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FOREWORD

Apoptosis, or programmed cell death, plays an essential natural
physiological role in removing cells that are superfluous, diseased, or
otherwise have served their useful purpose. During apoptosis (a term derived
from the Greek word for the falling of leaves from trees in autumn) living
cells go through a predictable, well-choreographed series of events in which
they are broken down by enzymes internally and then fall apart. The
remaining pieces are devoured by still vital neighboring cells. Apoptosis can
also be induced in cancer cells artificially, by treating tumors with drugs or
radiation. This break-through finding has led to the idea that a completely
novel way of cancer therapy might be developed using drugs that directly
switch on the cell death machinery in tumors. Certain drugs with pro-
apoptotic potential are now being tested for possible use in the clinic.

One of the major problems in oncology is the fact that tumors, which
initially respond to a certain therapy modality, develop resistance after a
time. Selective resistance to cell death is recognized as a major health-
related problem now that it has become clear that the effects of therapy on
genetically unstable, rapidly dividing groups of tumor cells usually leads to
only temporary relief of the tumor burden, because this is followed by the
outgrowth of a subpopulation that carries advantageous mutations that make
them non-responsive to the therapy. Loss of ability to undergo apoptosis
may be one of the key factors in the clonal selection leading to treatment
resistance.

This book is a state-of-the art presentation of the achievements of
research made in this area. We hope that it will be a useful guide to workers
in the field and to clinicians.

Mels Sluyser



Chapter 1

DISFUNCTION OF THE APOPTOTIC PATHWAY
IN CANCER CELLS

Lily Yang

Deparment of Surgery and Winship Cancer Institute, Emory University School of Medicine,
Atlanta, GA 30322

Abstract:

Key words:

1.

Apoptosis is an important physiological process for maintaining homeostasis,
remodeling and eliminating abnormal cells in normal tissues. Development of
human cancer is a multistage process involving various genetic alternations
and cellular abnormalities. Cellular changes should lead to activation of the
apoptotic pathway and induction of cell death, which prevents tumor growth
and progression. However, during tumorigenesis, some tumor cells develop
apoptosis-resistant mechanisms that allow the cancer cells to avoid apoptotic
cell death, resulting in the initiation and progression of human cancers.
Defects in the apoptotic signaling pathway have been detected in many cancer
cells and cancer tissues. A deregulated apoptotic signal pathway confers a
high survivability and resistance of the tumor cells to therapeutic reagents.
Understanding the alterations in apoptotic signaling in human cancer cells
should provide important information for the development of novel cancer
therapies directly targeting the apoptotic signal pathway in cancer cells.

Apoptosis resistance, apoptotic signal pathway, human cancer cell, apoptosis
signal defects

INTRODUCTION

Programmed cell death (apoptosis) is an important cellular process that
allows proper development and remodeling of normal tissues, generating
immune responses and destroying abnormal cells. A regulated apoptotic
pathway ensures homeostasis and integrity of the normal tissues . It is well
known that malignant transformation of human cancer cells is a multi-stage
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2 Chapter 1

process involving mutations or deletions of various tumor suppressor genes,
activation of oncogenes and alterations in the levels of expression of key
regulatory genes, providing growth advantages and metastatic potential for
tumor cells *. Those genetic alterations result in abnormalities in cellular and
nuclear morphology and signal transduction pathways which would
normally activate a suicidal pathway and induce apoptosis in the cells **.
Increasing evidence shows that impairments in apoptotic signaling enable
tumor cells to avoid apoptotic cell death and grow into tumor masses that are
resistant to apoptosis **. Defects in regulation of apoptosis have been
detected in both upstream and downstream of the apoptotic signal pathway
in many types of human tumor cells “°. Recent studies have also revealed
molecular targets in the apoptotic pathway that play important roles in the
apoptosis resistance of cancer cells. The feasibility of targeting the apoptotic
pathway as a novel cancer therapy has also been examined.

Apoptosis is the most common type of cell death, characterized as
chromatin condensation, nuclear fragmentation, cell shrinkage and
membrane blebbing. Apoptotic cells then break into small membrane-
surrounded apoptotic bodies that are removed by phagocytosis '. In normal
cells, apoptosis is induced under some physiological conditions such as
tissue and organ development in fetus, menstrual cycle, and involution of
breast ducts after lactation '*'*. Apoptotic cell death is also induced in the
cells with viral infection, DNA damage or other genomic alterations and
regulation of cell-mediated immune responses >'*'°. Regulated apoptosis
therefore maintains tissue integrity as well as a balance between cell
proliferation and death in normal tissues.

During the last decade, the identification and characterization of cellular
factors in the apoptotic signal pathway have been an intensive research area.
Many cellular factors involved in apoptotic signaling were discovered and
their roles in the regulation of the apoptotic pathway have been elucidated.
Apoptosis is initiated when the cells receive negative signaling, such as
growth factor withdrawal, DNA damage by oxidants, ultraviolet light and
x-rays, and chemotherapy drug treatment >''®. Activation of apoptotic
signaling is achieved by either an extrinsic or an intrinsic pathway '°. The
extrinsic pathway is triggered by ligation of cell surface death receptors with
their specific ligands, such as Fas Ligand, tumor necrosis factor oo (TNF-o)
and tumor necrosis factor-related apoptosis inducing ligand (TRAIL).
Binding of apoptosis inducing ligands to their corresponding receptors
activates an intracellular domain (the death domain) of the receptor to attract
an adaptor protein, Fas-associated death domain protein (FADD). FADD
then recruits inactive caspase 8 to form a death-inducing signaling complex
(DISC), resulting in the activation of caspase-8. Active caspase 8 then
cleaves and activates caspase-3 and -7 '°. The intrinsic pathway is activated
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when the cells are under severe stresses such as growth factor deprivation,
oxidants and DNA-damaging agents by leakage of cytochrome c¢ from
mitochondria. This results in the activation of caspase-9 and then caspase-3,
-6, and -7 "', The crosstalk between cell death receptors and mitochondrial
pathways is also present in some conditions. Death receptor activated
caspase-8 cleaves Bid, which then translocates to the mitochondria to
amplify the apoptosis signal by activating the mitochondrial pathway *.

Caspases can be divided into two groups based on the length of their
prodomain and substrate specificity. Caspase-2, -8, -9 and -10 are initiator
caspases using their long N-terminal prodomains to interact with adapter
molecules and form a death inducing signal complex (DISC). Downstream
caspases, including caspase-3, -6, and -7, are executioner caspases that
remain dormant until the initiator caspases activate them by proteolysis *.
Activated executioner caspase-3, -6 and -7 recognize specific substrate
sequences in targeting cellular proteins and cleave a number of structural and
regulatory proteins such as Poly (ADP-ribose) polymerase (PARP), lamins,
DNA fragmentation factor-45 (DFF45/ICA) and cytokeratins, leading to
apoptotic cell death >

Examination of the levels and activity of apoptotic effectors, inhibitors
and regulators in human cancer cells and tissues has demonstrated that
deregulation of apoptotic signal pathway is present in most human cancer
cells. Human tumor cells escape apoptotic cell death by avoiding the
activation of upstream apoptotic signals and/or by upregulation of inhibitory
factors in the apoptotic signal pathway .

2. CELL DEATH RECEPTOR-MEDIATED
APOPTOSIS

2.1 Fas and Fas ligand (Fas L)

Fas (APO-1 or CD 95) is a widely expressed transmembrane protein in
the tumor necrosis receptor family. Interaction of Fas with its legend, FasL,
initiates the death receptor-mediated cell death pathway ****. However,
dysfunction of the Fas-mediated apoptotic signal has been found in several
tumor types. It has been shown that many tumor cells are resistant to FasL
or Fas antibody induced apoptosis **°. Further studies indicate that human
cancer cells have developed resistant mechanisms to avoid Fas-mediated
apoptosis. Somatic deletions and mutations of Fas receptor were first
discovered in human lymphoid-lineage malignancies ***’. Later, Fas
mutations were detected in small percentage of solid tumors, such as in
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gastric (11.6%), non-small cell lung (7.7-20%), and malignant melanomas
(6.8%)***.  Although Fas mutation is not a common phenomenon in solid
tumors, a reduced level of expression of cell surface Fas receptor is found in
many tumor types either by downregulating Fas gene expression or by
decreasing cell surface transportation ****. In addition, some tumor cells also
produce a high level of soluble Fas to block interactions between cell surface
Fas receptor and FasL 33

Although downregulation of Fas levels or function could explain the
insensitivity to Fas-mediated apoptosis in some tumor cells, many tumor
cells do not have Fas mutations and an adequate level of Fas expression is
detected in tumor cells that are resistant to Fas-mediated apoptosis ***.
Interestedly, those tumor cells also co-express a high level of FasL, an
activating ligand for Fas receptor. In normal tissues, FasL is only expressed
at a low level in cytotoxic T lymphocyte, natural killer cells, sertoli cells of
testis, ocular cells and normal breast ductal epithelial cells 4“4 However,
upregulation of FasL has been found in many tumor cells as well as tumor
tissues ***’. Co-expression of Fas and FasL in tumor cells resistant to Fas-
mediated apoptosis suggests the presence of intrinsic anti-apoptotic factors
downstream of the death receptor that block the apoptotic signal pathway
and prevent apoptosis *'. Consistent with this notion, it has been shown that
tumor cells resistant to Fas-induced cell death also showed a low sensitivity
to chemotherapy drugs or to TRAIL induced apoptosis ***°. Moreover,
upregulation of cell surface FasL provides a growth advantage to the cells by
counteracting tumor-infiltration immune cells and/or facilitating the
destrt;scgon of surrounding tissues to increase the invasiveness of the tumor
cells ™.

2.2 TRAIL and TRAIL receptors

TRAIL is a member of the tumor necrosis factor (TNF) family of
cytokines that binds to its death receptors, DR4 and DRS, and activates the
apoptotic pathway °'. Although TRAIL is constitutively expressed in many
tissue types, apoptotic cell death is selectively induced in cancer cells but not
in normal cells ****. This selectivity may be due to a higher level of TRAIL
receptors in cancer cells than in normal cells. In addition, TRAIL also
interacts with "decoy" receptors DcR1 and DcR2, which lack functional
death domains and do not induce apoptosis . The role of the decoy
receptors in protecting normal cells from TRAIL-induced apoptosis has yet
to be determined.

Although activation of TRAIL-mediated apoptotic pathway has great
potential for developing tumor-specific therapy, further studies of the ant-
tumor effects of TRAIL in different tumor cell lines indicate that human



1. Disfunction of the Apoptotic Pathway in Cancer Cells 5

tumor cells have a wide range of sensitivity to TRAIL-induced apoptosis *°.
A large fraction of tumor cells display a low level of TRAIL expression or
activity. Some tumor cells have completely lost the expression of TRAIL
receptor °°°. Additionally, several studies demonstrate that high levels of
both TRAIL receptor and ligand are found in some TRAIL-resistant tumor
cells, suggesting other downstream anti-apoptotic factors may contribute to
lack of TRAIL-induced apoptosis in those cells. However, it has been shown
that treatment of TRAIL resistant tumor cell lines with subtoxic

concentrations of chemotherapy drugs sensitizes TRAIL-induced apoptosis
57,59,60

2.3 TNF-a and receptors

TNF-a, a cytokine produced by macrophages/monocytes during acute
inflammation, regulates inflammation, survival, proliferation and apoptosis
of cells. TNF-o binds to cell surface receptor TNFR-1 or TNFR-2 and
trimerizes the receptors . The activated receptors further recruit adaptor
proteins TRADD and TRAF2, and death effect domain protein FADD to
form DISC and then cleaves procaspase 8 to active caspase 8 **®. Unlike
other TNF-o family receptors, recruiting TRAF2 to TNF-R1 triggers the
activation of cell survival factor NF-kB resulting in the activation of anti-
apoptosis factors such as c-FLIP or cIAPs, which are inhibitors for caspase 8
6264 " Since the level of TRAF2 is elevated in various human tumors, this
may cause the formation of the TNF-R, TRADD and TRAF2 complex and
activate the cell survival pathway, resulting in resistance of the tumor cells to
TNF-o mediated apoptosis *.

3. CASPASE ACTIVATION

3.1 Downregulation of caspases in tumor cells

Caspases are synthesized as inactive zymogenes with a prodomain
followed by a large (p20) and a small (p17) subunit. Activation of the
procaspases by a series of cleavage events is a critical process for execution
of apoptosis. Deficiency in the levels of expression of procaspase genes is
detected in some tumor cell lines and tissues. For example, deletion or
silencing of the caspase 8 gene was discovered in neuroblastoma and non-
small lung carcinomas “*. Deficiency in caspase 3 was also found in some
human tumor cell lines and tissues such as human breast cancer cells, drug
resistant human cervical cancer cells, human neuroblastoma, hepatocellular
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and renal cell carcinomas tissues ®*’*”'. Results from examination of levels
of caspase expression using immunohistochemistry staining further showed
that 46% to 85% of human colon cancer tissues have low levels of caspase-7
and -9 .

3.2 Apoptotic protease activating factor 1

Apoptotic protease activating factor 1 (APAF-1) is a cytoplasm protein
that binds to cytochrome C after its release from mitochondria and forms an
apoptosome with cytochrome C and procaspase 9. At the apoptosome,
procaspase 9 is activated, resulting in the cleavage and activation of caspase
3. Functional of APAF-1 is required for activation of caspase 9 in the
intrinsic pathway . However, tumor cells, such as metastatic melanomas
have developed a way to avoid the mitochondrial-mediated apoptosis by
downregualting expression of the APAF-1 gene through allelic loss or gene
methylation "*. Those APAF I1-negative cells are highly resistant to
chemotherapy *.

33 Upregulation of levels of gene expression and caspase
activity in human tumor cells

Although impairments in the levels of caspases greatly affect the
apoptotic response in human tumor cells, recent studies have demonstrated
the presence of higher levels of expression of procaspase genes and/or active
caspases in some tumor cells and tissues as compared to normal cells %7’
HIST8T  Examination of levels of procaspases and active caspases in breast
carcinoma tissues from 440 breast cancer patients at different stages of the
disease in five independent studies yielded surprising results demonstrating a
high level of procaspases and/or active forms of caspases in most human
breast cancer tissues "~ °. A high level of procaspase-3 expression is found
in 58% of ductal carcinoma in situ (DCIS) and ~90% of invasive breast
cancer tissues but is not found in normal breast ductal cells. A strong
expression of procaspase-3, -6 and -8 is significantly associated with the
extent of apoptosis and high grade of DCIS lesions '°. It has also been
shown that over 80% of breast cancer tissues display high levels of active
caspase-3 and -6 detected by immunohistochemical staining using antibodies
specific for active forms of caspase -3 and -6. In these patient samples,
apoptosis is highly correlated with the level of proliferation but not with the
level of active caspases .

Overexpression of caspase-3 gene is also detected in pancreatic cancer
but not in normal pancreas tissues”’. High levels of caspase-8, -3 and -6
activity are found in pancreatic and colon cancer cells that are not
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undergoing apoptotic cell death ™. Analysis of the expression of caspase-3, -
8 -9 and -10 in 60 advanced gastric adenocarcinomas by
immunohistochemistry using a tissue microarray approach showed that over
90% of the gastric cancer tissues express high levels of caspase-3, -8, -9 and
-10. However, normal gastric mucosal cells show no or weak expression of
caspases. A high level of active caspase-3 in gastric cancer tissues is
significantly correlated with lymph node metastasis and a worse prognosis of
the patient but not with the extent of apoptosis *'. At present, the significance
of caspase activation in human tumor tissues is still under investigation.
Activation of the caspase cascade, especially caspase 3, has been considered
as an irreversible process that leads to “point of no-return” apoptotic death in
the cells. An important question to be answered is that how those tumor
cells with active caspases are still alive and maintaining proliferative ability.
Recent studies showed that in addition to their function in apoptosis, limited
activation of caspases is required for some normal cell functions such as
proliferation of T and B lymphocytes and differentiation of several cell types
5284 In tumor cells, activation of caspases may result from the activation of
the apoptotic pathway due to the presence of abnormalities in cancer cells. In
addition to a high level of caspase and/or active caspase, upregulation of
FasL, an important activator for death receptor-mediated apoptosis, is seen
in many tumor cells and tissues. Expression of FasL has been associated
with counteracting the cytotoxic T cell immune response and the
invasiveness of the tumor cells . It seems that those FasL-mediated effects
are the results of activation of apoptotic signal in tumor cells. Development
of anti-apoptosis mechanisms, especially factors inhibiting caspase activity,
allows survival and progression of human tumor cells.

4. ANTI-APOPTOTIC FACTORS IN TUMOR CELLS
4.1 Upstream inhibitors for cell death receptor-mediated
apoptotic pathway

Death receptor activated apoptosis is negatively regulated by FADD-like
interleukin-1 B-converting enzyme-like protease (cFLIP) *. cFLIP protein
has homology with procaspase 8 but lacks the catalytic domain of the
enzyme. Binding of cFLIPs to the DISC interferes with the processing and
activation of caspase 8, which inhibits initiation of death receptor-mediated
apoptosis. It has been shown that cFLIP, potently inhibits death signaling
mediated by all known death receptors, including Fas, TNF-R, and TRAIL-
Rs. cFLIP is constitutively expressed at a high level in many human tumor



8 Chapter 1

types including heptocellular carcinomas, malignant melanomas, gastric,
ovary and prostate cancers *'*’. The anti-apoptosis function of cFLIP is
further demonstrated by the attenuating cisplatin-induced cleavage of
caspase-8 and -3 and apoptosis in chemosensitive ovary cells after
overexpression of cFLIP, and by increased apoptosis after downregulating
cFLIP in chemoresistant cells .

4.2 Bcl-2 family proteins

The mitochondria-dependent apoptosis pathway is regulated by anti- and
pro-apoptotic proteins of the Bcl-2 family. About twenty proteins have been
identified as members of the Bcl-2 family *'. The anti-apoptotic Bcl-2
family includes proteins such as Bcl-2, Bel-X;, Bel-w, Mcl-1, A1/BFL1,
which contain Bcl-2 homology (BH) domains 1, 2 and 4. The Bcl-2 family
proteins with a proapoptotic function can be further divided into Bax
subfamily (Bax, Bak and Bok), and BH3 subfamily with such members as
Bik, Bim, Bad, HRK/DP5, NOX, Puma, NIP3, Bid and BMF *.

Overexpression of anti-apoptotic Bcl-2 proteins inhibits apoptosis
induced by various apoptosis stimuli including chemotherapy drugs, Y-
radiation, FasL and TNF-a *. In normal tissues, maintaining homeostasis
requires a balance between the anti-apoptotic and proapoptotic Bel-2 family
proteins. When cells are under stress, Bax and Bak translocate from the
cytoplasm to the outer mitochondria membrane and undergo oligomeriztion.
Oligomerized Bax or Bak then inserts into the membrane to induce
cytochrome c release. Bcl-2 selectively binds to Bax and prevents insertion
of Bax into the mitochondrial membrane. Therefore, the interaction of pro-
and anti-apoptotic Bcl-2 family proteins determines mitochondrial
membrane permeability suppression or promotion, which controls the release
of cytochrome C and other apoptosis activating proteins from the
mitochondria '*°>.  Anti-apoptotic proteins Bcl-2 and Bcl-X; are
overexpressed in many tumor types “**. Upregulation of Bcl-2 or Bel-X| has
been demonstrated to block the apoptotic response and to be a key factor in
tumorigenesis and apoptosis resistance in several tumor types °°°.
Downrgulation of Bcel-2 function or expression by anti-sense or synthetic
BH3 peptides has been shown to induce apoptosis and sensitize tumor cells
to chemotherapy *7”.

Although the role of Bcl-2 in apoptosis resistance has been demonstrated
in several tumor types, especially in lymphomas, whether Bcl-2 protein
plays an important role in breast cancer has yet to be determined. It is clear
that over 80% of breast cancer tissues express a high level of Bcl-2 **'%.
Overexpression of the BCL-2 protein enhanced resistance to apoptosis in
human breast cancer cell lines **'"'. However, expression of Bcl-2 in human
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breast cancer tissues correlates with a favorable prognosis and an overall
better survival rate '*'%'% This intriguing observation may be interpreted
in part by the effect of Bcl-2 prolonging the transition from Gy or G; to S
phase of the cycle °. However, further studies are needed to determine the
significance of Bcl-2 expression in the apoptosis or survival of breast
cancers.

Increasing evidence demonstrates that apoptosis resistance in cancer cells
is as a result of impairment of the mitochondria-mediated apoptotic pathway
by downregulating the function or levels of proapoptotic Bel-2 family
proteins in cancer cells ', It has been shown that transgenic mice deficient
in Bax have accelerated onset of tumor growth '%. Bax frameshift mutations
are found in over 50% of colon and gastric cancers of the microsatellite
mutator phenotype '*’. Bax deficiency has been shown to promote drug
resistant and oncogenic transformation of cells. Results from analysis of the
level of Bax expression in breast cancer tissues show that most breast cancer
tissues weakly express Bax gene and about one-third of the cancer tissues
have lost this gene expression. Moreover, a reduced Bax level is associated
with a poor response to therapy, faster tumor progression, and an overall
poorer prognosis for the patient '°*''°. On the other hand, overexpression of
the BAX gene induces apoptotic cell death and enhances the effect of

chemotherapy drugs on cancer cell lines ',

4.3 Inhibitor of apoptosis protein family

In addition to upstream apoptotic inhibitory factors that control the
activation of cell death receptor or mitochondria pathway, the apoptotic
signal is also regulated by the inhibitor of apoptosis protein (IAP) family.
IAPs are a family of proteins containing one or more conserved, cysteine and
histidine-rich baculoviral IAP repeat (BIR) N-terminal domains and a C-
terminal RING domain. About seven AP proteins, including NAIP, XIAP,
c-IAPI1, c-IAP2, survivin, Livin and Ts-IAP, have been identified and their
roles in inhibiting caspase activity have been elucidated '"""'"*. The BIR
domains of the IAPs form the zinc-figure-like structures that bind to the
surface of caspases to block caspase activity. The RING domain acts as an
ubiquitin ligase to facilitate the proteasomal degradation of caspases '
Specific interactions of BIR domains with different caspases have been
determined by studying the structures of caspases and IAPs. The results
from crystallography and mutagenesis studies of XIAP show that the
proximal link region of BIR2 binds and blocks the active site of caspase-3
and -7. The interaction of the BIR2 domain with the amino-terminal of the
small subunit of caspase 7 further stabilizes the binding. The BIR3 domains
of XIAP, c-IAP1 and C-IAP2 are able to bind and inhibit active caspase-9.
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Single BIR domain IAP proteins such as livin and Ts-IAP have been
demonstrated to bind and inhibit caspase-9. However, the role of another
single BIR domain protein, survivin, in the inhibition of caspase-3 and -7 is
still controversial. Although physical interactions between survivin and
caspases, and inhibition of caspase-3 and -7 activities have been reported, a
structural basis for a direct interaction between survivin and caspase-3 has
not been defined '". Increasing evidence suggests that survivin is closely
associated with mitochondria-dependent apoptosis. Downregulation of
survivin expression or function results in the activation of caspase-9. A
recent study shows that survivin is able to associate with XIAP through the
BIR domain and form a survivin-XIAP complex that promotes increased
XIAP stability and synergistic inhibition of apoptosis ''°.

It has been shown that Smac/DIABLO (second mitochondria activator of
caspases), a proapoptotic protein released together with cytochrome C from
mitochondria into the cytosol, interacts with all mammalian IAP proteins on
both BIR 2 and BIR 3 domains. Binding of Smac to IAPs inactivates the
function of IAPs and enhances the apoptotic response by releasing caspases
from the IAP-inhibition ' ™'"*.

Upregulation of IAPs is found in many tumor cell lines as well as in
primary tumor tissues. Although XIAP is expressed at a low level in normal
cells and tissues, a high level of XIAP is detected in many human tumor
cells. Increases in XIAP expression have been associated with apoptosis
resistance and low sensitivity to chemotherapy drugs in several tumor types.
Downregulation of XIAP releases its inhibition on caspase-3 and induces
apoptotic cell death in tumor cell lines as well as in vivo in a mouse tumor
model. In addition to increasing the XIAP level, tumor cells also
downregulate cellular factors that inhibit XIAP function. In normal cells,
expression of XIAP associated factor 1 (XAF1) counteracts the anti-
apoptotic function of XIAP by competing with active caspases for XIAP
binding sites and releasing caspases from XIAP inhibition '"’. However, the
level of XAF 1 is decreased or lost in many tumor cell types ™',

Unlike other IAPs, survivin is expressed broadly in embryonic and fetal
tissues but is undetectable in most differentiated normal adult tissues, except
thymocytes, CD 34+ stem cells and basal colonic epithelial cells '**'*.
However, survivin is expressed in most common tumor types including
brain, lung, breast, liver, pancreas, gastric, colon, uterus, ovary, lymphoma,
leukemia, melanoma and soft tissue sarcomas '*"'%. For example, survivin
is found in over 70% of human breast or pancreatic cancer tissues and in
64% of human colon tissues **'**'*". Expression of the survivin gene in
human tumor cells is regulated at a transcriptional level through increasing
survivin promoter activity, amplification of the survivin locus on 17q25,
demethylation of survivin exon 1, and releasing transcriptional repression by
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p53 mutation 2?3 Recent studies also demonstrate that survivin is a
reliable marker for aggressive disease, resistant to chemo- or radio-therapy
and indicative of a poor prognosis for human cancers "**'**. Overexpression
of survivin in human tumor cells reduces the apoptotic response induced by
various apoptosis stimuli '"°. Transgenic expression of survivin in the skin
inhibits UVB-induced apoptosis in skin epidermal cells in the mice whereas
it does not affect Fas-induced cell death '*°. On the other hand,
downregulation of survivin function with anti-sense, siRNA, dominant
negative mutant or the ribozyme for survivin induces apoptotic cell death
and sensitizes cancer cells to chemotherapy drugs "'*>"¥7.

In addition to its anti-apoptotic function, survivin is also linked to mitotic
progression and cell division. Expression of survivin is increased in cells
undergoing mitosis. Disrupting survivin function results in cells with
centrosome deregulation, multipolar mitotic spindles and multinucleated
nuclei '**. Therefore, survivin has a dual function in regulating the cell cycle
progression and blocking apoptotic signaling.

5. REGULATION OF APOPTOSIS SIGNAL BY
OTHER CELL SIGNAL TRANSDUCTION
PATHWAYS

5.1 Tumor suppressor gene pS53

Mutation of tumor suppressor gene p53 is one of the most common types
of genetic alterations in human tumors. p53 suppresses tumor growth
through multiple pathways that involve gene transcription, DNA synthesis
and repair, cell cycle arrest, senescence and apoptosis. Mutations of p53
gene or loss of p53 function results in tumor progression, genetic instability
and apoptosis resistance '**'*'. Tt has been shown that p53 regulates both
extrinsic and intrinsic apoptotic pathways through the transactivating
transcription of proapoptotic factors and suppressing expression of anti-
apoptotic genes. For example, upregulation of cell death receptors such as
Fas and TRAIL-Rs is detected in tumor cells following DNA-damaging or
chemotherapy drug-induced p53 expression '*. Induction of transcription of
proapoptotic Bel-2 family genes including Bid, Bax, and Puma, and APAF-1
by p53 further enhances the mitochondria-mediated apoptosis *'**'*,
Importantly, p53 also acts as a transrepressor for anti-apoptosis factors. It
binds to survivin promoter and inhibits survivin gene transcription "*'. In
addition, p53 itself can activate apoptosis without utilization of its
transcription function. For example, p53 protein directly localizes to
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mitochondria following DNA damage and interacts with anti-apoptotic
protein Bcl-2 and Bcl-X| to promote apoptosis '*>'*®. Mutations in p53 have
been found in more than half of human tumors "*°. p53 mutations in human
cancer cells confer apoptosis resistance and promote survival and
progression of the tumors.

5.2 PI3 kinase/AKT pathway

The Phosphatidylinositol 3-kinase (PI3K) pathway is a major cell
survival pathway activated by growth factors, cytokins, and hormones '*'.
PI3K is a heterodimer composed of a p85 regulatory and a p110 catalytic
subunit.  Active  PI3K  phosphorylates  3-phosphorylated  lipid
phosphatidylinositol-3,4,5-trisphophosphate (PtdIns(3,4,5,)P3), which then
recruits the phosphoinositide-dependent protein kinases (PDK 1 and PDK 2)
and protein kinase B (AKT) to the cellular membrane '**. In the complex,
PDKs activate AKT by phosphorylation '*’. Activation of AKT mediates a
series of downstream effects to promote cell survival, such as
phosphorylation and inhibition of proapoptotic Bad and caspase 9 and
decreasing p53-mediated transcription of proapoptotic genes "'
Phosphorylation of XIAP by Akt protects XIAP from ubiquitination and
degradation in response to apoptosis stimuli '*>. Moreover, activation of the
PI3K/AKT pathway after VEGF treatment increases the level of IAP protein
survivin in endothelial cells '>* .

The role of the PI3K/AKT pathway in the survival, growth and
metastasis of tumor cells has been extensively studied. It has been shown
that the PI3K/AKT pathway is highly activated in many tumor types "**'*°.
The presence of an activated PI3K/AKT signal confers tumor cell resistance
to apoptosis induction by growth factor withdrawal or chemotherapy drugs.
Further, inhibition of PI3K/AKT activity greatly increases apoptotic cell
death and drug sensitivity '*°.

PI3K activity is negatively regulated by a tumor suppressor gene PTEN.
PTEN antagonizes PI3K function by removing the 3-phosphate from
(PtdIns(3,4,5,)P3). PTEN gene is frequently mutated or lost in several
human tumor types '*”. Loss of PTEN function releases the inhibition on the
PI3K/AKT pathway and increases the cell survival.

5.3 NFxB pathway

Nuclear factor kB (NFxB) is a transcriptional factor regulating apoptosis
and cell survival. NFkB is present in cytoplasm in an inactive state by
binding with its inhibitor protein, IkB. Upon receiving external stimuli, such
as stress, cytokines, DNA damaging reagents or pathogens, IkB is
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phosphorylated and  then degraded by ubiquitinylation, resulting in
migration of DNA-bound subunit NFxB into the nucleus and activation of
transcription of target genes '*°. It has been shown that NFxB functions as
either an anti-apoptotic or a proapoptotic factor **'%*. Recent findings have
provided important insights into the role of the NFkB in regulating life and
death decision. In the TNF-o activated cell death pathway, recruiting
TRAF2 into TNFR, TRADD and RIP1 complex activates NFkB resulting in
transcriptional activation of the caspase 8 inhibitor cFLIP. However, binding
of the same complex to FADD activates caspase-8 and -10 and induces
apoptosis '*. NFxkB-dependent transcription of anti-apoptotic Bcl-2 family
proteins such as Bcl-2 and Bcel-X, confers protection against hypoxia and
nitric oxide-induced apoptosis ''*'**!' Upregualtion of the expression of
the IAP genes such as c-IAP1, c-IAP2 and XIAP further enhances the anti-
apoptotic effect of the NFxB ''*'%1°7 " Although it is clear that NFkB is a
critical cell survival factor, there are a number of reports showing that under
certain circumstances, activation of NFxB promotes apoptosis. NFxB
induces expression of proapoptotic factor genes such as p53, FasL, TRAIL,
cell death receptors and proapoptotic Bel-Xs protein '®®.

The anti-apoptotic activity of NFkB has been shown to be an important
factor for tumorigenesis '®'. A high level of constitutive nuclear NF«xB
activity has been found in many human leukemias, lymphomas and solid
tumors '*'7'. Suppression of the NFxB function results in apoptosis and/or
sensitization of tumor cells to TNF-a or chemotherapy drug-induced
apoptosis "%,

6. TUMOR ENVIRONMENT AND APOPTOSIS
RESISTANCE

6.1 Hypoxia

It is well known that human tumors contain regions that are deficient in
oxygen due to a rapid growth rate of the tumor cells and the presence of an
abnormal vasculature '”. Studies have shown that there are significant
associations between intratumoral hypoxia and tumor metastasis, response to
chemotherapy or radiotherapy, and prognosis of cancer patients ''+'".
Hypoxia induces upregulation of a key transcription factor, HIF-1 o, which
mediates transcription of hypoxia-inducible genes in the cells '”*. It has been
shown that hypoxia upregulates either anti-apoptotic or proapoptotic factors

in cancer cells depending on the cell types and experimental conditions
178,179
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Evidence indicates that hypoxia suppresses the apoptosis induced by
chemotherapy drugs or 7-irradiation. A recent study demonstrates that
hypoxia-induced HIF-1 o expression protects HepG2 cells from apoptosis
induction "*. Resistance to staurosporine-induced apoptosis in hypoxic cells
is mediated by an HIF-1 o independent upregulation of c-IAP2 '®'.
Treatment of cancer cells with chronic hypoxia results in selective growth of
apoptosis resistant cells that express a high level of anti-apoptotic Bcl-2
family protein BCL-X, '*2. It has also been shown that hypoxia activates the
PI3K/Akt/NFkB and the MAPK(Erk) signaling pathways, resulting in the
resistance of pancreatic cancer cells to gemcitabine treatment '. Hypoxia
also increases the level of survivin expression in human tumor cells through
HIF-1 o— dependent transcription. However, survivin is not expressed in
normal cells either under normoxic or hypoxic conditions '**; unpublished
results, Lily Yang).

Despite its anti-apoptotic effects, hypoxia also activates proapoptotic
factors and induces apoptosis in cancer cells. It has been demonstrated that
hypoxia-induced apoptosis mainly relies on mitochondrial pathways. In
human tumors, hypoxia may lead to the selection of hypoxia-resistant cells
with defects in mitochondrial apoptosis signaling pathways '”°. Expression
of a proapoptotic Bcl-2 family protein, BNIP3, is increased in hypoxia
through transcriptional activation of BNIP 3 by HIF-1 a.. The presence of a
hypoxia-responsive element in the BNip3 promoter that activates the level
of BNIP 3 gene transcription by HIF-1 o has been demonstrated in many
types of human cancer cell lines '*. In pancreatic cancer tissues, methylation
of BNIP 3 promoter inhibits the expression of the BNIP 3 gene despite the
upregulation of other hypoxia-inducible genes, resulting in resistance to
hypoxia-induced apoptosis. Restoration of BNIP 3 expression increases the
sensitivity of the pancreatic cancer cells to hypoxia-induced cell death '*.

Moreover, hypoxia also induces the stabilization of p53 protein, which is
a key transcription factor for promoting apoptosis '*”. It is possible that the
dual effects of hypoxia on apoptosis are influenced by the severity of
hypoxia in the cells. The proapoptotic function of HIF-1 o is activated in the
cells under extreme hypoxia when the cellular protective function is not

sufficient to protect cells from hypoxia damage .

6.2 Extracellular matrix

It is well established that extracellar matrix (ECM) is a critical regulator
for signal transduction pathways. Interactions between cancer cells and ECM
also contribute to the survival and apoptosis resistance in the cells '**'%.
Loss of contact between ECM and cells has been associated with apoptosis
induction and lumen formation during normal tissue development . A
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special form of apoptotic cell death, anoikis, is induced in the cells that have
lost contact with ECM and surrounding cells . A recent study further
demonstrates that ECM increases expression of antiapoptotic proteins Bcl-2
and Bcl-X; and reduced drug-induced apoptosis in small lung cancer cells,
myelomas and gliomas '"**'"'°' " Additionally, upregulation of matrix
metalloproteinase (MMP) is a common phenomenon in human tumors and
has been associated with tumor progression, metastasis and angiogenesis
L2 1t has been shown that MMP-7, which is produced by tumor cells,
specifically cleaves Fas and FasL, resulting in inhibition of Fas-mediated
apoptosis **!*1%* " Overexpression of the MMP-7 gene in the mouse
mammary gland promotes mammary hyperplasia and accelerates the onset of
oncogene-induced mammary tumors '”.  Cell-ECM interactions are
mediated by adhesion receptors such as integrins on the cell surface. Studies
have shown that integrins are expressed in some human tumor cells as well
as in angiogenic tumor endothelial cells. Interaction of  B1 integrin with
ECM in breast cancer cells significantly inhibits apoptosis induced by
chemotherapy drugs paclitaxel and vincristine '*°. A recent study reports that
loss of cell attachment to ECM induces caspase independent apoptosis
through releasing a mitochondria protein Bit-1 into the cytosol and inducing
apoptosis in the cell. Tumor cells expressing the oavp5 integrin initiates
signals capable of blocking Bit-induced apoptosis '”’.

7. MOLECULAR TARGETS IN APOPTOSIS
SIGNAL PATHWAY FOR CANCER THERAPY

Understanding molecular alterations in apoptosis signal pathway  helps
to identify novel therapeutic targets. Results from the examination of
apoptotic effectors and regulators in the apoptotic signal pathway in various
tumor types demonstrate the presence of a deregulated apoptosis signal
pathway in human cancer cells. Those defects confer apoptosis resistance
and provide growth advantage for the tumor cells.

Strategies for targeting upstream defects in apoptosis pathways are
developed and the feasibility of those approaches has been evaluated in
human tumor cell lines and animal tumor models. For example, it has been
shown that overexpression of death receptor-ligands, such as Fas L and
TRAIL, with adenoviral vectors or delivery of recombinant FasL and TRAIL
induces apoptotic cell death and sensitizes the response to chemotherapy
drugs in some tumor cells '**. However, extensive investigations of this
approach on various human tumor cells reveals that many human tumor cells
are resistant to FasL or TRAIL-induced apoptosis despite the expression of
cell-death receptors on the cells ¢,
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Since activation of caspases is a hallmark for apoptosis induction, a
logical approach for activating apoptosis is to express procaspase or active
caspase genes in tumor cell. The feasibility of apoptosis induction by
overexpression of procaspase-3, -7, -8 and -9, and an engineered
autocatalytic caspase-3 have been examined in several laboratories using
various tumor cells '*2°'. The results of those studies have shown that
expression of procaspase or active caspase gene is able to induce apoptotic
cell death in many human tumor cell lines. However, as compared to
apoptosis induction in normal cells, tumor cell lines are less sensitive to
caspase-induced apoptosis than normal cells’”.

Deregulation of Bcl-2 family proteins is found in many cancer types.
Strategies downregulating anti-apoptotic or increasing the levels of
proapoptotic Bcl-2 family proteins have been developed and some of them
are already in clinical trails to determine the toxicity and efficiency. It has
been shown that a decrease in Bcl-2 expression using Bcl-2 antisense
induces apoptosis and sensitizing the cells to chemotherapy drugs °°.
Expression of Bax or Bak genes from adenoviral vectors shows anti-tumor
effects both in vitro and in animal tumor models ****. Small peptides
targeting Bcl-2 and Bcl-X, are capable of inhibiting activity of Bcl-2 and
Bcl-Xy and have shown therapeutic potential as anticancer drugs for treating
cancers overexpressing Bcl-2 and/or Bel-X(L) proteins *.

Results from dissecting deregulated apoptotic signals in human tumor
cells further show that although different upstream deficiencies, such as Fas
mutation and defects in caspase expression, are found in tumor cell lines and
tissues, they are limited to small percentage of tumor cells in several cancer
types 267%2% On the other hand, upregulation of IAPs is a common feature
for the majority tumor types "'**. Novel approaches targeting the IAP
proteins should provide new ways to treat most human cancers.

A recent study has shown that inhibition of XIAP with small molecular
antagonists stimulates an increase in the level of caspase activity and induces
apoptotic cell death both in tumor cell lines and in established animal tumor
models. Interestedly, apoptosis induction through inhibition of XIAP is
tumor specific and there is very litter toxicity in normal cell lines as well as
in normal tissues *”°. Inhibition of XIAP function could also be achieved
through expression of a XIAP-counteracting protein gene, XAFI.
Overexpression of XAF1 using an adenoviral vector selectively increases
caspase 3 activity and induces apoptotic cell death in human breast and
pancreatic cancer cells but not in normal cells ”.

Survivin is not expressed in normal cells but it is highly expressed in
most tumor cells. Direct inhibition of survivin expression or function may
have greater impact on the survival of tumor cells than for normal cells.
Several reports have shown that inhibition of survivin function with
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expression of a dominant negative mutant survivin (T34A), survivin anti-
sense or siRNA increases caspase 9 activity and results in apoptotic cell
death in human tumor cells and xenografted tumor models '*'*%2%
Importantly, downregulation of survivin specifically induces apoptotic cell
death in tumor cells without obvious toxic effects on various normal cell
lines "*°. Downregulation of survivin function also enhances the effects of
chemotherapy drugs on the tumor cells ®"’. Therefore targeting IAP
proteins is a promising approach for the development of cancer-cell specific
therapy.

At present, the mechanisms for tumor-specific induction of apoptosis by
inhibiting AP function are still under investigation. As discussed above,
apoptosis is the physiological cell death process for the removal of abnormal
cells. Human tumor cells are generated from multiple genetic alterations and
have enormous abnormalities. These should cause activation of the apoptotic
signal and induction of apoptosis. Evaluation of the process of tumor
development suggests that this is the case for most transformed pre-
neoplastic cells. Induction of apoptotic cell death in pre-neoplastic lesions
has been found in early stage of human cancers such as breast ductal
carcinoma in situ (DCIS) **’. It has been shown that many DCIS lesions keep
a balance between cell proliferation and apoptosis for many years without
developing into invasive breast cancers. It is well established that treating
rats with chemical carcinogens initiates many pre-neoplastic nodules in the
liver but only a few of these develop into hepatocellular carcinomas . It is
possible that most pre-neoplastic cells are destroyed by apoptosis and only a
small fraction of transformed cells that have upregulated their anti-apoptotic
mechanisms, such as IAPs and Bcl-2, are able to survive and develop into a
tumor mass. The selective growth of tumor cells with a high level of anti-
apoptotic factors confers apoptosis resistance and a poor response to
therapeutic reagents (Figure). Co-existence of high levels of active caspase 3
and TAP proteins, survivin and XIAP, has been demonstrated in human
pancreas, colon and breast cancer cell lines that are not apoptotic "°. The
results from analysis of human breast cancer tissues further supported the
presence of activated apoptotic signals and upregulated anti-apoptotic factors
in cancer tissues. A positive correlation between the levels of active caspase-
3 and -6, and the IAP proteins survivin and XIAP has been established using
either immunostaining or Western blots with antibodies specific for active
caspase-3, caspase 6, XIAP and survivin """.

It has been shown that overexpression of procaspase 3 gene in ovary
cancer cells increases survivin gene expression. It is possible that one of the
cellular responses to a high level of caspase or caspase activity is to
upregulate cell survival factors such as survivin and XIAP (Figure). The
presence of a high balance between pro- and anti-apoptotic factors in human
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tumor cells but not in normal cells suggests that targeting IAP proteins
provides a selective advantage, inducing apoptotic cell death in human tumor
cells while minimizing the effects on normal cells (Figure 1).

A. A balance between pro- and anti-apoptotic factors in normal or tumor cells
Tumor cells

Normal cells 2
] Anti-apoptosis l:tr()::p.opluflc
Anti-apoptotic Proapoptotic fiictors signaling
factors factor - \ -

Cell survival Cell survival

B. Inhibition of survivin and XIAP shifts the balance and induces apoptosis

selectively in tumor cells.

Normal cells Tumor cells

Anti-apoptotic Proapoptotic Counteracting
factors factors survivin and XTAP

Releasing inhibition
on active caspases

No targets

Cell survival apoptosis

Figure 1. Targeting IAP proteins for cancer specific therapy. In normal cells, the absence of
an apoptotic signal keeps a low balance between pro- and anti-apoptotic factors. However,
molecular changes associated with malignant transformation of human tumor cells lead to
activation of the apoptotic signals such as expression of FasL and activation of caspases. The
tumor cells are able to block apoptosis by upregulating IAPs that inhibit active caspases.
Therefore, cancer cells have high levels of both pro- and anti-apoptosis factors. The apoptotic
process could be restored selectively in tumor cells by inhibiting IAP functions such as the
expression of dominant negative survivinT34A gene and survivin siRNA, XIAP
counteracting protein XAF1 and active Smac protein or peptides.



1. Disfunction of the Apoptotic Pathway in Cancer Cells 19

REFERENCES

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Wyllie AH. Apoptosis: cell death under homeostatic control. Arch Toxicol Suppl 1987,
11: 3-10.

Rich T, Allen RL, Wyllie AH. Defying death after DNA damage. Nature 2000; 407:
777-783.

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

Hickman ES, Helin K. The regulation of APAF1 expression during development and
tumourigenesis. Apoptosis 2002; 7: 167-171.

Wyllie AH et al. Apoptosis and carcinogenesis. Br J Cancer 1999; 80 Suppl 1: 34-37.
Reed JC. Mechanisms of apoptosis avoidance in cancer. Curr Opin Oncol 1999; 11: 68-
75.

Holcik M, Gibson H, Korneluk RG. XIAP: apoptotic brake and promising therapeutic
target. Apoptosis 2001; 6: 253-261.

Igney FH, Krammer PH. Death and anti-death: tumour resistance to apoptosis. Nat Rev
Cancer 2002; 2: 277-288.

Altieri DC. Survivin and apoptosis control. Adv Cancer Res 2003; 88: 31-52.

Zakeri Z, Lockshin RA. Cell death during development. J Immunol Methods 2002; 265:
3-20.

Spencer SJ, Cataldo NA, Jaffe RB. Apoptosis in the human female reproductive tract.
Obstet Gynecol Surv 1996; 51: 314-323.

Debnath J et al. The role of apoptosis in creating and maintaining luminal space within
normal and oncogene-expressing mammary acini. Cell 2002; 111: 29-40.

Hahm HaD, NE. Apoptosis in the mammary gland and breast cancer. Endocrine-
Related Cancer 1998; 5: 199-211.

Collins M. Potential roles of apoptosis in viral pathogenesis. Am J Respir Crit Care
Med 1995; 152: S20-24.

Winoto A. Cell death in the regulation of immune responses. Curr Opin Immunol 1997,
9: 365-370.

Kamarajan P, Chao CC. UV-induced apoptosis in resistant HeLa cells. Biosci Rep
2000; 20: 99-108.

Park IC et al. Tonizing radiation and nitric oxide donor sensitize Fas-induced apoptosis
via up-regulation of Fas in human cervical cancer cells. Oncol Rep 2003; 10: 629-633.
Kaufmann SH, Earnshaw WC. Induction of apoptosis by cancer chemotherapy. Exp
Cell Res 2000; 256: 42-49.

Reed JC. Mechanisms of apoptosis. Am J Pathol 2000; 157: 1415-1430.

Suzuki A et al. Mitochondrial regulation of cell death: mitochondria are essential for
procaspase 3-p21 complex formation to resist Fas-mediated cell death. Mol Cell Biol
1999; 19: 3842-3847.

Henry-Mowatt J, Dive C, Martinou JC, James D. Role of mitochondrial membrane
permeabilization in apoptosis and cancer. Oncogene 2004; 23: 2850-2860.

Budihardjo I et al. Biochemical pathways of caspase activation during apoptosis. Annu
Rev Cell Dev Biol 1999; 15: 269-290.

Stroh C, Schulze-Osthoff K. Death by a thousand cuts: an ever increasing list of caspase
substrates. Cell Death Differ 1998; 5: 997-1000.

Peter ME, Krammer PH. The CD95(APO-1/Fas) DISC and beyond. Cell Death Differ
2003; 10: 26-35.

Barnhart BC ef al. CD95 ligand induces motility and invasiveness of apoptosis-resistant
tumor cells. Embo J 2004; 23: 3175-3185.



20

26.
27.
28.
29.
30.
31.
32.

33.

34.
35.
36.

37.

38.
39.
40.

41.

42.
43.
44.
45.
46.
47.

48.

Chapter 1

Landowski TH ef al. CD95 antigen mutations in hematopoietic malignancies. Leuk
Lymphoma 2001; 42: 835-846.

Beltinger C et al. CD95 (APO-1/Fas) mutations in childhood T-lineage acute
lymphoblastic leukemia. Blood 1998; 91: 3943-3951.

Lee SH et al. Alterations of Fas (Apo-1/CD95) gene in non-small cell lung cancer.
Oncogene 1999; 18: 3754-3760.

Boldrini L ef al. Identification of Fas (APO-1/CD95) and p53 gene mutations in non-
small cell lung cancer. Int J Oncol 2002; 20: 155-159.

Bullani RR et al. Frequent downregulation of Fas (CD95) expression and function in
melanoma. Melanoma Res 2002; 12: 263-270.

Lee SH er al. Expression of Fas and Fas-related molecules in human hepatocellular
carcinoma. Hum Pathol 2001; 32: 250-256.

Nambu Y er al Lack of cell surface Fas/APO-1 expression in pulmonary
adenocarcinomas. J Clin Invest 1998; 101: 1102-1110.

Viard-Leveugle 1 ef al. Frequent loss of Fas expression and function in human lung
tumours with overexpression of FasL in small cell lung carcinoma. J Pathol 2003; 201:
268-277.

Lee SH et al. In vivo expression of soluble Fas and FAP-1: possible mechanisms of Fas
resistance in human hepatoblastomas. J Pathol 1999; 188: 207-212.

Liu JH et al. Blockade of Fas-dependent apoptosis by soluble Fas in LGL leukemia.
Blood 2002; 100: 1449-1453.

Elnemr A et al. Human pancreatic cancer cells disable function of Fas receptors at
several levels in Fas signal transduction pathway. /nt J Oncol 2001; 18: 311-316.
Gerharz CD et al. Resistance to CD95 (APO-1/Fas)-mediated apoptosis in human renal
cell carcinomas: an important factor for evasion from negative growth control. Lab
Invest 1999; 79: 1521-1534.

Muschen M et al. Resistance to CD95-mediated apoptosis in breast cancer is not due to
somatic mutation of the CD95 gene. Int J Cancer 2001; 92: 309-310.

Keane MM et al. Fas expression and function in normal and malignant breast cell lines.
Cancer Res 1996; 56: 4791-4798.

Ungefroren H et al. Human pancreatic adenocarcinomas express Fas and Fas ligand yet
are resistant to Fas-mediated apoptosis. Cancer Res 1998; 58: 1741-1749.

Suda T, Takahashi T, Golstein P, Nagata S. Molecular cloning and expression of the
Fas ligand, a novel member of the tumor necrosis factor family. Cell 1993; 75: 1169-
1178.

Bellgrau D et al. A role for CD95 ligand in preventing graft rejection. Nature 1995;
377: 630-632.

Mullauer L et al. Fas ligand is expressed in normal breast epithelial cells and is
frequently up-regulated in breast cancer. J Pathol 2000; 190: 20-30.

Abrahams VM, Kamsteeg M, Mor G. The Fas/Fas ligand system and cancer: immune
privilege and apoptosis. Mol Biotechnol 2003; 25: 19-30.

Bennett MW et al. Fas ligand upregulation is an early event in colonic carcinogenesis. J
Clin Pathol 2001; 54: 598-604.

Herrnring C et al. Expression of the apoptosis-inducing ligands FasL and TRAIL in
malignant and benign human breast tumors. Histochem Cell Biol 2000; 113: 189-194.
Sheechan KM et al. Prognostic relevance of Fas (APO-1/CD95) ligand in human
colorectal cancer. Eur J Gastroenterol Hepatol 2003; 15: 375-380.

Boesen-de Cock JG ef al. Common regulation of apoptosis signaling induced by CD95
and the DNA-damaging stimuli etoposide and gamma-radiation downstream from
caspase-8 activation. J Biol Chem 1999; 274: 14255-14261.



1. Disfunction of the Apoptotic Pathway in Cancer Cells 21

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Fulda S et al. The CD95 (APO-1/Fas) system mediates drug-induced apoptosis in
neuroblastoma cells. Cancer Res 1997; 57: 3823-3829.

Landowski TH, Gleason-Guzman MC, Dalton WS. Selection for drug resistance results
in resistance to Fas-mediated apoptosis. Blood 1997; 89: 1854-1861.

Wang S, El-Deiry WS. TRAIL and apoptosis induction by TNF-family death receptors.
Oncogene 2003; 22: 8628-8633.

Kelley SK, Ashkenazi A. Targeting death receptors in cancer with Apo2L/TRAIL. Curr
Opin Pharmacol 2004; 4: 333-339.

LeBlanc HN, Ashkenazi A. Apo2L/TRAIL and its death and decoy receptors. Cell
Death Differ 2003; 10: 66-75.

Marsters SA, Pitti RA, Sheridan JP, Ashkenazi A. Control of apoptosis signaling by
Apo2 ligand. Recent Prog Horm Res 1999; 54: 225-234.

Ashkenazi A, Dixit VM. Apoptosis control by death and decoy receptors. Curr Opin
Cell Biol 1999; 11: 255-260.

Ibrahim SM et al. Pancreatic adenocarcinoma cell lines show variable susceptibility to
TRAIL-mediated cell death. Pancreas 2001; 23: 72-79.

Singh TR et al. Synergistic interactions of chemotherapeutic drugs and tumor necrosis
factor-related apoptosis-inducing ligand/Apo-2 ligand on apoptosis and on regression of
breast carcinoma in vivo. Cancer Res 2003; 63: 5390-5400.

Jin Z, McDonald ER, 3rd, Dicker DT, El-Deiry WS. Deficient TRAIL death receptor
transport to the cell surface in human colon cancer cells selected for resistance to
TRAIL-induced apoptosis. J Biol Chem 2004.

Odoux C et al. TRAIL, FasL and a blocking anti-DR5 antibody augment paclitaxel-
induced apoptosis in human non-small-cell lung cancer. /nt J Cancer 2002; 97: 458-
465.

Shankar S, Srivastava RK. Enhancement of therapeutic potential of TRAIL by cancer
chemotherapy and irradiation: mechanisms and clinical implications. Drug Resist Updat
2004; 7: 139-156.

Ashkenazi A, Dixit VM. Death receptors: signaling and modulation. Science 1998; 281:
1305-1308.

Morgan M, Thorburn J, Pandolfi PP, Thorburn A. Nuclear and cytoplasmic shuttling of
TRADD induces apoptosis via different mechanisms. J Cell Biol 2002; 157: 975-984.
Varfolomeev EE, Ashkenazi A. Tumor necrosis factor: an apoptosis JuNKie? Cell
2004; 116: 491-497.

Micheau O ef al. NF-kappaB signals induce the expression of c-FLIP. Mol Cell Biol
2001; 21: 5299-5305.

Murray PG et al. Expression of the tumour necrosis factor receptor-associated factors 1
and 2 in Hodgkin's disease. J Pathol 2001; 194: 158-164.

Zapata JM et al. TNFR-associated factor family protein expression in normal tissues
and lymphoid malignancies. J Immunol 2000; 165: 5084-5096.

Hopkins-Donaldson S er al. Silencing of death receptor and caspase-8 expression in
small cell lung carcinoma cell lines and tumors by DNA methylation. Cell Death Differ
2003; 10: 356-364.

Iolascon A et al. Caspase 3 and 8 deficiency in human neuroblastoma. Cancer Genet
Cytogenet 2003; 146: 41-47.

Teitz T et al. Caspase 8 is deleted or silenced preferentially in childhood
neuroblastomas with amplification of MYCN. Nat Med 2000; 6: 529-535.

Fujikawa K et al. Reduced expression of ICE/caspasel and CPP32/caspase3 in human
hepatocellular carcinoma. Anticancer Res 2000; 20: 1927-1932.



22

71.
72.
73.
74.

75.

76.

71.
78.
79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

Chapter 1

Kolenko V et al. Dead or dying: necrosis versus apoptosis in caspase-deficient human
renal cell carcinoma. Cancer Res 1999; 59: 2838-2842.

Palmerini F et al. Caspase 7 downregulation as an immunohistochemical marker of
colonic carcinoma. Hum Pathol 2001; 32: 461-467.

Chu ZL et al. A novel enhancer of the Apafl apoptosome involved in cytochrome c-
dependent caspase activation and apoptosis. J Biol/ Chem 2001; 276: 9239-9245.
Soengas MS et al. Inactivation of the apoptosis effector Apaf-1 in malignant melanoma.
Nature 2001; 409: 207-211.

Nakopoulou L ef al. Immunohistochemical expression of caspase-3 as an adverse
indicator of the clinical outcome in human breast cancer. Pathobiology 2001; 69: 266-
273.

Vakkala M, Paakko P, Soini Y. Expression of caspases 3, 6 and 8 is increased in
parallel with apoptosis and histological aggressiveness of the breast lesion. Br J Cancer
1999; 81: 592-599.

Parton M et al. Coordinate Expression of Apoptosis-associated Proteins in Human
Breast Cancer before and during Chemotherapy. Clin Cancer Res 2002; 8: 2100-2108.
O'Donovan N et al. Caspase 3 in breast cancer. Clin Cancer Res 2003; 9: 738-742.
Yang L, Cao Z, Yan H, Wood WC. Coexistence of high levels of apoptotic signaling
and inhibitor of apoptosis proteins in human tumor cells: implication for cancer specific
therapy. Cancer Res 2003; 63: 6815-6824.

Satoh K et al. Expression of survivin is correlated with cancer cell apoptosis and is
involved in the development of human pancreatic duct cell tumors. Cancer 2001; 92:
271-278.

Yoo NJ et al. Stomach cancer highly expresses both initiator and effector caspases; an
immunohistochemical study. Apmis 2002; 110: 825-832.

Kennedy NJ, Kataoka T, Tschopp J, Budd RC. Caspase activation is required for T cell
proliferation. J Exp Med 1999; 190: 1891-1896.

Mouhamad S et al. Differential modulation of interleukin-2-and interleukin-4-mediated
early activation of normal human B lymphocytes by the caspase inhibitor zVAD-fmk.
Eur Cytokine Netw 2002; 13: 439-445.

Rendl M et al. Caspase-14 expression by epidermal keratinocytes is regulated by
retinoids in a differentiation-associated manner. J Invest Dermatol 2002; 119: 1150-
1155.

Reichmann E. The biological role of the Fas/FasL system during tumor formation and
progression. Semin Cancer Biol 2002; 12: 309-315.

Scaffidi C, Schmitz I, Krammer PH, Peter ME. The role of c-FLIP in modulation of
CD95-induced apoptosis. J Biol Chem 1999; 274: 1541-1548.

Abedini MR, Qiu Q, Yan X, Tsang BK. Possible role of FLICE-like inhibitory protein
(FLIP) in chemoresistant ovarian cancer cells in vitro. Oncogene 2004.

Lee SH et al. Increased expression of FLIP, an inhibitor of Fas-mediated apoptosis, in
stomach cancer. Apmis 2003; 111: 309-314.

Griffith TS er al Intracellular regulation of TRAIL-induced apoptosis in human
melanoma cells. J Immunol 1998; 161: 2833-2840.

Kamarajan P, Sun NK, Chao CC. Up-regulation of FLIP in cisplatin-selected HelLa
cells causes cross-resistance to CD95/Fas death signalling. Biochem J 2003; 376: 253-
260.

Reed JC. Bcl-2 family proteins. Oncogene 1998; 17: 3225-3236.

Cory S, Huang DC, Adams JM. The Bcl-2 family: roles in cell survival and
oncogenesis. Oncogene 2003; 22: 8590-8607.



1. Disfunction of the Apoptotic Pathway in Cancer Cells 23

93.

94.

95.

96.

97.

98.

99

100.

101.

102.

103.

104.
105.
106.
107.

108.
109.

110.
111.
112.
113.

114.

Reed JC. Bcl-2: prevention of apoptosis as a mechanism of drug resistance. Hematol
Oncol Clin North Am 1995; 9: 451-473.

Gee JM et al. Immunocytochemical localization of BCL-2 protein in human breast
cancers and its relationship to a series of prognostic markers and response to endocrine
therapy. Int J Cancer 1994; 59: 619-628.

Tu Y et al. Upregulated expression of BCL-2 in multiple myeloma cells induced by
exposure to doxorubicin, etoposide, and hydrogen peroxide. Blood 1996; 88: 1805-
1812.

Fulda S, Meyer E, Debatin KM. Inhibition of TRAIL-induced apoptosis by Bcl-2
overexpression. Oncogene 2002; 21: 2283-2294.

Wang S, Yang D, Lippman ME. Targeting Bcl-2 and Bel-XL with nonpeptidic small-
molecule antagonists. Semin Oncol 2003; 30: 133-142.

Reed JC. Promise and problems of Bcl-2 antisense therapy. J Natl Cancer Inst 1997,
89: 988-990.

Reed JC. Apoptosis-based therapies. Nat Rev Drug Discov 2002; 1: 111-121.
Krajewski S et al. Prognostic significance of apoptosis regulators in breast cancer.
Endocr Relat Cancer 1999; 6: 29-40.

Feuerhake F et al. Immunohistochemical analysis of Bcl-2 and Bax expression in
relation to cell turnover and epithelial differentiation markers in the non-lactating
human mammary gland epithelium. Cell Tissue Res 2000; 299: 47-58.

Joensuu H, Pylkkanen L, Toikkanen S. Bcl-2 protein expression and long-term survival
in breast cancer. Am J Pathol 1994; 145: 1191-1198.

Zhang GJ et al. Apoptotic index correlates to bcl-2 and p53 protein expression,
histological grade and prognosis in invasive breast cancers. Anticancer Res 1998; 18:
1989-1998.

Villar E er al. bcl-2 Expression and apoptosis in primary and metastatic breast
carcinomas. Tumour Biol 2001; 22: 137-145.

Gutierrez MI ef al. Bax is frequently compromised in Burkitt's lymphomas with
irreversible resistance to Fas-induced apoptosis. Cancer Res 1999; 59: 696-703.
Knudson CM, Johnson GM, Lin Y, Korsmeyer SJ. Bax accelerates tumorigenesis in
p53-deficient mice. Cancer Res 2001; 61: 659-665.

Rampino N ef al. Somatic frameshift mutations in the BAX gene in colon cancers of the
microsatellite mutator phenotype. Science 1997; 275: 967-969.

Bargou RC et al. Expression of the bcl-2 gene family in normal and malignant breast
tissue: low bax-alpha expression in tumor cells correlates with resistance towards
apoptosis. /nt J Cancer 1995; 60: 854-859.

Krajewski S ef al. Reduced expression of proapoptotic gene BAX is associated with
poor response rates to combination chemotherapy and shorter survival in women with
metastatic breast adenocarcinoma. Cancer Res 1995; 55: 4471-4478.

Redondo M et al. Expression of bax and p53 proteins in the tumorigenesis and
progression of breast carcinomas. Tumour Biol 2003; 24: 23-31.

Roy N et al. The c-IAP-1 and c-IAP-2 proteins are direct inhibitors of specific caspases.
Embo J 1997; 16: 6914-6925.

Suzuki Y et al. X-linked inhibitor of apoptosis protein (XIAP) inhibits caspase-3 and -7
in distinct modes. J Biol Chem 2001; 276: 27058-27063.

Kasof GM, Gomes BC. Livin, a novel inhibitor of apoptosis protein family member. J
Biol Chem 2001; 276: 3238-3246.

Zhang HG et al. Regulation of apoptosis proteins in cancer cells by ubiquitin.
Oncogene 2004; 23: 2009-2015.



24

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Chapter 1

Tamm I et al. IAP-family protein survivin inhibits caspase activity and apoptosis
induced by Fas (CD95), Bax, caspases, and anticancer drugs. Cancer Res 1998; 58:
5315-5320.

Dohi T et al. An IAP-IAP complex inhibits apoptosis. J Biol Chem 2004; 279: 34087-
34090.

Du C ef al. Smac, a mitochondrial protein that promotes cytochrome c-dependent
caspase activation by eliminating IAP inhibition. Ce/l/ 2000; 102: 33-42.

Liu Z et al. Structural basis for binding of Smac/DIABLO to the XIAP BIR3 domain.
Nature 2000; 408: 1004-1008.

Liston P et al. Identification of XAF1 as an antagonist of XIAP anti-Caspase activity.
Nat Cell Biol 2001; 3: 128-133.

Fong WG et al. Expression and genetic analysis of XIAP-associated factor 1 (XAF1) in
cancer cell lines. Genomics 2000; 70: 113-122.

Byun DS et al. Hypermethylation of XIAP-associated factor 1, a putative tumor
suppressor gene from the 17p13.2 locus, in human gastric adenocarcinomas. Cancer
Res 2003; 63: 7068-7075.

Adida C et al. Developmentally regulated expression of the novel cancer anti-apoptosis
gene survivin in human and mouse differentiation. Am J Pathol 1998; 152: 43-49.
Altieri DC. Survivin, versatile modulation of cell division and apoptosis in cancer.
Oncogene 2003; 22: 8581-8589.

Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis gene, survivin, expressed in
cancer and lymphoma. Nat Med 1997; 3: 917-921.

Li F. Survivin study: what is the next wave? J Cell Physiol 2003; 197: 8-29.

Tanaka K et al. Expression of survivin and its relationship to loss of apoptosis in breast
carcinomas. Clin Cancer Res 2000; 6: 127-134.

Sarela Al et al. Expression of survivin, a novel inhibitor of apoptosis and cell cycle
regulatory protein, in pancreatic adenocarcinoma. Br J Cancer 2002; 86: 886-892.
Islam A et al. Role of survivin, whose gene is mapped to 17925, in human
neuroblastoma and identification of a novel dominant-negative isoform, survivin-
beta/2B. Med Pediatr Oncol 2000; 35: 550-553.

Hattori M, Sakamoto H, Satoh K, Yamamoto T. DNA demethylase is expressed in
ovarian cancers and the expression correlates with demethylation of CpG sites in the
promoter region of c-erbB-2 and survivin genes. Cancer Lett 2001; 169: 155-164.

Bao R et al. Activation of cancer-specific gene expression by the survivin promoter. J
Natl Cancer Inst 2002; 94: 522-528.

Hoffman WH et al. Transcriptional repression of the anti-apoptotic survivin gene by
wild type p53. J Biol Chem 2002; 277: 3247-3257.

Asanuma K ef al. A role for survivin in radioresistance of pancreatic cancer cells. Jpn J
Cancer Res 2002; 93: 1057-1062.

Kawasaki H et al. Inhibition of apoptosis by survivin predicts shorter survival rates in
colorectal cancer. Cancer Res 1998; 58: 5071-5074.

Kami K ef al. Survivin expression is a prognostic marker in pancreatic cancer patients.
Surgery 2004; 136: 443-448.

Grossman D et al. Transgenic expression of survivin in keratinocytes counteracts UVB-
induced apoptosis and cooperates with loss of p53. J Clin Invest 2001; 108: 991-999.
Mesri M et al. Cancer gene therapy using a survivin mutant adenovirus. J Clin Invest
2001; 108: 981-990.

Zangemeister-Wittke U. Antisense to apoptosis inhibitors facilitates chemotherapy and
TRAIL-induced death signaling. Ann N Y Acad Sci 2003; 1002: 90-94.



1. Disfunction of the Apoptotic Pathway in Cancer Cells 25

138.
139.
140.
141.
142.
143.
144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Li F et al. Pleiotropic cell-division defects and apoptosis induced by interference with
survivin function. Nat Cell Biol 1999; 1: 461-466.

Vogelstein B, Kinzler KW. p53 function and dysfunction. Cel// 1992; 70: 523-526.
Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature 2000; 408: 307-310.
Polyak K ef al. A model for p53-induced apoptosis. Nature 1997; 389: 300-305.

Muller M et al. p53 activates the CD95 (APO-1/Fas) gene in response to DNA damage
by anticancer drugs. J Exp Med 1998; 188: 2033-2045.

Yin C, Knudson CM, Korsmeyer SJ, Van Dyke T. Bax suppresses tumorigenesis and
stimulates apoptosis in vivo. Nature 1997; 385: 637-640.

Yu J et al. PUMA mediates the apoptotic response to p53 in colorectal cancer cells.
Proc Natl Acad Sci U S 4 2003; 100: 1931-1936.

Marchenko ND, Zaika A, Moll UM. Death signal-induced localization of p53 protein to
mitochondria. A potential role in apoptotic signaling. J Biol Chem 2000; 275: 16202-
16212.

Mihara M et al. p53 has a direct apoptogenic role at the mitochondria. Mol Cell 2003;
11: 577-590.

Danielsen AJ, Maihle NJ. The EGF/ErbB receptor family and apoptosis. Growth
Factors 2002; 20: 1-15.

Ram TG, Ethier SP. Phosphatidylinositol 3-kinase recruitment by pl185erbB-2 and
erbB-3 is potently induced by neu differentiation factor/heregulin during mitogenesis
and is constitutively elevated in growth factor-independent breast carcinoma cells with
c-erbB-2 gene amplification. Cell Growth Differ 1996; 7: 551-561.

Toker A, Newton AC. Akt/protein kinase B is regulated by autophosphorylation at the
hypothetical PDK-2 site. J Biol Chem 2000; 275: 8271-8274.

Datta SR et al. Akt phosphorylation of BAD couples survival signals to the cell-
intrinsic death machinery. Cell 1997; 91: 231-241.

Sabbatini P, McCormick F. Phosphoinositide 3-OH kinase (PI3K) and PKB/Akt delay
the onset of p53-mediated, transcriptionally dependent apoptosis. J Biol Chem 1999;
274: 24263-24269.

Dan HC et al. Akt phosphorylation and stabilization of X-linked inhibitor of apoptosis
protein (XIAP). J Biol Chem 2004; 279: 5405-5412.

Tran J et al. Marked induction of the IAP family antiapoptotic proteins survivin and
XIAP by VEGF in vascular endothelial cells. Biochem Biophys Res Commun 1999;
264: 781-788.

Fry MJ. Phosphoinositide 3-kinase signalling in breast cancer: how big a role might it
play? Breast Cancer Res 2001; 3: 304-312.

Hutchinson J et al. Activation of Akt (protein kinase B) in mammary epithelium
provides a critical cell survival signal required for tumor progression. Mol Cell Biol
2001; 21: 2203-2212.

O'Gorman DM, McKenna SL, McGahon AJ, Cotter TG. Inhibition of PI3-kinase
sensitises HL60 human leukaemia cells to both chemotherapeutic drug- and Fas-
induced apoptosis by a JNK independent pathway. Leuk Res 2001; 25: 801-811.
Haas-Kogan D et al. Protein kinase B (PKB/Akt) activity is elevated in glioblastoma
cells due to mutation of the tumor suppressor PTEN/MMAC. Curr Biol 1998; 8: 1195-
1198.

Karin M, Ben-Neriah Y. Phosphorylation meets ubiquitination: the control of NF-
[kappa]B activity. Annu Rev Immunol 2000; 18: 621-663.

