhibitors designed using peptide mimetics
and X-ray crystal structures to modulate apoptotic signalings and describes our
structure-based drug design approaches aimed at the development of caspase-3-spe-
cific inhibitors.

10.2 Drug Targets in Apoptotic Pathways

Apoptosis signalings are introduced through death receptor-mediated and
mitochondrial-mediated pathways, which are known as extrinsic and intrinsic path-
ways, respectively (Fig. 10.1) [28]. The extrinsic pathway of apoptosis is activated
by death receptors on cell surface, including TNF receptor-1, Fas, TRAIL receptor
1 (TRAIL-R1), and TRAIL receptor 2 (TRAIL-R2, DRS) [29-31]. Upon binding
their cognate ligands such as tumor necrosis factor, Fas ligand, and TRAIL, the
death receptors aggregate and form death-inducing signaling complex (DISC) in
their intracellular regions [32]. Then, procaspase-8 is activated by forming of the
DISC, and activated caspase-8 cleaves and activates downstream executioner cas-
pases, such as caspase-3 and caspase-7 [33, 34]. The executioner caspases cleave a
number of protein substrates, such as ICAD, PARP, and Acinus, leading to internu-
cleosomal DNA fragmentation [35-38]. Moreover, caspase-8 cleaves Bid for cross



10 Molecular Designing of Small-Molecule Inhibitors for Apoptosis Regulation 201

L Bel-2/Bax

Death Ligand/
Death Receptor 4 -
9290, TRAIL i

Ba \ e
‘\Iicll' N
Bel-X, X,
R
b L R AT YT

e .\;'ml'] \ Apoptosome
J 3

Procaspase-9 i

DNA damage

7 MDM2/p53

DISC
complex

Procaspase-8§

Fig. 10.1 Apoptotic signaling pathway and examples of drug targets for structure-based drug
design. The crystal structures of the drug targets are DR5/TRAIL (PDB entry 1D0G), Bcl-2/Bax
(PDB entry 2XA0), MDM2/p53 (PDB entry 4HFZ), XIAP (BIR3)/Smac (PDB entry 1G73), and
caspase-3/XIAP(BIR2) (PDB entry 1130). The molecular surface representation shows DRS, Bcl-
2, MDM2, XIAP (BIR3), and caspase-3. The ribbon diagram shows TRAIL, Bax, p53, Smac, and
XIAP (BIR2)

talk to the intrinsic pathway [39]. In order to induce apoptosis against various can-
cer cells, agonistic TRAIL-R1 and TRAIL-R2 monoclonal antibodies have been
developed for clinical cancer therapy [40]. Moreover, small molecules as TRAIL
mimetics targeting DR5 have been discovered through high-throughput chemical
screenings [41].

The intrinsic pathway is triggered by signals, such as reactive oxygen species
(ROS), ER stress, and DNA damage, that induce the release of pro-apoptotic fac-
tors, such as cytochrome c, from mitochondria into the cytosol [42]. This leads to
formation of apoptosome, which subsequently induces the activation of procaspase-
9 [43]. Activated caspase-9 cleaves the downstream executioner caspases, leading to
internucleosomal DNA fragmentation by the mechanism common to the extrinsic
pathway. Bcl-2 family proteins have critical roles in the intrinsic pathway by modu-
lating mitochondrial membrane permeability and the release of pro-apoptotic fac-
tors [44]. They classify into pro-apoptotic (Bax, Bak, Bid, Bim, Bad, and Noxa) and
anti-apoptotic (Bcl-2, Bel-xL, and Mcl-1) proteins [45]. The anti-apoptotic Bcl-2
family proteins are frequently overexpressed in cancers [46]. For example, Bcl-2
directly binds to Bax via Bcl-2 homology (BH) 1-3 groove-BH3 domain interface
and inhibits apoptosis [47]. Thus, several small molecules have been synthesized as
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Bcl-2 antagonists for cancer therapy [48]. IAPs are a family of proteins containing
several baculovirus IAP repeat (BIR) domains [20]. X-linked IAP (XIAP) is one of
the most characterized of IAPs. The BIR2 domain of XIAP binds to caspase-3 and
caspase-7, while the BIR3 domain binds to caspase-9. These interactions inhibit the
activity of the caspases and interfere with apoptosis [21, 22]. The interaction
between XIAP and caspases is interfered by second mitochondria-derived activator
of caspase (Smac), which is released from mitochondria and promotes caspase acti-
vation [49]. On the basis of this role, several small-molecule Smac mimetics (XIAP
antagonists) are in clinical trials for cancer treatment [50]. Mouse double minute 2
homolog (MDM?2) regulates tumor suppressor p53 levels by promoting p53 ubiqui-
tination and thereby proteasome-mediated degradation [51]. Therefore, the inhibi-
tion of MDM?2/p53 interaction has been proposed as a new approach for the
treatment of cancer [52]. Over the past decades, apoptosis-based therapies have
attracted attention from pharmaceutical companies.