Kimura K, Gelmann EP. Propapoptotic effects of NF-kappaB in LNCaP prostate cancer
cells lead to serine protease activation. Cell Death Differ 2002; 9: 972-980.



26

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Chapter 1

Dudley E et al. NF-kappaB regulates Fas/APO-1/CD95- and TCR- mediated apoptosis
of T lymphocytes. Eur J Immunol 1999; 29: 878-886.

Karin M, Cao Y, Greten FR, Li ZW. NF-kappaB in cancer: from innocent bystander to
major culprit. Nat Rev Cancer 2002; 2: 301-310.

Kucharczak J, Simmons MJ, Fan Y, Gelinas C. To be, or not to be: NF-kappaB is the
answer--role of Rel/NF-kappaB in the regulation of apoptosis. Oncogene 2003; 22:
8961-8982.

Micheau O, Tschopp J. Induction of TNF receptor I-mediated apoptosis via two
sequential signaling complexes. Cell 2003; 114: 181-190.

Grumont RJ, Rourke 1J, Gerondakis S. Rel-dependent induction of Al transcription is
required to protect B cells from antigen receptor ligation-induced apoptosis. Genes Dev
1999; 13: 400-411.

Viatour P er al. NF- kappa B2/p100 induces Bcl-2 expression. Leukemia 2003; 17:
1349-1356.

Notarbartolo M et al. Expression of the IAPs in multidrug resistant tumor cells. Oncol
Rep 2004; 11: 133-136.

Wang Q, Wang X, Evers BM. Induction of cIAP-2 in human colon cancer cells through
PKC delta/NF-kappa B. J Biol Chem 2003; 278: 51091-51099.

Harwood FG et al. Regulation of FasL by NF-kappaB and AP-1 in Fas-dependent
thymineless death of human colon carcinoma cells. J Biol Chem 2000; 275: 10023-
10029.

Lin A, Karin M. NF-kappaB in cancer: a marked target. Semin Cancer Biol 2003; 13:
107-114.

Cao Y, Karin M. NF-kappaB in mammary gland development and breast cancer. J
Mammary Gland Biol Neoplasia 2003; 8: 215-223.

Eid MA, Lewis RW, Abdel-Mageed AB, Kumar MV. Reduced response of prostate
cancer cells to TRAIL is modulated by NFkappaB-mediated inhibition of caspases and
Bid activation. Int J Oncol 2002; 21: 111-117.

Meli M et al. NF-kappaB inhibition restores sensitivity to Fas-mediated apoptosis in
lymphoma cell lines. Ann N Y Acad Sci 2003; 1010: 232-236.

Semenza GL. Involvement of hypoxia-inducible factor 1 in human cancer. Intern Med
2002; 41: 79-83.

Shibaji T et al. Prognostic significance of HIF-1 alpha overexpression in human
pancreatic cancer. Anticancer Res 2003; 23: 4721-4727.

Akakura N er al. Constitutive expression of hypoxia-inducible factor-lalpha renders
pancreatic cancer cells resistant to apoptosis induced by hypoxia and nutrient
deprivation. Cancer Res 2001; 61: 6548-6554.

Bardos JI, Ashcroft M. Hypoxia-inducible factor-1 and oncogenic signalling. Bioessays
2004; 26: 262-269.

Weinmann M, Belka C, Plasswilm L. Tumour hypoxia: impact on biology, prognosis
and treatment of solid malignant tumours. Onkologie 2004; 27: 83-90.

Piret JP, Mottet D, Raes M, Michiels C. Is HIF-lalpha a pro- or an anti-apoptotic
protein? Biochem Pharmacol 2002; 64: 889-892.

Weinmann M er al. Molecular ordering of hypoxia-induced apoptosis: critical
involvement of the mitochondrial death pathway in a FADD/caspase-8 independent
manner. Oncogene 2004; 23: 3757-3769.

Piret JP et al. Hypoxia and CoCl2 protect HepG2 cells against serum deprivation- and t-
BHP-induced apoptosis: a possible anti-apoptotic role for HIF-1. Exp Cell Res 2004;
295: 340-349.



1. Disfunction of the Apoptotic Pathway in Cancer Cells 27

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Dong Z, Wang JZ, Yu F, Venkatachalam MA. Apoptosis-resistance of hypoxic cells:
multiple factors involved and a role for IAP-2. Am J Pathol 2003; 163: 663-671.

Dong Z, Wang J. Hypoxia selection of death-resistant cells. A role for Bel-X(L). J Biol
Chem 2004; 279: 9215-9221.

Yokoi K, Fidler 1J. Hypoxia increases resistance of human pancreatic cancer cells to
apoptosis induced by gemcitabine. Clin Cancer Res 2004; 10: 2299-2306.

Yang L et al. Tumor-specific gene expression using the survivin promoter is further
increased by hypoxia. Gene Ther 2004; 11: 1215-1223.

Sowter HM et al. HIF-1-dependent regulation of hypoxic induction of the cell death
factors BNIP3 and NIX in human tumors. Cancer Res 2001; 61: 6669-6673.

Okami J, Simeone DM, Logsdon CD. Silencing of the hypoxia-inducible cell death
protein BNIP3 in pancreatic cancer. Cancer Res 2004; 64: 5338-5346.

An WG et al. Stabilization of wild-type p53 by hypoxia-inducible factor lalpha. Nature
1998; 392: 405-408.

Mitsiades N, Poulaki V, Mitsiades CS, Anderson KC. Induction of tumour cell
apoptosis by matrix metalloproteinase inhibitors: new tricks from a (not so) old drug.
Expert Opin Investig Drugs 2001; 10: 1075-1084.

Sethi T et al. Extracellular matrix proteins protect small cell lung cancer cells against
apoptosis: a mechanism for small cell lung cancer growth and drug resistance in vivo.
Nat Med 1999; 5: 662-668.

Valentijn AJ, Zouq N, Gilmore AP. Anoikis. Biochem Soc Trans 2004; 32: 421-425.
Hojilla CV, Mohammed FF, Khokha R. Matrix metalloproteinases and their tissue
inhibitors direct cell fate during cancer development. Br J Cancer 2003; 89: 1817-1821.
Duffy MJ et al. Metalloproteinases: role in breast carcinogenesis, invasion and
metastasis. Breast Cancer Res 2000; 2: 252-257.

Strand S et al. Cleavage of CD95 by matrix metalloproteinase-7 induces apoptosis
resistance in tumour cells. Oncogene 2004; 23: 3732-3736.

Mitsiades N et al. Matrix metalloproteinase-7-mediated cleavage of Fas ligand protects
tumor cells from chemotherapeutic drug cytotoxicity. Cancer Res 2001; 61: 577-581.
Vargo-Gogola T, Fingleton B, Crawford HC, Matrisian LM. Matrilysin (matrix
metalloproteinase-7) selects for apoptosis-resistant mammary cells in vivo. Cancer Res
2002; 62: 5559-5563.

Aoudjit F, Vuori K. Integrin signaling inhibits paclitaxel-induced apoptosis in breast
cancer cells. Oncogene 2001; 20: 4995-5004.

Jan Y et al. A mitochondrial protein, Bitl, mediates apoptosis regulated by integrins
and Groucho/TLE corepressors. Cell 2004; 116: 751-762.

Ambar BB et al. Treatment of experimental glioma by administration of adenoviral
vectors expressing Fas ligand. Hum Gene Ther 1999; 10: 1641-1648.

Komata T er al. Caspase-8 gene therapy using the human telomerase reverse
transcriptase promoter for malignant glioma cells. Hum Gene Ther 2002; 13: 1015-
1025.

Shinoura N ef al. Transduction of Apaf-1 or caspase-9 induces apoptosis in A-172 cells
that are resistant to p53-mediated apoptosis. Biochem Biophys Res Commun 2000; 272:
667-673.

Shinoura N ef al. Adenovirus-mediated transfer of caspase-3 with Fas ligand induces
drastic apoptosis in U-373MG glioma cells. Exp Cell Res 2000; 256: 423-433.

Li X et al. Adenovirus-mediated Bax overexpression for the induction of therapeutic
apoptosis in prostate cancer. Cancer Res 2001; 61: 186-191.

Pataecr A er al. Adenovirus-mediated Bak gene transfer induces apoptosis in
mesothelioma cell lines. J Thorac Cardiovasc Surg 2001; 121: 61-67.



28

204.

205.

206.

207.

208.

Chapter 1

Park WS et al. Somatic mutations in the death domain of the Fas (Apo-1/CD95) gene in
gastric cancer. J Pathol 2001; 193: 162-168.

Schimmer AD ef al. Small-molecule antagonists of apoptosis suppressor XIAP exhibit
broad antitumor activity. Cancer Cell 2004; 5: 25-35.

Grossman D, Kim PJ, Schechner JS, Altieri DC. Inhibition of melanoma tumor growth
in vivo by survivin targeting. Proc Natl Acad Sci U S A 2001; 98: 635-640.

Bodis S er al. Extensive apoptosis in ductal carcinoma in situ of the breast. Cancer
1996; 77: 1831-1835.

Pitot HC ef al. Quantitation of multistage carcinogenesis in rat liver. Toxicol Pathol
1996; 24: 119-128.



Chapter 2

CALCIUM SIGNALING AND APOPTOSIS
RESISTANCE OF CANCER CELLS

Natalia Prevarskaya', Roman Skryma' and Yaroslav Shuba®

"Laboratoire de Physiologie Cellulaire, INSERM EPI-9938, USTL, Bat. SN3, 59655
Villeneuve d’Ascq Cedex, FRANCE; *Bogomoletz Institute of Physiology, NASU, Bogomoletz

Str., 4, 01024 Kiev-24, UKRAINE

Abstract: Ca”" is a universal messenger regulating not only specific cellular functions
during a cell’s lifetime, but also the progression through the life cycle per se,
which is concluded by the execution of an orderly self-elimination process
upon completion of its physiological mission. The ability of the cell to commit
self-destruction in a controlled fashion through a series of precisely regulated,
biochemically and morphologically defined steps, called apoptosis, is an
integral part of normal tissue homeostasis. When this ability is impaired,
aberrant cells might ultimately dominate the tissue, thereby transforming it
into a cancer. Ca®* signaling is crucial for apoptosis. Therefore, understanding
how Ca" signals govern apoptotic events, what molecular determinants are
involved and how they change during acquisition of apoptotic resistance,
provides a good opportunity for controlling tumor growth. In the present
chapter, we by concentrating mainly on the example of prostate cancer
examine the major molecular determinants of Ca®>" homeostasis in cancer cells
and establish their role in the transformation to apoptotic resistant cell
phenotypes, which are typical of advanced androgen-independent prostate
cancer. We show that the hallmark of such transformation is the loss of
apoptotic pathway associated with endoplasmic reticulum Ca®* stores

depletion.
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1. INTRODUCTION

The balance between the rate of cells proliferation and apoptosis is
crucial for normal tissue homeostasis. Enhanced proliferation together with
an impaired ability to die is a prime reason for abnormal tissue growth,
which can eventually turn into uncontrolled expansion and invasion,
characteristic of cancer. Although molecular machineries of proliferation and
apoptosis are different, with the first relying on cyclin-dependent protein
kinases (CDKs) — regulators of cell division cycle [1] — and the second
mainly on caspases — cysteine proteases executing cell death program [2] —
they both require intense Ca®" signaling, and Ca®" homeostasis provides the
critical environment for their operation [3].

Despite considerable progress in cancer screening, prevention and
treatment achieved over the recent decades, with ten million new cancer
patients diagnosed worldwide each year [4] cancer remains one of the major
health problems for humanity. There are many types of cancers, each with its
own genetic, environmental, metabolic and biochemical reasons and specific
genesis. However, it is becoming more and more evident that misregulation
of apoptosis may be a common feature that contributes to the development
of all cancer types. As apoptosis is a Ca*'-dependent process [5], it seems
that cancer cells acquire the ability to disobey calcium signals to die. Being
unable to cover all types of cancer cells, in the present chapter we will
examine how and why this happens in the example of prostate cancer.
Prostate cancer (PCa) is one of the most commonly diagnosed malignancies
and after lung cancer is the second cause of cancer-related death in men. The
distinguishing feature of PCa among other malignancies, is that it progresses
through two clearly separated stages — the early one, which depends on
androgens for growth and survival, and the late, androgen-independent one
(e.g., [6]). The dependence of early PCa on androgens makes androgen
ablation therapy effective at this time in causing tumors to regress, largely by
triggering the programmed cell death pathway [7] — a property which is
completely lost in the late androgen-independent stage of PCa, for which
there is currently no successful therapy. Needless to say, understanding what
drives the progression to androgen independence is imperative for successful
PCa treatment. Transition to androgen-independence is characterized by the
appearance of new cell phenotypes, for which apoptosis inhibition rather
than enhanced proliferation [8, 9] becomes the primary distinctive feature. In
this chapter, we describe the major molecular and structural determinants of
Ca’" homeostasis in PCa epithelial cells, establish their role in apoptosis-
related Ca®" signaling and track down how they evolve during
transformation to apoptotic resistant cell phenotypes typical of advanced
androgen-independent PCa. We also demonstrate some common features of
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Ca”" signaling for the apoptosis of other types of cancer cells. Although the
role of Ca”" signaling at molecular level in PCa cells apoptosis is only
beginning to be explored, there is no doubt that our understanding of
fundamental processes will eventually make its way to practical
implications.

2. CALCIUM AND APOPTOSIS: HOW DO THEY
RELATE TO EACH OTHER?

Apoptosis is a precisely regulated form of physiological cell death
destined for harmless elimination of the cells that have completed, or for any
reason are incapable of performing their physiological function and are
therefore no longer needed. It is an integral part of normal tissue homeostasis
and abnormalities in apoptosis are believed to be involved in the
pathogenesis of many diseases. The molecular machinery of apoptosis from
its initiation point till the final phagocytosis of the cellular remnants is
complex, involving many molecular players and signaling pathways. For an
in-depth analysis of its different aspects, we redirect the reader to a number
of excellent specialized recent reviews (e.g., [5, 10-16]), whereas here we
only briefly outline the crucial points for Ca® involvement in apoptotic
events.

It has long been established that the initial stimulus for apoptosis is the
lethal influx of Ca*" into the cells. However, how this influx consequently
translates into an orderly sequence of events ultimately leading to cell
demise, has only recently become evident. It is clear now that cellular Ca*"
overload may recruit three major apoptotic mechanisms. Although
interrelated and interdependent, these mechanisms can be tentatively
subdivided into mitochondrial, cytoplasmic and endoplasmic reticulum(ER)-
mediated. As organelles possessing the necessary apparatus for initiating
suicidal process, mitochondria represent a central integration point for the
signals regulating a cell’s destiny. Ca®" overload, which may be triggered by
various initial stimuli, promotes mitochondrial Ca®" uptake. Excessive Ca*"
accumulation within the mitochondrial matrix, is one of the primary reasons
for mitochondrial permeability transition, which is at least partly mediated
by the opening of a permeability transition pore (PTP) — a multi-protein
complex located at the contact sites between the inner and the outer
mitochondrial membranes. PTP opening permits the release of mitochondrial
apoptogenic factors, such as cytochrome ¢ (Cyt-c) and an apoptosis-inducing
factor (AIF) into the cytoplasm, where they in turn activate a death-
executing caspase cascade. Mitochondrial permeability in general and the
PTP complex in particular, are regulated by the members of Bcl-2 family of
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proteins, of which those preventing apoptogenic factors release, Bcl-2 per se,
Bcel-x;, and Mcl-1, protect against apoptosis, whereas those promoting it,
Bax and Bak, act as apoptosis enhancers (e.g., [17]).

Initial cytosolic Ca®" overload may also take a different cell death row,
without directly involving Ca®'-mediated mitochondrial permeability
transition. It mainly relies on the activation of calcium/calmodulin(CaM)-
dependent phosphatase, calcineurin. Calcineurin-catalyzed
dephosphorylation promotes apoptosis by regulating the activity of a number
of downstream targets, including the pro-apoptotic Bcl-2 family member,
Bad [18], and transcription factors from the NFAT (nuclear factor of
activated T cells) family [19]. There are also some other Ca’’-dependent
enzymes taking part in the apoptotic events, among which, of special note,
are several DNA-degrading endonucleases [20] and Ca*"-activated cystein
proteases of the calpain family essential for the enzymatic activation of the
crucial pro-apoptotic effectors (e.g., [21]).

ER is an important, dynamic organelle providing a storage place for the
majority of intracellular Ca®* and the machinery for the maturation of the
nascent proteins. So-called ER stress, which may result from any disturbance
in its Ca’" homeostasis and/or newly synthesized protein processing, is also a
critical determinant in apoptosis (e.g., [13, 16]). The role of the calcium
component in the ER stress-mediated apoptosis became especially evident
with the introduction into research practice of thapsigargin (TG) — a plant
sesquiterpene lactone that irreversibly blocks the sarco(endo)plasmic
reticulum Ca®’-ATPase (SERCA) pump providing for ER Ca*" uptake. TG-
induced SERCA blockade allows the ER Ca®" store to be depleted and
cytosolic Ca** concentration to be elevated due to Ca’’ release from the
store, as well as due to the initiation of store-dependent Ca’" influx. TG-
induced apoptosis represents popular experimental model for the study of
Ca’’-dependent apoptosis mechanisms.

It has been shown that ER stress activates specific ER-localized caspase-
12 [22], which in turn triggers a cascade of reactions leading to the
activation of other caspases in a mitochondria- and Cyt-c-independent
manner [23]. Recent evidence also suggests the crucial role in ER-mediated
apoptosis of extramitochondrial Bcl-2 family members particularly localized
in the ER membrane (reviewed in Schinzel et al., 2004, Annis et al., 2004,
Distelhorst and Shore, 2004). ER-localized pro- and anti-apoptotic Bcl-2
members have been implicated in the regulation of the luminal Ca*" levels
and the expression of ER resident proteins, thereby strongly affecting the
apoptotic status of the cells [24-26].
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3. CALCIUM IN PROSTATE CANCER CELLS
APOPTOSIS

Understanding the mechanisms of PCa cells apoptosis, including their
Ca’"-dependency, is important for developing new approaches to PCa
treatment. Prostate cancer is a very heterogeneous entity, generally
composed of a mixture of cells expressing an androgen receptor (AR), which
confers the property of androgen dependency, and androgen-independent
cells. At the early stage most of the neoplastic mass is represented by
androgen-dependent cells whose pro-apoptotic potential is regulated by AR.
It is well established that this type of cells can be easily induced to undergo
apoptotic cell death after androgen ablation [27, 28]. However, associated
tumor enrichment with a propagating androgen-independent cell population,
as well as the emergence of the new cell phenotypes with enhanced
resistance to apoptosis due to genetic transformations, will eventually lead to
the complete loss of hormone-sensitivity and the curability characteristic of
the advanced stage of cancer. Fortunately, androgen-independent PCa cells
retain the appropriate molecular machinery to undergo apoptosis. Thus, the
problem is to explore all its specific features and then find the means for its
activation.

It has long been considered that the primary cause of apoptosis induction
in response to androgen ablation is the sustained elevation of intracellular
Ca’ ([Ca™i) [29], with a consequent activation of Ca**-Mg**-dependent
endonuclease involved in genomic DNA fragmentation [30]. The molecular
mechanisms underlying [Ca®];, elevation in response to androgens
withdrawal is not very clear, but the reduction in the percentage of epithelial
cells from rat ventral prostate undergoing apoptosis in response to the
administration of voltage-gated Ca®" channels (VGCCs) blockers, such as
nifedipine and verapamil, suggested Ca’" entry from extracellular space [29,
31]. However, in view of the fact that VGCCs are not the major Ca>" entry
pathway in most types of PCa epithelial cells, as is evident from direct
membrane currents measurements, the effectiveness of these agents in
counteracting pro-apoptotic effects of androgen ablation is unlikely to be
directly related to Ca®* entry inhibition, prompting its further exploration
from other perspectives.

Interestingly, androgen ablation not only promotes androgen-dependent
PCa cells apoptosis via an elevation of cytosolic Ca**, but increased [Ca* i,
per se leads to the down-regulation of AR expression, as demonstrated in the
androgen-dependent LNCaP cell line subjected to the treatments with Ca**
ionophores or the SERCA pump inhibitor TG [32]. This suggests that
androgen ablation therapy, although effective in providing temporary
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apoptosis enhancement, may simultaneously serve as a facilitating factor in
cells transformation into androgen-independent phenotypes.

The strong androgen-dependence of prostate cells apoptosis necessarily
involves up- or down-regulation of androgen-response genes. One of the
androgen-inducible genes identified in the prostate encodes calreticulin [33,
34] — a high capacity ER luminal Ca>" binding protein. This identification
provided the first strong indication of the potential involvement of not only
cytosolic Ca*", but also of ER-dependent mechanisms in PCa cells apoptosis.
The importance of ER mechanisms was also evident from studies in other
cell models (e.g., [35]). Nevertheless, the type, extent and manner of ER
involvement in PCa cells apoptosis still remains a subject of ongoing
research.

The first studies of TG-induced apoptosis in an androgen-independent
rat, AT-3, and human, TSU-Prl1, DU-145 and PC-3, prostatic cell lines,
while confirming the importance for sustained [Ca’i, rise in apoptosis
induction, ruled out any substantial role for ER store depletion [36]. The
concept of a primary role of cytosolic Ca** received further development in
the experiments on prolonged [Ca®*];, monitoring during the whole apoptosis
cycle. The long-term [Ca®;, changes induced in prostatic AT-3 and TSU
cell lines by chronic TG exposure were dissected into an early (1-12 h) phase
of moderate increase (<0.5 puM) and a delayed phase (>12 h) of strong
increase (~10 uM) [37]. The early phase was manifested by the induction of
a GADDIS53 transcription factor, whereas the delayed phase was
characterized by the execution of calcineurin-mediated apoptotic pathway,
resulting in Bad translocation to mitochondria, Cyt-c release, activation of
the initiator caspase-9, and DNA fragmentation [37].

In contrast, characterization of TG-induced apoptosis in androgen-
dependent LNCaP cells, with the use of experimental conditions that
permitted ER store release without elevating [Ca2+]in, showed that store
depletion is by itself sufficient to induce LNCaP cells apoptosis [38].
Furthermore, ER store depletion alone resulted in even earlier caspase-9
activation than the dual insult of store depletion and [C212+]in elevation,
although further downstream apoptotic pathways appeared to be the same,
irrespective of the initiating insult [38]. In our own study, conducted on
LNCaP cells, we for the first time directly measured the store-operated Ca**
current (Isoc) underlying TG-induced Ca®* entry in the cells of prostatic
origin and showed that in order for TG to trigger apoptosis, activation of this
current and associated sustained Ca”" entry is not required [39]. Moreover,
TG-induced apoptosis of LNCaP cells was even enhanced under inhibited
SOCE, especially during the initial 24 h [39], suggesting that ER-stress-
initiated and [Ca®];,-initiated pathways may compete for some common
molecular determinants, which agrees well with the earlier caspase-9
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activation in response to ER store depletion, as observed by Wertz and Dixit
[38]. Interestingly, LNCaP cells apoptosis could be slightly stimulated by
caffeine, whose major action is to release ER store via ryanodine receptors
(RyRs) [40]. However, caffeine action in LNCaP cells was also
accompanied by Ca*" entry of as yet a not very clear nature, not permitting
clear dissection of the ER-dependent component in its pro-apoptotic effects
[40].

The ER Ca*" content of androgen-dependent LNCaP cells has been
proven to be important in determining the mode of action of such growth
regulators as the insulin growth factor (IGF) and the tumor necrosis factor-
alpha (TNF-o). The action of the growth-promoting IGF correlated with
high ER Ca®" content, whereas the action of the pro-apoptotic agent TNF-o
was associated with reduced ER Ca”" content [41].

Interesting interplay between ER Ca®" mobilization and mitochondrial
uptake has recently been demonstrated for the staurosporine-induced
apoptosis of androgen-independent PC-3 cells [42]. In this cell model, the
action of some, but not all pro-apototic stimuli involved the reduction of ER
Ca®™ content, which preceded caspase activation [42]. In particular, the
staurosporine-induced apoptosis was associated with initial ER Ca®" pool
emptying followed by an increase in mitochondrial uptake and Cyt-c release
— the process, which seemed to require Bax as signal mediator between ER
and mitochondria [42].

Thus, it seems that both ER-stress-mediated and [Caz+]in—mediated
apoptotic pathways are operational in PCa epithelial cells. However, more
studies are needed for the elucidation and dissection of underlying molecular
mechanisms. In particular, the role of ER-resident caspase-12 still remains
undetermined. There is also a distinct possibility that the primary Ca®'-
dependent apoptotic mechanisms may differ in androgen-dependent and
androgen-independent cell phenotypes.

TG, Ca>" ionophores and agonists acting via receptors coupled to
phospholipase C (PLC)-catalyzed inositol phospholipids breakdown
signaling pathway can mobilize intracellular Ca*" and induce sustained Ca"
entry. Yet, there are number of pro-apoptotic agents and insults that do not
produce an obvious immediate [Ca%]in rise. In a recent study by Tombal et
al. [43] it was shown that their representatives, such as the transforming
growth factor-f (TGF-B), chemotherapeutic anticancer agents, 5-
fluorouridine (5-FdUR) and doxorubicin, as well as radiation still induced a
delayed [Ca®™;, rise in prostatic AT-3, TSU, and PC-3 cell lines, which
accompanied morphological changes characteristic of apoptosis progression.
In response to any insult, [Cz:12+]in started to increase after an initial lag of
about 28-48 h and progressed in two consecutive steps of 0.5-2 h and 4-8 h
in duration bringing total [Ca® i to supramicromolar levels [43]. This
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[Ca2+]i11 elevation occurred due to Ca?’ influx, as was evidenced by the delay
of apoptotic events in a low Ca’" medium, and was required for Cyt-c
release, caspase-3 activation and DNA fragmentation [43]. However, the
exact PM Ca’" entry pathways involved in these actions remain unclear.

TGF-B was also reported to induce a transient (within minutes)
submicromolar [Ca%]in increase in prostatic PC-3U cells due to TGF-B-
mediated mitochondria inhibition and an acute release of Ca®" from the
mitochondria as a result of mitochondrial uncoupling [44]. It was suggested
that these effects underlie TGF- pro-apoptotic actions [44].

Cardiac glycosides are mostly known for their positive inotropic effects
on heart function. However, they have also been found to exert a potent pro-
apoptotic action on PCa cells, involving a perturbation of Ca*" homeostasis
[45, 46]. Using the PC-3 cell line as a model system, it was demonstrated
that cardiac glycosides induce Ca” influx [45, 46], which in analogy to
cardiac myocytes was attributed to reversed Na‘-Ca®" exchange activity due
to Na' overload resulting from cardiac glycoside-induced Na™-K" ATPase
blockade [46]. Following the Ca®" influx, the cell death row took a clear
mithochondrial direction, manifested by the loss of the mithochondrial
membrane potential [46] and by Cyt-c release followed by caspase-3 and -8
processing [45]. These results are very intriguing, although the Ca’* entry
pathway involved needs further elucidation, as functional Na'-Ca”" exchange
mechanism so far has been not directly demonstrated in PCa epithelial cells.

Taken together, the results obtained so far suggest that Ca*" signaling
involving all three: cytoplasmic, mitochondrial, and ER-dependent
mechanisms play a role in PCa epithelial cells apoptosis. However, the
relative contribution of each mechanism depends on the nature of the pro-
apoptotic stimulus and initial apoptotic status of the cell.

4. MOLECULAR PLAYERS INVOLVED

Prostate cancer epithelial cells are representatives of non-excitable
secretory-type cells and in that respect, they are not unique in terms of what
sub-cellular and molecular determinants participate in the regulation of their
Ca’" homeostasis. In general, there are three major Ca>" pools that living
cells can utilize for producing various types of cytosolic Ca*" signals:
extracellular space, ER and mitochondria. Each of these pools is separated
by its own membrane incorporating diverse Ca’" handling proteins. The
specific representation of these proteins largely determines the relative
contribution of each pool in the creation of a Ca*" signal as well as its
spatial-temporal characteristics.
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In PCa epithelial cells, as in other non-excitable cell types, Ca*" entry
from extracellular space is mainly supported by the mechanism called
“capacitative calcium entry” (CCE) or “store-operated calcium entry”
(SOCE) [47]. This mechanism is capable of monitoring ER Ca®" filling
permitting the influx only when ER content essentially decreases. It is
mediated via specialized plasma membrane (PM) store-operated Ca’'-
permeable channels (SOC). The common physiological trigger for the
activation of these channels is IP;-induced Ca®’ release from the ER in
response to stimulation of surface receptors coupled to PLC-catalyzed
inositol phospholipids breakdown signaling pathway. This is why upon
discovery, they were termed “Ca’’ release-activated channels” (CRAC) [48].

Although the molecular nature of SOC and CRAC, as well as the
mechanisms linking them to the ER Ca®" store depletion, still remain a
mystery, the widely investigated family of mammalian homologues of the
Drosophila TRP (Transient Receptor Potential) channels is currently viewed
as the most likely source of candidate proteins for the role of SOCs (for
recent reviews see [47, 49-51]). Our own studies conducted on the androgen-
dependent LNCaP human prostate cancer epithelial cell line have implicated
the members of the “canonical” TRP subfamily, TRPCI [52, 53], TRPC4
[53], and “vanilloid” TRP subfamily, TRPV6 [53, 54], in prostate-specific
endogenous SOCs. In this respect, TRPV6, also known as Ca®" transporter
type 1 (CaTl) or epithelial calcium channel 2 (ECaC2) [55], attracts special
attention, as its expression was shown to correlate with PCa grade [56-58].
Moreover, TRPV6 expression seems to be under negative control from AR,
as pharmacological AR suppression by anti-androgens not only up-regulated
TRPV6 mRNA levels in LNCaP cells [54, 56], but also augmented store-
operated membrane current (Isoc) [54]. A recent study conducted on tissue
samples from 140 patients with PCa, further demonstrated the association of
TRPV6 with PCa progression and suggested it as a prognostic molecular
marker in cancer classification [58]. It seems, however, that the functional
role of endogenous TRPV6 in prostatic Isoc is tightly linked to other
potential SOC constituents and/or regulators, as artificial TRPV6
overexpression in LNCaP cells resulted in the appearance of additional
membrane current with distinct properties to endogenous Isoc [59]. At any
rate, molecular bases for SOCE in PCa epithelial cells is still far from being
clear, and the fact that aside from TRPV6 it may also include TRPCI and
TRPC4, suggests its complexity and probable multi-channel nature.
Hopefully, future studies will bring more clarity to this issue.

ER is an important, dynamic organelle responsible for the storage of the
majority of intracellular Ca**. The primary molecular determinants involved
in Ca”" handling by the ER include: IP; (IP;R) and ryanodine (RyR)
receptors permitting active Ca”" release, the ER leak channels underlying
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passive loss of Ca*’, the SERCA Ca* pump providing for Ca*" reuptake
back to the ER, and Ca”*'-binding proteins (chaperones) participating in the
intraluminal Ca®" storage. By functioning in concert, ER leak channels,
SERCA pump and intraluminal Ca*"-binding chaperones maintain optimal
basal Ca®" concentration within the ER required for protein synthesis and
processing.

The data on representation of specific isoforms of the key ER Ca*’
handling proteins in the PCa epithelial cells are extremely limited, and again
are mostly restricted to various prostatic cell lines. Out of three known IP;R
isoforms (IP;R1, IP;R2, IP;R3, e.g.,, [60]) LNCaP cells seem to
preferentially express IP;R1 with almost 3-fold lower IP;R3 expression and
none of [P;R2 [53]. Nearly the same IP;Rs ratio was found for the androgen-
independent DU-145 prostate cancer cell line [61]. Considering that, on the
one hand, direct IP;R-SOC conformational coupling is implicated in SOCE
activation (e.g., [53, 62]), and, on the other hand, IP;R subtypes represent an
important determinant in apoptosis [63-65], this information may be useful
both for establishing precise interactions governing SOCE in PCa epithelial
cells and for better understanding ER-dependence of PCa cells apoptosis.
LNCaP cells have also been shown to express functional RyRs with
dominant representation of RyR1 and RyR2 isoforms capable of mobilizing
Ca’" from intracellular stores [40], although the physiological stimulus
leading to RyRs activation as yet remains unclear. Unfortunately, the
molecular nature of passive Ca>" exit pathway from the ER, namely the ER
leak channels is not known. It has been suggested that Ca®* leak may occur
via the translocon [66] — an aqueous pore that regulates the movement of
polypeptides through the ER membrane. Our most recent data are consistent
with potential role of the translocon as an ER leak channel in LNCaP cells
[67].

Ca”™ uptake back into ER is controlled by the family of SERCA pumps
[68] located in the ER membrane, whereas the luminal environment of the
ER consists of Ca*"-binding chaperones, which are involved in protein
folding, post-translational modification and Ca®* storage. Out of several
tissue-specific SERCA-pump isoforms, only the widely distributed
phospholamban-dependent SERCA2b one was detected in LNCaP cells [69,
70]. Prostate cells, including LNCaP, also express high levels of calreticulin
— one of the most ubiquitous ER Ca”*-binding (storage) chaperones [71]. The
significance of calreticulin in Ca®" homeostasis is heightened by the fact that
it represents one of androgen-response genes in the prostate [33, 34], thus
making it particularly important in cancer-related growth and death
regulation.

Mitochondria are endowed with multiple Ca®* transport mechanisms by
which they take up and release Ca®" across their inner membrane [72]. These
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transport processes function to control local and global cytosolic Ca**
concentration, thereby regulating a number of Ca®’-sensitive cellular
mechanisms. The PTP together with H'-Ca®" and Na'-Ca’* exchange
mechanisms form Ca® efflux pathways from mitochondria, whereas
mitochondrial Ca®" uptake mainly occurs via a channel-like uniporter [73].

Thus, although the major determinants of Ca®* homeostasis in PCa
epithelial cells have been outlined, a lot of work still has to be done to
identify their specific molecular nature, which is imperative for the practical
perspectives of a targeted influence on their function in PCa. Nevertheless,
the data already available provide sufficient baseline knowledge for further
study into how major determinants of Ca®" homeostasis may evolve during
acquisition of apoptosis resistance in androgen-independent PCa.

5. HOW IT ALL CHANGES IN ANDROGEN-
INDEPENDENT PROSTATE CANCER

Progression of prostate cancer to the stage of androgen-independence is
accompanied by the appearance of new apoptotic-resistance cell phenotypes.
One of them is closely associated with overexpression of the common anti-
apoptotic oncoprotein, Bcl-2 ([8], reviewed in [74]). Non-pathologic prostate
epithelial cells normally do not express Bcl-2, but its expression has been
found to increase in hormone-untreated prostate adenocarcinoma and even
more so in hormone-refractory adenocarcinoma following a hormone
ablation regimen [75-77]. Aside from Bcl-2, the development of hormone-
insensitive prostate cancer has also been shown to correlate with the
increased levels of other survival proteins from Bcl-2 family such as Bel-xp,
and Mcl-1 [78].

Of special note is the enrichment of androgen-independent tumors with
malignant neuroendocrine (NE) cells. Fully differentiated, non-proliferating,
neuron-like NE cells are a normal component of the prostate epithelium,
which by releasing a variety of neurosecretory products, regulate the
development and secretory activity of the prostate in the endocrine/paracrine
manner [79, 80]. However, expanding their population beyond normal
proportions due to malignant transformation of epithelial/basal cells is a
common characteristic of prostate cancer progression [80]. NE cells lack
nuclear AR [81], thereby representing an androgen-insensitive cell
phenotype in the prostate. They also exhibit a high apoptotic resistance [9],
which according to the existing evidence is unrelated to Bcl-2 [82], but is
rather conferred by new survival proteins, survivin [83] and clusterin [84].

Androgen-dependent prostatic LNCaP cells serve as a good experimental
model for studying both the Bcl-2- and the NE differentiation-conferred
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phenotypes of androgen-independence and apoptotic resistance due to the
creation of LNCaP clones with stable Bcl-2 overexpression [8] and
possibility to induce NE differentiation of LNCaP cells by such simple
experimental maneuvers as cAMP elevation or androgen deprivation (e.g.,
[85, 86]). Our own studies of the alterations in Ca’" homeostasis of Bcl-2-
overexpressing (LNCaP/Bcl-2) and NE-differentiated (NE-LNCaP) LNCaP
cells have established not only the independence of these alterations from
specific anti-apoptotic mechanisms, but also the commonality of the
molecular events that underlie them [70, 87]. The major features of Ca*
homeostasis in LNCaP/Bcl-2 and NE-LNCaP cells compared to the wild-
type androgen-dependent LNCaP cells were: 1) reduced basal Ca®" filling of
the ER pool, and 2) reduced store-operated Ca** entry. These changes were
accompanied by an increased resistance to TG- and TNF-o-induced
apoptosis, with clear shift to a higher importance of Ca”" influx vs. ER store
depletion in apoptosis induction [70, 87] compared to the wild-type
androgen-dependent LNCaP cells [38, 39]. The observed shift in apoptosis
induction from ER stress-dependence to Ca’" influx-dependence is
consistent with the early data on androgen ablation-induced apoptosis [29,
31], as well as with the bulk of data obtained in androgen-independent
prostatic cell lines (e.g., [36, 37]), suggesting that it may signify the
distinguishing feature of androgen-independence in general, irrespective of
what specific anti-apoptotic mechanisms it may involve.

Chronic underfilling of the ER Ca*" pool in LNCaP/Bcl-2 and NE-
LNCaP cells was found to result from enhanced ER leak accompanied by the
decreased expression of ER luminal Ca®" binding protein, calreticulin, and
SRCA2b Ca** pump isoform, whereas reduced SOCE most likely resulted
from the diminished number of functional SOCs [70, 87]. So far, out of
Ca’"-handling proteins found to be affected, only calreticulin was
demonstrated to represent an androgen-response gene in the prostate [33,
34]. Moreover, calreticulin seems to be important determinant in androgen-
dependent control of PCa cells apoptosis [88]. Therefore, our view is that
calreticulin underexpression and the related decrease in the ER Ca®* storage
capacity are the primary reasons for the diminished role of the ER stress-
mediated apoptosis pathway and consequent general enhancement of
androgen-independent PCa cells capability to survive. Indeed, androgen
ablation would allow only those cells to survive, for which low ER filling
due to decreased storage capacity accompanied by adaptive enhancement of
leak, decreased uptake (SERCA pump underexpression) and impaired
refilling (PM SOCs underexpression), would represent a new level of
equilibrium. Such cells would emerge as resistant to the ER stress-related
apoptosis, which, thus, could be only triggered by cytosolic or mitochondrial
Ca**-dependent mechanisms.
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The molecular bases for the enhanced ER leak in androgen-independent
PCa cells is not clear. It may be due to an enhanced activity or density of the
putative leak channels, for which translocon is suggested [66, 67], or may be
related to the channel-forming capability of ER-localized pro-apoptotic
proteins per se, which at least in the case of Bcl-2 members is a distinct
possibility (reviewed in [89]). It should be noted, however, that the role of
Bcl-2 in controlling ER Ca*" filling is quite controversial, with a nearly equal
number of reports showing that Bcl-2 decreases or increases luminal Ca®*
(for critical review see [26]). In addition to directly affecting ER leak
thereby contributing to elimination of the ER stress-related apoptotic
pathway, Bcl-2 overexpression in androgen-independent PCa cells
counteracts apoptosis via its usual mitochondrial site of action, which
altogether produces strong resultant anti-apoptotic effect.

Although the studies in androgen-dependent LNCaP cells have already
implicated three TRP members — TRPC1, TRPC4 and TRPV6 in PCa cell-
specific endogenous SOCs [52-54], this data is still insufficient to judge on
precise molecular organization of SOCs and even more so on its
transformation during the transition to androgen-independence, which
underlies reduced SOCE. The fact that TRPV6 expression is enhanced in
LNCaP cells in response to pharmacological AR inhibition [54, 56], makes it
potentially an important determinant in apoptosis, although such change
seems to be in conflict with the observed reduced SOCE in androgen-
independent LNCaP/Bcl-2 and NE-LNCaP cells [70, 87]. In this respect, it is
also important to assess the role of IP;Rs in the downregulation of SOCE
and Isoc, as it may be related to the alterations in IP;R-SOC coupling, which
is suggested in SOC activation. Indeed, overexpression of anti-apoptotic Bel-
x;. protein and Cyt-c release have been shown to directly affect IPsRs [64,
65], which is consistent with a potential contribution of indirect mechanisms
in Isoc reduction. At any rate, decreased SOCE and Isoc, in androgen-
independent PCa cells will also essentially impair both mitochondrial and
cytosolic Ca**-dependent apoptotic pathways.

TRPV6 expression is also known to be strongly vitamin D dependent
(e.g., [90]), suggesting that this TRP member may play an important role in
the pro-apoptotic action of vitamin D receptor ligands on PCa cells [91]. By
acting via a vitamin D receptor, these ligands were shown to suppress the
expression of Bcl-2-related anti-apoptotic proteins and to stimulate Cyt-c
release in LNCaP and ALVA-31 cell lines [91]. It is quite plausible that
TRPV6 may be involved in providing the Ca®" entry required for the
mitochondrial permeability transition leading to Cyt-c release.

Prostatic NE cells generally express PM ion channels that are typical for
excitable cells [92]. In particular, one of characteristic features of NE
differentiation of LNCaP cells is the strong overexpression of voltage-gated
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T-type Ca®" channels represented by their alH isoform [86]. By providing
constant Ca”" influx around the resting potential these channels seem to be
involved in the formation of neuronal-like morphological features (i.e.,
neurites outgrowth). However, whether or not these channels contribute to
the enhanced anti-apoptotic potential of NE cells is not yet clear.

6. OTHER TYPES OF CANCER

Chronic exposure of MCF-7 and MDA MB 468 breast carcinoma cell
lines to TG resulted in biphasic elevation of intracellular Ca*" [93], just as
was reported for prostate cancer cells [37]. The initial 4-fold transient
submicromolar rise lasting for several hours was followed by 12-36 hours
delayed rise above 5 uM. Morphological changes and DNA fragmentation,
typical of apoptotic cell death, were detected in MCF-7 cells only
subsequent to the secondary [Ca%]in rise, after about 48 hours of TG
exposure [93]. These observations suggested that the secondary rise in
[Ca* iy to micromolar levels is not prostate-specific, but rather reflects a
general feature of Ca’" signaling required for endonucleases activation
during TG-induced cancer cells apoptosis. In contrast, an activation of
Ca®"/Mg*"-dependent endonuclease was detected as an early event in MCF-7
cells apoptosis induced by a widely used anticancer drug, etoposide (VP-16)
[94]. [Ca*']i elevation associated with vitamin D-induced apoptosis of
MCF-7 cells was shown to result not from entry, but from Ca’" release from
the ER [95]. Interestingly, increased cytosolic Ca*" in this case stimulated
the caspase-independent apoptotic pathway, which relied solely on the
activation of Ca>'-dependent cysteine proteases of the calpain family [95].

Sustained increase in intracellular Ca®" most likely via the entry
mechanism, which correlated with enhanced activities of caspase-3, -8 and -
9, was detected in the LK-2 and LU65A human lung cancer cell lines
subjected to hyperthermia-induced apoptosis [96]. The disruption of Ca*"
homeostasis, mitochondrial swelling and redistribution of Bax to the
mitochondrial membrane, characterized ciprofloxacin-induced apoptosis in
HTBY9 bladder cancer cells [97]. The pro-apoptotic efficacy of arsenic
trioxide in various human malignant cell lines correlated with the ability of
this agent to increase the intracellular Ca®" concentration, with MGC-803
gastric cancer cell line being the most susceptible to both apoptosis induction
and [Ca”"];, elevation [98].

Thus, the results available so far suggest that intracellular Ca®" elevation
is a common feature of apoptosis in response to most pro-apoptotic stimuli
in the majority of cancer cell types. However, the exact mechanism(s) of
Ca”" elevation, as well as apoptotic pathway(s) it may recruit may be
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different, requiring individual elucidation in each particular case. There is
evidence, however, that enhanced resistance to apoptosis of cancer cells with
increased malignancy may be related to the profound deficiency of major
Ca**-dependent apoptosis execution mechanisms. Indeed, using a panel of
nine murine and human cancer cell lines with different metastatic potential it
has been shown that higher metastatic potential is associated with
diminished level of nuclear Ca*'-dependent endonucleases, and significantly
reduced activity of caspase-3 (CPP32/Yama) death protease [99].

7. CONCLUSIONS

Although much has been learned about the role of Ca*" in PCa cells
apoptosis, a lot of questions still await their answer. In particular, it is still
not clear how the specificity of the Ca®* signal is achieved. It is well
established that various cellular Ca*'-dependent processes rely on the
specific spatial and temporal characteristics of Ca®" signaling. However, the
type and manner of its organization during various stages of PCa cells
apoptosis is not known. In this respect, it is important to place more
emphasis on the study of primary PCa epithelial cells, which preserve their
morphological polarization. These problems are equally relevant to other
types of cancer.
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Abstract:

Key words:

1.

Elimination of cells through apoptosis is crucial for tissue homeostasis. The
process of cell removal is regulated by the expression of recognition signals on
the dying cell and corresponding phagocytosis receptors on the engulfing cell;
in addition, chemotactic factors emitted by apoptotic cell corpses serve to
attract macrophages to the site of cell attrition. Cell clearance is thus an active,
programmed process and as such is thought to play an important role in the
resolution of inflammation and the prevention of autoimmune diseases.
Moreover, recent studies suggest that engulfment of apoptotic cell remnants
may result in lateral transfer of genetic information within a tumour cell
population, and thus contribute to cancer progression. In addition, several
recent studies have established a link between malignant transformation and
autophagy, an alternative form of programmed cell death. Further elucidation
of the mechanism of cell disposal (occurring either through apoptosis or
autophagy/self-digestion) is expected to aid in our understanding of cancer
development and may unveil novel targets of therapeutic intervention.

apoptosis, autophagy, cancer, horizontal gene transfer, phagocytosis

INTRODUCTION

Apoptosis is a process of cellular suicide that is essential for the sculpting
of organs during embryogenesis and for the maintenance of homeostasis in
adult tissues (Wyllie et al., 1980; Jacobson et al., 1997). Characteristic
morphological features of apoptosis (a term derived from the Greek word
describing the falling off of petals from a flower or leaves from a tree) are
nuclear and cytoplasmic condensation with concomitant blebbing (zeiosis)
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of the plasma membrane, and fragmentation of the cell into so-called
apoptotic bodies, containing structurally intact organelles as well as portions
of the nucleus (Kerr et al., 1972). Studies in recent decades have provided a
detailed characterization of the biochemical features of apoptosis, including
the fragmentation of nuclear DNA, activation of cysteine proteases known as
caspases, and externalization of recognition signals such as
phosphatidyserine (PS) on the cell surface (for an excellent review, see
Danial and Korsmeyer, 2004). Importantly, the caspase-driven dismantling
of the cell ultimately results in the recognition, ingestion, and degradation of
apoptotic bodies and cell remnants by neighboring phagocytes. The removal
of dying cells prior to their necrotic disintegration requires phagocytosis
receptors and recognition signals expressed on phagocyte and prey,
respectively, and is thought to preclude tissue scarring and inflammation
(Lauber et al., 2004; Fadeel, 2004).

An emerging theme in recent years is that tissue homeostasis is
dependent not only on the degree of mitosis (cell proliferation) and
apoptosis, but also on the balance between cell death and cell clearance.
Consequently, a mismatch between apoptosis and cell disposal may
contribute to disease pathogenesis (Savill and Fadok, 2000). For instance,
although vast numbers of immature thymocytes die in sifu, minimal evidence
of apoptosis is seen in the thymus (Surh and Sprent, 1994), thus reflecting
the efficient clearance of dying cells in this tissue under normal conditions.
In contrast, mice treated with agonistic anti-Fas antibodies display fulminant
liver destruction (Ogasawara et al., 1993), due most likely to massive death
of Fas-expressing hepatocytes such that the phagocytic capacity of the liver
is overwhelmed. Apoptosis can thus be viewed essentially as a mechanism
of cell clearance; indeed, the term “programmed cell clearance” was recently
introduced to underscore this notion and to emphasize that distinct molecular
events govern the removal of apoptotic cell corpses (Fadeel, 2003). The
current review aims to summarize the mechanisms of clearance of
mammalian cells, as well as to discuss the functional significance of
(defective) clearance of apoptotic cells in the context of inflammation,
autoimmune disease, and cancer. Autophagy, a mode of cell-autonomous
clearance that is distinct from apoptosis (Levine and Klionsky, 2004), and its
role in the development of cancer, will also be considered.
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2. MECHANISMS OF CELL CLEARANCE

2.1 Recognition signals

Cells undergoing apoptosis express recognition or “eat me” signals,
including lipids, proteins, and modified sugar moieties, that facilitate
recognition and ingestion by macrophages or neighboring cells (Savill et al.,
2002; Lauber et al., 2004). The best-known “eat me” signal is the anionic
phospholipid PS that translocates from the inner to the outer leaflet of the
plasma membrane in a caspase-dependent manner (Fadok et al.,, 1992;
Martin et al., 1995; Vanags et al., 1996). Early studies suggested that the
simultaneous activation of a calcium-dependent phospholipid scramblase
and inhibition of an ATP-dependent aminophospholipid translocase, which
under normal conditions maintains the asymmetric distribution of PS in the
plasma membrane, is required for PS externalization (Verhoven et al., 1995;
Bratton et al., 1997). There is also evidence for the involvement of the ATP-
binding cassette transporter ABC1 in the redistribution of PS, although its
specific role during apoptosis remains to be determined (Hamon et al.,
2000). More recent studies suggest that PS exposure is modulated by the
level of intracellular ATP and transpires downstream of Bcl-2-regulated
mitochondrial events, irrespective of the expression of the phospholipid
scramblase (Gleiss et al., 2002; Uthaisang et al., 2003). In support of this
notion, Blom and colleagues (2003) have shown that regional loss of
mitochondrial membrane potential in hepatocytes is rapidly followed by
externalization of PS at that specific site during apoptosis. These
investigators proposed that a spatio-temporal relationship may exist between
the drop in mitochondrial ATP production and inhibition of
aminophospholipid translocation, thus yielding localized externalization of
PS. Furthermore, Ricci et al. (2004) have demonstrated that disruption of
mitochondrial function during apoptosis is mediated by caspase cleavage of
the p75 subunit of complex I of the electron transport chain; importantly, the
disruption of mitochondrial function and subsequent dissipation of
intracellular levels of ATP was coupled with plasma membrane
externalization of PS in this model. In addition, microinjection of the so-
called apoptosis-inducing factor (AIF) into the cytoplasm of intact cells
induces caspase-independent dissipation of the mitochondrial membrane
potential and concomitant PS externalization (Susin et al., 1999). Taken
together, the egress of PS during apoptosis appears to be a mitochondria-
dependent event that is linked to a drop in ATP production within the cell.
Furthermore, while PS externalization can be dissociated from other features
of the apoptotic program (Zhuang et al., 1998; Uthaisang et al., 2003), we
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and others have shown that this event is nonetheless essential for
phagocytosis of apoptotic cells (Fadok et al., 2001; Kagan et al., 2002).

Evidence of selective oxidation of PS has been provided in several
models of oxidative stress-induced apoptosis (for a review, see Kagan et al.,
2003). Moreover, recent studies of non-oxidant-triggered apoptosis have
yielded further evidence that oxidation of PS is selective and precedes its
externalization (Kagan et al., 2002; Matsura et al., 2002; Koty et al., 2002).
Moreover, we have shown, in collaboration with Kagan and his associates,
that the expression of oxidized PS (PS-OX) in conjunction with its non-
oxidized counterpart on the surface of apoptotic cells serves as a critical
recognition signal for macrophages (Kagan et al., 2002; Arroyo et al., 2002).
These findings were supported by the demonstration that enrichment of the
plasma membrane of non-apoptotic cells with exogenous PS and/or PS-OX
resulted in phagocytic removal of these cells. Moreover, antibodies to
oxidized low-density lipoprotein (LDL) have been shown to bind to
apoptotic cells and prevent their uptake by macrophages, thus providing
further evidence for oxidation-specific epitopes on the surface of apoptotic
cells (Chang et al., 1999). Indeed, C-reactive protein (CRP) was recently
found to bind both oxidized LDL and “late” apoptotic cells (i.e. apoptotic
cells that have undergone secondary necrosis due to prolonged in vitro
culture) through recognition of a common ligand, oxidized
phosphatidylcholine (PC-OX) (Chang et al., 2002). The mechanism of PS
(and PC) oxidation remains to be clarified; however, recent data suggest that
cytochrome ¢ released from mitochondria into the cytosol may act as a
catalyst that utilizes reactive oxygen species generated by disrupted
mitochondrial electron transport for selective PS oxidation (Jiang et al.,
2003; Fadeel et al., 2004a).

Recent proteomics studies have identified annexin I (also known as
lipocortin I) as a novel recognition signal (Arur et al., 2003). Annexin [ is
thus recruited from the cytosol to the plasma membrane during apoptosis,
and is required for efficient uptake of apoptotic cells by human umbilical
vein endothelial cells, i.e. non-professional phagocytes. Moreover, annexin I,
a PS-binding protein (Schlaepfer and Haigler, 1987), co-localizes with PS on
the surface of apoptotic cells leading to the clustering of PS receptors on the
phagocytic cell surface. Similarly, Fan et al. (2004) have reported that
apoptotic Jurkat cells and primary T cells, but not apoptotic thymocytes,
express annexin I on their cell surface. These investigators were also able to
demonstrate constitutive annexin I and II expression on macrophages, and
could show that antibodies to these annexins suppressed macrophage
engulfment of apoptotic target cells. Hence, annexins may potentially serve
as both ligand and receptor and thereby promote cell clearance, alone or in
conjunction with PS or PS-OX, albeit in a cell type-specific manner.
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Interestingly, macrophages derived from annexin I-deficient mice display
anomalies in phagocytosis of zymosan particles (Hannon et al., 2003);
whether annexin [-null cells also exhibit defects in engulfment of apoptotic
targets remains to be determined.

Recent studies have identified detachment signals that contribute to the
protection of viable cells from accidental clearance. Hence, CD47 (also
known as integrin-associated protein) was shown to serve as a marker of
“self” on viable erythrocytes; red blood cells that lack CD47 are rapidly
cleared from the bloodstream by splenic red pulp macrophages (Oldenborg
et al., 2000). Similarly, non-apoptotic neutrophils were reported to express
CD31 (platelet-endothelial cell adhesion molecule 1, PECAM-1) (Brown et
al., 2002). Apoptosis of neutrophils apparently disables CD31-mediated cell
detachment from phagocytes, thereby promoting binding and engulfment of
target cells. In line with the latter observations, a recent report has provided
evidence that CD31 is required for efficient engulfment of apoptotic B
lineage cells by bone marrow-derived macrophages (Dogusan et al., 2004).
In addition, Tada et al. (2003) have shown that CD47 may act as a tethering
molecule during apoptosis; concomitant externalization of PS, however, was
essential for engulfment. The molecular mechanism underlying the switch
from CD47- and CD31-mediated repulsion to adhesion remains an important
area of investigation. Further studies are also required to assess whether an
influx of calcium following CD31 engagement (O’Brien et al., 2001) can
promote the calcium-dependent externalization of annexin I, as suggested by
Orrenius et al. (2003).

2.2 Phagocytosis receptors

Macrophages utilize an array of phagocytosis receptors for engulfment of
cell corpses. These include the so-called PS receptor (PSR), the class A
scavenger receptor (SRA), CD36 (a class B scavenger receptor), CD68
(macrosialin; a class D scavenger receptor), the integrin receptors oyfp; and
ayPs, the bacterial lipopolysaccharide (LPS) receptor CDI14, and the
calreticulin-CD91 receptor complex (Savill et al., 2002, and references
therein). Tissue- and cell type-specific differences in receptor usage provides
a partial explanation for this broad repertoire of phagocytosis receptors. For
example, monocyte-derived macrophages and dendritic cells utilize the avfs
and avfs integrin receptor, respectively, for the uptake of cell corpses (Savill
et al., 1990; Albert et al., 1998a). In addition, the engulfment process may
require the serial engagement of distinct receptors, some of which are
involved in the initial tethering of apoptotic cells and others in the
subsequent stage of cytoskeletal rearrangement that is needed for ingestion
of cells. Indeed, Hoffmann et al. (2001) have shown, using a surrogate
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system consisting of erythrocytes coated with various protein ligands, anti-
receptor antibodies, or phospholipids, that the majority of “eat me” signals
mediate tethering (attachment) of erythrocytes to macrophages.
Internalization of target cells, on the other hand, required the presence of PS
as well as the PS-specific receptor, PSR. PSR was originally described to be
a cell surface receptor that interacts in a stereospecific manner with
externalized PS on apoptotic cells (Fadok et al., 2000); however, more recent
findings call into question the membrane localization of this molecule (Cui
et al., 2004; Cikala et al., 2004). Notwithstanding the issue of nuclear versus
cell surface localization of PSR, a role for this molecule in the ingestion of
cell corpses has been demonstrated in several mammalian model systems
(Fadok et al., 2000; Todt et al., 2002; Hisatomi et al., 2003). Moreover, a
PSR homolog was recently identified in C. elegans and shown to be an
upstream receptor for the signaling pathway containing CED-2, CED-5,
CED-10, and CED-12 (CED, cell death abnormal) proteins, and to play an
important role in PS recognition during corpse clearance in the nematode
(Wang et al., 2003). The contact site between the apoptotic cell and the
phagocyte may thus be viewed as an “engulfment synapse”, akin to the
neural or immunological synapse, in which complex interactions between
numerous ligands and receptors take place (Henson et al., 2001; Somersan
and Bhardwaj, 2001). This model makes it feasible for signaling to proceed
despite the low avidity of PS-PSR interactions (Fadok et al., 2000). In
addition, an engulfment synapse allows for regulation and specificity in the
uptake of dying cells. Indeed, because some cell types can transiently
express PS upon activation (Dillon et al., 2000; Martin et al., 2000), the two-
step process of tethering and engulfment may also serve to protect against
accidental clearance of viable cells.

Several of the aforementioned receptors (not only the PSR) bind PS on
apoptotic cells, either directly or indirectly (via bridging molecules) (Savill
et al., 2002; and see below). Importantly, macrophage scavenger receptors
were originally identified based on their ability to bind chemically modified
structures, such as acetylated or oxidized LDL, but not their unmodified
counterparts (Steinbrecher, 1999). A common feature of these proteins is
their ability to recognize a wide range of structurally unrelated ligands,
including oxidized LDL, bacterial LPS and the anionic phospholipid PS, and
this lack of specificity is consistent with the idea that scavenger receptors act
as receptors for apoptotic cells (Platt et al., 1998). For instance, the class B
scavenger receptor, CD36, is required for phagocytosis of apoptotic cells by
various classes of macrophages and non-professional phagocytes (Fadok et
al., 1998a; Shiratsuchi et al., 1999). Similarly, croquemort (“catcher of
death”), a Drosophila melanogaster homolog of CD36, is required for the
engulfment of apoptotic cells in the fruitfly (Franc et al., 1999), and CED-1,
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a scavenger receptor-like molecule in C. elegans, was suggested to recognize
a phospholipid ligand on the surface of apoptotic cell corpses in the
nematode (Zhou et al., 2001). As discussed above, apoptotic cells express
oxidation-specific epitopes, including PS-OX and PC-OX, on their cell
surface, and it is tempting to suggest that scavenger receptors are specifically
involved in the recognition of such oxidized phospolipid species on
apoptotic cells. Indeed, we have shown that anti-PSR antibodies, but not
anti-CD36 antibodies, are able to inhibit phagocytosis of Jurkat cells with
exogenous PS integrated into their plasma membrane (Kagan et al., 2003). In
contrast, both anti-PSR antibodies and anti-CD36 antibodies were effective
in suppressing phagocytosis of target cells enriched with a combination of
PS and PS-OX. These data, which imply that CD36 and PSR cooperate to
recognize PS and its oxidized counterpart on the surface of apoptotic cells,
are thus in concordance with the engulfment synapse model outlined above.
Indeed, Fadok and colleagues (1998a) have previously demonstrated that
CD36 contributes not only to ayf; integrin-dependent recognition, but also
serves as a co-factor during PS-dependent clearance.

Recent studies have shown that members of the collectin family, such as
the lung surfactant proteins A and D (SP-A and SP-D), mannose-binding
lectin (MBL), and the collectin-like complement protein, Clq, facilitate the
attachment of apoptotic cells to phagocytes (for a recent review, see Roos et
al., 2004). Hence, C1q and MBL engagement of calreticulin and CD91 on
the macrophage cell surface was shown to initiate macropinocytosis and
uptake of apoptotic cells in vitro (Ogden et al., 2001). Similarly, SP-A and
SP-D bind to apoptotic cells and drive apoptotic cell ingestion by phagocytes
through a mechanism dependent on calreticulin and CD91 (Vandivier et al.,
2002). Of note, several studies suggest that these opsonins, and related
molecules such as the pentraxin, PTX3, recognize primarily “late” apoptotic
cells and/or apoptotic debris (Rovere et al., 2000; Gaipl et al., 2001; Nauta et
al., 2003); therefore, other mechanisms of cell disposal may prevail in
normal clearance of early apoptotic cells (Roos et al., 2004). Furthermore, it
is important to consider that collectins, pentraxins, and other molecules of
the innate immune system, could trigger undesirable pro-inflammatory
responses, thus precluding the “meaning” of cell death (Savill and Fadok,
2000). For comparison, CD14 induces pro-inflammatory responses upon
recognition of bacterial LPS, yet mediates clearance of apoptotic cells
without inciting inflammation (Gregory, 2000). Interestingly, SP-A and SP-
D were recently shown to act in a dual manner, enhancing or suppressing
inflammatory cytokine production depending on their orientation and on
their specific binding partners (Gardai et al., 2003). Further studies are
warranted to elucidate how opsonization of apoptotic cells, in the context of
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a putative engulfment synapse between phagocyte and apoptotic prey, can
facilitate clearance without triggering a deleterious inflammatory response.

2.3 Bridging molecules

As mentioned in the preceding sections, recognition signals such as PS
may not bind directly to phagocytosis receptors on the macrophage, but
rather indirectly via membrane-bound co-factors (such as annexin I) or via
soluble bridging molecules (such as collectins or pentraxins). Indeed, the
basic principle of PS recognition via bridging molecules holds true for a
number of phagocytosis receptors, such as the ayf; integrin receptor and the
receptor tyrosine kinase, Mer (Lauber et al., 2004). Hence, it was shown
some 10 years ago that macrophages are able to recognize avf3; together with
the soluble bridging protein, thrombospondin, and the co-receptor, CD36
(Savill et al., 1992). More recent studies show that milk fat globule
epidermal growth factor 8 (MFG-ES8), a protein that is secreted by certain
classes of macrophages and DCs, serves as a molecular bridge between PS
on the apoptotic cell and ayf; or ayPs on the phagocyte surface (Hanayama
et al., 2002; Akakura et al., 2004; Miyasaka et al., 2004). Indeed, our recent
in vitro data demonstrate that PS-OX may serve as a preferential ligand for
MFG-ES8 binding (Borisenko et al., 2004), suggesting that exposure of PS-
OX during apoptosis could promote clearance of cell corpses at least in part
through interaction with MFG-E8. Further studies are needed to determine
whether other bridging molecules such as Del-1, protein S, and Gas6 also
bind preferentially to PS-OX, as opposed to non-oxidized PS.

Hanayama and colleagues (2004a) have shown that developmental
endothelial locus-1 (Del-1) is functionally homologous to MFG-ES8, insofar
as it binds to PS on apoptotic cells and ayf; on engulfing cells. Importantly,
thioglycolate-elicited macrophages expressed MFG-E8, but not Del-1,
whereas fetal liver and thymic (resident) macrophages expressed Del-1, but
not MFG-ES8. These findings suggest that these two bridging molecules may
play non-redundant roles in the clearance of cell corpses. Furthermore, [32-
glycoprotein I, a soluble serum protein, also binds PS and enhances
phagocytosis of apoptotic targets through recognition of a phagocyte
receptor that is distinct from CD36, CD68, and CD14 (Balasubramanian et
al., 1997; Balasubramanian and Schroit, 1998). Of note, B2-glycoprotein I
has also been reported to bind to annexin II on the surface of endothelial
cells (Ma et al., 2000). The latter data suggest that constitutive expression of
annexin I on the macrophage surface (discussed above) may link the
engulfing cell to PS on apoptotic cells via the bridging molecule, B2-
glycoprotein I; future experiments should address this possibility.
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Mer is another engulfment receptor that binds PS on apoptotic cells via a
soluble bridging molecule, Gas6 (growth arrest-specific gene 6) (Nakano et
al., 1997; Scott et al., 2001). Furthermore, protein S, a serum protein that is
related to Gas6, was shown to facilitate clearance of cell corpses through
binding of PS (Anderson et al., 2003). Interestingly, protein S also mediates
binding of the complement-regulating protein, C4BP (C4b-binding protein),
to apoptotic cells, and this C4BP-protein S complex was shown to inhibit
phagocytosis of apoptotic cells (Webb et al., 2002; Kask et al., 2004).
Although the C4BP-protein S complex and free protein S exert opposing
effects on cell clearance, binding of the protein complex may nonetheless be
beneficial to the cell since this will prevent further complement attack and
subsequent necrosis (Kask et al., 2004). Similarly, binding of CRP to
apoptotic cells protects these cells from assembly of terminal complement
components (Gershov et al.,, 2000). Importantly, several studies have
demonstrated that complement opsonization renders apoptotic cells more
appetizing to macrophages; PS externalization has been shown to promote
this process (Roos et al., 2004; Hart et al., 2004). Hence, both iC3b and Clq
can bind to the surface of apoptotic cells, and facilitate macrophage
engulfment of cell corpses (Takizawa et al., 1996; Korb and Ahearn, 1997;
Mevorach et al., 1998; Ogden et al., 2001; Nauta et al., 2002). Opsonization
of apoptotic cells with C3bi also facilitates clearance of dying cells by
immature dendritic cells (DCs) (Verbovetski et al., 2002), and internalization
of circulating apoptotic cells by splenic marginal zone DCs was shown to
require complement receptors (Morelli et al., 2003). In addition, Taylor and
colleagues (2000) have provided compelling in vivo evidence that
complement plays a role in the phagocytic clearance of apoptotic cells by
inflammatory macrophages; these investigators also found that defects in
apoptotic cell clearance correlated with predisposition to autoimmune
disease (discussed below).

2.4 Chemotactic factors

C. elegans lacks dedicated macrophages and dying cells are usually
engulfed by neighboring cells (Robertson and Thomson, 1982). Engulfment
by neighboring cells (i.e. non-professional phagocytes) also occurs in higher
organisms, as evidenced in macrophage-less mice, null for the transcription
factor, PU.1, in which the task of phagocytosis is taken over by
mesenchymal neighbouring cells (Wood et al., 2000). However, such
resident phagocytes are less mobile and have been shown to engulf with
slower kinetics than professional phagocytes (Parnaik et al., 2000), perhaps
because they fail to express the full repertoire of engulfment receptors and
thus are unable to engage the “engulfment synapse”. In some specific
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instances, cell clearance may occur through a cell-autonomous, non-
apoptotic mechanism and not depend on phagocytosis, as suggested for
chondrocytes that are embedded in extracellular matrix in cartilage tissue
(Roach et al., 2004). Notwithstanding such alternative modes of cell
clearance, it is evident that professional phagocytes (macrophages) are
required for efficient disposal of dying cells in higher organisms. It is thus
important to consider how (and where) apoptotic cells encounter
macrophages. First, effete cells may traffic through the body until they reach
the site of cell disposal; for instance, clearance of circulating neutrophils is
effected by so-called Kupffer cells, resident (professional) macrophages of
the liver (Shi et al., 2001). Similarly, chilling of blood platelets causes these
cells to rapidly leave the circulation, and this was shown in an elegant series
of experiments to occur through recognition by hepatic macrophage
complement type 3 (CR3) receptors (Hoffmeister et al., 2003). However,
since apoptotic cells in solid tissues are not always situated in close
proximity to macrophages, it is reasonable to assume that the dying cell
needs to emit soluble chemotactic signals in order to selectively recruit more
phagocytes to the site of cell death. Indeed, recent studies have provided
evidence for apoptosis-specific “come-and-get-me” signals (Grimsley and
Ravichandran, 2003; Lauber et al., 2004).

Horino and colleagues (1998) have provided evidence that a cross-linked
homodimer of S19 ribosomal protein can function as a chemotactic factor in
the recruitment of monocytes from the circulation to apoptotic lesions.
Subsequent studies revealed that intracellular transglutaminase activity was
required for the generation of the monocyte chemotactic properties
(Nishimura et al., 2001). Moreover, membranous vesicles (blebs) derived
from apoptotic germinal center B cells were shown to be chemotactic for
monocytes in vitro, and it was hypothesized that a gradient of apoptotic
blebs released from dying B cells may attract macrophages in vivo (Segundo
et al., 1999). Of note, recent studies indicate that membrane vesicles and
apoptotic blebs contain biologically active oxidized phospholipids (Huber et
al., 2002; and V. Kagan, personal communication), suggesting that
membrane-bound PS-OX and/or other modified phospholipid species could
play a role not only as recognition signals, but also as chemotactic agents.
Moreover, in addition to its role as a bridging molecule, thrombospondin
derived from apoptotic cells may also act as a signal to recruit macrophages
(Moodley et al., 2003).

Using an in vitro transmigration system, it was recently demonstrated
that apoptotic cells secrete a chemotactic signal, in a caspase-3-dependent
fashion (Lauber et al., 2003). This factor was identified as
lysophosphatidylcholine (LPC), a phospholipid previously shown to be a
chemoattractant for monocytes and T cells (Hoffman et al., 1982; McMurray
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et al.,, 1993). Apoptotic vesicles could be excluded in this model system
since neither filtration nor ultracentrifugation could abrogate the chemotactic
activity of apoptotic cell supernatants (Lauber et al., 2003). Interestingly, the
release of LPC during apoptosis was linked to caspase-3-mediated activation
of the calcium-independent phospholipase A, (iPLA,). Of note, Kim et al.
(2002) have previously reported that iPLA, activation during apoptosis can
promote cell surface exposure of LPC leading to the binding of natural IgM
antibodies and subsequent complement opsonization of the dying cell. Taken
together, these novel findings, which further emphasize the importance of
phospholipid-dependent signaling in cell clearance (Fadeel, 2004), raise
several interesting questions. For instance, does LPC act alone, or in concert
with other co-factors or binding partners, such as vitamin D-binding protein
(Homma et al., 1993), and is metabolism of LPC required for chemotaxis to
occur (McMurray et al., 1993)? Moreover, are the chemotactic effects of
secreted LPC receptor-mediated, and if so, which receptors (on which
classes of macrophages) are involved; indeed, do DCs also respond to
chemotactic signals emitted by apoptotic cell corpses?

3. CELL CLEARANCE AND DISEASE

3.1 Inflammation

Neutrophils are short-lived cells of the innate immune system that
contain proteolytic enzymes, reactive oxygen species (ROS), and numerous
other bactericidal factors. These cells therefore need to be removed prior to
their disintegration as noxious contents would otherwise expel into the
extracellular space and prolong inflammation (Savill, 1997; Fadeel and
Kagan, 2003). Neutrophils cultured ex vivo undergo constitutive death within
24 hours, with typical hallmarks of apoptosis, and senescent neutrophils are
believed to undergo apoptosis in vivo prior to their removal by macrophages.
Indeed, Savill and associates (1989) have shown in pioneering studies that
macrophages from acutely inflamed joints preferentially ingest apoptotic
neutrophils, and histological evidence was presented for the in situ
occurrence of this process. The recognition and disposal of intact senescent
neutrophils may thus serve as a means to limit the degree of tissue injury and
prevent chronic inflammation. Importantly, the process of cell clearance is
not a passive event, but is thought to play an active role in the resolution of
inflammation, through macrophage production of anti-inflammatory
cytokines such as TGF-§ and downregulation of pro-inflammatory mediators
such as TNF-a (Voll et al., 1997; Fadok et al., 1998b; Byrne and Reen,
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2002; Huynh et al., 2002). Furthermore, injection of apoptotic cells into the
knee joint and uptake of these cells by synovial lining macrophages was
recently shown to inhibit the onset of experimental arthritis in mice,
suggesting an active role in the resolution of joint inflammation (van Lent et
al., 2001).

Chronic granulomatous disease (CGD) is a rare hereditary condition
characterized by severe recurrent bacterial and fungal infections, and an
inability of neutrophils and other phagocytes to generate ROS; the
underlying genetic defect is a mutation in the NADPH oxidase (Roos et al.,
1996). We have previously shown that ROS-dependent externalization of PS
is defective in CGD neutrophils (Fadeel et al., 1998). We surmise that the
absence of this crucial recognition signal (PS and/or PS-OX) on the surface
of neutrophils may disrupt the clearance of cells in vivo, thus contributing to
the formation of inflammatory granulomas and tissue destruction evidenced
in these patients. Indeed, an increased accumulation of neutrophils was
observed in peritoneal exudates of NADPH oxidase-defective mice injected
with heat-inactivated bacteria, indicative of a clearance defect in this model
of CGD (Hampton et al., 2002). In addition, macrophages derived from
CGD patients are compromised in their ability to produce anti-inflammatory
mediators such as TGF-f upon ingestion of apoptotic targets (Brown et al.,
2003). Early studies suggested that constitutive and Fas-triggered apoptosis
of CGD neutrophils was impaired (Kasahara et al., 1997). However,
subsequent examinations of CGD patients in several laboratories have shown
that the execution of apoptosis is normal in CGD patient-derived neutrophils
and monocytes (Fadeel et al., 1998; Yamamoto et al., 2002; Bernuth et al.,
2004). The latter findings do not, however, rule out a role for oxidative stress
in the modulation of apoptosis in neutrophils (Hampton et al., 1998; Fadeel
and Kagan, 2003). Nevertheless, these data indicate that while NADPH
oxidase-derived ROS are required for PS-mediated signaling during the
disposal phase of cell death, ROS may not be crucial for the demolition
phase of apoptosis in these cells.

3.2 Autoimmune disease

Apoptotic cells may serve as potential reservoirs of “self” antigens that
might initiate and drive autoimmune responses (Rosen and Casciola-Rosen,
1999). Indeed, caspase-driven dismantling of cells may be potentially
harmful as this generates neoantigens that become accessible on surface
structures of apoptotic cells (Casciola-Rosen et al., 1994; Casciola-Rosen et
al., 1995; Casiano et al., 1996). These findings suggest that autoimmune
responses could result from an impairment of cell clearance. Several recent
in vivo studies have provided evidence in support of this notion. Hence, mice
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deficient for the complement component (and opsonizing factor) Clq have
high titers of autoantibodies and systemic lupus erythematosus (SLE)-like
glomerulonephritis with evidence of numerous unengulfed apoptotic bodies
(Botto et al., 1998). A similar lupus-like syndrome has been described in
mice with defects in the tyrosine kinase Mer, a phagocytosis receptor (Scott
et al., 2001; Cohen et al., 2002). Interestingly, macrophages isolated from
these animals were defective for ingestion of apoptotic targets, while
tethering of target cells remained intact, thus providing further support for
the two-step model of tethering and engulfment of cell corpses. Recent
studies have shown that deletion of the bridging molecule, MFG-ES, also
results in autoimmune disease and impaired uptake of apoptotic cells
(Hanayama et al., 2004b). These mice developed enlargement of the spleen,
with formation of numerous germinal centers, and suffered from
glomerulonephritis as a result of autoantibody production. It will be of
interest to learn whether deletion of the related bridging molecule, Del-1,
elicits a similar phenotype.

Additional lessons come from two recent studies of PSR-deficient mice.
In the first study, Li and colleagues (2003) report a dramatic phenotype in
PSR-null animals, with fatal neonatal respiratory failure associated with a
reduction in the number of airways and an accumulation of non-engulfed
cells and cellular debris in the developing lung. These findings suggest that
PSR may be of particular importance for clearance in the lung as opposed to
other tissues; for comparison, C1q-deficient mice exhibit impaired clearance
of cell corpses in the peritoneum and kidney, but not in the skin (Pickering et
al., 2001). In addition, these investigators found that a proportion of PSR-
defective mice also exhibited hyperplastic brain malformations due to an
overproduction of cells within the brain. The latter phenotype might suggest
the loss of a non-phagocytic function of PSR; alternatively, PSR-expressing
macrophages in normal mice could be responsible for killing of other cell
types. In this context, previous studies in C. elegans have shown that
engulfment may, indeed, promote the execution phase of cell death (Reddien
et al., 2001; Hoeppner et al., 2001). In fact, cell death-related nuclease (crn)
genes that regulate DNA degradation in C. elegans have also been
implicated in cell clearance (Parrish and Xue, 2003). In a second study,
Kunisaki et al. (2004) generated a strain of PSR-null mice that also exhibited
perinatal lethality, albeit with a severe block in definitive erythropoiesis and
thymocyte development. This phenotype is reminiscent of that seen in
animals deficient for DNase II, an endonuclease expressed in macrophages
(Kawane et al., 2001; Kawane et al., 2003). In addition, clearance of
apoptotic cells by macrophages was impaired in both liver and thymus of
PSR-deficient embryos. Again, these studies suggest that cell clearance may
be linked to the execution of cell death, as shown in the nematode.
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In contrast to PSR-null mice, mice defective for tissue transglutaminase 2
(TGase2), a protein-crosslinking enzyme, show no major developmental
abnormalities (De Laurenzi and Melino, 2001). However, Szondy and
colleagues (2003) have recently uncovered a stress-inducible phagocytosis
defect in these animals. Hence, clearance of apoptotic cells was found to be
defective during the involution of the thymus elicited by dexamethasone,
anti-CD3 antibody, or y-irradiation, and in the liver after PbNOs-induced
hyperplasia. The TGase2 deficiency was associated with the development of
splenomegaly,  autoantibody  production, and  glomerulonephritis.
Interestingly, the lack of TGase2 prevented the production of TGF-f by
macrophages exposed to apoptotic cells, which, in turn, was required for the
upregulation of TGase2 in the thymus and for efficient clearance of
apoptotic bodies. These studies thus suggest extensive cross-talk between
apoptotic target cells and macrophages, and further emphasize the
importance of corpse clearance in the prevention of autoimmunity.

Defects in macrophage clearance of apoptotic B-cells could contribute to
the initiation of insulin-dependent (autoimmune) diabetes. Peritoneal and
bone marrow-derived macrophages from diabetes-prone NOD mice are
defective for engulfment of apoptotic cell corpses (O’Brien et al., 2002). In
addition, NOD macrophages react aberrantly to both necrotic and apoptotic
cells, with secretion of inappropriately high amounts of pro-inflammatory
cytokines, including TNF-a (Stoffels et al., 2004). However, treatment of
NOD mice with a superoxide dismutase (SOD) mimetic results in a reversal
of macrophage defects in phagocytosis and cytokine production (Haskins et
al., 2003). The latter findings are of considerable interest and suggest that
defects in corpse clearance are amenable to pharmacological intervention in
vivo. Finally, recent studies have disclosed that macrophages from human
SLE patients display an impairment in phagocytosis of apoptotic cell; it was
suggested that persistently circulating apoptotic “waste” (debris) may serve
as immunogen for the induction of autoreactive responses in these
individuals (Herrmann et al., 1998).

3.3 Cancer

3.3.1 Tumor-host cell interactions

Tumor-associated macrophages (TAMs) represent a major component of
host cell infiltrates in malignant tumors in vivo (Mantovani et al., 1992;
Opdenakker and Van Damme, 1992; Klein and Mantovani, 1993). These
cells exert pleiotropic functions and have a complex (sometimes symbiotic)
relationship to the neoplastic cells of the tumor; hence, TAMs have been
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suggested to affect tumor growth by influencing the proliferation of cancer
cells, and promoting vascularization, but they can also kill cancer cells
directly and/or elicit tumor-destructive reactions in collaboration with other
components of the immune system. Early studies on the macrophage content
of tumors suggested that infiltration of macrophages is associated with an
effective immune response of the host to the tumor (Eccles and Alexander,
1974). However, other investigators have provided evidence that the
macrophage content of tumors is regulated by tumor-derived chemotactic
factors (Bottazzi et al., 1983; Graves et al., 1989). In addition, a recent study
has shown that the infiltration rate of macrophages in malignant lymphoma
depends on the rate of proliferation of the tumor; of interest, the degree of
phagocytosis of apoptotic cells was reduced in malignant lymphoma as
compared to normal lymphoid tissue (Hermann et al., 1998). These
investigators proposed that the lack of efficient clearance of apoptotic tumor
cells in certain lymphoma sub-entities might be due to a defective expression
of recognition (“eat me”) signals, rather that an over-burdening of
phagocytes by a high cellular turnover in these tumors.

A classic example of macrophage infiltration in tumors is the “starry sky”
appearance of Burkitt lymphoma (BL), representing scattered macrophages
that have engaged in phagocytosis of cell debris among proliferating
lymphoma cells. Fujita et al. (2004) have provided evidence that Epstein-
Barr virus (EBV)-infected BL cells in the so-called lytic viral cycle, which
eventually lapse into cell death, are phagocytosed prior to their rupture by
macrophages that have migrated into the parenchyma of the tumor. This
mechanism of cell clearance, which constitutes an example of a beneficial
interaction between host and tumor cells, might serve to prevent EBV from
spreading beyond infected lymphoma cells. In contrast, tumors may
sometimes subvert the host response and take advantage of apoptotic cell
effects on macrophages. Reiter and colleagues (1999) have found that
exposure of macrophages to apoptotic tumor cells results in impairment of
macrophage-mediated tumor defense in vitro and supports tumor cell
growth. These findings could have implications for cancer treatment since
chemotherapy-induced apoptosis of cancer cells (discussed below) might
lead to a suppression of local anti-tumor reactions.

Another important class of tumor-infiltrating immune cells are the
dendritic cells. DCs are antigen-presenting cells whose primary function is to
monitor the environment for “danger” signals and transduce these signals to
T cells. DCs are also capable of engulfing apoptotic cells, and can present
antigen derived from ingested cell corpses in an MHC class I-restricted
manner (Albert et al., 1998b). The question of whether recognition of
apoptotic “self” induces a tolerogenic or immunogenic response remains
controversial (Rovere et al., 1998; Ronchetti et al., 1999; Sauter et al., 2000;
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Steinman et al., 2000; Scheffer et al., 2003). Nevertheless, the outcome of
apoptotic cell engulfment by DCs has significant implications for vaccine
strategies and immunotherapeutic approaches to cancer (Savill et al., 2002).
In a recent in vivo study, Goldszmid et al. (2003) showed that DCs loaded
with cells undergoing apoptosis are able to prime melanoma-specific helper
and cytotoxic T cells and provide long-term protection against a poorly
immunogenic tumor in mice. In addition, enforced recruitment of
intratumoral DCs has been shown to suppress tumor growth, thus providing
additional evidence that DCs can be manipulated in vivo to boost anti-tumor
immunity (Fushimi et al., 2000). Indeed, recent results obtained in two
different murine models support the notion that the number of tumor-
associated DCs as well as the tumor milieu determines the ability of tumor-
bearing hosts to mount an effective immune response (Furumoto et al.,
2004).

3.3.2 Horizontal gene transfer

Horizontal gene transfer has been described in bacteria and fungi and is
thought to play an important role in the generation of resistance to antibiotics
as well as to the adaptation of microorganisms to new environments (Jain et
al., 2002). The range and frequencies of horizontal gene transfer in higher
organisms are often constrained by selective barriers (Kurland et al., 2003).
However, in vitro transfer of DNA from bacteria to somatic cells has been
demonstrated (Darji et al., 1997). Moreover, recent studies from two
laboratories have shown that tumor cells are able to engulf apoptotic bodies
and re-utilize the salvaged DNA, suggesting that horizontal (or lateral)
transfer of genetic information between somatic cells may, indeed, occur.
Propagation of intact genes through phagocytosis of apoptotic cells is
counterintuitive, given the fact that the DNA of apoptotic cells is degraded
into oligonucleosomal fragments (Wyllie, 1980). Nevertheless, Holmgren et
al. (1999) observed that co-cultivation of cell lines containing integrated
copies of EBV resulted in rapid uptake and transfer of EBV DNA as well as
genomic DNA to the nucleus of the engulfing cell. In a subsequent study,
these investigators provided evidence for horizontal transfer of oncogenes
and cellular transformation upon uptake of apoptotic bodies (Bergsmedh et
al., 2001). Importantly, no transformation was detected in the engulfing cell
when apoptotic bodies were cultured with recipient cells harboring intact
p53, indicating that p53 may protect normal cells from incorporation of
“foreign” DNA. Indeed, p53 activation of the p21 (Cipl/Wafl) gene was
shown to block the propagation of horizontally transferred DNA in normal
cells (Bergsmedh et al., 2002). In contrast, feeding apoptotic bodies derived
from a rat fibrosarcoma to p2l-deficient murine embryonic fibroblasts
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resulted in focus formation in vitro and tumor growth in vivo in a SCID
mouse model. In an independent study, de la Taille and colleagues (1999)
demonstrated that prostate cancer cells exchange and propagate drug
resistance genes in vitro through the engulfment of apoptotic bodies; these
investigators termed this phenomenon “apoptotic conversion.”

These data suggest that transfer of oncogenes through the engulfment of
apoptotic cell remnants may transpire within a tumor cell population, thus
providing a novel mechanism for the propagation of genetic instability
and/or diversity in tumors. Such events may be of particular relevance in
cases of high frequencies of apoptosis within a tumor, such as conditions of
hypoxia or restricted angiogenic support (Holmgren et al., 1995; Graeber et
al., 1996). In addition, the aforementioned experimental findings may have
clinical implications, since treatment of tumors with chemotherapeutic
agents or radiation therapy induces apoptosis of cancer cells, thus likely
enhancing the horizontal gene transfer effects. Indeed, horizontal passage of
genetic defects (eg. defects in the apoptosis machinery of a cell) may
accelerate the acquisition of drug resistance in cancer cells. Horizontal gene
transfer could thus be considered as a means of adaptation of the tumor to its
environment, analogous to the adaptation of microorganisms to changes in
growth conditions. Further studies are required to determine the in vivo role
of horizontal transfer, or apoptotic conversion, of engulfed DNA, and the
putative role of this event in chemoresistance.

3.3.3 The “buried alive” hypothesis

The observation that anti-neoplastic drugs may trigger apoptosis of
cancer cells was first reported by Searle et al. (1975). Today, we know that a
wide variety of chemotherapeutic agents induce apoptosis in tumor cells
(Makin and Dive, 2001). However, classic chemotherapeutic agents are
associated with tumor cell resistance, toxicity due to bystander effects, and
occasionally secondary neoplasia. We have recently presented a provocative
hypothesis that enforced phagocytosis in the absence of a death signal may
serve as an efficient means of deleting cancer cells without the associated
bystander effects observed during conventional treatment (Fadeel et al.,
2004b). In other words, we propose that cancer cells may be “buried alive”
upon exposition of appropriate macrophage recognition signals.

Schroit and colleagues (1985) have shown that red blood cells containing
an exogenous PS analogue in their plasma membrane are rapidly cleared
from the peripheral circulation of syngeneic mice, suggesting that viable
cells can be engulfed if they express appropriate “eat me” signals. Moreover,
our in vitro studies have provided further impetus for this proposal. For
instance, N-ethylmaleimide (NEM) treatment of the BL cell line, Raji, not
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only triggers PS oxidation and externalization, but also results in the
efficient engulfment of these cells by macrophages, despite the absence of
other indices of apoptosis, such as caspase activation and DNA
fragmentation (Kagan et al., 2002). Furthermore, enrichment of the plasma
membrane of non-apoptotic tumor cells of lymphoid (Raji, Jurkat) and
myeloid (HL-60) origin with exogenous PS and/or PS-OX suffices to induce
macrophage engulfment of these cells. In line with these findings, earlier
studies have shown that undifferentiated murine erythroleukemic cells and
certain tumorigenic cell lines of human origin express increased amounts of
PS on the cell surface while in a viable state; PS expression correlated with
recognition and tethering by macrophages (Connor et al., 1989; Utsugi et al.,
1991). Moreover, transfection of the phagocytosis receptor CD36 into
human melanoma cells was reported to confer an increased capacity to ingest
apoptotic cells, comparable to that exhibited by professional phagocytes
(macrophages) (Ren et al., 1995). Taken together, these data support our
hypothesis that the expression of recognition signals (such as PS and/or PS-
OX) on target cells, as well as the enforced expression of their cognate
receptors on phagocytic cells, could enhance clearance of “un-dead” cancer
cells. Indeed, one could take this a step further and propose a model whereby
the concomitant induction of phagocytic receptors and recognition signals in
cancer cells might result in self-engulfment of the tumor, i.e. cancer
clearance by the cancer itself (Fadeel et al., 2004b). Recent in vitro studies
indicate that cancer cells are capable of devouring their homotypic, apoptotic
neighbors; interestingly, the efficiency of engulfment was determined, in
part, by the dying cells themselves (Simamura et al., 2001; Wiegand et al.,
2001). Future studies are needed to determine whether the “buried alive”
hypothesis also holds true for in vivo models of tumor clearance.

3.34 Autophagy (self-digestion)

A tremendous amount of information has accumulated in the last decades
regarding the molecular mechanisms that govern apoptotic cell death.
However, programmed cell death (PCD) does not always occur by apoptosis
(Schwartz et al., 1993; Sperandio et al., 2000). Indeed, alternative types of
PCD and cell clearance were classified some 30 years ago, based on their
respective morphologies (Schweichel and Merker, 1973). Hence, type I PCD
corresponds to “classical” apoptosis and is usually caspase-dependent;
apoptotic cells are swiftly removed by neighboring cells or macrophages
prior to the rupture of the plasma membrane, as discussed above. Type II
PCD or autophagic cell death, on the other hand, refers to self-digestion of
cellular components through the lysosomal system of the same cell; in other
words, these cells are essentially “cannabilized” from inside. Type III PCD
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is defined as non-lysosomal cellular degradation, and will not be discussed
further in the present review. Importantly, cells undergoing autophagy seem
to contain the machinery that is needed both to activate cell death and to
degrade the dying cell (a process that occurs largely in the engulfing cell
during apoptosis). Moreover, while apoptosis typically affects scattered
single cells, autophagy is often observed when groups of contiguous cells or
entire tissues die (Wyllie et al., 1980; Baehrecke, 2002). However, both
forms of PCD appear to play a role during normal development;
furthermore, recent studies indicate that these two types of PCD may be
intricately connected also at the molecular level (Cohen et al., 2002).

Recent data suggest a role for autophagy in cancer development (for a
recent review, see Gozuacik and Kimchi, 2004). Liang et al. (1999) have
shown that beclin 1 (the mammalian homolog of the yeast autophagy gene,
Apg6) triggers autophagy in human breast carcinoma cells; this autophagy-
promoting activity of beclin 1 was associated with inhibition of cellular
proliferation in vitro, and with tumorigenesis in nude mice. To investigate
whether beclin 1 acts as a tumor suppressor and whether loss of beclin 1
would contribute to an increased incidence of cancer, these investigators,
and another independent laboratory, recently generated beclin 1-deficient
mice (Qu et al., 2003; Yue et al., 2003). These studies demonstrate that loss
of beclin 1 is associated with a reduction in autophagic vacuole formation,
that beclin 1-mediated regulation of autophagy is required for normal
development, and that animals with reduced levels of beclin 1 display a
pronounced increase in hematopoietic and other malignancies. Hence, beclin
1 acts as a tumor suppressor gene, and autophagic cell death (self-digestion)
appears to be an important means to prevent cellular transformation (Edinger
and Thompson, 2003).

Some cancer cells respond to chemotherapeutic agents and irradiation by
undergoing autophagy, rather than apoptosis (Bursch et al., 2000; Kanzawa
et al., 2003; Paglin et al., 2003). These data thus indicate the potential utility
of autophagic cell death induction in the treatment of cancer (Okada and
Mak, 2004). However, it is important to consider the recent observation that
caspase inhibition can trigger beclin 1-dependent, autophagic cell death (Yu
et al.,, 2004). These findings indicate that therapeutic caspase inhibition
could have the untoward effect of exacerbating cell death by activating an
alternative program of cell degradation. Further studies are thus needed to
investigate the putative “molecular switches” between type I PCD and type
II PCD, and the role of such molecules in cancer development. Moreover,
the design of cancer therapies capable of targeting the machinery of both
apoptotic and autophagic cell death may be particularly advantageous.
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4. CONCLUDING REMARKS

An appreciation of the molecular mechanisms that regulate the attraction,
recognition, and degradation of apoptotic cells has emerged in recent years
(Figure 1). The importance of this programmed cell clearance for the
resolution of inflammation and the prevention of autoimmune responses is
also evident. However, there is a paucity of studies on the mechanisms and
consequences of clearance of cancer cells; in particular, our understanding of
cancer cell clearance in vivo remains limited. Exciting recent studies show
that horizontal transfer of genetic information may occur through engulfment
of apoptotic bodies within a tumor population (so-called apoptotic
conversion). However, more mechanistic studies of cancer cell clearance are
required, and may unveil novel targets for cancer treatment. Another
emerging theme is that cell clearance is not a passive event. Macrophages
play a crucial role in the remodeling of tissues, not only as scavengers of
apoptotic debris, but also through the active induction of apoptosis in certain
tissues (Lang and Bishop, 1993). Moreover, even the dying cell itself may
contribute to tissue homeostasis by promoting compensatory proliferation in
response to cell death (Huh et al., 2004). The latter findings thus suggest that
dying cells may communicate cell fate or behaviour instructions to their
neighbors. Finally, evidence has accrued for alternative, non-apoptotic forms
of cell death, including autophagy (self-digestion), so-called paraptosis, and
necrosis-like PCD (Leist and Jaitteld, 2001). Future studies should focus on
the molecular regulation of these divergent modes of cell demise, and on the
harnessing of these signaling pathways for therapeutic purposes in the
treatment of cancer and other diseases.
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Figure 1. Programmed cell clearance.Mammalian cells dying by apoptosis emit chemotactic
factors (a) that serve to recruit macrophages to the site of cell attrition. The engulfment of
apoptotic cells by phagocytes is regulated by numerous recognition signals (b) on the
apoptotic cell corpse and corresponding receptors (c) on the engulfing cell; soluble bridging
molecules (d) serve to facilitate this recognition process. In addition, repulsion signals on the
apoptotic cell are disabled, thus preventing the active rejection of phagocytes. Recent studies
suggest that recognition involves an initial step of tethering (attachment) with subsequent
ingestion of cell corpses; the engagement of multiple receptor-ligand pairs within the so-
called engulfment synapse ensures the specific interaction between phagocyte and apoptotic
prey. Following ingestion and degradation of apoptotic cells, macrophages produce cytokines
(e) that contribute to the resolution of inflammation and thus precludes scarring of the
surrounding tissue. Consult text for details.

We call it a grain of sand,

but it calls itself neither grain nor sand.
It does fine without a name,

whether general, particular,
permanent, passing,

incorrect, or apt.

(Wislawa Szymborska)
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Normal cellular homeostasis employs a delicate balance between pro-apoptotic
(cell death) and anti-apoptotic (growth-stimulatory) forces.
Unrestricted/unregulated cell growth, which occurs in neoplasia frequently,
accompanies an imbalance in these forces and frequently the apoptotic
pathways are disrupted leading to increased metastatic spread, resistance to
chemotherapy and radiotherapy. Pro-apoptotic enzymes such as the serine
protease Granzyme B can activate the pro-apoptotic cascade within tumor cells
through multiple, independent mechanisms. We have generated novel cell-
targeting fusion constructs containing enzymatically active GrB and have
demonstrated that these constructs are highly cytotoxic to target cells.
Apoptotic cascades can be maximally activated within 4 hr of treatment and
these agents are synergistic with chemotherapeutic agents. We propose that
these types of signaling agents, which operate exclusively through activation
of pro-apoptotic mechanisms, may describe a new class of targeted therapeutic
agents with unique biological properties.

apoptosis, caspases, fusion protein, Granzyme B, targeted therapy

Cellular homeostasis requires a balance between cell proliferation and
programmed cell death (apoptosis). Apoptosis is defined as genetically
programmed autonomous cell death, and it occurs in normal healthy tissues
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such as breast cells at varying rates during the estrus cycle in response to
changes in hormone levels [1]. Apoptosis is also regulated by non-hormonal
signals. Changes in the genetics of apoptotic regulatory mechanisms may
result in an increase in cell numbers, as well as the preservation of
genetically altered cells, which begins the process of tumorigenesis [2].
Studies on apoptosis have led to the identification of a central tripartite death
switch i.e. apoptosome consisting of Apaf-1, Apaf-2 and Apaf-3. The
caspases, a family of cysteine-dependent aspartate directed-proteases,
constitute the central executioners of apoptosis. Much of the attention on
programmed cell death is focused on caspases, however, apoptosis can still
occur even when the caspase cascade is blocked, revealing the existence of
caspase-independent alternative pathway(s). The mitochondrial release of
cytochrome ¢ following a programmed cell death inducing stimulus in both
plants and animals suggests the evolutionary conservation of death pathways
[3]. The major apoptosis pathways are summarized in Figure 1. There are at
least three recognized points at which apical proteases are activated to
initiate apoptosis. The extrinsic pathways include delivery of Granzyme B
(GrB) to the cell as well as receptor interaction with certain ligands. The
mitochondrial pathway is an intrinsic pathway triggering apoptosis and is
apparently subordinate to the dominant, direct pathway in most cell types.

In addition, many of the survival pathways including growth factors or
their receptors such as ErbB-2 [4;5] and oncogenes such as Bcl-2 that drive
tumor cells into unregulated growth and directly inhibit cellular apoptosis
pathways in multiple ways. Bcl-2 is an anti-apoptotic and anti-proliferative
protein over-expressed in several different human cancers including breast.
Gain of Bel-2 function in mammary epithelial cells was superimposed on the
WAP-TAg transgenic mouse model of breast cancer progression to
determine its effect on epithelial cell survival and proliferation at three key
stages in oncogenesis: the initial proliferative process, hyperplasia, and
cancer. During the initial proliferative process, Bcl-2 strongly inhibits both
apoptosis and mitotic activity. However as tumorigenesis progresses to
hyperplasia and adenocarcinoma, the inhibitory effects on mitotic activity
were lost. In contrast, anti-apoptotic activity persisted in both hyperplasias
and adenocarcinomas. These results demonstrate that the inhibitory effect of
Bcl-2 on epithelial cell proliferation and apoptosis can separate during
cancer progression. In this model, retention of anti-apoptotic activity with
loss of anti-proliferative action resulted in earlier tumor presentation [6;7].
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Figure 1. Major cellular apoptotic pathways: the extrinsic pathways include delivery of
Granzyme B (GrB) to the cell as well as receptor interaction with certain ligands. The
mitochondrial pathway is an intrinsic pathway triggering apoptosis.

Traditional chemotherapeutic approaches for treatment of neoplastic
disease have generally relied upon the targeting of rapidly proliferating cells
by inhibiting DNA replication or cell division. Although this strategy has
been effective, its innate lack of selectivity for tumor cells has resulted in
diminishing returns, approaching the limits of acceptable toxicity. Apoptosis
also contributes to cell death in tumors treated with various anticancer agents
[8]. Development of resistance of cancer cells to chemotherapeutic agents
has been clearly shown to be correlated with a blockade of apoptotic
signaling in resistant cells [9;10]. Metastatic spread of breast cancer also
appears to directly involve the apoptotic pathway. Some studies have shown
that high metastatic potential is strictly associated with increased resistance
to apoptosis [11-14]. Suppression of drug-induced apoptosis by over-
expression of oncogenes such as bcl-2, growth factors or their receptors [15-
18] may be an important cause of both metastases and intrinsic chemo- and
radiation- resistance.

Recent clinical studies [19] in patients with breast cancer suggest a direct
link between tumor apoptosis, labeling index (Ki-67) and patient response to
chemotherapeutic regimens. The studies assess the in vivo relationship of
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apoptosis to proliferation and Bcl-2 protein in human breast tumors both
prior to chemotherapy and in the residual resistant cell population at the
completion of treatment by evaluation of apoptotic index (Al), Ki67 and
Bcl-2 protein expression in the tissue of patients with operable breast cancer
immediately before ECF [6 cycles of epirubicin (50 mg/m2, iv, Day 1),
cisplatin (50 mg /m2, iv, Day 1) and continuous infusional 5 Fu (200 mg/m2
/24 hrs)] preoperative chemotherapy. There was a significant positive
association between Al and Ki67 both before and after chemotherapy. In the
residual specimens Al and Ki67 were significantly reduced compared with
pre-treatment biopsies, while Bcl-2 expression showed a significant increase.
These data suggest that apoptosis and proliferation are closely related in
vivo. It is possible that the phenotype of reduced apoptosis and increased
Bcl-2 may be associated with breast cancer cells resistant to cytotoxic
chemotherapy [20]. Several studies have suggested a direct correlation
between response to chemotherapy and activation of apoptotic pathways [21-
24]. Chemo-resistance appears to frequently accompany clinical progression
of breast cancers from a hormone-dependent, non-metastatic, antiestrogen-
sensitive phenotype to a hormone-independent, invasive, metastatic,
antiestrogen-resistant phenotype [25].

A growing understanding of the molecular events that mediate tumor
growth and metastases has led to the development of rationally designed
targeted therapeutics that offer the dual hope of maximizing efficacy and
minimizing toxicity to normal tissue [26;27]. In recent years, a strategy in
cancer therapy in general, and breast cancer in particular, has been the use of
maximum tolerated doses of toxic non-specific agents as well as the
investigation of a range of new agents that specifically target tumor-related
molecules through a variety of biological pathways. Approaches to directly
modulate of apoptosis pathways are of particular interest in terms of new
drug development in breast cancer. The activation of apoptotic mechanisms
in breast tumor cells has been directly implicated in the response of patient
tumors to chemotherapy, response to radiotherapy and propensity to
metastasize (Figure 2).

Therapeutic intervention strategies focusing on inactivation of anti-
apoptotic pathways have employed strategies such as antisense molecules to
down-regulate constitutively over-expressed Bcl-2 [28]. Treatment with
antisense molecules has been shown to restore sensitivity to
chemotherapeutic agents in breast tumors. In addition, dendritic cells [29-31]
have been shown to initiate apoptosis in breast tumor cells (in vitro and in
vivo) which are resistant to chemotherapeutic agents. As expected, dendritic
cells appear to synergize with chemotherapeutic agents in generating
cytotoxic effects on resistant breast tumor cells.
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Figure 2. Apoptosis and anti-apoptotic events directly control ability of tumor cells to respond
to external factors and control response to chemotherapeutic agents, radiation therapy and
metastatic spread.

Cytotoxic T-lymphocytes (CTL) and Natural Killer (NK) cell types
destroy tumor cells by direct physical delivery of the serine protease
granzyme B (GrB) thereby inducing apoptosis and this is one of the major
mechanisms in the cellular immune-response [32;33]. Cytotoxic T-
lymphocyte granules contain perforin (PFN), a pore-forming protein, and a
family of serine proteases termed granzymes. In CTL-mediated cytolysis,
PFN is initially released and it inserts into the target cell membranes where it
polymerizes to form transmembrane pores [34;35], which facilitates access
of NK or CTL-released GrB to the target cell cytoplasm. Alternatively, other
authors have suggested that after release from CTLs, GrB may be
internalized into target cells by receptor-mediated endocytosis and that the
role of PFN is to mediate release of GrB from endocytic vesicles. These
studies suggest that PFN can be replaced by other vesicle-disrupting factors
such as those produced by adenovirus [36-38].

Once delivered to the cytoplasm, GrB induces apoptosis (Figure 3) by
directly activating caspases and inducing rapid DNA fragmentation [39;40].
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Figure 3. Pathways to apoptotic cell death initiated by GrB. Once released into the cytoplasm,
GrB can initiate apoptotic cell death through both caspase-dependent and caspase-

independent pathways. (From M. Barry and R. C. Bleackley. “Cytotoxic T Lymphocytes: All
Roads Lead to Death”. Nature Reviews-Immunology. 2002, 2: 401-409).

GrB can cleave many procaspases in vitro, and has been an important
tool in analyzing the maturation of caspase-3 [41], caspase-7 [42;43],
caspase-6 [44], caspase-8 [45], caspase-9 [46], and caspase-10a/b [47;48].
Although many procaspases are efficiently cleaved in vitro, GrB-induced
caspase activation occurs in a hierarchical manner in intact cells,
commencing at the level of “executioner caspases” such as caspase-3,
followed by caspase-7 [49]. Some studies have shown that GrB activated
cell death pathways through cleavage of Bid and activation of the
mitochondrial death pathway in intact cells [50;51]. In addition to the
caspase-mediated cytotoxic events, GrB can also rapidly translocate to the
nucleus and cleave poly (ADP-ribose) polymerase and nuclear matrix
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antigen, utilizing different cleavage sites than those preferred by caspases
[52;53]. In addition, some studies have demonstrated that GrB can directly
damage to non-nuclear structures such as mitochondria, subsequently induce
cell death through caspase-independent pathway [54;55].

Since almost all cells contain mechanisms responsible for mediating cell
death (apoptosis) we propose that targeted delivery of GrB protein to the
interior of cells will result in cell death through apoptotic mechanisms
assuming that sufficient quantities of active enzyme can be successfully
delivered to the appropriate subcellular compartment.

Recombinant single-chain Fv antibody (scFv)-based agents have been
used in pre-clinical studies for cell-targeted delivery of cytokines [56] and
intracellular delivery of highly cytotoxic n-glycosidases such as recombinant
gelonin (rGel) toxin [57-59]. The smaller size of these antibody fragments
may allow better penetration into tumor tissue, improved pharmacokinetics,
and a reduction in the immunogenicity observed with intravenously
administered murine antibodies. Initially, to target melanoma cells, we chose
a recombinant single-chain antibody designated scFvMEL which recognizes
the high-molecular-weight glycoprotein gp240, found on a majority (80 %)
of melanoma cell lines and fresh tumor samples [60]. Our group and others
have demonstrated that this antibody possesses high specificity for
melanoma and is minimally reactive with a variety of normal tissues, making
it a promising candidate for further study [61-63].

Recently, studies have demonstrated that the gp240 antigen is present not
only on melanoma but also on 66 % of lobular breast cancer [64]. Lobular
breast cancer is an important subtype classification of breast cancer which
defines a population of women with tumors which are relatively radiation
resistant and resistant to chemotherapeutic regimens [65;66]. Data suggests
that cellular apoptotic mechanisms in this population of tumors may be
inhibited thus suppressing response to therapeutic agents although this is
speculative.

Antibodies designated ZME-018 or 225.28 S targeting the gp240 antigen
have been extensively studied in melanoma patients and have demonstrated
an impressive ability to localize in metastatic tumors after systemic
administration [64;67-69] (Figure 4).

The recombinant scFvMEL single-chain antibody has been used
extensively in our laboratory to target gp240 bearing cells in vitro and using
xenograft models [70-77]. This antibody binds to target cells and is
efficiently internalized making this an excellent carrier to deliver toxins or
other therapeutic payloads.
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Figure 4. Tumor uptake of """ In monoclonal antibody ZME-018 in a patient with metastatic
melanoma after systemic administration.

More importantly, the gp240 antigen is not expressed on normal cells
thus making this an interesting target for therapeutic intervention. In this
study, we used scFVMEL as a tumor cell-targeting carrier and designed a
novel recombinant fusion construct designated GrB/scFvMEL, containing
human pro-apoptotic enzyme GrB. The purpose of these studies was to
determine whether we could deliver sufficient quantities of active GrB
enzyme to drive cellular apoptotic events specifically in breast cancer target
cells. Moreover, we propose to examine if apoptotic modulation by delivery
of GrB into breast tumor is able to re-establish sensitivity of breast cancer
tumor cells resistant to chemotherapy or to specifically sensitize tumor cells
to radiation therapy.
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Delivery of human pro-apoptotic proteins to tumor cells is a novel
concept. We have recently demonstrated that nascent cellular apoptotic
cascades which are normally held in check can be specifically activated
using a directed therapeutic approach in which activated signal transduction
cascade proteins are delivered to cell cytoplasm using recombinant fusion
constructs containing antibodies or growth factors capable of binding to a
cell surface antigen and internalizing a payload.

The concept of delivering human pro-apoptotic proteins as functional
components of targeted therapeutics we believe is a novel and previously
untried approach. Our recent publications on constructs containing GrB are
the first reported such constructs found in the literature [78;79]. The
development of gp240-targeted therapeutic agents containing GrB offers an
unprecedented opportunity to utilize such agents to probe the criticality of
apoptotic processes during tumor growth, metastatic spread and response to
therapeutic agents. In addition, information regarding these studies will also
be used to further develop the GrB/scFvMEL fusion construct as a potential
therapeutic agent.

1. CAN WE GENERATE A RECOMBINANT
CONSTRUCT CONTAINING A TARGETING
ANTIBODY AND ACTIVE GRB?

We successfully generated a recombinant construct GrB/scFvMEL
containing active GrB and single-chain Fv fragment targeting the gp240
antigen present on 80% of melanoma and 66% of lobular breast cancer.
First, we successfully obtained the human pre-mature GrB gene composed of
mature GrB and a signal sequence from human cutaneous T-cell lymphoma
(Hut-78) cell RNA utilizing reverse transcription-PCR (Figure 5).

In the premature GrB protein, the first 20 amino acids at as a signal
sequence. In cytotoxic T cells, active GrB is nominally generated by
dipeptidyl peptidase I (DPPI)-mediated proteolysis [80] which removes the
two-residue (Gly Glu) propeptide and exposes a terminal Ile *' residue. The
NH2-terminal Ile-Ile-Gly-Gly sequence of GrB is necessary for
enzymatically active GrB.

In our PCR engineering design and construction of the final molecule,
this enzymatic requirement dictated that the GrB protein leads the molecule
followed by a flexible linker and the targeting antibody. In addition, we
insured that the EK cleavage site (DDDDK) for removal of the purification
tag was immediately adjacent to Ile *'.
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Figure 5. Cloning the human GrB gene from HuT-78 cells. RNA was isolated, and premature
GrB ¢cDNA (~ 800 bp) was amplified by reverse transcription —PCR and cloned into the
PCR2.1 TA vector. The human GrB sequence with a 20- amino acid signal sequence was
confirmed and designated as pre-mature GrB. Once the signal peptide was removed, the
mature amino-terminal Ile-Ile-Gly-Gly sequence of active GrB was generated.

The fusion gene was then introduced into the pET32a (+) bacterial
expression vector to form pET32GrB/scFvMEL (Figure 6). The recombinant
protein GrB/scFvMEL was expressed in bacterial expression system (Figure
7) as a polyhistidine-tagged protein (A, lane 2) and then purified by nickel-
NTA metal affinity chromatography (A, lane 3). The his-tag was cleaved by
addition of recombinant enterokinase (rEK) to produce active form of GrB
fusion and then Q-sepharose ion exchange resin was used for final purified
GrB/scFvMEL (A, lane 4). Specificity of the cleaved fusion protein was
confirmed by Western blot using either mouse anti-GrB or rabbit anti-
scFvMEL antibody (B). To assess the biological activity of the GrB
component of the fusion construct, the ability of the enzyme to cleave a
BAADT substrate was assessed and compared to native GrB [81]. The
fusion construct GrB/scFvMEL was shown to have intact GrB enzymatic
activity with AmA/min = 68.6 and a Specific Activity (SA) = 2.6 x 10’ units/
umole. This activity was comparable to that of native GrB with AmA/min =
48.2 and a SA = 4.8 x 10° units/ umole. As expected, the GrB/scFVvMEL
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construct containing the purification tag (before rEK digestion) was shown
to be unable to cause hydrolysis of the BAADT substrate (AmA/min < 5).

‘_

PCR
start v stop
L 4 ¥
His-Tag GrB scFvMEL
Hbal A Hhel

EK cleavage site **

pET32a (+)

vector

Figure 6. Construction of the GrB/scFVMEL fusion toxin by PCR and insertion into pET32a
(+) vector. Mature GrB was attached to the recombinant antibody scFvMEL via a flexible
tether (G4S). A cleavage site for EK (DDDDK) was inserted upstream of the first amino acid
(Ile) of mature GrB. The fused gene was then introduced into pET32a (+) vector to form the
expression vector pET-32GrB/scFVMEL. Once the protein tag was removed by rEK
digestion, the first reside (Ile) of mature GrB was exposed, thereby activating the GrB moiety
of the fusion construct.
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Figure 7. SDS-PAGE and Western analysis of GrB/scFvMEL expression in E. coli. A. 10 %
SDS-PAGE gel with coomassie blue staining under reducing conditions showed that the
GrB/scFYMEL construct was expressed as a 70- kDa molecule (53 + 17 kDa purification tag).
The size of final purified GrB/scFvMEL was ~ 53 kDa. Lanel, non-induced bacterial cell
lysate; lane 2, induced cell lysate; lane 3, pro-GrB/scFVvMEL (+ tag) after purification by
nickel-NTA metal affinity chromatography; lane 4, final purified GrB/scFvMEL. B. Western
blotting confirmed that the fusion protein reacted with both mouse anti-GrB and rabbit anti-

scFVvMEL antibodies.
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2. DOES THIS RECOMBINANT GRB/SCFVMEL
INTERNALIZE EFFICIENTLY INTO GP240
POSITIVE CELLS?

The GrB moiety of the fusion construct was efficiently delivered into the
cytosol of gp240 positive A375-M melanoma cells after treatment with
GrB/scFVvMEL for 1 h (D) or 6 h (E) as assessed by confocal microscope
imaging detected using goat anti-GrB antibody (Figure 8). Pretreatment of
cells with the original anti-gp240 antibody ZME-018 followed by incubation
with the GrB/scFVvMEL was shown to completely suppress internalization of
this agent (B, C). This effectively demonstrates that binding of the construct
to gp240 on the tumor cell surface is responsible for internalization of the
construct.

Figure 8. Internalization of GrB/scFVMEL into A375-M cells assessed by confocal
microscopy. A375-M cells were treated with 40 nM GrB/scFVvMEL for 1 or 6 h. As indicated,
some cells were pre-treated with ZME(O18 to assess antigen-mediated internalization.
Molecules bound to the cell surface were removed by brief treatment with glycine buffer (pH
2.5). Cells were then fixed, permeabilized and incubated with goat anti-GrB antibody,
followed by FITC-coupled anti-goat IgG and propidium iodide (PI). The slides were mounted
and analyzed by Zeiss LSM 510 confocal laser scanning microscopy. A, no treatment control.
B, pretreatment with ZME-018, then GrB/scFVMEL treatment for 1 h. C, pretreatment with
ZME-018, then GrB/scFVMEL treatment for 6 h. D, GrB/scFvMEL treatment for 1 h. E,
GrB/scFvMEL treatment for 6 h.
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3. DOES THE GRB/SCFVMEL CONSTRUCT
GENERATE APOPTOSIS IN TARGET CELLS?

Both antigen-positive and antigen-negative cells were treated with an
ICso concentration of the GrB/scFVvMEL fusion construct. Apoptotic cells
were observed at 8 h after treatment when assessed by TUNEL assay. In
contrast, there were no apoptotic cells in non-target cells treated with
identical doses of the fusion construct, thereby demonstrating cell specificity
of the construct (Figure 9).

TUNEL Assay:
GrB/scFyMEL Induces Apoptosis on A375-M

FIM: Fluorescein
LM: Fast Red A3FTS-M SKBR3

AFTS-M

-- nh
-- 161‘
24h

Figure 9. Treatment with GrB/scFvMEL induces apoptosis on antigen-positive A375-M cells
but not on antigen-negative SKBR3 cells as assessed by TUNEL assay.

Procaspase-3 was cleaved into one fragment (~ 20 kDa) at 4 h, and
further cleaved into smaller fragments after treatment for 8 h. We were not
able to demonstrate caspase-3 cleavage on antigen-negative SKBR3 cells
treated with GrB/scFvMEL (Figure 10). Treatment of GrB/scFvMEL was
shown to result in cytochrome c translocation from the mitochondrial
compartment into cytosol by 4 h after treatment of A375-M cells but not
observed on SKBR3 cells (Figure 11). These studies showed that the
cytotoxic /apoptotic events observed after treatment of target cells with the
fusion construct are the result of both caspase-dependent and caspase-
independent mechanisms.
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Figure 10. GrB/scFvMEL induced caspase-3 cleavage on antigen-positive A375-M cells.
A375-M and SKBR3 cells were treated with GrB/scFvMEL at 50 nM for various times.
Whole cell lysates (30 pg) were analyzed by 12 % SDS-PAGE and followed by
immunoblotting to detect caspase-3 or cleaved caspase-3. Pro-caspase-3 was cleaved into an
active fragment at 4 h and further cleaved into smaller fragments after treatment for 8 h by
GrB/scFvMEL on A375-M cells. We found no caspase-3 cleavage on SKBR3 cells treated
with GrB/scFvMEL.
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Figure 11. Cytochrome c¢ was released from mitochondria fractions into cytosol by
GrB/scFvMEL on A375-M cells. Cells were treated with GrB/scFvMEL at 50 nM for various
times. Cells were collected and the cytosolic and mitochondrial fractions were isolated.
Fractions (30 pg) from nontreated and treated cells were analyzed by 15 % SDS-PAGE
followed by immunoblotting and detection with an anti-cytochrome c¢ antibody. As shown,
cytochrome ¢ was found to be released from mitochondria into the cytosol on A375-M cells
but not on SKBR3 cells within 4 h after treatment by GrB/scFvMEL.
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4. IS THE GRB/SCFVMEL CONSTRUCT
CYTOTOXIC TO TARGET CELLS?

The cytotoxicity of GrB/scFVvMEL was assessed against log-phase gp240
positive A375-M, MDA-MB435 and negative SKBR3 cells in culture. A 50
% growth inhibitory effect was found at a concentration of ~ 20 nM on
A375-M cells and MDA-MB435 cells.

However, no cytotoxic effects were found on antigen-negative SKBR3
cells at doses of up to 1 uM (Figure 12). By comparison, the cytotoxic
effects of GrB/scFvMEL were approximately the same as that of another
fusion toxin, MELsFv/rGel [82] on A375-M cells.
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Figure 12. Cytotoxicity of the GrB/scFvMEL fusion toxin on A375-M, MDA-MB435 and
SKBR3-HP cells. Log-phase cells were plated into 96-well plates at a density of 2.5 x 10
cells per well and allowed to attach for 24 h. The medium was replaced with medium
containing various concentrations of GrB/scFVvMEL. After 72 h, the effect of fusion toxin on
the growth of cells in culture was determined using crystal violet staining. The IC 5, of
GrB/scFVvMEL was ~ 20 nM on A375-M and MDA-MB435 cells. In contrast, no cytotoxicity
was observed on SKBR3 cells.

When A375-M cells were pretreated with a full-length anti-gp240
antibody (ZME-018) for 6 h and then treated with GrB/scFvMEL for 72 h,
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the cytotoxicity of GrB/scFvMEL was abolished, thereby demonstrating a
requirement for antigen recognition in the cytotoxic effect of the
GrB/scFvMEL fusion construct (Figure 13). These data confirm the confocal
imaging data that demonstrate that pre-treatment of cells with native ZME-
018 can abolish internalization of this agent. In addition, the uncut
GrB/scFVvMEL construct or rEK showed no cytotoxicity to target cells as
expected (Figure 13).
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Figure 13. Comparative cytotoxicity of GrB/scFvMEL and MEL sFv/rGel and effect of
addition of ZME-018 on cytotoxicity of GrB/scFvMEL against A375-M cells. Log-phase
cells were plated into 96-well plates at a density of 2.5 x 10® cells per well and allowed to
attach for 24 h. Cells were treated with different concentrations of GrB/scFvMEL or MEL
sFv/rGel and were also pretreated with ZME-018 (40 mg/ml) for 6 h and then co-treated with
various concentrations of GrB/scFvMEL. After 72 h, the cells were stained with crystal violet.
The IC 5y of GrB/scFvMEL was approximately identical to that of MEL sFv/rGel on A375-M.
ZME-018 pretreatment inhibited the cytotoxicity of GrB/scFVMEL on A375-M cells.
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5. CAN GRB/SCFVMEL FUSION PROTEIN
SENSITIZE CELLS TO CONVENTIONAL
CHEMOTHERAPEUTIC AGENTS?

Cells in exponential growth phase were plated into 96-well plates. After
24 hr, the cells were treated with drug-containing medium. At the end of the
indicated incubation period, growth inhibition was assessed by crystal violet
staining. In order to determine the effects of sequencing, cells were treated
with the different sequences.

Sequence I (C1): cells were pretreated with chemotherapeutic agent for 6
h, and then co-administered with chemotherapeutic agent and GrB/scFvMEL
for 72 h.

Sequence II (C2): cells were pretreated with GrB/scFvMEL for 6 h, and
then co-administered with chemotherapeutic agent and GrB/scFvMEL for 72
h.

Sequence III: cells were pretreated with GrB/scFvMEL for 6 h, followed
by treatment with chemotherapeutic agents for 72 h.

Sequence IV: cells were treated with various chemotherapeutic agents for
72 h without GrB/scFvMEL pretreatment.

Chemotherapeutic agents include doxorubicin (DOX), vincristine (VCR),
etoposide (VP-16), cisplantin (CDDP), cytarabine (Ara C) and 5 —FU.

There were synergistically cytotoxic effects on A375-M cells when the
GrB/scFvMEL fusion construct in combination with the chemotherapeutic
agents such as DOX, VCR and CDDP. In addition, this new class of agents
has additive interactions with VP-16, Ara-C and 5-Fu. The cytotoxicities
significantly increased when A375-M cells were pretreated with
GrB/scFvMEL for 6 h followed by co-treatment with chemotherapeutic
agents (sequence II-C2) compared to that the cells were pretreated with
chemotherapeutic agents for 6 h followed by combination treatment
(sequence I-Cl) (Figure 14). Our data also demonstrated that the
cytotoxicities of chemotherapeutic agents significantly increased when cells
were pretreated with the fusion construct for 6 h followed by various
chemotherapeutic agents for 72 h (sequence III) compared to without
GrB/scFvMEL pretreatment (sequence IV) (p < 0.01). The results indicated
that the effects of conventional chemotherapeutic agents could be sensitized
by pretreatment with GrB/scFvMEL fusion protein for 6 h on gp240 positive
targeted cells.
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Figure 14. Studies of GrB/scFVMEL in combination with various chemotherapeutic agents.
Antigen-positive(A375) cells were pretreated (at IC,5 doses) with various chemotherapeutic
agents for 6 h followed by addition of GrB/scFVMEL(IC,s). The cells were then incubated for
a total of 72 h (sequence C1). Alternatively, cells were first treated with GrB/scFvMEL for 6
h, and then various chemotherapeutic agents were added for 72 h (sequence C2).
Chemotherapeutic agents include doxorubicin (DOX), vincristine (VCR), etoposide (VP-16),
cisplantin (CDDP), cytarabine (Ara C) and 5-Fu.

6. DOES GRB/SCFVMEL LOCALIZE IN TUMOR
XENOGRAFT CELLS AND INDUCE TUMOR
APOPTOSIS AFTER SYSTEMIC
ADMINISTRATION?

Mice bearing A375-M  xenograft tumors were administered
GrB/scFVvMEL (75 pg in 0.1 ml saline). Twenty-four hours later, animals
were sacrificed and representative tissue sections were removed and
formalin fixed and stained (H&E and TUNEL). Tumor tissue displayed
apoptotic neuclei in treatment group (Figure 15).



104 Chapter 4

Treatment of Mice with GrB/scFvMEL Increases
Apoptosis (TUNEL) in Tumors

Control GrB/scFvMEL treatment

Figure 15. Mice bearing A375-M xenograft tumors were administered GrB/scFvMEL (37.5
mg/kg total dose, iv, tail vein in divided doses at the schedule indicated). Twenty-four hours
after the last dose, a group of amimals were sacrificed and tumor tissues were removed and
fixed. Tumor tissue sections were stained by TUNEL and analyzed under Nikon Eclipse TS
100 fluorescent microscope. Tumor tissue displayed highly apoptotic neuclei in the treatment
group compared to the control group.

Immunohistochemical stains for GrB/scFVvMEL detected by either anti-
GrB or anti-scFvMEL antibody were performed. Localization or
internalization of GrB/scFVvMEL was observed in tumor tissue (Figure 16).
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Figure 16. Mice bearing A375-M xenograft tumors were administered GrB/scFvMEL (37.5
mg/kg). Twenty-four hours after the last dose, animals were sacrificed and tumor tissues were
removed, fixed and stained by immunohistochemical staining for GrB/scFvMEL detected by
either anti-GrB or anti-scFvMEL antibody. Localization and internalization of GrB/scFvMEL
was observed in tumor tissue in the treatment group but not in the control group.

7. DOES GRB/SCFVMEL HAVE IN VIVO
ANTITUMOR EFFECTS?

Preliminary studies to examine the in vivo anti-tumor effects of
GrB/scFvMEL were performed on A375-M human melanoma tumor
xenografts. Mice bearing the tumors were treated (iv tail vein) 5 X every
other day with either GrB/scFvMEL or saline. Tumor volumes were
measured for 42 days. The saline-treated control tumors increased from 50
mm’ to 1200 mm’ over this period. Tumors treated with GrB/scFvMEL
(37.5 mg/kg) increased from 50 mm’ to 200 mm’ (Figure 17).
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Figure 17. Athymic (nu/nu) mice, female, 6-8 weeks of age, were injected subcutaneously,
right flank with 3 x 10 ®log-phase A375-M cells and tumors were allowed to establish. Once
tumors reached measurable size (~ 30 — 50 mm®), animals were treated via i. v. tail vein with
either saline (control) or GrB/scFvMEL fusion construct (37.5 mg/kg total dose) for 5 times
every other day. Animals were monitored and tumors were measured for an additional 28
days. The saline-treated control tumors increased from 50 mm® to 1200 mm?® over this period.

In contrast, tumors treated with GrB/scFvMEL (37.5 mg/kg) increased from 50 mm® to 200

mm3 .

This study clearly demonstrates the biological activity of a new class of
tumor-targeted enzymes that are cytotoxic to target cells because they are
capable of direct activation of the nascent cellular pro-apoptotic pathway.
Although several groups have generated antibody-enzyme chemical
conjugates and fusion constructs, the purpose of the majority of these
targeted enzymes have been to locally convert inactive pro-drugs to active
therapeutic agents [83]. The primary types of directly cytotoxic enzymes
commonly delivered by cell- targeting proteins such as antibodies and
growth factors usually fall into the class of ribosome-inhibiting proteins
(RIPs). Toxins such as pseudomonas exotoxin (PE) and gelonin (rGel) have
been successfully utilized because only a few molecules are needed to
irretrievably intoxicate a target cell [84;85]. Recently, Newton et al.
described a new class of immunoconjugates containing human RNase which
has in vitro and in vivo cytotoxic activity against human tumor cell lines and
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xenografts [86] primarily through degradation of RNA. The current
construct, to our knowledge, is one of the first descriptions of a targeted
enzymatic agent that operates primarily through activation of the pro-
apoptotic cascade process. We were encouraged to note that the
GrB/scFVvMEL fusion construct demonstrated equivalent cytotoxic effect on
target cells compared to a fusion toxin containing a highly potent plant n-
glycosidase such as recombinant gelonin. Studies in our laboratory
demonstrate that the scFvMEL/rGel fusion construct apparently cells
through a necrotic rather than an apoptotic process. These comparative
studies demonstrate that the robust cytotoxic effects of the rGel toxin can be
matched by that of the GrB apoptotic effects.

On interaction of a cytotoxic T lymphocyte (CTL) with a target cell,
there is a directed exocytosis of the CTL granules into the extracellular space
between the two cells. The original view of entry for GrB into the target cell
was that perforin polymerized to form a pore in the target cell membrane
through which GrB could pass [87]. More recently, the discovery of a
receptor for GrB that is the mannose-6-phosphate receptor has indicated that
GrB might be taken up by receptor-mediated endocytosis [88;89] and that
perforin may act to release endosomal GrB into the cytosol of the target cell
[90].

The current study clearly demonstrates that an antibody delivery vehicle
can provide the cellular entry access for the enzyme specifically on antigen-
positive cells and is capable of delivering the enzyme to cytoplasm without
the need for perforins. Moreover, the delivery vehicle can provide enzyme
concentrations in the cytoplasm which are apparently sufficient to drive
apoptosis. The anti-gp240 scFv antibody used has been well-studied in our
laboratory and is capable of internalizing and delivering attached proteins
such as toxins into the cytoplasm of target cells. The exact mechanism by
which this particular antibody internalizes has not been fully elucidated.
However, our studies suggest that there is no need for perforins or vesicle-
disrupting factors in the antibody-mediated delivery of GrB to the
cytoplasm. In addition, since the recombinant GrB protein is unglycosylated,
it will not be taken up through the mannose-6-phosphate receptors, thereby
reducing the likelihood of uptake by antigen-negative cells.

We have also described other constructs containing GrB as the cytotoxic
moiety. Studies describing GrB fused to VEGF,,, for directed apoptosis
targeting tumor vasculature indicated that the vasculature of many solid
tumors were susceptible to the cytotoxic properties of the fusion construct
[91]. In addition, as in the current study, the 1.C.5, values for the
GrB/VEGF,,; were similar to that of the VEGF,,/rGel construct.

The current study of GrB/scFVMEL extends these observations. These
studies demonstrate that delivery of GrB to the cytosol of human tumor cells
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in culture can induce apoptosis. Recently studies showed that apoptosis
induced by GrB is characteristically a rapid process taking approximately 1 h
to result in the hallmarks of apoptosis such as DNA fragmentation, caspase
cleavage and cytochrome c release[92]. Our studies indicated that apoptotic
event happened within 8 h. This is because the antibody internalization
process requires several hours for optimal delivery and the current process
requires delivery of GrB to the cytoplasm in quantities sufficient to
overcome normal homeostasis and to drive cells into apoptosis. The
apoptosis induced by antibody delivery of GrB suggests that tumor cells, like
normal endothelial cells, contain sufficient pro-apoptotic substrates capable
of activation by GrB and that there appear to be no apparent downstream
control-point mechanisms nominally in place to prevent pharmacologically
directed apoptosis using this particular mechanistic approach. Mechanistic
studies demonstrate release of cytochrome ¢ from the mitochondria to the
cytosol induced by the fusion protein GrB/scFvMEL as well as clear
activation of caspase-3 specifically in target cells. These studies suggest that
the cytotoxic/apoptotic events observed after treatment of target cells with
the fusion construct are the result of both caspase-dependent and caspase-
independent mechanisms. It remains to be determined whether there are
cellular resistance mechanisms capable of protecting cells against GrB-
containing targeted therapeutic agents. In addition, still to be determined is
whether there are specific cell types inherently or iatrogenically resistant to
this cytotoxic approach.

This appears to be the first description of the use of the proapoptotic,
serine protease GrB in targeted therapeutic constructs. This agent is the
culmination of our search for a human therapeutic protein that is both highly
active and potentially universal. In addition, as a critical consideration, we
demonstrated that the GrB enzyme was effective even while it remained
covalently attached to an assembled targeting vehicle. This advance avoids
problems with linker technology that can result in premature release of the
active component prior to target internalization or loss of biological activity
of the active component due to permanent attachment to the targeting
molecule. Importantly, the demonstration of biological activity with a GrB-
containing fusion protein does not appear to be confined to the current
approach using VEGF |, as a vehicle to target tumor endothelium. Recent
studies in our laboratory have demonstrated impressive cytotoxic activity of
GrB-containing fusion constructs composed of single-chain antibodies
targeting numerous human tumor cell types. The unique mechanism of
action of GrB- based fusion targeted therapeutic agents may also provide for
novel interactions with other types of therapeutic agents or with other
modalities such as hyperthermia or radiation therapy. Further in vitro and
animal studies with this agent are clearly warranted.
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Mechanism of GrB Intracellular Action
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Figure 18. GrB intracellular activity can be produced by both perforin- and antibody-
mediated internalization.
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TARGETING ONCOGENES WHICH REGULATE
APOPTOSIS

Andrew C. Phillips
Institute of Molecular Medicine and Genetics, Medical College of Georgia, CB2803, 1120
15th Street, Augusta, Georgia 30912.

Abstract: Characterization of the genetic changes driving the malignant phenotype has
revealed that mutations promoting cell survival are common in human cancer.
The increased understanding of cancer at the molecular level has lead to the
development of therapeutics aimed at inhibiting the function of the genes
responsible for the tumor phenotype. Inhibition of the activity of the
oncogenes promoting tumor cell survival is an attractive approach for the
development of cancer therapeutics that has already yielded some success and
promises more.

Key words:  Oncogene, tyrosine kinase inhibitor, Bcl-2, IAP, BCR-ABL, EGFR, RAS,
AKT, p53, NF-kB

1. ACTIVATION OF ONCOGENES CAN PROMOTE
CELL SURVIVAL WITHOUT INCREASING
PROLIFERATION

Proto-oncogenes are normal cellular genes that when mutated, or
expressed in appropriately contribute to tumor formation. The first
oncogenes discovered were mutated forms of genes involved in the
regulation of cell growth. As such, activation of these genes by mutation
promotes proliferation in a cell autonomous fashion, regardless of external
growth factor signaling. The first oncogene described that contributed to
tumor formation by inhibition of cell death was identified by
characterization of B-cell lymphoma 2 gene (bcl2). Cloning of a reciprocal
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translocation site associated with Follicular lymphoma determined that bc/2
is brought under the regulation of an immunoglobulin locus, deregulating its
expression. This over-expression inhibits the normal apoptosis of B-cells,
contributing to tumorigenesis by promoting survival rather than enhancing
proliferation. Transgenic studies have demonstrated that proliferative
oncogenes such as c-Myc can cooperate with Bcl2 in tumor formation
underlining the importance of controlling both cell proliferation and death in
restricting tumor development (1).

Subsequently many other oncogenes have been shown to promote cell
survival and function in diverse manners. In this review we will discuss a
variety of oncogenes that promote tumor cell survival and are currently the
subject investigation as potential targets for the development or evaluation of
therapeutics that inhibit their function.

2. INHIBITION OF ONCOGENE ACTIVITY AS A
VIABLE THERAPEUTIC STRATEGY

Since the identification of oncogenes and tumor suppressors as the
driving force behind malignant transformation, much effort has been
expended identifying and characterizing their function in both normal and
tumor cells. This increased understanding has allowed the rational design of
therapeutics aimed at inhibiting oncogene function. In developing inhibitors
of these oncogenes as therapeutic agents for cancer treatment we make the
assumption that in addition to being necessary for the initiation of the tumor
these oncogenes are required for its maintenance. Furthermore given the
plasticity of the cancer genome, is targeting a specific oncogene likely to
have a positive clinical outcome? The problem of toxicity to normal tissue is
also a consideration. As oncogenes exist in non-transformed cells as proto-
oncogenes, pharmacological inhibition of oncogenes could have profound
implications for certain normal cells function.

The role of oncogenes in tumor maintenance has been investigated using
transgenic animals and provided compelling evidence that the inactivation of
a single oncogene can lead to dramatic regression of tumor. A transgenic
animal was generated by targeting a tetracycline inducible allele of H-
RasVI12G to melanocytes(2). RAS is a signaling molecule that is activated
by direct mutation in many human malignancies including melanoma. Mice
were crossed into a INK4a null background to generate a model of
melanoma. /NK4a is a tumor suppressor that is deleted or mutated in both
familial and sporadic melanoma, and encodes a cyclin-dependent kinase
inhibitor that restricts cell proliferation(3). In the presence of tetracycline
25% of the mice developed melanomas with an average latency of 60 days.
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The removal of tetracycline from the animal's drinking water resulted in
rapid tumor regression with marked apoptosis. However, in some of these
animals tumors can re-emerge that do not express H-RasVi2G, indicating
that alternative pathways for tumor maintenance can evolve.

A similar approach targeted mutant K-Ras to type II pneumocytes,
resulting in adenocarcinomas in the lung(4). Switching off expression of
mutant K-Ras resulted in dramatically reduced tumor burden after three days
and undectable disease after a month. The tumor regression was
accompanied by dramatic apoptosis(4). To investigate the mechanism of
apoptotic regression the experiments were repeated in INK4a/ARF and p53
null backgrounds. These critical tumor suppressors function by eliminating
potentially malignant cells by inducing growth arrest or apoptosis(3). In this
genetic background tumor formation was accelerated, but the tumor
remained dependent on mutant K-Ras expression, with rapid regression seen
when mutant K-Ras was switched off(4). This indicates that the apoptotic
regression is not a consequence of activation of a p53 or INK4a tumor
suppressor pathways, an important finding since these are frequently deleted
in human lung cancer (and many other malignancies). In this case the
apoptosis was seen only in the tumor cells suggesting a cell autonomous
effect. In contrast, apoptosis was seen in both tumor and host endothelial
cells in the melanoma model, indicating a role for RAS in maintaining
poorly understood tumor-host cell interactions. These results and others
indicate that inhibition of RAS activity would be a viable treatment protocol,
even in cancer with mutations in critical tumor suppressors.

Similar work has indicated that inhibition of other oncogenes including
Myc(5, 6), Bcr-abl(7), HER2(8) and Met(9) can lead to rapid tumor
regression even in the case of complex metastatic disease presumably driven
by a number of oncogenic mutations in addition to the regulated
oncogene(8). The mechanism of regression seems to differ depending on the
oncogene and tumor type, with both apoptosis and differentiation of the
tumor cells playing a role.

Whilst these results indicate that certain experimental tumors in mice
require sustained oncogene expression, in treatment of human disease,
pharmacological inhibition of some oncogenes for long periods of time may
not be possible due to the role of these genes in normal cells. In this regard it
is interesting that even a short inactivation of Myc can lead to a sustained
loss of neoplastic phenotype(10). Myc is an oncogene that can drive
proliferation, but when over-expressed in the absence of compensating
mutation can trigger apoptosis. In a transgenic model with features similar to
human osteosarcoma, including frequent metastasis, inhibition of Myc
expression leads to regression, but in this case the mechanism seems to be
differentiation rather than apoptosis. Interestingly reactivation of Myc leads
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not to re-emergence of the tumor, but apoptosis. This shows the complexity
of the tumor phenotype and the difficulty of predicting the effect of
inhibition of an oncogene in vivo, never the less it further indicates that the
inhibition of oncogene function is a viable therapeutic strategy.

Despite significant regression in response to oncogene inactivation, in
some animal models the tumors can re-emerge, indicating that it is no longer
dependent on the targeted oncogene (4, 6). Particular genetic changes can
predispose tumor to relapse despite dramatic initial regression of tumor after
inhibition of oncogene expression. In mouse models of mammary tumors,
activation of RAS(11) or loss of p53 (12) increased the chance of relapse
despite inactivation of the Myc or Wnt oncogenes respectively. Given the
plasticity of the cancer genome this is not surprising. Good animal models
may allow the identification of the pathways activated to over-come the
dependence on the oncogene. As such a second line of therapy targeting
these pathways would be the goal.
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Figure 1. Mutations that inhibit apoptosis allow tumor cells to tolerate apoptotic signals. The
developing tumor cell is subject to variety of stresses that can lead to the elimination of the
cell before full malignant transformation can occur such as DNA damage, hypoxia, low
nutrients, telomeric erosion etc, and survive only as a result of compensating mutation.
Therapy aimed at abrogating the activity of the oncogenes promoting tumor cell survival may
have a greater effect on tumor than normal tissue.
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A pre-requisite for therapies that would inhibit this signaling survival
driven by oncogenes is that the tumor cells are more dependent on this
signaling than normal cells. The developing tumor is subject to a variety of
stresses generating selection pressure for cells that have mutation increasing
resistance to cell death, for example amplification of the pro-survival kinase
Akt(13). The consequent increased resistance to apoptosis allows the cells to
tolerate additional stresses that may be associated with the developing tumor
such as increased DNA damage, low oxygen conditions, low nutrients,
telomeric erosion and lack of survival signaling (figure 4-1). As such the
developing tumor cell is exposed to more stress than its normal counter-part
and survives as a consequence of mutations blocking apoptosis.
Furthermore, activation of oncogenes that drive proliferation such as Myc or
E2F can also trigger apoptosis(14). These oncoproteins are normally
transiently activated by external growth factor signaling to promote
proliferation, and these growth factors concomitantly activate survival-
signaling pathways suppressing the apoptosis stimulated by expression of
these oncogenes. This 'oncogene-induced apoptosis' is thought to be a
defense mechanism against malignant transformation whereby a single
genetic event stimulating proliferation does not lead to cancer as the cell is
eliminated by apoptosis. For tumor cells to survive sustained proliferative
oncogene expression, compensating mutations that inhibit apoptosis are
required. Hence tumor cells may carry a high apoptotic burden compared to
their normal counterparts that is tolerated as a consequence of acquisition of
mutations promoting survival. Inhibition of oncogenes promoting survival
may have a greater effect on tumor than normal tissues and this is supported
by the development of therapeutics against specific oncogenes that are
relatively well tolerated despite triggering apoptosis of tumor cells (figure 4-

1.