10.3 Small Molecular Modulators of Apoptosis

In the apoptotic signalings, protein-protein interactions (PPIs) are fundamental events
in both extrinsic and intrinsic pathways [28]. Small molecular modulation of the PPIs
provides an attractive approach for drug discovery against dysregulated apoptotic
processes. Inhibitors (or antagonists) of the PPIs, such as Bcl-2/Bax, MDM2/p53,
and XITAP (BIR3)/Smac, are representative examples of small molecular modulators
of apoptosis. Here, we briefly review the small molecular modulators of apoptosis.

10.3.1 Antagonists of Bcl-2 Family Proteins

The anti-apoptotic Bcl-2 proteins and Bak/Bax share four conserved domains,
known as BH1, BH2, BH3, and BH4. The pro-apoptotic Bcl-2 proteins, such as Bid,
Bim, Bad, and Noxa, share only the BH3 domain (BH3-only proteins) [45]. The
BH1-3 domains form a hydrophobic groove on the surface of the anti-apoptotic
proteins, which interacts with the BH3 domain of its pro-apoptotic partner proteins
[47]. BH3-derived peptides from pro-apoptotic proteins bind to the hydrophobic
groove of anti-apoptotic proteins and induce apoptosis [53]. Structurally, the BH3-
derived peptides form a-helical structures [54]. Thus, small molecules which mimic
the BH3 domain have been developed as modulators of apoptosis.

a-helix mimetics are expected to bind to the anti-apoptotic proteins by mimick-
ing the BH3 domain. A terphenyl scaffold was used as template to mimic the a-helix
structure of the BH3 domain. The terphenyl derivative (Fig. 10.2a) reproduced the
spatial arrangement of amino acids at the i, i + 4, and i + 7 positions in the a-helix
and has a K, value for Bcl-xL of 114 nM [55]. Oligoamide-based o-helix mimetics
led to the discovery of the JY-1-106 (K; for Bcl-xL = 179 nM) (Fig. 10.2b) [56].
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Fig. 10.2 o-helix mimetics for Bcl-2 family antagonists. (a) Terphenyl derivative (left side) and
a-helix (right side), with the i, i + 4, and i + 7 position being represented by gray stick model. (b)
Oligoamide derivative (JY-1-106). (¢) Pyramid-like a-helix mimetic (compound 6e)
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Fig. 10.3 Application of the SAR by NMR for design of Bcl-2 family antagonists. (a) First- and
second-site ligands discovered by nuclear magnetic resonance-based screening (PDB entry 1YSG).
The two ligands are represented in stick model. Bcl-xL is shown in gray surface representation. (b)
Superposition of Bcl-xL/ABT-737 complex (PDB entry 2YXJ) and Bcl-xL/Bad complex (PDB
entry 1G5J). ABT-737 is represented in stick model. BCL-xL is shown in gray surface. Bad is
shown in magenta ribbon representation

Recently, a pyramid-like scaffold was proposed as universal o-helical mimetics.
Compound 6e based on the pyramid-like scaffold was reported as Bcl-2/MDM2
dual inhibitors (Fig. 10.2¢) [57].

Employing nuclear magnetic resonance (NMR)-based screening and parallel
synthesis, small-molecule antagonists have been designed to mimic the binding of
the BH3 domain to anti-apoptotic proteins [58]. The strategy was named by SAR by
NMR, which is now widely used in drug discovery. First, a fluoro-biaryl acid as a
first-site ligand was screened by the NMR-based screening (Fig. 10.3a). In NMR-
based titration experiments, this compound has a K; value for Bcl-xL of
~300 pM. Next, several naphthol analogues and a biaryl phenol as second-site
ligands were identified that bound to the site in the presence of the fluoro-biaryl acid
(Fig. 10.3a). And then, the first- and second-site ligands were connected by various
linkers. Finally, a high-affinity ligand was obtained, which binds to Bcl-xL with K;
of 36 nM [58]. From SAR by NMR, ABT-737 has been designed to mimic the bind-
ing of the BH3 domain to anti-apoptotic proteins (K; for Bcl-2 and Bel-xL < 1 nM)
(Fig. 10.3b) [48, 59].
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Table 10.1 TAP-binding IAP-binding protein | Sequence

motif Smac AVPIAQKS
Reaper AVAFYIPD
Hid AVPFYLPE
Grim ATIAYFIPD
Sickle AIPFFEEE

10.3.2 Antagonists of IAP Proteins

IAPs, including cIAP1, cIAP2, XIAP, and ML-IAP, comprise a family of anti-
apoptosis proteins that repress apoptosis progression by interfering with the activa-
tion of caspases in either a direct or indirect manner [60]. Overexpression of IAPs
occurs in many cancers and promotes resistance to chemotherapy and radiation
[61]. XIAP is the best characterized IAPs. The BIR2 domain of XIAP binds to
caspase-3 and caspase-7, while the BIR3 domain binds to caspase-9. These direct
interactions suppress the activation of the caspases and inhibit apoptosis [21, 22].
An endogenous inhibitor of TAPs, called Smac, is a pro-apoptotic protein that is
released from mitochondria in response to apoptotic stimuli into the cytosol and
competes with the caspases for binding to several IAPs and thereby facilitates apop-
tosis [49]. Smac interacts with IAPs via its N-terminal amino acid residues (AVPI),
named IAP-binding motif (IBM). An alignment of IAP-binding proteins provided
the sequence motif of A-(V/D)-(P/A)-(F/1/Y) (Table 10.1) [62]. A 4-mer peptide
(AVPI) derived from Smac has the ability to inhibit Smac-BIR3 interaction
(ICsyp = 0.58 pM). Moreover, AVPF was found to have a higher inhibitory activity
(IC50=0.12 pM) than AVPI [62]. Phe in the fourth position in AVPF tightly interacts
with the BIR3 pocket of XIAP (Fig. 10.4a). However, although the 4-mer peptides
have potent inhibitory activity, they do not have good pharmacological property.
Therefore, small-molecule IBM mimetics have been developed. GDC-0152 was
designed as antagonist of IAPs from the IBM, which binds to the BIR3 domain of
cIAP1, cIAP2, and XIAP and the BIR domain of ML-IAP with K; values of 17, 43,
28, and 14 nM, respectively [63]. IBMs are attractive starting point for designing of
IAP antagonists. GDC-0152 is in currently being tested in clinical trials as novel
cancer therapeutics [50]. IAP antagonists can be divided into monovalent and biva-
lent antagonists. Examples for monovalent IAP antagonists are GDC-0152, AT-406,
MV1, and LBW242 (Fig. 10.4b) [63-66]. Bivalent inhibitors, for example, are BV6
and TL-32711, which consist of two monovalent antagonist that are connected via a
linker (Fig. 10.4c) [65, 67]. Bivalent antagonists generally demonstrate higher bind-
ing affinity and better cellular potencies than monovalent antagonists [65]. Recently,
macrocyclic XIAP antagonists have been screened from a DNA-programmed
chemistry library [68]. The macrocyclic derivative (compound 18) has I1Cs, values
97 nM against XIAP-BIR2, 36 nM against XIAP-BIR3, and 16 nM against cIAP1-
BIR3 (Fig. 10.4d) [68].