3. DIRECT MODULATORS OF THE APOPTOTIC
MACHINERY AS MOLECULAR TARGETS

Understanding how apoptosis is controlled and mediated at the molecular
level is an area of intense research, and has identified a number of targets for
the development of therapeutics to enhance apoptosis(15). For the treatment
of cancer, a greater effect on the tumor compared to the normal tissue is
required. If a tumor commonly contains an amplification of an oncogene that
can inhibit apoptosis, it is reasonable too predict that the tumor may be more
dependent on the activity of this gene than normal tissue. As such common
genetic lesions in a particular tumor type may point to the critical molecules
regulating tumor cell survival, and targeting these oncogenes may be a



122 Chapter 5

fruitful approach to develop cancer therapeutics. A limited number of genes
directly involved in the control of apoptosis are known to function as
oncogenes and as such are the subject of investigation as molecular targets
for cancer therapy.

3.1 Bcl2 antagonists

The intrinsic pathway of apoptosis is activated in response to many
stimuli, including radiation and chemotherapeutic drugs. The mitochondria
play a central role in the mediation of this apoptotic pathway sequestering a
number of pro-apoptotic molecules(16). In response to signals activating this
pathway, mitochondrial outer membrane permeabilization (MOMP) is
triggered, and pro-apoptotic molecules are released into the cytosol initiating
the caspase proteolytic cascade as well as caspase independent cell death
pathways(16, 17). Whilst the precise mechanism of action is unclear, Bcl2
inhibits this pathway, maintaining mitochondrial membrane integrity(18).

There is a large family of Bcl2 related proteins that contain at least one of
the four Bcl2 homology regions (BH domains). These include proteins such
as BcelXy, Bel-w and Mcl-1 that inhibit apoptosis(1). Other family members
including Bax, Bim, Bok, Puma and Noxa promote apoptosis. A subset of
these proteins contain only BH3 domains, and are otherwise unrelated. This
domain mediates protein-protein interactions and is necessary for the
promotion of apoptosis. These BH3-only proteins respond to a number of
signals to initiate the intrinsic apoptotic pathways and can interact with Bel2
like proteins inhibiting their function. For example death receptor activation
mediates the activation of caspase 8, this protease cleaves the BH3-only
protein BID to generate a truncated form (tBID). tBID translocates to the
mitochondria triggering MOMP, coupling death receptor signaling to the
activation of the intrinsic pathway of apoptosis(19). In contrast the BH3-only
proteins PUMA and Noxa are transcriptionally activated by p53 and related
family members, and are critical mediators of p53 and chemotherapy
induced apoptosis(20-23).

Bcl2 was originally identified by characterization of a translocation in
follicular lymphoma, but activation of this oncogene is not restricted to this
leukemia. Over-expression of Bcl2 and the related BelX, has been reported
in a wide variety of human malignancies, including prostate, colorectal, lung
and breast cancers(24). Not surprisingly, the search for therapies that can
inhibit the activity of the Bcl2 like proteins is being pursued. The
identification of small molecule inhibitors that block the interaction between
Bcl2/BelXp and BH3-only proteins is one such approach. Generally
inhibition of protein-protein interactions with small molecule inhibitors is
extremely difficult, however, although most interaction surfaces are relative
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large and flat, structural studies indicate that BclX; and Bcl2 contain a deep
hydrophobic groove, that serves as the site of interaction with BH3
domains(25, 26). This structural feature has spurred the search for inhibitors
of these protein-proteins interactions. The first small molecule inhibitor of
Bcl2 was discovered by an in silico screen, identifying HA14-1 as molecule
that can bind to Bcl2(27). This molecule can displace a Bak peptide
containing the BH3 domain from Bcl2 at micro-molar concentrations.
HA14-1 is able to kill tumor cells, and there is a correlation between the
level of expression of Bcl2 and the effectiveness of the drug. Comparison of
the sensitivity of leukemic blast and normal cells, revealed that low doses of
HA14-1 in combination with chemotherapeutic agents triggers apoptosis
specifically in the leukemic blasts.

Testing known inhibitors of mitochondrial respiration for the ability to
induce apoptosis identified another inhibitor of Bcl2/BclX;. Antimycin A
can inhibit Bel2/BelX, and a derivative molecule 2-methoxy antimycin A,
can bind Bcl2/BcelX, and trigger apoptosis without the general effect on
mitochondrial function of antimycin A(27). Another natural inhibitor of Bel2
functions is tetrocarcin A, although the mechanism is unknown(28). These
inhibitors are promising lead molecules that might allow translation of a
successful small molecule antagonist of Bcl2 related proteins in the clinic.

An antisense approach to the inhibition of Bcl2 has been successfully
employed in pre-clinical models and is currently in clinical trials. Antisense
technology utilizes short synthetic stretches of DNA that are complementary
to specific regions of the target mRNA. Binding of the DNA to mRNA
results in inhibition of gene expression as a result of blocking translation of
the mRNA or targeting the mRNA for RNAseH cleavage. Genasense is a
phosphorothioate oligo nucletide complementary to the first 6 codons of
Bcl2. This modification renders the oligo more stable in vitro, and can
efficiently down regulate Bcl2 expression. In xenograph experiments
Genasense was able to inhibit tumor formation, and the effect was enhanced
by combination with chemotherapeutic drugs(29). This treatment is currently
in phase III clinical trials for a number of malignancies including chronic
lymphocytic leukemia, multiple myeloma and melanoma after positive
clinical responses in phase I/II trial for chronic lymphocytic leukemia(30).

Successful antagonists of Bcl2 family members may have broad
applicability in cancer treatment. In addition to mutations that increase Bcl2
or BelX; in tumors, radiation and chemotherapy trigger apoptosis by the
mitochondrial pathways, consequently inhibition of their function may
increase the response to standard therapies.
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3.2 Inhibitor of Apoptosis Protein (IAP) antagonists

The Inhibitors of apoptosis (IAP) are able to suppress apoptosis, at least
in part, by inhibiting caspase activity. IAPs are defined by the presence of a
Baculovirus IAP repeat domain (BIR) and this domain is necessary for the
inhibition of apoptosis and at least for certain IAPs is responsible for the
binding and inhibition of caspase activity(31). Several IAPs also contain a
RING domain and can function as ubiquitin ligases involved in the
proteolytic degradation of themselves and interacting molecules including
caspase 3(32-34).

Interacting proteins play a critical role in the regulation of IAP function.
Smac/DIABLO (human/mouse) are proteins that in non-apoptotic cells are
located in the inter-membrane space of the mitochondria and during
translocation the amino-terminus is removed revealing an protein interaction
domain termed the IAP-binding motif (IBM). In response to apoptotic
signals these proteins are released into the cytoplasm(35, 36), bind IAPs,
displacing caspases thus promoting apoptosis. Omi/HtrA2 is a second
mitochondrial-sequestered protein containing an IBM, but is also a serine
protease that can trigger cell death in an IAP independent manner(37-39).

Since IAPs primarily function downstream of caspase activity (figure 4-
2), whether modulating their activity would be a good therapy is unclear, but
in the least could serve as adjunct treatments with other agents. However
there is accumulating evidence that IAPs may have a role in the development
of cancer, suggesting they may contribute to tumor cell survival, as such are
potential targets for therapy. Chromosomal translocation of c-IAP2 causes
aberrant expression of a chimeric IAP-MALT1 gene in mucosal associated
lymphoma (40). Amplification of c-IAP1 is implicated in esophageal
squamous cell carcinoma(41), and ML-IAP 1is over-expressed in
melanomas(42). Over-expression of survivin is common in a variety of
cancers, although whether this is a causative in the sense of inhibiting
apoptosis or is a consequence of the enhanced proliferation of tumor tissues
in unclear(43). XIAP expression is elevated in a number of cancers, and the
expression level of this gene has been correlated with poor prognosis(44). In
addition the XIAP interacting protein Xafl has been suggested to be a tumor
suppressor gene, with low expression in tumor lines (45, 46), and gastric
tumor samples(47).
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Figure 2. Bel2 and 1APs regulate apoptosis at different points in the apoptotic cascade. Bcl2
inhibits loss of mitochondrial outer membrane potential, and IAPs inhibit caspase activity.

Studies in tumor cell lines have demonstrated that inhibition of IAPs
function can sensitize cells to apoptosis. Moreover small cell permeable
peptides of the IAP binding protein SMAC that inhibit IAP function are able
to sensitize cells to a variety of agents including cisplatin and the death
receptor ligand Apo2L/TRAIL, as can specific inhibition of XIAP itself
providing evidence that inhibition of IAP activity may be a viable
therapeutic strategy(48-53). Small molecule inhibitors of XIAP have
recently been identified by high through-put screening of combinatorial
libraries of polyphenylurea compounds for the ability to relieve XIAP
repression of caspase activity(54). This screen identified molecules that are
able to induce apoptosis in tumor cells and inhibit tumor growth in xenograft
models, whilst exhibiting little toxicity to normal tissues. In addition the
drugs were able to cooperate with a broad range of cytotoxic agents,
including radiation, chemotherapeutic agents and the death receptor ligand
TRAIL. These inhibitors may have potential for broad applicability as
chemo-sensitizers for agents that trigger activation of caspases.
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The success of the IAP inhibition as a therapeutic strategy depends on the
assumption that the tumor cells are more dependent on IAP activity than
normal cells. Supporting this is the absence of dramatic phenotypes for any
of the TAP null mice generated to date, including XIAP, indicating that in the
absence of stress they are dispensable or redundant. The ability of XIAP
inhibitors to kill tumor cells without additional stress suggests that the tumor
cells may have a greater amount of intrinsic caspase activity than normal
cells, if so this may explain the success of these compounds. It is unknown if
these compounds inhibit other IAPs, and if so if this is important for their
tumor killing properties or if there are targets other than IAPs. Never the less
these inhibitors are promising lead compounds for to develop cancer
therapeutics and validate targeting IAPs as a therapeutic strategy.

4. TARGETING MOLECULES MEDIATING
SURVIVAL SIGNALING IN TUMOR CELLS

Direct mutation of downstream effectors of the apoptotic cascade is not
the most common mechanism tumor cells use to evade apoptosis. Mutation
in upstream signaling pathways that regulate growth and survival is a more
frequent event. In multi-cellular organisms, a series of external signals
control growth differentiation and apoptosis. Without the appropriate
signaling, cells will not survive. As such components of the signal
transduction pathway are frequently mutated in human cancer promoting
tumor cell survival, and have been investigated as potential molecular targets
for cancer therapy.

4.1 BCR-ABL

Chronic Myeloid Leukemia is characterized by the presence of the
Philadelphia chromosome. This reciprocal translocation results in the
generation a chimeric protein termed BCR-ABL, leading to constitutive and
inappropriate activation of the ABL tyrosine kinase driving tumor formation.
An inhibitor of the ABL tyrosine kinase activity was designed
(Gleevec/Imatinib) and is able to block the growth and induce apoptosis of
BCR-ABL containing myeloid cell lines or cells from CML patients and is
in use in the clinic as a highly effective agent for this disease(55). This drug
has high selectively at sub miypo—molar levels, affecting the proliferation
and survival of only BCR-ABL+ cells. In clinical trials comparing
effectiveness with the standard treatment of interferon A and cytarabine for
chronic phase CML, complete cytological responses were seen in 76% of the
patients compared with 15% for those treated with interferon/cytarabine(56).
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In addition Gleevec caused fewer side effects and reduced the probability of
progression from chronic to the blast crisis phase of the disease. Patients in
blast crisis respond to this drug, but normally resistance evolves. This
resistance is most commonly the result of an increase of BCR-ABL levels or
mutation affecting the ABL kinase domain(57). That the resistant tumor cells
normally directly mutate the bcr-abl gene indicates that the leukemic cells
remain dependent on continued ABL activity for survival, although in some
cases mutations downstream of ABL signaling have also been shown to
mediate resistance. A series of different small molecular inhibitors of ABL
have been developed and are showing promise in pre-clinical studies(58,
59), and these may be useful as alternative treatments to counter Gleevec
resistance.

In addition to inhibiting BCR-ABL, Gleevec can also inhibit v-Abl, c-
Abl, the PDFR, c-Kit and ARG kinases and as such its applicability may be
extended to other treatment of tumors. Currently this drug has been approved
for the treatment of gastrointestinal stromal tumors (GIST) after successful
clinical trials(60). In this tumor type gain of function mutations in the c-kit
oncogene are common. Several trials are underway to assess the effect of
this inhibitor on different tumor types.

4.2 EGFR family

The epidermal growth factor receptor (EGFR) and the human EGFR
related receptor (HER2/neu) are receptor tyrosine kinases (RTK) that
contribute to the malignant phenotype of a variety of human cancers(61).
Ligand binding results in homo or hetero-dimerization and auto-
phosphorylation stimulating the tyrosine kinase activity. Subsequently
adaptor and signaling molecules recognize the C-terminal phospho-tyrosines
and trigger activation of a variety of important signal transduction pathways
including RAS and phosphatidylinositol 3-kinase (PI3K) mediated activation
of Akt, promoting a variety of cellular responses including proliferation and
cell survival(61).

Evidence for a role of these RTKs in cancer was first provided by studies
of the transforming properties of the Avian Erthyroblastosis Virus
identifying a viral oncogene v-erbB that is homologous to the human EGFR,
but encodes a truncated version with constitutive tyrosine kinase activity. In
human malignancies the EGFR family of RTK are frequently over-expressed
in a variety of tumor types including stomach, lung, breast and ovarian
cancer. In addition to over-expression, mutation of the EGFR can lead to
elevated catalytic tyrosine kinase activity irrespective of external signaling,
most commonly deletion of exons 2-7 by gene rearrangement or alternative
splicing(62-64). The importance of these RTK in a variety of human cancers
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has lead to the development of a number of therapeutics designed to inhibit
their function. Quinazolines were identified as compounds capable of
inhibition of EGFR tyrosine kinase activity(65) and lead to the development
of the metabolically stable and specific EGFR tyrosine kinase inhibitor
Gefitinib (ZD1839/Iressa)(66). Preclinical studies established this inhibitor
as an effective agent for blocking the growth and survival of a variety of
human tumor cell lines and xenografts, regardless of the level of EGFR
expression. After successful clinical trials in Japan, Europe and the USA
Gefitinib was approved for the second line treatment of advanced non-small
cell lung carcinoma (NSCLC) in Japan and of third line treatment in the
USA(67). The original rationale of testing this agent in NSCLC was that the
EGFR is often over-expressed and current chemotherapy is not particularly
effective for this cancer(68, 69). However in contrast to the ABL-specific
tyrosine kinase inhibitor where the majority of CML patients treated with
Gleevec show a dramatic response, only a subset of the NSCLC patients
treated with Gefitinib respond, although in these patients the response can be
dramatic and rapid suggesting EGFR activity is necessary for the survival of
these tumor cells. No correlation with the level of the EGFR expression and
response to tumor therapy could be found(67), however, recent studies
suggest that patients with gain of function mutations in the EGFR responded
to the treatment with Gefitinib(70, 71). This work correlated mutations in the
tyrosine kinase domain to positive response to treatment. Functional analysis
of two of these mutations revealed an enhanced and extended response to
ligand treatment. Furthermore these mutant EGFRs were 10 fold more
sensitive to Gefitinib than their wild type counterparts(71). A variety of
other EGFR inhibitors have been successful in preclinical models including
CI-1033 (Pfizer) and EKB-569 (Wyeth), that in contrast to Gefitinib bind
non-competitively to EGFR family of RTK and are curently in Phase II trials
for ovarian and NSCLC(72-74).

In addition to small molecule inhibitors of RTK activity, monoclonal
antibodies have been developed to inhibit the activity of these receptors.
HER?2 is amplified in breast and ovarian cancer and Genetech developed a
humanized antibody that targets HER2 termed trastuzumab (Herceptin). This
antibody binds to HER2 inducing receptor internalization leading to growth
arrest and apoptosis of tumor cells, and recruitment of immune effector cells.
HER?2 is over-expressed in approximately 25% of breast cancers and this is
correlated with poor prognosis. Trastuzumab is approved by the FDA for
first line treatment of metastatic breast cancer over-expressing HER2 in
combination with chemotherapy. Trastuzumab treatment significantly
improves the response to therapy, reducing disease progression and
increasing survival of patients when compared to chemotherapy alone(75).
A second antibody against HER2 that inhibits receptor signaling by blocking
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dimerization with other family members is currently in phase II trials(75).
An anti-EGFR monoclonal antibody Cetuximab is also approved for the
treatment of metastatic colorectal cancer in patients that do not respond to
standard irinotecan chemotherapy. Cetuximab reduced tumors in a number
of patients, increasing survival and delaying disease progression both alone
and in combination with irinotecan of patients with irinotecan refractory
colo-rectal cancer (76).

4.3 RAS as a molecular target

The RAS proteins play critical roles in regulating a number of signaling
pathways controlling cell proliferation and survival(77). The membrane
associated RAS proteins are active when bound to GTP and inactive when
bound to GDP. RAS has intrinsic GTPase activity but this process can be
regulated in vivo by the guanidine activating proteins (GAPs) that down
regulate RAS activity, and Guanidine nucleotide exchange factors (GEF)
that replace GDP with GTP. A large family of proteins mediates these
reactions in vivo, allowing RAS activity to be modulated by multiple
signaling pathways in the cell(77). These include the receptor tyrosine
kinases such as the EGFR, which activate RAS by recruitment of GEFs to
the plasma membrane where they promote the formation of GTP-bound
RAS. GTP bound RAS can bind and activate effector enzymes, the most
studied of which is RAF, (leading to activation of the mitogen activated
protein kinase (MAPK) cascade promoting proliferation) and the catalytic
subunit of PI3K resulting the activation of a large number of downstream
modulators including Akt, a powerful inhibitor of apoptosis(78).

Analysis of the viral oncogenes in the Harvey and Kirsten sarcoma
viruses, and the isolation of their cellular counterparts as oncogenes in
transformation assays indicated a role for the Ras genes in cancer. Both the
viral and the transforming Ras genes derived from tumors are constitutively
active mutants, and the importance of these genes in human cancer is
indicated by direct mutation in around 20% of tumors overall(79). The RAS
proteins can contribute to a number of different properties of the malignant
phenotype including promoting proliferation, survival, invasion, metastasis
and angiogenesis(77). In addition even in tumors without direct mutation of
Ras, the RAS pathway contributes to the tumor phenotype as a consequence
of its activation by growth factor signaling or mutation of other oncogenes
such as RTK or deletion of GAP proteins such as the tumor suppressor
neurofibromin (NF1).

The high frequency of Ras mutation in human cancers and experimental
evidence that sustained RAS activity was necessary for tumor maintenance
suggests inhibition of RAS, or the RAS pathway may be a viable therapeutic
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approach(80). A series of Farnesyltransferase inhibitors (FTI) have been
designed to inhibit the activity of RAS proteins. The rational of this
approach is that the RAS proteins need to be targeted to the plasma
membrane to be active and in vivo farnesylation of the c-terminus is the first
step in the processing of the RAS proteins to achieve membrane localization.
A variety of effective inhibitors of farnesylation were developed by a
number of pharmaceutical companies, but there initial promise has not been
realized(81, 82). Although these inhibitors can block farnesylation of H-RAS
in cell culture and reduce tumor formation in H-ras transgenic mice, results
in clinical trials have been disappointing(83). The disappointing results may
reflect alternative modifications that can target RAS proteins to the
membrane. Geranylgeranyltransferase can add a related isoprenoid group to
K-RAS and N-RAS when farnesylation is blocked, allowing these proteins
to be biologically active. Since mutations in K-Ras and N-Ras account for
the majority of mutations in human cancers, this may explain the
disappointing results in clinical trials, and efforts to combine FTI and GTI
have been hampered due to toxicity(84). Whether this indicates that
inhibition of all RAS activity is toxic to normal tissues, or other effects of
these agents is unclear. The FTI may yet become a tool in the in treatment of
certain cancers since positive anti-tumor effects have been seen in certain
leukemia patients, although at this stage the critical molecular targets of
these agents are unclear(85).

In addition to the FTI, anti-sense oligo-nucleotides targeting H-Ras and
K-Ras have been developed that are stabilized by chemical modification and
are able to reduce the expression these proteins in tumor cell lines and
reduce tumor growth in nude mice. The H-Ras anti-sense therapy is
currently in phase II trials. A problem of anti-sense therapy in general is the
ability to deliver large enough quantities of these molecules to the tumor
cells. In addition the specificity of the agents, targeting only a single family
member may be ineffective. Agents effective against multiple family
members are likely to be more effective treatments as long as this does not
result in increased toxicity to normal tissues.

Targeting pathways that are activated by RAS is an area of intense effort.
The RAF-MAPK pathway itself can be active in tumor cells as a result of
mutation of Ras, mutations upstream (e.g. RTK such as EGFR) loss of
negative regulators of RAS (the GAP proteins) or mutation of kinases such
as Raf(86). An inhibitor of RAF has shown promise in pre-clinical work and
is currently in clinical trials. This inhibitor BAY43-9600 targets the ATP-
binding site efficiently inhibiting kinase activity(87). This molecule also
inhibits the related BRAF protein, which may make the drug more effective
since c-Rafl mutation is not common in human malignancies, in contrast in
mutation of BRAF' is found in around 90% of melanomas(88).
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The kinases MEK1 and MEK?2 are RAF substrates and inhibitors of these
molecules are able to block proliferation and apoptosis of a wide range of
tumor cell lines, as well as inhibiting the growth of tumors in nude mice(89,
90). An inhibitor of MEK, CI-1040 has undergone phase I trials and is well
tolerated by patients and some partial responses were seen. Analysis of the
peripheral blood mono-nucleocytes demonstrated that these doses of drug
were able to inhibit the activation of ERK (a MEK substrate) indicating that
the drug is an effective inhibitor of MEK in humans(91). Given the
prevalence of mutations that activate this pathway in human cancer these
drugs have the potential of broad specificity. Phase II trials are underway
and will determine their effectiveness.

4.4 Akt

The Akt kinases are activated by PI3K, a downstream target of active
RAS, and Akt plays an important role in mediating the survival signal
generated by RAS(92). PI3K phosphorylates the lipid phosphatidylinositol-
4,5-bisphosphate (PtdIns(4,5)P,) to generate phosphatidylinositol-3,4,5-
triphosphate (PtdIns(3,4,5)P;). This lipid second messenger binds to Akt
activating it serine/threonine kinase activity. Akt has a number of substrates
involved in the regulation of apoptosis including BAD, a BH3-only protein
that can trigger the release of pro-apoptotic molecules from the
mitochondria. Akt-mediated phosphorylation of this protein inhibits its
activity. When activated this kinase is a powerful inhibitor of apoptosis and
plays a role in the development of a number of human malignancies(78).
These kinases can function as oncogenes and Akt genes are amplified in a
number of malignancies including Ovarian and Breast cancers(93). A more
common mutation leading to increased Akt activity is loss of the tumor
suppressor PTEN (Phosphatase and Tensin homologue). This protein is a
lipid phosphatase removing phosphates from (PtdIns(3,4,5)P;) to generate
(PtdIns(4,5)P,) thus reducing Akt activation. PTEN loss is extremely
common in a variety of human malignancies(94).

Inhibitors of both PI3K and Akt are currently being tested in preclinical
and early clinical trials. Unc-01 was originally identified as a protein kinase
C inhibitor but seems to have broader specificity being able to block the
PI3K mediated activation of Akt inducing apoptosis of tumor cells and is
currently in clinical trials(95). Development of Akt inhibitors is at an early
stage, but targeting downstream mediators of receptors signaling such as Akt
is an attractive approach as therapeutic intervention at earlier points in the
signal transduction cascade would not be predicted to affect tumors
containing mutations downstream of this points in the signal transduction
cascade.
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S. REACTIVATING PS3 IN TUMORS. HDM2 AS A
THERAPEUTIC TARGET

The tumor suppressor p53 is the most frequently mutated gene in human
cancer, and encodes a transcription factor that activates a number of
biological programs that can prevent malignant transformation, most notably
growth arrest and apoptosis(96). Under normal conditions the levels of p53
are maintained by a negative feedback loop involving Hdm2. p53 induces
expression of Hdm2, which functions as a ubiquitin ligase, binding to p53
and mediating its ubiquitin dependent degradation. In response to a variety
of stresses associated with the initiation or progression of tumorigenesis, this
negative feedback loop is interrupted leading to the rapid stabilization of p53
(figure 4-3) (97). Amplification of Hdm?2 is associated with a number of
malignancies, and inhibition of Hdm2 activity is a potential therapeutic
strategy(98). Inhibition of the Hdm2-p53 interaction as a potential
therapeutic approach was first investigated with small peptides, leading to
p53 stabilization growth arrest and apoptosis(99). Peptides as therapeutics
raise the considerable difficulty of efficient delivery to tumor cells, and
ideally classical cell permeable small molecule drugs are desirable. Using a
high through-put screen for small molecules that can inhibit the p53-Hdm?2
interaction, Vassilev et. al., identified a series of synthetic cis-imidazole
analogues they termed Nutlins capable of blocking p53-Hdm2
interaction(100). Whilst historically it has been difficult to inhibit non-
enzymatic protein-protein interactions with small molecule inhibitors, crystal
structure analysis revealed that the p53 binding site of Hdm2 is a deep
hydrophobic pocket, and the inhibitors bind in this same pocket(99, 100).

As would be predicted these inhibitors are capable of stabilizing p53 and
inducing apoptosis and growth arrest of p53 positive tumor cell lines, with
the greatest effect seen on a cell line with amplified Hdm2. In contrast
although proliferation of non-transformed human and mouse fibroblasts was
inhibited when treated with one of the inhibitors (Nutlin-3), the cells remain
viable. Oral administration of this inhibitor was able to inhibit growth of a
xenograft tumor with amplified Hdm?2 by 90% (similar to the effect of
intravenous administration of the chemotherapeutic agent doxorubicin)
without obvious detrimental effects on the mouse. Although the research is
at an early stage, the development of these inhibitors opens the promise of
reactivating the tumor suppressive effects of p53 in tumors with amplified
Hdm?2. In principle targeting Hdm?2 as a strategy to elevate p53 may not be
restricted only to tumors that contain amplified Hdm?2, but any tumor
retaining wild type p53. The success in these preliminary experiments may
reflect the preference of p53 to induce apoptosis in tumor cells, whilst only
triggering growth arrest in normal cells(101).
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Figure 3. Inhibition of Hdm2 as a therapeutic strategy. The tumor suppressor p53 is regulated
by a negative feedback loop; p53 induces expression of hdm2, and Hdm2 degrades p53.
Blocking the activity of Hdm2 in tumors that retain wild type p53 can lead to apoptosis.

6. NF-KB AS A THERAPEUTIC TARGET

The NF-kB family consists of transcription factors that are defined by the
presence of a Rel domain, that specifies DNA binding properties and
interaction with the Ik-B proteins(102). In the absence of an activating signal
NF-kB is normally in the cytoplasm bound to the repressors Ik-Ba and 1k-
Bp. In response to an activating signal such as TNFa treatment, Ik-B kinase
(IKK) phosphorylates Ik-B targeting this protein for ubiquitin-mediated
degradation in the proteosome(103). This allows NF-kB to translocate to the
nucleus and activate genes typically involved in immune and immflamatory
responses, promotion of cell growth and the inhibition of apoptosis.
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Figure 4. NF-kB inhibits apoptosis. Under most conditions, NF-kB is bound in the cytoplasm
by an inhibitor I-kB. In response to activating signals, I-kB is degraded allowing NF-kB to
translocate to the nucleus activating genes that inhibit apoptosis. Inhibition of NF-kB can
enhance chemotherapeutic and radiation responses in animal models.

NF-kB has been demonstrated to play a role in oncogenesis with v-Rel
the viral homolog of c-Rel causing aggressive tumors in chickens. In human
maligancy direct activation by amplification or translocation has been seen
for c-Rel, NF-kB2 and increased NF-kB activity is often found in tumor
lines(104). In addition a number of oncogenes have been shown to require
NF-kB activity for the transforming activity. Expression of a ' Ik-B super-
repressor' that blocks activation of NF-kB, prevents foci formation by
oncogenic Ras in immortalized mouse fibroblasts and BCR-ABL driven
tumorigenesis(105).Whilst it is clear that NF-kB is involved in certain
human malignancies, what role it is playing is not as clear for this plieotropic
factor. Depending on the context, inhibition of apoptosis or growth
promotion may be the critical property, although roles in metastasis and
angiogenesis have also been postulated. Multiple studies have demonstrated
that NF-kB is anti-apoptotic, and can activate potent inhibitors of apoptosis
including IAPs and Bcl2 homologues(106, 107).
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An additional property of NF-kB that makes it an interesting molecular
target for cancer treatment is that it is activated in response to a variety of
stress signals, including radiation and chemotherapeutic agents (figure 4-4).
Inhibition of NF-kB by the use of the super-repressor enhances the effect of
radiation and chemotherapy in tumor cell lines(106, 107). Experiments in
xenograft models have confirmed this and have been extended to show that
an inhibitor of the proteosome (PS-341) can be substituted for infection with
the super-repressor(105, 108, 109). The logic here being that this agent
blocks the normal degradation of Ik-B and activation of NF-kB. Clearly a
caveat for these experiments is that the observed effects may not be the
result of modulation of NF-kB activation, as inhibition of proteosomal
degradation will lead to changes in the abundance of many proteins within a
cell. The proteosome inhibitor PS-341 has been utilized in a variety of
clinical trials and its use was stimulated in part by its ability to inhibit
activation of NF-kB(103). PS-341 (Velcade) has been successful in clinical
trials for multiple myeloma and has received accelerated FDA approval for
use a third line of therapy for multiple myeloma after phase II trial showed
that 28-38% of patients responsed to treatment(110). What importance the
targeting of NF-kB plays in the effectiveness of this treatment is unknown,
but a compound (PS-1145) that blocks the phosphorylation of IKK can also
inhibit the growth and survival of multiple myeloma cells, although less
efficiently than PS-341(111).

Other agents that can inhibit NF-kB are currently in use as cancer
therapeutics are arsenic trioxide (As;O;) and Thalidomide. As,O; is effective
in treating acute promyelocytic leukemia and is FDA approved for treated
patients with relapse, with complete responses of 85% in trials (although the
reduction in expression of a driving chimeric oncogene is likely to play a
role in the response of this leukemia to treatment)(112). It is currently being
evaluated in multiple myeloma in combination therapies(111). Thalidomide
is also capable of blocking NF-kB activation and has shown promise in
clinical trials(113-115). Caution however for all of these agents is required
in ascribing the effect to an inhibition of NF-kB as they all have diverse
effects on cell function.

NF-kB is generally thought of as a promoter of growth or survival,
however in certain contexts it can be growth inhibitory or pro-apoptotic. In
the epidermis inhibition of NF-kB leads to hyper-proliferation, cooperating
with RAS in the induction of squamous cell carcinomas (SCC), and
cytoplasmic sequestration of NF-kB has been reported in SCC of the
skin(116-118). In addition an obligatory role for NF-kB in p53-induced
apoptosis has also been demonstrated suggesting that in certain tumors
inhibition of NF-kB could potentially be counter productive(119).
Furthermore, although NF-kB can protect against radiation and certain
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chemotherapeutic drugs, NF-kB has been shown to be necessary for Taxol
induced apoptosis(120). Despite these limitations, inhibition of NF-kB
remains a promising approach for tumors dependent on NF-kB activity, or as
an adjunct treatment for radiation or chemotherapy.

7. FUTURE PERSPECTIVES

Animal models have demonstrated that oncogenes that drive the
tumorigenic process are also required for tumor maintenance and in some
cases, loss of expression of the oncogene is sufficient to eliminate the
tumor(48-53). This indicates that targeting oncogenes is a viable strategy for
the treatment of human malignancies. The success of Gleevec in the
treatment of chronic myeloid leukemia indicates that rational design of drugs
based on a good molecular understanding of the disease can be successful. It
is of note that the re-emergence of disease in some patients has indicated that
these leukemic cells retain a dependence on BCR-ABL signaling for
survival, since mutations within BCR-ABL conferring resistance to Gleevec
are common(121). The development of related inhibitors may allow a
cocktail approach that should be a more effective treatment of the disease.
The success of the treatment is due to the ability to match an effective
treatment targeted to a specific oncogenic lesion - in this case presence of the
Philadelphia Chromosome. The ability to identify patients with amplified
HER?2 in breast cancer allows identification of the patients likely to respond
to Trastuzumab treatment(75). Work with the EGFR tyrosine kinase
inhibitors further illustrate that even when a drug is effective it may be
effective in only a subset of patients, presumably with specific constellation
of oncogenic changes conferring dependence on EGFR signaling. In the case
of NSCLC described above, it seems that mutants of the EGFR with
enhanced activity predicts treatment efficacy(70, 71). This illustrates the
need for better molecular classification of many solid tumor types, to be able
to identify the underlying oncogenes that are driving the malignant
phenotype and allowing the use of therapeutics targeted to particular
oncogenes. Micro array and proteomic technologies offer the potential to
more accurately define tumor subtypes, as well matching expression sets that
are characteristic of positive responses to different targeted therapies.
Hopefully the explosion in the understanding of the molecular basis of tumor
formation and maintenance will begin to be successfully translated in better
more specific therapies for many human cancers.
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TARGETING CYCLINS TO CAUSE CANCER
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Abstract: Progression through each phase of the cell cycle is precisely controlled by the
activity of distinct cyclin-dependent kinases (CDKs) and their regulatory
subunits known as cyclins. Each cell cycle phase is characterized by specific
cyclin-CDK combinations and it is tightly controlled by complex regulatory
mechanisms that either allow or restrain its progression. Of these, cyclins play
the key role in controlling cell cycle progression, with D-type cyclins being
the sensors for environmental cues and their assembly into CDK4/6 complexes
leading to sequestration of the CDK inhibitors that ultimately allow Cyclin
E/CDK2 activation. Cyclin E is unique in its critical role in the G1/S
transition, initiation of DNA replication, and centrosome duplication,
functions that may provide the underpinnings of its role in tumor development.
Some functions, such as its oncogenic function and its ability, following its
caspase-mediated conversion to a truncated form, to regulate apoptosis and
DNA repair, seem to be independent of its nuclear localization or its
associated CDK2-kinase activity. Many cell cycle control genes, when
deregulated, can cause cells that are not dividing to enter the cell cycle and
begin to proliferate leading to cancer development. S-phase sensitization, by
modulating levels of Cyclin E, A, or CDK2 and the associated kinase activity
may provide a useful therapeutic approach. There is at present much optimism
about the possibility of finding anticancer drug treatment strategies that
modulate the activity of cyclins and their regulatory partners. This review
summarizes what is known about the biological role of cyclins, their
deregulation in cancer, and the opportunities they may provide as targets that
may improve clinical therapy.

Key words: cyclin; CDK; cell cycle control; apoptosis; genotoxic stress; drug target;
review.
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1. INTRODUCTION

The main families of regulatory proteins that play key roles in controlling
cell cycle progression are the cyclins, the cyclin dependent kinases (CDKs)
and, as their critical downstream substrates, the tumor suppressor gene
products of the retinoblastoma (pRb) and p53 (Figure 1). The cell cycle is
characterized by a highly conserved and ordered set of events, culminating
in cell growth and division. The activity of CDKs oscillates leading to the
cyclical changes in the activation of key proteins, which regulate the main
cell cycle processes: DNA replication, mitosis, and cytokinesis. G1/S-
cyclins commit cells to DNA replication, which is driven by the S-phase
cyclins, whereas mitosis is governed by M-cyclins. Progression through the
early Gl-phase is regulated by signal transduction cascades activated by
polypeptide growth factors and by extracellular matrix (ECM) components.

In higher eukaryotes, the S- and M- phases of the cell cycle are triggered
by distinct CDKs. For example, in frog egg extracts, CDK1-Cyclin B
catalyzes entry into mitosis but cannot trigger DNA replication. This
observation can be explained in two ways: either CDK1-Cyclin B fails to
recognize the key substrates of its S-phase-promoting counterparts, or
somehow its activity is regulated to prevent it from activating DNA
synthesis. A recent study has revealed that, surprisingly, the CDK1-cyclin
B1 complex has cryptic S-phase-promoting abilities that can be exposed by
its cytoplasmic to nuclear relocalization and also, by stimulating its activity.
By grafting the nuclear localization signal from Cyclin E to Cyclin B, the
chimeric protein entered the nucleus and induced DNA replication. This
indicates that subcellular localization of vertebrate CDKs and control of their
activity are critical factors that determine their specificity'. Therefore, much
of the difference between the function of different cyclins may reflect where
and when they are expressed rather than their direct effect on substrate
specificity’.
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Figure 1. Cell cycle control in mammalian cells subjected to genotoxic stress. The
mammalian cell cycle can be divided into four phases: G1 (gap phase 1), S (DNA synthesis),
G2 (gap phase 2), and M (mitosis). The main families of regulatory proteins that play key
roles in controlling cell cycle progression are the cyclins, the cyclin dependent kinases
(CDKs), CDK kinase inhibitors (CKIs), the tumor suppressor gene product p53, which is
regulated by checkpoint components such as ATM/ATR, CHK1/CHK2, pRb/pocket proteins
(p107/p130) and E2F transcription factors, responsible for the transactivation of genes crirical
for S-phase progression [e.g. Dihydrofolate reductase (DHFR) and Thymidylate synthase
(TS)]. G1/S-cyclins commit cells to DNA replication, which is driven by the S-phase cyclins,
whereas mitosis is governed by M-cyclins. Cyclin D1/D2/D3-CDK4/6 and Cyclin E1/E2-
CDK2 are responsible for progression through the G1- into S-phase. Cyclin A-CDK2 is
responsible for late S-phase progression, whereas Cyclin A-CDK1 and Cyclin B-CDK1 are
critical for G2/M control.

2. CYCLIN E IS THE CRITICAL G1/S CYCLIN

The human GI1 cyclins, the D- and E-type cyclins, were identified
functionally by screening of human cDNA libraries for sequences that could
complement G1 cyclin mutations in S. cerevisiae’®. The human Cyclin E
has several forms and splice variants, with the predominant species encoding
a 395 amino acids protein with a molecular weight of 50-55 kDa>*. Cyclin
E is essential for progression through the Gl-phase of the cell cycle and
initiation of DNA replication by interacting with and activating its catalytic
partner CDK2.
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Cyclin E, unlike any other cyclin, can complement deficiencies of other
cyclins in yeast™ and mouse’ and it has unique and highly specialized
functions. These include regulation of key steps in the initiation of DNA
replication through E2F regulation and thus of its critical S-phase target
genes, CDC6 and loading of MCM and CDC45 to replication origins. It also
regulates histone synthesis (through p220/NPAT), centrosome duplication
(through nucleophosmins), and splicing (through SAP155/SF3B1). Cyclin
E2 is believed to have similar functions®’.

A number of biological functions have been attributed to Cyclin E, based
mainly on its interaction with and phosphorylation of its substrates. Thus,
Cyclin E/CDK2 complexes have been shown to play an essential role in the
initiation of DNA replication®, in addition to the cell cycle transition™’.
While Cyclin E complexes phosphorylate pRb, which is also phosphorylated
by the D-type Cyclin-CDK4/6 complexes', it is likely that other substrates
exist during late G1. Unlike Cyclin D, Cyclin E remains essential in the
absence of pRb, since: (i) its inducible expression in fibroblasts accelerates
G1/S progression without affecting the kinetics of pRb phosphorylation'?;
(i1) unlike the D-type cyclins, Cyclin E is essential for cell-cycle progression
in pRb-deficient cells’; (iii) ectopic expression of cyclin E bypasses pRb-
mediated cell cycle arrest'™'*; and (iv) Cyclin E is required for S-phase entry
in Drosophila” and Xenopus'®. These findings highlight a fundamental
difference between the Cyclin D and Cyclin E complexes, strongly
suggesting that other key rate-limiting substrates exist for Cyclin
E/CDK2"'. Constitutive activation of Cyclin E/CDK2 results in uncoupling
of the initiation of centrosome and DNA duplication leading to unscheduled
initiation of centrosome duplication prior to S-phase entry'”.

The Cyclin E/CDK2 complex was thought to be a critical regulator of the
somatic cell cycle. Surprisingly, ablating these genes in the mouse had very
limited consequences. Embryonic fibroblasts deficient in CDK2 had normal
proliferation and become immortal after continuous passage in culture.
Cdk2-/- mice are viable and can survive for up to two years, suggesting that
CDK2 may not be necessary for proliferation and survival of most cell types.
It was found, however, to be necessary for completion of prophase I during
meiotic cell division in male and female germ cells'™". Similarly, it was
demonstrated that E-type cyclins are largely dispensable for mouse
development™. Nevertheless, in the absence of Cyclin E, endoreplication of
trophoblast giant cells and megakaryocytes is severely impaired. Cyclin E-
deficient cells proliferate normally under conditions of continuous cell
cycling but are not able to reenter the cell cycle from the quiescent GO state.
Molecular analyses revealed that cells lacking Cyclin E fail to normally
incorporate MCM proteins into DNA replication origins during GO to S-
phase progression. These findings define a molecular function for E-type
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cyclins in cell cycle reentry and reveal a differential necessity for Cyclin E in
normal versus oncogenic proliferation®’.

The dispensable function of E-type cyclins and CDK2 is puzzling. There
are two main arguments used to try to explain it. First, acute and chronic
inactivation may be quite different. The best example has been provided by
conditional inactivation of an allele of the mouse Rb gene, to model sporadic
cancers associated with inactivation of Rb in humans. It was shown that
severe loss of Rb in primary quiescent cells is enough for cell cycle entry
and has phenotypic consequences different from germline loss of Rb
function. This difference may be explained partly by functional
compensation by the Rb-related gene p107. In senescent cells, there is acute
loss of Rb, which leads to reversal of the cellular senescence. Thus, the
application of conditional knockout strategies might refine the understanding
of gene function and will be helpful to model human cancer more
precisely”’. However, at least one study may not be reconciled with this
interpretation, as removal of a conditional cdk2 allele in immortal cells may
not have a striking effect on proliferation either'®'". Another interpretation
for dispensable E-type cyclins and CDK2 is that cell division in early
embryos is different than that of somatic cells as cells move directly after
completing mitosis into DNA replication. During the somatic cell cycle, the
G1 phase has emerged as a need to inactivate the cell cycle inhibitors and
thus to drive the cell cycle”.

2.1 Transcriptional Regulation of Cyclin E

There are a number of putative binding sites for E2F in the cyclin E
promoter region, suggesting an E2F-dependent regulation”. A variant E2F
binding site is a cyclin E repressor module responsible for the periodic
down-regulation of the cyclin E promoter until the growing cells have
reached the late Gl-phase®. This site facilitates transcriptional repression
by binding to a large complex, containing E2F4, DP1, and a pocket protein,
which functions to delay the expression of cyclin E until late G1*°. pRb
forms a repressor complex with a histone deacetylase (HDAC) and the
SNF2-like (BRG1 and hbrm) component of the mammalian hSW1/SNF
nucleosome remodeling complex, starting from the end of S-phase until late
G1*. The SWI1-SNF complexes have an important role in transcriptional
regulation, altering the chromatin structure by relieving the transcription
from the nucleosome-mediated repression, thereby, opening access to the
activators of transcription. The phosphorylation of pRb by Cyclin D/CDK4
abrogates its interaction with HDAC and transactivates cyclin E and,
thereby, overcomes the G1 arrest™. Cyclin E/CDK2 can phosphorylate pRb
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or the hSW1/SNF component after Cyclin E reaches a certain level, when
the interaction of pRb-hSW1/SNF is disrupted.

Deregulation of any of the components of this transcriptional complex
could lead to the unscheduled expression of cyclin E, which is very common
in cancer cells. We and others have previously shown that constitutive levels
of several E2F1 target genes are increased in Rb-deficient fibroblasts™~.
Similarly, Cyclin E levels are increased constitutively when Rb has been
inactivated by the HPV16-E7 oncogene expression in human foreskin
fibroblasts®’.

The above reports suggest that the transcription factor responsible for
cyclin E induction might be E2F. E2F1 has been reported to be upregulated
in response to DNA damage in a manner analogous to p53, with its levels
being unchanged following DNA damage of epithelial cells with mutated
p53. In contrast, we found that cyclin E was upregulated in cells with
mutated p53 expressed either endogenously or following its stable
transfection®. Northern and run-on analyses have indicated that the cyclin E
levels induced by radiation result mostly from transcriptional regulation.
Cyclin E induction is not restricted to radiation and the hematopoietic cell
lines we have investigated. Cyclin E levels were also increased following
treatment with chemotherapeutic agents, such as the topoisomerase I
inhibitor VP16*°. In addition, we recently found that cyclin E is also
upregulated in other cell types, such as those of prostate and epithelial cell
types. Although further work is required to establish whether E2F plays a
regulatory role in radiation-induced cyclin E expression, it is quite possible
that cyclin E is regulated by different mechanism by mitogens and genotoxic
stress such as radiation. Understanding how this regulation takes place may
provide additional targets for therapy.

2.2 Post-transcriptional Regulation of Cyclins

Cyclin E periodicity is not only determined at the transcriptional level,
but it is also maintained by post-translational regulation through ubiquitin-
dependent proteolysis®'. In normal proliferating cells, Cyclin E has a short
half-life of less than 30 min, but this can be extended to more than 2 hrs by
the addition of pharmacologic inhibitors of the proteasome. Turnover of
Cyclin E by this proteasome pathway is regulated by the binding of Cyclin E
to CDK2 and also by site-specific GSK3-mediated® and auto-
phosphorylation of Cyclin E. The unbound Cyclin E is degraded by the
proteasome, and binding to CDK2 protects it from degradation. Cyclin
E/CDK2 activity reverses the stabilizing effect of complex assembly. By
site-directed mutagenesis, it has been shown that the threonine (T380A)
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mutation of Cyclin E prevents it from ubiquitin-mediated proteolytic
degradation®.

Skp2 and Fbw7/CDC4 are responsible for ubiquitin-dependent
proteolysis of Cyclin E. Skp2 was thought earlier to be the F-box protein
responsible for Cyclin E degradation since skp2 gene inactivation by
homologous recombination results in p27 and Cyclin E accumulation™**,
However, since p27 is the predominant substrate of Skp2, its accumulation
leads indirectly to the inhibition of Cyclin E/CDK2 kinase activity and
phosphorylation of Cyclin E on T380, preventing its recognition by the
Cyclin E-specific F-box protein. Instead, Fbw7, specifically targets
ubiquitin-mediated proteolysis of Cyclin E***°. The interaction of Cyclin E
with this F-box protein depends on Cyclin E phosphorylation by GSK3 on
T380* and T62 autophosphorylation®”. Some tumor cell lines that have high
levels of Cyclin E also have mutations in the Fbw7 gene or express low
levels of its mRNA, suggesting that Fbw7 may function as a tumor
suppressor’ *. Cross-talk between the regulation of cyclin E transcription
and that of Cyclin E protein stability results in fine tuning of Cyclin E levels,
emphasizing its crucial role in cell cycle regulation and predicting
deleterious effects of a constitutively high level of expression of Cyclin E, as
seen in many cancer cells.

The oscillations in CDK activities are largely determined by the levels of
their interacting partners, which in turn depend on their synthesis, through
transcriptional regulation, and proteolytic degradation. Phosphorylation by
Cyclin H/CDK7 (CAK) and Weel/Myt 1 kinases and dephosphorylation by
the KAP, Cdc25A, and PP2C phosphatase families play another important
role in the regulation of the cell cycle machinery”””*. In normal cells,
Cdc25A is negatively regulated by stress signals such as irradiation through
checkpoint-mediated ubiquitination. In checkpoint-deficient cells, Cdc25A
is overexpressed, leading to radioresistant DNA synthesis*.

23 Cyclin E as a Critical Regulator of Apoptosis

Apoptosis is a universal genetic program of cell death in higher
eukaryotes that represents a basic process involved in cellular development
and differentiation*®*’. The Bcl-2 family of proteins has been highly
conserved during evolution, with its members (24 to date) being critical
regulators of apoptosis*. Pro-apoptotic members of this family, such as Bax,
promote apoptosis by causing release of cytochrome ¢ from mitochondria
into the cytosol, with anti-apoptotic proteins, such as Bcl-2 preventing it.
Bax normally resides in the cytosol, but it is translocated to mitochondria to
promote apoptosis®’. Genotoxic stressors, such as IR, induce Bax expression
and activation®™'. Recently, it was suggested that the N-terminus of Bax
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interacts with the C-terminus of Ku70 (aa 496-609 domain) that prevents its
translocation to mitochondria and activation of apoptosis™.

Caspases are synthesized as inactive precursors, which are activated by
proteolytic cleavage to generate active enzymes. The activation of caspases
is a common and critical regulator of the execution phase of apoptosis,
triggered by many factors, including genotoxic agents, such as y-irradiation
or treatment with anti-cancer agents’'**?’. They further proteolytically
cleave proteins critical for maintenance of cellular cytoskeleton, DNA repair,
signal transduction, and cell cycle control. Once cells are committed to cell
death, apoptogenic factors, the best known of which is cytochrome c, are
released from mitochondria to initiate the caspase cascade®*”®. Cytochrome
¢ acts as a cofactor to stimulate the complexing of Apaf-1 with Caspase 9,
which then initiates activation of the caspase cascade®. There are over 300
in vivo caspase substrates, including transcription factors, kinases, enzymes
involved in DNA repair, and cytoskeletal proteins (reviewed in®'). Amongst
them are proteins essential for cell cycle regulation, such as Cyclin E*,
pr63,64’ MDM265, PITSLRE“, p21Cip1/Wafl and p27Kipl 67

Induction of apoptosis by various stimuli has been shown to require
activation of CDK2°*%) whereas forced expression of CKIs in cultured
cells®, neurons”, or during myocyte differentiation’’ prevents apoptosis.
Importantly, similar observations were made in non-cycling developing
thymocytes, in which CDK2 was activated; conversely, CDK2 inhibition
abrogates apoptosis™®. Apoptotic targets of CDKs are predicted, given
reports of an interplay between the cell cycle control processes and
apoptosis™’* and that the apoptosis regulatory proteins themselves can
directly impact on the cell cycle machinery”>”®. Inhibitors targeting CDKs
have become of great interest in cancer therapy with more than 50
compounds being evaluated for antitumor activity, some of them already in
preclinical trials”*.

Our studies have revealed that cyclin E plays an important role in
apoptosis of hematopoietic cells, in addition to its reported key regulatory
role in the control of the G1- to S-phase transition and the initiation of DNA
replication. Based on our studies**, a dual role for cyclin E in apoptosis of
hematopoietic cells has emerged (Figure 2). Initially, we found a substantial
induction of cyclin E mRNA, accompanied by increased production of
Cyclin E protein and Cyclin E/CDK2 kinase activity in multiple myeloma
and lymphoma cells following irradiation. This increase of Cyclin E levels
might be implicated in the initiation phase of apoptosis. Consistent with a
role of cyclin E in apoptosis, its overexpression in hematopoietic cells
greatly sensitizes these cells to irradiation, while its inhibition by a
dominant-negative CDK2 blocks cell death™.
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Figure 2. Cyclin E as a key determinant of apoptosis. Following genotoxic stress, activation
of Cyclin E is critical for the early phase of apoptosis targeting the mitochondria which
initiate the activation of Caspase-3. At the late stage of apoptosis, a Cyclin E derivative is
generated through caspase-mediated proteolytic cleavage of Cyclin E1. The resulting p18-
Cyclin E may trigger apoptosis by amplifying the mitochondrial death process. Also, it may
either prevent the DNA repair process or it can trigger the activation of Bax by releasing it its
from the Ku70 inhibitory complexes. Ku70 is a crucial component of Non-homologous end
joining (NHEYJ), the major pathway for DNA repair following genotoxic stress.

The consensus view has been that Cyclin E acts solely through its CDK2
associated kinase in the nucleus. However, important functions of Cyclin E,
such as its centrosome regulatory function, require its presence in the
cytoplasm. Genetic studies using mouse knock-outs have clearly indicated
that the phenotype of cdk2 and cyclin E deficiencies are quite different and
therefore cyclin E may have functions independent of cdk2*’. Moreover, its
oncogenic properties are not confined to CDK2 activation alone but rather
rely on several other, distinct functions of the protein®'

Recently, we found that the native p50-Cyclin E is proteolytically
cleaved and thus converted to an 18-kD C-terminal fragment, which
becomes the most abundant form of Cyclin E during the course of apoptosis
induced by radiation and chemotherapeutic agents, such as VP16. Cyclin E
cleavage results in abrogation of its binding to CDK2 and, therefore,
inactivation of its associated kinase activity and cell cycle function®. The
conversion of Cyclin E from a p50- to a pl18-fragment may be a general
process, as it is produced in all hematopoietic tumor cell lines we have
examined and following treatment with multiple genotoxic stress agents
which trigger apoptosis. The p18-Cyclin E, as it is generated at a later stage
of apoptosis by caspase-mediated proteolytic cleavage, might participate,
directly or indirectly, in the amplification of the apoptotic response initiated
by caspase activation. Overexpression of Bcl-2 not only prevents apoptosis
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but also completely inhibits the expression of p18-Cyclin E, indicating that
p18-Cyclin E is directly associated with apoptosis. Cyclin E is inactivated
by proteolytic cleavage, as the p18-Cyclin E, generated during apoptosis
through a more severe truncation of Cyclin E, can no longer bind CDK?2 and
thus is lacking any associated active kinase activity. Thereby, caspase-
dependent proteolytic cleavage is an additional mechanism used by
hematopoietic tumor cells to regulate the cellular functions of Cyclin E
during apoptosis. Similarly, caspase-mediated cleavage of Cyclin A2 and
Cyclin D1 induces apoptosis in Xenopus embryos following ionizing
radiation®’.

Yeast two-hybrid and mass-spec analyses have only produced p18-Cyclin
E interacting partners that have not been known to interact with Cylin E.
One of these is Ku70, a critical component in Non-homologous End-joining
Repair (NHEJ), which represents the major DNA-damage repair pathway
following genotoxic stress, such as ionizing radiation. Cyclin E interaction
with Ku70 inactivates the DNA repair machinery in cells undergoing
apoptosis™. Recently, it was reported that in addition to its role in NHEJ
repair, Ku70 has a cytoprotective function through regulation of the
mitochondrial translocation of Bax by interacting with inactive Bax in the
cytosol’>. We find that the Ku70/Bax interaction is a general process that
takes place not only in apoptosis—resistant cells, as previously suggested™,
but also in cells that readily undergo apoptosis, such as hematopoietic cells®.
In all these cells, endogenously generated pl18-Cyc E, or its ectopic
expression induces the activation of Bax by releasing Bax from the Ku70
inhibitory complex to activate apoptosis. The interaction of Ku70 with p18-
Cyclin E may provide the balance between cell death and survival in
response to a genotoxic challenge. Augmenting apoptotic responses and
minimizing DNA repair in tumor cells, while at the same time facilitating
effective DNA repair in normal cells, is the ultimate goal of clinical therapy.
Cyclin E may thus be unique in linking cell cycle control, DNA repair, and
apoptosis during the cellular genotoxic stress response.

One other mechanism that may explain the sensitivity of cyclin E-
overexpressing cells is that they display enhanced levels of the proapoptotic
proteins Bad and Bax and a significant decrease in the expression of the
antiapoptotic protein Bcl-2. As MCF7-cyclin E cells have an increased
sensitivity to receptor ligand (Fas, Apo2L/TRAIL, and TNFo) mediated cell
death, this suggests a link between expression of cyclin E, deregulation of
Bcl-2 protein and cytokine mediated cell death®.
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24 Deregulated G1/S Cyclin E Expression in Cancer

Normal cell proliferation is under strict regulation, governed by
checkpoints located at distinct positions in the cell cycle. Cell cycle
progression is controlled by two major checkpoints, one at the G1/S
boundary, when cells commit to DNA replication, with the other one at the
G2/M boundary during the commitment of cells to mitotic division®*. The
G1/S transition is regulated by the Restriction point (R point), which is a
point of no return, such that, if the cell passes that point, it no longer needs
mitogens and is committed to completion of DNA replication and the cell
cycle®. Any type of deregulation of the G1/S transition, along with the
disappearance of the R-point, is a hallmark of cancer, leading to uncontrolled
cell proliferation. The periodic appearance of Cyclin E coincides precisely
with the timing of the R point. In contrast to normal cells, mitotic cyclins
appear prior to G1 cyclins in tumor cells®. Another view is that passage
through the R point is a prerequisite for Cyclin E accumulation®. This study
found that the postmitotic G1 cells that had not yet reached R were negative
for Cyclin E accumulation, while cells that had passed R accumulated Cyclin
E at variable times (1 to 8 h) after passage through R and 2 to 5 h before
entry into S-phase.

As these cyclins and CDKs are important components of cell cycle
control and cell proliferation, alterations or mutational changes in the
expression of the corresponding genes leads to oncogenesis®’”***. Cyclin E
has been shown to be deregulated and overexpressed in several solid tumors,
including breast, colon, and prostate carcinomas,””>*>% [as reviewed]”’.
High levels of cyclin E expression have been associated with the progression
of different other tumors, such as leukemias and lymphomas.
Overexpression of Cyclin E results in accelerated G1 progression and
chromosome instability”'*”®. Transgenic mouse models with constitutive
overexpression of cyclin E develop malignant diseases indicating that Cyclin
E is a dominant oncoprotein”®’.

Although the protein is both synthesized and degraded in the cytoplasm,
it is translocated to the nucleus, where it exerts its functions. In the nucleus,
the nascent Cyclin E associates with its CDK2 partner, activating its serine-
threonine kinase activity shortly before entry into S-phase'**'"!.
Accumulation of Cyclin E in the cytoplasm either reflects increased
synthesis, decreased degradation, or failure of transport to the nucleus. Loss
or low p27 expression as well as overexpression of Cyclin E or CDK2 are
significantly associated with malignancy in ovarian cancers'®.

Levels of Cyclin E and its low molecular weight derivatives in these
tumor tissues correlate strongly with survival in these patients”. There can
be significant changes of Cyclin E or CDK2 levels during carcinogenesis.
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During progression from the primary to the lymph node-metastatic foci, the
levels of Cyclin E protein remain the same, while CDK2 levels increase
significantly'”. However, during a similar transition from the primary to the
liver-metastatic foci, Cyclin E levels are apparently reduced, and those of
CDK2 diminish almost completely. Additionally, the decrease of Cyclin E
is significantly associated with large tumor size and lymph nodal metastasis
in primary carcinomas, with large tumor size and hepatic metastasis being
strongly related to decreased CDK2 levels. Induced Cyclin E protein is
related to increased CDK2, which is further associated with Ki-67 staining.
Thus, CDK2 overexpression could facilitate lymph node metastasis and both
Cyclin E and CDK2 overexpression may trigger the progression of early
cancer.

Cyclin E is expressed at levels substantially higher that those
physiological in many human cancers and with frequent amplification of the
genomic locus at which the cyclin E gene is located (19q12-q13). In some
tumors, cyclin E gene amplification and protein accumulation are late
events, whereas in other neoplasms, the increase of cyclin E is observed
during the early stages of malignancy. Increased protein expression does not
necessarily reflect the mutations in the cyclin E gene. The question of
whether Cyclin E is merely a link in the chain of events that leads to cell
proliferation or it is the driving force for cell replication is difficult to
ascertain, as it may be tumor dependent. Elevated transcript levels of cyclins
E are found in breast, colorectal, lung, and ovary/uterus tumor samples as
compared to levels in normal tissues. Its overexpression in breast carcinoma
could pave the way for their genomic instability'**'*>. Expression levels of
Cyclin E is most likely to be elevated in breast tumors that lacked the
estrogen receptor as compared to breast tumors with the receptor and normal
breast tissue”*"'%.

The status of cyclin E expression is also important for other cancer types,
such as sarcomas, NSCLC, leukemias, and lymphomas for prognosis and
staging of tumors'”"'%. The finding that cyclin E is expressed at high levels
in several types of leukemias, chronic lymphocytic leukemia, Hodgkin’s and
Non-Hodgkin’s lymphoma'®'"’, point to a role of Cyclin E in the
development of these neoplastic diseases. Cyclin E and HPV expression
seem to also correlate very well, making thus cyclin E a good biomarker for
infection and early stage of preneoplastic lesions”’. Cervical, prostate,
breast™®, and renal cell carcinoma (65%)''" as well as leiomyosarcomas' "
exhibit high expression of Cyclin E. Cyclin E may be also used as an
independent marker in the prognosis of metastasis-free survival of lymph
node-negative breast cancer'"” as well as in hepatocellular carcinomas'"* and

testicular germ cell tumors' .
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3. CYCLIN D IN APOPTOSIS AND CANCER

Cyclin D-CDK4/6 complexes promote G1 cell cycle progression by both
phosphorylating pRb and related negative cell cycle regulators as well as by
sequestering the CDK inhibitors p21<P"V*! p27%P! and p57%P* away from
Cyclin E-CDK2. The Cip/Kip proteins also facilitate the assembly, stability
and nuclear presence of the Cyclin D1-CDK4 complexes''®. Therefore, the
main function of cyclin D, by providing a link between the cell environment
and the core cell cycle machinery, is to activate Cyclin E-CDK2. In fact,
forced expression of Cyclin E induces cell proliferation'* when Cyclin D-
CDK4/6 complexes are inactive and, when expressed from the cyclin D1
promoter, restores many of the defects of cyclin D1-deficient mice’. In cells
that are not dividing, CDK 4 is in low amounts allowing p27*" to bind and
inhibit the Cyclin E-CDK2 complex. Cyclin D1 is induced following
mitogen stimulation by c-Myc''” and NF-kB''®, activates CDK4 and
therefore sequesters p27<"' ensuring the activation of the Cyclin E-CDK2
complex'"”. Both CDK4 and CDK2 phosphorylate pRb, which releases the
E2F family of transcription factors that regulate genes important for DNA
replication, as well as cyclin E and cyclin A. Members of the pocket protein
family that includes in addition to pRb, p107 and p130'®, act as a brake
upon the cell cycle by binding to the E2Fs and inhibiting their activity.'*'
These suggest that the main role of cyclin D in cell cycle progression is to
ensure cyclin E expression.”

Similarly to E-type cyclins and CDK2, it has now been established that
D-type cyclins and their regulatory CDKs (4 and 6) are also dispensable for
cell cycle control. Nevertheless, D-type cyclins and CDK6 are critical for
expansion of hematopoietic stem cells.'”” Embryos defective for cdk4 and
cdk6 die during the late stages of embryonic development due to severe
anemia'>, similar to those deficient in all D-type cyclins'*.

As a sensor of environmental cues that activate cell cycle progression in
response to mitogenic stimuli'*’, the presence of cyclin D1 is critical for
tumorigenesis as the overexpression of Ras or Her2/Neu in mammary
epithelium lacking cyclin D1 failed to induce breast cancer'”. Cyclin D1 is
frequently found overexpressed in many human cancer types, particularly in
lung cancer’"'*®. Its abnormal levels are often consequences of chromosomal
rearrangements or gene amplification that take place in the early stages of
tumor progression. About one third of breast cancer cases have either the
cyclin D1 gene amplified or its encoded protein is overexpressed. Presence
of the estrogen receptor, together with the constitutive expression of cyclin
D1, render cells sensitive to retinoic acid treatment, evidenced by activation
of Bax, cytochrome c release, and cleavage of Caspase-9'>". Both cyclin D1
and D3 were found to be very frequently involved in IgH translocations in
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multiple myeloma. Since at least one member of the cyclin D family is
deregulated in multiple myeloma, based on the expression pattern of cyclin
D1, D2, and D3 a five-subtype myeloma classification has emerged, which
may be effectively used in predicting the tumor progression and response to
therapy'**. Moreover, many studies have confirmed the correlation between
cyclin D1 abnormal expression and chromosomal instability'>.

Cyclin D3 has been shown to be downregulated in T cell leukemias
following activation of protein kinase C by PMA leading to a G1l-phase
arrest and induction of apoptosis’™’. Both cyclin D3 and cyclin E
overexpression have been identified in Diffuse Large B-cell Lymphomas
(DLBCL; 43% and 22%, respectively)®'. Other types of cancers such as of
breast, colorectal, prostate and non small cell lung cancer (NSCLC), have
been also associated with dysregulated expression of Cyclin D and E'*%.

Interestingly, cell cycle regulation was also proven to be involved in the
apoptosis manifested in various neurodegenerative disorders such as
Alzheimer’s disease and neuronal trauma. Apparently, increased expression
of cyclin D-CDK4/6 followed by uncontrolled activity of E2Fs may lead to
neuronal apoptosis'**'**. Cyclin D1 subcellular localization may play an
important part in neuronal death and survival, the accumulation in the
nucleus taking place only in proliferating cells whereas its ectopical

expression being limited to the cytoplasm'”.  Furthermore, lowered

radiosensitivity was reported in cases of Cyclin D overexpression'*’.
Monitoring levels of Cyclin D1 may be used as a prognosis marker in
patients with advanced hypopharyngeal carcinoma'®’ or melanoma'*®.

Many studies have shown that overexpression of cyclin D1 plays a
pivotal role in tumor progression and lowering its levels by antisense may
induce remission suggesting cyclin D1 as a target for therapy.
Downregulation of cyclin D1 using an antisense approach may have
therapeutic effect at least in lung and pancreatic cancers”’’. Several
approaches in targeting cyclin D have been developed: modulation of
mRNA translation by desferroxamine'*’, eicosapentaenoic acid'*', post-
translational modifications (through ubiquitination and proteasomal
degradation)'*”, or enzyme function (through selective CDK kinase

inhibitors)''*'*.

4. CYCLIN A IN APOPTOSIS AND CANCER

Cancer onset and progression is frequently associated with disregulation
not only of the E-type cyclin/CDK2-interacting partners but also of cyclin A.
There are two A-type cyclins that are active in late S and early G2/M. While
the role of the Cyclin A/CDK2 is best understood, recent studies suggest that
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Cyclin A-CDK1 may also be involved in DNA replication because of its
interaction with and phosphorylation of the Flap endonuclease 1 (Fenl), a
key enzyme of the DNA replication machinery'*. Absence of cyclin Al
leads to sterility in male mice due to cell cycle arrest in spermatocytes during
meiosis, followed by apoptosis'*>'*’. Myelocytic leukemias, particularly the
ones at the promyelocyte and myeloblast stages of development overexpress
Cyclin A1,

Cyclin A2 deficiency is embryonic lethal ™. Its levels go up during S-
phase and then drop following its proteasomal degradation before
metaphase. During S-phase, it plays an important role in ensuring that DNA
replication takes place only once per cell cycle. However, its role during
mitosis has not been unequivocally established yet. While Cyclin A2 is
predominantly localized in the nucleus, its cytosolic overexpression may
lead to aneuploidy and transformation even in the absence of viral or Ha-ras
influence'*. On the other hand, Cyclin A-dependent kinase translocates to
the cytoplasm following UV-induced apoptosis in proliferating mouse
mesangial cells, a mechanism which is p53-independent'.

One of the factors that lead to its deregulation is the transforming activity
of viruses. For example, Epstein-Barr virus nuclear antigen 3C transforms
primary B cells by binding to Cyclin A, enhancing the activity of its binding
partner, CDK2, and inducing the phosphorylation of pRb."”" Furthermore,
integration of hepatitis virus B in the cyclin A gene intron and its disruption
may contribute to transformation'>*.

E2F1 in particular serves as the primary link between loss of pRb
function and activation of p53-dependent apoptosis' . E2F1 plays a central
role in signaling disturbances in the pRb growth control pathway by
upregulation of Chk2 and p53 phosphorylation but which also require the
DNA damage response proteins ATM and NBS1. E2F1 induced by DNA
damage can bind to and promote the apoptotic function of p53 via the cyclin
A binding site of E2F1. Cyclin A, but not Cyclin E, prevents E2F1 from
interacting and cooperating with p53 to induce apoptosis. However, in
response to DNA damage, cyclin A levels decrease, with a concomitant
increase in E2F1-p53 complex formation'>*. Overexpression of cyclin A in
breast cancer cells (MCF-7) interferes with the apoptotic function of p53'.

Deregulated expression of cyclin A has been reported in several tumors.
Cyclin A as well as Cdc2 plays a key role in the progression of thyroid'>®
and hepatocellular carcinoma'”’. Prognosis of endometrial carcinoma'™®,
renal cell carcinoma'”, colorectal'® as well as NSCLC carcinomas'®'*? and
soft tissue sarcomas'® may be assessed from the expression levels of cyclin
A. Adhesion of cells to extracellular matrix plays an essential role in the
regulation of cell proliferation. Cyclin A levels increase following
engagement of CD44 surface matrix receptor by anti-CD44 antibodies
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followed by an apoptotic phenotype which was reverted by cyclin A
antisense oligonucleotides, suggesting again the role of cyclin A in
apoptosis'**.

Increased levels of cyclin A2 in colorectal cancer have been associated
with progression from early dysplasia to adenoma and carcinoma, further
metastasis to the liver correlating with lower expression levels'®. Moreover,
elevated levels of cyclin A correlate with poor prognosis and relapse of
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primary breast carcinomas " and superficial spreading melanomas ',

S. CYCLIN B IN APOPTOSIS AND CANCER

Targeting the G2/M transition has been based on the observations that it
represents the phase of the cell cycle when cells are most sensitive to
therapeutic intervention with DNA-damaging agents, such as radiation.
Also, in most tumor cells G2/M provides the main checkpoint by arresting
the irradiated cells and its deregulation can further sensitize cells to therapy.
Cyclin B plays a critical role in the cell cycle by regulating mitosis, and thus
chromosome condensation, nuclear envelope breakdown, mitotic spindle
assembly, and chromosome attachment to the microtubules. Intracellular
localization of Cyclin B1 plays an important role in Cyclin B1-dependent
apoptosis, as its nuclear expression is essential for DNA-damage-induced
apoptosis whereas its nuclear export renders cells resistant'®. Two types of
cyclin B have been identified in mammals. Whereas cyclin B2-null mice
undergo a normal development, cyclin Bl proved to be lethal'®. The
expression of cyclin B and its interacting partner CDK1 is essential for the
progression through the M-phase of the cell cycle. However, its unscheduled
expression in the early and late stages of G1 in MOLT-4 leukemia and breast
cancer cells may play a role in apoptosis and pathogenesis of the disease' ™.