206 A. Yoshimori and S.-I. Tanuma

GDC- 0152 AT-406 O LBW242

A

- BV6 o N: R
o E%f
d HOOC Q ﬁ‘
Lok { | ffir

SO0H Compound 18

e

Fig. 10.4 IAP antagonists. (a) Superposition of XIAP/Smac complex (PDB entry 1G73) and
XIAP/AVPF complex (PDB entry 20PZ). AVPF is represented in stick model with carbon colored
green, oxygen colored red, and nitrogen colored blue. Smac is shown in magenta ribbon represen-
tation, and its N-terminal AVPI motif is shown in magenta stick representation. XIAP is shown in
gray surface representation. (b) Monovalent antagonists. (¢) Bivalent antagonist. (d) Macrocyclic
antagonist
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10.3.3 Inhibitors of MDM?2

The tumor suppressor protein p53 is a transcriptional factor that plays vital roles in
the regulation of several cellular processes [69]. In approximately 50% of human
cancers, p53 is mutated or deleted [70]. Meanwhile, in human cancers retaining
wild-type p53, the mouse double minute 2 (MDM2; HDM2 in humans) binds to the
N-terminal region of p53 and inhibits its function in cells [51]. The interfering with
the protein-protein interaction of MDM?2 and p53 would release p53 from MDM2
and reactivate its tumor suppressor function. Thus, small-molecule inhibitors
(MDM inhibitors) may have a therapeutic benefit in human cancers with wild-type
p53. The N-terminal region of p53 interacts with MDM2 in an a-helix conforma-
tion, and the most important residues in the region are three hydrophobic residues,
Phel9, Trp23, and Leu26 (Fig. 10.5a) [52]. Nutlins are first reported as the potent
and specific MDM2 inhibitors, which are cis-imidazoline derivatives [71]. The ini-
tial lead compounds were discovered by screening of a chemical library. One of the
most promising inhibitors in nutlin is nutlin-3a, which inhibits the MDM?2/p53
interaction, with a ICs, value of 90 nM [72]. Nutlins occupy the same pockets as the
three hydrophobic residues (Phel9, Trp23, and Leu26) of p53 in MDM2 cleft
(Fig. 10.5a) [72]. Additionally, RG7112 was developed based on the structure-based
optimization of nutlin-3a. RG7112 is in clinical trials for treatment of human can-
cers [73]. The most representative of MDM?2 inhibitors is shown in Fig. 10.5b.
RG7388 is a second-generation MDM2 inhibitor, which possesses pyrrolidine scaf-
fold. The stereochemical configuration of the pyrrolidine scaffold in which the two
phenyl groups adopt a frans configuration was very important for potent inhibitory
effects (ICsy = 6 nM) [74]. The crystal structure of MDM/pyrrolidine derivative
(Fig. 10.5b) complex (PDB entry 4JRG) shows that 2-chloropheny group of pyrro-
lidine derivative occupies the Leu26 pocket and establishes nt—x stacking interac-
tion with His96 of MDM?2 in addition to mimicking the three hydrophobic residues
of p53 [74]. The additional interactions not observed between p53 and MDM?2
could be important for designing potent MDM?2 inhibitors. Another negative regula-
tor of p53 is MDMX, which may directly regulate p53 transcription [75]. Although
nutlin-3a binds to MDMX, its binding affinity is >200-fold less potent than that
toward MDM2 [76]. Several MDMX inhibitors were reported (Fig. 10.5c).
SJ-172550 was discovered as the first MDMX inhibitor by high-throughput screen-
ing of chemical libraries [77]. The binding of SJ-172550 to MDMX forms both
covalent and non-covalent interactions (ICs, = 3 pM) [78]. Indolyl hydantoin com-
pounds were screened for suppression of p53/MDMX binding from a diverse library
of small molecules. One of the compound (RO-2443) had inhibitory activities
against both MDM2 (ICs, = 33 nM) and MDMX (ICs, = 41 nM). RO-2443 induces
homo- and/or hetero-dimerization of MDM2 and MDMX and then blocks p53 bind-
ing with both MDM2 and MDMX [79].
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Fig. 10.5 MDM2/MDMX inhibitors. (a) Superposition of MDM2/p53 complex (PDB entry
1YCR) and MDM2/Nutlin-3a complex (PDB entry 4HG7). Nutlin-3a is represented in stick model
with carbon colored green, oxygen colored red, and nitrogen colored blue. p53 is shown in magenta
ribbon representation, and three hydrophobic residues (Phel9, Trp23, and Leu26) are shown in
magenta stick representation. (b) MDM2 inhibitors. (¢) MDMX inhibitors
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10.4 Molecular Design of Small-Molecule Inhibitors
of Apoptosis-Related Proteins: A Case Study
on Caspase-3-Specific Inhibitors

Caspases are a family of cysteine protease that play critical roles in apoptosis and
inflammation. Apoptotic caspases are grouped into either initiator (caspase-2, cas-
pase-8, caspase-9, and caspase-10) or executioner (caspase-3, caspase-6, and cas-
pase-7) caspases. Autoactivation of initiator caspases is facilitated by adaptor
proteins, such as apoptosis protease activating factor-1 (Apaf-1) and Fas-associated
death domain protein (FADD). Executioner caspases are activated by cleavage from
initiator caspases and then cleave hundreds of different substrate proteins, leading
to cell death. Dysregulation of caspases causes a variety of diseases, including neu-
rodegenerative disorders and cancers [13].

Caspases share similarities in amino acid sequences, structure, and substrate
specificities. The three-dimensional structures show that the active sites of all cas-
pases have positively charged S, subsites that interact with the negatively charged
Asp in the P, position on the substrate proteins. Because the S; subsites on caspases
are highly conserved, all caspases cleave substrate proteins in a specific manner
after the Asp residue [27, 80]. Recognition of at least four amino acids (P;-Py) is also
an essential requirement of efficient catalysis. The S,—S, subsites on caspases vary
significantly, resulting in various substrate specificities for the P,—P, positions, in
spite of an absolute requirement for Asp in the P, position. The sequence DEVD
with in poly(ADP-ribose) polymerase (PARP) is known to be recognized [81] and
cleaved by caspase-3, and it has been used to create a caspase-3 inhibitor Ac-DEVD-
CHO. However, Ac-DEVD-CHO inhibits not only caspase-3 activity but also the
activities of some other caspases [82]. Therefore, it could be difficult to design
selective inhibitors based on the sequence of known cleavage sites.

To identify the sequence with the highest binding affinity against each caspase,
the X-X-X-D, where “X” denotes any of 20 amino acids, sequence motif is used for
structure-based virtual screening (SBVS), in which a total of 20° binding energy
calculations are performed. For clearly showing each amino acid position, X-X-
X-D motif is expressed as P,-P;-P,-D. Generally, SBVS of a large library of com-
pounds requires large-scale computations. Since, in particular, peptides are highly
flexible with a number of rotational bonds, long computational time of binding
energy calculation is required. Here, we introduce our new computational screening
system based on Amino Acid Positional Fitness (APF) score for rapid calculation of
binding affinity between a peptide and a target protein (Fig. 10.6) [83]. In our sys-
tem, 1-10% of peptides in the comprehensive peptide library are selected at ran-
dom. The binding energies between the selected peptides and the target protein are
calculated using molecular docking software, where we use AutoDock 3.0 [84], and
then the binding energies are transferred to APF score matrix using statistical tech-
nique. Ultimately, the APF score matrix is able to calculate rapidly the binding score
(APF score) of all peptides in the comprehensive peptide library. We show here the
usefulness of the APF score for design of potent and specific caspase-3 inhibitor.
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Fig. 10.6 General outline of the APF method

10.4.1 Construction of Screening System for Caspase-3
Inhibitors

The APF score matrix allows us to calculate binding affinities between peptides and
a target protein. A general outline for constructing the APF score matrix for cas-
pase-3 is illustrated in Fig. 10.6. This screening system is named APF method, and
details are described as follows [83]:

10.4.1.1 Step 1: Construction of Peptide Libraries

To identify the P,—P, preferences of caspase-3, we constructed the comprehensive
peptide library, which contained 20* peptides with Asp fixed at P;. The analytical
library contains 360 peptides randomly selected from the comprehensive peptide
library, and the predictive library contains 40 peptides randomly selected from the
comprehensive peptide library.
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10.4.1.2 Step 2: Calculation of Binding Energies Using Molecular
Docking Software

The binding energies between 400 peptides contained in the analytical and predic-
tive library and caspase-3 were calculated by using molecular docking software
AutoDock 3.0. The crystal structure of caspase-3 was obtained from Protein Data
Bank (PDB entry 1PAU).