Nucleoside analogues induce irreversible arrest at the G2/M checkpoint
by increasing the levels of the CDC2-cyclin B inhibitor p21P"/Wet 17!,
Commonly used drugs in cancer therapy, taxol'”*'”* and paclitaxel'”, cause
accumulation of Cyclin B1 as well activation of CDK1, inducing cell-cycle
arrest and eventually trigger apoptosis. Cyclin A and B1 have been found to
be overexpressed in tumors such as those of colorectal cancers'”” and
astrocytoma'’°. Moreover, Cyclin B1 may be associated with the progression
from Helicobacter pylori-induced gastritis to mucosa-associated lymphoid
tissue lymphoma'”’ and in squamous non-small cell lung carcinoma'”.
Cyclin B-CDC2 activity has also a key role in the exit of cells from the
G2/M arrest following ionizing radiation in an acidic environment'”. The
sensitivity of hematopoietic cells to radiation may depend on the levels of
nuclear Cyclin B1 expression'® in several mouse and human hematopoietic
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cells (Ramos, DP16, HL60, thymocytes) undergoing radiation-induced
apoptosis. Its overexpression induces apoptosis, that can be suppressed by its
antisense inhibition™. The nuclear retention of the Cyclin B1/CDKI
complex in response to genotoxic stress'®' or its activation may lead to
apoptosis and to mitotic catastrophe after ionizing radiation in p53-deficient

epithelial cells'®.

6. CELL CYCLE-BASED SENSITIZATION OF
TUMORS

The deregulation of cell cycle checkpoints and the molecules associated
with them may transform a normal cell into a cancer cell. This most often
occurs by interfering with the basic cell cycle regulatory machinery to
activate cell cycle entry that leads to deregulation of the cell cycle in
dividing somatic cells. Finding anticancer drug treatment strategies tailored
to modulate specific cell cycle components in particular tumors is of great
interest. Candidate targets for such strategies include critical cell cycle
molecules involved in the G1 to S phase or G2 to M phase transitions'* ™.
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Figure 3. Therapeutic approaches for targeting Cyclin/CDKs in tumors. A number of
pharmacologic inhibitors are generated targeting the cyclins/CDKs at different phases of the
cell cycle and several of them are in preclinical trials. Most of the inhibitors prevent the
activity of more than one Cyclin/CDK. The effect of Cyclin E can be blocked by the
expression of a dominant-negative (dn) CDK2 which may constitute another therapeutic
approach to target Cyclin E.
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S-phase sensitization through G1/S Cyclin or E2F deregulation could be
an effective therapeutic approach. Most tumor cells are characterized by
aberrations in cell cycle controls primarily incurred through inactivation of
pRb by the phosphorylation induced hyperactive CDKs or inactivating viral
proteins'®.  Clearly, Rb-deficiency allows cells to progress into S-phase
inappropriately, conditions under which they are vulnerable to chemo and
radiotherapy'®’. Rb deficiency leads to increased expression of E2F target
genes that include cyclin E. Increasing levels of cyclins using proteasome
inhibitors and thus sensitize target cells has been also used effectively to
target S-phase cyclin complexes as an effective therapeutic approach to
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induce apoptosis .

6.1 CDK Inhibition as a Therapeutic Approach

Uncontrolled CDK activity is often the cause of human cancer. The
function of CDKs is tightly regulated by cell-cycle inhibitors such as
p21CP"Watl and p27%P!. Following DNA damage or anti-mitogenic signals,
p21 and p27 associate with Cyclin-CDK complexes to inhibit their catalytic
activity and induce cell cycle arrest. Loss of function of these genes are
often observed in different types of human cancers'**'*’. Molecular targeting
of the p21 and p27 inhibitors has been reported in epithelial cells. Thus,
cleavage of p21“P"V*! and p27%"®' releases cyclin A-CDK2 from inhibition
raising its expression levels and induces apoptosis®'**'!. Interestingly,
recent findings indicate that p21 and p27 might have additional novel
functions that are unrelated to their inhibitory properties, but rather to their
transcriptional targets or their cytoplasmic relocalization'*”.

Deregulation of the cell-cycle components is one of the hallmarks of
neoplastic cells'"”. However, the most common chemotherapeutic agents
used to prevent the growth of cancer cells are also toxic to normal cells. In
order to identify a novel cell cycle target that would be selective against
cancer cells, determination of the expression pattern as well as the
mechanism of the target in normal versus tumor cells will have to be pursued
so that therapeutic application of that target could be achieved. Genetic
abnormalities of CDKs (e.g.1, 2, 7), Cyclins (e.g. A and E) and CKlIs (p21
and p27) have been reported in human cancers. Enforced perturbations of
CDKs and their interacting partners can enhance neoplastic transformation
and, thereby, making them extremely attractive targets for cancer therapy
(Figure 3).

Structural studies of cyclins and CDKs have revealed that CDKs provide
suitable drug targets given their more rigid structure and identifiable
domains, such as that responsible for ATP-binding. In contrast, cyclins have
a highly flexible structure that is not amenable for target developmentl%’194
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Inhibitors targeting CDKs have become of great interest in cancer therapy
with more than 50 compounds being evaluated for antitumor activity, some
of them already in preclinical trials””'*’. These inhibitors either target the
CDKs themselves, through their ATP-binding site, or their upstream
regulators. The first group includes include flavopiridol and roscovitine, the
second UCN-01, perifostine, and lovastatin'*®.

Flavopiridol, which has now reached Phase III clinical trials, shows
clinical efficacy when either used alone or in combination with standard and
novel chemo- or radiotherapeutic modalities®. Leukemia and myeloma cells
are particularly sensitive to flavopiridol, regardless of their origin, type, or
resistance to agents that act by damaging DNA that include radiation”.
Flavopiridol potently triggers apoptosis in small cell lung cancer'®’. It can
be also combined effectively with PMA, deacetylase inhibitors'®® and
Apo2L/TRAIL'’, a tumor-specific cell death ligand expected to go soon into
clinical trials'”®. Synergism with conventional cytotoxic agents may be
related to the agents used and the sequence of treatment. Nevertheless, pre-
treatment with flavopiridol has been shown to recruit leukemia cells into a
proliferative state thus priming them for S-phase related cytotoxicity of
nucleoside analogues, such as ara-C'”’. A similar mechanism may be
responsible for its combination with CPT-11 or its active metabolite, SN-38
known to be also active in S-phase cells. SCLC cells are particularly
sensitive to flavopiridol in S-phase'®. Flavopiridol may also influence the
cellular radioresponse through inhibition of DNA repair*”’, possibly through
repression of gene transcription””’, including that of the DNA repair gene
KU70%" and antiapoptotic proteins®”. It may also do so by suppression of
phosphorylation of at least one of these proteins, surviving”*.

Indolinones, UCN-01, and paullones, are currently tested in clinical
trials’*'®.  While demonstrating clinical activity, neither acts specifically
only against CDK2. Other more specific CDK2 inhibitors are currently in
preclinical development®2"’. These include purine based CDK inhibitors,
such as olomoucine, purvalanols, and roscovitine, that display greater
selectivity for CDK1, 2 and probably 5. Novel derivatives, such as R-
roscovitine (CYC202) show great promise’®. The efficacy of these
inhibitors may not be the result of their CDK-inhibitory activity alone but
also their effect on transcription of CDK complex components, such as
Cyclin D1 as well as apoptotic regulators’”.

A novel class of therapeutics comprises inhibitors of the proteasome
(bortezomib) which lead to accumulation of Cyclin A and B, G2/M arrest
and induces apoptosis in lung cancer cell lines'®. Another new emerging
compound with antitumoral activity is a fusion protein made up of a Cyclin
A-CDK2 binding peptide and an F-box protein, which targets the complex to
ubiquitination and proteasomal degradation. This leads to a decrease of
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Cyclin A and CDK2 levels followed by apoptosis both in vivo and in vitro
with no significant toxicity to normal cells. Apparently the down-regulation
of Cyclin A is key for the cytotoxic activity. However, decreasing the
expression of both Cyclin A and CDK2 causes the highest cytotoxic
effect’”. Previous studies have shown that such Cyclin A-CDK2-binding
peptides induced apoptosis by further deregulating E2F expression®'’. Thus,
an S-phase checkpoint seem to be activated that involves E2F, whose DNA
binding function is in turn negatively regulated by Cyclin A*''"?". A
different type of CDK2-Cyclin A antagonists (which do not block the ATP
site) bearing the RXL peptidic motif were found to selectively induce
apoptosis in cells in which pRb and Cyclin D were deregulated”'*.

7. CONCLUSIONS

A large body of evidence, only partly reviewed here support the case for
the need for targeting cell cycle regulators, particularly those implicated in
the pRb pathway for clinical therapy. Both small molecule inhibitors as well
as molecular approaches for inhibition of cyclins and CDKs are being
pursued. However, expression of not just a particular cyclin but of several if
not may be important for some tumors, making the case that developing
specific small molecule inhibitors may not be so critical. Thus, advanced
malignancy in head and neck squamous cell carcinomas has been associated
with elevated levels of Cyclin A, B1, and E expression®””. Expression of
dominant negative mutants of CDC2, CDK2, and CDK3 in HeLa cells
inhibited apoptosis induced by TNFa and staurosporine’’. Expression of
cyclin A, B, and D1 have been downregulated by flavopiridol which impairs
the CDK activity but also has a positive influence upon induction of
apoptosis. Inhibition of cyclin A-dependent kinase leads to a persistent
activity of E2F1 transcription factor which sensitizes cells to flavopiridol-

induced apoptosis®'®.
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Chapter 7

APOPTOSIS INDUCTION BY TUMOR-
TARGETED TOXINS

Andrew Thorburn
Wake Forest University

Abstract: Tumor cell-targeted toxins are recombinant proteins that consist of a targeting
domain that preferentially recognizes tumor cells and facilitates entry of the
protein into the target cells with a bacterial or plant toxin that kills the tumor
cells. A large number of toxins targeted against different kinds of tumor cell
have been developed in recent years and the first such toxins are approved for
use against specific cancers. In most cases, targeted toxins kill their target
cells by inducing caspase-dependent apoptosis. However the mechanism by
which the apoptotic machinery is activated may differ with different toxins
and in different cell types. Moreover, recent work shows that the same toxin
can kill different kinds of tumor cells through different molecular mechanisms.

Key words:  Diphtheria toxin, tumor cell targeting, caspases, caspase-independent.

1. INTRODUCTION

Despite improvements in cancer treatment in recent years some tumors
remain stubbornly resistant to available therapies. Even where useful
treatments currently exist many patients respond poorly creating a
continuing need to develop and understand the mode of action of new
therapies that are targeted against particular tumor types. Tumor cell-
targeted toxins represent one such kind of therapy and have been developed
to treat a variety of tumors including various kinds of leukemia and
lymphomas, indeed the first FDA approved targeted toxin, ONTAK, which
consists of a diphtheria toxin fused to IL-2 has been used successfully to
treat cutaneous T-cell lymphoma '. Promising results have also been
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obtained treating solid tumors especially brain tumors where the toxin is
delivered directly to the tumor tissue. Targeted toxins that have been
developed for brain cancers using targeting domains that react with receptors
that recognize Interleukinl3, transferrin, urokinase and 1L4 3 Intratumoral
administration of these agents can result in tumor regression and clinical
remissions in glioblastoma multiforme patients that can last for years > °.
This finding is encouraging because glioblastoma multiforme patients have a
dismal prognosis even with aggressive radiation, chemotherapy and surgical
treatments with median survival of only about 9 months and a five year
survival rate of ~1% °.

Targeted toxins are fusion proteins that combine a targeting molecule,
which selectively binds to and enters tumor cells, with a toxin that kills the
target cells. Tumor cells selectively take up the fusion protein through
receptor-mediated endocytosis, the toxin portion is released from the
endosome into the cytoplasm and the toxin kills the cell. Different kinds of
targeting protein can be used including antibodies that recognize tumor cell-
specific epitopes or growth factors that bind to cell surface receptors ’
Toxins are derived from bacterial pathogens (e.g. diphtheria toxin, DT, or
Pseudomonas exotoxin A, PE) or plants (e.g. ricin). These toxins block
protein synthesis by different mechanisms. Ricin cleaves ribosomal RNA to
disrupt the ribosome whereas DT and PE ADP-ribosylate the translation
elongation factor 2 to prevent protein synthesis. The molecular mechanisms
through which targeted toxins kill are incompletely understood *. In this
chapter, we will review how these agents work and discuss how the
differences in mechanism between tumor cell types, differences between
different kinds of toxin and combinations of toxins and other agents may
allow us to design tailored cancer treatment strategies.

2. TARGETED TOXINS CAN INDUCE CASPASE-
DEPENDENT APOPTOSIS

Because the toxin molecules (DT, PE or ricin) that have been used to
make targeted toxins inhibit protein synthesis and protein synthesis is an
essential cellular activity, it seems obvious that the target cells should die in
response to the toxin. However mechanistic studies on the way that tumor
cells die when treated with these agents has provided several surprises. For
example, toxins that inhibit protein synthesis by different mechanism can kill
cells by distinct mechanisms suggesting that the way toxin-treated cancer
cells die is determined not by the lack of protein synthesis but rather by the
way that protein synthesis is inhibited. The best evidence for this arose from
a non-biased screen to identify inhibitors of toxin-induced apoptosis.
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Genetic selection for cDNAs that confer resistance to PE led to the isolation
of specific cDNAs that could prevent PE-induced apoptosis °. These cDNAs
also confer resistance to DT, but not ricin. One cDNA encoded an antisense
fragment of cellular apoptosis susceptibility gene (CAS). Down regulation
of endogenous CAS was responsible for resistance to toxin-induced
apoptosis. However, CAS antisense had no effect on ADP-ribosylation or
inhibition of protein synthesis '’. Because CAS antisense blocks apoptosis
by only some protein synthesis inhibitors and has no effect on protein
synthesis inhibition itself, these data suggest that a toxin’s ability to induce
apoptosis depends on its mechanism of action rather than its ability to inhibit
protein synthesis per se. As discussed below this theme, whereby different
toxins seem to kill cells through different mechanisms even when all the
drugs inhibit protein synthesis is becoming a common refrain in this field.
These complexities provide scientific interest from a purely basic
perspective— why would cells respond differently when two agents inhibit
protein synthesis by different methods? Why do two different cells respond
differently when the same agent inhibits protein synthesis? Moreover, they
may also provide opportunities to maximize the anti-tumor effect when used
clinically.

Targeted toxins can induce apoptosis as shown by caspase activation in
the dying cells and classical apoptotic morphology ''. This raises the
question of which apoptosis signaling pathways are activated in the tumor
cells. We possess a relatively sophisticated understanding of the apoptotic
machinery '> at least as regards caspase activation. Apoptotic caspases
include “initiator caspases” (caspase-2, -8, -9 and -10) that start an apoptotic
cascade and “effector caspases” (caspase-3, -6 and —7) that disassemble the
cell. Caspases cleave specific substrates at a few sites ° to alter the activity
of the target protein resulting in the apoptotic phenotypes. Two main
pathways leading to caspase activation have been characterized '*.

The extrinsic or death receptor pathway is activated by receptors of the
Tumor Necrosis Factor Receptor superfamily '°. These receptors contain an
intracellular protein interaction domain called a death domain (DD) and
induce apoptosis by forming a multiprotein complex called the Death-
Inducing Signaling Complex (DISC). Upon ligand binding, activated death
receptors recruit an adapter protein called Fas Associated Death Domain
protein (FADD) '*. FADD consists of two protein interaction domains: a
DD and a death effector domain (DED). The DED interacts with a DED on
the initiator procaspase-8. FADD binds to the Fas and TRAIL receptors
(DR4 and DRSY) receptor through interactions between the two death
domains and activities that are regulated by the DED ' ', This complex
recruits the inactive pro-form of caspase-8. Aggregation of caspase-8 leads
to dimerization, which activates protease activity '°>'. For a recent review,
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see 2. Initiator caspases activate effector caspases such as caspase-3 causing
the cell to undergo apoptosis by cleaving specific substrates .

Diverse stress pathways cause release of mitochondrial proteins to
activate the other well known apoptosis pathway— the “intrinsic” pathway .
A defining characteristic of this pathway is that anti-apoptotic members of
the Bcl-2 family such as Bel-2 and Bcel-xL inhibit caspase activation and
apoptosis induced by stimuli that work through this pathway. Protein release
occurs through mechanisms that are still unclear **. Released cytochrome ¢
(cyt c) interacts with Apaf-1, pro-caspase 9 and dATP to form a complex
called the apoptosome »°. This complex dimerizes and activates caspase 9,
which then activates effector caspases to induce apoptosis. Other released
proapoptotic mitochondrial proteins include Apoptosis Inducing Factor
(AIF) *°, Smac/Diablo > ** and Endonuclease G * and Omi/HtrA2 **¥.
Death receptors can activate the intrinsic pathway through cleavage of Bid,
which translocates to mitochondria ** providing a link between the extrinsic
and intrinsic apoptosis pathways.

3. TARGETED TOXINS ACTIVATE DISTINCT
APOPTOTIC PATHWAYS

Targeted toxins can activate caspase 3-like activities that cleave known
caspase substrates such as Poly(ADP) ribose polymerase (PARP) *> .
Furthermore, PE-immunotoxin-induced apoptosis was inhibited and cell
viability increased by treatment of T cell leukemia cells with a caspase
inhibitor, z-VAD.fmk **. Diphtheria toxin fusions with GMCSF can activate
caspases in myeloid target cells ' *’, even when these cells display multi-
drug resistance to other chemotherapeutic agents *’. These data suggest that
caspase activation is an important aspect of targeted toxin-induced cell death
however they do not determine which caspase activation pathway (intrinsic,
extrinsic or another pathway) starts the process. A clue comes from
experiments where Bcl-2 was overexpressed in MCF7 breast cancer cells
and inhibited a PE-fused immunotoxin from inducing apoptosis .
However, while this result suggests that mitochondrial dysfunction is
important in the response, these data do not discriminate between direct
activation of the intrinsic pathway and activation after activation of the
extrinsic death receptor pathway. Indeed, other data suggest that components
of the extrinsic pathway may be important in toxin-induced tumor cell death.
In myeloid leukemia cells, treated with a GMCSF-targeted diphtheria toxin
protein both caspase-8 and caspase-9 were activated by the toxin. However,
caspase-8, not caspase-9, was the apical caspase responsible for initiating the
apoptosis pathway because while caspase-9 inhibition did not affect cell
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death, caspase-8 inhibition prevented subsequent caspase-9 activation,
effector caspase activation and cell death ''. The involvement of caspase-8
in toxin-induced death suggests that other components of the extrinsic
pathway may be involved and this was confirmed by the finding that the
adaptor protein FADD was required for GMCSF-DT-induced apoptosis.
However, inhibition of death receptor signaling had no effect on toxin-
induced death suggesting that this effect does not involve the death receptors
themselves ''. These data suggest that the targeted toxin may be able to
activate the death receptor machinery but through a mechanism that is
independent of receptor activation.

4. THE SAME TARGETED TOXIN CAN KILL
DIFFERENT TUMOR CELLS BY DIFFERENT
MECHANISMS

Different types of cancer sometimes overexpress the same receptor. For
example the Epidermal Growth Factor (EGF) Receptor is expressed in many
epithelial tumors such as breast cancer and is also frequently overexpressed
in other tumor types such as glioblastoma. This allows one to study the
mechanism of killing by the same targeted toxin in different tumor cell
types. Recent unpublished work from our group shows that an EGF-
diphtheria toxin protein kills epithelial tumor cells by activating caspases
that lead to classical apoptosis with its associated hallmarks such as
membrane blebbing and fragmentation into apoptotic bodies. The same toxin
also kills glioma cells ** **. However we do not detect caspase activation in
glioma cells, which die without showing the hallmarks of caspase-dependent
apoptosis. Moreover, unlike epithelial cells, caspase inhibitors do not affect
EGF-diphtheria toxin-induced glioma cell death. These data indicate that
different tumor cell types can activate different cell death pathways when
treated with a targeted toxin. This result is interesting from a basic
mechanistic perspective because it again implies that it is not the fact that
protein synthesis is inhibited but rather the way that it is inhibited that
regulates how the cells die. More importantly, these data also suggest that
different tumor types may respond optimally to combinations of toxins with
other agents and could develop different resistance mechanisms. For
example, tumor cells that undergo classical apoptosis may develop resistance
by inactivating caspases or other components of the extrinsic or intrinsic
pathways while this would have no effect in glioma cells.
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5. TARGETED TOXINS SYNERGIZE WITH OTHER
ANTI-CANCER DRUGS

Targeted diphtheria toxins have been shown to synergize with standard
chemotherapeutic agents such as AraC *’. Other protein synthesis inhibitors
such as ricin did not synergize with AraC in these studies providing yet more
evidence that the way that the toxin works is more important than the fact
that it inhibits protein synthesis in determining how it kills cells. Targeted
toxins can also synergize with other targeted toxins. For example, EGF-
targeted diphtheria toxin can synergize with IL13-targted pseudomonas
exotoxin to kill glioma cells that possess both receptors .

Recent unpublished work from our group also demonstrates synergy with
other “targeted” anti-cancer therapeutics. In this case we showed that
combining EGF-targeted diphtheria toxin with an antibody that activates the
TRAIL receptor DRS led to synergistic cell killing. Interestingly, when the
combination was used to treat glioma cells, which as mentioned above do
not activate caspases in response to the toxin on its own, robust caspase
activation occurred. Thus at least in the case of some tumor cell types,
combining a targeted toxin with another anti-cancer agent can not only
increase the amount of tumor cell death but can also change the way that the
cells die. This could have practically important consequences for cancer
therapy. One difference between classical, caspase-dependent apoptosis and
other forms of cell death is that caspase-dependent apoptosis is associated
with reduced inflammation. This might be good or bad depending on the
circumstances. Tumor cell killing with increased inflammation might be
more effective at reducing tumor burden because it stimulates host immune-
mediated anti-tumor responses, which may work better when the tumor cells
die by caspase-independent mechanisms *'. In other situations, effects
associated with increased inflammation such as tissue swelling might cause
serious problems. This problem may be more important in specific tissues.
For example, inflammation in subcutaneous tissues might be less
problematic than inflammation and swelling in the brain.

6. SUMMARY

Targeted toxins have been shown to be effective anti-tumor agents in
many preclinical models and are displaying efficacy in clinical trials and
making their way into the clinic as approved drugs. These agents often but
not always work by inducing caspase-dependent apoptosis, which at least in
some cases appears to be achieved through activation of the death receptor
signaling pathway but is also affected by Bcl-2 proteins. However, different
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toxins activate different cell death pathways and even the same toxin can
activate different signaling pathways that lead to cell death in different cells.
These complexities make it difficult for us to work out how any given toxin
works and suggests that it may not be feasible to extrapolate based on one
kind of toxin or one tumor type to determine how any particular toxin works
against any particular tumor type. Added complications come from the
finding that some toxins synergize with standard chemotherapy agents and
with other targeted therapies such as TRAIL receptor agonists and that
different targeted toxins can even synergize with each other in some but not
all tumor cells. Further understanding of how these agents work should
allow us to improve their use as anti-cancer treatments.
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TARGETING CELL-DEATH PATHWAYS IN
MULTIPLE MYELOMA: THERAPEUTIC
IMPLICATIONS

Dharminder Chauhan, Ph.D and Kenneth Anderson, M.D.
The Jerome Lipper Multiple Myeloma Center, Department of Medical Oncology, Dana
Farber Cancer Institute, Harvard Medical School, Boston, MA 02115

Abstract: Multiple myeloma (MM) remains fatal despite available therapies. The
median survival of MM patients is 3-4 years with standard therapy and 4-5
years with high dose and transplantation therapy. Drug resistance occurs
despite the use of novel anti-MM therapies. = Mechanisms conferring
chemoresistance include chromosomal abnormalities, the interaction of MM
cells with their bone marrow (BM) microenvironment, and defects in apoptotic
signaling pathways. Delineation of cell death and growth cascades using both
genomics and proteomics provides the rationale to inhibit growth and/or
amplify apoptotic signaling in MM cells, in order to enhance anti-MM activity
of available therapies, prevent development of drug resistance, and improve
patient outcome in MM.

Key words: ~ Multiple Myeloma; apoptosis; growth; drug-resistance; novel therapies

1. INTRODUCTION

MM cells primarily localize in the BM, where various cytokines promote
MM cell growth, survival, and prevent the cytotoxic effects of chemotherapy
(1, 2). In particular, adhesion of MM cells to BM stromal cells (SCs) trigger
transcription and secretion of cytokines, such as interleukin-6 (IL-6), and
Insulin-like growth factor-I1 (IGF-I), and vascular endothelial growth factor
(VEGF), which not only trigger proliferation of MM cells, but also inhibit
drug-induced apoptosis of MM cells (3-9). The mechanisms whereby MM
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cells lose their ability to undergo apoptosis in response to chemotherapies
involve constitutive activation of cellular proliferation pathways, as well as
inhibition of cell death machinery. Delineation of both cytokine-induced
growth cascades and chemotherapy-triggered apoptotic signaling pathways
provides the rationale for combining anti-tumor agents to specifically target
these signaling cascades, thereby inhibiting growth and amplifying apoptotic
signaling.

Apoptosis or programmed cell death (PCD) is characterized by distinct
morphological changes including membrane blebbing, nuclear condensation,
appearance of apoptotic antibodies, and oligonucleosomal DNA (10-13).
The induction of apoptosis involves activity of aspartate specific cysteine
proteases or caspases (cysteinyl, aspartate-specific proteases), which can
either inactivate or activate target substrates by proteolytic cleavage (14).
Initiator caspases undergo autocatalytic processing, and then cleave and
activate the downstream executioner caspases that orchestrate cell death
(15). Other well known cellular targets of caspases includes poly (ADP
ribose) polymerase (PARP) and DNA-dependent protein kinase. Direct
evidence for involvement of caspases in apoptosis is derived from studies
with baculovirus protein p35, which directly inhibits cysteine proteases and
blocks activation of apoptosis (12, 13). Genetic and biochemical evidence
indicates that apoptosis proceeds by two major cell death pathways: an
intrinsic pathway that involves mitochondrial membrane permeabilization
and release of several apoptogenic factors, such as cytochrome-c (cyto-c)
(16, 17), Smac/DIABLO (18, 19), AIF (20), EndoG (21) and HtrA2/Omi
(Suzuki 2001); and an extrinsic apoptotic signaling pathway that occurs
primarily via caspase-8 activation.

Recent studies have shown that various anti-MM drugs induce apoptosis
via both a mitochondria-dependent and mitochondria-independent manner;
however, these signals converge to common downstream pathways (22, 23)
(Figure 1). Anti-MM agent commonly trigger alterations in mitochondrial
transmembrane potential (Deltapsim, Wm), activation of caspase-8, caspase-
9, caspase-3 and PARP cleavage (22); however, these agents induce
differential upstream signaling pathways. For example, Dex-induced
apoptosis is independent of c-Jun NH2-terminal kinase (SAPK/INK)
pathways, whereas proteasome inhibitor or irradiation-induced apoptosis
requires JNK activation (24). In addition, various anti-MM agents
downregulate signaling pathways related to growth (Ras-Raf-MAPK;
nuclear factor-kappa B (NF-kB), anti-apoptosis or drug-resistance (PI3K-
Akt, BCL2, IAPs), and angiogenesis (PI3K-PKC) (23, 24). Together, these
findings suggest that inhibition of apoptotic signaling is associated with
downregulation of growth and survival signaling, and that therapeutic
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strategies combining two or more agents that simultaneously target these
signaling pathways will have enhanced anti-MM activity.
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Figure 1. Diverse apoptosis-related signaling in MM cells. Bortezomib/PS-341-or 2ME2
induces activation of JNK, which translocates to mitochondria and facilitates the release of
cyto-c and smac. Conversely, inhibition of JNK using dominant-negative (DN)-JNK or a
biochemical inhibitor SP600125 abrogates cyto-c/smac release and apoptosis. In contrast to
Bortezomib or 2ME2, Dexamethasone (Dex)-induced apoptosis is independent of JNK
activation and accompanied by smac, but not cyto-c release (regular arrows: 2ME2 or
Bortezomib-induced signal; dashed arrows: Dex-induced signal). Thalidomide and Revlimid
(immunomodulatory agent) triggered-apoptosis is associated with activation of caspase-8.

2. MODULATION OF MITOCHONDRIAL
APOPTOTIC SIGNALING

Mitochondria regulate generation of metabolic energy in the form of
ATP, and have a well-established role during apoptosis (25). The
mechanisms mediating cytochrome-c (cyto-c) release into the cytoplasm
during apoptosis remains unclear; however, its been linked to the
antagonistic activities of Bcl2 family members of proteins (26, 27). Once



192 Chapter 8

released into the cytoplasm from mitochondria, cyto-c binds to Apaf-1,
which self-oligomerizes and recruits pro-caspase-9 to form apoptosome
complexes, thereby allowing for autoprocessing of pro-caspase-9, with
subsequent cleavage and activation of caspase-3 (28-30). Our studies in MM
cells have shown that anti-MM agent-induced apoptosis is not always
associated with activation of both caspase-8 and caspase-9. For example, our
preclinical data showed that Thalidomide and Revlimid (immunomodulatory
drug) trigger caspase-8 activation in MM cells (31, 32), whereas
Dexamethasone (Dex) primarily activates caspase-9 (33, 34) (Figure 1).
Combining Thalidomide or Revlimid with Dex therefore triggers dual
apoptotic signaling and synergistic anti-MM activity (31, 35), providing the
basis for a clinical trial of Thalidomide or Revlimid combined with Dex in
MM patients (36). Overall response rate in these patients is remarkably
improved compared to the treatment with either drug alone (36). Our recent
studies have also shown that 2Methoxyestradiol (2ME2) and proteasome
inhibitor PS-341/Bortezomib-induced apoptosis in MM cells is associated
with activation caspase-9 via triggering the release of both cyto-c and Smac,
whereas Dex activates caspase-9 through Smac, but not cyto-c, release (37,
38). Interleukin-6 (IL-6) inhibits Dex, but not 2ME2 or PS-341-induced,
apoptosis by preventing the Smac release (37). These data further indicate
diversity in drug-induced apoptotic signaling in MM cells and suggests that
combining Dex with novel agents, which trigger cyto-c release will enhance
its anti-MM activity (Figure 1). Other studies have shown that the inhibitor
of apoptosis proteins (IAPs) suppresses apoptosis by directly binding to and
inhibiting caspases (18). For example, XIAP, c-IAP-1, and c-IAP-2 bind to
procaspase-9 and prevent its activation/processing, thereby blocking the
downstream apoptosis-related events such as proteolytic cleavage of
caspase-3, -6, and —7 (18). Our studies showed that treatment of MM cells
with various anti-MM agents is associated with downregulation of IAPs
(23); however, whether direct inhibition of IAPs in MM cells trigger
apoptosis in these cells remains to be examined. Importantly, mitochondrial
protein smac activates caspase-9 by overcoming inhibitory effects of
inhibitors IAPs on caspase-9, suggesting the potential clinical utility of smac
mimetics to compensate for defects in mitochondrial apoptotic signaling.

The extrinsic apoptotic pathway is activated through binding of ligand to
cell surface receptors (39). Tumor necrosis factor receptor-1 (TNFR1) and
the Fas receptor contains the death domains (DDs) and recruit DD-
containing adaptor proteins TNFRI1-associated DD (TRADD) and Fas-
associated DD (FADD). Interaction between death domains of Fas and
FADD trigger the autoactivation of pro-caspase-8 (40). During TNF-
induced signaling, TRADD recruits FADD, followed by complex formation
and release of TNFR1 to trigger pro-caspase-8 activation (41, 42). The
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receptor for TNF-related apoptosis-inducing ligand (TRAIL) activates pro-
caspase-8 in a FADD-dependent fashion (43). Overall, caspase-8 and
caspase-9 mediate major cellular death signaling, and the lack of activation
of either or both caspases confers drug resistance. Conversely, using
therapies such as smac mimetic or combining drugs that trigger both intrinsic
as well as extrinsic pathways overcomes the defects in apoptotic signaling
otherwise observed in response to a single agent.

3. ACTIVATION OF CLASSICAL STRESS
RESPONSE PATHWAY VIA C-JUN NH2-
TERMINAL KINASE (JNK)

Stress stimuli (TNF, Irradiation, sphingomyelinase and UV light) activate
JNK and induce apoptosis; conversely, inhibition of JNK markedly
abrogates stress-induced apoptosis (44-46). Importantly JNK facilitates the
release of cyto-c during apoptosis (47). We and others have shown a role of
JNK during chemotherapy-induced apoptosis in MM cells (37, 48). For
example, Bortezomib- or 2ME2-induced apoptosis is associated with
activation of JNK, translocation of JNK from cytosol to mitochondria, and
release of both cyto-c and Smac solo from mitochondria to cytosol.
Inhibition of JNK, either by using dominant-negative mutant (DN-JNK) or a
specific biochemical inhibitor of JNK SP600125 abrogates both release of
Smac and induction of apoptosis (37) (Figure 1). Mechanisms whereby JNK
trigger the release of cyto-c involve modulation of anti-apoptotic protein
Bc12/Bclx in the outer membrane of mitochondria (49-51). BH3 members of
the BCL2 family can also engage BAX and Bak to release cyto-c (52). The
finding that Bax is required for JNK-dependent apoptosis (53), coupled with
the requirement of JNK for cyto-c release (47), confirms the essential role of
Bax in mediating JNK-dependent release of cyto-c. Our studies further
shows that Bax cooperates with JNK in triggering the smac release; and
conversely, Bortezomib-induced apoptosis is markedly abrogated in Bax
knock-out cells. Together, these results suggest that INK mediates the
release of cyto-c and Smac during 2ME2 or Bortezomib-induced apoptosis
in MM cells; however, not all apoptotic agents induce JNK activation and
related mitochondrial pathways. For example, Dex-induced apoptosis in MM
cells is INK-independent (33), but is associated with Smac release (34). Our
results are consistent with other studies demonstrating that anti-Fas-induced
apoptosis is associated with the release of cyto-c in JNK-deficient MEF cells
whereas UV-induced apoptosis in these same cells requires JNK activation
for release of cyto-c (47). Thus JNK activation and JNK-dependent release
of mitochondrial proteins may be stimulus specific (Figure 1). Nevertheless,
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these data implicate JNK as a potential therapeutic target to amplify
apoptotic signaling in MM cells.

4. MODULATION OF MECHANISMS MEDIATING
DRUG RESISTANCE

As noted above, chemotherapy achieves responses in many MM patients,
but prolonged drug exposure may lead to the development of drug
resistance. Dex is commonly used as therapy in MM; however, most MM
patients become refractory to steroids after initial therapy (54). One of the
major factors for the development of drug-resistance in MM is their binding
to BMSCs, which confers cell-adhesion-mediated drug resistance (CAM-
DR) (3, 55, 56). It is comprised of two components: First, adhesion of MM
cells to fibronectin significantly decreases the anti-MM activities of DNA-
damaging drugs (56); second, MM-bone marrow stromal cells (BMSCs)
interaction increases cytokine secretion from BMSCs, which also prevents
the cytotoxic effects of drugs (Figure 2). For example, IL-6 prevents Dex-
induced apoptosis in MM cells (57, 58).
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Figure 2. Bortezomib/PS-341 negatively regulates two major growth and survival pathways
in MM cells. Bortezomib blocks the adhesion of MM cells to bone marrow stromal cells
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(BMSC:s), thereby inhibiting the adhesion-related transcription and secretion of cytokines.
Bortezomib inhibits NF-xB activation by preventing proteasomal degradation of NF-xB
inhibitory protein IxB.

Conversely, inhibition of the adhesion molecules either on MM or
BMSCs enhances the anti-MM activity of chemotherapy (55). Alternatively,
targeting the proteins mediating Dex-induced apoptosis or IL-6-induced
protective signaling can also overcome the CAM-DR. Our prior study
showed that Dex-induced apoptosis in MM cells require activation of related
adhesion focal tyrosine kinase (RAFTK) (59) (Figure 1); and conversely, IL-
6-mediated protection against Dex-induced apoptosis is mediated via
induction of SHP2, a tyrosine phosphatase, which dephosphorylates RAFTK
and thereby both inhibits Dex-induced apoptosis and promotes MM cell
survival (58). Based on these findings, a small molecule inhibitor of SHP2
is under evaluation to enhance steroid sensitivity and overcome steroid-
resistance in MM cells.

5. MODULATION OF NUCLEAR FACTOR-KAPPA
B (NF-kB)

Our earlier studies showed that the gene promoters of various MM cell
cytokines contain consensus-binding sites for the transcription factor NF-kB,
which can be activated during cytokine and/or adhesion-induced
proliferation and survival signaling in MM cells and BMSCs (6, 60). NF-xB
remains inactivated in the cytoplasm due to its complex formation with
inhibitory protein I-kappa B-alpha (IkB-o) (Figure 2). Upon growth or
survival stimulation, IxB-otis phosphorylated, ubiquitinated, and degraded
by proteasomes, leading to the disassociation of p50/65, and its translocation
to the nucleus (61, 62). Activated NF-kB binds to the consensus sites present
within the promoter region of various MM cytokines and thereby induces
their transcription and secretion (6, 60, 62, 63). Conversely, several anti-MM
agents including Dex, thalidomide, and Bortezomib inhibit NF-kB activity
(Figure 2). Curcumin (diferuloylmethane) also decreases constitutive
activation of IkB-a in MM cells, resulting in suppression of growth and
induction of apoptosis in MM cells (64). To determine whether NF-xB
directly affects MM cell growth, we utilized two specific inhibitors of NF-
kB signaling pathway, SN-50 and I-kappa B Kinase (IKK) inhibitor (PS-
1145). Our gene profiling studies showed high expression of telomerase
reverse transcriptase (WTERT) catalytic subunit in MM cells compared to
normals, and that hTERT protein interacts directly with NF-xkB p65 (65).
Importantly, treatment of MM cells with a cell-permeable specific inhibitor
of NF-xB activity SN-50 blocked interaction of activated NF-xB with
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hTERT and its nuclear translocation, thereby inhibiting telomerase function
(65). Another study demonstrated that SN-50 triggered apoptosis in MM cell
lines and patient cells is also associated with: downregulation of Bcl-2,
XIAP, cIAP-1 and -2, and survivin; upregulation of Bax; cytochrome ¢
release; and activation of caspase-9, -3, but not caspase- 8 (66). Furthermore,
SN50 sensitized MM cells to both TNF-alpha and TNF-related apoptosis-
inducing ligand (TRAIL)/Apo2L. Finally, SN50 inhibited TNF-alpha-
induced expression of another NF-xB target gene, intercellular adhesion
molecule-1 (ICAM-1), which mediates homotypic adhesion of MM cells
(67). In another study, we used an IKK inhibitor (PS-1145) and showed that
either PS-1145 or Bortezomib blocked TNF-alpha-Induced NF-kB activation
by inhibiting phosphorylation and degradation of IkB-a (35). Furthermore,
Dex increased IkB protein and enhanced blockade of NF-xB activation by
PS-1145. PS-1145 also blocks the protective effect of IL-6 against Dex-
induced apoptosis. Moreover, PS-1145 inhibited both IL-6 secretion from
BMSCs triggered by MM cell adhesion, and proliferation of MM cells
adherent to BMSCs (35). However, in contrast to Bortezomib, PS-1145 only
partially (20-50%) inhibited MM cell proliferation, suggesting that NF-xB
blockade cannot account for all of the anti-MM activity of Bortezomib (35,
66). Together, these studies demonstrate that specific targeting of NF-xB
overcomes the growth and survival advantage conferred by MM cell binding
to BMSCs and cytokine secretion in the BM milieu. These preclinical
findings have led to the clinical trials using such drugs in combination with
conventional and novel therapies in MM.

6. BORTEZOMIB/PROTEASOME INHIBITOR PS-
341 TARGETS NF-xB IN MM CELLS

One of the major mechanisms whereby proteasome inhibitors exert their
growth inhibitory effects in cancer cells is by blocking NF-kB signaling
(68). Moreover, patient MM-derived primary cells and BMSCs have
upregulated NF-«B activity relative to normal cells (69). Furthermore, drug-
sensitive MM cells show lower NF-kB activity than drug-resistant MM cells,
suggesting that NF-xB confers chemoresistance (69). Elevated NF-kB levels
have also been reported in MM cells derived from patients relapsing after
chemotherapy (60). These findings indicate that NF-xB is a key regulator of
growth and survival of MM cells in the BM milieu (Figure 2). Importantly,
treatment of MM with proteasome inhibitor PS-341/Bortezomib prevents
degradation of IxB, thereby blocking not only NF-xB activation, but also
related cytokine production and the survival advantage for MM cells
conferred by BMSCs (Figure 2).
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Bortezomib downregulates NF-xB; however, NF-kB inhibition alone is
unlikely to account for the total anti-MM activity of Bortezomib, as noted
above (35, 66). Multiple genomics and proteomic studies have now
established that Bortezomib affects various other signaling pathways. For
example, Bortezomib-induced apoptosis is associated with these additional
events (Figure 1): 1) activation of classical stress response proteins such as
heat shock proteins, Hsp27, Hsp70 and Hsp90 (70, 71); 2) upregulation of c-
Jun-NH2-terminal kinase (JNK) (37); 3) alteration of mitochondrial
membrane potential and generation of reactive oxygen species (ROS) (72);
4) induction of intrinsic cell death pathway i.e, the release of mitochondrial
proteins cytochrome-c/Smac into cytosol and activation of caspase-9 >
caspase-3 cascade (22); 5) activation of extrinsic apoptotic signaling through
Bid and caspase-8 cleavage (70); 6) impairment of DNA-dependent protein
kinase (DNA-PK) (73), which is essential for the repair of DNA double-
strand breaks; 7) inhibition of MM cell to BMSCs-host interaction, thereby
block associated MM growth factor transcription and secretion from BMSCs
(23); and 8) inhibition of MM cell growth factor-triggered MAPK and PI3-
kinase/Akt signaling (74). Although many of these cellular events may
appear correlative and common to other apoptotic agents, our studies have
directly established the requirement of JNK activation during Bortezomib-
induced MM cell death (37). Ongoing studies are evaluating the role of IxB
using dominant-negative strategies and/or IxB knockout cells. Bortezomib
may have additional substrates, which mediate normal cell growth and
survival, and it is very likely that all the above signaling cascades mutually
interact and contribute towards the overall response to Bortezomib in MM
cells. Nevertheless, delineation of Bortezomib-triggered apoptotic signaling
cascades allows us to combine Bortezomib with agents that utilize either
similar or additional apoptotic pathways to enhance its cytotoxicity. For
example, our proteomic analysis showed that Bortezomib impairs DNA
repair mechanisms within MM cells (70), which has already translated into
clinical trials using Bortezomib with DNA-damaging agents to treat
relapsed/refractory MM.

7. THERAPEUTIC STRATEGIES TO OVERCOME
BORTEZOMIB-RESISTANCE

Bortezomib induces apoptosis in MM cells; however, prolonged
exposure is associated with toxicity and development of Bortezomib-
resistance. Our recent studies have begun to unveil the mechanisms
mediating Bortezomib-resistance. For example, our study showed that
treatment with Bortezomib induces apoptosis in SUDHL6 (DHL6), but not
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SUDHL4 (DHL4), lymphoma cells (71). Oligonucleotide array analysis
demonstrated higher levels of transcripts of heat shock protein-27 (Hsp27) in
DHL4 versus DHL6 cells, which was correlated with Hsp27 protein
expression. Blocking Hsp27 using an anti-sense (AS) strategy restores the
apoptotic response to Bortezomib in DHL4 cells; conversely, ectopic
expression of wild type (WT) Hsp27 confers Bortezomib-resistance in
Bortezomib-sensitive DHL6 cells. These findings provide the first direct
evidence of Hsp27 protein conferring Bortezomib resistance. Moreover, MM
cells obtained from patients refractory to Bortezomib treatment also show
high levels of Hsp-27 expression. The mechanism(s) whereby Hsp-27
mediates Bortezomib-resistance are less known. We and others have shown
that Hsp-27 negatively regulates the release of mitochondrial protein
cytochrome-c and Smac, thereby blocking the intrinsic cell death-signaling
pathway (75-77) (Figure 1). Further studies are required to determine
whether inhibition of Hsp-27 using clinical grade specific inhibitors will
enhance Bortezomib anti-MM activity and overcome drug-resistance.
Besides Hsp-27, Bcl2 protein family members also confer drug-resistance in
many cell types (78), and Bortezomib-triggered apoptosis in MM cells is
partially abrogated by Bcl2 expression (70). Upregulated expression of
inhibitors of apoptosis proteins (IAPs), such as XIAP, may also contribute to
Bortezomib-resistance (70). It is likely that multiple mechanisms confer
Bortezomib-resistance, suggesting that combinations of Bortezomib with
conventional and/or novel agents will be required to overcome drug-
resistance.

In vitro studies showed that combining Bortezomib with conventional
agents such as Dex, Doxorubicin, Melphalan, or Mitoxantrone, triggers
additive and/or synergistic anti-MM activity (69, 73, 79). Moreover,
combined treatment of MM cells and of MM patient cells with Bortezomib
and novel agents, such as Relvimid or triterpenoids CDDO-Imidazolide, also
induces synergistic anti-MM activity (73, 80). For example, Bortezomib +
CDDO-Im triggers synergistic apoptosis, even in Bortezomib-resistant MM
cells from patients, thereby providing the preclinical basis for clinical
protocols using this treatment regimen (80). Combination Bortezomib
therapies have also bee effective in other cancers. For example, Bortezomib
and irinotecan induces apoptosis in pancreatic tumor xenografts (81).
Another study showed that Bortezomib prevents irinotecan-induced NF-xB
activation, thereby increasing chemosensitivity and apoptosis in colorectal
cancer cells in xenograft models (82). Finally, our recent oligonucleotide
array analysis showed that mitochondrial peripheral benzodiazepine receptor
is highly expressed in drug-resistant MM cells. PBRs, like Bcl2, are
predominantly localized in mitocndria and function similar to Bel2 i.e both
block mitochondrial cell death signaling and confer drug-resistance.
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Combining Bortezomib with an antagonist to PBR PK-11195 triggered
synergistic anti-MM activity. These findings suggest that defects in
mitochondrial proteins confer drug resistance, and that amplification of
mitochondrial apoptotic signaling can increase cell death and overcome
Bortezomib-resistance in MM cells. Understanding the mechanisms of drug
sensitivity versus drug resistance provides the rationale for combination
strategies designed to reduce attendant toxicity as well as overcome and/or
prevent the development of drug-resistance.

8. ANTI-APOPTOTIC AND GROWTH SIGNALING

We and others have shown that various cytokines trigger MM cell growth
signaling via Ras-Raf-MAPK pathways; anti-apoptotic/survival signaling via
JAK-STAT, PI3K-Akt, Bcl2 and NF-xB  pathways; and
migration/angiogenesis via VEGFR-PI3K-PKC signaling pathways (24).
Most drug-induced apoptosis is associated with simultaneous inhibition of
growth promoting signaling, thereby enhancing its overall anti-MM activity
of drug.  Dex-induced apoptosis in MM cells is associated with
downregulation of conventional Ras > Raf MAPK growth signaling,
alongwith downregulation of p70rsk (33). Multiple studies have made
similar observations using various conventional anti-MM drugs. We and
others have shown that IL-6 and IGF induce growth of MM cells via Ras >
Raf > MAPK and/or PI3-K/Akt signaling pathways in MM cells (48, 57, 83-
86). Specifically, IL-6 induces activation of Akt/PKB activation and its
downstream targets including Bad, GSK, and forkhead transcriptional factor
(FKHR) whereas blockade of Akt activation by the PI3K inhibitor
LY294002 abrogates both IL-6 triggered MEK/MAPK activation and
proliferation; as well as resistance to Dex-induced apoptosis and associated
caspase activation. We also showed that IL-6 triggered PI3-K/Akt signaling
in MM.1S cells and downstream phosphorylation of FKHR, with related
G1/S phase transition; conversely, LY294002 blocked this signaling,
resulting in upregulation of p27 (KIP1) and Gl growth arrest. IGF-1
similarly stimulated sustained activation of NF-xkB and Akt; induced
phosphorylation of FKHRL-1; upregulated a series of intracellular anti-
apoptotic proteins including FLIP, survivin, cIAP-2, A1/Bfl-1, and XIAP;
and decreased Apo2L/ TRAIL-sensitivity of MM cells (9). A recent study
showed that blockade of Ras-mediated signaling by Farnesyl transferase
inhibitors (FTIs) induces apoptosis in MM cells even in the presence of
BMSCs. Blockade of cell cycle and growth signaling pathways by UCN- 01
and MEK/2 inhibitors induces apoptosis and overcome drug resistance in
MM cells. Biochemical inhibitors of JAK-STAT pathways, piceatannol
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(JAK1/STATS3 inhibitor) and tyrphostin AG490 (JAK2/STAT3 inhibitor),
sensitize MM cells to apoptosis induced by various therapeutic agents
including cisplatin, fludarabine, Adriamycin, and vinblastine. Importantly,
delineation of these signaling cascades provides the basis for clinical trials
combining conventional or novel agents to neutralize cell-surface receptor-
triggered MM cell growth and survival. For example, our recent study
showed that inhibition of IGF-1R using an IGF-1R tyrosine kinase inhibitor
markedly blocks MM cell lines and patient cells growth in vitro and in vivo
in mouse model (84). Furthermore, cotreatment of MM cells with IL-6
superantagonist Sant-7 and Dex triggers synergistic growth arrest and
apoptosis (87). Humanized anti-interleukin-6 receptor monoclonal antibody
has also been shown to induce apoptosis of both fresh and cloned human
MM cells in vitro (88). Together, these studies suggest that specific targeting
of intermediary molecules in growth and survival signaling provides an
effective anti-MM therapy.

9. THERAPEUTIC APPLICATION OF DRUG-
INDUCED GENE PROFILES

Our pilot studies using oligonucleotide arrays showed that Dex not only
triggers transcription of genes involved in apoptotic signaling, but also
simultaneously induced genes mediating anti-apoptotic signals (89). For
example, treatment of MM cells with Dex induced an early transient increase
in IL-6 receptor (IL-6R) transcripts and protein levels; this increased
expression of IL-6R molecules on the MM cell surface allowed enhanced
binding of soluble IL-6, thereby triggering growth/anti-apoptotic signaling in
MM cells. Furthermore, an increase in the TGF-FR type II also occurred
early after Dex treatment of MM cells, consistent with a defense mechanism
whereby increased TGF-FRII expression on the MM cell surface facilitated
enhanced TGF-F binding, thereby triggering transcription and secretion of
IL-6 and related protection against Dex-induced apoptosis. These data
suggest that combination of Dex with agents that block protective signaling
may both enhance sensitivity and prevent development of Dex-resistance.
For example, neutralizing antibodies against IL-6R or IGF-R disrupt Dex-
induced protective signaling, thereby increasing the anti-MM activity of Dex
(84). Alternatively, using Dex with specific biochemical inhibitors of I1L-6
or IGF-induced growth signaling pathways triggers synergistic anti-MM
effects. Similarly, our recent study showed that an inhibitor of VEGF
receptor PTK-787, induces MM cell apoptosis (90). Another study identified
CDA40 also as a potential therapeutic target, since it induces secretion of pro-
angiogenic factor VEGF in MM cell and trigger migration of these cells (91,
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92). Collectively, these studies provide the preclinical rationale for clinical
trials using agents that target cell surface molecules, together with other
agents that directly activate nuclear and cytoplasmic apoptotic signaling, to
enhance drug sensitivity and overcoming drug resistance.

10. MODULATION OF BCL2 PROTEIN

The Bcl2 family of proteins are functionally categorized into two distinct
groups based on their pro- apoptotic (Bax, Bad, BCL-xs, Bik) or anti-
apototic (Bcl2, Bcel-x1, Bel-W, Mcl-1, Al) activities (78). Bcl2 contains four
conserved Bcl2 homology (BH) domains with a hydrophobic sequence in the
carboxyl-terminal region. The relative expression level of the pro- and anti-
apoptotic proteins determines the degree of responsiveness to apoptotic
inducers. Bcl2 is localized in the endoplasmic reticulum, nuclear membrane,
and the outer mitochondrial membrane (93). Bcl2 is highly upregulated in
many cancer cells, including MM, and confers drug resistance (78, 94). In
the context of MM, peptides targeting the BH3 domain of Bcl2 enhance
Bortezomib/PS-341-induced apoptosis whereas overexpression of BCL2
inhibits Bid cleavage and associated apoptosis (95). Another recent study
demonstrated  that an  anti-sense  oligodeoxynucleotide = (ODN)
complementary to the first six codons of the Bcl2 mRNA, G3139
(oblimersen sodium; Genasense), downregulated expression of Bcl2 and
enhanced sensitivity to Dex- and Doxorubicin-induced apoptosis in MM
cells. These data support further clinical evaluation of G3139 therapy in MM
(96). Anti-sense ODNs to Mcll, but not BCL2 or Bclxs, induce apoptosis
associated with a decreased mitochondrial membrane potential (97).
Together, these findings suggest that inhibition of Bcl2 function increases
ant-MM activity of conventional or novel drugs.

11. CONCLUSION

Characterization of growth and apoptotic signaling pathways allows
identification of molecular targets to interrupt MM cell growth and trigger
apoptosis. For example, anti-MM drugs induce apoptosis via release of
mitochondrial proteins cyto-c or Smac, suggesting that active peptides
against these molecules may sensitize MM cells to various anti-MM agents.
Already our preliminary data suggest that smac mimetics trigger MM cell
apoptosis and induce synergistic anti-MM activity when combined with
Bortezomib. The finding that Dex-induced apoptosis occurs without cyto-c
release or JNK activation provides the rationale for amplifying apoptotic
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signaling by combining Dex with novel agents that trigger both cyto-c
release and JNK activation. Additionally, the combination of biochemical
inhibitors of growth/survival signaling pathways with conventional or novel
anti-MM agents enhances MM cell death. Gene profiling and proteomic
studies have identified novel drugs that specifically target molecules on the
MM cell surface (IL-6R, IGF-1R, VEGFR, CD40), cytoplasm (Hsp90,
Hsp27, p38 MAPK, IKK/NF-kB), mitochondria (PK-11195, smac
mimetics), ER (Bcl2) and nucleus (Telomestatin, HDAC inhibitors). Anti-
sense strategy against anti-apoptotic signaling molecules (Mcll, Bcl2,
SHP2, or IAPs) will also enhance anti-MM activity of other agents. The
successful development of Bortezomib therapy for MM has established
proteasome inhibition as an effective therapeutic strategy for the treatment of
relapsed/refractory MM. However, both intrinsic and acquired Bortezomib-
resistance has already been observed, and ongoing studies are evaluating
other novel proteasome inhibitors as well as combination strategies to
overcome drug resistance and improve patient outcome in MM.
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CEPHALOSTATIN 1-INDUCED APOPTOSIS IN

TUMOR CELLS
Selective Induction of Smac/DIABLO Release
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Abstract:

Key words:

Cephalostatin 1 is a marine bis-steroidal compound with strong (mean panel
Glsg: 2.2 (£ 1.21) x 10° M) and particular cytotoxic activity as shown in the in
vitro 60-cell line screen by the National cancer Institute (USA). Cephalostatin
1 was shown to trigger cell death in human Jurkat T cells with classical
morphological (cell shrinkage, membrane blebbing, DNA fragmentation) and
biochemical (phosphatidylserine translocation, activation of caspases) signs of
apoptosis. Cephalostatin 1-induced apoptosis, however, differs significantly
from apoptosis induced by classical chemotherapeutic drugs in that it
selectively leads to Smac/DIABLO (second mitochondria-derived activator of
caspases/direct inhibitor of apoptosis-binding protein with a low isoelectric
point) release from mitochondria. Cytochrome ¢ and apoptosis inducing factor
(AIF) is retained in the mitochondrial intermembrane space. Selectively
released Smac/DIABLO translocates into the cytosol where it binds to XIAP
displacing previously bound caspase-9. Caspase-9 does not associate with
Apatf-1 and thus appears to be processed without requirement for apoptosome
formation. This unique mitochondrial signaling by cephalostatin 1 is
accompanied by mitochondrial matrix condensation instead of mitochondrial
swelling. Swelling is assumed to precede outer mitochondrial membrane
permeabilization in response to induction of the mitochondrial (intrinsic)
apoptosis pathway. These results characterize cephalostatin 1 as a remarkable
experimental chemotherapeutic agent with a unique mechanism of action.
Further studies will show whether cephalostatin 1 will be a good candidate to
be developed against chemoresistant types of cancer.

cephalostatin, apoptosis, Smac/DIABLO, mitochondria, caspase 9, XIAP
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1. INTRODUCTION

Natural products play a significant role in the discovery and development
of drugs for the treatment of human disease. This is particularly evident in
the area of cancer, where more than 60% of all drugs are shown to be of
natural origin'. In this context especially compounds of marine origin gained
more and more attention over the past decades.

Why are compounds of marine origin promising candidates for anti-
cancer drug development? Many marine organisms are soft-bodied and live
sedentary. Thus, they developed the ability to produce toxic compounds or to
obtain them from marine microorganisms as a chemical defense. The
toxicity of these compounds needs to be extremely potent since they are
released and diluted into water”.

Although today the potency of marine compounds especially for the
development of new anti-cancer drugs is recognized still difficulties, such as
the availability in quantities high enough for preclinical and clinical studies,
have to be overcome.

1.1 Cephalostatins

The cephalostatins are a group of structurally strongly related bis-
streoidal compounds isolated from the marine organism Cephalodiscus
gilchristi Ridewood (Cephalodiscidae). The structure of cephalostatin 1 is
depicted in Figure 1. Up to now, 19 derivatives could be characterized. The
cephalostatins belong to the most cytotoxic marine natural products ever
tested by the National Cancer Institute (NCI)/USA. All cephalostatins show
the same unique cytotoxicity profile in the NCI-60 panel (see Figure 2),
which displays the growth inhibitory potency of substances against 60
cancer cell lines of diverse origin®*. Although the cytotoxicity profiles of the
cephalostatins do not differ, their potency varies depending on the chemical
composition. Cephalostatin 1 proved to be the most potent form in the NCI-
60 panel. The two-day NCI-60 screen yielded a mean panel Gls
concentration of 2.2 (+1.21) x 10 M for cephalostatin 1°°. Interestingly, the
obtained cephalostatin cytotoxicity fingerprint did not show comparable
correlations to any members of the standard agent database suggesting that
the differential cytotoxicity of cephalostatins derives from a unprecedented,
but as yet undefined, mechanism of action’. Beyond in vitro testings,
cephalostatin 1 was proven to be effective in several xenografts, such as
melangma, sarcoma, in leukemia and even in a human mammary carcinoma
model".
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Figure 1. Chemical structure of cephalostatin 1

1.2 Apoptosis signaling

Cancer is characterized by an imbalance between cell proliferation and
cell death’. In order to maintain proper tissue homeostasis cells possess
intrinsic mechanisms of self destruction accounting for the so called
programmed cell death or apoptosis. Defects in apoptosis inducing pathways
may lead to neoplastic transformation. Moreover, since chemotherapeutic
drugs induce death in malignant cells by triggering apoptosis, defects in
apoptosis signaling pathways may lead to resistance in chemotherapy'®'".

A current view of stress- or chemotherapy-induced apoptosis places
mitochondria into the center of the apoptosis signaling network since in most
forms of apoptosis the induction of mitochondrial membrane
permeabilization (MMP) defines the point of no return. However, other
organelles or cellular compartments (e.g. the endoplasmatic reticulum (ER),
the cytoskeleton, lysosomes, and the nucleus) may contribute to apoptosis
signaling by sensing damage or integrating pro-apoptotic signals'”.
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Figure 2. Fingerprint of the cytotoxic profile of cephalostatin 1 as evaluated in the NCI-60
screen. Glsy, 50% growth inhibition. The zero value represents the mean Gls, obtained from
all cell lines tested. Negative bars, cells are less sensitive, positive bars, cells are more
sensitive towards cephalostatin 1 compared to the mean value. Adapted from"

MMP as a central event in chemotherapy-induced apoptosis is tightly
controlled by members of the Bcl-2 family'. Pro-apoptotic members of the
Bcl-2 family comprise the multidomain Bax family (Bax, Bak, Bok) and the
BH3-only family (Bid, Bim, Bad, Bmf, Noxa, Puma etc.). Pro-survival
members are represented by Bcl-2, its close homologous Bel-xL and Bcl-w,
A1, Mcl-1. The pro-apoptotic BH3-only members appear to be involved in
death initiation upstream of the Bax family proteins since they are unable to
kill in the absence of Bax and Bak. Either Bax or Bak seem to be necessary
for apoptosis in many cell types. Both proteins are considered to function
mainly at the mitochondrion by the formation of pores triggering MMP and
the release of death-inducing molecules from the mitochondrial
intermembrane space'*'°.

Pro-apoptotic molecules released from mitochondria as a consequence of
MMP are cytochrome c, Smac/DIABLO (second mitochondria-derived
activator of caspases/direct inhibitor of apoptosis-binding protein with a low
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isoelectric point); Omi/Htra2 (high temperature requirement protein A2), and
AIF (apoptosis-inducing factor). The classical apoptosis pathway is initiated
by cytochrome c. It prompts the ATP-dependent assembly of cytochrome c,
Apaf-1 and procaspase-9 into a holoenzyme complex called ‘apoptosome’,
which leads to efficient processing and activation of the initiator caspase-9'”.
Initially activated caspase-9 activates downstream caspases, such as caspase-
3, which results in DNA fragmentation and apoptosis. The proteins
Smac/DIABLO or Omi/Htra2 act as additional mechanism to promote
caspase activation by binding to and antagonizing IAPs (inhibitor of
apoptosis proteins). Members of the IAP protein family can counteract both
the activation and the activity of caspases. XIAP (X-linked inhibitor of
apoptosis), cIAP1, cIAP2 and NAIP (neuronal apoptosis inhibitor protein)
antagonize cell death by inhibiting caspase-3 and caspase-7 activity. XIAP,
in addition, blocks both caspase-9 activity and activation. From all IAP
proteins XIAP is the most efficient caspase inhibitor. Smac/DIABLO
promotes caspase activation by displacing caspase-9 complexed with
XIAP'". AIF once released translocates to the nucleus where it induces
caspase-independent chromatin condensation.

1.3 Mechanisms of chemoresistance

The central role of mitochondria in drug-induced apoptosis implicate that
alterations in mitochondria-associated signaling may play an important role
in drug resistance. Mutations or modifications in Bcl-2 family protein
expression can alter the response towards drugs in experimental systems.
Moreover, clinical correlative studies suggest that high level expression of
anti-apoptotic Bcl-2 proteins confers a chemoresistant phenotype on cancer
cells, including AML, ALL, CLL, multiple myeloma, prostate carcinoma,
malignant brain tumors, and neuroblastoma'®. Several experimental studies
provided support that IAPs inhibit apoptosis in response to chemotherapy. In
vitro, XIAP, cIAP1, or clAP2 suppressed apoptosis induced by cisplatin,
cytarabine, TRAIL, staurosporine, or y-irradiation. Increased IAP expression
correlated with a poor therapy response in myeloid leukemia cells.
Overexpression of an other IAP family protein, survivin, is associated with
adverse prognosis in several tumors, such as neuroblastoma, AML, colon,
lung and esophagus carcinoma'®”. Strategies to use Smac/DIABLO to
overcome IAP-mediated inhibition of chemoresistance were already tested: a
Smac-penetratin fusion peptide was shown to bind to XIAP and cIAPI
enhancing drug-induced caspase activation suggesting that it might be
indeed able to overcome antiapoptotic effects of IAPs®'. Jia et al.*
demonstrated that transfection of Smac increased the sensitivity of leukemic
cells to TRAIL- and UV-induced apoptosis and activation of caspases.
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2. CEPHALOSTATIN 1-MEDIATED APOPTOSIS

New drugs that induce apoptosis by mechanisms differing from those of
classical chemotherapeutic drugs might provide a chance to overcome
chemoresistance. The unique differential cytotoxicity profile of
cephalostatins obtained from the 60 cell-line in vitro screen of the NCI
provided a good chance that cephalostatins may utilize new molecular
mechanism to trigger cell death. Thus, cephalostatin 1 (1 pM)-induced
mechanism of cell death induction was characterized using the well
established Jurkat leukemia T cells (clone J16) as a model™**.

2.1 Morphology

The overall morphology of cephalostatin 1-induced cell death in
leukemia Jurkat T cells corresponded very well to classical signs of
apoptosis: cell shrinkage and increased cellular granularity as determined by
flow cytometry due to the formation of apoptotic bodies. Hoechst staining of
the nucleus and fluorescence microscopy revealed classical DNA
fragmentation and chromatin condensation in response to cephalostatin 1
treatment. Analysis of death morphology by electron microscopy, however,
indicated some differences to classical apoptotic organelle morphology
(Figure 3): nuclei appeared condensed and fragmented and the nuclear
membranes dilated (D, blue arrows). Surprisingly, the mitochondria in
cephalostatin 1-treated cells appeared smaller with increased electron density
compared to untreated cells suggesting a condensation of the mitochondrial
matrix (C, arrows). The cristae appeared blurred and swollen (C, insert). The
ER membranes are enlarged and vesicles which are presumably ER-derived
accumulate in the cytoplasm (E, asterisks)”. An increased density of the
mitochondrial matrix is at odds with the concept that mitochondrial swelling
finally leads to rupture of the outer mitochondrial membrane and release of
cytochrome ¢*. In addition to nuclei and mitochondria, the ER seemed to be
affected by cephalostatin treatment.
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Figure 3. Electron microscopic analysis of cephalostatin 1-mediated mitochondrial changes.
Cells were left untreated (A, B) or stimulated with cephalostatin 1 (1 uM, 16 h) (C, D, E). A,
C, 1 : 5,000 fold magnification; B, D, E 1 : 10,000 fold magnification. Black arrows indicate
mitochondria, blue arrows point to enlarged nuclear membranes and red arrows denote ER
membranes. Asterisks demonstrate the vesicles that accumulate in the cytoplasm upon
cephalostatin 1 treatment. N, nucleus®.

2.2 Biochemistry

Cephalostatin 1 triggered phosphatidylserine translocation to the outside
of the plasma membrane which is an early sign of apoptosis.
Phosphatidylserine is an aminophospholipid normally located in the
cytosolic layer of the plasma membrane and is translocated to the outside of
the membrane by scramblases under apoptotic conditions. Once outside, it
serves as “eat me” signal for phagocytes and other neighbouring cells thus
triggering removal of the apoptotic cells.
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Cephalostatin 1 treatment of Jurkat leukemia T cells led to processing of
caspase-8, caspase-9 and caspase-3. Activation of caspases was essential in
cephalostatin 1-induced apoptosis since the pan-caspase inhibitor zVAD.fmk
(25 uM) was able to completely block DNA fragmentation. Cephalostatin 1
activated caspase-8 did not act as initiator caspase upstream of mitochondria
based on the following observations: a) caspase-8 processing occurred
significantly later (16 h) than caspase-3 activation (8 h); b) Jurkat caspase-8
knockout cells responded equally well towards cephalostatin 1 than the
corresponding control cells. Furthermore, an impact of CD95 signaling that
is mediated via caspase-8% could be excluded in cephalostatin 1-mediated
apoptosis: Jurkat cells deficient in CD95 (Jurkat R)*’ showed no difference
in their reactivity towards cephalostatin 1 compared to control cells. Finally,
any contribution of caspases upstream of mitochondria could be excluded
since the pan-caspase inhibitor zVAD.fmk (25 uM) had no impact on the
release of the mitochondrial protein Smac/DIABLO.

23 Mitochondrial signaling

The specific morphology of Jurkat T cell mitochondria in response to
cephalostain 1 implicated a particular mitochondrial signaling of
cephalostatin. Indeed, although cephalostatin 1 led to dissipation of the
mitochondrial membrane potential (increasing from 8 to 24 h) as visualized
by staining with the mitochondria-targeted dye JC-1?*, cytochrome ¢ was not
released from the mitochondrial intermembrane space. Thus, obviously
cephalostatin 1 induced inner but not outer mitochondrial membrane
permeabilization (MMP). Moreover, also AIF was not released from
mitochondria into the cytosol. Surprisingly, Smac/DIABLO was heavily
unleashed already after 2 h of cephalostatin treatment. This result obtained
by western blot analysis of mitochondrial as well as cytosolic fractions was
confirmed by confocal microscopy. This particular selectivity for the release
of Smac/DIABLO from mitochondria was not restricted to cephalostatin 1.
The structurally strongly related cephalostatin 2 showed the same behavior™.

In order to clarify whether Smac/DIABLO is necessary for cephalostatin
1-induced apoptosis, Jurkat T cells overexpressing the anti-apoptotic Bcl-xL
protein were employed®. Overexpression of Bcl-xL strongly delayed
Smac/DIABLO release from mitochondria by about 14 h. This delay was
also seen in cephalostatin 1-induced DNA fragmentation suggesting that,
indeed, Smac/DIABLO is necessary for cephalostatin 1-triggered apoptosis.
Inner MMP was not affected by overexpression of Bcl-xL. probably
indicating that inner MMP is just a secondary event within the cephalostatin
1-induced signaling cascade.
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Interestingly, overexpression of Bcl-2 was by far not as effective in
delaying cephalostatin 1-mediated DNA fragmentation as Bcl-xL. This was
found to be due to inactivation of Bcl-2 by cephalostatin-induced Bcl-2
phosphorylation®.

Smac/DIABLO is reported to act by sequestering inhibitors of apoptosis
(see 1.2). Indeed we found, that Smac/DIABLO released in response to
cephalostatin 1 binds to XIAP as shown by immunoprecipitation and
western blot analysis. Consequently, caspase-9 was found to be released
from XIAP. This suggests that Smac/DIABLO released by cephalostatin 1
may aid in the activation of caspase-9.

Nevertheless, this leaves the question of how caspase-9 is activated in the
absence of cytochrome c. Caspase-9 is activated by its recruitment into the
apoptosome. Apoptosome formation usually requires mitochondria-derived
cytochrome c, the cytosolic factor Apaf-1, ATP and procaspase-9 (see 1.2).
Therefore, we tested, whether caspase-9 activation by cephalostatin 1
treatment involves an association of caspase-9 with Apaf-1. As demonstrated
by immunoprecipitation and western blot, cephalostatin 1 does not induce a
binding between caspase-9 and Apaf-1 suggesting that caspase-9 activation
in response to cephalostatin occurs independently of the formation of an
apoptosome.