10.4.1.3 Step 3: Construction of APF Score Matrix

APF score matrix was generated based on the frequency of appearance of 20 amino
acids at each position (P,, P;, and P,) of peptides in the analytical library. The APF
score of amino acid i at position j is calculated as follows:

_ p zinder
APE, =log [—J

b
all

(10.1)

pai’ is the frequency of amino acid i at position j among peptides in the analytical
library, and pyi.” is the frequency of amino acid i at position j among peptides
below a threshold value of binding energy.

i _ S
Par= e
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¢; denotes the number of times that amino acid i appears at position j among
peptides in the analytical library. n,; is the number of peptides in the analytical
library. ¢; denotes the number of times that amino acid i appears at position j
among peptides below the threshold value of binding energy in the analytical
library. iy i the number of peptides below the threshold value of binding energy
in the analytical library. The range of position j is from one to three and corre-
sponding to P, to P,. The range of amino acid i is from 1 to 20 and corresponding
to individual amino acids.

APF score matrix allows us to calculate the APF score, which indicates the bind-
ing affinity between a peptide and caspase-3. The APF score of a peptide is calcu-
lated as follows:

20 3
APFscore= ZZCU‘APF:‘/‘
==l (10.4)
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A peptide with P,-P5-P,-D motif is represented by a 20 x 3 matrix (c;) of O s and
1's, where ¢;=1 if amino acid i is at position j.

Correlation analysis of the APF score and the binding energy in the analytical
library were performed. If a high correlation is observed, it becomes possible to
predict binding affinities from the APF score. The threshold value set up a value that
makes the correlation coefficient between the APF score and the binding energy
maximal. The predictive library was used to verify the predictability of the APF
score.

10.4.1.4 Step 4: Construction of an Enriched Library by APF Score

It may be presumed that potent inhibitory peptides are distributed randomly in the
comprehensive peptide library. The APF scores of all peptides in the library were
calculated using APF score matrix. Since a high APF score indicates high binding
affinity, peptides in the library were sorted in descending order according to their
APF score. Thus, potent inhibitory peptides could be located at higher rank in the
library. The enriched library was defined as the top 5% of the sorted comprehensive
peptide library.

10.4.2 Design of Caspase-3-Specific Inhibitor by Using
APF Method

We constructed the enriched library for caspase-3 inhibitors by using the APF
method. Potent inhibitory peptides could be contained in the enriched library.
Therefore, all peptides in the enriched library were docked into the active site of
caspase-3 to calculate the binding energies. Ten predicted potent inhibitory pep-
tides of caspase-3 are summarized in Table 10.2. The most potent inhibitory pep-
tide was DEVD. DELD is the known cleavage site of D4-GDP dissociation

Table 10.2 Predicted inhibitory peptides against caspase-3

Ranking Peptide Binding energy (kcal/mol) Substrate
1 DEVD —-16.15 PARP

2 QEPD -15.91 —

3 TEPD —-15.75 -

4 DELD —15.65 D4 GDP inhibitor
5 QELD —15.63 —

6 LEPD —15.57 -

7 DNLD —15.45 -

8 DQPD —15.39 -

9 DPFD —15.16 -

10 NEPD —14.95 -
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Table 10.3 Potency and selectivity of caspase-3 inhibitors

K (nM)
Inhibitor Caspase-3 Caspase-7 Caspase-8 Caspase-9
Ac-DNLD-CHO 0.68 55.7 >200 >200
Ac-DEVD-CHO 0.288 4.48 0.597 1.35
Ac-DQTD-CHO 1.27 21.8 9.75 14.5
Ac-DMQD-CHO 133 >200 >200 >200

2K*P was calculated from the ICs, value, K" = ICso/(1+ [S]/K,,), where K, is the Michaelis con-
stant of the substrate and [S] is the substrate concentration in the assay

inhibitors [85]. Seven of the ten peptides had Glu in the P; position. Many of the
well-known peptide inhibitors of caspases also have Glu in the P; position.
Intriguingly, only DNLD had Asn in the P; position, and no peptide inhibitors or
cleavage site in natural substrates of caspase-3 was known to have Asn in the P;
position. Accordingly, we synthesized Ac-DNLD-CHO as a novel caspase-3 inhib-
itor. To determine inhibitory activities of Ac-DNLD-CHO against caspase-3, cas-
pase-7, caspase-8, and caspase-9, in vitro caspase activity assays were performed
(Table 10.3) [86]. Moreover, to evaluate the selectivity of Ac-DNLD-CHO against
caspase-3, inhibitory activities of Ac-DEVD-CHO, Ac-DQTD-CHO, and
Ac-DMQD-CHO were also examined. These three caspase inhibitors are commer-
cially available. As shown in Table 10.3, Ac-DNLD-CHO inhibits caspase-3
(K = 0.68 nM) with almost the same potency as Ac-DEVD-CHO
(K = 0.288 nM). Ac-DEVD-CHO inhibits caspase-3, caspase-7, caspase-8, and
caspase-9 to similar extent. In contrast, Ac-DNLD-CHO has very low inhibitory
activities against caspase-8 and caspase-9. Although Ac-DNLD-CHO inhibits cas-
pase-7, Ac-DNLD-CHO exhibits about 80-fold selectivity for caspase-3
(K*P = 0.68 nM) over caspase-7 (K" = 55.7 nM). Ac-DQTD-CHO did not exhibit
great selectivity for caspase-3 over other caspases, and Ac-DMQT-CHO inhibits
caspase-3 weakly (K" = 13.3 nM), whereas it had little inhibitory effect on cas-
pase-7, caspase-8, and caspase-9. The docking model of Ac-DNLD-CHO in com-
plex with caspase-3 revealed characteristic interaction patterns with caspase-3
(Fig. 10.7a). The Asn (P;) forms a hydrogen bond with Ser209 and does not interact
with Arg207, while the Leu (P,) forms tight hydrophobic interaction with Trp206,
Tyr204, and Phe256 (S, site). Meanwhile, the Glu (P3) in Ac-DEVD-CHO forms an
interaction with the Arg207 but not Ser209 in the X-ray crystal structures of cas-
pase-3 (PDB entry 1PAU). The hydrophobic interaction between the Val (P,) in
Ac-DEVD-CHO and the S, site is probably weaker than those between the Leu (P»)
in Ac-DNLD-CHO and the S, site. The specific inhibitory activity of Ac-DNLD-
CHO against caspase-3 may arise from the characteristic interactions of the Asn
(P,) and the Leu (P;). Non-peptidic small molecule, CS4566, selectively inhibits
caspase-3, which is designed using pharmacophore derived from the specific bind-
ing mode of Ac-DNLD-CHO (Fig. 10.7b) [87]. Ac-DNLD-CHO and CS4566 rep-
resent promising lead structures for caspase-mediated diseases, such as
neurodegenerative disorders.
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Fig.10.7 Predicted binding interactions for Ac-DNLD-CHO (a) and CS4566 (b) on the active site
of caspase-3. The active site of caspase-3 is represented in stick model with carbon colored gray,
oxygen colored red, and nitrogen colored blue. Ac-DNLD-CHO and CS4566 are represented in
stick model with carbon colored green, oxygen colored red, hydrogen colored white, and nitrogen
colored blue

10.5 Conclusion

Since apoptosis-related proteins are attractive drug targets, many compounds that
modulate these protein functions involved in apoptotic processes are currently being
developed. In the apoptotic processes, protein-protein interactions (PPI) are very
important in the regulation of the apoptotic signal transduction. However, targeting
PPIs and creation of effective small molecules have long been considered to be dif-
ficult. Recently some successful examples are growing by peptide mimetic small
molecules. For example, many of IAP antagonists were designed using the peptide
sequence of [AP-binding motif. The IAP antagonists possess scaffolds that mimic a
[B-strand structure, while a-helix mimetics are also used for designing PPI inhibi-
tors, such as Bcl-2 family antagonists and MDM?2 inhibitors. Furthermore, NMR-
based screening for identification of PPI inhibitors, such as Bcl-2 family antagonist
ABT-737, is also an effective approach. Due to accumulation of crystal structures of
PPI complexes, structure-based drug design strategies, such as our APF method,
have become effective to create apoptosis-modulating PPI inhibitors. Thus, in recent
years, significant advances have been made in the development of strategies to
design PPI inhibitors. In the near future, apoptosis-modulating small molecules will
be utilized in the chemotherapy of apoptosis-related diseases, such as cancers and
neurodegenerative diseases.
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