This raises the question as to whether caspase-9 acts as crucial caspase
initiating cephalostatin 1-mediated apoptosis. Employment of the caspase-9
inhibitor zZLEHDfmk (50 uM) followed by cephalostatin 1 treatment showed
that caspase-3 activity was abrogated indicating that caspase-3 is indeed
activated by caspase-9. However, pretreatment with the inhibitor led to an
inhibition of etoposide-induced apoptosis but only to a slight decrease in
DNA fragmentation mediated by cephalostatin 1. This indicates that
caspase-9 contributes to but is not essential for cephalostatin 1-triggered
apoptosis.

These results provide the current view we have of cephalostatin 1-
induced apoptosis signaling, depicted in Figure 4.
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Figure 4. Scheme of cephalostatin-mediated apoptosis signaling in Jurkat leukemia T cells

3. DISCUSSION AND OUTLOOK

The most prominent feature of cephalostatin 1-mediated apoptosis
signaling is the triggering of selective Smac/DIABLO release from
mitochondria. The release was found to occur independently of caspase
activation. The molecular players, however, contributing to Smac/DIABLO
liberation are not yet identified. A conceivable contribution may come from
JNK activation which is activated early in cephalostatin 1-induced
apoptosis™. JNK was shown to produce a distinct Bid cleavage product in
TNFa-induced apoptosis (jBid) which is able to induce selective Smac
release without concomitant cytochrome ¢ leakage®’'. Truncated Bid (tBid)
cross-linking caspase-8 activation to mitochondrial activation has been
shown to induce a conformational change of Bax and Bak whereupon these
trigger the release of proteins from the mitochondrial intermembrane space.
Obviously, jBid effects Smac release in a different manner since
concomitant cytochrome c release was not detected. It is conceivable that
different cleavage products of Bid lead to another form of conformational
change in Bax and Bak which might result in different pore formation.
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A further important observation was that cephalostatin 1 activates
caspase-9 without the formation of an apoptosome. Recent publications
propose that under certain conditions, Smac/DIABLO may be sufficient to
initiate a caspase-9-dependent apoptotic pathway in the absence of
cytochrome ¢ and an apoptosome formation’>*. However, caspase-9
inhibitor studies indicated that caspase-9 may not be the essential initiator of
the cephalostatin 1-induced caspase cascade. Further experiments using
caspase-9 knockout cells will show whether cephalostatin 1 is able to trigger
apoptosis in the absence of caspase-9. If this is the case, cephalostatin may
be most useful in cancers where the formation of an apoptosome and
subsequent caspase-9 activation is impaired. Right now studies are under
way using carcinoma cells with defined defects in mitochondrial signaling.

Although overexpression of Bcl-xL was found to delay both apoptosis
and Smac/DIABLO release, at present, it can not be excluded that besides
Smac/DIABLO other signaling molecules from cellular compartments
sequestering Bcl-xL, such as the ER contribute to caspase activation. This
view is fuelled by the fact that caspase-9 seems not to be the initiator caspase
in cephalostatin 1-triggered apoptosis. Thus, the initiator signaling may
come from a compartment other than the mitochondria and Smac/DIABLO
will allow full caspase activation by replacing XIAP from caspase-3 and/or
caspase—718.

Overall, these first results characterizing the apoptosis-inducing
mechanism of cephalostatin 1 clearly indicate a unique apoptosis signaling
triggered by this marine bis-steroidal compound. Further studies will show
whether cephalostatin will prove to be valuable in either treating
chemoresistant tumors or in sensitizing tumors against chemotherapy. In
either case, we have identified a tool that will allow us further insight into
apoptosis signaling.
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Abstract:
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1.

Tumor cells often carry mutations in genes that control cell survival, and
become resistant to signals that trigger cell death. Yet, some cell death
pathways remain intact in tumor cells. If identified, these pathways might be
exploited to selectively remove tumor cells. HAMLET (human o-lactalbumin
made lethal to tumor cells) is a protein-lipid complex derived from human
milk that activates cell death programs in tumor cells but not in healthy
differentiated cells. We use HAMLET as a tool to identify apoptosis and
apoptosis-like cell death mechanisms in tumor cells and to understand if these
mechanisms differ between tumor and healthy cells. HAMLET interacts with
the cell surface, translocates into the cytoplasm and accumulates in cell nuclei,
where it disrupts the chromatin. Recent in vivo studies have shown that
HAMLET maintains the tumoricidal activity in glioblastoma, papilloma and
bladder cancer models, with no significant side effects. The results suggest
that HAMLET should be explored as a new therapeutic agent with selectivity
for the tumor and with little toxicity for adjacent healthy tissue. Such therapies
are a much-needed complement to conventional treatments, to reduce the side
effects and improve the selectivity.

HAMLET; lactalbumin; cancer; apoptosis; apoptosis-like; programmed cell
death; alpha- histone; p53; bel-2; caspase; glioblastoma; HPV

INTRODUCTION

Programmed cell death (PCD) is the mirror image of proliferation and is
crucial to remove ageing cells during tissue development. In addition, cells

223

M. Sluyser (ed.), Application of Apoptosis to Cancer Treatment, 223-246.
© 2005 Springer. Printed in the Netherlands.



224 Chapter 10

that are redundant, seriously damaged or dangerous may be removed by
PCD without disrupting tissue function. During the last decade, classical
apoptosis has been defined as a process driven largely by mitochondrial
perturbation and involving the activation of an effector protease (caspase)
cascade. More recently, several alternative pathways of programmed cell
death have been studied and as a result, the apoptosis concept has become
more diversified. HAMLET-induced cell death shows features of classical
apoptosis but many aspects of the cellular response to HAMLET are
unconventional, suggesting that HAMLET activates PCD in tumor cells
through other death pathways. This review focuses on mechanisms of
HAMLET induced cell death and the use of HAMLET to remove tumor
cells in vivo.

Naturally occurring cell death in developing tissues was first reported in
1842 by Vogt and in 1885 Flemming described the morphology of cells
undergoing ’chromatolysis’’ (1). In 1972, Kerr, Wyllie and Currie(2) coined
the term apoptosis based on morphological criteria (see refs 3 and 4 for
details on the history of cell death). The apoptotic cells showed shrinkage,
membrane blebbing, nuclear condensation, chromatin aggregation,
detachment and the formation of membrane-bound vesicles called apoptotic
bodies. The apoptotic cells or cell residues were rapidly recognized and
digested by neighbouring cells and tissue macrophages and no inflammatory
response occurred(2, 3). Later, specific biochemical responses were
associated with apoptosis such as degradation of DNA into fragments of
discrete sizes(3, 4) and exposure of phagocytic markers(5). As the molecular
mechanisms have been elucidated, the term apoptosis is used to describe a
defined molecular system for cell death activation, regulation and execution,
involving specific groups of proteins. Horvitz and colleagues showed that
apoptosis is a highly regulated and controlled genetic suicide program in the
nematode C. elegans (6) and homologues of C. elegans apoptotic proteins
have been identified in humans even though the mammalian cell death
program is more complex. PCD is defined as an active process that depends
on signals or activities within the dying cell (7, 8) but all cells undergoing
PCD do not fulfil the criteria for classical apoptosis. Cell death is now seen
as a continuum from classical apoptosis to necrosis-like death. Jaitteld and
colleagues(7, 9) classify variants of PCD based on the morphology and
degree of chromatin condensation (Figure 1) with classical apoptosis
resulting in fragmented, compact chromatin of discrete and simple
geometrical shapes (Figure 1A). The nuclear changes are accompanied by
cell shrinkage, cytoplasmic blebbing, apoptotic body formation and exposure
of phagocytic markers. Apoptosis-like PCD is characterised by fragmented
and condensed but less compact chromatin of more irregular shapes (Figure
1B). Any combination of other apoptotic features may be present, but the
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cells express phagocytic markers prior to lysis. Necrosis-like PCD occurs
with very little chromatin condensation and the cell may lyse before
phagocytic markers are displayed (Figure 1C). Most dying cells activate
multiple signalling pathways and the resulting mode of cell death is the sum
of these pathways. Initiation signals originate from the outside of the cell or
are created by intracellular disturbances. These signals propagate through the
cell and converge on the mitochondria which control the response through
the balance between pro- and anti-death molecules in the mitochondrial
outer membrane(10). If death signals predominate, execution of the cell
death program is initiated. If not, the cell is rescued. The cancer cell may
thus achieve resistance to cell death stimuli at many different stages in the
process.

apoptosis

@ apoptosis-like
@ necrosis-

Figure 1. Classification of PCD based on morphology and degree of condensation of
chromatin. A. Apoptosis results in compact chromatin condensed to discrete simple
geometrical shapes. B. Apoptosis-like PCD is accompanied by less compact and more
complicated structures. C. Necrosis-like PCD occurs with no or very little chromatin
condensation(7, 9). HAMLET causes both A and B.

2. HAMLET

Complex formed by human co-lactalbumin and oleic acid (Figure 2) that
induces tumor cell death but leaves healthy, differentiated cells
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unaffected(11, 12). The activity of HAMLET was discovered by serendipity
while using breast milk fractions to inhibit bacterial adherence to a lung
carcinoma line. In addition to blocking adherence, one milk fraction killed
the cells(11). The active molecular complex was shown to contain «-
lactalbumin(12). This globular 14.2 kDa protein has four a-helices and a
triple-stranded anti-parallel B-sheet and a high affinity calcium binding
site(13). Calcium binding is required for the protein to fold into the native
conformation(14). o-Lactalbumin is the most abundant protein in human
milk and functions as a coenzyme in lactose synthesis(15). The native form
of a-lactalbumin had no apoptotic effect, however but the milk fraction had
been exposed to low pH, which causes a change in the tertiary conformation
of a-lactalbumin(12). HAMLET was shown to consist of o-lactalbumin in a
partially unfolded state characterised by native-like secondary structure and
fluctuating tertiary packing(13, 16). As partially unfolded states of «-
lactalbumin are not normally stable at physiological conditions, we assumed
that the active complex must contain a cofactor that stabilised the altered
conformation. .The cofactor was identified as oleic acid (C18:1 9cis). Other
lipids, with exception for C18:1 11 c, did not form such complexes with o-
lactalbumin(17).

2+ oleic acid
Ca
native ® partially unfolded \ HAMLET

a-lactalbumin 2 a-lactalbumin L
\
| | |

NO CELL DEATH NO CELL DEATH CELL DEATH

Figure 2. The fatty acid component is important for the biological effect of HAMLET. Both
the conformational change in alpha-lactalbumin induced by the removal of calcium and the
specific association of oleic acid is required for the cell death-inducing effect of HAMLET.

Conversion to the cell death-inducing form was achieved when o-
lactalbumin in its calcium-free state was combined with oleic acid and
HAMLET was defined as the conversion product of human apo «-
lactalbumin and oleic acid(18).
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2.1 Cellular effects of HAMLET

The cellular spectrum of HAMLET is very broad and to date, more than
40 tumor cell lines and tissues have been found to undergo PCD (19). Based
on the sensitivity to HAMLET, cells can be placed in three main categories.
Lymphoid cells are the most sensitive carcinomas are intermediately
sensitive and healthy cells are resistant.

The sub-cellular distribution of HAMLET was investigated to form
hypotheses about the mechanism of tumor cell death. Initially, biotinylated
protein was used in confocal microscopy and radio-labelled protein was used
in sub-cellular fractionation(20). More recently, the sub-cellular distribution
has been reassessed using Alexa-flour labelled HAMLET in real-time
confocal microscopy (Figure 3). HAMLET binds with similar efficiency to
the surface of both healthy cells and tumor cells, but enters the cytoplasm of
the tumor cells and travels to the nucleus where it accumulates. Healthy
cells, in contrast, do not internalise the protein and only small amounts of
Alexa-HAMLET were detected in the cytoplasm. Finally, HAMLET does
not accumulate in the nuclei in healthy cells. We conclude that tumor cells
take up larger amounts of HAMLET than healthy cells, and that the protein
complex travels through the cytoplasm to cell nuclei(20). We have used the
difference in sub-cellular localisation between tumor cells and healthy cells
as a basis to explore the cellular targets for HAMLET in tumor cells.

2.2 Initiation pathways

Cell death can be initiated by a variety of external stimuli, and the effect
of HAMLET has been compared to these known PCD stimuli. HAMLET
binds in a patchy, granular manner to both tumor cells and healthy cells,
suggesting that the ability to bind per se is not crucial for the difference in
sensitivity. Cell surface receptors for HAMLET have not been identified but
it is likely that HAMLET recognises receptors formed by conserved cell
surface molecules(21). A rapid and powerful pathway to PCD is induced by
death receptor ligands, which activate death receptors (DRs) at the plasma
membrane. The DRs are transmembrane proteins of the tumor necrosis
factor (TNF) receptor super-

Family with an intracellular death domain (DD)(22, 23), which can
couple the receptor either to a cell death cascade or to a kinase pathway that
turns on gene expression. Fas (also called CD95 or Apol) and TNFR1 (TNF
receptor 1)(24) are stimulated by binding of Fas ligand (FasL or CD95L) to
the extracellular DR domain(25) recruits adaptor proteins in the signal
transduction cascade. Stimulation of the DRs may induce apoptotic or
necrotic cell death.
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Figure 3. Subcellular localisation of HAMLET. A. Tumor cells and B. Healthy cells

Apoptosis signalling from Fas is mediated by the caspase family of
proteases through one of two major pathways depending on the cell
type(26). Mitochondria and induces release of inter-membrane space
proteins(27, 28). Alternatively, apoptotic cell death can be mediated through
the recruitment of the protein Daxx to the DR and activation of the apoptosis
signal-regulating kinase 1 (ASK1) and Jun N-terminal kinase (JNK)
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pathways(29, 30). In addition, stimulation of Fas and TNFR1 can lead to
necrotic cell death through production of ROS(31).

The Fas DR pathway is not activated by HAMLET, as shown by the
broad cellular spectrum, the caspase independence (see below) and by
inhibition experiments using specific anti-CD95 antibodies(32). Type I cells
directly activate the effector caspase-3 through caspase-8 and cell death
proceeds independently of the Bel-2 family members and the mitochondria.
In type II cells, the signal is amplified through the mitochondria through
proteolytic activation of Bid, which translocates to

2.3 HAMLET, mitochondria and the Bcl-2 family

The mitochondrial inter-membrane space contains several proteins of the
cell death machinery. If released into the cytosol, these proteins participate
in the execution of the cell death program and this marks the irreversible
phase of death and must be carefully regulated. Mitochondrial outer
membrane integrity is controlled by the Bcl-2 family of proteins, which
share one or more of four Bcl-2 homology domains (33-35) (BH1 to BH4)
(reviewed in (36)). Bcl-2 and Bcel-X; are death inhibitory proteins whereas
the multidomain (BH1-3) proteins Bax and Bak and the “BH3-only” proteins
and Bid, Bad, Bim, Noxa and Puma all promote death. The Bcl-2 family
proteins are present both on intracellular membranes such as the ER and
mitochondrial outer membrane and in the cytosol. The proposed function of
Bcl-2 and Bcl-X; is to stabilise the membranes whereas Bax and its relatives
act by perturbing the mitochondrial outer membrane to release inter-
membrane space proteins. The BH3-only proteins sense cellular damage and
death stimuli and act upstream by inhibiting Bcl-2 or activating Bax and
Bak. The pro- and anti-death members regulate the activity of each other by
forming inactive heterodimers and eventually, the ratio of pro- and anti-
death members of the Bcl-2 family present at the mitochondrial membrane
determines how the cell will respond to a death or survival stimulus
(reviewed in (9, 36, 37)).

Several models for mitochondrial membrane permeabilisation have been
proposed (reviewed in (37-39)). Based on the structural similarity between
Bcl-X; and the pore-forming subunit of diphtheria toxin, it is suggested that
Bax and Bak form specific pores in cooperation with Bid and mitochondrial
lipids. Pore formation does not irreversibly perturb mitochondrial function,
but triggers death pathways by releasing proteins and ions. A second model
proposes permeability transition (PT) with loss of mitochondrial membrane
potential by opening of the PT pore. PT can be induced by mitochondrial
toxins, reactive oxygen species (ROS) and Ca’" released from the ER. PT
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pore opening results in osmotic swelling and selective rupture of the outer
membrane and Bcl-2 proteins have been shown to interact with and regulate
the activity of the PT pore. A third model describes destabilisation of the
outer membrane by mitochondrial fission. Mitochondria are present in inter-
phase as a tubular network, but in preparation for mitosis the network is
fragmented to facilitate distribution to the daughter cells. Evidence
supporting this model includes the presence of mitochondrial fission during
PCD, co-localisation between Bax and fission proteins and resistance to
PCD of fission protein knock out cells.

Some cells appear to undergo classical apoptosis in response to
HAMLET with cell shrinkage, nuclear condensation and DNA
fragmentation(11). Based on these observations, we investigated the role of
mitochondria and ability of the Bcl-2 family to regulate the response to
HAMLET. HAMLET was shown to co-localise with mitochondria in the
cytoplasm and to bind isolated mitochondria, inducing membrane
depolarisation, swelling and cytochrome c release in a calcium dependent
fashion (32, 40). We have exposed cell lines differing in Bcl-2 expression to
HAMLET, and monitored cytochrome c release, caspase activity and
survival.  Surprisingly, cell death was unrelated to the level of Bcl-2
expression, determined by Western blots, and over-expression of Bcl-2 or
Bcel-Xy in transfected cells did not save them from death following exposure
to HAMLET, nor did it reduce the level of cytosolic cytochrome c or
activated caspases(19).

24 HAMLET and caspases

Proteases involved in the execution of the cell death program are shown
in Figure 4. The effector caspases are activated by cleavage by initiator
caspases or other proteases and in most systems, the activation of a potent
effector caspase cascade requires release of molecules from the
mitochondrial intermembrane space. When released to the cytosol,
cytochrome ¢ associates with Apaf-1 and dATP to form the apoptosome
(41, 42) which recruits and activates procaspase-9(43), which proceeds to
activate caspase-3(44). Caspase-3 (supported by caspase-6 and -7) is
responsible for producing several features of the apoptotic cell death
morphology(45). The cytosolic inhibitors of apoptosis (IAPs) protein family
(46) prevent unwanted caspase activation in the cytosol during normal
cellular conditions and their inhibitory effect is neutralised by two other
proteins released from the inter-membrane space, Smac/DIABLO (Second
mitochondrial activator of caspases/direct inhibitor of apoptosis (IAP)-
binding protein with low pl)(47, 48) and Omi/HtrA2(49, 50).
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Caspase-3 executes the cell death program by proteolytically activating
or inactivating important structural and functional cellular proteins. Nuclear
fragmentation and condensation are the results of cleavage of DNA, lamin,
topoisomerases, linker histones and other structural proteins in the
nucleus(51-55). During apoptosis, chromatin is degraded to discrete
fragments of 50-200 kbp (high molecular weight fragments) and
internucleosomal fragments of approximately 200 bp(56), mediated by the
caspase activated DNase (CAD) (57). In non-apoptotic cells, CAD exists in
an inactive complex with its inhibitor ICAD. During apoptosis, caspase-3-
mediated cleavage of ICAD releases CAD, allowing it to cleave chromatin.
Active blebbing and detachment is mediated by the activation of p21-
activated kinase(58, 59) and gelsolin(60), leading to disruption of the actin
filament network. Efficient removal of the dying cell without leakage of
cellular contents to the surrounding tissue is ensured by the exposure of
phagocytic markers, of which the best described is the externalisation of the
inner plasma membrane phospholipid phosphatidylserine(61).

The caspases play an important role also in PCD signalling and execution
(reviewed in (45)). Initiator (caspase-2, -8, -9, -10 and -12) and effector
(caspase-3, -6 and -7) caspases are present in the cell as inactive pro-
enzymes and are activated in response to cell death stimuli.

Caspase 2, 3 and 9 activities were detected in HAMLET treated
cells but the response to HAMLET was significantly lower than to
other cell death stimuli. Cleavage of caspase substrates such as PARP,
lamin B and o-fodrin has also been detected(32). Tumor cell death in
response to HAMLET was shown to proceed even in the absence of caspase
activity, however. The pan- caspase-inhibitor zZVAD-fmk was shown to
block inter-nucleosomal DNA fragmentation, but failed to rescue the cells
from death (19). This suggested to us that tumor cells exposed to HAMLET
activate caspase-independent PCD mechanisms. Subcellular fractionation
was first used to identify cellular targets for HAMLET. HAMLET was
shown to bind three low molecular weight proteins in nuclear extracts. These
proteins were identified as histones H2B, H3 and H4 and the specificity of
HAMLET for histones was confirmed using purified bovine histones in a far
western assay, where HAMLET bound to H2B, H3 and H4, weakly to H2A
and not at all to H1. In addition, HAMLET recognised several proteins in a
membrane fraction, but there was no binding to the mitochondria-containing
and cytosolic fractions. The lack of binding of HAMLET to proteins in
mitochondrial extracts was interesting, as co-localisation studies had
suggested such an association in cellular systems. The specificity for
histones suggested that HAMLET might interact with chromatin in tumor
cell nuclei. The eukaryotic genome consists of almost two meters of double
stranded DNA and to fit in a cell nucleus of approximately 10 um, DNA is
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packed into chromatin. Chromatin is a dynamic structure and its properties
can be modulated by a variety of mechanisms, such as DNA methylation,
histone modification or replacement with histone variants and binding of
non-histone chromosomal proteins. The dynamic structure of chromatin
allows both for compaction of DNA and local accessibility to proteins
involved in essential processes such as DNA replication, transcription and
repair (62). Adjacent nucleosomes are connected by linker DNA and the
linker histone H1. The linker histones and the core histone tails cooperate in
packaging of the nucleosome array into a 30 nm thick fibre(63, 64).
Additional higher-order levels of packaging are then required to form
functional states of chromatin through the phases of the cell cycle (reviewed
in (65)). HAMLET was shown to interact with natively folded and
biologically functional histones.

death receptors

A

2+
Cytc Smac/Diablo Omi/HrA2 AIF  EndoG <R;?)S
IAPS/
mitochondrial
dysfunction
apoptosome and
caspase-9 cellular damage

chromatin condensation
and degradation

caspase-3
\ proteolysis of
cellular proteins

CAD necrosis-like PCD

granzymes
cathepsins
calpains

caspases
apoptosis-like PCD

Figure 4. Execution pathways. Most cell death stimuli converge on the mitochondrion where
they initiate release of death-promoting molecules from the intermembrane space. These
molecules can be divided into two groups, those that activate caspases directly or indirectly
(cytochrome ¢ and Smac/DIABLO) and those that function independent of caspases (AIF and
Endonuclease G). Omi/HtrA2 is involved in both caspase-mediated death as an inhibitor of
IAPs and in caspase-independent mechanisms through its serine protease function. There are




10. Hamlet; a Novel tool to Identify Apoptotic Pathways 233

three general execution routes leading to the main PCD variants. Activation of the caspase
cascade, either by the DISC or the apoptosome, leads to apoptotic PCD. Secondly, AIF and
endonuclease G cooperate with non-caspase proteases to produce an apoptosis-like
morphology which is caspase independent. Third, a functional defect of mitochondrion leads
to ROS production and Ca2+ fluctuation and necrosis-like PCD. HAMLET activates a weak
caspase response. Bcl-2 does not regulate this response (Hallgren et al. in preparation).

In affinity chromatography, HAMLET bound H2A, H2B, H3 and H4 and
BIAcore assays showed rapid binding with very slow dissociation. Mixing of
histones with HAMLET in solution resulted in precipitation of the proteins,
suggesting a high affinity of the binding. Both denatured and native histones
were precipitated by HAMLET, with a preference for H3 and H4.

Figure 5. Structure of the nucleosome core particel. H3 is shown in blue, H4 in green, H2A
in yellow and H2B in pink. The complete core particle with 146 bp of DNA wrapped around a
histone octamer. A. Front and B. side view. C. A half nucleosome core with only one copy of
each histone and C-terminal part of H3 from the other half is shown to illustrate the histone-
histone interactions in the octamer. HAMLET binds histones, nucleosomes and chromatin.

The in vivo relevance of these interactions was demonstrated in HelLa
tumor cells expressing GFP-tagged histones. Alexa-HAMLET co-localised
with the GFP-histones in cell nuclei and induced changes in the global
chromatin structure. The chromatin was condensed to the nuclear periphery
or to large, spherical structures. HAMLET was present in both of these
chromatin patterns. The core histones are small, basic proteins that are
highly conserved during evolution. They consist of two main structural
regions, the histone tail(s) and the conserved histone-fold region, a tertiary
structure of three o-helices joined by two loops shared by all the core
histones(66, 67). The fold mediates both histone-histone and histone-DNA
interactions in the nucleosome core. With the exception of H2A which has
tails on both sides, the tails are amino terminal to the histone-fold region.
They contain sites for post-translational modifications, which are important
for the assembly of nucleosomes, transcriptional regulation and altering of
chromatin structure and activation state during the cell cycle. Histone
modifications have been proposed to constitute a “’histone code’’ that is read
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by structural chromatin proteins and transcription factors(68). Several
histone-binding proteins have been shown to act as chaperones in
chromatin assembly and remodelling, histone storage and sperm
decondensation(69, 70). In addition to inhibiting unspecific
interactions between histones and DNA, the chaperones shuttle histones
from their site of synthesis to sites of chromatin assembly (reviewed in
(69)). The chaperone Asfl interacts with other proteins involved in
remodelling, transcription, cell cycle regulation and histone
modification, suggesting that histone chaperones may regulate gene
expression and cell growth (reviewed in (71)).

The histone binding properties of HAMLET were compared to that of a
known histone chaperone, Nucleosome Assembly Protein 1 (NAP-1). We
allowed NAP-1 or HAMLET to interact with histones and added short DNA
fragments to the reaction. NAP-1 induced a concentration-dependent
assembly of nucleosomes, whereas HAMLET completely prevented
nucleosome formation. This shows that the affinity for histones differs
significantly between HAMLET and physiological histone chaperones. The
chaperones bind histones with affinities low enough to allow delivery to
DNA. The affinity of HAMLET for histones apparently exceeds that of
DNA and as a result, if HAMLET comes in contact with chromatin, it can
disrupt the association between histones and DNA and thus perturb the
structure and function of chromatin.

We conclude that HAMLET interacts with all structural and functional
conformations of histones, from denatured proteins to natively folded
soluble histones and histones in nucleosomes and this allows HAMLET to
interfere with histone biosynthesis and function at several steps. In the
nucleus, HAMLET could remove histones from DNA or directly bind
nucleosomes and impair their function. Alternatively, the binding of
HAMLET to chromatin could induce DNA damage. It has been observed
that defects in chromatin assembly can lead to double strand DNA breaks
and activation of the S-phase checkpoint. The mechanism behind this is not
clear but it can be due to lack of stabilisation behind the replication fork(72).
HAMLET may also interact with newly synthesised histones at the ribosome
or with cytoplasmic histones associated with chaperones. As the affinity of
HAMLET for histones appears to be higher than that of the chaperones,
HAMLET could compete with chaperones for the histones and prevent their
correct folding and transport to the nucleus. This would void the chromatin
assembly machinery of histones and induce chromatin damage.
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2.5 HAMLET-induced cell death is independent of p53

In other models, damage to the cell nucleus has been shown to trigger
cell death programs (Figure 6). The major mediator of PCD signalling in the
nucleus is the p53 tumor suppressor protein, a transcription factor situated at
the centre of a highly connected network that controls cell growth and
genome stability (reviewed in (73, 74)) and more than 50% of all human
tumors lack functional p53(75). Inactivation of p53 occurs by mutations in
the p53 gene itself or in other genes whose products interact with and control
p53 activity. The level of p53 in the cell is mainly controlled by its
degradation by the ubiquitine-proteasome system and by MDM2, that targets
p53 for degradation(76). MDM?2 is a transcriptional target for p53, resulting
in a feedback loop in which p53 and MDM2 levels regulate each other.
Double strand DNA breaks activate the checkpoint kinases ATM and Chk2,
which phosphorylate the N-terminal tail of p53 and reduce its affinity for
MDM2(77). Oncogene expression (Ras and Myc) increases the expression
and stability of ARF, which binds MDM2 and sequesters it in the
nucleolus(78). Chemotherapeutic drugs, UV radiation and protein kinase
inhibitors activate ATR kinase and casein kinase II that also phosphorylate
p53 and induce its dissociation from MDMZ2(79). In addition to protein
stabilisation, posttranslational modifications are required for p53 activity.
Phosphorylation, acetylation and ribosylation of the C-terminal domain
activates the DNA binding site of p53, which is masked in the inactive
protein, allowing for the transcriptional activities of p53(74). This activation
can also be induced by antibodies or drugs(80), presenting new ways to
restore p53 function in tumor cells. p53 protects cells and organisms against
uncontrolled growth and genomic instability by inducing cell cycle arrest,
DNA repair or cell death through both transcription-dependent and
independent mechanisms(81). p53 promotes PCD at several stages by
stimulating expression of Bax, Fas, ROS-producing enzymes and apoptosis
protease activating factor 1 (Apaf-1) and reducing the expression of Bcl-2
(reviewed in (82)). In addition, p53 localises to mitochondria in response to
cell death stimuli and promotes apoptosis(83). This effect is independent of
protein expression and is suggested to depend on a direct interaction with
Bcl-2 family proteins(84, 85). Other tumor suppressive effects of p53
include inhibition of angiogenesis and induction of cell differentiation(73).

As HAMLET targets the chromatin, we expected p53 to influence the
death program. Surprisingly, however, HAMLET was shown to kill tumor
cells regardless of their p53 status. Tumor cells with different p53 status did
not differ in HAMLET sensitivity, as shown with cells with no, mutated or
wild type p53. Furthermore, we found no relationship of HAMLET
sensitivity to p53 genotype in different tumor cells. Furthermore, p53
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deletions or gain of function mutations did not change the HAMLET
sensitivity of tumor cell lines.
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Figure 6. Response to DNA damage. A. In the nucleus. B. Mitochondrial activation. C.
Upregulation of death receptors. HAMLET disrupts the chromatin but cell death is

independent of p53.

Other links between nuclear stress and PCD induction include activation
of nuclear caspase-2 by low doses of the topoisomerase inhibitor etoposide.
The activated caspase induces release of death promoting molecules from
mitochondria(86). It is not known how caspase-2 is activated in the nucleus
but it has been proposed that there is an adaptor complex in the nucleus
similar to the DISC. DNA double strand breaks caused by X-ray irradiation
induces release and mitochondrial translocation of the linker histone
H1.2(87). H1.2 is released from the nucleus by a p53 dependent mechanism
and induces release of mitochondrial intermembrane space molecules.
Caspase-independent cell death in response to DNA damage can be
mediated by the poly-(ADP-ribose) polymerase (PARP). PARP functions in
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a DNA damage surveillance network and facilitates DNA repair. Its
functions in cell death are unclear, but it induces release of the apoptosis-
inducing factor (AIF) from mitochondria in a caspase-independent
manner(88). HAMLET induced cell death is independent of caspase 2,
however. We conclude that the nuclear response to HAMLET does not
involve p53, that caspase-2 may be activated but that HAMLET-induced cell
death is caspase-2 independent.

2.6 Is there a nuclear pathway to HAMLET-induced cell
death?

The difference in nuclear localisation between sensitive and resistant
cells and the very high affinity of HAMLET for histones suggest that this
interaction may play a role in tumor cell death. Disturbances of chromatin
structure and function could activate cell death programs by several
mechanisms. First, the interaction of HAMLET with chromatin could
damage the DNA itself, but this is less likely, as mechanisms activated by
DNA damage such as p53 and caspase activation are not important in
HAMLET-induced cell death. Histone acetylases have been implicated in
signalling to the cell death machinery in response to DNA damage(89) and
should be explored._Second, HAMLET may trigger cell death directly by
disturbing chromatin structure and function. Chromatin assembly is not only
required for replication of the DNA, but is essential for DNA repair and
transcription. By disturbing chromatin assembly, HAMLET may interfere
with the metabolic machinery of the cell and induce a general stress response
resulting in cell death. Alternatively, a specific surveillance system for
chromatin integrity could transmit signals to cell death effectors. In yeast, an
Asfl deletion (histone chaperone) was shown to arrest cells in G2/M phase,
followed by cell death with morphological features of both apoptosis and
necrosis (90) but the human Asf-1 homologue has additional functions and it
is difficult to extrapolate from yeast.

Regardless of mechanism, the HAMLET model suggests that molecules
which disturb chromatin structure and function may trigger cell death. The
broad effect presumes that HAMLET attacks fundamental functions of the
tumor cell such as the chromatin assembly machinery. This would ensure the
death of the targeted cell, independently of the status of the classical
apoptotic machinery, whose key players are often inactivated in tumor cells.
On the other hand, the nuclear pathway might function as a back up to
ensure the death of all tumor cells, in concert with signals from the cell
surface or in the cytoplasm.
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3. HAMLET AND TUMOR CELL APOPTOSIS IN
Vivo
3.1 Human skin papillomas

Human skin papillomas (HPVs) were chosen to perform the first
HAMLET treatment in humans(91). Papillomas are pre-malignant lesions of
the skin and mucosal surfaces(92), and treatments are often ineffective or
destructive(93). The HPV vaccine development shows great promise as a
prevention of HPV infection, but it is not therapeutic. In our study,
HAMLET was applied topically once a day for three weeks in a double
blind, placebo-controlled protocol (Figure 7). The lesions were measured
and photographed once a week and a reduction in papilloma volume by
>75% was considered significant. The results showed that HAMLET
treatment reduced the papilloma volume in 100% (20/20) patients compared
to 15% in the placebo group (p<0.001). No adverse reactions were reported,
and there was no significant difference in efficacy between immuno-
competent and immuno-suppressed patients. Results were confirmed by
treatment of the placebo group.

We conclude that HAMLET retains its tumoricidal activity in vivo, and
propose that topical HAMLET application should be explored as a new
treatment against papillomas.

3.2 Local HAMLET treatment of brain tumors

Glioblastomas (GBMs) account for more than 60% of all primary brain
tumors, and have the most unfavorable prognosis with a mean survival time
of less than 1 year(94). The tumors grow invasively and are inaccessible to
surgical removal due to their and diffuse infiltrating growth. GBM cells
undergo apoptosis in response to HAMLET in vitro, but are insensitive to o-
lactalbumin, and differentiated brain cells are resistant to this effect.

New experimental treatments of GBM are best investigated by xeno-
transplantation of human glioma biopsies into the nude rat brain The
xenografts show the infiltrative growth characteristic of human tumors(95).
Prior to intracranial injection of the tumor cells, human tumor biopsies are
allowed to form spheroids in vitro as an intermediate step to obtain
standardized inocula of tumor cells. After xeno-transplantation, the rats
develop pressure symptoms and large tumor masses can be detected by MRI
scans.
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A. Study design

Y |

3 weeks 2 months

HAMLET or placebo

B. Morphology of papilloma before and after HAMLET treatment

Before treatment After 3 wks of treatment Two-year follow up

C. Treatment effect of HAMLET contra placebo (Number of patients)

Effect No effect Total
HAMLET 20 0 20
Placebo 3 17 20

Effect = a mean volume decrease of 275%, p< 0.001, after 3 weeks of
treatment

Figure 7. HAMLET treatment of human skin papillomas. A. Placebo controlled study for 3
weeks with 2 months and 2 years follow up. B. Skin papillomas before and after treatment. C.
Outcome of HAMLET versus placebo. (data summerised from New England Journal of
medicine(91) )

The effect of HAMLET on tumor tissue was investigated in this model.
HAMLET was then administered by convection-enhanced delivery with o-
lactalbumin as a control. HAMLET was shown to inhibit tumor development
as shown by a delayed onset of pressure symptoms. Rats receiving o-
lactalbumin developed symptoms significantly earlier than the HAMLET
treated animals (p< 0.001). The TUNEL assay showed extensive apoptosis
in the tumor but the surrounding tissue did not show TUNEL-labeling.
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Furthermore, the infusion of HAMLET did not harm the normal brain and
did not produce any neurological symptoms. We conclude that HAMLET
has the potential to act as a selective inducer of apoptosis in patients with
malignant gliomas.

4. CONCLUSIONS

New cancer treatments should ideally trigger apoptosis selectively in
tumor cells. HAMLET offers a new model in which to approach this
question. HAMLET induces cell death in tumor cells, but leaves fully
differentiated cells unaffected. The cells die with a mixture of classical and
apoptosis-like characteristics and HAMLET Kkills a wide range of malignant
cells in vitro. Interestingly, HAMLET maintains this activity in vivo, in
patients with skin papillomas and in a rat xeno-graft model of human
glioblastomas suggesting that HAMLET can be selective for tumor cells and
that HAMLET may control tumor progression without apparent tissue
toxicity. HAMLET thus shows great promise as a tool to activate cell death
pathways in tumor cells and as a new therapeutic, with the advantage of
selectivity for tumor cells and low toxicity.
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Abstract: Since its discovery in 1995, numerous studies have investigated the potential
of using TRAIL (TNF-related apoptosis-inducing ligand) as an alternative
cancer therapeutic, since it is a potent inducer of apoptosis in tumor cells but
not in normal cells and tissues. As a consequence, a great deal is known about
TRAIL/TRAIL receptor expression, the molecular mechanism of TRAIL
receptor signaling, and methods of altering tumor cell sensitivity to TRAIL-
induced apoptosis. Translating the preclinical TRAIL studies into the clinic is
beginning, with the hope that TRAIL will retain all of its tumoricidal activity
against human primary tumors in sifu with no toxic side effects.

Key words: TRAIL; apoptosis; tumor; adenovirus; immunotherapy

1. INTRODUCTION

Cell death can generally be classified into two forms based on
morphological and biochemical criteria: necrosis and apoptosis'®. Necrosis
is the nonphysiological or passive type of cell death that is usually caused by
extreme trauma or injury to the cell’. It generally affects cells in groups
rather than single cells, and evokes inflammation when it develops in vivo.
Cells undergoing necrosis normally have problems maintaining proper
plasma membrane function, so they can no longer regulate osmotic pressure.
The cells swell and rupture, spilling their cellular contents into the
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surrounding tissue, resulting in the nonspecific cellular destruction that leads
to an inflammatory response necessary to remove the debris and begin tissue
repair.

The other morphological pattern of cell death, apoptosis, is a more subtle
process characterized by numerous cellular changes’. This type of cell death
usually affects scattered single cells, and is characterized histologically by
the formation of small, spherical cytoplasmic fragments, some of which
contain pyknotic remnants of nuclei. These changes begin with cellular
condensation that leads to the cytoplasm becoming overcrowded with
organelles. The nucleus quickly develops condensed chromatin that
associates with the nuclear envelope.  These nuclear changes are
accompanied by fragmentation of the cellular DNA into a ladder of regular
subunits, the result of random double-stranded breaks in the linker regions
between nucleosomes’. While these intracellular changes are taking place,
the cell membrane becomes ruffled and blebbed in a process called zeiosis’.
During this process, the blebs break off into apoptotic bodies. Finally, the
fate of the apoptotic cell is to be phagocytosed by surrounding cells before it
can rupture and release its potentially inflammatory contents. Thus,
apoptotic cell death is well suited for a role in tissue homeostasis, since it
can result in the deletion of cells with little tissue disruption.

The rapid phagocytosis of apoptotic cells suggests that alterations in the
plasma membrane occur early in the death process, which target these cells
for removal, and the phagocytes involved in the clearance of apoptotic cells
have been demonstrated to use several mechanisms to recognize target cells’.
For example, the o,f; vitronectin receptor, recognition of thrombospondin,
membrane carbohydrate changes, and changes in cell membrane net surface
charge have all been described as recognition elements for phagocytic cells’.
Another possible marker for apoptotic cell identification is through changes
in membrane composition involving the loss of cell membrane phospholipid
asymmetrys’ ’. Normal plasma membranes exhibit a marked phospholipid
asymmetry, with phosphatidylcholine and sphingomyelin predominantly on
the outer membrane leaflet and most of the phosphatidylethanolamine and
phosphatidylserine on the inner membrane leaflet'’. This asymmetry is
maintained by an ATP- and Mg”" -dependent translocase mediating the
inward transport of negatively charged phospholipids and/or association of
phosphatidylserine with membrane skeletal proteins''. During apoptosis,
cell membrane leaflet composition changes, with a redistribution of
negatively charged phosphatidylserine to the outer leaflet. Surface exposure
of phosphatidylserine occurs with chromatin condensation, precedes the
increase in membrane permeability, and constitutes one of the principal
targets of phagocyte recognition.
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Upon the identification of these basic characteristics, apoptotic cell death
was identified to be a normal physiological process associated with a variety
of basic systems, such as embryonic development, tissue remodeling,
immune regulation, and tumor regression, and is regulated in situ by many
extracellular and intracellular signals'> .  Survival signals from the
environment and intracellular sensor molecules that monitor cellular
integrity normally regulate a cell’s apoptotic machinery. For example, in the
event a cell loses contact with its surroundings or sustains irreparable
internal damage, the apoptotic death process is commonly initiated.
Additionally, apoptosis helps to balance the number of cells within a
multicellular organism that arise through normal cellular proliferation and,
thus, maintain the normal homeostatic nature of the organism. Just as with
apoptosis, cell proliferation is a highly regulated process with numerous
regulatory proteins. A variety of growth factors and proto-oncogenes serve
as positive regulators of cell cycle progression. In contrast, there are
multiple tumor suppressor genes that function to oppose uncontrolled cell
proliferation by inhibiting the activity of the proto-oncogenes. Thus, a
delicate balance in the rates of cellular proliferation and death must be
maintained for homeostasis, such that malfunctions in proliferation or death
results in a plethora of disease states.

Cancer is probably the most common and studied disease associated with
a defect or inhibition of the apoptotic process. Tumor cells from a wide
array of human malignancies have a decreased ability to undergo apoptosis,
and the development of therapeutic agents targeting the apoptosis pathway
within tumor cells have consequently become heavily investigated. Of those
areas being studied, the induction of apoptotic tumor cell death through an
active, instructive process mediated by death receptors, cell surface receptors
that transmit apoptotic signals when bound by their cognate death ligands, is
of great therapeutic interest. The receptors mediating the death signal
belong to the tumor necrosis factor (TNF) receptor superfamily, which is
characterized by similar, cysteine-rich extracellular domains'* .
Additionally, all death receptors contain a homologous cytoplasmic
sequence called the death domain (DD), which serves as a recognition point
for the apoptotic machinery'”"’. The ligands for the death receptors belong
to the TNF family of cytokines, a group of molecules that influence a variety
of immunological functions. For example, two of the most studied death
ligands are TNF and Fas ligand (FasL), which induce apoptosis in many
physiological events, such as autoimmunity, activation-induced cell death
(AICD?é 22immune privilege, and evasion of tumors from the immune
system ",
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2. TRAIL IS APOTENT INDUCER OF TUMOR
CELL APOPTOSIS

TRAIL (TNF-related apoptosis inducing ligand) is another TNF family
member that is capable of inducing apoptosis and has recently received great
attention because of its therapeutic potential. While searching an expressed
sequence tag (EST) database using a conserved sequence contained in many
TNF family members, Wiley et al. were the first to identify an EST that was
then used to clone the full length cDNA for TRAIL* (a.k.a. Apo-2 ligand**).
The extracellular domain of TRAIL was found to be most homologous to
Fas ligand (28% a.a. identity), but also had significant identity to TNF
(23%), lymphotoxin (LT)-o0 (23%), and LT-B (22%). Whereas the
homology of TRAIL to other TNF family members may be considered low,
examination of the crystal structure of monomeric TRAIL found it to be
similar to that of TNF, TNF-B, and CD40 ligand”>. TRAIL monomers
contain two antiparallel B-pleated sheets that form a B sandwich core
framework, and the monomers interact with other TRAIL monomers in a
head-to-tail fashion, to form a bell-shaped trimer”. This oligomerization
enhances TRAIL activity as studies with recombinant soluble TRAIL found
that the most biologically active form was multimeric, or crosslinked, rather
than monomeric™.

Early studies identified two unique characteristics of TRAIL. First,
TRAIL-induced apoptosis only in tumorigenic or transformed cells and not
normal cells”. And as with the other death-inducing members of the TNF
family (i.e. FasL and TNF), cells undergoing TRAIL-induced death
exhibited many of the hallmarks of apoptosis, including DNA fragmentation,
expression of pro-phagocytic signals (i.e. phosphatidylserine) on the cell
membrane, and cleavage of multiple intracellular proteins by caspases™ **>*
7. Soluble TRAIL is tumoricidal for over 75% of the more than sixty
hematopoietic and non-hematopoietic tumor cell lines tested in vitro,
suggesting that TRAIL could be used as a broad-spectrum, anti-tumor
molecule in vivo™ ****  TRAIL may be important in the AICD of T cells
during HIV infection®”. Peripheral blood human T cells express TRAIL after
CD3 crosslinking and type I IFN stimulation, perhaps also contributing to
the AICD of T cells in the natural setting“. In addition, human NK,
monocytes, and dendritic cells express TRAIL following cytokine
stimulation, transforming them into potent killers of tumor cells’*?*. Recent
work from our laboratory has revealed that CpG-containing oligonucleotides
are also potent inducers of TRAIL on human PBMC (especially monocytes
and B cells) via an IFN-o-dependent mechanism (Figure 1A and *).
Second, in contrast to other TNF family members whose expression is
tightly regulated and often transiently expressed, mRNA for TRAIL is
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detected in a wide range of tissues, including peripheral blood lymphocytes,
spleen, thymus, prostate, ovary, small intestine, colon and placenta®.

(A)

cb3

cD19

2216

% of Max

TRAIL/Apo-2L

Figure 1. (A) TRAIL expression on human PBMC (CD3+, CD14+, CD19+, and CD56+
cells) after incubation for 24 h in the absence or presence of CpG-B ODN 2006, CpG-B ODN
control 2041, or CpG-A ODN 2216 (1 ug/ml). Histograms represent 104 gated cells in all
conditions, and viability was greater than 95% as assessed by propidium iodide exclusion.
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Figure 1. (B) IFN-o neutralization abrogates CpG ODN-induced TRAIL expression on
CD14+ monocytes. PBMC were incubated for 24 h in the absence or presence of either 1
pug/ml CpG-A 2216 or CpG-B 2006, IFN-o neutralizing antiserum (10,000 NU/ml), or a
nonspecific control Ig. Cells were then analyzed by flow cytometry for TRAIL surface
expression on CD14+ cells. Histograms represent 104 gated cells in all conditions, and
viability was greater than 95% as assessed by propidium iodide exclusion.
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3. TRAIL RECEPTOR SIGNAL TRANSDUCTION

As mentioned, apoptotic cell death can be triggered by a variety of agents
acting on different cellular receptors, most notably by the death receptors of
the TNF receptor superfamily. Unlike Fas ligand and TNF, which interact
with a single or pair of receptors, respectively, TRAIL specifically binds to
five distinct receptors: DR4’’, DR5/TRAIL-R2*"?°, TRID/DcR1/TRAIL-
R3%7 3% % TRAIL-R4/DcR2** *' (hereafter referred to as TRAIL-RI, -R2, -
R3, and -R4, respectively), and osteoprotegerin (OPG)*. Both TRAIL-R1
and TRAIL-R2 contain a cytoplasmic death domain, and crosslinking by
TRAIL or receptor-specific mAb activates the apoptosis signaling pathway
in sensitive cells’”***’. In contrast, neither TRAIL-R3 (which is GPI linked)
nor TRAIL-R4 (which is a type I membrane protein) contains a complete
cytoplasmic death domain, and neither can mediate apoptosis upon ligation™
37.38.40.41  OPG is a soluble receptor capable of binding to TRAIL in vitro
and blocking TRAIL-induced apoptosis’>. Because TRAIL-R3, -R4, and
OPG bind to TRAIL without directly signaling for cell death, it was initially
proposed that these receptors inhibit TRAIL-induced apoptosis by acting
either as membrane-bound or soluble antagonistic receptors’” ** **** or via
transduction of an anti-apoptotic signal **. Therefore, the presence or
absence of TRAIL-R3, TRAIL-R4, and/or OPG was thought to determine
whether a cell is resistant or sensitive, respectively, to TRAIL-induced
apoptosis’***"** Further investigation of many tumor cell lines, however,
disproved this theory as the sole mechanism regulating TRAIL-sensitivity
and resistance™* ?’.

While the proximal signaling events have been extensively studied for
Fas and TNFRI, initial evaluation of the TRAIL receptor signaling pathway
proved difficult, yielding contradictory results from different laboratories. It
was not until recently that the molecular signal transduction events leading
to apoptosis induced via TRAIL/TRAIL receptor interaction were
elucidated. = Death receptor, be it TRAIL-R1/R2, Fas, or TNF-RI,
crosslinking leads to the formation of a multiprotein structure called the
death-inducing signaling complex (DISC*) that includes the death receptor,
the death adapter protein Fas-associated death domain protein (FADD*),
and the proteolytic cysteine protease procaspase-8. All death receptors share
a homophilic protein/protein intracellular domain, called the DD'® "7, which
is required to attract specialized apoptosis signaling molecules that often
contain a DD themselves. FADD interacts directly with the DD of TRAIL-
R1, TRAIL-R2, Fas, and indirectly with the DD of TNF-R1 through
TRADD (TNF Receptor-associated death domain protein). In a homotypic
interaction, the DD of FADD binds to the DD of TRAIL-R1 or —R2. The
death effector domain (DED) of FADD, in turn, interacts with the DED of
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procaspase-8*°. Procaspase-8 is proteolytically cleaved and activated at the
DISC, which then initiates the apoptosis executing caspase cascade. The
downstream executioner caspases, caspase-3, -6, and -7, are then activated to
cleave the numerous structural and regulatory proteins that maintain cellular
integrity. A schematic representation of the TRAIL-R1/-R2 signal
transduction pathway is depicted in Figure 2.
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/

FADD - FADD-DN

FLIP Bax Bcl-2

IkB proCaspase 8/10 Bak Bel-X,
o NFxB , (
kB / Bid
K \__Cas ase 8/10
HF e P mitochendria
Smac/DIABLO
anti-apoptotic proCaspase 3
effects Caspase 9 Cyt-c
XIAP
Caspase 3 SIAP-1
clAP-2 roCaspase 9
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Figure 2. Schematic representation of TRAIL receptor signaling within a tumor cell.

Caspases are a family of cysteine proteases with cleavage specificity for
aspartic acid residues®®. All caspases share a similar structure and are
synthesized as inactive precursors that consist of a prodomain at its amino
terminus, a large subunit the middle of the molecule, and a carboxy-terminal
small subunit. Caspase activation proceeds by proteolytic cleavage of the
constitutively expressed proform, where one cleavage event removes the
prodomain and the other separates the two subunits. The intriguing nature of
the cleavage sites indicates that these molecules can undergo autoactivation,
as well as activating each other in an enzymatic cascade similar to the
coagulation and complement cascades. Although the catalytic domain is
located within the large subunit, it is only active when associated with the
small subunit. In fact, crystallographic studies demonstrate active caspases
are tetramers made by the association of two heterodimers and,
consequently, contain two independent catalytic sites'” **. The conclusion
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that caspases are the central executioners in the apoptotic process was made
from the following observations: 1) caspase activation is a very early event
that occurs in all forms of apoptotic cell death; 2) viral or oncogenic protein-
mediated inhibition of caspase activation, or inhibition with small peptides,
blocks all the morphological features seen in apoptosis; and 3) addition of
recombinant caspases in cell-free systems results in the same apoptotic
cytoplasmic and nuclear changes. However, not all caspases serve as
effector molecules within this signaling pathway. Whereas caspases-3, -6,
and —7 have been directly implicated with the execution of apoptotic cells,
caspases-8, -9, -10, and -2 are initiator or regulatory caspases, such that their
activities do not directly account for the morphological features of apoptosis.
Instead, the primary role of the initiator/regulator caspases is to function as
signaling molecules, transducing stress signals that activate the effector
caspases. The fact that the proteolytic activity of active caspases within a
cell is responsible for its demise led to the conclusion that the main function
of the caspases was to destroy intracellular proteins in such a way that the
cell would not be able to function any longer. While this is generally true,
some caspase substrates are activated upon cleavage, for example cleavage
of the Bcl-2 family member Bid facilitates its targeting to the mitochondria,
leading to cytochrome c release®.

4. PHYSIOLOGICAL ROLES FOR TRAIL

It quickly became clear from the numerous in vitro studies that TRAIL
was a potent inducer to tumor cell apoptosis, but there was nothing known
regarding the normal physiological activities of TRAIL in vivo. In an
attempt to address this question, Sedger et al™® generated TRAIL-gene
targeted (-/-) mice. These mice develop normally and display no defects in
lymphoid or myeloid cell homeostasis or function. Despite the fact that
TRAIL binds OPG and OPG-overexpressing mice have increased bone
density, TRAIL" mice showed no evidence of aberrant bone growth. The
one abnormality observed in these mice, however, was that they were more
susceptible to tumor burden. Interestingly, while the TRAIL deficiency
resulted in a significant biological disadvantage for controlling the growth of
TRAIL-sensitive tumor in vivo, the mice did not have an increased tendency
to spontaneously develop tumors compared to normal mice. Shortly
thereafter, a series of studies were published clearly and elegantly
demonstrating  the importance of TRAIL in natural tumor
immunosurveillance® ™. These studies also highlighted the importance of
TRAIL-expressing NK cells in the elimination of tumors in vivo. These
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observations are critical in the development of future immune-based
therapies for cancer.

Subsequent reports have provided a glimpse into additional physiological
roles for TRAIL. First, TRAIL appears to be important in controlling
susceptibility to certain autoimmune diseases. Chronic blockade of TRAIL,
by using TRAIL” mice or soluble TRAIL-R2:Fc in mice, exacerbated the
development and severity of symptoms present in models of experimental
autoimmune encephalomyelitis, collagen-induced arthritis, and diabetes
compared to wild-type mice’®™. Based on the observations in the collagen-
induced arthritis model, it was also proposed that TRAIL was also important
in proper thymocyte development’’. This conclusion has been met with
some controversy, though, as contradictory results have been reported®.

The importance for FasL, another potent apoptosis-inducing TNF family
member, in maintaining immune privilege was highlighted by studies in the
eye, testis, and placenta® ", Activated lymphocytes entering these areas
are promptly killed via Fas-Fas ligand interactions. Additionally, FasL
expression within the eye is an important contributor to the success of
corneal transplants. Because of its ability to also kill activated lymphocytes
and having highest homology with Fas ligand, investigation into the
potential of the TRAIL-TRAIL receptor system to protect these same sites
from immune attack was explored. Indeed, TRAIL performs many of the
same functions within the eye and placenta. Within the eye, TRAIL is
constitutively expressed on numerous ocular structures, including the cornea
and retina®, suggesting a role for TRAIL in tumor surveillance within the
eye. Ocular expression of TRAIL may also explain the paucity of clinical
cases of ocular tumors; however, it is unknown whether TRAIL plays any
role in the success of corneal transplants. Studies investigating the
expression of TRAIL in first trimester placentas found prominent expression
in syncytiotrophoblasts, where it was localized primarily to the apical brush
border®. 1In addition, TRAIL was present on villous stroma and stromal
cells, particularly the Hofbauer cells (placental macrophages), amnion
epithelial cells, and maternal decidual cells. Expression was low to absent in
fibroblastic mesenchymal cells and endothelial cells. In addition to the high
level of TRAIL expression, trophoblasts also expressed significant levels of
the non-signaling TRAIL receptor, TRAIL-R3. Based on the expression of
these two molecules, it was concluded that TRAIL may be an important
contributor to immune tolerance during pregnancy.

As previously mentioned, TRAIL expression can be induced on T cells,
NK cells, DC, and M¢ following IFN-ot and IFN-y stimulation® .
Oligodeoxynuclotides containing CpG motifs (CpG ODN) have profound
immunostimulatory effects including anti-tumor immunity®, and recognition
of CpG DNA by the immune system has evolved as a defense mechanism
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against bacterial (intracellular) pathogens®’. CpG ODN activate numerous
immune cell populations and drive the immune response toward a Thl
phenotype®. Recently, we showed that human PBMC stimulated by CpG
ODN induce an anti-tumor response by upregulating TRAIL expression on
multiple PBMC populations (CD4" and CD8" T cells, CD19" B cells, CD56"
NK cells, and CD14" monocytes) via IFN-o. produced by plasmacytoid
dendritic cells (pDC)**. Of similar interest, Mycobacterial species contain
among the highest CpG nucleotide content of all prokaryotes, and much of
the pioneering work on immunostimulatory DNA was performed on BCG-
mediated tumor resistance studies®. Because of our studies with CpG ODN
and the CpG nucleotide content within Mycobacterial species, we proposed
that the mechanism for the anti-tumor activity of Mycobacterium bovis
bacillus Calmette-Guérin (BCG) therapy for bladder cancer® was analogous
to that of CpG ODN, where the cytokine response, specifically IFN, to BCG
leads to the upregulation of TRAIL. This indeed proved to be the case, since
we detected the presence of soluble, functional TRAIL protein in the urine of
patients following BCG immunotherapy, and observed increased levels of
TRAIL in those patients that responded favorably to BCG therapy®”. When
we analyzed urine of patients undergoing BCG therapy to determine which
of the voided cells were expressing TRAIL, there was high expression of
TRAIL on voided neutrophils (PMN) during the time period examined (3-5
h post instillation). Given these observations, we hypothesized that in vitro
stimulation of PMN with BCG induced the expression of TRAIL. To test
the hypothesys, PMN were stimulated with BCG, IFN-a, or a combination of
BCG and IFN-a for 5 h, after which the PMN were assessed for TRAIL
expression. As illustrated in Figure 3, PMN stimulated in vitro with BCG
were the only cells to express TRAIL. Interestingly, there was no additive or
synergistic response when the combination of BCG and IFN-a was used for
stimulation. While still preliminary, these results may signal a new and
significant role for the massive granulocyte influx following BCG
instillation.
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Figure 3. Augmentation of Ad5-TRAIL-induced death of DU-145 human prostate tumor cells
by histone deacetylase inhibitors. 96-well flat-bottom microtiter plates were seeded with DU-
145 cells (2 X 104 cells/well) and allowed to adhere for at least 6 h. Cells were incubated in
(A) depsipeptide, (B) MS-275, (C) oxamflatin, (D) sodium butyrate, or (E) trichostatin A at
the indicated concentrations for 16 h before adding AdS-TRAIL. DU-145 cells treated with
Ad5-TRAIL alone are indicated as the “medium” group in each panel. Cell viability was then
determined after 24 h by crystal violet staining. Each value represents the mean of 3 wells.
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5. TRAIL AS AN ANTITUMOR THERAPEUTIC

Since the first report describing TRAIL*, nearly all of the published
studies have focused on its anti-tumor activities in vitro and in vivo, with the
goal of developing this molecule into an antitumor therapeutic agent. As
described above, early in vitro analyses demonstrated that recombinant,
soluble TRAIL possessed the unique ability of inducing apoptosis in a broad
range of tumor cell lines, while having little to no activity against normal
cells™ * 2. Based on these in vitro results, it was suggested that TRAIL
could be used as an anti-tumor therapy without the side effects seen with
other TNF family members, namely FasL and TNF. The first reports
examining the antitumor activity of TRAIL in vivo also evaluated its toxicity
against normal tissues. Walczak ef al.”’ compared the effects of intravenous
administration of soluble TRAIL or FasL into immunocompetent mice.
Injection of TRAIL (either human or murine, 200 pg) did not result in any
observable toxic effects, whereas mice given human FasL (50 ug) were dead
within 1 h due to massive hepatocellular degeneration, necrosis, and
hemorrhage. Histologic examination of tissues obtained from mice treated
for a longer period (500 pg/d for 14 days) also demonstrated no toxicity.
Further investigation into the potential side effects of TRAIL was performed
in nonhuman primates by Ashkenazi et al.”'. The exposure of cynomolgus
monkeys to TRAIL at 0.1-10 mg/kg/d over 7 days did not induce detectable
toxicity. In contrast, TNF induced severe toxicity at 0.003 mg/kg/d.
Interestingly, certain recombinant forms of soluble TRAIL have been shown
to induce apoptosis in human hepatocytes in vitro’™ , raising some concerns
about the therapeutic potential of TRAIL. The explanation for the observed
hepatocyte killing may actually lie in the form of TRAIL used. A TRAIL
monomer of native sequence contains a single cysteine, Cys-230, and when
forming trimeric TRAIL the cysteines from three monomers are close to
each other and chelate Zn** ** 7. In contrast, the poly-His tagged
recombinant TRAIL version that demonstrated toxicity toward hepatocytes
in vitro’™ 7 had a low Zn®" content and displayed an aberrant structure
compared to native TRAIL”. These results suggest that the question of liver
toxicity was nothing more than an in vitro observation entirely dependent
upon the form of TRAIL used, and the use of untagged TRAIL (a.k.a.
Apo2L/TRAIL.0™) in a therapeutic setting in humans will not display any
toxicity.

These results clearly demonstrated the safety of large, systemic doses of
TRAIL, leading to further studies that evaluated the antitumor activity in
vivo. For these studies, immunocompromised CB.17 SCID mice were
subcutaneously injected with human tumor cells, followed by intraperitoneal
or intravenous injections of soluble TRAIL starting at various days after
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tumor implantation’” "', Multiple doses of TRAIL beginning the day after
tumor implantation suppressed tumor outgrowth, with many animals
becoming tumor-free. Further studies have demonstrated that the in vivo
antitumor activity of TRAIL is enhanced when combined with
chemotherapeutics, such as camptothecin and 5-fluoruracil, and ionizing
radiation” " 7. The antitumor activity of TRAIL following systemic
administration in these experiments demonstrated that TRAIL could interact
with the primary tumor and, potentially, any metastases that would normally
be difficult to detect and/or treat. One major drawback to these findings,
however, was that large amounts of TRAIL (up to 500 ng/d) were required
to inhibit tumor formation, since most of the protein was cleared within 5
hours”. Furthermore, the systemic administration of TRAIL appeared to be
most successful when administered shortly after tumor implantation’® " 7®
77 Although these previous results show promise, successful treatment
relied on repeated, systemic administration of large amounts of soluble
TRAIL to have an effect. Yet, the administration of equivalent doses of
recombinant TRAIL protein into humans may be problematic. Thus, the
development of an alternative means of delivery may increase the relative
activity of TRAIL such that larger, more established tumors may be
eradicated as efficiently as smaller tumors.

An alternative approach, which was first reported from our laboratory, is
the delivery of the TRAIL gene using a nonreplicative adenoviral vector’®.
Localized therapy of solid tumors has been successful in a number of
settings.  For example, the treatment of prostate cancer with local
(intraprostatic) regimens is also common practice, with cryotherapy,
brachytherapy, and several experimental viral-based studies serving as
current treatment options”®'. Of the viral-based therapies, published data
indicate minimal toxicity for adenovirus injection into the prostate up to
doses of 10" pfu*. As demonstrated in the studies performed to date,
transfer of the TRAIL gene by Ad5-TRAIL into human prostate tumor cells
in vitro and in vivo led to the rapid transcription and translation of the
transferred TRAIL gene into functional TRAIL protein that, when expressed
on the cell surface, induced apoptotic death in TRAIL-sensitive tumor cell
targets but not normal cells’® *.

Though our results showed Ad5-TRAIL was effective in suppressing
tumor outgrowth in vivo, additional debulking of the tumor by increasing the
tumoricidal activity of Ad5-TRAIL should only make the task of removing
any residual tumor cells by the immune system easier. Methods to enhance
the distribution and expression of recombinant genes are currently being
investigated. We have performed preliminary studies with a number of
histone deacetylase (HDAC) inhibitors, MS-275, depsipeptide, oxamflatin,
sodium butyrate, and trichostatin A. These HDAC inhibitors display
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differential abilities to increase the susceptibility of prostate tumor cells to
adenoviral infection, augment the level of adenoviral transgene expression in
vitro and in vivo, and increase the tumoricidal activity of AdS-TRAIL
(Figure 3). Reports describing the efficacy of TRAIL-based therapies
combined with histone deacetylase inhibitors are beginning to appear in the
literature®™™®, which will open new avenues of therapy for cancer.

6. MECHANISMS REGULATING SENSITIVITY/
RESISTANCE TO TRAIL-INDUCED APOPTOSIS

Despite TRAIL’s ability to induce apoptosis in a wide variety and
number of human tumor cell lines, there are many reports describing the
existence of TRAIL-resistant tumor cells. Consequently, investigation into
the mechanism for tumor cell resistance to TRAIL-induced apoptosis has
become an intense area of research. It is also believed that studies
examining TRAIL-resistant tumor cells may reveal clues to explain the
profound level of resistance shown by normal cells and tissues to TRAIL-
induced apoptosis. TRAIL mRNA is constitutively expressed in a wide
variety of tissue and cell types™, suggesting that the restricted expression of
the different TRAIL receptors is what regulates the induction of TRAIL-
mediated apoptosis. However, as previously discussed, mRNA for the four
TRAIL receptors has been detected in a wide range of normal cells and
tissues, and each of the four TRAIL receptors is capable of binding TRAIL
with comparable affinity (less than 1 nanomolar)®™ *. Therefore, the initial
hypothesis to explain a cell’s ability to respond to TRAIL was that the non-
death-inducing TRAIL receptors (TRAIL-R3 and —R4) were acting as
“decoys”, and were the chief molecules determining whether a cell was
resistant or sensitive to TRAIL-induced death’ ** *'.  This hypothesis
seemed logical and drew support from experiments utilizing TRAIL-
sensitive cells overexpressing either TRAIL-R3 or -R4, resulting in an
inhibition of TRAIL-induced apoptotic cell death’” ** *'.  Rather
surprisingly, though, immunohistochemical analysis of several human
tissues (brain, colon, heart, liver, lung, kidney, and testis) found TRAIL-R3
expression only within the brain, heart, liver, and testis®’. Additionally,
TRAIL-R4 may be more effective than TRAIL-R3 in protecting target cells
to TRAIL-induced death®, perhaps because TRAIL-R4 ligation activates
NF-xB, a known inhibitor of death-ligand-induced apoptosis™” °'. NF-kB
activation can prevent cells from undergoing TNF-o-induced cell death,
probably by up-regulating expression of a gene or group of genes whose
products are anti-apoptotic’” *'. However, ligation of TRAIL-R1 and -R2
also results in activation of NF-kB”>**, though still resulting in apoptotic cell
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death. Thus, such explanations cannot fully account for resistance to
TRAIL-induced apoptosis. While TRAIL-R3 and/or -R4 expression may
indeed be a means of regulating TRAIL-mediated apoptosis, analysis of
TRAIL receptor mRNA and protein expression in a panel of human tumor
cell lines by RT-PCR, immunoblotting, and flow cytometry have indicated
no correlation between TRAIL resistance and TRAIL-R3/-R4 mRNA
expression.

A more defendable hypothesis involves the differential expression of any
of a number of pro- and anti-apoptotic proteins within the tumor cell that
help to regulate the signals generated from trimerized TRAIL-R1 and/or —
R2. Initial experiments examining the apoptotic signaling events originating
from TRAIL-R1 and —R2 were based on their similarity to the well-
characterized death receptors Fas and TNFR-1. As discussed earlier,
induction of the cell death upon Fas or TNFR-1 trimerization begins with the
binding of FADD directly (as for Fas) or indirectly (as for in TNFR-1 by
TRADD binding of FADD) to the DD of these receptors’. Caspase-8 is
recruited to the receptor complex, which is activated by autocatalysis that,
then, activates other caspases leading to cell death’ *°. The same events
occur when TRAIIL-R1 or —R2 are trimerized. Thus, the issue of the
intracellular levels of pro- and anti-apoptotic proteins and their correlation
with TRAIL sensitivity has received a great deal of attention in attempting to
explain differences in tumor cell sensitivity to TRAIL. Molecules such as
FLIP, Bcl-2 family members, inhibitors of apoptosis (IAP) proteins, Akt,
and Toso, have all been implicated in regulating the TRAIL receptor signal
transduction pathway”® °*'%?.  Furthermore, identification of numerous
chemotherapeutic drugs that specifically regulate the levels of these proteins,
as well as others important in the TRAIL receptor signaling pathway, has
been shown to alter tumor cell sensitivity to TRAIL. It is likely that therapy
that combines agents that target apoptosis-regulatory proteins with TRAIL
will be necessary to make TRAIL a feasible alternative approach for treating
cancer.

A third option for explaining the differences in tumor cell sensitivity to
TRAIL-induced apoptosis focuses on cell cycle progression. Apoptosis of
dividing cells occurs at various stages of the cell cycle depending on the cell
type and/or death-inducing stimulus. For example, TNF- and Fas ligand-
induced apoptosis is influenced by cell cycle stage. Moreover, inappropriate
regulation of the cell cycle machinery can also result in induction of
apoptosis. A recent study by Jin er al.'” using SW480 colon cancer and
H460 lung cancer cell lines determined that arresting these cells at the Go/G;
phase resulted in a higher level of sensitivity to TRAIL-induced apoptosis
compared to the same cells arrested at other cell cycle phases. The
mechanism by which Gj-arrested cells display increased sensitivity to
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TRAIL remains to be determined. One possible explanation may lie in the
levels of anti-apoptotic proteins during the different cell cycle phases.
Though using a different system, Algeciras-Schimnich et al.'® found that
activated T cells arrested in G; phase contained high levels of FLIP protein,
which correlated with an increase in TCR-induced apoptosis observed in
other cell cycle phases. It is possible that FLIP and/or other pro- or anti-
apoptotic proteins fluctuate in a similar fashion in tumor cells.

Tumors cells are commonly found to contain genetic abnormalities that
account for the production of mutated proteins. Thus, it is possible that
some tumors possess mutations that inhibit TRAIL-induced apoptosis and
the blockade of TRAIL-induced apoptosis facilitates the survival of the
tumor cells. The TRAIL-R2 gene has been mapped to human chromosome
8p21'”, a region that is frequently the site of losses of heterozygosity in
many types of cancer'’’. Mutations of the TRAIL-R2 gene have been
identified in head and neck cancer, non-small cell lung cancer, breast cancer,
non-Hodgkin’s lymphoma, colorectal cancer, gastric cancer, and
hepatocellular carcinoma'®”'". In each case, the mutations have been located
within the DD, which is important for connecting the receptor to the
apoptotic signal transduction pathway. The genes for the four TRAIL
receptors are tightly clustered on human chromosome 8p21-227% ¥ %,
suggesting they evolved relatively recently via gene duplication. It remains
to be determined if the other TRAIL receptor genes are also mutated in some
cancers that alter tumor cell sensitivity to TRAIL-induced apoptosis.

7. CONCLUDING THOUGHTS

The development of TRAIL as a potential anti-cancer therapeutic arose
from its ability to potently induce apoptosis in tumor cells, while having
little or no detectable cytotoxic effects on normal cells and tissues. The
identification of five distinct receptors that can bind TRAIL has significantly
increased the potential complexity of this receptor/ligand system in terms of
understanding normal physiological functions and as a therapeutic molecule.
Not only will it be essential to optimize the form of TRAIL used in therapy,
as well as the mode of delivery, it may be even more important to understand
the mechanisms by which tumor cells regulate their sensitivity to TRAIL-
induced apoptosis. At the same time, elucidating the molecular basis that
protects normal cells and tissues from TRAIL will also be essential in
formulating TRAIL-based therapies for cancer that will not be toxic to
normal cells within the body. Since its identification nearly 10 years ago,
there has been a great deal learned how TRAIL functions within the body in
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tumor and non-tumor scenarios. Future studies will continue to develop
TRAIL into the cancer therapeutic many believe it has.
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Abstract:

Key words:

1.

Histone deacetylas inhibitors (HDIs) are a novel prospective group of potential
anti-cancer agents, some of them being tested in a clinical setting. The major
mode of action of these compounds is inhibition of the cell cycle transition
and, consequently, differential regulation of a number of genes necessary for
cell proliferation, while favouring expression of genes rather associated with
anti-proliferative pathways and with cell death signalling. This implies a
possible role of HDIs in adjuvant treatment of tumours resistant to other
agents, operating via a different molecular mechanism. The TNF-related
apoptosis-inducing ligant (TRAIL) is a promising immunological inducer of
apoptosis efficient against a variety of tumours with a remarkably selective
mode of action. However, some malignancies are resistant to TRAIL
treatment. In this paper, we review our current knowledge on HDI-mediated
sensitisation of TRAIL-non-responsive tumours to this apoptogen and suggest
a future clinical potential of HDIs and TRAIL in cancer management.

Apoptosis, cell cycle arrest, death receptor, histone deacetylase inhibitor

INTRODUCTION

Recent decade has witnessed considerable progress in our understanding
of molecular biology of cancer, resulting in novel strategies of neoplastic
disease management. Of special interest is immunotherapy of cancer since

271

M. Sluyser (ed.), Application of Apoptosis to Cancer Treatment, 271-291.
© 2005 Springer. Printed in the Netherlands.



272 Chapter 12

‘classical’ approaches, including radiotherapy and pharmacological agents,
are often resulting in secondary deleterious effects and their targets, the
cancer cells, constantly mutate to become refractory to these treatments.

Several novel anti-neoplastic strategies emerged in recent years,
including the use of ligands interacting with their receptors, often
preferentially expressed on malignant cells. This may be best exemplified by
the tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) that
binds to its cognate death receptors or decoy receptors. Since the latter are
frequently over-expressed on normal rather than malignant tissues, TRAIL is
highly selective for cancer cells, although other mechanisms are likely to be
involved that determine the remarkable specificity of the immunological
apoptogen. However, not all cancers are susceptible to TRAIL for a variety
of reasons, including a shift in the ratio of the anti-apoptotic and the pro-
apoptotic mediators in favour of the former. Strategies are being developed
to ‘rectify’ this considerable complication of potential treatment, which
would open the ‘normal’ TRAIL pro-apoptotic signalling routes. These
include combinatorial approach such that cancers resistant to TRAIL are
sensitized by small molecules, an approach that may prove to have
significant clinical relevance.

2. MOLECULAR MECHANISM OF TRAIL
SIGNALLING

TRAIL (Apo2L) is a member of the tumour necrosis factor-o. (TNF-cx)
superfamily that was originally discovered and cloned based on its sequence
homology to the Fas ligand and TNF-o'>. TRAIL is predominantly
expressed by immature NK cells’, mature NK cells stimulated with IL-2 and
interferons” and type I IFN-activated human peripheral blood T cells®,
dendritic cells and monocytes®’. In contrast to the expression of TRAIL,
which is restricted to immune cells, its receptors are found on virtually all
cell types. Five TRAIL receptors have been identified in human cells, with
two of them (TRAIL-R1/DR4, TRAIL-R2/DRS) inducing apoptosis, the
other three (decoy receptor-1, DcR1, also known as TRAIL-R3,
DcR2/TRAIL-R4, osteoprotegerin) serving as inhibitory decoy receptors
(reviewed in Ref. 8). The fundamental function of TRAIL appears to be anti-
tumour surveillance, i.e. induction of tumour cell apoptosis. Mice with
targeted disruption of TRAIL develop normally but have increased
susceptibility to tumour allografts and show rapid metastatic spread”'’. The
suggested role of TRAIL in the negative selection of T cells is still
controversial and has not been confirmed in recent reports' "%,
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Upon binding to its pro-apoptotic, death domain-containing receptors
(DR4, DRS), TRAIL induces rapid formation of the death-inducing
signalling complex (DISC) around the intracellular domains of these
receptors. The TRAIL receptor DISC contains the adaptor FADD (Fas-
associated death domain) protein and the apoptosis initiator caspases-8
and/or -10 "*°. FLICE inhibitory protein (FLIP), an inactive analogue and
an inhibitor of caspase-8/-10, is also a component of the death receptors
DISC complexes'®. Over-expression of its short or long variant blocks
DISC-induced activation of initiator caspases and, consequently, inhibits
TRAIL-induced apoptosis (reviewed in Ref. 17). It has been suggested that
physiological levels of FLIP long (FLIPL) promote pro-caspase-8 self-
processing at Fas and presumably at the TRAIL receptor DISC'®. Activated
initiator caspases then cleave the Bcl-2 homology-3 (BH3)-only protein Bid,
and the truncated Bid (tBid) then translocates to mitochondria. Here tBid,
either alone or in association with pro-apoptotic proteins Bax and/or Bak,
triggers mitochondrial events including a drop in the mitochondrial inner
trans-membrane potential, release of cytochrome c¢, Smac/Diablo,
Omi/Hrt2a, the apoptosis-inducing factor (AIF) and other apoptosis-
promoting factors'***. As an alternative to apoptosis, TRAIL can also induce
necrotic cell death, most probably through receptor-interacting protein
(RIP)-dependent signalling®**.

In addition to induction of apoptosis or necrosis, activated TRAIL
receptors can unleash signalling leading to activation of the nuclear factor-
kB (NF-kB), mitogen-activated protein (MAP) and stress kinases (Figure 1).
TRAIL-induced activation of NF-xB is apparently dependent on the adapter
protein RIP and counteracts TRAIL-induced apoptosis®>’. In agreement
with this, suppression of NF-kB activity enhances TRAIL-induced apoptosis
in tumour cells of various origins®>’. TRAIL-mediated activation of
extracellular-regulated kinase-1/2 (ERK1/2) also belongs to the anti-
apoptotic arm of TRAIL signalling, and suppression of ERK1/2 activation
enhances the pro-apoptotic action of TRAIL, similar to inhibition of NF-
kB’ Interestingly, TRAIL-induced activation of ERK1/2 may play a role
in the survival and proliferation of primary human vascular endothelial cells
or in maturation of normal erythroid progenitors®. ERK1/2 activation by
TRAIL occurs in two waves. The early activation of ERK1/2 is caspase-
independent and peaks at 10-15 min after addition of TRAIL, the second
wave starts at 40-50 min and is caspase-dependent (L.A., unpublished).
However, ERK1/2 activation does not occur in all TRAIL-responsive cells.
In contrast to ERK1/2 activation, TRAIL-induced phoshorylation of c-Jun
N-terminal kinases (JNK) is caspase-dependent and occurs at 50-70 min
after administration of TRAIL*****. JNK activation is not essential for
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TRAIL-induced apoptosis, although it contributes to it*°. RIP kinase
apparently plays an important role in TRAIL-induced activation of INKs*’.

Thus, the complex network of signalling pathways of TRAIL apoptosis is
regulated at multiple levels, including promoters and inhibitors of the overall
process. In cancers, the anti-apoptotic factors are often over-expressed,
causing the neoplastic disease to be refractory to TRAIL treatment.
Therefore, there has been a search for strategies that would overcome this
resistance. Histone deacetylase (HDAC) inhibitors (HDI) have emerged
recently as clinically interesting compounds that can sensitise resistant cells
to the TRAIL complex mechanisms.

Y’
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Figure 1. TRAIL-induced non-apoptotic signalling. In addition to DISC-dependent apoptosis
TRAIL engagement of its pro-apoptotic receptors triggers in condition- and cell-specific
manner other signalling pathways. Most of them (activation of JNK, NF-xB, and necrosis)
depend on FADD-RIP connection. Activation of ERK1/2 requires MEK1 but there are no
data as yet about its upstream, TRAIL-dependent activators.
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3. HISTONE DEACETYLASE INHIBITORS AS
ANTI-CANCER AGENTS

The potential of HDIs as anti-cancer drugs has been evaluated in recent
reviews’*. In this section, we will provide a very brief overview of their
mechanisms of action, as these agents may promote TRAIL-induced
apoptosis in tumour cells. In fact, reports are emerging now (see below), that
this is, indeed, the case.

There are several structural classes of HDIs, including hydroxamic acids,
cyclic peptides, short chain fatty acids and benzamides, the most widely
studied being the hydroxamic acids, exemplified by suberoylanilide
hydroxamic acid (SAHA), suberic bishydroxamic acid (SBHA) and NVP-
LAQS824. All HDIs inhibit class I (HDAC1-3 and 8) and class II histone
deacetylases (HDAC4-7, 9 and 10), but are inactive towards the NAD'-
dependent class III HDACs (SIRT 1-7). The class I and II HDACs are
relatively widely expressed, have distinctive localisations and binding
partners, and specific functions are emerging for the individual isoforms®*.
Most HDIs display little specificity towards particular class 1 and II
isoforms, although a number of these drugs are incapable of inhibiting the
tubulin deacetylase HDAC6'"*, demonstrating the potential to produce
isoform-specific HDIs.** The term histone deacetylase is patently
inaccurate, as an increasing number of non-histone proteins are being
identified as targets for acetylation, including many transcriptional
regulators, eg p53, E2F, NF-kB*.

Treatment of cells with HDIs can result in differentiation, cell cycle
arrest and apoptosis, depending on the HDI and dose used, and the cell type.
The cell cycle and apoptotic effects have engaged most interest in terms of
the anti-cancer properties of these drugs. A valuable characteristic of HDIs
as potential anti-cancer agents is their tumour selectivity. These drugs induce
cell death in a wide variety of immortalised, virally transformed and tumour
cell lines, but have little toxicity towards normal cell lines and tissues*. The
molecular basis of this selectivity appears to be the functional status of a G2
phase cell cycle checkpoint, which appears to be defective in a high
proportion of tumour cell lines but intact in normal cells*’. This selectivity is
observed not only in actively cycling cells, but also in non-proliferating
cells® and is likely to underlie the relative lack of dose limiting toxicity in
both pre-clinical and clinical trials®”**".

Histone acetylation is generally associated with increased transcriptional
activity, although transient histone acetylation is also linked to DNA
replication and repair processes’>. Treatment of cells with HDIs produces a
rapid increase in histone acetylation, a consequence of the dynamic histone
acetylation and deacetylation in the transcriptionally active euchromatin. The
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hypo-acetylated, transcriptionally silenced heterochromatin is only
transiently acetylated during S phase, a process associated with deposition of
chromatin onto the newly replicated heterochromatin DNA™¥. Acetylation of
other non-histone proteins is also increased with HDI treatment***, but the
major focus of studies on the effects of HDIs has been on changes in
transcription.

An almost universal effect of HDI treatment is the up-regulated
expression of the cyclin dependent kinase (CDK) inhibitor p21""“*! 4
direct consequence of hyper-acetylation of its promotor region and increased
transcription of the gene®°. The transcriptional up-regulation is
independent of p53 but does appear to require ataxia telangiectasia mutated
(ATM) protein®’ P21"“"C?! yp-regulation is associated with the G1 phase
cell cycle arrest observed in most cell lines treated with HDIs***, but is not
solely responsible for the G1 arrest observed. Up-regulation of other G1
phase CDK inhibitors’**' and down-regulation of G1/S phase cyclins*****%*
has also been reported and is likely to contribute to the G1 arrest. Whereas
the increased p21”“"“?! Jevels contribute to the anti-proliferative activity of
HDIs, they paradoxically reduce the cytotoxicity of HDI treatment. This is
due to the ability of p21"“""“?! to block the activation of caspase-3, thereby
blocking a major executioner caspase function.”” Deletion or knock-down
HDI-induced p21"#"“?! expression increase the sensitivity of cells to the
cytotoxic effects of HDI treatment and favour apoptosis® %%,

As yet no single mechanism for HDI-induced cell death has been
identified. HDI treatment causes cells to undergo aberrant mitosis and results
in impairment of normal partitioning of the replicated chromosomes, the
catastrophic mitotic failure triggering apoptosis*>. However, HDI-induced
apoptosis is also observed in non-cycling cells, which in asynchronously
cycling cell populations that up-regulate p21”“"“?! and undergo G1 arrest
can account for a majority of cells, indicating that there are other stresses
imposed on cells by HDI treatment that trigger an apoptotic response™’.

There also appears to be no single apoptotic mechanism favoured, and
both intrinsic and extrinsic pathways, as well as caspase-independent
pathways, have been reported. The mechanism utilised may again be cell
type-, HDI- and dose-dependent. One common theme is that the drugs
disrupt the integrity of the mitochondrial membrane. This is accompanied by
loss of mitochondrial membrane potential and release into the cytoplasm of
cytochrome ¢ and Smac/DIABLO which potentiate caspase activation® """
™ Over-expression of the anti-apoptotic Bcl-2 reduces HDI-induced cell
death in all cases reported, the extent of protection possibly reflecting the
degree of over-expression, although other factors may be involved™”’*""">7,
Another common feature is the cleavage and activation of the pro-apoptotic
BH3-only protein Bid***7*, although in some cases this is a late event in



12. Histone Deacetylase Inhibitors 277
apoptosis®™’? while it is not detected at all in other cases”. HDI-induced
apoptosis is also variably dependent on caspase activity. Activation of
initiator caspases-9, -8, and -2 and the executioner caspase-3 have been
widely observed’”**"®"®  Caspase-independent apoptosis has also been
reported using the pan-caspase inhibitor z-VAD.fmk>*"*™. This may be a
consequence of the relative insensitivity of caspase-2 to this inhibitor and its
activity being responsible for the cleavage of Bid and the mitochondrial
membrane disruption’®”’, or alternatively a calpain-dependent mechanism
may be involved’. Extrinsic apoptotic pathways involving Fas, the Fas
ligand and the death receptor pathways have also been demonstrated in some
cases, associated with increased expression of Fas and/or Fas ligand®®'.
Others have failed to detect either changes in the levels of these proteins or
contributions of the extrinsic pathway to HDI-induced apoptosis®’"".

The apoptotic pathways may be determined by the up- and down-
regulated expression of pro- and anti-apoptotic proteins after HDI treatment.
As with all of the mechanisms discussed above, the effects are variable,
although where changes were detected a common theme was down-
regulation of anti-apoptotic factors such as Bcl-2, Bcel-x;, Mcl-1 and the
FADD inhibitor FLIP, and up regulation of pro-apoptotic factors, including
Bax and Bad’**. In many cases these changes in protein expression levels
are related to changes in transcription of the genes, which may in turn be a
direct consequence of HDI-induced histone hyper-acetylation. The
heterogeneity of transcriptional changes following treatment of different cell
lines with different HDIs is well demonstrated in a recent report™. This
study compared cell treatment with equipotent doses of three HDIs and
revealed that only 13 genes were consistently up- or down-regulated across
all cell lines by the HDIs when the expression of 6,800 genes was examined
by micro-array analysis. In any single cell line treated with any single HDI,
there are clearly a number of pro- and anti-apoptotic genes up- and down-
regulated in response to HDIs™. The contribution of any of these expression
changes to single agent HDI-induced apoptosis is unknown, although a
number of groups have demonstrated that de novo protein synthesis is
required for HDI-induced apoptosis as evidence that HDI-induced changes
in protein expression and transcriptional changes are required’”>’®. All of
these experimental systems used cycling cell populations, and inhibiting
transcription or translation will also block cell cycle progression. Therefore,
it is possible that the block in apoptosis is a consequence of cell cycle arrest,
and cells not undergoing the HDI-induced mitotic failure do not signal
apoptosis™*’. Cell death after mitotic failure was independent of the HDI
used and observed in a number of cell lines*” and there is good evidence that
the selective cytotoxicity of HDIs may be, at least in some -cases,
independent of transcriptional changes.**
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4. INHIBITION OF HISTONE DEACETYLASE AS A
MODE OF SENSITISATION OF CANCER CELLS
TO TRAIL

The major effect of HDIs is deregulation of cell cycle transition, thereby
leading to differential expression of a number of genes directly or indirectly
linked to apoptosis induction/progression. Resistance of cancer cells to
TRAIL stems from regulation of expression of genes crucial for initiation
and execution of TRAIL-dependent apoptosis. Assuming two major modes
of TRAIL signalling, i.e. the strictly receptor-mediated/extrinsic pathway
and the route in which mitochondrial mediators are involved (the intrinsic
pathway), several types of genes can compromise TRAIL apoptotic killing,
and their down-/up-regulation by HDIs may sensitise the cells to the
immunological apoptogen®. The first paper reporting this phenomenon for
colon adenocarcinomas was published a few years ago, but the mechanism
was not elucidated at that stage®*

The basic features of TRAIL signalling and the possible points where
resistance may develop and that may serve as targets for intervention are
depicted in Figure 2. Resistance to TRAIL involves both the intrinsic and
extrinsic pathway, depending on the cell type, ie. whether the cell
preferentially responds to TRAIL by signalling directly from caspase-8 to
the executioner caspases, or whether, due to low DISC level, the low activity
of caspase-8 results in cleavage of Bid and activation of the ensuing
mitochondrial mediators.

Obviously, the expression of TRAIL death and decoy receptors is critical
for the down-stream activity of the apoptogen and, sometimes, low
expression of the former and high expression of the latter compromises cell
response. A very recent report provides evidence that HDIs can overcome
this complication by changing the ratio of the death receptors to the decoy
receptors in favour of the latter by means of up-regulation of DRS in several
malignant cell lines®’. Since the effect has been reported for trichostatin A,
sodium butyrate and SAHA, differential regulation of TRAIL receptors,
exemplified by up-regulation of DR5, may be a feature inherent to multiple
HDIs. It has been published recently that both DR4 and DRS are up-
regulated by the HDI NVP-LAQ824 in leukemic cells*®®. The same report
also showed down-regulation of the caspase-8 inhibitor FLIP,. These
findings, together with the data on SAHA —dependent up-regulation of pro-
caspase-8 in melanoma cells*, indicate that multiple HDIs efficiently
unmask the early stages of TRAIL pro-apoptotic signalling. Since activation
of TRAIL death receptors leads to activation of the pro-survival NF-xB, a
process that may be transient in some cases™, and thereby up-regulate
expression of the inhibitor of apoptosis protein (IAP) family members, this
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paradoxically, can counteract apoptotic signalling from TRAIL death
receptors by inhibiting activity of executioner caspases. Several IAPs,
including Survivin and XIAP have been shown to by down-regulated by
SAHA and LAQS824 in melanoma® and leukemic cells®, respectively,
suggesting yet another point of sensitisation of the TRAIL pathway.
Moreover, there are emerging data pointing to induction of cytosolic re-
localisation of the IAP antagonist Smac/Diablo by butyrate, SAHA and
SBHA in leukemic*” and mesothelioma cells (J.N., unpublished), adding yet
another levels of alternative/antagonistic events pertinent to TRAIL
signalling that are affected by HDIs.

Figure 2. Apoptotic pathways in TRAIL signalling and development of TRAIL resistance.
Following interaction with their cognate receptors, DR4 and DRS, pro-caspase-8 is recruited
to FADD, which leads to activation of the caspase. At low level of DISC, caspase-8 cleaves
Bid and tBid then activates apoptosis via the intrinsic, mitochondrial mode. At high level of
DISC, caspase-8 directly activates terminal caspases that lead to the entry of the cells into the
execution phase. The possible points of resistance to TRAIL include high level of expression
of decoy receptors, mutations in the caspase-8 gene, activation of NF-xB that leads to
expression of the caspase inhibitors IAPs, as well as the preferentially expression of the
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mitochondrial anti-apoptotic proteins, including Bel-xL and Bcl-2. A number of differentially
expressed genes, sensitising cells to TRAIL, are a p21Wafl/Cipl-dependent, p53-independent
cell cycle arrest due to the activity of HDIs. The names in italics indicate genes/proteins
affected by HDIs and sensitising cells to TRAIL apoptosis.

Smac/Diablo re-localisation is a result of the effect of HDIs on the
mitochondrial stability, which is another prominent target of HDI-mediated
sensitisation of cancer cells to TRAIL. There has been some effort to
understand the effect of HDIs on the mitochondrial targeted pro- and anti-
apoptotic proteins. Up-regulation of the pro-apoptotic proteins Bak, Bid,
Bim and Bax by SAHA has been reported for melanoma cells, and
sensitisation of the cells to TRAIL due to the differential expression of these
proteins has also been shown®*2. Moreover, SAHA and butyrate also sensitise
leukemic cells to TRIAL by causing mitochondrial translocation of Bax.*
Several HDIs, including SAHA, SBHA and LAQS824, down-regulated the
anti-apoptotic Bcl-2 family proteins, such as Bcl-2, Bcel-x;. and Mcl-1, as
shown for melanoma® and mesothelioma cells”.

As documented, expression of both extrinsic and intrinsic signal
transducers is modulated by HDIs, largely due to cell growth arrest, in
particular dependent on up-regulation of p21”#"“?’ In line with this notion,
p2179"CP!_dependent sensitisation to TRAIL by HDIs has been reported
recently’’. Moreover, this paper shows that up-regulation of p21"%"“¥!
sensitised the cells not only to TRAIL apoptosis but also to cell death
induced via the Fas- and TNF-o-dependent signalling, indicating that
sensitisation of cancer cells by HDIs goes beyond the TRAIL pathway and
may be utilised also for other immunologic apoptogens. An apparently
paradoxical result of up-regulation of p21”“"“?! by HDIs is the potential
inhibition of caspases, since the checkpoint protein is known to compromise
the activation of caspase-3°. Based on a recent report showing HDI-induced
cleavage of p21"“"“?! in leukemic cells*, one may speculate that in the first
instance, HDIs cause up-regulation of p21"“"“?! resulting in cell cycle
arrest that itself predisposes cancer cells to TRAIL-induced apoptosis.
Subsequently, the cell cycle inhibitor is cleaved so that caspase activity is
not compromised; thus, once arrested, the cells can undergo efficient
apoptosis.

Some of the points of sensitisation towards TRAIL by HDIs, suggested in
Figure 2, are the basis for the clinical utilisation of the intriguing partnership
of these agents as discussed below. The current knowledge of genes
regulated by HDIs resulting in sensitisation of cancer cells to TRAIL is
summarised in Table I. Undoubtedly, novel targets of HDIs and their role in
sensitisation of cancer cells to TRAIL are being discovered even during
publication of this review, so that the genes listed in Table I will be
incomplete in near future.
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5. CLINICAL ASPECTS OF SENSITISATION OF
CANCER CELLS BY HDIS TO TRAIL

HDIs are undergoing clinical trials as single agent therapy for multiple
indications. So far, they appear well tolerated with few dose limiting
toxicities and have demonstrated in vivo effects on histone acetylation***,
TRAIL has been demonstrated to have no toxicity towards normal tissue,
although some forms of recombinant soluble TRAIL had toxicity towards
primary human hepatocytes and brain cells”®’. These two classes of
potential anti-cancer agents have the desirable feature of tumour selective
toxicity, with minimal toxicity towards normal tissue, thus reducing the
potential for dose limiting side effects during treatment. The ability of these
two modalities to synergise in vifro is somewhat unexpected as they target
different pathways to apoptosis, especially when the synergy is at doses
below the levels required for either agent separately to induce any of the
markers of apoptosis. However, the involvement of the mitochondrial death
pathway in the combined HDI/TRAIL treatment has been demonstrated by
the ability of anti-apoptotic proteins Bcl-2 and Bcl-x,. to reduce if not
completely block apoptosis by the combined treatments®™™. The
mechanisms by which the synergy occurs appear to be varied, although a
common theme appears to be the up regulation of death receptor pathway
components and down-regulation of anti-apoptotic proteins*****°.However,
the most appealing factor of the synergy is that the effects of the
combination of drugs are observed at lower doses than are required for either
of the individual agents to produced significant levels of apoptosis. These
lower doses are far more achievable in vivo, and also have a reduced
potential for toxic side effects.

TRAIL has shown synergy with a number of common chemotherapeutic
drugs in cell lines studies in vitro and in xenograft models. This appears to
be most prominent in tumours with wild type p53 as DRS, one of the TRAIL
receptors is a transcriptional target of p53°". HDIs can synergise with a
number of drugs, although in most cases this appears to be by blocking HDI-
induced p21""“?" expression, which blocks caspase-3 activation and
apoptosis”™>*'%. Interestingly, TRAIL does not block HDI-induced
p2174"CP! expression®. Indeed, the HDI-induced p217#"“?! which causes a
G1 arrest, may be part of the synergistic mechanism as tumour cells appear
more sensitive to TRAIL when arrested in G1 than other cell cycle phases'”".

No spectrum of tumour types has as yet been identified as more or less
sensitive to HDI monotherapy either in vitro or in clinical trials. However, a
range of defects in death receptor signalling pathway including DR4
deletions and DR5 mutations have been identified in tumours including lung,
head and neck, gastric cancers and melanomas making them refractory to
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TRAIL'"*'®_ But, at least in the case of melanoma, there is good evidence
that HDI treatment can sensitise these cells to TRAIL-induced apoptosis.

6. FUTURE PERSPECTIVES

There is a great hope that novel immunological apoptogens, epitomised
by TRAIL, will overcome problems encountered by conventional cancer
therapy. One of the most promising features of agents like TRAIL is their
high toxicity for cancer cells, while being largely non-toxic to normal cells
and tissues. However, multiple cancer cells are relatively resistant to TRAIL
due to mutations in crucial genes, often resulting in lack of their expression
or expression of dysfunctional proteins. Also, there have been reports
showing differential expression of genes that compromises TRAIL’s
apoptogenic signalling. A frequently used regimen of cancer therapy is
combinatorial treatment using synergistic chemotherapeutics with different
modes of action so that lower concentrations of the individual agents can be
used, lowering the potential of their secondary deleterious activity, and that
one agent sensitises the cells to the other. Sometimes, chemotherapy is
combined with radiation treatment. Nevertheless, these approaches have
proved unsatisfactory in a variety of cancers due to additional mutations that
can overcome even this type of treatment. TRAIL has the potential of
becoming an anti-cancer agent of choice for reasons discussed in this review.
The more widespread use of TRAIL in therapy for a range of types of cancer
requires a combinatorial approach, so that the less responsive or resistant
cancers will be efficiently eliminated. HDIs have proven efficient inducers
of apoptosis as single agents and have clearly demonstrated potential to
synergise with TRAIL to target the destruction of tumour cells.

Recent data provide evidence that these agents act as sensitisers of
malignant cells to TRAIL-induced apoptosis. Inevitably, these intriguing
compounds and their synergism will be a focus of a number of studies, both
using cell culture and pre-clinical models. Several clinical trials, currently
underway, may result in development of novel, specific anti-cancer
strategies efficient across the spectrum of tumour types due to combination
of the unique apoptogenic features of both TRAIL and histone deacetylase
inhibitors.
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Over one half of cancer patients are treated radiotherapy. Technological
advances in radiation targeting and concurrent chemotherapy continue to
improve clinical radiotherapy outcome. Modern radiotherapy clinical trials are
ongoing with novel molecular-targeted agents, requiring an increased
understanding of cell death signals in a tissue-specific manner. Herein, we
critically appraise the relative roles of apoptosis, mitotic catastrophe and
terminal growth arrest in relation to final clonogenic cell kill following
radiotherapy. Mitotic catastrophe and terminal growth arrest form the basis of
the majority of cell kill during radiotherapy for common epithelial tumors (e.g.
prostate, breast, lung, etc.) whereas more sensitive tumors (e.g. lymphomas or
germ cell tumors) undergo apoptosis. Targeting of apoptotic, cell cycle
checkpoint and DNA repair pathways may further augment cell kill from all
three death pathways. Using intra-treatment biopsies or non-invasive imaging
may soon allow for prediction of individual patient response and judicial
selection of molecular targeting based on specific tumor cell signaling.

radiobiology, apoptosis, mitotic catastrophe, cell cycle arrest, radiotherapy,
clonogenic survival, survivin, p53, ceramide, senescence

INTRODUCTION

Since the discoveries by Roentgen and Curie more than a century ago,
the biological effects of ionizing radiation have played a major role in
diagnostic and therapeutic medicine. Radical radiotherapy, alone or in
combination with chemotherapy, can be curative for a number of tumor sites
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including tumors of the cervix, head and neck, prostate, bladder, lung,
rectum, testes and lymphoma. Radiotherapy is delivered by interstitial
brachytherapy implants or by external beam radiotherapy using linear
accelerators (i.e., high energy x-rays and electron beams), “’*Co sources
(y-rays produced by radioactive decay due to unstable nuclei) or charged
particle accelerators. Improvements in radiotherapy outcome have been
driven by sophisticated treatment planning methods allowing for improved
physical targeting methods (e.g. conformal or intensity-modulated
radiotherapy (IMRT)) and through increasing use of combined-modality
therapy (i.e., radiotherapy concurrent with chemotherapy or hormone
therapy). Future improvements in radiotherapy outcome will be the result of
the judicial use of molecular biomarkers and genomic “fingerprinting”) to
drive the selection of molecular-targeted drugs and improve local tumor
control [1] and requires an increased understanding of cell death responses in
a dose-, time- and tissue-specific manner.

The understanding of curative fractionated radiotherapy versus palliative
radiotherapy is an important concept. Radiation dose is measured in grays
(Gy) as the amount of energy absorbed per unit mass. Typical radiocurative
regimens require a series of daily radiation dose fractions of 1.8 to 2Gy over
6 to 8 weeks to achieve total doses in the order of 60 to 80Gy. Higher dose
per fractions can be used in palliative settings (e.g. 8Gy single dose or 5 to
10 fractions of 3 to 5Gy) to relieve symptoms resulting from compression of
surrounding tissues. Curative fractionated regimens attempt to maximize the
therapeutic ratio in which a maximum dose is delivered to the tumor in an
effort to sterilize all stem cells (clonogens) capable of tumor regrowth, but is
a dose that is tolerable dose to the normal tissues within the irradiation
volume. The final level of cell killing during a period of fractionated
radiotherapy is related to multiple factors termed the 5 R’s of radiotherapy:
the intrinsic radiosensitivity of the normal and tumor cells; the redistribution
of cells within the cell cycle between treatments; the reoxygenation of
hypoxic cells during the course of radiotherapy; the repopulation of normal
and tumor cells during radiotherapy; the repair of normal tissues between
each radiotherapy fraction [2].

Many studies have solely used large single radiation doses (e.g. 10 to 20
Gy) to assess cell death responses following irradiation. This may activate
different signaling and cell death pathways from other experiments using
more clinically-relevant doses of 2 Gy which are used during radiocurative
fractionated protocols. The sole use of high doses of radiation to study cell
death mechanisms may explain some of the difficulties in extrapolating cell
biological data in vitro to the clinical outcome of patients in vivo.

This review will first provide a general background regarding the cellular
response to ionizing radiation in relation to intracellular damage sensing and
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signaling, irradiation-induced cell cycle arrests and DNA repair. We will
then use these background concepts to critically appraise the role of three
main cell death mechanisms in the normal and tumor tissue response to
radiotherapy: (i) apoptosis, (ii) mitotic catastrophe and (iii) terminal growth
arrest (tumor senescence). Where possible, we will intersperse basic
biological data with clinically-relevant examples in a tumor type-specific
manner and highlight potential molecular-targeted therapies which might
augment cell kill and improve clinical outcome.

8. MOLECULAR RESPONSES TO
RADIOTHERAPY

Ionizing radiation rapidly generates chemically-reactive free radicals (i.e.
molecules with unpaired electrons) that randomly interact with DNA, RNA
and proteins. Both DNA and the plasma cell membrane are targeted. Free
radical attack on DNA occurs as clusters of multiply-damaged sites
containing DNA single- or double-strand breaks (DNA-ssb or DNA-dsbs),
altered or lost DNA bases and DNA-DNA or DNA-protein cross-links. It has
been estimated that 10° ionizations occur within a diploid cell per 1Gy and
leads to approximately 1000-3000 DNA-DNA or DNA-protein cross-links,
1000 damaged DNA bases, 500-1000 single-strand and 25 to 50 double-
strand DNA breaks [3]. This damage activates sensing and transduction
pathways involved in cell cycle checkpoint control and DNA repair (e.g.
ATM, MRE11, RAD50, DNA-PKcs, 53BP1, p53, CHK2). Damage to the
plasma membrane drives signal transduction through the ceramide-
sphingomyelin pathway (discussed below) [4].

Immediately following cellular damage, key gene expression patterns
emerge driving signal transduction at the plasma membrane or DNA in an
attempt to repair sub-lethal damage or activate cell death in response to
lethal (i.e. non-repairable) damage [5]. This includes the activation of cell
stress-related proteins including early growth response factor (EGR-1),
MAP-kinases, SAP-kinases and RAS-RAF signaling proteins. In addition to
these stress responses, increased expression of growth factors and cytokines
required for normal tissue and organ survival under potentially genotoxic
conditions is observed (e.g. platelet-derived growth factor (PDGF),
transforming growth factor beta (TGF-P), basic fibroblast growth factor
(bFGF), tumor necrosis factor (TNF-o.)). Prolonged expression of cytokines
may be the basis for late tissue damage following radiotherapy. Recent
cDNA microarray analyses have shown that radiation-induced gene
expression is cell-type specific, dose-dependent, and varies under in vitro
versus in vivo conditions for the same cells [6]. This observation supports the
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concept that the “molecular profiling” of tumor and normal tissues derived
directly from patients may predict relevant radiation-stress responses
amenable to tumor radiosensitization or normal tissue radioprotection.

Oncogene activation or aberrant (mutant) tumor suppressor gene
expression prior to irradiation may predict for tumor cell radioresistance.
For example, increased radiation survival in vitro is observed following
transfection of activated Raf, Ras, c-Myc or mutated p53 alleles, either alone
or in combination [7]. Using specific pathway inhibitors, it has become clear
that radioresistance can arise at multiple points within the Ras oncogene
signaling pathway. This includes aberrant signaling by proteins upstream of
RAS (e.g. epidermal growth factor receptor (EGFR)) or by aberrant
signaling within pathways downstream to RAS (e.g. RAF-MEK-ERK and
PI3-K/AKT/PKB). All have all been clinked to tumor radioresistance in both
pre-clinical and clinical studies [8, 9]. As a consequence, the
radiosensitization of tumor cells can be achieved by the inhibition of
activated oncogene function using drug inhibitors or by genetic approaches
using anti-sense or small interfering RNA (siRNA). For example,
pharmacologic inhibitors of RAS protein prenylation (e.g. farnesyl
transferase inhibitors or FTIs) initially radiosensitized human breast, lung,
colon and bladder cancer cell lines or xenografts activated H- or K-ras
genes. Subsequently, a recent Phase I trial using the FTI L-778,123 has
shown promising tumor responses with minimal toxicity in advanced lung
and head and neck cancer [10]. Similarly, the inhibition of EGFR using
cetuximab-C225 (a monoclonal anti-EGFR antibody), gefinitib-ZD1839 (a
tyrosine kinase inhibitor of EGFR signaling), alone or in combination, are
being actively investigated in pre-clinical and clinical studies based on their
ability to radiosensitize tumors in vivo [9].

As part of the DNA damage sensing cascade, ionizing radiation initiates
the rapid phosphorylation of the histone, H2AX (denoted YH2AX when
phosphorylated) at the sites of DNA damage(see Figure 1)[11]. Nuclear foci
at the site of damage, each containing thousands of YH2AX molecules, can
be detected wusing immunofluorescent microscopy. Initially, the
MRE11/RAD50/NBS1 complex senses DNA damage activating the kinase
activity of ATM and DNA-PK within the first hour of irradiation [12]. Two
main pathways of DNA-dsb exist in human cells. Homologous
recombination (HR; including the concerted actions of RADS51 protein and
RADS52, RAD54, RADS5S1B/C/D, XRCC3, RPA and BRCA2) is the
preferential repair pathway during the S and G2 phases of the cell cycle. In
contrast, non-homologous end-joining (NHEJ; includes the DNA-PKcs,
Ku70/Ku80, Ligase IV and XRCC4 proteins) is the preferred pathway for
cells during the G1 phase of the cell cycle [13, 14]. Focal DNA damage and
bidning by DNA-dsb repair proteins therefore acts as a beacon for the
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subsequent phosphorylation and signal transduction of other proteins
involved in cell cycle control (e.g. 53BP1, BRCA1l, MDCI1, SMCI1, p53,
CHK2). Residual YH2AX foci at times greater than 12 hours following
irradiation represent non-repairable DNA damage leading to cell death. [15].

Sensors and Mediators

CAATHAD

OTC lefs o
<“— yH2AX/53BP1

Signal Transducers &
Effectors

G1, S, G2 Checkpoints

Adequate repair
DNA Repair —

MAPK/SAPK/PI3K-AKT Signaling

Terminal Arrest

| Mitotic Catastrophe |

Figure 1. Sensing and signaling of DNA damage within the nucleus following radiotherapy.
Ionizing radiation [IR] causes direct damage to DNA, plasma membrane and cell organelles
(discussed in detail in the text). Shown here is a summary of nuclear events following cellular
exposure to ionizing radiation. DNA damage in the form of DNA-breaks or DNA base
modification can activate the ATM and DNA-PK PI3-kinase complexes to phosphorylate
histone H2AX (i.e. YH2AX). This serves as a biomarker of the number of DNA breaks at a
given time post-irradiation. DNA breaks recruit a number of DNA sensing and repair factors
including ATM, RAD51/52, DNA-PK (Ku70/80 hetero-dimer along with the DNA-PKcs
catalytic subunit) and BRCAL, all within one hour of irradiation. Subsequent transduction of
damage signals via MAPK, SAPK, PI3-K/AKT signaling in addition to the CHK2, p53,
SMC1 and CDC25A/C cell cycle checkpoint proteins, co-ordinates DNA repair during the
G1, S and G2 cell cycle arrests. For cells that can appropriately repair sub-lethal DNA
damage, cells can re-enter the cell cycle and cycle to division. For cells that sustain lethal
amounts of DNA damage, or can not adequately repair sub-lethal DNA damage due to a
repair- or checkpoint-deficiency, cell death occurs. This can occur by activating specific
pathways, dependent on the level of DNA damage and cell or tissue type: apoptosis, mitotic
catastrophe and/or terminal growth arrest. Tumor cell populations may respond to fractionated
radiotherapy with one pathway, or a combination of cell death pathways, depending on tumor
pathology and the tumor microenvironment (i.e. hypoxia, pH gradients, growth factor
availability). The characteristics of each radiation death pathway are summarized in Table 1.
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In response to irradiation, human tumor and normal cells delay their
progression through the cell cycle and can arrest within G1/S, intra-S and
G2/M checkpoints. Checkpoint control presumably allows for the repair of
DNA damage prior to DNA replication or mitosis, although it is
controversial whether altered checkpoint control is a direct determinant of
radiosensitivity [2]. Checkpoints may prevent genetic instability in daughter
cell progeny. The ATM (ataxia telangiectasia mutated) kinase plays a major
role in the initiation of all three checkpoints [12]. Following DNA damage,
ATM undergoes auto-phosphorylation, followed by its subsequent
phosphorylation of p53 and CHK2, which together inhibit pRB-E2F and
CDC25A-Cyclin E complexes required for the G1 to S transition and DNA
replication during S-phase [16]. The radiation-induced G1 arrest is therefore
abrogated in cells that lack functional ATM, p53, CHK2 or pRB proteins. In
fibroblasts, irradiation may cause induction of a permanent terminal growth
arrest (i.e. radiation-induced senescence) associated with increased
expression of the cycle-dependent kinase inhibitors p21V*F, p16™** and
senescence-associated -galactosidase (SA-B-gal) [17-20].

The intra-S  checkpoint is prolonged by radiation-induced
phosphorylation of the BRCA1, NBS1, FANC-D2 and SMCI1 proteins.
Phosphorylation of SMC1 (a cohesin protein) is activated by the MRN
complex in irradiated areas of damage and may act to silence replication
origins until the DNA breaks are repaired [12]. The onset and duration of the
G2 delay during radiotherapy is secondary to the function of ATM, p53,
CHKI1, 14-3-3-c, 53BP1 and CDC25C kinase activity. These are required to
activate the Cyclin B-CDC2 complex for mitosis. Irradiation also decreases
the expression, stability or nuclear accumulation of Cyclin B, thereby
preventing the formation of nuclear Cyclin B-CDC2 complexes [2, 21].
DNA repair activity has been detected to occur during the radiation-induced
G2 delay and the relative success of repair can directly correlated to the
extent of radiation survival [22]. Therefore, strategies which shorten the G2
arrest may inhibit the repair of sub-lethal damage and activate cell death
pathways of apoptosis or mitotic catastrophe (discussed below) [23].

The molecular responses outlined in this section interact to control the
extent of cell death within normal or tumor tissues. Additionally, irradiated
cells can liberate growth factors or proteins which are toxic to surrounding
non-irradiated cells (i.e. the bystander effect). Inhibition of the reproductive
ability of tumor cells is an important endpoint of these molecular responses,
especially those that integrate to cause cell death at clinically-relevant doses
(~2 Gy). A major aim of clinical radiotherapy is to sterilize all tumor stem
cells (i.e. tumor clonogens) which are capable of re-growing the tumor [2].
In the next section, we review the evidence for apoptosis, mitotic catastrophe
and terminal growth arrest as components of clonogenic radiation cell kill.
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9. CELL DEATH DURING RADIOTHERAPY

Many types of cells do not show morphological evidence of radiation
damage until they attempt to divide. A cell that has lost its ability to generate
a “clone” is regarded as having been killed, even though it may undergo a
few divisions or remain intact for a substantial period post-irradiation. The
morphology of the cell at the time of cell lysis following irradiation can be
either apoptotic or necrotic. Lethally damaged cells may: (1) undergo cell
lysis secondary to apoptosis, (2) undergo up to four abortive mitotic cycles
and then finally undergo cell lysis as a result of mitotic catastrophe or (3),
undergo a permanent (terminal) growth arrest such as that observed for
irradiated fibroblasts. The phenotypic and genotypic characteristics for each
pathway are reviewed in Table 1.

Radiotherapeutic success is dependent on clonogenic cell killing. For that
reason, strategies that target the above pathways and result in increased
tumor clonogenic kill may lead to new therapies based on tumor cell
radiosensitization. The clonogenic cell survival assay quantifies the survival
of stem cells (clonogens) following irradiation. Following irradiation, the
cells are incubated for a pre-determined number of days based on their
proliferative rate (usually 7-14 days). Those cells that retain unlimited
proliferative capacity will divide to form discrete colonies of cells containing
more than 50 cells (i.e., capable of at least 5 divisions following
irradiation).The ratio of the number of colonies formed relative to the
number of cells initially plated in the untreated versus irradiated dishes, can
be used to calculate the fraction of cells surviving the treatment (i.e. the cell
surviving fraction). Measured or calculated radiobiologic parameters that
describe the survival of cells following doses of ~ 2Gy (the SF2 value) reflect
clinically-relevant cell death. Importantly, SF2 values derived from patient
biopsies have been correlated to the clinical local control following radiotherapy
supporting the concept that intrinsic radiosensitivity (and therefore cell death
pathways) are an important determinant of clinical response [2]. Typically SF2
ranges between 0.2 and 0.8. After 30 fractionated treatments, this would translate
into a range of final tumor cell survival between 1x 10 to 12 x 107,
respectively ! Therefore, any radiosensitization strategy that can decrease the SF2
value may have large effects on clinical response, due to the exponential nature
of cell kill by radiotherapy.

Non-clonogenic assays can estimate the relative radiosensitivity of cells,
although short-term and long-term assays do not always correlate within the
same cell line [2]. Radiation-induced apoptosis can be quantified by:
morphologic analysis, annexin-V or TUNEL staining within cultures or
tissue sections; the extent of cells within the sub-G1 fraction using flow
cytometry and/or relative DNA fragmentation patterns (see Table 1).
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Another non-clonogenic assay is the MTT assay, which measures relative
cell growth in control versus irradiated populations over a 3 to 5 period
following treatment. Cell viability is determined using colorimetric
assessment of reduction of a tetrazolium compound and is useful for cell
lines that die by primarily by apoptosis or rapid mitotic catastrophe. The
clonogenic assay remains a favored assay as it represents cumulative cell
survival following radiation as a result of all types of cell death [24, 25].

9.1 Radiation-induced apoptosis: the p5S3 and ceramide
signaling pathways

In highly-radiosensitive cells (such as lymphocytes, spermatocytes,
thymocytes, and salivary gland epithelium and the cancers that arise from
them), irradiation causes the cells to undergo classical apoptosis
associated with cell membrane blebbing, the formation of nuclear apoptotic
bodies, and DNA “laddering”. Depending on the type of cell, the
intracellular target(s) for the induction of the apoptotic response can be
either the plasma membrane or DNA, or both (see Figure 2) [26]. The
reason(s) why some cell types undergo extensive radiation-induced
apoptosis within a few hours after irradiation, whilst others do not, may
relate to the relative expression and function of proteins activated within the
extrinsic or intrinsic pathways of apoptosis. The reader is referred to other
chapters within this book for details regarding these molecular pathways.
The extrinsic pathway is initiated by TRAIL, a member of the TNF
superfamily, which induces apoptosis in response to external stimuli through
clustering of receptors, DR4 and DRS in the plasma membrane thereby
forming the death-inducing signaling complex (DISC). Subsequent
recruitment of the adaptor molecule FADD, and activation of Caspases 8 and
10, leads to Caspase 3 cleavage of death-effector proteins (reviewed in [27]).
In lung and prostate models, ionizing radiation enhances the therapeutic
potential of recombinant TRAIL ir vitro and in vivo. This can be abrogated
by the BCL-2 protein demonstrating cross-talk between intrinsic and
extrinsic signals[27, 28]. Recombinant TRAIL induces apoptosis in a variety
of cancer cell lines regardless of p53 status and may therefore be an effective
radiosensitizer if associated with increased tumor clonogen killing [29].

The intrinsic mitochondrial-based pathway can initiate apoptosis in
response to radiation-associated DNA breaks, checkpoint defects, hypoxia or
membrane damage. Both nuclear signals (e.g. ATM-p53) and membrane
signals (e.g. ceramide) damage can activate this pathway Following pro-
apoptotic activation of BAX (a member of the Bcl-2 gene superfamily), the
mitochondrial membrane is engaged release cytochrome ¢ into the cytosol.
Cytochrome c then binds the adaptor APAF-1, forming an 'apoptosome' that
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activates the apoptosis-initiating protease Caspase 9 which activates
Caspases 3, 6, 7 and 8 to effect the final morphology of apoptotic cell death.

SPHINGOMYELIN
Plasma Membrane
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Figure 2. Activation of intrinsic and extrinsic pathways of apoptosis by radiotherapy. In
exquisitely radiosensitive cells (thymocytes, lymphocytes, germ cells and the tumors arising
from these cells), radiation can induce apoptosis using the intrinsic apoptosis pathway as a
result of DNA damage by phosphorylation and activation of the ATM-CHK2-p53 axis (see
text for details). Stabilized p53 protein can upregulate the NOXA, Puma and Bax genes
driving pro-apoptotic signals though the mitochondria to release Cytochrome ¢, APAF-1 and
caspase-9 and subsequently activate death effector caspases 3, 7 and 8. This pathway is
antagonized by the Bc/-2 gene family. The ratio of BAX:BCL-2 protein expression or altered
p53 function may affect the relative capacity for certain cell types to undergo apoptosis
following radiotherapy. In normal or tumor-based vascular endothelium, radiation can initiate
a sphingomyelin-dependent signaling cascade within the plasma cell membrane to generate
ceramide by the action of acid sphingomyelinase (ASM). DNA damage can also activate de
novo synthesis of ceramide through an ATM-dependent catalysis using the enzyme, ceramide
synthase. Elevated levels of ceramide drive apoptosis through the intrinsic apoptosis pathway.
The ceramide pathway can be antagonized by basic-fibroblast growth factor (b-FGF); this
may be clinically useful in the treatment of radiation-induced endothelial damage in the gut
following pelvic or whole body radiotherapy. The extrinsic pathway can also be activated by
ionizing radiation in that the TRAIL receptor, a member of the TNF superfamily, induces
apoptosis through the clustering of its receptors, DR4 and DRS resulting in the formation of
the death-inducing signaling complex (DISC). Subsequent recruitment of the adaptor
molecule FADD, and activation of Caspases 8 and 10, activates Caspase 3 cleavage and the
final death-effector proteins. The use of recombinant TRAIL and other gene therapies can
potentiate radiation cell kill in a number of tumor models in vitro and in vivo.
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In hematopoietic cells, radiation up-regulates the expression of pro-
apoptotic genes such as Fas, Bax and Caspase 3 and anti-apoptotic genes
such as Bcl-2 [30-33] and apoptosis-related genes may be useful targets
during radiotherapy. In these, and other apoptosis-susceptible tumor cells,
elevated BCL-2 levels predict for radioresistance in vitro. Furthermore,
elevated BAX to BCL-2 protein ratios are associated with improved clinical
radioresponse in rectal, bladder and prostate cancers [34-37]. Pre-clinical
radiosensitization experiments following gene targeting (e.g. altering Bcl-2,
Bcel-xl, Bax, Bims expression) show clinical promise given the observed
increases in radiation-induced apoptosis within prostate, glioma and head
and neck cancer xenografts [37-41]. Alternate radiosensitization approaches
include the use of synthetic phospholipid derivatives that decrease anti-
apoptotic MAPK and PI3-K/AKT signaling or increase pro-apoptotic SAPK
or JNK signaling. These include cyclooxygenase-2 (COX-2) inhibitors,
betulinic acid, and inhibitors of the proteasome. The latter drugs require
validation within future Phase I/Il radiotherapy trials [42, 43].

Major efforts in radiotherapy have also revolved around the clinical use
of p53 and ceramide signaling pathways. Both pathways reflect a merging of
basic science to clinical outcome and the development of novel cancer
therapies and deserve special attention. During p53 signaling, the ATM
kinase phosphorylates and stabilizes p53 [12]. The phosphorylated serine 15
and 20 residues inhibit p53 degradation by preventing the binding of MDM-
2, a ubiquitin E3 ligase. Coupled to a number of post-translational events
(e.g. phosporylation and de-phosphorylation, sumoylation and acetylation)
p53 acquires the capability to modulate cell cycle arrest and cell death [18].
P53-dependent radiation-induced apoptosis is mediated in part by the
transcription of pro-apoptotic genes such as Bax, PUMA, Noxa and
Killer/DR5 as well as a series of “p53-inducible genes” (PIGs) [18, 44]. The
requirement for transactivation of p53 for the apoptotic phenotype is
controversial however as other studies have shown that apoptosis mediated
by p53 may can occur in the absence of de novo gene expression [45].

As stated previously, the level of radiation-induced apoptosis varies
between tumors and normal tissues and may be superceded by p53-mediated
tumor cell growth arrest responses [46]. However, in tumor cells that are
prone to radiation-induced apoptosis (i.e. lymphomas) a wild type 53
genotype does predict for increased apoptosis and decreased clonogenic cell
survival given apoptosis is the dominant mode of cell kill. Mutant p53-
expressing cells will therefore acquire relative radioresistance, whereas in
other tissues or tumors, radiation-induced apoptosis is p53-independent [2,
18]. P53-related clinical radiosensitization and prognostication studies using
apoptosis as a target or endpoint is therefore reasonable if such strategies
focus also on clonogenic cell kill [47].
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Unfortunately, controversy continues to exist in the literature linking p53
status with clinical radioresponse due to differences in cell background and
cell propensity for apoptosis or variability in co-expressed oncogenes (e.g.
ras, c-Myc, etc ) in the model systems tested (reviewed in [18]). It is always
difficult to translate experimental observations based on cell lines to
scenarios relevant to human cancers irradiated in sifu given the additional
physiology and biology associated with the tumor microenvironment. In
many retrospective cohort studies of radiotherapeutic outcome, a p53
mutation has been implied based on increased immunohistochemical (IHC)
staining within human tissues (as mutant p53 proteins have increased protein
half-lives (e.g. 1 to 2 hours) in the absence of DNA damage). However, there
is no universal standard for scoring p53 expression using IHC and a variety
of protocols, antibodies and endpoints have been used throughout the world.
It is not surprising therefore large reviews and meta-analyses have failed to
place p53 as a strong determinant of local control or disease-free survival
when the IHC endpoint is used in isolation [18]. Nonetheless, in clinical
studies where the tumor p53 genotype was determined by direct DNA
sequencing, tumors expressing a mutant p53 protein generally had decreased
rates of local tumor control following radiotherapy. Whether this was strictly
related to inhibition of radiation-induced apoptosis is unclear, given no
tumor biopsies were taken for study during radiotherapy. The biologic
reasons by which mutant p53 proteins cause clinical resistance remains
unknown, but may relate to co-expression of p73 (a member of the p53
family) which can control relative chemo- and radiosensitivity [18, 48].

Within the tumor microenvironment, p53 may also control radiation-
induced cell death as a function of intratumoral hypoxia [49]. Cellular
anoxia leads to a 3-fold increase in tumor cell radioresistance [2] and
activates an ATR-mediated S-phase arrest via p53 stabilization and CHKI1
kinase activation. In contrast, tumor cell re-oxygenation, as a consequence of
vascular instability, can activate ATM-p53 signaling and YH2AX due to the
induction of DNA breaks in response to increased oxidative free radicals
[50]. The process of re-oxygenation between daily radiation doses is an
important factor in how fractionated radiotherapy accomplishes exponential
cell killing over the duration of treatment [2]. One model suggests that sever
hypoxia selects for mutant p53-expressing tumor cells resistant to apoptosis
and which acquire increased genetic instability and aggressiveness [51],
although strong clinical evidence for this is still lacking [18].

The studies above support the clinical activation of ATM-p53 in vivo to
improve radiotherapy outcome. Reinstitution of wild type p53 function in
tumor cells was used in a series of pre-clinical gene therapy studies to prove
that this strategy can augment radiation-induced apoptosis and/or clonogenic
cell kill [52, 53]. Promising results were observed in Phase II clinical trials
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of head and neck and lung cancers using p53 adenoviral gene therapy [54,
55]. P53-based radioprotection of normal tissues would allow for increased
tumor dose-escalation using conformal of IMRT radiotherapy and also
improve the therapeutic ratio. This may be achieved using chemical
inhibitors of p53 (e.g. pifithrin-ot) as these agents can inhibit radiation-
induced epithelial cell apoptosis and subsequent malabsorption within the
villi of the small and large intestine post-irradiation [56, 57]. Such an agent,
when clinically available, could be wused to protect against the
gastrointestinal tissue damage during whole-body or abdomino-pelvic
irradiation.

Ceramide signaling is another pathway in which molecular pathways of
radiation—induced apoptosis could soon alter clinical practice. Within the
plasma membrane, ceramide is generated from sphingomyelin (SM) by the
action of acid sphingomyelinase (ASM), or by de novo synthesis coordinated
by ceramide synthase [4]. In certain cells such as endothelial, lymphoid and
haematopoietic cells, ceramide is an important medaiator of radiation-
induced apoptosis, while in other cells ceramide may serve only as a co-
signal or play no role in cell death. The ceramide response to radiation is
absent within tissues derived from mice deficient in ASM and can be
inhibited in vitro by exogenous basic fibroblast growth factor (bFGF) [58,
59]. The latter may have clinical importance in that radiotherapy induces
endothelial cell apoptosis within the vessels surrounding the clonogenic crypts
within intestinal villi and this effect can be blocked using systemic bFGF [60].
In pre-clinical models, bFGF treatment protected animals against the
gastrointestinal syndrome following whole-body radiotherapy (reviewed in
[4]). More controversial is a recent study suggesting that tumor radioresponse is
also a result of endothelial cell damage (i.e., tumor vasculature collapse) rather
than direct killing of tumor cells; this provocative hypothesis will need further
confirmation in human xenografts and primary tissues before being widely
accepted by the radiation oncology community [61, 62]. Radiation-induced
apoptosis also occurs within rodent salivary, lung and neural (brain and
spinal cord) tissues, potentially relevant to predicting and preventing other
types of acute and late radiation toxicity during therapy [63].

Although many clinical correlative studies have been published regarding
radiation-induced apoptosis and radiotherapy response, apoptosis following
irradiation appears to be insufficient to account for the therapeutic effect of
anticancer agents against the common epithelial and mesenchymal tumors.
In these tumors, the level of radiation-induced apoptosis rarely correlates
with eventual clonogenic cell killing as measured by colony-forming assays
[24-26, 64, 65]. For example, the radiosensitizing effects of androgen
ablation in prostate cancer were initially thought to be secondary to
increased apoptosis, but have now been linked to decreased proliferation and
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growth arrest [24, 66, 67]. It is therefore important to review induce two
other anti-clonogen responses in tumor cells that can impact upon
radiotherapy outcome: mitotic catastrophe and terminal growth arrest. These
signaling pathways are discussed in the following two sections.

9.2 Mitotic catastrophe and the role of survivin

Faithful chromosome segregation is crucial for cells to maintain the
integrity of their genome. Cells which enter mitosis with non-repaired DNA
damage are prone to increased rates of genetic instability, carcinogenesis and
cell death. Mitotic exit occurs after ubiquitination and proteolytic
degradation of Cyclin B by the anaphase-promoting complex (APC) in
concert with the AURORA, POLO, NIMA and spindle checkpoint kinases.
The mitotic spindle checkpoint monitors the appropriate alignment of
chromosomes by interrogating the interaction between chromosomes and
microtubules at the chromosomal kinetochore [68]. This checkpoint
normally delays chromosome segregation during anaphase to correct any
defects in the mitotic spindle apparatus due to non-repaired DNA breaks or
acentric DNA fragments. If defects persist, the cell could acquire abnormal
spindle morphology and undergo cell death as “mitotic catastrophe.

For the majority of normal and tumor cells, death secondary to mitotic
catastrophe accounts for most of the cell kill following irradiation [25, 63,
71, 72]. Mitotic catastrophe is the failure of mammalian cells to undergo
mitosis after DNA damage resulting from defective DNA repair and cell
cycle checkpoint control. This leads to chromosomal aberrations and
abnormalities (tetraploidy or aneuploidy) due to erroneous chromosomal
segregation. There is no consensus on the definition of mitotic catastrophe,
although most investigators agree that it manifests as abnormal mitoses
within enlarged cells containing spindle abnormalities (individual clusters of
chromosomal mis-aggregation surrounded by nuclear envelopes), de-
condensed chromatin and associated micronuclei (see Table 1).

The kinetochore-associated MAD2, BUBR1, BUB1 and BUB3 proteins
are critical constituents of the spindle-checkpoint pathway: MAD2 and
BUBRI interact to regulate mitotic progression by temporal inhibition of the
APC machinery and BUBI and BUB3 mediate mitotic arrest in response to
disruption of spindle microtubules [69]. Cells that lack either BUB1 or
BUB3 do not undergo mitotic arrest and exhibit catastrophic mitoses when
treated with spindle-disrupting agents such as the chemotherapy agents
docetaxol or vinblastine [19]. There are few data pertaining to the effects of
ionizing radiation on these mitotic spindle checkpoint kinases [69, 70].
However, cells with aberrant G2 checkpoint control due to a deficient
activation of the ATM, ATR, p53, CHK1/2, PLK1 or 14-3-3¢ signaling
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pathways are prone to radiation-induced mitotic catastrophe due to an
uncoupling of DNA repair and G2 phase cell cycle progression [71].

Mitotic catastrophe has been used to describe cells with an apoptotic
phenotype with prematurely-condensed chromatin, however the two cell
death morphologies may be genetically distinct as inhibition of apoptosis by
over-expressing BCL-2 leads to increased mitotic catastrophe [73].
Nevertheless, cells undergoing mitotic catastrophe may share some
molecular characteristics of radiation-induced apoptosis such as caspase
activation, phosphorylation of p53 and increased BAX expression which
may lead to confusion in the literature [74]. It has been suggested that cells
undergoing mitotic catastrophic represent a sub-population of tumor cells
resistant to apoptosis signaling [74, 75]. Survivin is a protein member of the
inhibitor of apoptosis (IAP) family, but is also a determinant of mitotic
catastrophe [76, 77]. Survivin initially associates with centromeres at the
prophase and metaphase, but later forms a complex with the Aurora B kinase
during anaphase and telophase. Survivin becomes undetectable by the end of
telophase [77, 78]. Small interfering RNA (siRNA) targeting survivin
expression delays prometaphase and cells fail to properly align their
chromosomes, forming a tetraploid nucleus [79] without the induction of
apoptosis, similar to irradiated cells. These data are consistent with a greater
role for survivin in the control of mitotic catastrophe than apoptosis.

Survivin is a potential radiotherapy target. Ionizing radiation activates
transcriptional down-regulation of survivin in a p53-dependent and
PI3K/AKT-dependent manner [80-83]. And yet, endogenous expression
seems to be specific for human cancers given the observation that survivin is
over-expressed in malignant, but not normal, human epithelium [76, 84].
The altered survivin expression in tumor cells may be a consequence of
elevated promoter activity, gene amplification or transcriptional de-
repression in the setting of mutant p53 [76].

A number of clinical studies have correlated the relative expression of
survivin with decreased rates of survival [76] prompting investigators to
target surviving in order to improve therapeutic sensitivity. Increased tumor
cell radioresistance has been correlated to increased endogenous survivin
levels in vitro and predicted for decreased disease-free survival following
radio-chemotherapy in rectal cancer [85-87]. Genetic antagonists of survivin
(e.g. antisense, siRNA ribozymes against survivin or expression of
dominant-negative survivin mutants) leads to radiosensitization in vifro
within pancreatic, melanoma, lung and colorectal carcinoma cell lines [80,
85, 87-89]. In other studies, survival was inhibited in H460 lung cancer cell
lines growing either in vitro or as xenografts in vivo, when both survivin and
XIAP were inhibited using antisense transfection [90]. Survivin is also a
transcriptional target of vascular endothelial growth factor (VEGF) [91],
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suggesting that anti-survivin therapies could directly trigger mitotic cell
death and intratumor vascular collapse [92, 93].

Increased mitotic catastrophe in tumor cells can also be achieved by
inhibiting DNA repair during the G2 phase or decreasing its duration.
Tumor cells often exhibit an aberrant G1, but not G2, checkpoint, which
makes them vulnerable if a second checkpoint is abrogated. There are a
number of candidate drugs which can inhibit the protein effectors of the G2
arrest in response to DNA damage including staurosporine, caffeine and
UCN-01 which target CHKI1 to elicit mitotic catastrophe. UCN-01
preferentially sensitizes p53-mutated, radioresistant tumor cells to ionizing
radiation [94] and similar agents are being tested in clinical trials [1, 95].

9.3 Terminal growth arrest (tumor cell senescence)

Cellular senescence was first described by Hayflick and Moorhead in
1961 who observed a finite life-span for human diploid cells growing in
culture and a resulting terminal growth arrest or senescence [96]. With the
exception of certain cells (e.g. germline cells, hematopoietic stem cells, B or
T cells), this irreversible proliferative arrest occurs in the vast majority of
normal (non-immortalized) human cells. During senescence, cells acquire an
enlarged, flattened shape with increased cytoplasmic and nuclear granularity
and express senescence associated B-glactosidase (SA-B-gal)[17]. Although
senescent cells have lost their ability to divide, they are still metabolically
active for some time until undergoing necrosis. Indeed, senescing cells can
continue to express degradative enzymes, inflammatory cytokines and
growth factors which may be one factor in the acute reaction within normal
tissues undergoing radiotherapy [97, 98]. The activation of senescence in
culture within normal fibroblasts is directly linked to critical telomere
shortening. Telomeres protect chromosomes from chromosomal fusion and
the potential loss of genetic information and shorten 50-300 base pairs
following each cell division. Telomeres are composed of repetitive
sequences that can be maintained by the enzyme telomerase consisting of a
reverse transcriptase (hTERT), a template RNA (hTERC) and accessory
factors (EST1 and dyskerin in humans). Due to an endoreplication problem,
a critical telomere length will finally be achieved after a given series of
divisions and the cells will terminally arrest. The arrest is associated with the
activation of DNA damage responses including the expression of several
cyclin-dependent kinase inhibitors including p21"*" and p16™** [99].

In certain cells, this terminal arrest response overrides the apoptosis
response that can be triggered by ionizing radiation, heat stress and
antibodies to the Fas-ligand [100, 101]. For example, in fibroblasts and
epithelial cells, p53 acts to induce cell cycle arrests in the G1 and G2 phases
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of the cell cycle to prevent cells from proliferating under conditions of DNA
damage and repair. Depending on the cellular environment and context, this
arrest can be either permanent (i.e. terminal) or temporary, dependent on
whether DNA lesions are optimally repaired (see Figure 3). The capacity for
p53-mediated cell cycle arrest versus apoptosis is not mutually exclusive as
these two responses can be modified by certain growth factors or the initial
level of DNA damage (i.e. number and repair of DNA-breaks) within a
given cell line or type [18].
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Figure 3. Pathways of reversible and irreversible cell cycle arrest following radiotherapy.
Following genotoxic insult, DNA-breaks induced by radiotherapy can activate the ATM
kinase which leads to the phosphorylation of the histone biomarker YH2AX at the sites of
DNA damage. Coincident stabilization and activation of the p53 tumor suppressor protein
initiates cell cycle checkpoint control through the elevated expression of the p21™A" cdk-
inhibitor. Depending on the cellular environment and extent of DNA damage, the checkpoint
arrest in fibroblasts or epithelial tissues can either be permanent (resulting in terminal growth
arrest) or temporary, in which the damage is repaired and the cell proceeds to re-enter the cell
cycle. Radiation-induced terminal growth arrest shares some hallmarks with replicative
senescence, as p21VF has also been show to downregulate hTERT, the catalytic subunit of
the enzyme telomerase. Terminally arrested cells can also express elevated levels of the
p16™*a cdk-inhibitor. Both irradiated normal and tumor cells can undergo terminal cell
arrest and acquire a senescent-like phenotype associated with increased expression of
senescence-associated [J-galactosidase (SA [P-gal), increased nuclear granularity and
continued metabolism until final necrosis. Modified from reference [19].
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Telomerase is an RNA-dependent DNA polymerase that extends the ends
of telomeres in germline and stem cells in order to avoid replicative
senescence and telomere crisis. Telomerase is strongly up-regulated in most
cancer cells [102] leading to unlimited proliferative potential. Indeed, over-
expression of the human catalytic subunit of telomerase (hTERT) is
sufficient to immortalize human cancer cells [103, 104]. Telomerase may
therefore be a target for radiosensitization as telomerase activity and
associated telomere length might be expected to relate to the cellular
radiosensitivity of fibroblasts and/or epithelial cells. Indeed, senescent
fibroblasts are more radiosensitive than their non-senescent counterparts
with longer telomeres [105]. Furthermore, ionizing radiation increases the
expression of hTERT [106] which relate to radiation-induced genetic
instability given that chromosomal stability is reduced in hTERT-
immortalized human fibroblasts after exposure to ionizing radiation [107].
Additionally, telomere length is correlated with differential cellular
radiosensitivity in isogenic murine models, although this has not been
confirmed in human tumor cell lines representing varying histopathologic
types [108-111]. Nonetheless, clinico-pathologic studies of colorectal and
head and neck cancers suggest that reduced hTERT activity is associated
with reduced tumor cell survival and increased local tumor control following
radiotherapy [103, 105, 112-115].

Most tumor cell lines have retained the capacity to undergo tumor cell
arrest following therapy (i.e. tumor cell senescence) although it is not p53-
and p21"" -dependent [116-118]. In epithelial tumors, tumor cell
senescence can be a rapid response to ionizing radiation or chemotherapeutic
drugs. In 11 out of 14 tumor cell lines, induction of SA-fgal and a
senescent-like phenotype was observed following treatment with retinoids or
ionizing radiation [116, 117]. A senescent-like morphology has also been
documented within clinical breast cancer specimens treated with
chemotherapy [116]. Normal cells can also undergo terminal arrest
following chemotherapy or radiotherapy; exposure of human fibroblasts to
mitomycin C and bleomycin results in accelerated senescence [119, 120].
Human fibroblasts exhibit a senescence-like morphology after exposure to
doses as low as 0.1 Gy of ionizing radiation or in response to one non-
repaired DNA-dsb [121]. The importance of tumor cell senescence over
apoptosis in therapeutic response was confirmed in animal tumor models by
Lowe and co-workers [122] in which the long-term chemocurability and
anti-proliferative effects of cyclophosphamide in murine lymphomas was
secondary to terminal growth arrest.

To translate the above observations to the clinic, further studies using
specimens of treated tumors are required. Terminal arrest of tumor cells may
explain the relatively slow resolution, yet ultimate cure, of some tumors
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following radiotherapy. This may be particularly true in the radioresponse of
prostate cancer in which the final level of cell kill (using prostatic-specific
antigen (PSA) levels as a surrogate for cell death) may not manifest itself
until 12 to 16 months following radiotherapy [24]. If true, treatments which
differentially increase terminal arrest in tumor cells may be useful adjuncts
to conformal radiotherapy. For example, differentiation agents (e.g.
retinoids), or HDAC (histone deacetylation) inhibitors (e.g. TSA, SAHA),
have been used to induce a senescence-like phenotype and radiosensitize
breast, prostate glioma and head and neck cancer cells, both in vitro and in
vivo (for review see [1, 123-125]). HDAC inhibitors may provide a positive
therapeutic ratio during radiotherapy as they were found to be potent
radioprotectors against acute and late skin reactions following radiation
treatment [126]. Future clinical studies should characterize and quantitate
well-known and new biomarkers of terminal growth arrest (e.g. p53,
p21VAF p16™*  maspin, pTGF-B, BTG1/2; reviewed in [127]) within
irradiated tissues. These could become new predictive biomarkers of
radiocurability and reflect the extent of terminal growth arrest in tumor with
following different drug-radiation combinations. Indeed, there is good
evidence that radiotherapy outcome is related to the permanent inhibition of
tumor cell proliferation [128-136]. These genes may be excellent new targets
for novel cancer therapies utilizing radiotherapy.

10. CONCLUSIONS AND NEW CLINICAL
DIRECTIONS

The debate regarding the relative role of apoptosis during radiotherapy
cell kill has been dampened somewhat by the realization that cell death
pathways will manifest themselves in a tissue- and time-specific manner.
Currently, our ability to define radiotherapeutic outcome on the basis of
specific cell death mechanism(s) is limited by the paucity of data pertaining
to biopsy specimens derived from tumors undergoing radiotherapy. Pre-
treatment specimens are usually available, yet these speak more to
oncogenesis rather than radioresponse. This may partially explain the
conflicting data regarding pre-treatment determination of intratumoral
apoptosis and clinical radiotherapy response [137-150]. Non-invasive
imaging may become increasingly powerful as a means to quantify apoptosis
or terminal growth arrest. Initial studies in vivo have detected p21"*" gene
expression following DNA damage[151, 152] or the level of therapy-
induced apoptosis (99m-Tc Annexin-V) using scintigraphy or positron
emission tomography (PET) [153, 154]. Similar approaches may soon be
available to quantitate mitotic catastrophe in treated tumors.
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Future therapies in radiation oncology will increasingly utilize molecular-
based targeting of cell death pathways. Rapid introduction of these therapies
into the clinical realm may be limited by the need to define appropriate
scheduling and toxicity of the agents, inter-patient and intratumoral
variability in the expression of the target (as a predictor of treatment
response) and molecular cross-talk amongst redundant or parallel signaling
pathways [1]. However, it is hoped that these limitations might be bypassed
by simultaneous determination of multiple signaling pathways using
genomic and proteomic analyses of human tissues. This will afford selection
of the best molecular agents to be used in combination with radiotherapy in
order to increase tumor cell kill, yet decrease normal cell kill during therapy.
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IMAGING OF APOPTOTIC CELLS IN VIVO
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Abstract: The induction of apoptosis plays a key role in non-surgical cancer treatment —
whether this occurs by irradiation, chemotherapy, or hormones. Recent
advancements in imaging science and metabolic studies by nuclear magnetic
resonance have painted an intriguing picture of the metabolic and biophysical
processes involved with the progression of apoptosis in situ. It is now possible
for us to detect and visualize previously inaccessible and even unrecognized
biological phenomena in living cells and tissues undergoing therapeutically
induced apoptosis. These new imaging techniques will have an increasing
impact in the preclinical design of new anticancer agents and novel treatment
protocols to enhance apoptotic cascades and to combat drug resistance. With
the advent of molecular medicine and patient-tailored therapeutic options and
drug molecules, rapid and accurate visualization of apoptotic response in the
clinical settings can be of significant diagnostic and prognostic worth.

Key words:  apoptosis, tumor, imaging, NMR, MRI, MRS, PET, SPECT, ultrasound

1. INTRODUCTION

Cell death in tissue takes place along a continuum spanning between
necrotic cell death and apoptosis. In contrast to rather uncontrolled necrotic
cell death, apoptosis is genetically controlled or “programmed” and cells
become committed to a suicide process through numerous cascades of
metabolic events. Although at tissue level, apoptosis may generally appear
as a subtle process, the individual cells experience profound changes in
morphology, structure and biochemistry brought forth by the activation of
distinct proteases and lipases. Among the often-quoted hallmark phenomena
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are DNA fragmentation, nuclear condensation, cell shrinkage, and the
formation of membrane-encapsulated apoptotic bodies. These concerted
actions serve to confine all cellular material towards a recycling process by
macrophages and/or neighboring cells, and to protect the surrounding tissue
from harmful, uncontrolled release of intracellular messengers, metabolites,
and electrolyte fluxes that could elicit inflammation and necrosis'. It is
exactly this careful orchestration of cell events that provides such an array of
markers and targets for visualizing apoptosis by modern imaging
technologies (Figure 1).

As demonstrated elsewhere in this book, apoptosis acts as a
counterbalance to cell proliferation. It is therefore not only required for
normal development and tissue function, but also disturbances in its
regulation can promote many disease states™ such as cancer. The primary
goal of modern chemotherapy in cancer treatment is tumor cell apoptosis,
and due to the inherent cleanliness of the death process as described above,
this mode of cell death is sought after by most other anti-cancer treatments,
including hormonal agents, toxins, and radiotherapy.

*induction *chromatin *phospholipid *apoptotic
(e.g. p53) *endonucleases reorganisation bodies
scaspases «cytoskeleton *phagocytosis
*pH *phospholipases
sshrinkage

hours @

Nuclear Imaging

Optical imaging

Figure 1. A cartoon and timeline of some key biochemical and biophysical changes occurring
in cells that can be exploited for imaging purposes. Generally, molecular events precede those
affecting the physical properties of cells, thereby rendering biochemical and molecular
imaging markers (such as nuclear imaging and MRS) more sensitive in the early phases than
for instance MRI.
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Targeted facilitation of apoptosis in vivo has been shown to effectively
increase the numbers of apoptotic cells in tumors™®, and the detected early
apoptotic response correlates well with subsequent outcome®™®. As described
in more detail elsewhere in this book, targeted therapies for modulating
apoptosis in malignancies are finding many forms and approaches.
Fortunately, non-invasive imaging techniques sensitized to apoptosis are
already available, and could become important in future clinical assessment
of apoptosis-inducing therapies in situ. In the optimal situation, the physician
would be able to select the non-responding patients from the responders at
much earlier time points than currently possible with anatomical imaging
only. Likewise, these techniques could prove immensely useful in basic drug
development and testing.

During the last ten years or so, many research groups have studied the
possibility of using noninvasive imaging techniques for the purpose of
imaging the effects of the apoptotic cascades in vivo. The research began
with metabolic characterization of cells by nuclear magnetic resonance
(NMR) spectroscopy (MRS)’. Nuclear imaging techniques together with
magnetic resonance imaging (MRI) approaches’ then followed together with
optical imaging'® and even ultrasound (US)'""'>. The many papers have now
shown beyond doubt that by imaging, phenomena as subtle as apoptosis can
non-destructively be visualized by exploiting the myriad of changes
involving membrane composition, protein  synthesis, glycolysis,
phosphatidylcholine, phosphatidylserine and cell fatty acid turnover, energy
levels and even intracellular pH throughout the execution of the “apoptotic
program” in vivo. In addition to the use of exogenous targeted markers for
nuclear imaging, and more recently MRI, intrinsic image contrast in MRI
and US can also be sensitized to actual biophysical changes in the cellular
milieu. All of the mainstream in vivo imaging techniques (Table 1) with the
exception of cell imaging by microscopy will be outlined here together with
some examples of promising applications.

Table 1. A comparison of the imaging modalities for detecting apoptosis in vivo.

penetration resolution ionisation sensitivity receptors metabolism
MRI - >0.02 mm - + + +
MRS +++ >2 mm - + - -
SPECT +++ >4 mm" + ++ ++ ++
PET -+ >5 mm® ++ +H ot ++
Ultrasound ++ >0.2 mm
Optical + >10 mm°® - ++ ++ ++

a

b

MRS is the only modality capable of detecting intrinsic metabolites.

SPECT and PET values are typical for dedicated small-animal research microimaging
systems. In clinical systems, spatial resolution is several millimeters poorer.

Optical coherence tomography (OCT) can reach resolutions above 10 pum while limited to
extreme surfaces (< 2 mm depth).
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2. NUCLEAR AND OPTICAL IMAGING

At quick glance, it is apparent that the most numerous applications for in
vivo imaging of apoptosis are based on marker molecules. This is not
surprising given the fact that after all, marker molecules, i.e. biologically
active dyes, are what also has made the histological detection of apoptosis
possible’>. Of particular interest here are targeted labels binding to
phosphatidylserine, PS.

PS is an abundant phospholipid mostly residing on the cytoplasmic, inner
leaflet of the cell membrane'®. It is however translocated to the outer leaflet
of the membrane during apoptosis, when aminophospholipid translocase
becomes inactivated and another enzyme, scramblase, is activated to further
enhance translocation. Interestingly, this PS externalization occurs very early
in the apoptotic chain of events'’, preceding such hallmark events as nuclear
condensation and DNA laddering, and perhaps serves as an important signal
to neigboring and phagocytizing cells. Of the several proteins known to
specifically bind to PS, annexin V is perhaps best known. Optimally up to
eight annexin V moieties can bind to one exposed PS, which contributes to
its efficiency as a cell label. Applications based on this approach will be
discussed below with an introduction to the imaging technologies involved.

2.1 Nuclear imaging

As in X-ray based computed tomography (CT), modern nuclear imaging
techniques rely on the rotation of detector arrays around the subject of
investigation. With this approach, the position and concentration of a
radionuclide marker introduced into the experimental animal or clinical
patient can be calculated. Unlike in CT, however, the emission source is an
unknown source within the body, and rigorous reconstruction algorithms are
required to increase resolution'.

Nuclear imaging techniques, especially positron emission tomography
(PET), have roughly a million-fold sensitivity gain compared to other
available imaging techniques. Since receptor proteins are normally present in
the nanomolar range, PET has become the method of choice for mapping
and studying the function of many receptors, particularly within the central
nervous system'®. However, the use of PET is somewhat limited for imaging
apoptosis, since most positron emitting radionuclei are physically short-
lived, and many single photon emission tomography (SPECT) radioligands,
such as technetium (*’™Tc) are easier and less expensive to produce.

SPECT utilizes single photons (at energies of about 140 keV), instead of
positron emissions (which result in two 511 keV photons traversing in
opposite directions). Because only single photons are emitted from the
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radionuclides used for SPECT, collimators are required for source
localization. This results in tremendous loss of acquisition efficiency. Also,
the useful resolution of SPECT is slightly inferior to PET. However, it is
much less expensive to perform SPECT scans, and the typically used SPECT
radionuclei have long physical half lives (e.g. 6 h for *’Tc). Together these
factors have made this mode of emission tomography an exciting modality
for studying apoptosis in vivo.

When reviewing literature, it also becomes quite evident that **™Tc-
labeled Annexin V molecules are the most extensively investigated and used
in vivo marker of apoptosis to date. Since the first in vivo imaging
demonstration by Blankenberg and co-workers'” (Figure 2), numerous **"Tc-
Annexin V —based radioligands have been developed and clinical trials have
already been undertaken'”. In part, their popularity is due to the manifold
advantages of *"Tc compared with many other radionuclides, such as low
cost, relatively long physical half-life, and easy availability. For further
reading on nuclear imaging of apoptosis, the reader is kindly directed to an
exceedingly thorough and clearly written overview by Lahorte and co-
workers'”. This paper encompasses most currently existing nuclear labels
and labeling methods for Annexin V and derivatives.

Figure 2. Imaging a treated murine lymphoma with radiolabeled annexin V. Mice bearing
subcutaneous lef flank murine B-cell lymphomas were treated with 100 mg/kg of
cyclophosphamide (i.p.) to induce apoptosis. Twenty hours after treatment mice were injected
with 150 pCi of ™Tc HYNIC annexin V (50 pg/kg of protein), and imaged one hour later.
The treated tumor (mass on left flank) demonstrated compound uptake 363% above control
levels. L, left; R, right. © The National Academy of Sciences of the USA 1998, reproduced
with permission from reference 17.
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2.2 Optical imaging

Optical imaging of apoptosis in vivo is an emerging field of study'’.
Since visible light such as produced by fluorescein, is not able to penetrate
more than 1-2 mm into biological tissue, its use in biological imaging is
severely compromised'®. However, light in the near infrared (NIR) range
(wavelengths 700-1200 nm) allows better penetration in tissue'’, but at the
cost of considerable absorption and scattering. Optical tomograpy can
however be used to reconstruct the probed structure and location by back-
projecting the transmitted light through the object along multiple paths
similarly to CT. Despite its shortcomings in terms of penetration and
resolution, optical imaging offers the opportunity for real-time monitoring of
biological phenomena such as apoptosis. The First in vivo data in irradiated
tumor-bearing nude mice showed increased Cy5.5-Annexin V uptake in
tumors over a period of ten days due to excellent fluorochrome stability'’. It
is worth noting, that this is also a considerable temporal advantage in
comparison to almost all radionuclides.

Active Cy-Annexin, -CPA Active Cy-Annexin, +CPA Inactive Cy-Annexin, +CPA

Figure 3. Imaging of apoptosis in CR-red fluorescent tumor model implanted in mammary
pad. Animals were divided into three groups: (a) injected with active Cy-annexin and not
treated with CPA; (b) injected with active Cy-annexin and treated with CPA; and (c) injected
with inactive Cy-annexin and treated with CPA. A, visible light image of implanted tumors;
B, expression of DsRed2 in CR tumor (red fluorescence channel); C, near-infrared signal
measured in tumors at 75 min after the injection of Cy-annexin; D, near-infrared signal
measured in tumors at 20 h after the injection of Cy-annexin. Animals received an i.p.
injection of 170 mg/kg CPA. © American Association for Cancer Research 2003, reproduced
with permission from reference 20.
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Similar results (Figure 3) have been obtained by Petrovsky et al. by using
Cy 5.5-annexin as a NIR fluorescence probe for apoptosis in different tumor
types and therapies and imaged from outside an intact living animal®.

Another optical imaging approach that deserves mention is
bioluminescence imaging (BLI), which is based on the use of the luciferase
enzyme. This technique has recently been used to investigate the spatial
relationship between chemotherapy-induced tumour apoptosis and total
tumour burden over time, as assessed by BLI together with microSPECT”'.

3. ULTRASOUND

Studies have surprisingly shown that ultrasound (US) imaging may also
be able to detect apoptosis via the biophysical effects exerted by subcellular
nuclear changes such as chromatin condensation and DNA fragmentation in
vitro. Using apoptotic and control AML-3 leukemia cells, Czarnota and co-
workers discovered that twenty-four hours from the onset of cisplatin-
induced apoptosis (95% apoptotic cells), a 2 to 5-fold increase in US
backscatter signal could be detected®. Interestingly, this increase appeared
to correlate nicely with the actual progression of nuclear condensation®. In
the latter study, the authors used high frequency US imaging to demonstrate
epidermal apoptosis also in vivo. It remains to be seen however, whether US
will become a truly useful tool for detecting changes in often deep-seated
tumors in vivo, where also much lower percentages of apoptotic cells are
manifest (typically < 10% at any time point) despite anticancer therapy.

4. NUCLEAR MAGNETIC RESONANCE

Certain atomic nuclei, such as the proton (‘H), possess what is called
non-zero angular momentum, i.e. nuclear spin. This creates a magnetic
dipole moment along the axis of rotation. When such nuclei are placed in an
external magnetic field, net magnetization is created by the equilibrium
difference between magnetic dipole moments existing in two different
energy states. This net magnetization, which forms the basis of all nuclear
magnetic resonance (NMR) experiments, is proportional to the strength of
the external magnetic field, and can be perturbed by radio frequency (RF)
radiation. When perturbed magnetization and its recovery (i.e. relaxation) to
unperturbed equilibrium state is detected through receivers, information on
the nuclear spin environment of the sample or tissue can be obtained. When
this signal is used to detect and quantify the presence of chemically distinct
compounds, it is called NMR spectroscopy (or clinically, MRS). When this
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information is used to create spatially resolved maps of quantities and/or
relaxation properties of the observed nucleus, the procedure is called
magnetic resonance imaging (MRI) and when the above techniques are
combined, magnetic resonance spectroscopic imaging (MRSI). Because
signal manipulation and detection in NMR occur in the radio frequency
range of the electromagnetic spectrum, no ionizing radiation is involved.
This makes NMR particularly attractive for noninvasive in vivo studies of
living systems.

'H is the most sensitive non-radioactive NMR nucleus with a 99.9%
natural abundance. It is particularly well suited for NMR studies, because
virtually all biological material and compounds possess hydrogen. MRI
benefits greatly from the highly concentrated water protons (~80 mol/l in
tissue). Typical 'H spectra can be seen in Figures 4A and Figure 5. Other
naturally occurring nuclei can however be used for NMR spectroscopy: the
most important are phosphorus (*'P) with 100% natural abundance, and a
stable isotope of carbon ('°C) with 1,1% natural abundance. Although both
of these nuclei are much less sensitive than proton, the particular power of
3'P NMR spectroscopy lies in detecting cell pH and energy metabolites, such
as shown in Figure 4B. To enhance sensitivity, and especially to decipher
metabolic pathways, °C labeling of substrates is often used.

NMR is sadly not a very sensitive technique. However, this is at least
partly compensated by the fact that in metabolic studies dynamic changes
over the whole range of metabolites can be observed and accurately
quantified, as long as they exist above a practical detection threshold
(millimolar range in vivo, and one tenth of that in vitro). For a more detailed
account on the basics of biological NMR and MRI, the reader is kindly
directed to David Gadian’s excellent textbook™.

4.1 Magnetic Resonance Spectroscopy (MRS)

Magnetic resonance research into apoptosis started in the mid-nineties
when several groups began looking at relevant metabolic indicators of
apoptosis. Adebodun and Post were the first to identify, by using *'P MRS,
an aberrant metabolic profile in leukemia cells treated with dexamethasone
to undergo apoptosis in vitro™. The researchers reported a clear reduction in
phosphomonoesters (i.e. phosphoethanolamine and phosphocholine) and
ATP. Following up on the study, Nunn and co-workers used 'H MRS to
study metabolic changes in neutrophils undergoing apoptosis®®, and instead
observed an increase in phosphocholine concentration, which the authors
attributed to their model of Fas-receptor mediated apoptosis and
phospholipase-C activation. Two years later, Williams et al.*’ set out to
better characterize metabolic changes in Chinese hamster ovary cells (CHO-
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K1) and HL-60 leukemia cells using *'P MRS, which were treated with
several apoptosis-inducing drugs with functionally very different modes of
action, namely farnesol, chelerythrine, etoposide, campothecin, and
ceramide. Only two metabolites were observed to consistently increase
during apoptosis: fructose-1,6-bisphosphate (FBP, a glycolytic pathway
intermediate) and cytidylyldiphosphocholine (CDP-choline, an intermediate
step metabolite in phosphatidylcholine biosynthesis). In this case, the
increase in FBP concentration in HL-60 cells was be explained by either
depletion of cellular NAD(H), or by the activation of 6-phosphofructo-1-
kinase through AMP accumulation, an observation corroborated soon by the
work of Ronen and co-workers™. The NMR-observed accumulation of CDP-
choline in apoptotic cells (Figure 4B) was later linked by the same group to
the inhibition of choline phosphotransferase (CPT) by isotope labeling
studies™. CPT is likely to become inhibited in apoptotic cells, since it has an
alkaline pH optimum (8 - 8.5), yet cellular acidosis (pH <6.5) appears to be a
frequent event in apoptosis®’.
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Figure 4. A) Time course of '"H NMR spectroscopy resonances in Jurkat leukemia cells. Note
the resulting increase in lipid methylene (-CH,) resonances over time and with increasing
percentage of apoptotic cells (not shown). © American Society of Hematology 1997,
reproduced with permission from reference 28. B) *'P NMR spectrum of apoptotic Chinese
hamster ovary CHO-K1 cells is shown (CDP-choline, cytidylyldiphosphocholine; GPC,
glycerophosphocholine; NTP, nucleotide triphosphate, P;, inorganic phosphate; PME,
phosphomonoesters. © Wiley & Sons 1998, reproduced with permission from reference 27.

Blankenberg et al. were the first to use 'H MRS of living cells in vitro to
detect metabolic changes caused by apoptosis. In their seminal paper, large
signals from mobile intracellular lipids were shown to accumulate over time
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(Figure 4A) and a correlation between the intensity ratio of the 1.3 ppm (-
CH»-) to 0.9 ppm (-CHj) -resonances and the fraction of apoptotic cells
following induction of apoptosis was established™. At the time, it was
thought that the signals originated from plasma membrane microdomains®',
and that these were perhaps connected to modified membrane microfluidity
brought forth by apoptosis. However, the more recent studies have given
enough grounds to discard this hypothesis: it is currently quite accepted that
these resonances originate from a storage form of cell lipids within the cell,
i.e. from triglycerides within cytoplasmic lipid droplets™.

e

day 6
day 4
day 2

Figure 5. A typical time course of '"H MRS data from an HSV-tk transfected glioma treated
with ganciclovir in vivo for a period of 10 days (A). Signals from polyunsaturated lipid proton
moieties are shown shaded (at 5.3 and 2.8 ppm). An untreated glioma is shown on
conventional MRI, with a white box to denote the localization from which spectroscopy
signals were obtained (B). Transmission electron microscopy (magnification x 5000) shows
untreated tumor cells (C), lipid droplets (open arrows) and apoptotic bodies (black triangles)
(D), and densely osmiophilic, polyunsaturated fatty acid-rich droplets (E) in treated tumours
after four days of treatment. © 1999 Nature publishing, reproduced with permission from
reference 33.

Hakumiki et al. extended the previous approach by showing that 'H
MRS could be used to noninvasively detect apoptosis in vivo>. In this study,
herpes-simplex virus thymidine kinase (HSV-tk)- transfected BT4C gliomas
were treated by systemic administration of ganciclovir to induce widespread
apoptosis in tumor tissue. As a result, significant increases in
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polyunsaturated lipid signals could be observed following tumor treatment
(Figure 5, previous page). The lipid signals also correlated with the number
of apoptotic cells, concentration of cholesteryl esters and triglycerides, and
the number of osmiophilic cytoplasmic lipid droplets in tumor cells.

Surpisingly, it is not yet quite clear why lipids accumulate in apoptotic
cells*. There is however increasing evidence to support a role for
phospholipase-A2 activity”>**. Recently, two groups have shown using
Jurkat T-cells in vitro, that apoptosis is indeed accompanied by an
quantitative relationship between cytoplasmic lipid droplets and lipid signal
in "H MRS*, with more independent biochemical evidence suggesting a
role for intracellular phospholipase-A2 activation after induction of
apoptosis®’. In fact, more recent work by Liimatainen et al. demonstrates a
plausible stoichiometric relationship between membrane fatty acid release by
phospholipase-A2 as determined by gas liquid chromatography and
quantitative '"H MRS’®.

Due to the poor relative sensitivity and spatial resolution of MRS, it is an
absolute necessity to use markers with sufficient signal intensity. If this
requirement is fulfilled, molecular markers can easily be mapped with
techniques such as MRSI (Figure 6). So far, the '"H MRS signals from
cytoplasmic lipids appear the most robust NMR candidates for in vivo
detection of apoptosis. However, they are not perfect since the metabolic
factors governing their dynamics are poorly understood and theoretically, 'H
such signals could also arise from other cellular processes, such as necrosis,
and from other endogenous cell types™. It has also been documented that the
spectral lipid baseline features may differ, especially with multidrug resistant
cell lines”. However, many available in vitro assays for apoptosis can also
be ambiguous. For instance, even DNA fragmentation, often considered the
gold standard for apoptosis detection, cannot always be observed in cells
undergoing apoptosis*’. *'P markers such as CDP-choline and FBP could
also act as apoptosis markers. However, *'P MRS is hampered by its poor
sensitivity and spatial resolution. Also, it might be difficult to distinguish
resonances such as FBP from the partly overlapping phosphomonoester
signals (Figure 4B).

Scott and Adebodun have elegantly used "C MRS in vitro to assess
protein synthesis during dexamethasone-induce apoptosis in CEM-C7-14
human leukemia cells*'. By measuring the incorporation of '*C-labeled
amino acids into cell proteins, they could observe not cessation, but a
reduction of protein synthesis by as much as 87%. Unfortunately *C NMR
is too insensitive to design any practical imaging applications.

Interestingly, '"H MRS can also be sensitized to molecular diffusion, in
similar fashion as diffusion-weighted magnetic resonance imaging, or
DWI*. This technology assesses the Brownian molecular motion in vivo and
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with the use of intracellular probes such as naturally occurring tumor
metabolites, can be used to study the biophysical status of tissue. Hakumaki
and co-workers showed that during apoptosis-inducing therapy, there is a
striking ~50% reduction in the apparent diffusion coefficient (ADC) of
intracellular choline in vivo, accompanied by a significant increase in the
rapidly diffusing water component reflecting extracellular water®.
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Figure 6. Magnetic resonance spectroscopic imaging (MRSI) of lipid accumulation in an
apoptotic experimental rat glioma over 14 days time. In this hybrid technique, spectroscopic
resonances unique to different chemical species (as exemplified by the spectrum below) can
be mapped to produce magnetic resonance images such as for the lipid acyl chain terminal
methyl (-CHj, 0.9ppm) and unsaturated carbon vinyl (=CH-, 5.4 ppm) protons. Although the
spatial resolution is considerably lower than in conventional MRI, advanced techniques
actually allow volume resolutions similar to micro-PET (4.7 pl, such as here) without the use
of any exogenous agents or marker molecules. The lipid concentrations are coded by the color
bars on left, superimposed onto a anatomical MRI images. Figure courtesy of Mr. Timo
Liimatainen, Dept. of Biomedical NMR, University of Kuopio, Finland.

These results directly imply decrease in cell size and number, together
with increased intracellular viscosity as experienced by the intracellular
choline metabolites. Recently, Hortelano et al. have shown similar MRS
results in cells*, supporting the idea that cells apoptotic shrinkage and loss
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of cells can be held accountable for the observed molecular diffusion
phenomena.

4.2 Magnetic Resonance Imaging (MRI)

The information provided by MRI has long been mostly anatomical, and
the technology clearly excels at this. MRI has in fact, become an
indispensable imaging modality that can probe tissue and its biophysical
properties with exceptional in-plane resolution in vivo. One of the key
advantages is that this can be done noninvasively, without physically altering
tissue and without the use of radioactive markers®. This is important
clinically, where MRI is more widely available, accurate localization is
required, and the levels of therapeutically induced apoptosis may still be
low. Hakumaéki et al. have recently shown in a BT4C rat glioma model, that
in (HSV-tk)- transfected tumors, T1- and T2- relaxation times and water
diffusion increase during ganciclovir therapy. However, T1- relaxation times
in the rotating frame (T1,,) are elevated even when tumor volumes still
increase, but significant apoptosis is starting to take place®. Recently, Grohn
and co-workers used short interpulse intervals for adiabatic Carr-Purcell
(CP) —pulse trains to produce a novel contrast mode which was sensitive to
early therapeutic response, similarly to Tl .

Unfortunately, the biophysical phenomena governing intrinsic image
contrast generation are rather poorly understood, and are likely to involve a
number of processes related to tissue microarchitecture, protein/lipid content
and composition, pH, flow, oxygenation and any combination of these. At
best, this still leaves room for ambiguity reflecting differences in cancer
tissue type and the chosen therapeutic approach. Also, one might argue that
changes in MR image contrast or water diffusion due to cell shrinkage and
membrane blebs are unlikely to observe any of the early phases in the
apoptotic process. This has in fact been shown by Valonen and co-workers,
who recently showed that the DWI increase in apoptotic BT4C gliomas
directly correlates with cell loss*’. T1 and T2 appear to behave similarly.
However, Tly,and short interpulse interval-CP contrast appear to be a
curious exceptions to this, and currently lack proper explanation®*.

In light of the above, it would be extremely beneficial to combine
chemical specificity (such as that obtained by nuclear imaging or MRS) with
the much better resolution (>50 pwm) of MRI. Here in fact, a deep conceptual
revolution has occurred in the recent years. MRI contrast has been shown to
be adjustable by chemically malleable marker ligands linked to magnetically
active compounds, such as superparamagnetic iron oxide nanoparticles, i.e.
SPIO*™™® or gadolinium (Gd) chelates that have been used to detect the
overexpression of certain receptors in tumors in vivo **°. Along this line of
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approach, Zhao and co-workers demonstrated success by labeling the C2-
domain of a phosphatidylserine binding protein, synaptotagmin I, with an
SPIO particle’. The SPIO-labeled protein was shown to bind to apoptotic
cells in vitro, and when administered intravenously into mice bearing EL4
lymphomas, decreases in MR image intensities in tumor regions containing
large numbers of apoptotic cells could be observed (Figure 7). In analogous
fashion to Blankenberg et al.'” and above, Schellenberger and co-workers
have cross-linked SPIO nanoparticles with Annexin V, and demonstrated
dose-dependent signal intensity reduction in T2-weighted images of
camptogecin—treated apoptotic (65%) Jurkat cells versus untreated controls
in vitro™.

@) (b)

Figure 7. MR images of CHO-K1 cells in test tubes (a). The cells were treated with etoposide
to induce apoptosis, incubated with C2-SPIO or plain SPIO (200 uM Fe), washed and then
immobilized in 5 mm diameter NMR tubes and imaged. Apoptotic cells incubated with BSA
conjugated SPIO (1), apoptotic cells incubated with C2-SPIO (2), control cells incubated with
C2-SPIO (3), apoptotic cells with no label (4), control cells incubated with BSA-SPIO (5),
reference capillary with water (R). The signal loss due to retention of targeted contrast agent
is clearly visible in sample number 2. In (b), MR images of a tumor in a drug-treated mouse
following injection of C2—SPIO (20 mg Fe/kg tissue), are shown. MR images i-v are from
before and after injection of C2—SPIO. The first control (i) was acquired before injection of
contrast agent and afterwards at time points of 11 (ii), 47 (iii), 77 (iv), and 107 (v) minutes
postinjection. Contrast agent uptake (and apoptotic cells) become visible as areas of image
intensity loss, further highlighted in the respective subtraction images (i-ii, i-iii, i-1v, i-v), as
bright areas. © Nature publishing 2001, reproduced with permission from reference 51.
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5. FUTURE DIRECTIONS

Although in may seem that the recent developments in imaging of
apoptosis in vivo are indeed breathtaking, we are essentially very much at the
beginning. Clinical imaging applications for cancer need to be tested and
developed effectively. This requires much more experimental research with
solid, consistent models, and relevant oncological problems. Flow
cytometry, immunohistological stains, and the gold standard i.e. TUNEL
assay need to be kept abreast to critically assess the localization, extent and
kinetics of therapeutically induced apoptosis, and to confirm the imaging
findings. Naturally, the optimal time frames for imaging therapeutically
induced apoptosis will have to be addressed as well.

It is evident that many more markers for apoptosis, with better sensitivity
and specificity must be explored. In this sense, highly specific, targeted
apoptosis-detecting ligands would be preferable. Perhaps one should realize
that there is a caveat even to the widely used Annexin-V approach: in some
cases, necrotic cells undergoing lysis may also bind Annexin-V when the
phosphatidylserine still residing on the inner membrane leaflets becomes
exposed™. This could lead to overestimation or incorrect assignment of
apoptosis in necrotic insults.

Among the most exciting novel targets are probably those directed at the
very initial steps of the apoptotic program, such as DNA-damage reporting
p53 expression™ and at the apoptotic cascades themselves via radiolabeled
caspase inhibitors'”. Since caspase activation is known to occur early in the
apoptotic program, such radiolabeled inhibitors would offer a highly specific
tool detecting early events in apoptosis. It is also believed that these marker
molecules might be more specific to apoptosis for reasons mentioned above.
Overall in terms of sensitivity, nuclear imaging probes will fare far better
than the other modalities.

Due to certain advantages such as the extremely high spatial resolution
and true non-invasiveness, a small niche will remain for MRI agents
however. Optimal MRI contrast generation and agent delivery will be the
subject of future research. For instance, the above-described SPIO-labeling,
although being sensitive, provides “negative” contrast i.e. signal intensity
reduction (Figure 7). This is unfortunately more prone to artifacts and also
more difficult to interpret due to the often seen intrinsic heterogeneity of
tumor masses on MRI. The conjugation of marker proteins with
paramagnetic gadolinium-based agents, might become a means to avert this
problem by providing “positive” contrast, i.e. brightening on MRI, although
this approach is likely to be plagued by severe sensitivity problems.

The biodistribution and metabolism of NMR spectroscopic markers can
be efficiently probed and more information gained by using advanced MRSI
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techniques. Among the potential applications, lipid 'H MRSI is the most
robust and practical (Figure 6). The use of *'P clinically appears to be
unlikely due to its poor sensitivity, long acquisition times, and inferior
spatial resolution. It is noteworthy however, that intracellular pH can be
observed noninvasively only by *'P MRS. Intracellular pH on the other hand
appears to be one of the critical factors at work in the apoptotic program,
affecting even caspase activation during apoptosis.

Regardless of the technique employed, the generation of protein-based
targeted imaging agents is expensive, and all compounds heading for clinical
applications will need to be assessed for patient biodistribution and safety.
While waiting for new developments at this front, we are likely to witness
some of the other techniques, such as SPECT, MRS and diffusion-weighted
MRI gain foothold within the clinic. However, for those involved with
experimental studies and drug design, in vivo imaging of apoptosis has
already become reality, with an ever-increasing and powerful array of
technologies to choose from.
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APOPTOSIS-INDUCING ANTICANCER DRUGS
IN CLINICAL TRIALS

Wei Hu and John J. Kavanagh
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Abstract: Apoptosis, or programmed cell death, plays an essential role in controlling cell
number in many developmental and physiologic settings as well as in
chemotherapy-induced tumor cell killing. It is a genetically regulated biologic
process that is regulated by the ratio of proapoptotic proteins over
antiapoptotic proteins. Researchers have recently begun using apoptosis
inducers in cancer therapy. In a number of studies, attempts have been made to
induce apoptosis by triggering the tumor necrosis factor-related apoptosis-
inducing ligand receptor and the Bcl-2 family of proteins, caspases, and
inhibitors of apoptotic proteins. Most of these agents are still in the preclinical
phase of development because of their low efficacy and potential for
resistance. However, the results obtained with other agents have been
promising. This chapter reviews the development of apoptosis inducing
anticancer drugs in clinical trials.

Key words:  apoptosis; anticancer drugs; clinical trials

1. INTRODUCTION

Apoptosis, or programmed cell death, plays an essential role in
controlling cell number in many developmental and physiologic settings.
Apoptosis is frequently impaired in many human tumors, suggesting that
disruption of the apoptotic function contributes significantly to the
transformation of a normal cell into a tumor cell. Apoptosis is also an
important phenomenon in chemotherapy-induced tumor-cell killing. The
switching on and off of apoptosis is determined by the ratio of proapoptotic
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proteins over antiapoptotic proteins. Apoptosis inducers are currently being
used in cancer therapy. In a number of studies, attempts have been made to
induce apoptosis directly by triggering core components of the cell-death
machinery, such as Bcl-2 family proteins, intracellular anti-apoptotic
proteins (IAPs), tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) and caspases, and modulating apoptosis indirectly by
targeting protein kinases, phosphotases, transcription factors, cell-surface
receptors, and proteasomes'”. Most of these agents are still in the preclinical
phase of development because of their low efficacy and because of their
potential for resistance. However, some of these agents have been shown to
have promise as apoptosis inducers. In this chapter, we review the
development of apoptosis-inducing anticancer drugs in clinical trials.

2. MOLECULAR BASIS OF APOPTOSIS PATHWAY

Apoptosis is a genetically regulated biologic process. The apoptotic cell
is characterized by a loss of cell volume, plasma-membrane blebbing,
nuclear condensation, chromatin aggregation, and endonucleocytic
degradation of DNA into nucleosomal fragments. These cell changes occur
following a cascade of cell signaling and caspase-mediated events that
regulate pro- and anti-apoptotic proteins. These changes may be triggered by
2 major pathways: the death receptor (DR)-induced pathway or extrinsic
pathway and the mitochondria-apoptosome-mediated apoptotic pathway or
intrinsic pathway. Both of these pathways lead to caspase activation and
cleavage of specific cellular substrates. The receptor-triggered apoptosis
pathway includes ligands and their receptors, such as Fas, TNF, TRAIL, and
downstream molecules (i.e., caspases and Bcl-2 family members). The
mitochondria-apoptosome—mediated pathway includes the apoptotic stimuli
induced by radiation therapy and chemotherapy, mitochondria, apoptosome,
and key effecter caspases. Caspases are activated in a cascade-like fashion.
Initiator or upstream caspases (caspases 8, 9 and 10) can activate effectors or
downstream caspases, including caspases 3, 6, and 7, which leads to
induction of apoptosis. Cross talk also exists between the 2 apoptotic
pathways. For example, Fas cross talks with the mitochondria-apoptosome—
mediated pathway that is mediated through the activation of caspase 8 to
cleave the Bid protein resulting in the release of cytochrome C from
mitochondria®*. The inhibitors of apoptosis proteins, including XIAP, cIAPs,
survivin, the PI3K/AKT/NFkB pathway, and heat shock proteins (HSPs),
can interact with the caspases leading to the inhibition of apoptosis™® (Figure

).
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Figure 1. Death-receptor-mediated (extrinsic) and mitochondrial-mediated (intrinsic)
apoptotic pathways. Both intrinsic and extrinsic pathways lead to caspase activation and
cleavage of specific cellular substrates. A number of inhibitor of apoptosis proteins, including
XIAP, cIAPs, survivin, the PI3K/AKT/NF[B pathway, and HSPs, can block both apoptotic
pathways.

2.1 Death receptor-induced apoptotic pathway

The TNF gene superfamily includes TNF, Fas ligand (FasL), and Apo2
or Apo2L/TRAIL. CD95 (Apo-1/Fas) is a prototype DR characterized by the
presence of an 80 amino acid death domain in its cytoplasmic tail. This
domain when activated by either agonistic anti-CD95 antibodies or cognate
CDO95 ligand is essential in recruiting a number of signaling components that
initiate apoptosis. The complex of proteins that form when CD95 is triggered
is called the death-inducing signaling complex (DISC). The DISC consists of
an adaptor protein (Fas-associated death domain-containing protein) and
initiator caspases, and it is essential in inducing apoptosis. A number of
proteins have been reported to regulate formation or activity of the DISC,
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including Raf-17 and protein kinase C (reviewed by Peter and Krammer in
ref. 8). FasL initiates apoptosis by binding to its surface receptor Fas. As a
consequence, there is sequential activation of caspases and the release of
cytochrome C from the mitochondria, with additional caspase activation
followed by cellular degradation and death.

The molecular mechanisms controlling the expression of death receptor
are not well understood. Recent studies have shed important insight into the
molecular mechanisms controlling FasL gene expression at the level of
transcription. Nuclear factors, such as nuclear factor-inactivated T cells,
nuclear factor-kappa B, specificity protein-1, early growth response factor,
interferon regulatory factor, c-Myc, and the fork head transcriptional
regulator, activate FasL expression alone or cooperatively (reviewed by
Kavurma and Khachigian in ref. 9).

Apo2L/TRAIL is one of several members of the TNF gene superfamily
that induces apoptosis through engagement of DRs. Apo2L/TRAIL interacts
with an unusually complex receptor system that is comprised of 2 receptors,
TRAIL-R1/DR4 and TRAIL-R2/DRS, which contain cytoplasmic death
domains and signal apoptosis. Two other decoy receptors, TRAIL-R3/DcR1
and TRAIL-R4/DcR2, lack a functional death domain and do not inhibit
TRAIL-induced apoptosis. Apo2L/TRAIL has garnered intense interest as a
potential candidate for cancer therapy because as a trimmer it selectively
induces apoptosis in many transformed cells but not in normal cells'®"'%.

2.2 The mitochondria-apoptosome-mediated apoptotic
pathway

Bcl-2 family proteins play a central role in controlling the mitochondria
pathway. To date, more than 20 members of this family have been identified
in humans, including proteins that suppress apoptosis (Bcl-2, Bel-X1, Mcl-1,
Al, Bcl-W, and Bcl-G) and proteins that promote apoptosis (Bax, Bak, Bok,
Bad, Bid, Bik, and Biml) (reviewed by Adams and Cory in ref. 13). The
release of cytochrome c is the central gate in turning apoptosis on and off
and is regulated by the proapoptotic proteins and antiapoptotic proteins of
the Bcl-2 family. The release of cytochrome ¢ from the mitochondria has
been shown to promote the oligomerization of a cytochrome c/Apaf-
1/procase-9 complex (apoptosome), which leads to the induction of
apoptosis'* (Figure 1). How do Bcl-2 family members regulate cytochrome ¢
released from mitochondria? Several models have suggested that Bcl-2
members form channels that facilitate protein transport and interact with
other mitochondrial proteins, such as the voltage-dependent anion channel,
and also induce the rupture of the outer mitochondrial membrane (reviewed
by Hengartner in ref. 15; 16-18). Overproduction of the Bcl-2 protein also
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prevents the induction of cell death by nearly all cytotoxic anticancer drugs
and radiation therapy, thus contributing to drug resistance in patients with
some types of cancer'’. It has also been suggested that paclitaxel cytotoxicity
may be mediated in part through phosphorylation and functional inhibition
of Bcl-2, and upregulation of Bcl-2 expression may be a mechanism of
resistance to paclitaxel'.

Alteration of p53 is the most common mutation in human cancer. The
p53 protein functions as a transcription factor regulating downstream genes
involved in cell-cycle arrest, DNA repair, and programmed cell death.
Activated p53 can positively regulate apoptotic-related genes, including
BAX, which induces cytochrome c released from the mitochondria and leads
to induction of apoptosis'”"’. p53 can also trigger expression of death
receptors, such as Fas, which results in activation of apoptosis.*’ Loss of p53
function confers genomic instability, diminished cell-cycle arrest, and
impaired apoptosis (Figure 1)*'.

Apoptosis-inducing factor (AIF) is a novel caspase-independent death
effecter that is released from the mitochondria. AIF can induce caspase-
independent peripheral chromatin condensation and large-scale DNA
fragmentation when added to the purified nuclei. In addition to its
apoptogenic activity on nuclei, AIF can also participate in the regulation of
apoptotic mitochondrial membrane permeabilization and can exhibit NADH
oxidase activity (Figure 1)**.

2.3 Inhibitors of apoptosis proteins

231 XTAP, c-IAP1, and c-IAP2

In recent years, a number of inhibitors of IAPs, including XIAP, c-IAP1,
cIAP2, and survivin, have attracted the attention pharmaceutical companies
because they play a key role in cell survival by modulating death signaling
pathways™*2. XIAP, c-IAP1, and cIAP2 have been shown to directly bind
and inhibit caspases 3, 7, and 9, but not caspases 1, 6, 8, or 10°. Two
negative regulators of XIAP XAF1 or XIAP-associated factor and
Smac/DIABLO or direct IAP binding protein with low pl) have been
identified (reviewed by Korneluk)®’. Activated Smac/DIABLO was found to
bind to XIAP and to inhibit its caspase-binding activity. The more recently
identified OMI/HtrA2 is a membrane-associated protein found in healthy
cells with a significant proportion observed within the mitochondria. In
vitro, HtrA2 shifts into cytosol in response to ultraviolet (UV) irradiation
where it can interact with IAPs and prevent XIAP inhibition of active
caspase, thus protecting cells from UV-induced death. In vivo, the
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proapoptotic activity of HtrA2 involves both IAP-binding and serine-
protease activity (Figure 1)**.

2.3.2 Survivin

Survivin is a bifunctional protein that suppresses apoptosis and regulates
cell division. This protein has garnered great interest as a potential drug
target because its expression is among the most tumor-specific of all human
gene products. The majority of tumors express survivin protein at high
levels, but not in the normal adult tissue®. Survivin was found to inhibit the
2 apoptotic enzymes, caspase 3 and caspase 7, thus protecting programmed
cells from death. Survivin may act simultaneously with the bcl-2 family
proteins, but has a different apoptosis inhibitory mechanism®. Numerous
reports have demonstrated the expression of survivin in various tumors, such
as neuroblastoma, melanoma, bladder carcinoma, breast tumors, lung non-
small cell tumors, esophageal carcinomas, colorectal carcinomas, and
leukemic cells®' . The putative point of survivin intervention at caspase 9 as
suggested by O’Connor and associates is that survivin phosphorylation on
threonine 34 is necessary for association of survivin with caspase 9 (Figure
1)***°. But the question of whether survivin directly binds and inhibits
caspase 9 remains unclear. Several models are proposed that might explain
how survivin directly or indirectly inhibits caspases. Survivin might bind and
inhibit caspase directly, similarly to IAPs such as XIAP. Survivin might
sequester SMAC, thus protecting IAPs from this inhibitory protein. As well,
survivin might somehow enhance the function of IAPs, having a function
opposite to SMAC”.

A recent study showed that survivin also binds to the catalytic domain of
Aurora-B, which plays a role in chromosome segregation. Whether survivin
exerts its anti-apoptotic function through aurora kinase or other kinases is
still unknown™.

233 NFxB

NFxB is an important transcription factor, involving the regulation of
transcription of genes mediating inflammation, carcinogenesis, and pro- or
anti-apoptotic reactions, including cIAPs, Bcl-2, and Bcl-x. NFkB is
sequestered in the cytoplasm in an inactive form through its association with
one of several inhibitory molecules, including IkB-o, IxB-8, IxB-y, p105,
and pl00Activation of the NF-kB-signaling cascade results in a complete
degradation of IxB or partial degradation of the carboxyl termini of p105
and pl100 precursors, allowing the translocation of NFkB to the nucleus,
where it induces transcription (Figure 2) (reviewed by Chen et al. in ref. 37).
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NF«B can be inhibited by PS-431 through degradation of IkB** and by
farnesyltransferase inhibitors (FTIs) and PI3K inhibitor through the
inhibition of IkB phosphorylation.
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Figure 2. Induction of apoptosis machinery by targeting NFxB, AKT and Bcl-2 family.

2.3.4 Heat shock proteins (HSPs)

HSPs belong to the superfamily of molecular chaperones because of their
ability to stabilize proteins and polypeptide and minimize protein misfolding
and aggregation within the cells”. HSP70, as a major anti-apoptotic HSP,
can protect cells from a variety of stressful conditions. Although the
mechanisms involved in HSP70 protection of cells in response to different
stresses are not fully understood, a number of studies have shown that
HSP70 can block the release of cytochrome C*', prevent Apaf-1
oligomerization*?, and inhibit procaspase 9 recruitment®. Both p53 and c-
myc have been linked to HSP70-mediated cell protection. The binding of
HSP70 to the mutant p53 protein may stabilize p53 in its mutant form,
preventing the pro-apoptotic function of wild-type p53, thus accelerating
tumorigenesis*. HSP70 also co-localizes with c-Myc in phase-dense nuclear
structures and modulates the functional levels of the c-Myc protein®’. HSP70
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may also mediate anti-apoptotic effects by chaperoning BAG-1, an
intermediate protein in the association of HSP70 and Bcl-2, causing
inhibition of apoptosis**“°. Increased expression of Bcl-2 has been reported
to accompany the induction of HSPs by a number of heat shock—inducing
agents*®. HSP70 specifically interacted with AIF as shown by ligand blots
and co-immunoprecipitation. Cells overexpressing HSP70 were protected
against the apoptogenic effects of AIF targeted to the extra-mitochondrial
compartment (Figure 1)*”. A recent study reported that increased expression
of the stress-response protein of HSP70 and HSP27 in human multiple
myeloma cells was pronounced as early as 8 hours after exposure to the
proteosome inhibitor PS-341*", suggesting that HSP70-mediated cell
protection occurs rapidly in cancer cells after exposure to the drugs. In our
study, we found that the differentially expressed proteins were pronounced
in 2774 ovarian cancer cells treated with manumycin (a farnesyl transferase
inhibitor) for 3, 6 and 16 hours and were further identified by peptide mass
fingerprinting as HSP70. Further functional studies revealed that inhibition
of inducible HSP70 by quercetin correlates with enhancement of
manumycin-mediated apoptosis in 2,774 cells and enhancement of specific
cleavage of PARP into apoptotic fragment in 2,774 cells treated with
manumycin. The interaction between the HSP70 inhibitor and FTI confirms
the functional significance of the upregulation of HSP70 as a protective
mechanism against FTI-induced apoptosis and support the use of
combination treatment®’.

Taken together, a better understanding of cellular mechanisms regulating
apoptosis induced by intrinsic and extrinsic apoptotic stimuli and by
anticancer drugs might offer a strong rationale for the combination of
chemotherapy and other biologic treatments.

3. APOPTOSIS-INDUCING ANTICANCER DRUGS
IN CLINICAL TRIAL

Apoptosis inducers have recently been used in cancer therapy. Intrinsic
and extrinsic pathways can be activated separately, but activation of caspases
appears central to most apoptotic pathways. A number of studies have
attempted to induce apoptosis using a portion of an apoptotic pathway that
triggers the TRAIL receptor, Bcl-2 family of proteins, caspases, and [APs.
Most of them are still in preclinical development because of their low
efficacy and potential for resistance. Following is a summary of reports from
studies evaluating some of the more promising agents being tested in
ongoing clinical trials targeting the core components of the cell-death
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machinery and modulating apoptosis by targeting protein kinases,
phosphotases, transcription factors, and cell-surface receptors.

3.1 Direct effect on apoptosis by targeting the core
components of the cell-death machinery

3.1.1 TRAIL-receptor 1 monoclonal antibody

TNF-a and FasL are effective apoptosis-inducers; however, severe
toxicity, such as hypotension, abnormalities in liver function, leukopenia,
chills, and thrombus formation, make TNF-a and FasL difficult to use
systemically as antitumor drugs®. Unlike TNF and FasL, TRAIL
preferentially induces apoptosis in tumor cells compared with normal cells
suggesting that TRAIL could be a potentially powerful anticancer agent."”
The TRAIL effecter pathway appears to be a vital component of
immunosurveillance of spontaneous or resident tumor cells by both T cells
and natural killer cells stimulating more hope that manipulating TRAIL
activity is a natural path to improved cancer immunotherapy.

Recombinant forms of these ligands are capable of potentiating the effect
of chemotherapeutic drugs in vitro and in vivo in the animal model’".
Animal studies have demonstrated the antitumor activity of TRAIL and
potentiation of the chemotherapeutic effect of TRAIL. Therefore, phase I
studies with TRAIL are needed™* ™.

The TRAIL-receptor 1 (TRAIL-R1) monoclonal antibody (mAb) is an
agonistic antibody that specifically recognizes the R1 protein, which is found
on the surface of a number of solid and hematopoietic cancer cells. TRAIL-
R1 mAb was developed by Takeda Chemical Industries (Nihonbashi 2-
chome, Chuo-ku, Tokyo). Preclinical experiments have shown that TRAIL-
R1 mAb has the ability to kill a variety of human tumor cell lines and that it
exhibits effectiveness in treating human breast, colon, and uterine cancers.
Human Genome Sciences (Rockville, MD; www.hgsi.com) is currently
enrolling patients in a phase I clinical trial in the United States to evaluate
the safety and pharmacology of TRAIL-R1 mAbD in patients with advanced
tumors. Because it has been suggested that some chemotherapy agents, such
as STI-571, are able to potentiate TRIAL activity in vitro, it is possible that a
combination treatment might activate both apoptotic pathways”°.

However, a recent study has suggested that TRAIL also induces
apoptosis and cell death in human hepatocytes’’. Despite TRAIL’s
preferential proapoptotic activity on cancer cells compared with its activity
on normal cells, the agents that target DR4 or DRS in cancer therapy must be
used with utmost caution due to hepatocyte apoptosis.
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3.1.2 G3139

Bcl-2 is known to prevent programmed cell death, enhance metastatic
potential, and promote resistance to anticancer therapy. High expression of
the Bcl-2 proto-oncogene is found in various solid tumors. G3139 is an
antisense phosphorothioate oligodeoxynucleotide that suppresses Bcl-2
expression. It was developed by Genta Inc, (Lexington, MA) as a potential
anticancer agent. Preclinical studies of G3139 have shown that it enhances
the antitumor effect of a broad range of cytotoxic agents, including docetaxel
and taxanes’”.

Bcl-2 antisense therapy is well tolerated®"*2. The first results of a phase I
dose-escalation clinical trial evaluating subcutaneous administration of the
bcl-2 antisense oligonucleotide G3139 were published as a preliminary
report in 1997 and as a complete study in 21 patients with non-Hodgkin’s
lymphoma in 2000. Local inflammation (at the infusion site) was the most
common side effect observed. The maximum-tolerated dosage was 147.2
mg/m’/day and the dose-limiting toxicity was thrombocytopenia. A complete
response (CR)/partial response (PR) rate of 14% and a stable disease (SD)
rate of 43% were reported. Nine patients showed disease progression.
Recently, phase I studies of G3139 in combination with conventional
chemotherapeutic agents have been reported. A phase I study of G3139
combined with carboplatin and etoposide in patients with small cell lung
cancer showed PR in 12 patients (86%) and stable disease in two. Median
time to progression was 5.9 months. No evidence of bcl-2 suppression in
mononuclear cells was observed. It has been suggested that the combination
of G3139, carboplatin, and etoposide is well tolerated and results in an
encouraging response rate and time to progression in patients with extensive-
stage small cell lung cancer®. Van de Donk et al. (64) reported that G3139
induced a 40% partial response and a 30% minor response in vincristind,
Adriamycin (doxorubicin), dexamethasone (VAD)-refractory myeloma®,
suggesting that G3139 may overcome classical resistance and restore
sensitivity of myeloma tumor cells to VAD chemotherapy.

Phase IlI trials are currently ongoing in chronic lymphocytic eukemia,
non-small cell lung cancer, advanced malignant melanoma, and multiple
myeloma (http://www.genta.com/ctrials.aspx. However, in a recent report
from the U. S. Food and Drug Administration (FDA), Genasense (Genta
Incorporated, Berkley Heights, NJ) was rejected as treatment for malignant
melanoma. Genta’s submission data were based largely on an open-label
771-patient trial (GM-301) of oblimerson combined with dacarazine. No
statistically significant effect on overall survival was noted. Patients on
oblimersen/dacarbazine had a median survival duration of 274 days
compared with 238 days for dacabazine alone (p=0.18). Secondary end
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points did show a significant effect on progression-free survival. The lessons
learned from G3139 failure are that if primary end point data (overall
survival rate) for cancer treatment are not met, secondary end point data,
although positive, will not guarantee FDA approval®.

Antisense approaches for decreasing the expression of a wide variety of
antiapoptotic genes, including Bcl-2 and XIAP, are in various stages of
preclinical development. However, the common problems for antisense
therapy are the efficient delivery of the DNA to every tumor cell in vivo. It
is also unclear whether these inhibitors will have specificity for tumor cells
or will be useful in single-drug therapy.

3.2 Induction of apoptosis machinery by targeting
protein kinases, transcription factors, and
proteasome

3.21 TLK286

TLK286, (formerly known as TER286), is a modified glutathione
analogue. The cytotoxic activity of TLK286 is mediated by metabolic
activation of the drug by the enzyme glutathione S-transferase (GST),
primarily by the isozyme GST Pl-1. A cytotoxic fragment, tetrakis
(chloroethyl) phosphorodiamidate, is released intracellularly following
metabolism by GST P1-1%. The role of the GST P1-1 activation-dependent
mechanism of TLK286 offers rationale for investigating this drug in the
treatment of advanced ovarian cancer, particularly in drug-resistant disease®’.
Preclinical studies with TLK286 have shown a positive correlation, with the
antitumor activity of TLK286 increasing with the levels of GST Pl1-1
through induction of apoptosis®™. However, the exact mechanisms of the
action of TLK286 in platinum-resistant cancer cells are not well understood.
Possible mechanisms have been suggested to be associated with the stress-
induced apoptotic pathway®”".

We are currently conducting a phase II trial with TLK286 in patients with
advanced epithelial ovarian malignancies that are refractory to taxane- and
platinum-based chemotherapies. Objective tumor responses have been
observed in 5 (15%) of 34 evaluable patients (1 CR and 4 PR). All 5
responding patients had platinum- and paclitaxel-refractory tumors and
bulky disease. The disease stabilization rate (CR+PR+SD/number of
evaluable patients) was 50% (17/34). The Kaplan-Meier estimate of survival
at 16 months was 63%. TLK286 is well tolerated and has significant single-
agent activity in women with ovarian cancer whose tumors are refractory to
platinum and paclitaxel therapies’'. The results of this phase II study have
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shown that TLK286 is a promising candidate in patients with platinum-
resistant ovarian cancer and patients who have failed one prior second-line
therapy. TLK286 has demonstrated significant single-agent activity in 2
phase II trials of ovarian cancer.

Phase II trials of TLK286 in combination with chemotherapy in ovarian
cancer as well as a phase III randomized study of TLK286 versus Doxil as
third-line therapy in platinum- refractory or -resistant ovarian cancer are
ongoing. A recent report presented at a meeting of the American Society of
Clinical Oncology showed that TLK286 at 50% of the single agent dose
(500 mg/m2) in combination with carboplatin (AUC 5) shows enhanced
efficacy with an objective tumor response rate of 56% and disease
stabilization rate of 88% in patients with platinum-refractory or -resistant (>
third line) ovarian cancer. Patient follow-up and dose escalation continues.
The TLK286/carboplatin combination is an active regimen for future studies
in ovarian cancer, non-small cell lung cancer, and breast cancer’”.

In March 2003, it was announced that a phase III registration trial of TLK
286 as monotherapy had been initiated in patients with platinum-refractory
ovarian cancer patients.

3.2.2 PS-341

The proteasome is the primary component of the protein degradation
pathway of the cell and is present in all eukaryotic cells. By degrading
regulatory proteins, the proteasome serves as a central element for many
cellular regulatory signals and, thus, is a novel target for therapeutic drugs.
PS-341, which was developed by Millenium Pharmaceuticals (Cambridge,
MA), is a small molecule and a potent, selective inhibitor of the proteasome.
In vitro and mouse xenograft studies of PS-341 have shown it to have
antitumor activity in a variety of tumor types, including myeloma, chronic
lymphocytic leukemia, prostate cancer, pancreatic cancer, and colon
cancer””.A number of cell-cycle-related and apoptotic-related proteins are
degraded by the proteasome, including the inhibitory protein kB, an
inhibitor of NFxB that inhibits the apoptosis process through the interaction
with IAP- and TNF-mediated apoptosis’™*”°.

Bortezomib (formerly known as MLN341, LDP-341, and PS-341) is the
first proteasome inhibitor to be investigated in clinical trial as a potential
anticancer drug. It is currently being studied in a number of clinical trials’*"®,
Phase I trials in a variety of tumor types have shown PS-341 to be well
tolerated. A recent report from a phase I trial of PS-341 in patients with
advanced solid tumors with observations in androgen-independent prostate
cancer (AIPC) demonstrated that 2 patients with AIPC had prostate-specific
antigen response, and 2 patients had PR in lymph nodes. Biologic activity
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(inhibition of NFkB-related markers) and antitumor activity was seen in
AIPC at tolerated doses of PS-341".

Phase II trials in several hematologic malignancies and solid tumor types
have been initiated (reviewed by Adams in ref. 76; 78-85). The multi-center
phase II study by Richardson et al. presents compelling evidence that PS-341
has a role in the treatment of multiple myeloma. In patients with highly
refractory diseases, there was a 35% overall response rate, including a 10%
CR as defined by a normal serum protein concentration on electrophoresis
using a regimen of 1.3 mg/m” given twice weekly for 2 weeks (days 1, 4, 8,
11; rest days 12-21). Toxic effects included thrombocytopenia, peripheral
neuropathy, and neotropenia, but severe toxic effects were uncommon. On
the basis of these studies, the FDA has very recently approved PS-341 as
treatment for patients with refractory multiple myeloma. Until now, the most
advanced study of PS-341 has been a phase III trial in patients with relapsed
and refractory multiple myeloma (www.mInm.com/rd/oncology) ***’.

Currently, phase I trials in advanced solid tumors in combination with
chemotherapy and radiation are also undergoing’’. PS-341 has been shown
to have promise in the treatment refractory multiple myeloma; however,
clinically significant activity of PS-341 was not evident in metastatic renal
cell cancer. Further evaluation in this disease setting is not recommended®.

3.23 Suberoylanilide hydroxamic acid

It has been suggested that suberoylanilide hydroxamic acid (SAHA)
induces apoptosis that is characterized by mitochondrial stress. So far,
however, the critical elements of this apoptotic program remain poorly
defined®. Numerous antiproliferative effects have been reported for SAHA,
including induction of G¢/G; cell-cycle arrest, differentiation, and selective
apoptosis of transformed cells®**91. SAHA results in translocation of Bcl-2
family member Bid into the mitochondria and causes the release of
cytochrome C. In particular, SAHA-induced cell death is regulated by p53*.
SAHA shows strong antiproliferative effects but low toxicity in normal
tissues and is currently being investigated in clinical trials as therapy for
solid and hematologic tumors’>”. In a phase I study of SAHA as treatment
for hematologic malignancies and solid tumor, Daily i.v. SAHA is well
tolerated and has shown inhibition of the biological target in vivo, and has
antitumor activity in solid and hematological tumors™. SAHA is currently in
phase I and II trials for treatment of advanced multiple myeloma, cutaneous
T cell lymphoma, peripheral T-cell lymphoma and recurrent or metastatic
squamous cell cancer of the head and neck (www.atonpharma.com).
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3.24 P53 gene therapy

INGN201 (AdSCMV-p53)

One of the advanced gene therapy agents used in the treatment of human
cancer is the replication-incompetent adenovirus that delivers a p53
expression cassette, RPR/INGN 201. Preclinical studies, both in human cell
lines and animal models of head and neck cancers, have demonstrated that
the p53 gene contained in RPR/INGN 201 is efficiently transcribed and
translated into p53 protein. Treatment with RPR/INGN 201 inhibited cell
growth in human squamous cell carcinoma of the head and neck (SCCHN)
cell lines of diverse pS53 status and suppressed tumor growth in animal
xenografts of human SCCHN through the apoptotic pathway and other
effects, such as inhibition of angiogenesis®™ *°.

The results of phase II trials in SCCHN have indicated that multiple
courses of intralesional injections are well tolerated, with injection-site pain
being the most frequent adverse event (57% of patients). Transient fever and
headache were also noted. Evaluation of clinical activity in 17 patients (1
patient withdrew before treatment) in the nonresectable arm showed 2
patients with tumor regression greater than 50%, and 6 patients with SD for
up to 3.5 months duration. Of the 15 patients in the resectable arm, 2 patients
remained disease-free at 24 months. Although p53 status was not an entry
criterion, p53 gene integrity was measured in all patients, and objective
tumor response was observed in lesions with wild-type p53 and lesions with
defective p53. This observation suggests that RPR/INGN 201 exerts
antitumor effects on SCCHN lesions regardless of their p53 status’’.

However, the first interim analysis of the large international p53 gene-
therapy study in patients with primary stage III ovarian cancer showed that
addition of p53 gene therapy to standard treatment did not improve
therapeutic effectiveness in patients with optimally debulked morbidity. This
unexpected result led to the study being closed”®. The reasons for the failure
of p53 gene therapy are not clear. It may be due to multiple genetic changes
in cancer and epigenetic dysregulations leading to aberrant silencing of
genes.

ONYX-015 (CI-1042)

The tumor suppressor gene p53 can induce the tidy destruction of cancer
cells via apoptosis. Preclinical data has shown p53 gene therapy to be
promising for clinical application. However, clinical trials of p53 gene
replacement have had limited success’'"". The reasons are not yet clear. It
may include the multiple genetic changes in cancer and epigenetic
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dysregulations leading to aberrant silencing of gene’. There have been many
other attempts to design a treatment that targets p53 such as ONYX-015.

Mutations in the p53 tumor suppressor gene are the most common type of
genetic abnormality in cancer. ONYX-015 (CI-1042), is an adenovirus that
is modified selectively to replicate in and kill cells that harbor p53
mutations. It is a recombinant adenovirus that carries a loss-of-function
mutation at the E1B locus, the product of which is a 55-kDa protein that
binds to and inactivates the p53 tumor suppressor protein. Wild-type
adenoviruses must disable this gene before viral replication can occur. The
ONYX-015 adenovirus will leave normal cells unaffected. ONYN-015 is
under development by Onyx Pharmaceuticals (Richmond, CA) for the
potential treatment of various solid tumors, including head and neck,
gastrointestinal, and pancreatic tumors. ONYN-015 is being investigated in
phase II trials for colorectal, ovarian, pancreatic, and oral tumors; in phase I
trials for digestive tract, esophageal, and liver tumors; and in phase III trials
for the recurrent head and neck cancer'”.

3.25 FTI-R115777 (tipifarnib)

FTIs were initially developed to inhibit cancer cell growth by blocking
farnesylation of Ras and preventing its required localization to the plasma
membrane. However, it is increasingly apparent that inhibition of
farnesylation of other proteins may contribute to the growth-inhibitory and
apoptotic effects of FTIs through the inhibition of the activity of AKT. FTIs
show in vitro activity against a range of tumor cell lines. The in vivo
antitumor activity of FTIs (including regression of some tumors) has been
observed against a number of tumor types, including Bcer-Abl-expressing
leukemias, glioma, pancreatic, colorectal cancers, and melanoma. Several
FTIs are being testing in the clinical trials. R115777 is under clinical
development at Janssen Pharmaceutica, Inc. In a phase I trial of R115777
twice daily for 21 days in adults with refractory and relapsed leukemia, dose-
limiting toxicity occurred at 1,200 mg bid, with central neurotoxicity
evidenced by ataxia, confusion, and dysarthria. Clinical responses occurred
in 10 of 34 (29%) evaluable patients, including 2 CRs. R115777 also
induced responses in adult patients with chronic myelogenous leukemia and
myelodysplastic syndrome. The phase II and III trials are ongoing.'” The
results from a phase III study of the combination of gemcitabine and
tipifarnib showed that the combined treatment does not prolong overall
survival in advanced pancreatic cancer compared with single-agent

- 104
gemcitabine .
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3.2.6 17-AAG

HSPI0 is a molecular chaperone protein whose association is required for
stability and function of multiple mutated, chimeric, and overexpressed
signaling proteins that promote cancer cell growth and survival (Figure 1).
HSP90 client proteins include mutated p53, Ber-Abl, Raf-1, Akt, HER-
2/neu, and HIF-lalpha. HSP90 inhibitors, by interacting specifically with a
single molecular target, cause the destabilization and eventual degradation of
HSPI0 client proteins. They have also shown promising antitumor activity in
preclinical model systems. Geldanamycin is the first HSP90 inhibitor to be
identified. Unfortunately, it has limited clinical potential because it causes
liver toxicity'®”. 17AAG is a derivative of geldanamycin with reduced liver
toxicity that retains the potent antitumor activity of the parent compound.
This agent has entered phase I clinical trial as the first-in-class HSP90
inhibitor at the Cancer Research Campaign Center for Cancer Therapeutics
in the United States'*°. HSP90 inhibitors are unique in that, although they are
directed toward a specific molecular target, they simultaneously inhibit
multiple signaling pathways on which cancer cells depend for growth and
survival. Small molecule inhibitors of HSP90 have been very useful in
understanding HSP90 biology and in validating this protein as a molecular
target for anticancer drug development'**'%.

3.2.7 ZD1839

The overexpression of epidermal growth factor receptor (EGFR) occurs
frequently in human cancers. Activation of the EGFR-tyrosine kinase (TK)
provides signals that drive dysregulated proliferation, invasion and
metastasis, angiogenesis, and enhanced cell survival. EGFR-TK is a
promising drug target for many types of solid tumors. ZD1839 (Iressa;
AstraZeneca Pharmaceuticals LP, Wilmington, DE) is the EGFR-TK
inhibitor that blocks signaling pathways responsible for driving proliferation,
invasion, and survival of cancer cells, and it is currently being testing in
phase II and III trials in a variety of solid tumors. The promising results are
observed from non-small cell lung cancer''’. On May 5, 2003, gefitinib
(Iressa; ZD1839) 250-mg tablets (AstraZeneca Inc.) received accelerated
approval by the FDA as monotherapy for patients with locally advanced or
metastatic non-small cell lung cancer after failure of both platinum-based
and docetaxel chemotherapies'''. The EGFR has emerged in recent years as
a viable therapeutic target in human cancer. However, clinical trials have
revealed significant variability in the response to gefitinib, with higher
response seen in Japanese patients than in a predominantly European-derived
population. In the United States, partial clinical responses to gefitinib have
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been observed most frequently in women, in nonsmokers, and in patients
with adenocarcinomas. Recent study published in Science demonstrated that
EGFR mutations in lung cancer correlated with clinical response to Gefitinib
therapy ''>. It has been suggested that EGFR mutations may predict
sensitivity to gefitinib and will be useful marker for selecting the right
patients for targeted therapy.

3.2.8 LY2181308

LY2181308 targets survivin, a molecule that promotes cell survival. In
preclinical tests, the antisense drug LY2181308 has been shown to
successfully inhibit tumor growth in animal models. Preclinical results with
LY2181308 are among the first to demonstrate antitumor activity in vivo
with a drug that specifically inhibits survivin expression. Isis licensed
LY2181308 to Lilly in April 2003. Lilly plans to initiate clinical trials of
LY2181308 in 2004 (www.bio.com/industryanalysis).

4. FUTURE DIRECTIONS

Because apoptosis is frequently impaired in many human tumors and
because it is an important phenomenon in chemotherapy-induced tumor cell
killing, modulation of apoptosis by targeting proapoptotic- and anti-
apoptotic proteins will be important for a better treatment of cancer. Though
the use of apoptosis inducers has recently appeared in cancer therapy,
nontumor cytotoxic effects are still present in normal cells due largely to the
similarity of genes that evoke apoptosis in both normal and tumor cells.
Therefore, the development of more selective apoptosis inducers is needed to
minimize side effects and maximize efficacy. Recently, a number of
inhibitors of intracellular antiapoptotic proteins has attracted the attention of
pharmaceutical companies because they play a key role in cell survival by
modulating signaling pathways. Much work needs to be done to better
understand the network of IAPs involved in the modulation of apoptosis.
Studies targeting IAPs with small molecules, antisense technology, and
small interfering RNAs for gene silencing hold promise for developing
future molecular targeted therapy. In the postgenomic era, the future of
cancer therapy will be characterized by personalized treatment and careful
selection of therapeutic targets. Proteomics might help to rapidly identify
novel apoptotic-related proteins in preferred pathways by using good-quality
patient samples. A better understanding of cellular mechanisms, regulating
apoptosis induced by intrinsic and extrinsic apoptotic stimuli, and anticancer
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drugs might offer a strong rationale for the personalized combination of
chemotherapy drugs.
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